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Abstract: Serotonin is an important monoamine in the human body, playing crucial roles, such as a
neurotransmitter in the central nervous system. Previously, our group reported that β-adrenergic
drugs (ICI 118,551, isoprenaline, and propranolol) influence the proliferation of breast cancer cells
(MCF-7 cells) and their inherent production of adrenaline. Thus, we aimed to investigate the pro-
duction of serotonin in MCF-7 cells, clarifying if there is a relationship between this production
and the viability of the cells. To address this question, briefly, we treated the MCF-7 cells with ICI
118,551, isoprenaline, and propranolol, and evaluated cellular viability and serotonin production
by using MTT, Sulforhodamine B (SRB) and Neutral Red (NR) assays, and HPLC-ECD analysis,
respectively. Our results demonstrate that isoprenaline promotes the most pronounced endogenous
synthesis of serotonin, about 3.5-fold greater than control cells. Propranolol treatment also increased
the synthesis of serotonin (when compared to control). On the other hand, treatment with the drug
ICI 118,551 promoted a lower endogenous synthesis of serotonin, about 1.1-fold less than what was
observed in the control. Together, these results reveal that MCF-7 cells can produce serotonin, and the
drugs propranolol, isoprenaline and ICI 118,551 influence this endogenous production. For the first
time, after modulation of the β-adrenergic system, a pronounced cellular growth can be related to
higher consumption of serotonin by the cells, resulting in decreased levels of serotonin in cell media,
indicative of the importance of serotonin in the growth of MCF-7 cells.

Keywords: serotonin; MCF-7 cells; propranolol; isoprenaline; ICI 118,551

1. Introduction

Serotonin (5-Hydroxytryptamine, 5-HT) is a monoamine that plays a crucial and
well-defined role as a neurotransmitter in the central nervous system (CNS), as a local
mediator in gastrointestinal tract motility, and as a vasoactive in the blood [1], acting
through seven families of 5-HT receptors (5-HT1–7), known to be distributed throughout
the various organs of the human body (Figure 1), comprising a total of 13 subtypes (5-HT1A,
5-HT1B, 5-HT1D, 5-HT1E, 5-HT1F, 5-HT2A, 5-HT2B, 5-HT2C, 5-HT3, 5-HT4, 5-HT5A, 5-HT6,
and 5-HT7) [2]. 5-HT is produced by the metabolism of the amino acid tryptophan, being
synthesized through a pathway that starts in a process in which L-tryptophan is converted
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into 5-hydroxy-L-tryptophan by an enzyme named tryptophan hydroxylase (TPH). Then,
this compound is converted to 5-HT by an aromatic L-amino acid decarboxylase [3,4].
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Figure 1. Representation of serotonin production by the CNS and major serotonin receptor families.
5-HT is produced at the presynaptic end of neurons and is originated from the metabolism of
tryptophan. This neurotransmitter is transported into vesicles that travel to the synaptic cleft, where
they release this monoamine. 5-HT may interact with seven families of receptors (5HT1–7) or can be
reuptake by the SERT transporter. 5-HT receptors are mostly G protein-coupled, except for the 5-HT3

receptor, which is a ligand-gated ion channel. The binding of this monoamine can trigger a wide
range of cellular responses [2].

Recently, several studies have demonstrated a relationship between different types of
cancer and signalling pathways that are induced by neurotransmitters. In addition to this
relationship observed in cancer cells, it is also observed in immune and endothelial cells that
comprise the tumour microenvironment [5]. Indeed, strong evidence has emerged on the
role of 5-HT in the progression of various types of cancer. Namely, several studies describe
the presence of specific 5-HT receptors in cancer cells. This indicates the involvement of this
monoamine in important tumorigenesis processes, such as tumour growth and its ability
to invade and metastasize. Thus, 5-HT can be classified as a strong mitogenic factor for
cancer and non-cancer cells that comprise the tumour microenvironment (Figure 2) [6,7].

Several in vitro studies have shown that this growth stimulatory effect happens in
different cancer cell lines, such as prostate [8], bladder [9], colorectal [10], and breast [11].
In most studies, the effect of serotonin on tumour growth usually involves the 5-HT1 and
5-HT2 receptors, but this involvement depends on the type of cancer [2]. Being breast
cancer one of the most common cancer types worldwide [12], it is important to understand
which factors may underline the progression of this alarming disease. Indeed, in vitro
studies reveal an important role of 5-HT in this type of cancer. For example, recently, it
was demonstrated that 5-HT plays important role in the metabolism and proliferation of
breast cancer cells by interfering with different signalling pathways through 5-HT2A/C
receptors. These signalling pathways are Jak1/STAT3, which upregulates the process of
glycolysis, and adenylyl cyclase/PKA, responsible for increasing mitochondrial biogene-
sis [13]. Concentration-dependent growth was also found when these cells were stimulated
with increasing concentrations of serotonin and DOI (2,5-dimethoxy-4-iodoamphetamine
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hydrochloride), an agonist of 5-HT2 receptors. Additionally, during tumour progression,
the expression of various proteins was also evaluated, and an increased expression of the
TPH enzyme was observed. There was also a change in expression of the different receptor
subtypes, and cell signalling mediated by these receptors also changed, which resulted in
increased proliferation of these cells and increased resistance to apoptosis [14].

J. Pers. Med. 2021, 11, x FOR PEER REVIEW 3 of 16 
 

 

 
Figure 2. Through its receptors (5-HTR), 5-HT interacts with cancer, immune, and endothelial cells, inducing several 
processes such as proliferation, migration, and angiogenesis. Adapted from [5]. Created with BioRender.com. Available 
online: http://biorender.com/ (accessed on 17 August 2021). 

Several in vitro studies have shown that this growth stimulatory effect happens in 
different cancer cell lines, such as prostate [8], bladder [9], colorectal [10], and breast [11]. 
In most studies, the effect of serotonin on tumour growth usually involves the 5-HT1 and 
5-HT2 receptors, but this involvement depends on the type of cancer [2]. Being breast 
cancer one of the most common cancer types worldwide [12], it is important to understand 
which factors may underline the progression of this alarming disease. Indeed, in vitro 
studies reveal an important role of 5-HT in this type of cancer. For example, recently, it 
was demonstrated that 5-HT plays important role in the metabolism and proliferation of 
breast cancer cells by interfering with different signalling pathways through 5-HT2A/C 
receptors. These signalling pathways are Jak1/STAT3, which upregulates the process of 
glycolysis, and adenylyl cyclase/PKA, responsible for increasing mitochondrial 
biogenesis [13]. Concentration-dependent growth was also found when these cells were 
stimulated with increasing concentrations of serotonin and DOI (2,5-dimethoxy-4-
iodoamphetamine hydrochloride), an agonist of 5-HT2 receptors. Additionally, during 
tumour progression, the expression of various proteins was also evaluated, and an 
increased expression of the TPH enzyme was observed. There was also a change in 
expression of the different receptor subtypes, and cell signalling mediated by these 
receptors also changed, which resulted in increased proliferation of these cells and 
increased resistance to apoptosis [14]. 

Recently, our group reported that three drugs that interact with the adrenergic 
system (ICI 118,551, isoprenaline, and propranolol; Table 1) influence the proliferation of 
breast cells (tumorigenic MCF-7 cells) and their ability to produce adrenaline. It was 
observed that these cells have the potential to synthesize and release adrenaline, 
influenced by the exposure to agonists/antagonists of β-adrenoreceptors [15]. Indeed, 
evidence from the literature suggests the presence of β-adrenoreceptors in cancer cells, 
important for different processes of initiation and progression of the disease [16]. With 

Figure 2. Through its receptors (5-HTR), 5-HT interacts with cancer, immune, and endothelial cells,
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Recently, our group reported that three drugs that interact with the adrenergic system
(ICI 118,551, isoprenaline, and propranolol; Table 1) influence the proliferation of breast
cells (tumorigenic MCF-7 cells) and their ability to produce adrenaline. It was observed
that these cells have the potential to synthesize and release adrenaline, influenced by the
exposure to agonists/antagonists of β-adrenoreceptors [15]. Indeed, evidence from the
literature suggests the presence of β-adrenoreceptors in cancer cells, important for different
processes of initiation and progression of the disease [16]. With special relevance, in MCF-7
breast cancer cells, it is known that β2-adrenoreceptor is expressed, contributing to the
malignant phenotype [17].

Hereupon, our group aimed to investigate whether there is de novo production of
serotonin in MCF-7 cells, as well as to clarify whether there is a relationship between this
production and cell viability, after the application of the above-mentioned drugs.

Despite strong evidence of 5-HT involvement in tumour progression, no study has
yet reported serotonin quantification directly in MCF-7 cells after administration of β-
adrenergic drugs. Usually, this evidence is assessed by the presence of 5-HT receptors or
by the measure of TPH1 protein expression, which is related to 5-HT production. This
paper describes, for the first time, an analytical methodology that allows quantitative
measurement of 5-HT in MCF-7 cells, after the application of drugs that interact with the
adrenergic system (ICI 118,551, isoprenaline and propranolol). It is intended to be a tool
for future studies on the role of 5-HT in the progression of breast cancer and other types
of cancer.

BioRender.com
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Table 1. Known targets of isoprenaline, propranolol, ICI 118,551, and respective chemical structure, action/pKi values on
these targets. Data from [18–20].

Drug Chemical Structure Target pKi Action

Isoprenaline
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2. Materials and Methods
2.1. Materials

Dulbecco’s Modified Eagle’s Medium (DMEM), Fetal Bovine Serum (FBS), and Penicillin-
Streptomycin mixture were obtained from Millipore Sigma (Merck KGaA, Darmstadt,
Germany). Bisbenzimide H33342 trihydrochloride (Hoechst 33342; cat. no. B2261), Thi-
azolyl Blue Tetrazolium Bromide (MTT; cat. no. M5655), Neutral Red Solution (cat. no.
N2889), Sulforhodamine B (cat. no. S1402), propranolol (cat. no. P0884), and isoprenaline
(cat. no. I5627) were purchased from Sigma-Aldrich (Merck KGaA, Darmstadt, Germany).
paclitaxel (Taxol; cat. no. 1097) and ICI 118,551 (cat. no. 0821) were purchased from Tocris
Bioscience (Bristol, UK). Waters Alliance 2695 pump, 3030 Reagent kit®, Rheodyne loop
injector, and the Decade electrochemical detector (ECD) were purchased from, respectively,
Waters Corporation (Milford, MA, USA), Chromsystems GmbH (Munich, Germany), and
Antec Scientific (Zoeterwoude, The Netherlands).

2.2. Cell Culture

Human breast cancer cell line MCF-7 (American Type Culture Collection, Virginia,
USA) was incubated at a temperature of 37 ◦C, in a humidified atmosphere (95% of air,
5% of CO2). These cells were cultivated in DMEM, supplemented with 10% of heat-
inactivated FBS and 1% of penicillin/streptomycin (1000 U/mL; 10 mg/mL), according to
the recommendations of the American Type Culture Collection. For their maintenance, cells
were cultured in a monolayer, being subcultured once a week, when a confluence of 75–80%
was reached. The cell media was renewed every 3 days. Before each experiment, cells
were trypsinized (0.25% trypsin-EDTA), centrifuged (1100 rpm, 5 min; Hettich, Tuttlingen,
Germany), and seeded at an optimal density of 2.3 × 104 cells/mL (obtained through cell
growth curve assay; Section 3.1) in 96-well plates, having an attachment period of 24 h.

2.3. Cell Growth Curve Assay

After being trypsinized and centrifuged, cells were seeded in 96-well plates at an
initial density of 1.0 × 104 cells/cm2. Then, cells were incubated at a temperature of 37 ◦C,
in a humidified atmosphere (95% of air and 5% of CO2) for 24h. After this period, Hoechst
33342 (1 mg/mL in DMSO) was diluted in culture medium to a value of 5 µg/mL. Then,
this solution was added to each well (200 µL), in a period of incubation of 10 min, protected
from light. After that, images representing each well were taken using an automated
microscope (Lionheart™ FX, BioteK Instruments, Winooski, VT, USA) configured with
DAPI light cube. Total cell number was calculated using the software Gen5.0 (version 4),
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based on Hoechst staining. This procedure was repeated every 24 h for 148 h. Cell media
were removed every 3 days. Cells were routinely checked for mycoplasma contamination.

2.4. Cell Treatment

Paclitaxel was dissolved in dimethylsulfoxide (DMSO) and applied to the cells at
concentrations of [0.1–500 nM]. Isoprenaline, ICI 118,551 and propranolol were dissolved
in distilled water and applied to the cells at concentrations of, respectively, [0.01–10 µM],
[0.01–1 µM] and [1–100 µM]. In the case of the treatment of the cells with paclitaxel, controls
were composed of DMSO 0.1% v/v. Values of cellular viability, respective concentration-
response curves, and half-maximal inhibitory concentration (IC50) values for each drug,
after 24 h of treatment, were determined by performing MTT (3-(4,5-dimethylthiazol-2-yl)
-2,5-diphenyltetrazolium bromide) tetrazolium reduction assay, NR uptake protocol, and
SRB assay. Values of serotonin production, in the case of the treatment of the cells with
isoprenaline (10 µM), propranolol (100 µM) and ICI 118,551 (1 µM), were quantified by
HPLC-ECD assay, after 24 h of treatment.

2.5. Cell Viability Assays

Cell viability assays were performed using the MTT assay, NR uptake protocol, and
SRB assay. After being attached to 96-well plates, paclitaxel, isoprenaline, propranolol or
ICI 118,551 were added to the cells in different concentrations, for a period of 24 h. After
this procedure, the cells were exposed to distinct viability assays. For the MTT assay, the
cell culture medium was removed, and the MTT solution (0.5 mg/mL in PBS; 100 µL/well)
was added to the cells, followed by an incubation period of 3 h, protected from the light.
Finally, this solution was aspirated, 100 µL of DMSO was added to each well and the plate
was placed on a plate shaker for 10 min. Absorbance values at 570 nm were determined
in the automated microplate reader (Tecan Infinite M200, Switzerland). To perform the
NR uptake assay, the NR medium (1:100 in culture medium) was prepared the day before
and, before being added to the cells, this solution was centrifugated (10 min, 1800 rpm), to
remove any precipitated dye crystals. Then, the cell medium was discarded, and 100 µL of
NR medium was added to each well, followed by an incubation period of 2 h, protected
from light. After this period, this solution was aspirated, washed with PBS (200 µL), and
200 µL of NR Destain Solution (50% of 96% ethanol, 49% deionized water, 1% glacial
acetic acid) was added to each well of the plate. Finally, the plate was subjected to a slight
agitation for 10 min, and the absorbance at 540 nm was determined in the automated
microplate reader. For the SRB assay, the culture medium was removed, and the cells were
washed with PBS (400 µL). Then, the cells were fixed with cold 10% trichloroacetic acid
(200 µL/well) for 30 min. After that, these cells were stained with SRB solution for 1 h
(200 µL/well; room temperature). The dye that exceeded was discarded by rinsing with
tap water and, finally, the dye that was bound to the proteins was dissolved with 400 µL
of Tris-NaOH solution (10 mM). Absorbance values at 540 nm were determined in the
automated microplate reader.

2.6. Cell Morphology Visualization

After each treatment condition, the cell morphology was assessed. Leica DMI6000 B
Automated Microscope (Wetzlar, Germany) was used to observe and capture MCF-7 cells
treated with paclitaxel, propranolol, ICI 118,551, and isoprenaline.

2.7. HPLC-ECD

After being plated, attached, and being in contact with propranolol (100 µM), ICI
118,551 (1 µM), and isoprenaline (10 µM) for 24 h, cells and their respective supernatant
were divided into different fractions, and perchloric acid 2M (1:10) was added. Then,
the samples were subjected to filtration processes (SpinX filters, Costar), centrifugation
(12,000× g, 5 min), and freezing processes (−20 ◦C) before analysis. Finally, using the
3030 Reagent kit for HPLC analysis of serotonin in the urine, the analysis of serotonin
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was carried out, following the specific recommendations of the manufacturer. The HPLC
system used was comprised of a pump (Waters Alliance 2695), a loop injector (Rheodyne),
and a Decade ECD that contained a glassy carbon electrode programmed to a potential
of, respectively, 50 mV. The software that was used to control the produced current was
Empower Pro (Waters Corporation, Milford, MA, USA). The concentrations between
1 and 1000 nM were used to generate the calibration curve. This curve was used to
calculate the concentration of serotonin in each sample that was analyzed, following the
recommendations of the manufacturer.

2.8. Statistical and Data Analysis

GraphPad Prism 8 software was used to design graphs, calculate IC50 values, and
perform statistical analysis. The results are presented as mean ± SD for three independent
experiments. Statistical comparisons between control and treatment groups, at the same
time point, were performed with Student’s t-test and one-way ANOVA test. Differences
were significant when p-value < 0.05.

3. Results
3.1. MCF-7 Growth Curve

The maintenance of an exponential growth phase of cellular growth is important
to ensure genetic/phenotypic stability, as well as cellular viability [21]. It is, therefore,
important to generate a growth curve for the cell line to determine its inherent growth
characteristics. Thus, to verify the growth of the MCF-7 cells used in this work, the growth
curve of these cells was carried out (Figure 3). The procedure is described in the Materials
and Methods section.
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and counting the total cell number, per well, for 148 h. Results from three independent experiments.

Analyzing the obtained curve, it is possible to conclude that, in agreement with our
previous work [15], with the seeding density of 2.3 × 104 cells/mL (4600 cells/well), the
cells remained in the exponential growth phase during the experiments, ensuring the
stability and viability of MCF-7 cells.

3.2. Effect of Paclitaxel on MCF-7 Cellular Viability

To assess the effect of an antineoplastic drug, clinically used in breast cancer therapy
(paclitaxel, PTX) on the viability of MCF-7 cells, this drug was added to cells in concen-
trations ranging from 0.1 nM to 500 nM, for a period of 24 h of incubation. After this
time, the percentage of viable cells was obtained using different cell viability methods,
namely NR uptake assay (Figure 4A), SRB assay (Figure 4B), and MTT assay (Figure 4C),
as described in the Materials and Methods section. In addition, the concentration-response
curves and the respective IC50 values of this drug were also determined (Figure 4A–C;
Table 2). The observation and morphological analysis of the cells treated with the different
concentrations of this established antineoplastic agent was also carried out (Figure 5).
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assays. Cells were treated with increasing concentrations of PTX for 24 h and dose-response curves
for each assay were obtained (right). For the construction of the dose-response curves, the data was
normalized between 0% (lowest obtained value of cellular viability) and 100% (highest obtained
value of cellular viability). The results are shown as the percentage of control and are expressed as
the mean ± SEM of three independent experiments (n = 3). * Statistically significant vs. control at
p < 0.05; ** statistically significant vs. control at p < 0.01; *** statistically significant vs. control at
p < 0.001; **** statistically significant vs. control at p < 0.0001.

Table 2. Obtained IC50 values, with respective methodologies, for the 24 h treatment of MCF-7 cells
with PTX.

IC50 Value/nM Methodology

2.0 (42) NR Assay
2.8 (50) SRB Assay

10.1 (20) MTT Assay
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Figure 5. Effects of PTX on the morphology of MCF-7 cells. Cells were treated with (A) vehicle
(DMSO), (B) 0.1 nM, (C) 1 nM, (D) 10 nM, (E) 100 nM, and (F) 500 nM PTX. Representative images
were obtained with a high contrast brightfield objective (10×) (LionHeart FX Automated Microscope),
from three independent experiments.

Our results reveal that from concentrations of 10 nM, there was a significant decrease
in the cellular viability (Figures 4A–C and 5D), and this response was more pronounced
in both NR and SRB assays (Figure 4A,B). Additionally, with concentrations of 2.042 nM
(Figure 4A), 2.850 nM (Figure 4B), and 10.12 nM (Figure 4C), there was a reduction of about
50% of the cells. These values of concentration represent the IC50 values of PTX, defined as
the concentration showing 50% of cell growth inhibition when compared to control. For
the same period of treatment with PTX (24 h), in MCF-7 cells, these values are consistent
with the literature [22]. Indeed, there was an observed decrease in cellular viability, in a
concentration-dependent manner. Higher concentrations of paclitaxel led to fewer and
more damaged cells, as well as more rounded/smaller morphologies, typical of non-viable
cells (Figure 5). Taken together, these results support the antineoplastic activity of PTX in
MCF-7 breast cancer cells.
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3.3. Effect of Isoprenaline, Propranolol, and ICI 118,551 on MCF-7 Cellular Viability

We next evaluated the effect of three β-adrenergic drugs in the viability of MCF-7 breast
cancer cells. Cells were treated with increasing concentrations of ICI 118,551, propranolol,
and isoprenaline for 24 h and cellular viability was evaluated by MTT, NR, and SRB assays.
ICI 118,551 treatment caused an increase in MCF-7 cell viability, which can be related to
increased cell proliferation, mainly in the higher concentration (1 µM) (Figure 6).
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are expressed as the mean ± SD of three independent experiments.

Cells treated with isoprenaline did not show any significant alterations in cell viability
(Figure 7A–C).
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Figure 7. Effects of isoprenaline on the viability of MCF-7 cells determined by (A) MTT, (B) NR, and (C) SRB assays. Cells
were treated with increasing concentrations of isoprenaline for 24 h. The results are shown as the percentage of control and
are expressed as the mean ± SD of three independent experiments.
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Treatment of MCF-7 cells with propranolol resulted in a decrease of cell viability in
the highest concentration (100 µM), both by MTT (Figure 8A) and SRB (Figure 8C) assays.
This decrease was statistically significant by MTT assay. Results by NR assay did not
demonstrate significant changes in cell viability (Figure 8B).
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3.4. Effect of Isoprenaline, Propranolol, and ICI 118,551 on MCF-7 Serotonin Production

Intending to verify the influence of the 24 h treatment of the cells with propranolol
(100 µM), ICI 118,551 (1 µM), and isoprenaline (10 µM) in the endogenous production of
5-HT by MCF-7 cells, we proceeded to the HPLC-ECD analysis of the synthesis of this
monoamine by the cells (Figure 9), enabling its quantification (Table 3). This methodology
has the great benefit of enabling quick results, mainly due to short analysis times, and
simple/efficient sample preparation. The entire experimental procedure is described in the
Materials and Methods section.

Table 3. Variation of concentrations of 5-HT (nM) in the cellular medium of propranolol, isoprenaline,
and ICI 118,551-treated MCF-7 cells, determined by HPLC-ECD.

Drug (5-HT)/nM

Propranolol (100 µM) +147.61 ± 6.20
Isoprenaline (10 µM) +346.86 ± 9.12

ICI 118,551 (1 µM) −115.81 ± 4.56

Analyzing Figure 9 and Table 3, it is possible to notice that 5-HT was detected in all
the conditions (treatment and control). However, there were clear differences between the
different conditions of treatment. The drug isoprenaline promoted the most pronounced
endogenous synthesis of serotonin, about 3.5-fold greater than what was obtained in the
control. Nevertheless, with propranolol treatment, it was also possible to notice an increase
in the synthesis of 5-HT (when compared to control), about 1.5-fold. On the other hand,
treatment with the drug ICI 118,551 promoted a lower endogenous synthesis of 5-HT, about
1.1-fold less than what was observed in the control. Together, these results reveal that
MCF-7 cells can produce 5-HT, and the drugs propranolol, isoprenaline, and ICI 118,551
influence this endogenous production.
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Figure 9. Analysis of 5-HT by HPLC-ECD. Representative chromatograms of (A) internal standard containing the indicated
monoamine, (B) cell culture medium sample of untreated cells (control), (C) cell culture medium sample of ICI 118,551
treated cells, (D) cell culture medium sample of isoprenaline treated cells, and (E) cell culture medium sample of propranolol
treated cells. Representative chromatograms were obtained in three independent experiments (n = 3).

4. Discussion

Several pieces of evidence have demonstrated the importance of neurotransmitters in
the oncological context. With a particular focus on 5-HT, it is known that this monoamine
is very important in several processes of cancer development, such as in its progression [1].
In this study, it was reported that MCF-7 breast cancer cells produce their own 5-HT and
that this monoamine influences the viability of these cells, after the application of drugs
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that interact with the adrenergic system—propranolol, ICI 118,551, and isoprenaline—a
period of 24 h of treatment. Here, propranolol acts as a partial agonist, whereas ICI 118,551
acts as an inverse agonist. Thus, this study suggests an interaction, in the oncological
context, between β-adrenergic drugs and the production of 5-HT by MCF-7 cells. Indeed,
greater cellular growth can be related to higher consumption of serotonin by the cells and,
consequently, less amount of serotonin is detectable in the cell medium. It is important
to note that the use of PTX, an anticancer drug clinically used in the context of breast
cancer [23], can give us security in the process of connecting the results of cell viability
with the results obtained by HPLC, after the β-adrenergic treatment of the cells. This is
mainly because propranolol, ICI 118,551, and isoprenaline are not typically cytotoxic drugs.
Indeed, these drugs do not have a defined profile regarding the cell viability response,
such as PTX. Thus, with the use of a drug with an established profile in breast cancer, it
was possible to discard that fluctuations regarding the cell viability results obtained with
the β-adrenergic drugs were due to the methods of cell viability or due to problems at
the cellular level, making the connection between 5-HT production and cellular viability
more reliable.

The 24 h treatment period was chosen considering the 5-HT metabolism. This
monoamine, produced from tryptophan, is metabolized to other compounds. The main
and most abundant metabolite of 5-HT is 5-hydroxyindoleacetic acid (5-HIAA), typically
excreted in the urine and clinically used for the diagnosis of carcinoid syndrome, through a
24 h urine sample [24–26]. Thus, in a period greater than 24 h, more products of serotonin
metabolism (such as 5-HIAA) could be observed and not 5-HT itself, which is the focus of
this article.

Focusing on the treatment of the cells with propranolol, it is known that this drug
is being studied in the context of drug repurposing in cancer, highlighting breast can-
cer [27]. Indeed, preclinical and retrospective studies suggest that this beta-blocker may
improve the prognosis of patients with early-stage breast cancer, being a safe and low-
cost option [28]. Several mechanisms of action may explain the anti-tumoral effects of
propranolol. For example, studies show that this drug decreases the expression of Ki-67
(pro-proliferative marker) and Bcl-2 (pro-survival marker), and increases the expression of
p53 (pro-apoptotic), disrupting the progression of the cell cycle [29].

Nevertheless, there is still a lot to investigate about the anti-tumoral effects of this drug.
Thus, one of the mechanisms of action that may explain this action of propranolol may also
be due to its interplay with the serotonergic system. With the application of propranolol,
high amounts of serotonin (when compared to control) were found in the cellular medium,
which supports the hypothesis that the cells did not use this monoamine to develop their
growth, an effect that was the opposite with the ICI 118,551. One of the processes that
may be occurring is the antagonism of the 5-HT1A and 5-HT1B receptors (Table 1), which,
being blocked, may prevent 5-HT from exerting its effects, supporting the anti-tumour
mechanism of propranolol, leading to a decrease in the growth/viability of tumour cells
by preventing the pro-tumoral action of 5-HT. This same effect may explain the results
obtained with isoprenaline and ICI 118,551. This hypothesis highlights the importance
of developing more cancer studies with β-adrenergic drugs, focusing on the study of
the receptors to which they can bind, such as 5-HT receptors. Indeed, the mechanism of
interaction of these drugs with the serotonergic system may be because these drugs interact
with different 5-HT receptors. More studies about these processes are extremely important
and relevant. These findings also provide new perspectives to consider about the study of
neurotransmitters and their interplay in the oncological context.

5. Conclusions

Our results demonstrate that 5-HT quantification is different among MCF-7 cells
treated with three β-adrenergic drugs (propranolol, isoprenaline, and ICI 118,551) and
that 5-HT levels in cell media correlate with cell viability determined after each treatment
(Figure 10).
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Figure 10. Relationship between cell viability and endogenous 5-HT values of MCF-7 treated
with propranolol, isoprenaline, and ICI 118,551. Values of cell viability obtained by MTT assay.
The results are shown as the percentage of control and are expressed as the mean ± SD of three
independent experiments.

These results confirm that 5-HT has a relevant positive role in the growth of breast
cancer cells [14], more pronounced in our study with the drug that interacts with β-
adrenergic and 5-HT receptors—propranolol. We also founded that propranolol, whose
treatment resulted in decreased cell viability, resulted in higher 5-HT levels in cell media,
indicating fewer needs of 5-HT by MCF-7 cells. On the other hand, cells treated with ICI
118,551 that resulted in higher cell growth rates, revealed a higher consumption of 5-HT,
resulting in decreasing levels of 5-HT compared to control cells in HPLC quantification.
These results support that enhanced cell growth can be related to higher 5-HT consumption
by the cells, resulting in decreased levels of 5-HT in cell media and indicating that 5-HT
may be necessary for MCF-7 cellular growth.

Author Contributions: Conceptualization, N.V.; methodology, D.D. and A.S.C.; formal analysis,
A.S.C., D.D. and N.V.; investigation, A.S.C., D.D., I.S. and N.V.; resources, H.R., J.C.O. and N.V.;
writing—original draft preparation, A.S.C. and D.D.; writing—review and editing, A.S.C., D.D. and
N.V.; supervision, N.V.; project administration, N.V.; funding acquisition, N.V. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was financed by FEDER—Fundo Europeu de Desenvolvimento Regional funds
through the COMPETE 2020—Operational Programme for Competitiveness and Internationalisation
(POCI), Portugal 2020, and by Portuguese funds through Fundação para a Ciência e a Tecnologia (FCT)
in the framework of the project IF/00092/2014/CP1255/CT0004.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: This article was supported by National Funds through FCT—Fundação para a
Ciência e a Tecnologia, I.P., within CINTESIS, R&D Unit (reference UIDB/4255/2020). Diana Duarte
acknowledges FCT for funding her PhD grant (SFRH/BD/140734/2018). Ana Salomé Correia also
acknowledges FCT for funding her PhD grant (SFRH/BD/146093/2019).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Sarrouilhe, D.; Mesnil, M. Serotonin and human cancer: A critical view. Biochimie 2019, 161, 46–50. [CrossRef]
2. Sarrouilhe, D.; Clarhaut, J.; Defamie, N.; Mesnil, M. Serotonin and Cancer: What Is the Link? Curr. Mol. Med. 2015, 15, 62–77.

[CrossRef]
3. Best, J.; Nijhout, H.F.; Reed, M. Serotonin synthesis, release and reuptake in terminals: A mathematical model. Theor. Biol. Med.

Model. 2010, 7, 34. [CrossRef]

http://doi.org/10.1016/j.biochi.2018.06.016
http://doi.org/10.2174/1566524015666150114113411
http://doi.org/10.1186/1742-4682-7-34


J. Pers. Med. 2021, 11, 954 14 of 14

4. Yadav, V.K. Serotonin: The Central Link between Bone Mass and Energy Metabolism. In Translational Endocrinology of Bone;
Elsevier Inc.: Amsterdam, The Netherlands, 2013; pp. 51–62. ISBN 9780124157842.

5. Jiang, S.H.; Hu, L.P.; Wang, X.; Li, J.; Zhang, Z.G. Neurotransmitters: Emerging targets in cancer. Oncogene 2020, 39, 503–515.
[CrossRef]

6. Kim, H.; Toyofuku, Y.; Lynn, F.C.; Chak, E.; Uchida, T.; Mizukami, H.; Fujitani, Y.; Kawamori, R.; Miyatsuka, T.; Kosaka, Y.; et al.
Serotonin regulates pancreatic beta cell mass during pregnancy. Nat. Med. 2010, 16, 804–808. [CrossRef] [PubMed]

7. Chabbi-Achengli, Y.; Coudert, A.E.; Callebert, J.; Geoffroy, V.; Côté, F.; Collet, C.; De Vernejoul, M.C. Decreased osteoclastogenesis
in serotonin-deficient mice. Proc. Natl. Acad. Sci. USA 2012, 109, 2567–2572. [CrossRef]

8. Dizeyi, N.; Bjartell, A.; Nilsson, E.; Hansson, J.; Gadaleanu, V.; Cross, N.; Abrahamsson, P.A. Expression of Serotonin Receptors
and Role of Serotonin in Human Prostate Cancer Tissue and Cell Lines. Prostate 2004, 59, 328–336. [CrossRef] [PubMed]

9. Siddiqui, E.J.; Shabbir, M.A.; Mikhailidis, D.P.; Mumtaz, F.H.; Thompson, C.S. The effect of serotonin and serotonin antagonists
on bladder cancer cell proliferation. BJU Int. 2006, 97, 634–639. [CrossRef] [PubMed]

10. Nocito, A.; Dahm, F.; Jochum, W.; Jae, H.J.; Georgiev, P.; Bader, M.; Graf, R.; Clavien, P.-A.P.A.; Jang, J.H.; Georgiev, P.; et al.
Serotonin Regulates Macrophage-Mediated Angiogenesis in a Mouse Model of Colon Cancer Allografts. Cancer Res. 2008, 68,
5152–5158. [CrossRef] [PubMed]

11. Pai, V.P.; Marshall, A.M.; Hernandez, L.L.; Buckley, A.R.; Horseman, N.D. Altered serotonin physiology in human breast cancers
favors paradoxical growth and cell survival. Breast Cancer Res. 2009, 11, R81. [CrossRef]

12. Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer statistics, 2019. CA Cancer J. Clin. 2019, 69, 7–34. [CrossRef]
13. Sola-Penna, M.; Paixão, L.P.; Branco, J.R.; Ochioni, A.C.; Albanese, J.M.; Mundim, D.M.; Baptista-de-Souza, D.; Figueiredo, C.P.;

Coelho, W.S.; Marcondes, M.C.; et al. Serotonin activates glycolysis and mitochondria biogenesis in human breast cancer cells
through activation of the Jak1/STAT3/ERK1/2 and adenylate cyclase/PKA, respectively. Br. J. Cancer 2020, 122, 194–208.
[CrossRef]

14. Sonier, B.; Arseneault, M.; Lavigne, C.; Ouellette, R.J.; Vaillancourt, C. The 5-HT2A serotoninergic receptor is expressed in the
MCF-7 human breast cancer cell line and reveals a mitogenic effect of serotonin. Biochem. Biophys. Res. Commun. 2006, 343,
1053–1059. [CrossRef]

15. Amaro, F.; Silva, D.; Reguengo, H.; Oliveira, J.C.; Quintas, C.; Vale, N.; Gonçalves, J.; Fresco, P. β-adrenoceptor activation in
breast mcf-10a cells induces a pattern of catecholamine production similar to that of tumorigenic mcf-7 cells. Int. J. Mol. Sci. 2020,
21, 7968. [CrossRef]

16. Cole, S.W.; Sood, A.K. Molecular pathways: Beta-adrenergic signaling in cancer. Clin. Cancer Res. 2012, 18, 1201–1206. [CrossRef]
[PubMed]

17. Gargiulo, L.; Copsel, S.; Rivero, E.M.; Galés, C.; Sénard, J.M.; Lüthy, I.A.; Davio, C.; Bruzzone, A. Differential β2-adrenergic
receptor expression defines the phenotype of non-tumorigenic and malignant human breast cell lines. Oncotarget 2014, 5,
10058–10069. [CrossRef] [PubMed]

18. Hothersall, J.D.; Black, J.; Caddick, S.; Vinter, J.G.; Tinker, A.; Baker, J.R. The design, synthesis and pharmacological characteriza-
tion of novel β 2-adrenoceptor antagonists. Br. J. Pharmacol. 2011, 164, 317–331. [CrossRef] [PubMed]

19. Balakin, K.V. Pharmaceutical Data Mining: Approaches and Applications for Drug Discovery; John Wiley and Sons: Hoboken, NJ, USA,
2009; ISBN 9780470196083.

20. IUPHAR/BPS Guide to PHARMACOLOGY. Available online: https://www.guidetopharmacology.org/ (accessed on 17
August 2021).

21. The European Collection of Authenticated Cell Cultures (ECACC) and Merck. Fundamental Techniques in Cell Culture Laboratory
Handbook, 4th ed.; Sigma-Aldrich: St. Louis, MO, USA, 2016.

22. Risinger, A.L.; Dybdal-Hargreaves, N.F.; Mooberry, S.L. Breast Cancer Cell Lines Exhibit Differential Sensitivities to Microtubule-
targeting Drugs Independent of Doubling Time. Anticancer Res. 2015, 35, 5845–5850.

23. Samaan, T.M.A.; Samec, M.; Liskova, A.; Kubatka, P.; Büsselberg, D. Paclitaxel’s Mechanistic and Clinical Effects on Breast Cancer.
Biomolecules 2019, 9, 789. [CrossRef] [PubMed]

24. Jayamohanan, H.; Kumar, M.K.M.; Aneesh, T.P. 5-HIAA as a potential biological marker for neurological and psychiatric disorders.
Adv. Pharm. Bull. 2019, 9, 374–381. [CrossRef]

25. Welford, R.W.D.; Vercauteren, M.; Trébaul, A.; Cattaneo, C.; Eckert, D.; Garzotti, M.; Sieber, P.; Segrestaa, J.; Studer, R.;
Groenen, P.M.A.; et al. Serotonin biosynthesis as a predictive marker of serotonin pharmacodynamics and disease-induced
dysregulation. Sci. Rep. 2016, 6, 30059. [CrossRef] [PubMed]

26. Lenchner, J.R.; Santos, C. Biochemistry, 5 Hydroxyindoleacetic Acid; StatPearls Publishing: Treasure Island, FL, USA, 2020.
27. Pantziarka, P.; Bryan, B.A.; Crispino, S.; Dickerson, E.B. Propranolol and breast cancer—A work in progress. Ecancermedicalscience

2018, 12, ed82. [CrossRef] [PubMed]
28. Caparica, R.; Bruzzone, M.; Agostinetto, E.; De Angelis, C.; Fêde, Â.; Ceppi, M.; de Azambuja, E. Beta-blockers in early-stage

breast cancer: A systematic review and meta-analysis. ESMO Open 2021, 6, 100066. [CrossRef] [PubMed]
29. Montoya, A.; Varela-Ramirez, A.; Dickerson, E.; Pasquier, E.; Torabi, A.; Aguilera, R.; Nahleh, Z.; Bryan, B. The beta adrenergic

receptor antagonist propranolol alters mitogenic and apoptotic signaling in late stage breast cancer. Biomed. J. 2019, 42, 155–165.
[CrossRef] [PubMed]

http://doi.org/10.1038/s41388-019-1006-0
http://doi.org/10.1038/nm.2173
http://www.ncbi.nlm.nih.gov/pubmed/20581837
http://doi.org/10.1073/pnas.1117792109
http://doi.org/10.1002/pros.10374
http://www.ncbi.nlm.nih.gov/pubmed/15042609
http://doi.org/10.1111/j.1464-410X.2006.06056.x
http://www.ncbi.nlm.nih.gov/pubmed/16469039
http://doi.org/10.1158/0008-5472.CAN-08-0202
http://www.ncbi.nlm.nih.gov/pubmed/18593914
http://doi.org/10.1186/bcr2448
http://doi.org/10.3322/caac.21551
http://doi.org/10.1038/s41416-019-0640-1
http://doi.org/10.1016/j.bbrc.2006.03.080
http://doi.org/10.3390/ijms21217968
http://doi.org/10.1158/1078-0432.CCR-11-0641
http://www.ncbi.nlm.nih.gov/pubmed/22186256
http://doi.org/10.18632/oncotarget.2460
http://www.ncbi.nlm.nih.gov/pubmed/25375203
http://doi.org/10.1111/j.1476-5381.2011.01269.x
http://www.ncbi.nlm.nih.gov/pubmed/21323900
https://www.guidetopharmacology.org/
http://doi.org/10.3390/biom9120789
http://www.ncbi.nlm.nih.gov/pubmed/31783552
http://doi.org/10.15171/apb.2019.044
http://doi.org/10.1038/srep30059
http://www.ncbi.nlm.nih.gov/pubmed/27444653
http://doi.org/10.3332/ecancer.2018.ed82
http://www.ncbi.nlm.nih.gov/pubmed/30034523
http://doi.org/10.1016/j.esmoop.2021.100066
http://www.ncbi.nlm.nih.gov/pubmed/33639601
http://doi.org/10.1016/j.bj.2019.02.003
http://www.ncbi.nlm.nih.gov/pubmed/31466709

	Introduction 
	Materials and Methods 
	Materials 
	Cell Culture 
	Cell Growth Curve Assay 
	Cell Treatment 
	Cell Viability Assays 
	Cell Morphology Visualization 
	HPLC-ECD 
	Statistical and Data Analysis 

	Results 
	MCF-7 Growth Curve 
	Effect of Paclitaxel on MCF-7 Cellular Viability 
	Effect of Isoprenaline, Propranolol, and ICI 118,551 on MCF-7 Cellular Viability 
	Effect of Isoprenaline, Propranolol, and ICI 118,551 on MCF-7 Serotonin Production 

	Discussion 
	Conclusions 
	References

