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Resumo 
 
O cancro da mama é um dos cancros mais comuns do mundo, representando 25% dos 

cancros das mulheres. As taxas de incidência e mortalidade são muito maiores nos países 

em desenvolvimento, uma vez que o acesso à informação, rastreios e tratamentos é mais 

fraco comparativamente aos países desenvolvidos.  

Várias linhas de evidência sugeriram uma forte associação entre incidência e/ou 

mortalidade por câncer e stress. As catecolaminas noradrenalina e adrenalina são 

mediadores do stress e uma possível ligação entre as catecolaminas e a iniciação/ 

transformação neoplásica tem sido sugerida. Estas hormonas exercem os seus efeitos 

através da interação com os recetores adrenérgicos (a-recetores e b-adrenérgicos) que 

são encontrados em vários tipos de células cancerígenas, nomeadamente em células do 

cancro da mama. 

O objetivo deste trabalho foi investigar o efeito de agonistas e antagonistas para os 

recetores b-adrenérgicos na proliferação, viabilidade e migração celular de duas linhas 

celulares: MCF-7 (células cancerígenas) e MCF-10A (células não cancerígenas). À luz de 

um possível contributo endógeno de catecolaminas foram também realizados ensaios de 

HPLC-ECD de modo a observar as catecolaminas no meio de cultura onde as células 

crescem, bem como imunocitoquímica, RT-PCR e western blot para investigar a possível 

presença de maquinaria de síntese de catecolaminas.  

Os resultados obtidos confirmaram que os recetores b-adrenérgicos estimulam a 

proliferação e migração de células tumorigênicas e que essas células adquirem uma 

capacidade incomum de ativar a maquinaria de síntese de catecolaminas e, assim, 

transformar essas catecolaminas em mensageiros autócrinos no microambiente tumoral. 

Embora essa capacidade não esteja igualmente presente em células não tumorigênicas, 

a exposição dessas células a agonistas do recetores b-adrenérgicos pode induzir a 

transformação neoplásica. 

Conclui-se que as catecolaminas endógenas podem desempenhar um papel para induzir 

uma transformação neoplásica e criar uma retroalimentação positiva na qual as 

catecolaminas nascidas no sangue induzem a transformação neoplásica e a capacidade 

das células cancerígenas produzirem catecolaminas de forma autônoma para estimular 

ainda mais a progressão tumoral. Portanto, os presentes resultados são uma contribuição 

para fornecer uma base científica para o efeito anticancerígeno descrito como um efeito 
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colateral de b-bloqueadores e um exemplo de como a transformação neoplásica pode ser 

induzida por estímulos não genotóxicos. 

Palavras-chave: cancro da mama, stress, catecolaminas, recetores b-adrenérgicos, transformação 

neoplásica, síntese. 
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Abstract 

Breast cancer is one of the most common cancers in the world, representing 25% of 

women's cancers. Incidence and mortality rates are much higher in developing countries, 

since the access to information, screening and treatment present various fragilities 

comparatively to developed countries. 

Several lines of evidence have suggested a strong association between incidence and/or 

mortality by cancer and stress. The catecholamines noradrenaline and adrenaline are  

mediators of stress and a possible link between catecholamines and initiation/neoplastic 

transformation has been suggested. These hormones exert their effects through the 

interaction with adrenergic receptors (a1-, a2- and  b-adrenoceptors) present in various 

types of cancer cells, namely in breast cancer cells. 

The aim of the present work was to investigate the effects of b2-adrenoceptors on the 

capacity of cancer cells to proliferate and to migrate and also on the capacity to promote 

tumorigenesis in non-tumorigenic cells. The effects of agonists and antagonists were 

tested on cell viability and migration, on protein expression (by immunocytochemistry, RT-

PCR and western blot) and on the catecholamine biosynthetic potential (by HPLC-ECD). 

The results obtained confirmed that b2-adrenoceptors stimulate proliferation and migration 

of tumorigenic cells and that these cells acquire an unusual capacity to activate the 

biosynthetic machinery to allow them to synthetize catecholamines and thus, to turn these 

catecholamines in autocrine messengers in the tumor microenvironment. Although this 

capacity is not equally present in non-tumorigenic cells, exposure of these cells to b-

adrenoceptor agonists may induce a neoplastic transformation. 

It is concluded that endogenous catecholamines may play a role to induce a neoplastic 

transformation and to create a positive feedback loop in which blood born catecholamines 

induce neoplastic transformation and a capacity of cancer cells to produce catecholamines 

autonomously to further stimulate tumor progression. Therefore, the present results are a 

contribution to provide a scientific basis to the described anti-cancer effect as a side-effect 

of b-blockers and an example of how neoplastic transformation may be induced by non-

genotoxic stimuli. 

Keywords:  breast cancer, stress, catecholamines, b-adrenoceptors, neoplastic transformation, synthesis.  
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1. Introduction 
 
 
Cancer is the name given to a collection of more than 200 related diseases. This pathology 

is characterized by uncontrolled growth and spread of abnormal cells. More than 80% of 

adult human cancers are carcinomas, tumors originating from malignant transformation of 

epithelial cells [1-4]. Cancer is a malignant tumor. It is differentiated from benign tumors 

by the capacity of cells to invade surrounding tissues and to growth of secondary tumors 

at distant locations (formation of metastasis) [5]. 

 

Some extrinsic factors that comprise biological, physical and chemical entities are 

accepted to increase the probability of an individual to develop cancer [1]. Exposure to 

carcinogenic agents along with genetic alterations and mutations in the reparative system 

lead to progressive deregulation of cellular cycle and normal cells are transformed into 

malignant cells [6]. 

 

Carcinogens can be classified in two groups: genotoxic (GTX) and non-genotoxic (NGTX). 

This classification is based on differences in their pathogenic mechanisms and on their 

ability to cause genetic alterations [7]. GTX carcinogens lead to various types of DNA 

damage, inhibition of apoptosis and of DNA repair processes. NGTX carcinogens has 

been associated, for instance, with changes in oxidative stress, modulation of metabolizing 

enzymes, induction of peroxisome proliferation and disruption of the balance between 

proliferation and apoptosis [7,8]. 

 

The diversity of pathologies included in the general designation of cancer, the multiple 

genotoxic and non-genotoxic causes and the limited knowledge about tumorigenesis, 

make the success of pharmacological approaches far from desirable and achieved in other 

pathologies.  
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 1.1 Epidemiology  
 

Globally, nearly 1 in 6 deaths is due to cancer [1,2,3] being the second leading cause of 

death in the world, accounting for more than 8,8 million deaths annually [3]. 

 

The incidence and mortality rates of cancer vary between developed and developing 

countries. The incidence of cancer is increasing more in developing countries. This 

tendency can be ascribed to: i) population in these countries is both increasing and aging, 

ii) the adoption of unhealthy lifestyles without physical activity (similarly to what occurs in 

developed countries), and iii) the lack of information and screening for certain types of 

cancer [3].  

 

The global increased trend is set to continue over the next decades with an expected 

increase in cancer cases of 55% by 2030 [3,9]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Incidence and mortality of the most common cancers worldwide (A);  Incidence and mortality of breast 

cancer worldwide (B) in more and less developed regions for both sexes (per 100 000) [3]. 

 
As noted in Figure 1, breast cancer is one of the most common cancers in the world, with 

nearly 1.7 million new cases diagnosed in 2012. This value represents about 12% of new 

cancers and 25 % of all cancers in women and is a leading cause of death and disability 

A                                                                                B 
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among women [10,11]. In sporadic cases, this pathology can also be diagnosed in men 

which accounts for less than 1% of the diagnosed cases of breast cancer [12].  

 

Incidence of breast cancer in developed countries is higher than in developing countries 

but mortality rates are similar and have been increasing in the last decades (see Figure 
2). These high mortality rates are likely due to lack of facilities for detection, early diagnosis 

and treatment [13]. In fact, early detection using mammograms, high-quality surgery and 

adjuvant therapies (chemotherapy and targeted therapies) can improve significantly breast 

cancer survival. In many countries with advanced medical care, the five-year survival rate 

(% of people with cancer in a treatment group who is alive five years after the diagnostic 

or treatment) of early stage breast cancer can reach values of 80 to 90% [3,14].  

 

Figure 2: Incidence and distribution of breast cancer worldwide (among both sexes for all ages) [3]. 

 

Incidence of breast cancer in Portugal follows a pattern typical of a developed country. 

According to the latest data published in 2012, cancer mortality among Portuguese women 

represents 30% of all cancer cases and 16% of all cancer deaths in Portugal [15]. 

Notwithstanding the incidence rates have been increasing, Portugal is still one of the 

European countries with the highest survival rate in breast cancer according to a study 

published by The Lancet [16]. The five-year survival is the fifth in the European region, 

rising from 81.6% of diagnoses between 2000 and 2004 to 87.6% in diagnoses between 

2010 and 2014. Breast cancer mortality rates have also declined in the Portuguese 

population with an estimated annual percent change of -2% per year. Contributions for this 

decrease in incidence may have other reasons than differences in access to health care 
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since women who have higher education are more likely to present early-stage breast 

cancer when compared with women with less academic education studies [17]. 
 

1.2 Breast form and function 
 

The adult female breast is composed by two main types of tissues: glandular and stromal 

tissues. Glandular tissues house epithelial lactiferous ducts terminating in secretory alveoli 

embedded in a fibrous tissue and adipose tissue. The breast of an healthy female is made 

up of 12-20 lobes which in turn are made up many lobules which form the gland that 

produces milk (Figure 3). These breast structures are generally where cancer begins. The 

associated adipose tissue is composed by ligaments, fibrous tissue, nerves, lymph 

vessels, lymph nodes and blood vessels [9,18-20]. This architecture depends on proper 

cell-cell and cell-extracellular matrix interactions with an exchange of mechanical and 

biochemical information to keep homeostasis [21]. 

 

Figure 3: Scheme depicting the structure of human breast and its association with the formation of tumors. Adapted 

from: [22] 

Normal breast growth is regulated by the interaction of many hormones, including 

estrogens, progesterone, glucocorticoids, prolactin, thyroid hormone and growth factors 

as insulin, insulin like (IGF-1 and IGF-2), fibroblast growth factors (FGF), epidermal growth 

factor (EGF), transforming growth factor alfa (TGF-a) and estradiol, all involved in the 

modulation of expression of several genes involved in the control of mammary cell growth 

[9,21]. 
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Most breast cancers are driven by estrogen receptor (ER) that acts as a transcription 

factor, regulating gene expression and the mammary gland development, being an 

important indicator of potential responses to endocrine therapy [23-25]. According to the 

American Cancer Society, two out of every three cases of breast cancer are ER-positive 

(ER+) being the most common type of breast cancer diagnosed [26] . 

 

1.3 Risk Factors of breast cancer 
 

Some studies on large cohorts showed that breast cancer cases may be associated to 

various risk factors that may initiate or modify the process of neoplastic transformation of 

breast cells. Important risk factors are age over 40, history of mammary gland diseases, 

early menarche and late menopause [12, 27]. 

As mentioned above, breast cancers driven by estrogen receptor (ER) are the most 

common type of breast cancer diagnosed [26]. An interesting correlation can be observed 

between the age of patients when neoplastic disease is diagnosed and the level of 

expression of the estrogen receptor (ER). Overexpression of the estrogen receptor (ER+) 

is more frequent with increasing age (more frequently in women older than 50 years) which 

may explain an increased number of  ER+ tumors diagnosed in women after menopause 

[12]. 

 

Race is another important risk factor. Caucasian women are more susceptible than women 

from other races which may be related to the reported increase in the expression of the 

proto-oncogene Human Epidermal growth factor Receptor-type 2 (HER2) in Caucasian 

women [28]. 
 
Familial susceptibility (hereditary) is also an important risk factor. Intensive studies have 

been conducted which led to identification of two important tumor suppressor genes: 

BRCA1 and BRCA2 whose function disorder (e.g. hereditary mutation) is associated with 

an increased risk of occurrence of breast and ovarian cancer [23,28].  
 

Extrinsic factors, like alcohol, exposure to chemical and physical carcinogens, obesity, 

immunosuppression or infectious agents, are also accepted to increase the probability of 

an individual to develop cancer [1,7]. For instance, various compounds present in tobacco 

smoke can be metabolized for breast tissue and are potent mammary carcinogens [29]. 

Moreover, genotoxic and non-genotoxic carcinogens lead to initiation and tumor 

progression through genetic and epigenetic alterations and changes in oxidative stress 
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levels, modulation of metabolizing enzymes, induction of peroxisome proliferation and 

disruption of the balance between proliferation and apoptosis [8,9]. 

Stress has long been associated with a negative impact on human health. Stress can be 

acute or chronic depending on the exposure time. When stress is repetitive, or occurs over 

an extended period of time, it can trigger a complex neuroendocrine stimulation which may 

have pathological consequences, such as an increase of cardiovascular diseases [30,31]. 

Stress and its related messengers (namely catecholamines) were reported to play a role 

in tumor promotion [32-34]. Epidemiological and other clinical studies have provided 

evidence for the existence of links between chronic stress, altered immune responses and 

promotion of tumor growth whereas acute stress enhances immunity and resistance to 

cancer [35-37]. 

Treatment of breast cancer depends on the characteristics of the disease and the health 

status of the patient. Treatments are determined by international guidelines such as those 

issue by the European Society for Medical Oncology [38]. The most frequently regimens 

used in primary breast cancer contain anthracyclines and/or taxanes, although in selected 

patients CMF (cyclophosphamide/methotrexate/fluorouracil (CMF) chemotherapy) may 

still be used [39] but with serious adverse drug reactions [40,41].  

Out of these guidelines are drugs approved to non-cancer indications that show some 

efficacy in reducing the incidence and mortality of cancer, even when cancer-related 

endpoints were the main considered under study [42]. Thus, drug repurposing offers an 

appealing alternative since these drugs are available in the market, in general cost much 

less than the drugs indicated to cancer and have a much lower incidence of adverse drug 

reactions. 

Considering the psychological and physical burden, for the patient and the community, of 

the anticancer chemotherapy, an in-depth investigation to evaluate the scientific basis of 

repurposed drugs as therapeutic alternatives is ethically mandatory and urgent and, if 

confirmed, it should define the conditions for a rapid translation of this knowledge into 

clinical practice. 

The correlation between the adrenergic system and cancer is corroborated by studies 

using b-blockers. Cohort studies showed that patients receiving β-blockers, namely 

propranolol, have a lower rate of cancer progression, recurrence and metastases [43, 44]. 

Specifically, in breast cancer, propranolol has a wide effect on the reduction of neoplastic 

promotion: it inhibits migration of cancer cells, the activity of natural killer cells and the 
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expression of pro-angiogenic genes [44,45]. Evidence from several epidemiological 

studies suggested that b-adrenoceptor antagonists may reduce incidence and improve 

prognosis in cancer patients [46-49]. Namely, in triple-negative breast cancer, b-

adrenoceptor antagonists showed efficacy in reducing recurrence and death [50]. 

 

Although propranolol is reported as the most used β-adrenoceptor antagonist, other β-

antagonists were found to have similar effects. Cancer cells treated with the selective b2-

adrenoceptor inverse agonist ICI118,551 revealed a significant inhibition of cell invasion 

and proliferation in breast cancer cells, by modulation of vascular endothelial growth factor 

(VEGF), and the interleukin 6 [34]. ICI 118,551 is further reported as able to inhibit HER2 

stimulation in breast cancer [45].  
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1.4 Stress, catecholamines and tumorigenesis  

In a situation of stress in mammalians, two main pathways can be activated: the 

hypothalamic-pituitary-adrenal (HPA) axis which is executed mainly by the stress hormone 

cortisol, and the adrenergic pathway initiated by autonomic nervous system activation 

(Figure 4) [51,52]. 

 

The autonomic nervous system response to stress is critical for survival. This response is 

fast and control a wide range of autonomic functions. It is mediated primarily by the 

activation of the CNS from sympathetic neurons and the adrenal medulla that constitute 

the sympathetic adrenomedullary system (SAMS) [53]. 

This SAMS comprises pre-ganglionic neurons projected from the spinal cord to the various 

autonomic ganglia where they synapse with post-ganglionic neurons which, in turn, 

release acetylcholine. This neurotransmitter stimulates the post-ganglionic neurons to 

produce noradrenaline and also stimulate the adrenal medulla to induce release of 

noradrenaline and adrenaline into the bloodstream [54,55]. Once released, these 

catecholamines bind to the adrenergic receptors on peripheral tissues that causes the 

effects seen during the “fight-or-flight” response including pupil dilation, increased 

Figure 4:  Stress response by activating the autonomic nervous system (ANS) and the hypothalamic-pituitary-
adrenal (HPA) axis. Catecholamines and glucocorticoids are released from the sympathetic nerve terminals, adrenal 

gland and brain. Catecholamines are the ligands of the adrenergic receptors alpha (α) and beta (β). Glucocorticoids are 

the ligands of the glucocorticoid receptor (GR) [53]. 
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sweating, increased heart rate, and increased blood pressure [56,57].  

Adrenaline and noradrenaline are catecholamines. Catecholamines, a group of chemicals 

containing a catechol or 3,4-dihydroxyphenyl group and an amine, are described to be 

synthesized in the brain, adrenal medulla and by some sympathetic nerve fibers [58].  

 

As shown in Figure 5, the first step of the synthesis of noradrenaline and adrenaline is the 

transformation of the aminoacid l-tyrosine in levodopa (L-DOPA) through the rate-limiting 

enzyme tyrosine hydroxylase (TH). The next step is the decarboxylation of levodopa to 

form dopamine by the action of DOPA descarboxylase (DDC). The next step is synthesis 

of noradrenaline from dopamine by the action of dopamine b-hydroxylase (DbH). 

Noradrenaline can still be converted into adrenaline by the action of the 

phenylethanolamine N-methyltransferase (PNMT), an enzyme found in a small group of 

neurons in the brainstem and in the adrenal medulla [58,59]. 

 

 
Figure 5: Biosynthetic pathway of catecholamines. Tyrosine hydroxylase catalyzes the conversion of the amino acid 

tyrosine to DOPA. Then,  DOPA is converted to dopamine by dopa descarboxylase. Dopamine is converted to noradrenaline 

by dopamine-b-hydroxylase. Finally, phenytethanolamine N-methyltransferase catalyzes the conversion of noradrenaline to 

adrenaline [60]. 

 

The effects of noradrenaline and adrenaline are mediated by activation of receptors named 

as “adrenergic receptors” or “adrenoceptors” that belong to the large family of receptors 

coupled to GTP-binding proteins [58]. 

 

Adrenoceptors are classified in three pharmacologic types: a1, a2 and b adrenoceptors 

each further divided into three subtypes characterized by structural and functional 

differences [61]. Adrenoceptors share significant homology. However, they present 
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different affinities for the two endogenous ligands: adrenaline has an affinity to b2-

adrenoceptors about 100 times higher than that of noradrenaline [62].  

In general, activation of a- and b-adrenoceptors results in the constriction of blood vessels, 

contraction of uterine muscles, relaxation of intestinal muscles and dilation of pupils [57]. 

In addition to their important roles in neuroendocrine functions, they modulate diverse 

cellular processes, such as DNA synthesis and cytoskeletal protein function [63]. 

Some studies show that adrenergic receptors regulate numerous pathways which are 

important in the regulation of cellular functions related to apoptosis and survival, cellular 

mobilization, and inflammation [64]. They also seem to participate in tumorigenesis, in 

tumor invasion and metastization, tumor angiogenesis, modulation of stroma cells an on 

modulation of immune responses in tumor microenvironment [37]. 

Adrenergic responses on cancer cells seem to involve β-adrenoceptors. The first evidence 

for a regulatory role of β-adrenoceptors in cancer cells was provided in 1989 by an in vitro 

study that showed an increase in the proliferation of human lung adenocarcinoma [60]. 

Later, investigations reveled similar adrenaline-induced effects in these cells that were 

blocked by propranolol and by the b2-inverse agonist ICI 118, 551 in several cell lines [34] 

and were depended on β-adrenoceptor mediated increase in intracellular cAMP [65]. 

Since then, intense research was carried out concluding the presence b1 and b2-

adrenoceptors in almost all types of cancer [66].  

 

Putative transduction mechanisms of b-adrenoceptor-mediated effects on tumor 

promotion is shown in Figure 6. 
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Figure 6: b-adrenergic signaling in cancer. Stress responses deliver catecholamines which bind to b-adrenoceptors, 

resulting in activation of adenylyl cyclase and subsequent conversion of ATP into cAMP. cAMP activates PKA to 

phosphorylate multiple target proteins, resulting in activation of transcription factors such as STAT3 and downstream kinases 

such as focal adhesion kinase (FAK). FAK activation modulates cellular resistance to apoptosis. PKA-dependent activation 

of Bcl-2 family member BAD can also render cancer cells resistant to chemotherapy-induced apoptosis. The second via is 

the activation of  EPAC by cAMP that leads to Rap1A-mediated activation of the B-Raf / mitogen-activated protein kinase 

signaling pathway and downstream effects on diverse cellular processes. The general pattern of transcriptional responses 

induced by b-adrenergic signaling includes upregulated expression of metastasis-associated genes involved in 

inflammation, angiogenesis, tissue invasion, and epithelial-mesenchymal transition (EMT), and downregulated expression 

of genes facilitating antitumor immune responses [52] .  

  

The b-adrenoceptor mediated effects may involve a feedforward loop mediated by HER2 

receptor [67]. b-adrenergic signaling seems to stimulate the oncogenic signaling pathways 

mediated by HER2 and HER2 seems to modulate an up-regulation of the adrenergic 

signaling in human breast cancer cells [45,67,68] both acting cooperatively to promote 

cancer cell proliferation.  

 

All these studies provide enough evidence for the existence of functional links between b-

adrenoceptors and tumor with potential to be pharmacologically influenced. In summary, 

b-adrenoceptors are present in cancer cell lines and influence cell proliferation and, 

endogenous catecholamines released in response to chronic stress stimuli may reach the 
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tumor microenvironment and exert a tonic tumorigenic effect that is removed when patients 

take b-adrenoceptor antagonists.  

 

However, a puzzling observation disturbs such logical mechanism. The effects of b-

adrenoceptor antagonists are also observed when tested in isolated cell lines in which any 

tonic influence from endogenous catecholamines [66]. Therefore, the effect of 

b-adrenoceptor antagonists on tumorigenesis and tumor proliferation must have other 

explanation.  

The existence of a  putative tonic adrenergic influence is possibly occurring, even in vitro. 

And, if this does not occur, different mechanisms can be involved in b-adrenoceptor 

antagonists response. These hypotheses should be addressed.  
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2. Aim 
 
The main goal of the present study was to explore the mechanism of tumorigenesis 

induced by a non-genotoxic stimulus (exposure to catecholamines) and to assess whether 

this pathway may offer new opportunities for a more efficient and safe cancer drug therapy.  

The present study was also oriented to investigate either the origin of a putative tonic 

adrenergic influence observed in vitro and, if not, which “unusual” mechanisms are 

involved in the action of b-adrenoceptor antagonists and relevance of the mechanism 

involved for the claimed clinical anti-cancer effects of b-adrenoceptor antagonists. The 

study was focused on breast cancer, having been performed on human breast cancer 

MCF-7 cells (a tumorigenic cell line) and human breast epithelial MCF-10A cells (a non-

tumorigenic cell line). 
 

For these purposes, the effect of agonists and antagonists of b-adrenoceptors were 

studied in cellular viability, migration and anchorage-independent growth. The existence 

of a potential autocrine capacity to synthetize catecholamines was investigated by HPLC-

ECD. Protein and mRNA expression relevant for adrenergic signalling were studied by 

RT-PCR, western blot and immunocytochemistry in the two cell lines. 
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3. Materials and Methods 
 
 
During this work, several techniques were performed in the chosen biological model, cell 

culture, using two cell lines (MCF-7 and MCF-10A) exploring the effects of agonists and 

antagonists of the adrenergic system. The techniques chosen were: 
• Cell viability assays - MTT assay; 

• Immunocytochemistry experiments;  

• HPLC-ECD; 

• Western Blotting and RT-PCR; 

• Cell migration and anchorage-independent growth: in vitro scratch wound 
healing assay and colony formation assay. 
 

The detailed description of each technique is presented in this chapter. 

 
3.1 b-Adrenergic agonists and antagonists 

 
The adrenergic agonist, isoprenaline ((-)-isoprenaline HCL),  the adrenergic antagonist, 

propranolol ((±)-propranolol hydrochloride) and the inverse agonist ICI 118,551 

(ICI118,551-(±)-1-[2,3-(Dihydro-7-methyl-1H-inden-4-yl)oxy]-3-[(1-methylethyl)amino]-2-

butanol hydrochloride) were purchased from Sigma (St. Louis, MO, USA). 

For the treatment of cells with the several drugs under study, stock solutions (1mM)  of 

each compound were prepared with the corresponding solvents (isoprenaline and 

propranolol in sterile water)  and ICI 118,551 in DMSO (dimethylsulfoxide) (0.1% (v/v)). 

The concentrations used in the experiments reflect the use in pharmacological and clinical 

studies and their distinct affinity for β-AR and efficacy in modulating several signaling 

pathways.  

 
3.2 Reagents and Material 

 
Dulbecco’s Modified Eagle’s Medium (DMEM) with NaHCO3 and stable L-glutamine,  

Dulbecco’s Modified Eagle’s Medium/ F-12 (DMEM/F12) supplemented with HEPES, 3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), trypan blue, Hoechst 

33258, Hoechst 33342, penicillin/streptomycin (10 000 U/mL; 10 mg/mL), hydrocortisone, 

epidermal growth factor (EGF), Dimethyl sulfoxide (DMSO) and  crystal violet solution 

were purchased from Sigma-Aldrich (Sigma-Aldrich-Química SA, Sintra, Portugal). Fetal 

Bovine Serum (FBS) was obtained from Biotecnómica (São Mamede, Portugal). 

Trypsin/EDTA, Novex ECL detention kit (wp20005) were obtained from Invitrogen 
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(Alfagene, Carcavelos, Portugal). The antibodies used: chicken anti-TH (ab76442), rabbit 

anti-TH (ab112) and goat anti-chicken IgY conjugated Alexa 555 (ab150170) were 

purchased  from ABCAM (Cambridge, United Kingdom). Mouse anti-β2-AR (sc81577) was 

purchased from Santa Cruz Biotechnology (Alfagene, Carcavelos, Portugal). Mouse anti-

PNMT (MA5-25530) and rabbit anti-DbH (PA5-34664) were purchased from Termo Fisher 

Scientific (Loures, Portugal ). Antibody Goat anti-mouse IgG conjugated with Alexa Fluor 

488 (a11029) was from Life technologies (Alfagene, Carcavelos, Portugal). RNeasy Mini 

kit was obtained from Quiagen (Carnaxide, Portugal). ItaqTM Universal SYBR Green 

supermix  and Bradford reagent were purchased from Biorad. Human insulin was from 

Nova Nordisk (Paço de Arcos, Portugal). 

 
 

3.3 Cell Culture overview  
 
Cell culture has been used in life sciences research for several decades with good results. 

The major advantage of using cell culture is the consistency and reproducibility of results 

through manipulation of the physicochemical environment. In this technique small 

amounts of sample are required for testing and animal experimentation may be, in part, 

avoided [69].  

 

For this study, two cell lines (MCF-7 and MCF-10A) were selected according to the aims 

of the present study. It is, therefore, essential to keep cells viable and without 

contaminations. They are manipulated using aseptic techniques and under a vertical 

laminar-flow cabinet [70,71] and regularly sub-cultured in fresh growth medium, a 

procedure that enables further propagation of the cell lines keeping them in the exponential 

growth phase. These cells lines grow as adherent cultures so they should be passaged 

before they reach confluence to ensure viability and genetic and phenotypic stability. When 

they use all the available substrates of medium and/or they reach confluency cell 

proliferation is reduced. It is, therefore, utterly important to divide the cell culture at certain 

time periods (different for different cell lines) with fresh medium [72]. 

 

Medium helps maintain the pH and osmolality in a culture system. The pH is maintained 

by some buffering systems: C02/sodium, bicarbonate, phosphate or HEPES. The growth 

medium must contain nutritional components (amino acids and vitamins for to cell 

metabolism processes, hormones, etc.). Animal serum is usually added and serve as a 

source for amino acids, proteins and vitamins: serum from fetal (FBS) and calf bovine 

(FCS) sources  are commonly used to support the growth of cells in culture. Cells need a 
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humidified atmosphere (95% oxygen and 5% carbon dioxide) and 37ºC temperature for 

incubation and growth.  

 
 
3.3.1 MCF-7 and MCF-10A cell cultures  

 
The human MCF-7 breast cancer and MCF-10A epithelial breast cell lines used in this 

work were from ATCC®. MCF-7 cells were cultured in Dulbecco’s Modified Eagle’s 

Medium (DMEM) with stable L-glutamine, that contains vitamins, ferric nitrate, sodium 

pyruvate and amino acids supplemented with a mixture penicillin/streptomycin (10.000 

Units/mL and 10.000 μg/mL, respectively) and 10% heat-inactivated FBS (56ºC/30 min in 

a water bath, to ensure the inactivity of the complement system) with a set pH 7.4.  

MCF-10A cells were cultured in Dulbecco’s Modified Eagle’s Medium/Ham´s F-12 (1:1 

mixture of DMEM and Ham´s F-12) supplemented with the same supplements listed for 

MCF-7 cells plus 2 μg/mL human insulin, 20 ng/mL EGF (epidermal growth factor), 0.5 

μg/mL hydrocortisone, stable L-glutamine. Cells were cultured, as a monolayer, in 75 cm2 

culture flasks, at 37ºC in a humidified atmosphere of 95% air and 5% CO2. For the 

maintenance of cells, they routinely were subcultured. For this process, the monolayer, 

before reaching 90% confluence, was washed with 10 mL of sterile phosphate buffer 

solution (100 mM PBS) and then treated with a trypsin–solution for detachment (0.25 

trypsin-0.025% EDTA) for 6 minutes. Cells were then re-suspended in fresh culture 

medium and placed in new cell culture flask with the appropriate growth medium, where 

they were allowed to re-attach, grow and divide. All experiments were performed with cells 

from batches up to passage number < #50 to avoid genotypic/phenotypic alterations 

(passage number is the number of times a cell culture has been subcultured). 

 

3.3.2 Cell Density determination  

 
Cell density was determined using the Trypan Blue Exclusion Test of Cell Viability that 

measures the number of viable cells in a population. This test is based on the principle 

that cells with intact membranes exclude some dyes, as the one used, trypan blue. 

Promptly, cells take up or exclude trypan blue. A viable cell has a clear cytoplasm and a 

non-viable cell have a blue cytoplasm. Cell viability was calculated as the number of viable 

cells divided by the total number of cells within the squares of a Neubauer Chamber.  Cell 

density was calculated by multiplying the average number of cells by the dilution factor 

(normally 5 to correct for the normally used 1:5 dilution from Trypan Blue addition) and by 

10000 (the chamber factor).  
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The initial cell density chosen depends on the method to be used and is particularly 

important to choose an adequate number of viable cells at the time of preparation of the 

cultures. It was important to ensure that, throughout the experiments, cultures were in 

exponential growth phase, as observed for tumor cells in vivo. The cell densities used in 

this work were 3x104 (MCF-7 cells) and 5.5 x104 (MCF-10A cells) cells/mL. The densities 

choice was made according to previous studies [44]. However, different densities were 

tested along the growth curve as shown in Figure 7. Experiments were only performed 

when cell viability was higher than 90%.  

 
3.3.3 Cell Storage 
 

MCF-7 and MCF-10A cells, grown at 70-80% confluence in 75 cm2 flasks, were used for 

cell storage by freezing. After trypsinization and centrifugation of the cell suspension (5 

minutes at 1500 rpm), the cells were re-suspended at the density of 2 x106 cells/mL in 

serum or medium (according to the supplier’s recommendations) with 10% (v/v) of the 

cryoprotectant agent DMSO. Aliquots were then prepared from the cell suspension in 

cryopreservation vials and frozen ate -80ºC for 24 hours.  For long-term storage, cells are 

then maintained in liquid nitrogen. To start a new culture is necessary to unfreeze a aliquot 

by quick defrosting (water bath at 37ºC) and then add the aliquot to warm cell culture 

medium in 75 cm2 culture flasks. 
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Figure 7: Growth curves of MCF-7 (A) and MCF-10A (B) cells using the fluorescent nuclear dye Hoechst 33342 as 

an indicator of the number of cells. Results are presented as number of cells vs incubation time for a total period of six 

days (144 h). Cells were grown in complete medium (10% FBS). The seeding was done using 7000 cells/well. Cell 

counts were made ate the indicated times using the Lionheart™ FX microscope equipped with a high contrast brightfield 
objective (4x) (BioTek Instruments, USA) and the Imager Software Gen5™ 3.04.  
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3.4 MTT assay  
 
The MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) tetrazolium 

reduction assay was carried out as previously described  to measure cell viability, 

cytotoxicity and cell proliferation [73].  

 

Cells were seeded in 96-well microliter plates, at an initial density of 3.0x104 MCF-7) and 

5.5x104 (MCF-10A) cells/mL and a 200 µL final volume. Cells were incubated (37ºC, 5% 

CO2, in a humidified atmosphere) during 24 hours for attachment. Cells were then 

submitted to a 3 hours period incubation in serum-free medium, depriving them of potential 

stimuli from serum. After this serum-starvation period, drugs (β-adrenergic receptor 

agonists and antagonists) were added in fresh medium (with or without 10% FBS), and 

incubated for 24 hours. At the end of this incubation period, growth medium was removed 

and 100 µL of a 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide (MTT) 

solution in PBS (0.5 mg/mL) was added to each well and cells were incubated (37ºC, 5% 

CO2) for 4 hours, protected from the light. Supernatants were aspired and 100 µL DMSO 

was added to each well to dissolve the formazan crystals that result from MTT reduction. 

The quantity of formazan produced (which corresponds to the number of viable cells) is 

measured by changes in absorbance at 570 nm using a 96 well microplate reader (Sinergy 

HT, Biotek Instrumensts Inc, Vermont, USA).  

 

Cell viability is revealed by the ability of cells to convert MTT to formazan (purple 

compound) having the maximum absorbance near 570 nm and the absorbances were 

expressed as percentage of control samples. Inviable cells lose the ability to convert MTT 

into formazan for this reason the color formation is a good marker of viable cells.  

 
 
 
 

 
 

Figure 8: Mechanism of MTT reduction into formazan involves reaction with NADH and its measured mitochondrial 

activity. NADPH dependent cellular oxidoreductase enzymes are capable of reducing MTT from the tetrazolium dye to 

its insoluble formazan [73].  
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3.5 Determination of the cellular expression of receptors and 
enzymes by imunocytochemistry 

 

Immunocytochemistry is a commonly used technique in biomedical research and is based 

in a specific antigen-antibody interaction where the antibody is tagged with a visible label. 

The resulting cell fluorescent staining (immunoreactivity) is a good method to demonstrate 

both the presence and subcellular location of a molecule in study [74-75].  
 

Immunocytochemistry can be direct or indirect (as in the present study).  Direct ICC 

immunocythochemistry is faster however, the sensitivity is higher is indirect method is due 

to the multiple binding of secondary antibodies to the primary antibody which amplifies the 

signal [75].  

 
For the immunocytochemistry experiments carried out in the present study, cells were 

grown as for MTT, but in 24 well plates, an initial density of 3.4x104 (MCF-7) and 2 x 105 

(MCF-10A) cells/mL, over glass coverslips and were incubated for 24 hours. Medium was 

then aspired and cells were fixed with a solution containing 4% paraformaldehyde in 

phosphate buffered saline (PBS; 100 mM NaH2P04, 50 mM NaCl, pH adjusted to 7.3) and 

then treated with blocking solution 1 (10% FBS, 1% BSA, 0.1% Triton X-100, 0.05% NaN3 

in PBS 100 mM). Cells were then incubated overnight, at 4ºC in an humidified atmosphere, 

with the primary antibodies (chicken anti-TH (1:1000), mouse anti-β2-adrenoceptor 

(1:200) and mouse anti-PNMT (1:400) all diluted in blocking solution 2: 5% FBS, 1% BSA, 

0.1% Triton X-100, 0.05% NaN3 in PBS 100 mM). After washing with PBS (100 mM) cells 

were incubated with the secondary antibodies conjugated with different fluorophores, for 

1 hour, at room temperature: goat anti-chicken IgG conjugated with Alexa Fluor 555 

(yellow fluorescence) and goat anti-mouse IgG conjugated with Alexa Fluor 488 (green 

fluorescence) (both diluted 1:400 in blocking solution 2). Nuclei were stained with the 

fluorescent dye Hoeschst 33258 (5 µg/mL) for 5 minutes, and coverslips were mounted in 

slides, using ProLong Gold ™antifade mounting medium. Photographs were taken using 

the Lionheart™ FX (BioTek Instruments, USA) configured with DAPI, GFP and RFP light 

cubes. Negative controls (without primary antibodies) were also performed in parallel. 
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3.6 Catecholamine detection by HPLC- ECD 
 
High-performance liquid chromatography (HPLC) is a technique of analytical 

chemistry used to separate, identify, and quantify each component in a liquid solvent with 

a high analytical resolution [76, 77].  HPLC is a versatile method that can be used in 

industrial and scientific applications such as pharmaceutical and medical applications [77].  

 

In this study HPLC with electrochemical detection (ECD) was used in order to quantify the 

compounds present in the samples.  HPLC-ECD is more sensitive because it has 

improved limits of detection over more commonly used HPLC detection methods [78].   

 

MCF-7 and MCF-10A cells were grown as for MTT assays, but in 24 well plates, at an 

initial density of 3.4x104 and 1 x105 cells/mL, respectively. Cells were incubated overnight 

for attachment and submitted to a 3 hours incubation period in serum free medium. After 

this period, fresh serum-free (0% FBS) or complete (10% FBS) medium  was added to the 

wells (triplicates) and incubated for 24 hours. Supernatants were collected, perchloric acid 

2 M (1:10) was added. The samples were filtered (Spin X filters, Costar) using 

centrifugation (12000 g for 5 minutes) and frozen (-20ºC) until analysis.  HPLC-ECD 

analysis were performed at the Laboratory of Clinical Chemistry of the Centro Hospitalar 

do Porto - Hospital de Santo António, with the collaboration of Dr. Henrique Reguengo.  

 

3.7 Protein expression by western blotting 

Western blot (WB) is an extensively used technique in biochemistry that can produce both 

qualitative and semi-quantitative data on the protein of interest. It is used as a general 

method to specifically prove the existence of a single protein in a sample. A semi-

quantitative estimation of a protein can be derived from the size and color intensity of a 

protein band on the blot membrane [79].  

To prepare the samples for WB analysis, MCF-7 and MCF-10A cells were seeded in petri 

dishes of 60.1 cm2, at densities of 1x105 and 2x105 cells/mL, respectively, and incubated 

overnight for cell attachment. Then, medium was replaced with fresh medium (serum free 

or complete medium) for 3 hours, rinsed with ice-cold PBS and total cell protein extracted 

in lysis buffer with protease inhibitors (10 mL RIPA, 50 μL Na3VO4 200 mM, 50 μL NaF 1 

mM, 100 μL PMSF 100 mM, 2 μL aprotinin and leupeptin 10 mg/mL). Ceramic beads of 

1.4 mm diameter were added to the samples for cell disruption, with two cycles of 15 

seconds at 5800 rpm in the Precellys Evolution Homogenizer (Bertin Instruments, France). 
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The lysate was incubated on ice for 1 hour and then centrifuged at 20.000 g for 45 minutes 

at 4°C. In order to ensure the loading of the same amount of protein for all the samples, 

the total protein concentration was determined in the supernatant using the Bradford 

method (10 μL sample + 200 μL dye reagent diluted 1:5 and filtered 0.2 μm). Afterwards, 

equal amounts of protein (20 μg) were heat-denatured through boiling at 70ºC for 10 min 

in 6X sample buffer (0.35 M Tris-HCl pH 6.8, 4% sodium dodecyl sulfate (SDS), 30% 

glycerol, 9.3% dithiothreitol and 0.01% bromophenol blue). Proteins were subjected to a 

10% SDS-PAGE (polyacrylamide gel electrophoresis) at 125 V for 1 hour with running 

buffer (25 mM Tris Base, 250 mM glycine, 0.1% SDS).  

 

Proteins were next electrotransferred from gels onto pure nitrocellulose membranes at 25 

V and 2.5 A, for 3 minutes using the Trans-Blot turbo Transfer System (Bio-Rad). 

Membranes were then incubated under gentle agitation for 1 hour at room temperature 

with 5% of BSA in PBST (0.1% Tween 20 in PBS pH 7.4, filtered) in order to block 

additional reactive sites that might exist on the nitrocellulose membrane. Immunobloting 

was then carried out overnight, at 4ºC, by probing the membranes with the primary 

antibodies: rabbit anti-tyrosine hydroxylase (1:500), rabbit anti-dopamine-b-hydroxylase 

(1:1000), mouse anti-b2 adrenoceptors (1:200) and mouse anti-phenylethanolamine N-

methyltransferase (1:500). By the end of this incubation period, nitrocellulose membranes  

were washed with PBST and incubated for 1 hour at room temperature, under gentle 

shaking, with the secondary antibodies anti-rabbit IgG conjugated to horseradish 

peroxidase (1:5000) and anti-mouse IgG conjugated to horseradish peroxidase (1:1000).  

 

After washing, membranes were incubated with the primary antibodies rabbit anti α-tubulin 

(1:1000) or mouse anti-b-actin (1:2000) for 1 hour at room temperature with gentle 

shaking. Membranes were then washed again and incubated with the same secondary 

antibodies. The immunocomplexes formed were detected using an enhanced 

chemiluminescence system (ECL) and a Novex ECL detection kit. The immunoblots were 

scanned using the BioRad ChemiDoc MP Imaging System and images were captured 

using Image Lab software.  

 

 
 
 
 
 



 
 

 
 

FCUP/ICBAS 
Neoplastic transformation of breast epithelial cells induced by non-genotoxic stress 

29 

3.8 mRNA expression by RT- PCR 
 
A real-time polymerase chain reaction (Real-Time PCR), also called quantitative PCR 

(qPCR), a variant of polymerase chain reaction (PCR)  is a laboratory technique of 

molecular biology used to detect RNA expression in cells, tissues or other samples [80].  

 

For RT-PCR experiments, MCF-7 and MCF-10A cells were seeded in petri dishes of 60.1 

cm2, at densities of 1x105 and 2x105 cells/mL, respectively, and incubated overnight for 

cell attachment. Then, the medium was changed to fresh medium (complete or serum 

free-medium) for 3 hours, before RNA extraction. RNA extraction was accomplished with 

the RNeasy Mini Kit, according to manufacturer´s instructions. RNA purity and 

concentration was confirmed using a NanoQuant Plate coupled to a Synergy HT 

spectrophotometer (BioTek Instruments, USA). 1500 ng of RNA of cells were used as a 

template for reverse-transcriptase reactions using the Xpert cDNA Synthesis Mastermix 

kit. The primer sequences, listed in Table 1, were designed and evaluated with Beacon 

DesignerTM Software 7 (PREMIER Biosoft). Primer specificity was assessed using NCBI 

BLAST analysis prior to use and, for each sample, following PCR it was further verified 

that the dissociation curve had one single peak, with an observed Tm (primer melting 

temperature) consistent with the amplicon length. Standard dilutions of the cDNA were 

used to check the relative efficiency and quality of primers. 

 
Table 1: Primer sequence table. 

 

 

Negative controls (no template cDNA) were included in all qPCR experiments. qPCR 

amplifications were performed in duplicate, using 0.125 µM of each primer, 5 µl of 2X 

iTaqTM Universal SYBR Green Supermix and 1 µl of template cDNA. qPCRs were carried 

out on a CFX96 Touch™ Real-Time PCR Detection System (Bio-Rad) and conditions were 

as follows: 95°C for 3 minutes followed by 40 cycles of denaturation at 95°C for 10 

seconds, 60ºC annealing temperature for 30 seconds. Melting curves of the PCR 

Gene Forward Primer Reverse Primer 

TH 5’-CGTACCAGTCAGTCTACTT-3’ 5’-GTCGAACTTCACGGAGAA-3’ 

DDC 5’-GAACAGACTTAACGGGAGCCTTT-
3’ 5’-AATGCCGGTAGTCAGTGATAAGC-3’ 

PNMT 5’-CACCCTCATCGACATTGG-3’ 5’-GTTGACCTCCAGGAAATCT-3’ 
GAPDH 5’-CAACAGCCTCAAGATCATCAG-3’ 5’-GAGTCCTTCCACGATACCA-3’ 

Actin 5’-CACTCTTCCAGCCTTCCT-3’ 5’-CAGGTCTTTGCGGATGTC-3’ 
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amplicons were then generated with temperatures ranging from 55°C to 95°C, with 

increments of 0.5°C at a rate of 10 seconds/step. The melting curve data were analysed 

with the CFX ManagerTM 2.0 (Bio-Rad). The data obtained were analysed using the 

method described by Pfaffl [81, 82]. For each analysis GAPDH and β-actin, as reference 

genes, were used for normalization. 

 

3.9 In vitro scratch wound healing assay  
 

The in vitro scratch assay is an easy, economically method to measure cell migration in 

vitro.  The basic steps involve doing a “scratch” in a confluent cell monolayer, capturing 

images at the beginning (0 hours) and then at several time points, during cell migration.  

Advantages of this assay are that it does not require the use of specific chemoattractants 

or gradient chambers and it generates a strong directional migratory response [83].  
 

For these experiments, cells were seeded in 24-well plates at an initial density of 1.0x105 

cells per well and allowed to form a full confluent cell monolayer (48 hours)  Thereafter, 

scratches were carefully made, using a 1000 μL sterile pipette tip. After the scratches, 

cells were washed twice with complete medium and incubated, in the absence or in the 

presence of the compounds, in the presence of serum (0, 0.1 or 10% FBS) for 0, 7 and 24 

hours. All conditions were performed in duplicate, initiated and processed in parallel. For 

images acquisition and scratch analysis, the Lionheart™ FX microscope equipped with a 

high contrast brightfield objective (4x) (BioTek Instruments, USA) and the Imager Software 

Gen5™ 3.4 were used, respectively. Results were expressed as % of cell confluence 

within the original actual wound area, according to the following formula: (cell coverage 

area per time point - initial cell coverage area) / initial wound area.  

 

3.10 Colony formation assay 
 
Colony formation assay is a well-established method for characterizing the anchorage-

independent growth, the ability of transformed cells to grow independently of a solid 

surface. This capability is considered one of the hallmarks in carcinogenesis [84]. 
The colony formation assay was performed as described previously [84] with some 

modifications. Cells were seeded in 12-well plates with an initial density of 250 cells per 

well (both MCF-7 and MCF-10A cell lines) in complete medium and allowed to attach for 

24 hours. Thereafter, medium was replaced with fresh complete medium (10% FBS), in 

the absence or in the presence of isoprenaline (0.1, 1 and 10 µM). After 48h incubation, 

old medium was replaced with fresh medium with or without compounds. Four days after, 
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colonies were fixed with 4% (w/v) paraformaldehyde in PBS (5 minutes), stained with 

crystal violet (0.5% v/v, in distilled water) for 5 minutes and rinsed with distilled water twice. 

Colonies were manually counted by two independent operators and expressed in 

percentage of controls. 

3.11 Statistical Analysis  

Data were firstly tested for normality (Shapiro-Wilk Test) and homogeneity of variance 

(Levene´s test), using Sigma Plot 12.0 software package. Differences between controls 

(control and vehicle) were test using a student´s t-test. Differences between treatments 

and controls were compared using one-way analysis of variance (ANOVA), followed by 

post-hoc multiple comparisons Dunnett´s t test, whenever applicable. Values of p<0.05 

were considered statistically significant. 
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IV. CHAPTER: Results 
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4. Results 
 

4.1 Effects of adrenergic activation in human breast cancer 
cells (MCF-7) viability  
 

In the present study, we first intended to clarify the role of b-adrenergic receptors in human 
breast cancer cell viability by using a human breast cancer cell line (MCF-7). Therefore b-
adrenergic agonist and antagonists were used and their effect on cancer cell growth was 
tested.  

To evaluate cell viability in cultured MCF-7 cells in response to these adrenergic ligands, 
MTT assays were performed after 24 hours incubation. Isoprenaline, propranolol and ICI 
118,551 were the drugs tested in MCF-7 cells grown in complete medium after 24 hours 
incubation (Figure 9). Isoprenaline is a synthetic, potent and full b-adrenoceptor agonist 
(pKi values: i) b1-adrenoceptor: 6.6 - 7.0; ii) b2-adrenoceptor: 6.4 and iii) b3-adrenoceptor: 
5.1 - 6.2) [66].  Propranolol is a non-selective b-adrenoceptor antagonist (pKi values: i) b2-
adrenoceptor: 9.1 – 9.5 and ii) b3-adrenoceptor 6.3 - 7.2) and ICI 118,551 is a selective 
b2-adrenoceptor inverse agonist  (pKi values for b2-adrenoceptor: 9.2 – 9.5) [66,85].  

In the present experimental conditions, isoprenaline increased cell viability only at the 
highest concentration studied (10 µM; Figure 9A). The non-selective b-adrenoceptor 
antagonist propranolol was able to decrease cell viability but also only at the highest 
concentration studied (100 µM; Figure 9B). The selective b2-inverse agonist ICI 
decreased cell viability at all concentrations studied, although in a non-concentration 
dependent manner (0.01, 0.1 and 1 µM; Figure 9C).  

The pattern of effects caused by the agonist isoprenaline (increase) and by the antagonists 

(decrease) on cell proliferation suggest the occurrence of b-adrenoceptor mediated 

effects, probably b2 in MCF-7 cells. However, effects of the compound which has inverse 

agonist action (ICI 118,551) was not concentration dependent whereas the effects of 

isoprenaline (full agonist with pKi = 6.4 for b2-adrenoceptor) and the competitive b-

adrenoceptor antagonist were only observed at the highest concentration. These 

observations may  suggest that, in these experimental conditions, an interferent may be 

present in the medium. A possibility could be the existence of catecholamines, probably 

in the cell culture medium. This possibility is in agreement with the work from Dibner and 

co-workers [86] that described that the FBS included in cell culture medium contains 

significant amounts of catecholamines.  
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To test this hypothesis similar experiments were carried out using culture medium without 
addition of FBS (serum-free medium; 0% FBS) (Figure 10). 
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Figure 9:	Effect of isoprenaline (A), propranolol (B) and ICI 118,551 (C) on cell viability in MCF-7 cells grown in 
medium containing 10% FBS, determined by the MTT assay. Cells were incubated for 24 hours in medium containing 

10% FBS followed by a period of 3 hours serum starvation (0% FBS) and additional 24 hours incubation in the absence 

(control) or in the presence of the indicated drugs. A detailed description of the method can be found in the Materials and 

Methods section. Results are expressed as percentage of control and presented as mean ± SEM, from 5-11 independent 

experiments. Significantly different from control: * p<0.05; ** p<0.01, *** p<0.001; one-way analysis of variance (ANOVA), 

followed by post-hoc multi-comparisons Dunnet´s t test.  
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As shown in Figure 10, in these conditions (0% FBS), isoprenaline increased cell viability 

for all concentrations studied (0.01, 0.1, 1 and 10 µM; Figure 10A) and propranolol 

increased cell viability at 1 and 10 µM (Figure 10B) and ICI 118,551 did not affect cell 

viability (Figure 10C).  
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Figure 10:	Effect of isoprenaline (A), propranolol (B) and ICI 118,551 (C) on cell viability in MCF-7 cells grown in 
medium in the absence of serum (0% FBS), determined by the MTT assay. Cells were incubated for 24 hours in 

medium containing 10% FBS followed by a period of 3 hours serum starvation (0% FBS) and additional 24 hours incubation 

in serum starvation (0%FBS) in the absence (control) or in the presence of the indicated drugs. A detailed description of 

the method can be found in the Materials and Methods section. Results are expressed as percentage of control and 

presented as mean ± SEM, from 5-11 independent experiments. Significantly different from control: * p<0.05; ** p<0.01, 
*** p<0.001; one-way analysis of variance (ANOVA), followed by post-hoc multi-comparisons Dunnet´s t test.  

***  ** *        *  * 
A B 
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4.2 Expression of b2-adrenoceptors in human breast cancer 
cells (MCF-7) 

Immunocytochemistry experiments were carried out to confirm the expression of b2-

adrenoceptors in MCF-7 cells. Figure 11 includes representative images of the b2-

adrenoceptors immunoreactivities in MCF-7 cells grown in complete (10% FBS; Figure 

11A) and serum-free medium (0% FBS; Figure 11B) and shows the occurrence of b2-

adrenoceptor expression, in both cell culture conditions.  

 
 
 
 

 
 
 
 

 

 

 

 

       Hoeschst               Alexa Fluor 488                Merge 

Figure 11: β2-adrenoceptors expression in MCF-7 cells visualized by immunocytochemistry. Cells were incubated 

for 24 hours in medium containing 10% FBS followed by a period of 3 hours in the presence (A) or in the absence (B) of 

10% FBS. The primary antibody against β2 was used and revealed with a secondary antibody conjugated with Alexa Fluor 

488 (green fluorescence). Nuclei were stained with Hoechst 33358 (blue fluorescence). CTR: negative control (w/o primary 

antibody); Scale bar correspond to 100 µm. A detailed description of the method can be found in the Materials and Methods 

section. 
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The fluorescence intensity observed in cells cultivated in complete medium is much higher 

(Figure 11A) comparatively to cells grown in serum-free medium (Figure 11B).  

 

4.3  Detection of catecholamines in conditioned medium of 
human breast cancer cells (MCF-7) 

Previous research has suggested a potential role for catecholamines, mainly 

noradrenaline and adrenaline, in tumor progression [34]. Moreover, it is accepted that 
cancer cells can be self-sustaining, producing their own proteins and growth factors [87]. 

Based on this evidence, the hypothesis of a putative autocrine production of 

catecholamines by cancer cells has been explored.  

In order to investigate this possibility, HPLC-ECD quantification of catecholamines present 

in DMEM and in the conditioned medium of MCF-7 cells grown for 24 hours, without added 

serum (0%FBS) was carried out (Table 2). DMEM + 10%FBS as also analyze. 

 
 

 

 

 

 

 

 

As shown in Table 2, catecholamines were not detected in DMEM (0% FBS). However, in 

conditioned medium where MCF-7 cells were grown for 24 hours, both noradrenaline and 

adrenaline were detected in significant amounts, especially adrenaline (33.66 nM). These 

observations suggest the occurrence of an autocrine production of catecholamines by 

MCF-7 cells. If such hypothesis is true, enzymes of the catecholamines biosynthetic 

pathway are present. This possibility was further investigated by performing 

immunocytochemistry experiments to confirm the expression of those enzymes. 

 

 [Catecholamines] (nM) 

 Noradrenaline Adrenaline 

DMEM (0% FBS) n.d. n.d. 

DMEM (0% FBS) + MCF-7 3.53 33.66 

DMEM (10% FBS) 9.88 n.d. 

Table 2: Concentration of catecholamines detected by HPLC-ECD.  

Cathecolamines were investigated in DMEM without serum (0%  FBS), complete DMEM (10% 

FBS) and in conditioned medium (0% FBS) of MCF-7 cells (DMEM (0% FBS) + MCF-7). 

Conditioned medium was obtained by incubating cells for 24 hours in complete medium (10% 

FBS), followed by a period of 24 hours in medium without FBS. Values were obtained by HPLC-

ECD using noradrenaline and adrenaline standard solutions in acidic medium. A detailed 

description of the method can be found in the Materials and Methods section.  n.d.: not 

detected. 
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4.4 Expression of catecholamines biosynthetic pathway 
enzymes in human breast cancer cells (MCF-7) 

  
As shown in Figure 12 and 13, immunoreactivities for tyrosine hydroxylase (TH; Figure 
12) and phenylethanolamine N-methyltransferase (PNMT; Figure 12) were observed in 

MCF-7 cells grown for 24 hours, in the presence (10% FBS; Figures 12A and 13A) or in 

the absence of serum (0% FBS; Figures 12B and 13B).  

Figure 12: Tyrosine Hydroxylase (TH) expression in MCF-7 cells visualized by immunocytochemistry. Cells were 

incubated for 24 hours in medium containing 10% FBS followed by a period of 3hours in presence (A) in the absence (B). 

of 10% FBS. The primary antibody against TH was used and revealed with a secondary antibody conjugated with Alexa 

Fluor 555 (yellow fluorescence). Nuclei were stained with Hoechst 33358 (blue fluorescence). CTR: negative control (w/o 

primary antibody); Scale bar correspond to 100 µm. A detailed description of the method can be found in the Materials 

and Methods section. 
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Moreover, higher fluorescence intensity was observed for tyrosine hydroxylase 

immunoreactivity in cells grown in the absence of serum (0% FBS, Figure 12B),. 

 

 

Relatively to the immunoreactivities of PNMT observed in the two cultures conditions (0% 

and 10% FBS), fluorescence is much more intense in cells grown in the presence of serum 

(10% FBS; Figure 13B)  

Figure 13: Phenylethanolamine N-methyltransferase (PNMT) expression in MCF-7 cells visualized by 
immunocytochemistry. Cells were incubated for 24 hours in medium containing 10% FBS followed by a period of 3 

hours in presence (A) in the absence (B) of 10% FBS. The primary antibody against PNMT was used and revealed with 

a secondary antibody conjugate with Alexa Fluor 488 (green fluorescence). Nuclei were stained with Hoechst 33358 

(blue fluorescence). CTR: negative control (w/o primary antibody); Scale bar correspond to 100 µm. A detailed 

description of the method can be found in the Materials and Methods section.  
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4.5 Effects of adrenergic activation in human breast 
epithelial non-tumorigenic cells (MCF-10A) viability  
 

The b-adrenergic agonist isoprenaline and b-adrenergic antagonist propranolol showed 

the most visible effects on MCF-7 cells viability (Figures 9A; 9B; 10A and 10B). Therefore, 

similar experiments using the MTT assay to evaluate cell viability were performed using 

MCF-10A cells both in the presence (10% FBS) and absence (0% FBS) of serum  (Figures 
14 and 15, respectively).  
  

 

As shown in Figure 14, neither isoprenaline nor propranolol, in the same concentration 

range used previously for MCF-7 cells experiments, did not cause any change in cell 

viability. 
Similar experiments were also carried out in the absence of serum (0% FBS), as previously 

done for MCF-7 cells (Figure 15).  

 

 
 
 
 
 
 

Figure 14:	Effect of isoprenaline (A) and propranolol (B) on cell viability in MCF-10A cells determined by the MTT 
assay. Cells were incubated for 24h in medium containing 10% FBS followed by a period of 3 hours serum starvation (0% 

FBS) and additional 24 hours incubation in medium containing 10%FBS in the absence (control) or in the presence of the 

indicated drugs. A detailed description of the method can be found in the Materials and Methods section. Results are 

expressed as percentage of control and presented as mean ± SEM, from 3-4 independent experiments. Mean differences 
were tested by using one-way analysis of variance (ANOVA). 
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When cell viability was tested in the absence of serum (0% FBS, Figure 15A), isoprenaline 

enhanced MCF-10A cells cell viability at the 0.01 and 0.1 µM concentrations. 

  

Propranolol showed to tendency to decrease cell viability in both culture conditions (10% 

FBS, Figure 14B and 0% FBS, Figure 15B). However, this effect was not significant. 
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Figure 15:	Effect of isoprenaline (A) and propranolol(B) on cell viability in MCF-10A cells determined by the MTT 
assay. Cells were incubated for 24 hours in medium containing 10% FBS followed by a period of 3 hours serum starvation 

(0% FBS) and additional 24 hours incubation in serum starvation (0% FBS) in absence or in the presence of treatments. 

A detailed description of the method can be found in the Materials and Methods section. Results are expressed as 

percentage of control and presented as mean ± SEM, from 3-4 independent experiments. significantly different from 

control: ** p<0.01; one-way analysis of variance (ANOVA), followed by post-hoc multi-comparisons Dunnet´s t test.  

A B 
** ** 
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4.6 Expression of b2-adrenceotors in human breast epithelial 
non-tumorigenic cells (MCF-10A) 

Immunocytochemistry experiments were also carried out to investigate the expression of 

b2-adrenoceptors in MCF-10A cells. Figure 16 includes representative images of the b2-

adrenoceptors immunoreactivities in MCF-10A cells grown in complete (10% FBS; Figure 
16A) and serum-free medium (0% FBS; Figure 16B).  

 
 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 

 

Figure 16: β2-adrenoceptors expression in MCF-10A cells visualized by immunocytochemistry. Cells were 

incubated for 24 hours in medium containing 10% FBS followed by a period of 3 hours in presence (A) or in the absence 

(B) of 10% FBS. The antibody against β2 was used and revealed with a secondary antibody conjugated with Alexa Fluor 

488 (green fluorescence). Nuclei were stained with Hoechst 33358 (blue fluorescence). CTR: negative control (w/o 

primary antibody); Scale bar correspond to 100 µm. A detailed description of the method can be found in the Materials 

and Methods section.  
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Furthermore, cells grown in the absence of serum (0%FBS) show a higher fluorescence 

intensity (Figure 16B).  
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4.7 Expression of enzymes of the biosynthetic pathway of 
catecholamines in human breast epithelial non-tumorigenic cells 
(MCF-10A) 

 
Immunoreactivities for both TH and PNMT were observed in MCF-10A cells (Figure 17 
and 18)  grown both in the presence (10% FBS) and absence (0% FBS) of serum  

  

Figure 17: Tyrosine Hydroxylase (TH) expression in MCF-10A cells visualized by immunocytochemistry. Cells 

were incubated for 24 hours in medium containing 10% FBS followed by a period of in presence (A)or in the absence (B) 

of 10% FBS (B). The antibody against TH was used and revealed with a secondary antibody conjugated with Alexa Fluor 

555 (yellow fluorescence). Nuclei were stained with Hoechst 33358 (blue fluorescence).; CTR: negative control (w/o 

primary antibody); Scale bar correspond to 100 µm. A detailed description of the method can be found in the Materials 

and Methods section.  
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Figure 17 and Figure 18 show TH and PNMT immunoreactivities in MCF-10A cells, 

respectively. TH fluorescence intensity is higher in the absence of serum (0% FBS; Figure 
17B). By opposition, PNMT fluorescence intensity seems to be higher in the presence of  

serum (10% FBS, Figure 18A). 

 

Figure 18: Phenylethanolamine N-methyltransferase (PNMT) expression in MCF-10A cells visualized by 
immunocytochemistry. Cells were incubated for 24 hours in medium containing 10% FBS followed by a period of 3 hours 

in presence (A) or in the absence (B) of 10% FBS. The antibody against PNMT was used and revealed with A secondary 

antibody conjugated with Alexa Fluor 488 (green fluorescence). Nuclei were stained with Hoechst 33358 (blue 

fluorescence). CTR: negative control (w/o primary antibody); Scale bar correspond to 100 µm. A detailed description of 

the method can be found in the Materials and Methods section.  
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4.8  Differential b2-adrenoceptor expression in MCF-10A and 
MCF-7cells 
 
According to the representative figures of b2-adrenoceptor immunocytochemistry, this 

receptor seems to be expressed in both cell lines. To complement this study, western blot 

assays (WB) were performed for MCF-7 and MCF-10A cells grown for 24 hours in the 

absence (0% FBS) and presence (10% FBS) of serum (Figure 19).  
 

 

Expression levels of b2-adrenoceptor are different in the two cell lines. Figure 19 shows 

the expression of b2-adrenoceptor in MCF-7 cells grown in both culture conditions (0% and 

10% FBS). These observations are in agreement with the immunocytochemistry results. 

However, results obtained for MCF-10A cells shown almost undetectable levels of  b2-

adrenoceptors, especially when cells were grown in the absence of serum (0% FBS).  

 
 
 
 
 
 
 
 

Figure 19: Western blot of b2-adrenoceptor expression in MCF-7 and MCF-10A and a-tubulin expression.  Cells 

were incubated for 24 hours in medium containing 10% FBS followed by a period of 3 hours incubation in presence (10% 

FBS) or in the absence (0% FBS) of serum. This result represents an independent assay. A detailed description of the 
method can be found in the Materials and Methods section.  
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4.9 Differential TH, PNMT and DbH expression in MCF-7 and 
MCF-10A cells 
 

Western Blot assays were also carried out for the enzymes of the catecholamine synthesis 

machinery: TH, PNMT and dopamine b-hydroxylase (DbH) for the two cell lines (MCF-7 

and MCF-10A) in the presence (10% FBS) and absence of serum (0%FBS) (Figure 20).  

 

 

 

 

The Figure 20A shows the expression of the TH enzyme by the two cell lines: expression 

of TH by the tumorigenic cells MCF-7 cells seems higher in both culture conditions (0% 

FBS and 10% FBS) when compared to the non-tumorigenic MCF-10A cells. Figure 20 B 

only show very faint bands and both cells lines and culture conditions the absence of 

PNMT bands for the two cells lines. This result is hard to reconcile with the results obtained 

by immunocytochemistry for PNMT. 

 

For the WB experiments, analysis for the DbH enzyme was included. DbH catalyzes the 

conversion of dopamine into noradrenaline. This conversion corresponds the previous 

step of the conversion of noradrenaline to adrenaline in the biosynthetic pathway of 

catecholamines in neurons and in the adrenal medulla [59]. Figure 20C shows the 

Figure 20: Western blots of TH (A), PNMT (B), DbH (C) expression in MCF-7 and MCF-10A. Cells were incubated 

for 24 hours in medium containing 10% FBS followed by a period of 3 hours incubation in presence (10% FBS) or in the 

absence (0% FBS) of serum. Normalization was done with a-tubulin and b-actin.  This result represents one independent 

assay. A detailed description of the method can be found in the Materials and Methods section. 

 

B A 
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presence of intense bands for DbH in MCF-7cells and less intense bands in MCF-10A 

cells.  

These results suggest the presence of the enzymatic machinery required for the synthesis 

of catecholamines, in MCF-7 cells. Some of these enzymes can also be present, especially 

TH and DbH, in MCF-10A cells. 

 

4.10 Differential TH, PNMT and DCC expression in MCF-7 
and MCF-10A cells 
 

Because WB assays were only carried out once, RT-PCR analysis was performed to 

confirm results from WB and quantify the amount of mRNA coding for these enzymes 

expressed in MCF-7 and MCF-10A cells. Analysis for dopa-descarboxylase (DCC), the 

enzyme that converts L-Dopa into dopamine [34], was also included in this set of 

experiments.  RT-PCR analysis was performed for TH, DCC, DbC and PNMT gene 

expression. The results for the DbH RT-PCR are not shown because DNA amplification 

did not occur in our experimental conditions. Figure 21 shows a comparative RT-PCR 

study for the mRNA of those enzymes between the tumorigenic MCF-7 cells and the non-

tumorigenic MCF-10A cells. Normalization was done either with GADPH or b-actin mRNA 

(as reference genes). Figure 21 shows the results made with normalization for GADPH 

gene since the results obtained with any of the reference genes was similar.  
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As shown in the Figure 21A, both cells lines express TH mRNA. TH is known to 

be the rate-limiting enzyme in catecholamines biosynthesis. The different amount 

of TH mRNA shows that gene expression is much higher in the tumorigenic cells 

MCF-7 in both culture conditions (10 an 0% FBS) comparatively to the non-

tumorigenic MCF-10A cell line. Figure 21 B shows DCC mRNA has only a residual 

expression in both cell lines and for the two conditions under study. The PNMT 

mRNA is expressed by both MCF-7 and MCF-10A cells.  
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Figure 21: mRNA expression of TH (A), DCC (B) and PNMT (C) genes in MCF-7 and MCF-10A. Cells were incubated 

for 24 hours in medium containing 10% FBS followed by a period of 3 hours incubation in presence (10% FBS) or in the 

absence (0% FBS). Normalization was done with the reference gene GAPDH. A detailed description of the method can 

be found in the Materials and Methods section. Results are presented as mean ± SEM, from 3 independent experiments. 

The difference between the two cells lines was statistically significant (paired t-test, ***p<0.001 (10% FBS) and **p=0.004 

(0%FBS).  

*** ** 

A B 
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For better understanding the results, Table 3 shows the quantitative analysis of 

RT- PCR's results. 

 
Table 3: mRNA TH, DCC, PNMT expression in MCF-7 and MCF-A10A cells.  
 

 10% FBS 0% FBS 

 MCF-7 MCF-10A MCF-7 MCF-10A 

TH expression 4.992 0.438 6.202 0.777 

DCC expression 0.016 0.051 0.043 0.036 

PNMT expression 0.216 0.504 0.273 0.706 

 

 

 

 

 

According to Table 3, mRNA of all the enzymes under study (TH, DCC and PNMT) is 

present in the two cell lines (MCF-7 and MCF-10A) grown in both cell culture conditions. 

However, there are some considerable differences in expression: mRNA of TH, the 

enzyme that is the limiting step in catecholamine synthesis is much more expressed in 

MCF-7 cells, even more in the absence of serum (0% FBS); mRNA of DCC in both cell 

lines and in the two culture conditions but only in residual amounts; mRNA of PNMT is 

expressed in both cell lines and seem to be higher in MCF-10A cells grown in the absence 

of serum (0% FBS).  

 

 

 

 

 

 

 

 

 
 
 
 
 

Cells were incubated for 24 hours in complete medium (10% FBS) followed by a period of 3 hours 

incubation in presence (10% FBS) or in the absence (0% FBS). Normalization was done with GAPDH. 

A detailed description of the method can be found in the Materials and Methods section. (results are 
expressed x 10-4)  
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4.11 Effects of isoprenaline anchorage-independent growth 

in MCF-7 and MCF-10A cells 
 
The colony formation assay is a well-established method for characterizing the anchorage-

independent growth, the ability of transformed cells grow independently of a solid surface. 

It is one of the most used tests to study malignant transformation [84].  
 
Figures 22 and 23 show the effect of isoprenaline on cell proliferation and survival of the 

two cell lines studied (MCF-7 and MCF-10A) using the colony formation assay. This assay 

counts the number of colonies formed in the absence or in the presence of test drugs, in 

this case the b-adrenoceptor agonist isoprenaline.  

 

The Figure 22 shows a representative image of the assay. The colonies are stained with 

a dye (0.5% (v/v) crystal violet in distilled water) and the count was done manually and 

repeated by two independent operators. Counts with the ImageJ software were also 

performed. Unfortunately, it revealed itself as unable to correctly count colonies. Cell 

viability and proliferation is assumed to be directly proportional to the number of colonies. 

This assay was performed both in the presence (10% FBS) and absence of serum (0% 

FBS). However, in the absence of serum no colonies were formed by neither cell line 

(MCF-7 and MCF-10A). A second attempt was made using medium supplemented with a 

very low percentage of FBS (0.1%) was described in other studies [88] but still no colonies 

were observed. Due to these reasons the colony formation assay was carried out only in 

complete medium (10% FBS).  

 

 
 
 
 
 
 
 
 
 
Figure 22: Representative images of the colony formation assay for MCF-7 and MCF-10A in the presence of  
increasing isoprenaline concentrations. Image obtained with Epson Perfection V39. Cells were incubated for 24 hours 

in medium containing 10% FBS followed by a period of 6 days in absence or in the presence of increasing concentrations 

of isoprenaline in complete medium (10% FBS). A detailed description of the method can be found in the Materials and 

Methods. 

   
 
 

MCF-7 
 
 
 
 

MCF-10A 

         0                      0.1                         1                 10 
Isoprenaline (µM) 
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Figure 23 shows no effect ability to form colonies mediated by the b-adrenoceptor agonist 

isoprenaline for MCF-7 cells. By opposition, MCF-10A cells treated with isoprenaline 

showed a significant increase in anchorage-independent growth detected by their ability 

to form colonies, in particular at the higher isoprenaline concentrations (1 and 10 µM). As 

shown in Figure 23B, the number of colonies of MCF-10A cells formed after 6 days 

showed a very marked increase up to 270 ± 25% in the presence of increasing 

isoprenaline concentrations. 
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Figure 23:	Effect of isoprenaline on cell survival in MCF-7(A) and MCF-10A (B) determined by the colony formation 
assay. Cells were incubated for 24 hours in medium containing 10% FBS followed by a period of 6 days in absence or in 

the presence isoprenaline in complete medium (10% FBS). A detailed description of the method can be found in the 

Materials and Methods section. Results are expressed as percentage of control and presented as mean ± SEM, from 3-4 

independent experiments. Significantly different from control *** p<0.001; one-way analysis of variance (ANOVA), followed 

by post-hoc multi-comparisons Dunnet´s t test. A detailed description of the method can be found in the Materials and 
Methods section. 
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4.12  Effects of isoprenaline on the ability of human breast 
epithelial non-tumorigenic cells (MCF-10A) to produce 
catecholamines 
 
Combining the results obtained in immunocytochemistry, WB and RT-PCR it is 

conceivable to assume that MCF-10A cells have some capacity to produce 

catecholamines as they express TH (Figures 12,13, 20 and 21), the rate-limiting enzyme 

of catecholamines synthesis [59].  

Therefore, the actual production/quantification of catecholamines by non-tumorigenic 

breast epithelial cells in conditioned medium of MCF-10A cells incubated for 24 hours, in 

the absence or in the presence of isoprenaline was also carried out by HPLC-ECD. Results 

are show in Table 4. 

 

 

 

 

 
 
 
 

 
 
 
 
Table 4 shows that noradrenaline is detected in conditioned medium of MCF-10A cells, 

suggesting catecholamines synthesis capacity, although adrenaline could not be detected. 

Moreover, when MCF-10A cells were incubated in the presence of 0.1 µM isoprenaline, 

the noradrenaline levels increased 2.5 fold.  
 

 [Catecholamines] (nM) 

 Noradrenaline Adrenaline 

DMEM/F12  n.d. n.d. 

DMEM/F12  + MCF-10A 1.12 n.d. 

DMEM/F12 + MCF-10A+ 0.1 µM isoprenaline 2.84 n.d. 

Table 4: Concentration of catecholamines detected by HPLC-ECD 

 

Cathecolamines were investigated in DMEM/F12 without serum (0% FBS), in conditioned 

medium of MCF-10A cells (DMEM/F12) + MCF-10A) and in conditioned medium of cells 

treated with isoprenaline (DMEM/F12 + MCF-10A+ 0.1 µM isoprenaline) Conditioned 

mediums were obtained by incubating cells for 24 hours in DMEM/F-12 containing serum 

(10% FBS), followed by a period of 24 hours in medium without serum (0% FBS). Values were 

obtained by HPLC-ECD using noradrenaline and adrenaline standard solutions in acidic 

medium. A detailed description of the method can be found in the Materials and Methods 

section.  n.d.: not detected. 
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4.13 Effects of adrenergic activation on cell migration in MCF-7 
cells   
 
To evaluate cell migration in cultured MCF-7 cells in response to adrenergic ligands (the 

b-adrenoceptor agonist isoprenaline and b-adrenoceptor antagonist propranolol) the 

scratch wound healing assay was performed for up to 24 hours incubation in cells cultured 

in the presence of 0.1% and 10% FBS (Figure 24). Preliminary assays were also 

performed in the absence of serum (0% FBS) however, no migration was observed.  

 
 
 

 
 

 

 
Figure 24: Effect of isoprenaline and propranolol on MCF-7 cell migration determined by the scratch wound healing 
assay. Cells were incubated for 24 hours in medium containing 10% FBS followed by a period of 3 hours serum starvation 

(0% FBS) and additional 24 hours in presence (0.1 or 10%FBS) of serum with or without the indicated treatments. 

Photographs (A) were taken at 0, 7 and 24 hours and calculations of wound confluence (B) were made using Lionheart FX 

and Gene 5.1 software. Drug concentrations are expressed in µM. A detailed description of the method can be found in the 

Materials and Methods section. 

 
 
As shown in Figure 16, migration of MCF-7 cells is not influenced by adrenergic activation. 

Only the higher concentration of the antagonist propranolol (100 mM) was able to 

decrease cell migration in both conditions (10% FBS and 0.1% FBS). A slight increase in 
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wound confluence of MCF-7 cells when treated with isoprenaline in the presence of a very 

low level of serum (0.1% FBS). This increase occurred for all concentrations studied (0.1, 

1 and 10 mM) but only after 24 hours incubation. It would, therefore, be interesting to 

increase the incubation time of the assay. 
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5. Discussion 
 

Stress is described to play important roles in tumor promotion [32]. Although the 

mechanisms are still not completely understood there is overwhelming evidence for a 

crucial role for stress hormones, namely catecholamines, which have been shown to 

increase of the secretion of pro-angiogenic and pro-metastatic genes [89], protect cancer 

cells from apoptosis [53,66] and increase cell migration [34].  

There is also evidence relating b-adrenergic receptor activation and the regulation of  
numerous cellular processes linked to cancer initiation and progression, including cell 
proliferation [66] inflammation, angiogenesis, apoptosis, anoikis, migration and epithelial-
mesenchimal transition [52]. b-adrenergic receptor were reported to be overexpressed in 
tumor tissues relative to their matching normal tissue in reproductive cancer such as breast 
cancer and in several other malignancies [90]. Epidemiological studies have also 
associated the use of β-blockers in clinical settings to reduced rates of progression for 
several solid tumors [52], including breast cancer [90]. 

Studies have gathered evidence to suggest β2-adrenoceptors as the main candidate for 

mediating those effects, namely in breast cancer. For instance, overexpression of this 

adrenergic receptor subtype is related to increased tumor promotion [45], which was 

ascribed to the activation of a feed forward loop to drive breast cancer invasion [44,45]. 

Adrenaline has also been shown to protect breast cancer cells from apoptosis,  an effect 

mediated by b2-adrenoceptors [53,66].  

This study addressed the effect of β-adrenoceptor activation and blockade on cell 
proliferation a critical component of the carcinogenesis cascade in human breast cancer 
cells (MCF-7). For this purpose, isoprenaline (β-adrenoceptor agonist), propranolol (β-
adrenoceptor antagonist) and ICI 118,551 (β2-adrenoceptor antagonist/inverse agonist) 
were used and effects were evaluated using the MTT assay, which although is normally 
used to measure cell viability it is also accepted as a reliable indicator of cell proliferation 
[91]. 

Isoprenaline is a synthetic and full b-adrenoceptor agonist and it has been reported to 

induce cell proliferation in some cancers namely in some breast cancer cell lines [66]. 

However, there is some controversy regarding the effect of isoprenaline on MCF-7 cells: 

isoprenaline can have a pro-tumorigenic effect [45, 66] or an effect of decreased tumor 

progression and migration [44,92]. The concentrations under study (0.01; 0.1; 1 and 10 

µM) were selected according to the values of affinities for the b2-adrenoceptor (pKi for b2-
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adrenoceptor is 6.4 based on the description in IUPHAR) and the concentrations used in 

studies using the MCF-7 cell line [66, 93]. 

The non-selective competitive b-antagonist propranolol has been reported to have an anti-

proliferative activity in concentrations at the micromolar range in several cancer cell lines 

[66] including breast cancer [66,93], as those used in this study (1-100 µM). However, pKi 

values for b2-adrenoceptor are 9.1 – 9.5, i.e. concentrations in the nanomolar range. This 

discrepancy in concentrations may be explained by the fact that propranolol is a racemic 

mixture of two enantiomers (+)-propranolol, and (-)-propranolol, being that the last 

enantiomer the one that has higher affinity for b2-adrenoceptor. Propranolol is a potent b-

blocker capable of inhibiting cellular processes involved in breast cancer progression [94]. 

The most recent data show that propranolol can have an anti-metastatic effect in breast 

cancer and for this reason can be used in the therapy [95].  

ICI 118,551 is a selective b2-adrenoceptor inverse agonist (pKi values for b2-adrenoceptor 

are 9.2 – 9.5) [85, 96] and is still the least exploited of the compounds used in this study. 

Nevertheless, it has been reported to decrease proliferation in several breast cancer cell 

lines  [67]. In MCF-7 cells, ICI 118,551 has also been described to inhibit the release of 

pro-angiogenic factors VEGF and IL-6 (1µM) [89] and the expression of HER-2 (10 µM) 

[67], a receptor that is overexpressed in many breast tumor tissues [67].  

As shown in Figure 9A, the expected effects of the agonist isoprenaline (increase of cell 

proliferation) and antagonist propranolol (decrease of cell proliferation) occur only at high 

concentrations in contrast to the inverse agonist ICI 118,551 that exerted its effect at all 

concentrations studied. Taken together, these results suggest a response mediated by b2-

adrenoceptors in cell proliferation of MCF-7 cells. Results published by Madden and co-

workers show that the increase of VEGF and IL-6 is an consequence of activation of b2-

adrenergic signaling. By opposition, its inhibition is mediated by ICI 118.551 [89] (Figure 

19C). b2-adrenergic signaling also stimulated the expression of HER-2 an effect also 

inhibited by ICI 118,551. The above-mentioned stimulation can be achieved using agonists 

such as isoprenaline which can increase MCF-7 cell proliferation only when it is mediated 

by a b2-adrenoceptors [45]. However, there are also studies reporting a decrease in MCF-

7 cell proliferation, after treatment with isoprenaline at similar concentrations [92], effects 

also ascribed to b2-adrenoceptor activation.  

Propranolol exerted its antagonist effect only for the highest concentration studied (100 

µM, Figure 9B), which according to the literature may already be exerting an non-selective 
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effect because this concentration deviates from concentrations within the affinity range for 

b2-adrenoceptors (pKi values for b2-adrenoceptor: 9.1 – 9.5).  

 

These results suggest that, in these experimental conditions, an interferent in the medium 

could be present, possibly catecholamines. This hypothesis is in accordance with 

published results that reported the existence of significant amounts of catecholamines in 

serum (FBS) added to the cell culture medium which can lead to a desensitization of b-

adrenoceptors [86]. Moreover, some investigators use activated carchoal to inhibit the 

interferents from the usually added serum (FBS), such as metabolites, growth regulators 

or growth promoting substances that can which may interfere or alter the results [44]. To 

address this possibility, HPLC-ECD analyzes were performed and confirmed the presence 

of catecholamines in complete culture medium (10% FBS) (Table 2).  

 

Therefore, similar cell proliferation experiments were carried out, without addition of serum 

(0% FBS) to the cell culture medium. Comparatively to experiments carried out in complete 

medium (10% FBS), in these experiments, isoprenaline was able to increase cell 

proliferation at all studied concentrations, which is in accordance to the HPLC results. 

(Figure 10A). Moreover, the lack of propranolol effect can also strengthen this possibility: 

in the absence of catecholamines (ligands for b-adrenoceptors) propranolol seems to be 

unable to exert its competitive antagonism (Figure 10C). Assuming that the interferents 

were eliminated from the cell culture medium, it is possible that ICI 118,551, at the studied 

concentrations may no longer be acting only at b2-adrenoceptors.  

 

As expected, catecholamines were not detected by HPLC-ECD in medium without serum 

(0% FBS). Interestingly, catecholamines (noradrenaline and adrenaline) were detected in 

conditioned medium of MCF-7 cells grown for 24 hours (Table 2). This result strongly 

suggest that MCF-7 cells are able to produce catecholamines. Moreover, adrenaline was 

present at even higher concentration (an approximately 10 fold higher concentration). This 

autocrine production of catecholamines is a very important but still quite unexplored 

finding. Only one study  refers the autocrine production of adrenaline but this was only 

observed in a MCF-7 cell line overexpressing HER2 [45]. Moreover, the HPLC results 

were in agreement with immunocytochemistry experiments using antibodies raised 

against tyrosine hydroxylase (TH, the rate-limiting enzyme of catecholamines 

biosynthesis) and PNMT (enzyme responsible for the conversion of noradrenaline to 

adrenaline) [59]. TH (Figure 12) and PNMT (Figure 13) not only are they present but also 

intensely marked when cells were cultured in complete medium (10% FBS), which can be 
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explained by the presence of catecholamines in serum: a previous study showed that 

cathecolamines, by activating b2-receptors lead to increase HER2 expression and 

autocrine catecholamines production [45]. This explanation is also in accordance to the 

immunocytochemistry results of b2-adrenoceptor expression in MCF-7 cells, which 

revealed a higher expression in cells grown in medium containing 10% FBS (Figure 11A).  
 

Having in mind the presence of the catecholamine synthesis machinery and the putative 

autocrine catecholamines production in MCF-7 cells, experiments were carried out to 

investigate whether this is an exclusive feature of malignant cells and the effects of 

adrenergic ligands on cell proliferation. For this purpose a non-tumourigenic human 

epithelial breast cells MCF-10A was used. This cell line, although non-tumorigenic, is the 

founder cell line of a progressively more aggressive family of breast cancer cell lines and 

is, therefore, widely used in studies of tumorigeneses and carcinogenesis [96,97]. 

 

Gargiulo and co-workers showed that the b-agonist isoprenaline (1µM) can significantly 

decrease  MCF-10A cell proliferation and increase cell adhesion in order to maintained a 

benign phenotype, a b2-mediated effect [44]. However, opposite results on MCF-10A cell 

proliferation were obtained in the present work: isoprenaline significantly increased cell 

viability in the range of affinity concentrations for the b2-adrenoceptors in the absence of 

serum (0%FBS, Figure 15A). It is conceivable that this effect could be mediated by b2-

adrenoceptors as b2-adrenoceptors expression, revealed by immunocytochemistry, is 

more intense in MCF-10A cells grown in the absence of serum (0% FBS, Figure 16B).  

 

The effect of propranolol is still poorly investigated in the MCF-10A cell line, however at 

concentrations between 50-100 μM, it was reported to induce dose-dependent anti-

proliferative effects in non-tumorigenic cell lines [94]. The almost absence of propranolol 

effect at both cell cultures conditions (10% FBS and 0% FBS: Figures 14B and 15B, 

respectively) suggests that, unlike MCF-7 cells, MCF-10A cells may lack the necessary 

machinery for the biosynthesis of catecholamines. According to the immunocytochemistry 

results (Figure 17 and Figure 18), non-tumorigenic MCF-10A cells present TH and PNMT 

immunoreactivities although less pronounced comparatively to MCF-7 cells. Moreover, TH 

expression appears to increase in the absence of serum (Figure 12B and 17B) such as 

what was observed for b2-adrenoceptors immunoreactivities (Figure 11B and 15B). Taken 

together, these results suggest that the absence of serum may induce a profile of 

expression of b2-adrenoceptors and TH that can turn MCF-10A more similar to the 
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carcinogenic MCF-7 cells concerning synthesis and signaling by catecholamines. This 

possibility was further investigated by western blot (WB) and RT-PCR assays. 

 

According to WB (Figure 19A) and RT-PCR (Figure 20A), expression of TH, the rate-

limiting enzyme  in catecholamines biosynthesis, is much more pronounced in MCF-7 

cells. TH protein expression, although much lower than that observed for MCF-7 cells, is 

increased in the absence of serum (0% FBS, Figure 20A) by MCF-10A cells. These 

results are also in agreement with the immunocytochemistry results. The presence of the 

mRNA of DbH enzyme (that catalyzes the conversion of dopamine into noradrenaline) 

detected by WB is in agreement with HPLC-ECD results that show the presence of 

noradrenaline in conditioned medium of MCF-7 cells (Figure 19C). WB (Figure 19B) and 

RT-PCR (Figure 20C) seem to indicate low PNMT expression for both conditions. This 

result is hard to reconcile with the high expression of PNMT in MCF-7 cells (Figure 13). It 

is, however, important to note that WB results represent only one experiment and a smaller 

amount of protein may have been loaded into the gel. In relation to the RT-PCR data 

indicate the expression of PNMT mRNA. 

 

Taken together, these results confirm the presence of enzymes of the biosynthetic 

pathway in both cell lines (MCF-7 and MCF-10A). However, the expression levels are 

different. Knowing that the biosynthesis machinery is active in MCF-7 tumorigenic cells 

and justifies the observed autocrine production of catecholamines, the next step was to 

investigate the presence of catecholamine in conditioned medium of MCF-10A cells after 

24 hours incubation (DMEM/F12 without serum; 0% FBS). Noradrenaline was observed 

in these conditions (Table 3). Adrenaline was not detected suggesting that although the 

biosynthetic machinery of catecholamines is present and there is noradrenaline synthesis, 

the pathway of synthesis does not occur until the final step, i.e. there is no synthesis of 

adrenaline in non-tumorigenic cells. This can justify the benign phenotype of MCF-10A 

cells.  

 

The results obtained in the present study supported by evidences in literature [32,66,53], 

suggesting that catecholamines can be responsible for non-genotoxic changes (alterations 

without direct interaction with DNA) that promote carcinogenesis [26]. It has been 

described that noradrenaline can influence tumor progression by modulating pro-

angiogenic and pro-metastatic genes such as isoprenaline that induces production of IL-

8, and VEGF in breast cancer cells, namely MCF-7 cells by a b2-mediated effect [45]. 

According to these previous studies, isoprenaline was selected as the non-genotoxic 
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stimulus, which is normally used as a pharmacological surrogate of endogenous 

catecholamines, in a series of assays to evaluate its effect on malignant transformation for 

MCF-10A.  

 

The colony formation assay is known to evaluate one of the parameters of malignant 

transformation: the anchorage independent growth [84]. This ability is also considered one 

of the hallmarks in cancer [6,84]. Figure 22 and Figure 23 show that isoprenaline 

significantly increases the proliferation by anchorage-independent growth of the non-

tumorigenic cells MCF-10A and has no significant effect in the tumorigenic cell line MCF-

7.  

The effect of isoprenaline (0.1 μM)  on the autocrine production of catecholamines was 

also evaluated by HPLC-ECD in the non-tumorigenic MCF-10A cell line. This 

concentration was selected based on the selectivity and the results of cell proliferation. 

This autocrine catecholamines production by MCF-10A cells turns its phenotype to one 

more similar to that of malignant MCF-7 cells: there is a significant increase of 

noradrenaline production in the presence of the agonist isoprenaline (Table 4). Adrenaline 

remains undetected after isoprenaline treatment. However, the amount of noradrenaline 

increased 253%. Isoprenaline appears to be capable of activating the catecholamines 

biosynthetic pathway in non-tumorigenic cells. These evidences reinforce the role of 

catecholamines in malignant transformation and highlights the facility to which MCF-10A 

can become malignant (neoplastic transformation by treatment with isoprenaline, a NGTX 

stimulus) reflecting one of the reasons for the high incidence of breast cancer mediated 

by stress in populations [98]. Nevertheless, it is important to study this neoplastic 

transformation by using other assays that are indicative of malignancy, namely migration 

and invasion assays. 

 

Finally, the migration capacity of MCF-7 cell line when treated with the agonist isoprenaline 

and the antagonist propranolol was evaluated since the acquisition of a migratory 

phenotype is the prerequisite for metastatic spreading and for the neoplastic 

transformation [99]. Preliminary results shows that isoprenaline did not influence MCF-7 

cells’ migratory capacity and propranolol only at the higher concentration studied (100 μM) 

was able to slightly diminished cell migration. The following step will be to perform this 

assay in non-tumorigenic cells (MCF-10A). 

 

This research highlights the role of stress and catecholamines in breast cancer. 

Catecholamines are generally thought to derive from the extrinsic innervation and blood 

support of tumors. Results from this study suggest that human breast cancer cells are able 
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to produce their own catecholamines since they express tyrosine hydroxylase, the rate-

limiting enzyme of catecholamines biosynthesis. Non-tumorigenic breast epithelial cells 

seem to present residual expression of enzymes of this biosynthetic machinery and in the 

presence of isoprenaline cells can acquire a phenotype similar to the malignant breast 

cancer cell line. These findings strengthen the hypothesis that catecholamines can 

contribute to malignant transformation and increase the risk of developing breast cancer. 

Accordingly, age can be related to a longer exposure to stressor agents and in turn to 

increased breast cancer risk [32,53]. 

 

Further investigation is urgently needed to study the mechanism of transformation of MCF-

10A to a malignant phenotype. After understanding this transformation, mediated by 

catecholamines and b2-adrenoceptors, new therapeutic strategies can be designed. 
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VI. CHAPTER: Conclusions and future work 
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6. Conclusions and future work 

 
The results obtained in this study: 

 

1. Confirms previous observations showing that b-adrenoceptors are present in MCF-7 

cells and induce proliferation by a mechanism sensitive to b-adrenoceptor antagonists. 

They further confirmed that blockade of b-adrenoceptors decreases proliferation by 

blocking the activation of b-adrenoceptors by catecholamines present in the medium and 

exclude the need to ascribe such effect to an atypical pharmacological interaction of this 

class of drugs, such as inverse agonism, as has been proposed in other studies. 

 

2. Reveal that MCF-7 cells acquire the capacity to produce endogenous catecholamines 

and, therefore, can be the source of the endogenous catecholamines whose effect was 

blocked by b-adrenoceptor antagonists. 

 

3. Show that non-tumorigenic cells, like the MCF-10A cells, do not express the critical 

enzymes for the synthesis of catecholamines but acquire a phenotype closer to the 

tumorigenic cell when they are exposed to a b-adrenoceptor agonist. 

 

Taken together, results support the view that catecholamines play a role in the neoplastic 

transformation of non-tumorigenic breast cancer cells and their acquisition of the capacity 

to produce catecholamines turns this adrenergic mechanism in an autocrine loop of pro-

tumorigenic stimulus. Therefore, the pro-tumorigenic effect of stress can be triggered by 

the exposure of susceptible cells to the stress hormone adrenaline whereas the antitumor 

effect, caused by b-adrenoceptor antagonists (as repurposed drugs) can be due to the 

blockade of this autocrine adrenergic loop.  

 

Therefore, further approaches are essential to evaluate this possibility. The migration 

assay with isoprenaline should be evaluated in the same manner as for MCF-7 cells. It 

would also be interesting to evaluate the expression levels of b2-adrenoceptors in MCF-

10A cells in the presence of isoprenaline and/or evaluate their role in the tumor 

surrounding cells or even in immune cells.  
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