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Resumo Alargado 

 

 Disruptores endócrinos (EDCs) são substâncias exógenas ao corpo humano que 

podem interferir na síntese, secreção, transporte, metabolismo ou eliminação das 

diferentes hormonas, que são responsáveis pela manutenção da homeostase corporal, 

reprodução, desenvolvimento ou comportamento. Os EDC são um grupo muito 

heterogéneo de compostos, que vão desde químicos sintéticos a alguns produtos 

constituintes naturais de algumas plantas. A avaliação do seu impacto na saúde é 

extremamente difícil, assim a constante exposição humana a EDCs tem suscitado algumas 

preocupações. Sabe-se atualmente que existem diversas patologias em que estas 

substâncias podem ter um papel determinante como causadoras ou amplificadoras das 

suas manifestações, uma vez que esses compostos afetam a função endócrina interferindo 

nas vias hormonais (por exemplo: estrogénio, androgénio ou hormonas tiroidianas).  

 Os retardadores de chama bromados (BFRs) são produtos químicos omnipresentes 

usados amplamente pela indústria. Estes compostos são frequentemente usados em 

eletrónica, veículos motorizados, brinquedos, plásticos e têxteis para reduzir a 

inflamabilidade. Os BFRs são lipofílicos e persistentes, e infelizmente muitas destas 

substâncias químicas não permanecem fixas no produto que as contém, sendo lentamente 

libertadas para o ar, para as partículas de pó e água, e terminam entrando nos alimentos e 

no nosso organismo. Os efeitos nocivos para a saúde destes produtos químicos podem 

estar relacionados à sua persistência e bioacumulação em humanos. As principais vias de 

exposição são fontes alimentares, inalação e ingestão através de pó, como por exemplo o 

pó doméstico.  

 Dos retardadores de chama o TBBPA (Tetrabromobisphenol A) é o composto mais 

estudado devido à sua toxicidade e deteção em diversos meios ambientes e no ser humano. 

A sua incidência e/ou prevalência de problemas de saúde associados à perturbação 

endócrina tem aumentado ao longo dos anos. Estudos recentes têm sugerido que o TBBPA 

contribui para uma série de problemas de saúde, que envolvem não só, doenças como o 

cancro da mama ou dos rins, mas também incluem doenças metabólicas, como a 

obesidade. Adicionalmente foram reportados efeitos a nível do desenvolvimento e 

reprodução humana, assim como a nível da tiroide, sistema cardiovascular e sistema 

neuro-endócrino. O TBBPA foi identificado em amostras abióticas, como água, ar e poeira, 

solo, sedimentos e polímeros plásticos, e em amostras bióticas, como soro humano, 

plasma, urina e leite materno. Além disso, o TBBPA também foi detetado no cordão 

umbilical de grávidas, comprovando uma exposição pré-natal a este composto. Este 

resultado sugere que o TBBPA pode atravessar a placenta humana. Então, os efeitos da 
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disrupção endócrina resultantes da exposição ao TBBPA podem ser detetados em gerações 

futuras? Estudos em embriões e larvas de peixes-zebra, evidenciaram que o TBBPA pode 

causar toxicidade no sistema cardíaco comprometendo o seu desenvolvimento, resultado 

do stress oxidativo e consequentemente apoptose celular provocado por este composto. 

Foi também demonstrado que o TBBPA pode induzir hiperemia e pericardite (edema 

pericárdico) em embriões e larvas de peixes-zebra. Assim, estes resultados mostraram que 

há uma relação dose-resposta significativa entre os parâmetros de toxicidade (taxa de 

eclosão, taxa de sobrevivência, taxa de malformação e taxa de crescimento) e a 

concentração do TBBPA, nas gerações futuras.  

A nível vascular, não existem dados publicados relativamente aos efeitos do TBBPA, 

nem sobre o seu possível papel no desenvolvimento de desordens vasculares. Neste 

sentido, o trabalho desenvolvido nesta tese de doutoramento teve como principal objetivo 

o estudo dos efeitos do TBBPA a nível da contratilidade arterial e a análise dos possíveis 

mecanismos envolvidos nesses efeitos, para futuramente se estudar se o efeito do TBBPA 

pode ou não estar associado ao desenvolvimento de patologias vasculares, de forma a 

minimizar o impacto da exposição ao TBBPA nas gerações futuras. Esta análise foi 

realizada em dois modelos de estudo diferentes, nomeadamente em artérias umbilicais 

humana (HUA) e em aortas de rato.  

A HUA é facilmente obtida a partir do cordão umbilical, está implicada na circulação 

feto-placentária e é uma excelente fonte de células musculares lisas vasculares (VSMC). 

Mecanismos endócrinos e parácrinos que regulam o estado contrátil das VSMC na HUA 

são muito importantes para permitir as trocas gasosas e de nutrientes entre o feto e a 

placenta, uma vez que os vasos sanguíneos do cordão umbilical não são inervados. Estas 

características torna a HUA um bom modelo para analisar os efeitos dos EDCs no sistema 

vascular e compreender possíveis implicações vasculares da exposição a esses compostos 

na gravidez. Em relação à aorta de rato, é um modelo que tem sido utilizado ao longo dos 

anos devido a uma boa extrapolação dos resultados para o humano.  

Para além do objetivo principal, anteriormente mencionado, no primeiro trabalho 

apresentado nesta tese, analisou-se a compartimentação do cGMP (cyclic Guanosine 3,5’- 

Monophosphate) a nível vascular através da ativação dos CNG (cyclic nucleotide gated 

channels) sensíveis a cGMP e a possível implicação das fosfodiesterases (PDE). A técnica 

patch clamp na configuração whole cell foi usada para medir o sinal de ativação dos canais 

de CNG. As células musculares lisas da artéria umbilical humana (HUASMC) foram 

infetadas com o adenovírus WT-CNGA2. Os compostos utilizados foram: peptídeo 

natriurético atrial (ANP), nitroprussiato de sódio (SNP), 3-isobutil-1-metilxantina (IBMX) 

(inibidor não seletivo das PDE), To-156 (inibidor específico da PDE5), ciloestamida 

(inibidor específico da PDE3) e Sp-8 (análogo da molécula cGMP). Analisando os 
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resultados obtidos, observa-se que o ANP e o SNP induzem um diferente aumento da ICNG. 

O sinal do cGMP induzido pelo ANP parece ser controlado pela PDE5 e pela PDE3. 

Contudo, a administração do SNP parece criar dois efeitos separados, um mais localizado 

junto à membrana plasmática que é controlado pela PDE3 e pela PDE5, e o outro efeito 

localizado no interior das células que é regulado apenas pela PDE3. Em suma, a 

distribuição temporal e espacial diferente do cGMP pode contribuir para efeitos 

específicos do ANP e de dadores de oxido nítrico (NO) na função vascular, confirmando 

que a regulação e a síntese do cGMP são compartimentadas nas HUASMC.  

No segundo trabalho apresentado foram avaliados os efeitos diretos e os efeitos após 

24h de exposição ao TBBPA na HUA e analisado o seu possível modo de ação (MOA). O 

ensaio de MTT foi usado para analisar viabilidade celular das células musculares lisas da 

artéria umbilical humana (HUASMC), estas células foram expostas a diferentes 

concentrações de TBBPA, e observou-se uma diminuição da viabilidade celular nas 

concentrações maiores (500 e 1000 μM). Usando a técnica de banho de órgãos, anéis HUA 

sem endotélio foram contraídos com serotonina (5-HT), histamina (His) e cloreto de 

potássio (KCl) e, em seguida, os efeitos diretos do TBBPA (0,01-100 μM) foram 

analisados. Após 24 horas de exposição ao TBBPA (1, 10 e 50 μM) foram avaliadas as 

respostas contráteis da HUA à aplicação dos agentes contráteis, 5-HT His e KCl. Para 

investigar mais detalhadamente o modo de ação vascular do TBBPA, através do qual ele 

prejudica a homeostase vascular do HUA. Além disso, o mecanismo de ação vascular do 

TBBPA foi estudado através da análise da atividade dos nucleótidos cíclicos e dos canais 

de cálcio (Ca2+), vias envolvidas respetivamente, no relaxamento e na contração da HUA. 

Os resultados obtidos demonstraram que os efeitos diretos do TBBPA induzem um 

vasorelaxamento da HUA e que a exposição de 24 horas ao TBBPA altera o padrão de 

resposta vasoconstritora de 5-HT, His e KCl e o padrão de resposta vasorelaxante do SNP 

e da nifedipina (Nif). Este efeito é devido ao envolvimento do TBBPA com a via 

NO/sGC/cGMP/PKG e com a interferência no influxo de Ca2+. Além disso, usando a 

reação em cadeia da polimerase quantitativa em tempo real (qPCR), observou-se que o 

TBBPA modifica a expressão dos canais de Ca2+ tipo L, das subunidades α- e β1 dos canais 

de potássio ativados por cálcio (BKCa), da guanilato ciclase solúvel (sGC) e da proteína 

cinase G (PKG). Assim, estes resultados apontam para alterações na homeostase vascular 

da HUA provocadas pela exposição ao TBBPA.  

No terceiro trabalho apresentado foi analisado o efeito do TBBPA no músculo liso da 

aorta de ratos, para investigar a sua via de sinalização. Para atingir este objetivo, 

começamos também com a análise da viabilidade celular das células A7r5, usando o ensaio 

de MTT. As células A7r5 foram expostas durante 24 horas a diferentes concentrações de 

TBBPA, e os resultados obtidos mostraram que as maiores concentrações de TBBPA (500 
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e 1000 μM) diminuíram a viabilidade celular. Em seguida, pela técnica do banho de 

órgãos, os anéis de aorta de rato sem endotélio foram contraídos com Fenilefrina (Phenyl), 

Noradrenalina (NA) e com uma solução KCl isosmótico para avaliar o efeito vascular do 

TBBPA (0,01–100 μM). Para além disso, o mecanismo de ação do TBBPA foi estudado 

através de inibidores específicos, nomeadamente, a Nif, um inibidor de canais de cálcio 

dependentes de voltagem tipo L, o tetraetilamonio (TEA), um inibidor de canais de 

potássio dependentes de cálcio (BKCa), a 4-aminopiridina (4-AP), um inibidor de canais de 

potássio dependentes de voltagem (Kv) e a glibenclamida (Gly), um inibidor de canais de 

potássio dependentes de ATP (KATP). Os resultados mostraram que estes inibidores 

reduziram o efeito vasorelaxante do TBBPA, sugerindo que os efeitos vasculares do 

TBBPA envolvem os canais de Ca2+ e de K+. Para avaliar a atividade dos canais de cálcio 

dependentes de voltagem (VGCC) tipo L em células A7r5, aplicou-se a técnica patch clamp 

na configuração de whole cell, e observou-se uma diminuição da corrente de Ca2+. Estes 

resultados suportam a ideia que os efeitos do TBBPA induzem vasorelaxamento na aorta 

de ratos, devido à inibição dos canais de Ca2+ e ativação dos canais de K+. Também, por 

qPCR, observou-se que o TBBPA modula a expressão dos canais de Ca2+ tipo L, das 

subunidades α- e β1 dos BKCa, da sGC e da PKG.   

Em suma, os resultados obtidos nesta tese, durante o desenvolvimento deste projeto, 

confirmaram as ações cruciais do TBBPA no músculo liso vascular. Estes resultados 

demonstram que o TBBPA induz um relaxamento do músculo liso agindo através de um 

mecanismo independente do endotélio. Este mecanismo de ação do TBBPA envolve 

ativação de sGC, o aumento os níveis intracelulares de cGMP, uma inibição dos VGCC tipo 

L e uma ativação dos canais de K+. Outro resultado inovador da presente tese foi a 

identificação da existência de compartimentação de cGMP em células musculares lisas 

vasculares humanas. 

Devido à alteração da homeostase vascular induzida por TBBPA, este composto pode 

ser um possível indutor de doenças hipertensivas. Nesta linha de investigação, os 

resultados obtidos parecem muito promissores, neste sentido estudos adicionais são 

necessários para conhecer melhor o mecanismo de ação do TBBPA a nível vascular e 

compreender a sua complexidade na exposição humana e ambiental, de forma a 

minimizar o risco em gerações futuras.  

 

 

 

 

 

 



 

 

 xix 

Palavras-chave 

 

TBBPA; Retardante de chama; Disruptores endócrinos; Artéria umbilical humana; Células 

musculares lisas; Vasoconstrição; Vasorelaxamento; Canais de potássio; Canais de cálcio; 

Dadores de óxido nítrico; Nucleótidos cíclicos; Compartimentação.   

  



 

 

 xx 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 

 xxi 

Abstract 

 
The endocrine disruptor (EDCs) is a compound that has been defined as “an 

exogenous agent that interferes with the production, release, transport, metabolism, 

binding, action or elimination of natural hormones in the body responsible for the 

maintenance of homeostasis and the regulation of developmental processes.” This 

compound can affect the endocrine function via interference with hormone pathways (e.g., 

oestrogen, androgen, or thyroid hormone). The constant human exposure to endocrine 

disruptors has raised some concerns. Some of these components are suspected of being 

harmful to human health.   

Brominated flame retardants (BFRs) are chemicals widely used in consumer 

products, including electronics, vehicles, plastics, and textiles, to reduce flammability. 

These compounds can interfere with hormone homeostasis, so they are considered 

endocrine disruptors. Tetrabromobisphenol A (TBBPA) is the most studied BFRs due to 

its toxicity and presence in a variety of environmental media and the human being. The 

exposure to this compound is associated with several health risks: thyroid disorders, 

diabetes, reproductive health, cancer, and neurobehavioral development disorders. In 

addition, TBBPA exposure can be correlated with some cardiovascular disorders, such as 

diabetes and obesity. This compound has also been detected in biological samples such as 

human serum, urine, and breast milk. Moreover, TBBPA has also been detected in the 

umbilical cord of Japanese pregnant women, proving a prenatal exposure to this 

compound. This observation suggests that TBBPA can cross the human placenta. In this 

scenario, it is important to understand how the TBBPA exposure effects the vascular tonus 

and if the endocrine disrupting effects from that exposure can be detected in future 

generations.  

In this project, organ bath and patch clamp techniques were developed and applied 

to achieve the main goal of this doctoral thesis: to study the effect of TBBPA on arterial 

contractility and analyse the mode of action of TBBPA as a human EDCs and understand 

its involvement in vascular disorders. This study was performed in two different study 

models: in the human umbilical artery (HUA) and in the rat aorta.  

Additionally, the cGMP compartmentation in human vascular smooth muscle was 

also analysed. Therefore, in the first research work presented, we infected smooth muscle 

cells with adenovirus containing mutants of the rat olfactory cyclic nucleotide-gated 

(CNG) channel-subunit to understand how the cGMP conveys different information and 

we recorded the associated cGMP-gated current (ICNG). The whole cell configuration of the 

patch clamp technique was used to measure the ICNG and the potassium current (IK) in 
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human umbilical artery smooth muscle cells (HUASMC). Atrial Natriuretic Peptide (ANP) 

induced an activation of basal ICNG, whereas sodium nitroprusside (SNP) had a slight 

effect. IBMX (nonselective PDE inhibitor), T0-156 (PDE5 inhibitor), and cilostamide 

(PDE3 inhibitor) all had a small effect on the basal ICNG current. Concerning potassium 

channels, we observed that ANP and testosterone induced activation of IK and this effect is 

bigger than that induced by SNP, cilostamide and T0-156. Cilostamide and T0-156 

decreased the ICNG stimulation induced by ANP and testosterone, suggesting that the pGC 

pool is controlled by PDE3 and PDE5. Thus, the effects of SNP show the presence of two 

separated pools, one next to the plasma membrane and controlled by the PDE5 and PDE3, 

and a second pool in the cytosol of the cells that is regulated mainly by PDE3. These 

findings show the existence of cGMP compartmentalization in human vascular smooth 

muscle cells, and this phenomenon is controlled by PDE3 and PDE5. 

The second research work evaluated the direct effects and the 24 h exposure of 

TBBPA on the HUA and also its mode of action (MOA).  The viability of HUASMC was 

analysed using MTT assay and the cells exposed to high concentrations of TBBPA (500 

and 1000 μM) showed a decrease in cell viability. Using the organ bath technique, 

endothelium-denuded HUA rings were contracted with serotonin (5-HT), histamine (His), 

and potassium chloride (KCl), and then the direct effects of TBBPA (0.01- 100 μM) were 

analysed. The effects of 24 hours TBBPA exposure (1, 10, and 50 μM) were also analysed 

on contractile responses of HUA to 5-HT, His, and KCl. Furthermore, the vascular MOA of 

TBBPA was studied through the analysis of cGMP and calcium (Ca2+) channels activity, 

these pathways are involved in the relaxation and contraction of HUA, respectively. Our 

results demonstrated that the direct effects of TBBPA induce a vasorelaxation of HUA. The 

24h TBBPA exposure changed the vasoconstrictor response pattern of 5-HT, His and KCl 

and the vasorelaxant response pattern of SNP and nifedipine. This effect is due to the 

involvement of TBBPA with the NO/sGC/cGMP/PKG pathway and the interference in 

Ca2+ influx. Furthermore, using the real-time quantitative polymerase chain reaction (RT-

qPCR), TBBPA clearly modulates L-type Ca2+ and large-conductance Ca2+ 1.1 α- and β1 

subunit channels, and soluble guanylyl cyclase (sGC) and protein Kinase G. In this sense, 

our data demonstrated that TBBPA induces changes in the vascular homeostasis of HUA.  

In the last part of this work, the effect of TBBPA in rat aortic smooth muscle and the 

possible mechanisms involved were investigated and to achieve these goals, we started 

with the analysis of A7r5 cells viability. These cells were exposed to different TBBPA 

concentrations, and the results showed that the high concentrations of TBBPA (500 and 

1000 μM) decreased the viability of the A7r5 cells. Then, using the organ bath technique, 

rat aorta rings without endothelium were contracted with Phenylephrine, Noradrenaline, 

and isosmotic KCl solution to evaluate the vascular effect of TBBPA (0.01–100 μM). 
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Furthermore, MOA of TBBPA was studied through Nifedipine (specific blocker of L-type 

VGCC), tetraethylammonium (TEA), 4-aminopyridine (4-AP), and glybenclamide (Gly) 

(K+ channel inhibitors). Our results suggest that the direct effects of TBBPA induced 

vasorelaxation of rat aorta, involving the inhibition of Ca2+ channels and activation of 

potassium channels. Moreover, through RT-qPCR, it was demonstrated that TBBPA 

clearly modulates L-type Ca2+ and large-conductance Ca2+ 1.1 α- and β1 subunit channels, 

and sGC and protein Kinase G. Overall, it was shown that TBBPA exposure also interferes 

with vascular homeostasis of rat aorta through Ca2+ and K+ channels. 

In conclusion, the main findings of this thesis confirmed the crucial actions of 

TBBPA in vascular smooth muscle. These effects demonstrate that TBBPA induces smooth 

muscle relaxation through an endothelium-independent MOA. Due to sGC activation that 

increases the cGMP intracellular levels, inhibition of L-Type VGCC and activation of K+ 

channels were verified. Another innovative result of the present thesis was the 

identification of cGMP compartmentalization in human vascular smooth muscle cells. 

Further understanding and targeting of these results might be exploited in future studies 

to acknowledge the effects of TBBPA at the vascular level and its complexity in 

environmental and human exposure. 
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Thesis Overview 

 

This doctoral thesis is divided into seven chapters. 

The first and second chapters enclose the literature review that supports the theme under 

study. The first chapter presents the general characteristics of vascular smooth muscle, the 

different elements of vascular smooth muscle cells that participate in the performance and 

control of their essential function and regulation of vascular tone. Additionally, the 

physiological description of the human umbilical cord and the human umbilical artery, as 

well as the importance of human umbilical smooth muscle cells at the vascular level in 

preeclampsia and hypertension in pregnancy are also summarized. The second chapter 

contains the review developed in the scope of this thesis, regarding the toxicity of TBBPA 

and how this compound affects the environment and health. 

The third chapter presents the global aims of this thesis, as well as the intermediate aims 

established for the implementation and development of this project.  

The fourth, fifth and sixth chapters includes the original research papers developed during 

this PhD project, and are organized as follows: 

• Fourth chapter (research work 1): Cyclic guanosine monophosphate 

compartmentation in human vascular smooth muscle cells. 

• Fifth chapter (research work 2): Pathways involved in the human vascular 

Tetrabromobisphenol A response: calcium and potassium channels and nitric 

oxide donors. 

• Sixth chapter (research work 3):  Vascular response of tetrabromobisphenol A 

in rat aorta: Calcium channels inhibition and potassium channels activation.  

Finally, the seventh chapter contains the concluding remarks highlighting the advances 

obtained during this research work and discusses the future directions in the implications 

of the TBBPA for in the development of cardiovascular diseases (such as hypertensive 

disorders in pregnancy), and to identify its molecular pathways that can be targeted for 

the prevention and treatment of these disorders. 
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1. Vascular Smooth Muscle 

1.1. General aspects of vascular smooth muscle 

 Smooth muscle (SM) activity is regulated by several mechanical and chemical stimuli. 

Usually, it is possible to distinguish the smooth muscle cells (SMC) of the different organs 

according to characteristics, such as physical dimensions, organization, functions, and regulation of 

their physiological activity, because each organ has a specific type of SM [1]. These differences 

suggest the existence of a high degree of specialization of the SM of the different organs that are 

associated with the regulation of the functions of these organs. This muscle is a highly specialized 

tissue present in different structures of the human body, and it has a significant role in regulating 

the function of a variety of hollow organ systems including the: vasculature, airways, 

gastrointestinal tract, uterus and reproductive tract, bladder, and urethra [2].  

 SM is present in arteries, which are structurally composed of three morphologically distinct 

layers: the tunica intima, tunica media and tunica adventitia (Figure 1.1) [1,3]. The tunica intima 

(also referred to as tunica interna) is the innermost layer, and it is comprised of a sheet of 

endothelial cells (EC) along with a basal membrane and collagen fibrils. The main function of the 

endothelial layer or endothelium is the regulation of vascular tone and the control of vascular 

permeability. The endothelium functions as a sensor of hemodynamic changes and chemical signals 

or stimuli in the bloodstream, subsequently transmitting them to the vascular smooth muscle cells 

(VSMC) [3,4]. The tunica media (middle layer) is located between the tunica intima and tunica 

adventitia. It is primarily composed of VSMC and elastic fibres. The VSMC have a single central 

core and they are commonly long (20-500 μm), thicker in the centre (2-5 μm) and tapered at the 

ends. These cells are responsible for arterial contractility, and they are critical to maintaining the 

integrity of the arterial wall [1,3]. The last and outermost layer is the tunica adventitia (also referred 

to as tunica externa), containing largely connective tissue, fibroblasts, and elastic fibres. In bigger 

vessels, there are also small blood vessels supplying the vascular wall, which are called vasa 

vasorum. In addition, the tunica adventitia anchors blood vessels to the adjacent tissues [1,3]. 
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Figure 1.1. Schematic representation of the arterial structural organisation. 

 Anatomically, the walls of arteries are stronger than those of other blood vessels, which 

implies that arteries are less distensible than veins. In arteries and veins, the tunica adventitia is 

similar. However, in veins, the tunica media is usually thinner, due to the lower blood pressure in 

the venous bed, and the tunica intima in some veins contains valves to keep blood flowing in a 

single direction. The smallest blood vessels (capillaries) lack the three classical layers of a blood 

vessel wall. These vessels consist only of a fine tubular structure built of EC, which are surrounded 

by pericytes and phenotypically similar to VSMC [5,6]. The arterial system has large calibre (1-2.5 

cm), medium calibre (0.1-1 cm) and smaller calibre (arterioles, 0.1 cm) arteries. As a result, the 

importance and complexity of intima, media, and adventitia layers will depend on the type of artery 

[3,6]. The arteries of large calibre, such as the aorta, have thicker walls with a large number of 

elastic fibres. Depending on the phases of the cardiac cycle, the elasticity of these arteries allows 

them to expand or dilate, in order to store and transmit blood to the peripheral circulation during 

systole and diastole, respectively [7]. The blood flow of different organs of the human body is 

carried by arteries and the diameter change of the arteries induces an increase or decrease in blood 

flow [6].  

 VSMC have classically been envisaged as fusiform cells, on average 200 μm long × 5 μm in 

diameter, with a large central nucleus surrounded by an abundant array of endoplasmic reticulum 

and Golgi apparatus, with the cytosol and plasma membrane tapering toward the poles (Figure 1.2) 

[8]. VSMC play important roles in the physiological functioning of blood vessels and in the 

pathological changes that occur in them. In healthy blood vessels of an adult organism, VSMC 

ensure that the blood vessels contract and relax, and in this way, they make a marked contribution 

to the regulation of blood circulation. These cells express a variety of contractile proteins [5,9], 
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several types of ionic channels, enzymes, and membrane receptors, allowing them to regulate the 

contractile function, becoming them into highly specialized cells [2].   
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2. Photograph of VSMC culture after 10 days of growth. 

The different vascular functions of VSMC are the result of a multiplicity of phenotypes, 

ranging from the contractile to the synthetic one (Figure 1.3). Contractile and synthetic VSMC, 

which represent the two ends of a spectrum of VSMC with intermediate phenotypes, have different 

morphologies [9,10]. Under pathological conditions accompanying the onset and development of 

vascular diseases, these cells undergo a process referred to as phenotypic modulation. VSMC switch 

from the contractile phenotype to the synthetic phenotype, characterized by a loss of contractile 

filaments and associated molecules, and by increased formation of organelles associated with 

proteosynthesis [2,3,11]. In VSMC in vitro culture, the presence of growth factors in the culture 

media leads to an increase in cells with synthetic phenotype. Cells with a synthetic phenotype have 

a high proliferative and migratory capacity, and a high activity in the synthesis of extracellular 

matrix components [12]. In contrast, the contractile phenotype is characterized by abundant 

contractile fibres containing VSMC-specific contractile proteins, such as α-isoform of actin and the 

SM-1 and SM-2 myosin heavy chain (MHC) isoforms, and other specific proteins (ion channels and 

enzymes) associated with the regulation of vascular contraction [5,10]. VSMC of synthetic 

phenotype are active in migration and growth. This can lead to intimal thickening, formation of 

atherosclerotic plaques, thickening of the blood vessel wall during hypertension, and finally to 

stenosis or full obliteration of the vascular lumen [5,13]. However, in healthy adult blood vessels, 

VSMC are in a quiescent nonproliferative phenotype, referred to as contractile phenotype [2]. 
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Figure 1.3. Transition between the contractile and synthetic phenotype in VSMC.  

 

1.2. Vascular cyclic nucleotide 

 Numerous cellular functions are regulated by cyclic nucleotides, such as cyclic adenosine 3, 

5’- monophosphate (cAMP) and cyclic guanosine 3, 5’- monophosphate (cGMP). cAMP and cGMP 

are the main intracellular messengers associated with SMC vasodilation and the increase of their 

intracellular concentrations represents a useful approach for eliciting a variety of beneficial 

pharmacological effects on several cardiovascular pathological conditions [14]. The intracellular 

levels of cAMP and cGMP are the result of the balance between the rate of their synthesis and 

degradation [15,16]. Synthesis of cAMP occurs after adenylyl cyclase (AC) activation and is usually 

stimulated by G protein-coupled receptors (GPCR) linked to stimulatory G proteins (Gs), then 

adenosine triphosphate (ATP) is dephosphorylated, and cAMP and pyrophosphate (PPi) are 

produced [17] Concerning cGMP synthesis, this happens through the stimulation of particulate 

(membrane) guanylyl cyclase (pGC) or soluble (cytosolic) guanylyl cyclase (sGC). The pGC can be 

stimulated by natriuretic peptides (NP), whereas sGC is stimulated by nitric oxide (NO) or NO 

donors. After stimulation of pGC and sGC, guanosine triphosphate (GTP) is dephosphorylated, and 

cGMP and PPi are produced [18,19]. The metabolic inactivation of these cyclic nucleotides is 

catalysed by phosphodiesterases (PDE) [15,20]. 

1.2.1. Cyclic adenosine 3, 5’- monophosphate (cAMP) 

The cAMP was discovered as a signalling molecule in the 1950s during studies on hormonal 

regulation of mammalian metabolism [21]. This cyclic nucleotide is generated in response to the 

activation of a wide range of membrane receptors belonging to the GPCR superfamily. After 

binding a ligand, a G-protein is activated and promotes the activation of the AC that generates 

cAMP from ATP [16]. The cAMP signalling pathway is a highly conserved regulatory mechanism 

that plays a pivotal role in a wide range of physiological and pathological processes in a different 

system, including the cardiovascular system. This action mechanism is achieved by activating the 
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so-called cAMP effectors, such as cAMP-dependent protein kinase (protein kinase A, PKA), 

exchange protein activated by cAMP (EPAC), cyclic nucleotide-gated (CNG) ion channels, and the 

Popeye domain-containing proteins (POPDC) that was recently discovered [22,23]. Cellular levels 

of cAMP are controlled through its synthesis by AC and its degradation by PDE [17].  Figure 1.4 

represents a schematic illustration of cAMP signalling pathway in vascular smooth muscle. 

Adenylyl cyclase  

The AC are 12 transmembrane proteins which are activated by an external signal 

(neurotransmitter, hormone, or drug) that, in turn, binds to GPCR [24]. Despite the profound 

differences in the structures and domain organization, the six AC classes are functionally 

remarkably similar, catalysing the conversion of a molecule of ATP into cAMP in the presence of 

magnesium (Mg2+) [24,25]. Depending on the properties and on the relative levels of the isoforms 

expressed in a done tissue or a cell type, extracellular signals received through the receptors can be 

differentially integrated.  

All mammalian AC are class III enzymes, with nine membrane-integral isoforms 

participating in the GPCR and G protein-mediated signalling pathway (AC1-9), and one soluble AC 

(AC10 or sAC) that is not directly linked to the GPCR signalling [26,27]. All membrane isoforms 

have a single peptide chain that consists of an N-terminal cytosolic domain of varying length [17], 

two membrane-spanning domains (TM1, TM2), each with two cytosolic domains C1 and C2 

subdivided into catalytic (C1a, C2a) and regulatory (C1b, C2b) subdomains and six transmembrane 

α- helices [17,26]. Isoforms with the catalytic domain C1a are regulated by Gi, while Gs regulate 

those with the catalytic domain C2a. Gi is thought to cause a rotation of the C1a regions in the 

opposite direction to Gs, and it is this type of rotation that decreases the enzymatic activity of the 

AC [17,28]. In addition to their ability to respond to Gs α-subunit and to forskolin (FSK), the 

different isoforms can receive signals from a variety of sources, including other G proteins, e.g., Gαi 

and Gβγ, protein kinases A (PKA), C (PKC) and Ca2+/calmodulin-dependent protein kinase II 

(CaMKII), phosphatases (calcineurin), calcium, and calcium-calmodulin complex (Ca/CaM), and 

these isoforms can support and integrate differential regulatory pathways through cross-talk with 

other signal transduction systems [17,25].   

In VSMC, the AC2, AC3, AC5, AC6 isoforms and AC8 have been described, but the quiescent 

VSMC expressed mainly the AC3, AC5, and AC6 and the dedifferentiated cultured VSMC express 

mainly AC2 and AC8 [17,23]. The regulation of these AC isoforms occurs by phosphorylation 

through the activation of protein kinases such as CaMKII, PKA and PKC [29]. Thus, AC2, AC3, and 

AC5 can be stimulated by PKC, and the activity of AC6 is inhibited. The activities of AC 5, 6, and 8 

are inhibited by PKA phosphorylation. Nevertheless, the Ca2+ is the main regulatory mechanism, 

which following binding to calmodulin (CaM), lead to a stimulation of AC1 and AC8, and CaM-

independently inhibition of AC5 and AC6 as well as the inhibition of AC3 by CaMKII 

phosphorylation [17,27,30]. 
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Protein kinase A  

 In eukaryotic cells, the cAMP actions result from the activation of PKA [31]. This includes, at 

the first level, the stimulation of receptors coupled to heterotrimeric G proteins which through 

stimulation of AC forms the second messenger cAMP [32,33]. In the phenotypic modulation of the 

VSMC, PKA may also play an important function that mainly depend on intracellular ATP 

concentrations [34].  

Structurally, PKA is a heterotrimeric serine/threonine protein kinase formed by two catalytic 

C subunits and a dimer regulatory (R) subunit, where cAMP binds [35,36]. The three isoforms of 

the C subunit (α, β, γ) have virtually identical kinetic and physicochemical properties, while the 

four regulatory subunits RIα, RIIα, Riβ and RIIβ) exhibit distinct binding affinities for cAMP and 

are differentially located within cells [36,37]. There are two types of PKA: (1) PKA Type I are PKA 

holoenzymes containing the RI subunits (RIα and RIβ) and are predominantly in the cytoplasm; 

(2) PKA Type II are PKA holoenzymes containing type II subunits (RIIα and RIIβ) which appear to 

be associated with cellular structures and organelles [31,32,37]. This difference is due to the 

anchoring of A-kinase anchoring proteins (AKAP) with a greater affinity for the RII subunits. 

However, some studies demonstrated that there are AKAP with specificity for both RI and RII 

subunits and AKAP that only bind to the RI subunits [32,37]. This study suggested that both PKA 

type I and II may be anchored in subcellular compartments within the cells [32], and therefore, the 

PKA signalling specificity is achieved by binding to AKAP [38,39]. In general, AKAP directs 

holoenzymes PKA to different subcellular sites near neighbouring proteins, optimizing signal 

transduction and allowing events responsive to local cAMP to occur within specific compartments 

of the cell, leading to compartmentation of cAMP signalling [39,40]. So, instability in the 

expression or activity of some of the PKA subunits or anchoring by AKAP can lead to the progress 

of cardiovascular diseases [14,40,41]. In the absence of cAMP, PKA is inactive, thus developing a 

tetrameric complex (R2C2) with the regulatory (R) and catalytic (C) subunits. There are two 

binding sites (A and B) in each regulatory subunit which cooperatively bind during activation cAMP 

[37]. The inactivation of the PKA holoenzyme exposes the available B site for cAMP binding. When 

occupied, the increase of the binding of cAMP to site A induces a change of intramolecular 

conformational, whereby the regulatory subunits dissociate from the R2C2 complex and generate 

two active C subunits, which causes the phosphorylation of their substrates in the nucleus and the 

cytosol. Importantly, only the C subunit is in the nucleus [32,37,39]. This is, the binding of the C 

subunit to the inhibitory sites of the respective R subunit becomes the kinase inactive, while the 

cAMP allosteric binding to two C-terminal tandem cAMP binding domains (CNB-A and CNB-B) of 

the R subunits generates the catalytic activity of the holoenzyme [25,42]. Nevertheless, it has been 

proposed that cAMP can also activate PKA without releasing the catalytic subunits C and there are 

intact and active holoenzymes within the cytoplasm in the presence of cAMP [17,31,36].  

The EPAC proteins (1 and 2) are another important downstream effector of cAMP. These 

proteins act as guanine nucleotide exchange factors (GEFs) for small Ras-like GTPases (Rap1 and 

Rap2), and, for this reason, they are also called cAMP-GEF proteins. In the human vasculature, the 

Rap Guanine Nucleotide Exchange Factor 3 (RAPGEF3) gene encodes the EPAC1 [43,44]. EPAC 
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and PKA act independently, but they can also act together in the same biological process in which 

they regulate synergistic or opposite effects. EPAC modulates different systems, such as 

cardiovascular system, which has an important function, and it induces a vasorelaxation of vascular 

SMC through inhibition of RhoA/ROCK signalling [44]. The cAMP-mediated activation of 

EPAC/Rap1 releases the inhibitory effect of RhoA/ROCK on the MLCP, leading to 

dephosphorylation of MLC and consequent vasorelaxation of SMC [44]. 

Additionally, other effectors of cAMP are CNG channels and POPDC. CNG channels are 

expressed in VSMC and EC. These channels are nonselective cationic channels that open in 

response to the direct binding of cAMP and cGMP modulating the vascular tone [45,46]. Regarding 

POPDC, they are expressed in VSMC colocalized with α-smooth muscle actin and may be involved 

in the mechanisms of vasculogenesis [22]. However, in VSMC its function as a cAMP effector is still 

poorly understood.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.4. Schematic illustration of cAMP signalling pathway in VSMC. cAMP is produced by adenylyl 

cyclase (AC) stimulated by G protein-coupled receptors (GPCR) coupled to stimulatory G protein (Gs). cAMP 

activates the following substrates: cyclic nucleotide-gated channels (CNG); protein kinase A (PKA); the 

exchange protein activated by cAMP (EPAC); hyperpolarization activated cyclic nucleotide-gated (HCN) 

channels and inward rectifier K+ channels (Kir); and phosphodiesterases (PDE) that hydrolyse cAMP to AMP. 

 

1.2.2. Cyclic guanosine 3, 5’- monophosphate (cGMP) 

The cGMP is the second messenger molecule central to a broad array of intracellular 

functions. However, the classical and significant physiological effect of an increase in the 

intracellular concentrations of cGMP in VSMC is vasodilation [47]. In addition, cGMP levels are 

essential for the maintenance of cardiovascular homeostasis in various cells [33,48].  
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In VSMC, the cGMP is synthesized by types of guanylate cyclases, which differ in their 

cellular location and their activation by a specific compound: (1) pGC, present in the plasma 

membrane, which is activated by NP such as atrial (ANP), brain (BNP), and C-type natriuretic 

peptide (CNP) [49]; and (2) a sGC that can be activated by NO and by NO donors. These are two 

ways to convert GTP into cGMP in the presence of magnesium (Mg2+). The nitric oxide-soluble 

guanylate cyclase-cyclic guanosine monophosphate (NO-sGC-cGMP) axis belongs to the key signal 

transduction pathways involved in regulating the cardiovascular system [18,50]. As mentioned 

above, the pathway of cGMP begins with the activation by one ligand (NO, ANP, BNP, and CNP) to 

GC, either pGC or sGC which causes the increase of intracellular cGMP levels, and, may activate 

three classes of cGMP effector proteins, such as protein kinase G (PKG), CNG channels and PDE 

[23,40,51]. Figure 1.5 represents the cGMP signalling pathway in vascular smooth muscle.   

Particulate Guanylyl cyclase  

 The pGC is a single-chain glycoprotein consisting of the N-terminal extracellular domain 

(ECD), the transmembrane domain (TMD), the intracellular kinase-homology domain (KHD) and 

the catalytic GC domain (GCD). In its active form, pGC forms a homodimer/tetramer [49,52]. The 

KHD and GCD are connected by the sequence called a hinge region. The ECD serves as a hormone 

receptor or a sensor for various extracellular signals. The KHD has a sequence similar to the protein 

kinase but lacks the sequence necessary for interaction with ATP, phosphate transfer to target 

proteins or interaction with a metal, all of which are necessary for kinase activity [53]. The KHD 

serves as a mediator for information transfer to the GCD for its catalytic activity. The C-terminal 

GCD has a sequence common to pGC and a sequence similar to the catalytic centre of sGC [31]. At 

least seven pGC (pGC-A to pGC-G) have been identified in mammals [54,55]. In VSMC, three 

isoforms of pGC (pGC-A, pGC-B and pGC-C) have been identified, in which binding of is NP 

activated. These proteins are also referred to as NP receptors (NPR): pGC-A or NPR-A, pGC-B or 

NPR-B, and the clearance receptor or NPR-C (Figure 1.6). The binding of these hormones activates 

intracellular GCD to produce cGMP from GTP (guanosine triphosphate) [49,55,56]. NPR-C 

receptor is the most abundant isoform, and in the cardiovascular system is mainly expressed in the 

atrium, vascular smooth muscle (VSM) and endothelium. Although, in VSMC, the NPR-A and 

NPR-B are also highly expressed [31,57]. The NP family comprises three members in mammals, 

ANP and BNP produced in the heart [58] and C-natriuretic peptide (CNP) synthesized in the brain 

and other tissues [59]. In contrast to ANP, BNP is expressed significantly in the ventricle, so BNP is 

suggested to be a ventricular hormone for cardiac protection [60]. Regarding affinity for NP, the 

ANP and BNP can bind to NPR-A and NPR-C, and CNP can bind to NPR- B and NPR-C. [31,49].  
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Figure 1.5. Schematic illustration of the structure of the three types of natriuretic peptide receptors (NPR). 

The NPR type A (NPR-A) and NPR type B (NPR-B) receptors have a analogous structure, which contains of 

the extracellular N-terminal domain (ligand-binding domain), the transmembrane domain, the kinase 

homology domain (KHD), the domain responsible for dimerization, and the guanylyl cyclase catalytic domain, 

which contains the C-terminal region. The NPR type C (NPR-C) receptor has extracellular N-terminal and 

transmembrane domains but lacks the guanylyl cyclase catalytic domain. Adapted from [61]. 

 

Soluble guanylyl cyclase 

 The sGC is a heterodimeric heme protein consisting of α and β subunits. Two isoforms (α1/ 

α2 and β1/ β2) exist for each subunit, and the heterodimer is formed by different combinations in 

different tissues and is involved in diverse functions in addition to vasodilation [18,62]. Each sGC 

subunit contains three common domains that make up its structure and function: (1) an N-terminal 

heme-binding (H-NOX) domain; (2) a dimerization domain; and (3) a C-terminal catalytic domain. 

The catalytic domain is the most highly conserved region between the subunits and is responsible 

for the conversion of GTP to cGMP [62]. A heme protein containing Fe(II) is linked to the N-

terminal region of the β subunit, to which its activator NO binds. The carbon monoxide (CO, 

another gasotransmitter) also binds to the heme but with lower affinity and less ability to potentiate 

the catalytic activity of sGC [18,63]. Recently, the molecular structure of the sGC was elucidated by 

cryo-electron microscopy (cryo-EM) [64,65] allowing us to discover that the central domains are 

the mediators of protein-protein interactions, while enzymatic activity occurs at the C-terminal 

catalytic domain. The N-terminal H-NOX domain, since it has a heme group, facilitates the high-

affinity binding of NO [64,65]. NO was first identified as an endothelium-derived relaxing factor 

that acts on the VSM for relaxation. NO is synthesized by a class of enzymes called nitric oxide 

synthases (NOS), which release NO through the oxidation of L-arginine to L-citrulline [18,66,67]. 

According to its distribution, NOS has 3 different types, neuronal NOS/NOS1, inducible NOS/ 

NOS2 and endothelial NOS/NOS3 [68,69].  The catalytic domain is located in the C-terminal 

region of each subunit, and it converts Mg2+GTP to Mg2+, cGMP and PPi. NO can also be generated 
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by the reduction of NO-2 that, in hypoxia, is facilitated [69,70]. NO signalling is initiated by the 

activation of NO synthase in the donor cell to produce NO molecules. NO then readily crosses 

target cell membranes and binds to its sGC, which, in turn, boosts the activity of sGC several 

hundred-fold to produce intracellular cGMP [69-71].  

Protein kinase G 

 In eukaryotic cells, the cGMP actions result from the activation of PKG, and this protein is 

considered the most important target of cGMP in the cardiovascular system [47,72]. PKG isozymes 

belong to the family of serine/threonine kinases and are homologous to PKA in primary sequence 

and domain organization.  

In mammals, two PKG genes called PRKG1 and PRKG2, that encode PKG1 and PKG2, 

respectively, have been identified [72-74]. Regarding cardiovascular system, the membrane PKG2 

is not expressed. On the other hand, cytosolic PKG 1 has two different splice variants, PKG 1α and 

PKG 1β, (which differ only in the first~100 amino acids). Nevertheless, in VSMC, the most 

expressed is PKG 1β [74,75]. The expression of PKG is dependent on the cell density in culture, this 

is, the low density induces a decrease in PKG expression. In addition, the increase of PKG 

expression causes changes in the contractile phenotypic of cultured VSMC, and the inhibition of 

PKG expression during cultured growth in vitro may facilitate the modulation to a more synthetic, 

dedifferentiated phenotype [74]. In 2016, the crystal structure of PKG1 was identified and this 

protein consists of a homodimer divided into a regulatory (R) and a catalytic (C) region [76,77]. The 

R-regulatory region is composed of four functional domains, leucine zipper, auto-inhibitory site 

and two tandem cGMP binding domains (CNB-A and CNB-B) [74,76,78]. The C-terminal catalytic 

region is composed of two domains, the kinase domain (where the Mg2+/ATP binds) and the AGC-

kinase C-terminal domain (where substrate/downstream proteins bind, and phosphorylation 

occurs) [78].  

The CNG channels are nonselective cationic channels that open in response to the direct 

binding of cAMP and cGMP modulating the vascular tone [46,79]. These channels are more 

sensitive to cGMP than to cAMP. In physiological conditions, CNG channels carry inward sodium 

(Na+) and Ca2+ currents [80]. Even if the divalent cations can permeate the channel, higher 

concentrations induce these cations to bind to specific sites within the channel pore and block 

further ion flow. However, in olfactory and visual systems the knowledge of CNG channels is 

greater while in other areas is less. Despite that, the CNG channels are used in patch-clamp 

experiments to observe cyclic nucleotide changes [46,81].  

At last, the cGMP level can also be regulated by the PDE activity. In addition, there are 

crosstalk mechanisms between both cAMP/cGMP pathways induced by PDE [82,83].  
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Figure 1.6. Schematic illustration of cGMP signalling pathway in VSMC. cGMP also activated CNG. cGMP is 

produced either by membrane-bound particulate guanylyl cyclases (pGC), which are the receptors of 

natriuretic peptides (NPs), or by soluble GC (sGC) that are activated by the nitric oxide (NO). Other cGMP 

targets are protein kinase G (PKG), hyperpolarization activated cyclic nucleotide gated (HCN) channels, and 

PDE, the latter degrading cGMP to GMP. 

 

1.2.3. Phosphodiesterases 

Relaxation and contraction of vascular smooth muscle and cardiac myocytes are key 

physiological events in the cardiovascular system. These events are regulated by second 

messengers, cAMP and cGMP, in response to extracellular stimulants. The intensity of signal 

transduction is controlled by intracellular cyclic nucleotide levels, which are determined by a 

balance in the production and degradation of cAMP and cGMP. Degradation of cyclic nucleotides is 

catalysed PDE, and therefore, the regulation of PDE hydrolytic activity is important for modulation 

of cellular functions [15,82,84,85]. PDE produce the inactive metabolites cAMP and cGMP limiting 

the activity of these molecules on their substrates, such as PKA and PKG [14,82]. However, as 

mentioned above, PKA and PKG are not exclusive effectors; cAMP also acts by EPAC and POPDC. 

Both cyclic nucleotides activate CNG channels and modulate specific PDE. In vascular tissues, the 

concentration of cAMP is usually about five times higher than cGMP, although levels can have 

significant variability [23]. The varied subcellular localization of PDE is key for the spatiotemporal 

regulation of cyclic nucleotide-dependent signalling. This signalling has revealed that the signal for 

each physiological event is independently regulated by compartmentation of certain signalling 

molecules [85,86]. The importance of each PDE functions is variable and depends on some factors: 

the species, the vascular bed, and the status of the cells [23,82]. Thus, the PDE have a fundamental 

role in the generation of specific physiological responses, namely in the modulation of signal 
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transduction in the blood vessel by crosstalk between NO and cyclic nucleotide phosphodiesterases 

[23].  

 PDE are classified into I, II, and III classes. Mammalian PDE are composed of 21 genes and 

are categorized into 11 families based on sequence homology, enzymatic properties, and sensitivity 

to inhibitors [87,88]. Mammalian PDE belong to class I PDE and have an HD domain (Pfam 

accession no. PF0966) [89,90] in the C-terminal half and show a high affinity for cAMP and/or 

cGMP [85]. The domains of proteins involved in the regulation of PDE enzymatic activity and 

subcellular localization are mainly present in the N-terminal half. Some PDE have phosphorylation 

sites targeted by protein kinases and lipid modification sites [91,92]. The PDE genes have been 

identified in humans, rats, and mice. They are categorized into 11 different families based on 

structural similarities, such as sequence homology, protein domains, and enzymatic properties (i.e., 

substrate specificity, kinetic properties, and sensitivity to endogenous regulators and inhibitors) 

[82,87,88]. Thus, the PDE isoforms are classified according to a common nomenclature: each PDE 

isoform has its family number (1-11); each PDE is represented by an uppercase letter indicating the 

gene (A-D), and a final number corresponding to the splice variant [82,84,85,93]. Moreover, the 11 

PDE families can be grouped into three classes according to their selectivity [14,51]: the 

cAMP‐specific (PDE4, 7, and 8), the cGMP‐specific (PDE5, 6, and 9), and the dual hydrolytic  for 

cAMP and cGMP (PDE1, 2, 3, 10, and 11) (Table 1.1).  

 In VSMC, PDE1, 3, 4, and 5 are described as the main functional PDE families, and their 

expression pattern depends on the cell phenotype [40]. Indeed, in vitro during cell culture, VSMC 

undergo a phenotype switch from contractile to synthetic phenotype [94], as well as in vivo during 

the pathological remodelling of the vascular wall [9]. Moreover, in these cells the main PDE that 

hydrolyse cAMP are PDE3 and PDE4 isoforms, while PDE1, PDE3, and PDE5 hydrolyse cGMP 

[14,95,96]. 

 PDE1 is encoded by three genes (PDE1A to -C) that give rise to several isoforms and are 

activated by the binding of the Ca/CaM complex [97]. In humans, PDE1A shows a high affinity for 

cGMP. The two connection sites for the Ca/CaM complex are in the N-terminal domain. Through 

CaM-dependent kinase-II, the PKA and PDE1B can phosphorylate PDE1A, leading to a decrease in 

activation capacity caused by CaM [85,95]. Activation of PDE1C can be reduced by PKA [19,84]. 

Moreover, in arterial SMC, higher intracellular Ca2+ levels induce the inhibition of AC3 and the 

activation of PDE1C [98]. PDE1 is present in a wide variety of VSMC, such as human arteries 

[82,99]. At the vascular level, PDE1C is highly expressed in primary VSMC cultures, but in 

contractile phenotype the PDE is not expressed in human VSMC, suggesting that the use of this 

PDE as a marker of human SMC proliferation. PDE1C, in the human vasculature, is associated with 

functions in the development of human VSMC during normal vascular development and 

pathological vascular remodelling [100]. Since this PDE is only present in synthetic SMC under 

pathological conditions, suggests that PDE1C inhibitors may be correlated with disease 

development, not interfering with normal vascular function. This corroborates with a study 

performed with patients with pulmonary hypertension which demonstrated that an increase in 

activity of PDE1C induces decreased cAMP and increased proliferation of pulmonary artery SMC 

[101,102]. Regarding the PDE1A and PDE1B, both are expressed in human SMC with the contractile 
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phenotype, but in the synthetic phenotype only is present the PDE1A [84]. The total PDE1 

activation occurs only after Ca2+ and CaM binding. Some vasoactive agents, such as 

norepinephrine, angiotensin II (Ang II), and endothelin-1, increase intracellular Ca2+ concentration 

causing PDE1 activation [103]. In this process, due to a decrease in the cGMP levels, the 

vasoconstrictor effect is increased [95,103]. This suggest that PDE1 isoforms may be helpful 

therapeutic targets for the disease. PDE1 selective inhibitors appear to be particularly attractive as 

novel therapeutics to attenuate the pathophysiological abnormalities that occur in pulmonary 

hypertension [101]. Furthermore, a recent study in coronary arteries proposes that inosine 3´, 5´-

cyclic monophosphate (cIMP) concentrations are regulated by PDE1 and PDE5, whose inhibition at 

a certain level induced an increase of cIMP levels that may enhance hypoxic constriction [104].  

 PDE2A hydrolyses both cGMP and cAMP with similar maximal levels and relatively high Km 

values. PDE2A is allosterically stimulated by cGMP binding to its GAF domain, which facilitates 

mutual regulation of both cAMP and cGMP signalling [105]. In mammals, the PDE2 gene encodes 3 

N-terminal splice variants containing 2 GAF domains originating three splice variants (PDE2A-A3) 

[84,105,106]. PDE2A1 is present in the cytosol, while PDE2A2 and PDE2A3 are situated in the 

plasma membrane. PDE2A3, which is a human variant, is membrane associated probably because 

of its unique N-terminal sequence [88]. PDE2A3 transcripts are rich in the brain and normal in the 

heart. Immunoreactive PDE2A protein is rich in the neocortex and low in other tissues, and its 

signals are also localized in capillary, venous, and microvessel EC but not in arterial EC of intact 

tissues. However, in cultured EC, the PDE2 shows activity [88]. Curiously, the PDE2 is expressed in 

pulmonary artery SMC, but only in patients with pulmonary hypertension [101], pulmonary arterial 

hypertension and in pulmonary arteries from rats with hypoxia pulmonary hypertension [107]. 

Nevertheless, in the physiological conditions, the presence of this PDE is still poorly understood. 

 PDE3A and PDE3B are the subfamily genes of PDE3, which show a high affinity for both 

cAMP and cGMP. A low Vmax value for cGMP in relation to that for cAMP allows the cGMP to act as 

a competitive inhibitor for cAMP hydrolysis, thus creating the so-called positive cGMP-to-cAMP 

crosstalk [108]. Hence, PDE3 are called cGMP-inhibited cAMP PDE. The presence of a 44-aa insert 

in the catalytic domain is a unique characteristic of the PDE3 family. Another special aspect is the 

presence of 2 N-terminal hydrophobic membrane association domains (NHRs, NHR1 and NHR2) 

[108]. In the cardiovascular system, mainly in the vascular SM, PDE3A is the predominant isoform 

found. However, PDE3B is more highly expressed in cells involved in the regulation of glucose and 

lipid metabolism [109]. In cardiac myocytes, PDE3A1 expression is low, but PDE3A2 expression is 

high in both cardiac and vascular myocytes [110,111]. The expression of PDE3A is detected in the 

heart, vascular and placental smooth muscle, corpus cavernosum smooth muscle, and platelets 

[108]. In contractile phenotype, the PDE3 activity is especially important and is activated by PKA 

and PKB, but in synthetic phenotype, its activity is decreased [112,113]. Furthermore, PDE3 

isoforms are crucial in several cardiovascular physiological mechanisms, namely such as blood 

pressure regulation and vascular smooth muscle reactivity [114]. More recently, Ercu et al. 

demonstrated that a mutated PDE3A gene induces mechanisms increasing the peripheral vascular 

resistance leading to hypertension. These observations suggest a gain of function mutation related 

to hypertension associated with brachydactyly [115].  
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The PDE4 family consists of four highly similar subfamily genes, PDE4A to -D, which encode 

cAMP-specific rolipram-sensitive PDE. The PDE4 family includes several splice variants 

categorized into three N-terminal variant groups (“long form”, “short form”, and “super-short 

form”) based on the presence or lack of N-terminal upstream conserved regions (UCR) [116,117]. 

The long-form variants include UCR1, linker region (LR) 1, UCR2, LR2, and the catalytic domain. 

The short form and the super-short form variants have LR1-UCR2-LR2 and UCR2 (truncated)-LR2 

in the N-terminal region, respectively. UCR1, which includes one phosphorylation site of PKA, is 

coupled to UCR2 by LR1. UCR2 has a hydrophilic N-terminal region, which intramolecularly 

interacts with the hydrophobic C-terminal portion of UCR1 [85,116]. The PDE4 enzymatic 

regulation involves the UCR1 and UCR2 [85,118] through UCR2 interaction with the catalytic 

domain and has also been reported to participate in PDE4 dimerization [118]. Although the PDE4 

catalytic site binds to the competitive inhibitor rolipram, the affinity of this site for rolipram can 

change markedly depending on the conformation of the enzyme. This can result in the so-called 

high-affinity rolipram-binding site (HARBS) [85]. At vascular smooth muscle level, the PDE4 

expression was found in the aortas of bovine [82], pig [119] and rat [120], in rat mesenteric [121], 

human pulmonary [122] and human umbilical artery (HUA) [96,123]. The inhibition of PDE4 

induces vasorelaxation at the vascular level. Moreover, some authors consider that PDE4 is the 

most important PDE in the regulation of vasodilation associated with cAMP, mainly, in the canine 

basilar artery and the HUA [96,123,124]. Concerning VSMC, the expression of PDE4A, PDE4B, and 

PDE4D, has been observed [125]. Moreover, PDE4D is the prevalent cAMP-degrading isoform in 

cultured VSMC; the prolonged cAMP elevation increases PDE4D activity, and the phenotype stage 

of the cell is modulated by variants of PDE4D [14,85,126]. 

 The PDE5 family is featured by cGMP-specific hydrolysis encoded by just one gene (PDE5A). 

The PDE have N-terminal variants, PDE5A1 to -5A3, which show similar Km values (e.g., ≈ 6 

mol/L) have been identified in humans [51]. The PDE5 is a multidomain protein [85] and 

structurally is constituted by a catalytic domain, which is located at the C-terminus of the protein, 

and two regulatory GAF domains (GAF A and GAF B) in the N-terminal half, specifically hydrolyses 

cGMP [51,127]. The N-terminal GAF A domain has been reported to be responsible for this enzyme 

allosteric binding to cGMP [127,128] and therefore PDE5 is termed cGMP-binding cGMP-specific 

PDE. One PKG- and PKA-dependent phosphorylation site in the N-terminal region is related to the 

activation of the PDE5A enzyme [51]. cGMP binding to PDE5A GAF A domain promotes 

phosphorylation, which not only activates the catalytic function but also increases cGMP binding 

affinity [129,130]. In humans, PDE5A transcripts are found in various tissues, such as smooth 

muscle tissues, and platelets [85]. PDE5A1 and PDE5A2 transcripts are also widely distributed 

[51,104]. In contrast, specific expression of PDE5A3 in smooth and/or cardiac muscle has been 

suggested. In summary, in vascular SMC the PDE5 is the most abundant and active cGMP-PDE 

[84], and the two vascular SMC phenotypes (contractile and synthetic) have the same PDE5 

expression [131]. PDE5 is the key PDE in the regulation of vasodilation associated with cGMP in 

arteries [96,132] and in regulating cGMP pools in both contractile and synthetic phenotypes [40]. 
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 PDE6 is highly concentrated in the retina [82]. It is most abundant in the internal 

membranes of retinal photoreceptors, where it reduces cytoplasmic levels of cGMP in rod and cone 

outer segments in response to light [133,134]. The rod PDE6 holoenzyme is a tetramer consisting of 

α and β catalytic subunits and two identical inhibitory γ subunits [135]. Each catalytic subunit 

contains three distinct globular domains corresponding to the catalytic domain and two GAF 

domains (responsible for allosteric cGMP binding). The PDE6 catalytic subunits resemble PDE5 in 

amino-acid sequence as well as in the three-dimensional structure of the catalytic dimer; 

preference for cGMP over cyclic cAMP as a substrate; and the ability to bind cGMP at the regulatory 

GAF domains [133,134,136]. Most PDE5 inhibitors inhibit PDE6 with similar potency. Turunen et 

al. demonstrated that PDE6 is regulated by Ca2+, contrary to the common view that PDE1 is the 

unique PDE class whose activity is modulated by intracellular Ca2+ [137].   

 PDE7A and PDE7B are the subfamily of PDE7 that encode rolipram-insensitive high-affinity 

cAMP-specific PDE (Km value, ≈0.2 μmol/L) [138]. A PKA pseudosubstrate site is present in the N 

terminus of the PDE7A subfamily. Dipyridamole nonselective inhibits PDE7 activity. Three variant 

forms have been reported in the human PDE7 subfamily. PDE7A1 and PDE7A2 are N-terminal 

variants, and PDE7A3 is a C-terminal variant of PDE7A1 [139]. The expression of PDE7 was found 

in several cultured vascular SMC [140], the expression of PDE7A being dominant in smooth muscle 

cells of adult rat aorta [138]. Furthermore, an increase in PDE7B expression in the high-density 

culture (contractile phenotype) of rat aortic SMC (RASMC) was recently observed [94]. However, 

its activity was little understood. In humans’ pulmonary arteries activity of PDE7A was 

demonstrated [82]. Another study showed that the isoform PDE7A1 (but not PDE7A2) is present in 

human VSMC [141].   

 PDE8A and PDE8B are the subfamily genes of PDE8. PDE8 are high-affinity cAMP-specific 

PDE insensitive to rolipram and 3-isobutyl-1-methylxanthine (IBMX) and contain REC and PAS 

domains in the N-terminal portion. These PDE do not hydrolyse cGMP, nor are regulated by cGMP 

[142]. In humans, 5 PDE8A splice variants, PDE8A1 to -8A5, have been identified. The longest 

form, PDE8A1, contains REC and PAS domains. PDE8A transcripts are expressed in various tissues 

and are abundant in the testis, ovary, small intestine, and colon. Usually, the expression of PDE8A1 

is dominant when compared with other PDE8A variants [142]. In rats, PDE8A expression is high in 

the liver and testis [143]. Moreover, in humans, PDE8B transcripts are predominant in the thyroid 

gland and are low in most brain areas except the cerebellum. However, in rats, the PDE8B 

transcripts are not confined to the thyroid gland, and they are abundant in the brain and are 

detectable in neuronal cells of several brain regions other than the cerebellum [14,143]. 

 The PDE9 specifically hydrolyses cGMP with high affinity (Km = 0.07–0.17 μM) [144]. 

PDE9A is the only gene, however, more than 20 variants have been observed suggesting that this 

gene may have complex expression regulation [82,145]. For a long time, there was no report on the 

regulation of PDE9A activity or the presence of endogenous PDE9A activity in either tissue or cell 

extracts [85]. Although, it is expressed at the mRNA level in confluent cultured rat pulmonary and 

systemic coronary SMC [140]. More recently, results have shown that this PDE may be involved in 

vascular compartmentation [40]. 



 

 

 18 

 Regarding the PDE10 family, they hydrolyse both cAMP and cGMP. This PDE has only a 

single gene, PDE10A, which encodes this PDE10. Two major N-terminal variants, PDE10A1 and 

PDE10A2 and several minor variants have been identified in humans [146,147]. A PKA 

phosphorylation site in PDE10A2 is the most striking difference between PDE10A2 and PDE10A1. 

In most human tissues, PDE10A2 expression is higher than that of PDE10A1. The PDE10A GAF-B 

domain is the only one modulated by cAMP [148]. Moreover, some studies performed in SMC of 

the pulmonary artery showed the PDE10A expression (layers and cells in contractile phenotype). In 

addition, the same authors suggested that this PDE has a central function in progressive pulmonary 

vascular remodelling and suggested the use of an inhibitor of PDE10A as a novel therapeutic 

approach to PAH treatment [40,87,149]. 

 PDE11 is the latest isoform of the phosphodiesterase family to be identified. Recently, the 

interest in PDE11 has increased because tadalafil, an oral phosphodiesterase 5 inhibitor, cross-

reacts with PDE11 [150,151]. However, the function of this PDE remains largely unknown, but some 

studies evidence a possible role in male reproduction [152]. PDE11 has only a single gene, PDE11A, 

with four slicing variants PDE11A1, PDE11A2, PDE11A3, and PDE11A4 that encodes the longest 

protein including two GAF domains and two N-terminal phosphorylation sites for PKA and PKG 

[153]. This appears to be the case in all mammalian species studied (human, rat, and mouse) 

[85,150,154]. PDE11A acts in both cAMP and cGMP, this is, PDE is capable of degrading both 

substrates with similar affinities (Km). Initial studies found evidence for PDE11 expression in 

skeletal muscle, prostate, testis, and salivary glands [150,154,155]. However, the tissue distribution 

of PDE11A remains a topic of active study and some controversy [156], since the interpretation of 

these studies is rendered difficult because of differences in the species (human, rat or mice) and 

isoforms (PDE11A1, PDE11A2, PDE11A3 or PDE11A4) studied. So, there are studies that have 

supported, and some contradicted these findings, making PDE11 expression and function known 

[85,150,154]. 

Table 1.1. Cyclic nucleotide phosphodiesterase isozyme families: characteristics and tissue 

distribution. 
 

PDE family 
(no. of genes) Substrate Specificities 

Primary Tissue 
Expression 

PDE1 (3) cAMP/ cGMP Ca/CaM stimulated Heart, brain, lung, smooth 
muscle 

PDE2 (2) cAMP/ cGMP cGMP-stimulated Adrenal gland, heart, lung, 
liver, platelets 

PDE3 (1) cAMP/ cGMP 
cGMP-inhibited, cAMP-

selective 

Heart, lung, liver, platelets, 
adipose tissue, immunocytes, 

smooth muscle 

PDE4 (4) cAMP 
cAMP-specific, cGMP-

insensitive 

Sertoli cells, kidney, brain, 
liver, lung, immunocytes, 

smooth muscle 

PDE5 (1) cGMP cGMP-specific 

Smooth muscle, platelets, 
Purkinje cells, gastrointestinal 

epithelium, pulmonary 
endothelium, smooth muscle 
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Table 1.1. Cyclic nucleotide phosphodiesterase isozyme families: characteristics and tissue 

distribution (continued). 

 

PDE family 
(no. of genes) 

Substrate Specificities Primary Tissue 
Expression 

PDE6 (3) cGMP 
cGMP-specific, transducin 

activated 
Retinal photoreceptors 

PDE7 (2) cAMP 

cAMP-specific, 
high-affinity, rolipram-

insensitive 

Skeletal muscle, heart, 
kidney, brain, pancreas, T 

lymphocytes 

PDE8 (2) cAMP 

cAMP-selective, 
IBMX insensitive, rolipram-

insensitive 

Testes, eye, liver, skeletal 
muscle, heart, kidney, ovary, 

brain, T lymphocytes 

PDE9 (1) cGMP 
cAMP-selective, 

IBMX insensitive Kidney, liver, lung, brain 

PDE10 (1) cAMP/ cGMP 
cGMP-sensitive, 
cAMP-selective Testes, brain 

PDE11 (1) cAMP/ cGMP 
cGMP-sensitive, 
dual specificity 

Skeletal muscle, prostate, 
testes, corpus cavernosum, 

heart 

 

 

1.2.4. Compartmentation of vascular smooth muscle cells 

 The accuracy of a variety of cellular responses depends upon how an extracellular action 

mobilizes a correct orchestra of cellular messengers and effector proteins spatially and temporally. 

This concept, named compartmentalization of cellular signalling, is now known to form the 

molecular basis of various characteristics of cellular behaviour in health and disease. Cyclic 

nucleotide signalling compartmentation requires multiple receptor stimuli leading to several 

intracellular effects caused by producing just a few second messengers of cAMP and cGMP. These 

cyclic nucleotides are ubiquitous cellular messengers that can be compartmentalized in three ways: 

(I) by their physical containment; (II) by the formation of multiple protein signalling complexes; 

(III) by their selective depletion. Thus, compartmentation involves the mechanisms by which 

multiple spatially segregated cAMP/PKA and cGMP/PKG signalling pathways exert differently, or 

even opposite, functional effects on distinct subcellular microdomains of the same cell 

[40,83,157,158]. The compartmentation of cyclic nucleotide signalling is a fundamental response 

among all cell types. In order to understand how vascular cyclic nucleotide signalling becomes 

important to cellular behaviour, it is crucial to know how it is executed in cells to regulate 

physiological responses and, also, how its execution or dysregulation can lead to a 

pathophysiological condition [40,83,157-159].   

Several years ago, it was demonstrated that PDE, the enzymes degrading cyclic nucleotides, 

participate in its compartmentalization [86,96,158-163]. PDE control the compartmentation of the 

cyclic nucleotides by their local hydrolytic degradation and also by creating different concentrations 

of cAMP and/or cGMP within a defined microenvironment (colocalized) [20,86,159]. Moreover, 
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other proteins appear to be involved in cyclic nucleotide compartmentation, such as GPCR [164], 

AC and GC [71,165], scaffold proteins (AKAP and Caveolin-3) [92,166-168] and, physical barriers 

formed by nucleus, sarcoplasmic reticulum and mitochondria [169]. Furthermore, there is 

multidrug resistance-associated protein 4 (MRP4), which is a transmembrane protein involved in 

the active transport of substrates out of cells, which pumps cyclic nucleotides and controls multiple 

cardiovascular processes, such as the endothelial barrier function, the proliferation and 

vasodilation of VSMC [170]. The MRP4 acts as a regulator of SMC proliferation in vascular smooth 

muscle [171]. In human coronary artery SMC, these energy-dependent efflux pumps are modulators 

of signal transduction mediated by cAMP and cGMP. The MRP4 inhibition changed the 

intracellular content of cyclic nucleotides and markedly enhanced their antiproliferative effect 

[172,173]. It is known that PDE activity does not influence the effects caused by MRP4 inhibition, 

but it is unclear how the MRP4 inhibition modulates the PDE expression and/or activity. In 

addition, the inhibition of MRP4 alone seems to be sufficient to modulate intracellular levels of 

cAMP and cGMP and signal transduction [171-173]. Thus, MRP4 may be an alternative or 

complement to PDE, ensuring intracellular cyclic nucleotide homeostasis. The inhibition of MRP4 

may have therapeutic implications in vasculoproliferative disorders and protect from pulmonary 

hypertension [170,173]. Nevertheless, in VSMC the MRP4 role in the cyclic nucleotides’ 

compartmentation is still uncertain. 

Over the years, a large number of research is done on cAMP and cGMP signalling. Thus, the 

development of techniques to measure the concentrations and study the compartmentation of these 

cyclic nucleotides in living cells and tissues has become essential. Up to now, several techniques to 

study the compartmentation of cAMP and cGMP have been developed and applied in numerous 

studies [83,174,175]. Traditional biochemical methods such as enzyme-linked immunoassays 

(ELISA), radioimmunoassay [176], and immunohistochemistry [177], and electrophysiological 

approaches (patch-clamp technique) [158,178] are quite sensitive and specific methods to analyse 

cyclic nucleotide compartmentation. However, these methods represent the cell-destructive type of 

assays that can only measure total cAMP and cGMP levels with a low spatial resolution instead of 

physiologically relevant free cAMP and cGMP localized in subcellular microdomains [179]. 

Consequently, the development of innovative techniques, such as fluorescent energy transfer 

resonance (FRET) [180-182], cell transfection with CNG channels [158,178,183], the development 

of genetically encoded fluorescent biosensors for cGMP and even the combination of FRET and 

SICM (scanning ion conductance microscopy) techniques [179,184,185], have enabled studies of 

cyclic nucleotide dynamics and compartmentation in living cells with high temporal and spatial 

resolution in real time.  

1.2.4.1. Compartmentalized cAMP signalling  

The compartmentation of cAMP is related to the formation of specific subcellular 

compartments (pools) of cAMP signalosomes (Figure 1.7). These signalosomes are large 

supramolecular protein complexes that undergo clustering and they are key regulators in cAMP 

signalling, in particular: (I) a cAMP effector, principally PKA, (II) PDE, enzymes responsible for the 
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degradation of cAMP, (III) scaffold proteins, specifically, AKAP responsible for anchoring the 

whole complex to a specific subcellular location, and (IV) GPCR linked to stimulatory G (Gs) 

proteins, mainly β-AR (β-adrenergic receptors) situated in several membrane structures, which 

interact with distinct scaffolds and subsets of PDE [186-189]. In this context, compartmentalized 

signalling is a result of the ability that GPCR gives rise to spatially different pools of cAMP and 

consequently, these pools activate defined subsets of localized PKA (which are linked to anchoring 

proteins, AKAP) [174]. The AKAP-mediated signalling organizes within the same macromolecular 

complex several molecules (GPCR, AC, PDE, PKA and its targets, and phosphatases). This way, it 

ensures the selective phosphorylation and very strict local regulation of the duration of the cAMP 

signals [190-192].  

In the literature, more than 50 genes encoding distinct AKAP have been found in the arterial 

SMC system with the most important being an AKAP that anchors PKA to L-type voltage-gated 

calcium channels (L-type VGCCs) at the membrane regulating vascular function [190,193]. More 

recently, Nystoriak et al. showed that AKAP5, (named AKAP150 in rodents and AKAP79 in 

humans) is anchored to PKA phosphorylates 1C in Ser1928 of L-Type VGCCs, leading to 

vasoconstriction in diabetes and response to the raised concentration of extracellular glucose [194]. 

Furthermore, AKAP5 is essential for the myogenic tone regulation and Ca2+ sparklets, blood 

pressure, and the development of hypertension provoked by Ang II [195].  

In compartmentalized cAMP signalling, the PDE also have an essential function since they 

are the only way in which cAMP can be degraded in the cell [196-198]. PDE establish boundaries to 

cAMP diffusion and generates cAMP pools that are confined within subcellular compartments. 

Thus, the localization of specific subcellular PDE is essential for the local regulation of the 

magnitude, duration, and specificity of cAMP signalling. PDE4 is the one that stands out the most 

in compartmentation of cAMP [189,199,200]. Richter et al. also showed that distinct isoforms of 

this PDE4 are related to specific positions of β-AR (1 and 2), encouraging not only the 

compartmentation of cAMP but the presence of other functional effects induced by β-AR isoforms 

[189,201]. Concerning the pathway of AR/cAMP/PDE signalling, in a study performed with 

RASMC, it was also observed that cell confluency has a vital modulatory role [94]. The study 

performed by Belacel-Ouari et al. proposes that low cell density is related to loss of β1-AR 

membrane expression, less cAMP/PDE activity, and a baseline increase in intracellular cAMP level 

[94]. However, Dunkerley et al. detected no changes in the expression of PDE4 between the two 

SMC phenotypes (contractile and synthetic) [112]. Though, decreases in PDE3A activity and 

increased expression of PDE1C were related to a synthetic SMC phenotype [202]. Moreover, in 

RASMC, Zhang et al. showed that PDE1 has a small function in controlling cAMP pools. 

Nevertheless, it was observed that the function of PDE1 is increased under high intracellular Ca2+ 

concentrations ([Ca2+]i), since in the presence of Ang II they obtained a growth in the PDE1 activity 

in cAMP signals induced by the stimulation of β-AR  [40]. In cultured RASMC, it was possible to 

demonstrated that Ang II (vasoconstrictive agent) induced the increase [Ca2+]i, allowing for PDE1 

stimulation [203]. Although compartmentation of cAMP signalling is currently accepted, and the 

local subcellular organization and regulation of individual signalosomes are known, the role of PKA 

activation in compartmentalized cAMP remains to be explained. Under normal conditions, 
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localized PDE holds cAMP levels below their activation limits leading to the inactivation of PKA. 

When there is hormonal stimulation, the AMP production increases so much that it exceeds the 

ratio of degradation by PDE, which is present adjacent to PKA in the nanodomain, thus leading to a 

transient activation of PKA. PKA degradation of PDE stimulates the hydrolytic activity of cAMP, 

which leads to a return to baseline levels of cAMP [204]. So, when the PDE locally degrades cAMP 

establishes if the PKA present in a specific multiprotein complex is activated or inactivated and, 

consequently, determines which signalosome is implicated in signalling [86,197]. However, the way 

PDE can maintain the levels of cAMP below the PKA activation threshold considering specific 

parameters such as their Km and Vmax and the PKA activation constant determined in vitro at 

baseline concentrations it is uncertain. In the same way, it is questionable how PDE control the 

cAMP signalling compartmentation in situation of hormonal stimulation when concentrations of 

cAMP increases greatly [205]. In this sense, Koschinski et al. showed that the threshold for PKA 

activation in intact cells needs higher cAMP levels when compared to in vitro [204]. These authors 

demonstrated how PDE can maintain the concentrations of cAMP below the threshold for 

activation of PKA even at basal cAMP levels and promote the cAMP response compartmentation to 

hormonal stimulation when cAMP levels significantly increase [204]. Lastly, the different 

subcellular localization of PKA holoenzymes, mainly PKA regulatory subunits, seems to have an 

important function in the compartmentation of cAMP. Briefly, when the two catalytic subunits are 

released from the PKA holoenzyme, PKA-RI can become mainly cytosolic, and the PKA-RII can 

relate to particulate fraction [186]. Thus, it seems that depending on the ligand to which the PKA 

holoenzymes are bound to, it may be that the catalytic subunits are unable to diffuse within the cell 

but become constrained by spatial boundaries that cause the activation of local PKA substrates. 

Though, the catalytically active PKA holoenzymes can remain intact within the cytoplasm, 

indicating that the cAMP compartmentation is poorly understood [189,206].  

In summary, all studies show the existence of subcellular cyclic nucleotide compartments in 

VSMC, demonstrating that PDE have a vital role in the compartmentation of cAMP, mostly the 

PDE4. Compartmentalized cAMP signalling needs coupling specific AC to GPCR isoforms that 

synthesize cAMP at different domains in the cell and bind to other effectors that together form 

signalosomes. AKAP are also involved in compartmentation of cAMP since they interact with 

proteins, such as GPCR, AC, PKA, PDE [40,157,175,188,199,207]. 
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Figure 1.7. Schematic illustration of compartmentation of cAMP signalling in VSMC in a synthetic 

phenotype.  Cyclic adenosine 3’, 5’-monophosphate (cAMP) is produced from ATP by adenylyl cyclase (AC) 

upon activation of Gs-protein coupled receptors. The local concentration and distribution of cAMP gradients is 

controlled by phosphodiesterases (PDE) mainly PDE1 which generate localized pools of cAMP throughout the 

cell. Adapted from [14]. 

 

1.2.4.2. Compartmentalized cGMP signalling 

 cGMP signalling is involved in several cellular processes such as cell proliferation, 

differentiation, and contractility of vascular SMC [40,83]. In this sense, it is important to know the 

compartmentation of cGMP in VSM. One of the first indications of cGMP compartmentation was 

observed in the early 1990s in frog ventricular myocytes when cGMP from NO was found to be in 

both the soluble and the particulate fraction, while cGMP from the pGC was present only in the 

particulate fraction [208]. The data support the hypothesis that increase in cGMP induced by NP 

and NO donors can occur in different subcellular compartments [83,158,160,209]. Piggott et al. 

showed the cGMP compartmentation at the vascular level, and that PDE is not the only one 

involved in this phenomenon, demonstrating that actions of ANP and NO are also responsible for 

the functional compartmentation of cGMP signals. These authors observed that the relative 

increase in cGMP with NO-sGC stimulation is bigger than with NP-pGC [210]. In 2007, Cawley et 

al. using rat aorta SMC showed that NO donors caused transient increases in the concentration of 

GMP, and these results depend on the activity of sGC and PDE5 [211]. Nausch et al. performed 

studies using the cGMP-biosensor FincGs and showed the existence of subcellular cGMP 

compartments in rat aorta SMC, suggesting that the effects of NP and NO donors are differentially 

regulated by PDE5 [212].  

 As mentioned in section 1.2.3 (Phosphodiesterases), PDE3 hydrolyses both cAMP and cGMP. 

Nevertheless, the affinity is higher for cGMP hydrolysis, allowing that cGMP to act as a competitive 

inhibitor of cAMP hydrolysis [82]. In contrast, PDE5 is highly specific for cGMP [95,96]. 

Furthermore, Cairrao et al. performed studies with human umbilical artery smooth muscle cells 
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(HUASMC) using a whole-cell configuration of the patch-clamp technique and observed that ANP 

and testosterone stimulate potassium (K+) current (IK). This effect involves the large-conductance 

Ca2+-activated K+ channels (BKCa) and voltage-gated K+ channels (KV) activation through increasing 

cGMP levels and PKG activation. On the other hand, this study also demonstrated that activation of 

sGC with NO does not cause a stimulation of the IK current, suggesting the existence of subcellular 

cGMP compartmentation in HUASMC [213]. Later, the same research group using CNG channels 

as cGMP biosensors demonstrated for the first time that cGMP is compartmentalized in human 

vascular muscle, and this compartmentation of cGMP is controlled by PDE3 and PDE5 [158]. 

Briefly, these data show differences in the spatiotemporal distribution of intracellular cGMP which 

depends on the activation of two cyclases (sGC and pGC) differently localized: 1) when pGC is 

activated by ANP, cGMP rises near the membrane; 2) when sGC is activated by NO donors (SNP), 

cGMP increases in the cytosol and also near the membrane. These suggest that when a cyclase is 

activated, besides its hydrosolubility, intracellular cGMP is not uniformly distributed within the cell 

and it is probably clustered in specific sites and found that PDE play a key role in this 

compartmentalization, because different PDE subtypes (PDE3 and PDE5) regulate particulate and 

cytosolic cGMP pools. In addition, PDE5 appears to control the particulate but not the soluble pool 

and the soluble cGMP pool is under the exclusive control of PDE3 [158].  

In 2017, others research groups studied cGMP compartmentation in the vascular cells 

[40,214]. The results of Wilson et al. corroborate those observed by Feiteiro et al., who 

demonstrated that the cGMP compartmentation was due to PDE5 and PDE3 [158,214]. In addition, 

this study also showed the existence of distinct pools of PDE5A in HUASMC that are believed to be 

able to control different events dependent on cGMP. Specifically, these authors observed that 

PDE5A is associated with an inositol-1,4,5-triphosfate (IP3) receptor complex that controls Ca2+ 

transients and that, in the cytosol, PDE5A can regulate cGMP-mediated inhibition of PDE3A [214]. 

In contrast, Liang Zhang et al. showed the cGMP compartmentation in cultured RASMC using the 

FRET-based cGMP sensor cGi-500 and they studied the short-and long-term modulation of the 

cGMP/PDE pathway in controlling vascular cell proliferation [40]. Pertaining to the short-term 

experiments, the basal activity of PDE1 did not influence on the intracellular concentration of 

cAMP but selectively controlled the intracellular concentration of cGMP produced by CNP. Ang II 

activates the PDE1 becoming active in the β-adrenoceptor-dependent cAMP pool and the NO-

dependent cGMP pool. As a result, the PDE5 controls the cGMP levels independently of the 

activated GC isoform. Moreover, the authors demonstrate that the PDE9 has a key role at the 

vascular level and regulates the cGMP pool induced by NO. The long-term experiments show that: 

(I) the inhibition of PDE1 and PDE9 causes little but significant reductions in the proliferative 

effect of fetal bovine serum (FBS) in the absence of exogenous cGMP manipulation and (II) PDE5 

controls the proliferation stimulated by FBS after cGMP stimuli. Hence, in VSMC the authors 

demonstrate that the cGMP pools from different origins differentially regulate cell proliferation 

[40].  

In summary, all studies show the existence of subcellular cyclic nucleotide compartments in 

VSMC, thus demonstrating that PDE have a vital role in the compartmentation of cGMP, mainly 

the PDE1, PDE3, PDE5 and PDE9 [14,40,215]. In VSMC, the compartmentation cGMP signalling 
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appears to exist within two different compartments, one next to the membrane (pGC/cGMP 

controlled by PDE5 and PDE3) and the other in the inner of the cell (sGC/cGMP mainly controlled 

by PDE3) [158]. Moreover, cGMP compartmentalization may be regulated by the spatial location of 

PKG, PKA, and IP3 receptor complex. However, the role of other proteins such as myosin, NPR1, 

and tropomyosin that can act as PKG scaffolding proteins is not yet fully understood [199]. Figure 

1.8 represents a schematic model of cGMP compartmentation in the vascular smooth muscle cells. 

However, the mechanism that causes the formation of these cGMP compartments in VSMC 

continues to be under intensive investigation. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 
 

Figure 1.8. Schematic illustration of compartmentation of cGMP signalling in VSMC. (A) In a synthetic 

phenotype, activating natriuretic peptude receptors A and B leads to a pool of pGC/cGMP mainly controlled by 

PDE5. Moreover, activation of soluble guanylyl cyclases (sGC) by NO leads to a formation of cGMP in the 

intracelular medium also mainly controlled by PDE5. (B) In a contractile phenotype, activating natriuretic 

peptude receptors A leads a pool of pGC/cGMP controlled by PDE3 and PDE5. Activation of soluble guanylyl 

cyclases (sGC) by NO leads to a formation of cGMP in the intracelular medium also mainly controlled by 

PDE3. Adapted from [14]. 
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1.3. Physiological regulation of vascular smooth muscle 

contractility and relaxation 

 Several extracellular signals, including neural, humoral, ionic, and mechanical forces induce 

contraction or relaxation of vascular smooth muscle (VSM). The main function of VSM is to 

maintain vascular tone by a balance between the cellular signalling pathways that mediate the 

generation of force (vasoconstriction) and the release of force (vasorelaxation), thereby regulating 

blood pressure and flow [2]. The signalling pathways that activate contraction include Ca2+-

dependent myosin light chain phosphorylation, whereas the signalling events that mediate 

relaxation include the removal of a contractile agonist (passive relaxation) and activation of cyclic 

nucleotide-dependent signalling pathways in the continued presence of a contractile agonist (active 

relaxation) [1]. 

1.3.1. Contraction of vascular smooth muscle 

 The contractile characteristics and the mechanisms that cause contraction of VSM are 

different from cardiac muscle. The contractions of VSM are slow, sustained and tonic while cardiac 

muscle contractions are rapid and short duration. VSM does not have the regulatory protein 

troponin (as it is found in the heart) but it contains actin and myosin [216,217]. Moreover, the 

organisation of actin and myosin in VSM is not arranged into distinct bands as it occurs in cardiac 

muscle. The VSM contractile proteins are highly organized and well-suited for their function in 

maintaining tonic contractions and reducing lumen diameter. VSMC contractile state is regulated 

by the autonomic nervous system, the hormonal system and local mediators of paracrine action. 

The contraction of VSMC can be initiated by mechanical, electrical, and chemical stimuli [1,218]. 

Myogenic response of VSM is related to the passive stretching of VSM that induces a contraction 

which is originated from the smooth muscle itself. The contraction induced by electrical 

depolarization of the VSM cell membrane involves the opening voltage-dependent calcium 

channels (L-type calcium channels), which causes an increase in the [Ca2+]i [217,219-221]. Finally, 

several chemical stimuli (vasoactive substances, vasoconstrictors) such as histamine (His), 

serotonin (5-HT), norepinephrine, angiotensin II, vasopressin, endothelin-1, and thromboxane A2 

can cause contraction. Each of these substances binds to specific receptors on the VSMC (or to 

receptors on the endothelium adjacent to the VSM), which then leads to VSM contraction. The 

mechanism of contraction involves different signal transduction pathways [1,218].  

1.3.1.1. Calcium-dependent pathway 

 VSMC contraction occurs via two interlinked pathways (calcium-dependent and -

independent pathways) that contribute synergistically to the contractile properties of VSMC (Figure 

1.9). Sidney Ringer, in 1882, was the first to recognize the relevance of calcium ion (Ca2+). Sidney 

Ringer et al. discovered the necessity of Ca2+ for heart contraction and described its role during 

development of fertilized eggs and cell adhesion. These experiments showed, for the first time, the 
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role of Ca2+ in cell physiology [222-226]. This ion is the fifth most abundant element in the Earth's 

crust, and it is one of the most abundant ions in the human body. As an essential signalling 

molecule in cells, Ca2+ participates in regulating numerous important physiological activities in the 

human body, including the nervous system excitability, the contraction of muscles, the intestinal 

microbial activity, the activity of enzymes, and the biological clock [227-229]. The main factors that 

regulate Ca2+ signalling are the: cell type, cellular environment, stage of development, and cellular 

pathological changes. Under resting conditions, the concentration of Ca2+ in the cytoplasm and the 

extracellular medium is approximately 10-7 and 10-3 M, respectively [221]. The concentration of Ca2+ 

inside the cell is simultaneously regulated by multiple processes which can be divided into 

mechanisms that control its increase or mechanisms that control its decrease [11].  

 The calcium-dependent pathway is associated with increasing cytoplasmic calcium levels to 

induce phasic contraction. Increased intracellular Ca2+ can be triggered by mechanical, electrical, 

and chemical stimuli, either by Ca2+ influx from channels located on the plasma membrane or by 

the release of Ca2+ from the sarcoplasmic reticulum (SR) (Figure 1.9) [1,218]. Ca2+ entry from the 

extracellular space usually occurs via voltage gated calcium channels (VGCC) or non-selective 

cation channels. Among VSMC, the subtype of L-type, P/Q-type, and T-type VGCC are found, which 

are activated via plasma membrane depolarization [230,231]. Furthermore, non-selective cation 

channels, found to be mainly members of the transient receptor potential (TRP) ion channels, 

allowing for Na+ and Ca2+ influx upon receptor occupancy or capacitive Ca2+ entry [1,231]. The 

release of Ca2+ from the SR is primarily mediated by the activation of GPCRs (i.e., the Angiotensin 

II type 1 (AT1) receptors) coupled to the Gq [232,233]. The Gq protein, when in its GTP-bound 

state, induces activation of phospholipase C that hydrolyses phosphatidylinositol 4,5-bisphosphate 

(PIP2) into IP3 and diacylglycerol [234]. In turn, IP3 binds to the IP3 receptors present on the 

sarcolemma, which causes the opening of the calcium channels and consequent depletion of 

calcium intracellular store [1,231,235].  

 As already mentioned, instead of tropine, the smooth muscle has a high expression of CaM, 

another regulatory protein [236]. After an increase of cytoplasmic Ca2+ concentration has been 

established, CaM becomes bound by Ca2+ ions, causing a conformational change [236]. The 

resulting Ca2+-calmodulin (Ca/CaM) complex interacts with and activates myosin light chain kinase 

(MLCK) [236]. Then, MLCK phosphorylates MLC-20 (also known as the myosin regulatory light 

chains) on the serine-19 and threonine-18 residues. The phosphorylation of serine-19 causes a 

resulting increase in the activity of the Mg2+-ATPase and this effect is further enhanced by the 

phosphorylation of the threonine-18 residue [218,236]. This leads to the cross-bridge cycling to be 

initiated and the myosin head can actively pull on the thin filament of the actin to induce 

contraction of the smooth muscle [1,230]. 

1.3.1.2. Calcium-independent pathway 

 The MLC-20 light chain remains phosphorylated at a low level in the absence of external 

contractile stimuli, which leads to a slower tonic form of contraction that regulates the vascular 

tone. A calcium-independent pathway that involves Rho/Rho-associated protein kinase (ROCK) 
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signalling regulates VSMC tonic contractions (Figure 1.9) [230,237]. This pathway is involved in 

SMC contraction and cell migration, proliferation, and apoptosis. RhoA, part of the Ras superfamily 

(Ras homolog family member A) is a GTPase that can act as a molecular switch between a 

GTP/GDP-bound state [238,239]. Under resting conditions, the Rho GDP-dissociation inhibitor 

targets GDP-Rho for binding, as a means to localise the GTPase from the membrane to the cytosol. 

Though, the activation of GPCR receptors, in specific Gα12/13 subtypes, can catalyse GTP for GDP 

exchange in RhoA by binding to p115 Rho GTPase guanine nucleotide exchange factors [1,230]. One 

of the target proteins activated by RhoA is Rho-associated protein kinase (ROCK). This kinase 

belongs to the A, G and C (PKA/PKG/PKC) family of serine-threonine specific protein kinases. Two 

isoforms ROCK 1 and 2 are expressed in VSMC, and its structure is composed of an N-terminal 

kinase domain, a central coiled-coil domain and a C-terminal pleckstrin (PLEK) homology domain 

that associates with the Rho GTPase [240,241].  

In VSMC, ROCK has several effects and affects actomyosin activity by two main pathways. 

Firstly, ROCK prevents actin filament depolymerisation through the active regulation of the 

cytoskeletal organisation. Secondly, ROCK inhibits MLCP., which is structurally composed of three 

subunits: a 37 kDa catalytic subunit; a variable subunit and a myosin-binding subunit [241-243]. 

The myosin-binding site is the key for MLCP regulation, and this protein is phosphorylated, 

specifically at residues: threonine-695/697 (major site); serine-849/854 and threonine-850/855 

[244,245]. Phosphorylation prevents MLCP from regulating the MLC phosphorylation state and 

increases the basal phosphorylated MLC level, which leads to stimulation of VSMC contraction and 

increased vascular tone [1,243].  

 

 

 

 

 

 

 

 

 

 

 

Figure 1.9. Schematic representation of calcium dependent and independent regulation of VSMC 

contraction. The two pathways work synergistically. Contractile activity in smooth muscle is determined 

primarily by the phosphorylation state of myosin light chain (MLC). Vasoconstrictors (such as norepinephrine, 

serotonin) bind to G protein-coupled receptors (GPCR) activating RhoA (RhoA-GTP) and phospholipase C 

(PLC) leading to lead to inositol 1,4,5 triphosphate (IP3) production. Calcium-dependent contraction: 

IP3 binding to its receptor in the sarcoplasmic reticulum (SR) leads to release of Ca2+, increasing the cytosolic 

Ca2+ and Ca2+ entry from extracellular space via voltage-gated calcium channels (VGCC).  Ca2+/calmodulin 

(Ca/CaM) binds to and activates MLCK, which in turn phosphorylates MLC. Calcium-independent 

contraction: Activated RhoA binds to and activates ROCK, leading to phosphorylation and inhibition of 

MLCP, inhibiting MLC dephosphorylation. 
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1.3.2. Relaxation of vascular smooth muscle 

 Smooth muscle relaxation occurs due to the removal of the contractile stimulus or the direct 

action of a substance that stimulates inhibition of the contractile mechanisms (e.g., the atrial 

natriuretic factor is a vasodilator) [231,246]. Regardless, the mechanism of relaxation involves a 

decreased intracellular Ca2+ levels and increased activity of MLC phosphatase. The mechanisms 

that sequester or remove intracellular Ca2+ and/or increase MLC phosphatase activity may become 

altered, leading to abnormal responsiveness of smooth muscle (Figure 1.10) [218,247,248].  

 A decrease in the intracellular concentration of activator Ca2+ induces SMC relaxation. 

Several mechanisms are implicated in the removal of cytosolic Ca2+ and involve the SR and the 

plasma membrane [231]. In the SR, the uptake of Ca2+ is dependent on ATP hydrolysis. This SR 

Ca2+, Mg-ATPase, when phosphorylated, binds two Ca2+ ions which are then translocated to the 

luminal side of the SR and released. Mg2+ is necessary for the activity of the enzyme; it binds to the 

catalytic site of the ATPase to mediate the reaction [249,250]. The plasma membrane also contains 

Ca2+ and Mg-ATPases, requiring another mechanism for reducing the level of activator Ca2+ in the 

cell. This enzyme is different from the sarcoplasmic reticular protein because it has an 

autoinhibitory domain that can be bound by CaM, inducing the plasma membrane Ca2+ pump 

stimulation. Na+/Ca2+ exchangers (NCX) are also located on the plasma membrane and cause the 

decrease of intracellular Ca2+ [251-253].  

Furthermore, several endogenous and exogenous compounds can also induce SM relaxation. 

Usually, the exogenous compounds reduce smooth muscle tone by several pathways, including 

blocking receptors that, when activated, cause contraction of smooth muscle and inhibit or activate 

enzymes or channels that are involved in contractility. Regarding endogenous compounds, there 

are agonists that activate receptors and generate intracellular messengers (i.e., cyclic nucleotides) 

that stimulate molecular mechanisms inducing arterial relaxation [218,231,254]. The main 

intracellular messengers involved in smooth muscle relaxation are the cyclic nucleotides, cAMP and 

cGMP. Under physiological conditions, the increase in intracellular concentration of cAMP and/or 

cGMP in vascular SMC is considered the main mechanism in the modulation of vasodilation. The 

increase of cGMP is performed through endogenous vasodilators, such as NO and NP, which have 

an especially important function in the control of vascular tone regulation [246,255,256]. In 

relation to the increase of cAMP, it is achieved by activation of GPCR coupled to a Gs protein or by 

inhibition of a receptor coupled to a Gi/o protein. Both cyclic nucleotides may still have their levels 

increased by inhibition of the PDE, which are enzymes that hydrolyse these nucleotides, so when 

these enzymes are activated the cAMP and cGMP levels decreased. This molecular mechanism is 

one of the fundamental areas of pharmacological study in the search for efficient vasodilators for 

use in pathologies such as hypertension [85,231,257]. The increase of cGMP and cAMP levels leads 

to the activation of the PKG and PKA, respectively, which in turn, decreases the intracellular Ca2+ 

concentrations and the sensitization of the myofilaments to Ca2+ in SMC, leading to relaxation. 

Currently, several mechanisms have already been proposed to explain how PKG and PKA induces 

vasodilation [75,248,256,258-261]: 
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1. Activation of Ca2+ uptake by the SERCA activation and by phosphorylation of 

phospholamban (PLB, is a phosphorylatable protein component of smooth muscle SR that 

reversibly inhibits the activity of the SERCA and SR Ca2+ transport). 

2. Increased efflux of Ca2+, through PMCA and NCX exchanger stimulation.  

3. Inhibition of Ca2+ release from SR, through PKG-mediated phosphorylation of IP3 

receptor and/or inhibition of IP3 synthesis. 

4. Hyperpolarization of the smooth muscle cell membrane potential through direct or 

indirect activation of K+ channels (such as Kv, BKCa or MaxiK, ATP-sensitive K+ channels 

(KATP) and inward rectifier K+ channels (Kir)).  

5. Direct inhibition of VGCC, due to its dephosphorylation, through protein phosphatase 2A. 

6. The reduction in the sensitivity of the contractile mechanism by decreasing the Ca2+ 

concentrations sensitivity of MLC20 phosphorylation due to a decrease of the myosin light-

chain kinase activity and/or an increase of the MLCP activity. 

7. Phosphorylation of MLC20, decreasing the affinity for the Ca/CaM complex 

8. The PLC inhibition. 

 Normally, cGMP activates PKG, and cAMP activates PKA, but it can occur "cross-activation”, 

a phenomenon whereby cAMP can activate PKG, and cGMP can activate PKA. Nevertheless, this 

phenomenon seems to have little relevance [248,256].  

Changes in the activity of K+ channels play the most prominent role in regulating the 

membrane potential and hence, vascular tone. Specifically, the activation of K+ channels results in 

plasmalemmal K+ efflux, membrane hyperpolarization, and reduced Ca2+ influx through VGCC, 

leading to vasorelaxation [231,262]. On the other hand, the activity of several types of K+ channels, 

can be changed by different physiological factors, such as intracellular Ca2+, cyclic nucleotides and 

different signal transduction mechanisms. Thus, the activation of K+ channels can also be due to 

some vasoactive substances such as NO, NP and prostacyclins that promote the activation of kinase 

proteins [231,262]. These channels also seem to play a significant role in the variation of vascular 

tone observed in some pathologies, such as hypertension and heart failure [263,264]. 

The membrane potential is determined by membrane permeability to several ions, including 

chlorine ions (Cl-). Cl- channels can also regulate cytosolic Ca2+ levels in vascular SMC. Its 

inhibition causes a membrane hyperpolarization inducing the close of the VGCC and leads to VSMC 

vasorelaxation. However, the role of Cl- channels in modulating membrane potential is low, due to 

the high density of KCa and its high conductance [219,221,264].  



 

 

 31 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Schematic representation of VSMC relaxation. The process of relaxation requires a decreased 

intracellular calcium (Ca2+) concentration and increased myosin light chain (MLC) phosphatase activity. The 

increase of cGMP is performed through endogenous vasodilators, such as nitric oxide (NO) and natriuretic 

peptide (NP). The increase of cAMP is achieved by activation of G protein-coupled receptors (GPCR) coupled 

to a Gs protein and adenylyl cyclase (Ac) activation. The increase of cGMP and cAMP levels activates the 

protein kinase G (PKG) and protein kinase A (PKA), respectively, leading to a decreased inhibition of Ca2+ 

release from the sarcoplasmic reticulum (SR), thus decreasing the intracellular Ca2+ concentrations and the 

sensitization of the myofilaments to Ca2+. Both cyclic nucleotides have their levels increased by inhibition of 

the phosphodiesterases (PDE). During relaxation, voltage gated Ca2+ channels (VGCC) in plasma membrane 

close resulting in a reduced Ca2+ entry into the cell and the potassium (K+) channels are activated. 
 

 

1.4. Human Umbilical Cord  

1.4.1. General characteristics of the human umbilical cord 

 The human umbilical cord (HUC), a vital organ to the growth and well-being of the foetus, 

besides, it is the most important structure of the fetoplacental unit, performing a primary role in 

determining how extrauterine life will begin. HUC is developed from the yolk sac and allantois, 

allowing communication between the developing embryo and the placenta, is 50-60 cm at term 

gestation and it is three blood vessels [265-267]. However, it may be larger or smaller. Too short 

umbilical cords may lead to a premature separation of the placenta from the uterus wall before or 

during delivery, while exceptionally long ones tend to prolapse and curl around the foetus forming 

knots [268,269]. Then, it is crucial to carry out a rigorous monitoring to avoid possible foetal 

hypoxia or anoxia [270]. Moreover, HUC is an extremely useful biological sample as a source of 

VSMC [271]. 

The HUC presents a helical shape (Figure 1.11), due to the typical spiral winding of your 

blood vessels [267,272,273]. These umbilical vessels are structurally and functionally different from 

the main vessels of the human body [272,273], and since the vessels are longer than the cord itself, 
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their twisting or flexing may happen [270,272]. HUC is very flexible and generally presents a 

whitish and shiny appearance, since it is enclosed by a simple epithelium derived from the amnion 

[265,274]. This embryonic attachment is mainly composed of a mucosal connective tissue, called 

Wharton’s jelly, responsible for its gelatinous appearance [275]. The Wharton’s jelly is composed of 

connective tissue cells dispersed in an amorphous surface matrix of glycosaminoglycans 

(hyaluronic acid and chondroitin sulphate) and distinct collagen types, presenting the peculiarity of 

not having vasa vasorum or nervi vasorum. This jelly also contains macrophages, fibroblasts 

dispersed, laminin and a fibrillar collagen network [276-278]. Moreover, this gelatinous substance 

surrounds the umbilical vessels, assuming the protective function and giving them flexibility. Due 

to its fibrous and porous content made from collagen and elastin fibres, the Wharton’s jelly gives a 

certain firmness to the umbilical cord [266,279].  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.11. Representative photograph of the human umbilical cord (HUC). 

 

 Typically, the HUC has two arteries and a single vein, which are surrounded by Wharton’s 

jelly and a single outer cell layer of amnion (Figure 1.11 and 1.12). However, HUC with only one 

artery have been observed and are usually associated with vascular complications for new-borns 

[280-282]. In fetoplacental circulation, the umbilical vein is the largest vessel responsible for 

transporting oxygen-rich blood to the foetus, while umbilical arteries are responsible for 

transporting oxygen-poor blood from the foetus to the placenta [267,274]. Usually, foetal blood 

does not mix with maternal blood, but lesser amounts of fetal blood may enter the maternal 

circulation through small defects that can form in the placental membrane. The HUA and vein have 

a similar structure, but the veins walls are thinner than the arterial walls. In addition, umbilical 

arteries are more easily identifiable, as their calibre is smaller (3 mm, Figure 1.13) in relation to 

veins (6 mm, Figure 1.14) [279,283]. 
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Figure 1.12. Transversal section of HUC. Two human umbilical arteries and one umbilical vein can be 

observed. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

Figure 1.13. Transversal section of HUA with endothelium. 

 

 

 

 

 

 

 

 

 

Figure 1.14. Transversal section of human umbilical vein. 
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1.4.2.  Human Umbilical Artery (HUA) 

 The HUA is involved in fetoplacental circulation, and it is one of the vessels found in the 

human umbilical cord [282]. Through the HUA, this artery is easy to access. At present, the HUA is 

of foremost importance, since it is an exclusive and very useful source for several human vascular 

studies [158,284-286]. Physiologically, the HUA is a medium-calibre muscular artery (1 to 10 mm) 

whose walls are mostly made up of muscle fibres (Figure 1.13). This artery consists of three 

morphologically distinct tunics, which are (from the inside to the outside: the intima, media and 

adventitia) [267,282]. The tunica intima, or endothelium, is formed by a single layer of EC. The 

endothelial layer is a simple layer of endothelium that has no sub-endothelial layers or adjacent 

internal elastic lamina, leaving the endothelium in direct contact with the muscular layer 

[287,288].  Since the HUA does not have an internal elastic membrane, this artery has much less 

elasticity than other arteries. This layer has as main functions the regulation of vascular tone and 

the control of vascular permeability. The endothelium functions as a sensor of hemodynamic 

changes and signals or chemical stimuli from the bloodstream, and then transmits them to VSMC 

[4,274,288]. Regarding the tunica media, it has two layers of smooth muscle cells (an outer and an 

inner layer), fibres and proteoglycans. The outermost media layer is less defined than the 

innermost layer, and has a typical structure characterized by a circular arrangement, conferred by 

the SMC that are disposed of circularly. This layer responsible for arterial contractility leading to 

the physiological closure of the umbilical arteries [265,282,287]. In the innermost middle layer, 

most smooth muscle cells are disposed linearly or longitudinally (in relation to the artery axis) and 

dispersed (disordered) in an amorphous fundamental substance poor in elasticity but high in terms 

of plastic fibres [288]. This plasticity seems to be the mode of cooperation between the two layers, 

where the process of closing the umbilical arteries can be completed: the contraction of the muscle 

cells, arranged circularly, pushes the amorphous substance into the lumen of the artery, occluding 

it. Therefore, this plasticity of the innermost muscle layer seems to be responsible for the 

physiological occlusion of HUA in the postpartum period [282,287]. The major morphological 

difference between the smooth muscle cells of the two layers is that the cells of the outermost layer, 

unlike those of the innermost layer, are extraordinarily rich in myofilaments. These myofilaments 

are fibres that when grouped form the myofibril, which are composed by actin and myosin [12,282        

,288]. Lastly, the tunica adventitia (external tunica) is made up of fibroblasts and collagen and 

elastic fibres. In this tunic, the vasa vasorum, small muscular-type vessels that nourish it, and the 

nervi vasorum, which are nerve terminals, may also be present. The adventitia tunica does not 

have an internal limiting membrane, nor an external limiting membrane, becoming continuous in 

adjacent connective tissue, the Wharton’s jelly [272,282]. 

 HUA is involved in the fetoplacental circulation. Since HUA blood vessels are not innervated, 

the endocrine and paracrine mechanisms, which regulate the contractility phenotype of smooth 

muscle cells in the HUA, are essential for good gas and nutrient exchange between the foetus and 

placenta [12,267,272,282]. Thus, it is important to characterize the mechanisms that regulate 

vascular tone and to determine which factors regulate blood flow in the umbilical circulation [289-

291]. In HUA, the vascular tonus is controlled by vasoactive substances, that can be locally released 
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or present in the circulation, such as prostaglandins, serotonin and histamine, or by substances 

transported by the blood stream and some ions such as Ca2+ and K+ [292-295].  

1.4.3. Clinical and medical applications of human umbilical artery 

smooth muscle cells (HUASMC) 

The HUASMC are isolated from HUC and are the most important structural component of 

this embryonic attachment [271]. HUASMC plays key role in the control of fetoplacental blood flow. 

Even though HUASMC are different from SMC in other systemic arteries, these cells are very 

particularly useful to study cellular mechanisms involved in the HUA tonus regulation. Vascular 

studies performed on HUASMC are crucial for the explanation of several signalling mechanisms 

involved in human vascular tonus control, such as Ca2+ metabolism and different pathways 

involved in modulating vascular reactivity. In addition, HUASMC are considered a useful model to 

study human cardiovascular endocrine disruption [158,284,286,291,296]. 

 Gestational hypertension and pre-eclampsia are two of the main pathologies associated with 

pregnancy, affecting approximately 5-10% of pregnancies [297-301]. Nowadays, hypertensive 

disorders in pregnancy remain an important cause of maternofoetal morbidity and mortality 

worldwide [302,303]. Thus, it is crucial to know the mechanisms involved in the regulation of 

fetoplacental circulation in order to understand these pathologies [2,286,291]. As mentioned 

before, the HUA is devoid of nerve endings, then its regulation is achieved through local mediators 

(such as 5-HT and His) [292]. Some research suggested that receptors of 5-HT may be involved in 

contractile responses in preeclampsia and hypertension in pregnancy [304-306]. The levels of 5-HT 

in the placenta and plasma of women with preeclampsia were shown to be higher than in normal 

pregnant women, proposing the involvement of 5-HT in preeclampsia [305,307]. Additionally, the 

His increase is also involved in the development of hypertensive diseases, leading to an increase in 

the sensitivity/reactivity of the HUA to 5-HT and His, and consequently, to an increase in vascular 

resistance [307-309]. Other contractile agents, such as thromboxane or prostaglandin F2α (PGF2α) 

have also been associated with preeclampsia and gestational hypertension [310-312].  

 Increased HUA contractile activity can lead to decreased maternofoetal blood flow, which is a 

major cause of high intrauterine mortality. On the other hand, endothelial dysfunction may also be 

responsible for this decrease [313,314]. The increased release of vasodilator agents, such as NO has 

been associated with increased vascular resistance in some pathologies, such as preeclampsia and 

intrauterine growth restriction [315-318]. In fact, HUA has a low sensitivity to NO and, when NO 

levels increase, HUA cannot compensate for the pathological increase in vascular tone [317,319]. In 

addition, in pregnant women with preeclampsia and gestational hypertension, the HUA shows 

changes in the composition and metabolism [265,267,270,320]. Junek et al. described an increase 

in thickness of media and intima layers of HUA from hypertensive pregnant women [321]. In 

opposition, in a comparative study between normal pregnant women and those with chronic 

hypertension, it was observed a reduction of the luminal areas and the thickness of the walls of 

arteries and veins from the HUC [322]. Although these divisive studies, both suggested that 
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gestational hypertension is associated with a change in the structure and composition of umbilical 

cord blood vessels [321-324].  

 Ionic channels also play a crucial role in contractile regulation of SMC, and consequently for 

the vascular tonus control. Thus, due to its importance, it is crucial to understand its molecular 

composition, activity and expression. This concern is important when talking about hypertensive 

disorders in pregnancy, since alterations in the expression and function of HUASMC ion channels, 

mainly Ca2+ channels, which have already been described [295,325]. The activity of Ca2+ channels 

has been associated with hypertension and other cardiovascular diseases. Some studies 

demonstrated that VGCC L-type expression increased in hypertensive rats when compared to 

normotensive rats. In addition, the authors showed that this increased VGCC expression was 

related to an increase in Ca2+ currents [325-328]. Furthermore, in animals with hypertension, the 

increase of Ca2+ channels was associated with the number of open functional Ca2+ channels and not 

the possibility that the channel properties are changed is not posed [327,328]. In hypertensive 

VSMC, changes in the properties and functions of K+ channels were also observed [295,329-331]. 

Regarding the Kv, it has been observed that changes in the function of these channels lead to 

vasoconstriction that, through modifications in cellular mechanisms, can lead to hypertension. 

Using the mesenteric arteries of hypertensive animals, studies have demonstrated that the 

expression of α-subunit gene and protein of these channels were increased [331-333]. In addition, 

in hypertensive VSMC, it was found that the Kv currents were smaller than in BKCa [327,332], and 

this decrease in Kv currents was mainly regulated by the intracellular Ca2+ (Cox 2005). 

Electrophysiological studies have shown that this ion may lead to a decrease in the regulation of Kv 

channels during hypertension, since an increase in the protein expression was associated with a 

decrease in their functionality [295,327,332]. The BKCa channels are important in the control of 

vascular tone and blood pressure. These channels mediate membrane hyperpolarization in 

response to elevations of intracellular Ca2+ and thus counteract the contractility of smooth muscle 

[334]. So, the expression of the BKCa channels during hypertension is also increased [329]. Studies 

performed on cerebral arteries of hypertensive rats have shown that there is a decrease in the 

activity of these channels when the expression of BKCa β1-subunit is decreased. Though, changes in 

the α-subunit were not observed. These studies suggest that, although α-subunit can function 

separately, it is the β1-subunit that causes the α-subunit to be more sensitive to intracellular Ca2+ 

[335-337]. A deletion of BKCa β1-subunit leads to a decrease in Ca2+ sensitization, causing the 

channel to stop responding to Ca2+ sparks [337,338]. Consequently, this process induces membrane 

depolarization and an increase in intracellular Ca2+, followed by vasoconstriction and increased 

blood pressure, leading to hypertension [260]. Eichhorn et al. showed an increase in Ca2+ flux and 

BKCa activity in SMC of different hypertensive animals. However, these authors achieved different 

results from other authors as they observed increased expression for both subunits (α and β) of 

BKCa [339]. In addition, the authors observed that inhibition of these channels by specific inhibitors 

caused membrane depolarization and consequent vasoconstriction [339]. On the other hand, it has 

also been suggested that changes in the channel conformation or sensitization to Ca2+ may lead 

them to act as pure KV [260]. Similarly, to Kv, the mechanism responsible for the currents of BKCa 

channels during hypertension also appears to occur as negative feedback: the protein expression of 
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the channels seems to increase in response to an increase in the vascular tonus [219,327]. 

Furthermore, the expression or function of KIR channels is decreased in hypertension [329]. 

Although most studies find that contractile agents (His and 5-HT) and ion channels (Ca2+ 

and K+) are the main key to the development of hypertensive disorders in pregnancy, there are also 

other crucial factors in the progress of these pathologies, such as Mg2+. Mg2+ is also particularly 

important for the HUASMC regulation. Variations in the extracellular Mg2+ levels can influence the 

membrane transport of various ions, such as Ca2+, Na+ and K+, acting as a modulator of SMC 

proliferation and fibrosis, which are characteristics of hypertension [340-342]. On the other hand, 

in preeclampsia, a decrease in the vascular relaxation of HUA smooth muscle, associated with low 

levels of cAMP in HUASMC, was observed. Moreover, a reduced number of β-adrenergic receptors 

was also observed, suggesting that HUA may be less responsive to several drugs, which can be 

responsible, in part, for the development of preeclampsia [343]. Furthermore, sGC protein also 

appears to be involved in preeclampsia and gestational hypertension. This protein may play a 

function in the pathogenesis of hypertension, particularly in the expression of its β2-subunit 

[18,62,344-346]. Ruetten et al. have observed that sGC mRNA levels and protein expression in 

aorta of hypertensive mice are lower when compared to normotensive rats [347]. In addition, both 

α1- and β1-subunit expression were decreased in hypertensive rats, suggesting that the low levels of 

sGC may contribute to the development of hypertension [347,348].  

In HUASMC regulation, ROCK plays an important function. In studies performed in 

hypertensives and normotensive rats, the ROCK inhibitor, Y27, significantly decreased blood 

pressure in hypertensive rats, but in normotensive rats only a small decrease was observed, 

suggesting that Rho/ROCK pathway is involved in the regulation of blood pressure in vivo and, 

therefore, may be a good pharmacological target for the treatment of hypertension [349,350]. 

Other authors also observed that RhoA mRNA is downregulated in total HUA vessels from women 

with preeclampsia when compared to pregnant women without hypertensive diseases [351-353].  

Taken together, this observation suggested that the knowledge of the exact mechanisms that 

regulate the contractile state or vascular tone of HUA is fundamental to detect potential targets for 

the treatment of pathologies during pregnancy, such as preeclampsia and gestational hypertension 

[284,298,355,356]. These pathologies are multifactorial disorders, being a part of the main risk 

factors for cardiovascular complications. In addition, these disorders threaten not only the health of 

the mother but also of the foetus [286,291]. 
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Chapter 2 

 

Introduction- Part B- An overview of the TBBPA 

effect: From environmental to human exposure  
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2. Tetrabromobisphenol A (TBBPA) 

2.1. Physical-chemical properties of TBBPA 

TBBPA (tetrabromobisphenol A or 2,6-Dibromo-4-[2-(3,5-dibromo-4-

hydroxyphenyl)propan-2yl]phenol) (Figure 2.1), as previously described, is one of the most 

prevalent bromo flame retardants (BFRs) in the world. Its main application is in epoxy resin used 

to produce printed circuit boards, in which the bromine content can reach 20 % by weight. About 

90 % is a reactive BFR covalently bound to the polymer structure, therefore TBBPA is less likely to 

be released into the environment than additive BFRs [1-5]. Its structure is due to bromination of 

bisphenol A, with a molecular weight of 543.9 g/mol, and at 20 °C, TBBPA is an off-white 

crystalline powder [2,3,5,6]. TBBPA is considered a lipophilic (log Kow=4.5) compound, with high 

volatility and low solubility in water (0.72 mg/mL). Generally, TBBPA is not found in water 

samples, being measured in the air [1], sediment and soil [7,8]. An important chemical property is 

the aromatic structure of TBBPA containing two phenolic groups with a pka1 and pka2 values of 7.5 

and 8.5, respectively [9], which allows that, in neutral environmental conditions, TBBPA is in the 

dissociation phase. Its chemical properties have an important effect on the distribution and 

behaviour of TBBPA in different environmental and biotic systems [10]. For example, when the pH 

increases the TBBPA solubility increases, this solubility value is higher than in the other BFRs 

namely PBDEs and HBCD [11,12] at neutral pH [13]. Thus, these unique characteristics of TBBPA 

must be considered when studying the effect of these BFRs on the environment, as well as the 

analytical methodology used to measure their levels in several biotic and abiotic samples [14,15]. In 

biological samples, TBBPA has been found in umbilical cord serum, human milk, and egg of birds. 

TBBPA can also be used as a base compound to produce other commercial flame retardants, such 

as Tetrabromobisphenol A dihydroxyethly ether (TBBPA-DHEE), Tetrabromobisphenol A-bis (2,3-

dibromopropyleter) (TBBPA-DBPE) and Tetrabromobisphenol A bis (alkyl ether) (TBBPA-BAE) 

[14]. Regarding to their physical-chemical properties, these derivatives present a molecular weight 

of 632, 624 and 944 g/mol, respectively. The Log Kow value for TBBPA-DHEE is 6.02 ± 0.68, for 

TBBPA-DBPE is 9.99 ± 1.56 and for TBBPA-BAE is 6.24 ± 1.03. These low production volume 

chemicals are highly hydrophobic and have low volatility, hence they have a low long-range 

atmospheric transport [14,16,17]. Nevertheless, these TBBPA derivates can also have adverse effects 

on health since they are biologically active. 

 

 

 

 

 

 



 

 

 66 

 

 

 

 

 
 
 
 

 
 
Figure 2.1. Chemical structure of Tetrabromobisphenol (TBBPA) 

2.2. TBBPA in the environment 

Regarding the environment TBBPA has been detected in water, dust, air, soil and 

consequently in fish and aquatic food [18-32]. Several studies show that China is the country where 

higher levels of TBBPA are detected [33]. For instance, it has detected in soils ranging from 1.64 to 

7758 ng/g dw [18], in office air at 511 pg/m3 and in dust up to 59.140 ng/g dw [21]. In addition, 

TBBPA has been found in food, for example, in aquatic food samples the levels of this compound 

range from 3.05-207.3 ng/g lw, in meat 1.78 ng/g lw, in eggs 3.12 ng/g lw and 5.76 ng/g lw in milk 

[33-35]. These are very perturbing results since, besides being found in the environment, the 

detection in these food samples increases the human exposure to this compound and its adverse 

effects. 

TBBPA is discharged into the aquatic environment through the migration from TBBPA-

based products, and the effluent from wastewater treatment plants and landfill sites [36]. Again, 

most of these studies were carried out in China and the levels of TBBPA detected in waters were 

lower than 10 ng/L except for Yellow River (320 ng/L) [37], Qinghe River (23.9- 224 ng/L) [38] 

and Chaohu Lake (850-4870 ng/L) [39]. TBBPA is detrimental to a variety of aquatic organisms, 

with adverse effects on survival, reproduction, and development at very low concentrations [40]. 

However, the concentrations of TBBPA in the aquatic environment in China were well below the 

thresholds, since in terms of aquatic exposure, the Chinese criterion maximum concentration 

(CMC) is 0.1475 mg/L and criterion continuous concentration (CCC) is 0.0126 mg/L [29]. 

In dust matrices of a typical PCB (printed circuit board) manufacturing plant, in Eastern 

China, Zhou et al. quantified the TBBPA concentration, being 2660 ng/g dw. These values 

indicated that the TBBPA contamination occurred primarily in the form of sedimentary dust rather 

than suspended particular matter in PCB production [41]. The electronic waste recycling is another 

type of TBBPA polluted areas. Wu et al. noted that the average concentration of indoor TBBPA at e-

waste recycling site from Taizhou (3435 ng/g dw) was much higher compared to the outdoor (1998 

ng/g dw) [22]. Other studies showed that the mean concentration of TBBPA near to a garbage 

dumpling site from Wuhan was up to 24.030 ng/g dw, ranging from 17.510-39.620 ng/g dw 

[21,42]. However, the highest TBBPA concentration was 2300 ng/g dw and was observed in dust 

samples from Chinese houses. These results suggested that TBBPA has been identified in 

occupational, household, and environmental dust samples, thus posing a potential risk from oral, 

dermal and inhalation exposures, especially among children via hand-to-mouth contact [43]. 
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When it comes to air samples, there are very few reports on concentrations of TBBPA, as 

expected, since TBBPA has low vapor pressure and high lipophilicity. Ni et al. investigated the 

TBBPA levels in particulate phase of indoor air from Shenzhen, China, while Zhou et al. conducted 

the study at the PCB plant in Eastern China (mentioned above), reporting TBBPA concentrations of 

12.3-1640 pg/m and 6.26-511 pg/m, respectively [21,41]. In addition, in an e-waste recycling site of 

Guiyu, China, extremely high concentrations of TBBPA were found (66.010-95.040 pg/m) [44]. 

Several authors determined that the TBBPA levels in indoor air were significantly higher than those 

in outdoor air, suggesting that the potential emission sources of TBBPA can be from indoor 

electrical and electronic equipment, furnishing materials and textiles [2,28,45-47]. 

The soil would be expected to constitute the major TBBPA contamination site. The high 

levels of TBBPA contamination have been reported in soil around an electronic waste recycling of 

Qingyuan, China [23,48], reaching up to 780 ng/g dw. Furthermore, the concentrations of TBBPA 

in soils changed between different types of land used, for example, dismantling sites, industrial 

areas, residential area and farmland soils. TBBPA was also detected in soils of the Tibetan Plateau 

[23], in industrial soils from Spain [49] and in soils from an e-waste recycling workshop in Vietnam 

[50]. In China, the soil TBBPA concentrations were generally higher than the concentrations found 

in Spain [49] but lower than those of Vietnam [50]. 

According to the data presented above, indoor dust would be the environmental matrix 

where TBBPA accumulates the most. This is a worrying fact, since the human being spends a 

considerably amount of time indoor, being more exposed to TBBPA and increasing the risk of 

adverse health outcomes. 

2.3. Exposure pathways and bioaccumulation of TBBPA 

Several researchers have been studying the main exposure pathways of TBBPA, among which 

are inhalation, ingestion and, in a less extent, dermal contact. Regarding this latter pathway, 

Makinen et al. performed a study to quantify the levels of TBBPA in workers of an electronics 

dismantling facility and a circuit board factory in Finland. They found low levels of TBBPA in patch 

samples attached to workers' clothes (<0.09– 63 ng/cm2) and it was undetectable in handwash 

samples (<2 ng/hands) [51]. A different study, using human skin models in vitro, showed that the 

absorption of TBBPA depends on several factors, including the contact time and the applied dose, 

concluding that the absorption of TBBPA ranged between 5.4-6.8 % of the applied dose [43,52]. 

Corroborating these values, another in vitro study performed by Knudsen and co-workers, 

determined a penetration of TBBPA through skin of 3.5 % in 24h [53-55]. It was also demonstrated 

that, when applied at 2 mg/cm2, the bioavailability of TBBPA was <2 % (in 24 hours, 0.73 % 

penetrated and 0.9 % accumulated in the skin) [56]. In an ex vivo study, the values of relative 

penetration and absorption in human skin were 0.2 % and 53 %, respectively [54]. Even if dermal 

absorption is low, it is important to consider that the half-life of TBBPA in human plasma is 

relatively long (48-72 hours) and that upon absorption TBBPA is rapidly metabolized [57,58]. 

Despite the low levels of penetration and absorption, TBBPA dermal exposure is an important 

exposure pathway, mainly in children due to high levels of household dust and being often on the 
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floor. So, more studies in human skin should be performed to better elucidate this exposure 

pathway.  

Regarding exposure to TBBPA through food ingestion, there are still few studies, however, 

exposure to TBBPA through breastfeeding has been reported. In 2009, Shi and collaborators 

quantified the estimated daily intake (EDI) of TBBPA in Chinese breastfeeding babies, from 1-6 

months old. The results showed an EDI ranging from 2.5–290.5 ng/day, with an average of 39.7 

ng/day [32]. In a different study, the average TBBPA daily intake through breastfeeding was 1 

ng/kg bw for a 1-month-old UK infant [59], ranging from 0.04 to 3.1 ng/kg bw in a USA infant, and, 

more recently, Fujii et al. determined the daily intake in Japanese infants, being 3.4 ng/kg bw [60]. 

Considering that the provisional tolerable daily intake (TDI) is 1 mg/kg bw/day, all these studies 

show that the exposure of infants to TBBPA through breast milk is very low. On the other hand, it 

has been demonstrated a pre-natal exposure to TBBPA, since this compound has been detected in 

umbilical cord from Japanese pregnant women [61]. In a less extent, the exposure though the 

intake of food of animal origin has been less studied and less detected. In mussels, oysters, and 

scallops from Scotland, TBBPA has not been detected [62], nor in several fish and shellfish samples 

from the Netherlands [63]. In a Chinese study, it was reported that meat products are the main 

source of TBBPA, with the average daily intake of TBBPA of diet samples being 256 pg/kg bw for an 

adult [32]. Although TBBPA is not detected in some animal food species or is detected in other 

species at low levels, the studies presented, in addition to being few, have small sample sizes, 

making it difficult to reach a conclusion regarding the exposure of TBBPA by food intake. 

TBBPA metabolism studies in humans showed that, 2-6 hours upon oral ingestion of 0.1 

mg/kg bw of TBBPA, there was a peak concentration of the main compound and its conjugate, 

suffering a decrease to the limit of detection at 8 hours [58]. 

Another route of exposure is inhalation, which can occur by air, dust and diet. In a UK 

population-based study, the average of indoor and outdoor air inhaled from adults and children 

were 6.4 % and 2 % to the daily intake, respectively [28]. The same way, since dust can either be 

inhaled or ingested, these authors determined that the average daily intake of TBBPA ingested was 

34 % for adults and 90 % for children [28]. Later, Batterman et al. quantified the levels of TBBPA 

in air, dust, ventilation system filters and carpets of several buildings in a city of the USA, 

concluding that this compound was only found in 30 % of the buildings tested in a range of 12-86 

pg/m3 [64]. 

Takigami et al. compared the inhaled and the ingested dust in Japanese people. Inhabitants 

of two houses were exposed to different doses of TBBPA, in house 1 the doses were 67 pg/day and 

37 pg/day, for adults and children, respectively, and house 2 were 210 pg/day and 114 pg/day. The 

authors concluded that inhalation of TBBPA, compared to ingestion, has a small contribution to 

overall exposure [47]. However, this study does not present a significant sample, with only 

habitants of two houses being tested. In an adult Chinese population, the inhaled and ingested dust 

from air-conditioner filters was quantified. The results of this study are in accordance with 

Takigami et al., showing a much higher intake of TBBPA from ingested dust, 966 pg/kg bw/day, 

compared to the inhaled, 18 pg/kg bw/day. Besides, the authors also revealed that 29 pg/kg bw/day 

(PM2.5) bound TBBPA can be inhaled deep into the lungs and 15 pg/kg bw/day (PM10) bound 
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TBBPA stays in the upper respiratory system [21]. Occupational exposure of Chinese workers in an 

electronic factory also showed a higher exposure through ingestion (1930 pg/kg bw/day) than 

dermal absorption (431 pg/kg bw/day) or inhalation (96.5 pg/kg bw/day) [41].  

As mentioned, several studies point to a greater exposure to TBBPA by dust ingestion, thus 

many epidemiological research have focused on this pathway. In 2009, Geens et al. determined the 

levels of house and office dust ingested by adults and children in Belgium. The authors found an 

average intake of TBBPA in adults of 0.2 ng/day with a maximum of 34 ng/day, while in children 

the average was 0.5 ng/day with the highest value 138 ng/day [65]. In a Chinese region, samples 

from electronic waste recycling were tested for TBBPA, having much higher concentration in indoor 

dust than outdoor dust, 3435 and 1998 ng/g, dw, respectively [22]. In addition, the authors also 

tested TBBPA levels in adults and children from that region, reporting high concentrations of this 

flame retardant, ranging from 0.04–7.50 ng/kg bw/day for adults and 0.31–58.54 ng/kg bw/day 

for children [22]. In the same way, and having results that corroborate the studies mentioned, 

Wang et al. performed a much broader study, quantifying TBBPA in indoor dust of 12 different 

countries. With an estimated daily intake 10 times higher than in other countries are infants and 

children from Japan, South Korea, and China. Overall, the intake of TBBPA is proportional to age, 

being higher in babies (0.01-3.4 ng/kg bw/day) and children (0.01 to 1.2 ng/kg bw/day) and 

decreasing in adolescents (0.003 to 0.61 ng/kg bw/day) and adults (0.001 to 0.28 ng/kg bw/day) 

[66]. Although it is understandable why children are more susceptible to ingest more TBBPA than 

adults, due to walking on the floor and the hand-to-mouth behaviour, it is a much more worrying 

fact, due to their body weight and weaker defences.  

When it comes to animals, there are still few studies relating the TBBPA and most of them is 

performed in fish. It has been shown that this compound is rapidly accumulated and absorbed in 

several aquatic organisms, including scallop, bluegill sunfish and zebrafish [67-69], with rates of 

bioaccumulation and metabolism of 19.33 % and 8.88 %, respectively [69]. Regarding dermal 

absorption, Yu et al. have focused on the relative absorption of TBBPA. In vivo studies using Wistar 

rats dermally exposed to a maximum of 600 mg/kg for 6 hours/day (90 days), the relative 

absorption was 3-11 % and 3-13 % in male and female rats, respectively. At 24 hours after exposure, 

the relative absorption was 24.7 % for male and 20.1 % for female rats [70-72]. Knudsen and 

colleagues demonstrated a penetration of TBBPA through skin of 1 % with an absorption of 26 %, in 

an in vivo study performed in rats [55]. It has been demonstrated that TBBPA has a low dermal 

bioavailability when compared to other BFRs. Upon exposure (100 nmol/cm2) for 24 h, TBBPA 

bioavailability is around 1-2 %, being <1 % for a 10-fold higher dose [54], while, for bisphenol A 

(nonbrominated TBBPA analogue) is 9 % [73]. 

Dermal and oral exposure of TBBPA have similar disposition and kinetic profiles in rats 

[54,55,73]. In vivo studies performed in rats have shown that upon oral administration TBBPA is 

rapidly absorbed [53,74,75]. After 4-6 hours, TBBPA and its main metabolites (TBBPA-glucuronide 

(TBBPA-GA) and TBBPA-sulfate (TBBPA-S)) levels reach their maximum, being then rapidly 

eliminated [58]. In 2001, Szymanska and collaborators, tested the effects of a single dose of TBBPA 

in male rats. Upon intraperitoneal injection of 250 mg/kg of TBBPA-[14C]-labelled, the authors 

detected a 14C peak in 1 hour, and the highest concentrations were found in fat tissue, liver, sciatic 
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nerve, muscles, and adrenals [76]. Similarly, in 2006, male rats were orally administered a TBBPA 

dose of 300 mg/kg, with the concentration peak of TBBPA (103 mmol/L) and TBBPA-GA (25 

mmol/L) being observed in 3 hours, and TBBPA-S (694 mmol/L) in 6 hours [58]. It has been 

demonstrated that the higher TBBPA dose administered the higher the concentration of TBBPA 

and its metabolites in the liver, plasma, and uterine tissue [77]. A more recent study showed that 

TBBPA administration to pregnant and nursing Wistar rats will affect the foetus and offspring [78]. 

It is now important to discover how will this maternal exposure affect the next generation. As it was 

previously mentioned, the TBBPA main metabolites are TBBPA-GA and TBBPA-S that derive from 

the conjugation of TBBPA with glucuronic acid and with sulfate, by glucuronyl- and 

sulfotransferases in the liver. In addition, TBBPA can suffer a reduction through intestinal 

microflora originating tribromobisphenol A, that can suffer a conjugation with glucuronic acid. 

These metabolites are excreted in the faeces, bile, and in a small part in urine, after TBBPA 

conjugates undergo enterohepatic recirculation. In humans, an effective elimination in the bile will 

originate a decrease in the TBBPA systemic bioavailability [58]. 

Regarding excretion of TBBPA, it has been demonstrated that the main route are the faeces. 

In 2000, Hakk et al. showed that 92 % of total TBBPA administered to male rats were excreted in 

faeces with only 0.3 % in urine (72 hours) [79]. Later, Kuester and collaborators performed a 

similar study in female rats orally exposed to different doses of TBBPA (25, 250, and 1000 mg/kg), 

obtaining an excretion > 90 % in faeces and 2 % in urine at 72 hours [53]. It has also been 

demonstrated a delayed and slower faecal excretion after a single, high dose of TBBPA (1000 

mg/kg) [74]. Overall, from the reports described previously, the most important exposure pathway 

of TBBPA is dust ingestion, however, in children dermal contact should also be considered due to 

high levels of household dust and being often on the floor. Besides, another important feature of 

TBBPA exposure is the age, since the intake of TBBPA has been reported to be higher in babies and 

children than in adolescents and adults, which may be due to walking on the floor and the hand-to-

mouth behaviour. On the other hand, in rats, dermal and oral exposure have similar disposition 

and kinetics, and the administration of TBBPA to pregnant and nursing rats will affect the future 

generation. Despite these studies are pointing in the same direction, with similar conclusions, more 

experiments regarding absorption, metabolism and excretion should be performed, both in humans 

and animals. 

2.4. Toxicity studies in animals 

Several studies about toxicity effects of TBBPA were developed and performed in different 

animals, mainly in rodents. In fish and vertebrates, TBBPA exerts a small acute toxicity. Some 

studies in rats showed that TBBPA has an endocrine activity which can alter thyroid hormone 

levels. In addition to this activity, TBBPA causes neurotoxicity, nephrotoxicity and hepatotoxicity, 

and carcinogenicity studies suggest that TBBPA increases the incidence of uterine tumours in rats. 

Exposure to TBBPA can also cause reproductive, development and neurobehavioral effects. All the 

TBBPA effects in animals described in this review are summarized in table 2.1.  
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Godfrey et al. used zebrafish embryos to study the acute toxicity of TBBPA and observed that 

after 96 hours exposure to TBBPA the lethal concentration (LC50) was 1.3 mg/L [80]. These LC50 

values were similar to those found for fathead minnow Pimephales promelas [81,82] and rainbow 

trout Oncorhynchus mykiss with 96 h LC50 values ranging from of 0.54-1.1 mg/L [82]. 

Wollenberger et al. reported a 48 h LC50 of 0.40 mg/L (0.37–0.43 mg/L) for the copepod Acartia 

tonsa [83]. Other studies in Eisenia fetida and earthworm species Metaphire guillelmi, found that 

the 14-day LC50 for TBBPA was >500 mg/ kg and 39 mg/kg, respectively [84].  

Using rats and mice, Covaci and his co-workers performed oral administration studies and 

demonstrated that TBBPA has a low acute toxicity in these animals, with LD50 > 5 for rats and >4 

g/kg for mice [4,85]. This low toxicity of TBBPA in rodents is consistent with the low availability 

[4], however, studies of oral toxicity in these animals have shown that TBBPA induces changes in 

thyroid hormone. Kitamura et al. performed toxicity studies regarding thyroid hormonal activity of 

TBBPA in rat pituitary cell lines (GH3 cells), isolated from pituitary tumour, and enhanced the 

proliferation of GH3 cells [86]. In addition, TBBPA also increased rat pituitary cell lines (MtT/E-2 

cells) proliferation, and this growth was oestrogen-dependent. So, Kitamura and his co-workers 

suggested that TBBPA acts as thyroid hormone agonist, as well as oestrogen agonist [86]. These 

results are similar to other studies that showed that TBBPA effect is thyroid hormone-like and 

oestrogen receptor mediated [87-91]. Namely, Ghirsari et al. observed that TBBPA potentially 

disrupt the steroid hormone function including thyroid hormone dependent growth of GH3 cells 

[88]. In addition, in vitro studies have shown that TBBPA can inhibit oestradiol sulfation through 

oestrogen sulfotransferase, leading to increased oestradiol bioavailability [87]. On the other hand, 

in Chinese hamster ovary cells and African green monkey kidney cell line CV-1 transiently 

transfected with T3 receptors, TBBPA induces an antagonizing effect of the thyroid, and an 

inhibition of the binding of triiodothyronine (T3) to thyroid hormone receptors [92,93]. 

Furthermore, studies using male Wistar WU rats microsomes demonstrated that TBBPA is a strong 

inhibitor for the binding of T4 to transthyretin and this binding was greater than that of the natural 

ligand T4 [94]. 

Several studies have indicated that TBBPA did not affect the neurological system. Studies 

conducted in neonatal mice exposed to 0.75 or 11.5 mg/kg bw of TBBPA for 10 days, demonstrated 

that this flame retardant did not result in neurobehavioral changes in adult mice, with no effects on 

motor activity, spatial learning and memory [95-97]. However, neurological impairments have 

been observed in animals exposed to TBBPA. In rats exposed to 250 mg/kg/day of TBBPA for 50 

days, there were alterations in the neurobehavior of offspring, with changes in habituation of 

activity, learning and memory [98,99], being consistent with a similar study performed by 

Lilienthal et al. (2008), where the same dose orally administered for 50 days led to impaired 

habituation of activity and spatial learning [97]. In vitro studies, using different neuronal cell 

cultures, have also confirmed the TBBPA neuronal toxicity [33,100,101]. In 2003, Mariussen et. al 

concluded that an exposure of 3 mM of TBBPA led to a reduction of dopamine and GABA uptake in 

brain synaptosomes [102]. In cerebellar granule cells primary neurons, it was demonstrated that 

TBBPA leads to an increase in intracellular [Ca2+] and to cell death, which is reduced by NMDA 

receptors antagonists [103]. Ogunbayo et al. also observed that TBBPA led to cell death through 
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Ca2+ release via RyR in mouse TM4 Sertoli cells [104]. These two studies are in agreement with the 

one performed by Zieminska et al., where the release of intracellular Ca2+ concentrations ([Ca2+]i) 

by RyR and the increase of neurons [Ca2+]i by NMDA receptors are part of the TBBPA mechanism 

in cerebellar granule cells [105]. From these studies reported, it is possible to conclude TBBPA 

leads to intracellular calcium imbalance, which may be part of TBBPA neuronal excitotoxicity 

mechanism.  

Regarding nephrotoxicity and hepatotoxicity of TBBPA, few studies have been published to 

date. Fukuda et al. tested an exposure of 200 and 600 mg/kg of TBBPA in new-born rats, which 

resulted in the formation of polycystic lesions, demonstrating TBBPA nephrotoxicity [106]. In 

contrast, Kang et al. did not demonstrate this toxicity of TBBPA. In this study, Sprague-Dawley rats 

(male) were exposed to different concentrations of TBBPA for 14 days and the nephrotoxic 

potential and its toxicokinetics were evaluated. The results proposed that at high concentrations 

TBBPA may produce transient oxidative stress in kidneys. Still, this response may not be toxic, 

since the half-life of TBBPA is short, it was completely eliminated in faeces and had a low 

distribution in the kidneys [107]. In addition to being contradictory, these studies should not be 

comparable, since they used rats of different ages, which implies a different physiology, and 

consequently TBBPA promotes different responses. So, more studies must be performed to 

understand if TBBPA is nephrotoxic or not. In ICR mice (specific pathogen-free male Crlj:CD1 

mice), a prenatal and postnatal exposure to 1 % TBBPA led to hepatic and kidney lesions, and, upon 

an exposure of 350 and 1400 mg/kg bw for 14 days, there was an increase in the livers’ weight and 

focal necrosis, or slight enlargement of hepatocytes were also observed [108,109]. Using rat 

hepatocytes exposed to 0.25 and 1.0 mM of TBBPA, Nakagawa et al. observed a decrease in 

intracellular ATP, adenine nucleotides, glutathione, and protein thiols [110]. Suh et al., using rat 

pancreatic β-cells (the RIN-m5F cell line), investigated the effects of TBBPA and observed that it 

increased the levels of inflammatory cytokines (Factor de necrose tumoral alfa (TNF-α) and 

interleukin 1 beta (IL-1β)), nitric oxide, intracellular ROS and mitochondrial superoxide. 

Consistently, exposure to TBBPA damages pancreatic β-cells by triggering mitochondrial 

dysfunction and inducing apoptosis [111]. Canesi et al. determined the possible effects and 

mechanisms of TBBPA on the immune cells, and for that the authors used haemocytes of the 

marine mussel Mytilus galloprovincialis [112], and showed that TBBPA, in the low concentrations, 

induced haemocyte lysosomal membrane destabilization. The effect was reduced or prevented by 

haemocyte pre-treatment by specific inhibitors of mitogen-activated protein kinase (MAPK) and 

protein kinase C (PKC), so, these researchers concluded that TBBPA activates the immune function 

by kinase-mediated cell signalling and that common transduction pathways are involved in 

mediating the effects of this BFR in mammalian and aquatic invertebrate cells [112]. Choi et al. 

carried out experiments to analyse the possible involvement of TBBPA in the oxidative stress in 

osteoblastic MC3T3-E1 cells [113]. The authors measured cell viability, apoptosis, ROS, 

mitochondrial superoxide and mitochondrial parameters. The results showed that TBBPA induced 

cardiolipin peroxidation, cytochrome c release and decreased cyclophilin A and B, ATP levels which 

induced apoptosis or necrosis and decreased the differentiation markers, collagen synthesis, 

alkaline phosphatase activity, and calcium deposition in these cells. Therefore, TBBPA inhibits 
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osteoblast function and has effects on osteoblasts through a pathway involving mitochondrial 

dysfunction and oxidative stress [113]. Recently, a study performed by Park et al. in RAW264.7 

mouse macrophage cell line, a well-known in vitro model of osteoclastogenesis [114], showed that 

TBBPA enhanced TRAP (marker enzyme for osteoclasts) activity and osteoclast differentiation. 

This TBBPA pathway might include increased expression of several genes involved in osteoclast 

differentiation and reactive oxygen species production [115].  

In general, it can be said that TBBPA induces chronic toxicity in several animal species, 

including zebrafish, fathead minnow, rainbow trout, copepod, Eisenia fetida, earthworm and 

marine mussel. In rodents, TBBPA has been shown to have low acute toxicity and low availability. 

Being consistent with several reports, TBBPA is suggested to act as thyroid hormone and oestrogen 

agonist. Besides, it was demonstrated that this compound affects the osteoblasts through a pathway 

involving mitochondrial dysfunction and oxidative stress. On the other hand, inconsistent results 

have been shown regarding neuronal toxicity and nephrotoxicity of TBBPA. Some authors point to 

an impaired motor activity, spatial learning, and memory upon exposure to TBBPA, while others 

reported no neurobehavioral changes. The same occurs for the renal system, so new studies, mainly 

in these two systems, are needed to understand if TBBPA has adverse effects.
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Table 2.1. Overview of the tetrabromobisphenol effects in animals. 

Animal Effect References 

Zebrafish embryos 
• Induces toxicity after 96 h of exposure (LC50 = 

1.3 mg/L) 
[80,81] 

fathead minnow Pimephales promelas 
• Induces toxicity after 96 h of exposure (LC50 = 

1.3 mg/L) 
[82] 

Rainbow trout Oncorhynchus mykiss 
• Induces toxicity after 96 h of exposure (LC50 = 

0.54-1.1 mg/L) 
[82] 

Copepod Acartia tonsa 
• Induces toxicity after 48 h of exposure (LC50 

= 0.37-0.43 mg/L) 
[83] 

Eisenia fetida (redworm) 
• Induces toxicity after 14 days of exposure 

(LC50 > 500 mg/L) 
[83] 

Earthworm species Metaphire guillelmi 
• Induces toxicity after 14 days of exposure 

(LC50 > 39 mg/L) 
[84] 

Marine mussel Mytilus galloprovincialis 

• Induces hemocyte lysosomal membrane 

destabilization (low concentrations) 

• Activates immune function by kinase-

mediated cell signaling 

[112] 

Rats 

 

• Induces low toxicity (LD50 > 5 g/kg) [4] 

• Induces neurological and neurobehavior 

impairments (offspring) 

• Changes activity habituation, learning and 

memory 

[97-99] 

Mice • Induces low toxicity (LD50 > 4 g/kg) [4] 

Neonatal mice • No effect in neurobehavioral changes [95-97] 

Newborn rats • Induces nephrotoxicity [106] 
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Table 2.1. Overview of the tetrabromobisphenol effects in animals (continued). 

 

Animal Effect References 

Sprague-Dawley rats (male) • Produces transient oxidative stress in kidneys [107] 

ICR mice model 

• Increases liver weight 

• Increases focal necrosis or light enlargement 

of hepatocytes 

[108-109] 

Rat pituitary cell lines (MtT/E-2 cells) 

• Increases cell proliferation (estrogen-

dependent) 

• Estrogenic activity 

[86] 

Rat pituitary tumor cell line (GH3) 

• Changes thyroid hormone activity 

• Disrupts steroid hormone function 

• Disrupts TH-dependent cell growth 

[88] 

Chinese hamster ovary cells 

• Antagonizes thyroid effect 

• Inhibits T3 binding to thyroid hormone 

receptors 

[92] 

African green monkey kidney cell line 

• Antagonizes thyroid effect 

• Inhibits T3 binding to thyroid hormone 

receptors 

[93] 

Rat cerebellar granule cells (CGC) 

• Increases [Ca2+]i 

• Increases cell death (reduced by NMDA 

receptor antagonists) 

[103,105] 

Mouse Sertoli cells (TM4) 
• Induces cell death (through Ca2+ release via 

ryanodine receptors) 
[104,105] 
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Table 2.1. Overview of the tetrabromobisphenol effects in animals (continued).  
 

Animal Effect References 

Rat pancreatic β-cells (RIN-m5F cell line) 

• Increases inflammatory cytokines (TNF-α and 
IL-1β), nitric oxide, intracellular ROS and 

mitochondrial superoxide levels 

• Damages pancreatic β-cells by triggering 

mitochondrial dysfunction  

• Induces cell apoptosis 

[111] 

   

Mouse osteoblastic cells line (MC3T3-E1 

cells) 

• Induces cardiolipin peroxidation, cytochrome 

c release 

• Decreased ATP, cyclophilin A and B levels  

• Induces cell apoptosis or necrosis  

• Decreases differentiation markers, collagen 

synthesis, alkaline phosphatase activity and 

calcium deposition 

• Inhibits osteoblast function 

[113] 

Mouse macrophage cell line (RAW264.7 cell 

line) 

• Increases TRAP activity and osteoclast 

differentiation 

• Increases expression of several genes involved 

in osteoclast differentiation  

• Increases ROS production  

[115] 

Male Wistar WU rats microsomes • Inhibits T4 binding to transthyretin  [94] 

Rat brain synaptosomes and vesicles 
• Reduces dopamine and GABA uptake in brain 

synaptosomes 
[102] 
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Table 2.1. Overview of the tetrabromobisphenol in animals (continued). 

Animal Effect References 

Rat hepatocytes 
• Decreases intracellular ATP, adenine 

nucleotides, glutathione, and protein thiols 
[110] 
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2.5. Toxicity studies in humans 

When it comes to human health, it is still unclear which potential health impacts of TBBPA 

on the general population. However, toxicological, and human exposure data suggest a relationship 

between TBBPA exposure and human health injure. All the TBBPA effects described below are 

summarized in table 2.2.  

In human airway epithelial cells (A549) Wu et al. observed that TBBPA increased caspase-3 

activities, ROS generation and lipid peroxidation (MDA) content. After TBBPA exposure (0, 10, and 

40 μg/mL) there was a seriously injured mitochondria and a dilated smooth endoplasmic reticulum 

[116]. These effects of TBBPA may contribute to the pathogenesis of several lung diseases. Studies 

in human mesenchymal stem cells (hMSCs) showed that TBBPA, through a peroxisome 

proliferator-activated receptor gamma (PPARγ)-dependent mechanism, increased the number of 

lipid droplets and upregulated the expression of adipocyte-related mRNA, adipocyte-specific 

protein 2 (aP2) and alkaline phosphatase (LPL). With these results the authors concluded that 

TBBPA induced lipogenesis in osteoblast differentiation, which may be dependent on increased 

PPARγ expression [117]. Moreover, in epithelial ovarian cancer cell line (OVCAR-3) TBBPA 

upregulated apelin expression and secretion, which is regulated by the PPARγ [118]. Furthermore, 

the apelin receptor expression level was lower in granulosa tumour cells than in epithelial cancer 

cells, whereas it was the reverse for apelin expression and secretion [118].  

Regarding the immune system, Reistad et al. investigated the effect of TBBPA on the 

formation of ROS and Ca2+ levels in human neutrophil granulocytes. The results showed that this 

compound potently activates the nicotinamide adenine dinucleotide phosphate (NADPH) oxidase 

primarily through elevation of intracellular Ca2+, activation of PKC and MAPK pathway, being 

dependent of TBBPA concentration [119,120]. TBBPA has been shown to alter the tumour killing 

function of NK lymphocytes, and the secretion of the inflammatory cytokines interferon gamma 

(IFNγ) and IL-1β [121-124]. In other study, after exposure of human immune cells (NK, monocyte-

depleted (MD) and peripheral blood mononuclear cells (PBMCs)) to TBBPA there was a decrease in 

the secretion of TNF and interfered with NK cell lytic function by decreasing the ability of NK cells 

to bind to target cells [121,124,125]. In human first trimester extravillous trophoblast cells (HTR-

8/SVneo cells), TBBPA (10 mM) increased the expression of interleukin (IL)-6, IL-8, and 

prostaglandin E2, and the transforming growth factor beta 1 (TGF-β) release was suppressed [126]. 

Koike et al. observed that human bronchial epithelial cells exposure to TBBPA increased the 

expression of ICAM- 1 and IL-6. Consistently, TBBPA can disrupt the expression of 

proinflammatory proteins in bronchial epithelial cells by stimulate epidermal growth factor 

receptor (EGFR) related protein phosphorylation or by disrupt nuclear receptor signalling 

pathways [127].  

Other health effects associated with the exposure to TBBPA include cancer disorders. In 

human hepatocellular liver carcinoma cell line (HepG2), Lyu et al. showed that TBBPA induced 

migration and invasion by affecting the number and distribution of lysosomes in HepG2 cells in a 

dose-dependent manner. Intracellularly, TBBPA decreased protein levels of Beta-Hexosaminidase 
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(HEXB), Cathepsin B (CTSB) and D (CTSD), on other hand it increased the extracellular CTSB and 

CTSD. Thus, the authors concluded that TBBPA exposure could promote the lysosomal exocytosis 

in cancer cells [128]. Moreover, the molecular docking results of this study suggested that TBBPA 

could bind to transient receptor potential mucolipin-1 (TRPML1), and this complex (TBBPA-

TRPML1) regulated the calcium-mediated lysosomal exocytosis, promoting the metastasis in liver 

cancer cells [128]. In oestrogen-dependent human breast cancer cell line MCF-7, Samuelsen et al. 

performed studies that compared the estrogenic potency of TBBPA and other derivates and showed 

that these compounds competed with 17beta-estradiol for binding to the oestrogen receptor. 

However, the binding of these endocrine disruptors to the oestrogen receptor is weaker than that of 

17beta-estradiol [90]. 

Overall, the results from the few studies on human health suggest that TBBPA may 

contribute to the pathogenesis of some lung diseases and to the lipogenesis in osteoblast 

differentiation, through increased PPARγ expression. Likewise in rats, TBBPA also effects the 

osteoblast function, through mitochondrial dysfunction and oxidative stress. Besides, this 

compound may affect the immune system by interfering with the tumour killing function of NK 

lymphocytes, the secretion of the inflammatory cytokines and the ability of NK cells to bind to the 

target. In cancer cell lines, TBBPA can promote lysosomal exocytosis and metastasis in the liver. In 

addition, TBBPA has also been shown to be involved in the binding to oestrogen receptors, which is 

consistent with the effects obtain in rats. However, there are still few studies on this matter, so 

more investigations should be performed to enlighten the potential health impacts of TBBPA on the 

general population health. 
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Table 2.2. Overview of the tetrabromobisphenol effects in humans. 
 

Human cell type Effect References 

Airway epithelial cells (A549) 

• Increases caspase-3 activities 

• Increases ROS generation and MDA content 

• Damages mitochondria 

• Dilates smooth endoplasmic reticulum 

• Induces pathogenesis of several lung diseases 

[116] 

Mesenchymal stem cells (hMSCs) 

• Increases the number of lipid droplets  

• Upregulates expression of adipocyte-related 

mRNA, aP2 and LPL 

• Induces lipogenesis in osteoblast 
differentiation (dependent of increased 

PPARγ expression) 

[117] 

Epithelial ovarian cancer cell line (OVCAR-

3) 
• Upregulates apelin expression and secretion 

(by PPARγ) 
[118] 

Immune cells (NK cells, MD and PBMCs. 

• Changes tumor killing function of NK 

lymphocytes  

• Interferes with NK cell lytic function  

• Decreases the ability of NK cells to bind to 

target cells 

• Changes secretion of the IFNγ and IL-1β  

• Decreases secretion of TNF 

[121,124,125] 
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 Table 2.2. Overview of the tetrabromobisphenol effects in humans (continued). 

 

Human cell type Effect References 

Bronchial epithelial cells 

• Disrupts expression of proinflammatory 

proteins by stimulating EGFR-related protein 

phosphorylation or disrupting nuclear 

receptor signaling pathways 

[127] 

Hepatocellular liver carcinoma cell line 

(HepG2) 

• Induces liver cancer disorders 

• Induces migration and invasion by affecting 

the number and distribution of lysosomes  

• Decreases intracellular levels of Beta-

Hexosaminidase (HEXB), Cathepsin B 

(CTSB) and D (CTSD)  

• Increases extracellular levels of CTSB and 

CTSD 

• Promotes lysosomal exocytosis 

• Binds to transient receptor potential 

mucolipin-1 (TRPML1) 

• TBBPA-TRPML1 complex regulates the 

calcium-mediated lysosomal exocytosis 

• Promotes liver cancer cells metastasis 

[128] 

Breast cancer cell line (MCF-7) 
• Competes with 17beta-estradiol for binding 

to the estrogen receptor 
[90] 

Neutrophil granulocytes 
• Actives NADPH oxidase (by increasing [Ca2+] 

and activating PKC and MAP kinase 

pathway) 

[119,120] 
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3. Global aims  

TBBPA is a brominated phenolic compound that has been used as a flame retardant. It can 

contaminate the environment, thus exposing the human being to it. Over the last years, this 

compound has raised some concerns regarding human health since it can act as an endocrine 

disrupting compounds (EDCs) interfering with hormonal function. Given its wide presence in the 

environment and its potentially adverse effects on human health, several studies propose a 

correlation between TBBPA exposure and adverse health outcomes, such as thyroid, 

neurobehavior, development, oncological, immunological, cardiac, and reproductive disorders. In 

addition, studies showed that TBBPA affects oxidative stress, cell proliferation, and intracellular 

calcium levels. This compound has already been detected in biological samples such as human 

serum, urine, and breast milk, and umbilical cord of Japanese pregnant women. Despite the 

multiple adverse effects of TBBPA, the vascular consequences of TBBPA exposure are still poorly 

understood. In this sense, it is important to analyse how the TBBPA exposure effects the vascular 

tonus and if the endocrine disrupting effects from that exposure can be detected in future 

generations Therefore, in this doctoral project, several approaches were developed and applied to 

lead to a better understanding of the role of TBBPA in vascular homeostasis and to understand the 

mechanistic pathways underlying of TBBPA effects. 

According to other studies, EDCs induce smooth muscle relaxation involving the activation 

of sGC with increases in the cGMP intracellular levels and inactivation of L-Type VGCC. In 

addition, long-term exposure to EDCs showed interference with the NO/sGC/cGMP/PKG pathway. 

Considering these results, the study of the compartmentation of cyclic nucleotides was established 

as an intermediate task. Although this study of the cGMP compartmentation was not initially one of 

the goals set, the results obtained in this intermediate task showed to be promising.  

This doctoral thesis was developed based on one main general objective: to study the effect of 

TBBPA on arterial contractility and analyse the possible mechanisms involved in this effect.  

To reach this main goal, specific aims were defined and performed throughout this project, 

including: 

1. To characterize and to compare in real-time the changes in subsarcolemmal cGMP 

concentration in response to activation of sGC and pGC. For that purpose, the HUASMC 

were infected with adenovirus containing mutants of the rat olfactory cyclic nucleotide–

gated (Ad-CNGA2). The whole cell configuration of patch clamp technique was used to 

measure the cGMP-gated current (ICNG) and the potassium current (IK) in HUASMC. 

(Research Work 1). 

2. To analyse the TBBPA direct effects and the 24 h exposure on the HUA and the HUASMC, 

and to investigate for the first time how the exposure to TBBPA impairs vascular 

homeostasis in HUA. Using these arteries, it was possible to 1) analyse the vascular 

contractility, 2) observe the effects of TBBPA on cGMP signalling pathway, and 3) observe 

the effects of TBBPA on the activity of L-type Ca2+ channels. Using cultured HUASMC it 
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was possible to 1) analyse the HUASMC viability after 24 h exposure to TBBPA and 2) 

analyse mRNA expression levels of Cav1.2, BKCa β1, BKCa 1.1α, Gucciα and PRKG 1α after 24 

h exposure to TBBPA. (Research Work 2). 

3. To evaluate the effects of TBBPA in rat aortic smooth muscle, and to investigate its 

signalling pathway. Ex vivo and in vitro experiments in rat aorta were performed. 

Resorting to these arteries, the vascular contractility was analysed and using cultured A7r5 

cells it was possible to 1) analyse the A7r5 cells viability after 24h exposure to TBBPA, 2) 

observe the TBBPA effects in Ca2+ current and 3) analyse mRNA expression levels of 

Cav1.2, BKCa β1, BKCa 1.1α, Gucciα and PRKG 1α after 24 h exposure to TBBPA (Research 

Work 3).  
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Chapter 4 

 
 
Research Work 1  

Cyclic guanosine monophosphate 

compartmentation in human vascular smooth 

muscle cells 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

This chapter corresponds to the original research article: 

Joana Feiteiro, Ignacio Verde, Elisa Cairrão (2016). Cyclic guanosine monophosphate 

compartmentation in human vascular smooth muscle cells. Cellular Signalling. Volume 28, Issue 

3, March 2016, Pages 109-116, https://doi.org/10.1016/j.cellsig.2015.12.004. 

 

https://www.sciencedirect.com/journal/cellular-signalling/vol/28/issue/3
https://www.sciencedirect.com/journal/cellular-signalling/vol/28/issue/3
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4.1. Abstract 

Aims: The role of different vascular subtypes of phosphodiesterases (PDE) in cGMP 

compartmentalization was evaluated in human smooth muscle cells.  

Methods and results: To understand how the cGMP conveys different information we 

infected smooth muscle cells with adenovirus containing mutants of the rat olfactory cyclic 

nucleotide–gated (CNG) channel-subunit and we recorded the associated cGMP-gated current 

(ICNG). The whole cell configuration of patch clamp technique was used to measure the ICNG and also 

the potassium current (IK) in human umbilical artery smooth muscle cells (HUASMC). ANP 

(0.1μM) induced a clear activation of basal ICNG, whereas SNP (100μM) had a slight effect. The 

nonselective PDE inhibitor (IBMX; 100μM), the PDE5 inhibitor (T0-156; 1µM) and the PDE3 

inhibitor (cilostamide; 10µM), all had a tiny effect on the basal ICNG current. Concerning potassium 

channels, we observed that ANP and testosterone induced activation of IK and this activation is 

bigger than that elicited by SNP, cilostamide and T0-156. Cilostamide and T0-156 decreased the 

CNG stimulation induced by ANP and testosterone, suggesting that pGC pool is controlled by PDE3 

and 5. Thus, the effects of SNP show the existence of two separated pools, one localized next to the 

plasma membrane and controlled by the PDE5 and PDE3, and a second pool localized in the 

cytosol of the cells that is regulated mainly by PDE3.  

Conclusions: Our results show the existence of cGMP compartmentalization in human 

vascular smooth muscle cells and this phenomenon can open new perspectives concerning the 

examination of PDE families as therapeutic targets. 

 

Keywords: Compartmentalization, Cyclic nucleotide-gated channels, Cyclic GMP, Potassium 

current, Phosphodiesterases 
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4.2. Introduction 

CNG channels have been used in the last years to monitor and to define the spatial and 

temporal changes in cyclic nucleotides in living cells. The CNGA2, translate changes in intracellular 

cyclic nucleotide concentration in electrical response and/ or a sign of Ca2+ intracellular because 

they open by the direct binding of cAMP and cGMP [1]. 

In living cells, the cGMP synthesis is controlled by two types of guanylyl cyclases that differ 

in their cellular location and in their activation by specific ligands. The particulate guanylyl cyclases 

(pGC) localized at the plasma membrane, which is activated by natriuretic peptides such as atrial 

(ANP), brain (BNP) and C-type natriuretic peptides [2-4]. The soluble guanylyl cyclase (sGC) is 

present in the cytosol and is activated by nitric oxide (NO) [4,5]. Although both cyclases synthetise 

cGMP, the consequences of activating pGC or sGC often lead to dissimilar functional effects. One 

explanation for these divergent effects is that different stimuli induce cGMP rises in distinct and 

specific subcellular locations, hence regulating dissimilar targets in different parts of the cells [6-

10]. Thus, the increase of cGMP induced by natriuretic peptides and by NO donors may occur in 

different subcellular compartments [6,7,11]. 

The existence of subcellular compartments of cyclic nucleotides cAMP was discovered some 

decades ago [12] and explains different effects observed in cardiomyocytes [13-16]. Some authors 

suggested that this phenomenon is due to a physical barrier formed by parts of the endoplasmic 

reticulum located near the plasma membrane [14]. Other authors suggested that this phenomenon 

depends on the location of various components associated with signal transduction pathways cyclic 

nucleotide [17]. The cyclic nucleotides localized signals are important to determine the speed and 

the specificity of events mediated by the cyclic nucleotides. This allows the cells to respond 

differently to different external stimuli which act on the same second messenger. Thus, changes in 

cyclic nucleotide concentration in subcellular places may orchestrate a variety of cellular responses 

[14]. Several years ago, it was demonstrated that PDE, the enzymes degrading cyclic nucleotides, 

participate in its compartmentalization [13,15,18-20]. Different effects between after stimulation of 

the ANP and SNP pathways in human umbilical artery smooth muscle cells (HUASMC) concerning 

the stimulation of potassium currents were also observed [21]. Moreover, Santos-Silva et al [22] in 

HUASMC demonstrated that the two major PDE isoforms bind and hydrolyse intracellular cGMP: 

PDE3, which hydrolyses preferentially cAMP and is inhibited by cGMP; and PDE5, which is highly 

specific for cGMP. Our data and that obtained in cardiomyocytes suggest the existence of 

subcellular compartments of cyclic nucleotides in vascular smooth muscle cells. However, few 

information was obtained concerning compartmentalization of cyclic nucleotides in vascular 

smooth muscle cells. 

In this study, our aim was to characterize and compare in real time the changes in 

subsarcolemmal cGMP concentration in response to activation of sGC and pGC. For that purpose, 

we used the wild-type (WT) α-subunit of the rat olfactory cyclic nucleotide–gated channel (CNGA2) 

as real-time sensor for subsarcolemmal cGMP [23]. This channel binds cGMP with a >10-fold 

higher affinity than cAMP [23]. Here we describe experiments performed on HUASMC infected 

with an adenovirus encoding the WT CNGA2 (Ad-CNGA2). Using this model, we analysed the effect 



 

 

 105 

of atrial natriuretic peptide (ANP, a stimulator of particulate GC) and sodium nitroprusside (SNP, a 

stimulator of soluble GC) and we provide evidence for cGMP compartmentalization and identify 

PDE3 and PDE5 isoforms as key elements in this phenomenon. 

4.3. Methods 

4.3.1. Tissue preparation 

Pieces (3–7 cm) of the umbilical cord were obtained from normal term pregnancies after 

vaginal delivery with the consent of the donor mothers. All the procedures performed with the 

umbilical cords in the present study were approved by the Ethics Committee of Centro Hospitalar 

da Cova da Beira (Covilhã, Portugal) and conformed to the tenets of the Declaration of Helsinki. 

Umbilical cord samples were collected in sterile physiological saline solution (PSS; 

composition (in mmol/L): NaCl 110; CaCl2 0.15; KCl 5; MgCl2 2; HEPES 10; NaHCO3 10; KH2PO4 

0.5; NaH2PO4 0.5; glucose 10; EDTA 0.49). To avoid contamination and tissue degradation, 

penicillin (5 U/mL), streptomycin (5 µg/mL), amphotericin B (12.5 ng/mL) and antiproteases 

(leupeptin 0.45 mg/L, benzamidine 26mg/L and trypsin inhibitor 10mg/L) were added to the PSS. 

Umbilical arteries were isolated from the surrounding connective tissue and cut into 3–5 mm rings. 

The human umbilical artery (HUA) rings were cut up into rectangular pieces with scissors so that 

the smooth muscle layers from the tunica media could be retrieved using surgical forceps and a 

scalpel. The smooth muscle layers were used for subsequent cell dissociation and culture (see 

below). 

4.3.2.  Cell dissociation and culture 

Smooth muscle cells were isolated from the HUA as previously described [24]. Briefly, the 

layers extracted from the tunica media were cut into small fragments and placed in PSS (without 

antiproteases but containing 1–2 mg/mL collagenase V, 0.3–0.5 mg/mL elastase, 0.6 mg/mL 

trypsin inhibitor and 1.25 mg/mL taurine) for 10min at 37 °C. The hydrolytic action of the enzymes 

was stopped by the addition of Dulbecco’s modified Eagle’s medium (DMEM)–F12 cell culture 

medium containing 10% fetal bovine serum (FBS). The digested tissue was subjected to gentle 

shaking for 10 min, after which it was filtered through a 500 μm mesh. The filtered solution, 

containing isolated HUA smooth muscle cells, was centrifuged at 150 g for 5 min at 21º C. The 

supernatant was discarded, and the pellet was suspended in plating medium, consisting of DMEM-

F12 containing 5 % FBS, 5 μg/mL epidermal growth factor (EGF), 0.5 ng/mL fibroblast growth 

factor (FGF), 2μg/mL heparin and 5 μg/mL insulin. Cells were plated in collagen-coated culture 

dishes at 37°C under an atmosphere of 95 % air and 5 % CO2. The culture medium was changed 

every 2–3 days and confluent cultures were obtained after 15–20 days. Confluent cells were 

subcultured until passage 7. 
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4.3.3.  Infection  

The infection of HUASMC with WT CNGA2 encoding adenovirus (Ad-CNGA 2) was 

performed as previously described [25]. The confluent cultures of HUASMC were placed for 1h in 

the FBS-free cell culture medium DMEM-F12. After this time, the medium is replaced by 400 µL of 

free-FBS medium containing WT CNGA2 encoding adenovirus (Ad-CNGA2), used at a multiplicity 

of infection (MOI) of 5000 plaque forming units per cell (pfu/cell). The Ad-CNGA2 was a generous 

gift from Dr Dermot Cooper (University of Cambridge, United Kingdom) 

After infection, the cells are placed in an incubator for 24 h. After this period the medium is 

replaced by DMEM-F12 containing 5 % FBS and placed 12h in an incubator. After that the cells 

were used to perform the experiments. 

4.3.4.  Immunocytochemistry 

The HUASMC attached onto coverslips (1 × 104 cells/dish) were fixed, permeabilized and 

incubated with a mouse monoclonal antibody against CNGA2 as previously described [13,24]. This 

antibody was a generous gift of Drs. F. Mueler and B. Kaupp (Juelich, Germany). Cells were 

revealed with Alexa fluor 488 goat anti-mouse. After mounting the samples, the expressed proteins 

were localized using a Confocal fluorescence imaging with a confocal laser scanning (Carl Zeiss, 

LSM510 Meta) with 488 nm laser excitation for the fluorescein isothiocyanate (FITC) channels. A 

40× ApoChromat,1.4-NA objective (Carl Zeiss) was used to ensure high-resolution images. DIC 

images were collected simultaneously with transmitted light by excitation at 633 nm. Images were 

processed with LSM Image Browser (Zeiss) and Adobe Photoshop. 

4.3.5.  Electrophysiology experiments 

Cells from the first to the sixth passages were trypsinized and used to perform the 

electrophysiology experiments.  

The CNGA2 current (ICNG) in HUASMC was analysed in the whole cell configuration of the 

patch clamp technique. The cells were maintained at 0 mV holding potential and routinely 

hyperpolarized every 8s to -50mV test potential during 200ms. ICNG was recorded in the absence of 

divalent cations in the extracellular solutions contains (mM): NaCl 107, CsCl 20, HEPES 10, 

Glucose 5 and pH 7.4; allowing monovalent cations to flow through the channels in a non-specific 

manner. Patch electrodes (2.8-4.2MΩ) were made of soft glass and filled with control internal 

solution (Reagent 5, Portugal) and filled with control internal solution containing (in mM): HEPES 

20, EGTA 20, Glucose 5, TEA 5, CsCl 113.8, MgCl2 2.5, CaCl2 0.062, Na2ATP 3.1, Na2GTP 0.42, 

adjusted to pH 7.3 with CsOH. Basal ICNG were measured 5-10 min after patch break to allow the 

equilibration between pipette and intracellular solutions.  

The potassium current (IK) was analysed in HUASMC using the amphotericin B-performed 

whole-cell patch-clamp methodology [26]. The cells were maintained at a holding potential of 

−80mV and routinely depolarised every 8s to 60mV test potential during 350ms to measure IK. The 

external solution contained (mM): NaCl 134.3, CaCl2 1.0, HEPES 5.0, KCl 5.4 and glucose 6.0, pH 
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7.4 adjusted with NaOH. The internal solution contained (mM): KCl 125.0, MgCl2 1.0, Na-ATP 5.0, 

Na-GTP 0.5, EGTA 0.1, HEPES 20.0 and glucose 10.0, pH 7.3 adjusted with KOH.  

Currents ICNG and IK were not compensated for capacitance and leak currents. All 

experiments were done at room temperature (21–25 °C) and the temperature did not vary by more 

than 1 °C in a given experiment. The cells were voltage clamped using the patch-clamp amplifier 

Axopatch 200B (Axon instruments, USA). Currents were sampled at 10kHz frequency and filtered 

at 0.05kHz using the analogy-digital interface Digidata 1322A (Axon Instruments, USA) connected 

to a compatible computer with the Pclamp8 software (Axon Instruments, USA). Patch electrodes of 

2–4 MΩ made of soft borosilicate glass capillaries (GC150T-15, Harvard apparatus, UK) were filled 

with the internal solution. The external solution was applied to the cell proximity by placing the cell 

at the opening of a 250μm inner diameter capillary tube flowing at a rate of 20 μL/min. The basal 

ICNG was studied in the presence of ANP (0.1 μM), SNP (100 μM), IBMX (100 μM), T0-156 (0.01-10 

μM), cilostamide (0.1-10 μM) e 8-Sp (100 μM). Moreover, the basal IK was studied in the presence 

of ANP (0.1 μM), SNP (100 μM), T0-156 (1 μM) e cilostamide (10 μM). The IK stimulatory or 

inhibitory effect elicited by the drugs is given in percentage of increase or decrease on basal IK. 

4.3.6.  Drugs and chemicals 

All drugs and chemicals were purchased from Sigma-Aldrich Chemistry (Sintra, Portugal). 

Testosterone, cilostamide, 3-isobutyl-1-methylxanthine (IBMX) and T0-156 were initially dissolved 

in ethanol, and final solutions were obtained by dilution with the extracellular solutions. ANP, SNP, 

8- ((4-Chlorophenylthio) guanosine- 3', 5'-cyclic monophosphate) (Sp-8, an analog of the natural 

signal molecule cyclic GMP) were dissolved in distilled water. 

4.3.7.  Data analysis 

ICNG amplitude is time-independent and was measured at the end of the 200ms pulse. In a 

total of 199 cells, mean membrane capacitance (Cm) was 53.52 ± 4.40 pF. ICNG density (dICNG) 

which represents the ratio of current amplitude to Cm was average 7.0±0.5 pA/pF. In each 

experimental condition, the responses of d ICNG to a drug was expressed relative to the “basal 

current” obtained in control extracellular solution following the relation: “response” = (ICNG - “Basal 

current”)/Cm. 

The amphotericin B- was used to perform whole-cell patch-clamp methodology technique to 

analyse potassium current (IK) in HUASMC. Basal IK amplitude was on average 284±13.38 pA at 

60mV membrane potential. In total of mean cell capacitance values were on average 28.0±0.89 pF 

(n=238). 

All results are expressed as mean ± SEM of n experiments. Statistical significance between 

two groups was analysed using Student´s t-test. Comparison among multiple groups was analysed 

by using a one-way ANOVA followed by Tuckey and Dunnet’s test, post-hoc test to determine 

significant differences among the means. Probability levels lower than 5% were considered 

significant (p<0.05). Statistical analysis of data was performed using the SigmaStat Statistical 

Analysis System, version 3.5 (2007). 
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4.4. Results 

4.4.1.  Subsarcolemmal localization of recombinant CNGA2 channels in 

HUASMC 

CNGA2 expression in HUASMC was investigated by immunofluorescence after 36 h of 

culture. Native or Ad-CNGA2 cells were labelled with primary antibody against CNGA2 and 

visualized with fluorophore conjugated secondary antibody (Alexa 488). The Figure 4.1 shows 

images of representative cells in Ad-CNGA2-infected and Figure 4.2 shows cells not infected. 

Infected cells show a strong fluorescent signal in the plasmatic membrane. These results revealed 

that the cells are infected with WT CNGA2 encoding adenovirus (Ad-CNGA2). 

 

 

 

 

Figure 4.1. Representative confocal microscopy imagens of the recombinant WT-CNGA2 channels in 

HUASMC. (A) Confocal fluorescence (FL), (B) Transmitted light (TL), (C) and overlay image (FL + TL). The 

smooth muscle cells were infected with an adenovirus encoding the wild type (WT) α-subunit of rat olfactory 

CNG channels and labelled with ant-CNGA2 antibody after 36 h of culture. Images were processed with LSM 

Image Browser (Zeiss) and Adobe Photoshop. 

 

 

 

 

 

 

Figure 4.2. Representative confocal microscopy imagens of the recombinant WT-CNGA2 channels in non-

infected HUASMC. (A) Confocal fluorescence (FL), (B) Transmitted light (TL), (C) and overlay image (FL + 

TL). Images were processed with LSM Image Browser (Zeiss) and Adobe Photoshop. 

4.4.2. Functional expression of CNGA2 channels in HUASMC 

The CNGA2 current (ICNG) was recorded 36 hours after cell infection. This methodology 

induced a time-independent inward current at −50 mV in Ad-CNGA2 cells. Such current was not 

detected in non-infected HUASMC, and the application of Sp-8 (100 μmol/L) did not change ICNG 

density (0.3±0.3 pA/pF; n = 4), but Sp-8 induced a large increase in infected HUASMC (13.0±2.7 
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pA/pF; n =26). The membrane permeable cGMP-analogue Sp-8 (100 μmol/L) was used as positive 

control of the stimulation of CNG channels and elicited a maximal effect. 

The cGMP effect has been analysed after activation of pGC and sGC by the stimulation of 

CNGA2 channels. We used the ANP as activator of pGC and SNP as sGC activator. The results show 

that, either ANP (0.1 μmol/L) or SNP (100 μmol/L) increase ICNG and the effect induced by ANP 

(9.12±1.26 pA/pF, n = 18) was not significantly different than that of Sp-8 100μmol/L (12.37±2.53 

pA/pF, n = 6) that corresponds to the maximal amplitude of ICNG in infected HUASMC, as show in 

Figure 4.3A. The effect induced SNP (6.29±1.04 pA/pF, n = 23) is significantly smaller than the 

effect caused by the Sp-8 100μmol/L (12.59±1.83 pA/pF, n = 8), as show in Figure 4.3B.  

Figure 4.3. Effect of unspecific inhibition of PDE on CNG current density. The bars show the CNG density of 

current (pA/pF) elicited by Sp-8 (100 µmol/L; positive control) and IBMX (100 µmol/L) alone and in presence 

of (A) ANP (0.1 µmol/L) and (B) SNP (100 µmol/L). The bars represent the mean and the lines the SEM, n = 

6–23 of cell studied from at least 5 different human umbilical arteries. Distinct letters (a, b) indicate 

significant differences (p < 0.05 one-way ANOVA with Tukey post hoc test and Dunnett’s post hoc test.). 

4.4.3. Effect of PDE on CNGA2 activity in presence and in absence of 

ANP and SNP 

4.4.3.1. Effect of the non-selective PDE inhibitor on CNGA2 activity 

To start studding effect of PDE in compartmentalisation, initially we used a non-selective 

PDE inhibitor, the IBMX (3-Isobutyl-1-methylxanthine; 100 µmol/L), which by its own caused a 

small ICNG stimulation. Regarding pGC stimulation, when associated ANP (0.1 µmol/L) with IBMX 

a small decrease in de ICNG occurred, however this decrease is not significant than that the observed 

by ANP, as show in Figure 4.3A. The association of SNP (100 µmol/L) with IBMX stimulated 

significantly ICNG when compared with SNP and with IBMX, as shown in Figure 4.3B. The different 

response of IBMX in presence of ANP and SNP suggests that in some way the PDE limit the cGMP 

pool next to the plasma membrane. 



 

 

 110 

4.4.3.2. Role of PDE3 and PDE5 on CNGA2 activated by pGC  

In the following experiments, our aim was to analyse if the more relevant PDE subtypes are 

involved in cGMP compartmentalization. We used selective inhibitors for these two PDE isoforms: 

cilostamide that inhibits PDE3 and T0-156 that inhibits PDE5, and they induced only small 

increase ICNG (p < 0.05, Figure 4.4). As shown in the Figure 4.4, ANP and Sp-8 increase similarly 

ICNG, ANP is a direct activator of pGC, which induces the production of cGMP near the membrane. 

So, we analysed what would be the role of PDE3 in the modulation of cGMP levels close to the 

membrane when its production is stimulated by pGC. Figure 4.4A shows that ANP induces a clear 

stimulation of ICNG, but when associated with cilostamide (0.1, 1 and 10 µmol/L) this stimulation 

was reduced (p < 0.05), suggesting a role of PDE3 in cGMP compartmentalization. 

We also analysed what would be the role of PDE5 in the modulation of cGMP levels 

generated by ANP. Figure 4.4B show that the stimulatory effect of ANP (0.1 µmol/L) on ICNG 

decreases in presence of a low concentration of the PDE5 inhibitor (0.01 µmol/L). The ICNG 

stimulation induced by the association of ANP (0.1 µmol/L) and higher concentrations of T0-156 

(0.1 and 1 µmol/L) is not significantly different from the stimulation obtained either by ANP alone 

or by Sp-8 (p > 0.05). The Figure 4.5 shows a typical experiment of the ANP (0.1 µmol/L) alone and 

with T0-156 (T0; 0.01-1 µmol/L), and Sp-8 (100 μmol/L), the membrane permeable cGMP 

analogue. 

Figure 4.4. Effect of PDE3 and PDE5 inhibitors on ANP stimulated CNG current density. The bars show the 

ANP (0.1 µmol/L) stimulated CNG density of current (pA/pF) elicited by (A) cilostamide (Cilo; 0.1-10 µmol/L, 

PDE3 inhibitor) and (B) T0-156 (T0; 0.01-1 µmol/L, PDE5 inhibitor). The bars represent the mean and the 

lines the SEM, n = 3–14 cell studied from at least 3 different human umbilical arteries. * p < 0.05 versus the 

Sp-8 effect and # p< 0.05 versos ANP effect, one-way ANOVA with Tukey post hoc test and Dunnett’s post hoc 

test. 
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Figure 4.5. A time course of CNGA2 current (ICNG) amplitude at -50 mV in an Ad-CNGA2 infected human 

umbilical smooth muscle cells. The cell was the challenged with ANP (0.1 µmol/L), and with ANP plus T0-156 

(T0; 0.01-1 µmol/L), and with 8-pCPT as an internal control for WT-CNGA2. 

4.4.3.3. Role of PDE3 and PDE5 on CNGA2 activated by sGC  

SNP is a NO donor which activates sGC and stimulates production of cytosolic cGMP. We 

analysed the role of PDE3 in modulation of cGMP signals generated by SNP. In figure 4.6A we can 

observe that the stimulation of ICNG induced by SNP significantly decreases in presence of lower 

concentrations of cilostamide (0.1 and 1 μmol/L) (p < 0.05). However, this decrease does not occur 

when the cilostamide concentration was 10 µmol/L.  

Concerning to contribution of PDE5 to the control of the cGMP pool generated by activation 

of sGC, the PDE5 inhibitor (0.01, 0.1 and 1 µmol/L) caused slightly and not significant decrease of 

the SNP ICNG stimulation (Figure 4.6B). The ICNG stimulation induced by SNP, either alone or in 

presence of T0-156, is significantly lower than that caused by Sp-8 (p < 0.05). 

 

Figure 4.6. Effect of PDE3 and PDE5 inhibitors on SNP stimulated CNG current density. The bars show the 

SNP (100 µmol/L) stimulated CNG density of current (pA/pF) elicited by (A) cilostamide (Cilo; 0.1-10 

µmol/L, PDE3 inhibitor) and (B) T0-156 (T0; 0.01-1 µmol/L, PDE5 inhibitor). The bars represent the mean 

and the lines the SEM, n = 7–13 cell studied from at least 5 different human umbilical arteries. * p < 0.05 

versus the Sp-8 effect and # p < 0.05 versos SNP effect, one-way ANOVA with Tukey post hoc test and 

Dunnett’s post hoc test. 
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4.4.4. Effect of PDE inhibitors on potassium current (IK) stimulated by 

pGC activator and testosterone. 

 We analysed the effect of PDE3 and PDE5 inhibition on ICNG stimulated by ANP (pGC 

activator) and testosterone by an unknown pathway also stimulates pGC, supposed to as previously 

described [25]. Figure 4.7 shows the effect of ANP and testosterone alone or in the presence of the 

PDE3 and PDE5 inhibitors. ANP (0.1 µmol/L) stimulated IK and cilostamide (10 µmol/L) or T0-156 

(1 µmol/L) significantly decreased the ANP effect. This IK decline was more prominent when PDE3 

was inhibited. The IK stimulation induced by ANP and testosterone are similar (p> 0.05). On the 

other hand, testosterone alone (0.1 µmol/L) activated IK, and the PDE5 or PDE3 inhibitors 

significantly decreased this effect (p < 0.05). The results also show that, by its own, cilostamide 10 

µmol/L (-0.98±1.49, n = 40) and T0-156 1 µmol/L (-1.61±0.93, n = 42) does not modify the IK. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.7. Effect of PDE3 and PDE5 specific inhibitors on pGC activator and testosterone stimulated 

potassium current. The bars show the percent of IK elicited by ANP (0.1µmol/L) and testosterone (Tes; 

0.1µmol/L) alone or in the presence of cilostamide (10 µmol/L; Cilo) and T0-156 (T0; 1µmol/L). The bars 

represent the mean and the lines the SEM, n = 5–28 cell studied from at least 5 different human umbilical 

arteries. * p <0.05 versus the ANP effect and # p <0.05 versos testosterone effect, one-way ANOVA with 

Dunnett’s post hoc test. 

4.4.5. Effects of PDE3 and PDE5 inhibitors on SNP potassium current 

(IK) stimulation 

Figure 4.8 shows the effect of SNP alone or in the presence of PDE inhibitors: cilostamide (10 

µmol/L) and T0-156 (1 µmol/L).  

The soluble guanylate cyclase activator induced stimulation of IK (figure 4.8), and this effect 

is not modified in the presence of PDE3 or PDE5 inhibitors, however in the presence of PDE3 

inhibitor the IK is not significantly stimulated (p = 0.07, one-way ANOVA). 
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Figure 4.8. Effect of PDE3 and PDE5 specific inhibitors on sGC activator stimulated potassium current. The 

bars show the percent of IK elicited by SNP (100 µmol/L) alone or in the presence of cilostamide (10 µmol/L; 

Cilo) and T0-156 (T0; 1 µmol/L). The bars represent the mean and the lines the SEM, n = 9–21 cell studied 

from at least 5 different human umbilical arteries. 

 

4.5. Discussion 

In the present study we have used CNG channels as cGMP biosensors in HUASMC to study 

the role of PDE3 and PDE5 on cGMP compartmentalization. We applied the whole cell 

configuration of patch clamp technique to measure CNG current in infected HUASMC and also to 

measure potassium channels activity (IK) in HUASMC. Previously, we already had demonstrated 

that the IK is stimulated by ANP and testosterone, and this effect corresponds to the activation of 

BKCa and KV channels through an increase of cGMP and PKG activation [25]. Our data reveal 

differences in spatiotemporal distribution of intracellular cGMP depending on activation two 

cyclases differently localized: 1) when pGC is activated by ANP, cGMP rises near the membrane; 2) 

when sGC is activated by NO donors (SNP), cGMP increases in the cytosol and also near the 

membrane. These suggest that when a cyclase is activated, besides its hydrosolubility, intracellular 

cGMP is not uniformly distributed within the cell, and it is probably clustered in specific sites. We 

found that PDEs play a key role in this compartmentation, because different PDE subtypes (PDE3 

and PDE5) regulate particulate and cytosolic cGMP pools. We observed that PDE5 appears to 

control the particulate but not the soluble pool and the soluble cGMP pool is under the exclusive 

control of PDE3.  

Ours previous results are performed in human umbilical arteries; however, this vessel 

transports deoxygenated blood, contrarily to the observed with the umbilical vein. Umbilical and 

placental vessels lack autonomic innervation and regulation of its vascular tone depends on the 

release of vasoactive substances, which are locally produced or transported through the circulation 

system. However, the HUASMC seems to play a major role in controlling the fetoplacental blood 

flow [27,28]. The vascular smooth muscle cells are responsible for the vascular tone by responding 

to various hormonal and haemodynamic stimuli. The use of these cells is essential to study several 
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signalling processes implicated in this control, as calcium metabolism and different pathways 

involved in the modulation of vascular reactivity [29]. Thus, the used of HUASMC may be used to 

generalize to the other smooth muscle cells present of other arteries. But this generalization can see 

allows controversy, not only by the type of blood that transports, that principally by the main 

function of this artery that is limited in the time. 

Several studies have shown differential effects of cGMP produced by sGC and pGC 

concerning the regulation of various cell functions. In pig airway smooth muscle cells, stimulation 

of pGC and not sCG, causes relaxation exclusively by decreasing intracellular Ca2+ concentrations 

and Ca2+ sensitivity of the myofilaments [7]. In a human epithelial cell line, activation of pGC and 

not sGC is coupled to the inhibition of Ca2+ efflux, whereas activation of sGC and not pGC is 

involved in stimulation of Ca2+ sequestration into the intracellular Ca2+ stores [6]. In human 

endothelial cells from umbilical vein, activation of sGC induces relaxation in a more efficient 

manner than does activation of pGC [10]. Differences between pGC and sGC activation have also 

been reported in cardiac preparations. In frog ventricular myocytes, sGC activation causes a 

pronounced inhibition of the L-type Ca2+ current (ICa,L), whereas pGC activation had little effect 

[30]. In rabbit atria, activation of pGC caused a larged cAMP accumulation (via PDE3 inhibition), 

cGMP efflux, and ANP release than activation of sGC [8]. In mouse ventriculares myocytes, pGC 

activation caused a decrease in intracellular Ca2+, whereas sGC activation had little effect [9]. 

To our knowledge, the present study provides the first direct evidence for intracellular cGMP 

compartmentalization in vascular SMC. To explain this compartmentation, some authors suggest 

the existence of a physical barrier formed by elements of the endoplasmic reticulum, located near 

the plasma membrane [14]. Other authors suggest that this phenomenon depends on the location 

of various components associated with signal transduction pathways of cyclic nucleotides. More 

recently, it was also suggested that PDE have a crucial role for the existence of different 

concentrations of cAMP and/or cGMP in distinct cell locations [31,32]. Furthermore, Castro et al. 

(2006) demonstrated that in rat cardiomyocytes the particulate cGMP pool is readily accessible at 

the plasma membrane, whereas the soluble is not. These authors also demonstrated that PDE5 

controls the soluble but not the particulate pool, whereas the particulate pool is under the exclusive 

control of PDE2 [13].  

We took advantage of the method developed by Rich and co-workers [23] in HEK293 cells 

that follow in real time cGMP changes beneath the sarcolemma membrane using the WT-CNGA2 as 

readout. We previously confirmed by immunocytochemistry that this channel is not normal 

expressed in native HUASMC [25] but becomes functionally expressed 24 hours after infection of 

the HUASMC with the Ad-CNGA2 constructer developed by Fagan et al. [33]. 

The WT-CNGA2 channel responds to cGMP changes with threshold at 0.1 to 0.5 µmol/L 

concentration, a K1/2 of 1.4 µmol/L, and a maximal amplitude obtained at 5 to 10 µmol/ cGMP 

[23]. With the use of these parameters and the amplitude of the CNG current measured at the end 

of each experiment after applications of a saturating concentration (100 µmol/L) of the cGMP 

analogue Sp-8, it was possible to give a rough estimate of the subsarcolemmal cGMP concentration 

reached in each of the experimental condition tested here.  
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Ours results obtained with WT-CNGA2 channel in the HUASMC clearly indicate that the 

homogeneous distribution of cGMP is stopped by the activity of PDE, because when we block the 

activity of PDE with IBMX the ICNG decreases, so the intracellular cGMP is highly 

compartmentalized within HUASMC, and that homogeneous distribution is controlled by PDE 

activity. 

In 2008, Santos Silva et al. concluded that the PDE that are expressed on human umbilical 

artery smooth muscle cells are PDE1, PDE3, PDE4 and PDE5, however only PDE3 and PDE5 

hydrolyse cGMP [22]. All PDE isoforms are inhibited by IBMX, and different drugs have been 

developed as selective inhibitors of PDE3 and PDE5. In this study we used cilostamide as specific 

PDE3 inhibitor and T0-156 as specific PDE5 inhibitor and we observed that by its own both 

inhibitors have little effect on ICNG. Concerning the IK, the PDE5 and PDE3 inhibitor did not change 

the potassium current activity. 

The CNG stimulation by ANP decreases in the presence of the inhibitor of PDE3 

(cilostamide) and PDE5 (T0-156). The cGMP decreases next to membrane due to the break of the 

membrane pool and cGMP diffuses abroad the cell. This diffusion of cGMP into the inner of the cell 

has been observed by Nausch et al. (2008) with confocal imaging techniques (non-FRET 

biosensors) with ANP and sildenafil (PDE5 inhibitor) [34]. Nevertheless, this effect is more 

pronounced with cilostamide, suggesting that inhibition of PDE5 causes small cGMP dispersion 

near the membrane. These results can be explained because the regulation of the PDE3 is quite 

different than that the PDE5. Several authors show that PDE3 can function differently dependent of 

the cGMP concentration and seems that this effect can modified the cAMP concentrations and 

activated/inhibited other PDEs [8,35,36] however this pathway need to be further analysed. A 

similar effect was obtained measuring IK current in HUASMC. Castro et al. (2006) also observed in 

rat cardiomyocytes that a particulate cGMP pool near the plasma membrane, but in their cells the 

PDE2 is the only PDE responsible for this phenomenon [13].  

Our results whether on ICNG and IK current seems to suggest that SNP produces two separate 

effects: one more localized near the membrane, which is controlled by the PDE3 and PDE5, and 

other more localized inside the cells and this effect is regulate only by PDE3. These results are in 

agreement with those obtained previously by Cawley et al. [37] in rat aortic SMC, that observed 

transient increases in the concentration of cGMP produced by sGC. Moreover, Nausch et al. [34] 

observed the existence of subcellular compartments of cGMP in rat aortic SMC and suggested that 

PDE5 differentially regulates the effects of NO donors and natriuretic peptides.  

We previously demonstrated that the rapid effects of testosterone in HUASMC are due to the 

activation of pGC, which increase cGMP close to the membrane and activates the CNG channels. 

We also demonstrated that testosterone activates the CNG channels that are sensible to cGMP and 

that the stimulation of these channels by testosterone is similar to that induced by ANP [21,25]. 

Our data show that testosterone and ANP effect decreases in presence of the PDE3 and PDE5 

inhibitors, suggesting that this effect is controlled by PDE3 e PDE5 in a similarly way.  

The results led us to propose a model for intracellular cGMP compartmentation which is 

illustrated in Figure 4.9. The activation of the receptor by ANP leads to pGC activity and cGMP 

production that activated CNG channel to produce ICNG current. The cGMP induce by ANP also 
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activates PKG, which activated the potassium channels and are directly depends on the 

concentration of cGMP next to the potassium channels. When PDE3 or PDE5 are inhibited, the 

cGMP decreases next to membrane due to the break of the membrane pool and cGMP diffuses 

abroad the cell. This diffusion of cGMP into the inner of the cell has been observed by Nausch et al. 

(2008) with confocal imaging techniques (non-FRET biosensors) with ANP and sildenafil (PDE5 

inhibitor) [34]. The activation of sGC leads to cGMP generation in two different compartments, one 

next to the membrane and other in the inner of the cell. The PDE3 inhibition induces two different 

effects: 1) the diffusion of cGMP from the inner of the cell to the compartment next to the 

membrane, but the PDE5 may, in some way, form a barrier next to the membrane and 2) the 

diffusion of the cGMP from the compartment next to the membrane to other places inside the cell. 

On the contrary, the PDE5 inhibition does not modified the concentration of cGMP- dependent of 

the activation of sGC. On the other hand, several authors show that PDE3 can function differently 

dependent of the cGMP concentration and seems that this effect can modified the cAMP 

concentrations and activated/inhibited other PDEs [8,35,36] however this pathway need to be 

further analysed. 

In summary, this work is the first to prove that cGMP is compartmentalizated in human 

vascular muscle. Our study also reveals for the first time that the compartmentation of cGMP is 

controlled by PDE3 and PDE5. The particulate cGMP pool formed near plasma membrane and is 

controlled by PDE5 and PDE3 and the cGMP pool localised in the cytosol is exclusively controlled 

by PDE3.  

 
 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4.9. Schematic representation of cGMP compartmentation PDE3 and PDE5-dependent of in the 

HUASMC. The diagram represents the endoplasmic membrane, with CNG channels, potassium channels and 

NP receptor inserted. Activation of the receptor by ANP leads to pGC activity and cGMP production that 

activated CNG channel to produce ICNG current. The cGMP induce by ANP also activates PKG, which activated 

the potassium channels. When the PDE3 or PDE5 inhibits, the cGMP decrease net to membrane, because to 

the diffusion of cGMP to the inner of the cell. Activation of sGC by NO leads to cGMP generation in two 

different compartment, one next to the membrane and other in the inner of the cell. The PDE3 inhibition leads 

to different effects 1) the diffusion of cGMP from the inner of the cell to the compart next to the membrane, 

but the PDE5 may, in some way, form a barrier next to the membrane and 2) the diffusion of the cGMP from 

the compartment next to the membrane.  
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Pathways involved in the human vascular 

Tetrabromobisphenol A response: calcium and 

potassium channels and nitric oxide donors 
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5.1.  Abstract 

Tetrabromobisphenol A (TBBPA) is a flame retardant that can contaminate the environment 

and human being, acting as an endocrine disruptor. Several studies propose a correlation between 

TBBPA exposure and adverse health outcomes, however, at vascular level TBBPA effects are still 

poorly understood. Thus, considering that the vascular tonus is regulated by vasoactive substances 

(serotonin and histamine) which are involved in some pathological processes, this work aimed to 

analyse the direct effects and the 24 hours exposure of TBBPA on the human umbilical artery 

(HUA) and to investigate its signalling pathway. Using organ bath technique, endothelium-

denuded HUA rings were contracted with serotonin (5-HT, 1 μM), histamine (His, 10 μM) and 

potassium chloride (KCl, 60mM), and the exposure (0-24 h) of different concentrations of TBBPA 

(1, 10 and 50 μM) were evaluated.  Besides, the vascular mode of action of TBBPA was studied 

through the analysis of cyclic guanosine monophosphate and calcium channels activity, pathways 

involved in relaxation and contraction of HUA, respectively. Our results demonstrated that the 

direct effects of TBBPA induce a vasorelaxation of HUA. The maximum relaxant effect was 

observed at 100 μM of TBBPA with 63.74, 64.24 and 30.05 %, for 5-HT-, His- or KCl-contracted 

arteries respectively. The 24 hours TBBPA exposure altered the vasorelaxant response pattern of 

sodium nitroprusside and nifedipine. This effect is due to the involvement of TBBPA with the 

NO/sGC/cGMP/PKG pathway and the interference in calcium influx. Furthermore, using the real-

time quantitative polymerase chain reaction, TBBPA clearly modulates L-type calcium and large-

conductance Ca2+ 1.1 α- and β1 -subunit channels, and soluble guanylyl cyclase and protein Kinase 

G. So, at vascular level TBBPA induces changes in HUA after TBBPA exposure. 

 

Keywords: Tetrabromobisphenol A, Endocrine disruptor compound, Vascular homeostasis, Ionic 

channels, Nitric oxide donors 
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5.2.  Introduction  

Endocrine disrupting compounds (EDCs) are exogenous agents that interfere with the 

secretion, binding, transport, synthesis, action, or elimination of natural hormones in the body 

[1,2]. Flame retardants (FRs) are considered as EDCs and include a diverse group of chemicals, 

such as bromine and chlorine [3]. These compounds are used in electronics, clothes, children´s 

toys, carpets, mattresses, housing and wiring TV sets, computers and mobile phones, motor 

vehicles, as well as in electrical kitchen appliances, upholstery and textiles, building materials and 

many plastics, in order to reduce their flammability [4-8].  

Tetrabromobisphenol A (TBBPA or 2,6-Dibromo-4-[2-(3,5-dibromo-4-

hydroxyphenyl)propan-2yl]phenol) is a brominated phenolic compound that has been used as a 

flame retardant in plastic, textile and paper, being one of the most prevalent brominated flame 

retardants in the world [9,10]. Several studies have shown that the levels of TBBPA in the 

environment and humans are increasing, and their harmful effects in human health can be related 

to their persistency, bioaccumulation and biomagnification [11,12]. So, TBBPA has been shown to 

have effects on thyroid, neurological and reproduction function [5,13-16]. Besides, its exposure can 

be related with some cardiovascular disorders, such as diabetes and obesity [17-19]. TBBPA has also 

been detected in biological samples such as human serum (maximum concentration detected was 

0.4574 μg/g lipid in children) [9], urine (maximum concentration detected was 127.24 μg/g in 

adults) [20], and breast milk (maximum concentration detected was 0.0125 μg/g lipid) [9]. 

Furthermore, it was also detected in the umbilical cord of Japanese pregnant women, proving a 

prenatal exposure to this compound [21,22], which corroborates that TBBPA can cross the human 

placenta [23,24]. So, can the endocrine disrupting effects resulting from the exposure to TBBPA be 

correlated with vascular complications? The present study aimed to investigate for the first time 

how the exposure to TBBPA impairs vascular homeostasis in human umbilical artery (HUA). 

According to other studies, this artery is used as a model to investigate the effects of EDCs on the 

vascular system and to understand their vascular implications in pregnancy [25,26]. Furthermore, 

the regulation of the contractile mechanism of the human umbilical artery smooth muscle cells 

(HUASMC) is essential for gas and nutrient exchange between the foetus and the placenta. Thus, 

we resorted to the HUA to analyse the direct effects and the 24 h exposure of TBBPA on vascular 

contractility, as well as the expression of some genes related to the vascular function, including 

potassium (K+) and calcium (Ca2+) channels, soluble guanylate cyclase (sGC) and cyclic guanosine 

monophosphate (cGMP)-dependent protein kinase. 

5.3. Methods  

5.3.1. Ethics statement 

All the biological samples were obtained from the obstetrics units of “Centro Hospitalar 

Universitário da Cova da Beira E.P.E” (CHUCB, Covilhã) and “Hospital Sousa Martins-Unidade 

Local da Guarda” (ULS, Guarda). The hospitals’ ethic committees (CHUCB, No.33/2018, July 18, 
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2018, and ULS-Guarda, No.02324/2019, February 27, 2019) approved this study and all pregnant 

women gave written informed consent following the Declaration of Helsinki principles. 

5.3.2. Sample collection 

Human umbilical cord samples were collected from normal full-term pregnancies after 

vaginal delivery. All donor mothers were under medication with folic acid during the first trimester 

or iron supplementation during the last trimester of gestation. The collection of samples and 

informed consent was performed by professionals (doctors, nurses, health technicians, and 

assistants) present in the hospital delivery room. These samples were collected in sterile 

physiological saline solution (PSS; composition (in mM): NaCl 110; CaCl2 0.15; KCl 5; MgCl2 2; 

HEPES 10; NaHCO3 10; KH2PO4 0.5; NaH2PO4 0.5; glucose 10; and EDTA 0.49) with penicillin (5 

U/mL), streptomycin (5 mg/mL), amphotericin B (12.5 ng/mL) and antiproteases (leupeptin 0.45 

mg/L, benzamidine 26 mg/L and trypsin inhibitor 10 mg/L) to avoid contamination and 

degradation of the tissue, and then stored at 4 ᵒC for 4-24 h. To ensure genetic variability, all the 

experiments were performed with several HUA rings from at least six/seven different human 

umbilical cords. 

5.3.3. Tissue preparation 

Tissue preparation was performed according to Cairrao et al. 2010 [27]. Human umbilical 

arteries (HUA) were isolated from the surrounding connective tissue and cut into 3–5 mm rings.  

The contractility experiments were performed with HUA without endothelium, which was 

mechanically removed inserting a cotton thread into the arterial lumen. 

5.3.4. Contractility experiments in HUA rings  

The organ bath technique was used to analyse the direct and the 24 h exposure of TBBPA 

effects on umbilical arteries. The isometric tension recordings of HUA were according to our 

previous works [25,28]. Briefly, the HUA was isolated and after the vascular endothelium was 

removed it was cut into small rings (3–5 mm). Then, these rings were placed between two parallel 

stainless-steel wires and into the organ bath to measure the tension. The artery rings are carboned 

throughout the experience (95 % O2 and 5 % CO2) and subjected to a resting tension (2-2.5 g). 

After the equilibration time (45 min), the viability of the arterial rings was tested contracting them 

with a maximum concentration of serotonin (5-HT, 1 μM) and the rings in which the tension did 

not reach 1 g were not used in the study. 

Firstly, the direct effects of TBBPA (0.01, 0.1, 1, 10, 30, 50 and 100 μM) over the basal were 

analysed. In an independent experiment, the HUA rings were contracted with 5-HT (1 μM), 

histamine (His, 10 μM) and potassium chloride (KCl, 60 mM) and then different concentrations of 

TBBPA (0.01- 100 μM) were added to analyse the direct effects. Ethanol (vehicle) was used to 

perform control experiments at same percentage used to dissolve TBBPA. The final concentration 

of the vehicle never exceeded 0.1 %.  
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To determine the 24 h exposure of TBBPA effects, HUA rings were placed in Dulbecco’s 

modified Eagle’s medium (DMEM)-F12 for 24 h in the presence of TBBPA (1, 10 and 50 μM). After 

this incubation period, HUA rings were contracted with the contractile agents (5-HT,1 μM; His, 10 

μM and KCl, 60 mM). A stable contraction was achieved with these different vasoactive agents, and 

then the rings were submitted to sodium nitroprusside (SNP, 1 or 10 μM) and nifedipine (Nif, 0.1-

10 μM) and the vasorelaxation of these drugs was analysed. Each experiment was conducted in 

several HUA rings from at least five different arteries. All experiences were performed in the 

absence of light since SNP and Nif are photodegradable agents. 

5.3.5. Cell dissociation and culture of human umbilical artery smooth 

muscle cells 

Smooth muscle cells (SMC) were isolated from the HUA as described previously [29]. All 

procedures were performed inside a laminar flow chamber in an aseptic environment and using 

sterile materials, solutions and instruments. The culture medium was changed every 2-3 days and 

after 15-20 days confluent cultures were obtained. Subcultures of SMC were performed until the 

fourth passage to maintain the same genetic, morphological, and electrophysiological 

characteristics as those observed in HUA tissues. These cells were used for cell viability assays, 

extraction of total RNA and determination of gene expression. Before RNA extraction, confluent 

cells were placed in a culture medium without FBS (24 h) to express their contractile phenotype. 

5.3.6. Assessment of viability (MMT assay) 

The MTT assay allows the evaluation of cell viability and proliferation in vitro of a cell 

population in response to an external factor. This assay was performed according to the 

methodology described by Gloria et al. [25]. It measures the reduction of MTT (tetrazolium salt) to 

the purple formazan by cellular dehydrogenase enzymes of living cells. The ability of formazan 

production serves as cell viability marker. Thus, confluent cells in 96 well plates were exposed to 

different concentrations of TBBPA (0.01, 0.1, 1, 10, 30, 50, 100, 500 and 1000 μM) for 24 h. At the 

end of the incubation period, 200 μL MTT solution (0.5 mg/mL) were added to each well and after 

3 h (37 ᵒC, 5 % CO2 and 95 % of humidity) the MTT solution was removed and 200 μL dimethyl 

sulfoxide solution were added to solubilize the purple formazan crystals. The relative amount of 

formazan production was measured through the absorbance at 570 nm with a photometer (EZ 

Read 400, Microplate Reader, Biochrom). 

5.3.7. Real-time quantitative polymerase chain reaction 

The mRNA expression of L-type calcium channel (LTCC) α1c-subunit (Cav1.2), BKCa 1.1 α- 

and β1- subunits, sGC (Gucciα) and protein kinase cGMP-dependent 1 α-subunit (PRKG 1α) in 

HUASMC was analysed using the real time quantitative polymerase chain reaction (qPCR) in 

response to 24 h exposure to different concentrations of TBBPA (0.01, 1, 10, 50 and 100 μM). Ion 
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channel expression was normalized with human β-actin, used as an internal control. The primers 

sequence used in the present study are provided in Table 5.1. 

To each set of primers, the gene expression studies, and the optimization strategy 

(amplifications, concentrations, and annealing temperature of the primers and cycling conditions) 

were according to Saldanha et al. and Gloria et al. [25,30].  Briefly, total RNA was extracted from 

HUASMC using TRI reagent ™. The concentration and purity of RNA were assessed using a 

spectrophotometer (Pharmacia Biotech, Ultrospec 3000, Cambridge, England), determining the 

absorbance at 260 nm and the absorbance ratio (260/280 nm), respectively. Using the 

electrophoresis technique (1 % agarose) the integrity of extracted RNA was evaluated. For cDNA 

synthesis, 1 µg of total RNA was reverse transcribed using random hexamer mix (0.5 mg/mL) and 

M-MuLV Reverse Transcriptase (200 U/mL) (NZYTech, Lisboa, Portugal) in a final volume of 20 

µL. For the gene expression analysis, each qPCR reaction required 1 µL of cDNA, gene-specific 

primers (Table 5.1) and SYBR Green/Fluorescein qPCR Master Mix (NZYTech, Lisboa, Portugal). 

Triplicates were made for all samples, and following the mathematical model proposed by Pfaffl 

using the formula 2-ΔΔCt [31] the fold differences in mRNA expression were calculated. 

Table 5.1. Oligonucleotide primers used in the present study for real-time polymerase chain 

reaction.  

Gene GenBank accession no. Primer (5´- 3´) Annealing T (Cº) 

β-actin NM_001101.5 
Fw: 5-CAT CCT CAC CCT GAA GTA CCC-3 

Rv: 5-AGC CTG GAT AGC AAC GTA CAT G-3 
60 

Cav1.2 XM_034935167.1 
Fw: 5-CAT CAT CAT CTA CGC CAT CAT CGC -3 

Rv: 5-GGT CAT CTT CTG CTG GAA CAT CTG-3 
60 

BKCa β1 XM_003830649.4 
Fw: 5-CAA TGT GGT GAA CGC AGC C-3 
Rv: 5-TGT GAT GCT GAG GCG TGA A-3 

60 

BKCa 1.1α XM_034930944.1 
Fw: 5-AAG CAA CGG AAT GGA GGC AT-3 

Rv: 5-CCA GTG AAA CAT CCC AGT AGA GT-3 

 

60 

Gucciα NM_001379671.1 
Fw: 5-GAT AGC ACT GAT GGC CCT GAA-3 
Rv: 5-GTA GTC CAA TTC GCA TCT TGA TAG G-3 

60 

PRKG 1α NM_001098512 Fw: 5-GGC TGT CAG AGA AGG AGG AAG -3 

Rv: 5-GGA AGG ACC TGT ACG TCT GC -3 
60 

 

5.3.8. Drugs and chemicals 

All drugs and chemicals were purchased from Sigma-Aldrich Chemistry (Sintra, Portugal) 

except the products used in qPCR technique, that were purchased from NZYTech (Lisboa, Portugal) 

and the TRI reagent ™ that was purchased from Grisp (Porto, Portugal). Regarding the contractility 

experiments, the stock solutions of 5-HT, Hist and SNP were prepared in distilled water. Nif and 

TBBPA were dissolved in absolute ethanol and final solutions were obtained by dilution with Krebs’ 

solution. These dilutions were carried out daily according to each experiment. Concerning the 

preparation of the TBBPA solution, all HUA were incubated at different concentrations of TBBPA 

(1, 10 and 50 μM) dissolved in 10 mL of DMEM-F12 medium with no additives, for 24 h. 

Concerning the MTT assay and qPCR technique, the TBBPA initial solution was also dissolved in 
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absolute ethanol and final solutions were obtained by dilution FBS-free culture medium. In all 

experiments the final concentration of the solvent (ethanol) never exceeded 0.1 %. 

5.3.9. Statistical analysis 

The graphic design was performed using the Software Origin 8.5.1. and the statistical 

analysis using SigmaStat Statistical Analysis System version 4.0 (2016) for a significance level of 

0.05. All results are expressed as mean ± standard deviation of mean (SD) of n experiments. 

Different statistical methods were chosen according to the number and type of variables tested. 

Statistical significance between two groups was analysed using Student's t-test. Comparison 

between different concentrations of TBBPA and control for cell viability was analysed using one-

way analysis of variance (ANOVA) followed by Dunnett’s post hoc tests to determine significant 

differences among the means. Comparison between all concentrations of TBBPA was analysed 

using one way ANOVA followed by Tukey post hoc tests to determine significant differences among 

the means. Significant differences in tension induced by the contractile agents were determined 

through the nonparametric method Kruskal–Wallis followed by Dunn's post-hoc tests, since the 

results did not achieve the normality criterium. Two-way ANOVA with interaction followed by the 

Holm-Sidak post-hoc tests were used to evaluate the effect of TBBPA on incubated HUA contracted 

with 5-HT, His and KCl, and to evaluate the effect on the activity of SNP and Nif. Differences in the 

mRNA expression were calculated against the control using one-way ANOVA followed by Dunnett's 

multiple comparison test.  In all cases the statistical significance was found for p-value lower than 

0.05. When possible, data sets were log10 transformed to achieve normal distribution. 

5.4. Results 

This study focused on the direct effects and the 24 h exposure of TBBPA on HUA 

contractility. The direct effects are rapid actions caused by TBBPA in the HUA, that is, there is no 

incubation of the HUA. Concerning the exposure time of TBBPA, the HUA and HUASMC were 

incubated with TBBPA for 24 h, according to previous studies performed by our research group 

[25,30,32]. These authors demonstrated that 24 h of incubation is enough for genomic changes to 

occur. These changes are the result of modifications in the modulation of gene expression, which 

can result from differences in the contractile properties of the arteries. 

5.4.1. Assessment of cell viability (MTT assay)   

MTT assay was used to investigate the cellular viability of HUASMC under the effect of 

TBBPA. The cells were exposed to different concentrations of TBBPA (0.01, 0.1, 1, 10, 30, 50, 100, 

500 and 1000 μM), to the culture medium (control) and to ethanol (solvent used to dissolve 

TBBPA, vehicle). As shown in Figure 5.1, only the two highest TBBPA concentrations (500 and 

1000 μM) induced a significant decrease in cell viability (p < 0.01 and p < 0.001, respectively). At 

the remaining concentrations, no differences were observed when compared to the control and the 



 

 

 129 

vehicle. Thus, in all the following experiments, the TBBPA concentrations used were 0.01, 0.1, 1, 10, 

30, 50 and 100 μM. 

 

 

 

 

 

 

 

 
 
 
 
 
Figure 5.1. Percentage of cell viability of HUASMC under the effect of TBBPA. Data are expressed as 

percentage (%) of cellular viability. Each bar represents the mean values and vertical lines the SD * Represents 

statistical differences between TBBPA and Vehicle (**p < 0.01 and ***p < 0.001, one-way ANOVA followed by 

Dunnett’s post hoc test).  

 

5.4.2. Direct effects of TBBPA on HUA 

To analyse the direct effects of TBBPA, the HUA rings without endothelium were contracted 

with two different receptors agonists (5-HT and His) and by depolarization with isosmotic KCl (60 

mM) solution. First, the effect of TBBPA over the resting tension in the HUA was analysed. The 

obtained results show that the different concentrations of TBBPA (0.01–100 μM) did not induce an 

increase in the basal tension of HUA (data not shown). Then, the vascular effect of TBBPA (0.01–

100 μM) was analysed upon HUA contraction with 5-HT (1 μM), His (1 μM) and KCl (60 mM).  

As show in Figure 5.2, TBBPA induced a concentration-dependent relaxant effect in the HUA 

rings contracted with either 5-HT (Figure 5.2A), His (Figure 5.2B) or KCl (Figure 5.2C). In all 

contractile agents (5-HT, His and KCl), TBBPA effects were significant at all concentrations (0.01-

100 μM) (p < 0.001), evidencing a monotonic response. For 5-HT contractions, the three highest 

TBBPA concentrations (30, 50 and 100 μM) caused a significant vasorelaxation compared with the 

two lowest concentrations (p < 0.001), while in His contractions, the TBBPA concentrations that 

caused a significant vasorelaxation were 10, 30, 50 and 100 μM (p < 0.001). Regarding the KCl 

contractions, the three highest TBBPA concentrations (30-100 μM) caused a significant 

vasorelaxation compared to the two lowest concentration (p < 0.001).  

Overall, the maximum relaxant effect induced by TBBPA was observed at the highest 

concentration tested (100 μM). The relaxation elicited by this concentration of TBBPA on 5-HT-, 

His- or KCl-contracted arteries were 63.74 ± 22.07 %, 64.24 ± 7.4 % and 30.05 ± 13.28 %, 

respectively. The obtained results show that the relaxant effects of TBBPA are more prominent in 5-

HT and His-contracted HUA rings, suggesting that TBBPA effects may be dependent on the 

contractile agent used. Regarding the vehicle, it did not have significant effects on contracted 
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arteries at the concentrations used, as shown in Figure 5.2. After washing with Krebs’ solution, all 

vascular effects were reversible (data not shown). 

 
Figure 5.2. Vasorelaxant effects of TBBPA (0.01–100 μM) contracted with (A) serotonin (5-HT, 1 μM, n=6), 

(B) histamine (His, 10 μM, n=6) and (C) KCl (60 mM, n=7). Data are expressed as percentage (%) of 

relaxation on contractile effects. Each bar represents the mean values, the vertical lines the SD and the dots 

the replicates for each n. *** Represents statistical differences between each TBBPA concentrations and the 

respective vehicle (p < 0.001, Student’s t-test) and ### represents statistical differences between all TBBPA 

concentrations (p < 0.001, one-way ANOVA followed by Tukey’s post hoc tests).  
 

 

 

5.4.3. Effects of 24 hours exposure of TBBPA in the contractility of 

HUA 

To investigate the effects of 24 h exposure of TBBPA (at different concentrations - 1, 10 and 

50 μM - for 24h) in the contractile properties of the HUA, the HUA rings without endothelium were 

contracted with 5-HT, His and KCl. 

In Figure 5.3, we observe that the tensions of HUA contracted with 5-HT and His were 

similar for 1 and 10 μM TBBPA incubation when compared with non-incubated HUA rings (p > 

0.05). However, when incubated with 50 μM of TBBPA, the tensions of HUA contracted with 5-HT 

and His significantly decreased (p < 0.001). Regarding the tensions of HUA contracted with KCl, 

the tension of incubated HUA rings with 1 μM of TBBPA was significantly higher than the tension 

of non-incubated arteries (p < 0.05). On the other hand, the tension of incubated arteries with 50 

μM of TBBPA was significantly lower than the tension of non-incubated HUA rings (p < 0.001). 

Concerning the tension of non-incubation HUA rings, it was higher in HUA rings contracted with 

5-HT and KCl than His.   
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Figure 5.3. Real Tension (mg) of the endothelium-denuded HUA rings non- and incubated (24 h) with 

TBBPA (1, 10 and 50 μM) and then contracted with serotonin (5-HT, 1 μM, n=7), histamine (His, 10 μM, n=7) 

and KCl (60 mM, n=7). Each bar represents the mean values, vertical lines the SD and the dots the replicates 

for each n. *Represents statistical differences on the tension of each contractile agent in comparison to control 

HUA rings (W/o TBBPA): * (p < 0.05) and *** (p < 0.001), Kruskal–Wallis method followed by Dunn's post-

hoc tests.  
 

5.4.4. Effects of TBBPA on cGMP signalling pathway  

We analysed the involvement of TBBPA on cGMP signalling pathway. SNP, a stimulator of 

sGC, was used to determine the involvement of this pathway in the mechanism underlying TBBPA-

induced relaxation in HUA rings, non-incubated and incubated with 1 and 10 μM TBBPA for 24 h. 

Figure 5.4 shows the % of relaxation of incubated denuded HUA rings contracted with 5-HT, His 

and KCl and exposed to different concentrations of SNP (1 and 10 µM), and we observed that there 

was a statistical interaction between the HUA rings incubated with TBBPA and SNP for His (p = 

0.001) and KCl (p = 0.026) contractions, however there was not a statistical interaction for 5-HT 

contraction (p = 0.834).  

Concerning the HUA rings contracted with 5-HT (Figure 5.4A), we observed that SNP 

induced relaxation in both control group (W/o TBBPA) and incubated HUA (1 and 10 μM TBBPA). 

However, the relaxation induced by 1 μM of SNP in HUA incubated with 1 and 10 μM of TBBPA was 

significantly higher (p < 0.01 and p < 0.001, respectively) than the relaxation observed in those 

W/o TBBPA. Moreover, the relaxant effect of SNP (10 μM) was significantly different from the 

control group in HUA incubated with 10 μM TBBPA (p < 0.01). 

Regarding the HUA rings contracted with His (Figure 5.4B), we also observed that SNP 

induced relaxation in these HUA rings in both groups (W/o TBBPA, 1 and 10 μM of TBBPA). In 

HUA incubated with 10 μM of TBBPA, the relaxant effect induced by SNP (1 μM) was significantly 

higher (p < 0.01) than the relaxation observed in those W/o TBBPA.  
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In relation to HUA rings contracted with KCl (Figure 5.4C), SNP also led to relaxation of the 

HUA rings from W/o TBBPA, 1 and 10 μM of TBBPA groups. In HUA incubated with 1 μM of 

TBBPA, our results showed a significantly higher relaxation induced by 1 and 10 μM of SNP when 

compared to the relaxation observed in HUA rings from the W/o TBBPA group (p < 0.001). 

Moreover, the relaxation induced by 1 and 10 μM of SNP in HUA incubated with 10 μM of TBBPA 

was also significantly higher (p < 0.001) when compared to the relaxation observed in HUA from 

the control group.  

Figure 5.4. Percentage of relaxation of HUA rings non- and incubated (24 h) with TBBPA (1 and 10 μM), 

contracted with (A) serotonin (5-HT, 1 μM, n=8), (B) histamine (His, 10 μM, n=8) and (C) KCl (60 mM, n=7) 

and exposed to cumulative concentrations of SNP (1 and 10 µM). Each bar represents the mean values, vertical 

lines the SD and the dots the replicates for each n. * Represents a significant difference in comparison to 

control HUA rings (W/oTBBPA): ** (p < 0.01) and *** (p < 0.001). Data were analysed using two-way ANOVA 

followed by Holm-Sidak post-hoc test.  

 

5.4.5. Effects of TBBPA on the activity of L-type Ca2+ channels  

We analysed the effect of TBBPA on Ca2+ influx by ion channels. Nif, an inhibitor of LTCC, 

was used to determine the involvement of these channels in the mechanism underlying TBBPA-

induced relaxation, both in the control group (W/o TBBPA) and incubation (1 and 10 μM TBBPA) 

for 24 h. Figure 5.5 shows the % of relaxation of cumulative concentrations of Nif (0.1–10 µM) in 

incubated HUA rings contracted with 5-HT, His and KCl, and we only observed an interaction 

between the HUA rings incubated with TBBPA and the effect triggered by Nif treatment for KCl 

contraction (p = 0.023). Concerning the HUA rings contracted with 5-HT (Figure 5.5A), results 

showed a significant relaxation (p < 0.05) induced by 1 μM of Nif in arteries incubated with 10 μM 

of TBBPA when compared to the rings W/o TBBPA. Moreover, there was also a significant 

vasorelaxation (p < 0.05) for 10 μM Nif in arteries incubated with 1 and 10 μM of TBBPA. 

Regarding the HUA rings contracted with His (Figure 5.5B) there was a significant decrease in the 



 

 

 133 

relaxation induced by Nif 0.1, 1 and 10 μM (p < 0.01) when the arteries were incubated with 10 μM 

compared to those W/o TBBPA. In relation to HUA rings contracted with KCl (Figure 5.5C), the 

relaxation induced by Nif (0.1 μM) in HUA incubated with 1 and 10 μM of TBBPA was significantly 

lower (p < 0.001) than the relaxation observed in those W/o TBBPA. 

 

 

Figure 5.5. Percentage of relaxation of HUA rings non- and incubated (24 h) with TBBPA (1 and 10 μM), 

contracted with (A) serotonin (5-HT, 1 μM, n=8), (B) histamine (His, 10 μM, n=7) and (C) KCl (60 mM, n=7) 

and exposed to cumulative concentrations of Nif (0.1–10 µM). Each bar represents the mean values, vertical 

lines the SD and the dots the replicates for each n. * Represents a significant difference in comparison to 

control HUA rings (W/oTBBPA): * (p < 0.05), ** (p < 0.01) and *** (p < 0.001). Data were analysed using 

two-way ANOVA followed by Holm-Sidak post-hoc test. 

 

5.4.6. Effects of TBBPA on the expression of channels and proteins 

involved on the contractile property of HUASMC 

qPCR was used to evaluate the expression of some ion channel subunits and some proteins in 

HUA. Figure 5.6 shows the effects of TBBPA on mRNA expression of channels (Cav1.2, BKCaβ1 and 

BKCa 1.1α) and proteins involved in the contractile process of HUA (Gucciα and PRKG 1α). 

Concerning the Cav1.2 channels, mRNA expression was significantly higher in HUASMC incubated 

with 1 μM (p < 0.01), 10 μM (p < 0.05) and 100 μM (p < 0.001) in comparison to the control 

(Figure 5.6A). Regarding the BKCaβ1 subunit, 50 and 100 μM of TBBPA significantly increased the 

mRNA expression when compared to the control in HUASMC (p < 0.05 and p < 0.001 respectively, 

Figure 5.6B). In relation to the BKCa 1.1α subunit, mRNA expression was significantly higher in 

HUASMC incubated with 1, 50 and 100 μM in comparison to the control (p < 0.001, p < 0.01 and p 

< 0.01 respectively, Figure 5.6C).  In the mRNA expression of Gucciα, it was observed a significant 

increase of its expression in HUASMC incubated with 10 and 100 μM of TBBPA when compared to 
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the control (p < 0.001, Figure 5.6D). At last, the mRNA expression of PRKG 1α was significantly 

higher for HUASMC incubations of 1 and 100 μM of TBBPA in comparison to the control (p < 0.01 

and p < 0.001 respectively, Figure 5.6E).   

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5.6. Relative expression in HUASMC exposed to TBBPA (0.01 – 100 μM) (24 h) (A) Cav1.2 channels, 

(B) BKCa β1 subunit channels, (C) BKCa 1.1α subunit channels, (D) sGC (Gucciα) and (E) PRKG 1α subunit. 

Human β-actin was used as housekeeping gene to normalize the mRNA expression. Each horizontal line 

represents the mean values and vertical lines the SD of four independent experiments performed in triplicate. 

* Represents statistical differences in comparison to control (Vehicle): * (p < 0.05), ** (p < 0.01), *** (p < 

0.001). Data were analysed using ANOVA followed by Dunnett's multiple comparison test. 

 

5.5. Discussion 

HUA is easily obtained from the umbilical cord and an excellent source of vascular SMC. It 

has been used as a model to analyse the effects of EDCs on the vascular system and to understand 

the vascular implications of exposure to these compounds in pregnancy [25,26]. Studying the 

exposure to EDCs during pregnancy is of vital importance, since it is a sensitive time of 

development, so the fetoplacental vasculature can help to estimate the exposure to these 

compounds during pregnancy and to understand the implications for the child and the mother 

[24]. Besides that, the mechanisms regulating the contractile state of the HUASMC are crucial for 
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gas and nutrient exchange between the foetus and the placenta. Since the umbilical cord is not 

innervated, the umbilical blood flow and the HUA tonus are controlled by vasoactive substances, 

that can be locally released or present in the circulation, such as 5-HT and His [26], that are 

involved in some pathological processes that disturb the umbilical circulation [33,34].  

The purpose of this study was to analyse the direct effects and the 24 h exposure of TBBPA 

on vascular contractility in HUA, and if vascular homeostasis of this artery is affected by TBBPA.  

Some studies performed in zebrafish, fathead minnow, rainbow trout, Eisenia fetida and 

earthworm species, demonstrated that TBBPA was able to induce chronic toxicity after 14 and 96 h 

exposure [35-38]. Therefore, and as a first approach, the cell viability of HUASMC was analysed 

and cells exposed to high concentrations of TBBPA (500 and 1000 μM) showed a decrease in the 

cell viability of approximately 57 % and 70 %, respectively, indicating a toxic effect of TBBPA in the 

vascular SMC. However, the contractility results showed that the HUA rings incubated with 50 μM 

of TBBPA are not responsive to the contractile agents, suggesting that TBBPA concentrations about 

10 times lower than the toxicity dose may already affect the HUA contractility, and this effect is not 

due to the toxicity induced by TBBPA. Considering these results, we analysed the effect of non-toxic 

TBBPA concentrations (0.01–100 μM) in HUA vascular tone. For this the HUA rings were 

contracted with 5-HT, His and KCl, and then cumulative concentrations of TBBPA were added to 

the contracted artery. To the best of our knowledge, our results showed for the first time that the 

TBBPA direct effects induced a dose-dependent relaxation on denuded HUA rings contracted either 

with 5-HT, His or KCl (60 mM). This effect is more prominent in HUA contracted with 5-HT and 

His than KCl, indicating that it depends on the contractile agent. Consequently, these results may 

suggest that different mechanisms of action may be involved in vasorelaxation induced by TBBPA. 

Moreover, these differences can be explained based on the pathways of each of the contractile 

agent. The contractile capacity of 5-HT in HUA is associated with the activation of 5-HT2A and 5-

HT1B/5-HT1D receptors expressed in the smooth muscle of this artery [39]. The 5-HT2A receptor is 

coupled to the Gq protein and activates phospholipase C, leading to an increase of inositol 

trisphosphate (IP3) levels, following an increase of intracellular Ca2+ levels ([Ca2+]i). On the other 

hand, the 5-HT1B/5-HT1D receptors are coupled to the Gi/o protein that leads to an inhibition of 

adenyl cyclase, leading to an decrease in cAMP levels and an increase of [Ca2+]i [33,39-43]. 

Therefore, our results suggested that the TBBPA effects are due to the modulation of 5-HT2A and 5-

HT1B/5-HT1D receptors and involve Ca2+ channels inhibition or K+ channels activation. Regarding 

the contractility capacity of His, the contraction is achieved by activating H1 receptor, which is 

coupled to Gi/o protein, activating the PLC/IP3 signalling cascade, and leading to an increase of the 

[Ca2+]i [39,44,45]. The H2 receptor is also expressed in HUA smooth muscle, causing an increase in 

cAMP levels due to the Gs activation, and consequently to the HUA relaxation. Although the effect 

of activation of the H1 receptor is predominant, the activation of the receptor H2 can also induce less 

potent contractions, suggesting that the contractile capacity may also be influenced by this receptor 

[46]. Thus, we may suggest that the TBBPA acts in H1 and H2 receptors and induces the inhibition 

of Ca2+ channels or the activation of K+ channels. The KCl contraction is mainly due to the influx of 

extracellular Ca2+, with membrane depolarization and opening of voltage-gated calcium channels 

(VGCC), mainly L-Type, that are involved in the regulation of arterial tonus [33,47,48]. So, the 
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muscle contraction results from VGCC opening and increasing [Ca2+]i. It is important to note that 

[Ca2+]i is a key to the HUA vascular smooth muscle contraction/relaxation [26,47,48], and our 

results suggest that the vasorelaxation caused by TBBPA is mainly due to the inhibition of VGCC. 

The next point was to analyse the effects of 24 h exposure of TBBPA in the contractility of 

HUA. For this, the HUA rings were incubated with 1, 10 and 50 μM of TBBPA for 24 h, and then 

contracted with 5-HT, His and KCl. Concerning the HUA rings contracted with 5-HT, our results 

demonstrated that the incubation with 50 μM of TBBPA induced a very low capacity to contract 

when compared to the control. However, the contractile capacity in the HUA rings incubated with 1 

and 10 μM of TBBPA is similar to the control. So, these results suggest that a continued exposure to 

high concentrations of TBBPA can modulate vascular homeostasis by interference with 5-HT 

receptors (5-HT2A and 5-HT1B/5-HT1D). In relation to the contractile capacity of His in incubated 

HUA rings with 1 and 10 μM of TBBPA, it is similar to the non-incubated HUA rings. However, 

when incubated with 50 μM of TBBPA, the contractile effect of His is very small. Facing these 

results, we may suggest that a continuous exposure to high concentrations of TBBPA modifies the 

contractile effect of His, possibly due to an interaction with the H1 and H2 receptors. Concerning 

the HUA rings contracted with KCl, the results of 1 μM incubation showed an increased contractile 

effect of KCl. The HUA rings incubated with 50 μM of TBBPA did not have the capacity to contract 

in the presence of KCl, suggesting a correlation between the effect of KCl and the concentrations of 

TBBPA. This means that the contractile capacity of KCl depends on the exposure to different 

TBBPA concentrations. Moreover, taking into account that the [Ca2+]i is a key factor in the HUA 

vascular smooth muscle contraction/relaxation [26,47,48], our results suggest that TBBPA also 

modulates vascular homeostasis by interfering with the Ca2+ channels. The results described above 

suggest that the use of the different contractile agents may allow to understand the different 

signalling pathways triggered by TBBPA, and consequently their effects at the vascular level. Facing 

these results, we intended to analyse how the exposure to TBBPA harms vascular homeostasis of 

HUA through these signalling pathways. 

It is well described that the cGMP signalling is the main pathway responsible for the HUA 

relaxation [26,27,49]. Thus, we used the SNP (stimulator of sGC) to analyse TBBPA involvement on 

cGMP signalling pathway. Our results showed that the highest concentration of SNP induces a 

greater relaxation in the HUA, either for 5-HT, His and KCl contracted arteries. In addition, the 

incubation with TBBPA causes an increase in the SNP relaxation response, which increases with 

cumulative concentrations of TBBPA incubation. So, these results suggest that the effects induced 

by SNP depend on TBBPA incubation concentrations, since there was an interaction between the 

effects of SNP and TBBPA incubation for His and KCl contractions. For this reason, we can 

hypothesize that the 24 h exposure effects of TBBPA seems to involve the NO/sGC/cGMP/PKG 

signalling pathway. 

The involvement of TBBPA on Ca2+ influx by ion channels was analysed using a specific 

inhibitor of L-type VGCC, Nif. Our results showed that the response to Nif depends on the TBBPA 

incubation of the arteries since there was an interaction between Nif response and TBBPA 

incubation concentrations. Concerning the 5-HT-contracted HUA rings, incubation with TBBPA 

leads to a significantly increase in the vasodilation induced by Nif (1 and 10 μM) for HUA rings 
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incubated with 1 and 10 μM of TBBPA. Regarding the His-contracted HUA rings, incubation with 

TBBPA leads to a vasodilation induced by Nif similar to the non-incubated HUA rings. However, a 

decreased vasodilatation by Nif (0.1 μM) was observed in HUA incubated with 10 μM of TBBPA. A 

similar effect was observed in KCl-contracted HUA rings, where an incubation with TBBPA clearly 

modifies the Nif effect, decreasing the vasorelaxant response induced by Nif (0.1 μM). These 

observations indicate that TBBPA modifies the action mechanisms of Nif, interfering in the Ca2+ 

influx. However, TBBPA effects on expression of ion channels showed that the mRNA expression 

levels of Cav1.2 channels in HUASMC increased after exposure to TBBPA. Besides, we analysed the 

expression of other ion channels (Kv and BKCa channels) and proteins (sGC and PKG) involved in 

the HUA vascular contractility mechanism. Our research group showed that the potassium 

channels are also involved in the vasodilator effects in HUA. The PKG activation due to increased 

cGMP levels, induces the activation of these channels, mainly Kv and BKCa channels [27,49-51]. As 

mentioned previously, the vasorelaxation induced by TBBPA may be due to an increase in the 

potassium channels. Based on these results, we observed that the mRNA expression levels of BKCa 

1.1α- and β1- subunits and PRKG 1α subunit are increased in response to TBBPA incubation. 

Besides, TBBPA effect in mRNA expression levels of sGC (Gucciα), showed an increased expression 

in TBBPA incubation when compared to control. Considering these results, TBBPA clearly 

modulates these proteins and ion channels expression.  

Our research suggests that TBBPA modifies the contractile response of 5-HT, His and KCl by 

interference with 5-HT and His receptors and the involvement of Ca2+ and K+ channels. Taking into 

account that hypertensive disorders in pregnancy are associated with a variation in 5-HT or His 

release and with the sensitivity of the HUA to these mediators, that leads to changes in vascular 

resistance [43,52-54]. In fact, some epidemiological studies have associated the exposure to EDCs, 

including flame retardants, with the development of cardiovascular diseases [24,55]. However, 

more studies are needed to understand this involvement and the associated mechanisms. Since we 

are daily exposed to products containing EDCs, studying how and by what mechanisms these 

compounds can disrupt the normal physiological regulation of HUA is fundamental to the 

treatment and prevention of cardiovascular diseases. 

5.6. Conclusions 

In summary, our results showed for the first time that the direct effects of TBBPA induce a 

vasorelaxation in HUA. Concerning the effects of 24 h exposure of TBBPA, these are dependent on 

the contractile agents (5-HT, His and KCl) and the incubation concentration of this compound. In 

addition, these effects of TBBPA modified the vasorelaxant response of sodium nitroprusside and 

nifedipine, impairing the main HUA vasorelaxant mechanism.  

The genomic effects of TBBPA induced an increase in vasodilation, and this effect may be 

due to the involvement of TBBPA in the NO/sGC/cGMP/PKG signalling pathway. Moreover, 

TBBPA clearly modulated the L-type Ca2+ and the BKCa 1.1 α- and β1 -subunit channels, and the sGC 

and PKG protein. Taken together, these observations suggest that TBBPA exposure alters vascular 

homeostasis of HUA. 
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6.1. Abstract 

Abstract: Tetrabromobisphenol A (TBBPA) is a flame retardant widely used to reduce 

flammability. Being an endocrine disruptor and due to a constant human exposure, some concerns 

have been raised in human health. Studies showed that TBBPA affects oxidative stress, cell 

proliferation, and intracellular calcium levels. However, the vascular consequences of TBBPA 

exposure are still scarce. Hence, this work aimed to analyse TBBPA effects on rat aortic smooth 

muscle and its action mechanisms. Through an ex vivo approach Wistar rat aortas were used in an 

organs bath to evaluate the vascular effect of TBBPA (0.01–100 μM). In addition, TBBPA’s mode of 

action was studied through calcium and potassium channel inhibitors. Resorting to in vitro studies, 

A7r5 cells were used to analyse L-Type voltage-gated calcium channels (VGCC) activity through the 

whole-cell configuration of Patch clamp technique, and the mRNA expression of proteins and ion 

channels involved in vascular contractility. The results showed a vasorelaxation of rat aorta induced 

by TBBPA exposure, involving the inactivation of L-Type VGCC and activation of potassium 

channels, and the modulation of mRNA expression of L-type calcium and large-conductance 

calcium 1.1 and the BKCa 1.1 α- and β1 -subunit channels, soluble guanylyl cyclase and protein 

Kinase G.  

 

Keywords: Tetrabromobisphenol A, Relaxation, Calcium channels, Potassium channels, Rat aor-

tic, A7r5 cells 
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6.2. Introduction  

One of the most prevalent brominated flame retardant is tetrabromobisphenol A (TBBPA 

or 2,6-Dibromo-4-[2-(3,5-dibromo-4-hydroxyphenyl)propan-2yl]phenol), used in plastic, textile 

and paper [1]. This compound is considered an endocrine disruptor and it has been already found 

in food, dust, water, air, soil, and consequently, in animals and humans [1].  

So far, most of the studies have been performed in animals, mainly in rodents, showing an 

association between TBBPA exposure and reproductive, development and neurobehavioral effects 

[2-4]. Besides, it was also demonstrated that this compound can alter thyroid hormone levels [5,6], 

and has been related with nephrotoxicity, hepatotoxicity, and carcinogenicity [7-9]. Specifically, 

TBBPA leads to an increase in intracellular calcium levels ([Ca2+]i) and to cell death in cerebellar 

granule cells´ primary neurons [10].  Moreover, in rat pancreatic β-cells, TBBPA can also affect 

some parameters of oxidative stress, namely nitric oxide (NO) and intracellular reactive oxygen 

species (ROS), and mitochondrial superoxide levels [11]. These results showed that the disruption 

of calcium (Ca2+) homeostasis is involved in the formation of ROS and cell death, mechanisms in 

which TBBPA is involved.  

It is known that vascular tone is regulated by the [Ca2+]i, which is the main factor of 

vascular smooth muscle cells´ (SMC) contractility, and NO [12,13]. In rat small mesenteric arteries 

and rabbit cerebral arteries it is suggested that NO may activate large-conductance Ca2+-activated 

K+ (BKCa) channels in a cyclic guanosine monophosphate (cGMP)-independent manner and may 

modulate the frequency of Ca2+ sparks affecting the activity of BKCa channels [14,15]. 

Giving these observations, it is important to analyse how TBBPA exposure affects the 

vascular tonus and to understand the mechanistic pathways underlying these effects. Thus, the aim 

of this work was to assess the effects of TBBPA in rat aortic smooth muscle and to investigate its 

potential signalling pathway. For that purpose, the TBBPA effect on contracted endothelium-

denuded rat aorta was analysed by ex vivo organ bath experiments. Using A7r5 cells, TBBPA effects 

on voltage dependent Ca2+ current (ICa,L) were analysed through the whole cell configuration of the 

patch clamp technique and after 24 h TBBPA exposure, the expression of potassium (K+) and Ca2+ 

channels, soluble guanylate cyclase (sGC) and cGMP-dependent protein kinase (PKG) was 

evaluated. 

6.3. Methods 

6.3.1. Drugs and chemicals 

The drugs used in cell culture and contractility, MTT, and electrophysiology ex-periments 

were purchased from Sigma-Aldrich Chemistry (Sintra, Portugal). The reagents for RT-qPCR 

technique were bought NZYTech (Lisboa, Portugal), and Grisp (Porto, Portugal). In addition, the 

bovine serum albumin (BSA) was purchased from Fisher Scientific and the foetal bovine serum 

(FBS) from Biochrom. The stock solutions of Phenylephrine (Phenyl), Noradrenaline (NA), 

tetraethylammonium (TEA) and 4-aminopyridine (4-AP) were made in distilled water, while 

TBBPA, Nifedipine (Nif), glybenclamide (Gly) and Bay-K 8644 were dissolved in absolute ethanol 
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and stored at -20 ºC. Appropriate dilutions were prepared before the experiments in each specific 

solution, Krebs’ solution to be used in organ bath, electrophysiology external solution in patch 

clamp technique and FBS-free culture medium in MTT assay and RT-qPCR technique. The final 

concentrations of ethanol (vehicle) did not exceed 0.1 %. 

6.3.2. Ex Vivo studies 

6.3.2.1. Contractility experiments in isolated rat thoracic aorta rings  

The use of male adult Wistar rats (Charles-River, Barcelona, Spain) was approved by the 

Animal Research Committee of University of Beira Interior (CICS-UBI, Covilhã, Portugal) and 

follows the regulations of the European Convention for the Protection of Vertebrate Animals Used 

for Experimental and Other Scientific Purposes (Directive 2010/63/EU). The procedures for 

euthanasia, thoracotomy and organs bath technique were performed as previously by our group 

[16,17]. After confirming the absence of endothelium using acetylcholine (1 μM), the rat aorta rings 

were contracted with Phenyl (1 μM), NA (1 μM) and isosmotic KCl (60 mM) solution. Upon each 

contraction the effects of TBBPA (0.01–100 μM) were evaluated. Besides, to analyse the influence 

of Ca2+ and K+ channels, different inhibitors were added: 

- Nif (0.001 and 1 μM), an inhibitor of voltage-gated calcium channels (VGCC); 

- TEA (1000 μM), an inhibitor of conductance Ca2+-activated K+ (BKCa) channel;  

- 4-AP (1000 μM), an inhibitor of voltage-gated potassium channels (Kv); 

- Gly (10 μM), an inhibitor of ATP-sensitive potassium (KATP).  

In these experiments, before contraction, the rat aorta rings were incubated 15 minutes with 

these K+ channels inhibitors and the effects of TBBPA and Nif in the presence of these drugs were 

analysed. Ethanol was used as control at the same percentage used to dissolve TBBPA. Each 

experiment was conducted in several rat aorta rings from at least five different rats. 

6.3.3. In Vitro studies 

6.3.3.1. Culture of A7r5 cells 

A7r5 cell line is a commercial vascular smooth muscle cell line obtained from embryonic rat 

aorta (Sigma-Aldrich, Portugal) and a suitable model to study the contractile function, mainly the 

calcium homeostasis. The culture of the cells was performed according to Mariana et al. [16]. After 

confluence, the cells were maintained in a culture medium without FBS for 24 h. Before each 

experiment, the cells were trypsinized using a commercial trypsin-EDTA solution (0.025 %). These 

cells were used to perform MTT assay, electrophysiology, and real-time quantitative polymerase 

chain reaction (RT-qPCR) experiments.  
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6.3.3.2.  Cell viability  

A7r5 cells´viability and proliferation in response to TBBPA exposure were measured using 

the MTT assay. This assay was performed according to the methodology described by Feiteiro et al. 

[18]. Confluent cells were treated for 24 h with different concentrations of TBBPA (0.01, 0.1, 1, 10, 

30, 50, 100, 500 and 1000 μM), after which 200 μL MTT solution (0.5 mg/mL) were added. After 4 

h (37 ᵒC, 5 % CO2 and 95 % of humidity) of exposure to MTT, it was removed, and the formazan 

crystals were dissolved in DMSO and converted into a purple colour indicating the amount of 

formazan production. Colour intensity was measured at 570 nm using a photometer (EZ Read 400, 

Microplate Reader, Biochrom). 

6.3.3.3. Electrophysiology experiments  

For the electrophysiological experiments, the cells were kept at 4 °C in medium without FBS 

until the initiation of the experience. To analyse the L-type VGCC current (ICa,L), the patch clamp 

technique was used in the whole-cell configuration, as described by Cairrao et al. [19] and Mariana 

et al. [16]. Different concentrations of TBBPA (0.01, 1, 10, 50 and 100 μM) dissolved in external 

solution, were studied in basal and BAY K8644-stimulated (0.01 μM) ICa,L. 

6.3.3.4. Real-time quantitative polymerase chain reaction (RT-qPCR)  

RT-qPCR was the technique used to assess the mRNA expression of L-type calcium channel 

a1C-subunit (Cav1.2), BKCa 1.1 α- and β1- subunits (BKCa 1.1α and BKCa β1), sGC (Gucciα) and 

protein kinase cGMP-dependent 1 α-subunit (PRKG 1α) in response to TBBPA after 24 hours of 

treatment. This procedure was performed according to Feiteiro et al. [18]. For these cells 

cyclophilin A (Cyc A) was used as internal control to normalize gene expression. The efficiency of 

the amplification (CFX Connect; Real-Time System; BioRad, Hercules, CA, USA) was defined for all 

primer sets using serial dilutions of cDNA samples (1:1, 1:5 and 1:25). For the qPCR, a 20 μL 

reaction was pre-pared (1 μL cDNA, 0.3 μM of each primer, except for L-type (0.4 μM), and 10 μL 

SYBR Green/Fluorescein qPCR Master Mix). Then, initial denaturation at 95 °C for 5 min was 

followed by 40 cycles of 95 °C (10 sec), 60 °C the annealing temperature (30 sec) and at 72 °C (10 

sec). The amplified PCR fragments (60 °C to 95 °C at a rate of 0.05 °C/s) were verified by melting 

curve analysis. All samples were run in triplicated for each qPCR assay. The normalized mRNA 

expression value was calculated following the mathematical model proposed by Pfaffl using the 

formula 2-ΔΔCt [20].  All oligonucleotide primers are indicated in Table 6.1. 
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Table 6.1. Oligonucleotide primers used for real-time polymerase chain reaction. 

 
 

6.3.4. Statistical analysis 

According to the number and type of the variables tested in this work different and specific 

statistical methods were applied. For cell viability, a comparison between different concentrations 

of TBBPA and control was analysed using a one-way analysis of variance (ANOVA) followed by 

Dunnett’s post hoc test to determine significant differences among the means. In the contractility 

experiments, statistical significance between two groups was analysed using Student's t-test, while 

a comparison between different concentrations of TBBPA was analysed using one-way ANOVA 

followed by Tukey post hoc test. Additionally, to analyse the statistical difference of the effect of Nif 

and K+ channels inhibitors on TBBPA effect, the Two-way ANOVA with interaction followed by the 

Holm-Sidak post-hoc tests were applied. In the electrophysiology experiments, comparison 

between different concentrations of TBBPA was analysed using one-way ANOVA followed by Tukey 

post hoc test to determine significant differences. Finally, to evaluate the statistical differences in 

the mRNA expression one-way ANOVA followed by Dunnett's multiple comparison test was used.  

In all cases the statistical significance was considered for a p-value lower than 0.05 and all 

values are presented as the mean ± SD (standard deviation) of number of experiments. Software 

Origin 8.5.1. was used for the graphic design and SigmaStat Statistical Analysis System version 4.0 

(2016) for data analysis.  

6.4. Results  

This research study assessed how TBBPA affects the rat aorta smooth muscle. The TBBPA-

mediated vascular effects were analysed a functional (through the organ bath and patch-clamp) and 

genomic levels (24 h exposure of TBBPA in A7r5 cells). The design of this study was chosen in 

accordance with previous works performed by our research group [16,17,21,22], in which bisphenol 

A (BPA), an analogue of TBBPA, was one of the compounds analysed in those studies. These 

authors demonstrated that this experimental design is adequate to analyse how these hazardous 

compounds impair the vascular function. A wide range of concentrations is appropriate to study 

Gene GenBank accession no. Primer (5´- 3´) 
Concentration 

(μM) 

Cyc A NM_017090.2 
Fw: 5- CAA GAC TGA GTG GCT GGA TGG -3 

Rv: 5-GCC CGC AAG TCA AAG AAA TTA GAG -3 
0.3 

Cav1.2 NM_012517.2 
Fw: 5- CTC GAA GTT GGG AGA ACA GC -3 

Rv: 5- GAC GAA ACC CAC GAA GAT GT -3 
0.4 

BKCa β1 NM_019273.1 
Fw: 5- CCA GGA ATC CAC CTG TCA CT -3 

Rv: 5- TCA CAT CAA CCA AGG CTG TC -3 
0.3 

BKCa 1.1 α NM_031828.1 
Fw: 5- GTC TGC ATC TTT GGG GAT GT -3 

Rv: 5- GGG GAA GTT GTG CAG TGT TT -3 
0.3 

Gucciα NM_017090.2 
Fw: 5- GTG TGC CTC GGA AAA TCA AT -3 

Rv: 5- ATC TCG GGG TGA ACA CAA AG -3 
0.3 

PRKG 1α NM_001105731.3 
Fw: 5- CGT GAG GCT ATA CCG GAC AT -3 

Rv: 5- GCA AAC GCT TCT ACC ACA CA -3 
0.3 
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toxic effects of environmental contaminants, so in this study we used 0.01-1000 μM of TBBPA that 

are in accordance with a recent study [18], that demonstrated that only the highest concentrations 

decreased the viability of human umbilical smooth muscle cells. 

6.4.1. Ex Vivo studies 

6.4.1.1. Effects of TBBPA on isolated rat aorta 

To evaluate the effects of TBBPA on rat aorta contractility, after removing the endothelium, 

the aortic rings were first exposed to Phenyl (1 μM), NA (1 μM) and KCl (60 mM) solution. The 

maximum contractions promoted by these three contractile agents were 2.02± 0.7 g, 2.01 ± 0.7 g 

and 2.01 ± 0.6 g, respectively, and were not statistically significant (p = 0.997). However, when 

TBBPA was added to the resting tension the results showed that none TBBPA concentrations 

(0.01–100 μM) affected the basal tension (data not shown). 

Afterwards, the TBBPA effects were analysed over the contractions the Phenyl (1 μM), NA (1 

μM) and KCl (60 mM). As displayed in Figure 1, TBBPA provoked a concentration-dependent 

relaxation over the precontracted aortic rings, either with Phenyl (Figure 2A), NA (Figure 2B) or 

KCl (Figure 2C), with a maximum effect at 100 μM (the highest concentration). The relaxations 

elicited by this concentration of TBBPA on Phenyl- NA- or KCl-contracted rat aorta were 44 ± 6.3 

%, 53.35 ± 4.23 % and 34.43 ± 3.8 %, respectively. In Phenyl and NA-contracted rat aorta the 

relaxant effects of TBBPA are more prominent, indicating that the contractile agent used can 

modulate the TBBPA response. Also in Figure 6.1, it is shown that the vehicle did not have 

significant effects on contracted arteries in any of the concentrations used.   

 

 

Figure 6.1. TBBPA vasorelaxation (0.01–100 μM) in rat aorta rings contracted with (A) Phenylephrine 

(Phenyl, 1 μM, number of rat aortas = 7) (B) Noradrenaline (NA, 1 μM, number of rat aortas = 7) and (C) KCl 

(60 mM, number of rat aortas = 6). Results are expressed as a percentage (%) of relaxation on contractility. 

Each bar represents the mean values, the vertical lines the SD and the dots the replicates for each n. * 

Represents significant statistical differences between each TBBPA concentrations and the respective vehicle 

(** p < 0.01 and *** p < 0.001, Student’s t-test) and ### represents statistical differences between all TBBPA 

concentrations (p < 0.001, one-way ANOVA followed by Tukey’s post hoc tests). 
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6.4.1.2. Influence of L-type Ca2+ channels on TBBPA-induced 

vasorelaxation on isolated rat aorta 

To analyse the involvement of L-type VGCC in the TBBPA vasorelaxant effect, after 

contraction with Phenyl (1 μM), NA (1 μM) and isosmotic KCl (60 mM) solution, the arteries were 

exposed to Nif (0.001 and 1 μM) and the TBBPA (0.01–100 μM). Isosmotic KCl solution induces 

contraction by extracellular Ca2+ influx, through depolarisation and opening of L-type VGCC.  Nif, 

being a specific blocker of these channels, when added at a concentration of 1 μM it leads to a 

relaxation of almost 100 % (data not shown). Thus, a lower concentration (0.001 μM) had to be 

used in KCl contracted arteries to better analyse the effect of the TBBPA plus Nif.  Figure 6.2 shows 

that Nif caused vasorelaxation in all Phenyl, NA, and KCl contracted arteries with a statistically 

significant interaction between the different concentrations of TBBPA and the effect triggered by 

Nif treatment (p ≤ 0.001). Concerning the rat aorta contracted with Phenyl and NA (Figure 6.2A 

and 6.2B), the vasorelaxation induced by the combined application Nif and TBBPA (0.01-50 μM) 

was significantly higher than the individual TBBPA effect (p < 0.001). However, at 100 μM the 

vasorelaxation induced by Nif plus TBBPA was lower than the individual TBBPA effect (p < 0.001). 

While in KCl-contracted arteries (Figure 6.2C), the vasorelaxation induced by Nif plus TBBPA was 

significantly higher than the individual TBBPA effect in all concentrations (p < 0.001). The 

vasorelaxation induced by Nif plus TBBPA was similar to the individual effect of Nif (p > 0.05), in 

all conditions and TBBPA concentrations. Regardless of the contractile agent, the inactivation of L-

type VGCC seems to be involved in the TBBPA vasorelaxant effect.  

 

Figure 6.2. Relaxation of rat aortas with TBBPA (0.01–100 μM), Nif (0.1 and 1 μM) and Nif plus TBBPA 

upon contraction with (A) Phenylephrine (Phenyl, 1 μM, number of rat aortas = 8) (B) Noradrenaline (NA, 1 

μM, number of rat aortas = 8) and (C) KCl (60 mM, number of rat aortas = 8). Results are expressed as a 

percentage (%) of relaxation on contractility. Each bar represents the mean values, the vertical lines the SD 

and the dots, squares and triangles the replicates for each n. *** Represents significant statistical differences 

between TBBPA and Nif + TBBPA: *** p < 0.001. Data were analysed using two-way ANOVA followed by 

Holm-Sidak post-hoc test. 
 

 

6.4.1.3. Influence of K+ channels on TBBPA-induced vasorelaxation on 

isolated rat aorta 

Considering the previous results, the following approach was to analyse the involvement of 

K+ channels in the vasorelaxation mechanism induced by TBBPA in rat aorta. Thus, TEA, 4-AP, and 
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Gly were used as different K+ channels inhibitors. Firstly, before contraction, rat aorta rings were 

exposed for 15 min to TEA (1000 μM), 4-AP (1000 μM) and Gly (10 μM), and we observed that 

these inhibitors did not cause a significant effect on Phenyl and NA (1 μM) contraction (data not 

shown). After that, the Nif (1 μM) effect and cumulative concentrations of TBBPA (0.01–100 μM) 

were analysed, as shown in Figure 6.3. A statistical interaction was observed between the TBBPA 

levels, and the effect triggered by Nif plus TEA, 4-AP and Gly treatment for Phenyl and NA 

contractions (p ≤ 0.001).  

The following results for Phenyl contracted arteries will be summarized in Figure 6.3A and 

the statistics represented in Table 6.2, in which TBBPA will be called Ct1, Nif of Ct2 and K+ 

inhibitors plus Nif of Ct3. The obtained results showed that the synergetic effect of Nif and TBBPA 

was significantly higher than Ct1 effect at 0.01–50 μM of TBBPA (p < 0.001), but at 100 μM of 

TBBPA, the combined application of Nif and TBBPA was significantly lower than Ct1 (p < 0.001). 

Moreover, the effects induced by K+ channels inhibitors with TBBPA were significantly lower than 

Ct1 at 0.01–100 μM and the combined application of K+ channels inhibitors, Nif and TBBPA was 

significantly higher than Ct1 (0.01–100 μM). The Ct2 effect was not statistically significant neither 

with Nif plus TBBPA, nor with the effect of joint application of K+ channels inhibitors, Nif and 

TBBPA (p > 0.05). However, the effect of Ct2 was significantly higher compared to the effect 

induced by the K+ channels inhibitors with TBBPA (p < 0.001). In addition, the application of Ct3 

at 0.01, 0.1, 1 and 10 μM of TBBPA was significantly higher than effect induced by Nif plus TBBPA 

(p < 0.05), while the effect induced by K+ channels inhibitors with TBBPA was significantly lower 

than Ct3 (p < 0.001). However, the Ct3 effect was not significantly different compared to the effect 

of the combined application of K+ channels inhibitors, Nif and TBBPA (p > 0.05). 

In the same way as Phenyl, the results and statistics related to NA will be presented in Figure 

6.3B and in Table 6.3, with the same designations Ct1, Ct2 and Ct3. The results showed that 

combined application of Nif and TBBPA was significantly higher than Ct1 at 0.01–50 μM of TBBPA 

(p < 0.001). However, at 100 μM the effect was significantly lower than Ct1 (p < 0.001). The effect 

of K+ channels inhibitors plus TBBPA was significantly lower than Ct1, at the three highest TBBPA 

concentrations (30, 50 and 100 μM) (p < 0.01 and p < 0.001), as well as the combined application 

K+ channels inhibitors, Nif and TBBPA at 0.01, 1, 10 and 50 (p < 0.001) and 30 μM (p < 0.01) that 

was also significantly lower than Ct1 effect (p < 0.001). On the contrary, at 100 μM concentrations 

of TBBPA, the effect of Ct1 was significantly higher than the combined application of K+ channels 

inhibitors, Nif and TBBPA (p < 0.001). Regarding Ct2, the effect induced by K+ channels inhibitors 

plus TBBPA and combined applications of K+ channels inhibitors, Nif and TBBPA were significantly 

lower than the vasorelaxation caused by Ct2 (p < 0.001), at all concentrations of TBBPA. The effect 

of Ct3 was significantly lower than the combined application of Nif and TBBPA (p < 0.001), and 

higher when compared to the combined applications of K+ channels inhibitors and TBBPA (p < 

0.001). Further-more, the Ct3 effect was only significantly higher for TBBPA at 0.01 and 0.1 μM of 

TBBPA than the combined applications of K+ channels inhibitors, Nif and TBBPA (p < 0.05). 
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Table 6.2. Statistical differences in the relaxation of rat aortas contracted with Phenyl (1 μM) in 

different conditions. Ct1 represents the individual TBBPA effect; Ct2 represents the individual Nif effect; 

Ct3 represents the potassium channels inhibitors with Nif. * Represents significant statistical differences 

between different controls and other conditions: * p < 0.05, *** p < 0.001, n.s. represents no significant 

differences (p > 0.05). Data were analysed using two-way ANOVA followed by Holm-Sidak post-hoc test. 

 

 

 

Table 6.3. Statistical differences in the relaxation of rat aortas contracted with NA (1 μM) in 

different conditions. Ct1 represents the individual TBBPA effect; Ct2 represents the individual Nif effect; 

Ct3 represents the potassium channels inhibitors with Nif. * Represents significant statistical differences 

between different controls and other conditions: * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. represents no 

significant differences (p > 0.05). Data were analysed using two-way ANOVA followed by Holm-Sidak post-

hoc test. 
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Figure 6.3. Vasorelaxant effects of TBBPA (0.01–100 μM), nifedipine (Nif, 1 μM), K+ channels inhibitors 

(TEA, 1000 μM; 4-4-AP, 1000 μM and Gly, 10 μM), with Nif, Nif with TBBPA, and K+ channels inhibitors with 

Nif and TBBPA on rat aorta rings contracted with (A) Phenylephrine (Phenyl, 1 μM, number of rat aortas = 7) 

(B) Noradrenaline (NA, 1 μM, number of rat aortas = 7). Each bar represents the mean values, the vertical 

lines the SD and the dots the replicates for each n. 

 

6.4.2. In Vitro studies  

6.4.2.1 Assessment of viability (MTT assay)   

The cellular viability of A7r5 cells exposed to TBBPA (0.01, 0.1, 1, 10, 30, 50, 100, 500 and 

1000 μM) was analysed using MTT assay. Besides TBBPA, the cells were exposed to the culture 

medium, as control, and to ethanol, the solvent used to dissolve TBBPA (vehicle) for 24 h. As shown 

in Figure 6.4, TBBPA at 500 and 1000 μM significantly decreased the cell viability (p < 0.0001). 

Thus, in all the experiments, the TBBPA concentrations used were 0.01, 0.1, 1, 10, 30, 50 and 100 

μM. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.4. A7r5 cell viability under the effect of TBBPA. Data are expressed as a percentage (%) of cellular 

viability. Each bar represents the mean values and vertical lines the SD and the dots the replicates for each n. * 

Represents statistical differences between TBBPA and Vehicle (**** p < 0.0001, one-way ANOVA followed by 

Dunnett’s post hoc test). 
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6.4.2.2. Effects of TBBPA on ICa,L in A7r5 cells 

In A7r5 cells, L-type VGCC current (ICa,L) was analysed through the whole-cell patch clamp 

technique. Figure 5A showed the effect of the TBBPA concentrations used in this study on ICa,L. of 

which 50 and 100 μM significantly inhibited basal ICa,L (p < 0.001). This inhibition was reversible 

after washout. The ICa,L density mean value was -1.82 ± 1.26 pA/pF (n = 33). 

In order to analyse TBBPA effect on stimulated ICa,L, we resorted to BAY K8644 (0.01 μM), 

as a potent and specific activator of the L-type VGCC, which stimulated the calcium current by 

60.40 ± 30.22 % above the basal level. Considering that Bay effects returned to the initial levels 

after washout we confirmed that the current analysed was ICa,L. Figure 6.5B summarizes the effects 

of TBBPA on the calcium current, in which a significant inhibition was observed for concentrations 

of 10, 50 and 100 μM (p < 0.01 and p < 0.001), with maximum values of 34.96 ± 4.45 %, 57.95 ± 

3.80 %, and 64.24 ± 2.72 % respectively. The vehicle used to dissolve TBBPA, ethanol, did not 

affect basal or stimulated ICa,L  (-1.8 ± 2.75 %) (data not shown). 

 

Figure 6.5. Effects of TBBPA (0.01–100 μM) on ICa,L in A7r5 cells. (A) Inhibitory effects of TBBPA on basal 

ICa,L expressed in percent variation over the amplitude of basal ICa,L (B) inhibitory effects of TBBPA on the ICa,L 

stimulated by BAY (0.01 μM), expressed in percent variation over the amplitude of BAY-stimulated ICa,L. Each 

bar represents the mean values, the vertical lines the SD and the dots the replicates for each n. * Represents 

statistical differences between TBBPA concentrations: ** p < 0.01, *** p < 0.001. Data were analysed using 

two-way ANOVA followed by Holm-Sidak post-hoc test. 

6.4.2.3. Effects of TBBPA on the expression of Cav1.2, BKCa β1, BKCa 

1.1α, Gucciα and PRKG 1α 

The expression of ion channels and proteins implicated in the regulation of vascular tone, 

interfering with the contraction and relaxation mechanisms of the SMC, were evaluated using RT-

qPCR. The effects of TBBPA on mRNA expression of channels’ subunits (Cav1.2, BKCa β1 and BKCa 

1.1α) and proteins (Gucciα and PRKG 1α) are represented in Figure 6.6.  

Concerning the ion channels the mRNA expression was significantly increased when A7r5 

cells were incubated with TBBPA 0.01 and 50 μM for Cav1.2 channels (p < 0.001 and p < 0.05, 

Figure 6.6A), TBBPA 1 and 10 μM for BKCa β1 subunit (p < 0.01 and p < 0.001 respectively, Figure 
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6.6B) and TBBPA 50 μM for BKCa 1.1α subunit (p < 0.001, Figure 6.6C). Similarly, mRNA 

expression of Gucciα, was significantly higher for TBBPA 0.01 e 1 μM (p < 0.01 and p < 0.001, 

respectively, Figure 6.6D), while for PRKG 1α it was for TBBPA 50 μM (p < 0.01, Figure 6E). All 

these results were compared to the vehicle (control group).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6.6. Relative expression in A7r5 cells exposed to TBBPA (0.01 – 100 μM) (24 h) (A) Cav1.2 channels, 

(B) BKCa β1 subunit channels, (C) BKCa 1.1α subunit channels, (D) sGC (Gucciα) and (E) PRKG 1α subunit. 

Cyc A was used as a housekeeping gene to normalize the mRNA expression. Each bar represents the mean 

values and vertical lines the SD of four independent experiments performed in triplicate and the dots the n. * 

Represents significant statistical differences in comparison to vehicle (control): ** p < 0.01, *** p < 0.001. 

Data were analysed using ANOVA followed by Dunnett's multiple comparison test. 

 

6.5. Discussion 

TBBPA´s endocrine-disrupting properties are currently under European Chemicals Agency 

assessment [23]. However, according to the harmonized classification (European Union) TBBPA is 

already considered extremely toxic to aquatic life and this effect can be long lasting [24]. 

The adverse effects of TBBPA in Ex vivo and In vitro models have been demonstrated in 

several studies. Recently, it was demonstrated that TBBPA induces vasorelaxation of the human 
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umbilical artery (HUA) involving the NO/sGC/cGMP/PKG pathway and the influx of calcium, 

suggesting that TBBPA exposure modifies the HUA vascular homeostasis [18]. In order to provide a 

clarification of these results, there was the need to analyse TBBPA effects in rat aorta, since this 

sample is considered a universal model at the vascular level. Furthermore, studies carried out in the 

rat aorta using a TBBPA analogue considered to be more toxic at the vascular level, the BPA, 

showed that it inhibits the calcium channels [17]. 

Experimental studies using animal models can offer a quicker and more flexible approach 

for the study of TBBPA effects on human health and contribute to unravel the mechanism of action 

and dose–response characteristics [1]. ECHA has also identified TBBPA as suspected of causing 

cancer, since it has been classified as category 1B (Carc1B) based on animal studies. Most of those 

studies considered TBBPA as a carcinogenic compound in rodents, with possible mechanisms being 

disruption of oestrogen homeostasis and thyroid hormone pathway, oxidative stress, inflammation, 

and immunosuppression [23]. In addition, TBBPA also leads to an increase in intracellular [Ca2+] 

and affects NO, ROS, and mitochondrial superoxide levels [10,11,25]. As already mentioned, the 

intracellular [Ca2+] and NO are vital for the vascular tonus regulation and considering that TBBPA 

affects these parameters, the main goal of this work was to understand the real impact of TBBPA at 

a vascular level. For that purpose, ex vivo and in vitro experiments on rat aorta were performed. 

Regarding these arteries, the vascular contractility was analysed, and using cultured A7r5 cells it 

was possible to 1) observe the TBBPA effects in Ca2+ current and 2) analyse mRNA expression levels 

of Cav1.2, BKCa β1, BKCa 1.1α, Gucciα and PRKG 1α after 24 h exposure of TBBPA. 

Several studies using zebrafish, fathead minnow, rainbow trout, Eisenia fetida and 

earthworm species, showed that TBBPA can induce chronic toxicity after 14 and 96 h exposure [26-

29]. However, in rodents, TBBPA induces small acute toxicity and has low availability [30]. 

Therefore, by analysing the A7r5 cells viability it was found that after exposure to 500 and 1000 μM 

TBBPA, there was a decrease in cell viability of 66 and 49 %, respectively. These results indicate 

that high concentrations of TBBPA have toxic effects on vascular smooth muscle cells. Considering 

these results, we excluded the concentrations 500 and 1000 μM in all the experiments. 

 Through the ex vivo studies, it was possible to show for the first time that TBBPA induces 

relaxation on rat aorta rings pre-contracted either with Phenyl, NA or KCl (60 mM). We can 

suggest that, in addition to having a dose-dependent effect, it is not NO production dependent, 

since the arteries are devoid of endothelium. Thus, TBBPA was the unique responsible for the 

relaxation effect. It should be noted that the vasorelaxation induced by TBBPA was less pronounced 

in arteries contracted with KCl than those contracted with Phenyl or NA, which can be explained by 

the different vascular pathways of these three contractile agents. NA mediates vascular contractility 

through the activation of the α1A-, α1B-, α1D-, β1-, and β2-adrenoceptors [31,32], which act 

differently. The α1- adrenoceptors are coupled to the Gq protein activation leading to an increase of 

[Ca2+]i from the sarcoplasmic reticulum and causing contraction [33-35]. On the other hand, β1- 

and β2-adrenoceptors will lead to vasorelaxation. These receptors are coupled to Gs protein 

inducing the activation of adenylate cyclase and increasing the intracellular cAMP concentration 

[36,37]. Also associated with the NA contraction is the influx of extracellular Ca2+ via voltage- or 

receptor-operated Ca2+ channels [38]. In the case of Phenyl, it causes contraction by binding only to 
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α1-adrenoreceptors. As described above, these adrenoreceptors are associated with Gq protein, 

causing the increase in [Ca2+]i, which results in contraction [35,39,40]. Considering these results 

TBBPA effects may be mediated by α1-, β1-, and β2-adrenoceptors receptors activation and by ion 

channels involved in the vascular response, namely Ca2+ and K+ channels. Regarding the KCl 

contraction, it is mainly triggered by membrane depolarization and consequently opening of VGCC, 

mainly L-Type, promoting the entry of extracellular Ca2+ [16,17]. Our results suggest that the 

decrease of Ca2+ influx by blockage of L-type VGCC is the main pathway involved in the TBBPA 

vasorelaxation. 

 The L-type VGCC are the main Ca2+ channels responsible for the contractile or re-laxant 

effects [12,41]. So, to understand the involvement of TBBPA on Ca2+ influx by ion channels, Nif, a 

specific inhibitor of L-type VGCC, was used on the contracted endothelium-denuded rat aorta rings 

followed by TBBPA.  The results demonstrated that Nif causes relaxation in rat aorta precontracted 

with Phenyl (1 μM), NA (1 μM) and KCl (60 mM).  Even using a lower concentration of Nif (0.001 

μM) in the arteries contracted with KCl, the induced relaxation was superior to that induced by Nif 

(1 μM) in the arteries contracted by Phenyl and NA, which proves that the KCl-contraction is due to 

the opening of the L-type VGCC. 

 From the results on TBBPA effects, it was clear that the vasorelaxation induced by the 

combined exposure to Nif and TBBPA was significantly higher than the individual TBBPA effect, 

but identical to the individual Nif effect, suggesting that TBBPA may share the same mechanism as 

Nif, or act by an interrelated pathway involving the in-activation of L-type VGCC. Despite the fact 

that there are no significant differences, in contractions with Phenyl and NA, the individual effect of 

TBBPA at 100 μM was higher than the individual Nif effect demonstrating that K+ channels may 

also be involved in the TBBPA mechanism. The K+ channels contribute to relaxation in vascular 

smooth muscle by repolarization of the plasma membrane, leading to the closure of L-type VGCC 

channels [42].   

Considering the possible K+ channels involvement, the next approach was to analyse the 

influence of these channels on vasorelaxation induced by TBBPA on isolated rat aorta. For that 

different K+ channels inhibitors, TEA (inhibitor of BKCa channels, 1000 μM), 4-AP (inhibitor of Kv 

channels 1000 μM) and Gly (inhibitor of KATP channels, 10 μM) were used prior to Phenyl and NA 

contractions. Concerning the arteries contracted with Phenyl, our results demonstrated that the 

individual TBBPA effect was higher than the combined application of K+ channels inhibitors and 

TBBPA, and it was lower than the effect triggered by K+ channels inhibitors, Nif and TBBPA; 

moreover, the combined application of K+ channels inhibitors and Nif was higher than the effect of 

the K+ channels inhibitors plus TBBPA. These results suggest that TEA, 4-AP and Gly clearly inhibit 

the TBBPA effect, modifying the vasorelaxant response of this compound in rat aorta. These results 

show that activation of K+ channels is another path-way involved in vasorelaxation induced by 

TBBPA, whose increment of cGMP leads to the activation of PKG and consequently to a decrease in 

[Ca2+]i [17,42]. The results obtained for rat aorta rings contracted with NA demonstrate that TBBPA 

individual effect (30, 50 and 100 μM) was higher than K+ channels inhibitors plus TBBPA and at all 

concentrations, it was lower than the combined application of K+ channels inhibitors, Nif and 

TBBPA. Additionally, the relaxation induced by K+ channels inhibitors with TBBPA and by the 
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combined applications of K+ channels inhibitors, Nif and TBBPA were significantly lower than 

vasorelaxation caused by the individual Nif effect. Overall, in arteries contracted with NA the K+ 

inhibitors also modify the vasorelaxant response of TBBPA in a concentration dependent manner. 

These data indicate that TBBPA vasorelaxation may occur either by inactivation of L-type VGCC 

channels or by activation of K+ channels, mainly through BKCa, Kv and KATP. 

Taking into account the ex vivo results obtained, to confirm if the mechanisms of TBBPA-

induced vasorelaxation were L-type VGCC dependent, patch clamp experiments in A7r5 cells were 

performed. In fact, TBBPA can inhibit L-type VGCC activity in vascular smooth muscle cells from 

rat aorta, with more notable effects at 50 and 100 μM, corresponding to 27.44 and 49.21 % of 

inhibition, respectively. Furthermore, it also inhibits BAY-stimulated ICa,L, with the maximum effect 

observed for the same concentrations (57.95 and 64.24 %, respectively), confirming the TBBPA 

inhibitory effect on ICa,L. These results are in accordance with a previous study performed by our 

research group, in which bisphenol A (BPA), that is an analogue of TBBPA, leads to vasorelaxation 

of rat aorta by inhibition of the L-type VGCC [17]. 

Regarding the TBBPA effects on the expression of these channels, the results showed an 

increase in mRNA expression levels of Cav1.2 channels in A7r5 cells increased after exposure to 

TBBPA, suggesting that this compound may interfere with Ca2+ homeostasis. These findings are in 

accordance with a study performed by Reistad et. al, in which rat cerebellar granule cells exposed to 

TBBPA increased the [Ca2+]i and reduced by NMDA receptor antagonists, increasing cell death [10]. 

As mentioned previously, besides the inhibition of Ca2+ channels the vasorelaxation induced by 

TBBPA may also be due to an increase in the K+ channels´ activity. Based on this proposition, the 

mRNA expression levels of BKCa 1.1 α- and β1- subunits were also analysed, showing an increased 

response to TBBPA incubation. Similarly, the mRNA expression levels of sGC (Gucciα) and PRKG 

1α subunits were also increased when compared to control, indicating that TBBPA modulates these 

proteins´ expression. 

These are promising findings, which may lead to a better understand of TBBPA vascular 

toxicity and the methods by which it affects the human health. Thus far, few studies have related 

TBBPA exposure with cardiac health. When evaluating TBBPA cardiac developmental toxicity in 

zebrafish embryos and larvae, it was found that this compound led to ROS production and car-

diomyocyte apoptosis [43] and to cardiac and blood circulation system impairment [44]. On the 

other hand, also available in the literature are several studies regarding the in vivo effects of BPA, 

demonstrating that it can lead to cardiovascular toxic events, including hypertension, arrhythmias, 

atherosclerosis, cardiac ischaemia and anomalies [45-51]. Considering that BPA, being an analogue 

of TBBPA, is involved in several cardiac complications, further in vivo studies are needed to 

demonstrate whether TBBPA affects the cardiovascular system the same way, and that the in vitro 

and ex vivo effects revealed in this study can lead to possible diseases. 
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6.6. Conclusions 

In this work, we demonstrated, for the first time, that TBBPA induces vasorelaxation of the 

rat aorta. Specifically, we were able to discover part of the mechanism of action of TBBPA, which 

may be interrelated with the pathway involving L-type VGCC inactivation, or even share the same 

mechanism of action as Nif. However, the presence of K+ inhibitors modified the effect of TBBPA, 

which leads us to conclude that the activation of K+ channels may be another pathway involved in 

the TBBPA vasorelaxation. These data were corroborated by the results obtained in the analysis of 

mRNA expression, in which it was observed that TBBPA modulates the expression of proteins and 

ion channels involved in vascular contractility. Overall, these remarks suggest that TBBPA exposure 

interferes with vascular homeostasis, through Ca2+ and K+ channels. 
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7.1. Concluding remarks 

TBBPA is a brominated flame retardant widely used in a variety of industrial and consumer 

products to reduce flammability. It can contaminate the environment, mainly water, dust, air and 

soil, from which human exposure occurs. This constant exposure has raised some concerns about 

human health. This compound can act as an endocrine disruptor, a property that gives it the ability 

to interfere with hormonal function and quantity when TBBPA binds target tissues in the body. 

Studies in humans and animals suggest a correlation between TBBPA exposure and adverse health 

outcomes.  

Despite all studies in Ex vivo and In vitro models, the vascular adverse effects of TBBPA 

remain to be understood, as well as the upstream mechanisms that disrupt the vascular 

homeostasis. Taking this into account, this thesis addressed the effect of TBBPA exposure and the 

influence of TBBPA on homeostatic mechanisms in the vascular function. This analysis was 

performed in two different study models, HUA, and rat aorta. The use of rat aorta in basic studies is 

standard practice. This animal model is a good starting point for studying human biological 

processes, given that, most of the time, it allows to extrapolate the results to human models. In this 

sense, HUA and rat aorta were used in this study. The HUA is a very specific artery since it is the 

main function is limited in time. Thus, it presents unique histological and morphological 

characteristics, which prevents us from considering it a universal model at the vascular level. In this 

sense, to get an overview at the vascular level we used the rat aorta as a universal model. Thus, the 

combination of these two models is essential to study several signalling processes implicated in this 

control, as calcium metabolism and different pathways involved in the modulation of vascular 

reactivity, providing a better clarification of the effects of TBBPA exposure in animals and humans. 

In the first original article presented in this thesis (Cyclic guanosine monophosphate 

compartmentation in human vascular smooth muscle cells), our results prove, for the first time, 

that cGMP is compartmentalized in VSMC. This cGMP compartmentation is controlled by two 

PDEs subtypes, PDE3 and PDE5. The particulate cGMP pool formed near the plasma membrane is 

controlled by PDE5 and PDE3 and the cGMP pool located in the cytosol is exclusively controlled by 

PDE3. 

In Chapter 5, our results showed that the TBBPA direct effects induce a dose-dependent 

relaxation on HUA. However, this effect is more prominent in HUA contracted with 5-HT and His 

than KCl, indicating that it depends on the contractile agent, thus suggesting that different action 

mechanisms may be involved in vasorelaxation induced by TBBPA. Furthermore, the pathways of 

each of the contractile agents may explain the differences observed. In this sense, our results 

suggested that the TBBPA effects are due to the modulation of 5-HT (5-HT2A, 5-HT1B/5-HT1D) and 

His receptors (H1 and H2). In addition, it was also shown that vasorelaxation caused by TBBPA is 

mainly due to the inhibition of VGCC or K+ channels activation, thus demonstrating that TBBPA 

not only modulates vascular homeostasis by interference with 5-HT and His receptors, but also 

interferes with the Ca2+ channels. Taking this into account, the way the exposure to TBBPA harms 

vascular homeostasis of HUA through of cGMP signalling pathway and Ca2+ influx by ion channels 

was analysed, since these are the main pathways responsible for the HUA vascular smooth muscle 
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relaxation/contraction [1-4]. The obtained results showed that a 24 h exposure to TBBPA causes an 

increase in the SNP relaxation response, which increases with cumulative concentrations of TBBPA 

incubation, thus suggesting that the effects induced by SNP depend on TBBPA incubation 

concentrations. Therefore, it can be hypothesized that the genomic effects of TBBPA induced an 

increase in vasodilation and seems to involve the NO/sGC/cGMP/PKG signalling pathway. It was 

also demonstrated that TBBPA modifies the action mechanisms of Nif, interfering in the Ca2+ influx 

since after a 24 h exposure to TBBPA, the Nif relaxation response changed. Moreover, it is worth 

noticing that the mRNA expression levels of Cav1.2 channels in HUASMC increased after exposure 

to TBBPA. Furthermore, previous studies showed that the K+ channels are also involved in the 

vasodilator effects in HUA. The increase of cGMP levels induces the PKG activation and 

consequently the activation of these channels, mainly Kv and BKCa channels [2,3,5,6]. In this 

context, the expression of BKCa channels and proteins (sGC and PKG) involved in HUA vascular 

contractility mechanism was also analysed. The obtained results demonstrated that the mRNA 

expression levels of BKCa 1.1 α- and β1- subunits, PRKG 1α subunit and Gucciα are increased in 

response to TBBPA exposure. Considering these results, TBBPA clearly modulates the PKG and 

sGC proteins and ion channels expression. In short, these results suggest that TBBPA exposure 

alters the vascular homeostasis of HUA. 

In Chapter 6, we aimed to explore the role of TBBPA in rat aorta. Firstly, we demonstrated 

for the first time that TBBPA induced a relaxation on rat aorta rings pre-contracted either with 

Phenyl, NA or KCl and this effect was dose-dependent. Once the arteries were devoid of the 

endothelium, the results suggested that TBBPA was the unique responsible for the relaxation effect, 

possibly through the inhibition of L-type VGCC and not due to NO production. Then, and to 

confirm this hypothesis, Patch clamp studies were performed with A7r5 cells and the effect of 

TBBPA on L-type Ca2+ channels activity was analysed. The obtained results showed that TBBPA 

induces a rapid and concentration dependent inhibition of the basal activity of Ca2+ channels in 

A7r5 cells. In addition, these results also demonstrated for the first time that TBBPA inhibits BAY-

stimulated Ca2+ currents, thus confirming the TBBPA inhibitory effect on L-type VGCC currents. 

Taking this into account, the functionality of TBBPA on Ca2+ influx by ion channels using Nif was 

analysed.  The obtained results showed that the vasorelaxation induced by the combined exposure 

of Nif and TBBPA was significantly higher than the individual TBBPA effect and similar to the 

individual Nif effect. Thus, the results suggested that TBBPA act through an interrelated pathway 

that involves the inactivation of L-type VGCC, or even share the same mechanism of action as Nif. 

However, in rat aorta contracted with Phenyl and NA, at 100 μM, the individual Nif effect and the 

combined exposure Nif and TBBPA appears to be smaller than the individual effect of TBBPA 

which confirmed that other pathways may be involved in TBBPA mechanism such as activation of 

K+ channels. According to the literature, the activation of K+ channels in vascular smooth muscle 

may induce repolarization of the plasma membrane, which leads to the closure of L-type VGCC 

channels, after the increase of cGMP and activation of PKG, thus contributing to vascular relaxation 

[6,7]. In this sense, in Phenyl- and NA-contractions, different K+ channels inhibitors (TEA, 4-4-AP 

and Gly) were selected to analyse the influence of K+ channels on TBBPA vasorelaxation on isolated 

rat aorta. The obtained results showed that all these K+ channels inhibitors clearly inhibit the 
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TBBPA vasorelaxation, thus suggesting that K+ channels are also involved in the vasorelaxant effect 

of TBBPA in the rat aorta. In addition, in this research, it was found that TBBPA increased the 

expression of L-type Ca2+ and BKCa 1.1 α- and β1- subunits channels and the sGC and PKG, ion 

channels and proteins involved in mechanisms of vascular contractility. 

Overall, the results presented in this doctoral thesis show evidence of cGMP 

compartmentalization in human vascular smooth muscle cells and this phenomenon can open new 

perspectives concerning the examination of PDE families as therapeutic targets. Furthermore, our 

results demonstrate that TBBPA induces a rapid/short-term smooth muscle relaxation acting 

through an endothelium-independent mode of action (MOA), involving an sGC activation that 

increases the cGMP intracellular levels, an inhibition of L-Type VGCC and an activation of K+ 

channels. Moreover, it is expected that this research can be useful in the future to understand the 

correlation between TBBPA exposure and adverse health outcomes. 

 

7.2. Future Trends 

Despite the scientific advances achieved through the experimental work carried out in this 

thesis, the obtained results represent a whole new and promising perspective for the future. Yet, 

much work will still be needed to increase the knowledge about the effects of TBBPA at the vascular 

level and its complexity in environmental and human exposure. Epidemiological studies have 

associated the exposure to EDCs with the development of hypertension in pregnancy or 

preeclampsia. In fact, using serum samples from mothers, some researchers have associated a type 

of flame retardants (PBDEs) with the occurrence of preeclampsia [8,9].  

According to the literature, hypertensive disorders in pregnancy are associated with a 

variation in 5-HT or His release and with the sensitivity of the HUA to these mediators that leads to 

changes in vascular resistance [10-14]. In addition, the dysregulation of the normal functioning of 

the Ca2+ channels, such as an increase in its activity, has been also associated with cardiovascular 

complications, mainly hypertension and/or preeclampsia [15]. This result is supported by studies 

showing that increased L-Type VGCC expression and activity are related to hypertension in rats 

[16,17]. This effect may be related to the increase in Ca2+ currents and the number of open 

functional Ca2+ channels and not to the modification of the channel properties. In addition, during 

hypertension the expression/activity of BKCa were increased in SMC [16-19]. Thus, considering that 

TBBPA modifies the contractile response of 5-HT, His and KCl by interference with 5-HT and His 

receptors and the involvement of Ca2+ and K+ channels, can TBBPA enhance the development of 

hypertensive disorders? In this sense more studies should be performed to understand this 

involvement and the associated mechanisms.  

Additionally, sGC and PKG activation seems to contribute to the development of 

hypertension [20-23]. A study using hypertensive mice, showed that the mRNA expression levels of 

sGC are lower when compared to normotensive mice, thus suggesting a decrease in sGC levels [24], 

which is opposite to our results in which sGC and PKG proteins expression was increased in the 

presence of TBBPA. Consequently, it seems important to also investigate the TBBPA effects on 
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other species and arteries (such as HUA samples from pregnant women with hypertension) to 

uncover the cardiovascular toxicity of this compound. In addition, we pioneered in characterizing 

the compartmentation of cGMP signalling in human vascular smooth muscle cells. The cGMP/PKG 

compartmentation is recognized as an essential signalling element in vascular physiology and 

pathophysiology, due to the critical role of cyclic nucleotide signalling [7,25]. It is known that the 

genomic effects of TBBPA induced an increase in vasodilation, and this effect may be due to the 

involvement of TBBPA in the NO/sGC/cGMP/PKG signalling pathway. So, it is expected that future 

studies will unravel the underlying mechanisms of TBBPA actions in compartmentation of cGMP 

signalling to understand the involvement of TBBPA in the development of hypertensive diseases 

and to know its impact on health and disease. 

Consequently, due to its presence in the environment and its potentially adverse effects on 

human health, in the future, it would be interesting to analyse human exposure to TBBPA to 

understand the role of TBBPA in cardiovascular diseases and to identify its molecular pathways 

that can be targeted for the prevention and treatment of these disorders. 
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