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ABSTRACT 
 

Despite the increasing incidence of central nervous system (CNS) diseases 

worldwide, there are several unmet clinical needs and a generalized failure in the 

discovery and development of innovative drugs to treat them. Indeed, the difficulty is 

such that several pharmaceutical companies are decreasing the investment made in this 

therapeutic area or even retreating completely from the field, in spite of the commercial 

opportunities that exist. This may aggravate and delay the development of much needed 

CNS drugs for the patients. Among the reasons for the lack of success are inconclusive 

pharmacokinetic data, due to misconceptions in the parameters used to describe and 

orientate brain penetration, as well as, insufficient exposure of the CNS to potential 

drugs because of the blood-brain barrier (BBB). Consequently, understanding the 

mechanisms that guide a compound into and out of the CNS is essential to improve CNS 

disease treatment and invert current trends. This evaluation also extends to 

peripherally-active drugs in order to reduce unwanted and potentially adverse CNS 

effects. 

The rate, extent and intra-brain distribution are fundamental concepts to evaluate 

and select compounds during drug discovery and development programs. Given that the 

BBB is a highly complex and dynamic structure, it is not yet possible to completely 

recreate all of its features in a single laboratory model. Thus, to overcome this obstacle, 

it was decided that associating distinct models that encompass individual aspects of CNS 

penetration and combining the obtained data, would be a feasible approach. 

The general purpose of the present thesis was to implement a screening strategy to 

characterize the passage of compounds across the BBB. This implied the optimization 

and validation of several experimental methods, including the parallel artificial 

membrane permeability assay (PAMPA), cell-based assays and in vivo studies.  

The project began with the establishment of a PAMPA-BBB model using an in-house 

brain lipid extract. This method was applied to a set of test compounds, composed by 

catechol-O-methyltransferase inhibitors (BIA 9-1059, BIA 9-1079, entacapone, 

nebicapone, opicapone, tolcapone), dopamine β-hydroxylase inhibitors (etamicastat, 

nepicastat, zamicastat) and dibenz[b,f]azepine-5-carboxamide derivatives 

(eslicarbazepine acetate, S-licarbazepine). It demonstrated discriminatory capacity 
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between less and more permeable BBB compounds, as well as, physicochemical 

selectivity. In the subsequent stage of work, priority was given to catechol-O-

methyltransferase and dopamine β-hydroxylase inhibitors.  

Cell-based assays were performed to identify P-glycoprotein (P-gp) and breast 

cancer resistance protein (BCRP) inhibitors and/or substrates, since P-gp and BCRP are 

the two main efflux transporters of the BBB. Intracellular accumulation assays enabled 

the detection of concentration-dependent P-gp inhibitors (zamicastat) or BCRP inhibitors 

(BIA 9-1079, nebicapone, tolcapone, etamicastat, nepicastat, zamicastat). In 

bidirectional transport assays, three P-gp substrates (BIA 9-1079, etamicastat, 

nepicastat) and five BCRP substrates (BIA 9-1059, entacapone, nebicapone, opicapone, 

etamicastat) were identified. This required the previous validation of high performance 

liquid chromatography (HPLC) techniques for compound quantification. 

Lastly, the extent of BBB penetration, given by the unbound ratio of brain-to- 

plasma concentrations (Kp,uu), was estimated during in vivo studies with Wistar rats for 

the  catechol-O-methyltransferase  inhibitors, BIA 9-1079 and tolcapone, applying 

validated HPLC techniques in plasma and brain homogenate. In order to determine the 

unbound fractions of BIA 9-1079 and tolcapone in plasma and brain homogenate, an 

ultrafiltration assay was applied. Intra-brain distribution was evaluated through the 

volume of distribution of unbound drug in the brain and the unbound drug intracellular-

to-extracellular partitioning coefficient. Kp,uu was below unity for both compounds, 

revealing a limited extent of brain penetration, particularly for BIA 9-1079, and the 

occurrence of efflux. This was confirmed through a significant increase of brain 

concentrations following the co-administration of a P-gp and BCRP inhibitor, elacridar. 

Considering the obtained data, it can be concluded that the implemented strategy 

provides reliable information on the access of compounds to the CNS and that it can be 

applied in the future for the assessment of centrally-active compounds or other 

molecules intended for peripheral targets. 

 

Keywords: Blood-brain barrier, bioanalysis, catechol-O-methyltransferase inhibitors, 

central nervous system, dibenz[b,f]azepine-5-carboxamide derivatives, dopamine β-

hydroxylase inhibitors, pharmacokinetics. 
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RESUMO 

 

Apesar do aumento da incidência de patologias do sistema nervoso central (SNC) a 

nível mundial, existem ainda várias necessidades terapêuticas a colmatar, bem como, 

uma falha generalizada na descoberta e desenvolvimento de fármacos inovadores para 

o tratamento dessas mesmas doenças. De facto, a dificuldade é tal que várias empresas 

do setor farmacêutico estão a diminuir ou a evitar por completo o investimento nesta 

área terapêutica, apesar das oportunidades comerciais existentes. Por sua vez, isso 

poderá contribuir para o agravamento e atraso do desenvolvimento de fármacos para o 

SNC. Entre os motivos para a falta de sucesso incluem-se dados farmacocinéticos 

inconclusivos, devido a uma interpretação errónea dos parâmetros utilizados para 

descrever a passagem para o cérebro, e a exposição insuficiente do SNC a potenciais 

fármacos, atribuída à presença da barreira hematoencefálica (BHE). Consequentemente, 

a compreensão dos mecanismos que definem o transporte de um composto para o SNC 

é essencial para melhorar o tratamento de doenças cerebrais e reverter as atuais 

tendências. Esta avaliação também se estende a fármacos de ação periférica, de forma a 

minimizar efeitos centrais indesejados e potencialmente adversos. 

A velocidade, a extensão e a distribuição intra-cerebral são conceitos fundamentais 

para avaliar e selecionar compostos durante o processo de descoberta e 

desenvolvimento. Dado que a BHE é uma estrutura altamente complexa, não é ainda 

possível mimetizar todas as suas vertentes num só modelo laboratorial. Assim, 

considerou-se que a melhor abordagem seria associar modelos distintos que 

contemplam aspetos diferenciados da entrada no SNC e combinar a informação obtida. 

O objetivo global da presente tese consistiu em implementar uma estratégia de 

screening para caraterizar a passagem dos fármacos através da BHE. Isso implicou a 

otimização e validação de vários métodos experimentais, incluindo o ensaio de 

permeabilidade em membranas artificiais paralelas (PAMPA), ensaios celulares e 

estudos in vivo. O projeto teve início com um modelo de PAMPA, utilizando um extrato 

lipídico de cérebro obtido in-house. Este método foi aplicado a um conjunto de 

compostos teste, constituído por inibidores da catecol-O-metiltransferase (BIA 9-1059, 

BIA 9-1079, entacapone, nebicapone, opicapone, tolcapone), inibidores da dopamina β-

hidroxilase (etamicastat, nepicastat, zamicastat) e derivados dibenz[b,f]azepina-5-
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carboxamida (acetato de eslicarbazepina, S-licarbazepina), tendo demonstrado 

capacidade discriminatória entre compostos menos e mais permeáveis através da BHE, 

assim como, seletividade físico-química. Na etapa seguinte do trabalho, foi dada 

prioridade a inibidores da catecol-O-metiltransferase e inibidores da dopamina β-

hidroxilase. 

A realização de ensaios celulares permitiu identificar inibidores e/ou substratos de 

glicoproteína-P (P-gp) ou de breast cancer resistance protein (BCRP), considerados os 

principais transportadores de efluxo da BHE. Em ensaios de acumulação intracelular foi 

possível detetar inhibidores concentração-dependentes de P-gp (zamicastat) ou BCRP 

(BIA 9-1079, nebicapone, tolcapone, etamicastat, nepicastat, zamicastat), enquanto em 

ensaios de transporte bidirecional foram identificados três substratos de P-gp (BIA 9-

1079, etamicastat, nepicastat) e cinco substratos de BCRP (BIA 9-1059, entacapone, 

nebicapone, opicapone, etamicastat). Para poder proceder à quantificação, efectuou-se 

uma validação de técnicas de cromatografia líquida de elevada eficiência (HPLC).  

 A extensão de passagem através da BHE, dada pelo rácio de concentrações livres 

cérebro-plasma (Kp,uu), foi estimada durante estudos in vivo com ratos Wistar para dois 

inibidores da catecol-O-metiltransferase, BIA 9-1079 e tolcapone. Após a validação de 

técnicas de HPLC para a sua quantificação em plasma e cérebro, foi efetuado o ensaio de 

ultrafiltração para determinar as frações livres nessas mesmas matrizes biológicas. A 

distribuição intra-cerebral foi avaliada através do volume de distribuição de fármaco 

livre no cérebro e do coeficiente de partição intracelular-extracelular de fármaco livre. O 

valor de Kp,uu foi inferior à unidade para ambos os compostos, revelando uma exposição 

cerebral limitada, em especial para o BIA 9-1079. A ocorrência de efluxo foi confirmada 

após co-administração de um inibidor de P-gp e BCRP, elacridar, o qual levou a um 

aumento significativo das concentrações cerebrais dos dois compostos. 

 Considerando os resultados obtidos, conclui-se que a estratégia implementada 

fornece informação fiável sobre o acesso dos compostos ao SNC e que poderá ser 

futuramente aplicada para a avaliação de compostos de ação central ou periférica. 

 

Palavras-chave: Barreira hematoencefálica, bioanálise, derivados dibenz[b,f]azepina-5-

carboxamida, farmacocinética, inibidores da catecol-O-metiltransferase, inibidores da 

dopamina β-hidroxilase, sistema nervoso central. 



 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER I 

GENERAL INTRODUCTION 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

  

GENERAL INTRODUCTION  

3 

CHAPTER I. GENERAL INTRODUCTION 

 

I.1. DRUG DISCOVERY AND DEVELOPMENT: STATE OF THE ART  

Drug discovery programmes are initiated when there is a disease or clinical 

condition without a suitable and available medicinal product [1]. In the last years, 

pharmaceutical industries have been confronted with raising costs of research and 

development (R&D), high attrition rates and lack of first-in-class drugs. Despite the 

scientific discoveries and technological progresses such as modern molecular biology 

methods, structure-based drug design, high-throughput screening (HTS), combinatorial 

chemistry and the sequencing of the human genome, there has been no correspondence 

between the investment made in R&D and the number of new drugs that were 

effectively  introduced in the market [2,3]. Consequently, without a dramatic increase in 

R&D productivity, the pharmaceutical industry may not be able to sustain sufficient 

innovation to replace the loss of revenues due to patent expirations by successful 

products [4]. These findings have forced pharmaceutical companies to re-think the 

conventional process of drug discovery and development. 

Attrition and lack of innovation have been attributed, in part, to a poor and possibly 

biased target-selection at the start of the drug discovery process [5]. Since the beginning 

of the genomic era in the 80s, drug discovery has been focused on drug targets, usually 

proteins, with an important role in pathogenesis [2]. This hypothesis-based, rational and 

systematic method is called target-based approach and will be subsequently described 

in greater detail, as well as, the re-emerging alternative: phenotypic screening (Figure 

I.1). 

In target-based drug discovery, the process starts with the identification and 

validation of the target, aiming to establish a link between a biological target and a 

human disease state [6]. The most important requirement for a target is to be 

druggable, i.e. accessible to a drug molecule, which, upon binding, will cause a 

measurable biological response [1]. Then, after the target has been selected and 

validated, HTS assays are developed and performed to allow the search for active and 

selective compounds. During HTS, compound libraries mainly generated by 

combinatorial chemistry are exposed to the purified target, in order to identify the 

molecules that engage the target and modulate the disease pathway - the initial actives 
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or hits [7]. Hits can be identified through various screening strategies but HTS has been 

the most frequently used approach, once it enables the analysis of millions of molecules 

in a fast, miniaturized and automatized format [1,8].  

Figure I.1. Target-based (A) and phenotypic-based (B) drug discovery and development process. 

Post-marketing phase (Phase IV) is not depicted. HTS, high-throughput screening. Adapted from 

[9,10] 

 

There is an on-going debate about the use of HTS for the identification of hits and 

leads in the pharmaceutical industry. Some authors blame the attrition rates and general 

lack of productivity on the limited success rate (45 - 55%) of the HTS methodologies, 

claiming that HTS assays fail to find hits for some targets or provide excessively lipophilic 

hits that cannot be turned into leads and subsequently to candidates. The composition 

and size of compound libraries is also pointed as a cause of failure of HTS in delivering 

high quality hits [11]. However, other authors do not share this point-of-view and state 

that the data generated by HTS have better quality and are more controlled than the 

data generated by low throughput assays. Indeed, most pharmaceutical companies 

regularly invest in the maintenance and improvement of compound libraries, by 

removing compounds with less drug-like or lead-like physicochemical properties. Hence, 

HTS remains an integral part of pharmaceutical research and is still often used for hit 

identification [12].   

Typically, a large collection of hits is obtained and the most promising molecules are 

identified in the process of lead discovery and optimization [7]. The first step is to 

narrow down the number of hits and organize them into series, composed of 
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structurally-related compounds with the desired biological activity [6]. This reduction is 

achieved by submitting hits to a rigorous assessment of chemical integrity, synthetic 

accessibility, structure-activity relationships, toxicity, and absorption, distribution, 

metabolism and excretion (ADME) properties [8]. Converting hits into leads involves 

refining hit series to produce more potent and selective compounds with adequate 

pharmacokinetic properties [1]. 

At this stage, it also becomes essential to eliminate compounds likely to fail in 

clinical trials as early as possible, remembering to “fail fast and cheap” [13] because 

once a candidate reaches clinical stages, it becomes increasingly difficult to abort the 

project and public knowledge of this termination can contribute to a negative 

perception of the involved company [1]. Therefore, lead series with a superior profile in 

terms of selectivity, solubility, permeation and metabolic stability, i.e. with a better 

development potential, are prioritized [8]. Nonetheless, when the compounds are 

considered ready to advance for preclinical stages, the drug discovery team continues 

working and exploring potential back-up molecules, in case the preclinical and/or clinical 

characterization of the main compound of interest fails [1].     

In summary, the target-based approach relies on manipulating a biological system, 

through the pharmacological modulation of a specific target [3]. In addition to enabling 

the application of molecular and chemical knowledge, the target is well-defined, which 

presupposes a good understanding of the disease and facilitates structure-based drug 

design and structure-activity relationships [2,14]. Nevertheless, there are also some 

limitations associated with this method, described in Table I.1.  

Occasionally, when a specific target is activated or inhibited in an in vivo system, the 

system reroutes signalling pathways and triggers unpredictable compensatory 

mechanisms that bypass in vitro approaches. These adaptations are only detected later, 

as the molecule is tested in biological organisms, ultimately resulting in lack of efficacy. 

The same occurs with off-target liabilities, some of which are only detected in complex 

organisms and sometimes lead to adverse effects in clinical trials [14]. Thus, it can be 

very discouraging when highly targeted molecules fail to modify a disease or cause 

unanticipated toxicity, after substantial effort and investment was put into their 

optimization [15].   
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Table I.1. Main limitations of the target-based approach in drug discovery. 

 
 Disadvantages Ref. 

Target-based 

approach 

o Restricted number of validated and druggable targets available for 

drug development; 
[10] 

o Starting from an already defined target prevents new targets from 

being discovered; 
[14] 

o The target of interest must be identified and validated before 

screening can begin; 

o The identified target may not be sufficiently relevant to the overall 

pathogenesis process, or provide sufficient therapeutic index (lack of 

efficacy); 

[2] 

o Off-target liabilities (lack of safety); [14] 

 

For these reasons, the interest in phenotypic screening recently resurfaced, given it 

was the method originally used before the target-based approach, when there was little 

knowledge of the molecular mechanisms behind a disease [2]. Phenotypic screening is 

not hypothesis-driven but a more holistic method that consists in testing a large number 

of compounds (in most cases randomly selected) in a system-based approach, using in 

vitro or in vivo assays that monitor phenotypic changes [3,16]. It is considered 

physiologically more relevant and less artificial, because intact cellular native 

environments, such as cell lines or induced pluripotent stem cells (iPSC), and organisms 

(e.g. Caenorhabditis elegans, Drosophila melanogaster or zebrafish) are used to identify 

hits, instead of testing them against a purified target protein. This can provide early 

toxicity and ADME data, as well as, efficacy data on relevant disease models; also, the 

most recent methodologies have been adapted to maintain the HTS format [10,15]. The 

concept of screening compound libraries by processing biological samples (individual 

cells, tissues or whole-organisms) to extract a visible readout, acquired by sophisticated 

and automated microscopy techniques, can be referred to as high-content screening 

[17,18].    

Importantly, the phenotypic approach increases the chance of translating the leads 

and candidates to the patient, since the measured phenotype is normally relevant for 

the disease indication [16]. Furthermore, since several targets are screened at once, 

more opportunities are generated for compounds to engage the most biologically 
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relevant target in the used cell system [16]. This strategy contributes to the 

development of first-in-class drugs, i.e. drugs that modulate new targets or biological 

pathways, because the screening is unbiased with respect to mechanism of action, 

which does not need to be known beforehand [3,14]. Notwithstanding, phenotypic 

screening also has relevant drawbacks (Table I.2).  

 

Table I.2. Main limitations of the phenotypic approach in drug discovery. 

 

  Disadvantages Ref. 

Phenotypic 

approach 

o Difficult to optimize molecular properties due to lack of design 

parameters (hampered structure-based drug design) [2] 

o Integration of new screening technologies is more complicated  

o Challenging scalability of cellular reagents [16] 

o More difficult to define structure-activity relationships (requires target 

deconvolution) 
[5] 

 

In order to identify the molecular target and understand the cellular mechanisms 

behind the phenotypic changes, it is necessary to perform target deconvolution. Despite 

being time-consuming, complex and demanding a variety of different techniques (e.g. 

affinity chromatography, in silico methods), it is required to establish structure-activity 

relationships and aid the optimization of molecules [9,14,19].  

Considering the characteristics of both approaches, their combination in a 

complementary mode seems to be the most promising strategy [3,15] or, in alternative, 

to select the approach that better fits the project in question. Hopefully, this will reverse 

the current trends and significantly decrease the verified attrition during clinical trials.  

 

Clinical drug development is a process composed of several go/no-go decisions [13]. 

In phase I clinical trials, the safety and tolerability of an investigational drug are studied 

in a small number of healthy individuals, with the purpose of delineating safety margins 

and determining the maximum tolerated dose. Pharmacokinetic and pharmacodynamic 

features of the drug candidate are also strictly monitored, as the molecule is 

administered in single-dose or multiple-dose escalating mode. The generated data will 

be used to define the safe dose and dosing regimen that will be applied in phase II and 
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phase III. Although obtaining basic ADME information is an essential point at this stage, 

characterizing the safety profile of a candidate is also vital and constitutes a critical 

go/no-go step [6,20].  

On the other hand, phase II clinical trials are generally designed to verify whether 

the clinical candidate possesses the desired biological effect, while safety studies 

proceed as well. The compound is tested on a larger number of individuals, specifically 

patients with the investigated pathology, and the therapeutic efficacy of the compound 

is evaluated, together with short-term side effects and possible risks. In spite of many 

candidates failing at this stage due to lack of efficacy or safety issues, an alarming 

number still reach phase III and cause late-stage failures [6,21]. 

In theory, the “fail fast and cheap” approach should prevent late-stage failures, but 

its application is often limited by a lack of appropriate experiments or fear of wrongly 

discarding a valuable candidate [22]. A proposed alternative has been to establish proof 

of principle (POP) and/or proof of concept (POC) as early as possible in the development 

chain, in order to reduce attrition in late phase II and III [4,23]. Thus, as soon as a 

candidate demonstrates reasonable safety and adequate ADME properties during phase 

I, a POP/POC trial is conducted in early stages of phase II or in the transition between 

phase I and phase II [24]. Although both terms (POP and POC) are sometimes used 

interchangeably, POP can be defined as the demonstration of the pharmacological 

principle in humans (healthy or patients) with help of a biomarker, whereas POC refers 

to the detection of early signs of efficacy, based on surrogate endpoints or clinical 

endpoints [22].  

A biomarker is a characteristic that is objectively measured and evaluated as an 

indicator of normal biological processes, pathogenic processes, or pharmacologic 

responses to a therapeutic intervention [25]. When the link between a biomarker and a 

biological process or clinical endpoint has been scientifically proven, the biomarker is 

validated and attains the highest level of qualification, becoming a surrogate endpoint 

[21,26]. The number of accepted biomarkers as valid surrogate endpoints by regulatory 

authorities is small [27] but current research concerning biomarkers is very intensive, 

because their use has been associated with higher success rates during clinical 

development [28]. Among the advantages of using biomarkers as surrogate endpoints is 

the ability to provide researchers with early data and allow them to organize smaller and 
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more efficient studies, decreasing the number of individuals exposed to an experimental 

treatment [26]. Townsend and Arron [28] underlined the potential of biomarkers by 

referencing the four main reasons behind the failure of drug candidates: wrong target, 

meaning that despite having tested the compound preclinically, the target is not 

relevant to human disease; wrong molecule, due to an inadequate engagement of the 

target by the drug candidate; wrong outcome, caused by an insufficient understanding 

of the pathogenic relation between the molecular target and clinical manifestations; and 

lastly, a wrong enrolment of patients. Therefore, well-characterized biomarkers are 

important to establish POP/POC and make go/no-go decisions [4,27] nevertheless, if 

POP/POC biomarkers or surrogates do not adequately predict clinical outcomes, the 

candidate will fail in phase III confirmatory trials [22].  

Phase III studies are typically randomized and controlled trials, aiming to test the 

effectiveness and safety of drug candidates in a large number of patients, at single-

centre or multi-centre sites. These trials are conceived to collect information about the 

overall risk-benefit relationship of the candidate and take a long time to plan and 

organize, including coordinating the patient population to be selected, deciding the 

treatment administration, and the discussing the statistics and controls to be used. The 

time and investment depend on the clinical endpoint under evaluation, but the number 

of participants and complex design dictate that these trials are the most expensive of 

drug discovery and development [6,29,30].   

Nonetheless, between 1998 and 2008, approximately 54% of all promising 

candidates that reached phase III failed to demonstrate clinical benefit or increased the 

risk of serious adverse events among participants [31]. Data from Thomson Reuters and 

Drugs of Today [32] point that specifically from 2013 to 2015, 48% of failures in phase II 

trials were caused by insufficient efficacy and 25% from lack of safety, whereas in phase 

III, the central reason of failure was 55% lack of efficacy, followed by 14% lack of safety 

and strategy, i.e. change in therapeutic area and/or merging companies. The increase in 

efficacy-related attrition from 48% in phase II to 55% in phase III shows that the “fail fast 

and cheap” strategy may not be completely working in this aspect. However, analysing 

the overall evolution trends from 2008 to 2015 in phase III trials, an 11% decrease of 

failures from insufficient efficacy was observed throughout the years, indicating that 

despite still being the principal cause of late stage failures, there is room for 



 

 

 GENERAL INTRODUCTION 

10 

improvement with better efficacy biomarkers, target selection, and understanding of 

disease biology [32].  

In 2015, the 21th Century Cures Act was approved, which allows the Food and Drug 

Administration (FDA) to approve new drugs more quickly on the basis of biomarkers and 

surrogate endpoints of effectiveness, including alterations in laboratory tests or imaging 

studies. This, among other controversial measures, raised concerns that the FDA would 

lower approval standards for considering non-traditional study designs instead of 

randomized and controlled trials, reliant on clinical endpoints [33]. It was stated that 

biomarkers must be linked to patient health outcomes; otherwise patients may be 

exposed to ineffective or unsafe treatments. Notwithstanding, others claim that this 

new legislation provides a scientific framework for biomarkers in drug development and 

increases the feasibility and effectiveness of clinical trials, by enabling them to be more 

targeted [34].    

 

I.2. THE CENTRAL NERVOUS SYSTEM IN DRUG DISCOVERY AND DEVELOPMENT 

I.2.1. CNS exposure of peripherally-active drugs 

Investigating the access of a molecule to the central nervous system (CNS) is always 

a fundamental step, regardless of whether the therapeutic target is located in the CNS 

or not. Therefore, CNS restriction can be interpreted as a challenge or an opportunity, 

depending on the specific purpose of the drug discovery and development program. 

CNS exposure of drugs aimed at peripheral targets can be problematic and cause 

adverse effects in two situations; first, if the drug achieves sufficient concentrations in 

the CNS to result in off-target action; or if the modulated target is also located in the 

CNS, in which case, adverse effects will be an outcome of on-target engagement (right 

target/wrong tissue) [35]. Such effects can have nefarious consequences, namely project 

cancelation, regulatory rejection, product use restrictions, reduction of patient 

compliance and long-term toxicities [36]. An ideal pharmacological selectivity would be a 

solution to off-target liabilities nevertheless, when the target exists both peripherally 

and centrally, the key would be to design compounds with a limited access to the CNS. 

Furthermore, not all off-target liabilities can be detected in advance during preclinical 
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studies and CNS side-effects may contribute to a wrong interpretation of data at this 

stage [35,37]. 

A well-known case of right target/wrong tissue adverse effect is that of histamine-

H1 receptor antagonists used for the treatment of allergic disorders such as rhinitis, 

atopic dermatitis and urticaria. First-generation antihistamines (diphenhydramine, 

hydroxyzine, promethazine, and doxylamine) reach the CNS and interact with H1 

receptors located in brain parenchymal tissue, causing sedation and/or cognitive 

impairment. On the other hand, second-generation (cetirizine, loratadine) and third-

generation (fexofenadine) antagonists, cause mild or little sedation at therapeutic doses 

and display better tolerability profiles, due to a more restricted access to the CNS 

[38,39]. Another example is the use of antimuscarinics for the treatment of overactive 

bladder. Some of them (olterodine and oxybutynin) interact with muscarinic receptors in 

the CNS, while others (trospium and fesoterodine) preferentially interact with peripheral 

muscarinic receptors in the bladder detrusor muscle and do not reveal central side-

effects. Lastly, it is also important to mention the classic case of the antidiarrheal µ-

opioid agonist loperamide, which is generally free of opioid-related side effects (e.g. 

sedation and respiratory depression) at high clinical doses [35]. Even though the lack of 

such side-effects may be related to poor intestinal absorption and low systemic 

exposure, it may be explained, in part, by a low degree of CNS penetration [37].  

The CNS penetration of a compound depends on the equilibrium of passive and 

active movements across the blood-brain barrier (BBB). Peripheral selectivity is often 

associated with low passive permeability or affinity to efflux transporters at the BBB. 

Consequently, designing compounds with optimal physicochemical properties to 

generate an interaction with such transporters is a common strategy to maximize CNS 

restriction and avoid central side effects [37], although it should be noted that an efflux 

substrate can be centrally active at a given dose, provided it is sufficiently potent [40]. 

These aspects will be discussed in greater depth in following sections of this dissertation.  

 

I.2.2. CNS exposure of centrally-active drugs 

As previously mentioned, evaluating CNS exposure is important irrespectively of the 

location of the therapeutic target. Nevertheless, it is much more frequent to find 
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information in literature concerning brain exposure, when the aim of the research is to 

develop a drug for the treatment of a CNS disease. This approach to the topic is 

comprehensible, for the reasons that will be subsequently specified.  

Despite intensive research, CNS disorders still affect hundreds of millions of people 

worldwide and the available drugs normally treat the symptoms instead of curing the 

disease [41]. The global burden of disease attributed to neurological disorders [e.g. 

Parkinson’s disease (PD), epilepsy, depression] has been increasing from 2005 to 2015 

together with total disability-adjusted life years, a parameter representing the lost years 

of healthy life, which augmented 17% [42]. Even so, data from 2005 to 2009 reveal that 

CNS drugs spend on average 8.1 years in clinical phase and 1.9 years in approval phase, 

which is superior to drugs from other therapeutic classes [43], as seen in Figure I.2. 

 

Figure I.2. Mean time of clinical and approval phases between 2005 and 2009, organized by 

therapeutic class. Adapted from [43]. 

 

In accordance to Thomson Reuters and Drugs of Today data, from 2013 to 2015, the 

therapeutic areas with a larger number of failures in phase II and III clinical trials were 

oncology and CNS diseases (Figure I.3A). While failures in oncology trials have been 

increasing from 23% in 2008-2010 to 32% in 2013-2015, attrition in CNS research 

remained mostly unaltered and consistently high (14-17%) during that 7-year period 

[32]. In parallel, data from the Pharmaprojects database [44] show that from 1990 to 
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2012, the number of new phase I trials for cancer drugs increased from 11% to 20%, 

whereas for CNS drugs there was a decrease from 11% to 7%, revealing that CNS drug 

development is slowing down (Figure I.3B). 

 
Figure I.3. Percentage of failures in phase II and phase III clinical trial by therapeutic area (A) and 

proportion of new phase I, phase II and phase III clinical trials starts (%) for cancer and central 

nervous system (CNS) drug candidates (B). Compiled and adapted from [32,44].  

 
The graphics further demonstrate that although failures in phase III oncology trials 

are higher than CNS trials, the overall number of phase III oncology trials has also been 

increasing through the years, in contrast with CNS trials. Moreover, it was found that 

CNS drugs are 45% less likely to succeed in phase III than non-CNS drugs (not only cancer 

drugs). From 1990 to 2012, 46% of CNS trials were discontinued in phase III from lack of 

efficacy, while 11% were related to safety concerns [44]. Another interesting comparison 

between cancer and brain disorders is the disparity between costs and research funding. 

Despite being more costly than cancer, €798 versus €150-250 billion, CNS disorders 

received approximately the same amount of research funding in Europe in 2005, €4.1 

versus €3.9 billion [45]. 
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Butlen-Ducuing et al. [46] analysed the clinical development programs for CNS 

disorders of the European Medicines Agency (EMA) database and performed a 

distinction between applications for psychiatric and neurologic disorders. The outcomes 

of psychiatry applications were mostly affected by inadequate population selection in 

phase III, lack of clinical benefit, safety and insufficient justification for dose selection in 

phase I/II. Conversely, the main variables to affect neurology outcomes were failure to 

reach the primary endpoint (lack of efficacy) and lack of safety in phase III, as well as, 

concerns about pharmacokinetics and/or drug-drug interactions (DDIs) in early clinical 

stages (phase I and II).  

In sum, to prevent the high levels of failure in phase III CNS clinical trials, it was 

recommended to improve preclinical models, upgrade the design of early-stage clinical 

trials and develop high quality and predictive clinical biomarkers. Moreover, it is 

necessary to continue the efforts in understanding the pathophysiological mechanisms 

behind CNS disorders, so as to proceed with the identification of new therapeutic 

targets [44,46].   

This problematic lack of success in the research for novel treatments of neurological 

disorders and the expensive late stage failures caused large pharmaceutical companies 

to downscale their CNS development programmes (Table I.3) and smaller companies to 

simply abandon this therapeutic area [47]. From 2009 to 2014, the number of CNS drug 

discovery and development programmes by large companies decreased 52% [48] and it 

is estimated that only 9% of the compounds that enter phase I studies survive to launch 

[49]. In contrast, the interest of universities in CNS drug development, through the 

formation of academic drug discovery centres or public-private partnerships, is currently 

rising in several countries [48]. 

Go/no-go decisions in CNS drug development are particularly challenging due to a 

wide variety of reasons. In 2014, the Forum on Neuroscience and Nervous System 

Disorders organized by the American Institute of Medicine (current National Academy of 

Medicine) gathered participants from the pharmaceutical industry, government, 

academia and patient groups to discuss the main issues and propose alternatives to 

increase the efficiency of the development pipeline [50]. 
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Table I.3. Central nervous system drug discovery and development programs in large 

pharmaceutical companies: 2009 versus 2014 [48]. 

 
Program 2009 2014 Percent decrease (%) 

Bristol-Myers Squibb 12 2 83.3 

Merck 32 7 78.1 

Pfizer/Wyeth 46 15 67.4 

AstraZeneca 21 7 66.7 

GlaxoSmithKline 40 14 65.0 

Sanofi/Genzyme 29 12 58.6 

Lilly 16 9 43.8 

Abbott/Abbvie 17 10 41.2 

Johnson & Johnson 18 17 5.6 

Roche/Genentech 22 21 4.5 

Novartis 14 15 -7.1 

Total 267 129 51.7 

 

Some of the problems identified in this workshop and respective solutions are 

outlined below, together with recent views from other experts in the field: 

 
1. Unknown disease mechanisms: the high complexity of the human CNS contributes to 

an insufficient understanding of brain disorders [51]. Hence, the aetiology and 

pathophysiology of many CNS disorders is unknown, making it difficult to develop 

targeted and validated therapies [50]. For instance, the mechanisms responsible for 

neurodegeneration are poorly understood, causing target-based drug discovery 

strategies to fail [14]. Phenotypic screening was pointed as a strategy capable of 

increasing the probability of success in this area, although it is necessary to continue the 

investigation of robust and disease-relevant cellular phenotypes with improved assay 

throughput [14,15]. It is expected that with phenotypic screening models capable of 

mimicking the human disease, more efficient clinical development and POC studies will 

be achieved [52].  

2. Translational difficulties: the animal models used in early drug discovery lack 

predictive power to estimate efficacy [47,53]. Even though a particular aspect of the 

disease can be mimicked in an animal model, given that a relative number of complex 
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mechanisms and circuitries are shared between species at CNS level, an entire disorder 

can rarely be recapitulated [47,50]. Failures could be explained by a mismatch between 

the endpoints used in clinical trials and preclinical animal studies. Combining animal and 

non-animal (e.g. iPSCs, computational neuroscience) models of disease mechanisms 

may prevent failures in CNS development and improve target identification and 

validation [50]. 

3. Pharmacodynamic heterogeneity: inter- and intra-individual variability observed in 

humans, caused by disparities in genetic background, age, gender, diet, disease states 

and drug treatment. Hence, the same dose in different conditions may lead to different 

CNS effects [41]. This human heterogeneity consequently demands larger, more 

complex and more expensive clinical trials. Once again, the use of biomarkers was 

highlighted to demonstrate the modulation of the targeted pathway in humans, provide 

confidence that the therapeutic mechanism of action is adequately tested and facilitate 

the implementation of POC. The hindering factor at this stage is that the development 

and validation of biomarkers requires significant resources and tools from academic 

researchers and takes an excessively long time for industries, for which the priority is 

the development of the therapeutic molecule [50]. A possible solution to attain progress 

through collaboration and that is already being put to practice, are public-private 

partnerships.  

4. Inconclusive pharmacokinetic data: lack of efficacy can be caused by insufficient 

exposure to the CNS target, therefore it is important to know the free concentration of a 

drug in brain extracellular or interstitial fluid (ISF) [51]. However, sometimes it is not 

reported if unbound or total concentration data referring to brain, plasma and intra-

brain distribution were used [49]. To surpass this obstacle, Lange [41] elaborated the 

“Mastermind approach” which consists in investigating the pharmacokinetic-

pharmacodynamic relationship of a CNS drug, by associating advanced preclinical 

models with mathematical calculations. It was proposed that microdialysis could be used 

in animal models to learn about the intracerebral distribution of drugs and CNS target 

site concentrations. These data could be, then, extrapolated to humans resorting to 

physiologically-based pharmacokinetic modelling, and consequently predict human CNS 

distribution and effects.     



 

  

GENERAL INTRODUCTION  

17 

 

For all the aforementioned reasons, it becomes simple to understand why achieving 

“the right drug, at the right time, at the right concentration, in the right place”  for CNS 

drugs is a very resource-consuming and time-consuming task. 

 

I.3. CNS BARRIERS, COMPARTMENTS AND FLUIDS  

In 1885, Paul Ehrlich conducted the first studies that evidenced the existence of a 

barrier between the brain and the blood. After injecting dyes intravenously to rats, it 

was observed that the dye was rapidly taken up by all organs except the brain. However, 

Ehrlich thought that the brain was made of a tissue to which the dye had no affinity for. 

Later in 1913, his associate Edwin Goldmann demonstrated that when dyes were 

injected directly into the CSF only the brain was stained, concluding that once within the 

CNS, the dyes were unable to access the blood circulation [54,55]. Therefore, Goldmann 

verified that there was a barrier between the brain and the blood, however the term 

barrière hémato-encéphalique only appeared for the first time in 1921, in reports by 

Stern and Gauthier, who expanded the concept by suggesting possible BBB functions 

and conducting pioneering experiments [56].     

The molecular exchanges between the blood and the CNS or its fluid spaces are 

limited and regulated by several interfaces: the BBB, which will be discussed in section 

I.3.2; the epithelial cells of the choroid plexus that secrete the cerebrospinal fluid (CSF) 

into the cerebral ventricles; the epithelium of the arachnoid barrier that covers the 

outer brain surface above the layer of subarachnoid CSF; and the CSF-brain barrier 

formed by the separation of the ventricular system from the brain ISF, present only in 

the embryo during brain development [57–59]. The arachnoid barrier is a part of the 

blood-CSF barrier (BCSFB) in addition to the choroid plexus, given that the arachnoid 

membrane over the subarachnoid space and the choroid plexus invagination of the 

ventricles, are two major areas where the blood is near the CSF (Figure I.4) [57,60]. 
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Figure I.4. The blood-cerebrospinal fluid (CSF) barrier, including the arachnoid barrier and the 

choroid plexus. In the choroid plexus, epithelial cells are united by tight junctions at the apical or 

CSF-facing surface and possess a brush border with microvilli and cilia. Adapted from [61,62]. 

 

These barriers prevent external influences from interfering with the 

microenvironment of the CNS due to being functionally tight and ensuring little diffusion 

by paracellular route between the blood, the CSF and the brain parenchyma [59]. The 

tightness is conferred by tight junctions (TJs) between cerebral endothelial cells (CECs) 

of the BBB and in the apical surface of the choroid epithelial cells of the BCSFB, which 

join cells in a belt-like fashion, severely hampering the passage of hydrophilic molecules. 

In the brain-CSF barrier there are strap junctions that surround cells from their 

ventricular surface, preventing the diffusion of solutes from the CSF to the fetal brain 

[58,59].  

The choroid plexus in each ventricle is separated from the surrounding brain 

parenchyma by ependymal cells that line the ventricles [63]. In the adult, most of the 
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ependymal surface, with the exception of the choroid plexus, is not connected by TJs but 

by leakier gap junctions [64]. Moreover, the capillaries in the choroid plexus are 

fenestrated and separated from the epithelial cells by a thin layer of connective tissue 

called stroma (Figure I.4). Supposedly, the higher endothelial permeability of the 

basement membrane surrounding the choroidal capillary walls is caused by the absence 

of astrocytic processes, which in contrast are present at the BBB and contribute to its 

higher restrictiveness [60].  

Besides possessing a large number of mitochondria that provide enough energy for 

secretory functions and transepithelial transport, choroid epithelial cells display well-

developed microvilli projected into the CSF in the ventricular lumen, which increase the 

surface area for an effective delivery of the CSF and other transport functions [63]. Early 

literature data indicated that the surface area of the choroid plexus was only 0.021 m2 

or 0.1 % compared with 20 m2 of the reported surface area of the BBB [65]. 

Nevertheless, this information has been rectified and more recently assessed data 

demonstrated a significant underestimation of the surface area of the human choroid 

plexus, pointing towards 2-5 m2 [66]. Associated with the microvilli are epiplexus cells 

called Kolmer cells [60]. Kolmer cells, together with supraependymal cells and free-

floating cells that move freely in the CSF form the group of intraventricular 

macrophages, allegedly derived from macrophages present in the stroma of choroid 

plexuses. These cells are not only involved in antigen-presentation, but also sequester 

iron in specific CNS pathologies that generate excessive iron levels [63].  

Thus, about two-thirds of the CSF is secreted at high capacity by the four choroid 

plexuses in the lateral right, lateral left, third and fourth brain ventricles [67,68]. It is 

estimated that every day the CSF is replaced at least 3-4 times, since the CNS can 

accommodate 150 mL of CSF and the amount formed by choroid plexus in 24 h is 

approximately 500-600 mL [63]. The CSF circulates from the lateral to the third ventricle 

via the interventricular foramina and then to the fourth ventricle through the cerebral 

aqueduct. Afterwards, it flows down the central canal of the spinal cord and circulates in 

the subarachnoid space where it is reabsorbed by arachnoid villi or granulations, either 

to the systemic circulation or to regional and cervical lymph nodes [69]. Regular CSF flow 

is critical for balanced cerebral metabolism and propelled by several mechanisms, 

including arterial pulsations in the choroid plexus, a hydrostatic pressure gradient from 
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the CSF to venous blood and the movement of the ciliary processes that extend from the 

apical surfaces of ependymal cells [60]. The production, continuous flow and elimination 

of the CSF serve as a washout system, especially affecting hydrophilic and large 

molecules [70].     

CSF formation encompasses two steps: first the passive filtration of plasma across 

the choroidal capillary endothelium and subsequently, a regulated active secretion 

process across the epithelium [68]. At the membranes of the epithelial cells there are 

transporters that take up ions by facilitating mechanisms at the basolateral membrane, 

releasing or actively secreting them into the ventricles on the apical side. Essentially, CSF 

secretion resides on the net translocation of Na+, K+, Cl-, HCO3
- and water. For instance, 

Na+ is extruded by the Na+/K+-ATPase pump located in the apical membrane. This ion is 

especially important because it creates the driving force for CSF secretion. The Na+/K+-

ATPase pump utilizes 3 Na+ ions for the exchange of 2 K+ ions forming an electrochemical 

gradient, explored by other transporters. Another pump that contributes to Na+ 

secretion into the CSF, although to a lesser extent, is the electrogenic Na+-HCO3
- 

cotransporter 2 (NBCe2) which exchanges 1 Na+ ion for 3 HCO3
- ions. All this ion 

movement leads to the creation of an osmotic gradient, responsible for the passage of 

water by the aquaporin-1 (AQP-1) channel [63,65,68]. The expression of AQP-1 at the 

BCSFB has a close connection with the CSF formation rate, given that lower levels are 

present when CSF formation has not yet reached its peak (i.e. early fetal development) 

or when it is decreasing, at an advanced age [60]. In this context, ionic homeostasis is 

one of the main functions of the CNS barriers. The movement of ions and water creates 

fluid flow of the CSF and ISF, provides buffering against ion fluctuations in the blood and 

preserves an optimal ionic medium for neural function and signalling. In fact, it is 

believed that the advantage for animals with better CNS ion homeostasis was the chief 

selective pressure leading to the evolution of the CNS barriers [67].           

The regulation of the exchanges between the blood and the CSF at the BCSFB is 

mediated by transporters that contribute to the maintenance of CNS homeostasis 

(Figure I.5).  
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Figure I.5. Simplified representation of uptake and efflux transporters at the apical and 

basolateral surfaces of choroid plexus epithelial cells. CSF, cerebrospinal fluid; BCRP, breast 

cancer resistance protein; MRP, multidrug resistance-associated protein; OAT, organic anion 

transporter; PEPT2, proton-coupled oligopeptide transporter; P-gp, P-glycoprotein; TJ, tight 

junction. Adapted from [71,72]. 

 

These transporters belong to the solute-carrier (SLC) or adenosine triphosphate-

binding cassette (ABC) super-families [73]. The first identified transporters of the 

choroid plexus were organic anion transporter (OAT) proteins at the brush-border 

membrane of the epithelial cells [63,74]. Typical substrates of OATs at the BCSFB 

encompass endogenous compounds such as neurotransmitter metabolites and the 

prostaglandins D2 and E2, involved in physiological sleep and neuroinflammation, which 

are cleared from the CSF through OAT3 (SLC22A8)-mediated uptake [74]. OAT-

transported xenobiotics include β-lactam antibiotics, quinolones, non-steroidal 

inflammatory drugs, some antiepileptic drugs, cimetidine and anionic pesticides [73]. For 

instance, to achieve therapeutic efficacy in the treatment of meningitis, it would be 

necessary to administer antibiotics that are not removed from the CSF or in alternative, 

massive parenteral doses of penicillin that would saturate the removal mechanism 

mediated by OAT3, allowing more drug to remain in the CSF [66]. In resemblance to 

OATs, organic cation transporters (OCTs) are also located at the CSF-facing brush border. 

OCTs perform the uptake of monoamine neurotransmitters (e.g. dopamine) and 

xenobiotic cations from the CSF to the blood while protecting the CNS from cationic 
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neurotoxins, namely 1-methyl-4-phenylpyridinium [73,74]. The proton-coupled 

oligopeptide transporter PEPT2 (SLC15A2) was found at the apical membrane of BCSFB 

epithelial cells of rats, but not at the BBB. This transporter facilitates the mediation of 

neuropeptide homeostasis and neurotoxins from the brain, as well as, the clearance of 

antibiotics such as cephalosporins with an α-amino group [63,66,75].  

Even though the role of ABC transporters at the BBB has been thoroughly 

investigated and will be discussed more extensively in following sections of this 

dissertation, their functional relevance at the BCSFB is not sufficiently understood. 

Initially, P-glycoprotein (P-gp, encoded by ABCB1 or MDR1) was identified at the BBB but 

not at the choroid plexus [73], however in immunohistochemical and drug transport 

studies with cell lines from neonatal rats, P-gp was found at the apical or CSF-facing 

surface of choroidal epithelial cells, indicating that it engages in epithelial cell-to-CSF 

efflux and prevents the traffic of substrates out of the CSF. Interestingly, the traffic of 

substrates from the blood to the CSF is barred by multidrug resistance-associated 

proteins (MRP, encoded by ABCC), MRP1 and MRP4, located at the basolateral surface 

of choroidal epithelial cells [74,76]. Western blot studies revealed that in the adult rat 

brain, the levels of P-gp in choroid plexus are 0.5% of those found in brain microvessels, 

whereas MRP1 levels in brain microvessels are only 4% of those in the choroid plexus of 

the fourth ventricle. These differences were also confirmed in human samples. It has 

been speculated that P-gp at the BCSFB could impede the accumulation of neurotoxic 

lipophilic substances in the brain, while MRP1 is responsible for the basolateral efflux of 

drug conjugates formed in the choroid plexus [77]. 

Moreover, the choroid plexus possesses several drug-metabolizing enzymes with 

especially high activity, such as glucurono-, sulfo- or glutathione transferases, which 

demonstrated to influence drug concentrations in the brain. The association of 

metabolic reactions with the efflux of the formed conjugates, establishes yet another 

barrier that limits drug distribution into the CSF [70]. Lastly, in this regard, the breast 

cancer resistance protein (BCRP or MXR, encoded by ABCG2) has also been identified in 

the apical brush border of the choroid plexus of mice, rats and humans. An interesting 

work was recently published by Kaur and Badhan concerning the modulation of BCRP at 

the BCSFB by phytoestrogens [78]. 
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Facilitated-transport carriers are additionally responsible for loading epithelial cells 

of the choroid plexus with micronutrients (e.g. vitamin C, folate), peptides and proteins 

transported from blood or synthetized in choroid plexus (e.g. transthyretin), growth 

factors and hormones, as well as, for maintaining those solutes in narrow concentration 

ranges within the CSF [60,79]. These substances reach the brain ISF from the CSF across 

the permeable ependyma and are fundamental for brain health [66]. In particular, 

transthyretin has been identified as a potential CSF biomarker because it is secreted 

almost exclusively by choroid plexuses and binds to amyloid-β, thereby contributing to 

its stabilization in soluble form. Ageing and Alzheimer’s disease decrease transthyretin 

levels and CNS peptide toxicity may occur [68,80]. Currently, validated CSF biomarkers 

are beginning to be included in clinical trials for Alzheimer’s disease but more research 

in this area is necessary for other neurodegenerative diseases, such as PD [81].  

 

Hence, the stability of the brain ISF is strongly connected with the homeostatic 

transport mechanisms of the choroid plexuses [60]. The ISF occupies around 20% of 

brain volume and bathes neurons and glia. It has a similar ionic composition to plasma, 

although with more Mg2+, less K+ and Ca2+ and very low protein content [57]. The 

communication between the CSF and the ISF is extensive and the CSF is regarded as a 

reservoir for ISF or the ultimate site of ISF waste products [82]. The ISF moves by bulk 

flow through low resistance pathways formed by perivascular spaces and axon tracts, 

draining into the CSF [83]. Thus, unnecessary metabolites from the ISF, like homovanillic 

acid (HVA) from dopamine metabolism, undergo CSF-mediated removal in order to 

ensure an efficient neuronal function. The CSF acts as a sink, lowering concentration 

gradients and taking substances to drainage sites for extrusion, namely at the 

arachnoidal-lymphatic-venous interfaces [68]. Nonetheless, it should be mentioned that 

molecules do not distribute only by passive diffusion or convection in the CNS, but can 

be actively pumped out of the ISF by BBB transporters and out of the CSF by BCSFB 

transporters [66]. As a result, the ISF and CSF can be considered parallel fluids in 

continuous flow, capable of mixing and with shared roles, but also with distinct and 

complementary functions [57].   

CSF sampling has been highlighted as the best available method to estimate the 

unbound brain ISF concentrations in animals and humans [49]. Furthermore, a good 
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correlation was observed between the ratio of unbound concentrations in the CSF and 

the brain (r2 = 0.88) [84]. Nevertheless, caution must be taken with P-gp and/or BCRP 

substrates because unbound ISF concentrations may be over-predicted by unbound CSF 

concentrations [40]. This has been justified by the different location and expression of 

these transporters at the BBB and BCSFB. Since at the BCSFB, P-gp is located in the apical 

surface of epithelial cells, drugs that are P-gp substrates would be pumped into the CSF, 

leading to higher CSF concentrations and to an overestimation of unbound ISF 

concentrations [85]. Another possible explanation is that P-gp at the BCSFB is less 

expressed and may be less efficient than P-gp at the BBB, indicating that the estimated 

CSF unbound concentration ratios would be higher than actual ISF concentrations, which 

would be decreased by P-gp efflux at the BBB [86].   

 

I.3.1. PHARMACOKINETIC CONCEPTS OF CNS EXPOSURE 

Drug movement into and out of the CSF and ISF depends on its physicochemical 

properties, protein binding and affinity for transporters of the BCSFB and BBB [66]. The 

main compartments and barriers of the brain parenchyma that influence drug 

distribution and pharmacokinetics in the CNS are illustrated in Figure I.6.  

As previously referred in section I.2.2, inconclusive pharmacokinetic data is one of 

the causes of failure during the discovery and development of CNS drugs, due to 

inadequate methods for measuring brain exposure or incorrect data interpretation. This 

assessment also applies to peripherally-active compounds, for the reasons stated in 

section I.2.1. At this stage, it is important to emphasize that only unbound drug 

molecules are capable of moving across the compartments depicted in Figure I.6 and 

that brain exposure of drugs can be characterized according to rate, extent and intra-

brain distribution [40].  
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Figure I.6. Schematic representation of the main compartments and barriers of the central 

nervous system used to describe drug exchange and neuropharmacokinetics. BBB, blood-brain 

barrier; BCSFB, blood-cerebrospinal fluid barrier; CSF, cerebrospinal fluid; ICF, intracellular fluid; 

ISF, interstitial fluid. Adapted from [40,87]. 

 

The rate of CNS penetration is related to the speed at which a compound is capable 

of entering the ISF, independently of how much compound enters the CNS. It is 

influenced by the amount of drug delivered to the brain, controlled by the cerebral 

blood flow, and by the passive permeability of the compound across the BBB. The 

cerebral blood flow of rats (0.2-2 mL-1 min-1 g-1 brain) is faster than in humans (0.15 and 

0.6 mL-1 min-1 g-1 brain for white and grey matter) [87]. For drugs that quickly enter the 

brain ISF, cerebral blood flow becomes rate-limiting and constitutes the upper limit of 

the rate of in vivo CNS penetration [41,87]. On the other hand, the passive permeability 

of a compound depends on the characteristics of the crossed membrane and on the 

physicochemical properties of the drug. Even though it describes the rate of passage 

across the BBB, a low passive permeability can limit the diffusion of a compound into the 

brain and thereby decrease the extent of CNS penetration. Conversely, a high passive 

permeability will enable the establishment of a fast equilibrium between plasma and the 

brain ISF but it does not imply that the compound will achieve high unbound 

concentrations in the CNS [85]. This parameter can be determined in vitro or in vivo, as it 

will be explored in sections I.3.4.1 and I.3.5 of this dissertation. 
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The extent of CNS penetration reflects the degree to which a compound enters the 

brain tissue [87]. It can be described by the ratio of total drug concentrations in brain 

and plasma (Kp) or its logarithm (log BB), or by the unbound concentration ratio 

between plasma and brain ISF (Kp,uu) [40]. For a long time, the development of 

compounds for CNS targets was based on the optimization of Kp or log BB, but this 

approach revealed to be misleading and counter-productive. Indeed, the compounds 

often demonstrated lack of efficacy, since high Kp values are associated with higher 

lipophilicity, meaning that the molecules rapidly cross the BBB but then exhibit a high 

degree of non-specific binding within the brain parenchyma, given that the brain has a 

relatively high lipid content [88]. 

In this context, the free-drug hypothesis postulates that the concentration of 

unbound drug is the driving force for all distribution processes [83]. It is the unbound 

concentration that distributes from the systemic circulation, across membranes, to 

tissues and exerts pharmacological activity. Since the CNS is an extravascular 

compartment, not directly accessed from the systemic circulation due to the BBB, the 

free concentration of compound in plasma must first cross the BBB and then undergo 

binding in the CNS [89]. Therefore, Kp,uu  gives a direct quantitative description of how 

the BBB manages the drug concerning passive transport and active influx/efflux. A Kp,uu 

near 1 indicates dominant passive diffusion, whereas a Kp,uu different from 1 suggests 

dominant active uptake to brain (Kp,uu > 1) or dominant efflux back into the blood (Kp,uu < 

1) [83,87]. Notwithstanding, there is not a cut-off below which a drug is unsuitable for 

action within the CNS. Still, the lower Kp,uu is, the higher will be the dose necessary to 

obtain pharmacologically relevant concentrations in the CNS, maintaining an unaltered 

potency [40]. 

Kp,uu can be estimated directly resorting to an in vivo method such as microdialysis 

[49] or indirectly, by measuring and correcting Kp, using the unbound fractions in plasma 

(fu,plasma) and brain (fu,brain); these parameters are determined by in vitro methods, such 

as brain homogenates [89] or brain slices [90] (Table I.4). In spite of the need for two 

measurements, the indirect approach is more susceptible to screening and triaging 

compounds within the drug discovery setting. Extracting the brain tissue and 

homogenizing or slicing it, can be mastered by a wider range of scientists and 

technicians than the surgical expertise demanded for microdialysis [91]. 
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However, significant discrepancies were noted between the data generated by the 

brain slice method and the brain homogenate method [91]. The brain slice method 

provides straightforward information concerning the volume of distribution of unbound-

drug in brain (Vu,brain), which can be used to calculate Kp,uu in combination with Kp and 

fu,plasma. In contrast, the brain homogenate method allows the calculation of fu,brain that 

could be converted to Vu,brain assuming that Vu,brain = 1 / fu,brain. Nevertheless this 

assumption is not always correct, as a result of distinct pH values in different brain 

compartments and the phenomena of lysosomal trapping or lysosomotropism [92]. 

 

Table I.4. Comparison of the advantages and disadvantages of the brain slice and brain 

homogenate methods used to estimate Kp,uu from Kp. 

 

 Brain slice Ref. Brain homogenate Ref. 

Advantages 

Adaptable to high throughput format; 

Cost effective; 

Compatible with assay requirements in drug discovery; 

[87] 

More physiological; 

Complex cellular structures 

are preserved; 

[90] 
Technical simplicity; 

General applicability; 
[93] 

Cell-cell interactions and pH 

gradients are conserved. 
[94] 

The same equipment can 

be used for fu,plasma 
[40] 

Limitations 
Higher initial cost and effort to 

implement. 
[95] 

Sites that do not usually 

bind the drug in vivo are 

exposed; 

[87] 

Loss of pH differences 

across cellular barriers. 
[91] 

 

The movement of weak acids and bases across cell membranes is guided by a pH 

gradient, since non-charged species are more likely to passively diffuse through 

membranes. This causes an accumulation of basic drugs in cells, because the 

intracellular pH is lower than the extracellular one, and particularly, in intracellular 

subcompartments called lysosomes with a pH of approximately 5 [95] as depicted in 

Figure I.6. Due to protonation inside the lysosomes, base compounds are unable to 

return to the cytosol. Despite the small physiological volume of lysosomes, 

intralysosomal concentrations of trapped compounds can reach high levels and 
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influence intra-brain distribution and pharmacokinetics. This process is saturable, 

energy-dependent and requires cellular integrity [92], which is lost during the brain 

homogenization technique. Therefore, fu,brain obtained with brain homogenates must be 

compensated for pH partitioning according to the pKa of the drug, thereby generating 

fu,brain,corrected values [95]. Then, Vu,brain can be more accurately estimated as Vu,brain = 1 / 

fu,brain,corrected. Data generated with the brain homogenate method corrected for pH 

partitioning revealed good correlation (r2 = 0.79) with brain slice data [84]. Moreover, Di 

et al. [89] found no species differences in the fu,brain of 47 chemically-diverse compounds 

using the brain homogenate method.    

In sum, applying the concepts of rate, extent and intra-brain distribution is essential 

to evaluate CNS exposure and lead to more successful drug development outcomes. 

Even though the CSF appears to be an appropriate sampling site to obtain preliminary 

knowledge of unbound brain concentrations [40], there are pitfalls associated with this 

approach, related to differences between the BCSFB and the BBB. Understanding the 

mechanisms that determine the net flux of drugs across the BBB and its properties is 

fundamental to assess CNS penetration during drug discovery [87]. 

 

I.3.2. THE BLOOD-BRAIN BARRIER AND THE NEUROVASCULAR UNIT 

Although distinct interfaces form barrier layers between the CNS and the blood, the 

BBB, composed by CECs that delimit cerebral microvessels, is considered the major site 

of blood–CNS exchange and contributes to the maintenance of the homeostasis of the 

CNS [96,97]. The CECs, together with astrocytes, pericytes, microglia, neurons and the 

extracellular matrix (ECM), form the neurovascular unit (Figure I.7), a highly coordinated 

system that dynamically regulates the cerebral microvascular permeability and provides 

a basis for understanding the development and physiology of the BBB, including the 

mechanisms by which cerebral microvascular permeability can be influenced by drugs 

and disease [98–101].  

Given the emerging interest in this modular organization and the fact that the 

specific features of the BBB must be considered for developing screening methods, it is 

important to firstly outline the structure and role of each associated cell type. 



 

  

GENERAL INTRODUCTION  

29 

 

Figure I.7. Structural representation of the blood-brain barrier (BBB) and routes of transport. 

The BBB is a complex system composed by cerebral endothelial cells, separated from pericytes 

and astrocytic end-feet by the basal lamina. Microglia and neurons are also part of the 

neurovascular unit. The routes of transport across the BBB are shown in greater detail, as well 

as, several endothelial enzymes and regulatory factors released by astrocytes. The molecular 

organization of tight junctions and adherens junctions is not depicted. A1, angiopoietin 1; AAD, 

aromatic acid decarboxylase; AJ, adherens junction; AMT, adsorptive-mediated transcytosis; AP, 

alkaline phosphatase; AQP-4, aquaporin-4; ATP, adenosine triphosphate; bFGF, basic fibroblast 

growth factor; CYP, cytochrome P450; GDNF, glial-derived neurotrophic factor; γ-GTP, γ-glutamyl 

transpeptidase; IL-6, interleukin-6; Kir4.1, potassium channel; RMT, receptor-mediated 

transcytosis; TGF- β1, transforming growth factor-β1; TJ, tight junction. From [102] adapted from 

[96,99]. 

 

I.3.2.1. Cerebral endothelial cells 

CECs constitute a selective barrier covering the inner surface of cerebral capillaries 

and therefore, heavily determine the BBB permeability of the vast majority of circulating 

compounds. Anatomically, CECs are different from peripheral endothelial cells as they 
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have no fenestrae, exhibit an extremely low pinocytotic activity [55] and possess a 

superior number of mitochondria, resulting in a more intense metabolic activity [97]. 

One of the most significant features of CECs is the presence of interconnections 

between adjacent cells, namely adherens junctions (AJs) and TJs [103]. In AJs, cadherin 

proteins in the intercellular cleft are connected to the cell cytoplasm by α-, β- and γ-

catenins, mediating the adhesion of CECs to each other, the initiation of cell polarity and 

partially regulating the paracellular permeability [98]. Simultaneously, TJs occlude the 

intercellular cleft by forming a multi-protein complex composed by transmembrane 

proteins (claudins, occludin, junctional adhesion molecules) and cytoplasmic proteins 

[zonula-occludens (ZO)-1, ZO-2, ZO-3 and cingulin] linked to the actin cytoskeleton [55]. 

The loss of one of these proteins may severely compromise the integrity and 

functionality of the BBB [96]. TJs separate the apical and the basolateral domains 

causing cell polarization (fence function) and restricting the passage of ions, hydrophilic 

compounds and macromolecules through the paracellular pathway (gate function) 

[104,105]. The limited movement of small ions such as Na+ and Cl- leads to a 

considerably higher in vivo value of transepithelial electrical resistance (TEER) for brain 

endothelium than for peripheral capillaries (≈1000 Ω cm2 versus 2–20 Ω cm2) 

[96,99,103]. It was recently discovered that CECs have a more negatively charged 

membrane than other cells, making anionicity another determinant factor of BBB 

permeation [106].  

Gaseous molecules and small lipophilic compounds can permeate the BBB by 

passive transcellular diffusion through the cellular membranes of CECs, while nutrients 

(e.g. glucose or amino acids) undergo carrier-mediated influx by SLC transporters. Large 

endogenous molecules, such as insulin or transferrin, cross the BBB by receptor-

mediated transcytosis (RMT), whereas cationized proteins are usually carried by 

adsorptive-mediated transcytosis (AMT) [107,108]. A deeper knowledge of these influx 

transporters and of the regulation of brain endothelial transcytosis at a molecular level 

needs to be achieved, in order to use these mechanisms as targets to selectively 

facilitate CNS drug delivery, as it will be mentioned in section I.3.6. [109–111]. Another 

route of transport across the BBB which is currently being investigated, involves the 

migration of immune cells to the CNS and the surveillance role of the neurovascular unit 

[55,96,112] (Figure I.7).  
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It is important to highlight the relevance of the efflux carriers expressed by CECs, 

most of which belong to the ABC transporter family [67]. In opposition to the influx 

transporters aforementioned, ABC transporters are expressed in the apical or 

basolateral surface of CECs and mediate the efflux of lipophilic compounds which would 

otherwise easily diffuse across the BBB. P-gp is one of the best characterized ABC 

transporters because of its ubiquitous expression and broad substrate specificity, 

including a wide variety of structurally different drugs from distinct pharmacological 

groups [113]. Furthermore, the over-expression of P-gp is also subjacent to the 

pathophysiology of several neurological diseases and to the development of drug 

resistance phenomena [114]. Other members of the ABC protein family at the BBB 

include BCRP and MRP proteins [97]. In particular, the role of BCRP has been examined 

and it was found to cooperatively efflux compounds with P-gp [115]. Protein 

quantification studies inclusively demonstrated that BCRP has a higher expression in 

human brain microvessels than P-gp [116,117] and thus, screening BCRP as well as P-gp 

needs to be considered as a rational strategy for CNS drug development [74]. 

Lastly, CECs also form a metabolic barrier as they express a specialized set of 

enzymes such as alkaline phosphatase (AP), γ-glutamyltranspeptidase, aromatic acid 

decarboxylase and several cytochrome P450 (CYP) enzymes that metabolize numerous 

xenobiotics, including drugs (Figure I.7). Their expression in CECs is much higher than in 

non-neuronal capillaries [100], making them BBB markers [118]. Other markers include 

the von Willebrand factor VIII related antigen and the uptake of acetylated low density 

lipoproteins [103], which will be important to evaluate the endothelial properties of the 

different in vitro cell models. 

 

I.3.2.2. Astrocytes 

As represented in Figure I.7, astrocytes are glial cells that interact closely with CECs, 

ensuring the adequate neuronal function [100] and the control of the cerebral blood 

flow [119]. Astrocytic end-feet cover a large part of the basolateral surface of CECs and 

play an essential role in maintaining and up-regulating specific BBB characteristics, 

namely restrictive TJs, specialized enzyme systems and polarized transporter location 
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[104]. Indeed, the interaction between astrocytes and CECs determines the unique 

phenotype of CECs [100].  

Other properties of astrocytes that influence the maturation of BBB are the 

expression of the intermediate filament glial fibrillary acidic protein (GFAP) and the 

presence of orthogonal arrays of particles (OAPs) [105]. The OAPs contain the potassium 

channel kir4.1 and the water channel aquaporin-4 (AQP-4) which mediates water 

movements between the intracellular, interstitial, vascular and ventricular 

compartments [97,120]. AQP-4 is also believed to influence cognition, learning and 

memory and has been implicated in several neurological disorders [121]. In addition to 

this, the OAP/AQP-4 polarity of astrocytes is related to the expression of agrin, a 

heparan sulphate proteoglycan of the basal lamina that separates astrocytes and 

pericytes from CECs. The accumulation of agrin occurs at the time of BBB tightening, 

suggesting that it is important for barrier integrity [99]. Further evidence that the 

components of the ECM contribute to the induction of BBB properties was given by the 

expression of matrix adhesion receptors on astrocytic end-feet, CECs, microglia and 

neurons [99,104] however this aspect will be explored in greater depth in section I.3.2.5.  

Astrocytes also release regulatory factors that interfere with the BBB phenotype 

and the proper differentiation of CECs. Several molecules have been associated with this 

process, such as the glial-derived neurotrophic factor, transforming growth factor-β1, 

basic fibroblast growth factor, interleukin-6 and angiopoietin 1 [96,97,104]. 

 

I.3.2.3. Pericytes 

Brain pericytes are mural cells separated from CECs by the basal lamina and 

associated with the stabilization of small vessels architecture, neovascularization and 

angiogenesis (Figure I.7). Despite being known that the loss of pericytes leads to an 

abnormal vascular morphogenesis, endothelial hyperplasia and increased permeability 

in the brain [122], there are only few specific data available concerning the functional 

role of pericytes on BBB properties [123,124]. This lack of information is partially 

justified by the difficulty of extracting pericytes from the surrounding basal lamina and 

also by the necessity of combining multiple markers to attain an unambiguous 

identification [55,125]. Nonetheless, it was currently revealed that pericytes regulate 
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specific BBB-gene expression patterns in CECs and induce the polarization of astrocytic 

end-feet, coordinating the bidirectional signalling between cells of the neurovascular 

unit [126]. Moreover, brain pericytes may be directly or indirectly involved in several 

CNS pathologies, making them increasingly considered as potential drug targets 

[111,124,127–129]. For instance, pericytes display marked alterations in ischemia and 

targeting pericyte responses may provide a new therapy for ischemic stroke [130].  

 

I.3.2.4. Microglia and neurons 

Microglia, also known as cerebral perivascular macrophages, are the resident 

immunocompetent cells of the brain [96,131]. They control innate and adaptive immune 

responses in the brain [104] and may modulate specific BBB properties by regulating TJs 

and consequently, the paracellular permeability [131].  

Although few data are available on the effect of neurons on BBB properties [132], it 

was found in a co-culture cell model that neurons induce CECs to synthesize and sort 

occludin to the cell periphery [133]. This was later confirmed in a triple co-culture cell 

model with CECs, neurons and astrocytes, indicating a synergistic effect in the 

stabilization of TJs [134]. Therefore, the association of neurons with the cerebral 

vasculature is important during BBB development stages and also for its maintenance 

[135].  

 

I.3.2.5. Extracellular matrix  

The ECM is a non-cellular component of the neurovascular unit, fundamental for the 

maintenance of barrier properties and improvement of the integrity of the BBB [136]. It 

resembles a net-like structure that provides anatomical and biochemical support to the 

attached cells, by connecting and functionally separating CECs from astrocytes and 

pericytes [82,136]. The ECM is composed of glycosaminoglycans (e.g. hyaluronic acid, 

chondroitin sulfate, heparan sulfate), proteoglycans (e.g. chondroitin sulfate 

proteoglycans or lecticans, heparan sulfate proteoglycans), glycoproteins (e.g. laminin, 

fibronectin, tenascins) and collagen (collagen IV, XV, XVII) [82]. Essentially, three types of 

ECM prevail: perineuronal nets localized at neuronal bodies, axosomatic synapses and 

proximal dendrites; percapillary matrices, also known as basement membrane or basal 
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lamina, surrounding CECs; and the interstitial matrix of the stroma that binds cellular 

layers [55,82]. Interestingly, alterations in physiological conditions such as ageing, and 

psychiatric and neurological disorders modify ECM expression, indicating that ECM 

modifications may be an important part of pathophysiological changes in the brain 

[137].  

Several functions have been attributed to the ECM, namely the induction of TJ 

biogenesis, an increased expression of AP and γ-glutamyltranspeptidase, P-gp regulation 

[138], neuron protection against pathological changes induced by amyloid-β and 

oxidative stress [137], storage of various proteins of the interstitial system like 

chemokines, neurogenesis guidance [82] and the coordination of cell physiology through 

the release of growth factors within the matrix [136]. Cell-cell and cell-matrix 

interactions of the BBB are mediated by two main receptors or adhesion molecules, 

dystroglycan and integrins. Dystroglycans are present in astrocytes, neurons and CECs 

while integrins are found in all cells involved in BBB formation. In addition to the 

management of signalling pathways that enable cell adaptations to the 

microenvironment, those matrix receptors form a link between the ECM and the 

cytoskeleton, which influences cell migration, proliferation, differentiation and survival 

[139].  

The inclusion of ECM components in in vitro cell-based BBB models has greatly 

contributed to the improvement of the tightness and barrier integrity of those models 

[136], as referred in subsequent section I.3.4.2.2.    

 

I.3.3. BBB EVOLUTION IN HEALTH AND DISEASE 

The BBB is a dynamic interface that undergoes several physiological changes 

throughout life, from initial development to advanced age, as well as, alterations that 

result from pathological conditions.  

BBB development begins with angiogenesis when endothelial progenitor cells 

invade the embryonic neuroectoderm and originate new vessels. This occurs because 

neuroectoderm cells release vascular endothelial growth factor, which directs vessel 

sprouting [140]. The next maturation steps of CECs in vascular sprouts involve a cross-

talk with molecular elements of the forming CNS [141]. Neural progenitor cells secrete 
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molecular signals that cause the migration of endothelial cells into the embryonic neural 

tissue. Then, the endothelial cells are incorporated into nascent vessels and release 

platelet-derived growth factor-B, thereby promoting the recruitment of pericytes to 

immature vascular structures [141,142]. Initially, it was thought that astrocytes were 

responsible for the induction of post-natal BBB properties, but Daneman et al. [143] 

demonstrated that pericytes were recruited to nascent vessels a week prior to astrocyte 

generation. Thus, it was postulated that pericytes are more important for BBB formation 

during development, whereas astrocytes are required for BBB maintenance and 

response to neural function and disease. After adhering to CECs, pericytes deposit ECM 

components, leading to the formation of the basal lamina [140] and inhibit the 

expression of molecules that increase vascular permeability and CNS immune cell 

infiltration [143].  

Interestingly, CECs already express TJ proteins such as occludin and claudin-5 during 

the CNS invasion. Nevertheless, these strands undergo full maturation during 

embryogenesis [142]. Interactions between CECs, pericytes and astrocytes contribute to 

the strengthening of the paracellular barrier and BBB tightening [140]. Moreover, BBB 

maturation also encompasses an increased expression of efflux transporters, which has 

been observed in the third post-natal week [142].  

 

In addition to the modifications that take place during BBB development and 

maturation, other examples of physiological states that alter BBB characteristics include 

pregnancy, physical exercise and ageing. For instance, pregnancy has been associated 

with an increase of BBB permeability as a result of hemodynamic changes in the brain. It 

does not appear to be related with differences of TJ expression, but with a higher 

hydrostatic pressure on the BBB [144]. Similarly, moderate and high-intensity physical 

exercise on the treadmill led to an increase of BBB permeability in healthy men as 

consequence of higher oxidative stress, in opposition to low-intensity physical exercise 

[145]. In rats, it was observed that light treadmill exercise had protective effects on 

cognitive impairment derived from BBB disruption, as a result of chronic cerebral 

hypoperfusion [146].  

Before examining BBB alterations underlying ageing, it is important to define 

physiological ageing as a deterioration of functions without cognitive decline or 
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dementia [147]. Briefly, the main age-related differences observed in humans 

encompass an increase in capillary wall thickness, accompanied by a decrease in number 

of CECs and respective mitochondria; a reduced expression of TJs and P-gp; 

accumulation of ECM components and an increase of the thickness of the basal lamina; 

production of neurotoxic pro-inflammatory mediators by microglia; degeneration and 

loss of pericytes; and deterioration of neuronal plasticity with increased apoptosis 

[147,148]. Reports on astrocytic modifications during ageing are varied. Some authors 

affirm that astrogliosis takes place with ageing, i.e. an augmented proliferation and 

reactivity of astrocytes characterized by a higher expression of GFAP, as a response to an 

inflammatory and oxidative state [149]. In parallel, other authors describe a loss of 

astrocytic end-feet contact with CECs in aged mice, caused by a depletion of AQP-4 [150] 

as well as, an accumulation of iron in astrocytes that can generate free radicals and 

harm cells [151]. Although there are controversial data, ageing has been associated with 

a higher permeability of the human BBB, according to a meta-analysis of 31 studies with 

1953 individuals [152]. Indeed, albumin extravasion has been observed, together with 

increased brain leakage. It is believed that this leakiness may play a role in the 

development of age-related dementias [153]. There are several studies in literature 

concerning the effect of physiopathological conditions on the BBB, particularly in 

Alzheimer’s disease and less in PD, but also in epilepsy, multiple sclerosis, schizophrenia, 

depression and hypertension [148,154]. 

To this day, very little is known about role of the BBB in PD. Initially, it was 

speculated that the BBB remained intact during PD due to the successful use of aromatic 

aminoacid decarboxylase (AADC) inhibitors, which will be analysed more methodically in 

section I.4.1 of this dissertation. AADC inhibitors like carbidopa and benserazide were 

developed to increase the availability of levodopa (L-DOPA, L-3,4-

dihydroxyphenylalanine) to the brain by preventing its peripheral conversion to 

dopamine. This means that if the BBB was compromised, the AADC inhibitors would 

cause central inhibition and prevent the formation of dopamine in the brain, thereby 

reducing the potency of L-DOPA [155]. Notwithstanding, studies found that benserazide 

does inhibit central AADC in the rat at 10 mg kg-1 which, according to the authors, 

indicates BBB breakdown in PD [155,156]. Furthermore, modifications of [11C]-verapamil 

brain uptake were also reported in patients with early-stage or advanced-stage PD, in 
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different brain regions. In early-stage PD, a lower uptake of [11C]-verapamil was 

observed in midbrain and frontal regions, whereas in late-stage PD, a higher uptake was 

verified in frontal white matter regions. Therefore, it has been suggested that there may 

be a regional up-regulation of P-gp in early-stage PD and a down-regulation of P-gp in 

late-stage PD [157]. This P-gp dysfunction may be a part of PD pathogenesis by 

facilitating the entrance of neurotoxins to the brain [158]. Another possible cause that 

has been explored for PD pathogenesis is the passage of metals through the BBB, 

namely iron [151], explaining the current interest in iron-chelating therapies for PD 

[159]. 

In pharmacoresistant epilepsy, the overexpression of ABC transporters at the BBB is 

well-known [147]. Other epilepsy-related BBB modifications that have been investigated 

encompass a decrease in TJ expression, TJ opening and albumin extravasion [148], 

important indicators of BBB leakage. Indeed, cerebrovascular dysfunction is one of the 

mechanisms behind seizure activity and epilepsy perpetuation, however it is thought to 

extend beyond BBB breakdown and may also imply an impaired CSF-ISF circulation. 

Changes in CSF-ISF can affect the pharmacology of antiepileptic drugs through the 

impediment of drug distribution as a result of a reduced ISF flow, or through the 

potentiation of side-effects caused by decreased brain clearance. Therefore, BBB 

damage, an increased vascular permeability and pathological changes in ISF-CSF 

circulation can be synergistically involved in the pathogenesis of neurological diseases 

[160].   

In fact, cerebrovascular dysfunction has not only been associated with epilepsy but 

is acknowledged to play a role in several neurological diseases [161]. Chronic 

hypertension is a common cause of BBB lesions, given that it impacts the structure of 

blood vessels and particularly the arterioles that deliver blood to central regions of the 

brain. The vascular remodelling caused by hypertension modifies not only the vessel wall 

but the surrounding ECM as well, leading to blood vessel fibrosis, vascular stiffening, 

cerebral blood flow impairment and ultimately, hypoperfusion and hypoxia. In turn, 

hypoxia triggers neuroinflammation, which activates the release of proteases by 

microglia that open the BBB by loosening TJs and breaking down the basal lamina [162]. 

Similar consequences have been found in rats with acute hypertension, namely BBB 

breakdown and an increase of brain microvascular permeability [163]. Another proposed 
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mechanism for BBB disruption in hypertension was the elevated circulating levels of 

angiotensin-II, which contribute to an exacerbated sympathoexcitation [164]. 

Nevertheless, in spite of the described neuroprotective effects of angiotensin-II blockers, 

inclusively of the BBB [165] a recently conducted study with candesartan (and 

ursodeoxycholic acid) failed to prevent the deterioration of BBB integrity and cognitive 

function in dietary-induced obese mice, even though blood pressure was successfully 

reduced [166].  

 

I.3.4. IN VITRO BBB MODELS 

Despite being well-known that no simple in vitro model can mimic all BBB 

functionalities [167], it is consensual that the model must possess at least the most 

relevant features of the BBB that interfere with the particular aim of the investigation. 

For instance, for an in vitro model to be appropriate for screening compounds according 

to their BBB permeability, it should possess low paracellular permeability and express 

key enzymes (e.g. AP) and carrier systems [e.g. L-type aminoacid transporter 1 (LAT1)] 

[99,168]. In general, in vitro models ought to gather as many BBB characteristics as 

possible, but remaining time practicable and feasible for high- to moderate-throughput 

screening [118]. Up to date, no specific in vitro BBB model has been adopted by 

pharmaceutical industries as the ‘‘gold standard’’ and therefore, developing more 

reliable models to test BBB permeation remains a current challenge [167]. Until then 

and whenever possible, combined approaches with distinct in vitro models should be 

applied for rationalizing and optimizing the evaluation of brain penetration during CNS 

drug discovery.  

The principal advantages of the in vitro models, particularly in comparison with the 

in vivo, include the higher throughput capacity, the lower cost and lower amount of 

compound that is required, the ability of quantifying compounds directly in physiological 

buffer, the possible identification of early signs of cell toxicity and the lower number of 

necessary animals [169]. Importantly, in vitro BBB models also provide mechanistic 

information [67] by unravelling the complex molecular interactions that regulate the 

permeability of CECs under normal and pathological conditions [170]. Hence, these 

models can be used not only for permeability and transport assays, but also to elucidate 
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drug interactions at the BBB [171] and perform physiopathological [172], toxicological 

[173] and immunological studies [174]. 

 

I.3.4.1. Non-cell based surrogate models: parallel artificial membrane permeability 

assay 

The parallel artificial membrane permeability assay (PAMPA) was firstly introduced 

by Kansy et al. [175] as a high throughput method able to predict the gastrointestinal 

absorption of drugs by transcellular passive diffusion. Since then, it has been adapted to 

mimic other biological membranes, including the BBB [176]. Succinctly, PAMPA uses a 

multi-well system in which the donor and the acceptor compartments are separated by 

a porous filter where a lipid artificial membrane is incorporated. During the incubation 

period, compounds move from the donor to the acceptor compartment by crossing the 

lipid membrane. Afterward, they are quantified in both compartments to determine the 

apparent (Papp) or effective permeability (Pe). Although the initial development of 

PAMPA targeted the evaluation of the intestinal permeability of compounds, 

modifications in the composition of the lipid solution resulted in PAMPA models capable 

of differentiating compounds that cross the BBB from those that do not [177]. The main 

characteristics of the PAMPA models that have been published for predicting the BBB 

permeability are summarized in Table I.5.  

Di et al. [178] developed the first modified PAMPA model that adequately predicts 

the BBB permeation. A solution of porcine brain lipids (PBL) dissolved in dodecane was 

incorporated in the PAMPA filter to mimic the BBB. According to the experimentally 

determined Pe values, compounds were classified as CNS+ (high BBB permeation), CNS- 

(low BBB permeation) or CNS+/- (uncertain BBB permeation) and their Pe values were 

then plotted against literature data to identify false positives and false negatives. Few 

false positive and negative outliers were detected [178]. The false negatives were 

compounds transported by paracellular passive diffusion and substrates of influx 

transporters, whereas false positives were substances that undergo active efflux 

extrusion in vivo [179]. Interestingly, this PAMPA-PBL assay achieved better outcomes 

than the model using pIon membrane lipid (PML) (i.e. phosphatidylcholine in dodecane), 

because the PML model underestimated the permeability of three CNS+ compounds and 
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exhibited considerably more false negatives probably due to the cerebral origin of PBL, 

which mimics the lipid composition of CECs more closely [178].  

Since then, several variations in this method have been developed to evaluate the 

BBB permeability properties of different drug candidates, which were mostly directed 

for the treatment of neurodegenerative diseases [180–189], obesity [190], stroke [191] 

and also spinal cord injury [192]. Recently, a PAMPA assay was adapted specifically to 

assess the BBB penetration of pharmacologically active natural products and plant 

extracts [193] and also natural and semi-synthetic ecdysteroids for the treatment of CNS 

tumours [194]. Apart from the lipid used to mimic the BBB, other experimental features 

have been changed throughout the development of those methodologies, particularly 

the solvent in which the lipid is dissolved, the composition of buffer solutions, the 

stirring conditions and the incubation time (Table I.5). It is noteworthy that nearly all 

studies were performed maintaining the pH of the donor and acceptor compartments at 

7.4, which corresponds to the physiological pH of the blood, as initially defined by Di et 

al. [178].  
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Notwithstanding, Tsinman et al. [197] varied the pH of the donor compartment in order 

to collect data under gradient conditions and characterize the contribution of the lipid 

membrane to permeability; however, this approach decreased the throughput of the 

PAMPA model and hence, it was recommended to conduct the assays at pH 7.4. 

Moreover, the influence of the organic solvent in which the lipid is dissolved, on the 

permeability of PAMPA was evaluated by Carrara et al. [198] and it was noted that for 

borderline compounds with medium permeability, the dodecane-lipid ratio was able to 

shift CNS- compounds to CNS+.  

In order to maximize the PAMPA throughput, the method should be as fast as 

possible, which can be achieved by reducing the incubation time. As depicted in Table 

I.5, the incubation time varies between 1 h and 24 h and depends on the lipophilicity of 

the compounds. An artifact that has been applied to attain this, particularly for lipophilic 

compounds, consists on stirring the PAMPA plates under constant agitation. 

Theoretically, this will decrease the thickness of the unstirred water layer (UWL), which 

hampers the transport of lipophilic molecules [199]. Indeed, Tsinman et al. [197] utilized 

vigorous stirring conditions for highly lipophilic compounds, to reduce the thickness of 

the UWL to 60 µm. However, this type of stirring is not recommended for less lipophilic 

compounds, because it may increase the aqueous channel porosity of the PBL 

membrane and allow some aqueous paramembrane diffusion of the compounds. This 

partially explains the lack of discrimination between BBB permeable or non-permeable 

compounds in the PAMPA-BBB-UWL model developed by Mensch et al. [177], in which 

all compounds, more or less lipophilic, were subjected to stirring. Similarly, Jhala et al. 

[196] studied the influence of the incubation time in two PAMPA-BBB models and did 

not observe differences in the permeability values after 5 h of incubation.  

Overall, the predictive ability of PAMPA is reasonably good and in particular for 

compounds that cross the BBB by transcellular passive diffusion, considering that 

misclassified molecules are usually substrates of influx or efflux transporters such as P-

gp or BCRP. In fact, the artificial lipid membranes used in PAMPA models do not include 

influx nor efflux transporters and particularly, the absence of efflux multidrug ABC 

transporters is one of the most significant limitations of PAMPA. This drawback may 

ultimately lead to the overestimation of the in vivo permeability of compounds that 

would otherwise be actively pumped out of the brain. Hence, PAMPA is considered a 
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high throughput, low cost and reproducible method that has a high power for predicting 

the in vivo BBB permeability of compounds that passively diffuse across the BBB [176–

178]. To improve PAMPA results and overcome its limitations, cell-based models are 

often integrated as additional screening tools [200]. 

 

I.3.4.2. Cell-based models 

Although the use of cell-based models for studying the BBB began with the isolation 

of brain capillaries [201], firstly from human and bovine brain [202] and then from rat 

brain, nowadays, brain microvessels can be obtained and purified from other species, 

including rabbit and pig [113]. Nevertheless, this technique is not suitable for 

permeability screening purposes [170]. In fact, the difficult access to the luminal surface 

of the vessels [203] makes the compounds reach the microvessels from the abluminal 

side, which is the opposite of the in vivo situation [204]. This limitation, along with the 

different expression and localization of transporters caused by the preparation 

procedures [113], led to the development of alternative approaches to mimic the BBB 

based on in vitro cell culture models. 

 In vitro cell culture models started to emerge just five years after the first isolation 

of cerebral microvessels, when it was found that CECs grew out of brain capillaries under 

adequate culture conditions [205]. As the accessibility of a drug from the blood into the 

brain is controlled by the drug permeation rate across the tight layer of CECs, several cell 

culture models have been developed to reconstitute the BBB in vitro. Interestingly, 

according to Tóth et al. [205], eight in vitro cell-based models of the BBB were patented 

between 1990 and 2010. These systems may incorporate cells of non-cerebral origin or 

CECs from primary cultures or cell lines, in monoculture, co-culture or triple co-culture 

configurations with other cells of the neurovascular unit, as further explored in the next 

sections.  

Although in vitro culture models of BBB possess numerous advantages 

comparatively to in vivo studies such as cost-effectiveness, high to moderate throughput 

screening, versatility and the possibility to reproduce pathological abnormalities, there 

are serious drawbacks associated to the artificial environment under which the cells are 

cultured. The lack of exposure to physiological conditions may result in a different 
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expression of relevant cell biological transporters, ligands and enzymes [206]. Thus, cell 

culture models ought to fulfil certain criteria to be utilized for the screening of potential 

CNS drugs. Notwithstanding, in vitro findings must be firstly validated and compared 

with in vivo data to ensure their accuracy.  

Briefly, in vitro permeability assays are carried out in multi-well plates, where two 

compartments simulating the blood (apical) and brain (basolateral) sides are separated 

by a microporous filter on which the cells are seeded, developing a cell monolayer that 

contacts with different culture media in each compartment (Figure I.8). The filters most 

frequently used include the Transwell™ polycarbonate or polyethylene terephthalate 

inserts. Polycarbonate inserts are suitable for permeability studies of hydrophilic and 

lipophilic molecules due to their low non-specific binding properties, whereas 

transparent polyethylene terephthalate inserts allow the microscopic observation of cell 

monolayers and have a very good biocompatibility [207,208].  

Figure I.8. In vitro cell-based blood–brain barrier models. Monocultures of cerebral endothelial 

cells (CECs) are being replaced by co-culture or triple co-culture systems, in which CECs are 

seeded with other elements of the neurovascular unit, such as astrocytes, pericytes or neurons, 

in a non-contact (A,C) or contact format (B, D). In triple co-culture systems, more than one cell 

type is seeded with CECs (E, F). 
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In in vitro models, the paracellular diffusion of compounds between endothelial 

cells must be limited by TJs in order to make the model discriminative. As it was 

mentioned in section I.3.2.1, TJs dictate the permeability by paracellular route and 

therefore, this feature should be assessed by measuring the TEER or evaluating the 

permeability of tracer hydrophilic substances with known molecular weight [103].  

TEER is an indicator of the tightness of the CEC monolayer and, indirectly, of the 

paracellular permeability and BBB integrity. For a cell culture model to be considered 

adequate, the cell layer should display a sufficiently high TEER value and a low Papp for 

the specific molecules used as integrity markers [209]. To evaluate the TEER of the cell 

monolayer, a voltage-measuring electrode is placed in each compartment; the 

resistance data read in the apparatus are then corrected for blank filter resistance (cell 

free filter), multiplied by the filter surface area and expressed in Ω cm2 [123,210]. It is 

estimated that the in vivo TEER of brain microvessels exceeds 1000 Ω cm2 in frog and rat 

[211–213], but an in vitro TEER of at least 150–200 Ω cm2 has been considered sufficient 

for assessing solute and drug transport [132,168,205]. Nevertheless, some cell-based 

models may achieve superior values of TEER.  

To be used as a marker of the paracellular transport, the tracer compound should 

not be a ligand for influx or efflux transporters, endothelial receptors or a substrate for 

endothelial enzymes [132]. Sodium fluorescein (Na-F) [172,214–216], lucifer yellow 

[217–219] and fluorescein isothiocyanate (FITC)-labelled substances, such as FITC inulin 

[220], FITC-dextrans [207] and FITC-bovine serum albumin [210] are frequently used as 

tracers, as well as, radiolabeled sucrose, inulin, albumin [221] and mannitol [222]. In 

contrast, propranolol is often utilized as a transcellular marker due to its lipophilic 

nature [223]. The in vitro transepithelial permeability coefficients (cm s-1) of marker 

molecules should be determined before and after the permeability studies performed 

with the test compounds, in order to monitor the integrity of the monolayer and confirm 

that the test compound itself did not affect the barrier properties [123,220]. 

 

I.3.4.2.1. Primary cultures and immortalized cell lines of cerebral origin 

Primary CECs provide the closest phenotypic resemblance to that of the in vivo BBB 

[170], because many of their characteristics are genetically programmed [102]. These 
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cells may be harvested from bovine [131,224,225], porcine [210,226–229], rat [215,230–

233], mouse [234–237] or human [131,231,238,239] sources and are frequently utilized 

for the development and optimization of in vitro BBB models. Nevertheless, their 

generalized use is prevented by some important limitations depicted in Table I.6.  

 

Table I.6. Advantages and disadvantages of the use of primary cultures and immortalized cell 

lines of cerebral endothelial cells as in vitro models of the blood-brain barrier.  

 

 Sources Advantages Disadvantages Refs. 

Primary 

cultures 

Bovine Allow the isolation of a 

large amount of cells from 

a single brain. 

Difficult to 

establish in vitro-in 

vivo correlations. 

Complex, time 

consuming and labour 

intensive cell obtaining 

processes; 

Inconvenient for 

routine industrial use; 

High irreproducibility 

of the final 

characteristics of the 

cell population; 

Challenging to 

eliminate non-

endothelial cells (e.g. 

pericytes, smooth 

muscle cells); 

Rapid in vitro de-

differentiation or loss 

of phenotype.  

[240] 
Porcine 

Rat 

Availability of BBB 

permeation data from in 

vivo pharmacokinetic 

studies. 

Low yield;  

Require the 

sacrifice of multiple 

animals; 

Ethical and 

economic 

constraints. 

[215,227,24

1] 

Mouse [242] 

Human 

Important tool for the 

study of the BBB at a 

cellular and molecular 

level, including BBB 

dysfunction. 

Low yield; 

High costs; 

Difficult to obtain 

reliable sources of  

healthy tissue; 

Batch-to-batch 

variability.  

[168,240,24

3] 

Cell 

lines 

Bovine: 

t-BBEC-117 

Exhibits the formation of 

TJ-like structures;  

Expresses endothelial 

markers (acLDL uptake), 

influx (GLUT-1) and efflux 

transporters (P-gp) and 

functional endothelial -

specific enzymes (AP). 

Leaky; 

Not restrictive enough for permeability 

studies (i.e. low TEER values and high 

permeability of paracellular tracers); 

Difficult maintenance of transporter 

function and enzymatic activity; 

Require further characterization. 

[244] 

Porcine: 

PBMEC/C1-2 

Expresses endothelial 

markers (vWF), influx 

(GLUT-1) and functional 

efflux transporters (P-gp) 

and functional endothelial-

specific enzymes (AP, γ-

GTP) 

[245–248] 

    

    

 



 

   

GENERAL INTRODUCTION  

47 

BCRP, breast cancer resistance-associated protein; acLDL, acetylated low density lipoproteins; AP, alkaline 

phosphatase; BBB, blood-brain barrier; CECs, cerebral endothelial cells; CYP, cytochrome P450; GLUT-1, glucose 

transporter-1; γ-GTP, γ-glutamyltranspeptidase; LAT1, L-type aminoacid transporter 1; P-gp, P-glycoprotein; TEER, 

transendothelial electrical resistance; TJ, tight junction; vWF, von Willebrand factor VIII related antigen; ZO, zonula-

occludens. The common disadvantages of primary cultures and immortalized cell lines were adapted from 

references [91,132,133,176,206,215,219,249]. 

 

In order to circumvent the disadvantages of primary cultures, several immortalized 

CEC lines were created with the potential to provide a stable source with high yield and 

homogeneity throughout numerous passages [251]. Commercially available cell lines are 

increasingly used to their reliability, since they are acquired from trusted sources; 

consistency, as the inter-batches variability is minimal; longevity, resulting from the fact 

that immortalized cell lines are specially treated by transfection processes so that their 

Table I.6. Continued 

 Sources Advantages Disadvantages Refs. 

 

Rat:  

RBE4 

RBE4.B 

Express TJ proteins (e.g. 

occludin), influx (GLUT-1, 

LAT1) and functional efflux 

transporters (P-gp) and 

functional endothelial-

specific enzymes (AP, γ-

GTP) 

 

[133,203,24

8–250] 

Mouse:  

b.End3 

b.End5 

Express endothelial 

markers (vWF), TJ proteins 

(e.g. occludin, claudins -1,-

5, ZO-1)  functional influx 

(e.g. GLUT-1, LAT1) and 

efflux transporters (P-gp), 

and functional endothelial-

specific enzymes (AP);  

Commercially available.  

[251–257] 

Human: 

hCMEC/D3 

BB19 

NKIM-6 

TY08 

HBMEC/ciβ 

hCMEC/D3: 

Exhibits a non-transformed 

phenotype over several 

passages;  

Expresses endothelial 

markers, TJ proteins (e.g. 

claudin-5, ZO-1), functional 

efflux transporters (e.g. 

BCRP, P-gp) and CYP genes. 

[243,258–

265] 

BB19, NKIM-6, TY08, 

HBMEC/ciβ: 

Express endothelial 

markers (vWF), TJ proteins 

(e.g. ZO-1) and efflux 

transporters (BCRP, P-gp). 

NKIM-6: low 

expression of 

occludin and does 

not express 

claudin-5. 

 
[223,266–

268] 
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specific characteristics do not disappear over the time; and efficiency, which is related to 

a reduced preparation time and cost [241]. However, immortalized CEC lines are 

generally leakier than primary cultures (Table I.6), which strongly limits their use for 

permeability screenings. Despite preserving basic cerebral endothelium-like features, 

the absence of other elements of the neurovascular unit, the lack of physiological stimuli 

and the immortalization process itself, affect the expression level of TJs, enzymes and 

transporters from the SLC and ABC families [258]. Nonetheless, they have proved useful 

for other applications, such as mechanistic and biochemical studies of the BBB under 

physiological or pathological conditions and for the design of CNS-targeted drug delivery 

systems [168,249].  

Currently, there is an interest in the development of in vitro BBB models from 

human pluripotent stem cells, submitted to an endothelial and neural co-differentiation 

process [259,269,270]. Although further validation is recommended, it appears to be a 

promising alternative for drug permeability screening studies.  

 

I.3.4.2.2. Induction of BBB properties in endothelial cells 

Several strategies have been outlined throughout the years to achieve a better 

representation of the in vivo BBB and improve barrier function in cell culture, 

particularly with CECs. Among these advances is the development of co-culture and 

triple co-culture systems. 

 It was previously referred in section I.3.2.1 that all elements of the neurovascular 

unit strongly contribute to the development and maintenance of the BBB phenotype. 

Consequently, co-culture and triple co-culture systems have been implemented through 

the combination of primary or immortalized cell lines of CECs with astrocytes, astrocytic 

cell lines, C6 glioma cell lines, pericytes, mixed glial cells and/or cell-conditioned media 

(Table I.7 in Appendix A). Some co-culture models use cells from different species, while 

others, named syngeneic models, incorporate cells from the same species to avoid 

interspecific non-recognition problems [132,271]. Different co-culture systems and 

possible orientation formats are represented in Figure I.8.  

In contact co-cultures, astrocytes or glial cells are seeded in close proximity with 

endothelial cells at the opposite site of the filter membrane, whereas in non-contact co-
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cultures, these cells are seeded on the bottom of the wells [209]. At this point it is 

important to highlight that the properties of Transwell™ membranes such as thickness, 

pore size and density and filter coating determine whether the inter-cell contact occurs 

[236]. Wuest et al. [272] recently investigated the influence of pore size, membrane 

material and contact/non-contact orientations for a co-culture model with mice CECs 

and rat astrocytes. A higher TEER was obtained for cells seeded in a non-contact 

orientation and filters with a pore size of 0.4 µm. This pore size is also considered 

appropriate for restricting astrocyte cell bodies to the seeded side, while allowing 

astrocytic end-feet to pass through the pores and interact with endothelial cells seeded 

on the opposite side [273]. Interestingly, this corroborates previous results obtained in 

contact co-cultures, in which a lack of induction of BBB properties in CECs was observed, 

because the pores became clogged by astrocytic end-feet, and hence, blocked the 

passage of astrocytic soluble factors, promoting an incomplete extension of astrocyte 

foot processes to the endothelial side [236,271,274]. When 3.0 µm pores were applied, 

the entire cellular body reached the opposite side, promoting the astrocytes growth on 

both sides of the membrane [271,274].  

Variations in TEER and responsiveness to astrocytes may additionally be caused by 

the coating substrate of the Transwell™ filters [174]. This substrate serves as a 

replacement of the ECM, which is involved in cell differentiation and the formation of a 

functional barrier [275], as stated in section I.3.2.5. Type IV collagen, fibronectin and 

laminin are major components of the basal lamina [276], however rat tail collagen type I 

is frequently used alone or in combination with type IV collagen (Table I.7 in Appendix 

A). The experimental results obtained with different combinations of these proteins are 

conflicting [240,277], which indicates a need for further research of this aspect.  

It is well-known that astrocyte-derived soluble factors secreted into the culture 

medium are responsible for the induction of a BBB phenotype on endothelial cells [278–

280]. Therefore, conditioned media, which include the astrocyte conditioned medium 

and the C6 conditioned medium, collected from growing astrocyte cultures and C6 

glioma cultures, have been utilized to modulate TJ barrier properties regarding tightness 

and protein expression levels [245,278,281]. This artifact translates into higher TEER 

values [208,229,246,251,281], increased expression of ZO-1 [280], higher AP activity 

[240,244] and the induction of efflux transporters [208].  
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Upon cell confluence, growth medium is commonly replaced by differentiation, 

supplemented or assay mediums which are often serum-free in order to improve and 

preserve the differentiation of CECs (Table I.7 in Appendix A). Although serum is added 

to culture media to promote cell proliferation, a negative effect on the barrier properties 

of the endothelial monolayer was observed [282], probably due to serum-derived 

factors, such as vascular endothelial growth factor and lysophosphatidic acid, that inhibit 

the formation of TJs or/and open already established TJs [228]. The absence of serum 

leads to a displacement of TJ proteins from the cytoplasm to the cell borders and 

increases the tightness of the monolayer [253]. In fact, removing serum from the culture 

media in the basolateral compartment of the in vitro model will mimic the physiology of 

the BBB more closely, as the basolateral surface of the brain microvascular endothelium 

is exposed in vivo to serum-free ISF [283].  

In addition to serum-free conditions, culture media are often supplemented with 

hydrocortisone to increase the tightness of the CEC monolayer. Nonetheless, the exact 

mechanism by which it stimulates the formation of barrier properties is unclear. 

Alternations in cell morphology and elasticity, namely the reorganization of the 

cytoskeleton of CECs and cell–cell contact zones have been demonstrated [234,235], 

however the up-regulation of TJ protein expression has also been reported [284,285]. 

Other proposed mechanisms of action of hydrocortisone include an anti-apoptotic effect 

[230,286] and a protective effect on the endothelial glycocalyx [287].  

Interestingly, it was observed that rat CECs treated with corticosterone or 

hydrocortisone alone, attained lower TEER values than those treated with 

glucocorticoids and puromycin. Puromycin-treated monolayers respond more 

favourably to glucocorticoid treatment, because CECs tend to maintain confluence, 

whereas cultures lacking puromycin exhibit gaps in the monolayer, either devoid of cells 

or filled with pericytes [230]. This purification method is applied in earlier culture steps 

to selectively eliminate contaminating cells from primary cultures of CECs [215].  

Since the TJ resistance of CECs is regulated by second messengers, particularly 3’,5’-

cyclic adenosine monophosphate (cAMP) [278], supplementing the culture medium with 

cAMP modulators, such as the cell-permeable cAMP analogue, 8-(4-chlorophenylthio)-

cAMP (CPT-cAMP) has been applied to obtain TEER values similar to those observed 

physiologically. Indeed, when associated with RO-20-1724, a phosphodiesterase 
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inhibitor, CPT-cAMP increased the values of TEER in a wide variety of BBB models (Table 

I.7 in Appendix A). RO-20-1724 elevates the endothelial levels of cAMP by preventing its 

rapid metabolization and is consequently combined with CPT-cAMP in culture media to 

decrease the paracellular permeability [132,207,214,216,218,236,254].  

Lastly, it is important to emphasize the incorporation of shear stress into cell culture 

through the development of tridimensional or dynamic in vitro BBB models. Shear stress 

is the force generated by blood flow, to which the apical surface of endothelial cells is 

constantly exposed in vivo [288,289]. CECs respond to shear stress by structural and 

functional remodelling. On the one hand, shear stress promotes the differentiation of 

CECs into a BBB phenotype, but on the other hand it inhibits their cell cycle and prevents 

their growth in a multi-layer way system [290–292]. Moreover, BBB tightness is 

increased through the up-regulation of TJ and AJ proteins, which leads to higher values 

of TEER than those observed in static Transwell™ models (Table I.7 in Appendix A) and 

induce the expression of ABC transporters and CYP enzymes [292]. For these reasons, 

different types of dynamic BBB systems have been developed, some of which are based 

on coated hollow fiber tubes inside a sealed chamber. This system is known as the 

hollow fiber apparatus where the fiber tubes represent the capillaries and the sealed 

chamber represents the extraluminal space [288–290]. Briefly, CECs are seeded 

intraluminally, while glial cells are seeded on the extraluminal space surrounding the 

capillaries and culture medium is pumped at a controllable rate. Santaguida et al. [293] 

adapted this concept into a new platform composed by a hollow fiber cartridge with a 

TEER monitoring system, whereas Siddharthan et al. [280] utilized a distinct flow system 

with a transparent chamber and a snapwell insert. Recently, Cucullo et al. [294] 

expanded the BBB module by adding a venule segment, thereby reproducing the 

physiology of cerebrovascular network, which may contribute to the development of 

new CNS therapeutic strategies. Despite the referred advantages, these systems have 

some limitations that prevent their disseminated use: cell growth cannot be evaluated 

directly and is assessed through the consumption of glucose or production of lactate; 

TEER measurements require a hardware adaptation [288,290,293] and a longer time is 

needed to reach steady-state TEER values [295]. So far, the developed dynamic BBB 

models are not yet compatible with the high throughput requirements of the 

pharmaceutical industry due to their high technical demands. 
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I.3.4.2.3. Cell lines of non-cerebral origin 

Given the difficulties inherent to the lack of the tightness required to make cerebral 

cell lines suitable for BBB permeability screens, epithelial cell lines of non-cerebral origin 

have been utilized by several CNS discovery groups. The Madin–Darby canine kidney 

(MDCK) cell line, the human epithelial colorectal adenocarcinoma cell line (Caco-2) and 

the human urinary bladder carcinoma cell line (ECV304) are the most widely used. 

However, since these cells are neither endothelial nor cerebral, they exhibit distinct 

morphological characteristics from those of CECs and express peripheral organ-specific 

sets of membrane proteins [219] which may compromise their use as BBB models [170].  

One of the greatest advantages of MDCK cells is that they are easy to grow, because 

they only require few days of culture to be ready for assays [176]. They can be 

transfected with the MDR1 or ABCG2 gene in order to polarize the expression of P-gp or 

BCRP and subsequently study the influence of P-gp or BCRP efflux through the BBB 

[170,176,296–298]. In a study by Garberg et al. [250] the MDCK-MDR1 cell line correctly 

identified all passively transported compounds and nearly all the effluxed compounds 

tested and hence, it was considered more discriminatory than other in vitro models, 

including a primary bovine and human CEC line co-cultured with astrocytes, a rat and 

mouse immortalized CEC line and other non-cerebral cell line models. Wang et al. [299] 

also investigated MDCK-MDR1 monolayers and examined their ability to identify P-gp 

substrates by measuring the bidirectional transport of 28 reference molecules. TEER was 

between 1800 and 2200 Ω cm2 and, although integrity to paracellular markers was not 

evaluated, the model was considered discriminative.  

The Caco-2 line was developed and has been extensively used for the prediction of 

drug intestinal absorption and permeation across physiological barriers. Nevertheless, 

comparative studies between Caco-2 cells and a co-culture of bovine CECs and 

astrocytes to predict the in vivo BBB permeability of compounds revealed weak 

correlations between Caco-2 data and in vivo BBB transport data (r = 0.68) [169]. 

Similarly, Lohmann et al. [300] observed differences in the drug permeability of seven 

compounds in Caco-2 cell monolayers and a primary culture of porcine CECs. This results 

from the non-endothelial and non-cerebral origin of Caco-2, which leads to a different 

expression and activity of transporter proteins [169,300]. Moreover, Hakkarainen et al. 
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[224] predicted the permeability of nine reference drugs using three in vitro models (i.e. 

MDCK-MDR1, Caco-2 and a primary culture of bovine CECs) and correlated the results 

with an in vivo method. All correlation coefficients were high, but the best correlation 

was given, as expected, by the primary bovine CECs (r = 0.99), followed by the Caco-2 (r 

= 0.91) and MDCK-MDR1 (r = 0.85) cell lines.  

Hellinger et al. [301] developed a novel vinblastine-treated Caco-2 cell line (VB-

Caco-2) which is characterized by expressing higher levels of P-gp than native cells and, 

therefore, an improved ability to identify P-gp substrates. Recently, a triple co-culture 

model of rat CECs, astrocytes and pericytes was compared with a MDCK-MDR1 model, a 

Caco-2 model and a VB-Caco-2 model using a set of ten compounds. Overall, the results 

achieved with rat triple co-culture BBB model were those with higher correlation with in 

vivo permeability data (r2 = 0.79), while the VB-Caco-2 and MDCK-MDR1 models 

recognized a higher number of P-gp substrates. Consequently, these models have been 

considered valid alternatives for screening drug candidates for efflux transport, although 

the rat BBB model had the highest predictive value [219]. 

 The ECV304 cell line was initially reported by Takahashi et al. [302] as a result of the 

spontaneous transformation of human umbilical vein endothelial cells (HUVECs). It 

began to be evaluated as part of the co-culture BBB models with the rat C6 glioma cell 

line [303,304] a glial cell strain cloned from a rat glial tumour. Nevertheless, several 

differences between ECV304 cells and HUVECs were observed, in simultaneous with a 

genetic similarity between ECV304 cells and the human bladder carcinoma epithelial cell 

line T24 [305,306]. During the attempts to establish the ECV304 line from HUVECs, the 

culture was most likely cross-contaminated and overgrown with T24 cells. Even so, 

ECV304 cells continued being used in BBB models for TEER dependent drug transport 

studies, due to the induction of BBB properties by co-culture with astrocytes or C6 cells 

and to the higher TEER values achieved by ECV304 layers, when compared with other 

BBB cell lines [307]. Barar et al. [308] studied the barrier functionality and plasma 

membrane features of ECV304 cells to assess their potential as a cell model for drug 

permeability screening, but the cells failed to form a discriminative tight barrier, even in 

the presence of modulators and were not recommended for this kind of assay. 

Moreover, Rodriguez-Gaztelumendi et al. [309] investigated the utility of the ECV304/C6 

co-culture to study the influence of potentially toxic substances upon BBB function. It 
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was concluded that this model is of limited usefulness for both pharmacological and 

toxicological studies. 

 

I.3.4.2.4. The BBB in microfluidic systems 

In the latest years, the interest in using organs-on-chips or human vascular 

constructs to mimic human physiology has been growing, including for studies that 

involve the evaluation of drug efficacy and toxicity [310]. Indeed, several microfluidic-

based cerebrovascular models are being developed with the purpose of achieving more 

physiological models on a miniaturized scale [311]. Besides allowing a precise control 

over local microenvironment [312], these systems enable the incorporation of shear 

stress, require fewer cells and reagents and provide a non-destructive microscopy of 

cellular interactions [313]. Furthermore, these devices possess thinner membranes than 

dynamic BBB models, which reduce the distance between co-cultured cells, and smaller 

functional volumes for quicker media exchange and material conservation [295]. Most 

platforms involve a polydimethylsiloxane-glass interface with a porous membrane at the 

intersection of two microfluidic channels but the focus on three-dimensional (3D) 

models is rising (Table I.8).   

One of the main advantages of using 3D culture is the capacity to reproduce the 

hierarchical biological makeup of brain microvessels and/or more complex 

neurovascular units [311]. The encapsulation and culture of cells inside matrices in 3D 

cell culture helps cells retain their native tissue specific functions and mimic 

spatiotemporal chemical gradients and mechanical microenvironments [314]. While 

two-dimensional models are able to recapitulate some important aspects of 

neurovascular function, they fail to address the 3D organization that is fundamental to 

several in vivo cellular processes [315]. Conversely, optimizing a matrix with an in vivo-

like architecture is a very complex process. Reconstituted matrices from animal sources 

are prone to variability between lots, which decreases reproducibility and may introduce 

contaminants [311]. Therefore, these matrices were replaced by synthetic materials like 

hydrogels [315]. 

Nonetheless, the development and application of BBB microfluidic devices also 

encounters some challenges. One of the greatest obstacles to the wider implementation 
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of these systems is the lack of compatibility with already existing infrastructures, 

methodologies and standard culturing techniques, such as micropipetting, plate readers 

and automated handling systems. Moreover, some models use brain cells from animal 

sources (Table I.8) which are not inexhaustible and may generate issues of scalability 

and cross-species translation of results [312]. Another set-back is related with the high 

initial establishment costs and technological expertise that is required for the design and 

operation of the devices [313], thereby hindering their large-scale applicability and 

constraining them to an academic context [312]. Lastly, the diversity of device designs, 

selected cell types and readout protocols demonstrates versatility, but complicates 

comparisons between models. Thus, it is necessary to define common standards in order 

to quantitatively assess the functionality of BBB microfluidic systems [316]. For all the 

aforementioned reasons, microfluidic BBB devices are not yet adaptable for HTS. 
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I.3.5. IN VIVO AND IN SITU MODELS

Traditionally, the CNS-acting drug discovery programs assume that the chance of a 

new lead to be a successful drug improves as its rate and extent of brain penetration 

increase, however, understanding drug concentrations within the brain compartment is 

also important [323].  

In vivo brain uptake techniques provide a reliable evaluation and characterization of 

drug BBB penetration [200]. Since these are methodologies with low throughput 

screening capacity, their application is mainly reported in more advanced phases of drug 

development programs. Notwithstanding, the results obtained in vivo are particularly 

important to optimize and validate the in vitro models aforementioned.  

Among the several in vivo studies, the key concepts used for estimating the ability of 

a drug to overpass BBB include the rate of BBB permeation, the extent of equilibration 

of a compound across the BBB [324] and intra-brain distribution [40]. The rate of brain 

uptake of a drug at the initial state, also known as permeability surface area product (PS) 

or influx clearance, evaluates how fast compounds can cross the BBB in vivo. It is 

considered the best index of BBB permeability, because it is not compromised by drug 

metabolism, plasma protein binding or non-specific brain binding [176,325,326]. 

However, the PS product alone is a less relevant predictor of drug activity within the CNS 

than the extent of brain uptake [83]. The extent of brain distribution is given by Kp or log 

BB and was widely used in the pharmaceutical industry to evaluate and optimize brain 

penetration during drug discovery [327]. Nevertheless, since the extent of brain 

penetration is controlled by several parameters, namely influx and efflux transporters at 

the BBB, passive BBB permeability, non-specific binding to plasma and brain tissue and 

brain metabolism [325], it is important to reaffirm that a high Kp or log BB do not 

necessarily imply a high free drug concentration in the brain, responsible for the 

pharmacological activity, as mentioned in section I.3.1. The pharmacologically active 

drug component and its equilibration across the BBB are given by Kp,uu [83].  

Overall, the rate of BBB permeation, the extent of brain penetration and intra-brain 

distribution are important to identify CNS-acting drug candidates [83]. The extent of 

brain penetration can be studied in rodents, following an intraperitoneal, intravenous, 

oral or subcutaneous administration of the test compound. Plasma and brain are 
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sampled at variable time-points, submitted to sample pre-treatment procedures and the 

compound concentrations are determined, in most cases, by liquid chromatography-

mass spectrometry (LC/MS) [200,324]. Then, Kp,uu can be estimated combining total 

concentrations with fu,plasma and fu,brain or in alternative, obtained directly using 

microdialysis [40]. Other in vivo techniques that can be used to assess the rate of BBB 

permeation, the extent or intra-brain distribution are the brain uptake index technique, 

the in situ brain perfusion method, the intravenous injection technique, microdialysis 

and non-invasive techniques [83,200]. The technical procedures and the main 

advantages and disadvantages of each method are described in Table I.9.  
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I.3.6. BBB MODELS AND DRUG DELIVERY TO THE CNS

The treatment of CNS-related disorders is a great challenge due to the difficulty of 

delivering molecules with therapeutic properties effectively and safely across the BBB. 

Neurodegenerative diseases [344,345], the human immunodeficiency virus [238,346], 

epilepsy [347] and CNS-based pain and brain cancer [348,349] are examples of 

pathologies that make the development of efficient brain-targeting drug delivery 

systems an urgent challenge. In this scope, an interesting review concerning the 

therapeutic impact of nanotechnology on CNS drug delivery was recently published 

[350].  

Several strategies have been currently outlined to enhance brain drug delivery, 

namely BBB temporary disruption, drug chemical modifications, drug conjugation with a 

specific natural or artificial ligand and nanoscale drug delivery systems [107,351]. The 

disruption of the BBB causes a transient increase in the permeability of brain capillaries. 

It may be achieved through biological stimuli, such as TJ and AJ modulators capable of 

reversibly increasing paracellular transport [352]; physical stimuli such as ultrasound 

[353] or chemical stimuli such as the injection of a hyperosmolar solution of mannitol

[351]. Even so, it is an invasive method with associated risks that requires a strict control 

of the extent of disruption [354] making the use of endogenous transport mechanisms, a 

safer entry route [355].  

Chemical drug modifications usually involve masking the hydrophilic moieties of the 

drug structure in order to increase its lipophilicity [107,355]. This rationale strategy has 

been supported by the fact that, as mentioned in section I.3.2.1., the BBB has an anionic 

surface charge which increases the tendency of lipophilic cationic drugs to interact with 

it [106]. Nevertheless, these chemical alterations can result in a non-targeted delivery 

and lead to a widespread distribution of the drug in peripheral organs [348]. Moreover, 

the modified drug may lose affinity for the target receptor [356]. Therefore, instead of 

the standard approach that involved the passage of molecules with optimized 

characteristics (e.g. lipophilicity, molecular weight, hydrogen-bonding) by passive 

diffusion, improved drug delivery across the BBB has been accomplished by conjugating 

the molecule of interest with a natural or artificial ligand, able to interact with influx 

transporters or to avoid efflux carriers [104,357]. These conjugates are known as 
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molecular Trojan horses [356,358] and the ligands may be peptides, modified proteins 

or monoclonal antibodies (e.g. OX-26) that cross the BBB by RMT or AMT [354].  

Nanoscale drug delivery systems such as liposomes, micelles and nanoparticles are 

often modified with ligands on their surface to increase the selectivity of the delivery. 

In fact, functionalized nanoparticles permit a highly specific transport of drugs across 

the BBB, as demonstrated by the incorporation of apolipoprotein-E, which enhances 

cell-uptake via the low density lipoprotein receptor through RMT [359–361]. 

 The applications of in vitro or/and in vivo BBB models to evaluate the brain 

targeting efficacy and toxicity of these systems are presented in Table I.10. In vitro BBB 

models are commonly used to assess the mechanisms of cellular uptake, the 

internalization profiles of the nanocarriers as well as their cytotoxicity and permeability 

across cell monolayers. Exceptionally, Rempe et al. [362] utilized a porcine in vitro model 

to investigate the effect of poly(n-butylcyano-acrylate) nanoparticles on the BBB 

integrity through the monitorization of TEER and the permeability of paracellular 

markers.  

The most commonly selected cell line for in vitro studies has been the b.End3, a 

cerebral endothelial line of mouse origin, probably because of its commercial 

availability, as referred in Table I.6. In opposition, MDCK and Caco-2 cells have been 

rarely used for studying drug delivery, due to the greater cellular and molecular 

similarity between primary cultures or immortalized lines of CECs and the in vivo BBB 

(Table I.10). It is interesting to highlight that non-cell based models have been also 

utilized for permeability assays [363]. PAMPA was chosen to examine the passive BBB 

permeation of N-methyl phenylalanine-rich peptides as BBB-shuttles and those with 

higher permeability were then evaluated in primary cultures of bovine CECs. The 

correlation between these two models was high (r = 0.97), when considering permeation 

by passive diffusion. The lipophilicity, hydrogen-bonding, membrane retention and 

permeability of the carriers was also determined by immobilized artificial membrane 

chromatography, a non-cell based BBB model with acceptable correlation with brain 

penetration for compounds that permeate by passive mechanisms [118,363].  

Nonetheless, any conclusion obtained from in vitro assays should be confirmed in 

vivo. The main in vivo models used to analyse the pharmacokinetics and biodistribution 

of the nanocarriers are the intravenous injection method, due to its practical execution 
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and non-invasive imaging techniques (Table I.10). The results obtained in vivo are usually 

consistent with those in vitro, corroborating the need of using both types of models to 

attain a complete characterization of brain drug delivery systems. 

 

Table I.10. Applications of in vitro and in vivo blood-brain barrier models for the development of 

central nervous system drug delivery systems. 

 

Delivery system In vitro model 
In vitro 

evaluation 
In vivo techniques Refs. 

Glioma targeted liposomes 

[c(RGDyK)-pHA-PEG-DSPE-

incorporated liposomes] 

Primary rat CECs 

b.End 3 cells 

HUVECs 

U-87 glioblastoma cells 

Cellular uptake 

Permeability 

Cytotoxicity 

I.V injection [364] 

Antibody-modified chitosan 

nanoparticles 

[transferrin antibody and 

bradykinin B2 antibody] 

hCMEC/D3 

U138-MG glioblastoma 

cells 

Cellular uptake 

Permeability 

Cytotoxicity 

NR [365] 

Edavarone-encapsulated 

agonistic micelles 
b.End 3 cells Permeability 

Imaging (MRI, NIR 

fluorescence) 
[366] 

Polysorbate 80-coated PLGA 

nanoparticles 

RBE4 cells or primary 

rat CECs 

Primary rat astrocytes 

Cellular uptake 

Permeability 

Cytotoxicity 

I.V injection [367] 

Amyloid-β-targeting 

liposomes  

[Sphingomyelin/cholesterol, 

phosphatidic acid and anti-

transferrin receptor antibody 

RI7217] 

hCMEC/D3 

Cellular uptake 

Permeability 

Cytotoxicity 

NR [368] 

Aminosilane-coated iron 

oxide nanoparticles 

b.End 3 cells 

Primary mouse 

astrocytes 

Primary mouse 

neurons 

Cellular uptake 

Cytotoxicity 
NR [369] 

Lactoferrin-conjugated 

PEGylated liposomes 
b.End 3 cells Cellular uptake Imaging (SPECT) [370] 

P-aminophenyl-a-D-

mannopyranoside liposomes 

b.End3 cells 

C6 glioma cells 
Cellular uptake 

Imaging (NIR 

fluorescence) 
[371] 

Third-generation PAMAM 

dendrimer 

Primary porcine CECs 

Caco-2 cells 

Permeability 

Cytotoxicity 
NR [372] 

TPGS-coated PS nanoparticles MDCK cells Cellular uptake I.V injection [373] 
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Table I.10. Continued     

Delivery system In vitro model 
In vitro 

evaluation 
In vivo techniques Refs. 

Penetratin functionalized 

PEG-PLA nanoparticles 
MDCK-MDR1 cells 

Cellular uptake 

Cytotoxicity 
I.V injection [374] 

Immunopegylated 

nanoparticles 

[CD-71 / OX-26] 

NR NR 
I.V injection 

Microdialysis 
[375] 

(G4-DOX-PEG-Tf-TAM) 

PAMAM dendrimer 

Primary mouse CECs 

Co-culture of primary 

mouse CECs and C6 

glioma cells 

Cellular uptake 

Permeability 

Cytotoxicity 

NR [376] 

Aptamer-peptide 

nanoparticles 

[AS1411-hsa] 

Co-culture of b.End3 

cells and C6 glioma 

cells 

Cellular uptake 

Permeability 
Imaging (Fluorescence) [377] 

Apolipoprotein-E HSA 

nanoparticles 
b.End3 cells Cellular uptake I.V injection [378,379] 

gH625 polystyrene 

nanoparticles 
b.End3 cells 

Cellular uptake 

Permeability 
NR [380] 

Alkylglyceryl-functionalized 

chitosan nanoparticles 
b.End3 cells 

Cellular uptake 

Cytotoxicity 

Permeability 

NR [381] 

β-Cyclodextrin-poly(β-amino 

ester) nanoparticles 
Primary bovine CECs 

Cytotoxicity 

Permeability 
NR [382] 

Bifunctional liposomes 

[Tf – poly-L-arginine] 

b.End3 cells 

Primary glial cells 

Cellular uptake 

Cytotoxicity 

Permeability 

NR [383] 

Micelles 

[Stearic acid – grafted 

chitosan] 

b.End3 cells 
Cellular uptake 

Cytotoxicity 

I.V injection 

Imaging (Fluorescence) 
[384] 

Magnetic nanoparticles U-87 glioblastoma cells 
Cellular uptake 

Cytotoxicity 

I.V injection 

Imaging (MRI) 
[349] 

Bolaamphiphilic vesicles  

[GLH-19 / GLH-20] 
b.End3 cells Cellular uptake I.V injection [385] 

p(HPMA)-co-p(LMA) 

copolymers 

Immortalized human 

CECs 
Permeability NR [386] 

RMP-7 – MMA-SPM 

nanoparticles 

Co-culture of primary 

human CECs and 

primary human 

astrocytes 

Cellular uptake 

Permeability 
NR [346] 

Solid-lipid nanoparticles Primary rat astrocytes Cytotoxicity NR [387] 
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Table I.10. Continued     

Delivery system In vitro model 
In vitro 

evaluation 
In vivo techniques Refs. 

PAMAM-PEG-WGA-Tf 

dendrimer 

Co-culture of primary 

mouse CECs and C6 

glioma cells 

Cytotoxicity 

Permeability 
NR [388] 

Liposomes 

[Apolipoprotein-E derived 

peptides] 

RBE4 cells 

Cellular uptake 

Cytotoxicity 

Permeability 

NR [389] 

Immunoliposomes 

[Biotin – streptavidin – OX-26] 
hCMEC/D3 cells 

Cellular uptake 

Cytotoxicity 

Permeability 

NR [390] 

PBCA nanoparticles Primary porcine CECs BBB disruption Imaging (MRI) [362,391] 

Thermosensitive liposomes 

Co-culture of ECV304 

cells and primary rat 

astrocytes 

Permeability I.V injection [392] 

SiO2 nanoparticles hCMEC/D3 cells Permeability NR [393] 

N-methyl phenylalanine-rich 

peptide shuttles 

PAMPA 

IAM chromatography 

Co-culture of primary 

bovine CECs and rat 

astrocytes 

Permeability NR [363] 

MAN-Tf liposomes 

Co-culture of primary 

mouse CECs and C6 

glioma cells 

Cellular uptake 

Cytotoxicity 

Permeability 

NR [394] 

Lactoferrin PEG-PLA 

nanoparticles 
b.End3 cells 

Cellular uptake 

Cytotoxicity 
I.V injection [395] 

Polyether-copolyester 

dendrimers 
b.End3 cells 

Cellular uptake 

Cytotoxicity 

Permeability 

NR [396] 

Chitosan nanoparticles MDCK cells 
Cytotoxicity 

Permeability 
NR [397] 

PBCA nanoparticles 

MMA-SPM nanoparticles 

Solid lipid nanoparticles 

Primary human CECs 

Cellular uptake 

Cytotoxicity 

Permeability 

NR [238] 

PEG-PHDCA nanoparticles 

Co-culture of primary 

rat CECs and rat 

astrocytes 

Cellular uptake 

Permeability 
NR [398] 
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Table I.10. Continued     

Delivery system In vitro model 
In vitro 

evaluation 
In vivo techniques Refs. 

CBSA nanoparticles 

Co-culture of primary 

rat CECs and rat 

astrocytes 

Cellular uptake 

Cytotoxicity 

Permeability 

In situ brain perfusion [399] 

BBB, blood-brain barrier; Caco-2, human epithelial colorectal adenocarcinoma cell line; CBSA, cationic bovine serum albumin; CECs, 

cerebral endothelial cells; DOX, doxorubicin; DSPE, 1,2-distearoyl-sn-glycero-3-phosphoethanolamine; G4, fourth-generation; 

HPMA, N-(2-hydroxypropyl)-methacrylamide; HSA, human serum albumin; HUVEC, human umbilical vein endothelial cells; IAM, 

immobilized artificial membrane; I.V, intravenous; LMA, laurylmethacrylate; MAN, p-aminophenyl-α-D-mannopyranoside; MDCK, 

Madin-Darby canine kidney cells; MMA, methylmethacrylate; MRI, magnetic resonance imaging; NIR, near-infrared; NR, not 

reported; PAMPA, parallel artificial membrane permeability assay; PAMAM, polyamidoamine; PBCA, polybutylcyanoacrylate; PEG-

PHDCA, poly(MePEG2000cyanoacrylate-co-hexadecylcyanoacrylate); PEG, polyethylene glycol; pHA, p-hydroxybenzoic acid; PLA, 

polylactic acid; PLGA, poly(lactic-co-glycolic acid); PS, polystyrene; RGD, arginylglycylaspartic acid; SPM, sulfopropylmethacrylate; 

TAM, tamoxifen; Tf, transferrin; TPGS, d-α-tocopheryl polyethylene glycol succinate; WGA, wheat germ agglutinin;  

 

I.3.7. FINAL CONSIDERATIONS 

The BBB is a highly organized interface in which cells with specialized functions 

interact in an interdependent way, forming a unique microenvironment. This in vivo 

complexity has not yet been achieved in vitro, since each model has limitations that 

prevent them from mimicking all properties of the in vivo BBB. Briefly, PAMPA models 

fail to identify active transport processes, while in cell-based models of cerebral origin, 

the cells are maintained under artificial conditions and out of the influence of 

neurovascular unit, which may compromise the application of these models. 

Furthermore, specifically regarding the previous model type, immortalized cell lines of 

cerebral origin do not form sufficiently tight monolayers in vitro for permeability 

screenings, whereas CECs from primary cultures are unsuitable for industrial uses and 

cannot be sub-cultured or stored for future use. On the other hand, cell lines of non-

cerebral origin lack several properties of the in vivo brain endothelium.  

In truth, the ideal in vitro model does not exist and each model must be suited and 

optimized for well-defined purposes. For permeability screenings, the challenge is to 

develop an in vitro model that is both faithful to critical aspects of the in vivo physiology 

and compatible with the high throughput requirements of the pharmaceutical industry. 

There is currently a great interest in the development of cell-based assays that are 

simultaneously less laborious and preserve fundamental BBB properties. In particular, 

cell lines of human origin are being investigated to avoid the difficulties found with the 

extrapolation of animal data to humans, possibly caused by inter-species differences in 
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the expression of BBB transporters. Moreover, the predictive power of in vitro models 

must be assessed using the reliable information provided by in vivo BBB models, in spite 

of their lower throughput and labour intensiveness. Therefore, the combination of both 

approaches will contribute to the design of more efficient and safer drug delivery 

systems, thereby improving the treatment of CNS-related pathologies.  

 

I.4. CHEMICAL COMPOUNDS STUDIED IN THIS THESIS 

The molecules used as test compounds in the scope of this thesis belonged to three 

main drug classes: catechol-O-methyltransferase (COMT) inhibitors, utilized for the 

treatment of PD; dopamine β-hydroxylase (DBH) inhibitors, developed for the treatment 

of hypertension and congestive heart failure; and dibenz[b,f]azepine-5-carboxamide 

(DAC) derivatives, applied for the treatment of epilepsy. In the subsequent sections, 

there will be a brief description of the pathology, available therapeutic options, and 

main pharmacodynamic and pharmacokinetic properties of the compounds in question.  

 

I.4.1. CATECHOL-O-METHYLTRANSFERASE INHIBITORS  

PD was first described in a medical context in 1817 by James Parkinson in Essay of 

the Shaking Palsy, but the term PD was proposed later by Jean-Martin Charcot who 

expanded the understanding of the disease [400]. Since then, numerous reports have 

been published about this progressive, disabling and neurodegenerative movement 

disorder [401]. It is the most common movement disorder and the second most 

common degenerative disease of the CNS. Although rare before 50 years of age, it is 

estimated that PD affects 1% of the population above 60 years and increases steadily 

with age, reaching a prevalence of 4% in the highest age groups [402].  Additionally, it is 

more often observed in men than women [403]. 

The clinical symptoms of PD progression vary with age. Usually, the diagnosis occurs 

with the onset of motor symptoms at age 50, but can be preceded by a prodromal phase 

of non-motor symptoms that tend to aggravate [404]. The main motor symptoms that 

characterize PD are bradykinesia (i.e. slowness of movements), rigidity and tremor at 

rest [405]. These are the cardinal criteria for PD diagnosis, recommended by the 
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International Parkinson and Movement Disorder Society. Even though gait impairment 

(flexed posture, freezing, and loss of postural reflexes) is a feature of PD, it often occurs 

in late-stage PD and its presence in early stages may suggest an alternative diagnosis 

[406]. Non-motor symptoms encompass neuropsychiatric symptoms (e.g. depression, 

anxiety, cognitive impairment), sleep disturbances, dysautonomic disorders 

(genitourinary, gastrointestinal, endocrine and cardiac) and others (e.g. pain) [405].   

The main neuropathological characteristics of PD are the accentuated loss of 

dopaminergic neurons at the substantia nigra pars compacta and the cytosolic 

deposition of α-synuclein aggregates, termed Lewy bodies, in neurons of different brain 

regions and even in the peripheral nervous system [407,408]. The loss of dopaminergic 

neurons at the substantia nigra in early PD stages suggests that the degeneration in this 

region begins before the onset of motor symptoms and becomes more widespread as 

the disease advances [404]. Since dopaminergic neurons project to the striatum, 

composed by the caudate nucleus and putamen, the loss of substantia nigra cells will 

result in the depletion of striatal dopamine. In turn, this decrease of dopamine in the 

nigrostriatal system will increase the inhibitory output to the thalamus and indirectly to 

the cortex, repressing the initiation of movement [407]. Therefore, dopaminergic 

nigrostriatal loss is the core mechanism behind the cardinal motor manifestations of PD 

[404].  

Up to this day, there is no cure for PD and current treatments are symptomatic, as 

there is no available therapy that slows down PD progression or prevents its 

manifestation. It usually encompasses pharmacotherapy, neurosurgery (deep brain 

stimulation) and supportive therapies such as physiotherapy, speech therapy and dietary 

measures [408]. The discovery of the dopaminergic deficit in PD patients led to 

pharmacological attempts to restore dopaminergic activity, i.e. dopamine-replacement 

therapy, using L-DOPA and dopamine receptor agonists that counteract the motor 

symptoms of the disorder [409].  

L-DOPA was introduced in the late 1960s but despite the launch, over the years, of 

other drugs that boost dopamine levels, it continues to be the most effective agent in 

the treatment of PD and the gold standard therapy to which all other therapies are 

compared [401,409]. The clinical response to L-DOPA remains constant during 1-3 years 

of therapy named the honeymoon period, however in the following years, patients 
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experience a wearing-off effect (transition from ON-periods of response to therapy to 

OFF-periods with reappearance of motor symptoms) and dyskinesia (i.e. involuntary 

movements) in spite of stable plasma levels [408]. The mechanisms behind the long-

term alterations in therapy are not completely clear, but may be associated with a 

deficient system of conversion, release and storage of dopamine caused by progressive 

neuronal loss, thereby making dopamine levels in synapses directly dependent on L-

DOPA levels in the peripheral circulation. Alternatively, post-synaptic mechanisms have 

also been suggested [410]. Thus, to avoid motor fluctuations and reduce OFF-periods, it 

is important to provide sustained dopamine concentrations in the CNS, which can be 

improved by inhibiting the degrading enzymes of L-DOPA and/or dopamine (Figure I.9). 

Figure I.9. Levodopa metabolism. AADC, aromatic aminoacid decarboxylase; BBB, blood-brain 

barrier; COMT, catechol-O-methyltransferase, DA, dopamine; DBH, dopamine β-hydroxylase; 

DOPAC, 3,4-dihydroxyphenylacetic acid; HVA, homovanillic acid; L-DOPA, levodopa; MAO, 

monoamine oxidase; 3-OMD, 3-O-methyldopa; 3-MT, 3-methoxytyramine; NE, norepinephrine. 

Adapted from [411].   

 

In order to gain access to the CNS, L-DOPA is administered as a dopamine prodrug 

and undergoes uptake at the BBB by the LAT1 transporter subunit 4F2 heavy chain 

(4F2hc) [412]. Nevertheless, before reaching the CNS, L-DOPA is quickly and extensively 
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metabolized to dopamine by AADC and COMT enzymes present in extracerebral tissues 

like the gastrointestinal tract, liver and kidney. Indeed, it is estimated that approximately 

only 1% of an oral L-DOPA dose reaches the brain [413]. Consequently, to prevent the 

peripheral decarboxylation to dopamine, L-DOPA began to be co-administered with 

AADC inhibitors, carbidopa or benserazide, which improved its bioavailability, efficacy 

and tolerability. Furthermore, it enabled a substantial reduction of L-DOPA dosage, 

approximately 70-80%, and decreased peripheral side effects (e.g. nausea, vomiting, 

anorexia, hypotension). Notwithstanding, only 5–10% of an oral dose of L-DOPA reaches 

the CNS when co-administered with carbidopa. This occurs because the combination of 

L-DOPA with AADC inhibitors increases its conversion to 3-O-methyldopa by COMT, 

which competes with L-DOPA at the BBB for transport [410]. Therefore, the concomitant 

administration of L-DOPA/AADC inhibitor with a COMT inhibitor will prolong the plasma 

half-life of L-DOPA and increase its delivery to the CNS for dopamine biosynthesis [414]. 

COMT is a magnesium-dependent enzyme that catalyses the methylation of 

catechol substrates using S-adenosyl-L-methionine (SAM) as a methyl donor and yielding 

the O-methylated catechol and S-adenosyl-L-homocysteine as reaction products. 

Accordingly, its main physiological role is the elimination of biologically active or toxic 

catechols [415]. In mammals, COMT is ubiquitously distributed in almost all peripheral 

tissues as well as in the CNS, and may be present in different isoforms: membrane-

bound COMT (MB-COMT) and soluble COMT (S-COMT). Nevertheless, the exact 

distribution of each isoform in tissues, particularly in the brain, is still controversial.  

In peripheral tissues, COMT is more abundantly expressed in the liver and kidney, 

but can also be found in the intestine, stomach, heart and erythrocytes, for example 

[416]. S-COMT appears to be the main isoform of COMT in peripheral tissues, residing in 

the cytoplasm and nuclei of cells, whereas MB-COMT is the main isoform in the brain 

and more associated with the rough endoplasmic reticulum [417,418]. Moreover, COMT 

demonstrated substantial activity in glial cells, less activity in postsynaptic neurons and 

no activity in presynaptic dopaminergic neurons [419]. In contrast, Chen et al. [420] 

stated that MB-COMT can metabolize synaptic and extra synaptic dopamine on the 

surface of presynaptic and postsynaptic neurons. It was also mentioned that MB-COMT 

possesses a catalytic domain in the extracellular space, which goes against previous 

studies that reported MB-COMT as an intracellular protein, not associated with plasma 
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membranes [421]. Later, Schendzielorz et al. [422] confirmed that COMT was not 

present in presynaptic dopaminergic or noradrenergic neurons but is located instead, in 

postsynaptic GABAergic neurons in the striatum and cortex of rat brain. The conflicting 

data concerning COMT location may be caused by variations in the utilized experimental 

techniques or species-differences between mice [421], rats [420,422] and humans [418].  

Following the first purification and characterization of COMT in the late 1950s, 

several classes of COMT inhibitors were identified. First-generation compounds 

possessed a catechol structure and were usually competitive [415]. Although several 

have been used in vitro, they showed little value as pharmacological agents due to their 

low potency, lack of selectivity and unacceptable toxicity [423]. Therefore, second-

generation COMT inhibitors were synthetized in the late 1980s by independent 

laboratories. Most contained a key nitrocatechol structure and exhibited high potency, 

selectivity and oral activity [419]. Among them are nitecapone [3-(3,4-dihydroxy-5-

nitrobenzylidine)-2,4-pentanedione; OR-462] and entacapone [2-cyano-N,N-diethyl-3-

(3,4-dihydroxy-5-nitrophenyl)propenamide; OR-611], developed by Orion; tolcapone 

(3,4-dihydroxy-5'-methyl-5-nitrobenzophenone; Ro 40-7592), developed by Hoffmann-la 

Roche; and nebicapone [1-(3,4-dihydroxy-5-nitrophenyl)-2-phenylethanone; BIA 3-202], 

developed by BIAL-Portela & Ca., S.A. [416]. Nitrocatechols behave competitively with 

respect to the catechol substrate and uncompetitively with respect to the co-substrate 

SAM. Furthermore, these compounds are characterized as reversible tight-binding 

COMT inhibitors and display more affinity for COMT than for other enzymes implied in 

the metabolism of catecholamines, namely tyrosine hydroxylase, DBH, monoamine 

oxidase A or B and AADC [415].  

Despite being chemically similar, tolcapone, entacapone, nebicapone and 

nitecapone have different pharmacodynamic and pharmacokinetic properties (Figure 

I.10).  
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Figure I.10. Chemical structures of catechol-O-methyltransferase inhibitors: second-generation 

(entacapone, nebicapone, nitecapone, tolcapone), third-generation (BIA 9-1059, opicapone) and 

the active metabolite of opicapone, BIA 9-1079. All compounds were tested in this thesis, with 

the exception of nitecapone. 

 

Attempting to compare potency parameters (IC50, Ki, ED50) found in literature and 

conclude about which compound is more potent in each biological matrix is often a 

difficult task, due to the wide variety of values found for the same parameter, 

compound and matrix. These discrepancies are not only explained by differences in 

experimental methods (e.g. protein concentrations), but also by different mathematical 

approaches [424], which prevent direct comparisons. Nonetheless, there is a generalized 

consensus that tolcapone is a potent inhibitor of central and peripheral COMT. 

According to Vieira-Coelho and Soares-da-Silva [425], tolcapone has more affinity for 

MB-COMT from brain and liver than for S-COMT in vivo. Furthermore, tolcapone is a 

potent inhibitor of brain COMT, while nebicapone is less potent at inhibiting cerebral 

COMT and entacapone failed to reach 50% inhibition level [426]. In the periphery, 

tolcapone and nebicapone demonstrated equivalent inhibition of liver COMT, while 

nebicapone is a stronger and longer inhibitor of liver COMT than entacapone [427]. 

Similarly, tolcapone also demonstrated a stronger and longer duration of action than 

entacapone [426]. When co-administered with L-DOPA and an AADC inhibitor, all COMT 

inhibitors tolcapone, nebicapone, entacapone and nitecapone caused a decrease of 3-O-

methyldopa, as well as, an increase of L-DOPA levels in plasma and brain [428–431]. 
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Some of the pharmacokinetic characteristics of entacapone, nebicapone, nitecapone 

and tolcapone are summarized in Table I.11.  

 

Table I.11. Pharmacokinetic properties of second-generation (entacapone, nebicapone, 

nitecapone and tolcapone) and third-generation (opicapone) catechol-O-methyltransferase 

inhibitors after single-dose oral administration to humans. 

 
Dose 

(mg kg-1)  

tmax 

(h) 

Cmax 

(µg mL-1) 

Oral 

bioavailability 

(%) 

AUC0-inf  

(µg.h mL-1) 

t1/2el 

(h) 
PPB (%) Ref. 

Entacapone 

(OR-611) 

100 0.6 1.1 
30 – 46 [432] 

0.7 1.6 
98 [431] 

200 0.7 1.8 1.6 3.4 

Nebicapone 

(BIA 3-202) 

50 0.5 2.7 

62.7 – 78.7 [413] 

4.0* 2.4 

99 [433] 100 1.5 4.1 7.4* 2.9 

200 2.0 5.9 16.0* 2.0 

Nitecapone 

(OR-462) 
100 0.6 2.6 56 2.7 NR 97 

 

[419] 

 

Tolcapone 

(Ro 40-7592) 

50 1.2 2.4 

68 [434] 

5.7 1.7 

99 
[435] 100 1.7 4.6 12.2 2.0 

200 1.8 2.3 18.5 2.1 

200 1.7 4.9 16.8 1.6 [434] 

Opicapone 
(BIA 9-1067) 

50 3.5 0.5 
NR 

1.6 0.8 
99 

 
100 1.8 0.9 2.3 1.2 [436] 
200 2.0 1.3 3.9 1.3  

*AUC0-t is reported. AUCo-inf, area under the concentration-time curve from time zero to infinite; Cmax, maximum 

concentration; NR, not reported; PPB, plasma protein binding; t1/2el, apparent terminal elimination half-life; tmax, 

time to achieve the maximum concentration. 

 

Although these compounds are quickly absorbed after oral administration, first-pass 

metabolism limits their oral bioavailability, particularly for entacapone. Additionally, 

these COMT inhibitors undergo extensive metabolization in the liver, mostly through 

conjugation reactions, but a more detailed view of the metabolic pathways is given by 

Gonçalves et al. [413]. Lastly, their elimination is rapid, as revealed by the short 

apparent terminal elimination half-life (t1/2el) and all nitrocatechols are highly bound to 

plasma proteins.  

Due to the aforementioned reasons, all compounds appeared to be potential 

candidates for PD treatment but some did not advance in the R&D program. Even 

though nitecapone proceeded to phase I clinical trials, it was replaced by entacapone, 

which revealed to be a more effective clinical candidate. Identically, the development of 
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nebicapone was halted due to liver safety concerns [416]. As a result, among second-

generation inhibitors, only entacapone (Comtan/Comtess®, 200 mg; Stalevo®: L-DOPA, 

carbidopa, entacapone) and tolcapone (Tasmar®, 100/200 mg) are currently available 

for therapy, although tolcapone has restricted use, being authorized only for patients 

that do not respond to other therapies, and requiring regular monitorization of liver 

enzymes. Due to descriptions of acute fulminant hepatitis, the marketing authorisation 

for tolcapone was initially suspended in the European Union and Canada [437] and later 

re-introduced in the European Union, under rigorous monitoring conditions [415]. Such 

effects were not observed for entacapone, however entacapone has a shorter half-life, a 

lower oral bioavailability and a lower potency than tolcapone, being concomitantly 

administrated with each dose of L-DOPA. Moreover, a wide inter-individual variation and 

elevated withdrawal rates have been reported [438]. Thus, there was an unmet need for 

the development of new COMT inhibitors, with a better therapeutic profile and more 

convenient dosage regimen [436]. 

In this sequence, heterocycle-based nitrocatechols were developed as long-acting 

and orally active COMT inhibitors, such as the preferentially peripheral BIA 9-1059 [3-(5-

(3,4-dihydroxy-5-nitrophenyl)-1,2,4-oxadiazol-3-yl)-2-(trifluoromethyl)-pyridine 1-oxide] 

[439] and opicapone (2,5-dichloro-3-[5-(3,4-dihydroxy-5-nitrophenyl]-1,2,4-oxadiazol-3-

yl)-4,6-dimethylpyridine 1-oxide; BIA 9-1067) [440] (Figure I.10). In particular, opicapone 

recently received a market authorisation by the Committee for Medicinal Products for 

Human Use of EMA (Ongentys®, 25/50mg) [441,442]. Through the incorporation of a 

pyridine N-oxide residue at position 3, it was possible to achieve a higher duration of 

inhibition and minimize toxicity [440] compared to entacapone and tolcapone. 

Opicapone provides a prolonged COMT inhibition [436], despite the low plasma 

exposure and short t1/2el of the compound in single-dose (Table I.11) or multiple-dose 

(1.0-1.4 h) [443]. With 200 mg, the maximal inhibition of S-COMT activity was 80% for 

tolcapone, 65% for entacapone and 80% for nebicapone, whereas a 93.8% inhibition 

could be achieved for opicapone with only 50 mg. Furthermore, S-COMT inhibition 

returned to baseline after 18 h with tolcapone, 8 h with entacapone and 16 h with 

nebicapone. In contrast, with 50 mg of opicapone there was still 53% inhibition after 24 

h [436]. The sustained inhibition is justified by the slow dissociation rate and long 

residence time of the reversible COMT-opicapone complex, which constitutes an 
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appropriate pharmacodynamic profile for a once-daily administration [443], thereby 

contributing to patient compliance, over other COMT inhibitors that need to be taken in 

several times a day [438]. 

In preclinical studies with rats [438] and cynomolgus monkeys [444], opicapone was 

administered before L-DOPA/benserazide and increased the systemic exposure of L-

DOPA, reducing 3-O-methyldopa levels. This was also observed in healthy humans [445] 

and PD patients [446] after administering L-DOPA/benserazide or L-DOPA/carbidopa, 

although the plasma L-DOPA levels were significantly higher with L-DOPA/benserazide 

than L-DOPA/carbidopa [445]. In PD patients with motor fluctuations, opicapone 

effectively increased the ON-time and reduced the OFF-time, positively contributing to 

the quality of life of the patient [446]. Moreover, it displayed a favourable risk-to-benefit 

ratio in the management of end-of-dose motor fluctuations in phase III studies [447].  

Regarding safety, it has always been reported that opicapone possessed a good 

tolerability profile [436,443,445,446,448]. Sulphation is the main metabolic pathway of 

opicapone, originating the inactive metabolite BIA 9-1103, and the bile is probably the 

main route of excretion. Nevertheless, opicapone may also undergo methylation, 

glucuronidation or N-oxide reduction and originate the minor active metabolite BIA 9-

1079 (Figure I.10). This metabolite represents less than 20% of opicapone systemic 

exposure and is therefore unlikely to contribute to the therapeutic effect [443]. BIA 9-

1079 is considered the major animal metabolite, while BIA 9-1103 is the major human 

metabolite [442]. 

To conclude, it is worth to mention that opicapone exhibits peripheral selectivity, 

i.e. it preferentially inhibits peripheral COMT. This was demonstrated by Kiss et al. [440] 

in in vitro assays of COMT activity, based on the conversion of epinephrine to 

metanephrine by COMT. It was shown that opicapone (3 mg kg-1; oral route) had no 

effect on central COMT activity in rats. Bonifácio et al. [444] conducted microdialysis 

experiments with cynomolgus monkeys (100 mg kg-1, oral route) and did not observe a 

decrease in HVA levels in brain dialysate, which originates from the degradation of 3,4-

dihydroxyphenylacetic acid (DOPAC) by COMT in the catecholamine pathways (Figure 

I.9). HVA levels also did not decrease in rat brain tissue after oral administration of 

opicapone (3 mg kg-1) [438]. For instance, tolcapone decreased HVA and increased 

DOPAC brain levels in the rat (10 mg kg-1, intraperitoneal route [449]; 30 mg kg-1, oral 
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route [450]) whereas entacapone did not [449], confirming their preferentially central 

and/or peripheral COMT inhibition. It has been debated whether a COMT inhibitor to be 

used in PD therapy ought to present peripheral selectivity or not, but a limited access to 

the brain was generally considered advantageous, in order to avoid potentially 

undesired central side effects [415]. Recently, however, the interest in the development 

of centrally active COMT inhibitors resurfaced and non-nitrocatechols [450] and 

nitrocatechols [451] with improved safety profiles are being investigated.   

All previously referred COMT inhibitors (BIA 9-1059, BIA 9-1079, entacapone, 

nebicapone, opicapone, tolcapone) were tested in the scope of this dissertation, with 

the exception of nitecapone. 

 

I.4.2. DOPAMINE Β-HYDROXYLASE INHIBITORS 

The interest in the development of DBH inhibitors is based on the hypothesis that 

inhibition of this enzyme may provide clinical improvements in patients suffering from 

cardiovascular disorders such as hypertension and/or congestive heart failure [452].  

For the last decades, the major focus in high blood pressure research has been the 

renin-angiotensin-aldosterone system, neglecting other pressure-raising systems, 

namely the sympathetic nervous system. Notwithstanding, there is now general 

agreement that the overactivity of the sympathetic nervous system initiates and sustains 

blood pressure elevation in patients with arterial hypertension [453]. Initially, it was 

noticed that there was a significant elevation of the levels of the sympathetic 

neurotransmitter norepinephrine in plasma of hypertensive patients compared with 

normotensive patients [454]. However, plasma levels are a rough indicator of 

sympathetic function, because less than 20% of norepinephrine released from nerve 

terminals appears in systemic circulation [455]. Consequently, other techniques were 

developed to assess regional sympathetic nervous system activity, namely 

microneurography, which measures sympathetic nerve firing rates to skeletal muscle 

and skin; and the norepinephrine spillover technique, which measures the release of 

neurotransmitter to plasma, from individual organs [456]. It was then verified that in 

borderline and established hypertension, nerve firing rates in postganglionic 

sympathetic fibers passing to skeletal muscle blood vessels are augmented, as well as, 
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the spillover of norepinephrine from the heart and kidneys, demonstrating that there is 

a high sympathetic outflow to these organs [457]. Indeed, an elevated activity of the 

sympathetic nervous system has been shown in younger patients (< 45 years old) and 

also in elderly patients with different clinical forms of hypertension [454,458]. 

The first evidence that the sympathetic nervous system is involved in congestive 

heart failure was the increased excretion of norepinephrine in urine [459]. Later, it was 

observed that increased rates of sympathetic firing in the failing heart lead to a 

downregulation of β1-adrenoreceptors in the myocardium, remodelling of the left 

ventricle, arrhythmias and necrosis, thereby compromising the functional integrity of 

the heart [460]. These modifications caused by sympathetic overdrive are known as end-

organ damage and further encompass renal damage and arterial dysfunction. Other 

nefarious consequences include metabolic abnormalities such as insulin resistance and 

dyslipidaemias [458]. Moreover, in opposition to what was previously thought, there is 

no cardiac sympathetic denervation in patients with heart failure. In fact, the 

sympathetic outflow to the heart is preferentially stimulated in severe congestive heart 

failure and norepinephrine spillover from the heart to plasma can be 50 times higher 

than normal [453]. Therefore, activation of the sympathetic nervous system is an 

important pathophysiological feature of hypertension and heart failure, and constitutes 

a logical therapeutic target.   

In this context, non-pharmacological methods may have a sympatholytic effect, but 

a large number of studies investigate sympathetic deactivation by pharmacological 

methods (i.e. antihypertensive drugs) [461] or more recently, surgical catheter-based 

procedures like renal denervation [462]. As a part of pharmacological methods, 

inhibition of sympathetic nerve function with adrenoreceptor antagonists (β-blockers) 

could be a therapeutic approach, however several patients do not tolerate the acute 

hemodynamic deterioration associated with β-blocker treatment, resultant from an 

abrupt withdrawal of sympathetic support [463]. Another alternative therapeutic 

approach would be the prevention of the biosynthesis of norepinephrine through the 

inhibition of DBH, a copper II ascorbate–dependent monooxygenase [464]. This enables 

a gradual sympathetic slowdown and increases the availability of dopamine, which can 

improve renal function by provoking renal vasodilatation and inducing diuresis and 

natriuresis [465]. First- and second-generation DBH inhibitors included cooper chelating 
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compounds such as disulfiram or fusaric acid, a phytotoxin [466], but these compounds 

exhibited low potency, poor selectivity for DBH and caused toxic side effects [467].   

Afterwards, third-generation inhibitors were developed, specifically nepicastat       

[5-aminomethyl-1-(5,7-difluoro-1,2,3,4-tetrahydronaphth-2-yl)-1,3-dihydroimidazole-2-

thione; RS-25560-197]. During in vitro assays with human and bovine DBH, Stanley et al. 

[460] verified that nepicastat produced a potent concentration-dependent DBH 

inhibition and had a negligible affinity for other enzymes. Additionally, nepicastat was 

administered to spontaneously hypertensive rats (3, 10, 30, 100 mg kg-1, oral route) and 

dogs (0.1, 1, 3, 10 mg kg-1, oral route). In both species, a decrease of noradrenaline, 

increase of dopamine and, consequently, an increase of dopamine-noradrenaline ratio 

were observed in the mesenteric/renal artery and left ventricle, at a dose of 3 mg kg-1 in 

the rat and 0.1 mg kg-1 in the dog. Interestingly, these alterations were also observed in 

the cerebral cortex but only at higher doses, 30 mg kg-1 in the rat and 1 mg kg-1 in the 

dog, with the exception of the ratio, equally altered at 0.1 mg kg-1 in the dog. Hence, in 

dogs, the magnitude of changes in catecholamine levels in cerebral cortex appears 

comparable to those in peripheral tissues, whereas in the rat, nepicastat (< 30 mg kg-1) 

produced significant changes in catecholamine levels in peripheral tissues without 

affecting the cerebral cortex [460]. In another study with dogs, nepicastat prevented 

progressive left ventricular dysfunction and remodelling [468] and followed to early 

clinical trials [467]. Nevertheless, the fact that nepicastat could cause peripheral and 

central effects raised concerns related with potentially undesired and serious CNS side 

effects, and consequently the pursuit for a safer, more potent and peripherally selective 

DBH inhibitor continued.  

Etamicastat [5-(2-aminoethyl)-1-(6,8-difluorochroman-3-yl)-1,3-dihydroimidazole-2-

thione; BIA 5-453] was developed as a potent and reversible inhibitor of DBH for the 

treatment of hypertension and heart failure [469]. After being administered to mice 

(100 mg kg-1, oral route), etamicastat decreased norepinephrine levels in the heart, but 

did not alter its levels in the frontal and parietal cortex. These findings suggest that 

etamicastat (Figure I.11) exerts its inhibitory DBH effects almost exclusively in the 

periphery and does not possess significant inhibitory effects in the brain [452]. 
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Figure I.11. Chemical structures of dopamine β-hydroxylase inhibitors: nepicastat, etamicastat 

and zamicastat. 

 

In another investigation performed in mice, Loureiro et al. [470] compared 

etamicastat and nepicastat, observing that only trace amounts of etamicastat were 

detected in the brain (100 mg kg-1, oral route; 10 mg kg-1, intravenous route), in contrast 

to nepicastat, for which it was possible to determine a Kp,uu of 0.03 (after oral 

administration) and 0.1 (after intravenous administration). This reveals that efflux might 

be involved in the passage across the BBB, an assumption that was confirmed for both 

compounds through a significant increase of brain levels after co-administering the 

inhibitor elacridar. Indeed, during in vitro cell-based assays, it was evidenced that 

etamicastat and nepicastat are P-gp substrates. Still, at 30 mg kg-1 by oral route, 

nepicastat was able to affect catecholamine levels in the brain and heart, while 

etamicastat reduced norepinephrine levels in the heart, without affecting the prefrontal 

and parietal cortices [470].  

Other preclinical studies performed in rats reinforced that etamicastat revealed a 

limited transfer to brain tissues, through quantitative autoradiography, following a 50 

mg kg-1 dose administration [471]; and through unaltered catecholamine levels in the 

brain cortex of spontaneously hypertensive rats, after 30 mg kg-1 by oral route [472].  

Comparing renal denervation surgery with etamicastat administration in spontaneously 

hypertensive rats, Pires et al. [473] concluded that etamicastat promoted a more 

prolonged downregulation of sympathetic activity than renal denervation, achieving a 

sustained decrease in systolic and diastolic blood pressure.  
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In healthy humans, etamicastat did not modify pharmacodynamic variables in 

relation to placebo following the first dose (25-600 mg kg-1), however after multiple 

dose administration (once-daily, 10 days), a significant decrease in diastolic blood 

pressure occurred at 100 and 200 mg kg-1 and there was a reduction of norepinephrine 

excretion in urine [469]. Identically, in patients with hypertension, etamicastat showed a 

reduction in systolic and diastolic blood pressure after 10 days of treatment [465]. 

Concerning pharmacokinetics, it is important to highlight that a relatively high 

interindividual variability in pharmacokinetic parameters has been observed. This is 

justified by the fact that N-acetylation mediated by N-acetyltransferase (NAT), specially 

the NAT2 phenotype, is the main metabolic pathway of etamicastat, leading to 

differences in systemic exposure between poor and rapid NAT2 acetylators 

[464,465,469]. The metabolite formed by N-acetylation is BIA 5-961 but etamicastat can 

also undergo other reactions such as glucuronidation, oxidation, oxidative deamination 

and desulfation [474]. Although the main metabolites inhibit DBH, catecholamine levels 

were not altered in mice after 100 mg kg-1 administration by intraperitoneal route and 

thus, only etamicastat demonstrates pharmacological effects [471]. Its absorption is 

quick (3-4 h) and it is mostly eliminated in urine (58.5%), unchanged (20%) or as BIA 5-

961 (10.7%) [474].  

To finalize, information about zamicastat [(R)-5-(2-(benzylamino)ethyl)-1-(6,8-

difluorochroman-3-yl)-1H-imidazole-2(3H)-thione; BIA 5-1058] in literature is yet scarce. 

Zamicastat is a reversible DBH inhibitor that decreases norepinephrine levels in the 

periphery without effect in brain tissues [475]. It was demonstrated that zamicastat 

(Figure I.11) displays affinity for free DBH as well as for the complex enzyme-substrate, 

and does not affect DBH expression in vivo [476]. In spontaneously hypertensive rats, 

this compound decreased systolic and diastolic blood pressure without modifying heart 

rate (3, 30, 100 mg kg-1, oral route). The combination of zamicastat at 30 mg kg-1 with 

other antihypertensive drugs from different groups (e.g. angiotensin converting enzyme 

inhibitors, angiotensin receptor antagonists, diuretics, calcium channel blockers) 

enabled a stronger and more prolonged blood pressure reduction than any of the other 

compounds alone [475]. Furthermore, in aged spontaneously hypertensive rats, 

zamicastat decreased systolic blood pressure, the heart/body weight ratio, plasma levels 

of inflammatory markers, triglycerides and free fatty acids after a 9 week treatment with 
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30 mg kg-1. Thus, it presented cardiometabolic benefits and reduced end-organ damage 

[477]. 

All the aforementioned DBH inhibitors (etamicastat, nepicastat, zamicastat) were 

submitted to experimental assays described in this thesis.  

 

I.4.3. DIBENZ[B,F]AZEPINE-5-CARBOXAMIDE DERIVATIVES 

According to the World Health Organization, 50 million people in the world are 

estimated to have epilepsy, 80% of which live in low and middle income countries [478]. 

The exact definition of epilepsy has been changing over time. In 2006, the International 

League Against Epilepsy (ILAE) defined epilepsy as a brain disorder characterized by an 

enduring predisposition to generate epileptic seizures, and by the neurobiological, 

cognitive, psychological and social consequences of this condition. Later in 2014, the 

definition of epilepsy was updated as a disease of the brain defined by any of the 

following conditions: at least two unprovoked (or reflex) seizures occurring more than 

24 h apart; one unprovoked (or reflex) seizure and a probability of further seizures 

similar to the general recurrence risk (at least 60%) after two unprovoked seizures, 

occurring over the next 10 years; diagnosis of an epilepsy syndrome. In turn, an epileptic 

seizure is generally accepted as the transient occurrence of signs and/or symptoms due 

to abnormal, excessive or synchronous neuronal activity in the brain [479]. In 1981, the 

ILAE classified seizures as partial, which could be subdivided into simple or complex, 

depending on whether there was consciousness impairment during the seizure; or 

generalized, when both brain hemispheres were involved. Generalized seizures could be 

subdivided into tonic and/or clonic, myoclonic, absences, atonic and epileptic spasms. 

Furthermore, in 1989, epilepsies and epileptic syndromes were categorized by etiology 

into two broad groups, idiopathic or symptomatic [480]. Nevertheless, these 

terminologies are regularly revised through the years, such as the ILAE 2017 

amendments to seizure type classification that encompass seizures of focal, generalized 

or unknown onset [481]. 

Although methods such as surgery [482], vagal nerve stimulation and dietary 

adjustments (e.g. ketogenic diet) have been employed to treat epilepsy, antiepileptic 

drugs (AEDs) remain the most widely used treatment strategy [483]. The treatment of 
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epilepsy began with potassium bromide in 1857, which was found to effectively reduce 

the frequency of seizures, despite the absence of clinical controlled trials. The discovery 

of the anticonvulsant properties of phenobarbital occurred afterwards in 1912 and 

eventually surpassed bromide therapy. Still, the search for a less sedative compound 

continued, and a number of non-sedative phenyl compounds were developed, among 

which was phenytoin [484]. Phenytoin was the first AED to be discovered using a 

preclinical electroshock model that demonstrated its efficacy in preventing seizures. It 

received official FDA approval in 1953 [485]. Other first-generation AEDs encompass 

primidone (1954), ethosuximide (1960), carbamazepine (1974), valproic acid (1978) and 

benzodiazepines (e.g. clonazepam). These drugs have proven efficacy and remain in the 

current clinical use [486] but several CNS and non-CNS adverse effects influence their 

tolerability, like nausea, loss of coordination, vomiting, rash and motor disturbances 

[485]. 

Second- and third-generation AEDs emerged from the optimization of the 

pharmacokinetic properties and/or tolerability of first-generation AEDs [483]. The 

compounds were identified by rational drug design, structural modification of existing 

molecules and systematic screening against a range of seizure models in rodents [484]. 

Examples of second-generation AEDs are gabapentin, lamotrigine, levetiracetam, 

oxcarbazepine, pregabalin and topiramate, among others [486]. Particularly, 

oxcarbazepine is a second-generation drug to carbamazepine with action on the voltage-

gated sodium channel [487]. In humans, carbamazepine undergoes oxidative 

metabolism to carbamazepine-10,11-epoxide, whereas oxcarbazepine is reduced to its 

pharmacologically active metabolite licarbazepine, thereby avoiding the formation of 

the toxic epoxides. In reality, oxcarbazepine acts as an achiral prodrug and undergoes a 

stereoselective biotransformation, given that licarbazepine appears in plasma as S-

licarbazepine [eslicarbazepine; (10S)-10-hydroxy-10,11-dihydro-5H-dibenz(b,f)azepin-5-

carboxamide; BIA 2-194] and R-licarbazepine in an approximately 4:1 enantiomeric ratio 

[488]. 

The favourable pharmacokinetic profile of S-licarbazepine was one of the incentives 

for the development of a new third-generation AED, eslicarbazepine acetate [(S)-10-

acetoxy-10,11-dihydro-5H-dibenz(b,f)azepine-5-carboxamide; BIA 2-093] [487]. 

Eslicarbazepine acetate was designed to be a member of the dibenz[b,f]azepine family 
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represented by carbamazepine and oxcarbazepine, sharing with them the  

dibenzazepine nucleus with the 5-carboxamide substituent. However, it is structurally 

different at the 10,11-position, which results in differences in metabolism [489]. Unlike 

carbamazepine, eslicarbazepine acetate (Figure I.12) is not metabolized to 

carbamazepine-10,11-epoxide and unlike oxcarbazepine, it is not pre-systemically 

metabolized to S-licarbazepine and R-licarbazepine. Instead, eslicarbazepine acetate is 

rapidly and extensively biotransformed into the active entity S-licarbazepine following 

oral administration, and chiral inversion to R-licarbazepine (through oxidation to 

oxcarbazepine) is minor [487]. The S-licarbazepine-to-R-licarbazepine AUC ratio is 

approximately 19 with only 0.5% circulating oxcarbazepine. Therefore, exposure to R-

licarbazepine and oxcarbazepine after oral administration of eslicarbazepine acetate is 

minimal [490]. 

 
Figure I.12. Chemical structures of eslicarbazepine acetate and S-licarbazepine. 

 

In 2009, eslicarbazepine acetate was approved by EMA as Zebinix® (200, 400, 600, 

800 mg) and in 2013 by the FDA with brand name Aptiom®, as an adjunctive therapy in 

adults with partial-onset seizures with or without secondary generalization. 

Mechanistically, it not only interacts with voltage-gated sodium channels, enhancing 

their slow inactivation, but also blocks low and high-affinity inward currents of calcium 

channel hCav3.2 [491].  

Regarding pharmacokinetics, following an oral administration of 600 mg 

eslicarbazepine acetate, S-licarbazepine levels achieved Cmax in plasma after 2-3 h post-

dose [492]. Bioavailability is considered high, given that the amount of metabolites 

recovered in urine corresponded to more than 90% of an eslicarbazepine acetate dose 

and S-licarbazepine was responsible for more than 95% of systemic exposure. Preclinical 



 

 

 GENERAL INTRODUCTION 

86 

studies are normally performed in species with the most similar metabolic pathways to 

humans, i.e. the mouse, the hamster and the rabbit [490]. Thus, preclinical studies 

conducted in adult male CD1 mice suggested that S-licarbazepine crosses the BBB in 

lesser extent than R-licarbazepine from the total AUC0-inf brain-plasma ratios, which 

were 0.39 and 0.23, respectively (350 mg kg-1, oral route). This reveals a stereoselective 

brain disposition, as the brain-plasma ratio of S-licarbazepine is approximately 2 times 

greater than that of R-licarbazepine [493]. In another study with adult CD1 mice, R-

licarbazepine once again revealed a smaller extent of brain distribution than S-

licarbazepine and oxcarbazepine [494]. To assess the involvement of efflux transporters, 

mice were pretreated with verapamil or probenecid as P-gp or MRP inhibitors, but the 

brain-plasma ratio of S-licarbazepine was unaffected by both compounds. Conversely, 

verapamil, but not probenecid, increased the brain-plasma ratio of R-licarbazepine, 

revealing that R-licarbazepine is a P-gp substrate. Moreover, the brain-plasma ratio of R-

licarbazepine with verapamil was similar to that of S-licarbazepine in vehicle-treated 

animals. These results were in agreement with previous findings reporting that the 

racemic (R,S)-licarbazepine appears to cross the BBB by P-gp mediated active transport, 

in alternative to simple passive diffusion [495]. 

Despite the variety of AEDs, seizures persist in a considerable proportion of epilepsy 

patients, approximately 30%, who are considered pharmacoresistant or refractory to 

treatment. These patients do not respond to any of two to three first line AEDs, even in 

an optimally monitored regimen. The basis of cellular resistance is not yet completely 

known, but may be related with modifications affecting AED targets [496] or the BBB, as 

previously referred in section I.3.3. In a study by Doeser et al. [497] S-licarbazepine 

potentially overcame a cellular resistance mechanism to conventional therapeutic 

antiepileptic drugs and simultaneously exhibited anticonvulsant and antiepileptogenic 

effects.  

Both eslicarbazepine acetate and S-licarbazepine were tested in the experimental 

assays presented in this dissertation, specifically in the PAMPA-BBB model.  
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I.5. AIMS OF THIS THESIS 

Evaluating the passage of compounds to the CNS is an essential step during any drug 

discovery and development program, whether the therapeutic target is peripheral or 

central. In order to perform this assessment, it is necessary to comprehend and apply 

the pharmacokinetic concepts of CNS exposure, including rate, extent and intra-brain 

distribution, as well as, to characterize the interactions of compounds with the main 

interface that separates the CNS from the peripheral environment, the BBB. 

Nevertheless, due to the reasons exposed in the general introduction of the present 

thesis, it is not yet possible to completely mimic all intricacies of the BBB in a laboratorial 

setting and, more specifically, in one sufficiently predictive model, while maintaining the 

high throughput requirements of drug screening stages.    

Therefore, the main goal of the present thesis was to establish a viable screening 

strategy to describe the passage of compounds across the BBB, based on the association 

of complementary in vitro and in vivo models and on the combination of the data 

supplied by each model. The specific aims outlined for the implementation of this work 

were as follows: 

 

 Development and optimization of an in vitro PAMPA-BBB model to estimate the 

passive transcellular permeability of compounds and the influence of their 

physicochemical properties on the rate of passage across the BBB.  

This method was applied to COMT inhibitors, DBH inhibitors and DAC derivatives as test 

compounds. 

 

 Development and optimization of in vitro cell-based assays to assess the effect of the 

two major efflux transporters of the BBB, P-gp and BCRP, on the CNS penetration of 

compounds. Potential P-gp and BCRP inhibitors were identified using intracellular 

accumulation assays while P-gp and BCRP substrates were identified resorting to 

validated bidirectional transport assays. The quantification of reference and test 

compounds in the previous assay implied the validation of high-performance liquid 

chromatography (HPLC) techniques beforehand.  

These assays were applied to COMT inhibitors and DBH inhibitors as test compounds. 
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 Adaptation and execution of the assay of ultrafiltration with plasma and brain of 

Wistar rats to determine fu,plasma and fu,brain. 

These assays were performed with COMT inhibitors, tolcapone and BIA 9-1079. 

 

 In vivo pharmacokinetic studies in plasma and brain of Wistar rats to determine the 

extent of CNS penetration, Kp,uu, and intra-brain distribution following an intravenous 

administration of compounds. The involvement of P-gp and BCRP on the in vivo brain 

disposition was investigated by co-administering the compounds with a P-gp and BCRP 

inhibitor. The quantification of the compounds in all biological samples implied the 

previous validation of HPLC techniques in plasma and brain rat matrices.  

These studies were carried out with COMT inhibitors, tolcapone and BIA 9-1079. 
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CHAPTER II. PASSIVE PERMEABILITY: PAMPA-BBB  

 

The PAMPA technique is an HTS assay applied to evaluate the passive transcellular 

permeability of compounds. Even though it was originally developed to determine 

gastrointestinal absorption, through the years it underwent modifications to predict the 

rate of passive permeation across other biological barriers such as the BBB.  

In this chapter, a cost-effective and reproducible lipid extraction method was 

applied to obtain an in-house brain lipid extract capable of discriminating compounds 

according to their permeability across the BBB. Firstly, the lipid extraction technique was 

described, followed by the optimization steps of the PAMPA-BBB model. These 

optimization procedures were carried out using marketed drugs as reference 

compounds. Then, the relation between the physicochemical properties of reference 

molecules and their passive permeation was analysed, and the PAMPA-BBB technique 

was performed with a set of test compounds, encompassing COMT inhibitors, DBH 

inhibitors and DAC derivatives. 
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II.1. INTRODUCTION 

The high attrition rate reported among the CNS drug discovery programs together 

with the unsatisfactory number of neurotherapeutics that currently reach the market 

represent a great challenge to the pharmaceutical industry [84,324]. Indeed, the passage 

through the BBB, which is the CNS barrier that mainly regulates drug permeability into 

the brain, is considered the bottleneck of a fast and successful development of CNS-

acting drugs [67,498]. Therefore, an early screening of the BBB penetration potential of 

new chemical entities in drug discovery programs becomes crucial not only for CNS-

compounds in order to evaluate if the therapeutic target is reached, but also for 

peripherally-active compounds whose penetration into the brain may cause adverse 

neurological side-effects. Since a great number of compounds must be simultaneously 

and quickly evaluated at the initial phases of drug discovery programs, several attempts 

have been undertaken to develop HTS in vitro assays that predict the penetration of new 

drug candidates through the BBB [102]. Among them is the in vitro PAMPA that emerged 

as a HTS tool, less costly and labour intensive than cell-based techniques and that can be 

easily applied at early drug discovery stages, in opposition to the in vivo methodologies. 

Since its introduction by Kansy et al. [175], PAMPA has been widely applied to predict 

the gastrointestinal absorption of drugs by transcellular passive diffusion. In this non-

cell-based system, an artificial lipid membrane is impregnated into a porous filter and 

the compounds are screened according to their Papp through that membrane. 

Modifying the composition of the artificial membrane, PAMPA has been adapted to 

mimic other biological membranes, including the skin [499,500] and the BBB 

[178,179,197,198,501]. Despite the absence of active influx and efflux systems and 

enzymes, PAMPA is able to accurately measure the transcellular passive diffusion of 

compounds, which is the main entry pathway of compounds to the brain across the 

membrane of brain endothelial cells [85,176,200,502]. At the beginning of drug 

discovery programs this information is of great importance since the evaluation and 

interpretation of multiple mechanistic-type assays may be expensive, time-consuming 

and challenging.  

The first successful PAMPA-BBB model consisted in coating the PAMPA filter with 

commercialized porcine polar brain lipid (PBL) and revealed an improved ability to 
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predict the BBB permeation when compared with phosphatidylcholine, which is mainly 

used to predict gastrointestinal absorption. Compounds with Papp lower than 2.0 x 10-6 

cm s-1 were classified as non-BBB permeable (BBB-) while those with Papp higher than 

4.0 x 10-6 cm s-1 were considered BBB permeable (BBB+) [178]. Although other models 

have been subsequently developed in an attempt to further improve the assessment of 

the BBB permeability, this pioneer model using PBL was breakthrough to accurately 

distinguish BBB+ from BBB- and hence, it is currently used to validate other PAMPA-BBB 

models [193]. Nonetheless, it is noteworthy that differences in experimental conditions 

affect the outcome of the PAMPA model using PBL, as recently demonstrated by Müller 

et al. [195]. These findings imply method optimization and validation in each laboratory 

before evaluating new drug candidates. 

 In the present work, an in-house brain lipid extract obtained by a modified Folch 

extraction procedure was tested as lipid barrier in a PAMPA-BBB model. The 

optimization of the experimental conditions of the model was carried using 18 

commercially available compounds as reference molecules and the results were 

compared with those obtained with phosphatidylcholine and PBL. Phosphatidylcholine 

was used to confirm the differences in compound classification between using brain-

specific lipid solutions and general lipid solutions [178], while PBL was used as it is 

regarded as the reference lipid membrane in PAMPA models to predict passive 

permeability across the BBB. The reference molecules are chemically and structurally 

diverse, belong to a wide range of pharmacological groups and are frequently used 

during the development of in vitro BBB models [178,197,198]. In order to demonstrate 

the discriminatory ability of the current PAMPA-BBB model to support drug discovery 

programs, the optimized experimental conditions were then applied to evaluate a set of 

11 test molecules (Figure II.1), encompassing peripheral and/or central COMT inhibitors, 

DBH inhibitors and DAC derivatives. The aim of this study was to evaluate the reliability 

of the lipid extraction process in this context, as well as the discriminatory capacity of 

the in-house brain lipid extract between BBB+ and BBB- compounds and its applicability 

as lipid membrane in PAMPA. Furthermore, the physicochemical selectivity of the 

PAMPA model was estimated and in vitro-in vivo correlations were constructed to 

determine its predictive capacity.  
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Figure II.1. Chemical structures of the 11 compounds used as test set in PAMPA models. 

 

 

II.2. MATERIALS AND METHODS 

II.2.1. CHEMICALS AND REAGENTS 

Reference compounds including caffeine, carbamazepine, carbamazepine 10,11-

epoxide, cimetidine, dopamine, furosemide, hydrocortisone, loperamide, norfloxacin, 

oxcarbazepine, propranolol, phenytoin, piroxicam, quinidine, sulfasalazine, trazodone 

and verapamil were obtained from Sigma–Aldrich (St., Louis, MO, USA). Atenolol was 

acquired from Acros Organics, ThermoFisher Scientific (MA, USA). Test compounds 

included tolcapone, entacapone, nebicapone (BIA 3-202), opicapone (BIA 9-1067), BIA 9-

1059, BIA 9-1079, nepicastat, etamicastat (BIA 5-453), zamicastat (BIA 5-1058), 

eslicarbazepine acetate (BIA 2-093) and S-licarbazepine (BIA 2-194) that were kindly 

supplied by BIAL-Portela & Ca., S.A. (S. Mamede do Coronado, Portugal). Chloroform, 
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methanol (HPLC grade), ammonium acetate, ammonium molybdate, ascorbic acid, 

DMSO and 37% hydrochloric acid were purchased from Fisher Scientific (Leicestershire, 

UK). BHT was acquired from Acros Organics, Thermo Fisher Scientific (MA, USA), n-

dodecane was acquired from Sigma–Aldrich (St. Louis, MO, USA) and 60% perchloric acid 

was purchased from Panreac (Barcelona, Spain). Monopotassium phosphate and 

disodium phosphate were acquired from Chem-Lab NV (Zedelgem, Belgium).  

L-Phosphatidylcholine extracted from soybean (P5638) was purchased from Sigma–

Aldrich (St., Louis, MO, USA) and PBL (no. 141101) from Avanti Polar Lipids, Inc. 

(Alabaster, AL). 

 

II.2.2. LIPID EXTRACTION 

The lipid extraction procedure was adapted from the traditional Folch extraction 

method [503–505]. 0.01% BHT was added to solvents as antioxidant and all protocol 

stages were performed with glass material. Firstly, fresh pig brain tissue (0.3 g) was 

homogenized in 2 mL of methanol using a glass-teflon homogenizer. Then, 4 mL of 

chloroform were added [chloroform:methanol (2:1, v/v)], ensuring a 20-fold dilution of 

the tissue weight. The homogenates were transferred to sealed amber vials and stored 

at -80 °C until extraction, or to test tubes for overnight rotation at 4 °C. Following the 

overnight rotation period, 1.5 mL of 0.15 M ammonium acetate were added in order to 

achieve the critical ratios between the solvents [chloroform:methanol:ammonium 

acetate (8:4:3, v/v/v)]. The sample was vortexed (15 s), centrifuged (2000 g/4 °C/10 min) 

and the lower chloroform phase was aspirated gently into a new test tube. 

Subsequently, 6 mL of chloroform:methanol (2:1, v/v) were added to the original 

homogenate, vortexed and centrifuged as above. The lower phase was combined with 

the first chloroform extract and a second phase extraction was initiated by adding 1.5 

mL of 0.15 M ammonium acetate, vortexing and centrifuging as formerly stated. Lastly, 

the lower phase was transferred to a new test tube and evaporated under nitrogen at 37 

°C. According to the weight of lipid residue, n-dodecane was added to redissolve the 

lipid in the final concentration (2% or 10%, w/v) and the lipid solution was applied in the 

PAMPA assay. 
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II.2.2.1. Phosphorus assay 

The phosphorus assay was conducted to estimate the phospholipid concentration of 

the lipid extracts and evaluate the variations of the phospholipid content in extracts 

from different brain regions. The concentration of phosphorus in each in-house extract 

was determined by comparing the absorbance values of the sample extracts with a 

monopotassium phosphate reference curve (1–5 mg of phosphorus standards prepared 

from a 100 mg mL-1 stock solution). This assay was based on the colorimetric ascorbic 

acid technique proposed by Rouser et al. [506]. Lipid samples were dried completely 

under nitrogen at 45 °C, 0.65 mL of 60% perchloric acid were added to each tube and 

the tubes were placed in a heated-block at 180 °C for 45 min. After cooling, 3.3 mL of 

water, 0.5 mL of a 25 mg mL-1 ammonium molybdate solution and 0.5 mL of a 100       

mg mL-1 ascorbic acid solution were added to the tubes, vortexing after each addition. 

The tubes were placed in a boiling water bath for 10 min and the absorbance of the cold 

samples was read at 800 nm. 

The phospholipid content of the extracts was estimated according to the equation 

II.1 from Mitchell [505]: 

Phospholipid content   
 g phosphorus   780

30.97
 (II.1) 

where 780 is the average mass of phospholipids (grams) and 30.97 is the molecular 

weight of phosphorus (grams).  

Data were analysed for statistical significance using one-way analysis of variance 

(ANOVA) with a post-hoc Bonferroni test. Differences were considered significant when 

p < 0.05. 

 

II.2.3. PAMPA-BBB PROCEDURE OPTIMIZATION 

Stock solutions (10 mM) of each reference and test compounds were prepared by 

dissolving the corresponding amount of drug in DMSO and then diluted with phosphate 

buffer saline (PBS) pH 7.4 to obtain the donor drug solution at the final concentration of 

500 µM (final DMSO concentration of 5%). This concentration was chosen for all drugs 

with the exception of zamicastat (tested at 100 µM due to compound precipitation) in 

order to allow the quantitation of all compounds at the acceptor compartment. There is 
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no risk of saturation given the absence of carrier-mediated transport processes at the 

artificial lipid membrane. 

PAMPA optimization was based on the previously developed method by our 

research group for the prediction of human intestinal absorption and plasma protein 

binding [507]. To adapt the experimental conditions for the prediction of BBB 

permeability and compare the Papp obtained with the in-house lipid extract with those 

achieved with phosphatidylcholine and PBL, six assays were performed varying the lipid 

type of the artificial membrane (phosphatidylcholine, PBL or in-house extract) and its 

concentration. Thus, the artificial lipid membrane solutions were daily prepared by 

dissolving each lipid in n-dodecane at two different concentrations (2% or 10%, w/v) and 

the Papp of the reference compounds through each artificial membrane was evaluated. 

Therefore, the 96-well microfilter plates (MultiScreen1-IP, catalogue no. MAIPNTR10, 

Millipore Corporation, Bedford, MA, USA) and the 96-well microtiter plates 

(MultiScreen1-IP, catalogue no. MATRNPS50, Millipore Corporation, Bedford, MA, USA) 

were used as acceptor and donor compartments, respectively.  

The PAMPA assay was initiated by adding 300 µL of each donor solution per well of 

the microtiter plate and coating the hydrophobic filter of each acceptor well with 6 mL 

of phosphatidylcholine, PBL or in-house brain lipid extract in n-dodecane. The volume of 

lipid solution was chosen to enhance method precision and prevent interferences in the 

spectrophotometric quantification of acceptor wells. Indeed, volumes lower than 5 µL 

compromised method precision with higher inter-well coefficient of variation values, 

whereas volumes higher than 6 µL impaired the spectrophotometric quantification. 

After applying the lipid, acceptor wells were filled with 150 µL of PBS (pH 7.4) containing 

the same content of DMSO as the donor solution, thereby avoiding co-solvent influence 

only in one of the compartments. The acceptor filter plate was then carefully placed 

onto the donor plate and the assembly was incubated for 3, 6 or 16 h at room 

temperature, under gentle stirring (50 rpm). After incubation, the plates were separated 

and the drug concentrations were determined by ultraviolet spectrophotometry. 

Equilibrium solutions were prepared in parallel, by diluting the stock solutions to the 

same concentration as that with no membrane barrier. All experiments were executed 

in triplicate and the Papp was reported as mean ± standard deviation (SD). 
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The Papp of each compound (cm s-1) was calculated based on Sugano et al. [508] 

and applying the equation II.2: 

Papp    2.303   
VdnVac
Vdn Vac

   
1

S t
 log (1 

flux%

100
) 

(II.2) 

 lux(%)   
 Dac

 Deq
 

where Vdn is the volume of the donor solution (0.3 mL), Vac is the volume of the acceptor 

solution (0.15 mL), S is the surface area of the filter that separates both compartments 

(0.26 cm2), t is the incubation time (s), ODac is the optical density of the solution in the 

acceptor compartment and ODeq is the optical density of the equilibrium solution.  

The PAMPA model using the in-house lipid extract was repeated two additional 

times, using lipid extracts from different brains in order to evaluate the interindividual 

reproducibility. 

 

II.2.4. PAMPA AND PHYSICOCHEMICAL PROPERTIES AFFECTING BBB PERMEATION 

Passive permeation of drugs through cell membranes is dependent not only on the 

chemical composition of the membrane but also on the physicochemical properties of 

the molecules, including the octanol-water partition coefficient (logP), the octanol-water 

distribution coefficient (logD) at pH 7.4, molecular weight, charge state, rotatable bonds, 

topological polar surface area (TPSA) and hydrogen bonding atoms, among other 

parameters [502,509–514]. Thus, in the scope of our work, the Papp values achieved 

using the PAMPA technique, were correlated with known physicochemical 

characteristics of the reference compounds (Table II.1) by simple linear regression 

analysis and the goodness of fit was assessed by the square of Pearson correlation 

coefficient (r2). 
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Table II.1. Literature classification and measured and predicted physicochemical properties of 

the reference compounds used during the development of PAMPA models [86,515,516]. 

 
Reference 

compound 

Literature 

classification 

MW 

(Da) 
pKa 

Charge at 

pH 7.4 
Log P 

Log D 

(pH 7.4) 
TPSA HBA HBD THBC RB 

Caffeine BBB+ 194.1 10.4 0 - 0.07 -0.07 48.5 3 0 3 0 

Carbamazepine BBB+ 236.2 9.3 0 2.45 2.45 46.81 1 1 2 0 

Carbamazepine 

10,11-epoxide 
BBB+ 252.3 NF NF 1.3 0.69 55.61 1 1 2 0 

Oxcarbazepine BBB+ 252.3 13.7; 10 NF 1.7 1.25 65.09 2 1 3 1 

Phenytoin BBB+ 252.3 8.33 0 2.47 2.47 58.2 2 2 4 2 

Propranolol BBB+ 259.3 9.45 + 3.48 1.2 46.24 3 2 5 6 

Trazodone BBB+ 371.9 7.00 0 3.80 2.64 34.31 4 0 4 7 

Verapamil BBB+ 491.1 8.92 + 3.79 2.51 56.29 6 0 6 14 

Atenolol BBB- 266.3 9.6 + 0.16 -1.03 92.48 5 3 8 8 

Cimetidine BBB- 252.3 7.1 + 0.40 0.33 81.67 6 3 9 6 

Dopamine BBB- 153.2 8.93 NF -0.98 -0.8 66.5 3 3 6 2 

Furosemide BBB- 330.7 3.9 - 2.03 -1.54 130.02 5 3 8 5 

Hydrocortisone BBB- 362.4 NF NF 1.61 1.37 104.22 5 3 8 2 

Loperamide BBB- 477.0 8.7 + 5.5 4.22 43.18 4 1 5 9 

Norfloxacin BBB- 319.3 8.7; 4.4 ± -1.03 -0.46 75.12 6 2 8 5 

Piroxicam BBB- 331.3 5.5; 1.9 ± 3.06 0.2 104.05 5 2 7 2 

Quinidine BBB- 324.4 9.3 + 3.44 2.41 43.08 4 1 5 4 

Sulfasalazine BBB- 398.4 2.0 - 2.3 -0.78 148.16 8 3 11 6 

BBB, blood-brain barrier; HBA, hydrogen bond acceptors; HBD, hydrogen bond donors; Log P, octanol-water 

partition coefficient; Log D, octanol-water distribution coefficient at pH 7.4; MW, molecular weight; pKa, ionization 

constant; NF, not found; RB, rotatable bonds; THBC, total hydrogen bonding capacity; TPSA, topological polar surface 

area. (+) positive charge, (-) negative charge, (0) neutral, (±) zwitterion. 

 

 

II.3. RESULTS AND DISCUSSION 

II.3.1. LIPID EXTRACTION 

Results from the phosphorus assay following lipid extractions from distinct brain 

regions revealed statistically significant differences between the phospholipid content of 

extracts from frontal cortex, parietal cortex and whole-brain when compared to occipital 

cortex (Figure II.2). This finding indicated that in order to avoid variations of 

phospholipid content, it is recommendable to extract the lipid from a tissue pool instead 

of isolating it from a specific brain region. Moreover, the extraction procedure becomes 
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easier to perform and less laborious. Consequently, this procedure was adopted in all 

lipid extractions preceding PAMPA assays. In addition, the phospholipid content of lipid 

extracts from three different brains showed approximately 18.6 ± 4.61 µg phospholipids 

per mg wet brain weight (n = 2 extracts per brain), indicating a good reproducibility of 

the lipid extraction method. 

Figure II.2. Comparison of total phospholipid content (mg per mg tissue) in distinct brain areas 

and in whole-brain lipid extracts. Values are shown as mean ± standard deviation (n = 3 extracts 

per brain area). Statistically significant differences (p < 0.05) are marked with an asterisk (*). 

 

II.3.2. PAMPA OPTIMIZATION 

As previously stated in section II.2.3, initial experimental conditions were 

established based on a PAMPA method already developed by our research group [507] 

but further studies concerning the buffer solution (TRIS or PBS at pH 7.4), incubation 

time (3 h, 6 h or 16 h) and stirring were executed. All assays were conducted at pH 7.4 to 

mimic the physiological conditions in which the blood and the brain extracellular fluid 

are maintained. The conditions that allowed a better discrimination between BBB- and 

BBB+ compounds were selected for subsequent assays and included the use of PBS; a 16 

h incubation period that improved the discrimination of low permeant compounds from 

one another; and a gentle stirring of 50 rpm. Indeed, stirring PAMPA plates leads to a 

reduction of the thickness of the unstirred water layer, which is nearly absent in vivo and 
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particularly in the BBB [517], thereby preventing a limited diffusion of lipophilic 

molecules. 

The Papp values experimentally obtained for the reference compounds under the 

six distinct conditions are presented in Table II.2.  

Table II.2. Experimental apparent permeability coefficient (Papp) values of the reference 

compounds under the six experimental conditions tested in PAMPA development. Results are 

expressed as mean (standard deviation), n = 3. 

Lipid Phosphatidylcholine PBL In-house lipid extract 

Concentration (w/v) 2% 10% 2% 10% 2%  10% 

Reference compound Papp (x10
-6 

cm s-1
) 

Caffeine 2.18 (0.90) 2.01 (0.03) 1.56 (0.48) 1.69 (0.03) 1.88 (0.04) 1.59 (0.35) 

Carbamazepine 7.66 (0.18) 8.16 (0.46) 9.30 (0.60) 13.2 (0.98) 9.58 (0.44) 9.48 (0.52) 

Carbamazepine 10,11-

epoxide 
9.03 (4.81) 13.2 (4.72) 3.07 (0.14) 13.2 (3.98) 3.26 (0.19) 5.74 (0.70) 

Oxcarbazepine 12.9 (1.82) 12.2 (0.50) 5.59 (0.22) 10.0 (0.67) 5.81 (0.05) 11.2 (2.73) 

Phenytoin 17.3 (9.80) 8.32 (0.77) 9.93 (2.41) 15.3 (9.45) 7.94 (0.23) 7.78 (1.25) 

Propranolol 10.8 (0.31) 4.80 (0.53) 21.3 (2.74) 10.5 (0.67) 11.6 (1.71) 2.17 (0.14) 

Trazodone 7.55 (0.18) 4.25 (0.28) 18.4 (2.81) 8.74 (0.40) 8.84 (0.61) 3.07 (0.32) 

Verapamil 9.49 (0.23) 6.02 (0.68) 12.1 (1.13) 13.9 (3.01) 14.1 (0.90) 5.39 (0.49) 

Atenolol 0.54 (0.55) 0.61 (0.11) 0.10 (0.03) 0.67 (0.28) 0.47 (0.05) 1.35 (0.36) 

Cimetidine 3.02 (0.37) 0.56 (0.06) 0.68 (0.20) 1.04 (0.36) 0.73 (0.06) 0.21 (0.29) 

Dopamine 1.33 (0.02) 0.39 (0.02) 0.16 (0.11) 0.29 (0.04) 0.26 (0.05) 0.50 (0.05) 

Furosemide 0.03 (0.03) 0.05 (0.003) 0.08 (0.009) 0.04 (0.01) 0.04 (0.004) 0.07 (0.002) 

Hydrocortisone 5.27 (0.19) 25.9 (5.78) 0.25 (0.16) 13.9 (0.84) 1.27 (0.09) 3.30 (0.03) 

Loperamide 4.51 (0.12) 4.62 (0.38) 12.8 (0.43) 11.3 (4.28) 5.39 (1.22) 6.50 (1.30) 

Norfloxacin 0.55 (0.04) 0.48 (0.03) 0.28 (0.02) 0.45 (0.15) 0.12 (0.03) 0.18 (0.03) 

Piroxicam 1.34 (0.04) 1.51 (0.09) 0.93 (0.09) 0.89 (0.03) 1.04 (0.04) 0.99 (0.05) 

Quinidine 7.76 (0.41) 6.13 (0.64) 8.34 (0.15) 12.7 (1.28) 8.34 (0.15) 7.95 (0.18) 

Sulfasalazine 0.04 (0.02) 0.01 (0.003) 0.01 (0.0005) 0.04 (0.005) 0.01 (0.006) 0.03 (0.005) 

The reduced SD values found for the majority of the compounds suggest a good 

reproducibility of the methods. The effect of the qualitative and quantitative 

characteristics of the lipid artificial membrane is evidenced in Figure II.3. 
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Accordingly, the arbitrary Papp cut-off value of 2.0 x 10-6 cm s-1 was defined to 

discriminate compounds possessing Papp values greater than 2.0 x 10-6 cm s-1 

(considered BBB+) and lower than 2.0 x 10-6 cm s-1 (considered BBB-). The PAMPA models 

using the artificial membranes composed of 2% PBL and of 2% in-house lipid extract 

revealed one false negative (caffeine) and two false positives (quinidine and 

loperamide). Increasing the concentration of lipid extract to 10% resulted in one false 

negative (caffeine) and three false positives (hydrocortisone, loperamide and quinidine).  

Based on the results of each experimental condition, in vitro-in vivo correlations 

were established between the in vitro rate of permeation, given by the Papp values of 

the reference compounds and the in vivo extent of brain penetration given by the 

respective log BB values reported in literature (Figure II.4).  

 

 
Figure II.4. Plot of the logarithmic apparent permeability coefficient (log Papp) values of 

reference compounds obtained with 2% (w/v) phosphatidylcholine (PC), porcine brain lipid (PBL) 

and in-house brain lipid extract against the corresponding logarithm value of total brain to total 

plasma drug concentration ratio (log BB). Log BB data were compiled from references 

[197,510,518]. 

 

Log BB is still often used in initial phases of drug discovery programs due to its 

easier experimental determination and data availability [92,519]. However, it describes 

the extent of brain permeation based on total drug concentrations which may reflect a 

high nonspecific binding to plasma proteins or brain tissue; in addition, it is heavily 

influenced by lipophilicity which generally favours passive permeation. Consequently, 

CNS drug discovery compounds should be optimized based on Kp,uu, although log BB 
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continues to be used with caution in the interpretation of its meaning [85,519]. From 

Figure II.4 it is evidenced that PAMPA models performed with 2% of PBL and 2% of the 

in-house lipid extract exhibit the highest correlation coefficients with log BB (r2 = 0.76 

and r2 = 0.72, respectively) in opposition to 2% phosphatidylcholine which  

demonstrated a weak correlation of only r2 = 0.51.  

Therefore, from Figure II.3 and II.4, it is verified that the PAMPA assay performed 

with 2% of PBL preserved its predictive power as originally described by [178]. 

Importantly, the lipid extract herein proposed and tested as lipid artificial membrane 

revealed Papp values similar to those of 2% of PBL and predicted all the compounds in 

accordance with the standard methodology. The greater similarity in the classification of 

reference compounds between the in-house brain lipid extract and PBL is reflected by 

the strong Papp correlation (r2 = 0.77), suggesting an equivalent discriminatory capacity 

for both lipids. In contrast, the correlation found between phosphatidylcholine and the 

in-house lipid extract was lower (r2 = 0.56).  

Furthermore, it is noteworthy that both false positives, loperamide and quinidine, 

and the false negative (caffeine) found with 2% of PBL and 2% in-house lipid extract 

were expected because in in vivo conditions these compounds are substrates of active 

transport processes of efflux or influx that are absent in PAMPA. In particular, 

loperamide and quinidine are known to undergo active efflux mediated by P-gp, 

whereas caffeine is transported not only by passive diffusion but also by carrier-

mediated influx [178]. The influence of these transporters in compound access to the 

brain is more significant than the passive transcellular mechanism, justifying their 

misclassification in PAMPA models. Although other reference compounds such as 

cimetidine, hydrocortisone and sulfasalazine are efflux substrates, their intrinsic low 

passive permeability observed in the PAMPA model also hampers their access to the 

brain. These findings corroborate that the in-house lipid extract is a valid membrane to 

predict the passive diffusion of the compounds through BBB.  

Importantly, to exclude interindividual variations, the in-house brain lipid extract 

was also prepared from two other distinct brains. The obtained Papp values were similar 

and all reference compounds were equally classified, thereby confirming that the 

applied extraction protocol is reproducible. 
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II.3.3. CORRELATION BETWEEN THE PHYSICOCHEMICAL CHARACTERISTICS AND 

EXPERIMENTAL APPARENT PERMEABILITY 

The fact that PAMPA has been considered a versatile physicochemical screening tool 

for predicting drug permeability [175,193,501], prompted us to correlate the Papp 

values with the physicochemical properties of the reference compounds (Table II.1). 

Although these factors are not absolute indicators of in vivo CNS penetration, which is 

governed by complex biological processes [96,520], their knowledge can be used to 

optimize passive permeability and guide drug design during initial stages of drug 

discovery processes [521,522]. Hence, following the previous results, the Papp values 

achieved with 2% PBL and 2% in-house lipid extract were correlated with the 

physicochemical properties of the reference compounds described in Table II.1.  

Despite a lack of agreement regarding exact values in literature, CNS compounds 

commonly possess a relatively low molecular weight ( 380 or <450 Da), logP (2–5) and 

logD pH 7.4 (1–3), small TPSA (60–70 Å2 or <90 Å2), low number of hydrogen bond 

donors ( 1) and acceptors ( 2) or less than 8 or 10 cumulative hydrogen bonds, and 

reduced molecular flexibility (<8 rotatable bonds) [51,510–512,519,523–525]. Although 

no correlation was achieved with the molecular weight, logP or rotatable bonds, strong 

correlations were accomplished with logD, a better lipophilicity index for BBB 

penetration and a better permeability predictor than logP [176,526], and with TPSA as 

well, while a moderate correlation was attained with total hydrogen bonding capacity 

(THBC) (Figure II.5). In this figure, it was verified that an increase of logD generally 

corresponds to an increase of Papp, in opposition to TPSA and THBC which display the 

reverse tendency. This coincides with recent studies suggesting that an increased H-

bonding potential is associated with a lower passive permeability of a compound [502]. 

In particular, the Papp values of the reference molecules with 2% in-house lipid extract 

had a higher correlation with logD, the lipophilicity indicator, than 2% PBL, contrary to 

what was verified with TPSA and THBC, the polarity-related properties. 
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Figure II.5. Experimental logarithmic apparent permeability coefficient (log Papp) values of 

reference compounds obtained with 2% (w/v) porcine brain lipid (PBL) and in-house brain lipid 

extract versus their physicochemical properties, namely the (A) octanol-water distribution 

coefficient at pH 7.4 (log D pH 7.4), (B) topological polar surface area (TPSA) and (C) total 

hydrogen bonding capacity (THBC). The vertical dashed line represents the logarithm of the 
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predefined cut-off value of Papp (0.30) that separates blood-brain barrier (BBB) permeable 

(BBB+) from non-permeable (BBB-) compounds in the PAMPA models; the horizontal dashed line 

corresponds to the value of the physicochemical parameter that can be used to classify 

compounds as BBB- or BBB+ according to each correlation. Included reference compounds are (1) 

Carbamazepine, (2) Carbamazepine 10,11-epoxide, (3) Oxcarbazepine, (4) Phenytoin, (5) 

Propranolol, (6) Trazodone, (7) Verapamil, (8) Atenolol, (9) Cimetidine, (10) Dopamine, (11) 

Furosemide, (12) Hydrocortisone, (13) Norfloxacin, (14) Piroxicam, (15) Sulfasalazine. Caffeine, 

loperamide and quinidine were excluded from this analysis due to misclassification by both 

PAMPA models.  

 

Observing Figure II.5 and interpolating logarithm of the previously established cut-

off value to distinguish BBB+ and BBB- compounds (Papp = 2.0 x 10-6 cm s-1), the PAMPA 

model performed with 2% of the in-house lipid extract revealed that BBB+ compounds 

are molecules with a logD > 1.15, TPSA < 68.22 A2 and THBC < 5. Considering the 

information in Table II.1, it is also noticeable that compounds classified as BBB+ are 

neutral or basic molecules, which accords with the literature description [512,527].  

Overall, it is important to note that the observed trends are in conformity with 

literature reports and the favourable values found for each physicochemical parameter 

coincide with those that other authors defined for CNS or non-CNS compounds. 

Therefore, the physicochemical selectivity of the proposed PAMPA model was confirmed 

and the values of each property that allow the discrimination between BBB+ and BBB- 

compounds were specified. 

 

II.3.4. TEST SET COMPOUNDS 

In agreement with the results obtained with reference compounds, 2% in-house 

brain lipid extract was chosen as lipid solution to evaluate the 11 test molecules (Table 

II.3 and Figure II.6). Once again, the PAMPA model with 2% PBL was used to compare 

the results.  

The correlation between the Papp values of the test compounds in both PAMPA 

models was strong (r2 = 0.94); only zamicastat was differently classified depending on 
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the used PAMPA lipid, with a classification given by 2% in-house brain lipid extract 

coincident with that found literature data (Table II.3).  

Figure II.6. Experimental apparent permeability coefficient (Papp) values obtained with PAMPA 

models with 2% (w/v) porcine brain lipid (full square) and in-house brain lipid extract (empty 

square) for the test compounds. 

Both methods classified tolcapone, a peripheral and central COMT inhibitor 

[413,528–530] as BBB- since its Papp was lower than 2.0 x 10-6 cm s-1. This is in 

accordance with in silico predictions that classified tolcapone as unable to cross the BBB 

[531] and with the low logD value, high TPSA, negative charge state and high THBC of

this compound, all unfavourable towards CNS penetration (Table II.3). In an in vivo 

microdialysis study performed by Hakkarainen et al. [224] it also demonstrated a low 

ability to enter the CNS (Kp,uu: 0.17), nevertheless in vitro cell-based assays revealed a 

high Papp, underlining that several assays should be performed to define the ability of 

compounds to reach the CNS, given that PAMPA only predicts passive diffusion. 

Likewise, S-licarbazepine was below the Papp cut-off value and classified as BBB-, 

despite being well-known that S-licarbazepine reaches the CNS in vivo [488]. 

Notwithstanding, it was correctly ranked by both PAMPA models as the least permeable 

among other assessed antiepileptic drugs, specifically carbamazepine, oxcarbazepine, 

carbamazepine 10,11-epoxide and eslicarbazepine acetate, as demonstrated in in vitro 

studies [114,507] and in vivo by the brain/plasma ratios [494].  
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Recently, etamicastat was shown to have a very limited brain penetration in 

addition to being a P-gp substrate, whereas nepicastat is able to reach the CNS and 

cause a central and peripheral DBH inhibition, despite also being a P-gp substrate [470]. 

Interestingly, the influence of P-gp in the classification of these compounds was not 

decisive because the low passive permeability of etamicastat and the high passive 

permeability of nepicastat allowed an accurate classification by the PAMPA models. All 

other test compounds were correctly classified according to literature data.  

These results corroborate the discriminatory capacity of the in-house brain lipid 

extract and validate the use of the applied lipid extraction process to attain viable lipid 

extracts. 

II.4. FINAL CONSIDERATIONS

The in-house brain lipid extract incorporated as artificial barrier in PAMPA 

effectively differentiates BBB- from BBB+ compounds. Moreover, the implemented lipid 

extraction process proved to be reproducible, cost-effective since several extracts could 

be simultaneously obtained from a unique brain and reliable, because it provided lipid 

extracts with results comparable to the commercialized PBL. This process may be 

applied to attain brain lipid extracts from other sources or adapted to extract the lipid 

fraction of other biological tissues and evaluate the passive permeability across different 

physiological barriers.  

In summary, the proposed PAMPA experimental model coupled to 

spectrophotometric drug quantification revealed to be a high throughput assay that can 

be used in early permeability screening stages of drug discovery, where thousands of 

compounds must be analysed in a short period of time.  

Combining the information given by this assay and the physicochemical properties 

related to CNS exposure is advantageous because the BBB passive permeation potential 

of a compound can be rapidly estimated and optimized if necessary. 
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CHAPTER III. EFFLUX TRANSPORT AT THE BBB  

 

P-gp and BCRP form a potent efflux team at the BBB by limiting the entry of several 

drugs into the CNS. This chapter begins with a description of relevant P-gp and BCRP 

characteristics, namely their structure, localization and physiological functions; known 

substrates, inhibitors and inducers; polymorphisms; role in multidrug resistance; and 

DDIs.  

Afterwards, the most widely applied in vitro transport assays in literature were 

briefly outlined, including membrane-based assays and cell-based assays. 

To finalize, the experimental evaluation of P-gp and BCRP-mediated efflux in a cell-

based BBB model was carried out, as well as, the identification of potential P-gp and/or 

BCRP inhibitors, among COMT and DBH inhibitors.  
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III.1. EFFLUX TRANSPORTERS: P-GLYCOPROTEIN AND BREAST CANCER RESISTANCE 

PROTEIN 

The ABC superfamily is one of the largest, best characterized and most ubiquitously 

expressed families of efflux transporters. Within it there are 48 known genes, divided 

into seven subfamilies (from ABCA to ABCG) [533]. These transporters are normally 

membrane-bound proteins that contribute to homeostasis and participate in several 

physiological functions like the maintenance of lipid bilayers, peptide transport and 

sterol transport. Adenosine triphosphate (ATP) hydrolysis is required by ABC 

transporters as a source of energy for the active extrusion of substances across 

membranes, against the concentration gradient [534]. In addition to their direct 

contribution to the development of clinical drug resistance, ABC transporters regulate 

the absorption, distribution and elimination of several xenobiotics, including drugs and 

their metabolites [533]. While full ABC transporters display two transmembrane 

domains and two nucleotide binding domains, half ABC transporters only possess one 

transmembrane domain and one nucleotide binding domain, requiring homo- or 

heterodimerization to attain functionality [534] (Figure III.1).  

Figure III.1. Simplified distribution of efflux transporters across cerebral endothelial cells (A) and 

two-dimensional structural and topological models of P-glycoprotein (P-gp) and breast cancer 

resistance protein (BCRP) (B). P-gp has six transmembrane segments in two halves and two 

nucleotide binding domains, while BCRP has six transmembrane segments and only one 
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nucleotide binding domain. ATP, adenosine triphosphate; GS, glycosylation site. Adapted from 

[113,535]. 

 

III.1.1. P-gp 

The ABCB subfamily is composed by 11 members responsible for the transport of 

various drugs, peptides, phosphatidylcholine and iron [534]. P-gp is one of the best 

known and most extensively studied members; it was originally identified in 1976 by 

Juliano and Ling as a 170-kDa transmembrane phosphorylated glycoprotein, in a 

colchicine-resistant Chinese hamster ovary cell line [536]. Structurally, P-gp is composed 

by 1276-1280 aminoacids with amino- and carboxy-termini located intracellularly [533]. 

It encompasses two homologous halves connected by a linker sequence, each containing 

six transmembrane sequences and one cytoplasmic nucleotide-binding domain, where 

binding and hydrolysis of ATP occurs (Figure III.1). Thus, nucleotide-binding domains are 

pivotal for transporter function [533,537] and contain three highly conserved sequences, 

the Walker A and B motifs, found in many ATP-binding proteins and the C motif, unique 

to this superfamily [538]. The linker sequence contains post-translational modification 

sites, specifically glycosylation and phosphorylation sites, needed for correct protein 

folding and trafficking [533].  

There are two isoforms of human P-gp: type I, encoded by the MDR1 gene; and type 

II, encoded by the MDR2 gene. In rodents there are three isoforms, mdr1a, mdr1b and 

mdr2. The substrate specificity of mdr1a and mdr1b P-gp in rodents is different but 

partly overlapping and both are expressed in a similar manner to human P-gp, 

suggesting that the same functions are shared [113]. Indeed, only MDR1 in humans and 

mdr1a/mdr1b in rodents appear to be responsible for drug resistance and efflux, 

whereas human MDR2 and rodent mdr2 are present in the canalicular membrane of 

hepatocytes and mediate the secretion of phosphatidylcholine into the bile [539].   

Thus, P-gp is highly expressed in enterocytes, hepatocytes, kidney proximal tubules 

and the so-called drug sanctuary sites or blood-tissue barriers (BBB, blood-placenta 

barrier and blood-testis barrier) [535]. The precise location of P-gp at the BBB is still 

being discussed but most published data reveal that in mammals, including humans, P-

gp is mainly expressed at the apical membrane of CECs [113], as represented in Figure 
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III.1. This observation is coherent with the increased brain penetration of P-gp 

substrates observed in knockout animal models or following the administration of a P-gp 

inhibitor. However, a study by Pardridge et al. [540] raised debate by suggesting that P-

gp was located preferentially in astrocyte foot processes rather than in the apical 

membrane of CECs. This study was criticized for using only one P-gp antibody, which was 

considered insufficient for the obtainment of reliable results for the immunolocalization 

of P-gp [113]. Later, Schlachetzki and Pardrige [541] and Volk et al. [542] conducted 

further experiments in healthy rat and primate brain, concluding that P-gp is expressed 

in astrocytes, but at a lower level than in CECs. Other reports also mention the presence 

of P-gp in pericytes [543], microglia [544] and intracellularly [545]. This suggests that P-

gp functions in the brain may be quite complex [113], requiring additional investigations.     

On the other hand, it is unequivocal that P-gp displays a very wide substrate 

spectrum and participates in the extrusion of a variety of drugs from distinct drug 

classes. Among many examples are chemotherapeutic drugs, antiretroviral drugs, 

psychotropic drugs, antiepileptic drugs, immunosuppressants, antiarrhythmics, calcium-

channel blockers, β-blockers, analgesics, antihistamines and antibiotics [546]. Its 

immense substrate profile makes it a formidable obstacle to CNS drug delivery [534]. 

Typically, P-gp substrates are lipophilic, weakly amphipathic, may differ considerably in 

molecular size ranging from 330 Da to 4000 Da [547] and often but not always, contain 

aromatic rings and positively charged nitrogen atoms [546]. From the perspective of 

pharmacological studies, the generally hydrophobic nature of P-gp substrates indicates 

that in theory, these compounds would passively diffuse across membranes and 

penetrate into tissues, if active transport was absent. Additionally, it means that the 

contribution of P-gp-mediated active transport will only have an impact in distribution, if 

the efflux is substantial comparatively to the passive diffusion rate. Otherwise, the 

activity of efflux pumps may be overwhelmed by the passive diffusion component [548].  

Even though there are substantial functional data, the lack of a crystal structure of 

human P-gp has hampered rational drug design strategies. Notwithstanding, in recent 

years, structures began appearing for related proteins that can be used as templates for 

homology modelling [549]. In Figure III.2A is represented the structure of mouse P-gp 

model determined by Aller et al. [547] in an inward facing conformation with nucleotide 

binding domains far apart, resulting in an internal cavity open to the cytoplasm and to 
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the inner leaflet of the cellular membrane. Other crystal structures of P-gp homologues 

have been generated in bacteria and Caenorhabditis elegans but the mouse models 

display the best relation between sequence identity (87%) and resolution (3.8 Å) [549]. 

 

Figure III.2. Structural representation of the front stereo view of mouse P-glycoprotein (P-gp) (A) 

and model of substrate transport (B). X-ray crystal structures of mouse P-gp reveal an internal 

cavity with two nucleotide binding domains (NBDs) separated by approximately 30 Å. The 

structure of mouse P-gp has 87% sequence identity to human P-gp. The amino-terminal (N) half 

is in yellow and the carboxy-terminal (C) half is in blue. TM, transmembrane segments. Adapted 

from [547]. 

 

To this day, there is still controversy concerning the exact mechanism by which P-gp 

extrudes compounds out of cells [550] and the location of substrate binding sites on P-

gp, relative to the cellular membrane [551]. It is believed that in a pre-transport state, P-

gp presents an inward-facing structure and is unavailable for substrate binding from the 

extracellular space or from the outer leaflet of the cellular membrane. Substrate binding 

occurs to an internal cavity, open to the inner leaflet of the membrane or cytoplasm. 

This will supposedly trigger ATP binding, which in turn will induce dimerization of the 

nucleotide binding domains and a conformational change in P-gp, leading to an 

outward-facing structure (Figure III.2B). Then, the substrate is released due to a 

decrease of binding affinity or ATP hydrolysis, which disrupts the dimerization, resets the 

system back to inward-facing and reinitiates the transport cycle [547].  
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The broad substrate specificity of P-gp suggests the existence of multiple substrate 

binding sites within the active pocket, although the exact type and number of binding 

sites is unclear [550]. It has been proposed that P-gp possesses at least three possible 

cooperative binding sites, an H- and R-site, as well as, a third allosteric binding site with 

regulatory or modulatory functions, named M-site [552,553]. In theory, binding to one 

site will have a positive effect and stimulate binding to the other site [552]. Still, it is not 

yet known if the assignment of H- and R-sites is maintained during the efflux cycle and it 

is possible that the substrate binding sites may present different characteristics at 

different stages of the efflux mechanism [553]. Thus, in spite of the existing information 

concerning the polyspecificity of P-gp, the efflux mechanism is still far from being 

completely understood.  

There are two main models describing the behaviour and handling of substrates by 

P-gp in the cell membrane. In one model it is advanced that P-gp behaves as a 

hydrophobic vacuum cleaner by interacting with lipophilic compounds accumulated 

within the cell membrane and extruding them to the extracellular aqueous phase. 

Before being effluxed, drugs partition into the membrane, spontaneously translocate to 

the cytoplasmic leaflet and there contact with P-gp binding pocket from within the 

bilayer interior. In the second model, P-gp is thought to act as a flippase, which means 

that after entering the membrane, substrates are moved from the inner to the outer 

leaflet of the membrane by P-gp and then passively diffuse to the extracellular aqueous 

phase, instead of being directly released [538]. In both models, P-gp is capable of 

preventing substrates from entering the cytosol and protects the cell from potentially 

harmful molecules. Nevertheless, the quick partitioning equilibrium complicates the 

distinction between flippase activity and direct transport [554]. 

Modulation of P-gp activity can be achieved by chemical modulation provoked by 

inhibitors of transport activity or inducers of expression, or genetic polymorphisms 

[551]. The most studied form of chemical modulation corresponds to transport 

inhibition, which has attracted the attention of the pharmaceutical industry as a means 

of improving the pharmacotherapy of compounds that are unable to reach the 

therapeutic target due to P-gp-mediated efflux [555]. Multidrug resistance is a frequent 

phenomenon in cancer cells responsible for chemotherapeutic failure or malignant 

tumour progression. One of the mechanisms subjacent to the resistance, is the 
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overexpression of ABC transporters that efflux both cytotoxic and targeted anticancer 

drugs. Therefore, it was hypothesized that the co-administration of an anticancer drug 

with an efflux inhibitor could overcome the resistance. Notwithstanding, the efforts so 

far have been unsuccessful and there is yet no effective treatment approved for a 

sensitization of malignant tumours to chemotherapeutic drugs without toxic effects 

[546]. Although a simple strategy to enhance the accumulation of anticancer drugs in 

tumour cells would be to increase the dose of the anticancer agent, this is not feasible 

due to systemic toxicity. Still, when a P-gp inhibitor is administered, it often inhibits P-gp 

not only at the target-site but also in tissues that would otherwise be protected of the P-

gp substrate, or responsible for its elimination. Consequently, the systemic 

concentrations of P-gp substrate increase and the end-result is identical to that of dose 

escalation [551]. 

P-gp can be inhibited by blocking the drug binding site competitively, non-

competitively or allosterically; by interfering with ATP hydrolysis or by altering the 

integrity of cell membrane lipids [556].  

First-generation P-gp inhibitors (Table III.1) are pharmacologically active 

compounds, which were already in clinical use or under investigation for other 

therapeutic indications when the ability to inhibit P-gp was revealed [557]. 

 

Table III.1. Examples of P-glycoprotein (P-gp) inhibitors (first-, second- and third-generations) 

and inducers. From [555,557–561]. 

 

P-gp inhibitors 
P-gp inducers 

First-generation  Second-generation Third-generation 

Verapamil, nifedipine, 

diltiazem, amiodarone, 

quinidine, prazosin, 

cyclosporine A, tacrolimus, 

erythromycin, tamoxifen, 

ibuprofen 

Dexverapamil, 

MM36, valspodar, 

biricodar, toremifene 

Zosuquidar (LY-335979), 

elacridar (GF120918), 

tariquidar (XR9576), 

laniquidar (R101933), 

ontogen (OC-144-093), 

HM30181 

Dexamethasone, 

doxorubicin, 

vinblastine, 

rifampicin, reserpine, 

St John’s wort 

 

These include calcium-channel blockers (e.g. verapamil), immunosuppressants (e.g. 

cyclosporine A), antiarrhythmics (e.g. quinidine), antibiotics (e.g. erythromycin) and 
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antiestrogens (e.g. tamoxifen) [562]. Nevertheless, several of these compounds are 

substrates for other transporters and enzymes, leading to pharmacokinetic interactions 

in the presence of anticancer drugs, such as inhibition of CYP enzymes and reduced 

elimination of the anticancer agent with subsequent toxicity [535]. Furthermore, these 

compounds have low affinity for P-gp, demanding the use of high doses which, together 

with their non-selective activity, results in toxicity.  

Second-generation P-gp inhibitors are analogues of first-generation inhibitors with 

improved efficacy, tolerability and potency due to structural modifications [535,562]. 

Indeed, these compounds are devoid of the pharmacological activity of first-generation 

inhibitors and possess a higher affinity for P-gp [562]. For instance, dexverapamil is an R-

enantiomer of verapamil with no effect on the cardiovascular system. However, this 

generation of compounds caused complex and unpredictable DDIs by inhibiting two or 

more ABC transporters [556]. In sum, second-generation inhibitors have better 

pharmacological profiles than first-generation inhibitors but still retain some properties 

that limit their use as P-gp modulators [557].  

Conversely, third-generation P-gp inhibitors have high potency for P-gp [535] with 

less drug interactions and toxicity [556]. These inhibitors were developed based on 

quantitative structure-activity relationships and combinatorial chemistry, which allowed 

the design of drugs with improved characteristics [557]. Even though tariquidar (Figure 

III.3) was initially described as a P-gp specific inhibitor, subsequent studies revealed that 

at concentrations above 100 nM it inhibits both P-gp and BCRP. Additionally, it was 

found that at lower concentrations tariquidar behaves as a BCRP substrate [563]. 

Further reports confirmed that tariquidar is a P-gp/BCRP inhibitor and BCRP substrate 

[342,564], but the experimental results on whether tariquidar is a P-gp substrate were 

conflicting. Weidner et al. [564] claimed that tariquidar does not behave as a P-gp 

substrate but Bankstahl et al. [342] and Bauer et al. [565] consider that tariquidar and 

elacridar are concentration-dependent P-gp and BCRP substrates and inhibitors. 

Recently, a series of tariquidar analogues were synthesized to circumvent multidrug 

resistance, some of which inhibit P-gp and BCRP, while others were P-gp specific due to 

the presence of a sulphonamide group [566]. Nonetheless, the most specific third-

generation P-gp inhibitors that have been developed so far are zosuquidar [567] and 
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laniquidar [557], although neurotoxicity was reported as a major side-effect for 

zosuquidar, as well as, potential DDIs with doxorubicin and vinorelbine [568]. 

Elacridar is another third-generation potent P-gp and BCRP inhibitor [569]. It is 

extensively used in vitro and in vivo, and has demonstrated to improve the BBB 

penetration of several compounds, including tyrosine kinase inhibitors developed for 

cancer treatment [570,571]. Furthermore, elacridar did not show a potent inhibition of 

human CYP enzymes in vitro [572], which constitutes an advantage compared to its 

predecessors [568]. On the other hand, it is an extremely lipophilic compound (log P = 

5.67) with poor solubility, complicating the development of formulations [570].  

 

Figure III.3. First-generation (quinidine, verapamil), second-generation (dexverapamil) and third-

generation (tariquidar, zosuquidar, elacridar) P-glycoprotein inhibitors. Tariquidar and elacridar 

have also been identified as breast cancer resistance protein inhibitors. 

 

Montesinos et al. [573] attempted the co-administration of elacridar and tariquidar 

(1 mg kg-1) with loperamide by single intravenous bolus in rats, and observed that the 

simultaneous use of both inhibitors increased loperamide levels in the brain more than 

the separate administration of each inhibitor. Thus, this combination was incorporated 
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into immunoliposomes to improve the solubility of elacridar and tariquidar, and 

modulate efflux at the BBB [574]. 

Notwithstanding, despite the progress and promising characteristics of third-

generation inhibitors, these compounds are still far from being ideal modulators, 

capable of effectively and safely surpassing drug resistance in cancer cells or modulating 

efflux at the BBB. In truth, many inhibitors revealed unexpected toxicity or lack of 

efficacy in clinical trials [557]. Budge et al. [537] enumerated several reasons for the lack 

of clinical benefit, namely an inadequate preclinical evaluation; pharmacokinetic 

interactions between anticancer drugs and efflux inhibitors; multiple mechanisms of 

resistance and lack of pre-selection of patients; interactions between inhibitors and 

multiple ABC transporters; and high toxicity at non-target sites. Therefore, it has been 

recommended to shift the focus from identifying increasingly potent or specific 

inhibitors, to developing strategies for targeting the inhibitors to specific sites of action 

[551]. Another recent research trend that is being explored is the use of natural 

products as possible fourth-generation P-gp inhibitors [557,575].  

P-gp induction has been significantly less studied that P-gp inhibition and 

consequently data are scarcer. This may be justified, in part, by the lack of adequate in 

vitro methods for the evaluation of transporter induction [558] but another reason is 

that at present, P-gp induction at human BBB does not appear to be clinically significant. 

For instance, after 11-29 days of treatment of healthy volunteers with rifampicin, a 

known P-gp inducer (Table III.1), there was no induction of P-gp at the BBB, using clinical 

doses that normally induce P-gp at the intestine. It has been explained that rifampicin 

may not achieve sufficient concentrations in CECs to induce P-gp, in contrast to the high 

concentrations attained in the intestine. Additionally, P-gp at the human BBB may 

already be maximally induced by environmental or endogenous factors, meaning that 

further induction may not be feasible [576]. 

Lastly, even though several human single-nucleotide polymorphisms have been 

identified in the ABCB1/MDR1 gene that encodes P-gp, the vast majority of studies 

focused on their impact in pharmacokinetics, treatment response and drug-related 

toxicity have yielded conflicting results [551,577]. It is believed that if populations of 

humans homozygous for a null allele of ABCB1 were present in high numbers, there 

would be many documented examples of adverse reactions to CNS-active P-gp 
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substrates. Nonetheless, this has not occurred, implying that ABCB1 polymorphisms do 

not provide open CNS sensitivity to P-gp substrates in the broader population [578].  

Still, despite the fact that clinical relevance appears to be limited, future research 

activities are being planned, involving new genomic methodologies and well-designed 

clinical studies [577].   

 

III.1.2. BCRP 

ABCG transporters, particularly BCRP, have been neglected in relation to P-gp, 

however the cooperative relationship between BCRP and P-gp at the BBB, referred in 

section I.3.2.1 and the role of BCRP in multidrug resistance, is bringing BCRP to the 

research spotlight. BCRP was discovered in 1998 in a human breast carcinoma cell line, 

when it was found to display resistance or reduced intracellular accumulation of 

anticancer drugs like mitoxantrone, daunorubicin and doxorubicin, in the absence of P-

gp and MRP overexpression. Accordingly, the cells were sensitive to P-gp and/or MRP 

substrates like cisplatin, vincristine and paclitaxel, thereby revealing the presence of an 

additional transporter responsible for the resistance to the other tested drugs [579].  

BCRP is a 72-kDa half-transporter, composed by 655 aminoacids and six 

transmembrane segments, four potential glycosylation sites and one nucleotide binding 

domain (Figure III.1) [580]. In opposition to P-gp, the nucleotide binding domain 

precedes the transmembrane segments and is closer to the amino-terminal than the 

carboxy-terminal, implying that BCRP may operate with a different transport 

mechanism, compared with P-gp [581]. It is known that in order to be functional, ABC 

transporters need two nucleotide binding domains and two membrane spanning 

domains. Thus, being a half-transporter, BCRP must dimerize to attain functionality. At 

the beginning, it was thought that BCRP operated only as a homodimer bridged by 

intermolecular disulphide bonds [582] but later experimental data pointed towards the 

formation of higher order homooligomers, such as tetramers [583]. Furthermore, BCRP 

function may be regulated by dynamic association/dissociation of BCRP monomers in 

the dimeric/oligomeric complex [583]. From this perspective, a deeper comprehension 

of the structural basis of oligomerization could be useful for the development of 
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molecules capable of disrupting the mechanism and consequently, inhibiting BCRP 

[583,584].  

In 2015, Rosenberg et al. [585] determined the three-dimensional structure of 

human BCRP in a homodimer complex by cryo-electron microscopy and refined the 

homology-based structural model that had been previously developed (Figure III.4): 

 

Figure III.4. Structural representation of breast cancer resistance protein. The homodimer has 

two nucleotide binding domains widely separated from each other. The two monomers are 

shown in different colours. Adapted from [585]. 

 

BCRP is expressed on the apical surface of placental syncytiotrophoblasts, liver 

canaliculi, colon and small intestine mucosal surface, cardiac muscle, pancreas, adrenal 

cortex, thyroid, parathyroid, ovaries, lactating mammary glands, stem cells, choroid 

plexus and CECs [558,580]. In mice and rats, the rodent homolog of BCRP, Bcrp1, has 

similar tissue localization to that in humans [581]. Nonetheless, BCRP protein levels in 

brain microvessels of human (8.14 fmol μg-1 protein) and cynomolgus monkey (14.2  

fmol μg-1 protein) are 1.85- and 3.22-fold higher than BCRP levels in mice (4.41 fmol μg-1 

protein), respectively. Conversely, mice express 2.56 and 3.29 times more P-gp than 

humans and monkeys [116,586,587]. Therefore, P-gp appears to be the main player in 

rodents, while BCRP is more predominant in humans and primates. Still, their functional 

contribution is yet to be completely understood [588]. Overall, it can be concluded that 

BCRP and P-gp are the dominant transporters maintaining CNS restriction [37].  

Physiologically, BCRP contributes to tissue protection against potentially harmful 

endogenous compounds or xenobiotics [546]. For instance, it protects cells from 
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oxidative damage by reducing intracellular accumulation of porphyrins [581]. The 

expression of BCRP in the mammary gland mediates the secretion of drugs, carcinogens 

and toxins into the milk [589], which may seem to go against physiological functions for 

exposing suckling newborns to xenobiotics. Still, it could be important to stimulate and 

induce detoxification mechanisms in the infant. In addition, BCRP provides the milk with 

an essential nutrient, riboflavin (vitamin B2) [590].  

The broad substrate specificity of BCRP partially overlaps with P-gp substrates and 

when this occurs, P-gp and BCRP work synergistically in limiting drug penetration across 

the BBB [115,583]. BCRP is known to efflux structurally unrelated compounds, 

hydrophobic or hydrophilic, neutral, positively or negatively charged [591]. Among BCRP 

substrates are antitumor drugs (e.g. mitoxantrone, topotecan), antiretroviral drugs (e.g. 

zidovudine), antibiotics (e.g. ciprofloxacin), statins (e.g. rosuvastatin) and others (e.g. 

sulfasalazine, cimetidine) [580,592]. Moreover, BCRP transports sulphate and 

glucuronide conjugates, such as oestrone-sulphate or 17β-oestradiol-sulphate [593], but 

sulphated conjugates are generally better BCRP substrates than glucuronide conjugates 

[581]. It is important to mention that some BCRP substrates are only transported by 

mutant forms of BCRP found in cancer cell lines. Even if plasma membrane expression is 

not altered, these changes in aminoacid residues affect substrate specificity and/or 

overall transporter activity [583]. A common mutation involves the presence of 

threonine (R482T) or glycine (R482G) instead of arginine at the aminoacid 482 [580]. The 

protein with arginine in position 482 was obtained from healthy tissue and designated 

wild-type [594]. For instance, R482T and R482G transport daunorubicin and rhodamine-

123, whereas wild-type BCRP does not. Conversely, methotrexate is only transported by 

wild-type BCRP but not by either mutant form [588]. It should be emphasized that 

although these mutations affect BCRP function in cancer cell lines, they have not yet 

been identified in human subjects or in samples from cancer patients [581]. 

Notwithstanding, the existence of these isoforms can contribute to confounding data in 

literature concerning the identification of BCRP substrates.   

Identically to P-gp, it has been suggested that the vast substrate specificity of BCRP 

could be attributed to the multiple drug binding sites with distinct localizations and/or 

affinities within the binding pocket [588]. In a study conducted by Clark et al. [594] using 
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BCRP with the R482G isoform, three binding sites were identified, two of which 

displayed allosteric communication. Ejendal and Hrycyna also pointed towards the 

existence of multiple substrate binding sites using not only the R482G isoform, but also 

R482T and wild-type BCRP. Then, Giri et al. [595] performed transport studies and the 

obtained data supported the presence of multiple binding sites on the binding domain of 

BCRP. Thus, understanding the molecular interactions with this transporter is a 

fundamental step for the rational design of effective pharmacological inhibitors. 

The development of BCRP inhibitors is sought after for the same reasons of P-gp 

inhibitors, i.e. enhancing target exposure to the drug [595]. Nevertheless, an 

indiscriminate blockage of BCRP in several tissues could prevent BCRP substrates from 

being eliminated from the organism and cause toxicity, in a similar manner to what was 

observed for P-gp inhibitors [596]. Some of the BCRP inhibitors discovered to this day 

are summarized in Table III.2. 

 

 Table III.2. Examples of breast cancer resistance protein (BCRP) inhibitors. From 

[580,581,597,598]. 

 

BCRP inhibitors 

Fumitremorgin C and analogues (Ko143, Ko132, Ko134) 

Novobiocin 

Triclabendazole and metabolites 

HIV protease inhibitors (nelfinavir, saquinavir, ritonavir) 

Tyrosine kinase inhibitors (imatinib, nilotinib, apatinib) 

Elacridar (GF120918), tariquidar (XR9576), tariquidar-derived BCRP inhibitors, HM30181-derived 

BCRP inhibitors 

Tamoxifen and derivatives (TAG-11, TAG-139) 

Dietary flavonoids (biochanin A, chrysin) 

 

Produced by the fungi Aspergillus fumigatus, fumitremorgin C was the first selective 

BCRP inhibitor to be identified. Its widespread use in vivo was hampered by 

neurotoxicity, which gave rise to the development of safer and more potent analogues: 

Ko143, Ko132 and Ko134 [581]. Despite not being neurotoxic, Ko143 cannot be applied 

in vivo because it is an ester and therefore, susceptible to hydrolysis by plasma 

esterases. Furthermore, in concentrations above 1 µM, Ko143 loses BCRP specificity and 
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also inhibits P-gp and MRP1 [599]. As aforementioned, some of the third-generation P-

gp inhibitors interact with BCRP, namely tariquidar and elacridar. Through structural 

modifications of tariquidar and HM30181, it was possible to develop potent tariquidar-

derivatives [600] and HM30181-derivatives [597] with high BCRP selectivity. It is 

believed that such compounds could be useful to overcome multidrug resistance or 

modulate BCRP-mediated efflux at the BBB [600]. Even if translation into clinic does not 

occur, the existence of a specific, non-toxic and potent BCRP modulator will still allow 

the study of BCRP at a molecular level and expand the knowledge about its regulation, 

function and role in diseases [596]. 

Another aspect concerning BCRP that ought to be mentioned is the occurrence of 

genetic polymorphisms. In 2013, the International Transporter Consortium (ITC), a group 

of researchers from academia, industry and FDA [601], released a commentary 

addressing clinically relevant polymorphisms of membrane transporters, among which 

was BCRP (ABCG2 c.421C>A, p.Q141K, rs2231142) [602]. The selection criteria were: 

having been significantly associated with the pharmacokinetics or pharmacodynamics of 

one or more drugs at genome-wide level; the existence of significant associations 

between the polymorphism and drug disposition, efficacy, or toxicity; and the exhibition 

of functional changes in in vitro studies. This polymorphism is observed most frequently 

in East Asians (26.6 – 35%), followed by Caucasians (7.4 – 11.1%) and sub-Saharan 

Africans (1.0%) [602]. In practice, it translates into reduced cell surface expression, lower 

efflux activities than wild-type BCRP [581] and increased plasma exposure of BCRP 

substrates [602].  

Bauer et al. [603] conducted an interesting PET study comparing the brain 

distribution of radiolabeled [11C]-tariquidar in non-carriers and heterozygous carriers of 

this polymorphism. Contrary to what was originally expected, no differences in brain 

distribution were observed for [11C]-tariquidar between the subjects, despite the 

differences in BCRP expression. This result was attributed to the compensatory action of 

P-gp at the BBB, which could be masking the effect of the BCRP polymorphism. Under P-

gp inhibition, the brain distribution of tariquidar was significantly greater in 

heterozygous carriers than in non-carriers, demonstrating an impaired BCRP function at 

the BBB of heterozygous carriers. This indicates that to significantly increase the 
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penetration of dual P-gp and BCRP substrates at the human BBB, it would be necessary 

to inhibit both transporters. Therefore, the risk of clinically relevant DDIs at the human 

BBB for dual substrates was not considered high, except in subjects with the c.421C>A 

polymorphism who may be more vulnerable to DDIs that involve P-gp, since BCRP will 

not be able to effectively exert a compensatory effect.  

 

Indeed, in a world of ageing population that often requires polytherapy, it is 

fundamental to ensure that a compound can be introduced safely with co-medications, 

in order to avoid the occurrence of DDIs. The inhibiting drug is called perpetrator, while 

the drug whose exposure is altered is the victim. An increase in exposure can lead to 

adverse effects and toxicity, whereas a decrease in exposure can compromise drug 

efficacy [604]. BCRP and P-gp have been acknowledged by the FDA [558] and EMA [605] 

due to their importance in drug disposition, thereby recommending the in vitro 

identification of P-gp and BCRP substrates and/or inhibitors that could be involved in 

transporter-mediated DDIs. This evaluation posed a challenge for the pharmaceutical 

industry, particularly concerning BCRP, due to the lack of selective human BCRP 

inhibitors and established optimal clinical study designs [606]. 

Although DDIs in the intestine, liver and kidneys are more common, BBB drug-

transporter interactions are rarer. For instance, Sadeque et al. [607] reported an 

interaction involving P-gp inhibition at the BBB of healthy volunteers, between 

loperamide (victim) and quinidine (perpetrator) that resulted in respiratory depression. 

Sasongko et al. [608] and Muzi et al. [609] also described P-gp inhibition at the BBB by 

cyclosporine A (perpetrator) with consequent increase of the CNS penetration of 

verapamil (victim). Notwithstanding, the concentrations of the perpetrators used in 

these studies were high and consequently, DDIs are unlikely to occur in therapeutic 

doses. Furthermore, the higher brain concentrations of the victim drug could be a result 

of higher plasma concentrations originated from a DDI in another place of the body 

[604]. The ITC considers that currently available drugs that are P-gp or BCRP inhibitors 

do not attain sufficient unbound concentrations in plasma to increase CNS exposure, 

meaning that the risk of DDIs at the human BBB is low [578].   
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III.2. IN VITRO ASSAYS FOR THE IDENTIFICATION OF P-GP AND BCRP SUBSTRATES 

AND/OR INHIBITORS 

In vitro assays that assess transporter interactions are extremely important to 

determine whether a drug is a substrate or an inhibitor of a clinically relevant 

transporter [580]. In consequence of the needs of the pharmaceutical industry, these 

assays matured into routine tools over the past two decades and are extensively applied 

to predict in vivo and clinical situations [588]. Undoubtedly, the development and use of 

in vitro transporter assays has contributed to the comprehension of the role that 

transport mechanisms play in drug disposition and DDIs. This prompted the release of a 

white-paper by the ITC in 2013 with an overview of the experimental systems employed 

to conduct in vitro transporter studies [610]. The methods can be divided into 

membrane-based assays, including vesicular transport assays or ATPase assays; or cell-

based assays, including accumulation or transport assays [580].  

 Membrane-based assays possess some benefits, namely ease of performance and 

adaptability to HTS mode. Additionally, these methods can be used to describe the 

xenobiotic effects on one specific efflux transporter [559] as the membranes are 

obtained from cells expressing the efflux transporter of interest [588]. However, cell-

based assays are considered more instructive concerning drug-transporter interactions 

due to the preservation of cell structure [558]. There are also specific limitations 

associated with the application of membrane-based assays, as described below.  

In vesicular transport assays (Figure III.5A) it is possible to distinguish efflux 

substrates from inhibitors, despite not being applicable for the identification of inducers 

[559]. Plasma membranes are obtained from transporter-expressing cells and utilized to 

form inside-out vesicles where substrates are effluxed into the vesicle, in the presence 

of ATP. Normally, experiments conducted with adenosine monophosphate provide a 

negative control for passive permeability [611]. The membranes are prepared under 

suitable conditions and can be obtained from different sources such as Spodoptera 

frugiperda insect cells (Sf9 or Sf21) infected with baculovirus containing the transporter 

complementary DNA; transfected or selected mammalian cell lines; transfected yeast 

cells; or artificial membrane vesicles [559]. Transported and non-transported molecules 

are separated by filtration with glass fiber or nitrocellulose membranes, since vesicles 
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with trapped molecules will be retained on the filters. Then, substrate molecules can be 

quantified by HPLC, LC/MS or liquid scintillation counting [588]. While efflux substrates 

demonstrate concentration- and ATP-dependent accumulation into the vesicles, 

inhibitors are detected by reduction in the concentration of probe substrate in the 

vesicles. Even though it is possible to prepare large batches of vesicles are cryopreserve 

them for late use [611], the preparation and purification protocols are complex. 

Notwithstanding, there are today commercially available sources of membrane vesicles 

expressing specific efflux transporters, as well as, vesicular transport kits [559]. The 

variability in transporter activity between batches or commercial sources may be 

problematic and should be taken into account, through the use of probe substrates and 

inhibitors [611]. Overall, this assay is suitable for compounds with low passive 

permeability and low non-specific binding, since the compound will not freely cross the 

membrane, but very lipophilic compounds can yield false negative results, due to high 

non-specific binding to the lipid membranes [580,612]. It has been validated for the 

identification of P-gp [613] and BCRP [614] substrates and/or inhibitors, and DDI 

assessment. 

Figure III.5. Membrane-based assays: vesicular transport (A) and ATPase assays (B). ATP, 

adenoside triphosphate; ADP, adenosine diphosphate; Pi, inorganic phosphate. Adapted from 

[615].  
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The ATPase assay (Figure III.5B) is based on the concentration-dependent response 

of ATP cleavage to interacting compounds [588]. Experimental determinations can be 

performed in isolated membranes with the transporter of interest or in reconstituted 

ABC protein preparations [559]. Typically, activation of ATPase by compounds stimulates 

the hydrolysis of ATP to adenosine diphosphate and the release of inorganic phosphate 

which can be measured by colorimetric methods. The baseline levels of ATPase 

activation are monitored through the use of a vehicle control, and subtracted from test-

compound data, in order to determine the real levels of ATPase activity [611]. Sodium 

orthovanadate, an inhibitor of ATPase activity in ABC proteins, is used as a control for 

complete inhibition and setting a reference point [588,611]. In practice, two protocols 

can be used: ATPase stimulation, during which the stimulation of basal ATPase activity is 

measured in the presence of the test compound; or ATPase inhibition, that requires the 

presence of a known substrate and a specific inhibitor. The latter does not give 

information on the nature of the interaction, because a decrease in the baseline 

transporter activity can be caused by inhibitors and/or slowly transported compounds 

that do not change ATPase activity [559]. 

Thus, this assay is easy to perform and amenable to HTS, however it is also 

susceptible to false positives and false negatives that arise from high intra- and inter-

assay variability [611]. Moreover, the compounds should be evaluated at high and low 

concentrations in order to prevent the occurrence of false negative results, which can be 

verified when the ligand has low affinity and/or solubility [559]. It has been used to 

identify compounds that interact with P-gp and/or BCRP [559,580].  

 

Cell-based assays provide clearer information regarding the interactions between 

compounds and ABC transporters. Furthermore, these assays are adaptable for HTS 

through automation and use of multi-well plates. In cellular accumulation assays (Figure 

III.6A), the cells are placed in contact with a fluorescent probe substrate, whose 

intracellular accumulation is inversely proportional to the ABC transporter activity [559]. 

This means that when an increased intracellular accumulation of the dye is observed in 

the presence of a test compound, compared with untreated control cells, the efflux 

transporter is being inhibited by the test compound [611]. Calcein-AM and rhodamine-
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123 are commonly used P-gp probe substrates, whereas Hoescht 33342 (Figure III.6B) is 

usually selected as BCRP probe substrate [559]. This assay is simple, fast and cost-

effective [611], but low permeability inhibitors may be underestimated due to 

insufficient interaction with the efflux transporter [580].  

 

Figure III.6. Cell-based accumulation assay (A) and structure of common P-glycoprotein / breast 

cancer resistance protein fluorescent substrate probes (rhodamine-123 / Hoechst 33342) and 

respective inhibitors (verapamil / Ko143) (B). Adapted from [615]. 

 

Bidirectional transport assays using polarized cell monolayers are a classical 

approach to study the function of substrates and inhibitors [580]. The Transwell™ setup 

for these assays and their application as cell-based BBB models for permeability studies 

has already been described in section I.3.4.2. It is a sensitive method that determines 

the transport of test compounds [610], as it allows the evaluation of substrates and 

inhibitors. The preservation of the intact cell is advantageous for providing more 

information on compound permeability and interactions between compounds and 

transporters [559]. Notwithstanding, this method also has some limitations, such as, 

being more laborious than membrane-based assays [559] and requiring bioanalytical 

techniques for compound quantification. Besides, there is a risk of saturation of the 

efflux transporters and underestimation of the extrusion of compounds with rate-
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limited diffusion [610]. Conversely, compounds with very high passive diffusion can give 

false negative results [580]. In addition, the expression of multiple transporters by a cell 

line, including endogenous transporters, can complicate the interpretation of results 

[559]. Nevertheless this may be corrected through background subtraction, e.g. 

comparing efflux between MDCK-MDR1 cells and the parent line MDCK II [219] and 

through the use of inhibitors. Feng et al. [616] conducted a study comparing the ATPase 

assay, the calcein-AM assay and the bidirectional transport assay to predict the 

interactions of CNS drugs with P-gp. It was observed that the bidirectional transport 

assay correlated better with in vivo results and represented a valuable in vitro tool to 

assess human P-gp interactions with compounds targeting the CNS. However, it was 

emphasized that other assays can serve as specialized methods to understand the 

kinetics and inhibition of CNS compounds, as well as, complement bidirectional 

transport studies to better comprehend and predict P-gp modulators in vivo [616]. 

While the FDA recommends the use of bidirectional assays for in vitro transporter 

studies [558], EMA refers that the choice of system can be justified by scientific 

literature and the physicochemical properties of the substance [605]. The ITC mentions 

that regardless of the selected experimental approach, it is fundamental that the system 

is well-characterized through the use of known substrates and inhibitors, and that 

appropriate controls should be included to confirm test results [617]. Moreover, it is 

considered that using validated probe substrates and inhibitors is critical to interpret 

transporter assay data [610] and create confidence in the results, so that the 

methodology can be successfully applied to determine whether a new compound is a 

substrate or an inhibitor of an efflux transporter [611].   
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III.3. EXPERIMENTAL EVALUATION OF HUMAN P-GP AND BCRP-MEDIATED TRANSPORT 

OF COMT AND DBH INHIBITORS 

III.3.1. INTRODUCTION 

During preclinical drug development stages, it is essential to characterize the brain 

pharmacokinetics of new drug candidates and determine the rate and extent at which 

these compounds are capable of crossing the BBB and reach the CNS. Indeed, 

substantial efforts are being conducted to improve CNS drug delivery in an attempt to 

reverse the lower clinical success rates observed for CNS drugs [618]; however this 

evaluation is also relevant for peripherally-active drugs, as potentially adverse side-

effects can arise from an undesired brain exposure [36]. Hence, a greater knowledge of 

general drug distribution to the brain will contribute to the adoption of drug design 

strategies that increase or restrict access through the BBB, thereby minimizing the risk of 

late stage failures and enhancing preclinical and clinical success.  

While reaching and sustaining sufficient concentrations of a CNS drug at the target-

site within the brain is fundamental to ensure therapeutic action [84], maintaining a 

decreased drug transport across the BBB is important when targeting peripheral 

receptors. This may be achieved by combining the optimization of the intrinsic 

permeability of a compound with avoiding or targeting active efflux at the BBB. For 

instance, associating low passive permeability with affinity for efflux transporters has 

been used as a strategy to minimize brain penetration [85,619].  

Often, the extrusion of xenobiotics, along with therapeutic compounds, is 

performed by transporters from the ABC family, including P-gp (also known as MDR1 or 

ABCB1), BCRP (ABCG2) and MRPs [113]. P-gp and BCRP are not only physiologically 

expressed in CECs but also in enterocytes, hepatocytes, heart endothelial cells, kidney 

proximal tubules, mammary tissue, testis and placenta [580,620–622]. At the BBB, it has 

been shown that P-gp and BCRP work cooperatively to restrict the brain penetration of 

several compounds, such as antitumor drugs [115] and the antiepileptic drug 

lamotrigine [623]. Their broad substrate specificity and strategic location at the luminal 

membrane of brain endothelial cells prevent drugs from entering the brain through 

efflux from the apical membrane and/or cytoplasm, back into the capillary lumen [37]. 

Recently, it was found that the expression of BCRP is more prominent in humans than 
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that of P-gp [117], whereas P-gp is more abundantly expressed in rodents [116,624]. This 

reinforces the need of screening both transporters during CNS drug development, by 

detecting P-gp and BCRP substrates and inhibitors which could cause DDIs. For these 

reasons, in vitro studies are recommended by the ITC, FDA and EMA to identify 

substrates or inhibitors of clinically relevant ABC transporters, including P-gp and BCRP, 

which are involved in drug disposition at brain endothelium [558,605,617].  

The aim of the present work was to identify P-gp and BCRP substrates and/or 

inhibitors among COMT and DBH inhibitors and estimate the influence of these 

transporters on their CNS penetration. COMT inhibitors are used in combined therapy 

for the treatment of Parkinson’s disease to improve the bioavailability and efficacy of L-

DOPA [413,416], whereas DBH inhibitors are being developed for the treatment of 

hypertension associated with sympathetic nervous system overactivity [470,625]. At the 

present moment, there are three COMT inhibitors available in the market: entacapone; 

tolcapone, only used in patients unresponsive to other treatments and with monitoring 

of liver function; and opicapone, since its recent approval by EMA in June of 2016 

[411,416]. The peripheral (BIA 9-1059, BIA 9-1079, entacapone, opicapone, etamicastat, 

zamicastat) and/or central (nebicapone, tolcapone, nepicastat) enzymatic inhibition 

displayed by these compounds justifies the investigation of the role that P-gp and/or 

BCRP may have in their access to the CNS. Given the lower throughput and high 

paracellular leakiness generally demonstrated by brain endothelial cell lines [102], cell-

based assays were herein performed with MDCK type II cells as a surrogate model of the 

BBB [219,224,250,299,520,616,626–629]. In addition to fast growth and low metabolic 

activity [630], MDCK cells can form polarized monolayers with tight junctions when 

grown on semipermeable supports [631]; furthermore these cells can be stably 

transfected with the human ABCB1 or ABCG2 genes, leading to an overexpression of 

human P-gp or BCRP, respectively (MDCK-MDR1; MDCK-BCRP). Thus, in the present 

study, the effect on cellular viability and stability of the test compounds were studied in 

order to establish the experimental conditions for subsequent assays. Then, intracellular 

accumulation assays were performed to demonstrate transporter functionality and 

identify potential P-gp and BCRP inhibitors. Lastly, P-gp and BCRP substrates were 

investigated in bidirectional transport assays, previously validated using known 
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substrates and non-substrates as reference compounds, as required by international 

guidelines. 

 

III.3.2. METHODS 

III.3.2.1. Chemicals and reagents 

Reference compounds (carbamazepine, propranolol, trazodone, cimetidine, 

quinidine, sulfasalazine) were obtained from Sigma-Aldrich (St. Louis, MO, USA) with the 

exception of atenolol which was acquired from Acros Organics, ThermoFisher Scientific 

(MA, USA). Test compounds (BIA 9-1059, BIA 9-1079, entacapone, nebicapone, 

opicapone, tolcapone, etamicastat, nepicastat, zamicastat) were kindly supplied by BIAL-

Portela & Ca., S.A. (S. Mamede do Coronado, Portugal). Acetonitrile (HPLC gradient 

grade), methanol (HPLC gradient grade) and DMSO were acquired from Fisher Scientific 

(Leicestershire, UK). Formic acid (98–100%) and triethylamine were acquired from 

Merck KGaA (Darmstadt, Germany). All other chemicals were from Sigma-Aldrich (St. 

Louis, MO, USA) unless otherwise stated. 

 

III.3.2.2. Cell culture  

MDCK II parent cells and MDR1- and BCRP-transfected cells were purchased from 

the Netherlands Cancer Institute (NKI-AVL, Amsterdam, Netherlands). The cells were 

cultured in DMEM containing 0.04 M sodium bicarbonate and supplemented with 10% 

heat-inactivated  BS (Gibco Life Technologies, NY, USA), 100 μg mL-1 streptomycin and 

100 IU mL-1 penicillin. Cells were grown in T-75 flasks (Orange-Scientific, Belgium), 

passaged twice a week using a 0.25% Trypsin-EDTA solution and cultured at 37 °C in 5% 

CO2 and 95% relative humidity. All assays were performed with MDCK II cells from 

passage 5–14, MDCK-MDR1 from passage 6–23 and MDCK-BCRP from passage 4–13. 

 

III.3.2.3. Cell viability studies 

The influence of test compounds on cell viability was determined by the MTT [3-

(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] assay. MDCK II, MDCK-

MDR1 and MDCK-BCRP cells were seeded into 96-well plates (Orange Scientific, 

Belgium) at a density of 1 x 104 cells per well and cultured for 24 h in a humidified 
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incubator at 37 °C in a 5% CO2 atmosphere. After removing the culture medium, 200 µL 

of fresh medium without (control cells) or with each compound at different 

concentrations was added to the wells and the cells were incubated for 4 h (5 to 100 

µM) or 30 min (only 100 µM). Thereafter, the wells were washed twice with PBS and the 

MTT solution (0.5 mg mL-1) was added, followed by incubation for 2 h at 37 °C in 5% CO2. 

Lastly, the MTT solution was removed and replaced with 100 µL of DMSO. Absorbance 

was measured at 570 nm (A570) with a reference wavelength of 620 nm (A620) on a Biotek 

Synergy HT microplate reader (Biotek Instruments®, VT, USA). Compound 

concentrations were not considered to compromise cell viability if it was maintained 

above 85% compared to control cells [632]. Cell viability was calculated according to the 

equation III.1: 

Cell viability (%)   
(A570 A 20)cells incubated with tested concentrations 

(A570 A 20)control cells
  100 (III.1) 

 

III.3.2.4. Stability studies 

Prior to intracellular accumulation and bidirectional transport assays, the stability of 

COMT and DBH inhibitors was evaluated in order to ensure drug preservation during the 

experiments. Compound solutions were prepared in two concentrations corresponding 

to low (QC1) and high (QC3) quality control samples of the respective analytical 

calibration curve and data were compared before (reference sample) and after (stability 

sample) exposure to assay conditions (120 min maximum at 37 °C in Hank's balanced 

salt solution (HBSS) with 10 mM HEPES pH 7.4). Compounds were considered stable 

under such conditions when the percentage of the ratio between stability and reference 

samples was maintained between 85–115%. 

 

III.3.2.5. Intracellular accumulation studies 

To assess transporter functionality and identify P-gp and BCRP inhibitors, MDCK II, 

MDCK-MDR1 and MDCK-BCRP were seeded in 12-well plates (Corning Costar, NY, USA) 

at 3.0 x 105 cells per well for 48 h. The well-known P-gp or BCRP inhibitors, verapamil 

and Ko143 respectively, were used as positive controls. The assay was initiated by 
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washing the cells twice with pre-warmed HBSS with 10 mM HEPES pH 7.4, followed by 

an incubation of 30 min in the absence (negative control, no inhibitor) or presence of 

verapamil (100 µM), Ko143 (0.5 µM) or test compound (100 µM in 0.1% DMSO). Then, 

compound solutions were removed and the cells were incubated with 10 µM 

rhodamine-123 or Hoechst 33342 as P-gp or BCRP substrates, for 1 h at 37 °C. Cellular 

accumulation of rhodamine-123 or Hoechst 33342 was stopped by washing the cells 

thrice with ice-cold PBS and cell lysis was performed with Triton X-100 (0.1%, v/v) at 

room temperature during 30 min. An aliquot of cell lysate was used to measure the 

amount of accumulated rhodamine-123 or Hoechst 33342 utilizing the Biotek Synergy 

HT microplate reader (Biotek Instruments, VT, USA) in fluorescence mode (excitation 

and emission wavelengths of 485/528 nm for rhodamine-123; and 360/460 nm for 

Hoechst 33342). The protein content of cell lysates was also determined using the Bio-

Rad Protein Assay Kit II (Bio-Rad Laboratories, California, USA) and cellular accumulation 

was normalized accordingly. When a significant P-gp or BCRP inhibition was observed (p 

< 0.05), additional concentrations of test compound were evaluated to verify whether 

the inhibition was concentration-dependent, generate dose-response curves and 

determine the concentration of test compound that inhibits accumulation of substrate 

by 50% (IC50). 

 

III.3.2.6. Bidirectional transport studies 

For bidirectional transport studies MDCK II, MDCK-MDR1 and MDCK-BCRP were 

seeded in 12-well polycarbonate microporous Transwell™ inserts (1.12 cm2, 0.4 µm pore 

size; Corning Costar®, NY, USA) at a density of 6.0 x 105 cells per well. Assays were 

conducted 7 days post-seeding and culture medium was changed every other day. The 

TEER of the polarized cell monolayer was monitored with the Evom® STX2 voltohmmeter 

(WPI, FL, USA). Na-F was used as a paracellular marker to attest the integrity of the cell 

monolayer during the transport assay and its fluorescence intensity was measured in a 

microplate reader as described in section III.3.2.5 for other fluorescent compounds. 

Transport studies were performed from the apical to basolateral (AP-BL) and 

basolateral to apical (BL-AP) directions at 37 °C with gentle shaking (45 rpm) to minimize 

the impact of the unstirred water layer in the transport of lipophilic compounds. Firstly, 
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culture medium was replaced with pre-heated HBSS with 10 mM HEPES pH 7.4 and the 

cells were preincubated for 30 min at 37 °C. Then, the donor solution containing the 

reference or test compound (0.1% DMSO) was added to the apical (0.5 mL) or 

basolateral side (1.5 mL) and the receiver compartment was filled with fresh buffer. 

Aliquots (200 µL) were removed from the receiver side every 15 min during 60 min for 

higher permeability compounds or every 30 min during 120 min for lower permeability 

compounds. The removed volume was immediately replaced with fresh buffer to 

maintain compartment volumes and prevent the formation of a hydrostatic pressure 

gradient. At the end of the incubation period, aliquots were also withdrawn from the 

donor side to calculate mass balance.   

The Papp of compounds was calculated following the equation III.2: 

Papp (cm s 1)   
(dQ dt)

A C0
 (III.2) 

where dQ/dt is the rate of permeation, A is the surface area of the membrane (cm2) and 

C0 is the initial drug concentration in the donor compartment [633].  

The efflux ratio (ER) for the BL-AP and AP-BL directions was determined by the 

equation III.3: 

ER   
PappBL AP
PappAP BL

 (III.3) 

Net flux ratios were calculated by dividing the ER obtained in transfected cells by 

the ER obtained with the parent line MDCK II [628]. If a net flux ratio over 2 was 

observed, verapamil (100 µM, 30 min) or Ko143 (0.5 µM, 1 h) were added to both sides 

of the cell monolayer before the donor solutions, to confirm the specificity of P-gp or 

BCRP-mediated efflux.  

Mass balance of each compound was calculated according to the equation III.4: 

 

Mass balance   
Cf
DVD Cf

AVA

C0
DVD

 100 (III.4) 

where Cf is the final compound concentration in the donor (Cf
D) or acceptor (Cf

A) 

compartment, C0
D is the initial concentration in the donor compartment and VD and VA 

are the volumes of the donor and acceptor compartments, respectively [219]. 
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III.3.2.7. Drug analysis 

The concentration of reference and test compounds in samples collected from the 

bidirectional transport assay was determined by HPLC with a diode-array detector (DAD) 

in an integrated chromatograph model LC-2040C-3D (Shimadzu Corporation, Tokyo, 

Japan) using validated techniques. Chromatographic analysis was achieved in a 

LiChroCART® Purospher Star-C18 column (55   4 mm; 3 μm particle size from Merck 

KGaA, Darmstadt, Germany) by isocratic elution and samples were injected directly or 

following dilution with HBSS supplemented with 10 mM HEPES pH 7.4. Test compounds 

were quantified according to published methods [634,635] with minor alterations. 

Chromatographic conditions and validation parameters were summarized in Table III.3. 

Typical chromatograms of reference compounds can be found in Appendix B.  

 

III.3.2.8. Data analysis 

Data were processed using Graphpad Prism® 5.03 (San Diego, CA, USA) and 

expressed as mean ± SD. An unpaired two-tailed Student’s t test was used to determine 

the differences of cell viability (%) compared with untreated control cells (100% cell 

viability) in the MTT assay and of rhodamine-123 or Hoechst 33342 accumulation 

compared with negative control cells (no inhibitor) in the intracellular accumulation 

assay. Differences were considered statistically significant when p < 0.05 (*), p < 0.01 

(**) and p < 0.001 (***). IC50 values were calculated by non-linear regression by 

generating sigmoid dose-response curves with variable slope, with the fitting method of 

least-squares.
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III.3.3. RESULTS 

III.3.3.1. Cellular viability of MDCK II, MDCK-MDR1 and MDCK-BCRP cells 

The MTT assay revealed a significant diminution on cell viability for some test 

compounds after a 4 h incubation period, particularly at 100 µM (Figure III.7). This was 

most evident for BIA 9-1079, for which a decrease of more than 15% cell viability was 

observed at concentrations higher than or equal to 20 µM in MDCK-MDR1 cells (p < 

0.01), 50 µM in MDCK-MDR1 (p < 0.001) and MDCK-BCRP cells (p < 0.01) and at 80 and 

100 µM in all cell lines (p = 0.002 for MDCK II at 80 µM or < 0.0001 in remaining cases). 

Hence, the incubation period with test compounds was shortened to 30 min, the 

duration of the incubation period in intracellular accumulation assays, and no significant 

loss of cell viability (p > 0.05) was verified at 100 µM, in all cell lines (Figure III.8). For 

studies exceeding 30 min (i.e. bidirectional transport assay) lower concentrations were 

selected for these test compounds, namely 10 µM (BIA 9-1079, nebicapone, tolcapone), 

30 µM (nepicastat) and 60 µM (etamicastat), given that cell viability was not 

compromised during this period (Figure III.7). 
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Figure III.7. Cell viability (%) of MDCK II (white bars), MDCK-MDR1 (light grey bars) and MDCK-

BCRP (dark grey bars) cells after incubation with test compounds for 4 h (5, 10, 20, 50, 80, 100 
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µM). Data represented as mean ± standard deviation (n = 3). p < 0.05 (*), p < 0.01 (**) and p < 

0.001 (***). C – control (100% cell viability). 

 

Figure III.8. Cell viability (%) of MDCK II (white bars), MDCK-MDR1 (light grey bars) and MDCK-

BCRP (dark grey bars) cells after incubation with test compounds for 30 min at 100 µM. Data 

represented as mean ± standard deviation (n = 3). p < 0.05 (*), p < 0.01 (**) and p < 0.001 (***). 

C – control (100% cell viability). 

 

III.3.3.2. Stability of COMT and DBH inhibitors 

During 120 min, stability at 37 °C in HBSS with 10 mM HEPES pH 7.4 was kept in the 

range 85-115% for all compounds with the exception of BIA 9-1079, nepicastat and 

zamicastat (Table III.4). Significant reductions of average stability values under 85% were 

observed at lower concentrations (QC1) after 90 min for BIA 9-1079 and nepicastat and 

earlier for zamicastat at 60 min. These results were taken into consideration when 

defining the maximal duration of subsequent assays, in association with data from the 

MTT studies. 
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Table III.4. Stability (%) of catechol-O-methyltransferase and dopamine β-hydroxylase inhibitors 

in Hank's balanced salt solution (HBSS) with 10mM HEPES pH 7.4 under assay conditions (37 ° 

C for 120 min). 

Results are expressed as mean (SD) (n = 3). QC, quality control. 

 

III.3.3.3. Intracellular accumulation of rhodamine-123 and Hoechst-33342 in MDCK II, 

MDCK-MDR1 and MDCK-BCRP cells 

As presented in Figure III.9A-B, the functionality of P-gp and BCRP was confirmed 

through a significantly lower uptake of rhodamine-123 and Hoechst 33342 in MDCK-

MDR1 and MDCK-BCRP cells compared with the parent line MDCK II. The addition of a P-

gp (100 µM verapamil) or BCRP inhibitor (0.5 µM Ko143) reversed this tendency and led 

to an increased accumulation of classic substrates (rhodamine-123 and Hoechst 33342) 

 Nominal concentration 

(µM) 

Stability/reference analyte concentrations (%) 

 30 min 60 min 90 min 120 min 

BIA 9-1059 
QC1 0.03 103.5 (2.20) 101.0 (2.43) 102.9 (1.22) 102.8 (3.94) 

QC3 0.35 100.0 (0.58) 100.8 (1.88) 101.6 (0.61) 100.4 (2.10) 

BIA 9-1079 
QC1 0.1 89.1 (2.26) 86.6 (4.97) 76.7 (2.67) 72.7 (6.14) 

QC3 1.6 96.8 (1.93) 95.4 (1.03) 93.1 (9.05) 96.3 (3.80) 

Entacapone 
QC1 0.04 100.6 (0.75) 99.3 (3.13) 100.2 (1.37) 99.9 (1.81) 

QC3 0.6 101.1 (1.57) 99.3 (2.60) 99.9 (1.15) 100.2 (1.42) 

Nebicapone 
QC1 0.06 95.0 (8.79) 96.4 (7.36) 95.7 (8.93) 95.6 (7.43) 

QC3 0.8 99.6 (1.08) 98.8 (0.60) 96.6 (1.16) 95.0 (1.73) 

Opicapone 
QC1 0.04 100.0 (5.65) 103.0 (4.73) 100.3 (1.61) 102.0 (7.63) 

QC3 0.32 97.7 (1.94) 97.5 (1.28) 95.4 (5.64) 96.2 (2.07) 

Tolcapone 
QC1 0.05 97.3 (2.85) 95.9 (1.41) 96.0 (1.51) 95.9 (3.60) 

QC3 0.8 101.9 (4.11) 99.2 (3.68) 98.4 (4.55) 96.4 (3.56) 

Etamicastat 
QC1 0.07 98.4 (0.89) 98.8 (2.57) 99.8 (5.63) 99.0 (4.84) 

QC3 1.6 99.1 (1.69) 99.0 (0.60) 97.9 (1.13) 97.9 (0.63) 

Nepicastat 
QC1 0.09 98.9 (8.99) 91.1 (4.59) 81.7 (6.84) 79.7 (3.71) 

QC3 2.4 101.0 (4.65) 94.9 (6.14) 94.3 (4.05) 92.8 (5.94) 

Zamicastat 
QC1 0.12 87.9 (2.83) 78.7 (3.81) 80.2 (7.10) 71.0 (3.02) 

QC3 1.6 93.2 (1.95) 92.9 (2.43) 91.8 (2.16) 86.3 (3.81) 



EFFLUX TRANSPORT

149 

in both cases (by 3.0 and 4.2-fold, respectively). In contrast, no inhibitory effect was 

observed in MDCK II cells.  

Figure III.9. Accumulation of rhodamine-123 (Rh-123) and Hoechst 33342 in P-glycoprotein (P-

gp) and breast cancer resistance protein (BCRP)-transfected cells compared with parent MDCK II 

cells. Demonstration of P-gp and BCRP functionality after incubation with 100 µM verapamil or 

0.5 µM Ko143 (A–B). Intracellular uptake observed following an incubation period with 100 µM 

test compounds (C–D). Data expressed as mean ± standard deviation (n = 3). p < 0.05 (*), p < 

0.01 (**) and p < 0.001 (***). 

Incubation of MDCK-MDR1 and MDCK-BCRP cells with 100 µM test compounds 

revealed a significant accumulation of rhodamine-123 or Hoechst 33342 for some 

compounds in relation to negative controls (no addition of inhibitor) (Figure III.9C-D). 

Since BIA 9-1079, etamicastat, nepicastat and zamicastat significantly inhibited P-gp in 

MDCK-MDR1 cells, other additional 6 concentrations were tested; nevertheless a 

concentration-dependent inhibition could only be demonstrated for zamicastat (Figure 

III.10A). The IC50 of the other compounds could not be experimentally determined
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because it would be necessary to test concentrations over 100 µM to reach the top 

inhibition plateau, which would compromise solubility and the accuracy of the results. 

Indeed, when inhibitor potencies cannot be evaluated with full concentration-response 

curves due to restricted solubility, calculation of IC50 becomes erroneous and can lead to 

a wrong interpretation of relative potencies [636]. Consequently, the estimated IC50 of 

zamicastat in MDCK-MDR1 cells was 73.8 ± 7.2 µM. 

Likewise, further concentrations of BIA 9-1079, nebicapone, tolcapone, etamicastat, 

nepicastat and zamicastat were tested in MDCK-BCRP cells (Figure III.10B-G) as a very 

significant BCRP inhibition was observed at 100 µM (Figure III.9D). The lowest IC50 values 

were obtained for BIA 9-1079 (IC50 = 3.85 ± 1.0 µM), followed by zamicastat (IC50 = 17.0 ± 

2.7 µM) and nebicapone (IC50 = 18.4 ± 3.6 µM), and then by tolcapone (IC50 = 32.5 ± 3.3 

µM), nepicastat (IC50 = 47.7 ± 1.8 µM) and etamicastat (IC50 = 59.2 ± 9.4 µM). 
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Figure III.10. Dose-dependent inhibition of P-glycoprotein and breast cancer resistance protein-

mediated accumulation of rhodamine-123 (Rh-123) (A) and Hoechst 33342 (B–G) by catechol-O-

methyltransferase and dopamine β-hydroxylase inhibitors in MDCK-MDR1 and MDCK-BCRP cells. 

Values represent mean ± standard deviation (n = 3). 
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III.3.3.4. Test compound transport across MDCK II, MDCK-MDR1 and MDCK-BCRP

monolayers 

The assessment of monolayer integrity was carried through the monitorization of 

TEER and Papp determination of the paracellular marker Na-F. Although registered TEER 

values were approximately 100 Ω.cm2 for all cell lines, which could be interpreted as an 

indicator of leaky monolayers, MDCK II cells are known to display low TEER values [637] 

due to ion movement through ion pores [219]. Moreover, the Papp of Na-F was inferior 

to 1.0x10-6 cm s-1 in MDCK II cells and 0.5x10-6 cm s-1 in MDCK-MDR1 and MDCK-BCRP 

cells (Table III.5), supporting the formation of a discriminatory cell monolayer.    

Another estimated parameter in this assay was mass balance, which was between 

80–100% for less lipophilic compounds and 70–80% for more lipophilic compounds. Due 

to very low mass balance (< 40%) in preliminary studies, this assay was not performed 

for zamicastat. Its high lipophilicity (logD pH 7.4 = 3.1) makes non-specific binding to 

assay plates or cellular retention probable causes of compound loss during the 

experiment. This is commonly observed in permeability assays with extremely lipophilic 

drugs and can lead to an underestimation of Papp values through a reduction of the 

concentrations in the donor (driving force) and receiver compartments [633,638]. Some 

solutions have been proposed in literature, such as washing plastic containers with 

organic solvents or adding serum proteins to the receiver compartment [638–640] but 

these approaches may interfere with analytical methods, membrane fluidity or 

transporter function.  

The concentration of donor solutions and the sampling time of each reference and 

test compound were defined following preliminary assays and considering the sensitivity 

of the analytical methods, as well as the data from cell viability and stability studies. 

Prior to transport studies with COMT and DBH inhibitors, a set of seven chemically 

diversified commercial drugs was used to validate experimental conditions (Table III.5). 

This set included drugs with transcellular permeability (carbamazepine, propranolol and 

trazodone), paracellular permeability (atenolol), dual P-gp and BCRP substrates 

(cimetidine), P-gp–specific substrates (quinidine) and BCRP–specific substrates 

(sulfasalazine) [299,520,616,641,642]. Net flux ratios of respective P-gp and BCRP 

substrates were superior to 2 which verify a correct identification by the respective 
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transporter, and the obtained results were consistent with literature data, 

demonstrating that the applied method provides enough sensitivity for the identification 

of P-gp and BCRP substrates.  

Among the tested COMT and DBH inhibitors, three compounds were identified as P-

gp substrates, namely BIA 9-1079, etamicastat and nepicastat (Table III.6). Net flux ratios 

were reduced more than 50% in all cases by verapamil, approximately 78.7 ± 10.3% for 

BIA 9-1079, 86.1 ± 0.79% for etamicastat and 55.1 ± 1.98% for nepicastat, which attests 

the specificity of P-gp mediated efflux. This is in agreement with recently published data 

for etamicastat and nepicastat, which showed to be P-gp substrates in Caco-2 and 

MDCK-MDR1 cells [470]. In parallel, BIA 9-1059, entacapone, nebicapone, opicapone 

and etamicastat were for the first time identified as BCRP substrates. After pre-

incubation with Ko143, a decrease in net flux ratio of 89.7 ± 2.18% was obtained for BIA 

9-1059, 91.1 ± 2.47% for entacapone, 64.2 ± 3.96% for nebicapone, 91.2 ± 1.90% for

opicapone and 52.8 ± 0.44% for etamicastat. The detection of net flux ratios > 2 together 

with a reduction of over 50% in the presence of an inhibitor, ascertain the identification 

of these COMT or DBH inhibitors as P-gp and/or BCRP substrates in accordance to the 

decision-trees provided by the ITC and FDA [558,617]. 
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III.3.4. DISCUSSION

The BBB is a dynamic interface responsible for the homeostasis of the CNS through

the regulation of the molecular exchanges between the blood and the neural tissue. The 

conjugation of CECs with astrocytes, pericytes, microglia, neurons and extracellular 

matrix elements creates a severely restricted traffic of molecules into the CNS. While 

hydrophilic compounds are prevented from entering by paracellular route, smaller 

lipophilic compounds may undergo transcellular passive diffusion. There are also 

mechanisms of transcytosis, carrier-mediated influx and various efflux transporters, 

among which P-gp and BCRP have a prominent role. This complex microenvironment is 

extremely difficult to achieve in vitro, making the development of predictive, 

inexpensive, high throughput and BBB-specific in vitro models a very challenging task. 

Despite having different morphological and functional properties due to epithelial origin, 

MDCK cells and transfected subclones have been widely used to study permeability and 

efflux susceptibility across the BBB and are able to accurately distinguish passive from 

effluxed compounds [219,250]. Therefore, the MDCK II, MDCK-MDR1 and MDCK-BCRP 

cell lines were selected to determine the influence of P-gp and BCRP on the access of 

COMT and DBH inhibitors to the CNS. Additionally, it was investigated whether these 

compounds could inhibit the P-gp or BCRP-mediated efflux of known fluorescent probe 

substrates (rhodamine-123 and Hoechst 33342, respectively). 

In the intracellular accumulation assay, reference P-gp (verapamil) and BCRP 

(Ko143) inhibitors successfully prevented the efflux of rhodamine-123 or Hoescht 33342 

in MDCK-MDR1 and MDCK-BCRP cells, respectively. Care was taken to use Ko143 at 0.5 

µM in all assays, due to the recently reported lack of BCRP specificity for concentrations 

above 1 µM [599]. Among COMT inhibitors, BIA 9-1079, nebicapone and tolcapone 

demonstrated a concentration-dependent inhibition of BCRP; on the other hand, the 

DBH inhibitors etamicastat and nepicastat inhibited BCRP with a slight effect on P-gp, 

while zamicastat clearly inhibited both BCRP and P-gp. There is a need to evaluate the 

inhibitory effect of circulating concentrations of zamicastat upon the fate of drugs that 

undergo combined human P-gp and BCRP efflux and for which BBB penetration may be 

drastically impaired.  
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Furthermore, IC50 values indicate that BIA 9-1079 was the most potent BCRP 

inhibitor among the test compounds. However, the observed inhibitory effect was not 

considered clinically relevant and a DDI risk at the BBB is low, as the circulating levels of 

this metabolite of opicapone are 30 times lower in plasma than the reported 

concentrations that result in inhibition of BCRP. In fact, according to Almeida et al. 2013 

[436] the Cmax obtained in plasma for BIA 9-1079 after a single therapeutic oral dose of 

50 mg of opicapone was 51 ng mL-1 while the IC50 herein found was 3.85 µM 

(approximately 1530 ng mL-1). So far, the most potent inhibitors capable of affecting 

efflux at the BBB in humans and non-human primates are tariquidar and elacridar 

[565,571,573], however these inhibitors are only available for research. For marketed 

drugs, modulation of efflux at the BBB is improbable because the unbound systemic 

concentrations attained for an inhibitor at therapeutic doses are low, meaning that 

major increases in brain uptake are not usually observed in the presence of clinically 

relevant doses of the inhibitor [578].  

Transcellular permeability assays are frequently used in drug discovery programs to 

evaluate compounds as substrates of drug transporters. The rate of test compound 

transport across a cell monolayer is measured from the AP-BL direction or BL-AP 

direction, normally through quantification by HPLC, and the ER can be calculated to 

determine the asymmetry in flux caused by transporter activity [37]. Using validated 

experimental conditions with reference compounds, it was possible to identify three P-

gp substrates (BIA 9-1079, etamicastat, and nepicastat) and five BCRP substrates (BIA 9-

1059, entacapone, nebicapone, opicapone and etamicastat) among COMT and DBH 

inhibitors. Notwithstanding, the contribution of P-gp and BCRP-mediated efflux to the 

overall distribution of compounds across the BBB should be conjugated with information 

regarding other aspects that affect CNS exposure and/or activity. For example, BIA 9-

1059, entacapone, opicapone and etamicastat are compounds with an intrinsically lower 

passive permeability (Table III.6; [643]) and therefore, efflux is an additional factor 

contributing to their peripheral selectivity. In particular, etamicastat was classified as a 

dual-substrate of P-gp and BCRP, making the synergic effect that both transporters have 

at the BBB another variable that determines its low brain penetration in vivo.   

Conversely, nebicapone and nepicastat, which can cause peripheral and central 

COMT or DBH inhibition in vivo, were herein identified as BCRP or P-gp substrates, 
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respectively. It is noteworthy that for nebicapone the central inhibitory effect is dose-

dependent, as a preferential peripheral selectivity was observed at 3 mg kg-1 and lost at 

30 mg kg-1 in Wistar rats [644]. For nepicastat, the impairment of brain penetration by an 

efflux process is evidenced by its Kp,uu < 1 values (0.03 – oral administration; 0.1 – 

intravenous administration) but catecholamine levels in the brain were still altered due 

to DBH inhibition [470]. This reveals that even though P-gp and BCRP may limit access to 

the CNS, P-gp and BCRP substrates can be centrally active provided that the attained 

concentrations in the CNS are enough to cause a pharmacological response. In any case, 

there will be a disequilibrium in the brain and plasma distribution, which allied with the 

up- or down-regulation of transporter expression in several neuropathologies, will affect 

the rate and extent of BBB penetration of its substrates.  

 

III.3.5. FINAL CONSIDERATIONS 

Using intracellular accumulation assays and bidirectional transport studies with 

MDCK II, MDCK-MDR1 and MDCK-BCRP cells it was possible to successfully identify P-gp 

and BCRP inhibitors and substrates among COMT and DBH inhibitors. Given the 

translational difficulties reported in literature, there was herein the concern of 

performing these studies with P-gp and BCRP of human origin. To the best of our 

knowledge, there are no published in vitro studies characterizing the role of P-gp and 

BCRP on the BBB transport of the tested COMT and DBH inhibitors up to date, with the 

recent exception of P-gp in regard to etamicastat and nepicastat [470]. Our studies 

provide important information concerning the access of these compounds to the CNS, 

and may also improve the understanding of the mechanistic influence of these 

transporters on the absorption and distribution of the tested compounds across other 

biological barriers, where their expression can be a hindering factor to therapeutic 

efficacy. 
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CHAPTER IV. EXTENT OF BRAIN EXPOSURE: IN VIVO PHARMACOKINETIC 

STUDIES  

 

Brain drug delivery is determined by several pharmacokinetic processes, including 

the rate of transport across the BBB into the brain, the extent of equilibration of 

unbound drug between the brain and plasma, and the degree of intra-brain distribution.  

In this chapter, BIA 9-1079 and tolcapone were intravenously administered to 

Wistar rats, in order to determine their extent of brain penetration and intra-brain 

distribution. Plasma and brain samples were collected at pre-defined time points post-

dosing by cardiac puncture, followed by intracardiac perfusion. All samples were pre-

treated and analysed by HPLC-DAD using validated methods. Elacridar was included in 

the formulation to attest the involvement of P-gp and/or BCRP in the transport of BIA 9-

1079 or tolcapone across the BBB. Moreover, fu,plasma and fu,brain were determined in vitro 

by ultrafiltration.   
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IV.1. INTRODUCTION 

In order to comprehend and predict drug distribution into and within the CNS, it is 

important to integrate different concepts that define brain exposure and adequately 

interpret their meaning. Several parameters can be applied to characterize distinct 

aspects of brain penetration of drug candidates, but not all are critical for guiding drug 

design, lead optimization and candidate selection, and some should not be used as 

selection criteria for compound prioritization as they have little influence on in vivo CNS 

efficacy [85].  

Up until recently, log BB or Kp were used to interpret the extent of distribution 

between brain and plasma, notwithstanding these parameters do not distinguish bound 

from unbound drug and can be potentially erroneous [148]. Researchers initially fell into 

the lipidization trap, which led to a mass production of CNS compounds with extremely 

high lipophilicity, an elevated Kp, and consequently high non-specific binding to brain 

tissue and low pharmacologically active unbound drug in the brain [92]. Instead, it is 

advisable to perform the assessment based on a more valuable parameter, Kp,uu, since it 

is reliably connected to pharmacodynamic effects and reflects the occurrence of active 

transport between brain ISF and plasma, when it differs from 1 [148]. Thus, Kp,uu is not 

distorted by non-specific binding to brain tissue and represents the processes that 

determine the unbound drug levels in the key compartment of many CNS targets [604].  

In truth, Kp,uu informs about the relative magnitude of net influx and efflux 

clearances at the BBB, while describing the capacity of in vivo active transport, 

independently of which transporters are involved. For instance, the same drug can be 

exposed to several types of transport processes and ultimately it is the relationship 

between them, i.e. the dominant transport process, that will determine Kp,uu. If BBB 

transport is dominated by passive processes or active influx and efflux clearances are 

similar, Kp,uu will be close to 1, whereas if elimination processes are more efficient (e.g. 

efflux transport), Kp,uu will be below 1. Conversely, when Kp,uu is above 1, influx processes 

at the BBB are quantitatively more efficient and the drug is actively transported from 

plasma to brain [40]. Nevertheless, the use of strict cut-offs for Kp,uu to make go/no-go 

decisions is flawed, as there are known centrally-active compounds with Kp,uu < 1. In 
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alternative, is it advisable to deliberate about each compound in particular and associate 

Kp,uu with pharmacodynamic potency data and target engagement [84].   

Neuropharmacokinetic studies in rodents may be performed by taking brain and 

plasma samples at various time points and measuring total drug concentrations of 

samples. Then, the unbound drug concentrations can be derived through multiplication 

by fu,plasma and fu,brain [85]. Comparing Kp,uu values obtained by single-dose administration 

with intravenous constant rate infusion, it was revealed that there was a good 

agreement between the approaches and that single-dose studies constitute an 

appropriate method [84].  

In this context, in vivo studies were performed for BIA 9-1079, the preferentially 

peripheral active metabolite of opicapone in animals but minor in humans [442], and for 

tolcapone, a potent central and peripheral COMT inhibitor [530]. The purpose of this 

work was to compare and determine their extent of equilibration between plasma and 

brain and intra-brain distribution. Firstly, HPLC techniques for the quantification of BIA 

9-1079 and tolcapone were adequately validated in plasma and brain matrices of Wistar 

rats. Afterwards, fu,plasma and fu,brain were determined by ultrafiltration for both 

compounds. Lastly, BIA 9-1079 and tolcapone were separately administered to Wistar 

rats by intravenous bolus injection. The concentration levels of the compounds were 

determined and the corresponding pharmacokinetic profiles were evaluated and 

compared. Elacridar, a third-generation potent P-gp and BCRP modulator, was also co-

administered to assess the impact of efflux inhibition on the brain distribution of these 

compounds. 

 

IV.2. METHODS 

IV.2.1. Chemicals and reagents 

BIA 9-1079, tolcapone and nebicapone were gently supplied by BIAL-Portela & Ca., 

S.A. (S. Mamede do Coronado, Portugal). Pentobarbital sodium salt, tamoxifen citrate 

salt, sodium dihydrogen phosphate dehydrate and hydrochloric acid (37%) were 

purchased from Sigma-Aldrich (St. Louis, MO, USA). Acetonitrile (HPLC gradient grade), 

ethyl acetate and DMSO were acquired from Fisher Scientific (Leicestershire, UK). Ortho-
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phosphoric acid (85%) was purchased from Panreac (Barcelona, Spain). Polyethylene 

glycol (PEG) 400 was acquired from Merck Millipore (Darmstadt, Germany). Sodium 

chloride 0.9% solution and heparin-sodium 5.000 I.U mL-1 were purchased from B. Braun 

Medical (Queluz de Baixo, Portugal). 

 

IV.2.2. Animals 

Healthy male Wistar rats weighting 275–300 g were purchased from Charles River 

Laboratories (L’Arbresle,  rance). The animals were housed in a controlled environment 

(12 h light/dark cycle; temperature 20 ± 2 °C; relative humidity 55 ± 5%) for at least 

seven days prior to the beginning of the experiments, with ad libitum access to food and 

tap water. All experimental and care procedures were conducted in accordance with the 

European Directive (2010/63/EU) regarding the protection of laboratory animals used 

for scientific purposes and with the Portuguese law on animal welfare (Decreto-Lei 

113/2013, 2013). The experimental procedures were reviewed and approved by the 

Portuguese National Authority for Animal Health, Phytosanitation and Food Safety 

(DGAV – Direção Geral de Alimentação e Veterinária). 

 

IV.2.3. In vitro brain and plasma protein binding 

The fu,plasma and fu,brain of tolcapone and BIA 9-1079 were estimated by ultrafiltration, 

according to [494] with minor alterations. An Amicon® Ultra-0.5 centrifugal filter device 

was used, with a low binding regenerated cellulose membrane and a 30 KDa cut-off 

(Merck Millipore, Darmstadt, Germany).  

Blank plasma and homogenates of brain tissue collected from healthy Wistar rats (1 

mL) were spiked with 10 µL of compound solution yielding a final concentration of 100 

µM. Brain homogenates were prepared by dilution with 50 mM PBS pH 7.4 (1:4, w/v) 

using a Teflon® pestle tissue homogenizer (Thomas Scientific, Swedesboro, USA). At the 

beginning of the assay, 100 µL of plasma or brain homogenate were withdrawn to 

determine the initial compound concentration (C1), while the remaining portion was 

incubated for 1 h at 37 °C in a shaking water bath. Following the incubation period, 100 

µL were collected to determine the concentration of test compound not subjected to 

ultrafiltration (Ct) and 500 µL were transferred to the ultrafiltration device (n = 4) and 
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spun at 14000 g for 15 min at 37 °C. Then, the concentration of compound was analysed 

in the ultrafiltrate (Cf), in the concentrated sample at the top of the ultrafiltration device 

(Cc) and in the remaining sample volume at the end of the experiment (C37) by HPLC. The 

unbound fractions (fu) in plasma and brain were calculated considering equation IV.1 

described by [494]: 

fu   1   
Ct   Cf
Ct

 (IV.1) 

where Ct is the total concentration of compound not subjected to ultrafiltration and Cf is 

the ultrafiltrate free drug concentration.  

In order to correct for the brain tissue dilution that occurs during homogenization, 

fu,brain was estimated according to equation IV.2 [40]: 

fu,brain   
1 D

 ((1 fu)   1)   1 D
 (IV.2) 

where fu is the fraction of unbound drug in the diluted brain homogenate and D is the 

dilution factor of brain tissue.  

The recovery and stability of plasma and brain samples were calculated following 

equations IV.3 and IV.4 [645]: 

% recovery   
(CC   VC   Cf   Vf)

C1  V1
   100 (IV.3) 

% stability   (
C37
C1

)   100 (IV.4) 

where C1 is the initial compound concentration at the beginning of the assay, V1 is the 

volume of plasma or brain homogenate loaded to the ultrafiltration device, CC and VC are 

the drug concentration and volume of the sample on the top of the ultrafiltration device 

at the end of the centrifugation, Cf and Vf are the drug concentration and volume of the 

ultrafiltrate and C37 is the drug concentration at the end of the experiment.   

 

IV.2.4. In vivo brain disposition of BIA 9-1079 and tolcapone 

Rats were randomly distributed in two groups, each of which received either BIA 9-

1079 (n = 30) or tolcapone (n = 27). On the day of the experiment, stock solutions of 

tolcapone and BIA 9-1079 were prepared in DMSO (40 mg mL-1) and diluted 20-fold in a 

vehicle composed of PEG-NaCl 0.9% (50:50, v/v) to achieve a final concentration of 2   
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mg mL-1. Prior to administration, the animals were anesthetized by intraperitoneal 

administration of sodium pentobarbital (60 mg kg-1). Under anaesthesia, the formulation 

of tolcapone or BIA 9-1079 was administered by an intravenous bolus injection into the 

lateral tail vein, at the dose of 10 mg kg-1 with a total volume of administration of 5      

mL kg-1. For tolcapone, plasma and brain samples were collected immediately after its 

administration (0.03 h) and at 0.08, 0.25, 0.5, 0.75, 1, 3, 6 and 12 h post-dosing; for BIA 

9-1079, an additional sample collection was performed at 24 h post-dosing.  

The blood was collected from the left ventricle by cardiac puncture using 

heparinized syringes and immediately transferred to heparinized tubes for 

centrifugation at 1514 g for 10 min at 4 °C. Intracardiac perfusion with NaCl 0.9% was 

performed to remove residual blood from brain tissue. The brain was rapidly removed, 

carefully weighed and stored frozen at -80 °C until drug analysis.   

To determine the influence of P-gp and/or BCRP in the transport of BIA 9-1079 and 

tolcapone, the rats were randomly divided into four groups (n = 8-12 animals per group), 

all of which received tolcapone or BIA 9-1079 in the same dose (10 mg kg-1) of the 

previous study. In two of the groups, elacridar (2.5 mg kg-1) was added to the 

formulation and co-administered with tolcapone or BIA 9-1079; on the other hand, the 

other two groups were co-administered with the vehicle [PEG-NaCl 0.9% (50:50, v/v)] 

instead of elacridar. The animals were sacrificed at 0.08, 0.25, 0.5 and 1 h post-dosing 

and the blood and brain were collected using the aforementioned procedures. 

 

IV.2.5. Drug analysis 

Samples collected from protein binding assays, as well as, plasma and brain samples 

from the in vivo studies were analysed by HPLC-DAD in an integrated chromatograph 

model LC-2040C-3D (Shimadzu Corporation, Tokyo, Japan) using validated techniques. 

Chromatographic analysis was achieved in a LiChroCART® Purospher Star-C18 column 

(55   4 mm; 3 μm particle size from Merck Millipore, Darmstadt, Germany) by gradient 

elution.  

Plasma and brain samples of BIA 9-1079 and tolcapone were pre-treated according 

to published methods [634,635] with minor modifications. Briefly, sample pre-treatment 

encompassed two techniques, protein precipitation and liquid-liquid extraction. After 
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thawing at room temperature, rat plasma and brain homogenate samples were spun at 

at 13,400 rpm (12,045 g) for 2 min. Then, 100 µL (plasma) or 150 µL (brain homogenate 

supernatant) were spiked with 10 µL of internal standard working solution, tamoxifen 

(90 µg mL-1) for plasma samples or nebicapone (35 µg mL-1) for brain samples. 

Subsequently, protein precipitation was carried out by adding 400 µL of acetonitrile to 

samples, vortexing them for 30 s and centrifuging them at 13,400 rpm (12,045 g) for 10 

min. The supernatant was collected and 200 µL of 2M hydrochloric acid were added and 

vortexed for 30 s. Then, liquid-liquid extraction was initiated by adding 500 µL of ethyl 

acetate. The mixture was vortexed for 2 min and centrifuged at 13,400 rpm (12,045 g) 

for 5 min. The upper organic layer was collected and placed in a clean glass tube, while 

the aqueous layer was re-submitted to liquid-liquid extraction using the same 

procedure. Organic phases were combined, completely evaporated under a nitrogen 

stream at 45 °C and the residue was reconstituted with 100 µL of 50 mM phosphate 

buffer pH 2.45: acetonitrile (50:50, v/v). Lastly, the reconstituted extract was spun for 2 

min at 13,400 rpm (12,045 g) and 20 µL of the supernatant were injected into the HPLC 

system. Chromatographic conditions and main validation parameters are summarized in 

Table IV.1. Additional information on the bioanalytical techniques can be found in 

Appendix C.  
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Table IV.1. Chromatographic conditions and validation parameters of high performance liquid 

chromatography-diode array (HPLC-DAD) techniques applied for the quantification of BIA 9-1079 

and tolcapone in samples from in vivo assays. 

 

ACN, acetonitrile; Bias, deviation from nominal value; CV, coefficient of variation; LLOQ, lower limit of quantification. 

 
IV.2.6. Pharmacokinetic data analysis 

The Cmax in plasma and brain of tolcapone and BIA 9-1079 and the corresponding 

time to reach Cmax (tmax) were directly obtained from the experimental data. The 

remaining pharmacokinetic parameters were estimated from the mean concentration 

values determined at each time point by non-compartmental analysis using the 

WinNonlin® version 6.4 software. The pharmacokinetic parameters evaluated were the 

area under the drug concentration time-curve (AUC) from time zero to the time of the 

last measurable drug concentration (AUC0-t) which was calculated by the linear 

trapezoidal rule; the AUC from time zero to infinite (AUC0-inf) was calculated from AUC0-t 

+ (Clast/kel), where Clast is the last observed concentration and kel is the apparent 

elimination rate constant estimated by log-linear regression of the terminal segment of 

the concentration–time profile; the percentage of AUC extrapolated from tlast to infinity 

[AUCextrap(%)], where tlast is the time of Clast; and the apparent terminal elimination half-

life (t1/2el) and mean residence time (MRT). Kp,uu was calculated from the ratio of AUC0-t 

for Kp, fu,plasma and fu,brain, using equation IV.5 [84,95]: 

 BIA 9-1079 Tolcapone 

 Plasma Brain Plasma Brain 

Mobile phase  
A: 50 mM phosphate buffer pH 2.45 

B: ACN [33-60% (0-8 min); 60% (8-9 min); 60-33% (9-10 min); 33% (10-14 min)] 

Flow rate (mL min
-1

) 0.8 

Detection wavelength 

(nm) 
280 271 

Injection volume (µL) 20 

Calibration range  

(µg mL-1) 
0.04 – 6 0.02 – 4 0.04 – 6 0.02 – 4 

Coefficient of 

determination (r
2
) 

0.998 0.996 0.998 0.997 

LLOQ (µg mL-1) 0.04 0.02 0.04 0.02 

Inter-day precision  

(% CV) 
  13.3   7.7   10.7   8.6 

Inter-day accuracy 

(% Bias) 
–6.9 to 4.6 –3.9 to 5.6 –6.1 to 9.3 –5.7 to 2.0 
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 p,uu   
 p

1
fu,brain corrected

   fu,plasma

 (IV.5) 

where fu,brain,corrected values are fu,brain values corrected for lysosomal trapping using the 

pH partitioning model proposed by [95]. Other parameters such as the predicted 

unbound cytosolic-to-extracellular drug concentration ratio (Kp,uu,cyto,pred), the predicted 

lysosomic-to-cytosolic unbound drug concentration ratio (Kp,uu,lyso,pred), the predicted 

unbound drug intracellular-to-extracellular partitioning coefficient (Kp,uu,cell,pred) and the 

predicted volume of distribution of unbound drug in the brain (Vu,brain,pred) were also 

estimated according to [95] and [84]. 

 
IV.3. RESULTS 

IV.3.1. Binding of BIA 9-1079 and tolcapone to plasma and brain tissue 

The obtained values of fu,plasma and fu,brain for BIA 9-1079 and tolcapone following 

ultrafiltration are indicated in Table IV.2. Both COMT inhibitors revealed high binding to 

plasma proteins in in vitro conditions, with recoveries ranging from 86.1 ± 1.8% (BIA 9-

1079) to 96.0 ± 10.6% (tolcapone) and stability values of 105.9 ± 3.0% and 102.2 ± 2.5%. 

Uncorrected and corrected fu,brain values were lower for BIA 9-1079 than tolcapone with 

recoveries between 97.3 ± 3.1% for BIA 9-1079 and 91.9 ± 3.07% for tolcapone. Stability 

values were 100.2 ± 5.0% and 86.0 ± 1.4% for BIA 9-1079 and tolcapone, respectively. 

 
IV.3.2. Plasma and brain pharmacokinetics of BIA 9-1079 and tolcapone 

The mean concentration-time profiles of BIA 9-1079 and tolcapone in plasma and 

brain, after a single intravenous dose (10 mg kg-1) to rats are depicted in Figure IV.1A-B. 

The main pharmacokinetic parameters estimated by non-compartmental analysis and 

other pharmacokinetic parameters relative to the extent and intra-brain distribution are 

presented in Table IV.2. Considering the pharmacokinetic profiles of both compounds in 

plasma (Figure IV.1A), it is visible that the systemic exposure of BIA 9-1079 is greater 

than that of tolcapone, as corroborated by the AUC0-inf which was 2.3-fold higher for BIA 

9-1079. The 4.0-fold higher t1/2el (5.39 h vs. 1.36 h) demonstrates that BIA 9-1079 was 

more slowly eliminated and remained longer in plasma than tolcapone (2.46 h vs. 1.09 

h).  
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Figure IV.1. Mean concentration-time profiles of BIA 9-1079 and tolcapone in plasma (A) and 

brain (B) following 10 mg kg-1 intravenous administration to Wistar rats. Each data point is 

presented as mean ± standard error of the mean (n = 27 – 30 animals per group).  

 
In opposition, brain exposure was 3.3-fold higher for tolcapone than for BIA 9-1079, 

considering the AUC0-t values. The Cmax in the brain was also 2.1-fold higher for tolcapone 

and reached almost immediately after administration (0.03 h). Nonetheless, the 

obtained Kp,uu values were below unit for both compounds, indicating a restricted extent 

of brain penetration and dominant active efflux processes. As previously mentioned, this 

parameter was determined from Kp and in vitro fu,brain converted to fu,brain,corrected 

according to [95]. In order to determine fu,brain,corrected, it was required to estimate  

Kp,uu,cell,pred taking into account the pKa of the drug. Despite possessing two pKa values 

(4.9 and 10.2 for BIA 9-1079; 3.1 and 9.9 for tolcapone), both compounds were herein 

considered acids, due to the net negative charge displayed at pH 7.4. The observed 

Kp,uu,cell,pred values (Table IV.2) reflect a low intracellular accumulation of the compounds 

and exclude trapping in lysosomes, as well as, uptake into cells.  
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From fu,brain,corrected and Vu,brain,pred (= 1/fu,brain,corrected) it is noticeable that both 

compounds reveal non-specific binding to brain parenchyma (Vu,brain,pred > 0.8 mL g-1 

brain), although this is more evident for BIA 9-1079 than tolcapone, because tolcapone 

displays a higher fu,brain,corrected (0.247) and it is therefore, more available for target 

engagement than BIA 9-1079. Brain tissue binding is also influenced by lipophilicity and 

even though both compounds are moderately lipophilic, BIA 9-1079 is more lipophilic 

(log D pH 7.4 = 1.7) than tolcapone (log D pH 7.4 = 0.1), originating a higher affinity of 

BIA 9-1079 to brain components.  

The effect of the co-administration of elacridar on the plasma and brain 

concentration-time profiles of tolcapone and BIA 9-1079 are depicted in Figure IV.2A-D. 

Figure IV.2. Mean concentration-time profiles of BIA 9-1079 and tolcapone in plasma and brain 

with and without the co-administration of elacridar (2.5 mg kg-1) are depicted from A-D. Each 

data point is presented as mean ± standard error of the mean (n = 8 – 12 animals per group) and 

significant differences between group concentrations at specific time-points were calculated by 

two-tailed Student’s t-test. p < 0.05 (*), p < 0.01 (**). 
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 The proximity evidenced in Figure IV.2A and IV.2C between plasma concentrations 

after vehicle or elacridar administration and the AUC0-t values of BIA 9-1079 or 

tolcapone with vehicle or with elacridar (Table IV.3), suggests that plasma exposure was 

not affected by the co-administration of elacridar. Nevertheless, statistically significant 

differences were found in brain concentrations of BIA 9-1079 and tolcapone between 

elacridar and vehicle-administered rats, namely at 0.25, 0.5 and 1 h post-dosing (Figure 

IV.2B / IV.2D). With elacridar, the brain AUC0-t of BIA 9-1079 and tolcapone increased 

2.57- and 2.38-fold, respectively. These results attest the contribution of P-gp and/or 

BCRP to the limited extent of brain distribution of these COMT inhibitors.  

 

Table IV.3. Plasma and brain exposure of BIA 9-1079 and tolcapone after intravenous 

administration (10 mg kg-1) to Wistar rats with or without co-administration of elacridar (2.5    

mg kg-1). 

 

AUC is expressed in µg.h g-1 in brain tissue;  

AUC0-t, area under the concentration-time curve from time zero to the last measurable concentration; Kp, ratio of 

total brain-to-plasma AUC0-t; Kp,uu, unbound brain-to-plasma ratio.  

 

IV.4. DISCUSSION 

BIA 9-1079 and tolcapone were administered to Wistar rats and the 

pharmacokinetic parameters obtained in the brain support that both compounds 

crossed the BBB quickly and soon achieved Cmax. Still, the most clinically relevant 

parameter Kp,uu revealed a low extent of brain penetration for both compounds, in 

particular for BIA 9-1079. These results were not surprising for BIA 9-1079 given that it 

had been identified as a P-gp substrate in vitro. Notwithstanding, tolcapone was not 

identified in vitro as P-gp or BCRP substrate, probably because its efflux was surpassed 

 
AUC0-t (µg.h mL-1) Kp Kp,uu 

Vehicle Elacridar Vehicle Elacridar Vehicle Elacridar 

BIA 9-1079 
Plasma 32.71 37.34 

0.001 0.003 0.007 0.017 
Brain 0.037 0.095 

Tolcapone 
Plasma 27.31 28.59 

0.002 0.004 0.041 0.095 
Brain 0.050 0.119 
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by its very high permeability. In fact, this has also been observed for other high 

permeability efflux substrates, such as verapamil [219].  

Additionally, the significant increase of brain exposure of BIA 9-1079 and tolcapone 

following the co-administration with elacridar confirms that P-gp and/or BCRP 

contribute to their limited access to the brain. Although other authors have reported 

low total or unbound brain-plasma ratios for tolcapone [224,419,529], this drug is a 

known peripheral and central COMT inhibitor, which could misleadingly convey that it 

crosses the BBB to great extent. In fact, 99% of brain COMT was inhibited after 0.5 h of 

an oral administration of tolcapone (30 mg kg-1) to Wistar rats [426] probably due to its 

elevated potency, as evidenced by the very low IC50 values determined for membrane-

bound (2 nM) and cytosolic (3 nM) brain COMT [425]. Hence, even though P-gp and 

BCRP severely hamper drug access to the CNS, efflux substrates can be centrally active if 

the administered dose is sufficient to result in pharmacologically active concentrations 

in the CNS.  

Comparatively, BIA 9-1079 crossed the BBB in even less extent than tolcapone (35-

fold lower Kp,uu), meaning that peripheral effects are favoured and CNS effects are much 

less probable. Indeed, the likelihood of CNS activity of a compound diminishes, as Kp,uu 

decreases [646]. Furthermore, despite demonstrating peripheral selectivity and being a 

major metabolite of opicapone in animals, the contribution of BIA 9-1079 to the 

peripheral therapeutic effects of opicapone in humans is minor, given that BIA 9-1079 

represents only 20% of its systemic exposure [443].  

 

IV.5. FINAL CONSIDERATIONS 

In vivo assays were performed for BIA 9-1079 and tolcapone, providing relevant 

information in regard to their extent of brain distribution and intra-brain tissue binding. 

Our studies are in line with the current notion that a conjugation of data from different 

parameters of CNS penetration is necessary to evaluate and explain brain drug 

transport. 
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CHAPTER V. GENERAL DISCUSSION 

 

There is currently a large discrepancy between the necessity of more and improved 

drugs for the treatment of CNS diseases and the number of innovative compounds that 

is effectively reaching the market. Despite the diversity of CNS pathologies that affect 

millions of people worldwide, there has been a generalized decrease in the investment 

made in this therapeutic area, due to the disappointing results that many promising 

candidates yield during preclinical phases and even late-stage clinical phases. This trend 

caused researchers from the academy, pharmaceutical industry and regulatory agencies 

to re-think the overall development process and identify the reasons for such low 

success rates. In part, failure can be explained by the difficulties inherent to CNS drug 

delivery, since the CNS is considered a drug sanctuary protected from external 

influences by an extremely efficient system, the BBB. Given that much is yet unknown 

about the BBB both in physiological and pathological circumstances, it becomes difficult 

to develop and implement laboratory models capable of predicting how the BBB will 

handle a specific compound or a series of compounds, while remaining as simple, high 

throughput and economic as possible.   

Furthermore, it is not only important to possess the appropriate in vitro and in vivo 

models, but also to accurately interpret the data provided by these models. This 

constitutes another struggle that had been hindering drug development in this field, 

since there were misleading definitions of pharmacokinetic concepts related to CNS 

exposure. For instance, too much emphasis was placed on the measurement of total 

brain and plasma concentrations instead of the free, unbound and pharmacologically 

available concentrations. In order to achieve optimal brain exposure, compounds were 

designed to be extremely lipophilic but this approach turned out to be counter-

productive, because the molecules often revealed high non-specific binding and affinity 

for efflux transporters. Additionally, there were frequent misconceptions in literature 

involving other parameters of CNS penetration, namely: BBB permeability; unbound 

fractions in plasma and brain tissue; and the exact influence of transporters, or 

specifically, if during the development process for CNS targets it is advisable to advance 

or immediately reject substrates of efflux transporters. Consequently, it became urgent 
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to differentiate the processes that govern the pharmacokinetics of a compound in the 

CNS, namely the rate and extent of brain penetration and intra-brain distribution. These 

notions are also applicable when the purpose is to develop molecules for peripheral 

targets and avoid CNS side-effects. Even though the adopted strategies to minimize 

brain exposure during development are different from those to maximize it, the 

assessment of CNS penetration must always be performed for all compounds, regardless 

of the original intention.  

So far, there is no consensus on the subject of the most appropriate screening 

strategy for determining the access of compounds to the CNS. In this context, the work 

underlying the present thesis relied on an integrative approach of data from in vitro and 

in vivo studies with the purpose of characterizing different aspects of CNS penetration. 

These models were optimized, validated, and then applied to diverse compound sets, 

including COMT inhibitors, DBH inhibitors and DAC derivatives. 

In this section, the obtained information on the various topics covered within 

previous chapters will be combined and examined in greater detail. The usefulness of 

applying the developed in vitro and in vivo models for describing the passage of 

compounds to the CNS will be critically discussed, as well as, the advantages and 

disadvantages subjacent to each methodology. This complementary analysis will begin 

with the evaluation of passive permeability, followed by the investigation of possible 

interactions with the main efflux transporters of the BBB and the determination of 

unbound compound concentrations in plasma and brain biological samples. 

 

The first aim of this thesis was to measure the passive permeability of compounds. 

Therefore, a PAMPA technique was developed and validated, as it is a high throughput, 

reproducible and robust method. In addition, PAMPA is widely used in early stages of 

drug discovery for the prediction of passive diffusion across phospholipid monolayers, 

and it has been adapted from the prediction of intestinal absorption to the BBB through 

the use of PBL [178]. Herein, a protocol that enables the obtainment of in-house brain 

lipid extracts was set by modifying the traditional Folch extraction method. The extracts 

were subsequently incorporated into the hydrophobic filters of the PAMPA plates and 

used as lipid membranes. Notwithstanding, it was firstly necessary to optimize and 
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validate the experimental conditions, resorting to 18 chemically diverse reference 

molecules with known BBB permeability. This implied the selection of an appropriate 

buffer solution, incubation period, stirring conditions, pH of donor and acceptor 

compartments, concentration of the lipid solution and a comparison with other lipid 

solutions, namely phosphatidylcholine and PBL. By applying the conditions that allowed 

a better classification of compounds with higher and lower BBB permeation, the in-

house brain lipid extract revealed an equivalent discriminatory capacity to PBL (r2 = 0.77) 

and superior to phosphatidylcholine (r2 = 0.56). These observations supported its use for 

the prediction of passive diffusion across the BBB. 

Moreover, the in-house brain lipid extract demonstrated physicochemical selectivity 

by achieving correlations with log D pH 7.4 (r2 = 0.83), TPSA (r2 = 0.69) and THBC (r2 = 

0.61). Interestingly, the observed values for each property, log D pH 7.4 = 1.15; TPSA = 

68.22; THBC = 5, and the positive or negative slopes were in agreement with literature 

data, which indicate that passive diffusion is promoted by lipophilicity and limited by the 

hydrogen-bonding capacity of a drug.   

The test compounds were also submitted to PAMPA with in-house brain lipid 

extract, once again obtaining similar results to those with PBL (r2 = 0.94). Among them, 

eslicarbazepine acetate, BIA 9-1079 and nepicastat were classified as having high BBB 

permeation, whereas others fell under the defined cut-off value. 

Herein, a comparison could be made between the Papp values obtained in PAMPA 

and the PappAP-BL values estimated in the bidirectional transport assay with MDCK cells, 

for the tested COMT and DBH inhibitors. Both PAMPA and MDCK cells are routinely used 

by pharmaceutical companies for permeability measurements [647], but while some 

authors state that MDCK cells display BBB-like passive permeability [219], others believe 

that PAMPA is a more suitable model to determine passive permeability across the BBB, 

due to the distinct cytoarchitecture of MDCK cells [176]. In the bidirectional transport 

assay, BIA 9-1059, etamicastat, opicapone and entacapone were among the least 

permeable compounds, while nepicastat was among those with higher permeability. 

These results were identical to PAMPA notwithstanding, differences between the 

methods were more apparent for BIA 9-1079, tolcapone and nebicapone. With MDCK 

cells, BIA 9-1079 presented a lower passive permeability than in PAMPA, whereas 

tolcapone and nebicapone displayed a higher permeability. Taking into consideration 
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the physicochemical properties that were mentioned above, PAMPA provided an 

accurate classification, given that the most distinctive feature between the compounds, 

log D pH 7.4, is higher for BIA 9-1079, while TPSA and THBC are similar. Consequently, 

BIA 9-1079 was considered more permeable than nebicapone and tolcapone by the 

PAMPA model. Another possible explanation could be related to the fact that PAMPA 

reflects transcellular passive diffusion, while cell-based assays also contemplate 

paracellular passive diffusion and active transport. However, the hypothesis of 

paracellular diffusion for tolcapone and nebicapone in MDCK II cells seems unlikely, 

since the PappAP-BL values obtained for the paracellular marker Na-F (0.48x10-6 cm s-1) 

and reference compound atenolol (0.22x10-6 cm s-1) were low, revealing a restricted 

paracellular pathway. Still, there are differences in the experimental conditions between 

the methods that may affect Papp values, such as incubation time (16 h vs. 60-120 min) 

or temperature (room temperature vs. 37 °C). For instance, a temperature increase 

generally leads to an increase in Papp, although not all compounds are affected and 

some are more affected than others [648]. Nevertheless, it is not consensual that 

conducting assays at 37 °C improves the predictivity of the model [195]. Therefore, it is 

important that Papp is compared when the applied conditions are similar, otherwise the 

agreeability between the models may be influenced by these variables.  

Overall, the developed PAMPA method with in-house brain lipid extract effectively 

differentiated BBB permeable from less permeable compounds. The implemented lipid 

extraction process was reproducible, economical and is expected to have an extended 

applicability, for enabling the extraction of lipids from other biological sources. 

Since the importance of efflux in the transport of several drugs across the BBB is 

unquestionable, the second aim of this dissertation was to establish a model that 

permitted the evaluation of the role of P-gp and BCRP, the two main efflux transporters 

of the BBB, on the access of compounds to the brain. To date, BCRP was not usually 

assessed, but recent developments point towards the synergy between this transporter 

and P-gp at the BBB. For this reason, there was the need to include BCRP-mediated 

efflux into the screening strategy.   
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Immortalized cell lines are appropriate for routine screening assays, since primary 

cell cultures are too laborious to prepare and maintain. However, BBB-specific 

immortalized cell lines do not form sufficiently restrictive tight junctions and are 

excessively leaky for transendothelial assays. Therefore, non-endothelial cell lines like 

Caco-2 or MDCK cells became widely used as surrogate models to study efflux at the 

BBB. Nonetheless, Caco-2 cells take approximately 21 days to be ready for assays due to 

a long differentiation time, making MDCK cells more advantageous. These cells can be 

stably transfected with the human MDR1 or ABCG2 genes, originating the MDCK-MDR1 

and MDCK-BCRP lines that allow the identification of P-gp and BCRP inhibitors and 

substrates. 

After performing cell viability and stability studies, potential P-gp and BCRP 

inhibitors were identified resorting to intracellular accumulation assays, using 

rhodamine-123 and Hoechst 33342 as fluorescent probe substrates for P-gp and BCRP, 

respectively, and verapamil and Ko143 as positive controls for inhibition. Initially, 

compounds were tested at a high concentration that did not compromise cell viability 

and when a significant decrease in the accumulation of probe substrate was observed, 

increasingly lower concentrations of test compound were used to verify concentration-

dependency and calculate IC50. Applying the established protocol, it was possible to 

identify one concentration-dependent P-gp and BCRP inhibitor (zamicastat) and five 

BCRP inhibitors (BIA 9-1079, nebicapone, tolcapone, etamicastat, nepicastat). IC50 values 

were in the micromolar range for all compounds, indicating that high unbound plasma 

concentrations would be necessary to achieve inhibition in vivo. Nevertheless, 

compounds that are dual P-gp and BCRP inhibitors may have a stronger impact on the 

brain exposure of drugs that go through combined efflux [604,649]. This suggests that in 

the future, the effect of circulating concentrations of zamicastat could be studied on 

synergistically effluxed drugs. 

In addition to accumulation assays, a protocol was implemented for the 

identification of P-gp and BCRP substrates using the bidirectional transport assay. 

Despite being more arduous than the intracellular accumulation assay, this method 

reliably predicts efflux liabilities, correlates well with results from in vivo studies and is 

one of the most relevant to evaluate CNS distribution [616,650]. Setting up the 

experimental conditions for this technique revealed to be a demanding task, due to the 
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lack of consensus and standardization in literature regarding the conditions that provide 

the most predictive outcomes. Therefore, it was first necessary to ponder several 

experimental variables in order to ensure proper cell attachment and the formation of a 

restrictive monolayer, such as the type of Transwell™ membrane and pore size, well 

format, the cell density, the seeding and medium replacement techniques, and the 

number of days in culture before assays.  

This assessment was performed through TEER measurements and through the 

evaluation of the Papp of the paracellular fluorescent marker, Na-F. Theoretically, in 

order to be free of leakiness, the TEER of the in vitro model should be high, while the 

penetrability of paracellular tracer molecules should be low. Nevertheless, low TEER 

values were registered throughout the culture period in the Transwell™ plates. Although 

this might be perceived as potentially problematic, it can be explained by the kidney 

origin of MDCK II cells, where ionic reabsorption is a physiological function. 

Consequently, these cells possess ion pores that contribute to ion movement and 

decrease TEER [219]. Indeed, MDCK type II cells normally display low TEER values due to 

the presence of pore-forming claudins, like claudin-2 [637]. Besides, TEER values are 

affected by several factors such as temperature or cell culture medium composition 

[651], causing variations in read-outs between laboratories. Therefore, the estimation of 

the Papp of Na-F was seen as a more reliable tool to monitor the integrity of the cell 

monolayers. The experimental conditions that yielded the lowest Papp for Na-F in all cell 

lines (under 1.0x10-6 cm s-1 in MDCK II cells and 0.5x10-6 cm s-1 in MDCK-MDR1 and 

MDCK-BCRP cells), indicating the generation of discriminatory monolayers, were chosen 

for following assays with reference molecules.  

Independently of the selected experimental approach, it is important to apply a 

well-characterized system with known substrates and inhibitors, and to utilize adequate 

controls to confirm test results [617]. The reference molecules used to validate this 

assay were not randomly selected; in truth, a deliberate choice was made to include 

chemically diverse compounds with known mechanisms of transport. Some compounds 

were not efflux substrates, whereas others had low paracellular permeability or were P-

gp-only substrates, BCRP-only substrates or P-gp and BCRP substrates. Nevertheless, 

before proceeding with the assays, it was required to validate HPLC techniques for 
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compound quantification. There was the concern to apply sensitive analytical methods, 

particularly for less permeable compounds, which could be more difficult to quantify in 

the acceptor compartment and especially in the first sampling times. Indeed, the 

sampling times and the concentration of donor solutions were defined in preliminary 

studies. The selected donor concentrations for each compound were always the lowest 

possible, taking into account the sensitivity of the applied analytical technique. 

Furthermore, the assays were performed with a protein-free buffer solution, thereby 

allowing the injection of samples directly into the HPLC apparatus without the need of 

pre-treatment steps, which together with short run-times (< 6 min), contributed to an 

increased overall throughput. This constitutes a significant advantage because when the 

three cell lines (MDCK II, MDCK-MDR1, MDCK-BCRP), compounds (reference and test 

molecules), time-points (four time-points) and sampling directions (PappAP-BL and PappBL-

AP) are considered, the final number of samples to analyse is quite large. Additionally, in 

order to minimize the impact of the replacement of growth medium by transport buffer, 

care was taken to equilibrate or pre-incubate the cells for 30 min before starting the 

transport study. 

Following the recommended criteria [558,605,617], all reference compounds 

described as effluxed substrates in literature were correctly identified in the respective 

cell lines for exhibiting net flux ratios superior to 2. Moreover, after a pre-incubation 

with verapamil or Ko143, net flux ratios were reduced more than 50% in all cases, 

confirming that no other efflux transporters were responsible for the observed data. 

Therefore, the assay was deemed as appropriately validated, and the conditions were 

applied to COMT and DBH inhibitors.  

In addition to the determination of Papp, efflux ratios and net flux ratios, the mass 

balance or recovery was estimated for reference and test compounds. This is a relevant 

parameter because when recoveries are too low, the obtained Papp becomes unreliable. 

It is more problematic for highly lipophilic compounds that can be adsorbed on the 

plastic or membrane support, preventing meaningful and reproducible permeability 

studies [633,652]. In our studies, mass balance was above 70% for all compounds, 

normally used as cut-off [610] except for zamicastat, which revealed a low recovery (< 

40%) in preliminary assays. This is understandable, given that zamicastat is the most 

lipophilic of all test compounds, considering log D pH 7.4 values. Thus, no further 
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bidirectional transport assays were performed for this compound, because the obtained 

results would not be reliable or reproducible. 

According to the same criteria as above, BIA 9-1079, etamicastat and nepicastat 

were identified as P-gp substrates in MDCK-MDR1 cells, whereas BIA 9-1059, 

entacapone, nebicapone, opicapone and etamicastat were identified as BCRP substrates 

in MDCK-BCRP cells. As a dual substrate, etamicastat will display a significantly impaired 

brain penetration, due to the cooperative effect of the two transporters in eliminating 

drugs from the brain. This was in agreement with recent literature data for etamicastat 

and nepicastat, which were identified as P-gp substrates [470].  

In sum, through optimized and validated in vitro cell-based assays, new information 

was obtained concerning the interactions of COMT and DBH inhibitors with human P-gp 

and BCRP. Using intracellular accumulation and bidirectional transport assays with 

MDCK II, MDCK-MDR1 and MDCK-BCRP cells, P-gp and BCRP substrates and/or inhibitors 

were identified, thereby contributing to the comprehension of the mechanisms that 

control the access of the tested compounds to the CNS. 

 

Another aim of the present dissertation was to evaluate the extent of CNS 

penetration (Kp,uu) and intra-brain distribution of two COMT inhibitors: BIA 9-1079, the 

major animal metabolite of opicapone, herein identified as a P-gp substrate; and 

tolcapone, a known inhibitor of central and peripheral COMT, that did not reveal to be 

an efflux substrate in bidirectional transport assays. To achieve this goal, in vivo 

pharmacokinetic studies were performed in male Wistar rats. The rat was chosen as 

animal model because it is the most commonly selected species for pharmacokinetic 

studies to assess COMT inhibitors [424,429,438,449,529,653]. Male rats were specifically 

used to prevent possible interferences from the female hormonal cycle. Moreover, BIA 

9-1079 and tolcapone were administered by intravenous route in order to circumvent 

oral absorption and guarantee complete bioavailability.  

Once again, before beginning these studies, bioanalytical techniques were validated 

to quantify BIA 9-1079 and tolcapone in rat plasma and brain. Although there were 

published techniques concerning the quantification of opicapone and BIA 9-1079 in rat 

plasma, kidney and liver [635], quantification in brain was not contemplated, nor of 
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tolcapone. Thus, adjustments were made to the chromatographic conditions of the 

previous technique, allowing the accurate, precise and reproducible determination of 

tolcapone and BIA 9-1079 in the biological matrices of interest.   

The next step concerned the definition of the dose and formulation. The dose 

settled in preliminary studies and applied in literature [654] was 10 mg kg-1. Considering 

the good practice administration volume in the rat of 5 mL kg-1 by intravenous bolus 

injection [655], formulations of 2 mg mL-1 were prepared in PEG-NaCl 0.9% (50:50, v/v), 

ensuring the complete solubilisation of tolcapone and BIA 9-1079. PEG 400 is among the 

safest organic co-solvents, commonly applied in preclinical in vivo pharmacokinetic 

studies due to its very effective solubilizing capability and safety [656] at a concentration 

of 50% for intravenous administration [657,658]. Sampling-points were also defined in 

preliminary studies, and extended for BIA 9-1079 up to 24 h post-dosing due to a slower 

elimination from plasma. Importantly, it was established that blood should be collected 

by cardiac puncture followed by intracardiac perfusion with NaCl 0.9%. This prevented 

contamination of brain samples with blood, which could lead to an overestimation of 

drug concentrations in brain tissue. Indeed, this correction is most important when 

blood concentration is large, e.g. after bolus intravenous injection, and parenchymal 

brain concentrations are small [659]. Furthermore, the existence of residual blood in 

brain homogenates has been demonstrated to affect the determination of fu,brain due to 

the presence of serum albumin [660]. For these reasons, the aforementioned 

procedures were adopted throughout all in vivo studies and for in vitro assessments of 

fu,brain. 

Following the conclusion of in vivo studies, the Kp of BIA 9-1079 and tolcapone was 

obtained. However, as previously referred in this dissertation, Kp not only reflects the 

passage of compounds across the BBB, but also non-specific binding to brain tissue and 

plasma proteins. In contrast, Kp,uu is a more relevant parameter that provides an 

estimation of the extent of equilibration of unbound drug between plasma and brain ISF. 

Consequently, to calculate Kp,uu from Kp, it was necessary to measure the fu,plasma and 

fu,brain of BIA 9-1079 and tolcapone. Several in vitro methods are available in literature 

for this purpose but some of the most widely applied are equilibrium dialysis and 

ultrafiltration. Equilibrium dialysis is a well-known technique nevertheless, it involves 

long equilibration times (4-6 h) at 37 °C, which may interfere with compound stability in 
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plasma and brain homogenate [92]. Conversely, ultrafiltration increases assay 

throughput, as it is much less time-consuming (1 h). Its greatest drawback is non-specific 

binding to the filter membrane and plastic device [661,662]. Thus, ultrafiltration was 

selected to estimate fu,plasma and fu,brain for BIA 9-1079 and tolcapone, with recoveries 

ranging between 86 – 97%. In addition to this, stabilities were calculated and stood 

between 86 – 105 %.  

After correcting fu,brain values for lysosomal trapping according to the pH partitioning 

model, a Kp,uu of 0.001 was obtained for BIA 9-1079 and 0.035 for tolcapone. Although 

the Kp,uu of tolcapone was 35-fold higher than BIA 9-1079, indicating a much more 

impaired brain penetration for BIA 9-1079, both values were inferior to 1, which pointed 

towards the existence of active efflux transport. This result was expected for BIA 9-1079, 

but tolcapone had not been identified as efflux substrate in neither MDCK-MDR1 nor 

MDCK-BCRP cells, which could imply that it was effluxed by a BBB transporter other than 

P-gp or BCRP in vivo, or that in vitro the high passive permeability was masking efflux in 

the bidirectional transport assay. Indeed, there were other reports suggesting tolcapone 

as a possible efflux substrate, but the responsible transporter is not mentioned [88,224]. 

Therefore, elacridar, a dual P-gp and BCRP modulator, was added to the formulation at 

2.5 mg kg-1 and co-administered with BIA 9-1079 or tolcapone, in order to attest the 

involvement of these transporters. This led to a significant increase in brain 

concentrations at 0.25, 0.5 and 1 h post-dosing and also to an increase in Kp,uu of 2.43-

fold for BIA 9-1079 and 2.32-fold for tolcapone, comparing to vehicle-treated rats. In 

opposition, no significant alterations were observed in plasma levels. These results 

confirmed that P-gp and/or BCRP were responsible for the low Kp,uu values and limited 

extent of brain penetration of these compounds. The fact that tolcapone was not 

identified in Transwell™ assays as P-gp or BCRP substrate, as a consequence of its high 

permeability, reflects an unavoidable limitation of the method that had been previously 

addressed in this thesis. 

Although efflux causes disequilibrium in the distribution between brain and plasma, 

it is important not to prematurely exclude efflux substrates from being CNS drug-

candidates without analysing their intra-brain distribution. The extent of cellular barrier 

transport given by Kp,uu,cell,pred was below 1 for BIA 9-1079 and tolcapone, indicating that 
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these compounds do not display a tendency to accumulate intracellularly, in agreement 

with literature data for nitrocatechols [419]. Likewise, the ratios of intracellular 

distribution into the cytosol and acidic organelles (Kp,uu,cyto,pred and Kp,uu,lyso,pred) were also 

lower than 1. Furthermore, Vu,brain,pred values were superior to 0.8 mL g-1 brain, 

particularly for BIA 9-1079, revealing a higher non-specific binding to brain tissue [324] 

for this compound.  

To finalize, it is advisable to conjugate pharmacokinetic parameters with 

pharmacodynamic data for the assessment and selection of CNS and non-CNS 

compounds [84]. Pharmacodynamic studies were not performed in the scope of this 

dissertation, nevertheless, it is known that as Kp,uu decreases, the likelihood of peripheral 

effects and avoidance of central side-effects increases. This means that central effects 

are more favourable for tolcapone than BIA 9-1079 given the 35-fold higher Kp,uu of 

tolcapone. Additionally, tolcapone has been described in literature as a potent COMT 

inhibitor [530], indicating that the contribution of efflux transporters to decrease Kp,uu 

may not necessarily prevent a compound from being centrally active. 

 

In sum, through the association of several experimental models it was possible to 

characterize different features of CNS penetration, including the rate, extent and intra-

brain distribution. The methods were optimized, validated and tested resorting to 

appropriate reference and test molecules.  

Hopefully, the application of combined or integrative screening strategies will 

positively contribute to an improvement of the drug development process and facilitate 

the evaluation of the brain access of drugs directed at CNS and non-CNS pathologies. 
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CHAPTER VI. CONCLUSIONS AND FUTURE PERSPECTIVES 

The work developed in this dissertation encompasses a series of in vitro and in vivo 

methods, implemented with the purpose of describing the passage of compounds across 

the BBB. Due to its physiological complexity, the BBB cannot be fully mimicked in 

laboratorial setting. Therefore, the adopted strategy was to apply more than one model 

and combine the data provided by each model to attain a more complete overview of 

the main pharmacokinetic processes that govern the entry of compounds into and out of 

the CNS. This implied the study of the rate, extent and intra-brain distribution of 

compounds, including passive permeation, active transport processes, plasma protein 

binding and brain tissue binding. 

Briefly, the main achievements of the research conducted in the context of the 

present thesis are the following:      

 Application of a lipid extraction method to obtain in-house brain lipid extracts

for the establishment of a discriminative PAMPA-BBB model. This model was

validated resorting to 18 reference molecules, successfully distinguished more

permeable from less permeable compounds and demonstrated

physicochemical selectivity. It constitutes an economic and reproducible

alternative for the assessment of passive permeability across the BBB.

 Identification of human P-gp and BCRP substrates and/or inhibitors in cell-

based assays using MDCK II, MDCK-MDR1 and MDCK-BCRP cells. First, the

determination of cellular viability was carried out through the MTT assay for all

molecules, while compound stability was analysed before advancing for

subsequent studies. Then, intracellular accumulation assays were executed,

confirming transporter functionality and enabling the identification of

concentration-dependent P-gp and/or BCRP inhibitors, as well as, their

respective IC50 values. One P-gp and BCRP inhibitor (zamicastat) and five BCRP

inhibitors (BIA 9-1079, nebicapone, tolcapone, etamicastat, and nepicastat)

were identified.
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 Bidirectional transport assays were performed in all cell lines for the 

identification of P-gp and/or BCRP substrates, through the estimation of their 

net flux ratios. Monolayer integrity was ensured through the careful 

optimization of experimental conditions and attested by the low Papp values of 

paracellular marker Na-F. Recoveries were verified to guarantee reliable Papp 

values, while net flux ratios were confirmed by pre-incubation with well-known 

P-gp or BCRP inhibitors. This assay additionally implied a previous validation of 

analytical HPLC techniques for the quantification of all compounds in samples, 

including reference and test molecules. Seven reference molecules were used 

to validate this method, including passively transported compounds by 

transcellular or paracellular route, P-gp-only and BCRP-only substrates, and dual 

P-gp and BCRP substrates. Applying the established conditions, all were 

correctly classified, according to literature data. Among test compounds, three 

P-gp substrates (BIA 9-1079, etamicastat, nepicastat) and five BCRP substrates 

(BIA 9-1059, entacapone, nebicapone, opicapone and etamicastat) were 

identified.   

 

 Adaptation and validation of an HPLC-DAD technique for the quantification of 

BIA 9-1079 and tolcapone in plasma and brain homogenate samples from 

Wistar rats. This technique demonstrated sensitivity, precision and accuracy, 

with appropriate run-times and high absolute recovery values. It was used to 

support in vitro ultrafiltration assays, as well as, in vivo studies with these 

compounds.  

 

 The ultrafiltration method was applied for a rapid and efficient estimate of 

fu,plasma and fu,brain of BIA 9-1079 and tolcapone. The recoveries and stability of 

these compounds were evaluated throughout the process, providing confidence 

in the reliability of the obtained results. BIA 9-1079 revealed lower fu,plasma and 

much lower fu,brain than tolcapone. 
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 The most important parameter of the extent of brain penetration, Kp,uu, was 

determined following in vivo pharmacokinetic studies with Wistar rats. Specific 

procedures were adopted during the practical execution of all studies in order 

to prevent the contamination of brain homogenate samples with blood, namely 

cardiac puncture and intracardiac perfusion. Systemic exposure was higher for 

BIA 9-1079, whereas brain exposure was superior for tolcapone, although 

limited for both compounds. Kp,uu was below unity for both BIA 9-1079 and 

tolcapone, but especially for BIA 9-1079, demonstrating the involvement of 

efflux transporters in the limited extent of CNS access of these compounds. 

Furthermore, intra-brain distribution parameters revealed a low tendency of 

intracellular accumulation (Kp,uu,cell < 1) and also high non-specific binding to 

brain tissue, particularly for BIA 9-1079 (Vu,brain > 0.8 mg mL g-1 brain).  

 

 Additional in vivo assays were carried out through the co-administration of 

elacridar, a potent P-gp and BCRP inhibitor. This led to a significant increase in 

brain concentrations and Kp,uu of BIA 9-1079 and tolcapone, thereby confirming 

the role of P-gp and/or BCRP in hampering their passage to the CNS. 

 

Developing methods to determine CNS exposure is a challenging but compelling 

research area. It must always be certified that these tools provide trustworthy 

information that benefits drug research. Taking into consideration the results achieved 

during this work, it can be concluded that associating different experimental models 

(PAMPA-BBB, cell-based assays and in vivo studies) is a viable approach for the study of 

rate, extent and intra-brain distribution of compounds, intended for CNS or peripheral 

therapeutic targets. 

In the future, pharmacodynamic assays could be conducted to assess the 

relationship between the estimated pharmacokinetic parameters and pharmacological 

potency. Moreover, given that disease states alter BBB properties, it would also be 

interesting to investigate if and how different pathologies contribute to the modification 

of Kp,uu, in comparison with healthy models.  
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Appendix B 

Figure B.1. Typical high performance liquid chromatography-diode array (HPLC-DAD) 

chromatograms of reference compounds (carbamazepine, propranolol, trazodone, atenolol, 

cimetidine, quinidine, sulfasalazine) used in bidirectional transport assays. Blank chromatograms 

are represented by the transport buffer Hank's balanced salt solution (HBSS) with 10mM HEPES 

pH 7.4 and compound chromatograms correspond to the third calibration standard of the 

respective analytical calibration range. Chromatographic conditions are described in Table III.3. 
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Figure B.1. Continued 
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Figure B.2. Typical high performance liquid chromatography-diode array (HPLC-DAD) 

chromatograms of test compounds (BIA 9-1059, BIA 9-1079, entacapone, nebicapone, 

opicapone, tolcapone; etamicastat, nepicastat, zamicastat) tested in bidirectional transport 

assays. Blank chromatograms (A,B,C,D) are represented by the transport buffer Hank's balanced 

salt solution (HBSS) with 10mM HEPES pH 7.4 and compound chromatograms correspond to the 

third calibration standard of the respective analytical calibration range. Chromatographic 

conditions are described in Table III.3. 
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Figure B.2. Continued   
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Appendix C 

 

Table C.1. Main criteria necessary for the full validation of bioanalytical methods according to 

the Food and Drug Administration and European Medicines Agency guidelines [684,685]. 

Bias, deviation from nominal value; CV, coefficient of variation; LLOQ, lower limit of quantification; QC, quality 

control; ULOQ, upper limit of quantification. 

Validation 

parameter 
Regulatory requirements 

Selectivity 

- Proved using at least 6 individual sources of black matrix, which are then 

individually analysed and evaluated for interferences; 

- Interferences must be less than 20% of the analyte LLOQ and 5% of the 

internal standard.  

Calibration 

curve 

- Calibration standards should be prepared in the same biological matrix as the 

matrix of the intended study; 

- Minimum of three calibration curves during validation; 

- Minimum of six calibration concentration levels; 

- Concentrations of calibration standards should be within ± 15% of the nominal 

value, except for the LLOQ (± 20%). 

Accuracy 

- Represented  by % of Bias; 

- Assessed on a minimum of three QC samples spiked independently from 

calibration standards. Concentrations are compared with nominal value and 

reported as % of nominal value; 

- Should be determined intra- and inter-daily with at least five determinations 

per concentration; 

- Mean value should be within 15% of nominal value except for the LLOQ (< 

20%). 

Precision 

- Represented  by coefficient of variation; 

- Demonstrated for LLOQ, low, medium and high QC samples with at least five 

replicates per concentration; 

- Should be determined intra- and inter-daily; 

- Should not exceed 15% of the CV except for the LLOQ, (< 20%). 

Recovery 

- Executed by comparing analytical results from low, medium and high 

extracted samples with unextracted samples that represent 100% recovery; 

- Does not need to be 100% but should be consistent, precise and reproducible. 

Dilution 

integrity 

- Demonstrated by spiking the matrix with an analyte concentration above the 

ULOQ and diluting with blank matrix; 

- At least five determinations per dilution factor; 

- Accuracy and precision should be within ± 15%  

Stability 

- Evaluated using low and high QC samples analysed after preparation and after 

storage conditions; 

- The obtained concentrations are compared to the nominal concentrations; 

- Mean should be within ± 15% of the nominal concentration. 
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Figure C.1. Typical high performance liquid chromatography-diode array (HPLC-DAD) 

chromatograms of extracted rat samples at 271 nm (A,C,E,G) and 280 nm (B,D,F,H): blank plasma 

(A,B); plasma spiked with tamoxifen as internal standard (IS) and analytes BIA 9-1079 and 

tolcapone (0.3 µg mL-1) (C,D); blank brain homogenate supernatant (E,F); brain homogenate 

supernatant spiked with nebicapone as IS and analytes (0.2 µg mL-1) (G,H). 
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Table C.2. Intra- and inter-day precision (CV) and accuracy (bias) achieved during the 

determination of BIA 9-1079 and tolcapone in rat plasma and brain at the concentration of the 

lower limit of quantification (LLOQ), at low, middle and high concentrations of the calibration 

range, and following a sample dilution (Dil) (n = 5). 

 

 Intra-day Inter-day 

Nominal 

concentration 

(µg mL-1) 

Experimental 

concentration 

(µg mL-1) 

CV (%) BIAS (%) 

Experimental 

concentration 

(µg mL-1) 

CV (%) 
BIAS 

(%) 

Plasma       

BIA 9-1079       

0.04 (LLOQ) 0.042 ± 0.004 10.65 3.82 0.042 ± 0.004 13.28 4.61 

0.12 0.115 ± 0.005 4.77 -3.87 0.121 ± 0.014 12.10 1.12 

3 2.942 ± 0.069 2.36 -1.92 3.022 ± 0.235 7.82 0.73 

5.4 5.304 ± 0.092 1.73 -1.78 5.365 ± 0.417 7.79 -0.64 

20 (Dil) 19.485 ± 0.585 3.01 -2.58 18.607 ± 2.144 11.55 -6.97 

Tolcapone       

0.04 (LLOQ) 0.039 ± 0.001 1.63 -1.39 0.043 ± 0.004 9.26 8.46 

0.12 0.128 ± 0.005 3.72 6.96 0.131 ± 0.008 6.17 9.25 

3 3.043 ± 0.025 0.83 1.43 2.980 ± 0.210 7.05 -0.68 

5.4 5.257 ± 0.084 1.60 -2.66 5.263 ± 0.391 7.43 -2.54 

20 (Dil) 19.624 ± 0.458 2.34 -1.88 18.773 ± 2.012 10.73 -6.14 

       

Brain       

BIA 9-1079       

0.02 (LLOQ) 0.019 ± 0.001 5.40 -3.62 0.021 ± 0.001 5.08 4.19 

0.06 0.056 ± 0.004 7.82 -7.45 0.059 ± 0.004 7.73 -1.14 

2 1.918 ± 0.015 0.77 -4.08 2.079 ± 0.059 2.83 3.96 

3.6 3.753 ± 0.072 1.92 4.25 3.800 ± 0.107 2.81 5.55 

13.3 (Dil) 12.900 ± 0.282 2.19 -3.23 12.816 ± 0.433 3.38 -3.86 

Tolcapone       

0.02 (LLOQ) 0.020 ± 0.001   6.43 -2.08 0.020 ± 0.002 8.63 -0.08 

0.06 0.056 ± 0.001 1.52 -6.42 0.058 ± 0.003 4.35 -2.82 

2 1.997 ± 0.012 0.59 -0.15 2.010 ± 0.036 1.79 0.50 

3.6 3.679 ± 0.035 0.95 2.19 3.673 ± 0.063 1.71 2.03 

13.3 (Dil) 12.688 ± 0.307 2.42 -4.81 12.575 ± 0.367 2.92 -5.66 

 

 

 



 

 

216 

Table C.3. Absolute recovery of BIA 9-1079 and tolcapone from rat plasma and brain (%) using 

the applied sample pre-treatment procedures. Low, medium and high quality control samples 

were used (n = 5). 

 

CV, coefficient of variation; SD, standard deviation. 

 

 

 

 

 

 

 

 

 

 

 

 

Matrix / analyte 
Nominal concentration 

(µg mL-1) 

Recovery (%) 

Mean ± SD CV (%) 

Plasma    

BIA 9-1079 0.12 82.76 ± 5.87 7.09 

 3 80.54 ± 2.40 2.98 

 5.4 79.34 ± 1.57 1.98 

Tolcapone 0.12 90.27 ± 3.06 3.39 

 3 85.70 ± 0.23 0.27 

 5.4 81.06 ± 1.63 2.01 

Brain    

BIA 9-1079 0.06 87.76 ± 7.12 8.12 

 2 90.85 ± 2.02 2.22 
 3.6 90.01 ± 3.08 3.42 
Tolcapone 0.06 80.36 ± 2.14 2.66 

 2 93.38 ± 1.34 1.43 

 3.6 92.17 ± 2.61 2.83 
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Table C.4. Stability (%) of BIA 9-1079 and tolcapone in rat plasma and brain (n = 5) under the 

conditions that mimic sample handling and storage. 

 

Stability conditions 

Stability / reference analyte conditions (%) 

BIA 9-1079 Tolcapone 

Nominal concentration 

(µg mL-1) 

Nominal concentration 

(µg mL-1) 

Plasma 0.12 5.4 0.12 5.4 

Room temperature (4 h) 96.61 96.76 98.74 99.67 

4 °C (24 h) 88.75 91.64 89.22 96.61 

-80 °C (30 days) 86.27 94.85 97.26 97.07 

Brain 0.06 3.6 0.06 3.6 

Room temperature (4 h) 89.52 96.76 88.40 97.09 

4 °C (24 h) 92.41 95.17 85.23 95.39 

-80 °C (30 days) 94.98 100.36 100.16 99.38 
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