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P-glycoprotein (P-gp) and breast cancer resistance protein (BCRP) are
clinically important efflux transporters that act cooperatively at the
blood-brain barrier, limiting the entry of several drugs into the central
nervous system (CNS) and affecting their pharmacokinetics, therapeutic
efficacy, and safety. In the present study, the interactions of catechol-Omethyltransferase (COMT) inhibitors (BIA 9-1059, BIA 9-1079, entacapone, nebicapone, opicapone, and tolcapone) with P-gp and BCRP
were investigated to determine the contribution of these transporters in
their access to the brain. In vitro cellular accumulation and bidirectional
transport assays were conducted in Madin-Darby canine kidney
(MDCK) II, MDCK-MDR1, and MDCK-BCRP cells. In vivo pharmacokinetic studies were carried out for tolcapone and BIA 9-1079 in rats, with
and without elacridar, a well-known P-gp and BCRP modulator. The

results suggest that BIA 9-1079, nebicapone, and tolcapone inhibit
BCRP in a concentration-dependent manner. Moreover, with net flux
ratios higher than 2 and decreased over 50% in the presence of
verapamil or Ko143, BIA 9-1079 was identified as a P-gp substrate
while BIA 9-1059, entacapone, opicapone, and nebicapone were
revealed to be BCRP substrates. In vivo, brain exposure was limited
for tolcapone and BIA 9-1079, although tolcapone crossed the bloodbrain barrier at a greater rate and to a greater extent than BIA 9-1079.
The extent of brain distribution of both compounds was significantly
increased in the presence of elacridar, attesting to the involvement of
efflux transporters. These findings provide relevant information and
improve the understanding of the mechanisms that govern the access
of these COMT inhibitors to the CNS.

Introduction

with avoiding or targeting active efflux at the BBB (Cole et al., 2012;
Di et al., 2013).
Often, the extrusion of xenobiotics out of the CNS, including
therapeutic compounds and their metabolites, is performed by transporters from the ATP-binding cassette family, namely P-glycoprotein
(P-gp), breast cancer resistance protein (BCRP), and multidrug
resistance-associated proteins (Löscher and Potschka, 2005). At the
BBB, it has been shown that P-gp and BCRP work cooperatively to
restrict the brain penetration of numerous compounds (Agarwal et al.,
2011; Römermann et al., 2015) due to a broad substrate specificity and
strategic location at the luminal membrane of brain endothelial cells
(Bungay et al., 2015). Additionally, it was found that the expression of
BCRP is more prominent in humans than that of P-gp (Shawahna et al.,
2011), whereas P-gp is more abundantly expressed in rodents (Kamiie
et al., 2008; Uchida et al., 2011). This reinforces the need for screening
both transporters during CNS drug development, by identifying P-gp
and BCRP substrates and inhibitors that could cause clinical drug-drug
interactions and nonlinear pharmacokinetics. In vitro studies are
recommended by the International Transporter Consortium, Food and
Drug Administration, and European Medicines Agency to identify
substrates or inhibitors of clinically relevant ATP-binding cassette

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 compounds are capable of
crossing the blood-brain barrier (BBB) and reaching the central nervous
system (CNS). This evaluation is relevant for CNS-active and peripherally active drugs since, potentially, adverse side effects can arise from
an undesired brain exposure (Bungay et al., 2015). Hence, 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. This may be achieved by
combining the optimization of the intrinsic permeability of a compound
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ABBREVIATIONS: AP, apical; AUC, area under the curve; AUC0-t, area under the concentration-time curve from time zero to the last measurable
concentration; BBB, blood-brain barrier; BCRP, breast cancer resistance protein; BL, basolateral; CNS, central nervous system; COMT, catecholO-methyltransferase; DMSO, dimethylsulfoxide; ER, efflux ratio; fu,brain, unbound drug fraction in the brain; fu, brain,corrected; corrected unbound drug
fraction in the brain; fu,plasma, unbound drug fraction in plasma; HBSS, Hanks’ balanced salt solution; HPLC, high-performance liquid
chromatography; MDCK, Madin-Darby canine kidney; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Na-F, sodium
fluorescein; Papp, apparent permeability coefficient; P-gp, P-glycoprotein; TEER, transepithelial electrical resistance.
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ABSTRACT
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BCRP modulator, was also coadministered to assess the impact of efflux
inhibition on the brain distribution of these compounds.
Materials and Methods
Chemicals and Reagents. Reference compounds used in cell-based assays
(carbamazepine, propranolol, trazodone, cimetidine, quinidine, and sulfasalazine) were obtained from Sigma-Aldrich (St. Louis, MO) with the exception of
atenolol (Acros Organics brand), which was acquired from ThermoFisher
Scientific (Waltham, MA). Test compounds included BIA 9-1059, BIA 9-1079,
entacapone, nebicapone, opicapone, and tolcapone and were kindly supplied
by BIAL-Portela & Ca., S.A. (Sao Mamede do Coronado, Portugal). Their
chemical structure is represented in Fig. 1. Acetonitrile [high-performance
liquid chromatography (HPLC) gradient grade], methanol (HPLC gradient
grade), and dimethylsulfoxide (DMSO) were acquired from Fisher Scientific
(Leicestershire, United Kingdom). Polyethylene glycol was acquired from Merck
Millipore (Darmstadt, Germany). Sodium chloride 0.9% solution and heparinsodium 5.000 IU/ml were purchased from B. Braun Medical (Queluz de Baixo,
Portugal). All of the remaining chemicals were obtained from Sigma-Aldrich
unless otherwise stated.
Cell Culture. MDCK II parent cells and transfected MDCK cells with human
MDR1 and ABCG2 were obtained from Netherlands Cancer Institute/Antoni van
Leeuwenhoek Hospital (Amsterdam, Netherlands). The cells were cultured in
Dulbecco’s modified Eagle’s medium containing 0.04 M sodium bicarbonate and
supplemented with 10% heat-inactivated fetal bovine serum (Gibco Life
Technologies brand, ThermoFisher Scientific, Waltham, MA), 100 mg/ml
streptomycin, and 100 IU/ml penicillin. Cells were grown in T-75 flasks (Orange
Scientific, Braine-l’Alleud, Belgium), passaged twice a week using a 0.25%
trypsin-EDTA solution and cultured at 37C in 5% CO2 and 95% relative
humidity. All assays were performed with MDCK II cells from passages 5–14,
MDCK-MDR1 cells from passages 6–23, and MDCK-BCRP cells from passages
4–13. The cells were found to be negative for mycoplasma infection in periodic
tests.
Cell Viability Studies. The influence of the test compounds on cell viability
was determined by 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT) assay. MDCK II, MDCK-MDR1, and MDCK-BCRP cells were seeded
into 96-well plates (Orange Scientific) at a density of 1  104 cells/well and
cultured for 24 hours in a humidified incubator at 37C in 5% CO2 atmosphere.
After removing the culture medium, 200 ml 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 hours (5–100 mM) or 30 minutes (only 100 mM).
Thereafter, the wells were washed twice with phosphate-buffered saline and the
MTT solution (0.5 mg/ml) was added, followed by incubation for 2 hours at 37C
in 5% CO2. Finally, the MTT solution was removed and replaced with 100 ml of
DMSO. Absorbance was measured at 570 nm with a reference wavelength of 620 nm
on a Biotek Synergy HT microplate reader (Biotek Instruments, Winooski, VT).

Fig. 1. Chemical structures of the analyzed COMT inhibitors.
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transporters involved in drug disposition at the brain endothelium,
including P-gp and BCRP (Giacomini et al., 2010; European Medicines
Agency, 2012; Food and Drug Administration, 2012).
The aim of the present work was to identify P-gp and BCRP
substrates and/or inhibitors among catechol-O-methyltransferase
(COMT) 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 (Gonçalves et al., 2012; Kiss
and Soares-da-Silva, 2014; Silva et al., 2016). Currently, 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 the European Medicines Agency in June 2016 (Kiss and
Soares-da-Silva, 2014; Annus and Vécsei, 2017). The peripheral
(BIA 9-1059, BIA 9-1079, entacapone, and opicapone) and/or central
(nebicapone and tolcapone) enzymatic inhibition displayed by these
compounds justify the investigation of the role that P-gp and/or
BCRP may have in their access to the CNS (Learmonth et al., 2002;
Napolitano et al., 2003; Parada and Soares-da-Silva, 2003; Kiss et al.,
2008; Bonifácio et al., 2014).
Despite intensive research concerning in vitro BBB models, immortalized brain endothelial cell lines often exhibit paracellular leakiness
caused by a defective formation of tight junctions, which renders them
unsuitable for BBB permeability screens (Abbott et al., 2014; Bicker
et al., 2014). Therefore, surrogate models are frequently applied to
identify compounds that may interact with P-gp and BCRP at the BBB
(Mahar Doan et al., 2002; Wang et al., 2005; Feng et al., 2008;
Hakkarainen et al., 2010; Hellinger et al., 2012; Chen et al., 2013; Hu
et al., 2014), inclusively as screening tools in the pharmaceutical
industry (Reichel, 2014). Consequently, in vitro cell-based assays were
herein performed with Madin-Darby canine kidney (MDCK) type II
cells as a surrogate BBB model, including stably transfected lines with
MDR1 (MDCK-MDR1) or ABCG2 genes (MDCK-BCRP) of human
origin. Intracellular accumulation assays were carried out to demonstrate
transporter functionality and identify potential P-gp and BCRP inhibitors, while P-gp and BCRP substrates were identified by resorting to
validated bidirectional transport assays.
Finally, in vivo studies were performed for BIA 9-1079, an active
major metabolite of opicapone in rat, and for tolcapone, to determine
and compare their extent of equilibration between plasma and brain and
intrabrain distribution. Elacridar, a third-generation potent P-gp and
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Papp

ðdQ=dtÞ
¼
A  C0

The efflux ratio (ER) for the BL-AP and AP-BL directions was determined by
the following equation:
ER ¼

where dQ/dt is the rate of permeation; A is the surface area of the membrane (in
square centimeters); and C0 is the initial drug concentration in the donor
compartment.

ð2Þ

The net flux ratios were calculated by dividing the ER obtained in transfected
cells by the ER obtained with the parent line MDCK II (Hu et al., 2014). If a net
flux ratio over 2 was observed, then verapamil (100 mM, 30 minutes) or Ko143
(0.5 mM, 1 hour) was added to both sides of the cell monolayer before the donor
solutions were added to confirm the specificity of P-gp- or BCRP-mediated
efflux.
The mass balance of each compound was calculated according to the following
equation:
Mass balance ¼

CfD V D þ CfR V R
 100
C0D V D

ð3Þ

where Cf is the final compound concentration in the donor (CfD ) or receiver (CfR )
compartment; C0 is the initial concentration in the donor compartment; and VD
and VR are the volumes of the donor and receiver compartments, respectively
(Hellinger et al., 2012).
Animals. Healthy male Wistar rats weighting 275–300 g were purchased from
Charles River Laboratories (L’Arbresle, France). The animals were housed in a
controlled environment (12-hour light/dark cycle; temperature 20 6 2C; relative
humidity 55% 6 5%) for at least 7 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). The experimental procedures were
reviewed and approved by the Portuguese National Authority for Animal Health,
Phytosanitation and Food Safety (Direção Geral de Alimentação e Veterinária,
Lisbon).
In Vitro Brain and Plasma Protein Binding. The unbound fraction of BIA
9-1079 and tolcapone in plasma [unbound drug fraction in plasma (fu,plasma)] and
brain homogenate [unbound drug fraction in the brain (fu,brain)] were estimated
by ultrafiltration, according to Fortuna et al. (2013) with minor alterations.
An Amicon Ultra-0.5 centrifugal filter device was used, with a low-binding
regenerated cellulose membrane and a 30 KDa cutoff (Merck Millipore). Blank
plasma and homogenates of brain tissue collected from healthy Wistar rats (1 ml)
were spiked with 10 ml of compound solution yielding a final concentration of
100 mM. Brain homogenates were prepared by dilution with 50 mM phosphatebuffered saline pH 7.4 (1:4, w/v) using a Teflon pestle tissue homogenizer
(Thomas Scientific, Swedesboro, NJ). At the beginning of the assay, 100 ml of
plasma or brain homogenate was withdrawn to determine the initial compound
concentration (C1), while the remaining portion was incubated for 1 hour at 37C
in a shaking water bath. Following the incubation period, 100 ml was collected to
determine the concentration of test compound not subjected to ultrafiltration (Ct)
and 500 ml was transferred to the ultrafiltration device (n = 4) and spun at 14,000g
for 15 minutes at 37C. Then, the concentration of compound was analyzed 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 the following equation (Fortuna et al., 2013):
Ct 2 Cf
ð4Þ
Ct
where Ct is the total concentration of compound not subjected to ultrafiltration and
Cf is the ultrafiltrate free drug concentration. To correct for the brain tissue dilution
that occurs during homogenization, fu,brain was estimated according to the
following equation (Hammarlund-Udenaes, 2014):
fu ¼ 1 2

fu;brain ¼
ð1Þ

Papp;BL-AP
Papp;AP-BL

1=D
½ð1=fu Þ 2 1 þ 1=D

ð5Þ

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 as follows from eqs. 6 and 7, respectively (Wang and
Williams, 2013):
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Compound concentrations were not considered to compromise cell viability if it
was maintained above 85% compared with control cells (Li et al., 2014).
Stability Studies. Prior to intracellular accumulation and bidirectional transport assays, the stability of COMT inhibitors was evaluated to ensure drug
preservation during these assays. Compound solutions were prepared in two
concentrations corresponding to low- and high-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 minutes,
maximum at 37C in Hanks’ 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% and 115%.
Intracellular Accumulation Studies. To assess transporter functionality and
identify P-gp and BCRP inhibitors, MDCK II, MDCK-MDR1, and MDCKBCRP were seeded in 12-well plates (Corning Costar, NY) at 3.0  105 cells/well
for 48 hours. The well-known P-gp or BCRP inhibitors, verapamil and Ko143,
respectively, were used as positive controls. The assay was initiated by washing
the cells twice with prewarmed HBSS with 10 mM HEPES pH 7.4, followed by
an incubation of 30 minutes in the absence (negative control, no inhibitor) or
presence of verapamil (100 mM), Ko143 (0.5 mM), or test compound (100 mM in
0.1% DMSO). Then, compound solutions were removed and the cells were
incubated with 10 mM rhodamine-123 or Hoechst 33342 as P-gp or BCRP
substrates for 1 hour at 37C. Cellular accumulation of rhodamine-123 or Hoechst
33342 was stopped by washing the cells thrice with ice-cold phosphate-buffered
saline and cell lysis was performed with Triton X-100 (0.1%, v/v) at room
temperature during 30 minutes. 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) 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 Bio-Rad Protein Assay Kit II (Bio-Rad Laboratories, Hercules,
CA), and cellular accumulation was normalized accordingly. When significant
P-gp or BCRP inhibition was observed (P , 0.05), additional concentrations of
test compounds were evaluated to verify whether the inhibition was concentration
dependent, to generate dose-response curves, and to determine the concentration
of test compound that inhibits the accumulation of substrate by 50% (IC50).
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 mm pore size; Corning Costar) at a
density of 6.0  105 cells/well. Assays were conducted 7 days postseeding and
culture medium was changed every other day. The transepithelial electrical
resistance (TEER) of the polarized cell monolayer was monitored with the Evom
STX2 voltohmmeter (WPI, Sarasota, FL). Sodium fluorescein (Na-F) was used as
a paracellular marker to attest to the integrity of the cell monolayer during the
transport assay and its fluorescence intensity was measured in a microplate reader,
as described in the previous section.
Transport studies were performed from the apical (AP)-to-basolateral (BL)
(AP-BL) and BL to AP (BL-AP) directions at 37C with gentle shaking (45 rpm).
First, culture medium was replaced with preheated HBSS with 10 mM HEPES pH
7.4 and the cells were preincubated for 30 minutes at 37C. Then, the donor
solution containing the reference or test compound (0.1% DMSO) was added to
the AP (0.5 ml) or BL side (1.5 ml) and the receiver compartment was filled with
fresh buffer. Aliquots (200 ml) were removed from the receiver side every
15 minutes during 60 minutes for high-permeability compounds or every
30 minutes during 120 minutes for low-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 apparent permeability coefficient (Papp) of compounds (in centimeters/
second) was calculated using the following equation (Hubatsch et al., 2007):
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CC  VC þ Cf  Vf
C1 V1
 
C37
% stability ¼
 100
C1

% recovery ¼


ð6Þ
ð7Þ

Kp;uu ¼


1 fu;brain

Kp
corrected



 fu;plasma

ð8Þ

where the fu,brain,corrected values are the fu,brain values corrected for lysosomal
trapping using the pH partitioning model proposed by Fridén et al. 2011). 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 intracellularto-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 Fridén et al. (2011) and Loryan et al. (2014).

Results
Cellular Viability of MDCK II, MDCK-MDR1, and MDCKBCRP Cells. The MTT assay revealed a significant reduction in cell
viability for BIA 9-1079, nebicapone, and tolcapone after a 4-hour
incubation period, particularly at 100 mM. This was most evident for
BIA 9-1079, in which a decrease of more than 15% cell viability was
observed at concentrations higher than or equal to 20 mM in MDCKMDR1 cells (P , 0.01), 50 mM in MDCK-MDR1 (P , 0.001), and
MDCK-BCRP cells (P , 0.01) and at 80 and 100 mM in all cell lines
(P = 0.002 for MDCK II at 80 mM or , 0.001 in the remaining cases).
Concerning nebicapone, MDCK-MDR1 cells were affected at 80 mM
(P , 0.05) and 100 mM (P , 0.001). Furthermore, a decrease was also
observed for tolcapone at 50, 80, and 100 mM in MDCK-MDR1 cells
(P , 0.01) and at 100 mM in MDCK-BCRP cells (P , 0.01). Hence, the
incubation period was shortened to 30 minutes for the duration of the
incubation period in intracellular accumulation assays, and no significant loss of cell viability (P . 0.05) was verified at 100 mM in all cell
lines. For studies exceeding 30 minutes (i.e., bidirectional transport
assay) the selected concentration for these test compounds was 10 mM.
Stability of COMT Inhibitors. During 120 minutes, stability at
37C in HBSS with 10 mM HEPES pH 7.4 was kept in the range of
85%–115% for all compounds with the exception of BIA 9-1079
(Supplemental Table 2), in which significant reductions in the average
stability values under 85% were observed at lower concentrations (lowquality control samples) after 90 minutes. These results were taken into
consideration in association with data from the MTT studies when
defining the maximal duration of subsequent assays.
Intracellular Accumulation of Rhodamine-123 and Hoechst33342 in MDCK II, MDCK-MDR1, and MDCK-BCRP Cells. As
presented in Fig. 2A and 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 mM
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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, respectively, 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, respectively; and C37 is
the drug concentration at the end of the experiment.
In Vivo Brain Disposition of BIA 9-1079 and Tolcapone. Rats were
randomly distributed into 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) and diluted
20-fold in a vehicle composed of polyethylene glycol/NaCl 0.9% (50:50, v/v) to
achieve a final concentration of 2 mg/ml. Prior to administration, the animals were
anesthetized by intraperitoneal administration of sodium pentobarbital (60 mg/kg).
Under anesthesia, the formulation of tolcapone or BIA 9-1079 was administered
by an intravenous bolus injection into the lateral tail vein, at a dose of 10 mg/kg
with a total volume of administration of 5 ml/kg. The dose used in this study was
based on literature data (Funaki et al., 1994) and on the requirement of clear
solutions appropriate for intravenous administration, dependent on compound
solubility. The intravenous route was selected to circumvent intestinal absorption
and ensure 100% bioavailability. For tolcapone, plasma and brain samples were
collected immediately after its administration (0.03 hour) and at 0.08, 0.25, 0.5,
0.75, 1, 3, 6, and 12 hours postdosing; for BIA 9-1079, an additional sample
collection was performed at 24 hours postdosing.
The blood was collected from the left ventricle by cardiac puncture using
heparinized syringes and immediately transferred to heparinized tubes for
centrifugation at 1514g for 10 minutes at 4C. 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 280C 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) as in the previous study. In two of the groups, elacridar
(2.5 mg/kg) was added to the formulation and coadministered with tolcapone or
BIA 9-1079; on the other hand, the other two groups were coadministered with the
vehicle [polyethylene glycol/NaCl 0.9% (50:50, v/v)] instead of elacridar. The
animals were sacrificed at 0.08, 0.25, 0.5, and 1 hours postdosing and the blood
and brain were collected using the aforementioned procedures.
Drug Analysis. Samples collected from the bidirectional transport and protein
binding assays, as well as plasma and brain samples from the in vivo studies were
analyzed by HPLC with a diode-array detector in the 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 mm particle size from Merck Millipore) by
isocratic or gradient elution. Samples from cell-based assays were injected
directly or following dilution with HBSS supplemented with 10 mM HEPES
pH 7.4, whereas plasma and brain samples of BIA 9-1079 and tolcapone were
pretreated according to published methods (Gonçalves et al., 2013, 2016) with
minor modifications. Tamoxifen (90 mg/ml) and nebicapone (35 mg/ml) were
used as internal standards for plasma and brain samples, respectively. The
chromatographic conditions and main validation parameters are summarized in
Supplemental Table 1.
Statistical and Pharmacokinetic Data Analysis. Data from in vitro studies
were processed using GraphPad Prism 5.03 (GraphPad, San Diego, CA) and
are expressed as mean 6 S.D. An unpaired two-tailed Student’s t test was
used to determine the differences in cell viability (percentage) compared with
untreated control cells (100% cell viability) in the MTT assay and the
differences in 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. The IC50 values were calculated by nonlinear
regression generating sigmoid dose-response curves with variable slope,
with the fitting method of least squares.

The Cmax value 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 noncompartmental analysis using the WinNonlin version 6.4 software (Certara,
Princeton, NJ). The pharmacokinetic parameters evaluated were the area under the
curve (AUC) for the drug AUC concentration-time curve 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 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 (percentage of extrapolated area under the
concentration-time curve), where tlast is the time of Clast; and the apparent terminal
elimination half-life (t1/2el) and mean residence time.
The unbound ratio of brain-to-plasma concentration (Kp,uu) was calculated
from the ratio of AUC0-t for total brain and plasma concentrations (Kp), fu,plasma
and fu,brain, using eq. 8 (Fridén et al., 2011; Loryan et al., 2014):
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verapamil) or BCRP inhibitor (0.5 mM Ko143) reversed this tendency
and led to increased accumulation of classic substrates (rhodamine-123
and Hoechst 33342) in both cases (by 3.0- and 4.2-fold, respectively). In
contrast, as expected no inhibitory effect was observed in MDCK II cells.
Incubation of MDCK-MDR1 and MDCK-BCRP cells with 100 mM
test compounds revealed a significant accumulation of rhodamine-123
or Hoechst 33342 for some compounds in relation to negative controls
(no addition of inhibitor) (Fig. 2C and D). Since BIA 9-1079 significantly inhibited P-gp in MDCK-MDR1 cells, additional concentrations
were tested, which detected concentration-dependent inhibition. Nevertheless, the IC50 value of BIA 9-1079 could not be experimentally
determined because it would be necessary to test concentrations over
100 mM to reach the top inhibition plateau, which would compromise
solubility and the accuracy of the results. In MDCK-BCRP cells, further
concentrations of BIA 9-1079, nebicapone, and tolcapone (Fig. 3A–C)
were tested since a very significant BCRP inhibition was observed at
100 mM (Fig. 2D). The lowest IC50 value was obtained for BIA 9-1079
(IC50 = 3.85 6 1.0 mM), followed by nebicapone (IC50 = 18.4 6 3.6
mM) and tolcapone (IC50 = 32.5 6 3.3 mM).
Transport of COMT Inhibitors across MDCK II, MDCKMDR1, and MDCK-BCRP Monolayers. The assessment of monolayer integrity was carried out through the monitorization of TEER and
Papp determination of the paracellular marker Na-F. These parameters

ensure that the established model is adequate for drug permeation studies
by presenting sufficiently restrictive tight junctions that impede
paracellular permeation identically to the in vivo situation (Abbott
et al., 2014). Although registered TEER values were approximately
100 V×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 (Dukes et al., 2011) due to ion movement through ion pores
(Hellinger et al., 2012). Thus, low TEER does not necessarily imply
disturbed paracellular pathways if there is integrity for paracellular
marker molecules. Small tracer molecules, such as Na-F are suggested to
be used to assess the paracellular permeability of tighter layers (Abbott
et al., 2014). Herein, the Papp of Na-F was inferior to 1.0  1026 cm/s in
MDCK II cells and 0.5  1026 cm/s in MDCK-MDR1 and MDCKBCRP cells (Table 1), supporting the formation of a discriminatory cell
monolayer. The Papp values below 1–2  1026 cm/s are indicative of
monolayer intactness (Ehlers et al., 2014). Another estimated parameter
in this assay was mass balance, which was between 80% and 100% for
less lipophilic compounds and between 70% and 80% for more
lipophilic compounds.
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
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Fig. 2. Intracellular accumulation of rhodamine-123 and Hoechst 33342 in MDCK II, MDCK-MDR1, and MDCK-BCRP cells. (A and B) Demonstration of P-gp and BCRP
functionality after a 30-minute incubation period with 100 mM verapamil (A) or 0.5 mM Ko143 (B) as positive controls. (C and D) Intracellular uptake observed following a
30-minute incubation period with 100 mM test compounds in MDCK-MDR1 (C) and MDCK-BCRP (D) cells. Data compared with negative control cells (no inhibitor) and
expressed as mean 6 S.D. (n = 3). *P , 0.05; **P , 0.01; ***P , 0.001.
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Fig. 3. Dose-dependent inhibition of BCRP-mediated accumulation of Hoechst 33342 by BIA 9-1079 (A), nebicapone (B), and tolcapone (C) in MDCK-BCRP cells. Values
represent mean 6 S.D. (n = 3).

inhibitors revealed high binding to plasma proteins in in vitro conditions, with recoveries ranging from 86.1% 6 1.8% (BIA 9-1079) to
96.0% 6 10.6% (tolcapone) and stability values of 105.9% 6 3.0% and
102.2 6 2.5%, respectively. Uncorrected and corrected fu,brain values
were lower for BIA 9-1079 than tolcapone with recoveries of 97.3% 6
3.1% for BIA 9-1079 and 91.9% 6 3.07% for tolcapone. Stability values
were 100.2% 6 5.0% and 86.0% 6 1.4% for BIA 9-1079 and tolcapone.
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) to
rats are depicted in Fig. 4A and B. The main pharmacokinetic parameters
estimated by noncompartmental analysis and other pharmacokinetic
parameters relative to the extent and intrabrain distribution are presented
in Table 3 and 4. Considering the pharmacokinetic profiles of both
compounds in plasma (Fig. 4A), it is visible that the systemic exposure of
BIA 9-1079 is greater than that of tolcapone, as corroborated by the area
under the concentration-time curve from time zero to infinite, which was
2.3-fold higher for BIA 9-1079. The 4.0-fold higher t1/2el (5.39 versus 1.36
hours) demonstrates that BIA 9-1079 was more slowly eliminated and
remained longer in plasma than tolcapone (2.46 hours versus 1.09 hours).
In opposition, brain exposure was 3.3-fold higher for tolcapone than for
BIA 9-1079, considering the AUC0-t values. The Cmax value in the brain
was also 2.1-fold higher for tolcapone and was reached almost immediately
after administration (0.03 hour). Nonetheless, the obtained Kp,uu values
were below unit for both compounds, indicating a restricted extent of brain

TABLE 1
Bidirectional Papp coefficient, ER, and net flux ratio of reference compounds across MDCK II, MDCK-MDR1, and MDCK-BCRP cell monolayers
The Papp values are indicated from the AP-BL and BL-AP compartments and are expressed as mean (S.D.) (n = 3). ERs and net flux ratios greater than 2 are marked in bold. Transport
classification according to Mahar Doan et al. (2002), Pavek et al. (2005), Wang et al. (2005), Feng et al. (2008), and Urquhart et al. (2008).
MDCK II
Reference
Compound

Transport

Carbamazepine
Propranolol
Trazodone
Atenolol
Cimetidine
Quinidine
Sulfasalazine
Na-F

PT
PT
PT
PP
Effluxa
Effluxb
Effluxc
PP

Donor
Solution
mM

10
10
10
100
30
10
60
100

Papp,AP-BL
(1026)
cm/s

36.5
19.6
38.5
0.22
0.56
9.52
0.81
0.48

(1.93)
(4.99)
(3.30)
(0.06)
(0.14)
(2.53)
(0.30)
(0.09)

PP, passive paracellular; PT, passive transcellular.
a
Efflux mediated by P-gp and BCRP.
b
Efflux mediated by P-gp.
c
Efflux mediated by BCRP.

Papp,BL-AP
(1026)

MDCK-MDR1
ER

cm/s

19.5 (0.60)
20.0 (0.16)
29.4 (1.31)
0.28 (0.03)
0.43 (0.03)
12.5 (2.49)
0.28 (0.05)
—

Papp,AP-BL
(1026)
cm/s

0.53
1.02
0.76
1.27
0.75
1.31
0.34
—

38.0
23.8
33.0
0.35
0.06
3.77
0.30
0.09

(2.54)
(2.69)
(2.58)
(0.14)
(0.02)
(0.91)
(0.14)
(0.08)

Papp,BL-AP
(1026)

Net Flux Ratio
ER

Without
With
Verapamil Verapamil

cm/s

20.0 (5.53)
20.8 (1.51)
40.4 (3.14)
0.24 (0.04)
0.41 (0.05)
29.1 (1.37)
0.17 (0.09)
—

MDCK-BCRP
Papp,AP-BL
(1026)
cm/s

0.53
0.87
1.22
0.69
6.40
7.73
0.56
—

1.00
0.85
1.61
0.54
8.50
5.90
1.64
—

—
—
—
—
0.89
1.13
—
—

37.3
25.4
37.5
0.14
0.15
12.0
0.13
0.11

(5.60)
(2.51)
(5.03)
(0.11)
(0.04)
(3.48)
(0.11)
(0.04)

Papp,BL-AP
(1026)

Net Flux Ratio
ER

Without With
Ko143 Ko143

cm/s

19.6 (3.85)
22.4 (0.59)
27.4 (2.91)
0.20 (0.03)
1.25 (0.08)
15.0 (0.48)
0.30 (0.05)
—

0.53 1.00
0.88 0.86
0.73 0.96
1.43 1.13
8.34 11.1
1.25 0.95
2.31 6.79
—
—

—
—
—
—
1.47
—
0.92
—
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with COMT inhibitors, a set of seven chemically diversified commercial
drugs was used to validate the experimental conditions (Table 1). The net
flux ratios of respective P-gp and BCRP substrates were higher than 2,
which verified the correct identification by the respective transporter,
and the achieved results were consistent with the literature data,
demonstrating that the applied method provides enough sensitivity for
the identification of P-gp and BCRP substrates.
Among the tested COMT inhibitors, BIA 9-1079 was identified as a
P-gp substrate (Table 2) with a net flux ratio reduced more than 50% by
verapamil (78.7% 6 10.3%), attesting to the specificity of P-gpmediated efflux. In parallel, BIA 9-1059, entacapone, nebicapone, and
opicapone were, for the first time, identified as BCRP substrates. After
preincubation with Ko143, a decrease in the net flux ratio of 89.7% 6
2.18% was obtained for BIA 9-1059, with decreases of 91.1% 6 2.47%,
64.2% 6 3.96%, and 91.2% 6 1.90% obtained for entacapone,
nebicapone, and opicapone, respectively. The detection of net flux
ratios higher than 2 together with a reduction of over 50% in the presence
of an inhibitor, ascertain the identification of COMT inhibitors as P-gp
and/or BCRP substrates in accordance with the decision trees provided
by the International Transporter Consortium and Food and Drug
Administration (Giacomini et al., 2010; Food and Drug Administration,
2012).
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 4. Both COMT
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TABLE 2
The Papp coefficient values, ER, and net flux ratio of COMT inhibitors across MDCK II, MDCK-MDR1, and MDCK-BCRP cell monolayers

The Papp values are indicated from the AP-BL and BL-AP compartments and are expressed as mean (S.D.) (n = 3). ERs and net flux ratios greater than 2 are marked in bold.
MDCK II
Test
Compound

Donor
Solution
mM

BIA 9-1059
BIA 9-1079
Entacapone
Nebicapone
Opicapone
Tolcapone

60
10
30
10
30
10

Papp,AP-BL
(1026)
cm/s

1.29
5.23
6.33
24.6
4.72
26.6

(0.27)
(2.75)
(0.37)
(1.45)
(2.33)
(5.07)

Papp,BL-AP
(1026)

MDCK-MDR1
ER

cm/s

1.47
8.47
6.02
17.6
6.08
20.6

(0.18)
(0.91)
(0.39)
(4.18)
(0.38)
(3.87)

Papp,AP-BL
(1026)
cm/s

1.14
1.62
0.95
0.72
1.29
0.77

1.22
3.47
3.51
23.9
2.56
24.3

(0.23)
(1.77)
(1.33)
(7.06)
(1.08)
(2.84)

Papp,BL-AP
(1026)

Net Flux Ratio
ER

Without
Verapamil

With
Verapamil

0.29
4.58
0.37
0.60
0.98
0.80

0.25
2.83
0.39
0.83
0.76
1.04

—
0.60
—
—
—
—

cm/s

0.35
15.9
1.29
14.3
2.50
19.5

(0.07)
(4.19)
(0.36)
(2.60)
(0.39)
(3.37)

Papp,AP-BL
(1026)
cm/s

0.24
7.14
0.98
5.40
0.42
28.3

(0.08)
(4.63)
(0.19)
(0.09)
(0.09)
(2.93)

Papp,BL-AP
(1026)

Net Flux Ratio
ER

Without
Ko143

With
Ko143

7.04
1.90
11.3
2.15
23.2
0.84

6.18
1.17
11.9
2.99
18.0
1.09

0.64
—
1.06
1.07
1.58
—

cm/s

1.69
13.6
11.1
11.6
9.73
23.7

(0.44)
(1.74)
(0.92)
(0.63)
(1.13)
(1.65)

The effect of the coadministration of elacridar on the plasma and brain
concentration-time profiles of tolcapone and BIA 9-1079 are depicted in
Fig. 4C–F. The proximity evidenced in Fig. 4C and E 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 5) suggests that plasma exposure was not affected by the
coadministration 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 hours postdosing (Fig. 4D and F). With elacridar, the brain AUC0-t
values 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.
Discussion
The BBB is a dynamic interface responsible for the homeostasis of the
CNS through the regulation of the molecular exchanges between the

Fig. 4. Mean concentration-time profiles of BIA 9-1079 and tolcapone in plasma (A) and brain (B) following 10 mg/kg intravenous administration to Wistar rats. Each data
point is presented as mean 6 S.E.M. (n = 27–30 animals per group). The mean concentration-time profiles of BIA 9-1079 and tolcapone in plasma (C and E) and brain (D
and F) with and without the coadministration of elacridar (2.5 mg/kg) are depicted. Each data point is presented as mean 6 S.E.M. (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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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 Fridén et al. (2011). To determine fu,brain,
corrected, it was required to estimate Kp,uu,cell,pred by taking into account the
pKa value 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 4) reflect a low intracellular accumulation of the compounds and exclude trapping in lysosomes, as well as
uptake into cells. From fu,brain,corrected and Vu,brain,pred (= 1/fu,brain,corrected) it is
noticeable that both compounds reveal nonspecific binding to brain
parenchyma (Vu,brain,pred . 0.8 ml/g brain); although this is more evident
for BIA 9-1079 than tolcapone because tolcapone displays a higher fu,brain,
corrected (0.247), and 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.

MDCK-BCRP
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TABLE 3
Pharmacokinetic parameters of BIA 9-1079 and tolcapone in plasma and brain after
intravenous administration (10 mg/kg) to Wistar rats
The Cmax values are expressed in micrograms/gram and the AUC is expressed in micrograms.
hour/gram in brain tissue.
Test Compound

BIA 9-1079
Plasma
Brain
Tolcapone
Plasma
Brain

tmax

Cmax

AUC0-t

AUC0-inf

AUCextrap

Kel

t1/2el

MRT

h

mg/ml

mg.h/ml

mg.h/ml

%

/h

h

h

0.03 52.78 84.08
0.08 0.096 0.017

84.94
NC

1.02
NC

0.13 5.39 2.46
0.66 1.05 0.23

0.03 67.12 36.24
0.03 0.205 0.056

36.28
0.057

0.10
1.79

0.51 1.36 1.09
1.53 0.45 0.38

AUCextrap, extrapolated area under the concentration-time curve; AUC0-inf, area under the
concentration-time curve from time zero to infinite; AUC0-t, area under the concentration-time
curve from time zero to the last measurable concentration; Kel, apparent elimination rate constant;
MRT, mean residence time; NC, not calculated; t1/2el, apparent terminal elimination half-life; tmax,
time to achieve the maximum concentration.

TABLE 4
Pharmacokinetic parameters and binding data of BIA 9-1079 and tolcapone in plasma and brain after intravenous administration (10 mg/kg) to
Wistar rats
The presented Vu,bram,pred, Kp,uu,cyto,pred, Kp,uu,lyso,pred, and Kp,uu,ceii,pred values were predicted according to the pH partitioning theory. The fu,plasma and fu,brain
values are expressed as mean (S.D.), n = 4.
Test Compound

Kp

fu,plasma

fu,brain

fu,brain,corrected

Vu,brain,pred

Kp,uu

Kp,uu,cyto,pred

Kp,uu,lyso,pred

Kp,uu,cell,pred

0.001
0.035

0.577
0.575

0.020
0.013

0.656
0.655

ml/g

BIA 9-1079
Tolcapone

0.0002
0.0015

0.002 (0.001)
0.011 (0.003)

0.008 (0.001)
0.162 (0.028)

0.013
0.247

79.27
4.047

fu,plasma, unbound drug fraction in plasma; Kp, ratio of total brain-to-plasma AUC0-t; Kp,uu, unbound brain-to-plasma ratio; Kp,uu,cell,pred, predicted unbound drug
intracellular-to-extracellular partitioning coefficient; Kp,uu,cyto,pred, predicted unbound cytosolic-to-extracellular drug concentration ratio; Kp,uu,lyso,pred, predicted
lysosomic-to-cytosolic unbound drug concentration ratio; Vu,brain,pred, predicted volume of distribution of unbound drug in the brain.
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blood and neural tissue. Its complex microenvironment creates a
severely restricted traffic of molecules into the CNS and makes the
evaluation of CNS exposure during drug development a very challenging task. This assessment encompasses not only the rate of drug transport
across the BBB, but also the extent of equilibration of unbound drug and
intrabrain distribution. Using in vitro models, it is possible to investigate
the permeability of compounds early on, as well as the interactions with
efflux transporters that affect their extent of CNS penetration in vivo,
namely, P-gp and BCRP. Despite having different morphologic
characteristics from brain endothelial cells, MDCK cells and transfected
subclones have been widely used to study permeability and efflux
liabilities mediated by the main efflux transporters of the BBB, P-gp and
BCRP. In addition to displaying BBB-like permeability, these cells
effectively identify a great number of efflux substrates (Garberg et al.,
2005; Hellinger et al., 2012). Indeed, bidirectional transport assays with
MDCK-MDR1 cells have been reported as a valuable in vitro assay to
evaluate human P-gp interactions with compounds targeted to treat CNS
disorders (Feng et al., 2008), and these systems are recommended by the
International Transporter Consortium to investigate if active efflux by
these transporters prevents a compound from crossing the BBB
(Brouwer et al., 2013). Therefore, the MDCK II, MDCK-MDR1, and
MDCK-BCRP cell lines were selected to examine the influence of P-gp
and BCRP on the access of COMT inhibitors to the CNS. Another aspect
that was investigated in vitro was whether these compounds could
inhibit the P-gp- or BCRP-mediated efflux of known fluorescent probe
substrates (rhodamine-123 and Hoechst 33342).
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 mM in all assays

due to the recently reported lack of BCRP specificity for concentrations above 1 mM (Weidner et al., 2015). Among COMT inhibitors,
BIA 9-1079, nebicapone, and tolcapone demonstrated concentrationdependent inhibition of BCRP, and the 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 drug-drug interaction risk at the BBB is low
since the circulating levels of this compound are 30 times lower in
plasma than the reported concentrations that result in inhibition of
BCRP. According to Almeida et al. (2013) the maximum concentration
obtained in plasma for BIA 9-1079 after a single therapeutic oral dose of
50 mg/person of opicapone was 51 ng/ml, while the IC50 value herein
found was 3.85 mM (approximately 1530 ng/ml). Thus far, the most
potent inhibitors capable of affecting efflux at the BBB in humans and
nonhuman primates are tariquidar and elacridar (Bauer et al., 2013,
2016; Montesinos et al., 2014; Tournier et al., 2017); nevertheless, these
inhibitors are only available for research. For marketed drugs, modulation of efflux at the BBB is deemed improbable because the unbound
systemic concentrations attained 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 (Kalvass et al., 2013).
In transcellular permeability assays it was possible to identify one
P-gp substrate (BIA 9-1079) and four BCRP substrates (BIA 9-1059,
entacapone, nebicapone, and opicapone) among COMT 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 in vivo.
Thereby, BIA 9-1079 and tolcapone were herein administered to
Wistar rats and the pharmacokinetic parameters obtained in the brain
support that both compounds crossed the BBB quickly and soon
achieved Cmax. This is in accordance with their high Papp,AP-BL values
attained in vitro. Still, the most clinically relevant parameter, Kp,uu,
revealed a low extent of brain penetration for both compounds, and
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 a P-gp or
BCRP substrate, probably because of its very high permeability masking
its efflux transport. In fact, this has also been observed for other high
permeability efflux substrates, such as verapamil, meaning that the
involved efflux transporter(s) was (or were) unable to cope with
compound permeation (Hellinger et al., 2012). This is a limitation of
the bidirectional transport assay that may prevent compounds with a
Papp,AP-BL value close to or higher than 30  1026 cm/s from being
identified as efflux substrates (Polli et al., 2001; Gameiro et al., 2017),
emphasizing the importance of performing in vivo studies for such
compounds. Even though nebicapone displayed a similarly high passive
permeability, the Papp values for tolcapone were consistently higher in
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TABLE 5

Plasma and brain exposure of BIA 9-1079 and tolcapone after intravenous
administration (10 mg/kg) to Wistar rats with or without coadministration of
elacridar (2.5 mg/kg)
The AUC is expressed in micrograms.hour/gram in brain tissue.
AUC0-t

Kp

Kp,uu

Test Compound

BIA 9-1079
Plasma
Brain
Tolcapone
Plasma
Brain

Vehicle

Elacridar

Vehicle

Elacridar

Vehicle

mg.h/ml

mg.h/ml

32.71
0.037

37.34
0.095

0.001

0.003

0.007

0.017

27.31
0.050

28.59
0.119

0.002

0.004

0.041

0.095
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all cell lines and in both directions, suggesting that BCRP was still able to
compensate inward flux and identify nebicapone as an efflux substrate.
Additionally, the significant increase in brain exposure of BIA 9-1079
and tolcapone following the coadministration 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 (Männistö and Kaakkola, 1999; Forsberg et al.,
2003; Hakkarainen et al., 2010), this drug is a known peripheral and
central COMT inhibitor, which could misleadingly convey that it crosses
the BBB to a greater extent. In fact, 99% of brain COMT was inhibited
after 0.5 hour of oral administration of tolcapone (30 mg/kg) to Wistar
rats (Learmonth et al., 2002), 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 (Vieira-Coelho and Soaresda-Silva, 1999). 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. This also occurs with other COMT inhibitors
such as nebicapone, which can cause peripheral and central COMT
inhibition in vivo, despite having been herein identified as a BCRP
substrate. Nebicapone displays a dose-dependent central COMT inhibitory effect since peripheral selectivity is observed at 3 mg/kg but lost
at 30 mg/kg following oral administration in Wistar rats (Parada and
Soares-da-Silva, 2003).
Comparatively, BIA 9-1079 crossed the BBB to an even lesser extent
than tolcapone (35-fold lower Kp,uu), meaning that peripheral effects are
favored and CNS effects are much less probable. Indeed, the likelihood of
CNS activity of a compound diminishes as Kp,uu decreases (HammarlundUdenaes, 2010). 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
considered minor, given that BIA 9-1079 represents less than 20% of its
systemic exposure (Rocha et al., 2013).
In conclusion, by using in vitro assays with MDCK II, MDCKMDR1, and MDCK-BCRP cells it was possible to successfully identify
P-gp and BCRP inhibitors and substrates among COMT inhibitors. To
the best of our knowledge, to date, there are no published in vitro studies
characterizing the role of P-gp and BCRP on the BBB transport of the
tested COMT inhibitors. In vivo assays were performed for BIA 9-1079
and tolcapone, providing relevant information with regard to their extent
of brain distribution and intrabrain 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
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