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Abbreviations

ABC ATP binding cassette

ADME absorption, distribution, metabolism and excretion
Al adherens junctions

ATP adenosine triphosphate

BBB blood brain barrier

BBCEC bovine brain capillary endothelial cells

BBMEC bovine brain microvessel endothelial cells

BCRP breast cancer resistance protein

BCSFB blood-cerebrospinal fluid barrier

BCECF 2°,7’-bis(2-carboxyethyl)-5(6)-carboxyfluorescein
BCECF-AM 2’,7°-bis(2-carboxyethyl)-5(6)-carboxyfluorescein acetoxymethyl ester
Caco-2 colon adenocarcinoma cell line

calcein-AM calcein—acetoxymethylester

CEC cerebral endothelial cell

CNS central nervous system

CSF cerebrospinal fluid

CYP cytochrome P450

EPA triple co-culture of rat brain capillary endothelial cells with pericytes and
astrocytes

fu free (unbound) fraction

Gl gastrointestinal tract

GLUT glucose transporter

HA human absorption

HPT human peptide transporter 1

IAM immobilized artificial membrane assay

IRF initial rate of fluorescence

ISF interstitial fluid

KHB Krebs-Henseleit buffer

Kwm Michaelis constant

Kp total brain to total blood concentration ratio

Kp,uu unbound brain to unbound blood concentration ratio at a steady state
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LAT large neutral amino acid transporter

LDL low-density lipoprotein

MBUA mouse brain uptake assay

MCT monocarboxylic acid transporter

MDCK Madin-Darby canine kidney

MDCK-MDR1 MDCK cells transfected with the human MDR1 gene
MDR1 multidrug resistance protein

MOAT multispecific organic anion transporter

MRP multidrug resistance protein

MRNA messenger RNA

MW molecular weight

NaF fluorescein sodium

OAT organic anion transporter

OATP organic anion transporting polypeptide
OCTN organic cation transporter

PAMPA parallel artificial membrane permeation assay
PBCEC porcine brain capillary endothelial cells
PBMEC porcine brain microvessel endothelial cell
Papp apparent permeability

PBS phosphate buffered saline

PCR polymerase chain reaction

PD pharmacodynamics

Pe permeability coefficient

PEPT peptide transporter 1

P-gp P-glycoprotein, encoded by ABCB1, also termed MDR1
PK pharmacokinetics

PS permeability surface area product

SLC solute carrier

TEER trans epithelial/endothelial electric resistance
TJ tight junction

VB-Caco-2 vinblastine-treated Caco-2

Z0 zonula occludens
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1. Introduction

A prerequisite of drug action is their presence in the molecular surroundings of
the target in sufficient concentration and for sufficient length of time. Living organisms
prevent drugs and other xenobiotics from entering a body by means of efflux
transporters and eliminate them by means of highly adaptive metabolizing enzymes.
The ADME properties of drugs (absorption, distribution, metabolism and excretion) will
define their pharmacokinetic properties. Nowadays, all factors and traits that determine
the pharmacokinetic profile of drugs are subject to modelling and serve as a ground of
prediction. Pharmacokinetic properties of drug candidates are decisive data, either
promote or block the development of NCEs.

The absorption, distribution, metabolism, excretion, and action of a drug all
involve the crossing of cell membranes. In most cases, a drug must transverse the
plasma membranes of many cells to reach its site of action. Bypassing cells by
paracellular passage through intercellular gaps is a physiological mechanism e.g. in
filtration across the glomerulus in the kidney. Generally, large lipophilic drugs do not
penetrate paracellularly; they need to pass barriers through the cell membrane
(transcellular diffusion). The capillaries of the central nervous system (CNS) and a
variety of epithelial tissues have tight intercellular junctions, so paracellular passage
through them is limited at best. Most drugs cross membranes by passive processes
driven by the concentration gradient, but mechanisms involving the active participation
of transporters or carriers also play an important role. Active transport is characterized
by a direct requirement of energy, movement against a concentration gradient,
saturability, selectivity and competitive inhibition by co-transported compounds (1).

Transporters are membrane proteins that control the influx of essential nutrients
and ions and the efflux of cellular waste, environmental toxins, drugs, and other
xenobiotics. Regarding drug transport, two groups of transporters are known; ABC
(ATP binding cassette) and SLC (solute carrier) transporters. Most ABC proteins are
primary active transporters, which need ATP hydrolysis to actively pump their
substrates across membranes. These efflux transporters likely evolved as a defense

mechanism against harmful substances, therefore, they have broad substrate specificity,
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consequently many drugs qualify as substrates for them. The SLC superfamily includes
genes that encode facilitated transporters and ion-coupled secondary active transporters
that generally mediate the cellular uptake of nutrients such as glucose and amino acid,
and drugs that structurally resemble the endogenous ligands of the transporter.

Therefore, efflux and uptake transporters play substantial role in the
pharmacokinetic and pharmacodynamic pathways of their substrate drugs, including
pathways involved in both, therapeutic and adverse effects.

Transporters that are important in pharmacokinetics are generally located in the
intestinal, renal, and hepatic epithelia, as well as in the capillary endothelia of blood-
brain barrier (BBB). Transporters expressed in the liver and kidney work in concert with
drug-metabolizing enzymes to eliminate drugs and their metabolites, thereby affecting
exposure, and hence toxicity, in all organs (2). At the same time, efflux transporters
control the tissue distribution and have a role in tissue penetration, therefore, may serve
as protective barriers to particular organs and cell types. Access of solutes to several
tissues such as the brain and testes is restricted and the efflux transporters in these
barrier endothelia may limit penetration of drugs.

Among the best recognized transporters in the ABC superfamily are P-
glycoprotein (P-gp, encoded by ABCB1, also termed MDR1) (Fig. 1) (3), which
extrudes a large variety of xenobiotics (Table 1). The overexpression of P-gp (with
other efflux transporters) is responsible for the multidrug resistance of tumours to some
cancer chemotherapeutic agents. But P-gp is physiologically present on the apical
surface of intestinal and kidney epithelial cells, on the luminal surface of brain capillary
endothelial cells forming the BBB and on the canalicular membrane of hepatocytes. P-
gp mediated efflux has been recognized as a serious limiting factor in brain entry of
several substrate drugs (4,5,6), such as the HIV protease inhibitors and loperamide.
Loperamide is a potent opioid that lacks the central effects characteristics of other
opioids and therefore used for diarrhoea (1). P-gp also influences the intestinal
absorption of low permeability or dissolution limited P-gp substrates. Consequently,
these drugs have reduced or variable plasma levels and non-linear pharmacokinetics
(7,8,9,10). The degree of absorption or the intestinal efflux of cyclosporine, talinolol
and tacrolimus reportedly correlates with the intestinal MDR1 mRNA level in humans,
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and a decreased absorbed fraction has been reported in response to P-gp induction by

carbamazepine or rifampicin or St. John’s wort (11,12,13,14,15).

Fig. 1. Model of substrate transport by P-gp. A: Substrate (magenta) partitions into the bilayer from
outside of the cell to the inner leaflet and enters the internal drug-binding pocket through an open portal.
B: ATP (yellow) binds to the nucleotide-binding domains causing a large conformational change

presenting the substrate and drug-binding site(s) to the outer leaflet/extracellular space (3).

Table 1. Reported substrates and inhibitors of P-gp (16).

Substrates: Acchutolol, Acetaminophen, Actinomycin D, p=Acetyldigoxin, Amatriptyline, Amprenavir, Apafant, Asimadoline, Atenokol, Asorvastatin,
Amdopine, Azdoprocamamide methosodide, Azthromycn, Benzotajpyrene, Betamethasone, Bisantrene, Bromocnpting, Bomtrolol, Caleein-AM,
Camptothecin, Carbamazepine, Carvedilol, Celiprolol, Cepharanthin, Cervastatin, Chloruine,  Chlospromazine, Chlorothinzide, Clanthromycin,
Colchicine, Cortwosterone, Cortisol, Cyclosporm A, Daunocubicin (Daunomyen), Debrisogume, Desoxycortcosserone, Dexamethasone, Digitoxin,
Dagoxm, Dilvazem, Dipyndamole, Docetaxel, Dolasgain 10, Domperidone, Doxorubicn (Adnamyein), Eletnptan, Fowtme, Endosulfin, Ernythromycn, [\
Estradiol, Estrdiol- 1 7f-D-glocuronsde, Etoposide (VP-16), Fexofenadine, GF 120018, Grepafloxacin, Hoechst 33342, Hydroxyrubicin, Imatinib, Indmavir,
Ivermectin, Levofloxacm, Loperamude, Lesaran, Lovastatin, Methadone. Methotrexate, Methy lprednisolone, Metoprolol. Miroxantrone. Monensan,
Morphine, 99mTe-sestamibi, V-desmethyltamoxifen, Nadolod, Nelfmavir, Nicardipine, Nifedipine, Nitrendipine, Norverapamil, mnnmpmc ﬂmqmlznlc
PSC-833 (Vakpodar), Poapbenazme, Prazosn, Predmisone, Pnstinamycin 1A, Puromyan, Quetispene, Qunidine, (v
Rhodamme 123, Rispenndone, Ritomavir, Roxithromycn, Saqumavir, Swolimus, Sparfloxacin, Sumatriptan, Tacrolimas, 1nllnolol Tamaoxifen, hxnl
(Pachtaxel), Telithromycin, Terfenadine. Timolol, Toremifene, Tribatylmethy lammonium, Trimethopram, Valinomyein, Vecuronium, Verapamil, Vinblastine,
Vineristine, Vindolie, Vinoeelbine

Inhibitors: Amiodarone, Amitriptyline, Amlodipme, Astemizole, Atemoyacin-B, Atorvistating Aurcobasidin A, Azelastine, Barnidipine, Bemdipine, Bepndil,
Bergamottin, Bengapten, Bergapsol, Biochanin A, Bincedar (VX-710), Bromocriptine, Buspirone, Caffeine, Carvedilol, Celiprodol, Cepharunthin,
Chlorpynifos, Cholesterol, Cimetiding, Charithromyon, Cloficamine, Clomipramme, Clotrimazole, Colchicing, Cortisol, Cremophor EL, Cyelosponin,
Cytochalasin E, Daunorubicn (Daumomycm), Descthylaimiodarone, Desipramine, Desloratating, Desmethylozelastine, Dexamethasone, Dexmiguldipine,
Digoxin. £7-Dibiydrosyberganotun, Dikydrocstochalasm B, Diltiazon, Dipysdamole. Doxepan, Doxombicin (Adnamycin), [0-Fen2, o-Pens Fenkeplalin,
Efonidipine, Elctriptan, Emctine, Endosulfan, Epiabeodendroadin F, Ergometrine, Ergotamine, Erythromycin, Estramustine, Etoposide (VP-16),
Fangchinoline, Felodipme, Feotanyl, Flocomaaole. Fluoxetine, Fluphenazine, Flusoxaming. Forskolin, Gallopamil, Genstein, GFI20918, Halopersdol,
Hydrocortisome, 1Hydroxymidazolam, Indmavir, Itraconazole, Ivermectin, Ketoconuzole, Lansoprazole, Lopermmide, Lomtadine, Lovastann, Manidipine,
Methadone, Metoprolol, Mibefrdil, Miconazole, Midazolam, Morin, Morphine, Naringenin, Nefzodone, Nelfinavir, Nicardipine, Nifedipine, Nalvadipme,
NisoMipirse, Niteendipine. Nobi Norverapamil, Omepmzole, Pafenolol, Pantoprazole, Phenylhesyi isotluocyanate, Prnozide, Pipenne. Pluronic block
copolymer, Pristmamycin 1A, Progesterone, Promethazine, PSC-833 (Valspodar), Quercetin, Quenacnne, Quinidine, O R i R v euL,
Reserpine, Riwoavie, Saquinavie, Silymurin, Simvastatin, Sirmlimus, Mephenytoin, Spironolactone. Staurosporine, Sufentaml. Talinolol, Tuu)u\nfcn,
Tangerctin, Taxol (Pachtaxel), Terfenadine, Tatnusdine. Tettaphenylphosphoniur, Trans-flupenthixol, Tofluoperazine, Trflupromazioe, Trimethoxyben-
zovlyohimbine, Trokandomycin, Tween 80, Valinomycin. Verapamil, Vinblastine, Vincristme
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In the intestine the saturation of P-gp mediated efflux transport can occur due to
high local concentration of dissoluted drugs and the simple diffusion may overcome P-
gp activity (especially by high solubility - high diffusion drugs), still variable and non-
linear pharmacokinetics along doses can occur and make drug development difficult.
Saturation of P-gp function is less likely at BBB as usually low drug levels are present
in the plasma; therefore, P-gp can limit severely brain penetration of P-gp substrate
drugs (9).

Additionally, MRP2 (multidrug resistance protein, ABCC2), and BCRP (breast
cancer resistance protein, ABCG2) are also expressed in the apical side of the intestinal
epithelia, where they serve to pump out xenobiotics, including many orally administered
drugs. At the BBB, beside P-gp, there is accumulating evidence for the roles of BCRP
and MRP4 in limiting the brain penetration of drugs (17,2). Fig. 2 shows the
transporters in plasma membrane domains of intestinal epithelia, hepatocytes, kidney

proximal tubules and brain capillary endothelial cells.

a Intestinal epithelia b Hepatocytes OAr, OATPIBI OATP281
()CT OAT/ QATP]S% \1QP
Blood Intestine Blood _- N (# ) -.
' = — OATP I 1 1 \l [
ocn — < — PEPTI MRP3 *—‘-
S [ BSEP S
_— V4 3 OST
<+ — ASBT MRP4 +—(CESBCRP | Pgp S Sorp
OSTU e X MRP6 +—{ — €)
_OSTR — > e — MCT T }:{ i }5
—( > MRP2 . > Bile <
MRP3 < — 3CRP ( (A AL
\.'{_G—-\‘_, -—O—bl (13‘
‘ — }—» P-gp f \
2 MRP2 MATEI
¢ Kidney proximal tubules d Blood-brain barrier
Blood Urine Brain _ Basolateral
= 5 OAT4
OATPACI — (> «—{ — URATI Brain capillary endothelial cells
o —O— <« )— PEPTI, PEPT2
p-go BCRP ey MRPS
oan —O— —(—> MRP2, MRP4 t 1 l J
) = —( > MATEI, MATE2-K ~~=0O~0 O~ ,
OAT2 —{ > =~ Blood 1- l Apical/luminal
—-O'—» P-gp l
> OATPIA2
AT — >
OAT3 OATP2B1

‘_—,{‘: OCTNI, OCTN2

Fig. 2. Selected human transport proteins for drugs and endogenous substances. a: Intestinal epithelia
contain in their apical (luminal) membrane several uptake transporters including one or more members of

the organic anion transporting polypeptide (OATP) family; peptide transporter 1 (PEPT1;SLC15A1); ileal
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apical sodium/bile acid co-transporter (ASBT; SLC10A2); and monocarboxylic acid transporter 1
(MCT1; SLC16A1). The apical ATP-dependent efflux pumps include multidrug resistance protein 2
(MRP2; ABCC2); breast cancer resistance protein (BCRP; ABCG2); and P-glycoprotein (P-gp; MDR1,
ABCBL1). The basolateral membrane of intestinal epithelia contains organic cation transporter 1 (OCT1;
SLC22A1); heteromeric organic solute transporter (OSTa-OSTB); and MRP3 (ABCC3). b: Human
hepatocyte uptake transporters in the basolateral (sinusoidal) membrane include the sodium/taurocholate
co-transporting peptide (NTCP;SLC10AL); three members of the OATP family (OATP1B1(SLCO1B1),
OATP1B3 (SLCO1B3) and OATP2B1 (SLCO2B1)); organic anion transporter 2 (OAT2; SLC22AT7)and
OAT7 (SLC22A9); and OCT1. Efflux pumps in the hepatocyte basolateral membrane include MRP3,
MRP4 (ABCC4) and MRP6 (ABCCS6). Apical (canalicular) efflux pumps of the hepatocyte comprise
P-gp; bile-salt export pump (BSEP or SPGP; ABCB11); BCRP (ABCG2); and MRP2. In addition,
multidrug and toxin extrusion protein 1 (MATEL; SLC47Al) is located in the apical hepatocyte
membrane. ¢: Kidney proximal tubules contain in the apical (luminal) membrane OAT4 (SLC22A11);
urate transporter 1 (URAT1; SCL22A12); PEPT1 and PEPT2 (SLC15A2); MRP2 and MRP4; MATE1
and MATE2-K (SLC47A2); P-gp; organic cation/ergothioneine transporter (OCTN1; SLC22A4); and
organic cation/carnitine transporter (OCTN2; SLC22A5). Basolateral uptake transporters in proximal
tubule epithelia include OATP4C1 (SLCO4C1); OCT2; and OAT1, OAT2 and OAT3 (SLC22A8). d:
Apical (luminal) transport proteins of brain capillary endothelial cells contributing to the function of the
blood-brain barrier include the uptake transporters OATP1A2 and OATP2B1; and the efflux pumps P-gp,
BCRP, MRP4 and MRP5 (ABCCS5) (17).

1.1. Role of in vitro ADME predictions

In the early phase of drug discovery, PD- and PK-related aspects of molecules
must be considered. Beyond the affinity and selectivity for the target pharmaceutical
properties (stability, solubility, question of formulation), permeability across cell
membranes and other ADME traits may require optimization (18). The cost and time
taken to develop new medicines has continued to rise over recent times while the
number of new drug approvals has declined. Therefore, the pharmaceutical industry is
generally looking to improve success rates and reduce candidate attrition during the
drug development process. One of the options for that is the early termination of drug
development programmes that would ultimately fail, consequently resources can be
focused on those compounds most likely to succeed (19).

Inappropriate pharmacokinetic behaviour, one of the causes of failure in drug

development includes such factors as low bioavailability due to high extraction or poor

11
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absorption characteristics, short elimination half-life leading to short duration of action
and excessive variability due to genetic or environmental factors (19). In 1991, adverse
pharmacokinetic and bioavailability results were the most significant cause of attrition
in the clinic, and accounted for ~40% of all attritions (20). This observation has led to
an increased emphasis on pharmacokinetic input to the drug discovery process
throughout the pharmaceutical industry. Much progress has been made in developing
tools for the prediction of drug absorption, drug clearance and drug—drug interactions, in
addition to the scaling of pharmacokinetic parameters from animals to man. The use of
pharmacokinetic predictions in the drug discovery phase has resulted in fewer
compounds failing as a result of inappropriate clinical pharmacokinetics (19). By 2000,
adverse pharmacokinetic and bioavailability had dramatically reduced as a cause of
attrition in drug development, and contributed to it less than 10% (20). Moreover,
consideration of the pharmacokinetic profile of a new chemical entity can also be
beneficial in the assessment of safety and efficacy. Generally it is possible to make
fairly robust predictions of the pharmacokinetic profile in man using in vitro systems

and preclinical pharmacokinetic studies (19).

1.2. Intestinal absorption and its modelling

The oral route is a convenient way to administer drug products and it still
remains the route of choice for a high patient compliance in most indications.
Absorption across the intestinal barrier is a prerequisite for an orally administered drug
to take effect. Absorption is the result of a complex process that begins when the dosage
formulation is swallowed and proceeds through the liberation of the drug molecules
from the formulation, crossing the biological membranes of enterocytes by passive
diffusion and/or active transport, and metabolization by enzymes. Absolute
bioavailability is the fraction of a dose that reaches systemic circulation following oral
administration. The key determinants of the systemically available drug level are the
fraction of the dose that enters the enterocytes and the fraction that escapes first pass
metabolism. Current physiological properties of the gastrointestinal system, the
physicochemical properties of the drug and its formulation will have impact on the

systemic availability.

12
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1.2.1. Small intestine structure and function

The primary function of the gastrointestinal tract (Gl) is the absorption of
nutrients and water, but it also serves for drug absorption following oral administration.
Furthermore, the protection of an organism from systemic exposure of various toxins,
antigens, and microorganisms is also an important function. Therefore, the Gl is also an
interface between the outer world and an organism.

Drug absorption occurs in each anatomical segments of the Gl, starting from the
buccal mucosa, moving through the stomach, the small intestine (duodenum, jejunum
and ileum) and ending in the colon. The pancreas and the biliary system of the liver
secrete enzymes and detergents into the duodenum. Pancreatic secretions contain
hydrolytic enzymes (proteases, lipases, amylases) that digest food, but also decompose
drugs with sensitive groups. Biliary acids improve drug solubility and dissolution
through micellization and wetting (21). Some metabolites and xenobiotics are subjects
to entero-hepatic circulation, a process of intestinal reabsorption and repeated biliary
excretion.

The functional layers of the small intestine are the mesothelium (serosa),
muscularis propria, submucosa and the mucosa-containing absorptive epithelium. The
intestine is richly supplied with blood vessels, nerve endings and lymphatics (Fig. 3).

The layer of columnar epithelial cells represents the most important barrier that
nutrients and drugs must traverse to enter a body. The epithelium displays fingerlike
projections, called villi, which provide increased surface area in order to achieve
maximal absorption. The villi house the self-renewing population of epithelial cells with
different functions, including secretory cells, endocrine cells and absorptive enterocytes.
There are membrane invaginations at the feet of the villi, known as crypts, which
consist of continuously dividing stem cells. Stem cells produce daughter cells, which are

the source of both epithelial and crypt cells (22,23,24).
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Fig. 3. Structure of the small intestine wall (25).

The microvilli-covered apical surface of the epithelium constitutes the brush
border with enzymes such as sucrase, lactase and alkaline phosphatase. Brush border
enzymes are involved in the digestion of carbohydrates. These enzymes hydrolyse
sensitive drug substrates such as esters, amides etc. The brush border morphology is a
special characteristic of the intestine that greatly increases the surface area of the
absorptive cell and so provides increased contact with substances in order to achieve
maximally efficient absorption (26,27). Special morphological features such as the
brush border, villi and circular folds, together with the long transit time and variable pH,

make the small intestine the primary site for drug absorption in the GI.

1.2.2. Factors influencing drug absorption

Drug absorption is influenced by the biological variables of gastrointestinal tract,
like transit time, pH, presence of food, secreted detergents, gut motility and the

expression level of transporters and enzymes. Moreover, the net pharmacokinetic
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performance of the drug is also the consequence of the drug properties determining its
solubility, penetrability and affinity to transporters and enzymes.

1.2.2.1. Biological variables of the small intestine that influence drug absorption

Residence time

Gastric residence and intestinal transit time influence drug absorption. This is
especially true for dissolution-limited drugs. The mean gastric residence time is shorter
than that of the intestine (28). Relatively high inter-individual variability also exists.
Fed/fasted state, dosage form (tablet, capsule, solution, suspension etc.), drug particle
size (an important physical parameter of the dissolution rate) and the volume of co-

administered water all impact residence time.

pH

There is a pH gradient along the Gl tract, which ranges from more acidic in the
stomach to acidic/neutral in the small intestine. The solubility, dissolution and
penetrability of ionizable drugs are sensitive to these pH variations. The pH range in the

stomach and the jejunum varies greatly depending on the fasted/fed state (29).

Active transports

Drug absorption is particularly strongly influenced by both active influx and
efflux transport processes for compounds with low passive penetrability. Based on gene
expression levels, the most abundant active transporters in the human intestine are
HPT1 (human peptide transporter 1), PEPT1 (peptide transporter 1), BCRP, MRP2,
MDR1 and MCT1 (monocarboxylic acid transporter 1) (30). A compound with P-gp
liability may overcome the intestinal barrier due to saturation at high intestinal dose and
display a non-linear PK. The P-gp level increases distally along the segments of the
small intestine, with relatively low interindividual variation (< 2-fold) compared to
CYP3A4 (> 10-fold) (31,32).
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Metabolism

Drug metabolism in the gut wall can severely reduce the drug level available for
absorption. CYP3A4 is a major metabolic enzyme in the intestine (33). In the upper
intestinal segments, it is assumed that there is interplay between P-gp and metabolic
enzymes. P-gp and 3A4 have overlapping substrate specificity and so they act in
concert: P-gp reduces intracellular drug levels, therefore CYP3A4 can act more

effectively at lower substrate level.

Some drugs show varying solubility and stability in different regions of the
intestine as a result of changes in environmental pH, degradation by enzymes present in
the lumen of the intestine or interaction with endogenous solubilising agents such as
bile. In other instances active efflux or uptake transport mechanisms will modify drug
absorption to various extent in certain regions of the GI tract. Such drugs display
region-specific absorption i.e. they can only be absorbed efficiently in specific segments

of the GI tract that are named "absorption windows" (34).

1.2.2.2. Drug properties influencing absorption

Solubility and permeability are two major features of a drug that determine its
oral absorption. The Biopharmaceutical Classification System has categorized drugs in
terms of their solubility and intestinal permeability. Class | compounds are defined as
those with high solubility and high permeability, and predicted to be well absorbed
when given orally. All other compounds (classes II-1V) suffer either from low
solubility, low permeability or both, and will present challenges to the development of
products with acceptable oral bioavailability (34).

Penetration of xenobiotics is a virtually continuous process of traversing
hydrophilic and lipophilic phases, so the lipophilic and hydrophilic features of drugs are
important in this process. The Lipinski Rule defines the likelihood of poor absorption in
humans, using the structural properties of over 2000 compounds that survived Phase |
clinical trials (35). The ‘Rule-of-Five’ predicts that poor absorption or permeation is
more likely when the number of hydrogen bond donors is more than 5, there are at least

10 hydrogen bond acceptors, the molecular weight is greater than 500 and the calculated
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Log P is greater than 5. The ‘Rule-of-Five’ should be considered as a qualitative
predictor of absorption and permeability. With large molecular size, solubility and
passive penetrability decreases. If the number of hydrogen bonds and thus the drug’s
polar feature increases, aqueous solubility will increase, but passive penetration
(partitioning in the lipid bilayer of the cell membrane) will decrease. Lipophilicity
above a certain level limits molecular penetration, as drugs are simply trapped in the
cell membranes. For optimal absorption, a good balance of permeability and aqueous
solubility is deemed in the range of 0 <logP <3 or 1 < logD74< 3.

Veber et al. has defined additional critical properties that are required in order to
achieve good oral bioavailability in rats (36). They reported the findings from a study of
rat bioavailability data for 1100 drug candidates. They found that molecules possessing
fewer than 10 rotatable bonds and having a polar surface area less than 140 A? (or H-
bond count less than 12) generally showed oral bioavailability in rats exceeding 20%.

lonizability is also a critical drug property that influences drug absorption.
Charged molecules display higher solubility than their neutral forms, yet they show
lower rates of penetration. As there is a pH gradient along the gastrointestinal tract, the
solubility and penetration of chargeable drugs may differ accordingly. Most drugs
(75%) are weak bases, therefore less ionized and penetrate faster in the more basic
segments of the GI, preferably in the small intestine.

High lipophilicity and therefore low aqueous solubility of new chemical entities

is a common problem in recent drug research.

1.2.3. Models of intestinal absorption

In order to predict the absorption of new chemical entities, preclinical research
generates data using in silico, in vitro, ex vivo and in vivo models previously correlated
with human data. The availability of suitable human data is one of the most critical
points of human prediction. High enough bioavailability (> 80%) may reflect good
absorption and is a useful source of human data. The ratio of the cumulative urinary
excretion of the drug and metabolites following oral and intravenous administration is
another important form of data used for the human prediction endpoint. Low solubility,

formulation-, salt- and dose-dependent absorption, and metabolism complicate the
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evaluation of absorption (37). Some human single-pass perfusion data are also
available, and present a good correlation with the extent of absorption determined by

other pharmacokinetic studies (38).

1.2.3.1. In silico models

In silico methods use calculated physicochemical drug properties (e.g.
lipophilicity, hydrogen bonding, molecular surface properties, solubility, solvatation
energy, charge distribution) as descriptors for drug permeation, and frequently directly
predict drug pharmacokinetic (PK) properties such as human absorption
(39,40,41,42,37). The accuracy and the predictive value of in silico models are critically
dependent on the reliability of the biological data on which the model is based (43).
PSA, NPSA (non-polar surface area) and dynamic PSAq4 appear to be important
descriptors for the prediction of passive penetration (44,45). Prediction for active
transports still needs to be proven (46,47). Otherwise, in silico models are high
throughput, cost-effective techniques (requiring minimum usage of resources and
manpower), as they are normally used for screening of virtual libraries, and a molecule

will only be synthesized if it shows a satisfactory level of absorption.

1.2.3.2. Non-cell based in vitro systems

There are several methods that use artificial membranes or liposomes to predict
drug absorption or drug-membrane interaction (48,49,50). The most widely used
methods are IAM (immobilized artificial membrane assay) chromatography and
PAMPA (parallel artificial membrane permeation assay). In IAM an artificial
membrane is employed as the stationary phase of chromatography. A monolayer made
up of phospholipid analogues is covalently bonded to the surface of silica particles. The
technique can be performed coupled with a conventional HPLC instrument. Based on
chromatographic retention time, it is possible to rank and classify a large number of
drugs in a cost effective way (51). The method runs with small amounts of test articles
and does not require either high purity samples or quantification. However, IAM models

drug-membrane interaction rather than membrane permeation. Compounds that present
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good lipid partition in this model do not necessarily cross the epithelial cell layer. The
results simply represent passive transcellular uptake.

The PAMPA is a high throughput assay for permeability screening in early drug
research. It is performed in two-part multi-well plates with an artificial lipid membrane
impregnated with mixture of lecithin/phospholipids dissolved in an inert organic solvent
(52,53). The drug concentration in the acceptor plate is followed by HPLC, or simply by
a more efficient system coupled UV-plate reader. Due to its high throughput capacity,
PAMPA can be used to pre-screen large sets of compounds for passive penetrability
prior to cellular assays, and can provide information about ionization status, pH
dependence of the absorption, and the influence of the unstirred water layer on drug
permeability. PAMPA tolerates lower pH levels and a higher content of solubilizing
agents than cell-based assays (54). The composition of the artificial membranes, type of
filter material and the applied pH make PAMPA useful both for intestinal and BBB
penetration measurement. Similarly to IAM, only passive transcellular transport can be
predicted using PAMPA, as there is no consideration of paracellular pathway, carrier-
mediated transport, drug metabolism, and active transporters, therefore, false positives
and negatives may occur for active transporter substrates and for drugs capable of
metabolism at the site of permeation.

1.2.3.3. Cell culture based in vitro models

For the majority of oral drugs, the intestinal epithelium forms the main barrier
that must be permeated in order to enter the body. Epithelial cell-based systems are
therefore expected to be the best in vitro models of oral drug absorption. In vitro models
of drug penetration that display adequate passive permeability and efflux transporter
functionality, especially those that offer both P-gp and good human predictability
simultaneously, are much-needed tools for high throughput application in early drug
research. Primary cultures of enterocytes have very poor viability (55,56,57), but
immortalized cell lines such as Caco-2, HT-29, T-84, MDCK and 2/4/A/1 grow rapidly
into confluent monolayers, and model absorption at some level. Reference compounds
with known human absorption serve for validation of the models. Compared to the
simpler IAM and PAMPA systems, the cell-based systems more closely resemble in
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vivo conditions. Depending on the type and differentiation of the monolayers, these
models display not only passive transcellular but also paracellular and active transport
features. They have an advantage over in vivo animal models in that they require neither

high amounts of test compounds nor animal test subjects.

Caco-2

Caco-2 is the preferred cell-based model for human drug absorption (58) (59).
Caco-2 cells are derived from human colonic adenocarcinoma, but they have
morphological and functional similarities to small intestinal enterocytes (60). The cells
undergo spontaneous differentiation on permeable filters, depending on culture
conditions. The advantage of the human origin of the cells is underlined by the results
that many of the active transporter genes that are present in the human intestine, such as
MDR1, MRP-2, -3, -5; BCRP, OCTN-1, -2, MOAT-C, PepT1 and OATP-B, are
expressed at some level in Caco-2 cells (Fig. 4) (61,30,62,63). The functionality of
several transporters were shown in native Caco-2 by measuring adequate substrates in
bidirectional transport assay, for example: talinolol (64), cimetidine, vinblastine,
colchicine, cyclosporine (65), digoxin, (66) for P-gp, dactinomycin, daunorubicin,
dipirydamole, domperidone (65) for MRP2, adefovir, (67) for MRP4, daunorubicin,
ciprofloxacin, furosemide, sulfasalazine (65,68) for BCRP, estrone-3-sulfate, (69),
levofloxacin, (70), imatinib, (71) for OATP1A2 and estrone-3-sulfate (72,73,74) for
OATP2B1.

A number of research labs have established a correlation between the
permeability across Caco-2 monolayers and the human dose fraction absorbed for
different sets of compounds (for reviews, see (75,76,77)).

The Caco-2 transport assay enables the measurement of permeability of both the
absorptive (apical-to-basolateral) and secretive (basolateral-to-apical) directions. The
apical compartment models the intestinal lumen, and the basal compartment models the
blood stream. As an output, apparent permeability (Papp) is calculated and efflux ratio
can be characterized by the ratio of Papp pasolateral to apical VS. Papp apical to basolateral- A ratio
greater than 2.0 is generally accepted as an indicator of efflux (78). Preincubation of the

cells with verapamil or quinidine is frequently used to confirm P-gp activity.
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Fig. 4. Relative expression levels of ABC transporters (left panel) and SLC (right panel) transporters in
human tissues isolated from jejunum mucosa. Each corresponding gene expression level in the Caco-2
cell line is shown in the opposing direction on the graph (light gray bars) for visualization of homologies
and discrepancies in transporter expression profiles. The bars represent the mean relative expression

levels; error bars indicate the standard deviation. *, absence of gene expression (30).

The Caco-2 cell model is widely accepted for permeability assessment, although
it suffers from shortcomings such as long term cultivation of cells and the under-
expression of active influx and efflux transporters and metabolic enzymes such as
CYP3A4 (79,80,81,82,83). The permeability of hPEPT1 substrates such as cephalexin
and amoxicillin are reported to be underestimated in Caco-2 (84). There is also a
variable and low expression of P-gp in Caco-2 cultures, which seems to limit its use for
screening P-gp substrates or studying P-gp related interactions (85,86). A number of
laboratories have attempted to overcome some of the shortcomings of Caco-2.

Improvement some functions of Caco-2 was our aim too, this is discussed later.

Other cell culture models of drug penetration

The HT-29 is a human intestinal colon cancer cell line that only differentiates
after modifications of culture media, e.g. replacing of various components leads to clone
selection and differentiation. The presence of galactose instead of glucose causes the
formation of polarized cells. Clones differentiate into mucus-secreting goblet cells that
can be used for studying the effect of mucin on intestinal absorption (87,88).
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The T84 cell line, like Caco-2, differentiates spontaneously in culture after
reaching confluency. However, the cells express fewer biochemical and morphological
markers of differentiation (89). This cell line also expresses P-glycoprotein. It has been
demonstrated that it is a good model for studying the induction of efflux transporters
(90).

Madin-Darby canine kidney (MDCK) cells differentiate spontaneously into
columnar epithelial cells and form tight junctions when cultured on semi-permeable
membranes. A major advantage of MDCK cells over Caco-2 is the shorter cultivation
period (3 days vs. 3 weeks) (91). Permeability data obtained for a large set of
compounds (n=55) in MDCK model correlated well with human absorption and also
with Caco-2 penetrability (92). MDCK cells derived from dog kidney cells may express
transporters that are grossly different from those in the human intestine, which limits its
usefulness for the prediction of human intestinal absorption. MDCK cells transfected
with human MDR1 is a well accepted surrogate model of blood-brain barrier
permeability (93).

2/4/Al is a foetal rat intestinal epithelial cell line conditionally immortalized
with a temperature-sensitive mutant of SV40 (94). 2/4/A1 is only useful for passively
transported compounds (42). The transport rate of typical hydrophilic, poorly permeable
paracellular compounds (e.g. mannitol and creatinine) in 2/4/A1 monolayers is
comparable to that in the human jejunum, and much faster than in the Caco-2 cell

model.

1.2.3.4. Excised tissues (ex vivo models)

The isolated tissues have the advantage of working with intact organs with
physiological cell-cell contacts and normal intracellular matrices. In these models, the
effect of variable tissue properties such as the distribution of transporters in the different
segments of the Gl may be examined (95).

In vivo, compounds passing the enterocyte are distributed to the systemic blood
circulation by the blood and lymph vessels of the adjacent lamina propria. The
underlying muscle layer does not represent a barrier to the absorptive process. The
musculature can therefore be stripped off the tissues, consequently the tissue can be
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oxygenated more efficiently. If the tissues are sufficiently supported with oxygen, they
can be used for several hours. However, as the tissue is separated from its in vivo blood
circulation, its viability is hampered and may lead to incorrect and non-reproducible

permeability data (96), which is the main disadvantage of these ex vivo models.

Isolated-perfused intestinal segments

The entire small intestine, or alternatively, just a segment of it, is cannulated at
both ends. After removal, the intestine or intestinal segment is placed in a perfusion
apparatus and circulated luminally with an oxygenated buffer containing the test
compound (97). In a more elaborate version of this method, the intestine is perfused
both luminally and vascularly, so the superior mesenteric artery and the portal vein are
cannulated and perfused (98,99). Wei et al. recently adapted this technique for human
intestinal segments (100). The drug disappearance is calculated and an equal level of
drug absorption is assumed, which is only valid when apical uptake is a rate-limiting
step in drug absorption. If drug metabolism or accumulation occurs in the mucosa, then
this approach leads to an overestimation of drug absorption (101). Using luminally and
vascularly perfused method, both drug appearance in the vascular perfusate and its
disappearance from the lumen can be followed.

The technique is valuable in the elucidation of transport mechanisms and may
also be useful in evaluating the absorption of poor solubility drugs that require
formulation (101).

Everted gut sacs

The small intestine of rodents (mostly rats) is removed, flushed and placed into
an oxygenated special tissue culture medium. The intestine is everted, divided into sacs,
and then laced up at both ends. In one end of the sac, a blunt needle syringe is inserted
to inject the required volume into the sac lumen. The sac is placed in a tank of
oxygenated buffer with the test compound (102). The drug content is analyzed in the
solution of the serosal side and in the digested tissue/sacs. The transport of drugs,
nutrients, liposomes, proteins and macromolecules can be studied with this method

(103), and kinetic parameters can be determined with high reliability and
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reproducibility. Examination of the paracellular transport of hydrophilic molecules
makes possible to study the effect and toxicity of potent enhancers (104).

Drug absorption can be measured at different parts of the intestine, and the
region, where drug absorption is maximal, may be identified. (105). It has been
demonstrated that this method is suitable to study the effect of P-gp on xenobiotic
transport by co-administered P-gp inhibitors (106,107), the role of influx transporters
like PepT1, LAT2 (105,108), intestinal drug metabolism (109), hydrolysis of prodrugs
(110,111), food effect (112) and the effects of excipients and different formulations on
absorption (113,78).

Even using well-oxygenated buffers, the destruction of the intestinal mucosa is
rapid. Apart from this issue, it is an inexpensive, relatively simple technique that is
useful in examining site specific intestinal absorption. Paracellularly-transported
compounds had similar permeability values to those obtained with human perfusion

studies.

Ussing chambers

Ussing and Zerahn (114) first introduced Ussing chambers to study the active
transport of sodium in isolated frog skin. Since then, the method has been used to study
ion transport, drug absorption and permeability across the intestinal sheets of rats,
rabbits, hamsters and mice (115,116). Using human biopsies of gastric, jejunal and
colon mucosa barriers, the functions of the human GI tract can also be studied
(117,118,119). Ussing chambers have also been used to study the intestinal metabolism
of xenobiotics (120,121).

The technique is applied to opened, isolated intestinal sections mounted between
two halves of a diffusion chamber. The intestinal section, as a flat sheet, separates the
buffers from the drug containing buffers so that the transport of molecules across the
tissue and between the chambers can be measured.

Both mucosal-to-serosal (m-s) and serosal-to-mucosal (s-m) directional fluxes
can be studied, enabling the differentiation of passively and actively absorbed drugs
(122). Different segments of the GI can be used, enabling the evaluation of site-specific
absorption. Even the electro-physiological properties of the intestinal membrane during

drug absorption can be monitored (123). Determination of species differences with
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respect to intestinal characteristics may support the selection of suitable animal models
for drug bioavailability studies (124,125). The short viability of the tissues in simple
media due to the lack of blood flow and the sensitivity of the mounted sheets in the

diffusion cells to mechanical damage may limit the generation of reliable data.

1.2.3.5. In situ models

In situ experiments involve perfusion of the drug solution through isolated
cannulated intestinal segments. The perfused organ stays connected with the systemic
blood circulation of the animal (126). Drug permeability, absorption Kinetics, intestinal
transport and metabolism, regional absorption and drug secretion into the intestinal
lumen after i.v. administration are frequently studied in in situ models (127,128,129).

Using in situ models, drug absorption is generally estimated on the basis of drug
disappearance from the intestinal lumen, but the rate of decrease in the drug
concentration in the perfusate is not always equal to the rate of absorption into the portal
vein. Sampling from mesenteric vessels or the portal vein can give a better estimation of
drug absorption (130). Perfused flow rate and anaesthesia can influence the rate of drug
absorption (89,131,132). Non- or low-absorbable volume markers such as PEG 4000,
mannitol or Lucifer Yellow should be used to take into consideration the change in the
luminal drug solution due to absorption or secretion of water. This method requires a
large number of animals to obtain statistically significant absorption data and relatively
high amounts of test compounds ( > 10 mg).

A particular advantage of this method is that by bypassing the stomach acidic
compounds are not likely to be precipitated, and the process is not complicated with
biliary excretion and entero-hepatic circulation as is the case in in vivo methods. The
presence of an intact blood supply and intact innervation mimics in vivo conditions well,

and the model provides useful kinetic data.

1.2.3.6. In vivo animal models

Animal models are commonly used to predict the extent of the absorption of

drug candidates. In practical terms, oral bioavailability is determined through this
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method. However, drug bioavailability is influenced by far more factors than intestinal
absorption alone. Sampling from the portal vein may rule out the metabolism in the
liver, and intra duodenal administration of dissolved compounds makes possible to
eliminate the role of dissolution, gastric acidity and emptying (124).

In vivo models integrate all of the biological factors that may affect drug
absorption, such as the mucus layer, the dynamic components of the mesenteric blood
circulation and all of the other factors that can influence drug dissolution. However,
there are numerous species differences that influence absorbed drug levels. The gastric
volume available for drug dissolution and gastric pH differ between species. Rodents
have a less acidic pH than humans (133). There are also significant species differences
in the activity, type and distribution of metabolic enzymes and also in the expression of
transporters in the different species. Gl volume, motility and transit time also show
species specificity. Dogs are known to overpredict the human bioavailability of
hydrophilic drugs. Rats seem to be better predictors of the bioavailability of compounds
with paracellular and carrier-mediated processes (133,134,135,125). Generally, for low
solubility, dissolution-limited, metabolism-subjected drugs, the bioavailability may not

reflect absorption alone, and may contain numerous species-related factors.

1.2.3.7. Conclusions to models of absorption

Predictive, cost-effective, high-throughput absorption models are necessary tools
for drug research (Table 2). The choice of method depends largely on the questions to
be answered and the stage of intended application. At more advanced levels of drug
research, the questions are more complex. In the design phase, in silico approaches
using relatively simple rules can orient chemistry thinking; later, when drug substances
are available, fast screens such as PAMPA followed by the relevant cell-based assay can
reveal drug candidates with highly limiting passive and/or active penetrability and
metabolic liabilities.
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Drugs that survive the first sets of in vitro ADME test batteries may enter the
advanced phase of in vivo pharmacological testing. Prior to this, animal PK studies that
answer specific questions about dosage size, formulation and food effects may support
successful pharmacodynamic testing. Species specific properties may limit the use of ex
vivo, in situ and in vivo animal models.

Among the models, cell-based assays provide information not only for passive
transcellular permeation of the drug but also for paracellular and transporter mediated
processes with medium throughput. For prediction of human absorption Caco-2 culture
based models are especially good in the early phase of drug discovery. Experiments on
this culture form the base of this work.

No single model can provide sufficient data as a stand-alone method. However,
cumulated information from the various in vitro and in vivo approaches can direct
scientists in predicting human drug presence and in planning appropriate clinical studies
in order to reach sufficient effective drug levels. Multilevel strategies drawing on the
differing strengths of models with different levels of complexity appear to be the best

approach to generating reliable human predictions.

1.2.4. Improving the properties of Caco-2 cultures

As mentioned before, several labs have established a correlation between
permeability measured across Caco-2 monolayers and human dose fraction absorbed for
different sets of passively penetrating compounds (for review, see (75,76)); although the
permeability data do display significant interlaboratory differences (136,137,91).

A number of laboratories have attempted to overcome some of the shortcomings
of Caco-2. Reducing the three-week differentiation period to three days mostly resulted
in less differentiated cultures (138) and lower P-gp levels (139). Application of butyrate
for differentiation in short-term cultures (140,141) induced not only differentiation but
apoptosis as well (142). The traditional 3-week culture is still preferable (75,58).

The Caco-2 model was found to be the most predictive (r>=0.9), even for passive
brain penetration, in a comparative study using different cell types (e.9. MDCK-MDR1,
BCE etc.) (143). However, Caco-2 was unable to identify P-gp substrates as correctly as
the frequently used surrogate BBB model MDCK-MDR1. In our hands Caco-2
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frequently failed to recognise P-gp substrates which has been described by others as
well (144,145,77). Generally, the variable and low expression level of P-gp in Caco-2
cultures seems to be the limiting factor for its use in screening P-gp substrates or
studying P-gp related interactions (79,85,86).

Improved P-gp expression and functionality of Caco-2 cells was set as an
objective by several laboratories for different purposes. Horie and co-workers isolated
subclones of Caco-2 cells expressing high levels of MDR1 and recommended their use
for profiling drugs for P-gp activity and structure-transport relationships (146). The
transfection of Caco-2 with hPXR, mCAR nuclear receptor genes regulating the
expression of both metabolic enzymes and efflux transporters (MDR1 and MRP2)
(147,80), or transfection with the h(MDR1 gene, resulted in elevated expression of P-gp
and improved efflux functionality. Others have also attempted to stimulate P-gp
expression with agents such as vinblastine or vincristine. P-gp expression and
functionality for a limited number of test compounds were studied in vinblastine-treated
Caco-2 cells, and recommended for the identification of P-gp substrates using short or
long term growth protocols (148,145,149,150). For the time being transfected or
vinblastine treated Caco-2 cells have not been validated for use in drug penetration
screening. At the same time vinblastine- or vincristine-treated cultures are routinely
applied, albeit only at early passages in Calcein AM (151,152) and in radioligand-
binding assay (153,154). Therefore, we set out to characterize the vinblastine-treated
Caco-2 culture for using as a drug penetration model and for the prediction of human

absorption and brain penetration (see later).

1.3. Brain penetration and models of blood-brain barrier permeability

1.3.1. Barriers of the CNS

Three barrier layers limit and regulate molecular exchange at the interfaces
between the blood and the neural tissue or its fluid spaces. The first is the blood-brain
barrier (BBB) formed by the cerebrovascular endothelial cells between blood and brain
interstitial fluid (ISF). The second interface is formed by the epithelial cells of the

choroid plexus facing the ventricular cerebrospinal fluid (CSF), which constitute the
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blood-cerebrospinal fluid barrier (BCSFB). The third barrier is provided by the
avascular arachnoid epithelium between blood and subarachnoid CSF (155), and
completely enclose the CNS (156,157). Individual neurons are rarely located more than
8-20 um from a brain capillary (158); however, they may be millimetres or centimetres
far from a CSF compartment. Furthermore, the surface area of the BBB microvessels
constitutes the largest interface for blood—brain exchange. This surface area, depending
on the anatomical region, is between 150 and 200 cm? /g tissue giving a total area for
exchange in the brain of between 12 and 18 m? for the average human adult. Because of
the large surface area of the BBB and the short diffusion distance between neurons and
capillaries, the BBB exerts the greatest control over the immediate microenvironment of
brain cells from the various CNS barriers, so the endothelium has the predominant role

in regulating the brain microenvironment (157).

1.3.2. The neurovascular unit

The anatomical substrate of the BBB is the cerebral microvascular endothelium
together with astrocytes, pericytes and neurons, which are organized into well-

structured neurovascular units (Fig. 5) (156).

Tight junction

Fig. 5. Cellular constituents of the blood-brain barrier. The barrier is formed by capillary endothelial

cells, surrounded by basal lamina and astrocytic perivascular endfeet (157).

The cerebral endothelial cells (CECs) form a continuous sheet covering the inner

surface of the capillaries. Brain endothelial cells have both endothelial-like features
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(i.e., expression of von Willebrand factor, uptake of acetylated LDL, high activity of
alkaline phosphatase and gamma-glutamyl transpeptidase) and epithelial-like features
(i.e., continuous line of tight junctions, low level of pinocytosis, high TEER) (159). The
nearest neighbours of endothelial cells are brain pericytes which are sharing a common
basal membrane consisting of collagen IV, fibronectin, laminin and proteoglycans.
Pericytes have a fundamental role in stabilizing the brain capillary structure in vivo
(160,161), and they participate in the development, maintenance and regulation of the
BBB (162). Endfeet of astrocytes cover a significant part of the endothelial surface
(163). Astrocytes are also capable to induce BBB properties in endothelial cells (156).
Cerebral capillaries are innervated by different neurons (164), which can regulate
important aspects of BBB function and induce the expression of BBB-related enzymes
in cultured cerebral endothelial cells (165). Microglial cells are also found in the
perivascular space, playing an immunological role; however, their contribution to the

BBB properties is not well characterized (159).

1.3.3. The barrier function

The barrier function of BBB results from a range of passive and active features
of the brain endothelium. Owning to the anatomy of the BBB, it acts as a ‘physical
barrier’, because the complex tight junctions between adjacent endothelial cells reduce
most molecular motion paracellularly through the junctions, in contrast to most
endothelia (164,166). An additional line of defence is the highly negatively charged
glycocalyx at the luminal surface of brain endothelial cells. Absence of fenestrations
and low number of pinocytotic vesicles further decrease molecular movement through
the cells (167).

The presence of specific transport systems (solute carriers, efflux pumps,
adsorptive and receptor-mediated transendothelial transport) (167) on the luminal and
abluminal membranes of endothelial cells regulates the transcellular traffic of
molecules, which provides a selective ‘transport barrier’ (168). These transporters and
carriers provide the CNS with nutrients, vitamins, minerals and metabolic precursors.

The efflux transporters participate in the protection of the brain from potentially toxic
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molecules and xenobiotics, and in the regulation of the level of neurotransmitters and
metabolites in the brain (167).

Finally, a combination of intracellular and extracellular enzymes provides a
‘metabolic barrier’, which modify endogenous and exogenous molecules that could
bypass the barrier and affect neuronal functions (169,162). Phase | enzymes (aldehyde
and alcohol dehydrogenases, alkaline phosphatase, aminotransferases, aromatic L-amino
decarboxylases,  butyrylcholinesterase, catechol-O-methyl  transferase, epoxy
hydrolases, y-glutamyl transpeptidase, ketone and alcohol oxidoreductases, monoamine
oxidases A and B and transaminases), as well as phase Il enzymes (glutathione S-
transferase-n (GSTxn), GSTa, Sultlal, Sultla2, and UDP-glucuronosyl-transferase
Ugtlal) are expressed at the BBB (170,167,171). The metabolic enzymes, together with
the efflux pumps, provide an important line of defence for the CNS from neurotoxic
substances circulating in the blood, like endogenous metabolites or proteins, or
xenobiotics ingested in the diet or otherwise acquired from the environment (167).

The barrier function is not fixed, but can be modulated and regulated, both in
physiology and in pathology. With these features the BBB provide a stable fluid
microenvironment that is critical for complex neural function, and protect the CNS from
chemical insult and damage (156). The BBB restricts ionic and fluid movements
between the blood and the brain, and protects the brain from fluctuations in ionic
composition, which would disturb synaptic and axonal signalling (172). The barrier
helps to keep separate the pools of neurotransmitters and neuroactive agents that act
centrally and peripherally (157,173). The BBB prevents many macromolecules from
entering the brain. The protein content of CSF is much lower than that of plasma, and
plasma proteins such as albumin, pro-thrombin and plasminogen are damaging to
nervous tissue (174,175).

1.3.4. Elements of the barrier

1.3.4.1. Transport pathways

As shown on Fig. 6, six transport pathways can be distinguished at the level of
the BBB (167).
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1. Passive transcellular pathway for lipophilic molecules

Small gaseous molecules such as O, and CO; can diffuse freely through the lipid
membranes, and this is also a route of entry for small lipophilic molecules (MW less
than 400-500), including drugs such as barbiturates, caffeine, nicotine and ethanol
(156,176,177).

2. Passive paracellular pathway for hydrophilic molecules

In contrast to peripheral microvessels, the restricted paracellular pathway by the
tight interendothelial junctions of cerebral microvessels prevents hydrophilic molecules
from entering the CNS freely. Therefore, most proteins, peptides and polysaccharides
cross the BBB poorly (177).

3. Carrier-mediated transport

The BBB express saturable, bi-directional transport systems for nutrients,
vitamins and minerals at the BBB (157,177). About 40 members of the solute carrier
(SLC) transporter family were identified in brain microvessels by serial analysis of gene
expression (178). Drugs which resemble nutrients or vitamins may be substrates of
these transporters therefore can reach high concentrations in the CNS. The most
important BBB uptake transport proteins involved in drug transport are the organic
anion transporting polypeptide, OATP1A2 (methotrexate, statins), OATP2B1
(fexofenadin) and the large neutral amino acid transporter (LAT) (L-DOPA,
gabapentin) (179,17).

4. Active efflux transport

The ABC transporters in the BBB function as active efflux pumps consuming
ATP and transporting a diverse range of potentially neurotoxic endogenous or
xenobiotic molecules out of the brain capillary endothelium and the CNS (180). The
most important ABC transporters identified in brain capillaries are P-glycoprotein
(ABCBL1, substrates: digoxin, loperamide), multidrug resistance proteins MRP-1, -4, -5
and -6 (ABCC1-6, substrates: topotecan, furosemide), and breast cancer resistance
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protein (BCRP/ABCG2, substrate: methotrexate) (157,178,181,17,182,183). Many
drugs that are substrates of these ABC efflux transporters have significantly reduced
brain penetration (5), resulted in inefficient treatment of CNS diseases (brain tumours,

HIV and epilepsy), or avoidance of side effects in the brain (184).

5. Receptor-mediated transcytosis

Receptor-mediated transport which can be bidirectional is responsible for the
brain penetration and clearance of peptides and proteins (185) like transferrin,
melanotransferrin, insulin, leptin, low density lipoprotein and many other important

regulatory proteins (177,162).

6. Adsorptive-mediated transcytosis

Adsorptive-mediated transcytosis is highly downregulated at the BBB. It
transfers albumin through peripheral endothelial cells, but unregulated leakage of serum
proteins into the CNS would be toxic to neurons (176,186).
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Fig. 6. Transport pathways at the BBB. 1, passive transcellular diffusion; 2, paracellular diffusion; 3,
carriers; 4, active efflux transport; 5, receptor-mediated transport; 6, adsorptive-mediated transcytosis
(167).
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1.3.4.2. Intercellular junctions

The junctional complexes between endothelial cells, that include adherens
junctions (AJs) and tight junctions (TJs, zonulae occludentes), play a crucial role in

determining paracellular permeability (159).

Tight junctions

Presence of a continuous line of TJs at the cell-cell borders of endothelial cells is
one of the most important elements of the BBB phenotype. The TJs are not only
responsible for the restriction of the paracellular pathway (‘gate function’), but also for
segregating the apical and basal domains of the cell membrane (‘fence function’) which
enables the polarized (apical-basal) properties of the endothelial cells similar to
epithelial cells (187). The molecular components of the TJs can be separated into
transmembrane and cytoplasmic plaque proteins. Transmembrane proteins of
endothelial TJs include occludin (188), junctional adhesion molecules (189) and
members of the claudin family (190). Plaque proteins link transmembrane proteins to
the actin cytoskeleton. Occludin and claudins are linked to a number of cytoplasmic

scaffolding and regulatory proteins ZO-1, ZO-2, ZO-3 and cingulin (157).

Adherens junctions

Cell—cell interaction in the junctional zone is stabilized by AlJs (156). AJs
mediate adhesion of endothelial cells to each other and — in part — regulation of
paracellular permeability. The transmembrane proteins of the adherens junctions are the
cadherins, in the case of vascular endothelial cells mainly VE-cadherin (191), which is
linked through the catenins (alpha, beta and gamma) to the cytoskeleton. In brain
endothelial cells, tight and adherens junctions are intermingled (192), and it has been
shown that ZO-1 and ZO-2 can interact with alpha-catenin (193).

1.3.5. In vitro BBB models

The insufficient presence of drugs at their brain targets due to the barrier

function of brain capillary endothelial cells is a common cause of failure of drugs that
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target the CNS; therefore, prediction of BBB permeability is important in drug
development. In drug discovery for the prediction of brain penetration several types of
models are used. Such models are in silico prediction, PAMPA, cell culture-based
approaches and also animal models (BUI, in situ perfusion, etc). Due to the higher
complexity of information derived on both passive penetration and active transport
processes, cell cultures are favoured tools for BBB drug penetration modelling
(194,195). Basically, there are two types of models. Firstly, the “real BBB models” that
are based on cultures of brain capillary endothelial cells supplemented and/or co-
cultured with astrocytes/pericytes. Secondly, the well accepted surrogate BBB models
that use epithelial-like cells like Madin-Darby Canine Kidney (MDCK) cells transfected
with human MDR1 gene and the possibly the recently challenged colon carcinoma cell
line (Caco-2) (196,197,194).

In vitro models always involve compromises. The loss of complexity is made up
for by the higher throughput, lower costs and the simplicity that makes it easier to
analyze individual phenomena. Understandably, efforts are made to ensure that in vitro
models be as similar as possible to in vivo conditions, since the closer a model mirrors
the in vivo situation, the more accurate the predictions it can yield. However, sacrificing
some complexity while retaining the critical in vivo features may be worthwhile when
weighed against the advantages in terms of simplicity, higher capacity and
reproducibility (198).

1.3.5.1. Critical features of in vitro cell-based BBB penetration models

For the predictive modelling of CNS permeation, it is critical that drug transport
in the cellular assay is free of leakiness and that the model presents BBB features of
passive and active transport (198).

In vivo the gap between endothelial cells is tight enough to prevent compounds
passing in a paracellular manner through the tight junctions between the overlapping
membranes of interconnected cells. Therefore, the in vitro BBB model must display
restrictive paracellular pathways. The functional tightness of the junctions can be
measured in terms of the TEER and by junctional permeability tracers. High TEER and
low penetrability of hydrophilic markers may guarantee controlled paracellular
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pathways in the models. Although in vivo the TEER of brain endothelium is greater than
1000 Qcm? (199), a consensus has been reached that reasonable data can be obtained in
in vitro BBB models if the system shows a sufficiently high TEER, at least 150 to 200
Qcm? (200). In industrial drug permeability screening, use of permeability markers of a
size similar to small drug molecules (100 to 400 Da) to estimate junctional permeability
is favoured over TEER measurement. Such markers include fluorescein, Lucifer Yellow
or sucrose and mannitol (194). In vivo the permeability of the disaccharide sucrose
(MW = 342, molecular radius = 4.4 A) is very low — between 0.025 and 0.1 x 10°® cm/s
(197,201). Ideally, tracer permeability in vitro should not exceed the in vivo value of
BBB permeability estimated. Until now those extremely low values could not be
reproduced in cell cultures. As a reasonable in vitro cut-off value of Pe approximately
1 x 10°® cm/s might be acceptable.

Selective transcellular permeability is also a critical characteristic of BBB
models, as the passive transcellular pathway is a major route for drugs crossing
membrane barriers. Less well understood are the effects of lipid membranes and cellular
architecture of cerebral versus peripheral cells on permeability rankings of various BBB
models (202).

In the emerging new concept, P-gp efflux functionality is a critical feature of
CNS permeation modelling. Based on our current knowledge, P-gp is the main efflux
pump, which drastically affects both the penetration rate and the extent of brain
distribution unless counteracting mechanisms, such as high passive penetrability and/or
adequate plasma-protein binding and brain-tissue binding, compensate for its action.
The accurate prediction of these in vivo characteristics is best performed with in vitro
BBB models that comprise efflux functionality as well as the passive permeability. In in
vitro models, the P-gp functionality (verified by specific inhibitors) is described as the
fold difference of basolateral-to-apical and apical-to-basolateral drug transport. It is
understandable that an interlaboratory comparison of efflux substrates is often
contradictory, since the P-gp expression level and pump functionality of the applied
BBB models varies greatly (198). It is suggested, that as for P-gp substrate properties
and their impact on permeability, species differences are more critical than the tissue
origin of the cell model to be used (203).
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1.3.5.2. Primary brain endothelial cell-based BBB models

Understandably, brain capillary endothelial cell-based models are believed to be
the best in vitro BBB models as they show the highest resemblance to in vivo BBB
based on various parameters including lipid composition of cell membranes, complexity
of tight junctions and expression of BBB enzymes. Brain capillary endothelial cells are
genetically programmed to possess most BBB features. When cultured correctly,
cerebral endothelial cells show the basic features of BBB endothelium including
complete tight junctions and expression of BBB-specific transporters and enzymes.

Under in vivo conditions, the development, maintenance and function of the
capillary endothelial cells are under the complex influence of the surrounding
astrocytes, pericytes and even neuronal contacts. Many functions such as paracellular
tightness (inulin permeability, TEER), y-glutamyl transpeptidase activity (204), P-gp
and MRP functionality (205) are downregulated in vitro in cultured capillary endothelial
cells. Co-culturing of endothelial cells with astrocytes/pericytes, adding astrocyte
conditioned media or media supplements, such as cyclic adenosine monophospate and
glucocorticoid hormone can greatly improve a number of diminished properties like
paracellular tightness (inulin sucrose, and sodium fluorescein permeability, TEER)
(204,206), y-glutamyl transpeptidase activity (204), P-gp, GLUT1 (207,208), LDL-
receptor and transferrin receptor (156,204). However, the culture conditions used still
do not let perfect reconstruction of in vivo endothelial features in culture.

Unfortunately, these models are not convenient for routine industrial use because
they are labour intensive, monolayer integrity is sensitive for experimental conditions,
and the models are very expensive. The characterization of these models is still uneven;
while monolayer tightness is in high focus, the transporter functionality is not fully
characterized even in the best models of BBB penetration in use. Data on the on the
efflux functionality in brain capillary endothelial models are also scarce.

Cerebral endothelial cells were isolated from many species (200), but only a few
BBB models are well-characterized for permeability and have sufficient tightness as
measured in terms of TEER and/or paracellular tracer permeation. The preferred models
of brain capillary endothelial cells display a sufficiently high TEER, of 300-500 Q cm?
and interestingly, a fairly broad range of Pe for paracellular tracers, from as low as 3.9 x
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10 to as high as 80 x 10 cm/s. Such models include the porcine brain microvessel
endothelial-cell model reported by Zhang et al. (209), the 4D/24w bovine brain capillary
endothelial-cell model of Culot et al. (210) and the rat brain capillary model established
by triple co-culture with pericytes and astrocytes by Nakagawa et al. (211).

A great advantage of the rodent models is that they can be easily compared to in
vivo results and measurements, and it is simple to prepare syngeneic cultures.
Furthermore, in the case of mouse models, the use of transgenic animals is possible.
However, due to their small size, relatively low amounts of endothelial cells can be
obtained from them (195,159). Many syngenic model were prepared with co-culture of
astrocytes, and puromycin treatment were also used (212,195). Puromycin, a P-gp
ligand drug, is applied in a method of purification in which the P-gp expressing
capillary endothelial cells can be selected from contaminating cells in the culture (brain
pericytes, fibroblasts, smooth muscle or leptomeningeal cells). With the addition of
brain pericytes, triple co-culture models were developed by Nakagawa et al. (206). The
model, which closely mimickes the anatomical position of the cells at the BBB in vivo,
displayed better barrier properties, than models without pericytes. Drug permeability
assays were also performed with this model, using a set of 19 compounds with known
in vivo BBB permeability. Advantageously, it can be frozen, transported and stored for
6 months. The ready-to-use nature of the Nakagawa system may lead to its widespread
use for rapid BBB screens.

Pig or bovine endothelial models have the advantage that large quantity of cells
IS easy to obtain. The bovine model is widely used in both basic and applied research.
Cecchelli et al. developed a bovine BBB model from co-culture of cloned and passaged
bovine capillary endothelial cells and rat glia, and used for several permeability studies
(213,214). A new, 24-well format version of the model that uses a special inducing
medium was introduced by Culot et al. (210). Some similarities between porcine and
human vascular physiology make the porcine model suitable for drug screening (195).
Zhang et al. developed a porcine brain microvessel endothelial cell (PBMEC) based
model and recommended it to predict the in vivo BBB permeability of drugs (209).

There are only a few human models that are characterized for permeability
properties and transporters. The use of human primary cells is restricted, the access to
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human brain tissue is difficult. The first syngeneic BBB model using human cerebral
endothelial cells and astroglia in co-culture showed a tight paracellular barrier (215).

Efflux functionality, especially for P-gp, seems to be an essential feature of the
best in vitro BBB models. Hardly any data is available from capillary endothelial cells
concerning P-gp functionality characterized by efflux ratio from bidirectional assay of
P-gp substrate drugs. There is some data available with regard to the efflux ratio of the
P-gp and MRP substrate dyes, or inhibition of its transport. In rat brain capillary
endothelial cells, P-gp, BCRP and MRP functionality has been shown by the inhibition
of daunorubicin uptake with specific inhibitors (216). Efflux ratio of 2.5 was shown for
the P-gp substrate rhodamine 123, and protein of P-gp and MRP was detected by
Western blot in the triple co-culture of rat brain capillary endothelial cells (211). P-gp
functionality was shown by the transport kinetics of 2°,7’-bis(2-carboxyethyl)-5(6)-
carboxyfluorescein acetoxymethyl ester (BCECF-AM) and MRP functionality by
BCECF in BBMEC (205). Uptake of rhodamine 123 was inhibited by verapamil and
S9788 in BBCEC, and P-gp, MRP1, MRP4, MRP5 mRNA were shown (210). Efflux
ratio of 1.73 was shown for rhodamine 123, and mRNA of P-gp, BCRP, MRP1,MRP4
was detected in the culture of PBMEC (209). Despite the numerous experimental
approaches, there is still a great need for models of BBB that could provide P-gp

functionality with good predictivity to the in vivo situation.

1.3.5.3. Brain endothelial cell line-based BBB models

Since primary cultures are expensive, time consuming and technically difficult,
the use of immortalized brain endothelial cell lines is widespread. Unfortunately,
immortalized cell lines do not express all the critical features necessary for modelling
BBB permeability, as they do not form sufficient barrier, despite the significant research
invested in improving BBB differentiation using extracellular matrices, factors that
induce cell differentiation and conditioned media. After all, brain endothelial cell lines
are still useful in studying the physiology and pathology of the BBB.

Immortalized brain capillary endothelial cells like t-BBEC (bovine brain
capillary endothelial), hCMEC/D3 and SV-HCEC (human), bEnd5 (mouse) or RBE4

40



DOI: 10.14753/SE.2013.1815

(rat) are easier to maintain and handle than primary cultures (214,197,194). One of the
best characterized cell lines, RBE4, was generated by transfection of rat brain
endothelial cells with a plasmid containing the E1A adenovirus gene (217). Although
RBE4 demonstrates several BBB-like properties, including expression of P-gp, these
cells, unfortunately, show incomplete tight junctions and therefore form leaky
monolayers. The first stable, well-characterized human brain endothelial cell line,
hCMEC/D3, shows several endothelial and BBB characteristics, including chemokine
receptors, TJ proteins and drug efflux mechanisms. D3 cell layers in mono-culture give
a low value of TEER (40 Qcm?), and high permeability coefficients for sucrose, inulin,
and FITC-dextran (218). When D3 cells were maintained in a dynamic system, the
paracellular barrier properties were significantly improved and TEER exceeded 1000
Qcm? (219,218).

1.3.5.4. Epithelial cell based surrogate BBB models

The tight paracellular barrier and efflux pumps are two major features of BBB,
therefore, surrogate cell culture models possessing these two characteristics have been
established and tested for their predictive value on brain penetrability of drug candidates
(195).

The Madin-Darby canine kidney (MDCK) epithelial cell line is widely used in
tight junction (TJ) research. This cell line and its subclone transfected with the human
MDR1 gene, MDCK-MDR1, has been used in several permeability studies and it is now
a well-accepted surrogate BBB model (220,143,221,93).

Native Caco-2 which is the preferred choice of the industry for the prediction of
intestinal absorption (75,58,59) is also increasingly scrutinized in comparative studies
for BBB permeability prediction (143,222,223). However, a serious disadvantage of
Caco-2 is that the activity of P-gp in native culture is low and highly variable
(79,85,86), as mentioned before.

In spite of the fact that these cells originate from the periphery with appropriate
organ-specific sets of membrane proteins (224,30,225), and they have a cell membrane

lipid composition that differs from that of brain capillary endothelial cells (202), high in
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vitro — in vivo BBB permeability correlations were demonstrated with epithelial cell
based Caco-2 and MDCK-MDR1 models (143,222).

In summary, among the wide variety of models, only a few of the primary brain
capillary endothelial-based models and surrogate models have sufficient tightness as
measured in terms of TEER and/or paracellular tracer permeation. In comparison with
endothelial BBB models, epithelial cell-based surrogate BBB models are more cost-
effective and easier to handle. A drawback is that the cells originate from peripheral
organs with specialized physiological functions; therefore they cover fewer in vivo BBB

properties.

1.3.6. Modelling CNS permeation

In several studies permeability data derived from the in vitro model is correlated
with in vivo brain penetration data. Brain distribution or in vivo permeability data often
guides researchers in their choice of reference compounds to characterize BBB models.
The limited availability of in vivo permeability data makes the otherwise essential

validation process challenging.

1.3.6.1. Factors influencing brain penetration in vivo

In the understanding of CNS penetration, a new concept has emerged for
rationalizing brain penetration. The central component of the new concept is the clear
differentiation between 1.) the rate of BBB permeation, 2.) the extent of brain
penetration (=distribution between brain and plasma) and 3.) the intra brain drug
distribution (=distribution within the CNS) which all affect the success of drug therapy
(226,227,228). Moreover, the in vivo pharmacokinetic parameters that correlate with
efficacy (e.g., unbound concentration in the brain and distribution within the brain) were
identified, as well as factors that affect those pharmacokinetic parameters (Table 3).
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Table 3. Factors that affect the rate and the extent of brain penetrability.

Rate of permeability across BBB is a Extent of brain penetration is a

function of: function of:

passive permeation plasma protein binding
active transport processes brain tissue binding
plasma protein binding efflux pumps at BBB
cerebral blood flow ISF bulk flow

Based on (228).
Active efflux transporters such as P-gp, may drastically modify both processes

of the rate and the extent of drug penetration, which all affect the success of drug
therapy (226,227). Therefore, models of brain penetration possessing predictive P-gp
functionality are of great importance (198).

1.3.6.2. In vivo models of brain penetration

Cell-based BBB models can potentially predict at least two clearly decisive
parameters of drug delivery to the brain: 1) The permeability surface area product (PS)
which represents the rate at which drugs penetrate. 2) The extent of brain exposure to
the drug relative to the concentration of total or unbound drug in blood.

PS, typically derived from the unidirectional uptake coefficient (Kj,) using an in
situ saline-based perfusion method, is a measure of the permeability of a compound
across the brain capillary endothelium (194).

The most common method to study brain penetration in vivo is the determination
of the total brain to plasma ratio (Kp) in rodents; however, these data do not provide
reliable information on the concentration at the target site (228).

To circumvent this key limitation of measurement of total levels in brain,
sampling of CSF (229) and/or brain microdialysis of ISF can be carried out (230).
However, both methods have their drawbacks, in particular practicability
(microdialysis) and reliability (CSF sampling) which weaken their applicability in
routine drug discovery (196,203).
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Alternatively, measurement of the total brain to total plasma ratio can be
complemented by some additional methods. The free fraction (unbound fraction, fu) in
the brain and plasma can be determined by equilibrium dialysis (231).

Using fu brain and fu plasma data, Kp can be transformed into the unbound
Kp,uu (232). Kp,uu is a measure of the extent of the distribution equilibrium of a
compound between the unbound fractions in brain and in plasma. If the value is close to
unity, passive diffusion across the BBB can be assumed (228).

In vivo permeability coefficient measured by the tissue distribution model in
mice (mouse brain uptake assay/MBUA) is also used in a few in vitro — in vivo
correlations (143). In that approach the distribution of compounds to brain tissue is
measured only five minutes after the injection of the compounds in mice. From the ratio
of the concentration in the brain to plasma (Kp), in this case, the rate of brain
penetration (apparent permeability coefficient) can be calculated, because of the short
experimental time, and presuming that metabolism and back-flux are negligible at that

time point.

1.3.6.3. In vitro - in vivo correlations using BBB models

In the in vitro - in vivo correlations permeability data generated on primary brain
capillary endothelial cell-based models are more frequent than that of surrogate
epithelial BBB models (210,211,209). Highly comparable in vitro — in vivo BBB
permeability correlations were also achievable with epithelial cell-based Caco-2 and
MDCK-MDR1 models (Table 4) (143,222).

There are only a few comparative studies between brain capillary endothelial
cell based models and epithelial based surrogate models (Table 4) (143,222,223). One
of these studies showed, that for passive brain penetration the Caco-2 model was the
most predictive, followed by the primary BBEC, the MDCKwt and the MDCK-MDR1
models (143). Among the models, the MDCK-MDR1 model provided the best
separation of passively and effluxed compounds. However the BBEC was not evaluated
for P-gp functionality.

The BBB transporters may severely modify drug penetration to the brain
(226,227). The under-representation of transporters in the models is reflected in the few
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available studies where high in vitro — in vivo permeability correlations appear more
frequently if transporter substrates, especially uptake substrates, are excluded
(143,222,209). Correcting in vivo data with brain and plasma protein binding has been
reported to improve the strength of correlations (228,221,233).

Table 4. In vitro - in vivo and in vitro - in vitro correlations using primary brain endothelial and surrogate
epithelial BBB models.

Correlation between All Excluded R? value Ref.

compounds from the

(n) correlation
In vitro BBCEC model In vivo PS 10 0.81 (210)
In vitro PBMEC model  Invivo PS 15 3 0.89 (209)
In vitro EPA model in vivo Papp (mouse brain 19 0.89 (211)
distribution model)
In vitro BBEC In vivo Papp (MBUA) 22 12 0.74 (143)
In vitro Caco-2 In vivo Papp (MBUA) 22 12 0.86 (143)
In vitro MDCK-MDR1  In vivo Papp (MBUA) 22 12 0.64 (143)
In vitro BBMEC In vivo unbound 9 2 0.98 (222)
brain/blood (microdialysis)
In vitro Caco-2 In vivo unbound 9 2 0.83 (222)
brain/blood (microdialysis)
In vitro MDCK-MDR1  In vivo unbound 9 2 0.72 (222)
brain/blood (microdialysis)
In vitro Caco-2 In vitro BBMEC 11 0.86 (222)
In vitro MDCK-MDR1  In vitro BBMEC 11 0.83 (222)
In vitro Caco-2 In vitro MDCK-MDR1 11 0.96 (222)

BBCEC: bovine brain capillary endothelial cells, PBMEC: porcine brain microvessel endothelial cells,
BBEC: bovine brain endothelial cells, BBMEC: bovine brain microvessel endothelial cells, MBUA:

mouse brain uptake assay, PS: permeability surface area product.

For the time being no standard model has yet emerged for the prediction of BBB
penetration; therefore, cost, time, labour and quality of the models are all contributing

factors in deciding which model to use.
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2. Aims

The Caco-2 model, which is very often used for prediction of human absorption
in drug discovery, suffers from several drawbacks like low and variable P-gp
functionality. This makes the identification of P-gp substrates difficult. There are a few
studies where the Caco-2 model was used for prediction of brain penetration, but
correlation only occurred if transporter substrates were excluded.

Currently, industry-standard BBB drug penetration model is not available.
Comparative studies of different BBB models are scarce, especially those that examine
the transporter functionality.

Therefore, our aims were:

-To establish a culture with higher and steady P-gp functionality by the

modification of Caco-2 cells.

-To examine the effect of sustained vinblastine treatment of Caco-2 cells on the

expression and functionality of P-gp (VB-Caco-2).

-To characterize and validate VB-Caco-2 model for long term use for drug

penetration screening, P-gp substrate and inhibitor identification in bidirectional

transport assay, and in Calcein-AM assay.

-To elucidate the mechanism of vinblastine effect on P-gp level.

-To compare the primary brain capillary endothelial BBB model (EPA) and the

epithelial cell-based (Caco-2, VB-Caco-2, MDCK-MDR1) models as possible

surrogate BBB models, with special respect to the critical BBB features

(presence of discriminative paracellular pathway, BBB-like selective

transcellular penetration and expression and function of P-gp)

-To test these models for prediction of in vivo BBB penetration.

-To compare a large set of in vitro permeability data obtained in parallel with the

well accepted surrogate BBB model MDCK-MDR1 and the high P-gp

expressing VB-Caco-2 models of drug penetration.
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3. Materials and methods

3.1. Chemicals

Acetaminophen, fluorescein sodium and quinidine were from Fluka (Buchs,
Switzerland). Caffeine was originated from Merck (Darmstadt, Germany) and
cimetidine from ICN Biomedicals Inc. (Aurora, OH, USA). Doxorubicin HCI was
obtained from LGC Standards GmbH (Teddington, Middlesex, UK). The 7-
ethoxyresorufin, 4-OH-tolbutamide, and bufuralol HCI were purchased from Ultrafine
(Manchester, UK) and 6a-hydroxypaclitaxel from BD Biosciences (Woburn, MA,
USA). Tolbutamide and paclitaxel were from RBI (Natick, MA, USA) and USP
(Rockville, MD, USA), respectively. Talinolol was purchased from TRC (Toronto
Research Chemicals Inc., North York, ON, Canada). All other chemicals were from
Sigma-Aldrich (St. Louis, MO, USA).

3.2. Cell cultures

3.2.1. Caco-2 cells

Caco-2 cells (HTB-37) at passage 17 were obtained from the ATCC (American
Type Culture Collection, Rockville, MD, USA). The cells were routinely cultured and
differentiated in standard tissue culture medium consisting of Minimal Essential
Medium supplemented with 20% foetal bovine serum, penicillin (100 unit/ml),

streptomycin (0.1 mg/ml) and sodium pyruvate (ImM).

3.2.2. VB- Caco-2 cells

VB-Caco-2 cultures were created from Caco-2 cultures by growing cells in 10
nM vinblastine supplemented standard tissue culture medium during subcultivation in
flasks and differentiation in Transwell inserts. In vinblastine withdrawal experiments a

batch of VB-Caco-2 cultures were separated into two parts; one line continued to be
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kept in 10 nM vinblastine, while the other was grown in the absence of vinblastine for a
further 33 passages.

Both Caco-2 and VB-Caco-2 cultures were grown at 37 °C in an atmosphere of
5% CO, and 95% relative humidity. Cells were passaged at subconfluence (every 3-4
days) at a split ratio of 1:3-1:4 using Trypsin-EDTA solution (0.25%).

For transport assay, Western blot, RT-PCR, CYP activity measurements and
electron microscopy the cells were seeded at 5 x 10° cells per 1.12 cm? density on EC
Matrix (ATCC, USA) covered Costar Transwell inserts (polycarbonate, 12 mm
diameter, 0.4 um pore size; Corning Incorporated, Corning, NY, USA) and used for the
assays on days 19-21. VVB-Caco-2 cultures were studied between passages 48 to 201 and
Caco-2 between 35 to 93. All chemicals used for tissue culture were purchased from
Gibco BRL (Grand Island, USA).

3.2.3. MDCK cells

Parent and MDR1 transfected Madin-Darby canine kidney epithelial cells (234)
were obtained from the Netherlands Cancer Institute (Amsterdam, The Netherlands).
The cells were cultured in a tissue culture medium consisting of 4.5 g/l glucose
containing Dulbecco’s Modified Eagle’s Medium supplemented with 10 % foetal
bovine serum, penicillin (50 units) and streptomycin (0.05 mg/ml) all from Gibco.
Cultures were grown at 37 °C in an atmosphere of 5% CO, and 95% relative humidity.
Cells were passaged at subconfluence (every 3-4 days) at a split ratio of 1:3-1:6 using
Trypsin-EDTA solution (0.25%). The cells were used for up to 20-30 passages as long
as their original properties were preserved. For transport assay and Western blot, the
cells were seeded at 5 x 10° cells per 1.12 cm? density on Costar Transwell inserts
(polycarbonate, 12 mm diameter, 0.4 um pore size) and used for the assays on days 3-4.
All chemicals used for tissue culture were purchased from Gibco BRL (Grand Island,
USA).
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3.2.4. Rat BBB model

Rat brain capillary endothelial cells were used in a triple co-culture model (Fig.
7). Primary cultures of brain endothelial cells, astrocytes and pericytes, and construction
of the in vitro BBB model were prepared by Nakagawa et al. (Nagasaki University,
Japan) and Deli et al. (Biological Research Centre of the Hungarian Academy of
Sciences, Szeged, Hungary) as described in (211) with the difference that cells were
seeded on collagen and fibronectin coated Costar Transwell polycarbonate membranes
(12 mm diameter, 3 um pore size; Corning Incorporated, Corning, NY, USA) for the

permeability measurements.

m endothelial

/ cells

pericytes

/

astrocytes

D Caiaara=

Fig. 7. Schematic drawing of the in vitro BBB model.

3.3. Cell morphology

The morphology of native cells in flasks and toluidine blue stained cells on
Transwell inserts was monitored using inverse phase contrast microscopy. Micrographs
were taken from cells cultured in T75 flasks. The selected micrographs from both
Caco-2 and VB-Caco-2 cultures are representations of the culture characteristics.

3.4. Electron microscopy

Cells grown on the membrane of the culture inserts were fixed with 3 %

paraformaldehyde containing 0.5% glutaraldehyde in phosphate buffer (pH 7.4) for 30
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min at 4 °C. After washing with the buffer several times, the cells on the membrane
were postfixed in 1 % OsO,4 for 30 min. Following a rinse with distilled water, the cells
were dehydrated in graded ethanol, block-stained with 1 % uranyl acetate in 50 %
ethanol for 1 h. After the last step of dehydration, inserts were placed in the 1:1 mixture
of abs. alcohol and Taab 812 (Taab; Aldermaston, Berks, UK) for 30 min at 30 °C.
Finally, the membranes of the culture inserts with the cells were removed from their
support and embedded in Taab 812. Polymerization was performed overnight at 60 °C.
Ultrathin sections were cut perpendicularly for the membrane using a Leica UCT
ultramicrotome (Leica Microsystems, Milton Keynes, UK) and examined using a
Hitachi 7100 transmission electron microscope (Hitachi Ltd., Tokyo, Japan).

3.5. Immunostaining

Cells cultured on polyester membrane Transwell-Clear inserts (12 mm diameter,
0.4 um pore size; Corning Incorporated, Corning, NY, USA) were stained for the
junctional proteins B-catenin (Sigma—Aldrich, St. Louis, MO, USA), ZO-1 and claudin-
1 (Invitrogen, Carlsbad, CA, USA), claudin-4 and -5, (Zymed Laboratories, San
Francisco, CA, USA), and monolayers grown on glass coverslips were stained for P-
glycoprotein (Calbiochem, La Jolla, CA, USA). The cultures were washed in PBS and
fixed with ethanol (95 vol.%)-acetic acid (vol.5 %) for 10 min at -20 °C (ZO-1, B-
catenin), with ethanol for 30 min at 4 °C (claudins) and with 4 % paraformaldehyde for
30 min at 4 °C (P-glycoprotein). Cells were blocked with 3% BSA and incubated with
primary antibodies (anti-p-catenin, ZO-1, claudin-1, -4, -5 in 1:200 and P-glycoprotein
in 1:10 for 1 h 30 min). Incubation with secondary antibody Cy3-labeled anti-rabbit 1gG
(Sigma—Aldrich) or anti-mouse-1gG-Alexa 488 (Invitrogen), dilution 1: 500, lasted for
1 h. To counterstain the cell nuclei, bis-benzimide (Sigma—Aldrich) was used in a
dilution of 1:400. Between incubations cells were washed three times with PBS.
Coverslips were mounted in Gel Mount (Biomeda, USA) and the staining was examined
by a NikonEclipse TE2000 fluorescent microscope (Nikon, Japan) and photographed

using a Spot RT digital camera (Diagnostic Instruments, USA).
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3.6. Real-time PCR

RNA was extracted from cells cultured in flasks and Transwell inserts using
RNeasy Mini Kit (Qiagen, Hilden, Germany), following the manufacturer's protocol.
The reverse transcription of RNA (1 pug) was performed in a final volume of 40 pl
containing 4 pl 10-fold-concentrated buffer, 8 pul MgCl, (25 mM), 4 pl ANTP, 2 pl
RNasin, 1 pl random primers (Promega, Madison, WI, USA) and 1 pl MuLV reverse
transcriptase (PE Applied Biosystems, Branchburg, New Jersey). The reverse
transcription was carried out in a Gene ATAQ Controller thermal cycler (Pharmacia
LKB, Uppsala, Sweden), under the following conditions: all samples were incubated at
42 °C for 45 min and 99 °C for 5 min. PE Applied Biosystems designed real-time PCR
primers for MDR1 and the housekeeping 18S ribosomal RNA and TagMan universal
PCR master mix reagent were used to perform the PCR in 96-well optical reaction
plates in an ABI Prism 7000 Sequence Detection System (PE Applied Biosystems). The
analysis was carried out with ABI Prism 7000 SDS software (PE Applied Biosystems).

Samples were run in triplicate.

3.7. Western blot

Cells were washed in ice-cold PBS (phosphate buffered saline) and scraped into
8 M urea/PBS containing 0.1% Triton-X, 1 pg/ml leupeptin, 10 ng/ml aprotinin, 100
uM phenylmethylsulphonyl fluoride (PMSF), 100 uM dithiothreitol, 200 uM sodium
orthovanadate and 1 mM sodium fluoride. Cells were lysed with three cycles of snap-
freezing and thawing. The extracts were centrifuged at 12000 g for 20 min and protein
concentration in the supernatant was determined using the method described by Lowry
et al. (235). For Western blotting, 25 pg protein samples were loaded on 7.5% Tris-HCI
Ready Gels (BioRad Laboratories, Hercules, CA, USA) and blotted onto polyvinylidene
difluoride membrane (BioRad Laboratories). Blots were probed overnight at 4 °C with
primary mouse anti-P-glycoprotein monoclonal antibody (Clone C219, Calbiochem, La
Jolla, CA, USA in a dilution of 1:100 in the blots of Fig. 12 and 15 or 1:20 in Fig. 21),
or for loading control with primary rabbit anti-actin polyclonal antibody (1:200, Sigma-

Aldrich) for 1 hour at room temperature. Then, secondary antibodies (goat anti-mouse
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HRP-conjugated 1gG; 1:10 000; Calbiochem, for anti-P-gp; or goat anti-rabbit HRP-
conjugated 1gG antibody 1:3000, Bio-Rad, for anti-actin) were added for 1 hour at room
temperature. Chemoluminescence method (SuperSignal West Pico Chemiluminescent
Substrate, Thermo scientific Rockford, IL, USA) was applied for detection of P-gp. For

loading control, 3,3'-diaminobenzidine (Sigma-Aldrich) was used.

3.8. Bidirectional transport assay

The permeability of the test compounds was measured using bidirectional
transport assay, in the apical-to-basolateral (A-B) and basolateral-to-apical (B-A)
directions (Fig. 8) at 37 °C with moderate shaking (120 rpm). For highly permeable
compounds, the “sink condition” was maintained by transferring the wells with cells to
fresh buffer, HBSS-Hepes (Hank's Buffered Salt Solution containing 25 mM Hepes) at
given time points (after 15 or 30 or 60 min). For the B-A direction, samples were taken
after incubating the inserts for 30 or 60 or 120 min. The final incubation time for each
reference compound was set on the basis of pilot experiments. At least three
independent experiments were performed with triplicate inserts in both directions for
reference compounds. Permeability screening was routinely performed under iso pH
condition (pH 7.4 a-7.4 ), but reference compounds were measured under both gradient
(pH 6.5 A-7.4 ) and iso pH conditions. Better prediction of human absorption is
expected for ionisable drugs using gradient pH in the penetration assay. Therefore, the
gradient pH permeabilities of reference compounds with acidic (ibuprofen, warfarin) or
basic properties (alprenolol, doxorubicin, labetalol, loperamide, verapamil) were used in
the plots with human absorption. As for weak bases, a “false efflux” effect occurs due to
the dominance of ionized, less permeable molecular forms over the more penetrable
neutral forms in the acidic apical pH; the P-gp classification for drugs is based on iso
pH Papp values.

Before initiation of the transport studies, TEER (trans epithelial electric
resistance) was measured (EVOM-2, WPI Inc, Sarasota, FL). Upon completion of the
experiments, epithelial integrity was examined by toluidine blue (1%) staining. Lucifer
Yellow (100 uM) and sodium fluorescein (100 uM), markers for the paracellular

pathway, were used to verify tight junction integrity.
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Fig. 8. Set-up of bidirectional transport assay with Transwell inserts

The concentration of test compounds in the samples was determined by HPLC
with UV-VIS or a fluorescence detector (Merck-Hitachi LaChrom). Digoxin was
measured on a Thermo LTQ XL linear ion trap mass spectrometer coupled with a
Thermo Surveyor HPLC (San Jose, CA USA). Lucifer Yellow (at 485/530 nm
excitation/emission) and sodium fluorescein (at 490/514 nm excitation/emission) were
quantified using a fluorescence plate reader (Safire (2), Tecan Deutschland GmbH,
Crailsheim, Germany).

Apparent permeability (Papp) was calculated with the following equation:

(dQ/dt)
P =
PP =T ACo

where dQ/dt is the rate of permeability, Co is the initial concentration in the donor
compartment, and A is the surface area of the filter (1.12 cm?). The efflux ratio was
calculated, as the ratio of Papps-a to Pappas. A ratio greater than 2.0 was accepted as
an indicator of the efflux mechanism involvement (78). Verapamil HCI or quinidine
(100 uM, 30 min preincubation) were used as efflux inhibitors to confirm P-gp activity.

Recovery (mass balance) was calculated according to the equation:

CVP+CivA

Chyo x100%
0

%Recowery =
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where CJand C7 are the initial and final concentrations of the compound in the donor
compartment, respectively; C# is the final concentration in the acceptor compartment;

VP and V* are the volumes of the solutions in the donor and acceptor compartments.
With the exception of loperamide (50-60%), the recovery was over 70% for all the
tested compounds. No mass balance correction was performed.

For MDCK-MDR1 cells, the corrected efflux ratio was also calculated (efflux
ratio measured in MDCK-MDR1 cells divided by the efflux ratio measured in the parent
cells). By this FDA recommended correction, the fold recombinant MDR1 activity is

obtained over the effect of the constitutive canine transporter (78).

3.9. Calcein-AM extrusion assay

VB-Caco-2 cells were seeded onto 96-well plates (TPP, Trasadingen,
Switzerland), at a concentration of 50 000 cells per well (200 pl/well) in vinblastine free
cell culture medium, and cultured at 37°C and 5% CO, for 3 days.

The Calcein-AM assay was performed as described by Eneroth et al. (151), with
slight differences. Briefly, after 3 days in culture the medium was removed, and the
wells were washed three times with HBSS-Hepes. Then 50 pl of the test solution was
added to the wells by a multichannel pipette and preincubated for 15 min at 37 °C.
Thereafter 2.64 uM of Calcein-AM was added in an additional 150 pl of test solution, to
produce a final concentration of 2.0 uM of Calcein-AM. After adding Calcein-AM the
plates were immediately placed in a TECAN fluorescence plate reader (SAFIRE I,
TECAN) and calcein fluorescence was monitored at 37 °C for 30 min at 485/529 nm
excitation/emission with linear shaking. Compounds were tested at 10-100 uM final
concentrations in HBSS-Hepes, 6 parallels were run at each concentration. Verapamil
(250 uM) was used as a positive control. See Fig. 9 for the explanation of working
Calcein AM assay.

In accordance with (236) the initial rate of fluorescence generation (IRF) was
determined from the time-dependent increase of cellular fluorescence and the final

results, P-gp inhibition % was calculated using the following equation:
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% Inhlbltlon _ RFtestcompound - ":\)I:background‘~>< 100
RFverapamil - |RFbackground 4

where IRFiest compound re€presents the initial rate of fluorescence generation in wells with
test compound and calcein AM; IRFpackground the initial rate in wells with calcein AM
alone and IRFyerapamil the initial rate with verapamil and Calcein-AM. Compounds were
indicated as P-gp inhibitor when they caused at least 25% of the inhibition of P-gp
evoked by the positive control verapamil.

The P-gp functionality of each culture was characterized by the ratio of
IRFyerapamil and 1RFpackground- 1RFverapamil /IRFpackground > 3 made only a culture eligible for

using in Calcein-AM assay.

A without Inhibitor

Calcein-AM* **
* %k

) Esterase

~ATP Nk g e
* 1 ADP*H* Calcein

B with Inhibitor

Calcein-AM

P-glycoprotein g
blocked by
Inhibitor

Fig. 9. Mechanism of Calcein-AM assay. Calcein-AM is a nonfluorescent P-gp substrate, capable of
entering the cell by passive diffusion. In the cell, Calcein-AM is hydrolysed to fluorescent calcein by
cytosolic esterases. Calcein accumulation is an indicator of P-gp inhibition as well as P-gp functionality
in different cells (237,151).
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3.10. CYP activity

Cells grown on Transwell inserts for 20-21 days were washed with (37 °C)
Krebs-Henseleit buffer (KHB) (Sigma-Aldrich) supplemented with amikacin-sulfate (42
g/l), gentamicin (83.5 mg/l), Hepes (20 mM), Heptanoic acid (4.2 uM), and
salicylamide (3 mM). The CYP substrates were added to the apical and basolateral
compartments in supplemented KHB buffer in a concentration that was at least twice as
high as their Ky values (1A1: phenacetin, 1600 uM; 2C8: paclitaxel, 25 uM; 2C9:
diclofenac, 100 uM and tolbutamide, 3500 pM; 2D6: bufuralol, 80 puM and
dextromethorphan, 100 uM; 2E1: chlorzoxazone, 400 uM; 3A4: testosterone, 200 uM)
determined in-house in other sets of experiments (details not added) using human liver
microsomes. After two hours of incubation (37 °C), samples were collected from both
sides of the inserts and enzyme specific metabolites were tracked using HPLC/UV or
HPLC/Fluorometric techniques (Merck-Hitachi LaChrom). Finally, the cells were
collected from the inserts by trypsinisation and counted. Results are added as pmol

metabolites formed/min/10° cells.

3.11. Equilibrium dialysis measurements

This method was performed as described in (221), with slight differences. In
brief, a 96-well equilibrium dialysis apparatus was used to determine the free fraction of
the drugs in the plasma and brain (HTDialysis LLC, USA). Membranes (3.5-kDa cut-
off) were conditioned in PBS for 60 min, then in 80:20 PBS/ethanol for 20 min, and
then rinsed before use. Balb/C mouse (25-30 g, obtained from Harlan Laboratories,
Eystrup, Germany) blood and brain were obtained fresh on the day of the experiment.
Animal care followed the recommendations of European Convention for the Protection
of Vertebrate Animals Used for Experimental and other Scientific Purposes (Council
Directive 86/609/EEC). Procedures on animals were approved by the local ethics
committees. The brain tissue was homogenized with PBS to a final composition of 1:2
brain/PBS using an Ultra-Turrax T10 (IKA Werke GmbH & Co., Staufen, Germany).
Fresh plasma was separated from fresh whole blood by centrifugation at 2000g for 20

min. Diluted brain homogenate and plasma were spiked with the test compound to give
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a nominal final concentration of 10 puM of test substance and a final DMSO
concentration of 0.1%. 150 pl aliquots were loaded into the 96-well equilibrium dialysis
plate. Dialysis against PBS (150 ul) was carried out for 5.5 h at 37 °C with moderate
shaking. At the end of the incubation period, aliquots of plasma, brain homogenate or
buffer sample were transferred to polycarbonate tubes (Tomtec Ltd., Budapest,
Hungary), plasma and brain homogenate samples were diluted 10x in PBS, then
acetonitrile was added 1:1 both to samples from the buffer and from the diluted plasma
or brain side. Samples were mixed and kept at -20°C until analysis. Before analysis, the
samples were centrifuged at 3000g for 20 min.

The unbound (free) fraction (fu) for plasma and the apparent fu for brain was
determined as the ratio of concentration in buffer to that in plasma or brain. Fu for the
brain was calculated with correction for the dilution factor (D):

4D
1/ fu spparent —1 +1/D

3.12. In vivo studies of drug permeability in mice

The distribution of compounds to brain tissue in vivo was measured using a
tissue distribution model in mice. The experiment was done by Nakagawa et al. in Japan
as described in (211) and the Kp values were shared with us. Five min after the injection
of a single dose of the compounds in anesthetized mice (Balb/C) via the tail vein (n =
3), blood samples were collected from vena cava and the whole brain was removed. The
concentration of the compounds in brain and plasma samples was measured by liquid
chromatography-tandem mass spectrometry (LC-MS/MS). The ratio of the
concentration in brain and plasma (Kp) was determined for each drug. The ratio was
then used to calculate the apparent permeability coefficient (Papp), presuming that

metabolism and back-flux are negligible at that time point.
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4. Results

4.1. Drug penetration model of vinblastine-treated Caco-2 (VB-Caco-2) cultures

4.1.1. VB-Caco-2 culture

VB-Caco-2 cultures were established by cultivation of Caco-2 cells in a tissue
culture medium containing vinblastine. The morphological characteristics of VB-Caco-
2 cultures showing compact, homogenous monolayers of mostly small diameter cells
(Fig. 10B) appeared after approx. 6 passages of initiation of 10 nM vinblastine

exposure, and were maintained throughout the whole observation period up to 200

passages with continued vinblastine treatment.

Fig. 10. Morphology of Caco-2 (A) and VB-Caco-2 (B) monolayers. Cells seeded at a density of 1x 10°

cells/T-75 flask and cultured for 4 days. Phase contrast images, scale bars: 100 pum.

Contrary to VB-Caco-2, Caco-2 cultures grown in normal tissue culture medium
(no vinblastine is added) showed heterogeneous appearance of monolayers consisting of
a mixture of patches of small cells among areas covered with relatively large diameter
cells (Fig. 10A). The morphology of Caco-2 cultures changes with the increase in
passage number, containing a growing number of large cells.
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4.1.2. P-glycoprotein mRNA and protein levels in VB-Caco-2 and in Caco-2
cultures

The P-gp mRNA and protein levels were determined in VB-Caco-2 and Caco-2
cultures using RT-PCR and Western blot techniques, respectively. In VB-Caco-2
cultures the level of MDR1 mRNA was 2.2 and 4.3 times higher than in differentiated

and undifferentiated Caco-2 cultures, respectively (Fig. 11).
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Fig. 11. Relative quantity of MDR1 mRNA level determined by RT-PCR in Caco-2 and VB-Caco-2
cultures. Mean and S.D. were calculated from cultures with different passage numbers. Significantly
higher MDR1 mRNA level was seen in VB-Caco-2 cultures (**p < 0.01; ***p < 0.001).

Immunoblots (Fig. 12) show most intense expression of P-gp in VB-Caco-2
cultures. Cells allowed to differentiate spontaneously by growing for 19-21 days on
Transwell inserts display an even higher level of P-gp protein than their undifferentiated
equivalents cultured for only a few days (2-3 days) in tissue culture flasks. In native
Caco-2 cultures hardly any detectable level of P-gp protein was observed.
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Fig. 12. Western blot of differentiated (D) and undifferentiated (U) Caco-2 and VB-Caco-2 cell lysates
probed for P-gp. Molecular weight markers: M1: Kaleidoscope Prestained Standards (Bio-Rad) and M2:
Prestained Molecular Weight Marker (Sigma-Aldrich).

4.1.3. Functionality of VB-Caco-2 in comparison to Caco-2: passive penetration

The apparent permeability (Pappas) Values obtained for the passively
penetrating reference compounds correlated strongly (r> = 0.9830), indicating no
substantial difference in the passive drug penetration between the two models.
Penetrability of the paracellularly transported Lucifer Yellow and fluorescein sodium
was also at the same degree in the two models (Table 5). Furthermore, both the VB-
Caco-2 and the Caco-2 displayed TEER (transepithelial electric resistance, 2011 + 332
and 1024 + 187 Q x cm?, respectively) that was comparable to literature data (238).

4.1.4. Prediction of human absorption by VB-Caco-2

The apparent permeabilities (Pappas) of all reference drugs (passively
penetrating and efflux mediated) measured in VB-Caco-2 and Caco-2 models were
plotted against literature values for HA (human absorption) (85,238,37). Theoretically, a
sigmoidal curve can be obtained if high enough number of drugs with broad enough
range of permeability/HA values are plotted.
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Table 5. Apparent permeability (Pappa.s, PH 7.44-7.4g), efflux ratio and classification of drugs (Y: efflux

ratio > 2; N: efflux ratio < 2) in Caco-2 and VB-Caco-2 bidirectional transport assays.

- Caco-2 VB-Caco-2
g % kel kel
= Pappas % Pappas %
= § (x10°° cm/s) efflux ratio £ _ (x10°cmis) effluxratio &
Compound Transport  HA (%) Mean +£S.D. Mean +S.D. @ Mean +£S.D. Mean +S.D. v
Caffeine passive 100° 10 840 +42 0.9 0.1 N 83.6 +5.6 08 £0.0 N
Antipyrine passive 100 ¢ 10 80.7 £5.8 0.8 £0.0 N 80.9 +£6.9 0.9 0.1 N
Ibuprofen passive 95°¢ 10 69.8 £5.9 09 £0.0 N 76.2 +£3.7 0.7 £0.0 N
Lamotrigine passive 98° 10 585 +2.9 0.8 +0.1 N 51.0 +1.3 0.8 +0.1 N
Corticosterone passive 100 ¢ 10 578 +5.5 0.8 £0.0 N 62.7 +10.7 09 02 N
Alprenolol passive 93-96° 10 55.7 +2.3 0.7 £0.0 N 51.7 +5.7 0.9 +0.1 N
Warfarin passive 98° 10 50.6 +8.4 0.9 0.1 N 53.6 +3.4 0.9 +0.1 N
Verapamil P-gp 100 °¢ 10 36.6 +£6.0 0.8 +£0.0 N 363 +£1.8 09 +0.1 N
1 26.5 1.5 N 170 4.4 yP
Acetaminophen passive 80-100° 10 360 +£1.8 0.8 +0.1 N 344 £2.0 09 £00 N
Quinidine 2 P-gp 80-90¢ 10 291 +6.9 1.2 +0.1 N 131 +2.1 36 £05 YP
1 255 1.7 N 3.2 £0.6 235 +4.7 '
Ketoconazole passive 10 265 +3.1 1.2 £0.1 N 271 +4.6 1.2 +0.1 N
Dexamethasone ®  P-gp 80-100° 10 20.3 +£2.0 1.1 +0.1 N 135 +2.1 29 +04 YP
3 22.7 1.1 N 120 2.9 \&
Loperamide P-gp 10 170 £35 0.8 £04 N 88 £19 30 £05 YP
3 13.6 11 N 2.3 20.0 yP
Labetalol ® P-gp 90-95¢ 50 158 =+2.1 1.2 +0.1 N 104 +25 29 +06 YP
3 29.2 0.8 N 7.9 5.2 yP
Vinblastine P-gp, 10 41 +0.6 85 +1.8 Y 0.3 +0.1 2480 +£78.0 Y
MRP2
Cimetidine P-gp, 64°° 50 1.9 £03 21 £0.2 Y 0.6 0.1 48 £06 Y
BCRP
Ranitidine P-gp 64%¢ 50 1.8 £0.6 13 +03 N 05 £0.0 39 10 YP
10 2.2 1.1 N 0.5 35 \&
Chlorothiazide P-gp, 25%¢ 50 14 +£04 37 +£13 Y 0.1 +0.0 219 +75 Y
BCRP,
MRP4
Atenolol ? paracell.,  50-54°¢ 50 0.7 +£0.3 1.2 +£0.1 N 0.2 +0.1 26 08 YP
P-gp 10 08 +0.1 1.3 +04 N 02 +0.0 21 £04 YP"
Furosemide BCRP, 61° 50 06 +0.2 296 +6.5 Y 03 +0.2 726 +415 Y
MRP4
Sulfasalazine BCRP 1249¢ 50 04 0.3 64.8 +£36.5 Y 0.2 £0.0 658 +£21.5 Y
Doxorubicin P-gp 0.7-23° 50 04 £0.1 6.3 £2.2 Y 0.1 £0.0 603 +£17.1 Y
Na-fluorescein paracell. 100 1.4 +03 05 +02
Lucifer Yellow  paracell. 100 05 +03 0.1 +0.1

Results are mean and interassay S.D. values obtained with 3-6 different passages of cultures (VB-Caco-2 between 48-195; Caco-2
between 35-93) at iso pH conditions.
2 Drugs measured in two concentrations. At lower concentration only a single experiment was performed.
bp_gp substrates identified only by VB-Caco-2.
HA (%): human absorption from ¢ (37); ¢ (238);
¢ http://www.who.int/medicines/services/expertcommittees/pharmprep/QAS04_109Revl_ Waive_invivo_bioequiv.pdf.

BCRP: breast cancer resistance protein; MRP: multidrug resistance-associated protein

The efflux ratio is the ratio of Pappg.a to Pappa.s
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In our case two groups of compounds were clearly distinguishable. High
permeability compounds with HA of higher than 85% with an apparent permeability of
at least 8.5 x 10° cm/s or 15.4 x 10° cm/s in the VB-Caco-2 or Caco-2 model,
respectively; and low permeability compounds with lower than 0.6 x 10° cm/s Pappas
values in the VB-Caco-2 model and with lower than 1.9 x 10® cm/s Pappag in the
Caco-2 model. The higher threshold Papp values with Caco-2 for the two groups were
most probably attributable to the lower P-gp sensitivity of those cells (Fig. 13).

VB-Caco-2; > 8.5x 10 cnv's

> 85% HA
Caco-2; > 15.4x 10 ° cr/s
100 > 85% HA
9
$ 80
Z
E 70
g 60 i VB-Caco-2;
= 6
B 50 <0.6x10 " cnv/s
2
< 40
: Caco-2;
30 -6
g <1.9x10 % crvs
=
= 20
10
0 T T ™[ Ty v rrrnm
0.01 0.1 1 10 100

Papp 4 x 10 cm/sec

Fig. 13. The fraction absorbed (HA%, literature data) plotted against apparent permeabilities (Pappa.g) of
reference drugs (as listed in Table 5.) in VB-Caco-2 and Caco-2 bidirectional transport assay. The models
differentiate two groups of drugs with slightly differing penetrability thresholds (dotted area: high
permeability compounds; lined area: low permeability compounds). Weak acids (ibuprofen, warfarin) and
weak bases (alprenolol, doxorubicin, labetalol, verapamil) are demonstrated with their Pappag values
obtained at gradient pH; other drugs are shown with their Pappa.g at iso pH. Bars represent S.D.
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4.1.5. P-gp functionality of VB-Caco-2 compared to Caco-2 in bidirectional
transport assay

The VB-Caco-2 assay sensitively detected the P-gp substrates (efflux ratio > 2).
It correctly classified all low permeability P-gp substrates such as vinblastine,
cimetidine, ranitidine, chlorothiazide, atenolol and doxorubicin, and it identified all high
permeability P-gp substrates like verapamil, quinidine, dexamethasone, loperamide and
labetalol (Table 5). In contrast to this, the Caco-2 was unable to identify the high
permeability reference P-gp substrates, and it also failed to recognize two of the low
penetrability references: ranitidine and atenolol (Table 5). Although other low
permeability P-gp substrates such as vinblastine, cimetidine, chlorothiazide and
doxorubicin were recognized by Caco-2, the notably higher efflux ratio by the VB-
Caco-2 also points to the superior sensitivity of the latter. The P-gp inhibitor verapamil
reduced the efflux ratio of the test compounds by at least 50% (Table 6), which accords

with the regulatory classification for P-gp substrates (78).

Table 6. Apparent permeability (Papp a.g) Of selected reference drugs in the presence or absence of the P-
gp inhibitor verapamil.

VB-Caco-2 VB-Caco-2 + 100uM verapamil
Papp a.g Papp as
Working conc. (x10°° cm/s) efflux ratio (x10°° cm/s) efflux ratio
Compound (uM) Mean =+ S.D. Mean =+ S.D. Mean +S.D. Mean +S.D.
Vinblastine 10 04 £0.1 203.3 +13.7 8.6 £0.0 44 £02
Dexamethasone 10 128 +£0.3 32 +0.1 223 +1.0 09 +0.1
Quinidine 10 13.0 +0.0 58 +£0.2 609 +2.5 0.6 +£0.0
Loperamide 10 7.7 £0.4 29 04 195 +1.8 1.0 £0.1
Labetalol 10 81 +0.1 6.0 £0.2 19.8 +3.1 09 £0.2
Cimetidine 10 09 £0.0 3.8 +£0.5 1.5 +0.1 1.2 +0.1
Atenolol 50 0.2 +£0.0 3.6 +0.5 0.2 +0.0 1.8 £0.6
Ranitidine 10 09 0.2 3.0 £0.7 0.8 +0.5 0.8 £0.4
Doxorubicin 50 0.1 +£0.0 58.7 +31.3 0.1 +£0.0 19 £0.6

The P-gp functionality of VB-Caco-2 was monitored through a broad passage
range between 35 and 195. During this interval, each P-gp substrate showed an efflux

ratio of higher than 2 at each reading (Fig. 14).
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Fig. 14. Distribution of efflux ratios (mean and S.D. n = 3) of selected P-gp substrates in VB-Caco-2
(filled column) and in Caco-2 cultures (empty column) through a broad passage range. VB-Caco-2 model
recognizes with efflux ratio > 2 the known P-gp substrates along the whole observation period. Passage

numbers are indicated under the columns.

4.1.6. The effect of vinblastine withdrawal on P-gp level and functionality in VB-
Caco-2 cultures

Vinblastine withdrawal following its sustained presence in VB-Caco-2 cultures
(through 70 passages) did not decrease the P-gp protein level or functionality (Fig. 15).
The protein level of differentiated cultures and bidirectional transport of selected efflux
substrates were investigated at 10 and 33 passages after the drug withdrawal.
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Fig. 15. Western blot of cell lysates probed for P-gp (A) and comparison of efflux ratios (B) in VB-Caco-
2 and in vinblastine withdrawn VB-Caco-2 cultures. No decrease in P-gp protein level or significant
differences of P-gp activities characterized by efflux ratios were detected between the VB (+) and VB (-)
cultures. VB (+): VB-Caco-2 cultures kept continuously in vinblastine containing medium between

passages 34 and 137; VB (-): vinblastine was withdrawn from the medium of VVB-Caco-2 from passage

104 and kept without vinblastine up to passage 137. Bars represent S.D.
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4.1.7. Screening of NCEs using VB-Caco-2 and Caco-2 bidirectional transport
assay

A structurally diverse set of 91 compounds (16 structure families) synthesized in
Richter’s preclinical research program in four different indication areas underwent
permeability screening at a 3 or 10 uM concentration (depending on their aqueous
solubility) using both VB-Caco-2 and Caco-2 assays. The results revealed that 34 out of
91 tested NCEs in VB-Caco-2 assay were P-gp substrates displaying an efflux ratio of >
2, while Caco-2 identified only 8 of them (Fig. 16). The Caco-2 failed to identify ~ 76%
of compounds, the efflux of which was inhibited by at least 50% by verapamil, which
confirms that those compounds were indeed P-gp substrates (data not shown).

For passively transported compounds (efflux ratio < 2), similar apparent
permeability values (r? = 0.8706) were obtained in both models in agreement with the

observations made on reference drugs as described in Section 4.1.3.
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Fig. 16. Apparent permeabilities (Papp as) (A) and distribution of efflux ratio values (B) of new
chemical entities (NCEs) (n = 91) determined both in VB-Caco-2 and Caco-2 bidirectional permeability
assays at iso pH conditions; filled circles: efflux ratio < 2 both in VB-Caco-2 and Caco-2 models (n =
57); open triangles: efflux ratio > 2 only in VB-Caco-2 model (n = 26); open square: efflux ratio > 2 both
in VB-Caco-2 and Caco-2 models (n = 8). A correlation (r? = 0.8706) was detectable for the groups of
NCEs with passive penetration (filled circles). Some 37% of NCEs are assumed to be P-gp substrates
(open triangles plus squares) in the VB-Caco-2 model and only 9% in the Caco-2 (open squares);
therefore, Caco-2 failed to identify ~ 76% of NCEs potentially interacting with P-gp. More assumed P-gp
substrates and higher accompanied efflux ratios appeared with the VB-Caco-2 model. The range for

efflux of 0.6-2 covers compounds identified as subjects to passive penetration.
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4.1.8. P-glycoprotein functionality of VB-Caco-2 in Calcein AM assay

The VB-Caco-2 culture was examined in four different passage ranges (67-73,
94-97, 128-131, 199-201) using reference compounds (n = 17) to test its suitability for

long term use in calcein AM assay. The data in Table 7 show that the reference P-gp

inhibitors were correctly identified by VB-Caco-2, in keeping with the literature values,

throughout the observation period.

Table 7. Percentage of P-gp inhibition by reference compounds tested in Calcein AM assay using VB-

Caco-2 cells. Results are presented in mean + S.D. of cells with four different passages between 67 and

201.
Working o4 inhibition of P-gp _
conc. Literature
Compound (LM) Mean +SD Test result result

Cyclosporin A 10 169.7 +4.4 + +
Ketoconazole 100 1148 +9.0 + +
Verapamil 250 100.0 + +
Loperamide 100 858 +£129 + +
Vinblastine 100 840 +114 + +
Quinidine 100 79.1 +13.7 + +
Testosterone 100 533 +£7.2 + +
Terfenadine 10 456 +6.6 +

Labetalol 100 438 +82 + +
Alprenolol 100 37.9 +8.2 +
Dexamethasone 100 38 £24 - -
Ranitidine 100 21 £09 - -
Furosemide 100 21 £238 -
Chlorothiazide 100 1.8 +1.8 -

Cimetidine 100 1.8 +£24 - -
Antipyrine 100 06 +0.5 - -
Caffeine 100 04 +1.8 -
Sulfasalazine 100 03 £1.9 - -

Literature results using MDCK-MDR1, vinblastine selected Caco-2 and other
cell lines based calcein AM assay from: (152,239,236).
Test results: % inhibition of P-gp > 25%: positive (+); < 25%: negative (-)

Calcein retention in the presence of verapamil relative to calcein retention

without verapamil (IRFyerapamil /IRFpackground) Was constantly higher than 3 in the VB-

Caco-2 cultures, up to at least 201 passages, displaying high enough functionality for

P-gp in the assay. This ratio was only 1.3-1.7 in the Caco-2 cultures at any passages.
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4.1.9. CYP enzyme activity

The CYP3A4 and CYP1Al-mediated reactions in differentiated VVB-Caco-2 and
Caco-2 cultures (Table 8) were similar as they were measured by testosterone 6-83-
hydroxylation and phenacetin O-deethylation, respectively. Detectable activities of
CYP2C8, CYP2C9, CYP2D6 and CYP2EI (paclitaxel 6a-hydroxylation, diclofenac 4’-
hydroxylation or tolbutamide 4-hydroxylation, bufuralol 1’-hydroxylation or
dextromethorphan O-demethylation and chlorzoxazone 6-hydroxylation, respectively)

were not found either in differentiated or undifferentiated cells.

Table 8. CYP enzyme activities in differentiated VB-Caco-2 and Caco-2 cultures.

Activity (pmol/min/10° cells)

Working
CYP enzyme Substrate conc. (LM) Metabolite Caco-2 VB-Caco-2
1A1 Phenacetin 1600 Acetaminophen 2.62+0.5 2.14+0.4
2C8 Paclitaxel 5 6-a-OH-paclitaxel <2.05 <2.87
2C9 Diclofenac 100 4-OH-diclofenac <0.26 <0.36
Tolbutamide 3500 OH-tolbutamide <1.03 <1.43
2D6 Bufuralol 80 OH-bufuralol <1.03 <143
Dextromethorphan 100 Dextrorphan <0.21 <0.29
2E1 Chlorzoxazone 400 OH-chlorzoxazone <051 <0.72
3A4 Testosterone 200 6-3-OH-testosterone 0.94+0.1 0.86+0.1

Activities are expressed as mean £+ S.D. (n = 3)
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4.2. Challenging brain penetration modelling with VB-Caco-2:

Comparison of brain capillary endothelial cell-based and epithelial cell-based
surrogate BBB penetration models

4.2.1. Morphology: electron microscopy and immunohistochemistry

4.2.1.1. Rat brain capillary endothelial cells co-cultured with pericytes and astrocytes
(rat BBB)

Brain capillary endothelial cells co-cultured with pericytes and astrocytes were
grown on Transwells in regular monolayers. The height of cells at the perinuclear region
was only at about 1.5-2 um or even less (0.2-0.4 um) in the plasmalemmal processes
where adjacent endothelial cells typically overlap and contact each other (Fig. 17).
Between the overlapping plasma membranes, the tight junctions, long rows of “kissing
points”, can be seen. The surface of the endothelial cells is typically smooth but often
interrupted by caveolae and caveolae-like invaginations (Fig. 18). In the brain capillary
endothelial cells, the adherens junctions and desmosomes are in structural unity with the
tight junctions (Fig. 19).

Brain endothelial cells stained positively for the endothelial specific claudin-5
but not for the epithelial type claudins (e.g., claudin-1 and -4) and they also yielded
positive immunostaining for ZO-1 and B-catenin as well (Table 9). The brain capillary
endothelial cells are thin and elongated (Fig. 20), and show a swirling pattern in the

monolayers.
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Fig. 17. Electron micrographs of rat BBB, VB-Caco-2 and MDCK-MDRL1 cell cytoarchitecture. ER,

endoplasmatic reticulum; ID, interdigitations; m, mitochondrion; N, nucleus; TJ, intercellular tight

junctions; V, microvilli.

Rat BBB VB-Caco-2

MDCK-MDR1

Fig. 18. Electron micrographs of rat BBB, VB-Caco-2 and MDCK-MDR1 cell surface morphology. C,

caveolae; ER, endoplasmatic reticulum; m, mitochondrion; V, microvilli.
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Fig. 19. Electron micrographs of rat BBB, VB-Caco-2 and MDCK-MDR1 intercellular junctions. D,
desmosome; ER, endoplasmatic reticulum; ID, interdigitations; m, mitochondrion; N, nucleus; TJ,

intercellular tight junctions; V, microvilli. Arrows point to tight intercellular junctions.

Table 9. Summary of the expression of tight junction (TJ) and adherens junction related proteins in rat
brain capillary endothelial blood-brain barrier (BBB) and in epithelial models (Caco-2, VB-Caco-2,
MDCK-MDR1) using immunostaining. For staining see Fig. 20.

Model B-catenin  ZO-1 Claudin-1  Claudin-4  Claudin-5
Rat BBB + + +/—- - +

Caco-2 + + + + -
VB-Caco-2 + + + + -
MDCK-MDR1 + + + + -

+: positive staining, —: negative staining
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Fig. 20. Primary rat brain microvessel endothelial cells and epithelial cell lines stained for tight junction
(TJ) and adherens junction related proteins and for P-glycoprotein. Cell nuclei (blue) are counterstained
with bis-benzimide. In the double immunohistochemistry P-glycoprotein is seen as green staining
spreading over cell bodies, while ZO-1 TJ associated protein demarks cell to cell borders (red). BBB,
blood-brain barrier model; B-CAT, B-catenin (red); CL-1, claudin-1 (red); CL-5, claudin-5 (green); P-GP,
P-glycoprotein (green); VB, vinblastine-treated; ZO-1, zonula occludens protein-1 (red). Scale bar: 20 um

4.2.1.2. Native human Caco-2 and VB-Caco-2; dog kidney epithelial cell lines:
MDCK and MDCK-MDR1

Native Caco-2, VB-Caco-2 and dog kidney epithelial cultures (MDCK, MDCK-
MDR1) grow on Transwells in non-overlapping monolayers and have a cuboidal shape
(Fig. 17). An obvious morphological difference is that the kidney epithelial cells are
usually higher than the colon carcinoma cells (MDCK-MDR1: 10-20 um versus VB-
Caco-2: 8-15 um). The apical surface of both cell types is similarly covered with
microvilli (Fig. 18). Between the adjacent cells, the tight junctions are relatively short
(0.3-1 um), and are positioned apically and well separated from other junctional
structures like desmosomes and adherens junctions, so they could be identified as
independent structures (Fig. 19). At the basolateral region, fingerlike projections
(interdigitations) were observed between neighbouring cells.

Positive staining for the integral membrane TJ proteins claudin-1 and claudin-4,
for the cytoplasmic TJ associated ZO-1 protein and for the adherens junction protein f3-
catenin was demonstrated in both human colon carcinoma and dog kidney epithelial
cells (Table 9). Pericellular staining appeared for all the listed TJ proteins. Epithelial
type cells were not stained positively for the endothelial-specific claudin-5 TJ protein
(Table 9). There was a typical cobblestone pattern in both epithelial cultures, but the
VB-Caco-2 cultures grow in a lower density than MDCK-MDR1 (Fig. 20). Generally,
there were no ultrastructural morphological or TJ immunostaining-related differences
between native Caco-2 versus VB-Caco-2 or parental MDCK versus MDCK-MDR1

cultures.

73



DOI: 10.14753/SE.2013.1815

4.2.2. P-glycoprotein expression in rat BBB EPA and in epithelial cell lines (native
Caco-2, VB-Caco-2, MDCK and MDCK-MDR1)

The expression of P-gp protein was assayed by using the Western blot technique
in cell lysates and by the immunostaining of P-gp on cell monolayers. Western
immunoblots revealed comparably intense staining of P-gp in VB-Caco-2 and MDCK-
MDR1 cultures (Fig. 21). The P-gp staining in rat brain capillary endothelial cells was
less intense and the bands appeared at a lower molecular weight than in the other cells
with human P-gp. In MDCK and in native Caco-2 cell lysates, the protein level of P-gp
was under the detection limit.

Rat VB- MDCK- MDCK-
BBB Caco-2 Caco-2 MDR1 parent

180 kDa — ~ iy g P-gp

- .
-

Actin

Fig. 21. Western blot analysis of lysates of rat brain capillary endothelial cells, native Caco-2, VB-Caco-
2, MDCK-MDR1 and MDCK-parent cell lines probed for P-glycoprotein (P-gp).

P-gp immunostaining revealed comparably weaker staining of P-gp for Caco-2,

while staining differences were not obvious for the other types of cultures (Fig. 20).

4.2.3. Comparison of paracellular tightness of the models

The Trans Epithelial Electric Resistance (TEER) in rat BBB (548 + 125 Qcm?),
native Caco-2 (1024 + 184 Qcm?) and VB-Caco-2 (2012 + 347 Qcm?) models was well
above the critical value (150-200 Qcm?), signifying acceptable integrity (Table 10).
The MDCK(IIl) and MDCK(I1)-MDR1 cultures presented a TEER that was typically
below 100 Qcm?,

The VB-Caco-2 and the MDCK-MDR1 models were the least permeable for
fluorescein sodium (NaF), a low molecular weight marker of paracellular integrity, with
values of 0.47 + 0.17 x 10 cm/s and 0.59 + 0.06 x 10°® cm/s, respectively. The rat BBB
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and native Caco-2 models were looser, as demonstrated by the significantly higher Papp
for NaF; (rat BBB: 2.72 + 0.03 x 10 cm/s; Caco-2: 1.34 + 0.29 x 10 cm/s; Table 10).

4.2.4. Comparison of efflux of P-gp substrate drugs and permeability of mixed
mechanism drugs

In bidirectional assays with rat BBB, native Caco-2, VB-Caco-2, MDCK or
MDCK-MDR1 monolayers, the Papp of different mechanism reference drugs (both
passively permeated and effluxed) was determined in two directions and the ratio of
Papp values (efflux ratio) was calculated (Table 10). Among the various models,
MDCK-MDR1 and VB-Caco-2 identified the highest number of efflux transporter
substrates, characterized with an efflux ratio higher than 2, which indicates more
sensitive P-gp recognition of these models compared to the others. Accordingly, the
MDCK-MDR1 (using a corrected efflux ratio) and the VB-Caco-2 models identified
five out of the seven known P-gp substrates tested (Table 10, bolded figures). The rat
BBB model could only identify digoxin as a P-gp substrate.

Permeability of most compounds from Table 10 was also measured in the
previous experiments (Table 5) using Caco-2 and VB-Caco-2 drug penetration models.
Permeability and efflux ratio were in the same classification range; however, for
atenolol at 10 uM the mean efflux ratio was 2.1, but in the following experiments, it
was 1.95, which is above or below the limit of the classification for efflux substrates,

respectively.
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4.2.5. Correlation of in vitro and in vivo drug permeability in rat BBB and in
native Caco-2, VB-Caco-2, MDCK and MDCK-MDR1 models

4.2.5.1. Brain tissue and plasma protein binding of reference drugs

The plasma protein- and brain tissue binding of the reference drugs were
measured using equilibrium dialysis. The ratio of fu brain and fu plasma (fu: unbound
fraction) values were used for the correction of Papp in vivo data (fu uncorrected Papp
in vivo in Table 11) that had previously been generated in a mouse brain distribution
model (211).

Table 11. Unbound fraction in brain (fu brain) and unbound fraction in plasma (fu plasma) of drugs
determined using equilibrium dialysis. In vivo permeability based on total brain and plasma
concentrations (tissue binding uncorrected in vivo Papp) and in vivo permeability data corrected with the

ratio of unbound fraction in brain to unbound fraction in plasma (fu brain/fu plasma — corrected in vivo
Papp).

Compound Tissue binding invivo Papp  fu brain/fu
unbound fraction in unbound fraction in fubrain/ _ (x10°cm/s)  plasma ratio -
brain (fu brain) plasma (fu plasma) fu plasma corrected in vivo

ratio Papp (x 10°® cm/s)
mean S.D. mean S.D.

Antipyrine 0.967 0.067 0.929 0.077 1.04 10.75 11.19

Caffeine 0.927 0.095 0.980 0.029 0.95 11.11 10.50

Verapamil 0.034 0.009 0.079 0.016 0.43 5.69 2.45

Indomethacin 0.082 0.033 0.017 0.003 4.94 0.13 0.64

Quinidine 0.084 0.028 0.283 0.024 0.30 1.69 0.50

Loperamide 0.008 0.003 0.021 0.002 0.38 1.05 0.40

Atenolol 0.848 0.239 0.980 0.058 0.87 0.23 0.20

Vinblastine 0.013 0.003 0.105 0.031 0.12 143 0.18

Cimetidine 0.745 0.330 0.836 0.144 0.89 0.20 0.18

Digoxin 0.243 0.018 0.313 0.019 0.77 0.10 0.08

By in vitro equilibrium dialysis antipyrine, caffeine, quinidine, atenolol, digoxin
and cimetidine proved to be low plasma protein binding drugs (less than 75% binding),
as their fu values were higher than 0.25. Verapamil, indomethacin, loperamide and
vinblastine appeared to be moderate/high plasma protein binding drugs (binding equal
or higher than 90%), with fu of less than or equal to 0.1.

Taking the fu brain values (unbound fraction in brain tissue) determined also

with equilibrium dialysis, the fu brain to fu plasma ratios appeared to be close to 1 for

77



DOI: 10.14753/SE.2013.1815

caffeine, antipyrine, atenolol, cimetidine and digoxin. Ratio 1 indicates that the extent of
brain tissue binding and plasma protein binding is quite similar for these compounds,
and therefore, Papp in vivo values corrected with this ratio appears to be similar to the
fu uncorrected Papp in vivo data.

The brain tissue binding of verapamil, quinidine and loperamide was slightly
higher than their plasma protein binding; therefore, correction with fu brain to fu plasma
ratio resulted in a lower in vivo Papp values than the uncorrected in vivo Papp (2-3-fold
shift).

The most dramatic shifts in fu corrected Papp in vivo appeared for indomethacin
(4.9-fold increase) and vinblastine (8-fold decrease). Indomethacin has high plasma
protein binding (fu plasma: 0.017) with relative lower brain tissue binding (fu brain:
0.082), but vinblastine has high brain tissue binding (fu brain: 0.013) with relative lower
plasma protein (fu plasma: 0.105); therefore, the fu ratios are significantly deviate from
one and markedly change the value of the Papp in vivo.

4.2.5.2. Effect of tissue binding and P-gp functionality on in vitro — in vivo
permeability correlation

The fu corrected or the fu un-corrected Papp in vivo data (calculated on the basis
of total drug concentrations) of the reference drugs was plotted against the in vitro
permeability data determined in rat BBB and in native Caco-2, VB-Caco-2, MDCK and
MDCK-MDR1 models. When tissue binding uncorrected Papp in vivo data was used,
no substantial correlation was observed in any of the models (r?< 0.45) for the tested
reference compounds (Table 12). On the contrary, when the in vitro permeabilities were
plotted against tissue binding corrected Papp in vivo data, a correlation was obtained (r?
= 0.7989-0.6053); the goodness of fit was similar in the models (Table 12, Fig. 22),
meaning that the correction of in vivo permeability with tissue binding substantially
improves the correlation. Those compounds with a significant deviation of the fu brain
to fu plasma ratio from 1, such as indomethacin (fu brain to plasma 4.9) and vinblastine
(fu brain to plasma 0.12), are outliers if uncorrected data is plotted, whereas corrected

values substantially improve the power of correlation.
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Table 12. The r? values of correlations between in vitro permeability (Papp) determined in the different

cell based models of drug permeability and the fu brain/fu plasma ratio corrected or the tissue binding

uncorrected in vivo Papp values. BBB, triple co-culture blood-brain barrier model.

Permeability  r value

model _ _
in vitro Papp versus. fu  in vitro Papp versus.
brain / fu plasma ratio tissue binding un-
corrected Papp in vivo corrected Papp in vivo

Rat BBB 0.7989 0.4391

Caco-2 0.6053 0.4430

VB-Caco-2 0.7206 0.3851

MDCK 0.6809 0.4217

MDCK-MDR1 0.7782 0.3352

Rat BBB Caco-2
-4 2z -4

Q =0.7989 —  1=06053
£ Antipyrine 0 .
<5 ™ Caffeine E -5 Antipyrine w Caffeine
o Verapamil ~ Verapamil
g 2 .
o 6 Quinidine Ir;domethacin S -6 Loperamide Indomethacin
=] - -
] Vlnblas.tlne .Loperamide > Atenolol Quinidine

Atenolol . u,, )
o —
2 7 Cimetidine o 7 Cimetiding, . Vinblastine
s Digoxin g igoxin
= £

in vitro log Pappa.g (cm/s) in vitro log Papp,.g (cm/s)
VB-Caco-2 MDCK-MDR1
-4 -4
—_ r’=0.7206 = r’=0.7782
74 . . [7) . .
~ Antipyrine ~ Antipyrine
£ -5 24 [ ] £ -5 W Caffeine
o Verapamil Caffeine L Verapamil
o o ]
o ) o - .
& ] Atenolol . odomethacin & -64vinblastine Quinidine Indomethacin
> Vln-blastme LoperamideQumldme oy s ~Loperamide
; -7 m Cimetidine ; .7 - Cimetidine
> iOX > Digoxin
g Digoxin S
£ £
-7 -6 -5 -4 -3 -7 -6 -5 -4 -3

in vitro log Papp,_g (cm/s)

in vitro log Papp,_g (cm/s)

Fig. 22. Plots of in vitro permeability (Papp) of reference drugs determined in rat BBB, native Caco-2,
VB-Caco-2 and MDCK-MDR1 models with their tissue binding corrected Papp in vivo data. The Papp in
vivo data are based on total brain and total plasma concentrations derived from mouse brain distribution

model (211) and corrected with the ratio of fu brain/fu plasma determined in equilibrium dialysis.
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The results also show the positive effect of P-gp functionality in the models on
the goodness of in vitro — in vivo correlations. The high and low P-gp functionality
counterparts VB-Caco-2 versus Caco-2 and MDCK-MDR1 versus MDCK models
clearly point to the trend of better predictivity (higher r* value) of the high P-gp
functionality model in comparison with its low P-gp counterpart (VB-Caco-2 versus
native Caco-2 r? = 0.7206 versus 0.6053 and MDCK-MDR1 versus MDCK r? = 0.7782
versus 0.6809 Table 12).

4.2.6. Comparison of high P-gp activity models: VB-Caco-2 versus MDCK-MDR1

In vitro permeability (Papp in vitro) was determined for a large set of chemically
diverse drugs (n = 59) (Table 13 and 10) and NCEs (h = 62) in VB-Caco-2 and the well
accepted surrogate BBB model of MDCK-MDR1. A strong correlation was found in
terms of the permeability (Fig. 23) in the models.

. Reterence compounds (n=59) - NCEs (n=62)

g 1001 E 80-

5] - 5] p 5
p ] r=0.9368 . % ] r’=0.8729 .

o — 1
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s z 4 "
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= = o
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— — -

a4 a4 J n
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&) SH
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Fig. 23. Correlation between permeability (Papp) data of reference drugs (n=59) and NCEs (n=62)
determined in VB-Caco-2 and in MDCK-MDR1 models.
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5. Discussion

5.1. Drug penetration model of vinblastine-treated Caco-2 cultures

The P-gp has an impact on the ADME of many substrate drugs, since it is
present at the major body barriers such as the epithelial cells of the intestine and kidney,
canalicular membranes of hepatocytes and the endothelial cells of the blood-brain
barrier. This influence is especially significant by the CNS and by the intestine for the
low penetrability or dissolution limited drug substrates (240).

The need for cost-effective critical knowledge on NCEs in early development
supports the fast killing of drugs with undesired properties. Penetrability and P-gp
liability are among the critical features which determine effective drug levels in the
periphery and in the CNS. An in vitro model displaying both reliable passive
penetrability and P-gp functionality could effectively screen simultaneously for drug
penetration and P-gp liability, so it could considerably support the selection of
successful development candidates with drug-like properties.

The prediction of human absorption on the ground of Caco-2 based penetration
assay is routinely performed during drug development. However, the highly variable,
rather low expression of P-gp in Caco-2 cells is normally a limiting factor that does not
allow the sensitive and reproducible recognition of P-gp substrates.

In our study, chronic exposure of Caco-2 cells to vinblastine gave the cell
population a homogeneous appearance which is in contrast to that of Caco-2 cultures,
the latter being known to have a highly heterogeneous morphology (241,242). The VB-
Caco-2 cultures display a significantly higher level of P-gp mRNA and protein, and the
penetration model based on it maintains high and steady P-gp functionality with
negligible variation through a broad passage range of the cells.

Whether it is selection, induction or both, the exact mechanism by which co-
incubation with vinblastine leads to the elevation of P-gp level in Caco-2 cultures is not
clear. The human pregnane X receptor (hPXR) is described as a major nuclear receptor
involved in the regulation of P-gp and several human CYP enzymes like 3A4, 2C8, 2C9

and 2C19. However, studies either report vinblastine as an inducer of the hPXR-ligand
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binding domain, but a weak activator of the receptor itself (243), or they describe the
relative lack of PXR in Caco-2 cells (244,245) and assume a direct interaction between
the drug and the transporter mRNA leading to the induction of P-gp, independent of
PXR (145).

An increase in the activity of CYP enzymes — regulated by PXR or in other ways
— were not observed in our vinblastine treated Caco-2 cultures. In contrast to unchanged
CYP enzymes, the elevation of the P-gp level was clearly apparent.

A selection mechanism applies to the acquisition of drug resistance in many
types of cancers. An explanation for this may be that cancer cells express a different
array of drug-resistance genes, and overgrowth of the sensitive cells by the drug-
resistant variant may occur due to the effect of the anticancer drug (246). In clinical
settings the rate of P-gp expression shows correlation with the drug resistance. The
selection of drug-resistant cells may be the case in this study as well. Subpopulations
with different P-gp activity have been described in Caco-2 cultures (146). Vinblastine, a
toxic antimicrotubule drug, enters cells with low P-gp activity, and it may simply select
those with strong efflux, resulting in cultures populated with cells with a high level of
P-gp mRNA, protein and related functionality. This hypothesis may be supported by the
observation that withdrawal of vinblastine did not result in a loss of P-gp protein or P-
gp functionality in VB-Caco-2, and the cultures maintained a high level of these
features even after a prolonged absence of the drug. In Caco-2 cells Hoskins and co-
workers (247) demonstrated that desacetylvinblastine sulfate (DAVLB) evoked
selection of resistance in a citotoxicity assay, and unaltered P-gp expression on the cell
surface, which was present long after DAVLB withdrawal.

The high sensitivity of VB-Caco-2 for identifying P-gp substrates has been
demonstrated in our long term study, in which through 150 passages the eleven
reference P-gp substrates tested were all positively recognized by the VB-Caco-2 in bi-
directional transport assay. In contrast, standard Caco-2 failed to identify verapamil,
quinidine, dexamethasone, loperamide, labetalol, ranitidine and atenolol in the
investigated interval (ca 60 passages); even when low (1-10 uM) concentrations were
applied.

Untreated Caco-2 cultures did not show efflux for the high permeability
verapamil either in our or others’ laboratory (147,149). Although our VB-Caco-2
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culture is rather sensitive, verapamil was recognised only at a low drug concentration. A
similar finding was published by Déppenschmitt et al. (148). The failure of Caco-2 to
identify quinidine and ranitidine as P-gp substrates has also been reported (144,145,77);
however, other labs were able to detect efflux for quinidine (248,249). The expression
level of P-gp in Caco-2 cultures has been reported to be sensitive to simple culture
conditions such as the type of supporting membranes (polycarbonate or PET filters) the
cells grown on, serum, the length of the cultivation period and the number of seeded
cells, which may go some way to explaining the interlaboratory differences (86,91).
Shirasaka et al (145) demonstrated 1.4-3.3-fold higher efflux ratios for quinidine,
verapamil, vinblastine and digoxin using short term (5 days) Caco-2 cultures grown in
10 nM vinblastine containing special differentiation medium, in comparison to normal
Caco-2. The apical to basolateral permeability of vinblastine and quinidine was highly
comparable with those measured with MDCK-MDRI1. In comparison to Shirasaka’s
results in our long term (19-21 days) VB-Caco-2 cultures, the efflux response for
quinidine, verapamil and vinblastine was even higher; from 2.9 to 29-fold.

The importance of sensitively recognising P-gp substrates is underlined by the
fact that the in vivo P-gp liability of these exemplary drugs and many others is notable;
they demonstrate efflux limited absorption and/or BBB penetration and consequently
low brain level (250,251,252,253,254). The results obtained suggest that VB-Caco-2
cells have a major advantage in that they are capable of recognising the P-gp substrates
in drug screening more sensitively and consistently than Caco-2. The reliable use of
vinblastine treated cultures for penetration testing was demonstrated with maintained P-
gp functionality throughout a broad passage range between 40 and 201. Caco-2 is
routinely used for permeability testing for a narrower passage range of ca. 10-40
(241,58) and it shows variable P-gp functionality.

The applicability and superiority of VB-Caco-2 culture in penetration screening
have also been supported by the test results of 91 new chemical entities from 16
different structure families that emerged from Richter’s preclinical research program.
Using the VB-Caco-2 based penetrability model, 37% of NCEs were found to be P-gp
substrate, in contrast only 9% by Caco-2. It is important to point out that passively
penetrating drugs show similar permeability values in both models. Caco-2 is mentioned

among the best predictors, if not the best predictor, of passive penetrability even for
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brain penetration (143,59). However, VB-Caco-2, with its high and steady P-gp
functionality, appears to be a more complex and sensitive model for permeability
screening of drug candidates. In addition, the long-term use of VB-Caco-2 for testing P-

gp inhibitors in calcein AM assay is also possible based on our results.

5.2. Challenging brain penetration modelling with VVB-Caco-2:

Comparison of brain capillary endothelial cell-based and epithelial cell-based
surrogate BBB penetration models

The preferred in vitro models of brain penetration are based either on brain
capillary endothelial cells or on epithelial cells, such as the MDR1-transfected dog
kidney MDCK. The human intestinal Caco-2 cells are also frequently challenged for
similar application.

These cells of these penetration models originate from distinct anatomical
regions of living organisms. A characteristic they share is that they form barriers and
express tight intercellular junctional complexes, influx and efflux transport systems.
They are genetically programmed to best serve the corresponding organ function.
Therefore, it is somewhat surprising that cells of such differing origins could all serve as
valuable tools for in vitro BBB studies, and cells of non-cerebral origin are capable of
providing acceptable predictions of brain penetration. In order to overcome all these
contradictions, we studied the critical BBB features like the presence of restrictive
paracellular pathway, the BBB-like selective transcellular penetration and functionality
of a major brain drug efflux transporter P-gp using reference drugs. We compared the
decisive characteristics of human native Caco-2-, the high P-gp expressing VB-Caco-2-
and the MDCK-MDR1 epithelial models and the rat brain capillary endothelial cell
model grown in triple co-culture with astrocytes and pericytes.

As expected, the electron microscopical morphology of rat brain capillary
endothelial cells is greatly different from that of epithelial cell lines, the native Caco-2
and VB-Caco-2 and of MDCK-MDR1. Theoretically, cell morphology and membrane
composition determine functionality and consequently drug penetration via the
monolayers created by the cells. The TEER and permeability for paracellular low

molecular weight tracers are well accepted measures of tightness between cells both in
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vivo and in vitro (200). In our hands, the low molecular weight, low molecular radius
paracellular marker sodium fluorescein, also a substrate of MRPs (255), revealed a
significantly higher permeability in endothelial cell monolayers than in the epithelial
type cells like VB-Caco-2 or MDCK-MDR1 with MRP activity. The data show that
despite the differing complexity of the tight junctions (lengths, composition, unity with
adherens junctions) and the manner in which the cells tightly attach (apically positioned
in epithelial cells versus found along overlapping plasmalemma in brain capillary
endothelial cells), epithelial monolayers like VB-Caco-2 and MDCK-MDR1 still
provide integrity that is very much on a par with that of brain capillary endothelial
monolayers.

TEER, with the exception of MDCKII type monolayers, was well above a 150
Qcm? preferable limit for Caco-2, VB-Caco-2 and rat BBB models (200). Similarly low
TEER values for MDCKII cells were published by others as well (143). Low TEER but
high integrity for paracellular marker molecules has been reported both in endothelial
and epithelial cells (256,223,257). In kidney epithelial cells, where ionic reabsorption is
a physiological function, the apparent contradiction between TEER values and low
paracellular permeability might be explained by the view that TEER reflects monolayer
integrity to movement of ions not only through paracellular pathways but also via ion
channels, transporters and ion pores like certain members of claudins. Monolayers with
tight paracellular pathways for molecules can have low TEER values if they express
high level of ion pores supporting ion movement. Claudin-2, -7, -10, -15 and -16 have
pore forming function, and may facilitate cation permeability, thereby decrease TEER
(258). According to our yet unpublished results, MDCK and MDCK-MDR1 cells have
higher gene expression of claudin-2, -10 and -16 than Caco-2, VB-Caco-2 or rat BBB
cells. Low TEER value may not indicate per se disturbed or not well elaborated
paracellular pathways or leaky monolayers if paracellular tightness was found high by
both morphological and functional methods.

Transcellular penetration is a function of many factors including the distance
that has to be travelled by the drug, the lipid composition of membranes and also the
involvement of active transporters. The huge differences (10-20-fold) in the average
height of brain capillary endothelial cells and of epithelial cell types, and the somewhat

differing membrane compositions, may have a notable effect on the transcellular
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penetration of drugs. In our study, in the relatively passive model of native Caco-2 a
slightly higher permeability rates generally appeared for the different mechanisms of the
tested reference drugs in comparison to the rat brain model. For the clearly passive
compounds like antipyrine, caffeine and indomethacin this difference varies only
slightly, between 1.3 and 1.5-fold. This may mean that the surface area-enhancing
microvilli could compensate or slightly overcompensate for the longer route of
penetration through the epithelial cells with higher cell thickness.

In our studies, the highest number of P-gp substrates were recognized by the
MDCK-MDR1 and VB-Caco-2 models (5 substrates), while the native Caco-2 and the
rat BBB model identified only 3 and 1 P-gp substrate drugs, respectively. For drugs
intended for CNS penetration identification of efflux (e.g. P-gp) liability is especially
important considering the limiting effect of efflux on brain entry and distribution. For
peripheral drugs to be substrate of P-gp is advantageous considering that significantly
less CNS side effect is expected due to limited brain penetration. Quinidine, vinblastine,
loperamide and digoxin are important substrates of P-gp in vivo (250,251,253), and
were all recognized by the VB-Caco-2 and MDCK-MDR1 models, but not by the rat
BBB model applied at an identical test drug concentration. Comparing all the tested
drugs and permeability markers, the lowest BBB permeability value measured in vivo
was obtained with digoxin. Similar result was obtained on the in vitro BBB model.
Interestingly, on the epithelial models, the multiple efflux pump ligand vinblastine and
the paracellular marker atenolol revealed lower penetrability.

The high permeability P-gp substrate verapamil and the low permeability mixed
transport mechanism atenolol (paracellular with P-gp efflux) were not identified as P-gp
substrates by any of these models at the 10 uM test concentration. As a rule of thumb
potential efflux substrates with high passive permeability therefore needs to be tested at
a low concentration, when efflux transporters can cope with the influx. Verapamil was
only recognized as P-gp substrate by the MDCK-MDRL1 (data not show) and the VB-
Caco-2 at low concentrations. At a concentration as high as 10 uM, when the high
passive inward flux overwhelms limited efflux these two models also failed.

In contrast to verapamil, paracellularly permeable atenolol was detectable as a P-
gp substrate reliable at a higher (e.g., 50 uM) concentration, and only by the VB-Caco-2
and MDCK-MDR1 models (data not shown). A similar phenomenon was also found by
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others as well (144), where in the case of a paracellular mechanism, low permeability
drugs were not detected as P-gp substrates at low cellular concentrations. However, the
transporter substrate qualification lacks pharmacological relevance at concentrations
that far exceed the therapeutic range.

We measured the permeability of 59 reference drugs and 61 NCEs in the VB-
Caco-2 drug penetration model that have not been used before for BBB permeability
predictions and in the frequently referenced MDCK-MDRL1 surrogate BBB model. The
results showed that the VB-Caco-2 model measured passively permeable compounds
and P-gp substrates are in excellent correlation with the MDCK-MDR1 model. It is
worth mentioning that three highly permeable drugs like aldosterone, omeprazole and
dextrorphan were only identified as efflux substrates by the MDCK-MDR1 model. In
contrast, sulfasalazine, chlorothiazide, furosemide only qualified as efflux modulated in
VB-Caco-2. A plausible explanation for this disturbing finding is that these drugs are
known to be substrates of efflux transporters other than P-gp, such as MRPs and BCRP,
which are highly expressed in the VB-Caco-2 model, but not in the MDCK-MDR1
model. BCRP and MRPs are also important efflux transporters at BBB involved in drug
efflux (5,17,259) besides P-gp. Sulfasalazine is a known BCRP substrate.

With regard to the P-gp mediated efflux functionality of the models, the VB-
Caco-2 and MDCK-MDR1 were more sensitive than the rat BBB model. Otherwise, it
is clear that among the models tested, the brain capillary endothelial cells are
programmed genetically for expressing most transporters that function in vivo on the
BBB. Using substrate drugs (n = 7) in bidirectional permeability assay, we provide a
large set of data on P-gp functionality in brain capillary endothelial monolayers and
show their lower capability in comparison with VB-Caco-2 and MDCK-MDR1, for
identifying P-gp substrate drugs.

It was suggested that MDCK cell line having low expression of transporters
offers a good base for study of passive permeability (260). However, in our study,
activity of the canine efflux transporter was shown in agreement with Brayden et al
(261), as our parent MDCK model recognized two drugs as efflux substrate (vinblastine
and digoxin). Therefore, efflux ratio measured in the MDCK-MDR1 model was
corrected with the efflux ratio of the parent cell model in order to eliminate the effect of

the canine transporters, in agreement with the FDA.
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Besides the action of the transporters, factors like drug binding in plasma and
brain tissue, brain metabolism and the bulk flow toward the cerebrospinal fluid all
influence the complex process that determines the rate and extent of brain penetration
(262). Several studies highlight that the relative degree of tissue binding between
plasma and the brain modulates the penetration of drugs into the brain, and indicate that
nonspecific binding is a significant component of the brain-plasma partition coefficient
(Kp) (226,263,228,221). It has generally been held that only the extent of brain
penetration is influenced by nonspecific binding, but it was recently demonstrated that
this factor also determines the rate of brain penetration (233). The results of
Summerfield et al. show that the in situ brain permeability (P) of drugs determined even
in short (30 s) lasting in situ brain perfusion is influenced by the binding of drugs to the
brain tissue. For those sets of marketed CNS drugs (n=50) the brain tissue was thought
to act as a sink helping to drive CNS drug uptake.

In our study, the rate of penetration (Papp) of 10 reference drugs with both a
passive and efflux mechanism has been determined in the rat brain endothelial model of
BBB and in Caco-2, VB-Caco-2, MDCK and MDCK-MDRL1. Plotting the in vivo
permeability data of all 10 drugs tested against the in vitro Papp data resulted in a linear
correlation when a tissue binding correction was applied for them. No correlation was
seen if we used the total drug concentration-based Papp in vivo data in the plots or if we
did not exclude the data of indomethacin and vinblastine from this latter plot. The Papp
in vivo data of indomethacin and vinblastine have been changed most intensely when
tissue binding corrections were applied and this correction modified markedly the
outcome of correlations.

Hypothetically, a higher brain tissue binding relative to plasma protein binding
acts as a driving force that helps to maintain a dynamic diffusion gradient across the
BBB. This may even attenuate the effect of efflux transporters, and not just help the
brain entry of an otherwise low permeability drug (221), like in the case of vinblastine.
For indomethacin, this driving force is absent, having much lower brain tissue binding
relative to its plasma protein binding, and so results in lower penetrability (Papp in vivo)
than expected based on its in vitro intrinsic permeability (in agreement with Fridén et
al., (264)).
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6. Conclusions and novel findings

A high P-gp expressing VB-Caco-2 culture was developed via vinblastine
treatment of Caco-2 cells and characterized in comparison to Caco-2 culture. The VB-
Caco-2 cells show compact, homogenous monolayers, similar passive permeability as
Caco-2 model in bidirectional transport assay, but the VB-Caco-2 model is more
sensitive in identifying P-gp substrates and could reliably be used with steady P-gp
features through long passages. It is suitable when using in bidirectional transport assay
for the prediction of drug absorption, examination of P-gp mediated interactions and for
studying of P-gp inhibitors in calcein AM assay. We showed that omitting vinblastine
from established VB-Caco-2 cultures did not affect either the protein level or the
functionality of P-gp, which confirms the selectional mechanism of vinblastine.

Furthermore, comparison of epithelial cell-based models, including the VB-
Caco-2 model, as possible surrogate BBB models, was performed with the primary
brain capillary endothelial BBB model (EPA). Despite the different morphology,
epithelial-based models provide integrity that is very much on a par with that of rat
BBB model, and the models show similar passive transcellular permeability, which
makes them highly comparable to the rat BBB model. While the functionality of the
most important BBB efflux transporter P-gp in the rat BBB model was low, the VB-
Caco-2 and the MDCK-MDR1 models identified the highest number of P-gp substrate
drugs.

Significant correlation was obtained between the in vitro and in vivo brain
permeability using all models if the in vivo values were corrected with the ratio of free
fraction of brain and plasma. It was first shown that correction of the in vivo Papp
obtained in mouse brain distribution model with the ratio of unbound fractions improve
the in vitro — in vivo correlations.

A strong correlation was found in terms of the permeability in the VB-Caco-2
and the well accepted surrogate BBB model of MDCK-MDRL1 for a large set of
chemically diverse drugs and NCEs.
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In conclusion, the VB-Caco-2 culture provides a reliable tool for the penetration
screening of drugs and NCEs. The VB-Caco-2 model with steady P-gp features is
suitable for the identification of P-gp substrates with drug-drug interaction potential.
The VB-Caco-2 model may provide an alternative of the widely recognized surrogate
BBB model MDCK-MDR1 and the more labour-intense and expensive brain capillary
endothelial-based BBB model for fast screening of drug candidates for brain
permeability.
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7. Summary

The permeability of new chemical entities (NCE) is routinely screened in
preclinical drug research. It is important for the prediction of human absorption as well
as brain penetration of NCEs. Caco-2 is a well-established model for human absorption,
but the identification of P-glycoprotein (P-gp) substrates and therefore, the predictive
accuracy of this model is not always satisfactory. Vinblastine has been reported to affect
P-gp expression in Caco-2 cells. Therefore, the effect of sustained vinblastine treatment
on the expression and functionality of P-gp was studied, using RT-PCR, Western blot
techniques and bidirectional transport assay. Completion of culture medium with
vinblastine increased the P-gp mRNA and the expression at protein level. The
vinblastine-treated Caco-2 (VB-Caco-2) model shows similar passive permeability as
Caco-2 model in bidirectional transport assay, but the VB-Caco-2 model is more
sensitive in identifying P-gp substrates. The P-gp expression and activity remains
consistently high in the VB-Caco-2 cell line over 150 passages. Furthermore,
comparison of epithelial cell-based models, including the VB-Caco-2 model and the
well accepted surrogate BBB model of MDCK-MDR1, as possible surrogate BBB
models, was performed with the primary brain capillary endothelial BBB model (EPA).
Epithelial-based models provide integrity that is very much on a par with that of rat
BBB model, and the models show similar passive transcellular permeability. While the
P-gp functionality of the rat BBB model was low, the VVB-Caco-2 and the MDCK-
MDR1 models identified the highest number of P-gp substrate drugs. Significant
correlation was obtained between the in vitro and in vivo brain permeability using all
models if the in vivo values were corrected with the ratio of free fraction of brain and
plasma. The VB-Caco-2 culture provides a reliable tool for the penetration screening of
drugs and NCEs. The VB-Caco-2 model with steady P-gp features is suitable for the
identification of P-gp substrates with drug-drug interaction potential. The VB-Caco-2
model may provide an alternative of the MDCK-MDR1 model and the more labour-
intense and expensive brain capillary endothelial-based BBB model for fast screening of

drug candidates for brain permeability.
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8. Osszefoglalas

Az Ujonnan szintetizalt vegylletek és  gyogyszerjelolt molekulak
permeabilitasanak sziirése a preklinikai vizsgalatok fontos része, ami a molekulak
Caco-2 egy gyakran alkalmazott, hatékony human abszorpciés modell, de a P-
glikoprotein (P-gp) szubsztratokat bizonytalanul mutatja ki, ami rontja a predikcios
értékét. A vinblasztinrél kimutattdk, hogy Caco-2 sejtekben befolyasolja a P-gp
expresszidjat. Kisérleteinkben a kronikus vinblasztin kezelés hatasat vizsgaltuk a Caco-
2 sejtek P-gp szintjére és funkcionalitasara RT-PCR-rel, Western blottal és kétiranya
transzport esszé segitségével. A médiumhoz adott vinblasztin ndvelte a P-gp mRNS és
fehérje szintjét. A vinblasztinnal kezelt Caco-2 (VB-Caco-2) modell a passziv
permedbilitasti vegyiileteket a nativ Caco-2 modellhez hasonléan méri, de a P-gp
szubsztratokat érzékenyebben ismeri fel. Kimutattuk, hogy a P-gp aktivitdsa
egyenletesen magas marad a vizsgalt 150 passzaldson keresztiil. A tovabbiakban
Osszehasonlitottuk a VB-Caco-2 és a széles korben alkalmazott MDCK-MDR1
epitelidlis alapti modelleket, mint lehetséges agyi endotélt helyettesitd6 BBB modelleket
a primer kapillaris endotél alapu hdrmas kultura modellel (EPA). A modellek hasonléan
alacsony permeabilitdst mutatnak a paracellularis markerekre, ¢és hasonld
transzcellularis passziv penetraciot. Mig az agyi endotél modell gyenge P-gp
funkcionalitast mutatott, a VB-Caco-2 és az MDCK-MDR1 modellek mutattak ki a
legtobb vizsgalt P-gp szubsztrat gyogyszert. Az in vitro - in vivo agyi permedabilitas
kozott mindegyik modellben szignifikans korrelacié all fenn, ha az in vivo értékeket
korrigaljuk az agyi és a plazma szabad frakciok hanyadosaval. A VB-Caco-2 sejtkulttira
a gyogyszerek és gyogyszerjeldltek szkrinelésére kivaldan alkalmas modell. A magas és
stabil P-gp expresszidja miatt az interakcios potenciallal rendelkezd P-gp szubsztratok
azonositasara, vizsgalatara is alkalmas. A VB-Caco-2 modell megfeleld szkrin
alternativaja lehet a széles korben elfogadott agyi endotélt helyettesit6 MDCK-MDR1
modellnek, illetve a draga és nehezebben kivitelezhetd agyi kapillaris endotél alapu

modellnek.
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