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Abstract

Purpose: Epilepsy is a major neurological disorder, affecting more than 50 million people
worldwide. Antiepileptic drugs (AEDs) do not cffectively treat 30-40% of patients. Export of
AEDs by P-glycoprotein (Pgp, ABCBI, or MDRI), which is overexpressed in the blood-brain
barrier in drug-resistant patients, may be a mechanism for resistance to AEDs. Single nucleotide
polymorphisms (SNPs) 1236C>T, 2677G>T and 3435C>T have been associated with drug-
resistant epilepsy and were sometimes found to have effects on Pgp activities. But whether (or
which} AEDs are transported by Pgp remains unclear, and there is no direct evidence showing
that polymorphisms affect the transport of AEDs by Pgp. Therefore, we propose to use
monolayers aof cells transfecled with the MDRI variants to investigate 1} which AEDs are
substrates for Pgp; and 2) the effect of MDRI polymorphisms (1236C>T, 2677G>T, and
3435C>T) on AED transport.

Methods: Stable transfected clones of human MDR! haplotypes combining 1236C>T,
2677G>T/A, and 3435C>T in LLC-PK1 cells were established and validated. The cxpression
level and localization of Pgp were measured. Bi-directional iransport assays or concentration
cquilibrium transport assays (CETA) were performed by using MDRI-transfected and non-
transfected cells to determine the substrate status of the tollowing AEDs: phenytoin (PHT),
phenobarbital (PB), ethosuximide (ESM), carbamazepine (CBZ), eslicarbazepine acctate (ESL},
oxcarbazepine (QXC), (S)-licarbazepine (S-LC), carbamazepine-10,11-epoxide (CBZ-E),
rufinamide (RFM), lacosamide (LCM), zonisamide (ZNS), and pregabalin (PGB). LLC-PK1 cells
transfected with MDR! variants were used to cvaluate the effects of MDR/ polymorphisms on

transport activity of AEDs in CETA,

Results: In CETA, PIIT, PB, and LCM were transported by MDRI-transfected cells from
basolateral to apical sides, while RFM, ZNS, PGB and ESM were not transported. Pgp did not
transport CBZ, but did transport its active metabolite CBZ-E. Pgp also pumped ESL, OXC, and
their active metabolite S-LC. The transpori of these drugs can be completely blocked by Pgp
inhibitor verapamil or tariquidar. In bi-directional transport assays, the Py, for the basolateral to
apical dircction in MDR I-transfected cells was significantly higher than in non-transfected cells
for PHT, OXC, ESL, and $-LC, and not for PB, CBZ-E, CBZ, or ESM.

To compare the extent of basolateral-to-apical transport efficiency of different variants, we

calculated the amount of the transported drugs divided by expression level of MDR/! in the apical
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chamber for each variant. In the G418 selection condition, compared with reference haplotype
CGC, the CTC haplotype increased Pgp activity to transport OXC and ESL, while the CGT and
CTT haplotypes did not significantly affect Pgp function. In the vincristine sulfate selection
condition, compared with CGC, the haplotype CTT decreased Pgp activity, while other
haplotypes, including CGC, CGT, CAC, CTC, TGC, TGT, TTT, and TTC, did not affect function.
Selection by vincristine sulfate may raise expression of Pgp and eliminate differences among the

variants.

Conclusions: CETA may be a more sensitive system than the bi-directional transport assay to
detect transport of drugs with high passive diffusion across the BBB. We conclude that PHT, PB,
OXC, ESL, CBZ-E, S-LC, and LCM, but not ESM, CBZ, RFM, ZNS, and PGB, are transported
by human Pgp. These data suggest that resistance to PHT, PB, ESL., OXC and LCM might be
aftributed to increased efflux function of Pgp because they or their active metabolites are Pgp
substrates. The CTC haplotype exhibited increased directional transport activity by Pgp. The
effects of MDRI polymorphisms on AED transport may provide a molecular explanation of the
association between the polymorphisms and pharmacoresistance. This knowledge may help guide

the design of genetic-based individualized therapy of epilepsy.
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Chapter One

Chapter One

Introduction

Epilepsy is the second most common major neurological disorder, affecting more than 50
million people worldwide (Aiken et af., 2000). It is a chronic brain disorder characterized
by recurrent seizurcs, and is classified into two types: focal or generalized epilepsy. Focal
epilepsy causes seizures originating from a discrete cortical site; generalized epilepsies
causes seizures originating from both cerebral hemispheres (Everitt et al., 1999; Hauser
et al, 1993; Shorvon, 1990). Although it is a major public health issue, we still
understand little on many aspects of this disease. More than 20 antiepileptic drugs (AEDs)
are used clinically, and this number is still increasing. Despite the availability of so many
AEDs, 30-40% of patients do not respond to pharmacotherapy (Kwan ef af., 2000b;
Regesta ef al., 1999). Most non-responsive epilepsy patients are resistant to several, often
all, AEDs, even though the drugs ditfer from each other in pharmacokinetics,
mechanisms of action, and interaction potential. Epilepsy drug-resistance was defined as:
“failure of adequate trials of two tolerated and appropriately chosen and used AED
schedules (whether as monotherapies or in combination) to achieve sustained seizure
frecdom” (Kwan ef al., 2010). The mechanisms underlying drug resistance of epilepsy
patients are still unclear but may include pathology at the epileptic focus or

polymorphisms of drug transporters (Weiss et /., 2003b).

The blood-brain barricr (BBB) is a diffusion barrier, composed of endothelial cells,
astrocyte end-feet, and pericytes (PCs) (Ballabh et o, 2004). 1t limits thc brain
penetration of small molecules and protects the CNS from xcnobiotics. Morc than 98% of
small molecules cannot penetrate the BBB. Thus, the cntry of most drugs to the CNS is
limited by the BBB (Ghose et al., 1999, Pardridge, 2007). In recent years, one of the
potential mechanisms of AED resistance interesting rcsearchers is overexpression of
multi-drug transporters in endothelial cells of the blood-brain barrier (BBB) in non-
responsive epilepsy patients. Since AEDs must traverse the BBB to enter the brain band

exert their desired effects, the overexpression of multidrug transporters and muiltidrug
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resistance-associated protein (MRP) in the endothelial cells of the BBB may contribute to
drug resistance (Loscher ef al., 2005; Loscher ef al., 2007). One of the most intensively
studied multidrug transporters is P-glycoprotein (Pgp, also known as ABCB1 or MDR1),
which plays a central role in drug absorption and distribution in many organisms. Pgp
was found as an overexpressed gene in human tumor cells in 1976 by Juliano et al.
(Juliano ef al., 1976). Pgp functions as an ATP-driven efflux pump of substrates ranging
from approximately 300 to 4000 Da in mass, including some HIV protease inhibitors,
antibiotics, immunosuppressive agents, and many other prescribed drugs (Gottesman ef

al., 1988; Hennessy ef al., 2007; Juliano ef al., 1976).

Brain concentrations of many drugs increase in MDRI-null mice (Mizuno et al., 2003).
Similarly, Pgp inhibitors increase drug penetration into the brain (Kemper ef al., 2003;
Kemper ef al., 2004). For example, the Pgp inhibitor PSC833 can increase paclitaxel
accumulation in the mouse brain (Fellner et al., 2002). These studies suggest that Pgp
plays a remarkable role in restricting access of drugs to the CNS. The capillary
endothelial cells of the BBB highly express Pgp, and this expression is increased in
epilepsy patients (Loscher, 2007; Loscher et al., 2005). In addition, the expression is
higher in drug-resistant than in drug-responsive patients (Dombrowski et al., 2001;
Tishler ef al., 1995). Some studies indicated that several AEDs are substrates or inhibitors
of Pgp, implying that Pgp plays an important role in refractory epilepsy, although other
studies in various models provided conflicting evidence (Baltes ef al., 2007a; Baltes et al.,
2007b; Luna-Tortos ef al., 2008b; Weiss et al., 2003b). In general, evidence is greater for
lipophilic AEDs as Pgp substrates (Kwan ef al., 2005; Loscher, 2007; Luna-Tortos et al.,
2008b). However, there is still no consensus on whether (or which) AEDs are substrates

of Pgp.

As evidenced in the literature, a wide spectrum as well as different classes of drugs were
substrates of the Pgp efflux pump (Stouch ef al., 2002). Identifying the substrate status of
compounds is important for new drug design. Study on the structure-activity relationship
(SAR) may help explain association between the common structural features of

compounds and the activity of Pgp. Some papers and reviews have used different models
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to focus on the SAR of chemicals acting as substrates for Pgp (Raub, 2006; Seelig, 1998;
Stouch ef al., 2002). However, there is still no study or review focusing on describing the

SAR of AEDs acting as substrates for Pgp.

Single nucleotide polymorphisms (SNPs) at 62 sites have been reported in the human
MDRI gene (Kerb et al., 2001; Kim et al., 2001; Kroetz et al., 2003; Sakaeda ef al., 2003;
Schwab et al., 2003). Some of these variants may influence the expression or function of
Pgp (Lepper ef al., 2005; Pauli-Magnus et al., 2004). Researchers have focused their
studies on three SNPs which are in linkage and whose minor allele frequencies are high:
1236C>T in exon 12, 2677G>T/A in exon 21 (resulting in an Ala893Ser/Thr amino acid
change), and 3435C>T in exon 26 (Kim ef al., 2001). The expression level of Pgp
influences the degree of drug resistance of cancer cells to chemotherapy and affects drug
efficacy (Fung ef al., 2009; Gerlach et al., 1986; Giavazzi ef al., 1984). Studies have
examined whether the SNPs affect the expression of Pgp. The 3435 T allele was
associated with lower expression of MDRI in the duodenum of Caucasians (Hoffmeyer ef
al., 2000), but other results contradicted that finding (Hung ef al., 2008; Kim et al., 2001;
Sakaeda et al., 2001; Salama ef al., 2006). The 2677 T allele (or 893 Ser) resulted in an
enhancement of efflux and a decrease in the intracellular accumulation of digoxin in vitro
in several studies (Hung ef al., 2008; Kim ef al., 2001; Salama ef al., 2006), but no
change in other reports (Kim ef al., 2001; Kimchi-Sarfaty et al., 2002). Combinations of
SNPs at positions 2677 and 3435 may have additional effects on MDR1 activities in vivo
(Kurata ef al, 2002; Tang et al, 2002). Evidence suggests that combinations of
genotypes, or haplotypes, may affect transport in vitro (Chowbay ef al., 2003; Hung ef al.,
2008; Johne ef al., 2002; Kimchi-Sarfaty et al., 2007, Salama ef al., 2006). Kimchi-
Sarfaty et al. noted that the synonymous allele 3435T, combined with one or two of the
2677T and 12367 alleles, resulted in insensitivity to Pgp inhibitors. The 3435 SNP
affects the rate of folding of the Pgp protein as it is translated, thus affecting the insertion
of Pgp into the membrane, resulting in a change in the interaction site of substrate and

inhibitor and altering Pgp function (Kimchi-Sarfaty ef al., 2007).
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1.1  The hypothesis that AEDs act as substrates for Pgp

P-glycoprotein is one of the most intensively studied ABC family members. The ABC
family is a large group of proteins comprised of membrane iransporters, ion channels,
and rcceptors. The transporters are conserved among species. In humans, two different
170 kDa proteins are called Pgp. They are encoded by the MDRI (ABCBJ) and MDR2
(ABCB4) genes, which are located near each other on chromosome 7q21.1 (Callen et al.,
1987). In rodents, Pgp proteins are encoded by three genes, mdria, mdrlb, and mdy2
(Silverman, 1999). The MDR genes arc classified into two groups. Human MDRI and
rodent mdrfa and mdr1b encode the transporters involved in multidrug resistance. MDR/
has the same functions as mdria and wmdrlb. MDRZ and mdr? encode
phosphotidylcholine transporters in biliary canaliculi (Borst, 1997; Silverman, 1999).
Most reports use the term Pgp to refer to the protein encoded by MDRI, mdria and

mdr b, and that convention will be followed here.

The human Pgp is composed of two homologous halves. Each of them consists of an N-
terminal, one hydrophobic transmembrane domain (approximately 250 amino acid
residues), one hydrophilic nucleotide binding domain (approximately 300 amino acid
residues) and a C-terminal (Chen et al., 1986; Gros ef al., 1986) (Fig 1.1). The exact
function of each domain and the molecular model detailing how Pgp pumps substrates
from the intracellular spacc to the extracellular space are all still unresolved. Pgp
modulates drug distribution and disposition in many organisms. Therc are hundreds of
transport substrates of Pgp, including natural products, chemotherapeutic drugs, steroids,
fluorescent dyes, lincar and cyclic peptides, and ionophores. Most of them are
hydrophobic, weakly amphipathic, and contain a heterocycle. However, the mechanism
by which Pgp recognizes substrates is uncleat. Many drugs used in our daily life are
substrates of Pgp. The bioavailability of these drugs can be reduced by Pgp. In Pgp null
(mdrla” or mdrIb”") mice, plasma concentration of some drugs was increased compared

with wild type mice (Kim ef al., 1998).
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transmembrane domaln

N-terrminus

C-terminus

rucleotide binding domaln

Fig 1.1 Model of human P-glycoprotein (modified from (Chen ef al., 1986))

P-glycoprotein is not only highly expressed in multidrug resistant tumor cells, but is also
highly expressed in the barrier and excretory tissues, such as the epithelial cells of biliary
hepatocytes, adrental cortex, pancreatic ductules, large intestine mucosal cells, proximal
renal tutules, testis, placenta, and blood-tissue barriers (Beaulieu et al., 1997; Cordon-
Cardo et al., 1990; Cordon-Cardo et al., 1989; Fojo et al., 1987, Kwan et al., 2005;
Sugawara ef al., 1988). The capillary endothelial cells in the blood brain barrier (BBB)
express Pgp to high levels, as compared to other tissues. Pgp is located in the luminal
plasma membrane (blood side) of brain capillary endothelial cells (Lee ez al., 2001) (Fig
1.2). The pattern of distribution of Pgp is ideal to limit drug entry to the brain or efflux of
drugs from brain to blood, which suggests that Pgp plays an important role in protecting
the brain against xenobiotics (Beaulieu et al., 1997; Bendayan ef al., 2002; Demeule et
al., 2002; Kwan et al., 2005; Lee ef al., 2001; Mizuno et al., 2003; Pardridge ef al., 1997,
Schinkel, 1997). In general, the more lipophilic drugs penetrate more readily into the
brain. But there are many lipid-soluble drugs with lower brain permeability than would
be predicted because they are pumped out of the brain by Pgp (Begley, 2004; Schmidt et
al., 2005). Most AEDs are very lipophilic, but about one-third of epilepsy patients do not
respond to them. One of the possible explanations is that lipophilic AEDs are pumped out

of the brain by Pgp in the BBB, which decreases the concentration of AEDs in the brain
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and affects drug efficacy. In order to support the hypothesis, three criteria should be
satisfied: first, the Pgp level in the BBB would be higher in drug-resistant than in drug-
responsive epilepsy patients; second, the concentration of AEDs in the brain would be
lower in drug-resistant than in drug-responsive epilepsy patients; third, the most
important and direct evidence, AEDs would be substrates of Pgp, which would explain
that the lower concentration of AEDs in brain may be caused by the overexpression of
Pgp. The evidence from patients and animal models indicates that refractory epilepsy is
associated with the overexpression of Pgp and lower concentration of AEDs in brain
(Kimura ef al., 2007). In vivo and in vitro evidence also indicates that some AEDs act as
substrates of Pgp, however there is some inconsistent evidence (Kwan et al., 2005;
Loscher et al, 2005). These observations are consistent with the hypothesis that
lipophilic AEDs are pumped out of the brain by Pgp in the BBB, which gives a

reasonable explanation for drug refractory epilepsy.

A B

Pericyte

GLUT1

Astrocyte
end-foot

Endothelial

cell
P-glycoprotein

junction

Fig 1.2 Pgp location and the bloed-brain barrier.
A, Confocal micrographs showing immunohistochemical localization of Pgp (red and yellow).
Pgp is located on the luminal side of the microvessel. GLUT1 (green) shows the brain capillary
endothelial cells; B, Schematic illustration of blood brain barrier (cited and modified from
(Loscher et al., 2005; Volk et al., 20052)).
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1.2 Methods and criteria to identify substrate status of AEDs

Early studies of Pgp found that it was expressed in cancer cells and was a cause of drug
resistance in cancer (Gottesman ef al., 1988; Hennessy et al., 2007; Juliano er al., 1976).
Many compounds were shown to be substrates or inhibitors of Pgp (Avendano ef af.,
2002; Ford et al., 1993; Ford ef al., 1996; Kwan ef al., 2005). Evidence further indicated
that Pgp is relevant to drug-resistant epilepsy, and that some AEDs are substrates or
inhibitors for Pgp (Baltes et a/., 2007b; Hung et al., 2008; Kwan et «¢l., 2007a; Luna-
Tortos et al., 2008b; Luna-Tortos et al., 2009; Zhang ef ai., 2010). Scveral methods have
been cstablished to detect whether AEDs arc substrates for Pgp in in vivo and in vitro,

including clinical rescarch on paticnts, animal models, and ccll based assays.

In clinical research, brain tissucs isolated from drug-resistant epilepsy patients
undergoing surgery to remove seizure foci are commonly used to detect the location and
cxpression level of Pgp. This is a direct way to study the association between refractory
epilepsy and the drug efflux function of Pgp. However, there is a limitation in using
human brain to identify whether an AED is a substrate of Pgp, because, at present, there
arc not validated and readily feasible methods to detect the brain concentration of an
AED and associate it with the Pgp lcvel in live patients. Moreover, we lack correct
controls to compare with drug-resistant epilepsy. Positron emission tomography (PET)
will be a useful tool to directly detect the function of Pgp in human brains. In monkeys,
the brain distribution of [''C]-verapamil, a substrate of Pgp, increased in the presence of
’PSC833, an inhibitor of Pgp (Lazarowski e/ al, 1999). PET was also used in human
brains to detect effects of MDR1 SNPs (Brunner et a/., 2005; Takano et af., 2006).

Animal models have played a key role in discovering and characterizing AEDs. They
have advantages over clinical studies. First, animal models are used to detect associations
among the expression level of Pgp in the BBB, the concentration of AEDs in the brain,
and the drug responsiveness status of epilepsy (drug responsive or non-responsive).
Using rat epilepsy models, we can select subgroups which either respond or do not

respond to AED treatment. It is possible to detect the expression leve] of Pgp in different
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brain regions and test the associated AED level. Then we can conclude whether drug
non-responders differ from drug responders on Pgp expression in the BBB and whether
the Pgp expression level affects AED concentration in the brain. For example, in PB-
resistant rats, Pgp was overexpressed in the hippocampus and other limbic brain regions
compared with PB-responsive rats, and the anticonvulsant activity of PB was restored by

the Pgp inhibitor tarquidar (TQD) (Volk ef al., 2005b).

Second, animal models are used to detect the function of Pgp. Using i vivo microdialysis
in rats, the concentration of AEDs, such as phenytoin (PHT), phenobarbital (PB),
carbamazepine (CBZ), lamotrigine (LTG), and felbamate (FBM), in extracellular fluid of
the cerebral cortex can be enhanced by Pgp inhibitors (Potschka et al., 2002; Potschka et
al., 2001a; Potschka et al., 2001b). In mdria knockout mice, which do not express the
mdrla isoform in the BBB, various drugs reached significantly higher brain
concentrations than did wild type mice (Schinkel ef al., 1996). Animal models have the
advantage that they are unbiased with respect to assumption about the specific nature of
the target: any AEDs or Pgp expression levels could, in principle, be detected as a target,
which may be restricted in human studies. These models can provide evidences on
whether Pgp is involved in controlling the brain distribution of AEDs. However, they

may have little resemblance to chronic epilepsy in humans.

However, in vivo studies with patients and animal systems may be too complex to prove
that AEDs are substrates for Pgp and that a decrease of AED levels is caused by the
overexpression of Pgp. In vivo methods are also not very practical for rapid and large-
scale screening of compounds. Compared with in vivo systems, in vitro assays have
advantages and are widely used. After detecting the activity of Pgp in vive, in vitro
systems can be used to optimize the discovery, or vice versa. Cell lines transfected with
the MDRI gene, overexpressing the Pgp protein, are models to evaluate the potential of
compounds to act as Pgp substrates/inhibitors. An advantage of in vitro methods is the
potential to demonstrate the molecular mechanism of action between AEDs and Pgp. In
cell lines overexpressing Pgp, we might obtain a direct result that an AED acts as a

substrate for Pgp. We can confirm the result using Pgp inhibitors, which can reverse the
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effect of Pgp overexpression on AED transport. Several AEDs, such as PHT, PB, and
levetiracetam (LVT), were transported by Pgp in LLC and MDCK cell models. This
directional transport of AEDs could be inhibited by selective Pgp inhibitors (Luna-Tortos
et al., 2008b). Moreover, through studying Pgp using genetics, bioinformatics, cell
biology and biochemistry, its mechanisms of action are being revealed (Ambudkar ef al.,
2006; Chang, 2007; Frelet et al., 2006; Kimchi-Sarfaty e al., 2007, Kimura ef al., 2007,
Leschziner ef al., 2007). However, cell models also have disadvantages in screening for
the substrate status of AEDs and only provide in vitro evidence whether AEDs are
substrates of Pgp. In vitro screen can not replace screening in animal models, because in
vitro systems cannot mimic physiological conditions. They cannot model the
bioavailability, the brain accessibility, and the specific pharmacodynamic action in in
vivo epileptic systems. We cannot deduce the conclusion that the same activity will occur
in vivo just by the results in an in vifro system. Thus, it is necessary to validate the
activity using in vivo systems. Further, animal models differ from humans; we also need
to study the function in the human. Thus we need to find a more mature model to observe

and demonstrate this complex phenomenon.

To evaluate the results of published studies, we need to establish the criteria to define
whether an AED acts as a substrate for Pgp and whether this action is associated with
refractory epilepsy. In order to define the substrate status of AEDs, we should satisfy
criteria from in vivo and in vitro evidence: 1. In in vitro, or cell models, the AED is
transported by Pgp, and this transport can be inhibited by Pgp selective inhibitors.
Because different cell models may show inconsistent results, we should set up a standard
to identify the reliability of evidence. Using more than one cell model to confirm that an
AED acts as a Pgp substrate would increase the reliability. 2. In animal models, the brain
concentration of an AED is decreased by overexpression of Pgp, and this decrease can be
restored by Pgp inhibitors, or the brain concentration of an AED is increased by adding
Pgp inhibitors or by decreasing Pgp expression. 3. Evidence from patients may also be
considered. PET, intraoperative microdialysis, and tissue isolated from epilepsy patients
by surgery are common methods which can be used to investigate the association

between Pgp expression and AED brain concentration. But human samples are limited
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and should be considered less in the contribution to substrate status. Combining these
three types of evidence, we can define the subsirate status of an AED: 1. Il the AED is
transported by Pgp in vive (animal models or patients) and in vitro (cell models), we
define that it is likely a substrate of Pgp. 2. If the AED is transported by Pgp in vitro or in
vivo, we define that it is probably a substrate of Pgp. 3. If the AED is transported both in
vitro and in vivo, bul the results are inconsistent, we define it is possibly a substrate of
Pgp. 4. If the AED is not transported in vive or in vitro, we define that it is unlikely a
substrate of Pgp. Because of the limited availability of human data, evidence from
patients counts Icss in these criteria than does evidence from animal models. On the other
end of the spectrum, cell models are sample and thus weigh more heavily than in vivo

modcls in these criteria.

In order to define whether the Pgp substrate status of an ALD is associated with
refractory epilepsy, we must consider evidence from humans, animals, and cellular
models. We may use these criteria: First, the AED is a Pgp substrate. Second, in clinical
studies, the expression of Pgp is increased and the concentration of the AED is decreased
in drug-resistant epilepsy brains compared with drug responsive brains, and the inhibition
of Pgp is associated with clinical benefit. Third, the rcsults in humans and animals are
consistent. Combining the above criteria, we may be able to explain the relationship
between Pgp and refractory epilepsy. However, the evidence reported to date is far from
sufficient to give a definite conclusion now. More study of the relationship between

AEDs and Pgp in epilepsy will be required.

1.3  The overexpression of Pgp in epilepsy patients and animal models
1.3.1 In epilcptic patients

Pgp has the remarkable ability to restrict drug access to the CNS, which is demonstrated
in the comparisons of Pgp genc knockout and wild type mice. Some evidence indicates
that Pgp plays a role in the BBB of drug resistant epilepsy patients (Kwan ef ai., 2005;
Loscher, 2007; Robey et al., 2008). Does the expression of Pgp differ between drug-
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resistant and drug-responsive epilepsy patients? If the level of Pgp is higher in drug-
resistant patients than in drug-responsive patients, the resulting lower concentration of
AEDs in the parenchymal space may lead to the lack of drug response in such patients.
Tishler et al. reported the enhancement of Pgp expression in the capillary endothelial
cells of epileptic tissues compared with non-epileptic tissues. The brain mRNA level of
MDRI was increased more than 10 times in these patients (Tishler er al, 1995).
Subsequent studies confirmed that the overexpression of Pgp was mainly located in the
capillary endothelial cells (Dombrowski ef al., 2001). In vitro, the endothelial cells were
isolated from rcfractory patient brain specimens. The overexpression of Pgp in refractory
gpileptic endothelial cells compared with non-epileptic endothelial cells  was
demonstrated at the mRNA and protein levels (Dombrowski ef al., 2001). Since the brain
capillary endothelial cells form the blood-brain barrier (BBB), the overexpression of Pgp
in these cells could export AEDs back to the vasculature and lead to low concentrations
of AEDs around ncurons, which may contribute to resistance to antiepileptic drugs which

are substrates of Pgp.

Evidence exists that Pgp is overexpressed not only in endothelial cells but also in neurons
and glial cells in drug resistant epilepsy patients (Table 1.1). Patients with mesial
temporal lobe epilepsy (MTLE), tuberous sclerosis, malformations of cortical
development (MCD) or focal cortical dysplasia (FCD) showed overexpression of Pgp in
neurons and astrocytes (Jozwiak, 2007; Lazarowski ef al,, 1999, Sisodiya ef al., 1999).
The Pgp up-regulation in neurcns and glial cells could lead to low concentrations of
AEDs in the parenchymal space. The astrocytic foot processes around endothelial cells
may pump drugs to endothelial cclls. Neuroectodermal cells expressing MDR! had lower
intracellular PHT concentrations than did MDR/-negative cells (Tishler et of., 1995). Pgp
mediated drug extrusion by astrocytes of epileptic tissues was greater than by control
astrocytes (Marchi er al., 2004). These results suggest that the upregulation of Pgp in
astrocytes and neurons may also play a role in controlling the exchange of xenobiotics
between brain and plasma at the BBB (Marchi et af., 2004). The findings of
overexpression of Pgp in the brain tissues of refractory epilepsy patients are not complete

because most of them lack the adequate controls, tissues from drug responsive epilepsy
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patients, since these patients are not normally subjected to brain surgery. Thus, we do not
know whether Pgp overexpression in refractory epilepsy patients is associated with drug

resistance or is just a general phenomenon of epilepsy irrespective of drug responsiveness.

12
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1.3.2 In animal models

Animal models have provided evidence for Pgp overexpression in epileptogenic brain
tissue from animals with refractory epilepsy (Table 1.2). Induced epileptic rat models
were widely used in studying Pgp expression and AED distribution. Pgp was
overexpressed in endothelial cells, neurons, and astrocytes in different kindled models
(Liu ef al., 2007, Marchi et al., 2006, Volk et al, 2004). In some cases, the
overexpression of Pgp was transient and reversible. Kainate-induced epileptic rats
showed transient up-regulation of Pgp in different brain regions (Seegers et al., 2002¢c).
In electrically induced status epilepticus (SE) rats, Pgp up-regulated within 1 week after
SE to levels greater than those in chronic epileptic rats, and this increase was reversible

(van Vliet et al., 2004).

In some reports, overexpression of Pgp was investigated by measuring immediately after
kindling (Liu et al., 2007; Marchi ef al., 2006; Volk ef al., 2004). But measuring the Pgp
level two weeks after seizures revealed no overexpression, suggesting the transient nature
of Pgp overexpression by seizures in the temporal lobe (Seegers et al., 2002a).
Overexpression of Pgp may thus be a result of uncontrolled seizures but not of the
processes underlying epilepsy (Seegers ef al., 2002a; Seegers et al., 2002¢). However, a
long-term increase of Pgp was reported in pentylenetetrazole kindled rats (Liu e al., 2007,
Marchi ef al., 2006; Volk et al., 2004). The differences in extent of Pgp induction among
the various models may be due to the different duration of seizures (Seegers ef al., 2002a;

Seegers ef al., 2002c; van Vliet et al., 2004).

The above studies did not demonstrate that the overexpression of Pgp was associated with
drug-resistant epilepsy because they did not compare refractory animals with those that
were responsive. Drug-resistant epilepsy rats were selected according to their response to
PB. Pgp was overexpressed in the hippocampus and other limbic brain regions in the
resistant rats compared with responsive rats, and Pgp was confined to the brain capillary
endothelial cells (Volk et al., 2005b; Xiao, 1999). Similarly, the Pgp level in capillary

endothelial cells of PHT-resistant rats was twice that of PHT-responsive rats (Potschka et

14
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al., 2004b). Pgp overexpression in the BBB resulted in decreases of brain levels of the
Pgp substrates ondansetron, PHT, Rhodamine123 (Rho123) and PB (Liu et al., 2007;
Marchi et al., 2006; Rizzi ef al., 2002). The reduced level of ondansetron in MAM
indluced seizure rats was reversed by adding a Pgp inhibitor (Marchi ef @f., 2006). The
brain levels of some drugs increased 10-50 fold in Pgp null (mdri a/b”"y vs. wild type
mice (Mizuno et al., 2003; Schinkel ef al., 1994). The hippocampal PHT concentration of
mdrla/b” mice was higher than that of wild type mice (Rizzi ef al., 2002). The above
results suggest that the Pgp expression level plays an important role in the response to

antiepileptic drugs.

15
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Chapter One

1.4  AEDs act as substrates of Pgp

One of the hypotheses for the etiology of drug-resistant epilepsy is that overexpression of
Pgp causes AEDs to be pumped out of the brain, decreasing the level of AEDs in
refractory epileptic brains and thus contributing to the AED resistance of the epilepsy.
One major clement necessary to support this hypothesis is proof that AEDs are substrates
of Pgp and can be transported out of the brain by Pgp, particularly by human Pgp. Most
of the studies based on three systems: cell models, animal models, and patients. They
have both advantages and disadvantages in identifying whether an AED acts as a

substrate of Pgp.

1.4.1 Invitro cell models

In vitro cell models were used to study whether AEDs were substrates of Pgp (Table 1.3).
There are three common detection methods based on cell lines: measure whether an AED
affects the uptake of a substrate marker of Pgp, detect the permeability of an AED

through polarized cell monolayers using transwells, or detect the uptake of an AED.

Weiss et al. (2003) used the calcein acetoxymethylester (CAM) uptake assay to test the
ability of AEDs to inhibit Pgp in LLC-MDRI cells (LL.C-PK1 cells transfected with
human MDRI) and primary porcine brain capillary endothelial cells. They found that
CBZ, PHT, LTG, and valproate (VPA) inhibited the Pgp efflux function (Weiss ef al.,
2003b). In OS2.4/Doxo cells (canine osteosarcoma cells induced by exposure to
doxorubicin to highly express Pgp), gabapentin (GBP), L.TG, LVT, and PB decreased
Rho123 efflux, while CBZ, FBM, PHT, topiramate (TPM), and zonisamide (ZNS) did
not affect the uptake of Rho123 (West ef al., 2007). This method is fast and reproducible,
but it poorly distinguishes substrates and inhibitors of Pgp. The compounds acting as
substrates or inhibitors of Pgp may have different binding sites (Ambudkar et al., 2003).
The relationships between AEDs and substrate markers may be competitive,
noncompetitive, or cooperative. A decrease in the uptake of calcein or R123 by an AED

indicates that they have a competitive relationship and that the AED can be a substrate or
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inhibitor of Pgp. AEDs which do not inhibit the uptake may act as substrates of Pgp.
Therefore, this is an indirect method to study the substrate status of AEDs, and a direct

measurement is required for more reliable identification of substrate status.

The uptake of AEDs was also tested, which is a more direct method and avoids the
confusion of multiple mechanisms. In LoVo/dx cells (derived from the LoVo human
colon adenocarcinoma cell line and overexpressing Pgp), the 10-OH-CBZ concentration
was equal to that in LoVo cells but could be increased by the Pgp inhibitor XR9576
(Marchi et al., 2005). Yang et al. (2008) used cultured rat brain microvascular endothelial
cells ('BMECs) to test the uptake of PB. The uptake occurred in a time-, concentration-,
and temperature-dependent manner which could be increased by cyclosporine A (CsA),
ketoconazole, or the metabolic inhibitor dinitrophenol, all of which also decreased the

efflux of PB (Yang e al., 2008).

Recently, more and more groups used monolayer systems to test AED bi-directional
transport by Pgp. This method uses a simplified model of the blood-brain barrier. Cells
expressing Pgp on the apical side are seeded on transwell membranes and grown to
confluency. If the drug can be transported from the basolateral to the apical side of the
monolayer, it is a substrate of Pgp. In a Caco-2 monolayer model, the transport rates of
vigabatrin (VGB), GBP, PB, LTG, and CBZ were equivalent in both directions, while
PHT, TPM, and ethosuximide (ESM) displayed apical to basal transport. But none of
them were affected by Pgp inhibitors. Only acetazolamide (AZD) had an basolateral to
apical Pq,, value much greater than apical to basolateral Py, value (3-fold greater), and
the efflux was inhibited by a Pgp inhibitor (Crowe ef al., 2006; Owen ef al., 2001). In
MDCKII or LLC cell monolayer models, VPA and CBZ did not exhibit directional
transport (Baltes ef al., 2007a; Baltes et al., 2007b). PHT and LVT were directionally
transported by mouse Pgp but not human Pgp, while CsA (a substrate of Pgp) was
transported by both types of Pgp (Baltes et al., 2007b). However, using the concentration
equilibrium transport assay (CETA) system in LLC and MDCKII monolayer models,
Luna-Tortos et al. (2008) found that PHT, LVT, LTG and PB were substrates of human
Pgp, but CBZ was not (Luna-Tortos ef al., 2008a).
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In the above experiments, different cell lines were used, but transport was always
compared between Pgp overexpressing cells and their control cells. The MDCK and LLC
cell lines were transfected with the MDR1 gene and the higher level of Pgp were
expressed than in other cell lines. The LLC and MDCK cell lines have the lower
endogenous MDR1 gene compared with other cell lines. Cell monolayer models are more
laborious than uptake assays and should thus be employed judiciously. However, they
provide the best information to support the Pgp substrate status for AEDs. A potential
difficulty could occur when the parent cell lines of Pgp induced cell lines express a
background level of Pgp, which can affect the assay. But this problem can be removed by
comparing transport by the Pgp overexpressing cell lines with transport by the wild type

cell lines.

The cell lines used above are limited in their ability to reproduce the drug-resistance
mechanisms of the BBB. To partially overcome this limitation, primary brain
microvascular endothelial cells isolated from brain tissue have been used. Using co-
cultures of brain capillary endothelial and glial cells, Dehouck et al. (1990) developed an
easy and reproducible method to study the BBB in vitro (Dehouck et al., 1990). In the rat
microvascular endothelial cell (rBMEC) model, the transport of PB was significantly
greater in the basal to apical direction than in the apical to basal direction, and CsA
inhibited Pgp efflux (Yang et al., 2008). In porcine brain capillary endothelial cells
(pBCECs), CBZ significantly increased the intracellular calcein concentration (Weiss ef
al., 2003b). Using human microvascular endothelial cells (HBMECs), researchers found
that the permeability of PHT was 10-fold less in BBB models developed by cells isolated

from drug-resistant epileptic patients than normal cells (Cucullo et al, 2007).
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Chapter One

1.4.2 In vive animal models

In vitro evaluations are usually followed by in vivo evaluations. In vivo experiments have
more relation to the potential drug substrate status. And the in vivo results can be
estimated from in vitro experiments. Potschka et al. (2001) used a microdialysis method
to test drug concentrations in the extracellular fluid (ECF) of the cerebral cortex in rat
brains. They found that the Pgp inhibitors, sodium cyanide, verapamil, and PSC 833, can
increase the ECF concentration of PHT, indicating that Pgp is involved in the BBB efflux
of PHT to the plasma (Potschka ef al., 2001b). Then the AEDs, PB, LTG, and FBM, were
studied in the same model; all were increased in the ECF by verapamil (Potschka ef al.,
2002). The concentration of CBZ in the ECF was also enhanced by verapamil and
probenecid, the inhibitors of Pgp and MRP respectively, indicating that Pgp and MRP are
involved in the regulation of brain concentrations of CBZ (Potschka et al., 2001a). But
mdrla/b(-/-) and wild-type mice did not exhibit significantly different concentrations of
CBZ in brain after administration (Owen ef al., 2001). The ECF concentration of LVT
was not regulated by verapamil and probenecid (Potschka ef af., 2004a). This may

explain good efficacy of LVT in AED-refractory epilepsy.

The above results in animal models implicate Pgp in the BBB as playing an important
role in the efflux of AEDs from the brain. However, the animals were normal and thus do
not represent the pathological conditions of epilepsy, especially refractory epilepsy.
Animal epileptic models have the advantage of mimicking the pathological condition of
epilepsy patients, and we can evaluate the association between the levels of Pgp and
AEDs in brains. Brandt et al. (2006) used the TLE rat model to test the effect of Pgp
inhibitor on the distribution of AEDs in brain. In PB-resistant rats, Pgp was
overexpressed in the hippocampus and other limbic brain regions compared with PB-
responsive rats (Volk et al., 2005b). They found that the anticonvulsant activity of PB
was restored by the Pgp inhibitor tarquidar (TQD). Thus, a Pgp inhibitor may counteract
resistance to an AED in refractory epilepsy (Brandt ef al., 2006). In brains of electrically
induced epileptic rats, refractory rats had more Pgp and lower PHT concentration than

did responsive rats. TQD increased the PHT concentration and efficacy in refractory rats
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(van Vliet ef al., 2006). Furthermore, the pharmacokinetic profile of PHT was tested in
brain and liver. The PHT concentration decreased 20-30% in the brain regions with Pgp
overexpression, and the decrease was ameliorated by TQD. TQD increased PHT level in
brain regions without Pgp overexpression. But the brain concentration of PHT was not
affected by the overexpression of Pgp in the liver, indicating that Pgp only plays an efflux
role in the BBB (van Vliet et al., 2007).

The Pgp knockout mice mdrla” and mdrla/lb(-/-) were also used to analyze the
substrate status of AEDs. In mdria”™ mice, Schinkel et al. did not find a significant
difference of [*C]-PHT level in brain compared with wild type mice, which was
inconsistent with i vitro data (Schinkel, 1997; Schinkel et al., 1996; Sisodiya et al., 1999;
Sugawara ef al., 1988). Sills et al. measured the tissue distribution of eight drugs (PHT,
PB, CBZ,VPA, LTG, VBG, GBP, and TPM) in mdrla” mice and found that the
brain/serum concentration ratios of CBZ, TPM, LTG, and GBP were higher in the
knockout mice than the wildtype mice, indicating that these four drugs may be substrates
of Pgp (Sills ef al., 2002). However, administration of CBZ did not result in significantly
different concentrations in brains of mdrla/b(~/-}) mice compared with wild type mice
(Owen et al., 2001). The results from knockout mice can be compared with those from
Pgp transfected cells (I.LC-MDR1 and MDCK-MDR1). Other transporters and enzymes
may influence the pharmacological results, and the confusing results need more
investigation to explain. Mdrla-deficient CF-1 mice were also used for detection of
compounds that entered the CNS compartment (Tang-Wai et al., 1995; Yamazaki ef al.,

2001). These mice provide another model to evaluate the Pgp substrate status of AEDs.

1.4.3 In epilspsy patients

Some researchers analyzed the AED distributions in the brains of epilepsy patients to test
whether AED concentrations were decreased by the regional overexpression of Pgp. The
ECF concentrations of several AEDs, such as CBZ, oxcarbazepine (OXC), LTG and LVT,
were significantly lower than their CSF concentrations in patients with intractable

epilepsy (Rambeck et al., 2006). But it is not possible to judge whether these findings
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relate to overexpression of multidrug transporters in the brain because data from non-
epileptic tissues were not included. 10,11-dihydro-10-hydroxy-5SH-dibenzo(b.f)azepine-5-
carboxamide (10-OHCBZ) is one of the main metabolites of OXC. The 10-OHCBZ
brain-plasma concentration ratio and the mRNA level of MDRI in brain are inversely
linearly correlated in epilepsy patients (Marchi ef al., 2005). The distribution of [''C]-
verapamil was tested in epileptogenic and nonepileptogenic brain regions of patients with
drug resistant unilateral TLE by using PET. But there was no significant difference
between epileptogenic and nonepileptogenic regions (Langer ef al., 2007). PET has been
used successfully in measurement of drug concentrations in the CNS (Takano e al.,
2006). PET may be widely used in the future to directly analyze the function of Pgp in
transport of AEDs in humans. Nuclear magnetic resonance (NMR) could also be used as
a tool to measure drug concentrations in humans. "¢, ¥'p, or '°F radiolabeled drugs can
be detected, and this method is suitable for head measurements (Aszalos, 2007).
Although human studies have some disadvantages, including multiple transporters at
many organs, the difficulty of getting suitable controls, and other unexpected influences,
they are the most direct method to test the Pgp substrate status of AEDs in relation to

pathology.

1.4.4 The substrate status of AEDs

The preponderance of the above evidence indicates that several AEDs are likely
substrates of Pgp, while several are likely not (Table 1.3). However, the evidence is often
inconsistent among the different models used, and the cell culture models do not fully
represent the reality in vivo. In order to define the Pgp substrate status of AEDs, we need
to consider the reliability of the evidence. Since in vitro cell models and in vive animal
models each have advantages—of simplicity and of mimicking pathological and
physiological conditions, respectively-—we give them the same weighting as evidence of
substrate status. In vifro, different cell lines and detection methods have different
reliability: transwell experiments > uptake of AEDs > influence of Pgp substrate markers
by AEDs. Clinical evidence has the advantage that the samples are patients, not just

models, but suffers from the disadvantages of lacking suitable controls and of lacking a
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method to test Pgp transporter function in isolation from the function of other transporters.

Therefore, we give clinical data less weight than cell and animal models.

We combined the cvidence from humans, animal models {in vive) and cell models (in
vitro) 1o conclude whether cach AED acts as a substrate for Pgp (Table 1.4). LTG, PB,
and PHT are likely substrates of Pgp since they exhibiled consistent results with both in
vivo and in vitro experiments. LVT, AZD and OXC are probable substrates of Pgp. LVT
was found to be a substrate in humans and cell models, but not in an animal model.
Evidence for OXC as a substrate was found in humans, but there is no report in animal
and cell models. AZD was found to be a substrate for Pgp in a cellular model (Crowe ef
al., 20006). CBZ and FBM are possible substrates of Pgp because the in vive cvidence is
positive although in vifro evidence is negative. Human data indicated that CBZ is a
substrate, butl rat models and most of the cellular evidence indicated that CBZ is not a
substrate. Rat models supported FIBM as a substrate, but cell models did not. TPM, EMS,
VGB and ZNS are somewhat unlikely to be substrates of Pgp becausc all available
cvidence was negative; however, for some drugs, only one report has been published,
thus the possibility remains that fulure studies may provide contradictory data. Pgp is not
the only transporter involved in AED efflux. The multidrug resistance transporters
(MRPs), such as MRP1 and MRP2, arc also involved in the efflux of AEDs (Hoffmann et
al., 2007; Kwan et al., 2005; Loscher et al., 2005; Luna-Torlos et al., 2008b). Thus, more
studies are needed to determine which AEDs are substrates for Pgp and whether they also

act as substrates of other transporters.
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Chapter One

1.5  Structure-activity relationship (SAR) between Pgp and AEDs

The goal of studying the structure-activity relationship (SAR) is to find a means of
predicting the substrates of Pgp. In order to find the common set of structural and
functional features required by the interaction between Pgp and its substrates, some
attempts were made and many approaches have been used to achieve this goal. However,
SAR for Pgp is complicated, and only a few published papers exist. There are limited
reports on the SAR between the substrate action of Pgp and AEDs. This section will
collate the current reports on the SAR of compounds as substrates for Pgp and attempt to
analyze the SAR of AEDs required to act as the substrate for Pgp. With the common
structural features required of substrates for Pgp, we analyzed the structures of AEDs

using multiple models.

There are several models to predict Pgp substrates. Hundreds of compounds which have
been tested as substrates of Pgp were analyzed using different models to find the potential
common structures required as the substrates for Pgp. Most models give the same
minimal requirements of molecules to act as the substrates of Pgp: one or two
hydrophobic centers, including an aromatic ring, electron donor groups (>C=0, -OH, >N-
), and/or H-bond donor (-OH, >N-, =NH, -NH-) (Raub, 2006). Seelig indicated that the
carbonyl groups are the most efficient electron donor group, followed by alkoxy and
tertiary amino groups. Most of the aromatic rings are phenyl groups (Seelig, 1998). The
more H-bond donors and acceptors the compound contains, the more likely it acts as a
substrate for Pgp. AEDs meeting these requirements include PHT, PB, CBZ, OXC,
primidone (PRM), FBM, ZNS, LTG, and flunarzine (FNR) (Table 1.5). Evidence
indicates that PHT, PB, and TG are Pgp substrates (Table 1.4). TPM, VGB, and ESM,
which do not meet the minimal requirements, were not found to act as Pgp substrates
(Table 1.4). However, FBM, ZNS, and CBZ, which meet the requirements, were not
found to be substrates of Pgp (Table 1.4). Meanwhile some AEDs, including AZD, TPM,
VPA, LVT, and GBP, which could not meet the minimal requirements, acted as
substrates for Pgp in in vitro experiments. Some of the predicted results and experimental

results are inconsistent because the molecular models are still not accurate, and the
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different models may give contradictory results, while the experimental evidence also

used different models.

The minimal requirements of H-bond donors and accepters were not sufficient to identify
the Pgp substrate status of compounds. Seclig analyzed the spatial relationship between
the electron donor groups in substrates. There are two types of electron donor patterns in
the substrate molecules: type | and type II. The type I unit contains two electron donors,
and the distance between them is 2.5 + 0.3 A. The type Il unit contains two or three
electron donors, and the distance between the two outer groups is 4.6 + 0.6 A (Fig 1.3).
Compounds containing at Ieast one type I or type II unit could be predicted as substrates
for Pgp (Seelig, 1998; Ueda ef al., 1997). The more type I and type 1l units, the stronger
the substrate. PHT, PB, PRM, LTG, ESL, and LCM,satisfying the minimal requirements
of H-bond donors, also contain at least one type I or type II unit (Table 1.5). PHT, PB,
and LTG were tested and shown to be Pgp substrates (Table 1.4). AZD, TPM, and LVT
contain type I units and act as Pgp substrates, although they do not satisfy the minimal
requirements of being H-bond donors. OXC, CBZ-E, and S-LC do not contain any type 1
and type Il units, although they do satisfy the minimal requirements of being H-bond
donors. Only OXC was tested as a substrate for Pgp. GBP and VPA are in the opposite
situation in that they do have type I or type Il units but do not meet the minimal
requirements of H-bind donors. They are Pgp substrates. By contrast, ZNS and CBZ are
not substrates of Pgp although they satisfy the minimal requirements of being H-bond

donors and not containing any type I or type II units.

A molecular scaffold was analyzed to determine the activity of chemicals acting as
substrates of Pgp (Raub, 2006). Over 100 analogues were tested on MDCK-MDRI cell
monolayers by bidirectional transport assays to determine whether the scaffold increased
or decreased Pgp transport efficiency. The scaffolds affecting Pgp transport efficiency is
listed (Fig 1.4). AZD, TPM, and ZNS contain the Pgp transport enhancing scaffold,
which may explain, in addition to its pattern of electron donors, why AZD and TPM act
as Pgp substrates. Pgp pump efficiency is also affected by passive diffusion. An increase

of passive diffusion can decrease pump efficiency (Raub, 2006).
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The following groups appear in Pgp substrates from most to Ieast frequently: >C=0, -O-,
-NR2, -NRH, -OH, -N=, R-halide, -S-, -NH2, >(Phe)2. Among them, an ester group
formed by alkoxy groups combined with a carbonyl group or a carboxy group is seen
most often in functional units (Seelig, 1998). Among the currently available AEDs, PRM,
PGB, TGB, and FNR have not been measured i# vitro and in vive. Considering the above
elements required by substrates for P-gp, we predicted their P-gp substrate status. PRM
and LCM contain aromatic rings and type I electron donor patterns, and may thus act as
substrates for P-gp. FNR does not contain type I or type Il electron donor patterns. The
big LogP of FNR causes high passive diffusion, which may decrease the possibility for
FNR to act as a substrate. There have been few published reports on the substrate status
of ZNS, VGB, or AZD. We need further research to determine their substrate status and
gain more information on the SAR of Pgp. More specific experimental assays and
predictive approaches will be helpful in understanding SAR. Future success in predicting
Pgp substrates and the SAR of AEDs will provide a more efficient, molecular approach

for the design of new AEDs.
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Fig1.3 Type I and Typell patterns of electron donors recognized by Pgp.
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Fig 1.4 Scaffold affecting Pgp pumping efficiency.
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Chapter One

1.6 Single nucleotide polymorphisms affect the function of Pgp

Evidence indicates SNPs were associated with altered Pgp level and drug responsiveness
(Eichelbaum et al., 2004; Kwan ef al., 2009). SNPs at 62 sites have been reported in the
human MDR1 gene (Kerb et al., 2001; Kim ef al., 2001; Kroetz et al., 2003; Sakaeda et
al., 2003; Schwab ef al., 2003). Some of these variants may influence the expression or
function of Pgp (Lepper ef al., 2005; Pauli-Magnus et al., 2004). 1236C>T in exon 12,
2677G>T/A in exon 21 (resulting in an Ala893Ser/Thr amino acid change), and
3435C>T in exon 26 are exonic SNPs with high minor allele frequencies (Kim et al.,
2001) (Fig 1.5). Compared to the 3435C allele, the 3435T allele was associated with
lower expression of MDRI in the duodenum of Caucasians (Hoffmeyer et al., 2000), but
other results contradicted that finding (Hung ef al., 2008; Kim ef al., 2001; Sakaeda ef al.,
2001; Salama et al., 2006). The 2677 T allele (or 893 Ser) resulted in an enhancement of
efflux and a decrease in the intracellular accumulation of digoxin in vitro in several
studies (Hung ef al., 2008; Kim e al., 2001; Salama ef al., 2006), but no change in other
reports (Kim et al., 2001; Kimchi-Sarfaty ef al., 2002). A report indicated that neither
3435C>T nor 2677G>T, nor diplotypes (combinations of alleles at the two SNPs),
associated with MDRI mRNA or Pgp protein expression levels in epileptogenic brain
tissues (Mosyagin et al., 2008). However, other studies found that diplotypes of SNPs at
positions 2677 and 3435 may affect MDRI activity in vivo (Kurata et al., 2002; Tang ef
al., 2002). Evidence suggested that haplotypes (combinations of alleles from multiple
genotypes) may affect transport in vitro (Chowbay et al., 2003; Hung ef al., 2008; Johne
et al., 2002; Kimchi-Sarfaty et al., 2007; Salama et al., 2006). Kimchi-Sarfaty et al. noted
that the synonymous polymorphism 3435T allele, when combined with either the 2677T
or 1236T alleles, or both, resulted in insensitivity to Pgp inhibitors. The 3435 SNP affects
the rate of folding of the Pgp protein as it is translated, thus affecting the insertion of Pgp
into the membrane, resulting in a change in the interaction site of substrate and inhibitor,

and altering Pgp function (Kimchi-Sarfaty et al., 2007).
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Fig 1.5 Illustration of MDR1 SNPs. 28 exons of MDR1 are shown as different colors at the top
(modified from (Ambudkar et al., 2003)). The reported SNPs are shown as black-filed

circles. The SNPs studied in our project are labeled by blue arrows.

Polymorphisms of MDRI have been associated with drug responsiveness (Basic ef al.,
2008; Ebid et al., 2007, Kwan et al., 2007a; Siddiqui et al., 2003). Siddiqui et al. first
found that drug-resistant epilepsy patients were more likely than were drug-responsive
patients to had the 3435 CC genotype (Siddiqui et al., 2003). This result was confirmed
in two other reports. The C allele at 3435 was more common in patients with drug-
resistant epilepsy, compared with either those with drug-responsive epilepsy or control
subjects, in Croatia (Basic et al., 2008) and Egypt (Ebid e al., 2007). On the other hand,
Kwan et al. used more than 700 Han Chinese epilepsy patients and got the opposite result:
a decreased frequency of CC in drug-resistant patients (Kwan et al., 2007a). In Japanese,
Seo et al. also found a decreased frequency of the C allele in drug-resistant patients (Seo
et al., 2006). The latter study also tested the 1236C>T and 2677G>T/A polymorphisms.
The 2677 TT genotype was more common in drug-resistant patients. Among haplotypes
of 1236C>T, 2677G>T/A, and 3435C>T SNPs, drug-resistant patients were more likely
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to have the T-T-T haplotype and less likely to have the C-G-C haplotype (Seo ef ai.,
2006). In a gene-wide tagging study, 2677G/T/A genotypes significantly associated with
drug resistance (Kwan et al., 2009). In a study of international pharmacogenetic cohorts,
3435C>T did not associate with rate of recurrence of unprovoked seizures, and it did not
play a major role in determining the efficacy of seizure control with initial treatment by
AEDs (Szoeke et al., 2009). 3435C>T also did not associate with drug resistance or
carbamazepine plasma level/dose index (Ozgon et al., 2008). Some studies in India
reported that there was no significant difference in genotype and allele frequencies
between drug responsive and drug resistant epilepsy patients at 1236C>T, 2677G>T/A,
and 3435C>T (Lakhan et al., 2009; Vahab ef al., 2009). Ethnicity, and associated
differences in linkage disequilibrium among SNPs, may be one of the reasons for the

discrepant results between Asians and Caucasians (Szoeke ef al., 2009).

In cells, there was no difference in Pgp surface expression between 3435T and 3435C
alleles (Kimchi-Sarfaty et al, 2007, Salama et al, 2006). Haplotypes of
1236C>T/2677G>T/3435C>T altered the intracellular accumulation of calcein-AM and
BODIPY-FL-paclitaxel in a substrate-dependent manner (Gow et al., 2008). Wang et al.
studied the three SNPs and found that 3435T may decrease the mRNA stability of MDR/

and decrease the mRNA expression level in liver (Wang et al., 2005).

1236C>T, 2677G>T/A, and 3435C>T significantly minimized Pgp function by
decreasing the cell uptake of Rho123 compared with wild type MDR1 in LLC-PK1 cells
(Salama et al., 2006). 1236C>T and 3435C>T were associated with a decrease of Pgp
expression and increase of Pgp transport activity in placenta (Hemauer ef al., 2010). But
in another study, 2677G>T/A and 3435C>T did not affect the transport of verapamil,
digoxin, vinblastine, or cyclosporine A by Pgp (Morita et al., 2003).

Hung et al. used a cultured cell method to study whether the above polymorphisms affect
the efflux of AEDs by Pgp. They found that the 1236T-3435T and 1236T-2677A/T-
3435T haplotypes resulted in less effective inhibition of AEDs against substrates of Pgp

and caused lower intracellular concentration of substrates when adding AEDs (Hung ef
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al., 2008). The data suggested that polymorphisms of MDR1 influence the interaction
between AEDs and Pgp. All the published studies to determine the influence of SNPs in
MDRI used cell uptake models, and there is no direct evidence showing that the
polymorphisms affect the directional transport of AEDs by Pgp. Therefore, we propose 1o
use monolayers of cells transfected with MDR/ variants to investigate their effects on

AED transport.

1.7 Proposed objectives to determine substrate status of AEDs and functional

evaluation of human MDRI polymorphisms on their transport activities

The data collected so far generally support some AEDs as substrates for Pgp, but the
evidence is mixed or missing for several AEDs. Thus, the status of AEDs as substrates

for Pgp needs further study before firm conclusions can be drawn.

Polymorphisms of MDR/I have been associated with drug responsiveness (Basic et al.,
2008; Ebid ef al., 2007; Kwan et al., 2007a; Siddiqui et al., 2003), and the in vitro data
suggest that polymorphisms of MDR] influence the interaction between AEDs and Pgp.
However, there is no direct evidence showing that the polymorphisms affect the
directional transport of AEDs by Pgp. Therefore, we propose to use monolayers of cells

transfected with the MDR/ variants to investigate their effects on AED transport.

1.7.1 The aims of the proposed study:

A. To determine whether anti-epileptic drugs (AEDs) are substrates for the drug efflux

transporter P-glycoprotein (Pgp).

B. To investigate the effect of ABCB/ (MDRI, Pgp) polymorphisms (1236C>T,
2677G>T/A, and 3435C>T) on AED transport.
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1.7.2 Strategies to achieve our aims:

A. MDCKII and LLC-PK1 cell lines transfected with MDRI and grown in monolayers to
study the transport of AEDs by Pgp in vitro.

B. MDR] mutated at 1236C>T, 2677G>T/A, and 3435C>T, then transfected into LLC-
PK1 cells to study the effect of polymorphisms on the transport of AEDs by Pgp in vitro.

1.7.3 Choice of the studied drugs

The antiepileptic drugs were chosen by literature research based on the following criteria:
first, the drugs are used widely in the clinic; second, the drugs are easily analyzed by
HPLC/UV or LC-MS/MS methods; third, the literature on the substrate status of drugs is

inconsistent or absent.

1.7.4 Significance of the study

The data obtained from the experiments will give direct evidence as to whether (and, if so,
which) AEDs are substrates of human Pgp. This information may explain why some
patients are refractory to AEDs, given the overexpression of Pgp in the drug-resistant

epilepsy brain.

The frequencies of polymorphic alleles of MDR1I in drug-resistant epilepsy patients may
significantly differ from those in drug-responsive patients. The effects of MDRI
polymorphisms on AED transport may provide a molecular explanation of the association
between the polymorphisms and pharmacoresistance. This knowledge may help guide the
design of genetic-based individualized therapy of epilepsy, and may lead to development
of drugs to help treat the large number of patients who are refractory to all currently
available AEDs.
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1.8 Study scheme

The scheme of this study is illustrated in Fig 1.6:

Literature research to identify the
antiepileptic drugs used in this project
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i development and | Validation Establishment of ) ° Transfection
i validation L. of methods | *+—— MDRI variant | —» ¢ Real time PC}_{
| e HPLC/UV ! cell lines ; *  Western blotting
;I o LC- E ) Immunostaining
S MSMS b . J( ____________ T
| Cell monolayer validation |
i e TEER !
i ® P, value E
\ o RealtimePCR |
i ¢ Immunostaining |
|
l ‘,
Identify P-gp Measurement of
substrates - the function of the
ABCBI varianis
i » Bi-directional transport | ! ¢ Western bloiting :
f assay .' e Realtime PCR .'
i o Concentration equilibrium E '; ¢ Immunostaining E
i transport assay i i ¢ Concentration cquilibrium E

Fig 1.6 Proposed study scheme of this project
Solid boxes demonstrate objectives of this study. Dotted boxes demonstrate methods used in this

study.
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Chapter Two

Development of assay methods for determination of

antiepileptic drugs and their metabolites

2.1 Introduction

It has been more than 100 years since the first chemical anticpileptic drug (potassium
bromide) was found. First generation AI:Ds include phcnobarbital (1918), phenytoin
(1938), primidone (1952), ethosuximide (1960), carbamazepine (1963), valproic acid
(1974), and vigabatrin (1989). Most of those werc discovered by chance. Second
generation AEDs were found for clinical use after 1992. They arc felbamate, gabapentin,
lamotrigine, topiramate, tigabine, oxcarbazepine, levetiracctam, pregabalin, zonisamide,
lacosamide, and rufinamide (Aiken et al., 2000; Chollct, 2002). There are some new
drugs under development by pharmaceutical companies. The pharmacological
mechanism differs among drugs. Altering jon channel activity is one important

mechanisin.

The quantification of AEDs and their metabolites in tissues and body fluids is important
for investigations in different areas. Many papers describing the determination of specific
antiepileptic drugs have been published. The AED quantification methods generally used
were high-performance liquid chromatography with UV detector (HPLC/UV), GC-MS,
and LC-MS/MS. We summarize below the suitable methods for determination of AEDs

in our project.

Phenobarbital (PB)

The most common method for analysis of PB has been HPLC, which is rapid, effective,
and inexpensive. HPLC/UV methods were published for measuring the concentration of
PB in plasma or serum (Chollet, 2002). Some simultaneous determination methods of PB,
other AEDs, and their metabolites were reported (Soldin ef al., 1976). In other tissues,

such as hair, GC-MS was also used to determine the amount of PB (Goulle et al., 1995).
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Phenytoin (PHT)

Methods for analysis of PHT in body fluid have included GC, GC-MS, and HPLC
(Chollet, 2002). HPLC was the most commonly used method to determine the PHT
concentration in plasma, urine, and some tissues (Bhatti et al., 1998). A GC-MS method
was also reported for the detection of isotope-labeled PHT for PK study of epilepsy
patients (Nelson et al., 1998).

Ethosuximide (EMS)

The current methods for determining EMS are limited because it is neither a strong
chromophore nor a fluorophore. HPLC, GC, and immunoassay were reported (Chen et al.,
1999; Chollet, 2002). Derivatization was used in HPLC to increase the sensitivity of
quantification (Chen et al., 1999). A simultaneous determination method was also used to

detect EMS without derivatization (Soldin et al., 1976).

Carbamazepine (CBZ) and carbamazepine-10,11-epoxide (CBZ-E)

CBZ is widely used clinically for treatment of epilepsy. CBZ-E is the active metabolite of
CBZ, and its concentration is about 1/3 of CBZ in human plasma. The methods far
determination of CBZ and CBZ-E include HPLC, LC-MS/MS and a few GC methods
(Chollet, 2002). The simultaneous determination of CBZ and CBZ-E was reported by
using HPLC/UV or LC-MS/MS in biological fluids (Oh et al., 2006; Stolker et al., 2004).
The HPLC methods have the advantage of being inexpensive and rapid, but with less

sensitivity and specificity.

Oxcarbazepine (OXC) and monohydroxylate derivative (MHD)

OXC was rapidly metabolized to its monohydroxylate derivative (MHD) after oral
absorption. The MHD, a stereoselective structure, contains two forms: ~80% (8)-
licarbazepine and ~20% (R)-licarbazepine (May et al., 2003). (S)-licarbazepine is the
major active metabolite. Because OXC is rapidly converted to the MHD by enzymes, the
plasma concentration of OXC is very low. HPLC methods were established to determine

only OXC in plasma. The steroselective determination of (S)-licarbazepine and (R)-
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licarbazepine in plasma was reported by using enantioselective high-performance liquid
chromatography (Flesch et al., 1992; Volosov et al., 1999). Some methods were based on
GC-MS to analyze OXC and its metabolites (von Unruh et al., 1986), but most methods
were HPLC.

Islicarbazepine acetate (ESL)

ESL is a new antiepileptic drug having a structure similar to that of OXC and CBZ. 1t is
the prodrug of (S)-licarbazepine, which acts on voltage-gated sodium channels (VGSC).
ESL and its metabolites were determined by HPLC-MS and HPLC/UV (Almeida et al.,
2005; Hainzl et al., 2001). LC-MS/MS was used to distinguish eslicarbazepine and R-
licarbazepine (McCormack et al., 2009). In recent years, HPLC/UV with improved
sensitivity was widely used to determine ESL and metabolites (Alves et al., 2007a; Alves
et al., 2007b).

Zonisamide (ZNS)

GC and HPLC/UV methods were reported for the analysis of ZNS (Berry, 1990;
Matsumoto et al., 1983). HPLC with different types of columns was commonly used to
measure the concentration of ZNS in plasma or other body fluids. The simultaneous
determination of ZNS and other AEDs was also reported by HPLC-diode array detector
(DAD) (Vermeij et al., 2007). A conventional HPLC method was also suitable for
analyzing ZNS.

Rufinamide (RFM)

RFM is a new antiepileptic drug. It can treat partial seizures and drop attacks associated
with the Lennox-Gastaut syndrome. HPLC methods were reported for measuring the
concentration of RFM and its metabolites in human plasma and other body fluids (Rouan
et al., 1995). The simultaneous determination of RFM and other AEDs was also

described (Contin et al., 2010; Perucca et al., 2008).
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Pregabalin (PGB)

PGB is a structural analogue of y-aminobutyric acid (GABA). It is used for neuropathic
pain and for partial seizures and was recently approved by the European Union. There are
several published LC-MS/MS methods for determining PGB in plasma (Nirogi et al.,
2009). HPLC with the derivatization of PGB was also used to analyze PGB in body fluids.
Few reports have been published to detect PGB by using HPLC/UV (Berry et al., 2005).

Lacosamide (LCM)
LLCM is a functionalized amino acid, which was approved in Europe in 2008. HPLC and
LC-MS/MS methods to determine LCM in plasma were reported (Cawello et al., 2010;
Gidal et al., 1999).

Because the experiments in our project were conducted in vitro, HPLC/UV and LC-

MS/MS methods with rapid and inexpensive sample treatment were used.

2.2 Materials and methods

2.2.1 Drugs

PHT, CBZ, CBZ-E, ESL and ESM were supplied by Sigma Aldrich (St. Louis, MO,
USA). PB was purchased from Universal Chemicals, Inc (South Kearny, New Jersey,
USA). OXC was obtained from the National Institute for the Control of Pharmaceutical
and Biological Products (Beijing, China). S-LC was purchased from Toronto Research
Chemicals Inc. (North York, Ontario, Canada). ZSN, PGB, LCM, and RFM were
supplied by 3B Pharmachem International Co., Ltd (Wuhan, China). Acetonitrile
(Labscan Asia, Thailand), ethanol (TEDIA Company, Inc., USA), and methanol (TEDIA
Company, Inc., USA) were HPLC grade. All other reagents were at least analytical grade.
The water was deionized by a Millipore water purification system (Millipore, Milford,
USA).
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2.2.2 Instrumentation and chromatographic conditions

2.2.2.1 HPLC/UYV assay for the quantification of AEDs

The HPLC/UV system consisted of a Waters 2695 Separations Module and Waters 996
Photodiode Array detector. All the AEDs except PGB were separated using a C18 BDS
Hypersil column (250 mm x 4.6 mm; 5 um particle size, Thermo) with a guard column
(Delta-Pak C18 Guard-Pak, Waters). Data were analyzed by Waters Millennium software

(version 3).

The mobile phase consisted of eluent A (acetonitrile) and eluent B (20 mM sodium
dihydrogen phosphate buffer, pH=4.6) at a special ratio for each drug. The flow rate was
| ml/min, and the temperature of the auto-sampler was set at 8°C. The components of the
mobile phase and the detection wavelength were determined by the particular drug to be

detected (Table 2.1).

2.2.2.2 LC-MS/MS assay for the quantification of AEDs

The LC-MS/MS system consisted of an Agilent 1200 Series and ABI 2000 Q-Trap triple
quadrupole mass spectrometer equipped with an electrospray ionization source (ESI).
PGB was separated using a C18 BDS Hypersil column (250 mm % 4.6 mm; 5 pm particle
size, Thermo) with a guard column (Delta-Pak C18 Guard-Pak, Waters).

The mobile phase of L.C consisted of 0.1% formic acid (A) and acetonitrile (B). The
mobile phase during the time interval from sample injection to 5 min was discarded in
order to keep salt from entering the ESI. The gradient began with 15% eluent B for 4 min,
changed linearly to 50% B over 4.5 min, and remained for 13 min before changing back
to 15% B over 0.5 min and equilibrating at 15% B for 1.5 min prior to the next injection.
The flow rate was 1 ml/min, and the temperature of the auto-sampler was set at 8°C. The
sample injection volume was 20 pl. 60% of the LC mobile phase was split off, and only

40% was introduced to the ESI.
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The instrumental condition was: positive ionization mode; nitrogen as nebulizer gas,
auxiliary gas, curtain gas at 30, 70, 30 and collision gas at 3 psi, respectively; ion spray
voltage at 3000 V; interface heater temper at 100°C and auxiliary gas temperature at
350°C. Other parameters were optimized for each drug prior to analysis. Analysis was
conducted at multiple reaction monitoring (MRM): 160/55 amu for PGB and 309/281

amu for alprazolam.

2.2.3 Preparation of AED solutions

The stock of PHT was dissolved in ethanol at 2 mg/ml. Other AED stock solutions were
prepared at 5 mg/ml in DMSO. The working solution of each drug was prepared by
diluting the stock solution of each AED to various concentrations in methanol and H,O
(50:50, V/V). The standard curve was prepared at concentrations of 10, 5, 2.5, 1.25,
0.625, 0.3125, and 0.15625 pg/ml. An internal standard was chosen for each AED (Table
2.1). Concentrations of 9, 3, and | pug/ml were chosen as the high, medium, and low QC.
Drugs were prepared for testing by diluting stock solutions to vatious concentrations in

phosphate buffered saline (PBS) with 0.40 mM Mg** and 0.45 mM Ca*".

2.2.4 Validation of the developed assay method

2.2.4.1 Sensitivity

The specificity of each AED was evaluated by checking the chromatogram. The limit of
quantification (LLOQ) was defined as: the lowest concentration of the drug which results
in a signal to noise ratio of 10:1 with accuracy below 20% and precision below 20%. The
limit of detection (LLOD) was defined as: the lowest concentration of the drug which

results in a signal to noise ratio of 3:1. (FDA, 2001)
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2.2.4.2 Calibration curve

The calibration curve was plotted by the peak-area ratio of each AED to internal standard
versus the concentration of each AED. The 1/x* weighted linear regression (r*) was

calculated for each AED.

2.2.5.4 Precision and accuracy

The inter-day and intra-day precision of each AED was detected by analysis of 3
replicates of QC samples in one day and on 3 separate days. The precision of each drug
was calculated by relative standard deviation (R.S.D.), and accuracy of each AED was

calculated by relative error (R.E.).

2.2.5.5 Stability

The stability of samples in transport buffer was evaluated by incubating the drugs in PBS
buffer at 37°C for different durations. The stability of samples was measured by putting

the drugs in the HPLC/UV auto-sampler at room temperature for 24 hours.

2.3 Results and discussions
2.3.1 Chromatography

The HPLC/UV methods were constructed under the conditions listed in Table 2.1. HPLC
chromatography of each antiepileptic drug is illustrated in Figure 2.1. The established
HPLC/UV methods can clearly resolve the drug and internal standard (IS). The LC-
MS/MS method for PGB was constructed under the condition described in the materials
and methods. The chromatography of PGB and IS, which can be separated well, is shown

in Figure 2.2. The methods were suitable for the analysis of AEDs in our projects.

47



Fig 2.1a

Chapter Two

0.04 15 PHT %

3
Z 00 Lo | |
B Ty @ [ , |
uwy
onnj LA '
M IR I\ AN
B Fjﬂ' - o T . ™
100 200 300 400 500 600 700 800 900  10.00 1100
Minutes
0,040 ' 7 I
0030] PB IS
0.020]
2 got0] - - 3 Lt
5 B l [
0 000 i {1
-0.010-'_\%‘”)4\,‘—\ ‘Lﬁ e KL__ J &
S CUN . . f. o S S T e — el i e
100 200 300 400 500 600 700 800 900 1000 1100
Minutes
008 § S T
IS & CBz ﬁ
0.04 |\ h
2 i l,‘ |
0024 f [
: ( \ n
0.007———— o NU S . N g
T T T T T =
100 200 300 400 5.00 600 700 800 900 1000
Mnuies
omj ‘ [
i OXC
0.08 | 1S
- 0.06 Eﬁ
<€ b L
0021 i F
i J |\ /\
000t —m — — _.__..—‘5 \."\ ~+
100 200 300 400 500 600 700 8O0 900 1000 11.00
Mnutes
HPLC chromatograms of standard solution at 2.5 pg/ml and IS at 1 pg/ml for PHT,

PB, CBZ, and OXC.

48



Chapter Two

0 12% ]
0 104 ! CBZ-E " IS
008] 1 5} [
2 0.067 Y i =)
0.04 g EI, \ I |
2 ©™
0.02 Sl " J\ \
0.0 ——t—nAd TR 7z A
T TriIr . rrrv i frrrrerrrr T T 777 T T T L T ™T T
100 200 300 400 500 600 700 800 900 1000 1100 1200
Mnutes
[ ) 4
0008 o} EM
i S 3 s
| 1
= (R
4 r K |
: ) - LA [N \R
i ; \_V_.JL \_,_\JI L e "“?.f
-0.002 . : e P 1 S e .
100 200 300 400 500 600 700 800 900 1000
Mnules
8 ' *
004 o L ESL § IS
\ ]
w |}
2 902 = B \ |
w0 A \
LY \\\ Ia =
s \
0,001l — —d N -
1.00 200 300 4 .00 5.00 6.00 T7.00 8.00 9.00 10.00 11 00 12.00

004 ] k s-ch IS E
2o ‘ ;’l\
7S IR \¥» - f.} \ i

"1o0 20 300 400 500 BO0 700 800 900

BITE. R i
1000 1100 1200
Mnutes

Fig 2.1b HPLC chromatograms of standard solution at 2.5 pg/ml and IS at 1 pg/ml for CBZ-
E, EMS, ESL, and S-LC.

49



Chapter Two

0 0407 ‘ '
o~ ‘ i ZNS:tr 15 é

2 0020 | '11 5 |I
0010‘} I K}\ r\ llk
0000 N : FAS J 5

S - . ; . § .
100 200 300 400 500 600 700 8 0o 200 1000 1100 12 00
Minutes

I
006 | gg 3
| RFM IS w
! 2
004
2 n.
002 | | Il
1 | |
.
0 oo} —— e A = pi
L e e [ o L e e i S B e e e e e
100 200 300 400 500 600 700 800 S00 1000 1400 1200 1300
Minutes
012] !
008 | ‘ % S
w
5 00 i P
< 004 I S
it R A
oooi— —_ - A B T R S i T
-0 02 S — R T e e
100 200 300 400 500 600 700 800 800 1000 1100 1200 1300

Minutes

Fig 2.1¢  HPLC chromatograms of standard solution at 2.5 pg/ml and IS at 1 pg/ml for ZNS,
RFM, and LCM.

50



Chapter Two

847

PGB

1 5m I 53

1 Ond -

50000
58 A 88 psd

Mo 15ed cps|

] L B ¥

oo T
4
1

1 2 3 5

*re, min

B C of + MM (2 pars) 309 0281 0 armu hiom Bampie 1 {Pgh 0 150625) of 762 wifl (Turbo Soray)
405
2000
BO00-
A0

2000

14

Max 94060 cps |

U’ T T T
1 2 3 H

| W TXIC of +NIRM (2 pars) 160 0/65 O arru from Sample 1(Pgh D 150625} of fie2 weif (Turbo Spray)

5 8
Ty, nen

B85 ogq

1

Max 1 S04 cps|

a 10

Fig 2.2 LC-MS/MS chromatograms of standard solution at 1.5 pg/ml and 1S at 1 pg/ml for PGB.

51



01z 1 fenqreqouayd % M_Wﬁ%m%ﬂm SLTL aprureugy
012 1 [Enareqoud Eﬁw.ﬁwmhw%mﬂwm 1€L°S SpIUIESOIE T
$0Z 1 monuagd o :mwo._mwwwmmmﬂmm 8109 [E1qIEqOUSY
012 I Enqreqoud &ﬁ%ﬂ%%ﬁ%ﬂ% -~ spruEsIuO7
e L [EUaIRq0uT ﬁﬁw—wﬁw%%ﬁm 85+'6 urowiuayy
+0z 1 IOIOPEN. E&_ﬁmw%mmﬂ% 9158 aprunrxnsoy)y
012 I wosusyJ — EAMNMMWHMMNNMM FSI°8 arejeor audazeqresl|sy
01z 1 enqreqouRyd cuw.mw_%,%mﬂﬂwm b0'L aurdazeqIedtf-
01z ﬁ moueqd sﬁw_w_%wmmﬂmm $60°9 audazeqreaxQ
ote ! moltuald NWQZ EAM._H%MWM% 81v% -1 ﬁno_-%aﬁmwﬁwmw
01z 1 enqreqouSyd o E@.H%%WMMM €198 surdazeureqre))
T BT S T —

oMy J21dvy)

"SQLAV PIAIPIIS 10§ SPOIa A [1/D TdH JO UOLIPHOd 3L, ['7 IqEL



Chapter Two

2.3.2 Method validation

The calibration curve of each AED was determined over the concentration range of 0.15-
10 wg/ml, and the 1/x” weighted lincar regression (r*) for each curve was good (Table 2.2).
The LOQ of each drug is listed in Table 2.2. The LOQ was much lower than the

concentration of each drug tested in the subsequent studies.

Validation was performed for HHIPLC/UV and LC-MS/MS assay methods for AEDs. Low,
medium, and high concentrations of QC were detected for all AEDs. The inter-day and
intra-day accuracy and precision of each drug is listed in Table 2.2. For precision, the
R.S.D. of each AED was below 10% in the LC-MS/MS and HPLC/UV methods. The
intra-day and inter-day accuracy was also calculated; the R.E. of each AED was within

the range of £5%.
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Chapter Two

The stability of AEDs was tested in transport buffer under the same conditions as the
transport assay experiments. At 37 C, the AEDs were stable in PBS buffer with Mg”* and
Ca®* for 4 hours (Table 2.3). The AEDs were also stable in the auto-sampler at room

temperature for 48 hours. The stability test data are listed in Table 2.4.
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2.3.3 Discussion

According to the results of HPLC/UV and LC-MS/MS, the drug analysis methods
established were qualified to separate the drugs from the IS and other compounds
contained in the transport buffer (Figures 2.1 & 2.2). Validation of HPLC/UV and LC-
MS/MS was performed. The linearity of the standard curves was good for all tested drug
(1>R*>0.999). The inter-day and intra-day precision was lower than 10%, and the
accuracy was good, indicating that the methods were valid (Table 2.2). Stability of the
drugs was tested in transport buffer and the auto sampler for a longer duration than the

time used in experiments. The drugs were stable during the experiments (Tables 2.3 &

2.4).

2.4 Conclusion

The established HPLC/UV and LC-MS/MS methods were qualified for further
experiments. The methods produced good inter-day and intra-day precision, linearity, and
accuracy. The drugs were stable in the transport buffer and auto sampler during the

experiments, indicating the methods of drug analysis were suitable for our projects.
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Chapter Three

In vitro concentration dependent transport of phenytoin and

phenobarbital, but not ethosuximide, by human P-glycoprotein

3.1 Introduction

Although more than 20 antiepileptic drugs (AEDs) are used clinically, pharmacotherapy
does not help 30-40% of epilepsy patients (Kwan ef al., 2000a). Mechanisms underlying
drug resistance in epilepsy are unciear (Regesta et ¢f., 1999). AEDs traverse the blood-
brain barrier (BBB) to exert their effects. Multidrug efflux transporters such as P-
glycoprotein (Pgp, also called ABCB1 or MDR1) play an integral role in maintaining the
functionality of the BBB via basolateral-to-apical transport of xenobiotics (Loscher ef al.,
2005). Pgp overexpression contributes to cancer drug resistance (Gottesman ef al., 1988;
Hennessy ef al., 2007; Juliano ef al, 1976). Subscquent observations that Pgp is
overexpressed in epileptic foci support the hypothesis that Pgp may contribute to drug-
resistant epilepsy (Kwan et al., 2005; Loscher et al., 2005), although which AEDs ate

transported by Pgp remains controversial.

Phenytoin (PHT), phenobarbital (PB), and ethosuximide (ESM) are common drugs for
treatment of epilepsy. fm vivo, Pgp inhibitors, such as verapamil, can increase the
concentration of PHT and PB in rat brain (Potschka ef al., 2002; Potschka ¢7 al., 2001b).
Although whole brain level of PHT in mdrla” mice did not differ from that of wild type
mice (Schinkel, 1997; Schinkel et al., 1996; Sills et al., 2002), in mdrla/b” mice PHT
reached significantly higher level in the hippocampus (Rizzi et al. 2002), where mdr1b is
abundantly expressed (Kwan et al. 2003). In vitro, PHT cither did not affect human Pgp
activity (Rivers et al., 2008) or did so at concentrations exceeding therapeutic plasma
concentrations (Weiss et af., 2003b). In 0S2.4/Doxo cells (canine osteosarcoma cells ),
PB decreased the efflux of Rhodamine-123 (Rho123), a substrate of Pgp, while PHT did
not affect Rho123 uptake (West ef al., 2007). In MDR | -transfected HEK293 cells, both
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PHT and PB inhibited Rho123 effiux (Hung et al., 2008). These studies, however, did not
directly measure drug transport by Pgp.

In Caco-2 monolayers, PB transport was equivalent in both directions, while PHT and
ESM displayed apical to basal fransportation, but Pgp inhibitors affected none of the
drugs (Crowe e al., 2006). Mouse but not human Pgp directionally transported PHT in
Madin-Darby Canine Kidney II (MDCKII) or porcine kidney endothelial LLC-PK1
monolayer models (Baltes ef al., 2007b). However, using the concentration equilibrium
transport assay (CETA) system, which is more suited for studying compounds of high
BBB pcrineability, Luna-Tortos et al. demonstrated that human Pgp in LLC and MDCKII
monolayers did iransport PHT and PB. However, that study only examined one
concentration of PB (50 pM) and two of PHT (5 pM and 50 pM), which may not
represent the full range of concentrations experienced in vivo during AED treatment

(Luna-Tortos et al., 2008a).

We sought to help resolve the conflicting cvidence on whether PHT, PB, and ESM are
transported by Pgp using both cell monolayer bi-directional and concentration
equilibrium transport assays (Luna-Tortos et af., 2008b; Luna-Tortos ef al., 2009). With
the latter assay, we tested ranges of clinically relevant drug concentrations to examine

whether transport activity was concentration dependent.

3.2 Materials and methods
3.2.1 Drugs

PIIT, ESM, and Rho123 were supplied by Sigma Aldrich (St. Louis, MO, USA). PB was
purchased from Universal Chemicals, Inc (South Kearny, New Jersey, USA). PIIT, PB
and ESM were tested at concentrations covering thc ranges of therapeutic plasms
concentrations (Martin J Brodie, 2005). Verapamil was provided by Alexis Biochemicals
{San Dicgo, CA, USA). All other materials were analytical grade.
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3.2.2 ©1C and MBCK cell monolayer models

3.2.2.1 Cell culture

Wildtype LLC-PK1 (LLC-WT) and MDCKH (MDCK-WT), and their human MDRI
gene transfected cell lines (LLC-MDR1 and MDCK-MDR1), were kind gifts of Professor
P. Borst (The Netherlands Cancer Institute, Amsterdam, Netherlands). They were
handled as described previously (Bakos ef al., 1998; Zhang et al., 2010). All the cell lines
were used within 10 passages after receipt. Phosphate buffered saline (PBS) was from
Sigma Aldrich (St. Louis, MO, USA). Dulbecco’s Modified Eagle Medium (DMEM),
Medium 199, and fetal bovine serum (FBS) were from Gibco (Grand Island, NY, USA).

Six-well transwells (Transwell®, 0.4 pm, polycarbonate membrane, 24 mm insert,
Corning, NY, USA) coated with rat tail type I collagen (Sigma Aldrich, St. Louis, MO,
USA) were used for the transport studies. The cells at densities of 2x10° (MDCK cells)
or 1.5x10° (LLC cells) were seeded on the transwells as described previously (Luna-
Tortos et al., 2008a; Zhang et al., 2007) followed by culturing in the relevant medium
(MDCK: DMEM, 10% FBS, 100 U/ml penicillin-streptomycin; LLC: Medium 199, 10%
FBS, 100 U/ml penicillin-streptomycin) at 37°C with 5% CO; for 5 days. The medium

was changed every day.
3.2.2.2 Validation of cell monolayer in LLC and MDCK cell lines

The integrity of the monolayer was monitored by measuring the transepithelial electrical
resistance (TEER) with an epithelial volt/ohm meter (World Precision instruments, Inc.,
FL., USA). Only the monolayers with TEER>100 cm? (subtracting the background
value of a transwell) before and after the experiment were used for the transport assay.
The integrity of the monolayer was also verified by atenolol (paracellular marker) and
propranolol (transcellular marker). Only the monolayers with integrity values comparable
with published data were used (Crespi e al., 2000; Thiel-Demby ef al., 2008; Wang ef al.,
2008).
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3.2.2.3 Cytotoxicities of PHT, PB and EMS to LLC and MDCK cells

Potential cytotoxicity of AEDs was tested by MTT (3-[4,5 dimethyl thiazolyl-2]-2,5-
diphenyltetrazolium bromide) assay as described previously, with slight modification
(Han et al., 2008). Cells at a density of 1.5x10* cells/well were seeded in 96 well plates
and cultured for 48 hr. After withdrawing the culture medium, 150 pl transport buffer
with various concentrations of AEDs was added to each well and incubated for various
times according to the periods of drug exposure in the transportation assays at 37°C in
5% COj. Then 20 pl of 5 mg/ml MTT was loaded to each well followed by incubation
for another 4 hr at 37°C in 5% CQ,. The buffer was removed and replaced with 200 pl
DMSO in each well. The absorbance of each well in the plate was recorded at a

wavelength of 590 nm on a microplate reader (Benchmark, BioRad, USA).
3.2.2.4 Preparation of transport buffer

The transport study was carried out in phosphate buffer saline supplemented with 0.9 mM

calcium chloride and 0.4 mM magnesium chloride (PBS™) with pH value 7.3.
3.2.2.5 Stabilities of PHT, PB and EMS in transport buffer

PHT, PB and EMS were dissolved in transport buffer at a concentration of 20 pg/ml,
respectively. The prepared solution was incubated in shaking water bath at 37°C for 4 hr.
Samples were taken at 2 hr and 4 hr time points respectively and the drug concentrations

was determined by HPLC/UV to calculate the percentage of drug remained.
These drugs were also put in auto-sampler for 48 hr to test the stability at room

temperature. At 9 pg/ml, durg concentration was determined at 0 hr, 24 hr, and 48 hr by
HPLC/UV to calculate the percentage of drug remained.
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3.2.2.6 Concentration equilibrium transport assay (CETA) of PHT, PB and EMS in
LLC and MDCK cell monolayer models

Both LLC and MDCK cells were used for CETA, in which the volumes on the apical and
basolateral sides were 2 ml and 2.7 ml, respectively. Drugs were initially added to both
sides of the monolayer at 5 pug/ml, 10 pg/ml, and 20 ug/ml for PHT and PB, and at 5.6
pg/ml and 56 pg/ml for ESM. Aliquets of 100 pl apical and 130 pl basolateral samples,
which did not affect the hydrostatic pressure on the cell monolayers, were collected at
various time points of drug exposure (30, 60, 90, 120, and 180 min). For [:SM, the drug
exposure time was cxtended to 240, 360, and 600 min. In order to test the effect of Pgp
inhibition on AED transport, the above AED transport assays were conducted in the
presence of verapamil (100 uM). The collected samples were stored at -20°C until

analysis (Zhang et al., 2010).

3.2.2.7 Bi-directional transport assay of PHT, PB and EMS in LLC and MDCK cell

monolayer models

MDCK cells were used for the bi-directional transport assays, in which the apical and
basolateral volumes of transport buffer were 1.5 ml and 2.6 ml, respectively. Twenty
minutes before the beginning of each transport assay, the growth medium was replaced
with PBS". The AEDs were added to the basolateral (B) side of thc monolayer at 10
ug/ml for PHT and PB and 5.6 pg/ml for ESM. Aliquots of 0.5 ml samples were taken
from the apical side (A) at different time points (30, 60, 90, and 120 min), and the same

volume of fresh PBS buffer was added to the apical side after each time point.

3.2.3 Identification of MDR]1 in LLC and MDCK cells

3.2.3.1 Real time-PCR analysis

To quantify MDRI mRNA levels in the cell lines, RNA was isolated using Trizol
(Invitrogen, CA, USA) as described by the manufacturer. 1 pg total RNA was treated
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with 0.5 U of DNase I (Invitrogen, CA, USA) and uscd for RT-PCR. Reverse-
transcription was performed using the SuperScript First-Strand Synthesis System
(Invitrogen, CA, USA). Real time PCR was performed with KAPA SYBR® qPCR Master
Mix (Kapa Biosystems, MA, USA) in a Roche LightCycler 1T (Mannheim, Germany).
PCR amplification was carried out by using the following primer pairs: MDRI, 5°-
CCCATCATTGCAATAGCAGG-3" and

5"-TGTTCAAACTTCTGCTCCTGA-3’; f-Actin,

5-CCTCTATGCCAACACAGTGC-3" and 5’-ACATCTGCTGGAAGGTGGAC-3".

3.2.3.2 Rhodamine-123 uptake assay and flow eytometry

To confirm the functional activity of Pgp, Rhol23 uptake assays were performed as
described previously, with minor modifications (Kimchi-Sarfaty et al., 2007). Briefly,
3x10° cells were collected by trypsin and washed once with warm PBS. Then, cclls were
resuspended in 1 ml DMEM containing 5% FBS and Rhol123 (1 pg/ml) followed by
incubation at 37°C for 20 min. The cells were centrifuged and resuspended in 300 pl cold
PBS. Flow cytometry analysis of Rhol23 fluorescence at 585 nm was performed with the
BD FACSAriall (Becton Dickinson, San Jose, CA).

3.2.3.3 Immunofluorescent staining

To detect the location and protein level of Pgp in the cell lines, immunofluorescent
staining was performed as described before, with some modifications (Zhang e al., 2011).
Briefly, cells were seeded on cover slips and cultured for 48 hr. The density of cells was
about 80% when stained. After rinsing twice with cold PBS, the cells were fixed in 70%
ethanol at -20°C for 15 min. The slips were washed with PBS 3 times for 5 minutes each.
Then the cells werc blocked by 10% FBS in PBS at room temperature for 30 minutes,
followed by diluted Pgp antibody C219 (1:100, Abcam) in PBS with 0.5% BSA at 4°C
overnight. Cells were rinsed with PBS twice and incubated in secondary antibody (1:300,

Alex 488-conjugated IgG, Inivitrogen) in PBS with 0.5% BSA in the dark at room
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temperature for 30 minutes. Finally, cells were washed by PBS twice, and slides were

mounted for fluorescent microscopy.

3.2.4 Drug analysis

PB, PHT, and ESM were quantified by using high performance liquid chromatography
with UV detection (HPLC/UV) as described before (Crowe et al., 2006; Zhang et af.,
2010). A Thermo Hypersil BDS Cg column (5 uM pores, 250 mm X 4.6 mm inner
diameter) was used. The HPLC methods were validated, and the inter-day and intra-day

rool mean square deviations were less than 5%. The limits of quantification for the drugs

were 30 ng/m! for PHT, 30 ng/ml for PB, and 50 ng/ml for ESM.
3.2.5 Data analysis

For real time-PCR, relative expression levels of MDRI mRNA in LLC, LLC-MDR],
MDCK, and MDCK-MDR1 cells were scaled to thc mean relative expression level of the

housckeeping gene j-actin.

For MTT assays, percentage survival was calculated according to the formula: (mean of
drug treatment OD — mean of blank OD) / (mean of control OD — mean of blank OD) x
100%. 80% was considered to be safe for the drugs.

For the Rhodamine-123 uptake assay, fluorescence values for LL.C-MDRI and MDCK-
MDR1 were scaled to the median fluorescence in wild type cells, which was regarded as
1. Significant differences between wild type cells and MDR1-transfected cells were

calculated by student’s t-test, with p<0.05 considered as significant.

In the bi-directional transport assay, the permeability coefficient (Papp) of AEDs was
calculated as described before (Zhang ef al., 2010; Zhang et al, 2007). Papp =
(dQ/dD)(AXC), where dQ/dt is the rate of permeation; A is the arca of the membrane

surface (sz) and C is the initial concentration of drug in the donor chamber.
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In the CETA, the data are presented as the percentage of the drug loading concentration
in either apical or basolateral chamber vs. time, as described before (Luna-Tortos ef al.,
2008a; Zhang et al., 2010). Values were shown as means £ SEM. At various time
intervals, differences of drug concentration between the two chambers of each well were
compared, and differences of drug concentration between the two chambers in wildtype
(WT) were compared with those from MDR1-transfected cells. Significant differences
between two groups or more than two groups were calculated by student’s t-test or one-

way ANOVA, respectively, with p<0.05 considered as significant.

3.3 Results
3.3.1 Stabilities of PHT, PB and EMS in transport buffer

As shown in Fig 3.1 and Table 3.1, after incubation for 2 hr and 4 hr, the percentages of
compound remaining of PHT, PB and EMS were around 100%, indicating that these
compounds would be stable at 37 °C in the transport buffer for at least 4 hr. The drugs
were also tested at room temperature in auto-sampler for 48 hr and they were also stable
(Table 3.2).
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Fig 3.1 Stabilities of PHT, PB and EMS in transport buffer at 37 °C
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3.3.2 Cytotoxicities of PHT, PB and EMS to LLC and MDCK cells

MTT assays indicated that the concentrations of AEDs tested were not toxic to the four

cell lines for at least 180 min in the case of PHT and PB and 600 min in the case of ESM

(Fig 3.2), but cell damage occurred after 14 hours of exposure to ESM (data not shown).
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Fig 3.2  Cytotoxicities of PHT, PB and EMS for LLC, LLC-MDRI1, MDCK, and MDCK-

MDRI1 cells
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3.3.3 Identification of MDR1 in LL.C and MDCK cells

3.3.3.1 Real time-PCR analysis

Real time PCR results demonstrated the expression level of human MDRI mRNA in the
tested MDCK-MDRI and LLC-MDRI cells, which is shown in Fig 3.3. The expression
of human Pgp in MDR ]-transfected cell lincs was significantly higher than in wild-type
cells. The Pgp level in MDCK-MDRI cells was similar to that in LLC-MDR} cells
(LLC-MDR1: MDRI/B-actin=0.20+0.06; MDCK-MDR1: MDRI/B-actin—0.16+0.06;
p=0.27). The level of endogenous Pgp in wild-type cells was slight, and the level of
canine Pgp in MDCKII cells was higher than the level of swine Pgp in LLC ceils (LLC:
MDRI1/B-actin=5.1x107£3.9x10"; MDCK: MDR1/B-actin=0.02+0.01; p<0.05) (Fig 3.3).
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Fig 3.3 Real time PCR of Pgp in LLC and MDCK wild type and MDRI1-transfected cell
lines. Relative expression levels of MDR1 for LLC, LLC-MDR1, MDCK, and MDCK-
MDRI1 cells were calculated as the ratio of MDRI1 to f-acfin (n=3, ¥*p<0.01,
¥ p<().001).
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3.3.3.2 Immunofluorescent staining

The protein expression level of Pgp was detected by immunofluorescent staining, which
confirmed that the MDR1-transfected cell lines expressed significantly more Pgp than
non-transfected cells (Fig 3.4). LLC-MDRI1 cells had a higher level of Pgp than MDCK-
MDRI1 cells. More Pgp protein appears to be located on the cell membrane than in the

cytoplasm (Fig 3.4).

LLC-WT LLC-MDR1

MDCK-WT MDCK-MDR1

Fig3.4 Immunofluorescent staining of Pgp in LL.C and MDCK wild type and MDR1-

transfected cell lines to show the Ication and expression of Pgp

3.3.3.3 Rhodamine-123 uptake of PHT, PB and EMS in cells
Densities of Rho123 in LLC-MDR1 and MDCK-MDRI1 cells were 16% (p<0.001) and

41% (p<0.001) in LLC-WT and MDCK-WT cells respectively (Fig 3.5), confirming the

presence of Pgp in the transfected cell lines.
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Fig 3.5 Rhodamine-123 accumulation in LLC and MDCK wild type and MDRI-

transfected cell lines. (A) The density of Rhol23 was detected by flow cytometry. (B)
Relative fluorescence values (shown as mean + SEM) in MDR 1 -transfected cells were

compared with wildtype cells (whose median fluorescence levels were defined to be 1).

3.3.4 Transport profile of PHT

As expected, in the CETA of wildtype LLC and MDCK cells (not expressing MDR1),
there was no significant difference in the concentrations of PHT between the apical and
basolateral sides (Fig 3.6). When PHT was loaded at 10 pg/ml (40 puM) in the MDRI1
expressing cells, the concentration of PHT on the apical side became significantly higher
than on the basolateral side from 60 minutes of drug exposure onward for MDCK-MDR1
cells (Fig 3.6A) and from 90 minutes onward for LLC-MDRI1 cells (Fig 3.6B). Addition
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of the Pgp inhibitor verapamil eliminated the differences between apical and basolateral

concentrations (Fig 3.6), indicating that PHT was transported by Pgp.

To examine whether the concentration of the drugs affected the transport of tested AEDs
by Pgp in CETA, we tested other concentrations of PHT. Efflux transport by both
MDCK-MDR1 and LLC-MDRI cells was detected at 5 pg/ml (20 uM) and 10 pg/ml (40
pM). However, such transport disappeared when the loading concentration of PHT
reached 20 pg/ml (79 pM) (Fig 3.6).

In bi-directional transport assays, the Py, value (basolateral to apical direction) of PHT

(10 pg/ml, 40 uM) in MDCK-MDRI cells was significantly higher than that of wildtype
cells, but the difference was small (Fig 3.7A).
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Concentration equilibrium transport assays of phenytoin in wildtype (WT)
MDCKII and LLC-PK1 cells or cells transfected with the human MDRI1 gene.
PHT was transported by MDCK-MDRI1 (A) and LLC-MDRI1 (B) cells when the
initial PHT concentration was 5 pug/ml or 10 pg/ml, but the difference between apical

and basolateral concentrations did not reach significance when the initial PHT

concentration was 20 ug/ml. The transport was inhibited by verapamil (100 pM).

Data are given as the percentage of the initial drug concentration in either apical or

basolateral chamber vs. time. Experiments were performed in triplicate, and values

are shown as mean+SEM. Significant differences in drug concentrations between the

two chambers are indicated by asterisks (‘p<0.05, *'p<0.01,

'p<0.001).
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uM). Apparent permeability (P} = (dQ/dt)/(AxC) where dQ/dt is the rate of
permeation, C is the initial concentration, and A is the area of the monolayer.
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compared between wildtype (WT) and MDR I -transfected cells. * p=0.002.
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3.3.5 Transport profile of PB

Similar to the CETA results for PHT, when PB was loaded at 10 pg/ml (43 pM), the
concentration of PB on the apical side of MDCK-MDRI cells became significantly
higher than that on the basolateral side from 120 minutes of drug exposure onward, and
such transport was inhibited by verapamil (Fig 3.8A). Compared with the findings for
PHT, the difference in drug concentrations between apical and basolateral sides was
much less for PB (Fig 3.6A and Fig 3.8A). In addition, PB at 10 pg/ml showed no
transport by LLC-MDR1 cells (Fig 3.8B).

To examine whether the concentration of the drugs affected the transport of tested AEDs
by Pgp in CETA, we tested other concentrations of PB. In contrast to the results of PHT,
PB demonstrated efflux transport at 20 pg/ml (86 puM) but not at 5 pg/ml (22 pM) in
MDCK-MDRI1 cells (Fig 3.8A). In LLC-MDRI cells, no significant efflux transport of

PB was detected at any concentration (Fig 3.8B).

In bi-directional transport assays, the Py, values of PB (10 pg/ml, 43 pM) did not differ
significantly between wildtype cells and MDR 1-transfected cells (Fig 3.7B).
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Fig 3.8 Concentration equilibrium transport assays of phenobarbital in wildtype (WT)

MDCKII and LLC-PK1 cells or cells transfected with the human MDRI1 gene. (A)
PB was transported by MDCK-MDRI1 cells when the initial PB concentration was 20

ug/ml or 10 pg/ml, but the difference between apical and basolateral concentrations did

not reach significance when the initial PB concentration was 5 pg/ml. The transport was

inhibited by verapamil (100 uM). (B) PB was not transported by LLC-MDR1 cells at any

concentration tested. Data are given as the percentage of the initial drug concentration in

either apical or basolateral chamber vs. time. Experiments were performed in triplicate,

and values are shown as meantSEM. Significant differences in drug concentrations

between the two chambers are indicated by asterisks (*p<0.05, **p<0.01, ***p<0.001).

3.3.6 Transport profile of EMS

For ESM, there was no significant difference between the apical and basolateral

concentrations after drug exposure of 180 minutes at 5.6 pg/ml (40 uM) and 56 pg/ml
(397 uM) in either MDCK-MDR1 or LLC-MDRI1 cells (Fig 3.9). In order to confirm the

il



Chapter Three

results, we extended the drug exposure periods to 4, 6, 10, and 24 hours to increase the
sensitivity and found that there was also no significant difference between the apical and
basolateral sides, suggesting that ESM may not be transported by Pgp at clinically

relevant concentrations (Fig 3.10).

In bi-directional transport assays, the Py, values of ESM (5.6 pg/ml, 40 pM) did not
differ significantly between wildtype cells and MDR 1-iransfected cells (Fig 3.7C).
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Fig 3.9 Concentration equilibrium transport assays of ethosuximide in wildtype (WT)

MDCKII and LLC-PK1 cells or cells transfected with the human MDR1 gene. ESM
was not significantly transported by either MDCK-MDR1 (A) or LLC-MDRI1 (B) cells
when the initial ESM concentration was either 5.6 ug/ml or 56 pg/ml. Data are given as
the percentage of the initial drug concentration in either apical or basolateral chamber vs.

time. Experiments were performed in triplicate, and values are shown as mean+SEM.
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Fig 3.10 Concentration equilibrium transport assays of ethosuximide in MDCK-MDR1
cells for 24 hr. ESM was not significantly transported by MDCK-MDRI.

34 Discussion

Efflux transport of AEDs from the brain by Pgp is one of the potential mechanisms of
drug resistance that are being actively investigated by researchers. The hypothesis is
supported by evidence that Pgp expression is greatly increased at epileptic foci in
brain tissues resected from patients with drug resistant epilepsy (Kwan ef al., 2005;
Loscher et al., 2005). However, the weak link in the hypothesis is definitive evidence
that Pgp transports AEDs at therapeutic concentrations. The present data are therefore
important because they provide further direct evidence, using polarized cell
monolayers in two transport assay systems, on whether the commonly used AEDs,
PHT, PB, and ESM are transported by Pgp at clinically relevant concentrations.
Although little transport activity was demonstrated in the conventional bi-directional
transport assay system, results from the CETA system suggested that PHT and PB
were transported by human Pgp and that the transport was affected by the drug

concentrations, whereas ESM was not transported by human Pgp.

In previous reports, PHT efflux was studied using Caco-2, LLC, and MDCK cell lines
(Baltes ef al., 2007b; Crowe et al., 2006; Luna-Tortos et al., 2008b). In bi-directional
transport assays, PHT was not transported by human Pgp (Baltes et al, 2007b),
although we found evidence of weak transport using this system. In CETAs, Luna-
Tortds et al (2008) noted transport of PHT from basolateral to apical sides by human
Pgp (Luna-Tortos ef al., 2008b). The concentrations used in these previous studies

ranged from 5 to 50 uM (Baltes et al., 2007b; Crowe et al., 2006, Luna-Tortos et al.,
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2008b). In this range of concentrations, we also demonstrated that PHT was
transported by human Pgp, using both LLC-MDR1 and MDCK-MDRI1 cells in CETA.
But when we tested a higher concentration (20 pg/ml = 79 uM), we found that the
transportation was not significant, though a trend was still evident (Fig 3.6). At this
high dose, perhaps PHT saturates Pgp, thus reducing the proportion of PHT pumped
per unit time below the sensitivity of the assay. In general, our observation of
concentration dependence demonstrates the importance of examining a range of

concentrations in transport assays.

PB was also previously reported to be efflux transported by LLC-MDRI cells in
CETAs, though not in Caco-2 cells in bi-directional transport assays (Crowe ef al.,
2006; Luna-Tortos ef al., 2008b). The concentrations tested were 10 uM (Caco-2 cells)
and 50 pM (LLC-MDRI cells). In the present study, we found that PB was
transported by human Pgp in MDCK-MDR1 cells in CETAs at 10 pg/ml (43 uM) and
20 pg/ml (86 uM). Its lack of detectable transport at 5 pg/ml (21.5 pM) suggested that
it might have a relatively low affinity toward Pgp so that the small amount of PB
transported might have been below the detection limit. However, PB was not
transported by LLC-MDRI1 cells at any tested concentrations in the present study. The
reason for the discrepant results between the two cell lines needs further exploration.
It is possible that the expression level of Pgp in the LLLC-MDRI1 cells was lower than
in the MDCK-MDRI1 cells, although Rhol23 efflux from both cell lines was
comparable, suggesting similar Pgp activity (though this was only tested after
incubation for 25 minutes) (Fig 3.5). In addition, transport activity was measured for
up to 3 hours of drug exposure, thus the possibility of significant transport of PB by
the LLC-MDR1 cells at longer duration of drug exposure cannot be excluded. In the
present study, extending the time of drug exposure is limited by the use of PBS as the
transport buffer, which did not contain FBS and other chemicals, with the advantage
of avoiding protein-drug binding but the disadvantage of lacking nutrition to keep

cells alive for longer than about 12 hours.

To further confirm that PHT and PB were transported by Pgp, we used the Pgp
substrate and inhibitor, verapamil, to block Pgp function (Pauli-Magnus ef al., 2000).
The transportation of PHT and PB by MDRI-transfected cells was completely
inhibited by verapamil (Fig 3.6 and Fig 3.7A). In addition, MDCKII and LLC-PK1
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wild type cells expressed little Pgp protein compared with MDR 1-transpected cells,
and they did not transport PB or PHT, indicating that PB and PHT were transported

by Pgp.

The possibility of concentration-dependent transport of AEDs by Pgp has not been
well explored previously. We found that the concentrations of PHT and PB affected
their transport by Pgp in vitro, which might account for some of the conflicting results
in previous studies. This also implies that AED dosage might affect their transport by
Pgp in vivo. There is a spatiotemporal range of drug concentrations in vive, with
variation occurring among tissues and over time after drug administration, therefore
drug distribution may be affected by Pgp at some times and locations but not others.

Further in vitro and in vivo studies are needed to clarify this complex picture.

ESM is effective against absence seizures (Goren and Onat 2007), yet they remain
uncontrolled in a substantial proportion of treated patients (Glauser et al. 2010). In the
present study, ESM at both high and low concentrations was not transported by LLC-
MDR1 or MDCK-MDRI cells. This finding was consistent with a previous study
(Crowe et al., 2006), indicating that ESM may not be a substrate of Pgp, and may
therefore be employed as a “negative control” in future similar studies. Lack of
transport of ESM by Pgp might help explain findings from a recent double-blind,
randomized controlled trial (Glauser et al. 2010) that the medication was more
effective than lamotrigine, a known Pgp substrate (Luna-Tortos et al. 2008), in the

treatment of childhood absence epilepsy.

PHT and PB are common AEDs used widely in the clinic. PHT and PB are Pgp
substrates, which suggests that these drugs may cause drug resistance in epileptic
patients, and physicians should pick other drugs, those which are not Pgp substrates,
or use multitherapy. EMS is not a Pgp substrate, and it may be more effective to treat

patients with absence seizures.

In contrast to the finding of transport of PHT and PB by Pgp in CETAs, only minimal
transport of PHT, and no transport of PB, was demonstrated in the conventional bi-
directional transport assay system. This confirms that the CETA is more sensitive

than the bi-directional transport assay in detecting Pgp transport of drugs with high
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passive permeability, such as the AEDs (Luna-Tortos et al., 2008b). This is because
by applying equal drug concentrations to both sides of the monolayer at the beginning
of the transport experiment, the chance that directional transport is concealed by
passive diffusion is reduced. Our findings strengthen the suggestion that CETA
should be used instead of the conventional bi-directional transport assay for study of
compounds with high passive permeability across the BBB, particularly if they also

have low transport efficiency (Luna-Tortos ef al., 2008b).

35 Conclusions

Using MDR1-transfected monolayer cell models, we demonstrated that PHT and PB,
but not ESM, are substrates of human Pgp, and that the transport of PHT and PB was
affected by drug concentration. Because of its superior sensitivity, CETA is the
preferred transport assay system and should be extended to study Pgp transport of
other commonly used AEDs. A range of clinically relevant concentrations should be
tested when evaluating whether an AED is transported by Pgp. Results of in vitro
studies will need to be confirmed in appropriate in vivo models. Determination of
which AEDs are transported by Pgp will be vital in the appropriate design of clinical

trials to overcome drug resistance in epilepsy.
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Chapter Four

In vitro transport profile of carbamazepine, oxcarbazepine,
eslicarbazepine acetate and their active metabolites by human P-

glycoprotein
4.1 Introduction

Pharmacoresistance of antiepileptic drugs (AEDs) is a major public health problem.
Although more than 20 AEDs arc used clinically, epilepsy does not respond to
pharmacotherapy in 30-40% of patients (Kwan ef g/, 2000a). Resistance to these
drugs is also a problem in treatment of schizophrenia, depression, and bipolar disorder
(Gitlin, 2006; Mihaljevic Peles ef al., 2008; Morinigo et af., 1989). The mechanisms
underlying AED resistance are still not clear {(Regesta et al, 1999). The eftlux
multidrug transporters, notably P-glycoprotein (Pgp, also named ABCB1 or MDR1),
arc among the best studied candidates for contributing to drug resistance.
Overexpression of Pgp in cancer cells contributes fo cancer drug resistance
(Gottesman ef al, 1988, Hennessy et al., 2007, Juliano et al, 1976). Pgp is
physiologically expressed on the luminal membrane of capillary endothelium in the
brain and plays an integral role in maintaining the functionality of the blood-brain
barrier (3BB) via basolateral-to-apical transport of xenobiotics (Loscher ef al., 2005).
Observations that Pgp is overexpressed in cpileptic foci support the hypothesis that
Pgp may contribute to drug-resistant epilepsy (Kwan er al., 2005; Loscher ef al.,
2005). The effiux function of Pgp in the BBB is also considered a possible rcason for
pharmacoresistance in the treatment of depression (Kato ef al., 2008; Kwan ef af,
2005; Weiss et al., 2003a). If many AEDs are substratcs of Pgp, the overexpression of
Pgp could help to explain the drug resistance in epilepsy and in psychiatric disorders

treated by AEDs. Therefore, it is important to study the Pgp substrate status of AEDs.

Carbamazepine (CBZ) and its structural analogs oxcarbazepine (OXC) and
eslicarbazepine acetate (ESL) represent an important group of AEDs (Fig 4.1A),
sharing a common mode of action by exerting voltage-dependent blockade of

neuronal voltage-gated sodium channels (Kwan et al., 2007b). Both CBZ and OXC

84



Chapter Four

are widely used in the treatment of epilepsy, while ESL has been recently approved in
Furope for this indication (Gil-Nagel et af , 2009). CBZ and OXC are also used to
treal bipolar disorder, schizophrenia, and aggression (Hirschfeld ef af , 2004; Hosak ef
al , 2002; Huband et o/, 2010). OXC and ESL are 10-keto and 10-acetoxy-10,11-
dihydro analogs of carbamazepine respectively. The major metabolic pathway for
CBZ is the formation by CYP3A4 of the major stable active metabolite
carbamazepine-10,11-epoxide (CBZ-E), which reaches a steady-state of about 10-
20% of the plasma concentration of CBZ (Klotz, 2007; Kudriakova, 1992; Winnicka
et al , 2002). OXC is a prodrug which is metabolized to its active monohydroxylated
derivative (MHD), namely S-licarbazepine (S-LC, also known as S-MHD or S-OH-
CBZ) (80%) and R-licarbazepine (20%), while ESL is predominantly reduced to S-
LC (Bialer ef al , 2010; McCormack et ai . 2009).
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Carbamazepine Oxcarbazepine Eslicarbazepine acetate
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Fig 4.1 Chemical structures of studied AEDs and illustration of
the method of calculation of the AUC of AEDs transported by Pgp
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There is conflicting evidence whether CBZ and CBZ-E are transported by Pgp. In
microdialysis rat models, the concentration of CBZ in the extracellular fluid of the
cerebral cortex was enhanced by verapamil, an inhibitor of Pgp (Potschka e al.,
2001a), indicating that Pgp is involved in the regulation of brain concentrations of
CBZ. However, the hippocampal concentration of CBZ was not affected by Pgp
inhibition or overexpression of Pgp in the brains of rats refractory to phenytoin
(tlscht ef al, 2009). There were no differences in whole brain CBZ levels in
mdriab(-~/-) or mdrla(-/-) mice versus wild-type mice (Owen ef al., 2001; Sills ef al.,
2002), although hippocampal concentrations of CBZ and CBZ-E in mdrlab(-/-) mice
were significantly higher (Rizzi et af., 2002). Human in vive studies showed that
concentrations of CBZ in extracellular space of the epileptogenic temporal lobe were
significantly lower than those in subarachnoid cerebrospinal fluid from paticnts with
intractable epilepsy (Rambeck et al, 2006), but whether this was related to Pgp
transport was unknown. In in vifro interaction studies, CBZ has been found to inhibit

Pgp efflux function inconsistently,”>"

and no Pgp mediated transport of CBZ in
various monolayer models was demonstrated (Baltes et al., 2007h; Crowe et al., 2006;

Luna-Tortos et al., 2008b; Owen ef al., 2001).

Relatively fewer studies have investigated whether OXC and its derivative are
substrates of Pgp, although the findings were more consistent. OXC concentration in
extracellular fluid in rat hippocampus was increascd by verapamil (Clinckers et al.,
2005). Microdialysis study in humans showed that the 10-0O11-CBZ brain-plasma
concentration ratio and the mRNA level of MDR/ in brain are inversely lincarly
correlated in patients with OXC-vesistant epilepsy (Marchi ef al., 2005). In LoVo/dx
cells (human colon adenocarcinoma cells), the 10-OH-CBZ concentration could be
increased by the Pgp inhibitor XR9576 (Marchi ef al., 2005). Whether ESL and its

active metabolites are transported by Pgp has not been studied.

It has been shown that Pgp substrate status may be species specific, and results from
in vifro models may be affected by the high passive diffusion of the AEDs (Baltes et
al., 2007b; Marchi ef al., 2005). Using the concentration equilibrium transport assay
(CETA), which 1s highly sensitive and can avoid the effect of high passive diffusion,

we have previously shown that phenytoin and phenobarbital arc transported by human
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Pgp in a dose dependent fashion (Zhang et al, 2010). In the present study, we
employed both bi-directional and concentration equilibrium transport assays to
determinc whether CBZ, OXC, ESL, CBZ-E, and S-LC were transported by human
Pgp.

4.2 Materials and methods

4.2.1 Drugs

CBZ, CBZ-E, ESL, MTT (3-[4,5 dimethyl thiazolyl-2]-2,5-diphenyltetrazolium
bromide), and Rho123 were supplied by Sigma Aldrich (St. Lous, MO, USA). OXC
was obtained from the National Institute for the Control of Pharmaceutical and
Biological Products (Beijing, China). S-LC was purchased from Toronto Research
Chemicals Inc. (North York, Ontario, Canada). Verapamil was provided by Alexis
Biochemicals (San Diego, CA, USA). Tariquidar was kindly provided by Dr. Kenneth
To (The Chinese University of Hong Kong, Hong Kong). Verapamil and MTT were
dissolved in water, and other drugs were dissolved in DMSO (<0.1% DMSQ in final
solution). CBZ, CBZ-E and S-L.C were tested at concentrations covering the ranges of
therapeutic plasma concentrations (Marchi er al, 2005; Martin J Brodie, 2005;
McCormack ef gl., 2009; Winnicka et ai., 2002). All other chemticals were analylical
grade.

4.2.2 LLC and MDCK cell monolayer models

4.2.2.1 Cell culture

LLC (LLC-WT), MDCKII (MDCK-WT), and their human MDR/! genc transtected
cell lines (LL.C-MDR1 and MDCK-MDR1) were kindly provided by Professor P.
Borst (The Netherlands Cancer Institute, Amsterdam, Netherlands). Cell culture was

performed as described previously (Bakos ef al., 1998; Zhang et al., 2011).
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4.2.2.2 Validation of cell monolayer in MDCK and LLC cell lines

Integrity of monolayers was verified by atenolol (paracellular marker) and
propranolol (transcellular marker). The bi-directional transport assays of atenolol and
propranolol were performed by measuring the apparent permeability (Payp) as
described previously (Crespi ef al., 2000; Thiel-Demby et al., 2008; Wang et al., 2008;
Zhang et al., 2011).

4.2.2.3 Cytotoxicities of tested AEDs to LLC and MDCK cells

The potential cytotoxicities of the tested compounds on the cell lines were evaluated
by MTT as described before (Han et al., 2008; Zhang et al., 2011). Briefly, 1.5x10"
cells/well were seeded in 96 well plates and cultured for 48 hr. After withdrawing the
culture medium, 200 pl PBS buffer with various concentrations of AEDs was added
and incubated for 3 hr. Buffer was then replaced with 200 pl of 0.5 mg/ml MTT in
PBS and incubated for another 3 hr. The solution was replaced with 200 ul DMSO,
and the absorbance was determined at a wavelength of 590 nm on the microplate

reader (Benchmark, BioRad, USA).

4.2.2.4 Transport assay of AEDs

The transport assays were conducted in two ways: the concentration equilibrium
transport assay (CETA) and bi-directional transport assay described previously
(Zhang et al., 2010; Zhang et al., 2011). Briefly, culture medium was replaced with
warm PBS buffer for 10 minutes before transport assays. For CETA, drug was added
to both sides of monolayers at equal concentrations. Volumes on apical and
basolateral sides were 2 ml and 2.7 ml, respectively. Studied drug concentrations were
2 pg/ml and 10 pg/ml for CBZ-E; 5 ug/ml, 10 pg/ml, and 20 pg/ml for CBZ and
OXC; and 10 pg/ml for ESL and S-L.C. Aliquots of 100 pl and 130 pl from the apical
and basolateral side, respectively, which did not affect the hydrostatic pressure on
monolayers, were collected at various time points of drug exposure (30, 60, 90, 120,
and 180 min). The above transport assays were repeated in the presence of the Pgp

inhibitors tariquidar (2 pM) or verapamil (100 uM).
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In bi-directional transport assays, drug was added to either the apical side (1.5 ml of
transport buffer) or basolateral side (2.6 ml of transport buffer) of the monolayer at 10
ug/ml initially. Aliquots of 0.5 ml samples were taken from the other side (receiver
chamber) at different time intervals (30, 60, 90, 120 min). The same volume of fresh
PBS buffer was added to the receiver chamber after each sampling. The apparent
permeability (Pypp) of drug across the monolayer was calculated. All transport assays

were performed in triplicate. The collected samples were stored at -20°C until analysis.

4.2.3 Rhodamine-123 uptake assay and flow cytometry

To confirm the functional activity of Pgp, Rhol123 uptake assays were performed as
described previously, with minor modifications (Kimchi-Sarfaty et a/., 2007; Zhang et
al., 2011). Briefly, 3x10° cells were collected by trypsin and washed once with warm
PBS. Then, cells were resuspended in 1 ml DMEM containing 5% FBS and Rho123
(1 pg/mi) followed by incubation at 37°C for 20 min. The cells were centrifuged and
resuspended in 300 pl cold PBS. Flow cytometry analysis of Rhol23 fluorescence at
585 nm was performed with the BD FACSAriall (Becton Dickinson, San Jose, CA).

4.2.4 Drug analysis

CBZ, CBZ-E, OXC, S-LC, and ESL were quantified by high performance liquid
chromatography with UV detection (HPLC/UV) as described before (Marchi ef al.,
2005; Zhang et al., 2010; Zhang et al., 2011). An HPLC system (Waters, Milford,
MA, USA) equipped with a 2695 solvent delivery module, a Thermo Hypersil BDS
C18 column (5 pM pores, 250 mm * 4.6 mm inner diameter), and a 996 photodiode-
array (PDA) UV detector was used. The mobile phase consisted of 20 mM NaH,POq4
in water and acetonitrile (65:35 for CBZ, CBZ-E, OXC, and ESL; 74:26 for S-LC).
The limits of quantification (LOQ) were 50 ng/ml for CBZ, CBZ-E, and OXC; and 30
ng/ml for ESL and S-LC. The relative standard deviation (R.S.D.) of both intra-day

and inter-day precision for all the drugs were below 5%.
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4.2.5 Data analysis

For Rhodamine-123 uptake, fluorescence values for LLC-MDR1, MDCKII, and
MDCK-MDRI1 cells were scaled to the median fluorescence value of LI.C cells,

which was defined as 100.

The apparent permeability value (P,pp) was calculated as described previously using
the following equations (Zhang et al, 2010; Zbang et al, 2011); Py =
[(dC/dtxV))/(AxC), dC/dt = change of the drug concentration in the receiver
chambers over time; V = volume of the solution in the recciver chamber; A =
membrane surface area; C = loading concentration in the donor chamber. The
transport ratio (TR) was calculated as Pgpy b-4 / Papp a-3- The corrected transport ratio

(cTR) was calculated as TR (MDR1-transfected cells) / TR (non-transfected celis).

Results for individual transport assays in CETA are presented as the percentage of the
drug loading concentration vs. time (Zhang ef al, 2010; Zhang ef al., 2011).
Differences of drug concentration between the apical and basolateral chambers of
each well were compared. An increase in drug concentration in the apical chamber
compared with the basolateral chamber indicated the presence of basolateral-lo-apical

transport.

When the drug was transported to the apical chamber by Pgp, the concentration
incrcased above the initial concentration (>100%) over time. To compare the extent of
transport among drugs, area under the percentage increase of drug concentration vs.
time curves (AUC) in the apical chamber were calculated (Fig 4.1B). The equation
was: AUC = percentage above the initial concentration > time (min) (I.una-Tortos ef
al., 2008b).

All the data were shown as means + SD. Significant differences between two groups
or more than two groups were cvaluated by student’s t-test or one-way ANOVA,

respectively, with p<0.05 considered significant.
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4.3  Results
4.3.1 Validation of cell monolayer in LLC and MDCK cell lines

Integrity of the monolayer system of all four cell lines (LLC, LLC-MDR1, MDCKI]I,
and MDCK-MDR1) was verified by testing that the apparent permeability values of
atenolol and propranolol. The Py, values for atenolol and propranolol were within the
range of 0.6x10 to 1.2x10® cm/s and 20x10° to 30x10° cnv/s respectively, which
were comparable to those previously published (Crespi et al., 2000; Thiel-Demby et
al., 2008; Wang et al., 2008)

4.3.2 Cytotoxicities of AEDs to LLC and MDCK cells

MTT assays indicated that concentrations of AEDs tested were not toxic to the four

cell lines (Fig 4.2).
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ESL (MTT test) OXC (MTT test)
5 10
£ 160 E =
£ 140 £
£ 120 L)’— I : [euc g
s 100 e —n— LLC-MDR1 3
g 804 * MDCK z
8 &0 £
§ 4 %—MDCK-MOR1 || 3
3 20 -4
B 0 T - T Q- ah -
0 5 10 20 50 o 1 5 10 20 50 100
ESL {ig/ml) OXC (pg/ml)
CBZ-E (MTT test) CBZ (MTT tesi)
160 160
T w0 5@ T
£ 120
% 120 3 { = % ——LILC E o ,ﬁz% [—e—LLC
g0 —a— LLC-MDR1 % o . L #— LLCMDR1 |
g ﬁ - { MDCK Ty MDCK
5 40 —w—MDCK-MDR1||| § 40- « MDCK MDR1 |
§ 20 f Y
= 0 — T 0+
o 5 10 20 50 0 1 5 10 20 50
CBZE (pg/ml) CBZ (pgiml)
S-LC (MTT test)
< 160
: 140 ’z
~ 120 = ——LLC
s 1$ £ —s— LLC:MDR1
gi &0 MDCK
§ 40 —— MDCK-MDR1 |
§ 20 =
- U T T T 1
0 5 10 20 50
S-LC (pg/ml)
Figd.2  Cytotoxicities of CBZ, CBZ-E, OXC, ESL, and S-LC for LLC, LLC-MDR1,

4.3.3 Stabilities of tested AEDs in transport buffer

The stabilities of AEDs in transport buffer were performed and described in chapter

two. As shown in Fig 4.3 and Table 2.3, after incubation for 2 hr and 4 hr, the

percentages of tested AEDs remaining were around 100%, indicating that these

compounds are stable at 37°C in the transport buffer for at least 4 hr. The drugs were

also tested at room temperature in an auto-sampler for 48 hr, and they were also stable

(Table 2.4).
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4.3.4 Rhodamine-123 uptake of AEDs in cells

Fig 4.3 Stabilities of tested AEDs in transport buffer at 37°C

The functional activity of MDR1 in the tested cell lines was detected by the Rho123

uptake assay. Rho123 is a substrate of Pgp. The decrease of fluorescent density in

MDRI-transfected cells indicated the efflux function of Pgp. Densities of Rho123 in
LLC-MDR1, MDCKII, and MDCK-MDR1 cells were 16%, 81%, and 26% of the
values in LLC wildtype cells respectively (Fig 4.4A & B). Differences in Pgp level in

these four cell lines were also confirmed by accumulation of Rho123 (Fig 4.4A & B).

The differences between MDCK-MDRI1 and LLC-MDRI1, LLLC-MDR1 and LLC, and
MDCK-MDR1 and MDCK, were significant (p<0.05).
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Fig 4.4 Rhodamine-123 accumulation in LLC and MDCK wild type and MDRI1-
transfected cell lines. (A) The density of Rhol23 was detected by flow
cytometry. (B) Relative fluorescence values (shown as mcan + SD) in LLC-
MDRI1, MDCKII, and MDCK-MDRI1 cells were compared with LI.C cells
{whose median fluorescence levels were defined to be 100) (n=3, *p<0.05
**¥5<0.001).

4.3.5 Results from transport assay of tested AEDs

In concentration equilibrium conditions for CBZ at 10 pg/ml, there was no significant
difference between the apical and basolateral concentrations at any time point of drug
exposure in both wildtype and MDR 1-transfected cell lines (Fig 4.5A), indicating lack
of transport by Pgp. CBZ at 5 and 20 pg/ml also exhibited no transport (data not
shown). Interestingly, CBZ-E, the major active metabolite of CBZ, was found to be
transported by Pgp in MDCK-MDRI1 and LLC-MDRI1 cells (Fig 4.5B & C). At 10
pg/ml, the concentration of CBZ-E in the apical side became significantly higher than
that in the basolateral side from 60 minutes of drug exposure onward for MDR1-
transfected cells. With addition of tariquidar and verapamil, typical Pgp inhibitors,

such concentration differences between the apical and basolateral sides were
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eliminated (Fig 4.5B). At 2 ng/ml, CBZ-E was still transported by LLC-MDRI1 cells,
while transport by MDCK-MDRI1 cells was not significant (Fig 4.5C).
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Fig 4.5 Concentration equilibrium transport assays of carbamazepine (CBZ) and

carbamazepine-10,11-epoxide (CBZ-E) for

MDCKII

and LLC cells

transfected with the human MDRI1 gene or for wildtype (WT) cells. (A) CBZ
was not significantly transported by either MDCK-MDRI1 or LLC-MDRI1 cells
when the initial CBZ concentration was 10 pg/ml. (B) CBZ-E was transported by
MDCK-MDR1 and LLC-MDRI cells when the initial concentration was 10 pg/ml.
The transport was inhibited by tariquidar (2 uM). (C) CBZ-E was transported by
LLC-MDRI1 cells when the initial concentration was 2 pg/ml, but the difference

between apical and basolateral concentrations did not reach significance in MDCK-

MDRI1 cells. Data are given as the percentage of the initial drug concentration in

either apical or basolateral chamber vs. time. Experiments were performed in
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triplicate, and values are shown as mean = SD. Significant differences in drug
concentrations between the two chambers are indicated by asterisks (n=3, *p<0.05,
**p<(0.01, ¥**p<0.001).

OXC and ESL are analogs of CBZ, and S-LC is their major active metabolite (Kwan
et al , 2007b). We determined their substrate status for Pgp at/or around their typical
plasma concentrations. Because OXC and ESL are rapidly reduced to their
metabolites, their plasma concentrations are under the limit of quantification. We
tested OXC and ESL at 10 pg/ml. The concentration of OXC in the apical side of
MDR 1 -transfected cells became significantly higher than that in the basolateral side
from 60 minutes of drug exposure onward, and such difference in concentration was
almost completely inhibited by tariquidar and verapamil (Fig 4.6A). ESL was also
transported by Pgp, which could also be inhibited by tariquidar and verapamil in
MDRI-transfected cells (Fig 4.6B). Wildtype MDCK and LLC cell lines did not
transport OXC or ESL, which further verified that they were transported by human
Pgp (Fig 4.6A & B).

Similar to the parent drugs, S-L.C at 10 pg/ml was significantly transported from
basolateral to apical sides of LLC-MDRI1 and MDCK-MDRI1 cells. Such transport
could also be inhibited by tariquidar and verapamil. No significant basolateral to

apical transport of S-LC by wildtype cells was found (Fig 4.6C).
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Fig 4.6 Concentration equilibrium transport assays of oxcarbazepine (0OXC),

eslicarbazepine acetate (ESL), and S-licarbazepine (S-L.C) for wildtype (WT)
MDCKII and LLC-PK1 cells or cells transfected with the human MDRI1 gene.
OXC (A), ESL (B), and S-L.C (C) were transported by MDCK-MDRI1 and LLC-

MDRI1 cells when the initial concentration was 10 pg/ml. The transport was

inhibited by tariquidar (2 uM). Data are given as the percentage of the initial drug
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concentration in either apical or basolateral chamber vs. time. Experiments were
performed in triplicate, and values are shown as mean * SD. Significant

differences in drug concentrations between the two chambers are indicated by
asterisks (*p<0.05, **p<0.01, ***p<0.001}.

To compare the extent of basolateral-to-apical transportation of drugs in MDRI-

transfected cells, we calculated the AUC of the percent increase vs. time in the apical

chamber. [t was demonstrated that the AUC for the drugs was in the order of ESL >
OXC > S8-LC > CBZ-E (Table 4.1 and Fig 4.7). The extent of inhibition of drugs by

tariquidar and verapamil was determined (Table 4.1).

Fig 4.7

3500

C1LLC-MDR1
3000 H MDCK-MDR1
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CBZ CBZ-E S-LC OXC ESL
Comparison of extent of tramsport of AEDs by LLC-MDR1 and MDPCK-

MDR1 cells. The transport of drugs was cstimated by the area under the excess
drug concentration vs. time curves (AUC) in apical chambers. Excess drug
concentration was calculated as the level above the initial concentration (as a
percentage). Time was in units of minutes. Transport inhibition by tariquidar and
verapamil was calculated based on AUC values. Experiments were performed in

triplicate, and values are shown as mean = SD.
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Chapter Four

In the bi-directional transport assay, the above drugs were tested in LLC-WT and
LLC-MDRI cells. A drug was added to the apical or basolateral side at 10 pg/ml, and
the Pape values of apical to basolateral (a-B) or basolateral to apical (b-A) were
calculated, respectively. The data is shown in Table 4.2. Transport ratios of CBZ-E,
OXC, ESL, and S-LC in LLC-MDRI cells were significantly higher than in LLC-WT
cells, confirming the results of the concentration equilibrium transport assay. As
shown in Fig 4.8 and Table 4.2, corrected transport ratios were 1.35, 1.56, 1.66, and
2.02 respectively, while the cTR of CBZ was 1.03. As previously published, cTR>1.5
was considered as active asymmetrical transport (Schwab et al., 2003). ¢TRs of OXC,
ESL, and S-LC were larger than 1.5, indicating that they were transported from the
basolateral to the apical side by Pgp in concentration gradient conditions. The ¢TR of
CBZ-E was 1.35, but TRs significantly differed between MDR 1 -transfected and non-

transfected cells, indicating that CBZ-E was a weak substrate of Pgp.
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Fig4.8 Transport ratio (TR) and corrected transport ratio (¢TR) of AEDs by LLC-

WT and LLC-MDRI1 cells. For each drug, the TR was compared between LLC-
WT and LLC-MDRI cell lines. For cach cell line, the ¢TRs of different drugs were
compared. Experiments were performed in triplicate, and data are shown as mcan +

SD (=3, *p<0.05, **p<0.01).
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Chapter Five

4.4 Discussion

Efflux transport of AEDs from the brain by Pgp is one of the potential mechanisms of
drug resistance. This hypothesis is supported by evidence that the brain expression of Pgp
is markedly increased at epileptic foci in patients with refractory epilepsy (Kwan ef al.,
2005; Loscher et al., 2005; Tishler er al, 1995). In addition, lack of Pgp expression
increases the brain concentration of an antidepressant drug, and MDR! gene
polymorphisms were associated with refractory depressive disorder (Kato ef al., 2008,
Uhr ef al., 2000). However, the weak link in the hypothesis is definitive evidence that
Pgp transports AEDs and their active mctabolites at therapeutic concentrations. The
present data provide further direct cvidence on whcther CBZ and other structurally
related AEDs (OXC and ESL) and their major active metabolites (CBZ-E and S-1.C) are
transported by Pgp at clinically relevant concentrations. Using polarized ceil monolayers
in concentration equilibrium transport assays, results suggested that OXC, ESL, CBZ-E,

and S-LC are transported by human Pgp, but CBZ is not.

In previous studies, CBZ, inhibited Pgp efflux of CAM and Rho123 by MDR1 transfected
LLC and 293 cells, respectively (Hung ef al., 2008; Weiss et al., 2003b). But CBZ was
not transported by Pgp in Caco-2, LLC-MDRI1, or MDCK-MDRI cells (Baltes ef al.,
2007b; Crowe er al., 2006; Luna-Tortos et al., 2008b). In line with most previous in vifro
and in vive studies, we found that CBZ was not transported by LLC-MDR1 and MDCK-
MDRI1 cclls when tested at a wide range of concentrations (5, 10, and 20 pg/ml),
confirming that it is not a substrate of Pgp. Therefore, CBZ may be a weak, non-

transported inhibitor of Pgp.

Interestingly, we found evidence that CBZ-E, thc major active metabolitc of CBZ, was
transported by Pgp in the CETA. The transport of CBZ-E at 10 pg/m} was inhibited by
tariquidar and verapamil, and there was no significant transpori by wildtype cells,
indicating that CBZ-E is a substrate of Pgp. In bi-directional transport, the TR of CBZ-E
at 10 pg/ml by LLC-MDRI cells was significantly higher than by LLC-WT cells (Fig 4.8
& Table 4.2). The ¢TR was 1.35, which was lower than 1.5, indicating that the substrate
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status was weak (Table 4.2) (Schwab et al, 2003). Post ef al. reported that the CSF
concentration of CBZ-E is positively correlated with the degree of clinical efficacy in
acute antidepressant and antimanic treatment (Post et af., 1983). Under steady state
conditions, plasma CBZ-I concentrations range from 10% to 50% of thosc of the parent
drug (Spina, 2002). Therefore transport of CBZ-E by Pgp might be relevant to CBZ drug
resistance. When tested at the lower concentration of 2 pg/ml in the CETA, which is in
the range of plasma concentrations found in patients (Winnicka et al., 2002), CBZ-E
demonstrated significant basolateral to apical transport by LLC-MDRI1 cells, but
transport by MDCK-MDR1 cells was not significant (Fig 4.5C). Compared with LLC-
MDR1 cells, the protein level of Pgp in MDCK-MDRI cells appeared to be lower (as
shown in Fig 3.2}, with a corresponding greater accumulation of Rho123 (Fig 4.4A & B),
indicating that MDCK-MDR1 cells had lower Pgp activity. This might account for the
failurc to detect significant transport of low dose CBZ-E in MDCK-MDRI1 cells.

There has been no report on whether the CBZ derivatives, ESI. and OXC, are substrates
of Pgp, except for indirect in vivo evidence from a study rcporting increased OXC
concentration in hippocampus of animals treated with verapamil (Clinckers et 4i., 2005).
We demonstrate in vitro that ESL and OXC are transported by Pgp (Fig 4.6A & B and
Fig4.8). Pgp plays important roles not only in limiting entry of various drugs into the
central nervous system but also in drug absorption and excretion in the intestinal, biliary,
and urinary tracts (Giacomini et al. 2010). Pgp also increases drug metabolism by
CYP3A in the intestine (Giacomini et al., 2010; Lown ef al., 1997; Zhang et ai., 2001).
Although ESL and OXC are rapidly metabolized by the liver, their Pgp substratc status
may still be clinically important because it may affect intestinal absorption and thus the
metabolic rate and efficacy. S-LC is the major active metabolite of OXC and ESL. We
demonstrated that, at a clinically relevant concentration, S-LC was transported by
MDCK-MDR1 and LL.C-MDR1 cells (Fig 4.6C and Fig 4.8), consistent with previous in
vivo and in vitro studies which tested the mixture of S- and R-licarbazepine (Marchi ef al.,

2005; Rambeck ef af,, 2006).
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Based on the AUC values for the four substrates, CBZ-E had the least transport and ESL
had the greatest transport by Pgp (Fig 4.7 and Table 4.1). Clinical studies demonstrated
that, in treatment of the acute manic and depressive symptoms of bipolar disorder, CBZ
and OXC have efficacy comparable to lithium and haloperidol (Hirschfeld et al., 2004),
although OXC is more effective and better tolerated than CBZ as adjunctive therapy to
lithium in treatment of bipolar disorder patients (Juruena et al., 2009). The differences in
transport of CBZ, OXC, and S-LC by Pgp might account for the differences in add-on
therapy efficacy found in the clinic. There is currently research on the potential use of
ESL, S-L.C, and other related compounds for treatment of schizoaffective disorder,

bipolar disorder, and other neuropsychiatric disorders.

Despite the availability of animal in vive models such as microdialysis, in vitro models
have an important role to play in determining substrate status of a compound because it
allows directly testing of human Pgp with relatively high throughput. MDCK or LLC cell
monolayers are less hydrophobic, less rigid, and more fluid than the BBB in situ, which
may cause lack of correlation in predicting the ir vivo substrate status from in vitro
results (Di et al., 2009). Compared with the results of 31 CNS drugs between the
transwell model of MDRI transfected MDCKII cells and in vivo data of MDRI knockout
mice, Feng et.al. found that the transwell assay was more specific but slightly less

sensitive (Feng et al., 2008).

These data suggest that resistance to carbamazepine, oxcarbazepine, or eslicarbazepine
acetate may be attributed to increased efflux function of Pgp because they or their active
metabolites are Pgp substrates. Since CBZ is not a substrate itself, it might be more

effective than OXC or ESL and can be used for monotherapy.

It is tempting to speculate whether the substrate status of the compounds tested can be
predicted based on knowledge of their structure-activity relationships (SAR) (Hsiao et al.,
2008; Raub, 2006; Wang et al., 2003). There are limited reports on the SAR between
AEDs and their Pgp substrate status (Knight et al., 1998). CBZ and its analogs tested here

have the identical dibenzazepine nucleus but differ at the 10,11-position (Fig 4.1). Our
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results showed that these compounds, with the exception of CBZ itself, are substrates for
Pgp, which might imply that epoxide, acetate, hydroxyl, or ketone groups at the 10,11-
position could affect the substrate status of dibenzazepine compounds. Thus, to avoid
export from their targeted sites of action, new AEDs that lack such structures might be

designed.

4.5 Conclusion

In conclusion, this study provided direct in vitro evidence that CBZ-E, ESL, OXC, and S-
L.C, but not CBZ, are substrates of human Pgp. Resistance to CBZ, OXC, or ESL may
result from increased efflux function of Pgp because these drugs or their active

metabolites are Pgp substrates.
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Chapter Five

In vitro transport profile of new AEDs — lacosamide, rufinamide,

pregabalin, and zonisamide — by human P-glycoprotein

5.1 Introduction

Epilepsy has been recognized for more than 3000 years. Even with modern
pharmacotherapy, we still can not completely control this refractory discase. Although
we have devcloped more than 20 antiepileptic drugs (AEDs) since the 1900s, the
proportion of patients resistant to AEDs remains about 30-40% (Kwan ¢t al., 2000a), and
the mechanism of pharmacoresistance to AEDs is still unclear. Overexpression of Pgp in
cancer cells contributes to cancer drug resistance (Gottesman ef al., 1988; Hennessy ¢t al.,
2007; Juliano et al., 1976). P-glycoprotein (Pgp) is physiologically expressed on the
lumenal membrane of capillary endothelium in the brain and plays an integral role in
maintaining the functionality of the blood-brain barrier (BBB) via basolateral-to-apical

transport of xenobiotics (Loscher ef al., 2005).

Previous data support the hypothesis that the efflux of antiepileptic drugs from the brain
by P-glycoprotein is one of the mechanisms of drug resistance in epilepsy. Pgp is
overexpressed in epileptic foci (Kwan et al., 2005; Loscher ef al., 2005). Expression of
Pgp is greater in drug-resistant than in drug-responsive patients (Dombrowski ef al., 2001,
Tishler ez al., 1995). Some studies indicated that several AEIDs are substrates or inhibitors
of Pgp (Baltes et al., 2007a; Baltes et al., 2007b; Luna-Tortos ef al., 2008b; Weiss ef al,,
2003b), implying that Pgp plays an important role in refractory epilepsy.

Researchers never give up the attempt to curc cpilepsy, although it remains a big
challenge. With many attempts to develop new drugs, soveral new generation
antiepileptic drugs have been approved in recent years, including ESL (which was
described in a previous chapter), zonisamide (ZNS), pregabalin (PGB), rufinamide
(RFM), and lacosamide (LCM).
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Zonisamide was first marketed in Japan and was later approved in the United States for
treatment of partial seizures. It is a novel antiepileptic drug with a different structure than
other AEDs (Table 1.5). ZNS blocks voltage-sensitive sodium channels and T-type
calctum channels (Kothare ef al., 2008). It also may affect levels of neurotransmitters

such as glutamate, GABA, acetylcholine, and dopamine (Kothare ef al., 2008).

ZNS is rapidly absorbed after oral administration, and the serum concentration reaches a
maximum at 4-6 hours. The serum protein binding of ZNS is only 40-60%. The t;;, of
ZNS is 50-70 hours (Johannessen ef al., 2006). ZNS exhibits linear pharmacokinetics and
is extensively metabolized by acetylation, glucuronidation, and oxidation. ZNS is
metabolized by CYP3A4 in the liver, and CYP inhibitors can significantly block the
metabolism of ZNS (Johannessen ef al., 2006). The clinical data collected from Japan,
European, and the United States show that it has efficacy in refractory partial and
generalized epilepsy. The data also indicate that ZNS is more useful as monotherapy than

polytherapy (Kothare et al., 2008).

There have been only a few studies examining the substrate status of ZNS for Pgp in vivo
or in vitro. In 0OS2.4/Doxo cells (canine osteosarcoma cells induced by exposure to
doxorubicin to highly express Pgp), zonisamide (ZNS) did not affect the uptake of
Rhol23 (West ef al, 2007), suggesting that ZNS was not the substrate of Pgp. No
evidence has been reported to indicate the relationship between the overexpression of Pgp

and the concentration of ZNS in animal models or epileptic patients.

Pregabalin is a structural analogue of y-amino butyric acid (GABA). PGB binds to
voltage-gated calcium channel alpha (2)-delta subunits and reduces excitatory
neurotransmitter release, and finally results in allosteric modulation of P/Q-type channels.

It does not work by a GABAergic mechanism (Krasowski, 2010; Shneker ef al., 2005).

PGB is absorbed very rapidly and has excellent bioavailability. The concentration peaks

in serum about 1 hour after oral administration. There is little protein binding and drug-
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drug interaction in serum. Most of the PGB in the blood is not metabolized in the liver.
Most of the unchanged PGB is excreted in urine. Tip of PGB is 4.6-6.8 hours
(Johannessen ef al., 2006). According to the clinical data, PGB is more effective than
gabapentin and equally effective as lamotrigine at comparable doses (Baulac et al., 2010;

Delahoy ef al., 2010; Ryvlin ef ai., 2008).

Lacosamide is a functionalized amino acid. It was approved in the United States and
Europe. No precise mechanism of LCM has been established. It was found that LCM
selectively enhanced slow inactivation of voltage-gated sodium channels with no effect
on fast inactivation and may interact with collapsin response mediator protein-2 (Cross ef
al., 2009).

The absorption of LCM is rapid and complete after oral administration, and the first-pass
effect is limited. LCM reaches its maximum concentration in serum within 1-4 hours.
The protein binding of LCM is about 15%, and t;;, is about 13 hours (Cross ef al., 2009).
LCM has efficacy on partial seizures and is well tolerated (Kellinghaus, 2009).

Rufinamide is a novel AED with a triazole derivative structure. It prolongs the
inactivated state of voltage-gated sodium channels. It does not bind to receptors of

monoamine, acetylcholine, NMDA, histamine, or GABA (Hussar ef al., 2009).

85% of RMF is absorbed after oral administration, and the absorption can be increased by
food. The maximum concentration of RFM can be increased 50% by taking together with
food. The half-life of RFM 1is about 6-10 hours (Perucca et al., 2008). It is extensively
metabolized by carboxylesterases. RFM has efficacy in partial seizures and Lennnox-

Gastaut syndrome in adults (Palhagen ef al., 2001; Perucca ef al., 2008).
We have determined that PHT, PB, OXC, ESL, and the drug metabolites S-L.C and CBZ-

E are the substrate of Pgp. There was little evidence on the substrate status of ZNS for

Pgp (West et al, 2007), and there were no reports studying LCM, RMF, or PGB.
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Therefore, using the concentration equilibrium transport assay, we studied whether they

are substrates of Pgp.

5.2 Materials and methods

5.2.1 Drugs

7ZSN, PGB, LCM, and RFM were supplied by 3B Pharmachem International Co., Ltd
(Wuhan, China). Verapamil was provided by Alexis Biochemicals (San Diego, CA,
USA). Tariquidar was kindly provided by Dr. Kenneth To (The Chinese University of
Hong Kong, Hong Kong). Verapamil and MTT were dissolved in water, and other drugs
were dissolved in DMSO (<0.1% DMSO in final solution). ZSN, PGB, LCM, and RFM
were tested at concentrations covering the ranges of therapeutic plasma concentrations.
Acetonitrile (Labscan Asia, Thailand), ethanol (TEDIA company, Inc., USA), and
methanol (TEDIA company, Inc., USA) were HPLC grade. All other reagents were at
least analytical grade. The water was deionized by Millipore water purification system
(Millipore, Milford, USA).

5.2.2 LLC and MDCK cell monolayer models

5.2.2.1 Cell culture

LLC-PK1 (LLC-WT), MDCKII (MDCK-WT), LLC-MDR1 and MDCK-MDRI1 cells
were cultured as described in previous chapters and previous publications (Zhang ef al.,
2010; Zhang et al., 2011). All the cell lines were used within 10 passages after receipt.
Six-well transwells (Transwcll®, 0.4 um, polycarbonate membrane, 24 mm insert,
Corning, NY, USA) were used for the transport studies. The cells at densities of 2x10°
(MDCK cells) or 1.5%10° (LLC cells) were seeded on the transwells as described
previously (Luna-Tortos ef al., 2008a; Zhang et al., 2007) followed by culturing in the
relevant medium (MDCK: DMEM, 10% FBS, 100 U/ml penicillin-streptomycin; LLC:
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Medium 199, 10% FBS, 100 U/ml penicillin-streptomycin) at 37°C with 5% CO- for 5

days. The medium was changed every day.

5.2.2.2 Cytotoxicities of PGB, LCM, RFM and ZNS to LLC and MDCK cells

Potential cytotoxicity of AEDs was tested by MTT assay as described in a previous
chapter (Zhang et al., 2010; Zhang et al., 2011). Cells at a density of 1.5x10* cells/well
were seeded in 96 well plates and cultured for 48 hr. After withdrawing the culture
medium, 150 pl transport buffer with various concentrations of AEDs was added to each
well and incubated for various times according to the periods of drug exposure in the
transportation assays at 37°C in 5% CO,. Then 20 pl of 5 mg/ml MTT was loaded to each
well, followed by incubation for another 4 hr at 37°C in 5% CO,. The buffer was
removed and replaced with 200 ul DMSO in each well. The absorbance of each well in
the plate was recorded at a wavelength of 590 nm on a microplate reader (Benchmark,
BioRad, USA).

5.2.2.3 Validation of cell monolayer in LLL.C and MDCK cell lines

The validation of cell monolayers of LLC and MDCK cells was performed as described
in previous chapters (Zhang et al., 2010; Zhang et al., 2011). Briefly, the integrity of the
monolayer was monitored by measuring the transepithelial electrical resistance (TEER)
with an epithelial volt/ohm meter (World Precision instruments, Inc., FL, USA). Only the
monolayers with TEER>100 Q em?® (subtracting the background value of a transwell)
before and after the experiment were used for the transport assay. The integrity of the
monolayer was also verified by atenolol (paracellular marker) and propranolol
(transcellular marker). Only the monolayers with integrity values comparable with
published data were used (Crespi et al., 2000; Thiel-Demby ef al., 2008; Wang ef al.,
2008).
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5.2.2.4 Concentration equilibrium transport assay of PGE, LCM, RFM ang ZNS in
LLC and MDCK cell monolayer models

The concentration equilibrium transport assay was performed as described in previous
chapters (Zhang et al., 2010; Zhang et al., 2011). Briefly, the volumes on the apical and
basolateral sides of cell monolayers were 2 ml and 2.7 ml, respectively. Drugs were
initially added to both sides of the monolayer at 10 pg/ml for ZNS, and at 5 pg/ml for
PGB. LCM, and RFM. Aliquots of 100 pl apical and 130 pl basolateral samples, which
did not affect the hydrostatic pressure on the cell monolayers, were collected at various
time points of drug exposure (30, 60, 90, 120, 180 and 240 min). In order to test the
effect of Pgp inhibition on AED transport, the above AED transport assays were
conducted in the presence of verapamil (100 pM) or tariquidar (10uM). The collected

samples were stored at -20°C until analysis.

5.2.2.5 Drug analysis

LCM, RFM and ZNS were quantified by using high performance liquid chromatography
with UV detection (HPLC/UV) as described in previous chapters (Zhang et al., 2010;
Zhang et al., 2011). A Thermo Hypersil BDS Cig column (5 pM pores, 250 mm x 4.6
mm inner diameter) was used. PGB was quantified by using LC-MS/MS as described
before. The HPLC/UV and LC-MS/MS methods were validated, and the inter-day and
intra~-day root mean square deviations were calculated. The lowest limits of quantification

for the drugs were detected.

5.2.3 Data analysis

In the CETA, the data were presented as the percentage of the drug loading concentration
in either apical or basolateral chamber vs. time, as described in previous chapters (Zhang
et al., 2010; Zhang et al., 2011). Values were shown as means + SEM. At various time
intervals, differences of drug concentration between the two chambers of each well were

compared, and differences of drug concentration between the two chambers in wildtype
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(WT) cells were compared with those from MDRI1-transfected cells. Significant
differences between two groups or more than two groups were calculated by student’s t-

test or one-way ANOVA, respectively, with p<0.05 considered as significant.

For MTT assays, percentage survival was calculated according to the formula: (mean of
drug treatment OD — mean of blank OD) / (mean of control OD — mean of blank OD) x
100%. 80% was considered to be safe for the drugs.

53  Results
5.3.1 Stability of AEDs in transport buffer

The stability of PGB, LCM, RFM and ZNS in transport buffer was tested at 37°C. As
shown in Fig 5.1 and Table 2.3, after incubation for 2 hr or 4 hr, the percentages of PGB,
LCM, RFM and ZNS remaining were around 100%, indicating that these compounds are
stable at 37°C in the transport buffer for at least 4 hr. The drugs were also tested at room

temperature in an auto-sampler for 48 hr and were found to be stable (Table 2.4).
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Fig 5.1 Stabilities of tested AEDs in transport buffer at 37°C.

5.3.2 Cytotoxicities of AEDs in cells

The cytotoxicities of PGB, LCM, RFM and ZNS were tested at concentrations of 1, 5, 10,
20, and 50 pg/ml using the MTT assay. The four drugs were not toxic to the four cell
lines for at least 240 min (Fig5.2).
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Fig5.2 Cytotoxicities of ZNS, PGB, RFM, and LCM to LLC (L), LLC-MDR1 (LM), MDCK
(M), and MDCK-MDR1 (MM) cells.
5.3.3 Transport profile of LCM

In the concentration equilibrium transport assay, 5 pg/ml LCM was applied to an LLC
wildtype cell line (LLC-WT) and a cell line of LLC cells transfected with human Pgp

(LLC-MDR1). This concentration is in the range of the clinical plasma concentration of
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LCM (Cross et al., 2009). For LLC-MDRI cells, the concentration of LCM on the apical
side was significantly higher than on the basolateral side from 90 min of drug exposure
onward (Fig 5.3). For LLC wildtype cells, there was no significant difference between
apical and basolateral sides (Fig 5.3). After adding the Pgp inhibitors verapamil (100 pM)
or tariquidar (10 pM), the efflux of LCM from basilateral to apical sides was almost
completely blocked, indicating that LCM was transported by Pgp.

In order to confirm the transport profile of LCM for Pgp, we performed the concentration
equilibrium transport assay using 5 pg/ml LCM on MDCK-WT and MDCK-MDRI cells.
MDCK-MDRI cells transported LCM to a similar degree as did LLC-MDRI1 cells (Fig
5.4). A significant difference in LCM concentrations between apical and basolateral sides
of monolayers was detected from 90 min of drug exposure onward for MDCK-MDRI1
cells, but not for MDCK-WT cells. When the Pgp inhibitor tariquidar (2 pM) was added,
the transport of LCM was almost completely inhibited (Fig 5.4), indicating that LCM is a

substrate of Pgp.
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Fig 5.3 Concentration equilibrium transport assays of lacosamide (LCM) for LLC wildtype
(L-WT) cells and cells transfected with the human MDR1 gene (L-M). Data are given
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as the percentage of the initial drug concentration in either apical or basolateral chamber

vs. time. Experiments were performed in triplicate, and values are shown as mean + SD.

Significant differences in drug concentrations between the two chambers are indicated by

asterisks (n=3, *p<0.05, **p<0.01, ***5<0.001).
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Concentration equilibrium transport assays of lacosamide (LCM) for MDCK wildtype

(MDCK-WT) cells and MDCK-MDRI1 cells. Data are given as the percentage of the

initial drug concentration in either apical or basolateral chamber vs. time. Experiments were

performed in triplicate, and values are shown as mean + SD. Significant differences in drug

concentrations between the two chambers are indicated by asterisks (n=3, *p<0.05,

#%5<0.01, ¥*¥%p<0.001).

5.3.4 Transport profile of RFM

RFM was tested in concentration equilibrium transport assays at 5 ug/ml, which is in the

range of clinical plasma concentrations (Perucca ef al., 2008). There was no significant

different between apical and basolateral concentrations after exposing LLC-MDRI1 cell
monolayers to RFM for 4 hours (Fig 5.5). MDCK-MDRI1 cells also displayed no
transport (Fig 5.5). For both wildtype cell lines (LLC-WT and MDCK-WT), no

significant differences between apical and basolateral concentrations of RFM were

detected (Fig 5.5). These results indicated that RFM was not transported by Pgp.
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Concentration equilibrium transport assays of rufinamide (RFM) for MDCKII and
LLC cells transfected with the human MDR1 gene or for wildtype (WT) cells. Data are

given as the percentage of the initial drug concentration in either apical or basolateral

chamber vs. time. Experiments were performed in triplicate, and values are shown as mean

£ SD.

5.3.5 Transport profile of ZNS

ZNS was tested in concentration equilibrium transport assays. The plasma concentration

of epileptic patients is 10-40 mg/L (Krasowski, 2010). ZNS, at 10 pg/ml, was added to

apical and basolateral sides of monolayers for 4 hours, and samples were collected at

different time points. No significant difference in ZNS concentrations was found between
apical and basolateral sides for LLC-MDR1, MDCK-MDR, LLC-WT, and MDCK-
MDRI1, indicating that ZNS was not transported by Pgp (Fig 5.6).
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Concentration equilibrium transport assays of zonisamide (ZNS) for MDCKII and

LLC cells transfected with the human MDR1 gene or for wildtype (WT) cells. Data

are given as the percentage of the initial drug concentration in either apical or basolateral

chamber vs. time. Experiments were performed in triplicate, and values are shown as

mean = SD.

5.3.6 Transport profile of PGB

In concentration equilibrium transport assays, PGB was tested within the range of clinical

plasma concentrations (Krasowski, 2010). At 5 pg/ml, there were no significant

differences between apical and basolateral concentrations for LLC-MDR1 and MDCK-
MDRI1 cells at any time point (Fig 5.7). In both wild type cell lines (LLC-WT and
MDCK-MDR1), significant transport of PGB was not found (Fig 5.7). The above results

indicated that PGB was not transported by Pgp.

117



Chapter Five

| g ; LLC-

, LLC-WT —&— Apical sl —d- - Apical ]
130 —a— Basolateral 130 #--Basolateral
120 120

8 110 & 110 W
o y o
< 100 | e 100
20 T3 20
80 % =¥ T 1 80 SR—— S
0 100 200 300 ° 100 200 300
Time (min) Time (min)
MDCK-WT —h— Apical MDCK-MDR1 &--Apical
110 —@&— Basolateral 110 —# - Basolataral
100 100 -
9 9 8 90
a.
:; 80 & 80
70 70
60 r = ' 60 —
0 100 200 300 Q 100 200 300
Time (min) Time (min)

Fig 5.7  Concentration equilibrium transport assays of pregabalin (PGB) for MDCKII and
LLC cells transfected with the human MDR1 gene or for wildtype (WT) cells. Data
are given as the percentage of the initial drug concentration in either apical or basolateral
chamber vs. time. Experiments were performed in triplicate, and values are shown as

mean + SD.

5.4 Discussion

Drug resistance in the treatment of epilepsy is a serious problem. The efflux transport of
AEDs from the brain by Pgp might be involved. Several drugs have recently been
developed and marketed, such as LCM, RFM, ZNS, and PGB. However, they did not
greatly improve the cure rate of refractory epilepsy (Hamandi et al., 2006; Kellinghaus,
2009; Kothare et al., 2008; Perucca ef al., 2008; Ryvlin et al., 2008). In previous chapters,
we determined the substrate status of some AEDs. In this chapter, we set out to determine

the substrate status of the above new AEDs.
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The cytotoxicity test indicated that PGB, LCM, RFM, and ZNS were safe for cells in the
concentrations tested for 4 hours. Stability testing indicated that all of the four drugs were
stable during the experiments. The expression level of Pgp in MDR1 transfected cells
was examined, and the function of Pgp in LLC-MDR1 and MDCK-MDR cells was also
detected by the Rhol23 uptake assay, as described in previous chapters. Cell monolayers
were validated by an integrity assay, indicating that the cell monolayer models were

suitable for experiments.

Few studies have examined the substrate status of ZNS for Pgp in vitro. ZNS did not
affect the uptake of Rho123 by 082.4/Doxo cells cxpressing high levels of Pgp (West ef
al., 2007). In our experiment, ZNS was not transported by Pgp in LLC-MDR1 or MDCK-
MDRI1 cells, which is consistent with the published evidence {West et al., 2007).

No published reported exist on the relationship between concentrations of PGB, LCM,
ZNS, and FRM in brain and Pgp expression level in vivo. No evidence indicated the
substrate status of PGB, LCM and RFM i vifro. In this study, LCM, starting at 5 pg/ml,
was transported by Pgp in both LLC-MDRI1 and MDCK-MDRI cells, and the transport
can be almost completely blocked by Pgp inhibitors (verapamil and tariquidar). There
was no transport by wildtype cells, indicating that LCM is a substrate of human Pgp.
RFM and PGB were not transported by Pgp in MDRI transiected cells, indicating that

they are not substrates of Pgp.

LCM is a Pgp substrate, while ZNS, PGB, and RFM arc not. Therefore, the latter threc
drugs might be more likely to overcome Pgp-mediated drug resistance, and they may be

chosen first to treat patients.

5.5 Conclusion

In concentration equilibrium transport assays, Pgp transported LCM but not PGB, RFM,
or ZNS. Therefore, LCM is a substrate of Pgp, while PGB, RFM, and ZNS are not. The

substrate status of these newly marketed drugs at clinically relevant concentrations
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provides information to improve understanding of the function of Pgp in refractory

cpilepsy.
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Chapter Six

Establishment of the cell lines of human MDRI polymorphisms

6.1 Introduction

As described in chapter one, evidences indicated that single nucleotide polymorphism
(SNP) was associated with altered Pgp level and drug respond (Eichelbaum et al., 2004;
Kwan et al., 2009). SNPs at 62 sites have been reported in the human MDRI (Kerb ef al.,
2001; Kim et al., 2001; Kroetz et al., 2003; Sakaeda ef al., 2003; Schwab et al., 2003).
1236C>T, 2677G>T/A, and 3435C>T are frequently studied exonic SNPs in AMMDR/ (Kim
et al., 2001). Polymorphisms of MDRI have been associated with drug responsiveness

(Basic et al., 2008; Ebid et al., 2007; Kwan ef al., 2007a; Siddiqui et al., 2003).

In cells, there was not difference in Pgp surface expression between the 3435T and
3435C genotypes (Kimchi-Sarfaty ef al, 2007, Salama et al, 2006). The
1236C>T/A8935/3435C>T altered the intracellular accumulation of calcein-AM and
BODIPY-FL-paclitaxel in a substrate-dependent manner (Gow et al., 2008). Wang et al.
studied 1236C>T, 2677G>T, and 3435C>T, and indicated that the 3435C>T may be a
main factor to change the mRNA stability of MDR1 and decrease the mRNA expression
level in liver (Wang et al., 2005). Kimchi-Sarfaty et al. noted that the synonymous
polymorphism 3435T, combined with one or two of 2677T and 1236T, resulted in
insensitivity to Pgp inhibitors. The 3435 SNP affects the rate of folding of the Pgp protein
as it is translated, thus affecting the insertion of Pgp into the membrane, resulting in a
change in the interaction site of substrate and inhibitor and altering Pgp function
(Kimchi-Sarfaty et al., 2007). C1236T, G2677T/A, and C3435T significantly minimized
the Pgp function by decreasing the cell uptake of Rhol23 compared with wild type
MDR1 in LLC-PK1 cells (Salama ez al., 2006). C1236T and C3435T were associated
with the decrease of Pgp expression level and increase of Pgp transport activity in

placenta (Hemauer et al., 2010). But in another study, G2677T/A, and C3435T did not
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affect the transport of verapamil, digoxin, vinblastine, and cyclosporine A by Pgp (Morita

et al., 2003).

lung et al. used a cultured cell method to study whether the above pelymorphisms affect
the efflux of AEDs by Pgp. They found that the 1236T-3435T and 1236T-2677A/T-
3435T haplotypes resulted in less effective inhibition of AEDs against substrates of Pgp
and caused lower intracellular concentration of substrates when adding AEDs (Hung et
al., 2008). The data suggest that polymorphisms of MDRI1 influence the interaction
between AEDs and Pgp. However, evidence showing that polymorphisms affect the
directional transport of AEDs by Pgp is inconsistent. Therefore, we proposc to use
monolayers of cells transfected with MDR/ variant haplotypes to investigate their effects
on AED transport. In this study, we established the LLC cell lines transfected with the
human MDRI1 variants at 1236, 2677, and 34335 sites.

6.2 Materials and methods

6.2.1 Materials

Vincristine sulfate was bought from Tauto Biotech (Shanghai, Chian). LB medium,
LB+agar medium, and 10xTBE buffer were supplied by USB Corporation (Cleveland,
OH, USA). Geneticin was bought from Gibco (Invitrogen, Hong Kong). Albumin bovine
serum and PBS tablet were supplied by Sigma. TRIzol reagent, DEPC treated water, and
Lipofectamine 2000 were bought from Invitrogen. Acetonitrile (Labscan Asia, Thailand),
ethanol (TEDIA company, Inc., USA), and methanol (TEDIA company, Inc., USA) were
HPLC grade. Isopropyl alcohol and chloroform were supplied by Merck. All other
reagents were at least analytical grade. The water was deionized by a Millipore water

purification system (Millipore, Milferd, USA).
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6.2.2 Plasmids expressing human MDRI polymorphisms

6.2.2.1 Plasmids

pCl-neo plasmids containing MDR1 and its variants were kindly provided by Dr. Danxin
Wang (Department of Pharmacology, Ohio State University, USA) and Dr. Deanna
Kroctz (Department of Biopharmaccutical Science, University of California San
Francisco, USA). Plasmids were MDRI1-wt (1236C/2677G/3435C), MDR1-1236T
(1236T/2677G/3435C), MDR1-2677T (1236C/2677T/3435C),  MDRI1-2677A
(1236C/2677A/3435C), MDRI-3435T (1236C/2677G/3435T), MDRI1-1236T/2677T
(1236T/2677T/3435C),  MDRI-2677T/3435T  (1236C/2677T/3435T),  MDRI-
1236'1/3435T (1236T/2677G/3435T), and MDR1-1236T/2677T/3435T
(1236T/2677T/3435T). The plasmids only contained the coding region of MDR1 without

untranslated regions (below figure).
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6.2.2.2 Transformation of plasmids

The plasmids were amplified by transformation into £ cofi DHS5a competent cells
{Invitrogen) as described in the manual. Briefly, the competent cells were thawed on ice,
and aliquots of 100 ul of competent cells were placed into chilled tubes. 10 ng plasmid

DNA was added into the competent cells and mixed gently, followed by incubation on
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ice for 30 minutes. After the incubation, the cells were heat-shocked at 42°C for 45
seconds in a water bath, then placed on ice for 2 minutes. 0.9 ml S.0.C. medium was
added to the cells and shaken for I hour at 225 rpm at 37°C. Cells were diluted, spread on
LB plates with 100 pg/ml ampicillin, and incubated overnight at 37°C.

6.2.2.3 Purification of plasmids

Single colonies were picked up from plates and incubated in 2.5 ml LB medium with 100
pg/ml ampicillin at 37°C overnight. Plasmids were purified by QiAprep Miniprep Kit
(Qiagen). Briefly, E.coli cells containing plasmids were collected by centrifuge at 4°C.
The pelleted bacterial cells were resuspended in 250 pl Buffer P1 and transfered to
microcentrifuge tubes. Then 250 pl Buffer P2 was added into the tubes and mixed
thoroughly by inverting 4-6 times. 350 pl Buffer N3 was added and mixed immediately
by inverting the tube 4-6 times. After mixing, the tube was centrifuged at 13000 rpm for
10 minutes at room temperature. The supernatant to the QIArep spin column was
centrifuged for 60 seconds and then washed by 0.75 ml Buffer PE. The plasmid DNA
was eluted by 50 pl Buffer EB.

The size and purity of plasmids was checked by agarose electrophoresis (see blow). The
concentration of plasmids was tested by UV spectrometer at A260 and A280 (NanoVue,
GE Healthcare).
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6.2.2.4 Sequencing of plasmids

In order to confirm the sequence of MDRI1 variants, the plasmids containing MDRI1
variants were checked by sequencing. The following primers were used: T7 universal
primer, 5~ AGCTGATGCAGAGGCTCTAT-3’, 5-GCATGTATGTTGGCCTCCTT-3’,
5’-GGCCGGTGGCATTCGAGTAG-3’, 5>~ -TTACACGTGGTTGGAAGCTA-3", and 5°-
TTGCTTCAGTAGCGATCTTC-3".

6.2.3 Cell line establishment

Stable transfection of MDRI1 variants was performed using Lipofectamine 2000 reagent
(Invitrogen) as described in the manufacturer’s handbook with modification. Briefly,
5%10° LLC cells were seeded in 6-well plates in Medium 199 without antibiotics and
cultured for 24 hours to grow to about 80% confluence. The DNA-Lipofectamine 2000
mixture was prepared as follows for each transfection sample: A. 4 ng plasmid DNA was
added to 200 pul Opti-MEM medium without serum (Gibco, Invitrogen), mixed gently,
and incubated for 15 minutes at room temperature. B. 10 ul Lipofectamine 2000 was
added to 200 pl Opti-MEM medium, mixed and incubated for 15 minutes at room
temperature. C. The diluted Lipofectamine 2000 and diluted plasmid DNA were mixed
gently and incubated for 20 minutes at room temperature. After incubation, the DNA-
Lipofectamine 2000 mixture was added into 6-well plates which contain the LLC cells
and mixed gently. The cells were incubated in a CO; incubator at 37°C for 4 hours, and
the medium was replaced by fresh medium and incubated for 24 hours. For selection of
stable clones, the cells were passaged at different densities and incubated for 24 hours.
Medium containing 1.8-2.0 mg/ml Geneticin (G418, Invitrogen) was added to the plate,
and cells were cultured for about 6 days. For the selection of clones expressing a high
level of Pgp, the medium was replaced by medium with 1.5 pM vincristine sulfate and
cultured for another 6 days. The separated stable clones containing MDR1 variants were
picked up and seeded into 96-well plates and further identified by real-time PCR and

immunoblotting.
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6.2.4 RNA extraction

In order to measure the expression level of Pgp, the total RNA in stably-expressing
clones was extracted by TRIzol reagent (Invitrogen) as described in the manufacturer’s
instructions. Cells were seeded in 24-well plates and cultured to about 90% confluence.
200 pl of TRIzol reagent was added to each well to lyse the cells. The cell lysate was
homogenized by passing through a pipette about 10 times and was incubated for 5
minutes at room temperature. 40 pl chloroform was added to the cell lysate, which was
then mixed gently and incubated for 3 minutes at room temperature. The sample was then
centrifuged at 12000 g for 15 minutes at 4°C. The upper aqueous phase was transferred to
a new tube, and 100 pl of isopropyl alcohol was added, mixed, and incubated for 10
minutes at room temperature. Then the sample was centrifuged at 12000 g for 10 minutes
at 4°C to precipitate the RNA. The RNA was washed by 75% ethanol and air dried.
Finally, the RNA was dissolved in DEPC treated water. The concentration of RNA was
checked by UV spectrometry at A260 and A280 (NanoVue, GE Healthcare). The quality
of the RNA was checked by agarose electrophoresis. RNA was stored at -80°C.

6.2.5 Reverse transcription PCR

Reverse transcription PCR was performed using a QuantiTect Reverse Transcription Kit
(Qiagen) according to the manufacturer’s protocol. Briefly, the template RNA was
thawed on ice, and 1 pg template RNA, DEPC water, and 2 pl gDNA wipeout buffer
were mixed to a volume of 14 pl, and incubated for 2 minutes at 42°C to eliminate the
genomic DNA. Then the mixture was placed on ice and the reverse transcription master
action system was prepared by adding 1 pl Quantiscript Reverse Transcriptase, 4 ul
Quantiscript RT buffer, and 1 pl RT primer mix, and then mixing and incubating for 15
minutes at 42°C. The mixture was incubated for 3 minutes at 95°C to inactive the reaction.

The ¢cDNA was stored at -20°C.
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6.2.6 Quantitative real-time PCR

To quantify MDRI mRNA levels in the cell lines, real time PCR was performed with
FastStart Universal SYBR Green Master (Roche) in a Roche LightCycler 480
(Mannheim, Germany). PCR amplification was carried out by using the following primer
pairs: MDRI1, 5’-CCCATCATTGCAATAGCAGG-3’ and 5°-
TGTTCAAACTTCTGCTCCTGA-3’; f-Actin, 5’-CCTCTATGCCAACACAGTGC-3’
and 5’-ACATCTGCTGGAAGGTGGAC-3’. The amplification program was pre-
incubation at 50°C for 2 min and 95°C for 10 min; amplification at 95°C for 10 sec, 59°C

for 20 sec, and 72°C for 10 sec; and repeating the amplification steps for 45 cycles.

6.2.7 Immunofluorescent staining

To detect the location and protein level of Pgp in the cell lines, immunofluorescent
staining was performed as described before with some modification (Zhang et al., 2011).
Briefly, cells were seeded on cover slips and cultured for 48 hr. The density of cells was
about 80% when stained. After rinsing twice by cold PBS, the cells were fixed in 4%
PFA for 15 min. The slips were washed with PBS 3 times for 5 minutes each. Then the
cells were blocked by 10% FBS in PBS at room temperature for 30 minutes, followed by
diluted Pgp antibody JSB-1 (1:50, Enzo Life Science, USA) in PBS with 0.5% BSA at
4°C overnight. Cells were rinsed with PBS twice and incubated in secondary antibody
(1:300, Alex 488-conjugated I1gG, Inivitrogen) in PBS with 0.5% BSA in the dark at
room temperature for 30 minutes. Finally, cells were washed by PBS twice, and slides

were mounted to observe them on a fluorescent microscope.
6.2.8 Western blotting

6.2.8.1 Protein extraction

The western blotting was performed as described in the antibody handbook of abcam®
with modifications. Cells on dishes were washed with cold PBS, followed by ice-cold

lysis buffer (1 ml per 107 cells / 100 mm dish). Adherent cells were scraped off the dish
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using a cell scraper, and then constant agitation was maintained for 30 minutes at 4°C.
The cell suspension was centrifuged in at 4°C at 12,000 rpm for 10 min.The supernatant
was aspirated and placed in a fresh tube. The protein concentration was measured by Bio-

Rad Protein Assay Kit as described in the handbook.

6.2.8.2 Electrophoresis

For Pgp (170 kDa), a 7.5% gel was prepared as in the table below. Samples were boiled
in SDS sample buffer (see 6.2.8.4), and 100 pg protein of each sample was loaded. The
gel was run at constant voltage (S0V as samples pass through the stacking gel and 100V

as samples pass through the separating gel).

Materials Resolving Gel |Stacking Gel
7.5% 5%
40% Acrylamide 0.90 ml 0.27 ml
2% Bis-Acrylamide 0.5 ml 0.14 ml
0.5M Tris-HCI pH 6.8 0 0.63 ml
1.5M Tris- HCI pH 8.8 1.3 ml 0
10% SDS 50 pl 25 ul
dH20 2.27 ml 1.4 ml
TEMED 2.5ul 2.5l
10% Ammonium Persulfate |25 pl 12.5 ul
6.2.8.3 Transfer

The transfer buffer (listed in recipe) was cooled on ice and the sponge, PVDF membrane
{(soaked with methanol), and filter paper were soaked in transfer buffer for 5 min at 4°C.

Transfer was performed at 100 V for 4 hr on ice.

6.2.8.4 Staining

The membrane was blocked in 5% milk for 30 min at room temperature. Primary

antibody (C219 at a 1:1000 dilution; B-tubulin at a 1:300 dilution) was added and rotated
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overnight at 4°C. Then the membrane was washed by TBST twice for 5 min each. Anti-
mouse secondary antibody (1:2000) or anti-rabbit secondary antibody (1:1000) was
added and incubated for 1 hr at room temperature. The membrane was washed 3 times for
5 min each.
Buffer Recipe

B Lysis buffer:

1.21 g (50 mM) Tris
1.75 g (150 mM) NaCl
2 mL 10% SDS (0.1% SDS)
[49 mg (2 mM) EDTA
(1%) Triton X-100
(10%) Glycerol
;0 to 200 ml.
B 4X Sample buffer:
303 mg Tris pH 6.8
0.5 g SDS
3 mL glycerol
2 mg bromophenol blue.
1 ml. B-mercaptoeihanol
5 mL water
W ‘Transfer buffer: 1 L,
3.03 g Tris
14.2 g Glycine
200 mL MeOH
800 mL H,O
N 10X Washing buffer: TBST
58.4 g NaCl
12.1 g Tris
pH 7.5 and adding 1 mL Tween 20 and make up to 1L.
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6.2.9 Data analysis

For real time-PCR, relative expression levels of MDRI mRNA in LLC variant cells were
scaled to the mean relative expression level of the housekeeping gene f-actin. For
western blotting, Pgp relative expression level was calculated by dividing the amount of
Pgp by the amount of B-tubulin. The relative expression level of LLC-CGC (reference

variant) was defined as 1 for both mRNA and protein.

All the data were shown as means £ SD. Significant differences between two groups or
more than two groups were evaluated by student’s t-test or one-way ANOVA,

respectively, with p<0.05 considered significant.
6.3 Results

6.3.1 Selected clones

The plasmids containing MDRI variants were transfected into LLC-PK1 cells by
Lipofectamine 2000 reagent and selected by G418 and/or vincristine sulfate. The stable
clones resistant to G418 or both G418 and vincristine sulfate were collected. For each

variant, about 25 clones were picked up for each selection condition.

6.3.2 mRNA expression level of MDRI by real-time PCR

The total RNA of LLC cells transfected with MDRI variants was extracted, and the RNA
concentration was quantified by UV spectrometer. The quality of the RNA was checked
by agarose electrophoresis. Figure 6.1 shows that the quality of total RNA extracted from

the clones was good enough for RT-PCR.
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Fig 6.1 Agarose gel of total RNA extracted from MDRI variants

After transcribing the RNA to ¢cDNA by RT-PCR, the mRNA levels of MDR/I variants
were quantified by real-time PCR. We used the mRNA level of S-actin as the internal
standard to quantify the mRNA of MDRI. Figure 6.2 shows the amplification curves and
melting peaks for MDRI and S-actin. The cycle threshold (Ct) values of MDRI and S-
actin for each variant are listed in Table 6.1. For each variant, the level of MDR/ adjusted
for S-actin was also calculated (Table 6.1). The expression levels of MDR were not high
in the clones which were selected only by G418. We picked the clones with the highest
levels of MDRI to perform the transport assay. For the selection using both G418 and
vincristine sulfate, the expression level of MDRI was high. We chose the clones which

expressed similar MDR1 levels for further experiments.

Table 6.1 The mRNA expression level of MDRI in variants.

f:r'ﬁgt MDR1 Ct (Mean) {iﬁgg’r"ft Adjusted MDR1 level”
LI-CTC-7 18.04 218 13.48
LI-CTC-9 18.77 21.92 8.857
LI-CGC-10 17.79 21.62 14.29
LI-CGC-11 19.05 92.33 9.726
LI-CTT-7 17.98 21.06 10.11
LI-CTT-8 16.53 20.5 15.67
LI-CGT-11 17.79 21.65 14.43
Lil-CGT-16 19.46 2237 7.486
LI-TTC-3 17.85 20.85 8.041
LI-TTC-4 21.15 23.27 4,372
LU-TTT-A 17.68 21.12 10.89
LI-TTT-2 16.63 20.71 16.92
LI-TGT-1 17.59 20.07 5.562
LI-TGT-3 17.58 20.3 6.602
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Fig 6.2 Amplification curves and melting peaks for MDRI and f-actin in real time PCR

6.3.3 Protein expression of Pgp

Western blotting was performed to measure the protein expression level of variants
selected. The whole cell lysate was extracted, and Pgp and B-tubulin were detected. The
relative protein expression level of Pgp was scaled to the relative expression level of
housekeeping gene B-tubulin (Pgp / B-tubulin). There were two bands of Pgp detected,
which were mature (upper band) and immature (lower band) Pgp. The mature Pgp was
glycosylated, and the two bands were calculated to quantify the Pgp expression level
(Figure 6.3 and Figure 6.4). Figure 6.3 shows the expression of Pgp in variants selected
by G418. Figure 6.4 shows the expression level of variants selected by G418 and
vincristine sulfate. The Pgp expression level of variants selected by G418 and vincristine

sulfate was higher than those only selected by G418 (Figure 6.5).
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Fig 6.3 Western blotting of variants selected by G418
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Fig 6.4 Western blotting of variants selected by G418 and vincristine sulfate
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Fig 6.5 Pgp expression levels of variants selected by G418 and vincristine sulfate, or by only
G418
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In each clone, the relative protein expression level was compared with the relative mRNA
level. For both selection conditions, the mRINA expression levels were almost consistent
with the protein levels (Figure 6.6 & 6.7), indicating that the variants do not greatly affect
the translation of Pgp.

18
186 1
1.4 4

1.2 4 O Protein

0.8 -
0.6 4
0.4
024

CGG-5 CTG-5 CGT-5  CTT-10

Fig 6.6 Comparing the mRNA and protein expression level in variants selected by GG418. The
protein level was calculated as Pgp/B-tubulin, in which the ratio in LII-CGC cells was
defined as 1. The mRNA level was calculated as MDR I/f-actin, in which the ratio in
LII-CGC cells was defined as 1.
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Fig 6.7 Comparing the mRNA and protein expression level in variants selected by G418 and
vincristine sulfate. The protein level was calculated as Pgp/f-tubulin, in which the
ratio in LII-CGC cells was defined as 1. The mRNA level was calculated as MDR1/f-
actin, in which the ratio in LII-CGC cells was defined as 1.

The localization of Pgp in variants was detected by immunofluorescent staining. Pgp was
generally localized at the cell membrane (Figure 6.8), indicating that the transfected

MDRI gene was expressed at the correct location in variant cell lines.

L1l-Ret-11 L11-7-10 Ret-5 LLC-WT

Fig 6.8 Localization of Pgp in variants. The first row is Pgp staining, shown as a fluorescent

green signal, and the second row is the bright field images of cells.
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6.4 Discussion

MDRI encodes a 170 kDa protein, Pgp, which is a transmembrane transporter. Pgp is an
ATP dependent transporter effluxing a wide spectrum of chemicals and drugs. SNPs in
MDR1 were reported to affect Pgp function and expression level. In our current study, we

used LL.C-PK1 cells as the system to express Pgp variants and to detect their function.

Many publications have reported on the exonic SNPs 1236C>T, 2677G>T/A, and
3435C>T. They were associated with drug resistance in epilepsy (Basic ef al., 2008;
Kwan ef al., 2007a; Kwan et al., 2000a; Kwan ef al., 2009; Seo ef al., 2006; Siddiqui et
al., 2003). Several eukaryotic transient protein expression systems were used to study
Pgp function in vitro, including recombinant baculovirus, vaccinia virus, and vaccinia-T7
systems (Miller, 1993; Moss, 1991; Ramachandra et al., 1996). These systems express
high levels of Pgp. However, the baculovirus system can disrupt the cell membrane,
which affects the permeability of cells. The vaccinia virus and vaccinia-T7 systems have
the advantage of keeping the cell membrane intact and the systems were easily modified.
Transient expression systems have the advantage in being able to quickly and highly
express Pgp. But transient expression systems do not offer consistent transfection
efficiency, and the expression level of protein decreases quickly during cell culture, thus

they are not suitable for the cell monolayer system.

Several stable systems have been established, including an Flp recombinase expression
plasmid and a CMV plasmid system (Hung ef al., 2008; Schinkel ef al., 1995). In our
project, we used the pCl-neo plasmid system, which used a neo selection marker and
CMYV promoter to establish stably expressing cell lines. The plasmids containing MDR1
wild type or variant cDNA were transfected into LLC cells and selected by G418 or by
G418 and vincristine sulfate. The expression level of Pgp in cell lines selected by G418
alone was low (Figure 6.5 and Table 6.1). A few clones had Pgp function when tested in
the cell monolayer transport assay. That higher expression of Pgp has higher cytotoxicity
may be the reason causing the low expression of Pgp. Vincristine sulfate is a substrate of

Fgp and has high cytotoxcity. It can kill the cells with a low Pgp expression level, thus
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selecting clones with high Pgp cxpression (Schinkel ef af., 1995). When 1.5 pM
vincristine sulfate was added afler selection by G418, we increased the number of clones
expressing high Pgp levels and transport activity (Figure 6.5 and Table 6.1). Vineristinc
sulfate can induce other drug transporters, which may affect the transportation of drugs
by Pgp (Schinkel et al., 1995).

The LLC-PK1 cell line was used to do the transfections. The endogenous Pgp in LLC
cells was less abundant than in MDCKII cells (data in previous chapter). The polarized
LLC cell line transfected with MDRI variants can form a monolayer in transwells,
allowing evaluation of the function of Pgp variants. The cxpression level of Pgp in
selected clones was tested by real-time PCR and western blotting. f-actin and f-tubulin
are housckeeping genes and were used as internal standards to quantify Pgp expression.
The Pgp mRNA level of variants was calculated as MDR !/§-actin, and the protein level
of Pgp was calculated as Pgp/B-tubulin. In each variant selected by G418 or by G418 and
vincristine sulfate, comparing the mRNA level with the protein level showed that their
variations were moderately consistent (Figure 6.6 and Figure 6.7). Since the primer pair
for real-time PCR of the human MDRI gene did not match perfectly to the porcine
homologs, the real-time PCR may not indicate the expression level of the endogenous
MDR1 gene very well in LLC cells. These data suggested that the variants do not
strongly affect the translation from mRNA to protein. The human MDRI gene with SNPs
at the 2677 and 3435 sites, which were transfected into LLC cclls by the Flp recombinase
system, demonstrated that 2677G>T/A and 3435C>T did not affect Pgp expression
(Morita et al., 2003). A transient expression system also indicated that the SNPs at 1236,
2677 and 3435 do not affect the expression level or cell surface expression (Kimchi-
Sarfaty et al., 2007).

The location of Pgp in variant clones was detected by immunostaining. More Pgp was

located at the cell surface than in cytoplasm, indicating that the exogenous MDRI gene

was expressed correctly in L1C cells (Figure 6.8).
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0.5 Conclusion

pCl-neo plasmids containing MDRI SNPs at 1236, 2677, and 3435 sites were transfected
into polarized LLC-PK1 cells. The stable clones were selected by two methods (by G418,
or by G418 and vincristine sulfate). The mRNA and protein expression levels of Pgp
were measured by real time PCR and western blotting, respectively. The expression level
of Pgp in variants selected by G418 and vincristine sulfate was higher than by G418
alone. The relative expression level of mRNA and protein were consistent, indicating that
SNPs do not affect the translation of the MDRT gene. Exogenous Pgp was localized at the

cell surface, indicating that il was suitably placed to function in a transport assay.
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Chapter Seven

Functional effects of human MDRI polymorphisms on transport activity

7.1 Introduction

As mentioned in chapter one, single nucleotide polymorphisms (SNPs) in MDR may be
associated with drug resistance in epileptic patients. Three SNPs in the cDNA (1236C>T,
2677G>T/A, and 3435C>T), which are in some degree of linkage disequilibrium, have
been the target of investigation by researchers. At first, the effect of SNPs on Pgp
function was studied in oncology. The SNPs may affect the expression of Pgp, which
influences the degree of drug resistance of cancer cells to chemotherapy and affects drug
efficacy (Fung er al., 2009). The expression of Pgp was studied as one of the factors

affecting the function of Pgp.

The effects of these three SNPs in humans were studied. The plasma level of digoxin, a
substrate of Pgp, was significantly higher in individuals with 3435TT than in individuals
with 3435CC (Hoffmeyer ef al., 2000; Johne et al., 2002). The renal clearance of digoxin
was lower in individuals with 3435T (Kurata et al., 2002). CD56+ natural killer cells
from people with the 3435CC genotype had more efflux of rhodamine than cells from
people with 3435TT (Hitzl ef al., 2001). Europeans and Americans homozygous for the
3435C allele had a lower plasma level of fexofenadine (an antihistamine drug) than did
people with the 3435T allele (Kim ef al., 2001). But a report indicated that there was no
association between 3435 variants and fexofenadine disposition in German Caucasians.
The 2677T genotype was associated with a lower AUC of fexofenadine than 2677G in
plasma (Drescher et al., 2002). Giloblastoma patients with the 1236CC genotype had a
significantly higher rate of survival than patients with 1236C/T or 1236TT genotypes
(Schaich et al., 2009).

There was no difference in Pgp surface expression between cells expressing the 3435T or

3435C alleles (Kimchi-Sarfaty et al., 2007, Salama et al., 2006). Haplotypes of
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1236/2677/3435 affected the intracellular accumulation of calcein-AM and BODIPY-FL-
paclitaxel in a substrate-dependent manner (Gow ef al., 2008). Wang et al. studied
1236C>T, 2677G>T, and 3435C>T, and found that 3435C>T may be a key factor in
changing the mRNA stability of MDR/ and the MDRI mRNA expression level in liver
(Wang ef al., 2005).

Kimchi-Sarfaty et al. noted that the synonymous allele 3435T, combined with the 2677T
and/or 1236T allele, resulted in insensitivity to Pgp inhibitors. The 3435 SNP affects the
rate of folding of the Pgp protein as it is translated, thus affecting the insertion of Pgp into
the membrane, resulting in a change in the interaction site of substrate and inhibitor and
altering Pgp function (Kimchi-Sarfaty ef al., 2007). The 1236T, 2677T/A, and 3435T
alleles significantly reduced Pgp function, as shown by decreased cell uptake of Rho123
compared with wild type MDR1 in LLC-PK1 cells (Salama et al., 2006). The 1236T and
3435T alleles were associated with decreased Pgp expression and increased Pgp transport
activity in placenta (Hemauer ez al., 2010). But in another study, 2677 and 3435 alleles
did not affect the transport of verapamil, digoxin, vinblastine, and cyclosporine A by Pgp
(Morita et al., 2003).

Hung et al. used a cultured cell method to study whether the above polymorphisms affect
the efflux of AEDs by Pgp. They found that the 1236T-3435T and 1236T-2677A/T-
3435T haplotypes resulted in less effective inhibition of AEDs against substrates of Pgp
(Hung et al., 2008). The data suggested that polymorphisms of MDRI influenced the
interacti(.)n between AEDs and Pgp. All the published studies to determine the influence
of SNPs in MDR1 used the cell uptake model, and there was no direct evidence showing
that the polymorphisms affect the directional transport of AEDs by Pgp. Therefore, we
propose to use monolayers of cells transfected with the MDRI variants to investigate
their effects on the transport of oxcarbazepine and eslicarbazepine acetate. We chose to
use these drugs because they are stronger Pgp substrates than are other AEDs, which may

show us more significant transportation difference among the variants.
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7.2 Materials and methods
7.2.1 Materials

ESL, MTT (3-[4,5 dimethy] thiazolyl-2]-2,5-diphenyltetrazolium bromide), and Rho123
were supplied by Sigma Aldrich (St. Louis, MO, USA). OXC was obtained from the
National Institute for the Control of Pharmaceutical and Biological Products (Beijing,
China). Vincristine sulfate was bought from Tauto Biotech (Shanghai, Chian). Geneticin
was bought from Gibce (Invitrogen, Hong Kong). Verapamil and MTT were dissolved in
water, and other drugs were dissolved in DMSO (<0.1% DMSO in final solution).
Acetonitrile (Labscan Asia, Thailand), ethanol (TEDIA Company, Inc., USA), and
methanol (TEDIA Company, Inc., USA) were HPLC grade. All other chemicals were

analytical grade.

7.2.2 Cell lines and cell culture

LLC (LLC-WT) cells were kindly provided by Professor P. Borst (The Netherlands
Cancer Institute, Amsterdam, Netherlands). Cell lines for genetic variants were
established in the previous chapter (Zhang ef al., 2010; Zhang et al., 2011). Cell culture
was performed as described previously. The stable clones transfected with AMDRI
variants were cultured with G418 (1 mg/ml) or vincristine sulfate (800 nM). Cell lines
were used within 15 passages after transfection. Phosphate buffered saline (PBS),
Dulbecco’s Modified Eagle Medium (DMEM), Medium 199, and fetal bovine serum

(FBS) were described in the previous chapter.

7.2.3 Real time-PCR analysis

To quantify MDRI mRNA levels in the cell lines, RNA was isolated using Trizol
(Invitrogen, CA, USA) as described by the manufacturer (Zhang ef al., 2010; Zhang ef ai.,
2011). 1 pg total RNA was treated with 0.5 U of DNase I (Invitrogen, CA, USA) and

used for RT-PCR. Reverse-transcription was performed using the SuperScript First-
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Strand Synthesis System (Invitrogen, CA, USA). Real time PCR was performed with
KAPA SYBR® qPCR Master Mix (Kapa Biosystems, MA, USA) in a Roche LightCycler
[I (Mannheim, Germany). PCR amplification was carried out by using the following
primer pairs: MDRI, 5’-CCCATCATTGCAATAGCAGG-3’ and
S*-TGTTCAAACTTCTGCTCCTGA-3’; p-Actin,
5’-CCTCTATGCCAACACAGTGC-3" and 5’-ACATCTGCTGGAAGGTGGAC-3’. For
data analysis, relative expression levels of MDRI mRNA in LLC variant cells were
scaled to the relative expression level of the housekeeping gene fS-actin by the Roche
cycler 480 software. The relative expression level of LLC-CGC (reference variant) was

defined as 1.

7.2.4 Western blotting

The protein was extracted by RIPA buffer, and the protein concentration was tested by
Bio-Rad protein Assay Kit as described previously. 100 pug protein of each sample was
isolated by 7.5% SDS PAGE, and transfered to PVDF membrane at 100V for 4 hours at
4°C. Then, the membrane was blocked by 5% milk for 60 min at room temperature, and
incubated with primary antibody (C219, 1:1000; Rabbit anti-tubulin, 1:500) overnight at
4°C. AP conjunct second antibody was incubated (1:2000) for 2 hours at room
temperature. For data analysis, Pgp relative expression level was calculated as Pgp / p-
tubulin. Each cell line was quantified three times. The relative expression level of LLC-

CGC (reference variant) was defined as 1.

7.2.5 Validation of cell monolayer in MDRI variants

The validation of MDR! variant cell lines was performed as described previously (Zhang
et al., 2010; Zhang et al., 2011). Briefly, first, integrity of monolayers was tested by
measuring the transepithelial electrical resistance (TEER) with the epithelial volt/ohm
meter (World Precision Instruments, Inc., FL, USA). Monolayers with TEER > 150 Q
em” (subtracting the background value of a transwell) were used for assays. After each

experiment, TEER was also tested, and monolayers with TEER decreased more than 15%
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compared with the initial value were discarded. Second, integrity of monolayers was
verified by atenolol and propranolol. The bi-directional transport assays of atenolol and
propranolol were performed by measuring the apparent permeability (Papp) as described
previously. Atenolol and propranolol were dissolved in PBS as working solutions at
concentrations of 3 mM and 100 uM, respectively. Initially, 1.5 ml drug solutions were
added to the apical side of the monolayer, and 2.6 ml fresh PBS was added to the
basolateral side. Aliquots of 0.5 ml samples were taken from basolateral sides every 15
min for 2 hours, and the volume of PBS was replaced after each sampling. The Py, value
from the apical to the basolateral side was calculated. Cell lines with integrity values
which were comparable with published data were chosen for conducting further

experiments (Crespi et al., 2000; Thiel-Demby et al., 2008; Wang et al., 2008).

7.2.6 Cytotoxicity test

The cytotoxicities of the tested compounds on MDR! variant cell lines were evaluated by
MTT assay as described in the previous chapter (Zhang et al., 2010; Zhang ef al., 2011).
Briefly, 1.5%x10* cells/well were seeded in 96 well plates and cultured for 48 hr. After
withdrawing the culture medium, 200 pl PBS with various concentrations of AEDs was
added and incubated for 4 hr. Buffer was then replaced with 200 pl of 0.5 mg/ml MTT in
PBS. After 2 hr, the solution was replaced with 200 pl DMSQO, and the absorbance was
determined at a wavelength of 590 nm on a microplate reader (Benchmark, BioRad,

USA).

7.2.7 Concentration equilibrium transport assay

MDR] variant cell lines were used for concentration equilibrium transport assay

(CETA) as described previously (Zhang et al., 2010; Zhang et al., 2011). Briefly, culture
medium was replaced with warm PBS for 10 minutes before transport assays. Drugs were
initially added to both sides of the monolayer at equal concentrations. Volumes on the
apical and basolateral sides were 2 ml and 2.7 ml, respectively. Apical and basolateral

samples were collected at various time points of drug exposure (30, 60, 90, 120, 180, and
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240 min). Aliquots of 100 pl and 130 pl were collected from apical and basolateral sides,
respectively, so as not to affect the hydrostatic pressure on the cell monolayers. The

collected samples were stored at -20°C until analysis.

7.2.8 Drug analysis

OXC and ESL were quantified by high performance liquid chromatography with UV
detection (HPLC/UV) as described before (Zhang et al., 2010; Zhang et al., 2011). The
HPLC system (Waters, Milford, MA, USA) was equipped with a 2695 solvent delivery
module, a Thermo Hypersil BDS C18 column (5 pM pores, 250 mm X 4.6 mm inner
diameter), and a 996 photodiode-array (PDA) UV detector. The limits of quantification
(LOQ) were 50 ng/ml for OXC and 30 ng/ml for ESL. The relative standard deviations
(R.S.D.) of both intra-day and inter-day precision for all the drugs were below 5%.

7.2.9 Data analysis

For MTT assays, percentage survival was calculated according to the formula: (mean of
drug treatment OD — mean of blank OD) / (mean of control OD — mean of blank OD) x

100%. 80% was considered to be safe for the drugs.

In CETA, the data are presented as the percentage of the drug loading concentration in
either apical or basolateral chamber vs. time, as described before. Values are shown as
mean + SEM. At various time intervals, differences of drug concentration between the
two chambers of each well were compared, and differences of drug concentration
between the two chambers for wildtype (WT) cells were compared with those from
MDR i-transfected cells. Significant differences between two groups or more than two
groups were calculated by student’s t-test or one-way ANOVA, respectively, with p<0.05

considered as significant.
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7.3 Results and discussions
7.3.1 Selected clones

The stable clones were selected by two methods (G418 or G418 and vincristine sulfate).
The mRNA and protein expression level of Pgp were measured by real titme PCR and
western blotting. The clones with suitable expression level of Pgp were chosen to

perform further experiments.
7.3.2 AED cytotoxicity

The cytotoxicity test was performed on variant cell lines for ESL and OXC at
concentrations of 5, 10, and 20 pg/ml. The MTT assay indicated that the concentrations
of ESL and OXC tested were not toxic to the variant cell lines for at least 240 min (Fig

7.1).
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Cytotoxicity of ESL
160
g 140 |
g '
oo R
ig s 05 pg/ml
: i B 10 pg/ml|
E | B 20 ugfml|
§ x|
D 1 —_— — ] -t -
CIT CTC CGT CGC
Cytotoxicity of OXC
140 ¢
5 120 :
5 o 1 | r T L |
80 f i 05 pg/ml
éf 60 } ' - & 10 pg/m
L3 & F M 20 pg/ml
2 } |
a i | . .
CIT CTC C CGC

Fig 7.1 Viability of cells exposed to ESL or OXC for MDR1-CTT (7-10), MDR1-CTC (CTC-5),
MDR1-CGT (4-5), and MDR1-CGC (Ref-5) cell lines. Values are means + SEM.

7.3.3 Validation of cell monolayers of MDRI variants

Integrity of monolayers of the variants was verified by testing that the apparent
permeability values (P,y) of atenolol and propranolol were within the range of 0.5x 10
to 1.5x10° cm/s and 15x10°° to 40x10°® cm/s respectively, which were comparable to
those previously published (Crespi ef al., 2000; Thiel-Demby et al., 2008; Wang et al.,
2008; Zhang et al., 2010; Zhang et al., 2011).
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7.3.4 Functional evaluation of MDRI polymorphisms

7.3.4.1 Functional evaluation of clones selected by G418

7.3.4.1.1 Transport assay of OXC

The clones selected by G418 were picked up, and the mRNA and protein level were
measured. Wildtype cells and variant cells (2677G>T and 3435 C>T variants) were used
in experiments. Pgp relative expression level was calculated by Pgp / B-tubulin for
protein and MDRI / B-actin for mRNA. The relative expression of MDRI-CGC

(clone: L-REF-5) was defined as 1 for both mRNA and protein. The expression levels of
Pgp mRNA and protein are shown (Fig 7.2, Table 7.1, and Table 7.2).

(a). (b).
CTC CGC CGT CIT

3 & Protein
B mRNA

-
= -

Relative expression

f-tubulin

CGC cTC CGT CTT

§ raaame

Fig 7.2 MDRI1 protein and mRNA expression levels: (a) western blot of cell lines expressing
genetic variants and (b) relative quantification of MDR1 protein and mRNA levels
obtained by western blotting and real time PCR, respectively.

For the concentration equilibrium transport assay, cells were seeded into transwells, and
OXC was added at a concentration of 5 ng/ml. Wildtype and variant cells all pumped
OXC from the basolateral to the apical side (Fig 7.3). The concentration difference
between apical and basolateral sides at 240 min (con. difference at 240 min) was
calculated for each cell line. Because the expression level of Pgp was not the same among

variant cell lines, the function of Pgp was evaluated by the concentration difference at

148



Chapter Seven

240 min divided by Pgp expression level (con. difference at 240 min / mRNA level or
con. difference at 240 min / protein level) for each variant cell line. MDRI1-CTC
exhibited the biggest difference after correcting by the mRNA level of Pgp (Fig 7.4 &
Table 7.1); the difference was significantly higher than that of MDRI-CGC (p=0.02).
Differences for MDR1-CGT and MDRI1-CTT were not significantly bigger than that of
MDR1-CGC (p=0.19 and 0.087, respectively).

Table 7.1 The mRNA expression level and transport of OXC (at 5 pg/ml) by MDR1

variants,
L-CTC-5 L-4-5 L-7-10
L-REF-5 (MDR1- (MDR1- {MDR1-
{MDR1-CGC) CTC) CGT) CTT)
mRNA lavel 1.0 0.4 1.1 1.0
Con. difference at 240  Mean 16.4 20.1 27.8 20.9
min {%) SD 4.2 6.2 8.2 5.1
Amount 0 to 240 min Mean 19 2.4 2.8 25
{(vg) sD 1.1 Q7 0.7 0.8
Con. difference at 240 Mean 15.4 45.9 245 18.8
min / mRNA level 8D 4.2 14.1 7.3 46
Amaount 0 to 240 min/ Mean 1.9 5.8 2.4 22
mRNA lavel sD 1.1 18 0.6 05
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Fig 7.3 Concentration equilibrium transport assays of oxcarbazepine for MDR1-CGC (Ref-5),

MDR1-CTC (CTC-5), MDR1-CGT (4-5), and MDR1-CTT (7-10). Data are given as

the percentage of the initial drug concentration in either apical or basolateral

chamber vs. time. Experiments were performed in triplicate, and values are shown as

mean + SD.
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Fig 7.4 The concentration difference between apical and basolateral sides at 240 min divided
by the mRNA level of MDR1 for MDRI-CGC (Ref-5), MDRI1-CTC (CTC-5),
MDR1-CGT (4-5), and MDRI1-CTT (7-10). Data are given as the percentage of the
initial drug concentration in either apical or basolateral chambers. Experiments

were performed in triplicate, and values are shown as mean = SD.

The amount of drug transported by Pgp during 240 min was also calculated and divided
by Pgp expression level (amount 0-240 min / mRNA level or amount 0-240 min / protein
level). This method of calculation gave results similar to thosc obtained using the
concentration difference (Fig 7.5 & Table 7.1). For amount of drug transported, corrected
by the mRNA expression level, the MDRI1-CTC cell line transported more drug than
MDR1-CGC (p=0.028) or MDR1-CGT (p=0.032). There were no significant differences

among other variants.
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Fig 7.5 The amount of drug transported by Pgp during 240 min divided by the mRNA level of
Pgp for MDR1-CGC (Ref-5), MDR1-CTC (CTC-5), MDR1-CGT (4-5), and MDR1-
CTT (7-10). Experiments were performed in triplicate, and valees are shown as mean
= 8D.

The concentration difference at 240 min and amount of drug transported by Pgp during
240 min were corrected by Pgp protein level. The values of amount 0-240 min / protcin
level and con. difference at 240 min / protein level for each variant were calculated
(Table 7.2, Fig 7.6), exhibiting the same relative pattern in the comparison of variants as
the data corrected by MDR1 mRNA level. The amount and con. difference of MDR1-
CTC cells were significantly higher than those of MDRI1-CGC (p=0.031 and 0.024,
respectively), MDRI-CTT (p=0.048 and 0.040, respectively), and MDRI1-CGT cells
(p=0.014 and 0.028, respectively). There were no significant differences among MDR1-
CGC, MDRI1-CTT, and MDR1-CGT cell lincs.
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Table 7.2 Protein expression level and transport of OXC (at 5 pg/ml) by MDR1 variants,

L-CTC-5 L-4-5 L-7-10
__(MDR1-CGC) (MDR1-CTC} (MDR1-CGT) (MDR1-CTT)
; Mean 0.6 1.8 1.7
Protein level SD 0.1 0.2 05
Con. difference at 240 Mean 20.1 27.8 20.9
min (%) SD 6.2 8.2 5.1
Amount 0-240 min Mean 24 2.8 2.5
{(ng) SD 0.7 0.7 0.6
Con. difference at Mean 35.9 15.3 12.5
240min/protein level SD 11.0 4.5 3.0
Amount 0-240min/ Mean 4.4 1.5 1.5
protein level sSD 1.2 0.4 0.3
Con. diffarence at 240 min/proten level
50 00
4500
40 00
o 3500
g OXC 5 pg/ml
& 2500
2000
15 00 -
1000
500
Q00 |
CGC CGT CTT
Amount 0-240 minfprotein lavel
& 00
500 I
400 OXC 5 pg/ml
g a00
200
T
ﬁ H N
000 | - : ! N
CGC TC CGT CTT
Fig 7.6 The concentration difference between apical and basolateral sides at 240 min (Top)

and the amount of drug transported by Pgp during 240 min divided (bottom) by the
protein level of Pgp for MDR1-CGC (Ref-5), MDR1-CTC (CTC-5), MDR1-CGT (4-5),
and MDR1-CTT (7-10). Data are given as the percentage of the initial drug

concentration in either apical or basolateral chambers for the top figure. Experiments

were performed in triplicate, and values are shown as mean + SD.
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7.3.4.1.2 Transport assay of ESL

The concentration equilibrium transport assay was also performed by using ESL for the
above variants. At 10 pug/ml, ESL was transported from the basolateral to the apical side
by all the variants, indicating that they all had Pgp function (Fig 7.7). The concentration
difference between apical and basolateral sides at 240 min and the amount of drug
transported by Pgp during 240 min were calculated and divided by Pgp protein
expression level (Table 7.3 & Table 7.4) or MDR1 mRNA level (Table 7.3). All four
values for MDRI1-CTC cells were significantly higher than those for other variants
(MDR1-CGC, MDR1-CTT, and MDR1-CGT), but there were no significant differences
among MDR1-CGC, MDR1-CTT, and MDR1-CGT cell lines (Fig 7.8).

CGC CGT
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Fig 7.7 Concentration equilibrium transport assays of eslicarbazepine acetate (ESL) af 19
pg/ml for MDR1-CGC (Ref-5), MDRI-CTC (CTC-5), MDR1-CGT (4-5), and
MDR1-CTT (7-10). Data are given as the percentage of the initial drug
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concentration in either apical or basolateral chamber vs. time. Experiments were

performed in triplicate, and values are shown as mean £ SD.

Table 7.3 The mRNA expression level and transport of ESL (at 10 pg/ml) by MDRI1

variants.
L-REF-5 L-CTC-5 L-4-5 L-7-10
(MDR1-CGC) (MDR1-CTC) (MDR1-CGT) (MDR1-CTT)
mRNA level 1.0 0.4 11 1.0
Con. difference at 240 Mean 38.8 49.9 57.3 48.5
min (%) SD 2.2 6.3 24 0.3
Amount 0-240 min Mean 4.6 57 59 6.3
(ug) SD 0.5 0.8 0.7 1.0
Con. difference at 240 Mean 38.8 114.0 50.6 43.7
min / mRNA level SD 2.2 14.4 21 0.3
Amount 0-240min / Mean 4.6 13.0 5.2 57
mRNA level SD 0.5 1.9 0.6 0.9
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Fig 7.8 CETA for ESIL. at 10 pg/ml. The concentration difference between apical and

basolateral sides at 240 min (Top) and the amount of drug transperted by Pgp
during 240 min divided {bottom) by the mRNA level of Pgp for MDR1-CGC (Ref-
5), MDR1-CTC (CTC-5), MDR1-CGT (4-5), and MDR1-CTT (7-10). For the top

figure, data are given as the percentage of the initial drug concentration in either

apical or basolateral chambers. Experiments were performed in triplicate, and

values are shown as mean + SD.

The concentration difference at 240 min and amount of drug transported by Pgp during

240 min were divided by Pgp protein level (Table 7.4), resulting in the same relative

pattern in the comparison of variants as seen for the values corrected by mRNA level.
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The function of MDRI-CTC cells was highest and significantly higher than that of
MDR1-CGC, MDRI1-CTT, and MDR1-CGT. There was no significant difference among

MDR1-CGC, MDR1-CTT, and MDR1-CGT cells (Fig 7.9).

Table 7.4 The protein expression level and transport of ESL (at 10 pg/ml) by MDR1

variants.
L-REF-6 L-CTC-5 L-4-5 L-7-10
(MDR1- (MDR1- (MDR1- (MDR1-
CGC) CTC) CGT) CTT)
] Mean 1.0 0.6 18 1.7
Protein level
SD 0.0 0.1 0.2 0.5
_ ) Mean 38.8 49.9 57.3 48.5
Con. difference at 240 min (%)
sSD 2.2 6.3 2.4 0.3
Mean 4.6 5.7 5.9 6.3
Amount 0-240 min (ug)
SD 0.5 0.8 0.7 1.0
y Mean 38.8 89.1 31.5 29.0
Con. difference at 240min/protein level
sD 2.2 11.2 1.3 0.2
Mean 4.6 10.2 3.3 3.8
Amount 0-240min/ protein level
SD 0.5 1.5 0.4 0.6
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Fig 7.9 CETA for ESL at 10 pg/ml. The concentration difference between apical and

basolateral sides at 240 min (top) and the amount of drug transported by Pgp
during 240 min (bottom) divided by the protein level of Pgp for MDR1-CGC (Ref-
5), MDR1-CTC (CTC-5), MDRI1-CGT (4-5), and MDRI-CTT (7-10). For the top

figure, data are given as the percentage of the initial drng concentration in either

apical or basolateral chambers. Experiments were performed in triplicate, and

valees are shown as mean £ SD.

The clones were re-selected by a higher concentration of G418 in order to increase the

Pgp expression level. MDR1-CGC, MDRI1-CTC, MDR1-CGT, and MDRI1-CTT were

used. The mRNA and protein expression level were detected by real time PCR and

western blotting, The expression level of Pgp is shown for each variant in Fig 7.10 and

Table 7.5.
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Fig7.10  Expression of Pgp in MDR1-CGC (Ref-5-1), MDR1-CTC (CTC-5-1), MDR1-CGT
(4-5-1 and 4-6-1), and MDR1-CTT (7-10-1) cell lines: (a) western blotting of Pgp and
f-tubulin and (b) the relative expression level of protein (Pgp / B-tubulin) and
mRNA (MDR1 / B-actin).

Table 7.5 The mRNA expression level of MDRI1 in variants.

Variant B-actin Ct Rafios (MDR1/ B-
MDR1 Ct (Mean) _
name (Mean) actin )
CGC 18.0 21.6 125
CTC 18.3 21.1 6.9
CiT 18.4 21.1 6.3
CGT (4-5-1) 17.9 21.2 10.0

CGT 4-6-1 17.2 211 14.7
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The concentration equilibrium transport assay was performed by using 2 pg/ml ESL for
these five clones. MDR1-CGC (Ref-5-1), MDR1-CTC (CTC-5-1), MDR1-CGT (4-5-1
and 4-6-1), and MDRI1-CTT (7-10-1) all transported ESL from the basolateral to the
apical side (Fig 7.11).

The concentration difference between apical and basolateral sides at 240 min was
calculated for each clone, and the value was corrected by the mRNA level and protein
level of Pgp (Table 7.6). The value of the concentration difference divided by the mRNA
level in MDR1-CTC (CTC-5-1) was significantly higher than for MDR1-CGC (Ref-5-1),
MDR1-CGT (4-5-1 and 4-6-1), and MDR1-CTT (7-10-1) variants. The con. difference at
240 min / mRNA value in MDR1-CGC (Ref-5-1) cells was significantly lower than in
both clones of MDRI-CGT (clones: 4-5-1 & 4-6-1). There were no significant
differences between MDR1-CGC and MDR1-CTT or between MDR1-CTT and MDRI1-
CGT (Fig 7.12). The concentration difference between apical and basal sides was also
corrected by the Pgp protein level. The value for MDRI-CTC (CTC-5-1) was
significantly higher than for MDR1-CGC (Ref-5-1), MDRI1-CGT (4-5-1 and 4-6-1), and
MDRI1-CTT (7-10-1). There were no significant differences among other clones.
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Concentration equilibrium transport assays of eslicarbazepine acetate (ESL) at 2

pg/ml for MDR1-CGC (Ref-5-1), MDR1-CTC (CTC-5-1), MDR1-CGT (4-5-1 and
4-6-1), and MDR1-CTT (7-10-1). Data are given as the percentage of the initial

drug concentration in cither apical or basolateral chamber vs. time. Experiments

were performed in triplicate, and values are shown as mean = SD.
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Table 7.6 The protein and mRNA expression level and transport of ESL (at 2 pg/ml)

by MDRI1 variants.
= REF--5-1 CTC-5-1 L4--5-1 L4--6-1 7-10-1
(MDR1- (MDR1- (MDR1- (MDR1- {(MDR1-
CGC) CTC) CGT) CGT) CTT)
“mRNA level 1.0 0.6 0.8 1.2 0.5
Mean 1.0 0.6 1.5 1.3 0.6
Protein level
SE 0.0 0.1 0.3 0.4 0.0
Concentration difference at Mean 18.7 26.9 24.0 33.3 11.6
240 min (%) sD 4.8 1.4 2.9 1.8 2.6
Concentration difference at  Mean 18.7 48.6 30.0 28.2 22.7
240min/mRNA level sSD 48 25 3.6 1.5 5.1
Concentration difference at Mean 18.7 48.1 16.1 25.6 19.9
240min/protein level SD 4.8 25 1.9 1.4 4.4
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CETA for ESL at 2 pg/ml. The concentration difference between apical and
basolateral sides at 240 min divided by the mRNA level (top) and protein level of
Pgp (bottom) for MDR1-CGC (Ref-5-1), MDR1-CTC (CTC-5-1), MDRI-CGT (4-
5-1 and 4-6-1), and MDR1-CTT (7-10-1). Data are given as the percentage of the

initial drug concentration in either apical or basolateral chambers, and values are

shown as mean + SD.

7.3.4.2 Functional evaluation of clones selected by G418 and vincristine sulfate

7.3.4.2.1 Transport assay of OXC

The LLC cells transfected with plasmids of MDR1 variants were selected by G418 and

vincristine sulfate in order to increase the expression of Pgp, which was measured by

western blotting and real time PCR. The relative level of Pgp was calculated as Pgp / B-
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tubulin for protein and MDR1 / B-actin for mRNA (Fig 7.13). The expression level of

Pgp was increased by this method of clone selection (data not shown).

CGC  CTC CGT CTT
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Pgp R - .
-- -
Tubulin -—
' |
(b) B Protein

B mRNA

1.4 -
1.2 1

0.8
0.6 -
0.4 -
0.2

Relative expression

CGC CTC CGT CIT

Fig 7.13 Expression of Pgp in MDR1-CGC (LII-Ref-11), MDR1-CTC (LII-CTC-9), MDR1-
CGT (LII-4-16), and MDRI1-CTT (LII-7-7) by (a) western blotting and (b)
western blotting (Pgp / B-tubulin) and real time PCR (MDR1 / fi-actin).

Concentration equilibrium transport assays were performed for OXC at 5 pg/ml. MDR1-
CGC (LII-Ref-11), MDRI1-CTC (LII-CTC-9), MDRI1-CGT (LII-4-16), and MDR1-CTT
(LII-7-7) all transported OXC from the basal to the apical side (Fig 7.14).

For each variant, the concentration difference between both sides at 240 min was

calculated and the value corrected by the MDR1 mRNA level (con. difference at 240 min
/ mRNA level), revealing no significant difference among the variants (Fig 7.15). The

164



Chapter Seven

amount of OXC transported by Pgp was also calculated. After correction by mRNA level,

there was no significant difference among the variants (Fig 7.15).

The concentration difference and amount of OXC transported were also corrected by the
protein level (Fig 7.16). Perhaps because the protein expression level of MDRI1-CGT
(LII-4-16) was higher than for other clones (Fig 7.13), the two values (con. difference at
240 min / protein level and amount 0-240 min / protein level) for LII-4-16 were lower

than for others (Fig 7.16).
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Fig 7.14  Concentration equilibrium transport assays of oxcarbazepine for MDR1-CGC (LII-
Ref-11), MDR1-CTC (LII-CTC-9), MDR1-CGT (LII-4-16), and MDR1-CTT (LII-7-
7). Data are given as the percentage of the initial drug concentration in either apical
or basolateral chamber vs. time. Experiments were performed in triplicate, and

values are shown as mean + SD.
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Con. difference at 240 min/mRNA level
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Fig 7.15  The concentration difference of OXC between apical and basolateral sides at 240 min
(top) and the amount of OXC transported by Pgp during 240 min (bottom) divided
by the mRNA level of MDRI1 for MDR1-CGC (LII-Ref-11), MDR1-CTC (LII-CTC-
9), MDRI1-CGT (LII-4-16), and MDRI1-CTT (LII-7-7). Data are given as the

percentage of the initial drug concentration in either apical or basolateral chambers
for the top figure. Experiments were performed in triplicate, and values are shown

as mean = SD.
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Con. diffsrence at 240 minfprotein level
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Fig 7.16  The concentration difference of OXC between apical and basolateral sides at 240 min
(top) and the amount of OXC transported by Pgp during 240 min (bottom}
corrected by the protein level of Pgp for MDRI1-CGC (LII-Ref-11), MDR1-CTC
(LII-CTC-9), MDR1-CGT (LII-4-16}, and MDR1-CTT (LII-7-7). Data are given as
the percentage of the initial drug concentration in either apical or basolateral
chambers for the top figure. Experiments were performed in triplicate, and values

are shown as mean £ SD.

In order to confirm the results, we used other clones selected by G418 and vincristine—
MDR1-CGC (LII-Ref-10), MDRI-CTC (LII-CTC-7), MDRI1-CGT (LII-4-11), and
MDRI-CTT (LII-7-8)—to measure expression levels (Fig 7.17) and transport of OXC at

5 ug/ml in the concentration equilibrium transport assay. These clones exhibited transport
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values similar to those of each other and to those observed for the previous set of clones
(Fig 7.18 and 7.19). The protein level of clone LII-4-11 was lower than others, which
might be responsible for the transport of this clone being higher than others (Fig 7.20).
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Fig 7.17 Western blotting and real time PCR to detect the expression level of Pgp and f-
tubulin for MDR1-CGC (LII-Ref-10), MDRI1-CTC (LII-CTC-7), MDR1-CGT
(LII-4-11), and MDR1-CTT (LII-7-8). The left figure shows the result of western
blotting, and the right figure shows the relative expression level of protein (Pgp/ B-
tubulin) and mRNA (MDR1/ B-actin).
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Fig 7.18

Concentration equilibrium transport assays of oxcarbazepine for MDR1-CGC (LII-
Ref-10), MDR1-CTC (LII-CTC-7), MDR1-CGT (L.1I-4-11), and MDR1-CTT (LII-7-
8). Data are given as the percentage of the initial drug concentration in either apical

or basolateral chamber vs. time. Experiments were performed in triplicate, and
values are shown as mean =+ SD.
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Fig 7.19  The concentration difference of OXC between apical and basolateral sides at 240 min
(top) and the amount of OXC transported by Pgp during 240 min (bottom) divided
by the mRNA level of MDR1 for MDR1-CGC (LII-Ref-10), MDR1-CTC (LII-CTC-
7, MDR1-CGT (LII-4-11), and MDR1-CTT (LII-7-8). Data are given as the

percentage of the initial drug concentration in either apical or basolateral chambers

for the top figure. Experiments were performed in triplicate, and values are shown

as mean x SD.
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Fig 7.20  The concentration difference of OXC between apical and basolateral sides at 240 min
(top) and the amount of OXC transported by Pgp during 240 min (bottom)
corrected by the protein level of Pgp for MDR1-CGC (LII-Ref-10), MDR1-CTC
(LII-CTC-7), MDR1-CGT (LII-4-11), and MDR1-CTT (LII-7-8). Data are given as

the percentage of the initial drug concentration in either apical or basolateral
chambers for the top figure. Experiments were performed in triplicate, and values

are shown as mean = SID.

7.3.4.2.2 Transport assay of ESL

The concentration equilibrium transport assay was performed by using ESL to evaluate

the Pgp function of variants selected by vincristin sulfate. At 10 pg/ml, ESL was
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transported by the clones with the variants, including MDR1-CGC (LII-Ref-11), MDR1-
CTC (LII-CTC-9), MDR1-CGT (LII-4-16) (Fig 7.21).
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Fig 7.21 Concentration equilibrium transport assays of eslicarbazepine acetate (ESL) for

MDR1-CGC (LII-Ref-11), MDR1-CTC (LII-CTC-9), MDR1-CGT (L11-4-16), and
MDRI1-CTT (LII-7-7). Data are given as the percentage of the initial drug
concentration in either apical or basolateral chamber vs. time. Experiments were

performed in triplicate, and values are shown as mean + SD.

ESL transport corrected by mRNA level was higher for MDR1-CGT (LII-4-16) and
MDR1-CTC (LII-CTC-9) and lower for MDRI1-CTT (LII-7-7) than MDR1-CGC (LII-
Ref-11) (Fig 7.22). ESL transport corrected by Pgp protein level was higher for MDR1-
CGT (LII-4-16) and lower for MDR1-CTC (LII-CTC-9) and MDR1-CTT (LII-7-7) than
MDR1-CGC (LII-Ref-11) (Fig 7.23).
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Con. difference at 240 min/mRNA level
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Fig 7.22  The concentration difference of ESL between apical and basolateral sides at 240 min
(top) and the amount of ESL transported by Pgp during 240 min (bottom) divided
by the mRNA level of Pgp for MDR1-CGC (LII-Ref-11), MDR1-CTC (LII-CTC-9),
MDRI1-CGT (LII-4-16), and MDR1-CTT (LII-7-7). Data are given as the percentage
of the initial drug concentration in either apical or basolateral chambers for the top
figure. Experiments were performed in triplicate, and values are shown as mean =
SD.
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Con. difference at 240 minfprotaln level
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Fig 7.23  The conceniration difference of ESL between apical and basolatera) sides at 240 min
(top) and the amount of ESL transported by Pgp during 240 min (bottom) divided
by the protein level of Pgp for MDR1-CGC (LII-Ref-11), MDR1-CTC (LII-CTC-9),
MDRI1-CGT (LII-4-16), and MIDR1-CTT (LII-7-7). Data are given as the percentage
of the initial drug concentration in cither apical or basolateral chambers for the top
figure. Experiments were performed in triplicate, and values are shown as mean +
SD.

Concentration equilibrium transport assays were performed to evaluate the Pgp function
for MDR1-CGC (LII-Ref-11), MDRI-TTC (LII-5-3), MDRI-TTT (LII-TTT-1), MDR1-
TGT (LII-6-1), MDRI1-CAC (LII-CAC-1), and MDRIL-TGC (LII-3-9). The expression
levels of these clones were detected by real time PCR and western blotting (Fig 7.24).
ESL at 10 pug/ml was used in the experiment. All the variants had Pgp function and
transported ESL from the basal to the apical side {Fig 7.25).
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Fig 7.24  Expression of Pgp in MDR1-CGC (LII-Ref-11), MDR1-TTC (LII-5-3), MDRI-TTT
(LII-TTT-1), MDR1-TGT (LII-6-1), MDR1-CAC (LII-CAC-1), and MDR1-TGC
(LII-3-9) by (a) western blotting and (b) western blotting (Pgp / B-tubulin) and real
time PCR (MDR1 / f-actin).
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Fig 7.25 Concentration equilibrium transport assays of eslicarbazepine acetate (ESL) for

MDR1-CGC (LII-Ref-11), MDRI1-TTC (LII-5-3), MDRI-TTT (LII-TTT-1),
MDR1-TGT (LII-6-1), MDR1-CAC (LII-CAC-1), and MDRI1-TGC (LII-3-9).
Data are given as the percentage of the initial drug concentration in either apical
or basolateral chamber vs. time. Experiments were performed in triplicate, and

values are shown as mean x SD,

ESL transport corrected by MDR1 mRNA level was similar for all variants except
MDR1-CGC (LII-Ref-11), which was higher than others (Fig 7.26). ESL transport

corrected by Pgp protein level was similar for all variants (Fig 7.27). After correcting by
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the mRNA level, MDR1-CTT had the lowest transport of ESL, followed by MDR1-TTT.
Other variants, MDR1-TTC, MDR1-TGT, MDR1-CAC, MDR1-CTC, MDR1-CGT, and
MDR1-TGC, were similar to the wild type (MDR1-CGC) (Fig 7.28).
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Fig 7.26  The concentration difference of ESL between apical and basolateral sides at 240 min
(top) and the amount of ESL transported by Pgp during 240 min (bottom) divided
by the mRNA level of MDRI1 for MDR1-CGC (LII-Ref-11), MDR1-TTC (LII-5-3),
MDRI1-TTT (LII-TTT-1), MDR1-TGT (LII-6-1), MDR1-CAC (LII-CAC-1), and
MDRI1-TGC (LII-3-9). Data are given as the percentage of the initial drug
concentration in either apical or basolateral chambers for the top figure.

Experiments were performed in triplicate, and values are shown as mean + SD.
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Con. difference at 240 min/protein level
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Fig 7.27 The concentration difference of ESL between apical and basolateral sides at 240 min
(top) and the amount of ESL transported by Pgp during 240 min (bottom) divided
by the protein level of Pgp for MDR1-CGC (LII-Ref-11), MDR1-TTC (LII-5-3),
MDR1-TTT (LII-TTT-1), MDRI-TGT (LII-6-1), MDR1-CAC (LII-CAC-1), and
MDRI-TGC (LII-3-9). Data are given as the percentage of the initial drug
concentration in either apical or basolateral chambers for the top figure.

Experiments were performed in triplicate, and values are shown as mean + SD.
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Con. difference at 240 min/mRNA level
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Fig 7.28 The concentration difference of ESL between apical and basolateral sides at 240 min
divided by the mRNA level of MDR1 for MDR1-CGC (L1I-Ref-11}, MDR1-TTC
(LII-5-3), MDRI-TTT (LH-TTT-1), MDRI-TGT (LII-6-1), MDR1-CAC (LII-CAC-
1), MDR1-CTC (LII-CTC-9), MDR1-CGT (LI1I-4-16), MDR1-CTT (LII-7-7), and
MDRI1-TGC (LII-3-9).

7.3.5 Discussion

Single nucleotide polymorphisms (SNPs) in the MDR/I gene were associated with drug
resistance in epilepsy (Basic ef al., 2008; Kwan ef al., 2007a; Kwan ef al., 2000a; Kwan
et al., 2009; Seo et al., 2006; Siddiqui ef al, 2003). Three common exonic SNPs,
1236C>T, 2677G>T, and 3435C>T, have been most frequently studied. In our
experiments, we used cell monolayer models to evaluate the functional effects of these
three SNPs. We established LLC-PK1 cell lines transfected with plasmids containing
haplotypes at 1236, 2677, and 3435. We found that the haplotype CTC displayed higher
Pgp function than other haplotypes among the clones selected by G418 alone. There were
no significant differences in function among the variant clones selected by G418 and

vincristine sulfate.

Several cell models were used in studying the variants. 293 cells with stable expression
of MDRI1 variants were uscd to detect the function of Pgp (Hung et al., 2008). Uptake

and efflux assays of Pgp substrates Rho123 and calcein were performed to evaluate the
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function of MDRI1 variants. Mammalian cells (HeLa, monkey, and CEM human cells)
transiently transfected with MDR1 wvariants were also examined to detect the
accumulation or efflux of fluorescent substrates of Pgp (Kimchi-Sarfaty et al., 2007).
LLC cells stably transfected with MDR1 variants were also used in the cell uptake model
(Salama et al., 2006). There has not been any report using the cell monolayer model with
stable expression of MDRI1 variants to evaluate functional effects of SNPs. The
monolayer model mimics the blood brain barrier better than cell uptake models.
Therefore we used clones stably expressing MDR1 to evaluate the effect of variants on
transport function of Pgp. As described by previous chapters and reported results, the
concentration equilibrium transport assay is more sensitive than the traditional bi-
directional assay for evaluating Pgp function on the transport of AEDs (Luna-Tortos et
al., 2008c; Zhang ef al., 2010; Zhang ef al., 2011). We used the same system to evaluate

the function of MDR 1 variants.

Based on the previous results, oxcarbazepine and eslicarbazepine acetate are substrates of
Pgp, and the fact that they exhibit relatively high transport is an advantage for their use in
evaluating the effect of MDR1 variants on Pgp function. For all the clones selected, we
tested the expression level of Pgp by real time PCR and western blotting. The clones that
expressed a level of Pgp comparable to that of LLC-MDRI1 wildtype cells were used to
perform transport assays. Those clones having Pgp function were then used to conduct

further experiments to determine the effects of variants on Pgp function.

As described in Chapter 6, the Pgp expression levels in clones selected by G418 were
generally low. But a few clones demonstrated high levels and function of Pgp, and we
chose those clones for transport studies. Four haplotypes were used, including MDRI1-
CGC (1236C, 2677G, and 3435C), MDRI-CTC (1236C, 2677T, and 3435C), MDR -
CGT (1236C, 2677G, and 3435T), and MDRI1-CTT (1236C, 2677T, and 3435T). The
amounts of OXC and ESL transported by different Pgp variants were measured and
corrected by the mRNA or protein level of Pgp in order to compare the extent of transport
among different variants. The haplotype MDR1-CTC demonstrated the greatest transport
of ESL and OXC, suggesting that 2677T leads to increased Pgp function compared to
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2677G. However, the MDR1-CTT haplotype did not transport more ESL and OXC than
did MDR1-CGT, indicating that haplotypes rather than SNPs may be important in
determining Pgp function. Two drugs (ESL and OXC) and two detection methods (real
time PCR and western blotting) were used, and they were consistent with each other,

lending support to the reliability of the transport assays.

To confirm our results, another clone (MDR1-CGT (4-6-1)) was selected, and the clones
used above were re-selected by a higher concentration of G418 in order to improve the
expression level of Pgp. Using the new clones, we tested the transport of ESL. In order to
exclude the conceniration-dependent effect on transport (detailed in Chapter 3), ESL at 2
ug/mi was used. As with previous results, CTC showed greater Pgp function than did
other haplotypes. In membrane vesicles, 2677T increased the transport rates for
vincristine about 50% compared to 2677G (Schaefer et al., 2006). In 293 cells, 2677G>T
did not affect Pgp protein expression but decreased the intracellular digoxin
concentration, indicating it increased the function of Pgp (Kim er al., 2001). In another
report, 2677G>T did not affect the expression and function of Pgp (Kimchi-Sarfaty ef al.,
2002). In placentas, 1236C>T, 2677G>T, and 3435C>T were associated with lower
protein expression than wild type. But 2677G>T did not affect Pgp function (Hemauer et
al., 2010).

The haplotype MDR1-CTT had activity similar to that of MDR1-CGC and MDR1-CGT,
indicating that these haplotypes did not affect Pgp function. However, the haplotype CTC
can increase Pgp function compared to CGC. In the transient transfection of these
variants into mammalian cells, they did not affect the accumulation and efflux of Rho123
(Kimchi-Sarfaty ef al., 2007). Variants at 2677 and 3435, when stably expressed in 293
and LLC-PK1 cells, also did not affect the uptake of Rho123 and verapamil (Hung et al.,
2008; Morita et al., 2003). But in LLC-PK1 cells with stable expression of Pgp, these
four variants significantly decreased the Rhol23 efflux function of Pgp (Salama et al.,
2006). In placentas, the 1236C>T and 3435C>T polymorphisms decreased the Pgp
protein level but increased Pgp transport of [Ha]-pac]itaxel {(Hemauer et al., 2010). In

LLC cells stably transfected with Pgp, the bi-directional transport assay was performed,
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and there were no significant differences among the 2677 and 3435 variants (Morita ef al.,
2003). The fact that the concentration equilibrium transport assay is more sensitive than
the bi-directional transport assay might be the reason why we found a difference among
variants while other groups did not. The lack of consistency among these studies may be
caused by the different expression systems of Pgp, different substrates, and the different
assay methods. Thus the establishment of a standard experimental system to evaluate the

effect of variants on Pgp function is needed in further studies.

The clones selected by G418 and vincristine sulfate increased the expression level of Pgp.
Vincristine sulfate can kill cells, but it is a substrate of Pgp, therefore cells with high Pgp
expression will survive (Schinkel ef al., 1995). After selection, the clones were used to
perform transport assays by using OXC and ESL. Four clones, MDR1-CGC, MDR1-CTC,
MDRI-CGT, and MDRI-CTT, were used to performe the same experiments as the
corresponding G418-selected clones. When using OXC as the substrate, we found no
significant difference among them after correcting by the mRNA level (Fig 7.15). This
result was confirmed by another batch of clones (Fig 7.19). When tested using ESL,
MDRI1-CTT transported less ESL than MDRI1-CGC after correcting by mRNA levels
(Fig 7.22). The difference between OXC and ESL results may be caused by the different
substrate affinity for Pgp.

After correcting by the protein level for the clones selected by vincristine sulfate, the
extent of transport by the haplotypes was not consistent with the transport values
corrected by mRNA levels (Fig 7.16, Fig 7.20, and Fig 7.27). Some of the clones
exhibited conflicting results. The reasons for these inconsistencies may include: first,
quantification of western blotting results was imprecise. Second, the expression of
protein and mRNA was not linear: the more protein was expressed, the more growth

pressure on the cells.

The clones selected by vincristine sulfate did not show significant differences between
MDR1-CTC and other variants; this conflicts with the results from the clones selected by

G418 (Fig 7.8, Fig 7.15, and Fig 7.19). One possible explanation could be that vincristine

182



Chapter Seven

sulfate is a functional selection drug, thus its use may eliminate functional differences
among the variants by killing clones with low Pgp activity. Thus, clones with similar (and
high) function will tend to survive. Another possible explanation could be that vincristine
sulfate induced other ABC transporters, which can also transport AEDs,and thus

obscured differences among the variants.

Pgp inhibitors, including verapamil, cyclosporine A, and digoxin, were less effective
against haplotypes CTT, TGT, and TTT than CGC (Gow et al., 2008; Hung ef al., 2008;
Kimchi-Sarfaty et al., 2007, Schaefer et al., 2006). The TTT haplotype had a lower
MDR1 mRNA level than did CGC, which was mainly caused by 3435C>T, suggesting
that 3435C>T decreases mRNA stability (Wang et al., 2005). But in another study, the
TTT did not affect the MDR1 mRNA and protein expression level. Rather, the haplotype
may affect the time needed for cotranslational folding of Pgp, thus allowing Pgp to adopt

alternate conformations, affecting the function (Kimchi-Sarfaty ef al., 2007).

The variants selected by G418 indicated that the CTC haplotype increased Pgp function.
This finding may help explain the relations between genotype and drug resistance in
epilepsy. The role of SNPs in treatment of epilepsy needs to be considered, which may
help in developing genetic-based personal therapy and in demonstrating the importance

of developing AEDs that are not substrates of Pgp.

7.4 Conclusion

LLC-PK1 cells transfected with MDR1 variants (1236C>T, 2677G>T/A, and 3435C>T)
were established and validated. The cells were suitable for performing the concentration
equilibrium transport assay. In the G418 selection condition, compared with reference
haplotype CGC, the CTC haplotype increased Pgp activity to transport OXC and ESL
while the CGT and CTT haplotypes did not significantly affect Pgp function. In the
vineristine sulfate selection condition, compared with CGC, the haplotype CTT decreased

Pgp activity, while other haplotypes, including CGC, CGT, CAC, CTC, TGC, TGT, TTT,
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and TTC, did not affect function. Selection by vincristine sulfaic may raise expression of

Pgp and eliminate differences among the variants.
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Chapter Eight

Overall conclusion

8.1 Conclusions

The association between drug resistance and Pgp in epilepsy patients has been suggested
by a variety of previous results. In order to investigate the mechanisms underlying drug
resistance, we used a cell monolayer model to detect the transport of antiepileptic drugs
(AEDs) by Pgp. We used MDCK and LLC cells transfected with the human MDRI gene
to investigate the Pgp substrate status of 12 AEDs, including first generation drugs, new
generation drugs, and carbamazepine and its analogs/metabolites. We established [LLLC
cell lines with stable expression of MDRI haplotypes at 1236C>T, 2677G>T/A, and
3435C>T sites. The effect of variants on Pgp transport was determined.

HPLC/UV or LC-MS/MS analysis methods were established to quantify drugs. The
methods produced good inter-day and intra-day precision, linearity, and accuracy. The
stability of drugs was measured in different conditions, reflecting those occurring in
monolayer transport assays. The drugs were stable in the transport buffer and auto-
sampler during experiments, indicating that the methods of drug analysis were suitable

for our projects.

Using MDR -transfected monolayer cell models, we detected the Pgp substrate status for
first generation drugs phenytoin (PHT), phenobarbital (PB), and ethosuximide (ESM),
which are still used widely in the clinic. We demonstrated that PHT and PB, but not ESM,
are substrates of human Pgp, and that the transport of PHT and PB was affected by drug
goncentrations. A range of clinically relevant concentrations should be tested when

evaluating whether an AED is transported by Pgp.

Carbamazepine (CBZ) and its structural analogs oxcarbazepine (OXC) and

eslicarbazepine acetate (ESL) represent an important group of AEDs, sharing a common
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molecular mechanism of action. They and their major stable active metabolites
carbamazepine-10,11-epoxide (CBZ-E) and S-licarbazepine (S-LC) have similar
structures, which makes it interesting to investigate their substrate status. Using
monolayer models in concentration gradient and concentration equilibrium conditions,
we demonstrated that CBE is not a substrate of Pgp, but, interestingly, its active
metabolite CBZ-E is a substrate of Pgp. ESL, OXC, and their active metabolite S-LC are

also substrates of Pgp.

Zonisamide (ZNS), pregabalin (PGB), rufinamide (RFM), and lacosamide (LCM) are
new generation AEDs, approved in recent years. There is little evidence on their substrate
status. In concentration equilibrium transport assays, we demonstrated that LCM is

transported by Pgp, but PGB, RFM, and ZNS are not.

The concentration equilibrium transport assay (CETA) and conventional bi-directional
transport assay were compared. The transport of PHT and PB by Pgp was significant in
the CETA, but only minimal transport of PHT, and no transport of PB, was demonstrated
in the bi-directional assay. When testing CBZ-E in the CETA, CBZ-E at 10 pg/ml was
significantly transported in MDRI-transfected cells, indicating that CBZ-E is a substrate
of Pgp. But in bi-directional transport, the cTR of CBZ-E by LLC-MDR! cells was 1.35,
which was lower than the standard to define a Pgp substrate (standard value: 1.5). These
confirm that the CETA is more sensitive than the bi-directional transport assay in
detecting Pgp transport of AEDs with high passive permeability. Our findings strengthen
the suggestion that the CETA should be used instead of the conventional bi-directional
transport assay for study of compounds with high passive permeability across the BBB,

particularly if they also have low transport efficiency.

We demonstrated that phenytoin, phenobarbital, oxcarbazepine, eslicarbazepine acetate,
lacosamide, carbamazepine-10,11-epoxide, and S-licarbazepine are substrates of Pgp,
while carbamazepine, ethosuximide, zonisamide, pregabalin, and rufinamide are not
substrates of Pgp. Their structures and substrate status are listed in Table 8.1. CBZ and its

analogs share an identical dibenzazepine nucleus but differ at the 10,]11-position. Our
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results showed that these compounds, with the exception of CBZ itself, are subsirates for
Pgp, which implies that groups at the 10,11-position (at lcast epoxide, acetate, hydroxyl,

or ketone groups) could affect the substrate status of dibenzazepine compounds.

The pCl-neo plasmids containing MDRI SNPs at 1236, 2677, and 3435 sites were
transfected into polarized LLC-PK1 cells. Stable clones were selected by two methods
(G418 or G418/vincristine sulfate). The mRNA and protein level of Pgp were measured
by real time PCR and western blotting. The expression level of Pgp in variants selected
by G418/vincristine sulfate was higher than in variants selected by G418. The relative
expression levels of mRNA and protcin were consistent, indicating that SNPs do not
affect the translation of MDRI. In the cell lines, exogenous Pgp was localized at the cell
surface, indicating that the cell lines were suitable for monolayer assays. In the G418
selection condition, the CTC haplotype showed morc Pgp transport of OXC and ESL
than did reference haplotype CGC. But the CGT and CTT haplotypes did not
significantly affect Pgp function, as compared with CGC. In the vincristine sulfate
selection condition, the haplotype CTT decreased Pgp function compared with CGC,
while other haplotypes, including CGC, CGT, CAC, CTC, TGC, TGT, TTT, and TTC,
did not change Pgp function. The usc of vincristine sulfate may lead to selection of clones

with high Pgp activity, possibly reducing differences among the variants.

Our results identified the Pgp substratle status of a number of AEDs. This information
may help explain why some patients are refractory to AEDs, given the overexpression of
Pgp in the drug-resistant epilepsy brain. The substrate status of antiepileptic drugs may
guide doctors in their choice ot AEDs for epileptic patients. For monotherapy, the first
choice among AEDs that are otherwise equivalent in desirability could be a drug which is
not a Pgp substrate. Qur results imply that more patients are resistant to Pgp substrate
AEDs than to AEDs that are not Pgp substrates. Published studics have generally
examined paticnts on a mix of AEDs, some of which are Pgp substrates and some of
which ate not. This mixing may obscure the association of resistance with Pgp substrate
status, which might partly explain the conflicting results which appear in the literature.

Furthermore, even among Pgp substrates, AEDs exhibit different degrees of transport by
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Pgp. The different AEDs used, the different types of epilepsy, the different ethnicities of
patients, and the different ages of patients may also contribute to inconsistencies among

published studies.
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Table 8.1 Structures and electron donor groups in AEDs.

Compounds Structure Aromatic | H-bond H-bond Substrate
rings donors acceptors | status
(>N"9 -OH L (>N's
=NH, -NH-) [-OH,=0)
M O — - =
Phenytoin HN—( 2 2 -NH 2=0 Y
O NH
Phenobarbital o H\fo 1 2 -NH- 3=0 Y
HsC NH
ol
Oxcarbazepine Q 2 1 >N- 2=0 Y
X b
o)\nna
Lacosamide /J) 1 2 -NH- =0 Y
Y
Carbamazepine Q 1 1 >N- 1=0 Y
10,11-epoxide O
A —
O™ NH,
S-licarbazepine S 2 [ >N- =0 Y
| 5\ 1 -OH
Carbamazepine - 2 [ >N- =0 N
A0
OA\NHz
Ethosuximide 1[:} 0 1 -NIi- 2=0 N
Q 0]
HyC
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Pregabalin H,N OH |0 0 =0 N
1 -OH
O
e ey
Rufinamide F 1 1 >N- 1 =0 N

N

Zonisamide O, o O 1 1 >N- 2=0 N
VAR Y/ I >N-
S

NH»

The frequencies of polymorphic alleles of ABCBI in drug-resistant epilepsy patients
significantly differed, in some reports, from those in drug-responsive patients. The effects
of ABCBI polymorphisms on AED transport may provide a molecular explanation of the
reported associations, albeit inconsistent, between the polymorphisms and
pharmacoresistance. This knowledge may help guide the design of genetic-based
individualized therapy of epilepsy, and may lead to development of drugs to help treat the

large number of patients who are refractory to all currently available AEDs.

8.2 Further studies

Our results suggest further studies:

1. We have identified some AEDs as substrates of Pgp, but we have not performed in vivo
studies on these drugs. Determination of which AEDs are transported by Pgp will be vital
in the appropriate design of clinical trials to overcome drug resistance in epilepsy. In
future studies, we can perform in vivo experiments to investigate the effect of Pgp on

drug concentrations in the brains of drug resistant animals or patients.

I1. The functional effects of Pgp SNPs also need further study to determine the molecular
mechanism. Electrophysiology is an important approach to understand the mechanisms of
drug resistance in epilepsy. By experiments with whole cell currents and single channels,

we can study the transport of AEDs by Pgp in LLC-PK1 cells transfected with MDR1
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variants. These experiments should provide a mechanistic framework explaining
how MDR1 polymorphisms might affect Pgp function, which may clarify associations

between the polymorphisms and pharmacoresistance at a molecular level.

[1I. Some AEDs have similar structures but different substrate status. This may help us to
seek the structure-activity relationship (SAR) of Pgp. We can determine the substrate
status of structurally similar compounds and analyze their structures to learn more about

the SAR of Pgp.
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