UCSF

UC San Francisco Electronic Theses and Dissertations

Title
Modulation of multidrug transporters--a potential pharmacokinetic mechanism of clinical drug-drug
interactions

Permalink
https://escholarship.org/uc/item/977901m8§
Author

Guan, Lingling,

Publication Date
1999

Peer reviewed|Thesis/dissertation

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/977901m6
https://escholarship.org
http://www.cdlib.org/

Modulation of Multidrug Transporters--
A Potential Pharmacokinetic Mechanism of Clinical Drug-Drug Interactions:
Digoxin as a Model

by
LINGLING GUAN

B.S. Pharmaceutical Chemistry, Beijing Medical University, Beijing, Chma
M.S. Pharmaceutical Sciences, University of Kentucky, Lexington,

DISSERTATION
Submitted in partial satisfaction of the requirements for the degree of
DOCTOR OF PHILOSOPHY
in
Pharmaceutical Chemistry
in the
GRADUATE DIVISION

of the

UNIVERSITY OF CALIFORNIA SAN FRANCISCO

vwant i, NN



e

To Yaomin and Florence



ACKNOWLEDGEMENTS

I first would like to convey my most sincere appreciation to Dr. Leslie Z. Benet
for his intelligent mentorship. His never-ending enthusiasm, tireless support and inspired
guidance have made my graduate studies at UCSF a truly rewarding experience. I thank
him for critically reading and tremendously improving this dissertation. It is my good
fortune to graduate from LZB’s laboratory.

Thanks to the Department of Pharmaceutical Chemistry, especially the
Department of Biopharmaceutical Sciences and the Graduate Division of University of
California San Francisco for their financial support and making my student life in San
Francisco possible.

I would like to thank Drs. Kathleen M. Giacomini and Robert A. Upton, my thesis
committee members, for their timely review of this manuscript and helpful comments.
Heartfelt thanks to the members of my oral committee— Drs. Kathleen M. Giacomini,
Richard Shafer, Barry Massie and Chair, Robert A. Upton for their supportive
suggestions and comments on my thesis research, and for providing a successful and
enjoyable qualifying examination.

Thanks to Drs. Svein Jie and Wolfgang Sadee for contributing critical feedback
during the preparation and development as well as strengthening my orals proposal. Dr.
Emil T. Lin and his associates in the Drug Study Unit at UCSF have provided tremendous
analytical support and have been extremely helpful in quantitation of my clinical study

samples.

v

want AV \RDLADN



Many current and previous members of the LZB group have enabled our lab to be
a great place to learn and make friends. I thank Drs. Laurent Salphati and Hiroyuki
Sasabe for helping me greatly at the start of this thesis project and for very useful
discussions of my research. Many thanks to Dr. Naonori Kohri and Mr. Robert Fiorentino
for their friendship, and to Ms. Karen Baner and Milagros Hann for wonderful lab
assistance. I appreciate Dr. Lynda Frassetto for help in conducting my clinical study, and
Ms. Gloria Johnson for “bridging” us to LZB.

I have been very fortunate to have been located on the 8" Floor and to have
learned much from the interactions with many talented people from other labs, especially
the KMG group. Thanks to Dr. Juan Wang, Mr. Carlo Bello and Mr. Mark Dresser for
their expertise in cell transport studies and saving me from much frustration.

My parents and sister have been extremely supportive and have always been my
timely “backup” during the whole process of pursuing higher education. Their love, care,
encouragement and advice have helped me through many difficult moments. My clever
and beautiful daughter, Florence (Tingwei), who was born in the middle of my school
years at UCSF, has brought so much fulfillment, joy and excitement to my daily life.

Finally and most importantly, my deepest gratitude goes to my wonderful
husband, Yaomin. Without his love, care, encouragement and friendship, I could not have
accomplished this work. His strength, insight, support and excellent baby-sitting have

made my success possible and worthwhile.

Lingling Guan

December, 1999

want it AOM



ABSTRACT

Modulation of Multidrug Transporters— A Potential Pharmacokinetic Mechanism of

Clinical Drug-Drug Interactions: Digoxin as a Model

Lingling Guan

P-glycoprotein (Pgp) and cytochrome P450 3A (CYP3A) enzymes share a large
number of substrates and modulators and play major roles in drug absorption and
disposition. Digoxin is a substrate of Pgp, and could be used in humans as a probe of Pgp
since this drug undergoes very limited metabolism.

Digoxin metabolism was compared in rat and human liver microsomes. No
extensive metabolite was formed after incubation of digoxin with human liver
microsomes. Ketoconazole (KCZ) and itraconazole (ICZ) reduced digoxin metabolism by
CYP3A in rat liver microsomes.

The interactions of digoxin and various drugs with multidrug transporters were
studied in wild-type and human transporter cDNA transfected kidney or intestine derived
cell lines. Digoxin B to A transport was greater than A to B transport in all cell lines
tested, and trans-epithelial secretion of digoxin displayed temperature-dependence.

Digoxin secretion was enhanced in Pgp over-expressed than in wild-type cells,
and was affected by inhibitors of Multidrug Resistance-Associate Proteins (MRPs) in
MRP transporter over-expressed cells. Many drugs including KCZ and ICZ demonstrated

an apparent inhibition of digoxin secretion in Pgp and MRP over-expressed cells.

Vi
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KCZ increased digoxin absorption and decreased digoxin elimination, leading to
enhanced digoxin exposure in rats. The increased digoxin bioavailability could be caused
by inhibition of CYP3A and Pgp/MRPs, however, the significant reduction of digoxin
Tpeak and MAT could only be explained by the inhibition of intestinal Pgp/MRPs.

Kinetic parameters from our clinical study show that digoxin kinetics were
affected by azoles, and the extent of digoxin-KCZ interaction, although highly variable,
was greater than the digoxin-ICZ interaction. The major site of the KCZ/digoxin
interaction appeared to be the small intestine and the major effect of ICZ was on digoxin
elimination.

Azole kinetics were not altered by digoxin co-administration, and no extensive
digoxin metabolites were detected in the subjects’ plasma. The results support our
hypothesis that azoles increase digoxin exposure by differential inhibition of Pgp/MRPs

transporters, but not CYP3A, in tissues such as intestine, liver and kidney.
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Chapter 1

TRANSPORTERS AND ENZYMES

1.1 P-glycoprotein

1.2  Other transporters

1.3  Cytochrome P450s

1.4  Cytochrome P450 3A and P-glycoprotein
1.5  References

1.1 P-glycoprotein

1976), was originally discovered in Chinese Hamster Ovary (CHO) cells (Juliano and
Ling, 1976), that display cross resistance to a broad variety of anticancer agents, such as
colchicine, anthracyclines, epipodophyllotoxins and vinca alkaloids (Ling, 1975). At that

time, it was thought that Pgp increases membrane permeability thereby leaking toxic

P-glycoprotein (Pgp), named from permeability-glycoprotein (Juliano and Ling,

WSk LIRRARY

therapeutic agents out of cancer cells, but later Pgp was found to be an efflux pump. Pgp

is over-expressed in many types of cancer and has been extensively studied and

characterized, so it is also referred to as the multidrug resistance (MDR) protein.

Substrate transport mediated by Pgp is an ATP-consuming process (ATP hydrolysis).

MDRI belongs to the superfamily most commonly referred to as “ABC Transporters”,

also called “traffic ATPase”.

1.1.1 ABC transporters



The ABC superfamily, one of the largest and most diverse of transport families,
includes over 50 members, such as cystis fibrosis transmembrane regulator (CFTR) and
MDR-associated protein (MRP) (Higgins, 1992). Most of these transporters have been
identified in prokaryotes (Lomri et al., 1996), and the majority of family members have
no role in drug resistance, but are rather involved in the transport of ions and metabolites,
polysaccharides, peptides or proteins (Pedersen, 1995).

ABC transporters generally consist of four domains. The transmembrane domains
(TMD:s), each of which consists of six putative membrane-spanning segments, appear
largely responsible for the substrate specificity of the transporter. The nucleotide-binding
domains (NBDs), which are located at the cytoplasmic face of the membrane, bind ATP
and couple ATP hydrolysis to transport. Both NBDs are required for the normal function
of ABC proteins. Certain ABC proteins exhibit structural variations that reflect their
specific function (Lomri et al., 1996). Other than CFTR, all ABC transporters are ATP-
dependent active pumps.

1.1.2 Pgp structure

Pgp has 1280 amino acids and is a plasma membrane glycoprotein of about 170
kDa. Pgp has two homologous halves each having 6 transmembrane domains and
glycosylation sites on the first extra cellular loop. Each homologous half contains an ATP
binding site (Leveille-Webster and Arias, 1995). It seems evident that the linker region
located inside the cell is essential for the ATPase and drug efflux activity. Recent low-
resolution 2.5 nm structural data obtained by electron microscopy analysis confirmed the

secondary structure that had been deduced initially (Rosenberg et al., 1997).
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Phosphorylation seems to play a role in regulating Pgp function. The CI- current
was regulated by protein kinase C (PKC) mediated phosphorylation of Pgp (Higgins,
1995) in cells transfected with human MDR1 cDNA. ATP hydrolysis is required in the
process of Pgp extruding drug out of the cell (Shapiro and Ling, 1995b), however, the
mechanism is still not fully understood. Blocking N-linked glycosylation did not affect
Pgp function in MDR cells (Beck and Cirtain, 1982). Experiments showed that N-
glycosylation deficient protein conserved a normal transport activity (Schinkel et al.,
1993). However, glycosylation might be necessary in the trafficking and stability of the
protein (Beck and Cirtain, 1982; Kramer et al., 1995). The model representing Pgp

structure is depicted in Figure 1-1.

Extracellular

eJ1te
ATP Site

(D

Intracellular

Figure 1-1.  The model of Pgp structure.
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In the model described above, Pgp is assumed to have only one binding site.
Kinetic inhibition studies showed that verapamil seems to non-competitively inhibit
daunorubicin efflux (Garrigos et al., 1997). Verapamil, vinblastine and progesterone were
found to interact with each other non-competitively (Martin et al., 1997; Shao et al.,
1997). These results are consistent with findings by others (Dey et al., 1997) that the
photoactive analog of prazosin interacts with two distinct substrate interaction sites on the
C- and N- terminal halves of the human Pgp.

1.1.3  Substrates of Pgp

The substrate specificity of Pgp is extremely broad, possibly reflecting more than
one binding site since substrates exhibit diverse chemical structures, such as calcium
channel blockers, anthracycline and vinca alkyloid analogues, as well as steroids and
hormonal analogues (Ford and Hait, 1990). Structural studies indicate that the
requirements for substrates of Pgp are a molecular weight usually in the range of 350 to
1000 (exceptions with CsA and PSC833), hydrophobicity, two planar rings and a weak
cationic charge (Arias et al., 1990). Studies with Pgp also suggest at least eight
theoretical requirements for an ideal MDR probe (Broxterman et al., 1996) (Table 1-1).
1.1.4 Transport mechanisms of Pgp

In order to explain the extremely broad substrate specificity of Pgp (Gottesman
and Pastan, 1993), direct and indirect transport mechanisms have been envisaged. One
indirect transport mechanism hypothesis is that Pgp regulates the plasma membrane by
pH gradient or electrical potential (Higgins and Gottesman, 1992; Luz et al., 1994;
Roepe, 1992; Roepe et al., 1993 and 1994). Since most Pgp substrates are weak bases, an

increased intracellular pH or a reduction in the negative electrical potential would
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therefore reduce the intracellular drug concentration by passive diffusion across the
plasma membrane. However, these indirect mechanisms can not explain the change in
substrate specificity resulting from a single amino acid substitution (Choi et al., 1988).
No correlation between efflux and intracellular pH was shown for Rhodamine 123
(Rh123) (Altenberg et al., 1993 and 1994). Purified Pgp reconstituted in a liposome

system with a fluoresent substrate yielded similar results (Shapiro and Ling, 1995a).

Table 1-1. Eight theoretical requirements for an ideal MDR probe.

1 General fluorescence properties for flow cytometry (high fluorescence and no

reproducible quenching)

2 High cellular accumulation (or high distribution volume)

3 Rapid equilibration

4 High ratio of active to passive plasma membrane passage

5 Rate of plasma membrane transport determines the total loss rate of the probe

from the cell

6 pH-independent transmembrane transport
7 Membrane potential-independent transport
8 | All properties, except MDR-related efflux, unaffected by pump inhibitors (among

others, intracellular probe distribution and passive membrane transport)

The evidence tends to support a direct transport mechanism. At least three

different models have been proposed for MDR 1-mediated substrate translocation (Miiller

and Jansen, 1998; van Veen and Konings, 1997) (Table 1-2).
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Table 1-2. Three different models proposed for MDRI-mediated substrate

translocation.

‘“flippase” | Drug-transporting P-glycoproteins act by flipping drugs from the inner to

model the outer leaflet of the plasma membrane (Higgins and Gottesman, 1992).

‘“vacuum | P-glycoproteins act by binding hydrophobic compounds at the inner or the
cleaner” outer leaflet of the plasma membrane, followed by extrusion into the

model external medium (Gottesman and Pastan, 1993; Shalinsky et al., 1993;
Stein et al., 1994).

‘“aqueous | P-glycoproteins act by directly transporting amphiphilic compounds from
pore” the cytosol to the outside of the cell (Homolya et al., 1993).
model

1.1.5 Expression of Pgp in normal tissues

The major role of Pgp is in the development of MDR in tumor cells. However,
Pgp is also expressed in normal tissues. The development of antibody (Kartner et al.,
1985) facilitated the detection of this transporter in tissues. There are many monoclonal
antibodies that have been used to detect Pgp as listed in Table 1-3 (Ferry, 1998; Okochi
et al., 1997; Woodhouse and Ferry, 1995).

In humans (Cordon-Cardo et al., 1990; Thiebaut et al., 1987), Pgp is found
primarily lining the apical surface of epithelial tissues such as the liver (principally in the
bile canaliculi), kidneys (proximal tubules), intestine (mucosal cells), and pancreas
(ductal and acinar cells). High levels of Pgp are present in endothelial cells in the brain,
skin and testis where it essentially serves a protective mechanism for the body. Pgp is
also present in the adrenal glands, cortex and medulla. Its ubiquitous presence in the

adrenal glands may indicate a role in steroid secretion (Gottesman and Pastan, 1993). The
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degrees of MDR1 expression in various normal tissues can be classified into three levels

as given in Table 1-4 (Lum et al., 1993; van der Heyden et al., 1995).

Table 1-3. Pgp monoclonal antibodies.

Monoclonal Pgp epitope

antibody recognized comments

C219 cytoplasmic cross-reacts with MDR3 and myosin

C494 cytoplasmic MDRI1 specific, only reacts with fixed tissues
UIC2 extracellular MDR modulator, better than verapamil

4E3 extracellular no effect on drug transport, non-glycosylated forms
MM4.17 extracellular linear  human MDR1 specific

JSB-1 cytoplasmic MDRI specific

MRK16 extracellular loop human MDR1 specific, used in flow cytometry
MRK17 external

HYB-241 internal

HYB-612 internal

HYB-195 internal

265/F4 external

15D3 external

17F9 external
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Table 1-4. Level of MDR1 expression in normal tissues.

High Moderate Low

Adrenal cortex Adrenal medulla Skin

Kidney (renal proximal tubule) Trachea (apical) Skeletal muscle
Liver (biliary lining) Lung (major bronchi) Heart

Placenta (trophoblasts) Prostate (glandular) Spleen

Colon (luminal) Esophagus
Small bowel (apical) Stomach

Brain (endothelial cells) Ovary

Testis (endothelial cells) Spinal cord
Pancreas (epithelial cells) Bone marrow (stem
Macrophages (malignant effusions) cells, moderate)

1.1.6 Physiological function of Pgp

Despite the identification of substrates and inhibitors and the determination of
some of its structural features, the physiologic function(s) of Pgp is still unidentified. The
localization of Pgp suggests that it plays a major role in detoxification processes and
protection against xenobiotics, in excretion of steroid hormones, drugs and their
metabolites (Arias et al., 1990), but no natural substrate of Pgp has been identified.
However, Pgp is also found in high concentration in capillaries of the central nervous
system and uterus, suggesting a possible function of Pgp in the blood-brain barrier and in
the placental transport mechanism. Schematic representations of the position of the Pgp
pump in the transport mechanism in the intestinal epithelium and the blood-brain barrier

are depicted in Figure 1-2 and Figure 1-3, respectively (van Asperen et al., 1997).
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Figure 1-2.  Pgp pump transport mechanism at the intestinal epithelium.
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Figure 1-3.  Pgp pump transport mechanism in blood-brain barrier.
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It is hypothesized that small peptides are the natural substrates for the normal Pgp
system and that following their transmembrane transport, the peptides are rapidly
hydrolyzed to the amino acids. During normal protein turnover, many hydrophobic
peptides are formed intracellularly and some are rapidly secreted (Arias et al., 1990). Pgp
in mammals can have at least eight possible physiological functions (Borst et al., 1993;

Borst and Schinkel, 1996) as listed below in Table 1-5.

Table 1-5. Eight possible physiological functions of Pgp in mammals.

1 Protection against exogenous toxins ingested with food:

Expression in small intestine, colon, blood-tissue barrier sites.

2 Excretion of metabolites or toxins:

Expression in liver canalicular membrane and kidney (digoxin transport).

3 Transport of steroid hormones:
Expression in adrenal gland, demonstrated transport of cortisol, corticosterone,

aldosterone.

4 | Extrusion of (poly-)peptides (cytokines) not exported from the cell via the classical
signal/cleavage pathway:

Mammalian endoplasmic reticulum peptide transporters.

5 Ion transport and cell volume regulation:

Activation of an endogenous Cl” channel activity.

6 Lymphocyte cytotoxicity:

Possible involvement in NK-cell-mediated cytotoxicity.

7 Transport of prenylcysteine methyl esters.

Intracellular vesicular transport of cholesterol.

10
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1.1.7 MDR gene across species
Highly conserved genes encode Pgp across species (Ng et al., 1989). In mice,
hamsters and rats, the Pgps listed in Table 1-6, locate at similar sites, as in humans

(Biedler, 1992; Borst, 1997; Croop, 1993; Salphati, 1998).

Table 1-6. Pgp genes across species.
Chinese Mouse
Class Human hamster Rat Scheme A  Scheme B
I MDRI1 mdrla (pgpl) mdrla mdr3 mdrla
II mdrlb (pgp2) mdrlb mdrl mdrlb
11 MDR2/3 mdr2 (pgp3) mdr2 mdr2 mdr2

The implication of MDR1, mdrla and mdrlb ( Devault and Gros, 1990; Gros et
al., 1986; Ueda et al, 1987) in the development of the MDR phenotype was
demonstrated when sensitive cells became resistant after transfection of Pgp cDNA.
Classes I and II transporters translocate drugs from the inner to the outer side of the
plasma membrane, whereas class III transporters locate primarily on the canalicular side
of liver cells and act as phosphatidylcholine (PC) translocaters. All of the mammalian
Pgps display a high level of amino-acid identity (> 70 %). The human MDR1 transcript
shows a higher identity to mouse mdrla and mdrlb transcripts than to the human MDR2
transcript.

In rodents, mdrla and mdrlb differ in their substrate specificity and expression;
the latter is also gender dependent. The mouse mdrlb confers a preferential drug

resistance to adriamycin and colchicine while mdrla is more efficient against

11

| \RRARY

St

\



actinomycin D. In mice and rats, mdrla is the main Pgp expressed in intestine whereas
mdrlb is predominant in adrenal glands and ovaries (Croop et al., 1989; Silverman and
Schrenk, 1997). In rats, mdrl1b is highly expressed in lung whereas it is the least abundant
isoform in the liver. In hamsters, mdrlb is present only in the cortex and not in the
medulla of the adrenal glands (Croop et al., 1989). No Pgp can be detected in the adrenal
gland of female hamsters (Bradley et al., 1990). Moreover, the development of MDR in
mouse cell lines can result from the independent over-expression of mdrlb or mdrla or
both (Devault and Gros, 1990).
1.1.8 MDR?2 gene

Transfection of sensitive cells with the mdr2 ¢cDNA failed to confer MDR
(Buschman et al., 1992; Buschman and Gros, 1991; Gros et al., 1988; van der Bliek et
al., 1988), indicating mdr2 protein is not a drug transporter. Studies (Ruetz and Gros,
1994; Smith et al., 1994) showed that this protein is a phospholipid translocator. Its
significant role in phospholipid secretion was confirmed by the generation of mice
homozygous with the mdr2 gene disruption (Smit et al., 1993). Bile salts secretion in
these animals is unchanged, but bile is devoid of phospholipids and has a lower content
of cholesterol.

It was hypothesized that mdr2 would behave like a flippase (Ruetz and Gros,
1994; Smit et al., 1993) to make phosphatidylcholine accessible to bile salts (Oude
Elferink et al., 1997). But bile acids cannot be solubilized in the absence of
phospholipids, so that they damage the canalicular membrane (Ruetz and Gros, 1994). A
faster translocation of PC in cells expressing the human MDR2 Pgp as compared to

control cells was observed (Oude Elferink et al., 1997).

12

— |
o= !
o |
=
ZE
—



The mdrla (-/-) knockout mice display normal phenotypes, organ functions,
lifespan and fertility (Schinkel ez al., 1997), and pharmacologically mdrla/1b (-/-) mice
behaved similarly to mdrla (-/-) mice (Schinkel et al., 1997). But mice with disrupted
class III Pgp show signs of a disturbed hepatic architecture and an expansion of biliary
ducts. Additionally, MDR2 Pgp may be implicated in a human liver hereditary disease
(Deleuze et al., 1996).

1.1.9 Inducers of Pgp

Dexamethasone was found to repress the “natural” induction that occurs in
primary culture (Fardel et al., 1993), but the opposite effect was observed in the rat
hepatoma cell line (Schuetz et al., 1995). However, induction by dexamethasone seems to
be cell line dependent since it induced Pgp in a mouse hepatoma cell line and in HepG2
cells, whereas no effect was observed in NIH3T3 and HeLa cells (Zhao et al., 1993). The
basal level of Pgp was found to be 40% lower in male rats than in females and that mdr2
mRNA levels in male rats were one-half those in females (Salphati and Benet, 1998). In
male rats, rifampicin and dexamethasone caused 50% and S-fold increases in Pgp levels,
respectively. Dexamethasone reduced Pgp expression by about 60% and caused a 30%
decrease in mdr2 mRNA levels in female rats. Mdrla was not affected and mdrlb was
not detected in female or male rats (Salphati and Benet, 1998).

1.2  Other transporters
1.2.1 MRP

Recently, MDR-associated protein (MRP1) has been discovered to be a 190 kDa

protein and, like Pgp, belongs to the ABC protein family (Cole et al., 1994). The human

MRP1 gene is localized on chromosome 16 at band p13.1. MRP1 shows a similar but not

13
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identical pattern of resistance to Pgp and is the only member of the MRP family that has
been shown to associate with MDR (Kool et al., 1997). In humans only one Pgp (MDR1)
transports drugs, whereas the MRP family has at least six members serving this function
(Kool et al., 1997).

MRP1 is functionally similar to Pgp in transporting many of the same substrates,
such as vinblastine, cyclosporine and verapamil (Holl6 et al., 1996), but only has 15%
amino acid identity with Pgp (Lautier et al., 1996). Unlike Pgp, that prefers lipophilic or
weakly basic substrates, MRPs prefer anionic compounds including the leukotriene LTC4
(substrate with the highest affinity for MRP), and products of phase II metabolism such
as glutathione-conjugates (Heijn et al., 1997; Shen et al., 1996). MRP1 has been referred
as a glutathione conjugate efflux pump (Flens e? al., 1994).

MRPI is found in solid tumors as well as expressed at low levels in many tissues
(Kruh et al., 1995) including liver, intestinal and hematopoietic cells, and at higher levels
in skeletal muscle, heart, testes, kidney and lung. However, the physiological relevance
of MRP in these tissues is unknown. MRP1 expression in the liver was found to be very
low (Paulusma et al., 1996), while its homologous transporter MRP2 (also termed
cMOAT) is found almost exclusively in the liver and in lesser amounts in the small
intestine and other tissues.

The transport properties of cMOAT have been well-characterized (Ishikawa et al.,
1990; Oude Elferink and Jansen, 1994). In the TR’ rats (Wistar rats deficient in cMOAT),
the ATP-dependent transport of anionic compounds from liver cells into the bile is
disturbed. Early evidence suggests that MRP3 is similar to MRP2, and MRPS similar to

MRPI1. MRP4 is rare and the role of MRP6 is unclear. Homology between family

14




members suggests that all MRPs function as GS-X (glutathione conjugates) transporters
(Kool et al., 1997).
1.2.2 LRP

The lung resistance-related protein (LRP) is another protein associated with MDR
(den Boer et al., 1998). The human LRP genes map on the short arm of chromosome 16
(16p 13.1-16p 11.2) proximal to MRP (16p 13.1). This 110 kDa protein shows a high
amino-acid identity (60-90%) to MRP1.

LRP is expressed in cancerous tissue (Izquierdo et al., 1996), especially in non-
Pgp MDR tumor cells, as well as in normal tissues. Epithelial cells with secretory
functions and cells exposed to xenobiotics, such as bronchial, intestinal, proximal and
renal tubular cells, keratinocytes, macrophages and adrenal cortex cells show the highest
LRP expression. Even though LRP expression does not directly result in MDR
(Sugawara et al., 1997), this protein has been speculated to be involved in drug transport
since it serves as a better prognosticator for MDR cancer strains than either Pgp or MRP.
LRP can only be found in the cytosol, with no evidence of either transport or sequestering
of drugs (Borst et al., 1997). Table 1-7 summarizes the similarities and differences
between various MDR transporters (Borst, 1997; Miiller, 1999) as discussed above
together with cystis fibrosis transmembrane regulator (CFTR) and bile salt export pump

(BPEP), also termed sister Pgp (SPGP), to be discussed in subsequent sections.

15

WGSE LIBRARY




\aladil vt

suolue
segio apruoinon|3
‘HSO -a-gL1
Uo1aId9s ‘DSSOH -[oipensy
Areliq ‘optuoinon|3 ‘suones
HSO ‘arejns oruedio
‘sorednfuod ‘HSDO Jo sj[es ‘spunodwos
soIy sarednfuo) g siqoydoipAH sajeqysqng
[e193e] urgwo(q
[e1dye] i i -oseq reoldy [eroe] reody | reoidy reoudy AUBIqUIDIA
S[[90 999 aunsaul
‘Qunsaul ‘Kaupny ureiq
‘Kaupry aunsajul aunsajul ‘IOATI] ‘aunsaul uonnqLisiq
(AT (IOAT] ‘JOAIT] ‘Koupry| Kaupry ‘Koupry] | urySiH | ‘1oA1f ‘Aoupry anssi],
(e3am
YT
(raam) (414D)
%ST %61
(dIw) (1IN (Namw (yex) (ryam)
%8S %9% %S1 %8878 | %6VL A3ojowoy
(Al
ce/le e1-CI'el -T'el 1€bz
¢rdoyr | 1zbe ber | ¢1ebLl ¥bol dgg dog 1¢by | mwebz 17bL 12bL aurosowoxy)
00¢ 061 114! 0Ll 0Ll 0Ll (@) MIN
€0S1 Levl ceel LTST SYel 1€ST 968 08¥1 IZel 6LC1 08¢1 \'A 4
(dods)
ININ | SAIN | vdIN | AN AN TN da1 ALID | dASqd 1% (14 TAdN
‘s1opodsuer) YA UewIny SNOLIBA U29M19q 9OUSIIJJIP pUe SSNLIR[IWIIS 9y ], ‘L-1 9IqelL

16



1.2.3 Transporters in various organs

Three other transport systems capable of transporting a variety of drugs are the
organic cation transporters (OCTs), organic anion transport polypeptides (OATPs) and
Na*-dependent taurocholate proteins (NTCPs). Figure 1-4 compares the structures and

sizes of the five transporter families (Miiller and Jansen, 1998).

NTCPs
OCTs

OATPs 661-670

MDRs ] 1276-1282

~

MRPs Wi 1528-1545

e

Figure 1-4.  Comparison of the structure and size of five transporter families.

OCTs and OATPs have long been studied in uptake and secretion of anionic and
cationic endogenous substances and xenobiotics in the kidney and liver, but less well
studied in other tissues. NTCPs are well studied in the liver where they uptake bile salts

into hepatocytes. Figure 1-5 shows the inter-relationship and how various transporters
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function in the liver (Keppler and Arias, 1997; Miiller et al., 1996; Miiller and Jansen,

1997; Zhang et al., 1998).

Organic Organic

Cations Anions NTCP
\
?OCT OATP Bile
MDR1 MRP3? Salts ' ' Na+
GSH MDR3
P: Phosphatidyl
Bik canaliculus
cMOAT- BSEP/SPGP
Tight junction
MRP1 2K+ MRP6
Lateral membrane
Sinusoidal membrane

3Na+

Figure 1-5.  Liver transporters.

BSEP (the bile salt export pump), also termed cBAT (canalicular bile acid
transporter), that appears to be identical to what has been called sister Pgp (SPGP)
(Miiller and Jansen, 1997), pumps mono-anionic bile salts, such as taurocholate, across
the canalicular membrane (Keppler and Arias, 1997). NTCP is called Na*-dependent
taurocholate protein (Miiller et al., 1996) or Na*-taurocholate co-transporting polypeptide

(Miiller and Jansen, 1997). Poly-specific OATP is called organic anion transport protein
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(Miiller et al., 1996) or Na'-independent organic anion transport protein (Miiller and
Jansen, 1997).

Renal secretion of anions and cations involves uptake or efflux transporters at
either the basolateral (BLM) or brush border membrane (BBM). Figure 1-6 illustrates the

various transporters important in kidney function (Bendayan, 1996; Pritchard and Miller,

1993; Somogyi, 1996; Zhang et al., 1998).

BLM BBM

OA- OA-
alpha-ketoglutgrald ) alpha-ketoglutarate

Na+ Na+

H+

2K+ OC+

Na+ H+

3Na+

—1» OC+

MRPi 4_‘_ MDRI1

70 mV cMOAT

pH7.2

pH 7.4 pH 6.7

Figure 1-6.  Kidney transporters.

Na'/K*-ATPase and Pgp are primary active transporters. Symporter or co-

transporter (Na‘*/glucose), counter-transport (galactose/glucose) and antiporter (Na*/H*
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and Na'/Ca™) are secondary active, also called exchange-only, systems. One example of
tertiary active transporters is the a-ketoglutarate (0-KG) system, which involves Na*/K"-
ATPase, Na*/a-KG cotransporter and OA/a-KG anion exchanger.
1.2.4 Overlaps between transporters

Substrate specificity varies among the various isoforms of these transporters, but
is in general quite broad (Bendayan, 1996). The canalicular transport of organic anions
and cations against a high concentration gradient from the liver cell into the bile seems to
be caused, at least partly, by the class I/II Pgp and cMOAT. It is believed that Pgp is one
of the putative cation carriers responsible for biliary excretion of bulky (amphiphilic)
organic cations. Regarding the canalicular transport of phospholipids, at least the
secretion of phosphatidylcholine seems to be mediated by the class III Pgp.

There is also some overlap between OCT and OATP transporters (Bendayan,
1996; Ott et al., 1990). Cation guanidine transport in rabbit BBM vesicles was not
effected by typical OCT inhibitors (Miyamoto et al., 1988). “Bisubstrates” interacting
with both organic anion and cation transporters are also observed (Ullrich et al., 1993a
and b).
1.3  Cytochrome P450s

Over the past years, knowledge at the molecular level has expanded rapidly and
substrate specificity and regulatory determinants of various cytochromes P450 (CYP)
enzymes have been characterized. About 30 human CYP isoforms (Thummel and
Wilkinson, 1998) have been recognized, and drug metabolism studies are now
increasingly being used in early drug development.

1.3.1 Drug metabolism reactions and enzymes
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Metabolism can occur in many tissues, such as liver, GI tract, lungs, skin and
kidneys. Drug metabolism can be classified into phases I and II reactions (Meyer, 1996).
Phase I reactions are functional group conversion reactions including dehydrogenation,
oxidation and monooxygenation. Phase II reactions are derivatization of functional
groups, which include glucuronidation, sulfation, acetylation, GSH-conjugation and
methylation. Many enzymes can be involved in drug metabolism (Guengerich, 1996).
Oxygenases include cytochromes P450 and flavin-containing monooxygenases.
Glutathione S-transferases, sulfotransferases and UDP-glucuronyl transferases are the
common conjugating enzymes.

1.3.2 Microsomal enzymes

Microsomes are on the cell smooth endoplasmic reticulum (no ribosome).
Microsomal drug oxidations are carried out by oxygenases, also called mixed function
oxidases (MFOs). Microsomal enzyme system includes four components— NADPH, O,
NADPH-cytochrome P450 reductase flavoprotein and cytochrome P450 hemoprotein.

The cytochrome P450 enzymes are involved in oxidative metabolism of
endogenous and exogenous compounds. P450s have over 500 genes in all species, with
about 50 expressed in each human organism. CYP enzymes are divided into families (1,
2, 3, etc.), and further subdivided into subfamilies (1A2, 2A6, etc.). Family members
have >40% amino acid sequence identity, subfamily members have >55% related

identity. Human P450s mainly consist of three families (Table 1-8).
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Table 1-8.

Three major human P450 families.

CYP1 1A1 in <1% of human liver specimens, in lungs, placenta, inducible
1A2 not in extrahepatic tissues, only in liver, inducible
CYP2 2A6 liver
(largest 2B6 in <50% liver samples, only 1% of total P450 in those are 2B6
number 2C8 liver, renal
of P450s) | 2C9 and differ by two amino acids in liver
2C10
2C19 liver, 5% Caucasians and 20% Asians are poor metabolizers
(PMs)
2D6 liver, 5-10% Caucasians and 1% Asian, African are PMs
2El liver and extrahepatic
CYP3 3A3 liver?, inducible?
3A4 liver, gut, 50% of total P450s in liver is 3A4, inducible
3A5 adult liver, in 20-25%
3A7 fetal liver

1.3.3 P450 isoforms

Table 1-9 notes some substrates (Krishna, 1999), inhibitors and inducers of

human P450 isoforms (Flockhart, 1999). Some human P450s also have polymorphisms

(Flockhart, 1999) (Table 1-9).
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1.3.4  Substrate specificity of P450 enzymes

Metabolism by CYPs is determined by three generic rules (Smith et al., 1996):
topography of the active site, degree of steric hindrance of the iron-oxygen complex
access to the possible metabolism sites, and possible ease of electron or hydrogen
abstraction from the various carbons or heteroatoms of the substrate. The SAR of three

P450s is summarized below (Table 1-10) (Smith et al., 1996).

Table 1-10.  The SAR of three major P450s.

CYP2D6 Arylalkylamines (basic) with site of oxidation 5-7 A from protonated

nitrogen.

CYP2C9 Neutral or acidic molecules with site of oxidation 5-8 A from H-bond
donor heteroatom. Molecules tend to be amphipathic with a region of
lipophilicity at the site of hydroxylation and an area of hydrophobicity

around the H-bond forming region.

CYP3A4 | Lipophilic, neutral or basic molecules with site of oxidation often basic

nitrogen (N-dealkylation) or allylic positions.

1.3.5 Cytochrome P450 3A

By far, cytochrome P450 3As are the most abundant human CYP isoforms and are
of major importance in the metabolism of drugs in humans as shown in Table 1-11
(Guengerich, 1996). CYP3As are localized in organs relevant to drug absorption
(gastrointestinal tract) and disposition (kidney, and liver) and their catalytic activity is
readily modulated by a variety of compounds. Estimates based on in vitro studies suggest

that the metabolism of 40-50% of drugs used in humans involve CYP3A-mediated
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oxidation. However, whether this reflects the importance of such metabolism in drug

elimination in vivo is not so apparent.

Table 1-11.  Percentage of drugs oxidazed by different P450 isoforms.

P450 Location, regulation % of drugs oxidized
1A2 hepatic, inducible 4

2C9/10 hepatic 10

2C19 hepatic, polymorphic 2

2D6 hepatic, polymorphic 30

2E1 hepatic and extrahepatic 2

3A4 hepatic, small intestine, inducible 50

2A6 hepatic 2

1.3.6 Tissue localization of P450 3A

Humans have at least three functional proteins of CYP3A. CYP3A4 is universally
found and is the major isoform, comprising about 30% of total CYP proteins in the liver
(Shimada et al., 1994). Relatively high CYP3A4 levels are also present in small intestinal
epithelia, particularly in the apical region of enterocytes at the tip of the microvillus,
comprising about 70% of total CYP intestinal enzymes (Kolars et al., 1994; McKinnon et
al., 1995). The isoform amount falls along the gastrointestinal tract. In the kidney,
CYP3A4 is present in only about 30% of renal tissue samples and mainly in the
collecting ducts (Haehner et al., 1996; Schuetz et al., 1992), but the mechanism of such
polymorphic expression is not clearly understood.

CYP3A3 is a very closely related isoform to CYP3A4 (>98% cDNA sequence

similarity), but it is not known whether this reflects a separate gene product or an allelic
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variant. Therefore, the term CYP3A4 is generally used to indicate a collective
contribution of the two isoforms.

By contrast, CYP3AS is distinct from CYP3A4 structurally. This polymorphism
may be due to a point mutation resulting in the synthesis of an unstable protein (Jounaidi
et al., 1996). CYP3AS is found in the liver but only in about 10-30% of hepatic samples
and only at 10-30% of CYP3A4 levels (Wrighton et al., 1989 and 1990). CYP3AS is the
predominant CYP3A isoform that is universally expressed in the kidney (Haehner et al.,
1996; Schuetz et al., 1992). It is also heterogeneously expressed throughout the
gastrointestinal tract, but in lower amounts than CYP3A4 except in stomach parietal cells
(Kolars et al., 1994; McKinnon et al., 1995). CYP3AS expression does not appear to be
up-regulated by well-established inducers of CYP3A4 (Schuetz et al., 1993; Wrighton et
al., 1989).

CYP3A7 was originally found in fetal liver. However, it also appears to be
selectively expressed in adult livers at lower levels than CYP3A4 and CYP3AS (Schuetz
etal., 1994).

1.3.7 P450 3A substrate specificity

The substrate specificity of the CYP3A enzymes is very broad, with many
structurally divergent chemicals metabolized by various different pathways in a regio-
and stereo-selective fashion (Guengerich, 1995; Maurel, 1996).

CYP3A4 is the most thoroughly studied isoform, and it is assumed that the other
isoforms have essentially similar characteristics. However, possible important differences
in the isoforms’ substrate specificity may exist. For instance, neither quinidine nor

erythromycin appear to be metabolized by CYP3AS5 although they are good CYP3A4
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substrates (Aoyama et al., 1989; Wrighton et al., 1990). Furthermore, only one of three
primary metabolites of cyclosporine, all formed by CYP3A4, was also produced by
CYP3AS (Aoyama et al., 1989). CYP3AS exhibited greater catalytic activity in the 1-
hydroxylation of midazolam, but the level of CYP3A5-mediated metabolism was less
than that of CYP3A4 (Gorski et al., 1994). Optimal in vitro conditions may not be the
same for the two isoforms causing the differences in these comparative studies.

1.3.8 Variability of P450 3A

CYP3A exhibits large inter-individual variability in activity resulting from a
genetic effect combined with modulation by environmental factors. Hepatic microsomal
activity often differs by up to 40-fold (Guengerich, 1995; Shimada et al., 1994), and large
variability also has been noted with intestinal (Lown et al., 1994) and renal microsomes
(Haehner et al., 1996). Human in vivo studies demonstrate considerable interindividual
variability that is generally smaller (five-fold) than microsomal activity, although
inhibition and induction can significantly increase the range. The reason for such a
discrepancy is unclear, but care must be taken in quantitatively extrapolating in vitro
studies to the in vivo situation.

Even though the term CYP3A primarily reflects CYP3A4, it usually reflects all of
the isoforms because of the difficulty in distinguishing between the isoforms’ catalytic
activities and more often several isoforms may be present in a single organ.

1.3.9 P450 3A in drug interactions

Not all drug interactions caused by CYP3A are necessarily of clinical importance,

unless CYP3A-mediated metabolism is the drug’s major elimination pathway. Important

clinical drug interactions generally occur only with drugs that have a narrow and/or steep
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concentration-response relationship when coadministered with the most potent inhibitors
or inducers. More modest interactions are generally of less concern, since their
consequences are within the normal population variability.

The involvement of CYP3A in the metabolism of numerous drugs leading to
potential drug-drug interactions has been reported. The order of in vivo inhibitory
potency for azole antifungal agents is consistent with their in vitro K; values, i.e.
ketoconazole>itraconazole>fluconazole, with miconazole showing no effect (Baciewicz
and Baciewicz, 1993; Gillum et al., 1993). Erythromycin, which inactivates CYP3A by
the formation of complexes with the heme moiety, is also a potent inhibitor, but less so
than ketoconazole (Gillum et al., 1993; Lindstrom et al., 1993; Periti et al., 1992; von
Rosensteil and Adam, 1995). Several calcium-channel blockers, such as verapamil and
diltiazem, produce a weak to moderate inhibitory interaction with other CYP3A drugs in
vivo (Rosenthal and Ezra, 1995).

The increase in cyclosporine blood concentration after co-administration of
various inhibitors (e.g., azole antifungal agents) is consistent with in vitro studies. Use of
ketoconazole (Butman et al., 1991; First et al., 1991 and 1993; Hebert et al., 1992,
Keogh et al., 1995; Patton et al., 1994; Sobh et al., 1995) together with cyclosporine
reduce the immunosuppressives metabolism by CYP3A. Co-administration of azole
antifungal agents has been reported to increase tacrolimus (FK506) blood concentrations
(Floren et al., 1997; Venkataramanan et al., 1995).

The azole antifungal agents and erythromycin (Ahonen et al., 1995 and 1997,
Backman er al., 1994a and b, 1995; Mattila et al., 1994; Olkkola et al., 1993, 1994 and

1996; Yeates et al., 1996; Zimmermann et al., 1996) have also been found to markedly
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enhance midazolam plasma levels. Terfenadine’s elimination was predominantly
determined by CYP3A (Jurima-Romet et al., 1994; Ling et al., 1995; Yun et al., 1993)
and serious side effects were associated with co-administration of ketoconazole or
erythromycin (Woosley, 1996). Fexofenadine, the active metabolite of terfenadine, is not
extensively metabolized but is a Pgp substrate.

14  Cytochrome P450 3A and P-glycoprotein

Pgp is often co-localized to cells in which CYP3A is extensively expressed, e.g.
enterocytes and hepatocytes, so that the two proteins appear to function in concert to
reduce the intracellular concentration of xenobiotics. Considerable overlap exists between
compounds interacting with Pgp and CYP3A (Wacher e? al., 1995), probably reflective of
the broad substrate specificity of the individual proteins. A considerable number, but not
all of CYP3A substrates, interact with Pgp either as substrates and/or inhibitors (calcium-
channel blockers, azole antifungal agents, immunosuppressants and macrolide
antibiotics).

The co-administration of two Pgp and/or CYP3A substrates can result in
interactions that reflect inhibition of metabolism alone or reduced Pgp efflux only or a
combination of both (Kivisto et al., 1995; Wacher et al., 1998). Several studies in
animals and in vitro cultured cell lines indicate that the interactions previously considered
to only reflect inhibition of metabolism could also involve a Pgp mechanism (Hunter et
al., 1993; Leu and Huang, 1995; Terao et al., 1996). Moreover, it has been shown that
cellular levels of expression of the efflux pump relate to the extent of CYP3A induction

by rifampin in vitro (Schuetz et al., 1996).
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Benet and his colleagues (reviewed in Wacher et al., 1998) proposed that Pgp
expression in the gut could influence the extent of drug metabolism, depending on the

efficiency of the active counter-transport. The intestinal barrier of CYP3A and Pgp is

depicted in Figure 1-7.
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Figure 1-7.  The intestinal barrier of CYP3A and Pgp.

When an orally administered drug reaches the intestine, it can cross the plasma
membrane of the enterocytes by passive diffusion. Of the drug absorbed, a fraction
reaches the portal vein by-passing the enzyme, another fraction is metabolized by
CYP3A and an additional fraction is pumped out of the enterocyte. The expelled
unchanged drug may re-enter the enterocyte and again be partially absorbed, metabolized

and extruded. Blocking Pgp counter-transport leads to a lower extraction of the drug by
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the enzyme, and thus to a higher fraction absorbed because a larger fraction of the drug

reaches and saturates the capacity-limited enzyme. When CYP3A is inhibited, the

fraction of the drug getting metabolized is reduced since Pgp is the only mechanism
limiting drug absorption. Inhibition of both proteins will significantly increase the
fraction of the drug able to reach the portal vein.

Based on this model, it appears that Pgp not only affects drug absorption by its
own activity, but also influences the fraction of the drug metabolized by regulating the
drug’s access to the enzyme. It is difficult to discriminate between the effects resulting
from the interaction with the transporter or with the enzyme because many of the drugs
that have been used as Pgp modulators, such as cyclosporine, verapamil, amiodarone and
quinidine, are also CYP3A substrates. This thesis research attempts to separate out the
effects of Pgp versus CYP3A as discussed in Chapter 2 for the model substrate digoxin.
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