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ABSTRACT

Investigating the Role of P-glycoprotein on Drugs Exhibiting Enhanced Renal
Clearance in Cystic Fibrosis Patients

Miki Susanto

The goal of the research was to determine if P-glycoprotein (P-gp) plays a role in enhancing
the renal clearance (CLr) of drugs in cystic fibrosis (CF) patients. We hypothesized that the
enhanced CLr of drugs observed in CF patients was due to increased P-gp expression in those
patients, which would caused increased CLr of drugs that are substrates of P-gp. Bidirectional
transport and inhibition study results in control (MDCK1) and P-gp overexpressing (MDCK1-
MDR1) cell lines showed that antibiotics that have a higher active CLr in CF patients
(dicloxacillin, trimethoprim and ciprofloxacin) are substrates of P-gp while those that do not
(sulfamethoxazole, iothalamate and cefsulodin), are not substrates of P-gp. Ciprofloxacin,
besides being a substrate of P-gp, is also a substrate of an unidentified absorptive transporter.
In vivo pharmacokinetic studies showed no correlation between P-gp expression and the CLr of
trimethoprim and ciprofloxacin in mice. GG918, a P-gp inhibitor, had no effect on the
disposition of trimethoprim and ciprofloxacin in rats. There was 3-fold higher mdria and 14-
fold higher mdr1b expression in the kidneys of female than male wild type mice. P-gp
expression was similar between male and female AF508 CF mice. However, there was a
difference in P-gp expression between wild type and AF508 CF mice. Both mdria and mdrib
expressions were decreased by approximately 60% and 70%, respectively, in female AF508 CF
compared to female CF wild type mice. On the other hand, both the mdria and mdrib
expressions were increased by approximately 50% and 360%, respectively, in male AF508 CF
compared to male CF wild type mice. The combined overall effect in the kidneys of male and
female AF508 CF mice was a two-fold increase in mdr1b expression. This agrees with our
hypothesis that P-gp expression might be increased in the kidneys of CF patients. There was

no difference in the expression of cftr between the kidneys of P-gp wild type and P-gp

vi



knockout mice, regardless of the sex of the mice. We also compared the expression of MDR1
between CFPAC-1 and CFPAC-1 pLJ CFTR cells. In the presence of wild type CFTR gene, MDR1
expression was significantly decreased while the expressions of MRP1, 2 and 3 and OATP-C, D,
E and 8 were not changed. This result agrees with the hypothesis that P-gp expression might
be upregulated in the kidneys of CF patients due to defects in their CFTR gene. In conclusion,
the cause of the enhanced CLr of drugs in CF patients remains unknown. More research will
need to be performed to answer the question and in determining whether P-gp could be

responsible for the observed enhanced CLr in CF patients.
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Chapter 1

Introduction

1.1 Statement of Purpose

The overall goal of my thesis research is to determine if P-glycoprotein (P-gp) plays a role in
enhancing the renal clearance (CLr) of several drugs in cystic fibrosis (CF) patients. To treat
their persistent lung infections, CF patients take many antibiotics and due to the observation
that some antibiotics are eliminated faster in CF patients, they are usually prescribed with
higher dosage of antibiotics. However, not all antibiotics exhibit higher clearance in CF
patients. Therefore, it might not be appropriate or it could be dangerous to prescribe higher
dosages for all drugs in CF patients. Most antibiotics are cleared renally, therefore by knowing
the cause(s) of the enhanced renal clearance of drugs in CF patients, we will be able to design
a better dosage regimen to treat CF patients. We hypothesize that the enhanced renal
clearance of drugs observed in CF patients is due to increased P-gp expression in those
patients, which in turn will cause increased renal clearance of drugs that are substrates of P-
gp. If this hypothesis is proven correct, we may adjust the dose given to CF patients based on

whether or not the drug is a substrate of P-gp.

In order to understand the thought processes or supporting literature evidence that led to this
hypothesis, we need to understand more about cystic fibrosis, CFTR, P-glycoprotein and the

renal system, which will be presented below.

1.2 Cystic Fibrosis

1.2.1 A brief history

Cystic fibrosis (CF) is one of the most common lethal genetic disorders affecting primarily
Caucasian populations. It is an autosomal recessive disorder, which occurs in approximately 1

in 2500 live births. Currently there are more than 30,000 people in the US who have this
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disease and more than 10 million people (1 in 22 to 28 Caucasians) who are symptom-less
carriers of the defective gene (1). The earliest accurate medical description of a CF case was
given in 1595 by Dr. Pieter Pauw in an autopsy report of an 11-year-old girl believed to have
CF (2). The girl was described as being meager with a swollen, hardened and gleaming white
pancreas (2). In 1936 Fanconi et al. (3) recognized the disease as separate from celiac
disease and was probably the first to refer to it as "cystic fibromatosis with bronchiectasis"
(4). In 1938 the first comprehensive description of the disease was provided by Dr. Dorothea
Anderson and to emphasize the pancreatic lesion, she coined the term "cystic fibrosis of the
pancreas” (5). This nomenclature was challenged by Farber in 1945 (6) and he introduced the
term mucoviscidosis to describe the disease and this term is still widely used outside the
English speaking world (4). In 1946 the genetic etiology and autosomal recessive pattern of
inheritance of CF was understood (7). The significant discovery of high salt concentration in
the sweat of CF patients, which is the gold standard CF diagnosis tool used today, was made

in 1948 by Dr. Paul di Sant' Agnese and his colleagues (8).

It took about five decades from the time the disease was described by Fanconi et al. (3) to the
discovery of the genetic defect that caused CF. In 1985, the position of the CF gene was
localized to chromosome 7 and ultimately in 1989 the gene was successfully identified to
position 7q31.2 by positional cloning techniques (9-11). The gene product was called CFTR,
which stands for Cystic Fibrosis Transmembrane Conductance Regulator (9-11). Recently the
gene was given a new name by the Human Gene Nomenclature Committee (HGNC). The
approved name for the gene is "ABC-binding cassette, subfamily C, member 7" with the

approved gene symbol, ABCC7 (see Table 1.7)(12).

Even though it is widely accepted that defects in CFTR are responsible for CF, how the loss of

CFTR causes CF remains incompletely understood and there is still no cure for the disease (1).

1.2.2 Clinical features of CF

CFTR is expressed on the apical membrane of epithelial cells, it functions as a cAMP-regulated

chloride channel and a regulator of other transport proteins (13-29).
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The absence of the channel causes abnormal electrolyte transport in the epithelial celis of
several organ systems that lead to to the clinical manifestations of the disease. The organ
systems affected in CF include lung and upper respiratory tract, pancreas, the gastrointestinal

tract, hepatobiliary system, sweat glands and genitourinary tract (1, 4).

1.2.2.1 Lung and upper respiratory tract

The manifestation in the lung is the major cause of morbidity and mortality in CF patients.
They have persistent chronic pulmonary infection coupled with an abnormal inflammatory
defense mechanism that leads to persistent coughing, chronic sputum production, airway
obstruction by mucus, nasal polyps (in 15% of patients), sinusitis and intense pulmonary
inflammation, which slowly progresses to bronchiectasis and lung destruction (1). The onset
of respiratory symptoms is variable among patients with some patients not displaying any
symptoms until adulthood while others showing the symptoms early in infancy. It is still not
clear how the CFTR defect in the airway causes the lung to become susceptible to bacterial
infection (30). One theory hypothesizes that due to the defect in CFTR, there is a lack of fluid
secretion that is followed by excessive fluid absorption that then leads to thickening of the
airway mucus and impaired mucociliary clearance. Impaired mucociliary clearance leads to
bacterial infection and inflammation that signals the immune system to destroy the bacteria
and lung cells. This process releases DNAs into the airway, causing an already thick mucus to
be even thicker and the vicious cycle continues until ultimately the whole lung is destroyed
(30,31). Another theory proposes that the loss of CFTR alters the airway surface liquid salt
composition, which then changes the ability of airway defense mechanisms to eliminate
bacteria, ultimately resulting in bacterial colonization and lung destruction by the immune

system (32).

Several strains of bacteria are frequently found in CF patients. Staphylococcus aureus and
Haemophilus influenza are commonly encountered in infants and toddlers while Pseudomonas
aeruginosa takes over as the disease progresses (33, 34). Burkholderia cepacia,
Stenotrophomonas maltophilia, Alcaligenes xylosoxidans, Aspergillus fumigatus and

nontuberculous bacteria are also isolated from the airway of CF patients (33, 34). With proper
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antibiotic treatments and prophylaxis the median survival and quality of life of CF patients has

improved from death in early childhood to over 30 years of age (1, 35, 36). Table 1.1 lists

some of the oral antibiotics commonly used in CF patients. Besides oral antibiotics, CF

patients are also treated with intravenous antibiotic therapy.

Table 1.1  Some of the oral antibiotics commonly used to suppress respiratory pathogens in
CF patients. Adapted from Welsh et al. (1)
Dose
Pathogen Antibiotics R
Child Adult
S. aureus Dicloxacillinm— o 6.25 mg/kg q. 6 hr 250-500 mg q. 6 hr
Cephalexin 12.5 mg/kg q. 6 hr 500 mg q. 6 hr
Amoxicillin-clavulanate 12.5-22.5 mg/kg q. 12 hr 400-875 mg q. 12 hr
Erythromycin 15 mg/kg q. 8 hr 250 mg q. 8 hr
Clarithromycin 7.5mg/kg q. 12 hr 500 mg q. 12 hr
H. influenza Cefaclor 10-15 mg/kg q. 8 hr 250-500 mg q. 8 hr
Amoxicillin 20-40 mg/kg q. 8 hr 500 mg q. 8 hr
S.aureus  Cefxime Gokoq 20w 40mgq.24he
and Amoxicillin-clavulanate 12.5-22.5 mg/kg q. 12 hr 400-875mg q. 12 hr
H. influenza Trimethoprim-sulfamethoxazole 4 mg/kg q. 12 hr (TMP), 160 mg q. 12 hr (TMP),

P. aeruginosa

Cefpodoxime

Cefuroxime

Ciprofloxacin

Ofloxacin

B. cepacia

Trimethoprim-sulfamethoxazole

Doxycycline

Minocycline

20 mg/kg q. 12 hr (SM2Z)

S mg/kg q. 12 hr
20 mg/kg q. 12 hr

Not approved

Not approved

800 mg q. 12 hr (SMZ)

200 mg q. 12 hr

250-500 mg q. 12 hr

500-750 mg q. 12 hr

400 mg q. 12 hr

4 mg/kg q. 12 hr (TMP),
20 mg/kg q. 12 hr (SMZ)

5 mg/kg initial dose + 2.5
mg/kg q. 12 hr

4 mg/kg initial dose + 2
mg/kg q. 12 hr

160 mg q. 12 hr (TMP),
800 mg q. 12 hr (SM2Z)

200 mg initial dose +
100 mg q. 12 hr

200 mg initial dose +
100 mg q. 12 hr

q. = every



1.2.2.2 Pancreas

Besides pulmonary symptoms, the majority of CF patients also exhibit clinical manifestation in
the pancreas (1). The pancreatic symptoms are the second most common presenting
symptoms in infants with CF. Unlike pulmonary function, there is a good correlation for
genotype-phenotype with pancreatic function in CF (37). About 85% of CF patients are
classified as pancreatic insufficient (PI) while the remaining 15% are pancreatic sufficient (PS).
This classification is based upon whether or not the patient exhibits steatorrhea secondary to
fat maldigestion and malabsorption (1). Most patients homozygous for AF508 are PI while
those with at least one copy of partially functional mutations (e.g., R177H, R334W, A455E and

3849+10kb C to T) are PS (38, 39).

The onset of pancreatic insufficiency varies from patient to patient. In some patients it
develops in utero while in others pancreatic insufficiency progresses over the years (40).
Obvious symptoms of pancreatic insufficiency occur when more than 85% of the pancreas is
lost (41). PI patients have a pancreatic enzyme deficiency that leads to fat and protein
maldigestion and malabsorption that then results in distended abdomen, poor weight gain,
stunted linear growth, deficiency in fat-soluble vitamins (A, D, E, K) and frequent, bulky and
greasy stools (42, 43). To correct these abnormalities, CF patients take enzyme replacement
therapy and nutritional supplementation (1, 44, 45). Also, as patients today with CF live
longer, both glucose intolerance and CF related diabetes mellitus (CFRDM) are becoming
common complications (46-50). CFRDM has a clinical presentation that is distinct from class I
and II diabetis mellitus. Due to the increasing incidence of CFDRM, the Cystic Fibrosis
Foundation recommends annual screening of all patients with a casual glucose level greater

than 126 mg/dl (1).

1.2.2.3 Gastrointestinal tract
About 10-20% of CF patients present meconium ileus (MI) at birth. It is highly associated
with PI and the AF508 mutation (51). Throughout their lives, CF patients may repeatedly

experience distal intestinal obstruction syndrome (DIOS), an obstruction of the small bowel



(52). About 20% of CF patients at the age of 12-30 months experience rectal prolapse that

can be corrected in almost all cases by manual reduction with gentle pressure (1, 53).

1.2.2.4 Hepatobiliary system

Because CFTR is expressed in the apical surface of the biliary tract epithelia and not in the
hepatocytes, hepatobiliary disease in CF only affects the biliary duct and not the hepatocytes
(1). A large percentage of patients at autopsy show focal biliary cirrhosis where "focal zones
of numerous bile ducts and tubules contain distinctly eosiniphilic, granular secretions that
appeared to form plugs that caused ductal dilation" (4). About 20% of CF patients have
gallstones, probably due to depletion of the bile acid pool caused by decreased digestive

enzymes and increased stools (4).

1.2.2.5 Sweat glands
CF patients have elevated concentrations of chloride, sodium and potassium ions in their
sweat. They suffer from excessive water and electrolyte losses (1). However, their sweat

glands appear to have normal micro-and macroscopic morphology (54).

1.2.2.6 Genitourinary tract

Approximately 97% of CF males are infertile due to azoospermia that is attributed to
congenital bilateral absence of the vas deferens (CBAVD). They usually have normal prostates
and normal or slightly decreased size testes (1). CF females have reduced fertility due to
thick dehydrated mucus in the cervix. The ovaries, fallopian tubes and uterus appear to be

normal by gross anatomic and microscopic examination (1).

1.2.3 Diagnosis of CF
Due to the vast number of mutations affecting the CFTR gene, genetic screening is very
difficult and diagnoses of a patient with CF is based on two criteria: the presence of at least

one clinical feature and evidence that there is CFTR dysfunction (1).
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CFTR dysfunction is categorized by these criteria (1):

elevated chloride concentration in sweat (higher than 60 mM). This is the gold
standard and can be measured as early as 2 days after birth. The sweat is collected
by pilocarpine iontophoresis and chloride concentration is measured chemically (55).
the presence of two known disease-causing alleles in the CFTR gene.

abnormal ion transport across the nasal epithelium (CF patients have a higher nasal

potential difference).

The clinical features of CF are (1):

chronic pulmonary disease manifested by chronic cough and sputum production along
with persistent infections especially by Pseudomonas aeruginosa, Staphylococcus
aureus, Haemophilus influenzae or Burkholderia cepacia

high salt concentration in the sweat

gastrointestinal and nutritional symptoms such as meconium ileus, pancreatic
insufficiency, focal biliary cirrhosis and failure to thrive

infertility in the male due to obstructive azoospermia

a history of CF in the family

According to the Cystic Fibrosis Foundation, as of 1998, most CF patients are diagnosed

because of the presence of persistent respiratory symptoms and failure to thrive (Table 1.2)

Table 1.2 The frequency of clinical symptoms in CF patients. Adapted from Welsh et a/. (1)

Symptoms Frequency (%)
persistent respiratory symptoms 51.2

steatorrhea 35.1

positive family history 17.0

liver disease 1.0

failure to thrive 43.0

meconium ileus 18.6

sinus disease 2.4

electrolyte imbalance 5.3




1.2.4 CF modifier genes

CF is a very complex disease and it affects many organ systems: lung and upper respiratory
airways, gastrointestinal tract, liver, genitourinary tract, pancreas and sweat glands. The
clinical manifestation of the disease is variable among patients. For example, exocrine
pancreatic insufficiency only occurs in approximately 85% of CF patients, meconium ileus is
present in approximately 10-20% of patients and there is a considerable variation in the
severity and onset of the airway pathology (1). Most patients exhibit respiratory symptoms
and signs by infancy but some may not present any symptoms until adulthood. Part of this
variability can be explained by the vast number of CFTR mutations. The severity of pancreatic
insufficiency is correlated with the genotype. However, the genotype-phenotype correlation
for pulmonary phenotype is less than perfect (37). It is thought that polymorphisms,
modifier genes and environmental factors, differences in therapy or patient compliance could

be the cause.

Genetic "modifier" loci that influence the severity of intestinal disease have been found in CF
mice in chromosome 7, which is orthologous to human chromosome 19 (56) and found in CF
patients in the region of chromosome 19D19S112 (57). Currently several genes are being
studied as potential modifiers of CF and most of these genes are involved in the control of
infection, inflammation and immunity (58). Some of these genes are HLA class II antigens,
mannose-binding lectin, antiproteases (al-antitrypsin and al-antichymotrypsin), glutathione-
S-transferase, nitric oxide synthase type I, TNF-a, TGF-B, IL-1p and IL-1Ra (58). Table 1.3

lists the locus and the phenotypic effects of these genes on CF.

1.3 CFIR

CFTR, the gene that is defective in CF patients, was cloned in 1989 utilizing positional cloning
techniques (9-11). It is located on the long arm of chromosome 7 (7q31.2). The gene
contains 27 exons spanning approximately 250 kb of DNA (9-11) that is transcribed into a
mature mRNA of 6.5 kb which then produces a 1480 amino acid, glycosylated membrane

glycoprotein with a molecular mass of approximately 168 kDa (10).



Table 1.3

Potential modifier genes of CF. Adapted from Acton and Wilmott (58)

Gene Product Allele Locus Genotype effect Phenotype effect in CF
Human leukocyte modification of Ca?*- . L
antigen, class 11 CFM1 19913 regulated Cl- channel incidence of meconium ileus
< risk of P. aeruginosa
DR4 6p21.3 unknown infection, 4 risk of ABPA
A risk of P. aeruginosa
DR7 6p21.3 unknown infection, 4 risk of ABPA,
higher serum IgE
DR2, 5 6p21.3 A risk of ABPA
DQ2 6p21.3 ¥ risk of ABPA
B7, DR15, 6021.3 A risk of liver disease and
DQé6 ped. portal hypertension in males
- _ - more severe lung disease in —
zzg:"(ﬁ;’_')"d'“g MBL-Null 10112y MBL production CF patients chronically
a colonized with P. aeruginosa
. . 4 intracellular
al-antitrypsin S 14qg32.1 degradation less severe lung disease
z abnormal translocation less severe lung disease
to the golgi 9
—_ ~ S less severe lung disease anAdw
arl‘t. hymotryosin 19Ala 1;3331 unknown ¥ risk of P. aeruginosa
antichymotryp q3<. infection
Glutathione-S- ) absence of protein earlier diagnosis, more severe
transferase GSTM1-Null 1p13.3 product lung disease, ¥ survival
Nitric oxide 12q24.2- A risk of colonization with P.
synthase I NOS1 q24.31 unknown aeruginosa
Tumor necrosis A concentrations of more severe lung disease,
factor-a TNF2 6p21.3 TNF-a lower weight z-scores
Transforming ¥ concentrations of .
growth factor-B TGFp1 19g13.1 TGF-p more severe lung disease
Interleukin-1p IL- 2q14 A IL-1p
18+3953A1+
Interleukin-1 -
receptor IL- 1 RA A2+ 2ql2.1 A IL-1 Ra
antagonist

* ABPA = allergic bronchopulmonary aspergillosis



1.3.1 CFTR structure

Based on its amino acid sequence, CFTR is a member of a transport protein superfamily called
ATP-binding casette (ABC)-transporters (see Table 1.7). It has twelve transmembrane
domains that is divided into two membrane-spanning domains (MSD1 and MSD2), with Walker
A and B, as well as the ABC "signature" sequence, LSGGQ motifs, in nucleotide-binding
domains (NBD1 and NBD2) that interact with ATP (Table 1.4) (59). These motifs are the

defining characteristics of ABC transporters.

Table 1.4  Conserved motifs in NBDs of CFTR. Adapted from Sheppard and Welsh (59)

Motif Sequence No. of Last Residue
Walker A GXXGXGKS/T

CFTR NBD1 GSTGAGKT 465

CFTR NBD2 GRTGSGKS 1251

LSGGQ LSGGQ

CFTR NBD1 LSGGQ 552

CFTR NBD2 LSHGH 1350

Walker B . RX;hhhhD

CFTR NBD1 RX;LYLLD 572

CFTR NBD2 RX;ILLLD 1370

X = any amino acid residue, h = hydrophobic residue

Besides two MSDs and two NBDs, CFTR also has an R domain that contains multiple consensus
sequences for phosphorylation by cAMP-dependent protein kinase (PKA) (Fig. 1.1) (59). The
MSDs are involved in the formation of the chloride selective pore, the NBDs are responsible for
hydrolyzing ATP to regulate channel gating while the R domain phosphorylation controls

channel activity (59).

1.3.2 CFTR function

CF epithelia display a defective ClI" conductance that is dependent upon cAMP agonists. After
the CFTR gene was discovered in 1989, it was not clear whether CFTR itself is a CAMP-
dependent chloride channel or a regulator of such chloride channels (59). The facts that CFTR

is a member of ABC transporters and the primary sequence of CFTR does not resemble that of
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Figure 1.1 A model of CFTR structure. Adapted from Sheppard and Welsh (59)

any other known ion channels suggest that CFTR is a regulator of chloride channels. However,
based on numerous studies it is now known that CFTR is itself a cAMP-dependent chloride

channel and it is also a regulator of numerous ion channels (13-29).

Several lines of evidence demonstrated that CFTR is a chloride channel (59). First,
heterologous expression studies with recombinant CFTR generate a unique CI" current that is
activated by cAMP agonists (13-18). Second, there is no difference in the biophysical
properties and regulation of CI" current between cells that express recombinant CFTR and cells
that have endogenous CFTR (60). Third, mutations of some specific amino acids in CFTR
altered the anion selectivity of the CFTR channel (13). Fourth, planar lipid bilayers containing
reconstituted purified recombinant CFTR display CI" conductance similar to normal epithelia

(15).

Heterologous expression studies in cells that do not normally express CFTR and cAMP-
dependent chioride channels such as Xenopus oocytes, Chinese hamster ovary, HelLa, NIH-3T3
fibroblasts and Sf9 insect cells showed that overexpression of recombinant CFTR led to a
cAMP-dependent CI" current with the following properties:

e acute activity regulated by cAMP (PKA-dependent CFTR phosphorylation) (18, 61)

e no strong rectification, unlike other CI" channels, (62)
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e linear current-voltage relationship (59)

e time- and voltage-independent gating behavior (59)

e selective for anions over cations with conductance and permeability selectivity of Br >
CIr>I'>F (13, 59, 62)

e the single channel conductance is 4-12 pS (13, 59, 62)

Besides acting as a chloride channel, CFTR has been shown to regulate other ion channels as
well, such as amiloride-sensitive epithelial Na* channel (ENaC), outwardly-rectifying chloride
channel, a water channel (AQP3), voltage-gated (KvLQT-1) and ROMK-potassium channels

(19-29).

1.3.3 CFTR mutations

Currently more than 1000 mutations have been discovered in the gene and reported to the CF
Genetic Analysis Consortium (CFGAC) database (63). Of these mutations, only about 83% are
associated with CF disease while the rest are classified as polymorphisms (Table 1.5). A
mutation is classified as a disease-associated mutation because it causes CF disease while a
mutation identified on the non-CF chromosome of a healthy CF heterozygote is classified as a
polymorphic mutation because it does not cause CF (1). Currently there are about 190
polymorphisms in the CFTR gene reported to CFGAC. Fifty-five percent of those
polymorphisms are in the coding region with half of these resulting in amino acid substitutions
(1, 63). Polymorphic mutations are assumed to be benign but it has been discovered that
certain polymorphisms, even though they do not cause CF, are associated with male infertility

(e.g., F508C, intron 8 5T) and altered CFTR function (e.g., M470V) (64, 65).

Most of the mutations are uncommon worldwide, although they may occur in higher frequency
in selected populations such as W1282X in Ashkenazi Jews due to the founder effect (66, 67).
The most common mutation, deletion of phenylalanine at position S08 (AF508), accounts for

nearly 70% of mutations in the European-descent Caucasian population. Besides AF508, only

four other mutations (G542X, G551D, W1282X, N1303K) individually account for more than
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Table 1.5 Type and frequency of mutations that cause CF. Adapted from Welsh et al. (1)

Mutation Frequency (%) Examples

missense (amino acid substitutions) 44 R117E, R334W, R347P, N1303K, G551D
frameshift 22 3569delC, 1078delT

splice site 16 621 +1G 5T; 711 + 1G>T

nonsense 14 G542X, R553X, w1282X

in-frame deletions 2 AF508

promoter mutations 1

genomic rearrangements 1

1% of CF alleles worldwide (1, 63). Currently what causes the high frequency of AFS08
mutation in the Caucasian population is not known. The AF508 mutation results in a
temperature-sensitive defect in protein processing; at 37°C little or no mature protein is
detected at the plasma membrane (68), however at 27°C some AF508 CFTR protein reaches

the cell membrane where it forms a partially functioning chloride channel (69-71).
Based on the mechanism by which the function of the CFTR is disrupted, the mutations in the
CFTR gene can also be divided into four categories according to the effects of the mutation

(Table 1.6).

Table 1.6  Classification of CFTR gene mutations. Adapted from Geddes et al. (72)

Mutation CFTR defect Example

Class 1 defective or reduced CFTR protein production G542X, R553X, Q493X, W1282X
Class I1 abnormal or defective processing of the CFTR protein AF508

Class 111 disruption of activation and regulation of CFTR protein  G551D

Class IV altered conductance of the CFTR protein R117H, R347P, R334W

1.3.4 Expression of CFTR

CFTR is expressed in the apical membrane of epithelia of many organs such as sweat glands,

pancreas, gastrointestinal tract, lung, uterus, placenta, testis, brain and kidney (10, 73, 74).
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In sweat glands, CFTR is expressed in the epithelia lining the ducts of the glands (73). In the
pancreas, CFTR is restricted to epithelia lining the small secretory ducts (exocrine canniculi)
and it is not expressed in the acinar cells or islets of Langerhans (73). In the intestine,
decreased CFTR expression is observed along the crypt-villus and the proximal-distal axes
(75). CFTR expression is high in Brunner's gland, crypt cells and a subpopulation of primarily
villus epithelia called CFTR high expresser (CHE) cells (75-79). CFTR expression is higher in
duodenal crypts and decreases towards the distal colon (75). In the lung, CFTR is expressed
at low levels in both the surface epithelia and the underlying lamina propria of the bronchi and
bronchioles (74). In the uterus, CFTR is expressed in the epithelial lining of the endometrium
and not in the endometrial stroma, the myometrium or the perimetrium (75). In the placenta,
CFTR is expressed in the highly differentiated cytotrophoblast cells and not in the JAr cell line
(80). In the testis, CFTR expression is regulated during the cycle of the seminiferous
epithelium. It is highly expressed in the round spermatids of stages VII and VIII but not in
germ cells at other stages of maturation (75). It is not expressed in the somatic cells of the
testis, the Sertoli and Leydig cells (75). CFTR is expressed in multiple areas of the brain,
cerebral cortex, medial preoptic area and anterior hypothalamus (81-84). In the kidney, CFTR
is expressed abundantly in kidney cortex and medulla (85). It is expressed at the apical
epithelia of both proximal and distal renal tubules, with highest expression in S1-segment of

proximal tubule (10, 73, 86). It is not expressed in the glomerulus (73).

The level of CFTR expression in various tissues has not necessarily correlated well with disease
pathology. CFTR expression is low in lung yet it is the organ that is affected the most in CF.
It is also somewhat surprising to find abundant CFTR in the kidneys since there is no major
renal dysfunction associated with CF although CF kidneys exhibit reduced renal excretion of
NaCl, a decreased capacity to dilute and concentrate urine and increased renal clearance of
several drugs (87, 88). Perhaps the pathopysiology of CF varies with the capacity of different
epithelia to express alternate ion channel pathways that can overcome the functional defect of
CFTR. A possible candidate is P-glycoprotein (P-gp), a protein that is also involved in chloride

transport since it is a regulator of cell-swelling activated chloride channels (89-91). There is
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evidence in the literature that CFTR expression is inversely-regulated with P-gp expression

(92-94), Like CFTR, P-gp is also a member of the ABC superfamily.

1.3.5 ABC superfamily

As we mentioned earlier, both CFTR (ABCC?7) and P-glycoprotein (ABCB1) are members of the
ABC superfamily. The ABC superfamily is comprised of proteins containing the ABC unit, a
200-250 stretch of amino acids that have conserved Walker A and B motifs and a signature

ABC sequence (see Table 1.4). These conserved sequences are located in the nucleotide-

binding domains (NBDs). They also have membrane-spanning domains (MSDs). ABC proteins

are involved in the transport of various compounds, from small inorganic ions to large
polypeptides, across biological membranes (95). These proteins are present in organisms
ranging from procaryotes to mammals. Currently S5 human ABC proteins are known (12).
Based on their sequence similarity scores they are further divided into seven subfamilies:
ABC-A to ABC-G (Table 1.7) (12, 95). Defects in ABC proteins are associated with many
diseases (96): CF with CFTR (ABCC?7), PFIC-3 (progressive familial intrahepatic cholestasis)
with MDR2 (ABCB4), Dubin-Johnson syndrome with MRP2 (ABCC2), persistent hypoglycemia
of infancy with SUR1 (ABCC8) and Stargardt disease and age-related macular degeneration

with ABCR (ABCA4).

1.4 P-glycoprotein
P-glycoprotein, or P-gp, is an energy-dependent efflux pump that extrudes a wide range of

structurally unrelated drugs from cells. It was first discovered due to its ability to contribute

multidrug resistance to tumor cells (97). It was discovered in 1976 by Juliano and and Ling in

Chinese Hamster ovary cells that overexpress a cell surface phosphoglycoprotein, termed P-
glycoprotein, where the P stands for permeability (97). P-gp is encoded by MDR1 gene (98-
102), located on the long arm of chromosome 7 (7q21.1) (103-105). The gene contains 28

exons spanning over 100 kb of DNA (106) that is transcribed into a mature mRNA of 4.5 kb

which then produces a 1280 amino acid, glycosylated membrane glycoprotein with a molecular

mass of approximately 170 kDa (107-110).
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Table 1.7 Members of ABC superfamily (http://www.gene.ucl.ac.uk/cgi-
bin/nomenclature/searchgenes.pl)
Approved
Gene Approved Gene Name Location ;r:\‘v:::: Aliases Tissue
Symbol Yy
ABC1 (subfamily A)
ATP-binding cassette
X ! ABC1 TGD .
ABCA1 sub-family A (ABC1), 9q31 ! ‘. . many tissues
member 1 HDLDT1 Tangier disease
ATP-binding cassette, .
ABCA2  sub-family A (ABC1),  9q34 ABC2 ﬁ:r:m'hl:g:tey'
member 2 9
ATP-binding cassette, ~
ABCA3  sub-family A (ABC1),  16p13.3  ABC3 23%‘1:'1 653 't'i’s';gu‘;gthe"
member 3
ATP-binding cassette, ig‘égl' FEM
ABCA4 sub-family A (ABC1), 1p22 RP19, Stargardt disease retina
member 4
STGD
ATP-binding cassette, i
ABCAS  sub-family A (ABC1),  17q21-g25 EST90625 t’g‘;‘fgf heart,
member 5 1
ATP-binding cassette, s
ABCA6 sub-family A (ABC1), 17qg21 EST155051 liver
member 6 o
i peripheral
ATP bmc!mg cassette, leukocytes, <
ABCA7 sub-family A (ABC1), 19p13.3 ABCX th |
member 7 ymus, spleen,
bone marrow
ATP-binding cassette, ‘-J
ABCAS8 sub-family A (ABC1), 17q24 KIAA0822 ovary .
member 8 »
ATP-binding cassette, -
ABCA9 sub-family A (ABC1), 17q24 EST640918 heart
member 9
ATP-binding cassette,
ABCA10 sub-family A (ABC1), 17q24 EST698739 muscle, heart
member 10
ATP-binding cassette,
ABCA11 sub-family A (ABC1), EST1133530
member 11
ATP-binding cassette,
ABCA12  sub-family A (ABC1), 2q35 DKFZP434G232 stomach
member 12
MDR (subfamily B)
ATP-binding cassette, PGY1
ABCB1 sub-family B 7q21 MDRI' P-gp many tissues

(MDR/TAP), member 1
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transporter 1, ATP-

PSF1, RING4,

ABCB2 binding cassette, sub- 6p21.3 TAP1 D6S114E most cells, ER
family B (MDR/TAP)
transporter 2, ATP-

ABCB3 binding cassette, sub- 6p21.3 TAP2 E%I;ZZ,II;ENGII, most cells, ER
family B (MDR/TAP)

ATP-binding cassette, PGY3

ABCB4 sub-family B (MDR/TAP), 7q21 MDR3’ MDR2/3, PFIC-3 hepatocyte
member 4
ATP-binding cassette,

ABCBS sub-family B (MDR/TAP), 7pi4 EST422562 ubiquitous
member 5
ATP-binding cassette,

ABCB6 sub-family B (MDR/TAP), 2q33-q36 EST45597, umat mitochondria
member 6
ATP-binding cassette,

ABCB?7 sub-family B (MDR/TAP), Xql12-q13 ABC?7 EST140535, Atmi1p mitochondria
member 7
ATP-binding cassette,

ABCBS8 sub-family B (MDR/TAP), 7q35-q36 EST328128, M-ABC1  mitochondria
member 8
ATP-binding cassette,

ABCB9  sub-family B (MDR/TAP), 12q24 EST122234 I"es‘:‘)'"st‘;:\;asi"'
member 9 A\
ATP-binding cassette,

ABCB10  sub-family B (MDR/TAP), 1q32 EST20237 mitochondria
member 10
ATP-binding cassette

. ' BSEP ABC16, SPGP

ABCB11 sub-family B (MDR/TAP), 2q24 ! 5 , hepatocyte
member 11 PFIC2 PFIC-2, PFIC2, PGY4
ATP-binding cassette,

ABCB10P sub-family B (MDR/TAP), 15q13-ql14 M-ABC2, MABC2
member 10 pseudogene

MRP/CFTR (subfamily C)
ATP-binding cassette, MRP

ABCC1 sub-family C 16p13.1 MRP'1 GS-X many tissues
(CFTR/MRP), member 1
ATP-binding cassette, .

ABCC2  sub-family C 10g24 cMOAT DJS, MRP2, cMRP 2}’;&'"“*5“"‘*'
(CFTR/MRP), member 2 Y
ATP-binding cassette, MRP3, cMOAT2,

ABCC3 sub-family C 17q21 EST90757, MLP2, intestine, kidney
(CFTR/MRP), member 3 MOAT-D
ATP-binding cassette,

ABCC4 sub-family C 13q31 ug::},-gﬂnozos, many tissues
(CFTR/MRP), member 4
ATP-binding cassette,

ABCCS sub-family C 3q25-q27 MRPS, SMRP, many tissues

(CFTR/MRP), member 5

EST277145, MOAT-C
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ABCC6

ABCC7

ABCCS8

ABCC9

ABCC10

ABCC11

ABCC12

ATP-binding cassette,
sub-family C

(CFTR/MRP), member 6

cystic fibrosis
transmembrane

conductance regulator,

ATP-binding cassette

(sub-family C, member

7)

ATP-binding cassette,
sub-family C

(CFTR/MRP), member 8

ATP-binding cassette,
sub-family C

(CFTR/MRP), member 9

ATP-binding cassette,
sub-family C

(CFTR/MRP), member 10

ATP-binding cassette,
sub-family C

(CFTR/MRP), member 11

ATP-binding cassette,
sub-family C

(CFTR/MRP), member 12

16p13.1 ARA

7q31-q32 CF, CFTR

SUR,

11p15.1 HRINS

12p12.1

6p21

16g12

16-16q12

MRP6, EST349056,
MLP1

MRP7

HI, PHHI, SUR1,
MRP8

SUR2

EST182763, MRP7

MRP8

MRP9

kidney,
hepatocyte

lung, intestine,
cholanglocytes,
kidney

pancreas

heart and
skeletal muscle,
lower levels in
other tissues

low in all tissues

low in all tissues

low in all tissues

ALD (subfamily D)

ABCD1

ABCD2

ABCD3

ABCD4

ABCD1P1

ABCD1P2

ABCD1P3

ABCD1P4

ATP-binding cassette,
sub-family D (ALD),
member 1

ATP-binding cassette,
sub-family D (ALD),
member 2

ATP-binding cassette,
sub-family D (ALD),
member 3

ATP-binding cassette,
sub-family D (ALD),
member 4

ATP-binding cassette,
sub-family D (ALD),

member 1, pseudogene 1

ATP-binding cassette,
sub-family D (ALD),

member 1, pseudogene 2

ATP-binding cassette,
sub-family D (ALD),

member 1, pseudogene 3

ATP-binding cassette,
sub-family D (ALD),

member 1, pseudogene 4

Xq28 ALD

12q11-q12 ALDL1

PXMP1

1p22-p21

PXMP1L

14qg24

2pll

10p11

16pl1

22q11

AMN, ALDP,
adrenoleukodystrophy

ALDR, ALDRP

PMP70

PMP69, P70R,
EST352188

peroxisomes

peroxisomes

peroxisomes

peroxisomes
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OABP (subfamily E)

ABCE1

ATP-binding cassette,
sub-family E (OABP),
member 1

ABCF1

ABCF2

ABCF3

ATP-binding cassette,
sub-family F (GCN20),
member 1

ATP-binding cassette,
sub-family F (GCN20),
member 2

ATP-binding cassette,
sub-family F (GCN20),
member 3

RNASEL1,
4q31 RNASELI, RLI, OABP
RNS41

ovary, testes,
spleen

GC N20 (subfamily F)

6p21.33 ABCS50 EST123147

7q35-q36 EST133090

3g25.1-

25.2 EST201864

all

all

all

White (subfamily G)

ABCG1

ABCG2

ABCG3

ABCG4

ABCG5

ABCGS8

ATP-binding cassette,
sub-family G (WHITE),
member 1

ATP-binding cassette,
sub-family G (WHITE),
member 2

ATP-binding cassette,
sub-family G (WHITE),
member 3

ATP-binding cassette,
sub-family G (WHITE),
member 4

ATP-binding cassette,
sub-family G (WHITE),
member 5 (sterolin 1)

ATP-binding cassette,
sub-family G (WHITE),
member 8 (sterolin 2)

21q22.3 ABCS8

EST157481, MXR,

4Q22-q23 BCRP, ABCP

8p12-8p12

Abcp2, Mxr2

11923 WHITE2

2p21

2p21

brain, spleen,
lung

placenta, breast,
liver, intestine

liver

liver, small
intestine

liver, small
intestine

MDR1 is part of the MDR gene family, containing two genes in human and three genes in

b ore~.

rodents (111, 112). MDR genes are further classified into two classes based on their sequence
identities and functions. Class I genes code for the drug transporter associated with multidrug
resistance while class II genes code for a phospholipid transporter (Table 1.8). MDR1 and

MDR2 genes share 76%, while mdria and MDR1 share 88% of sequence homology (113).
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Table 1.8 Nomenclature of multidrug-resistance gene family. Adapted from Silverman
(111) and Borst and Schinkel (112)

Species Class I genes Class II genes
Human MDR1/ABCB1 MDR2/MDR3/ABCB4
Mouse mdrla/mdr3, mdrib/mdrl mdr2

Rat mdrla, mdrlb mdr2

Hamster p-gpl, p-gp2 p-gp3

The MDR gene family is part of a larger gene superfamily, ATP-binding cassette (ABC)

transporter superfamily (see Table 1.7).

1.4.1 P-glycoprotein expression

P-gp expression is ubiquitous. P-gp is expressed on the apical membrane of epithelial cells of
many organs. The level of expression is highly variable among subjects, suggesting genetic or
environmental factors (114-116). It is expressed at very high levels in human adrenal cortical
cells, at high levels in the brush border of renal proximal tubule epithelium, the canalicular
membrane of biliary hepatocytes, apical surface of pancreatic ductules and the mucosal
surface of jejunum, ileum and colon, (117-119). It is also expressed on the capillary
endothelial cells of the brain and testes (117-119), in placenta (120), in secretory glands of
the pregnant endometrium (121, 122), in peripheral lymphocytes (123) and in CD34 positive
bone marrow cells (124). Respiratory epithelia also express P-gp at low levels (125). T-cells

and macrophages also appear to express P-gp (126-128)

1.4.2 P-glycoprotein structure

P-gp is an integral membrane glycoprotein comprised of 1280 amino acids with a molecular
mass of approximately 170 kDa (107-110). Because it is a member of the ABC transporter
family just like CFTR, it has twelve transmembrane domains that are divided into two

membrane-spanning domains (MSD1 and MSD2), with Walker A and B and ABC-"signature"
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sequence motifs in nucleotide-binding domains (NBD1 and NBD2) that interact with ATP.

However, unlike CFTR, it does not have the R domain (Figure 1.2) (129, 130).

MSD1 MSD?2

ourT

IN

c

Figure 1.2 A model of P-glycoprotein structure. Adapted from Higgins et al. (131)

1.4.3 P-glycoprotein function

P-gp contributes to multidrug resistance in tumor cells, which is characterized by cross-
resistance to multiple structurally and mechanistically unrelated cytotoxic drugs to which cells
have never been exposed (102, 110, 132-136). This multidrug resistance is due to increased
expression of P-gp in tumor cells upon exposure to a single cytotoxic drug. P-gp is an ATP-
dependent efflux pump that can recognize a wide variety of compounds, such as vinca
alkaloids, anthracyclines, epipodophyllotoxins, immunosuppressants and HIV-protease
inhibitors (Table 1.9). (100, 137, 138). Increased P-gp expression leads to decreased
accumulation of various drugs inside the cells (139-144). To overcome multidrug resistance
phenomena, much research has been undertaken to find pharmacologic agents that can
reverse or sensititize multidrug-resistant cells and tumors. These agents are known as P-gp

modulators, chemosensitizers or reversers. (Table 1.9) (145-160).

Currently the physiologic role of P-gp is unknown but due to the location of its expression and
function, it is hypothesized that the putative physiologic role of P-gp is a protective

mechanism against xenobiotics and endogenous metabolites. Therefore, besides contributing
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Table 1.9

A partial list of P-gp substrates and inhibitors. Adapted and expanded from
Ambudkar et al. (178), Silverman (111), Wacher et al. (137) and Seelig (179, 180).

P-gp substrates P-gp inhibitors
vincristine aldosterone verapamil
vinblastine azidopine vinblastine
vindesine bepredil ketoconazole
doxorubicin BIBW22 BS itraconazole
verapamil bisantrene clotrimazole
daunorubicin catharantine miconazole
epirubicin cefazolin cyclosporine A
actinomycin D cefoperazone tacrolimus (FK506)
mithramycin cefotetan sirolimus (rapamycin)
mitomycin C cepharanthine quinidine
mitoxanthrone cinchonidine PSC833
puromycin CP 100356 VX-710
gramicidin D dexniguldipine - LY335979
valinomycin dibucaine BIBW22
erythromycin dipyridamole GF120918 (GG918)
ivermectin domperidone amiodarone
paclitaxel (taxol) gallopamil hydrocortisone
docetaxel methadone HCI progesterone
etoposide monensin testosterone
teniposide morphine tamoxifen
topotecan morphine-6-glucuronide mifopristone (RU486)
colchicine ondansentron reserpine
emetine phenoxazine staurosporine
ethidium bromide prazosin quercetin
Hoechst 33342 phenytoin trifluoroperizine
rhodamine 123 S 9788 felodipine
calcein AM SDB-ethylenediamine nifedipine
ritonavir spiperone nitrendipine
saquinavir thioridazine nicardipine
indinavir valinomycin terfenadine
nelfinavir vindoline _ diltiazem
cerivastatin yohimbine lidocaine
simvastatin losartan erythromycin
lovastatin amprenavir troleandomycin
atorvastatin losartan
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fluvastatin

digitoxin

digoxin

terfenadine

morphine

loperamide

diltiazem

nicardipine

nifedipine

celiprolol

rifampicin

diltiazem

estradiol

estrogen glucuronide
hydrocortisone
cyclosporine

tacrolimus (FK506)
sirolimus (rapamycin)
cimetidine
dexamethasone
S-farnesyl cysteinmethylester
cis-flupenthixol
fluphenazine
methylbenzoylreserpate
methylreserpate
perphenazine
trifluoperazine
triflupromazine

triton X-100
tetraphenylphosphonium bromide
N-acetyl-leucyl-leucyl-norleucine

yeast a-factor pheromone
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to multidrug resistance, P-gp is also involved in absorption and disposition of drugs and
metabolites. P-gp plays a large role in affecting the pharmacokinetics of drugs (bioavailabilty,
clearance, half life and volume of distribution) and contributes to drug-drug interactions (161-

169).

P-gp is expressed at high levels on the mucosal surface of the jejunum, ileum and colon (117,
119). It pumps drugs out from the gastrointestinal tract into the gut lumen, thereby reducing
drug absorption/bioavailability. P-gp on the canalicular membrane of hepatocytes and the
brush border membrane of renal proximal tubule cells enhances drug elimination into the bile
and urine, thereby increasing drug clearance and reducing drug half life. P-gp in the
endothelial cells of the blood-brain barrier prevents drug entry into the central nervous
system, which also reduces the volume of distribution. P-gp in the placenta is thought to
protect the fetus against toxic xenobiotics (120); P-gp in the adrenal may be involved in
steroid secretion or in protecting the plasma membrane of steroid secreting cells from the

toxic effects of high steroid concentration (170, 171).

In addition to contributing to multidrug resistance and drug disposition, P-gp is also involved
in regulating the activity of an unidentified chloride channel (172). It was first speculated that
since P-gp showed a structural similarity to CFTR, which functions as a cAMP-dependent
chloride channel, it was thought that P-gp might also function as an ion channel (173-175). It
is now known that P-gp itself does not have intrinsic channel activity but instead can regulate
an unidentified endogenous cell-swelling activated-chloride channel (89-91). P-gp
phosphorylation by protein kinase A and C modulates the cell-swelling activated chloride
currents and the two pathways act by distinct mechanisms (91, 172, 175). Currently the

physiological importance of P-gp regulated chloride channels remains controversial.

1.5 Renal System
The kidney is a major excretory organ, and thus has been studied extensively. Unless
indicated otherwise, most of the information presented here are from books written by Arthur

Vander (176) and Christopher Lote (177). The kidney performs many critical functions:
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electrolyte and water homeostasis, excretion of metabolic wastes and drugs in urine, control of
arterial blood pressure, secretion of erythropoietin, production of 1,25-dihydroxyvitamin D;

and gluconeogenesis. We will describe each of these kidney functions in more details.

1. Electrolyte and water homeostasis

To maintain a stable concentration of the body's water and inorganic ions, the kidney
regulates the excretion of water, sodium, potassium, chloride, calcium, magnesium, sulfate,
phosphate, bicarbonate and hydrogen ion into the urine. The kidney also plays a small role in
maintaining the concentration of some organic nutrients and trace elements such as zinc and

iron.

2.  Excretion of metabolic wastes

There are many end products of the chemical reactions in the body that serve no known
biological functions hence they are called waste products. For example, urea is the end
product of protein catabolism, uric acid is the end product of purine catabolism, creatinine is
the end product of muscle activities and bilirubin is the end product of hemoglobin breakdown.
Some of these metabolic wastes are harmless but others could be toxic if they accumulate in
the body. The kidney functions to eliminate these wastes from the body. The identity of
many of these wastes have been documented but there are many others that are unknown

and cause toxicity in renal failure patients.

3. Control of arterial blood pressure

There are several mechanisms by which the kidney regulates arterial blood pressure. As
stated above, the kidney regulates sodium balance, and sodium concentration is critical for
maintenance of blood volume and pressure. The kidney also produces renin, a proteolytic
enzyme responsible for the generation of angiotensin, a vasocontrictor. The kidney is also

thought to synthesize other vasoactive compounds that regulate arterial blood pressure.
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4. Secretion of erythropoietin

Hypoxia in the kidney induces mesangial and tubular cells of the renal cortex to produce
erythropoietin via prostaglandin synthesis. Erythropoietin is a glycoprotein hormone with a
MW of ~34 kDa and 161 amino acids that stimulates erythrocyte production by the bone

marrow.

5. Production of 1,25-dihydroxyvitamin D;

Vitamin D consists of a group of closely related sterols. One member of this family, vitamin
D,, also called cholecalciferol, is synthesized in the skin by the ultraviolet radiation of 7-
dehydrocholesterol. It is also available from plant food. Vitamin Dj is inactive and it is
hydroxylated in the 25 position by the liver followed by hydroxylation in the 1 position by the
kidney. The product, 1,25-dihydroxyvitamin D;, is the active form of vitamin D and it
enhances bone resorption, stimulates active absorption of calcium and phosphate in the
intestine and reabsorption of calcium and phosphate in the kidney tubular cells. The
concentration of 1,25-dihydroxyvitamin Dj is controlled by the second hydroxylation step,
which occurs in the kidney. Therefore, the kidney plays an important role in calcium and

phosphate homeostasis.

6. Gluconeogenesis
Like the liver, during prolonged fasting, the kidney synthesizes glucose from amino acids and

other precursors and releases it into the bloodstream.

7. Excretion of drugs/xenobiotics into urine

Besides the liver, the kidney is the most important organ involved in eliminating xenobiotics
from the body. Most drugs that are not metabolized are eliminated by the kidney and for
drugs that do get metabolized by phase I and phase II reactions, the metabolites usually are
also excreted renally. Renal elimination is comprised of three basic processes: glomerular

filtration, tubular secretion and tubular reabsorption.
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1.5.1 Glomerular filtration

The kidney is a paired organ located outside the peritoneal cavity in the posteriol abdominal
wall. A single functioning unit of the kidney is called a nephron and there are approximately
1-1.5 million of these in each human kidney. A nephron consists of two parts: a filtering
component called the renal corpuscle and a tubule extending out from the corpuscle. The
renal corpuscle in turn is made up of a glomerulus (a tuft of highly convoluted capillaries) and
a Bowman's capsule. The glomerulus protrudes into the Bowman's capsule and fluids filtered
from the glomerulus flows into the lumen of Bowman's capsule, which is called Bowman's
space. The capsule is connected on the other side to the first portion of the renal tubule, into

which the filtered fluid flows. This is the first step of urine production and the process is called

P
glomerular filtration where certain plasma components (water and solutes) are filtered from ‘
glomerular capillaries into the Bowman's space. i
for
The blood supply of the glomerulus comes from the afferent arterioles and only about 20% of 3:.
the plasma (no erythrocytes) is filtered from the glomerulus, while the remaining unfiltered ::

portion drains into the efferent arteriole. The volume of filtration from the glomerulus into
Bowman's space per unit of time is defined as glomerular filtration rate (GFR). In a young,
healthy 70-kg person, the GFR is 125 ml/min. Itis a very high capacity system designed to o
remove huge quantities of unwanted waste products and foreign compounds from the body.
Small solutes with a MW <7,000 daltons are freely filtered but large molecules such as plasma
proteins and cells cannot be filtered. For compounds that bind to protein, only the unbound
component can be filtered by the glomerulus. GFR is governed by several factors: hydraulic

permeability, surface area and net filtration pressure (NFP).

GFR = hydraulic permeability x surface area x net filtration pressure

Net filtration pressure is determined by the difference in the forces that induce and oppose
filtration across the glomerulus. Factors that change any of these parameters will change
GFR.

NFP = Pgc - Pgc - ngc
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Pgc = glomerular-capillary hydraulic pressure
Psc = Bowman's capsule hydraulic pressure

nce = oncotic pressure of glomerular-capillary plasma

1.5.2 Tubular reabsorption and secretion

As we mentioned above, the glomerular filtrate flows from the Bowman's space into the kidney
tubule. As it flows through the different portions of the tubule, two processes can cause
changes of the composition of the glomerular filtrate: tubular reabsorption and tubular
secretion. The tubule is closely associated with the peritubular capillaries that permit transfer
of compounds between the kidney lumen and the blood. If a compound crosses from the
lumen to the capillaries, the process is called tubular reabsorption while the opposite scenario

is called tubular secretion, where the compound goes from the capillaries to the kidney lumen.

The tubule is made up of a single layer of epithelial cells resting on a basement membrane
with a tight junction between adjacent cells. The part of the tubule that connects with the
Bowman's capsule is called proximal tubule which is then followed by these segments:
descending thin limb of Henle's loop, ascending thin limb of Henle's loop, thick ascending limb
of Henle's loop, distal convoluted tubule, connecting tubule, cortical collecting duct, outer
medullary collecting ducts and inner medullary collecting ducts. The fluid from the collecting
ducts empties into a calyx of the renal pelvis that then empties into the urinary bladder via the
ureter. Many secretion and reabsorption processes occur along the tubules but once the fluid
enters a calyx, it is no longer altered and it has the same composition as the urine. Therefore
urine composition is a reflection of the three renal processes: glomerular filtration, tubular

reabsorption and secretion.

As we mentioned earlier, the tubule is made up of a single layer of epithelial cells resting on a
basement membrane with a tight junction between adjacent cells. Along the tubule, there are
two routes for reabsorption and secretion: paracellular and transcellular. The paracellular
route involves diffusion across a tight junction down an electrochemical gradient while the

transcellular route involves crossing luminal (apical) and contraluminal (basolateral)
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membranes by either a passive or an active process: diffusion, facilitated diffusion, primary

active transport, secondary active transport, tertiary active transport and endocytosis.

The driving force for diffusion is the electrochemical gradient. Small lipophilic compounds can
diffuse across cell membranes while ionic compounds cross through specific ion
channels/pores in the membranes. Facilitated diffusion also occurs because of an
electrochemical gradient but this process requires the help of carrier/membrane proteins for
compounds to get across the cell membranes. Because it involves carrier proteins, facilitated

diffusion displays saturability, specificity and inhibition.

Primary active transport also requires carrier proteins and displays saturability, specificity and ;

inhibition but unlike facilitated diffusion, the direction of transport is against an

electrochemical gradient. The driving force for this process comes from ATP hydrolysis. An b
example of a primary active transport is Na-K ATPase that is located on the basolateral i
e

membrane. Secondary active transport involves carrier proteins that can transport two
compounds simultaneously, either in the same direction (cotransport) or in the opposite
direction (antiport). One compound is moving down its electrochemical gradient and the
energy released from this process drives the movement of the second compound against its
electrochemical gradient. For example, glucose is reabsorbed from the proximal tubule by

secondary active cotransport with Na*.

Endocytosis is the invagination of a portion of the plasma membrane until it is pinched off and
becomes an isolated vesicle filled with extracellular fluid. This process requires ATP hydrolysis

and is a mechanism for macromolecule uptake.

Prior to the 1870s, glomerular filtration was thought to be the sole process involved in the
renal elimination of compounds. Heidenhain and Neisser (181) were the first to demonstrate
in 1874 using canine tubular cells that tubular secretion was involved in renal excretion; in
1923 Marshall and Vickers (182) showed the excretion of an organic anion dye phenol red in

the marine teleost fish that lacked a glomerulus. Twenty three years later Rennick et al. (183)
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showed the existence of a transport system for organic cations as well. Since then, it has
been established that there are specific and selective transporters for organic cations and

organic anions at the luminal and basolateral membranes of the kidney tubule (184-186).

Many of the transporters involved in xenobiotic elimination are located at the kidney proximal
tubule cells. They are separated into two groups based on the type of drugs that they carry:
organic anion or organic cation transporters. Organic anion transporters belong to either the
OAT or OAT-K/OATP gene family while organic cation transporters belong to either the OCT or
OCTN gene family (187). There are also other transporters that are neither organic anion nor
organic cation transporters and they belong to either P-glycoprotein (MDR) or multidrug-
resistance associated protein (MRP) gene families. (187, 188). OATP1, OAT-K1, P-gp, MRP2 ‘
and OAT-K2 have been shown to localize to brush border membranes while OCT1, OAT1 and
MRP1 are located in basolateral membranes (187). Currently the location of OAT3, OATP3,

OCT3, OCTN1, OCTN2 are unknown (187).

4

2

-t
As mentioned earlier, P-gp is located at the apical/luminal/brush-border membrane of renal

[ §
proximal tubule cells and it is thought that P-gp contributes to renal clearance of drugs by Vo
extruding drugs out from the cells into the kidney lumen. :
1.6 Altered Pharmacokinetic of Drugs in CF Patients o

As stated earlier, CF patients suffer from recurrent and chronic respiratory tract infections and
to treat the infections, these patients take many antibiotics (see Table 1.1); it was observed
as early as 1975 that disposition of many drugs is altered in CF patients (189-194).
Surprisingly, the plasma concentrations of many drugs are lower in CF than non-CF patients
(189-194). The lower concentrations are thought to be due to larger apparent volume of
distribution (V4) and higher metabolic (CLyg) and renal clearances (CL,) of drugs in CF patients
(189-194). The organs involved in drug elimination, the gastrointestinal tract, the liver and
the kidney, all have some degree of dysfunction in CF patients but usually defects in these
organs led to higher plasma concentrations due to decreased clearances (191). Currently the

precise mechanisms of the altered drug disposition in CF patients remain unknown.
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Many studies have been done to compare the pharmacokinetics of drugs between CF and non-

CF populations. Even though there are a few conflicting studies in the literature, an increase

in volume of distribution, a decrease in half-life and an enhanced metabolic and renal

clearance of many (but not all) antibiotics in CF patients have become a recognized pattern

and many review articles have been written on this topic (189-194).

Table 1.10 shows that the protein binding of most drugs (e.g., dicloxacillin, trimethoprim,

sulfamethoxazole, cefsulodin, (R)-warfarin) is not different between controls and CF patients,

with the exception of theophylline and (S)-warfarin.

Table 1.10 Comparison of protein binding of several drugs in CF patients. Adapted and
expanded from Rey et al. (189) and Touw (190)

CF patients Controls
Drugs References

N fu (%) L N fu (%)
dicloxacillin 10 116 £7.7 8 56+1.9 195
cefsulodin 83 3 85 196
cloxacillin 52%5.1 8 3.8+2.1 197
ceftazidime 10 96.9 £ 6.1 10 98 + 5.6 198
gentamicin 12 85.7 £ 2.6 8 82.6 £ 3.8 199
theophylline 11 42 £+ 41 15 36 £ 35 200
sulfamethoxazole 7 534 8 53+5 201
trimethoprim 7 615 8 635 201
(R)-warfarin 6 0.45 £ 0.11 6 0.37 £ 0.06 202
theophylline® 10 46 £ 9 10 366 203
(S)-warfarin® 6 0.43 + 0.09 8 0.55 + 0.09 204

a = statistically significant difference from controls, P < 0.05.

N = number of subjects.
fu = fraction unbound.

Table 1.11 shows that the renal function is not altered in CF patients, except in studies done

by the Karolinska group, where the glomerular filtration rate is slightly higher in CF patients,

supposedly due to the essential fatty-acid status of their patients (205). Table 1.12 shows

that the volume of distribution of some drugs (e.g., ceftazidime, cloxacillin, gentamicin) is

increased in CF patients, while other drugs (e.g., trimethoprim, sulfamethoxazole, cefsulodin)

exhibit no change. Table 1.13 shows that the half-life of some drugs (e.g., cloxacillin,



Table 1.11

Comparison of renal function clearances in CF patients. Adapted and expanded
from Prandota et al. (192)

CF patients Controls
Drugs References

N CL N CL
g;‘ga‘;?;:‘fe’us 9 838+ 17.4mUmin/1.73m* 9  93.3 £ 19.3 mL/min/1.73m? 208
g::a‘;?;zgus 12 133.8 £ 24.6 mU/min/1.73m?> 6  145.8 £ 23.4 ml/min/1.73m? 199
creatinine 7 163 + 38 mL/min/1.73m? 6 171 + 52 ml/min/1.73m? 209
creatinine 11 73.5 + 18.2 mL/min/m? 11  68.4 £ 1.65 mL/min/m? 210
creatinine 11 77.7 £ 25.8 mLU/min 12 88.1 £ 25.9 mL/min 211
creatinine 10 196 mL/min/1.73m? 8 127 mL/min/1.73m? 195
iothalamate 12 147.5 £ 29.2 mU/min/1.73m? 6  142.9 % 33.3 mL/min/1.73m? 199
SmTc-DTPA 8 95.8 + 20.0 mL/min/1.73m? 10 98.9 £ 12.9 mL/min/1.73m? 212
::t]h ohippurate® 8 496 + 102 mL/min/1.73m? 10 499 * 60 mL/min/1.73m? 212
PAH® 16 616 * 78 mL/min/1.73m? 10 601 * 61 mL/min/1.73m? 213
inulin® 16 136 + 8 mL/min/1.73m? 10 108 + 12 mL/min/1.73m? 206
inulin® 16 131 + 8 mlL/min/1.73m? 10 100 * 20 mL/min/1.73m? 206
inulin® 5 121 #* 33 mL/min/1.73m? 6 104 = 13 mL/min/1.73m? 207
inulin® 16 127 + 18 mL/min/1.73m? 10 112 + 10 mL/min/1.73m? 213
inulin® 5 142 + 38 mL/min/1.73m? 5 102 £ 15 mlL/min/1.73m? 196
inulin - 142 + 40 ml/min/1.73m? - 137 + 28 mL/min/1.73m? 214

a = statistically significant difference from controls, P < 0.05.

b = renal blood flow marker

N = number of subjects

CL= total clearance.
PAH = para-amino hippurate
DTPA = diethylenetriamine pentaacetic acid
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Table 1.12 Comparison of volume of distribution of several drugs in CF patients. Adapted
and expanded from Rey et al. (189) and Touw (190)

CF patients Controls
Drugs —— — References
N Va N Va
ceftazidime® 10~ 0.237 + 0.033 L/kg 10 0.197 £ 0.033 L/kg 198
cloxacillin® 12 0.1365 * 0.0527 L/kg 12 0.099 £ 0.0168 L/kg 197
gentamicin® 19 0.339 £ 0.03 L/kg 17 0.236 + 0.016 L/kg 215
gentamicin® 19 9.51 £ 0.91 L/m? 17 7.47 £ 0.81 L/m? 215
theophylline® 10 0.59 + 0.1 L/kg 10 0.44 £ 0.05 L/kg 203
tobramycin® 12 0.31 + 0.08 L/kg 8 0.23 £ 0.07 L/kg 199
ciprofloxacin? 11 2.1 £ 0.8 L/kg 12 3.8 £ 0.9 L/kg 216
ciprofloxacin 12 2.21 £ 0.89 L/kg 12 2.25 £ 0.48 L/kg 217
ciprofioxacin 6 2.8 £ 0.5 L/kg 6 3.2 £ 0.6 L/kg 218
ticarcillin 11 7.24 £ 1.75 LI/m? 11 6.22 + 1.25 L/m? 210
fleroxacin®© 13 1.6 £ 0.5 L/50kg 12 1.8 + 0.3 L/50kg 219
methicillin 7 41.1 £ 17.4 1L/1.73m? 6 30.3 £ 7.2 /1.73m? 209
tobramycin 12 15.5 + 4.0 L/1.73m? 8 14.4 £ 5.2 1/1.73m? 199
(S)-warfarin 6 0.153 + 0.018 L/kg 5 0.138 £ 0.022 L/kg 204
sulfamethoxazole 7 0.26 £ 0.02 L/kg 9 0.26 £+ 0.04 L/kg 201
trimethoprim 7 1.5 £ 0.2 L/kg 9 1.7 £ 0.2 L/kg 201
netilmicin 8 0.31 £ 0.11 L/kg 8 0.36 £ 0.16 L/kg 220
amikacin 9 0.26 + 0.06 L/kg 4 0.26 + 0.03 L/kg 221
aztreonam 8 0.20 £ 0.02 L/kg 8 0.18 = 0.04 L/kg 222
amikacin 11 16.0 £ 4.7 L/1.73m? 9 14.9 +3.8 L/1.73m? 223
cefsulodin 7 16 + 13 L/1.73m? 5 25 + 5 1/1.73m? 196

a = statistically significant difference from controls, P < 0.05.

b = Vqat steady state.
¢ = lean body mass.

N = number of subjects.
V4 = apparent volume of distribution.
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Table 1.13

Comparison of half-life of several drugs in CF patients. Adapted and expanded
from Rey et al. (189) and Touw (190)

CF patients Controls
Drugs References
N ti2 N ti2
cloxacillin® 16 46.i + 11.3 min 12 57.1 £ 17.3 min 197
theophylline? 10 361 £ 123 min 10 568 £ 188 min 203
theophylline® 11 5.6 £0.7h 15 69+15h 200
ceftazidime?® 10 90 £ 11.1 min 10 105.3 £ 12.4 min 198
sulfamethoxazole® 14 6.04 £ 2.08 h ? 11+3h 224
trimethoprim?® 14 5.68+£1.78 h ? 147 £75h 224
sulfamethoxazole® 7 7.72 £ 2.05h 8 10.1 £ 2,55 h 201
trimethoprim?® 7 5.36 £ 0.87 h 8 10.1 £1.63 h 201
fleroxacin® 13 105+ 2.6h 12 13.5+29h 219
fleroxacin 13 121 £23h 12 156 £ 3.2 h 219
ciprofloxacin® 11 2.62+1.04h 12 393+£1.12h 216
ciprofloxacin 12 45+19h 12 5.1+1.0h 217
ciprofloxacin 6 45+£10h 6 48+ 08h 218
ciprofloxacin 7 5.1£19h 11 44+08h 225
dicloxacillin 10 14+£05h 8 1.2+0.2h 195
methicillin 7 1.05+£0.53h 6 0.85+0.24h 209
cefsulodin 7 1.33+£0.22h 5 1.5+£031h 196
ticarcillin 11 53.1 min 11 70.8 min 210
amikacin 11 1.5+05h 9 1.6+ 04h 223
gentamicin 17 1.62 £ 0.15h 17 1.98 £ 0.27 h 226
tobramycin 12 1.73+£0.42 h 8 1.85+0.38h | 199
netilmicin 8 1.37 £ 0.27 h 8 2.29+£0.86h 220
cefepime 11 228+ 0.49h 12 241 £0.62h 211
cefepime 7 1.71 £ 0.53 h 7 1.96 £ 0.44 h 227
aztreonam 8 1.54 £ 0.17 h 8 1.81 £0.33 h 222
amikacin 9 1.10 £ 0.26 h 4 0.83+£0.15h 221
(S)-warfarin 6 29.5+4.2h 8 259+ 5.4h 204
(R)-warfarin 6 34.7+96h 6 40.6 £ 8.2 h 202
furosemide 6 0.73£0.17 h 6 0.80 £ 0.11 h 228
ibuprofen 13 92 + 27 min 4 86 £ 17 min 229

a = statistically significant difference than controls, P <0.05.
ti2 = half-life of drugs.
N = number of subjects.



theophylline, ceftazidime, sulfamethoxazole, trimethoprim) is decreased in CF patients, while
other drugs (e.g., dicloxacillin, cefsulodin, methicillin, amikacin) display no change. Table
1.14 shows that the total clearance of many drugs is increased in CF patients (e.g., cloxacillin,
methicillin, ticarcillin, sulfamethoxazole, trimethoprim, furosemide, ibuprofen) while some
drugs (e.g., cefepime, netilmicin, antipyrine) show no change. Table 1.15 shows that the
renal clearance of some drugs (e.g., dicloxacillin, trimethoprim, ticarcillin, methicillin) is
increased in CF patients and some drugs (e.g., sulfamethoxazole, cloxacillin, cefepime) exhibit

no change.

1.7 Hypothesis
Because most antibiotics are eliminated renally (Table 1.16) and many antibiotics exhibit
enhanced renal clearance in patients with CF (Table 1.15), the goal of our studies was to

determine the mechanism(s) responsible for those enhanced renal clearances.

Renal clearance is the volume of plasma from which a substance is completely removed by the
kidneys per unit time. To determine what causes the enhanced renal clearance of drugs in CF,
we need to examine the components of renal clearance. As we stated earlier, three factors
govern renal clearance: filtration, tubular secretion and tubular reabsorption. Enhanced renal
clearance could be due to an increase in filtration rate, an increase in tubular secretion or a
decrease in tubular reabsorption. Filtration rate is governed by glomerular filtration rate
(GFR) and protein binding and is equal to fu x GFR (fu = fraction unbound). There is no
difference in protein binding of most drugs between controls and CF patients (Table 1.10).
GFR in CF patients has been studied with conflicting results, but most studies have shown that
it is not altered in CF patients (Table 1.11). The Karolinska group has reported slightly
increased GFR in their CF patients and it is thought to be due to the essential fatty acid status
of their patients (206, 207,205). Thus, in most cases enhanced renal clearance is not due to
an increase in filtration rate but is due to either an increase in tubular secretion or a decrease

in tubular reabsorption or both.
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Table 1.16 Fractional urinary excretion of several antibiotics. Adapted from Benet et al.

(236)
Drugs Urinary excretion (%)
amikacin 98
amoxicillin 86 8
ampicillin 82 £ 10
aztreonam 68+ 8
bleomycin 68+ 9
capreomycin 57 £ 19
carbenicillin 829
cefazolin 80 £ 16
cefmetazole 80 + 13 -
ceftazidime 84+4 p
cephalexin 91 + 18 :
cinoxacin 60-85 N
ciprofloxacin 65 + 12
cloxacillin 75 £ 14 o
dicloxacillin 60 =7 ' ,:
doxycycline 41 £+ 19 i s
enoxacin 45 + 11 ws
erythromycin 1227 P
gentamicin > 90
kanamycin 90
lomefloxacin 65+9 o~
methicillin 88 £ 17 i
mezlocillin 45+ 6 L
minocycline 11+2 P
moxalactam 76 £ 12 peet
nafcillin 27 £5
netilmicin 80-90
norfloxacin 26-32
ofloxacin 64 £ 16
oxacillin 46 £ 4
piperacillin 71 £ 14
rifampin 73
streptomycin 50 £ 60
sulfamethoxazole 14 £ 2
tetracycline 58+8
ticarcillin 77 £ 12
tobramycin 90
trimethoprim 63 £ 10
vancomycin 79 £ 11
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Presently it is not possible to determine the exact contribution of tubular secretion or tubular
reabsorption to renal clearance; one can only determine the net tubular secretion or
reabsorption. If the renal clearance is greater than fu x GFR then there is a net secretion
while if it is less than fu x GFR then there is a net reabsorption. Tubular secretion is an active
process that involves transporters such as P-glycoprotein, organic anion and organic cation
transporters. Tubular reabsorption is composed of an active process involving transporters
and a passive diffusion process that is dependent upon the molecular weight, lipophilicity and
the pKa of the drug, urine flow rate and urine pH. Hutabarat et al. (201) did not find a

significant difference in the urine pH between normal and CF patients.

For most drugs, the actual mechanisms involved in their renal elimination are often unknown.
For example, a drug that shows renal clearance equal to GFR could suggest that tubular
secretion and reabsorption are not involved or it could also be a result of secretion and
reabsorption occurring to the same extent. As a general rule, elimination of most
aminoglycosides is thought to involve tubular reabsorption. For cephalosporins both tubular
reabsorption and tubular secretion are present while elimination of penicillin derivatives is
thought to invoive tubular secretion (189). Dicloxacillin, ticarcillin (penicillin derivatives) and
trimethoprim (a weak base) are thought to have net tubular secretion and based on their
data, Jusko et al. (195), de Groot et al. (210), Hutabarat et al. (201) and Wang et al. (237)
hypothesized that enhanced tubular secretion is responsible for the enhanced renal clearance
of their test drugs. However, the exact mechanisms that cause the enhanced CL, of those

drugs have not been elucidated.

We hypothesize that the enhanced CL, of some drugs in CF patients is due to an increase in
tubular secretion, which is caused by increased P-gp expression in those patients that occurs
due to a defect in CFTR. P-gp is a known transporter that can eliminate drugs from the body.
In the kidney, P-gp is located in the apical membrane of proximal tubules and it effluxes drugs
from the blood to the lumen. Increased P-gp expression could increase the tubular secretion

of drugs that are substrates of P-gp hence increasing their renal clearance.
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Some evidence in the literature supports the hypothesis that P-gp expression might be
upregulated in CF patients. A case history of a CF patient with improved lung function after
cancer therapy has been reported (238). This male patient was born in 1968 with AF508 on
one allele and a stop mutation (G673X) on the other allele, which correspond to two allelic
forms of CFTR that cause the CF disease. The patient exhibited symptoms since birth,
including an infection by Pseudomonas aeruginosa. In April 1993 the patient developed
fibrosarcoma on his left bicep which was treated by surgery, radiotherapy and chemotherapy
with cyclophosphamide and epirubicin. After chemotherapy, it was discovered that his lung
function improved (forced vital capacity of 89%) and he no longer needed physiotherapy. His
Pseudomonas aeruginosa infection was also cleared. Normally once a patient is colonized with
Pseudomonas aeruginosa, it is never cleared. However, the sweat test performed in January
1997 was still positive for CF. An RT-PCR study was performed to compare the mRNA
expression of MDR and MRP in the nasal epithelial cells of this patient (patient A) versus
another CF patient (patient B) that had never been exposed to chemotherapy drugs. The
results showed that patient A definitely expressed MDR and MRP mRNAs in his nasal epithelial
cells, while patient B did not express detectable levels. This suggests that MDR or MRP
proteins might complement the defective CFTR function. Since P-gp has been shown to be a
regulator of cell-swelling activated chloride channels (89-91), we propose that P-gp might
complement the function of CFTR and that its expression is upregulated in the kidney of CF

patients since CF kidneys do not exhibit major pathology.

There is evidence in the literature that CFTR expression is inversely-regulated with P-gp
expression (92-94). CFTR and P-gp have been shown to have inverse patterns of epithelial
expression in certain tissues both in vitro and in vivo. Breuer et al. (94) have shown in the
human colon epithelial cell line HT-29 that increased protein expression of P-gp is associated
with a corresponding decrease in CFTR protein expression and vice versa (Figure 1.3). Trezise
et al. (92) have shown in mouse cells (e.g., intestine, uterus, pancreas) expressing cftr that
mdrl mRNA expression cannot be detected and vice versa. They also observed a switch from

cftr to mdr1 mRNA expression in the rat uterine epithelium upon pregnancy. Trezise et
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Figure 1.3  Inverse regulation of CFTR and P-gp expression in HT-29 cells. HT-29/MDR cells were grown
in the presence of 300 ng/mi colchicine to induce P-gp expression. HT-29/MDR/Rev cells
were HT-29/MDR cells that were maintained for 6-weeks in the absence of colchicine. Data
from Breuer et al. (94).

al. (93) have aiso shown that in cftr neonatal and 3-4 week old knockout mice, cftr mRNA
expression in the intestines was reduced 4-fold (it is not completely abolished due to a small
read-through) while there is a corresponding 4-fold increase in mdr1 mRNA expression and an

intermediate level of mdr1 mRNA in heterozygous mice (Figure 1.4).

The structural and functional similarities between CFTR and P-gp further support the
hypothesis that P-gp expression might be upregulated in CF patients. Both CFTR and P-gp are
members of the ABC transporter superfamily, they have similar structures and molecular
weights and both proteins are located in the apical membrane of epithelial cells. The genes
that encode the proteins are located in chromosome 7q (CFTR 7q.31, MDR1 7q.21) and have
similar promoters (125). CFTR is a chloride channel while P-gp, besides acting as an efflux
pump for xenobiotics, is also involved in modulating the function of cell-swelling activated

chloride channels (89-91). Thus CFTR and P-gp are functionally related.
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Wild-type mice

Heterozygote mice

CF KO mice

Figure 1.4  Inverse regulation of cftr and mdr1 in the intestine of wild type, heterozygote and CF
knockout mice. Data from Trezise et al. (93).

The coordinate regulation of P-gp and CFTR, the many similarities between the two proteins
and their similar roles as regulators of chloride transport provide circumstantial evidence that
these two proteins might have complementary roles. We hypothesize that the absence of
CFTR in CF patients might be compensated for by upregulation of P-gp that in turn causes the

enhanced renal clearance of drugs that are substrates of P-gp.

1.8 Specific Aims
The hypothesis that we are testing is whether enhanced renal clearance of several drugs
observed in CF patients is due to increased expression of P-gp in those patients. To test this

hypothesis, there are three specific aims:
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1. To determine whether

a) antibiotics that exhibit enhanced renal clearance in CF patients are substrates
of P-gp (Chapter 2).

b) To determine whether antibiotics that do not exhibit enhanced renal clearance
in CF patients are not substrates of P-gp (Chapter 2).

2. To determine and compare the renal clearance of P-gp and non-P-gp substrates in
wild type, P-gp and CF knockout mice and examine if there is a correlation
between P-gp expression level and renal clearance values (Chapter 4).

3. To compare the amount of P-gp and CFTR expression in the kidney of wild type, P-
gp and CF knockout mice and analyze if there is a correlation between P-gp and

CFTR expression (Chapter 6).

Ideally, we would also like to compare P-gp expression levels in the CF vs. non-CF kidneys.
However, that is not feasible since it requires biopsy samples from kidneys, which is a very
invasive procedure. An alternative approach is to determine the expression level using
kidneys from cadavers, but unfortunately we do not have access to CF kidneys. We hope that
the hypothesis and works presented in this thesis will allow others with access to human
kidney tissue to investigate differences in P-gp and CFTR expression between CF and normal

patients, and aid in predicting whether or not a drug will have altered renal clearance in CF.
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Chapter 2

In Vitro Bidirectional Transport Studies

2.1 Overview

Our hypothesis stated that enhanced renal clearance of some antibiotics observed in cystic
fibrosis patients is due to elevated P-gp expression in those patients. Accordingly, antibiotics
that show enhanced renal clearance in CF patients should be substrates of P-gp while those
that do not should not be substrates of P-gp. Therefore we determined if antibiotics that have
higher renal clearance in CF patients are indeed substrates of P-gp and whether those that do
not, are not substrates of P-gp. This can be achieved by running a bidirectional transport
study using control and P-gp overexpressing cell lines grown in a monolayer. In vitro
bidirectional transport studies with P-gp overexpressing cell lines have been validated and
accepted by many as a method to test if a compound is a substrate of P-gp. Utilizing this
method, we will determine if several antibiotics that have a higher renal clearance value in CF
patients are substrates of P-gp and those that do not have a higher renal clearance value are

not substrates of P-gp.

2.2 In Vitro Cell Culture Model

2.2.1 Introduction

Cell culture is the growing of cells in vitro. Unlike the in vivo situation, they are no longer
organized into tissues (239). Chambers and Kempton (240) were the pioneers of studying
transport by epithelia using culture systems. They demonstrated secretion of phenol red into
the lumen of tubules of chick embryo mesonephros in organ culture. Since then, there has
been much evidence from studies with a number of epithelial cell lines, such as MDCK, LLC-
PK1, Caco-2 and many other cell lines, that transepithelial transport occurs and can be studied

in the cell culture systems (135, 241-251).
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Epithelial cells form coherent cell sheets called epithelia, which line the inner and outer

surfaces of the body. One of the most important functions of epithelia is to serve as the

selective permeability barriers separating fluids (252). There are several ways a compound

can get across epithelia. It can cross epithelia either by paracellular (between cells) or

transcellular (across cell) routes. Passage by the paracellular route is minimized due to the

presence of tight junctions. Tight junctions are located at the junction of apical and

basolateral membranes. Only small hydrophilic molecules can pass between cells, unless a

modulator of the tight junction is present. Transcellular passage can take place either by

passive mechanisms or by specific carrier systems, which could be either passive or active. In

order for @ molecule to be able to passively cross both the apical and basolateral membranes -
(which are lipophilic) and diffuse through the cytoplasm, an aqueous solution separating the !
two membranes, the molecule must have the correct physiological properties such as size,
charge, lipophilicity, hydrogen bonding potential and solution conformation (253). For
molecules that do not possess such characteristics, there are carrier proteins or transporters !
that can help them get across. On both the apical and basolateral membranes, uptake

transporters (e.g., OATs, OATPs, OCTs, OCTNs) are present that function to bring a molecule

into cells or efflux transporters (e.g., P-gp, MRP1, MRP2, MRP3) that pump molecules out of

cells.

For epithelial cells to perform their characteristic directional transport, epithelia in cultures -
must form membranes composed of similarly oriented cells (239). MDCK, LLC-PK1, Caco-2

and many other cell lines of diverse origin were shown to display just such characteristics.

They all form a basolateral membrane that uniformly faces the supporting structure to which

the cells are attached and grow upon, and they have an apical membrane that uniformly faces

the medium (239). Physiologically the basolateral membrane is the side that is in contact with

the blood vessels and the apical membrane is the side that is facing the lumen. Because the

growth of most epithelial cells is attachment dependent, they need to attach to a surface to

divide and grow. There are many types of materials upon which cells can grow: petri dish,

collagen-coated petri dish, millipore filters, polycarbonate membrane, polyester membrane,
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etc. The surface to which the cells are attached can affect the structure, function and
expression of transporters and enzymes in those cells (239, 254-256). Cell culture conditions
like the media, the number of times the cells have been passaged, the initial density of the
cells on the growth surface and the stage of cellular differentiation could also have effects on
the expression of transporters and enzymes (253, 257). Therefore, it is important to minimize

the variations in the cell culture conditions.

2.2.2 Bidirectional transport study

In order to study the transport properties of epithelial cells, they should be grown on porous
supports in a plate system, so that the solution on both the apical and basolateral side can be
sampled and transepithelial electrical resistance (TEER) can be measured (258-260). Figure
2.1 shows the system we use for studying bidirectional transport. Epithelial cells are grown on
top of the inserts and they formed polarized cells with the basolateral membrane facing down
and the apical membrane facing up. The inserts are placed in a six-well plate. During the
growth period, cell culture media is placed on both the wells of the six-well plate (referred to
as the basolateral side) and on top of the insert (referred to as the apical side). During
transport experiments, the solution containing the drug is put in either the basolateral (to
measure B to A transport) or apical side (A to B transport) and a sample is taken from the
opposite side at different time points. Drug concentrations in the samples are measured to

determine drug flux in the B to A and A to B directions.

2.2.3 Transport study design

The objective of our studies is to determine whether or not the drugs of interest are substrates
of P-gp, an efflux transporter that is located on the apical membrane of epithelial cells. It
pumps compounds from the cells out into the apical solution. P-gp is located on the apical
membrane of epithelial cells that line the gut lumen, bile ducts and kidney tubules and
endothelial cells that line the blood-brain barrier (118). Physiologically P-gp functions to

eliminate xenobiotics from the body since it pumps drugs out into the gut lumen, away from
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DIHE Six-well plate

Figure 2.1  Cartoon representation of a cell culture transport study system. Adapted from the
information sheet of Falcon Cell Culture Insert System (Becton-Dickinson, Franklin Lakes,
NJ)

brain, into the bile and into the kidney lumen. In this project we focus on P-gp function in
kidney tubules. It has been postulated that P-gp contributes to the renal clearance of some
compounds that are substrates of P-gp by pumping the drugs from the cells out into the
kidney lumen. We hypothesize that the enhanced renal clearance observed for some drugs in
CF patients is due to enhanced P-gp expression in these patients. To test this hypothesis, we
will determine if those drugs that show enhanced renal clearance are substrates of P-gp and if

those that do not are not substrates of P-gp.

To determine if a drug is a substrate of P-gp or not, we utilize the in vitro cell culture model
described above. A bidirectional transport study is performed with control and P-gp
overexpressing cell lines. We measure and compare the flux of the drug in the B to A and in
the A to B directions in both the control and the P-gp (or MDR1) overexpressing cell lines.
Because P-gp is an efflux transporter that pumps drugs out from cells into the apical solution,
for a P-gp substrate, the B to A flux should be greater than the A to B flux in both types of cell

lines, with the difference more pronounced in the P-gp overexpressing cell line. The B to A
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flux in the P-gp overexpressing cell line will be greater than the B to A flux in the control cell
line and the A to B flux in the P-gp overexpressing cell line will be smaller than the A to B flux
in the control cell line. If the test drug exhibits this pattern, we also conduct inhibition studies
to further test if the drug is a substrate of P-gp. A P-gp inhibitor is dosed along with the drug
and the drug flux in both directions is measured and compared with the drug flux in the
absence of the inhbitor. P-gp inhibitors impede drug efflux from the cells out into the apical
side, therefore, in the presence of P-gp inhibitors, the B to A flux will be decreased and the A
to B will be increased. If complete inhibition of P-gp function is achieved and no other
transporters are involved, the B to A flux should equal the A to B flux. The effect of P-gp
inhibitors will be more pronounced on P-gp overexpressing than control cell lines since the P-

-
gp overexpressing cell line has a greater flux difference between the B to A and Ato B ’

Y

directions. Figure 2.2 shows a graphical representation of a typical bidirectional and inhibition

study with a P-gp substrate.

300 | ——e—Drug X B->A s
¢ 250 ———Drug X A->B v
g~ - =& -Drug X + P-gp inhibitor B->A

~N
o' 200 | = =&- =Drug X + P-gp inhibitor A->B
£ 150
x 8 ? A
2k 100 y
g i
(=] 50*' --‘...3...-113 :‘
0 +— — .= —— a - © - —— -
0 50 100 150 200

Time (minute)

Figure 2.2  Graphical representation of the expected transport and inhibition study results with a P-gp
substrate. Drug X = a hypothetical P-gp substrate. ®,A= B->A and O,A= A-B

Besides determining if a drug is a substrate of P-gp, we will also test if they are substrates of
other multidrug resistance transporters that are closely related to P-gp, such as MRP1 and

MRP2. Both MRP1 and MRP2 are efflux transporters like P-gp with the exception that MRP1 is
located on the basolateral instead of the apical membrane (261). Therefore, the bidirectional

transport profile of MRP2 substrates in control and MRP2 overexpressing cell lines will look just
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like Figure 2.2 with the opposite results for MRP1 substrates. An MRP1 substrate will have a
higher A to B flux compared to the B to A flux in both the control and the MRP1
overexpressing cell lines. The A to B flux in the MRP1 overexpressing cell line will be higher

than the A to B flux in the control cell line and vice versa for the B to A flux.

2.2.4 MDR1, MRP1 and MRP2 overexpressing cell lines

Several P-gp overexpressing cell lines have been constructed: MDCK1-MDR1, MDCK2-MDR1,
L-MDR1 and LLC-GA5-COL150 cells. These cell lines were created by transfecting the control
cells: MDCK1, MDCK2, LLC-PK1 and LLC-PK1, with human MDR1 cDNA. The MDCK1-MDR1 cell

line was created by Drs. Ira Pastan and Michael Gottesman of the National Institutes of Health

”~'
(135). MDCK2-MDR1 and L-MDR1 cell lines were created in the laboratory of Prof. Dr. Piet !
Borst of the Dutch Cancer Institute (262, 263) and LLC-GA5-COL150 cell line was created in S
the laboratory of Dr. Tanigawara from Kyoto University (264). ‘ .
Several MRP1 and MRP2 overexpressing cell lines were constructed. MDCK2-MRP1 and L- - ‘::
MRP1 cell lines were created by transfecting the MDCK2 (262) and LLC-PK1 (265) cells, -
respectively, with human MRP1 cDNA. MDCK2-MRP2 and L-MRP2 cell lines were created by ~

transfecting the MDCK2 (266, 267) and LLC-PK1 (268) cells, respectively, with human MRP2 s ‘

CDNA. Coe

All the control cell lines used for creating the overexpressing cell lines originated from the
kidney. The LLC-PK1 cell line was originally derived in 1958 from an unknown site in the
kidney of a normal male Hampshire pig (269). The MDCK (Madin-Darby Canine Kidney) cell
line was originally derived in 1958 from a normal adult female cocker spaniel kidney by S.H.
Madin and N.B. Darby (270). There are two strains of MDCK cells: strain I referred to as
MDCK1 and strain II referred to as MDCK2. MDCK1 cells were from a lower passage number
(60-70) while MDCK2 cells were from a higher passage number (>100). MDCK1 cells form
tighter epithelia monolayers with high electrical resistance (4 kQcm?) while MDCK2 cells form

leakier monolayers with low electrical resistance (70 Qcm? ) (258, 259, 271-273).
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2.2.5 Compounds chosen for transport studies

We chose several compounds to determine if they are substrates of P-gp. The criterias
employed in choosing the compounds were whether or not they show enhanced renal
clearance in CF patients and whether the pure compounds were obtainable. Table 2.1 lists the
compounds tested in our studies and Figure 2.3 shows their structures. In 1975, dicloxacillin
was the first drug observed to have enhanced renal clearance in CF patients (195). Later
Hutabarat et a/. (201) showed that the renal clearance of trimethoprim was increased in CF
patients while no change was observed for sulfamethoxazole. N4-acetylsulfamethoxazole is a
metabolite of sulfamethoxazole catalyzed by N-acetyltransferase. The formation clearance of
N4-acetylsulfamethoxazole was increased in CF patients. Arvidsson et al. (196) showed that
the renal clearance of cefsulodin was not different between controls and CF patients.

However, Hedman et al. (206) observed a difference in cefsulodin renal clearance in CF i
patients. This difference was due to enhanced glomerular filtration rate in those patients L
instead of increased tubular secretion. Ciprofloxacin had shown conflicting results. One IV rn
dose study showed that the renal clearance was not difference between controls and CF

patients (217) while another IV study showed a difference (232). Iothalamate was a marker

of glomerular filtration and its clearance was not different between controls and CF patients e

(199).

2.3 Materials and Methods o
2.3.1 Materials

The following materials were utilized: MDCK1, MDCK1-MDR1 (a gift from Dr. Ira Pastan of the

National Institutes of Health), MDCK2, MDCK2-MDR1, MDCK2-MRP2, LLC-PK1, L-MRP1 and L-

MDR1 cell lines (a gift from Prof. Dr. Piet Borst of the Dutch Cancer Institute), DME-H21

media, M-199 media, fetal bovine serum, phosphate buffered saline (PBS) Ca%*, Mg?*-free

solution, Hank's BSS buffer, 0.25% trypsin (UCSF Cell Culture Facility, San Francisco, CA),

colchicine, HEPES, trimethoprim, sulfamethoxazole, aztreonam, cefsulodin, dicloxacillin,

vinblastine, cyclosporine, ketoconazole, para-amino hippurate, verapamil, tetra-ethyl

ammonium, quinidine, sulfinpyrazone, indomethacin, probenecid, glycyl-sarcosine (Sigma, St.
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Table 2.1  List of drugs chosen for transport studies and their renal clearance values in

controls and cystic fibrosis patients

Renal Clearance (mi/min/1.73m?)

Drugs References

Cystic Fibrosis Controls
Dicloxacillin*® 282 £ 135 95 £ 28 195
Trimethoprim®®" 126 + 30 82 £ 19 201
Sulfamethoxazole®" 22+1.7 3.1+1.3 201
N4-acetyl-sulfamethoxazole NA NA 201
Cefsulodin® 140 + 34 141 + 36 196
Cefsulodin®" 122 £ 19 92 + 18 206 -
Cefsulodin®" 118 £ 16 89+5 206 Ll
Ciprofloxacin®” 313 + 121 309 + 55 217 :
Ciprofloxacin®" 464 + 136 23292 232 .
Ciprofloxacin® 311 + 143 253 + 131 232 ‘ ” ; |
Ciprofloxacin®® 282 + 163 232 £ 12 225 :‘f“
Ciprofloxacin®® 522+ 176 396 + 139 216 .
Iothalamate” 148 £ 29 143 £ 33 199

a = statistically significant difference from control, P< 0.05.

b = converted from L/h/kg.

¢ = Increased CLr in CF is due to increased GFR.

d = converted from L/h.

e = ynits in mi/min

f = converted from mi/min
g = oral dose

h = IV dose

NA = not avallable
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Louis, MO), N4-acetyl-sulfamethoxazole (Frinton Laboratories, Vineland, NJ), iothalamate (US
Pharmacopeia, Rockville, MD), ciprofloxacin (a gift from Bayer, West Haven, CT), GG918 or
GF120918 (a gift from Glaxo-Wellcome, Research Triangle Park, NC), Econo-Safe
biodegradable counting cocktail (Research Product International Corp., Mount Prospect, IL),
T75 culture flasks, PET cell culture inserts for six-well plate, 15 and 50 ml Falcon tubes
(Becton Dickinson, Franklin Lakes, NJ), Falcon 2 ml aspirating pipets, 5, 10, 25 ml non-
pyrogenic serological pipets, disposable cell scraper, hematocytometer, glass covers,
disposable 16x125 mm borosilicate glass culture tubes (Fisher Scientific, Santa Clara, CA),
Kimwipes EX-L (Kimberly-Clark, Roswell, GA), six-well plates (Corning, Corning, NY), inverted
microscope TMS (Nikon Corp., Tokyo, Japan), CO, incubator (Revco Scientific, Asheville, NC),
CO; (Praxair, Danbury, CT), Pipet-Aid (Drummond Scientific Company, Broomal, PA),
Laboratory vacuum pump and compressor (KNF Neuberger Inc., Trenton, NJ), Baker
SterilGARD Biological Safety Cabinet model SGII-400 (The Baker Company Inc., Sanford, ME),
Millicell-ERS Transepithelial resistance measurement system (Millipore, Bedford, MA),
Incubator Shaker II model 136400 (Boekel Scientific, Feasterville, PA), Mettler AE240 balance
(Mettler-Toledo Inc., Columbus, OH), [**C]-mannitol, [>H]-digoxin (NEN, Boston, MA), [3H]-
vinblastine (Amersham, Piscataway, NJ), Laemmli sample buffer, dry milk, filter paper,
nitrocellulose membrane, prestained SDS-PAGE broad range standard, 7.5% SDS-PAGE gel,
10X Tris/Glycine/SDS running bufer (Bio-Rad, Hercules, CA), ECL reagents, Hyperfilm
(Amersham, Piscataway, NJ), bovine serum albumin (Gibco BRL Life Technologies, Grand
Island, NY), RedTaq ReadyMix PCR Reaction Mix (Sigma, St. Louis, MO), X Systems centrifuge
(Abbott Laboratories, Abbott Park, IL), human P-gp (S) and (AS) primers (Invitrogen Life
Technologies, Carlsbad, CA), Pipetman (Rainin, Woburn, MA), Fisher Vortex Genie 2 (Fisher
Scientific, Santa Clara, CA), ART RNase & DNase free tips (Molecular BioProduct, San Diego,
CA), PCR Express (Thermo Hybaid, Ashford, Middlesex, United Kingdom), 0.2 ml PCR tubes

(Ambion, Austin, TX) and Fisher Minifuge (Fisher Scientific, Santa Clara, CA).

2.3.2 Cell culture conditions
MDCK1, MDCK1-MDR1, MDCK2, MDCK2-MDR1, MDCK2-MRP2, LLC-PK1, L-MRP1 and L-MDR1

cells were seeded onto PET cell culture inserts of a 6-well plate system at a density of roughly
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300,000 cells/insert. The growth media for MDCK1, MDCK1-MDR1, MDCK2 and MDCK2-MDR1
cells was Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) while LLC-PK1, L-MRP1 and L-MDR1 cells were grown in M-199 media
supplemented with 10% FBS. For all cells that were transfected with the MDR1 gene, 80
ng/ml colchicine was added to the media to select for the transfectant cells. The cells were
grown to confluency as a monolayer for 5-7 days at 37°C and 5% humidified CO,-atmosphere.

The media was changed every 2-3 days.

2.3.3 Characterization of cell lines

Cell integrity and monolayer confluency were tested by microscopy and transepithelial
electrical resistance (TEER) measurements. On the day of the experiments, the culture media
was removed and the cells were incubated for ~30 minutes in Hanks' buffer solution
containing 22.5 mM Hepes. After equilibration, TEER values were measured using the Millicell-
ERS Transepithelial resistance measurement system (Millipore, Bedford, MA). To compare P-

gp, MRP1 and MRP2 expression in our cell lines, Western blot and RT-PCR were performed.

2.3.4 Western blot

Table 2.2 lists the recipes for preparing Western blot solutions. For Western blot, cells were
grown in T75 flasks, rinsed with PBS Ca?*, Mg?*-free solution and scraped into 15 ml Falcon
tubes. The tubes were centrifuged for 15 minutes at 1600 rpm (<6000 g) at 4°C. The
supernatants were discarded and the pellets were washed again with PBS Ca?*, Mg?*-free
solution and centrifuged again. The pellets were resuspended using lysis buffer pH 7.4 (10
mM KCI, 10 mM Tris-HCl, 1.5 mM MgCl,). They were put on ice and sonicated for 20s (3x).
The protein concentrations were determined by BioRad assay with bovine serum albumin as
the standard. All samples were diluted to the same concentration and mixed with Laemmli
sample buffer (1:3) and loaded onto 7.5% SDS-PAGE gels. The gels were run at 200 V for
~45 minutes. Before blotting the gels, they were incubated with blotting buffer for 15 minutes
at 4°C. The gels were blotted to nitrocellulose membranes for 1 hour at 200 mA. Then the

membranes were incubated for 2 hours at room temperature with 5% dry milk solution in
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TBS. After that the membranes were washed with TTBS. Depending on the proteins of

interest, the membranes were incubated overnight with either 50x diluted anti-MRP1 clone

MRPr1 antibody (MC-201, Kamiya Biomedical, Seattle, WA), 500x diluted c219 (for detecting

P-gp) antibody (Signet, Dedham, MA) or 50x diluted anti-MRP2 clone M2 III-6 (MC-206,

Kamiya Biomedical, Seattle, WA). The next day, the membranes were washed several times

with TTBS before incubating them for 1 hour at RT with their appropriate secondary antibody

(3000x diluted goat anti-mouse (Gibco BRL Life Technologies, Grand Island, NY) for c219 and

anti-MRP2 antibodies and goat anti-rat (Boehringer-Mangelheim, Indianapolis, IN) for anti-

MRP1 antibody. The membranes were washed several times with TTBS and incubated with

premix ECL reagent 1 & 2 for 1 min before developing the film.

Tween-TBS (TTBS)

Concentrated HCI

DDI water

Tween-20

TBS

to adjust pH to 7.4

to make 2 L solution

Table 2.2  Recipes for Western blot solutions
Name of solution Components Amount Final Concentration
Blotting buffer (store at 4°C)  Tris 3.03g 25 mM
Glycine 144g¢ 192 mM
Methanol 200 ml 20% (v/v)
DDI water to make 1 L solution
Running Buffer T /?;R.c?:g/sos 100 mi 1X
DDI water to make 1 L solution
Tris-buffered solution- (TBS) Hm“Tris o ~i—"".}:é’?—;_“w 20 mM )
NaCl 58.44 ¢ 0O5M

to adjust pH to 7.4

0.5 mi

to make 1 L solution

0.05% (v/v)

2.3.5 RT-PCR

2.3.5.1 Primer design

To compare P-gp expression in our cell lines, we need to design primers for the human MDR1

gene. Table 2.3 lists the exact sequences of the primers for the MDR1 gene. This primer pair

produces a 285 bp segment of the MDR1 gene. For internal standard, we utilized the 18S
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Table 2.3  Primer sequences for MDR1 gene

Primer Name Sequences
Human P-gp primer (S) 5'-GCC TGG CAG CTG GAA GAC AAA TAC ACA AAAT-3'
Human P-gp primer (AS) 5'-AGA CAG CAG CTG ACA GTC CAA GAA CAG GAC T-3'

gene with the competimer technology from Ambion (Austin, TX). The expected product of the

18S gene is 489 bp.

2.3.5.2 One step semi-quantitative RT-PCR

The cells were rinsed in PBS Ca?* Mg?* free solution and RNA isolation was done according to
the protocol outlined in TRIzol (Invitrogen Life Technologies, Carisbad, CA). We performed
the cDNA synthesis and PCR reaction in one step using the Qiagen OneStep RT-PCR Reaction
Kit (Qiagen, Valencia, CA). The protocol is as outlined below:

1. RNA isolation and quantitation.

2. Preparation of RT-PCR reaction mix. Always prepare one extra reaction volume to

account for pipetting loss. Table 2.4 lists the recipe for one reaction volume.

Table 2.4 RT-PCR reaction mix recipe for one reaction volume

Reagents Volume (ul) Final Concentration
Qiagen OneStep 5X buffer 10 1.25X
10 mM Qiagen OneStep dNTP Mix 2 0.4 mM
Qiagen OneStep Enzyme Mix 2 5% (v/v)
10 uM human P-gp primer (S) 3 0.75 uM
10 uM human P-gp primer (AS) 3 0.75 uM
Ambion 18S primer 0.5 1.25% (v/v)
Ambion 18S competimer 4.5 11.25% (v/v)
water 15
total volume S 4;‘ -

3. Aliquot 40 ul of solution from the master mix to a 0.2 ml PCR tube
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4.

5.

Add 10 ul of 50 ug/ml RNA sample to each PCR tube
Vortex mix, briefly centrifuge and run the reactions in the PCR Express at:

50°C for 30 min

95°C for 15 min

94°C for 1 min

59°C for 1 min 26 cycles

72°C for 1 min

72°C for 15 min
Run the RT-PCR products on 2% E-gel. Prerun the 2% E-gel at 66 V for 2 min with
the comb on. After that, remove the comb, load 12 ul H,0 and 10 ul PCR product into
each well, load 20 pl of 50 fold-diluted 50 bp DNA ladder into one well. Run the gel at
66 V for 30 min. The bands are visualized with the UV transilluminator and a picture

is taken with a Polaroid camera.

2.3.6 Transport study protocol

The transport experiments were adapted with modifications from Zhang et al. (248). Most
experiments were repeated at least twice and there were triplicates in each study. To
determine if a drug is a substrate of P-gp, MRP1 or MRP2, bidirectional transport studies were
performed in both the controls and P-gp, MRP1 or MRP2 overexpressing cell lines. The day
before the transport studies, all cells were fed fresh media. On the day of the experiments,
the cells were washed once and preincubated for ~30 minutes at 37°C in 5% CO, with Hank’s
Balanced Salt Solution containing 22.5 mM HEPES (HBSS-H). Drugs were dissolved in HBSS-H
solution. To measure drug transport in the B—A direction, 2.5 ml of HBSS-H solution
containing the drug was put into the basal (B) side and 1.5 mi of HBSS-H was put into the
apical (A) side. At selected time points, 200 ul samples were taken from the A side and
replaced with fresh HBSS-H. For measuring drug transport in the A—B direction, the drug
solution was put into the A side and samples were taken from the B side. For inhibition

studies, the inhibitor was put in both the A and B sides. During the studies, the cells were

incubated in a shaking incubator at 37°C. To establish cell integrity, [**C]-mannitol (a
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paracellular marker) transport was measured for 1 hour at the end of the experiments.
Transport of [3H]-digoxin and [3H]-vinblastine, known P-gp substrates, were also measured as

positive controls.

We used the lowest concentration possible for the transport study and the drug concentrations
were chosen in part based on what can be detected by HPLC for the A—B flux. The inhibitor
concentrations were chosen based on concentrations used in published studies by other

investigators.

2.3.7 Analytical methods

Samples were stored at -20°C until analysis by high performance liquid chromatography
(HPLC) using methods adapted from Jehl et al. (274). Cefsulodin, dicloxacillin and
trimethoprim were analyzed using an Ultrasphere ODS 150x2 mm (Phenomenex, Torrance,
CA) column; sulfamethoxazole was analyzed with an Ultracarb ODS 150x4.6 mm
(Phenomenex, Torrance, CA) column; ciprofloxacin, iothalamate and N4-acetyl-
sulfamethoxazole were analyzed using a Zorbax SB-C18 250x4.6 mm (Phenomenex, Torrance,
CA) column. The flow rate was 0.25 ml/min for cefsulodin, dicloxacillin and trimethoprim, 0.5
ml/min for sulfamethoxazole, 1 ml/min for ciprofloxacin, iothalamate and N4-acetyl-
sulfamethoxazole. The organic mobile phase for cefsulodin, dicloxacillin, trimethoprim and
sulfamethoxazole was acetonitrile (5 to 70% in 14.5 minutes for cefsulodin and dicloxacillin, 5
to 70% in 7 minutes for sulfamethoxazole and 20% isocratic for trimethoprim). The organic
mobile phase for ciprofloxacin, iothalamate and N4-acetyl-sulfamethoxazole was methanol
(50% isocratic). The aqueous mobile phases for cefsulodin, dicloxacillin, trimethoprim,
sulfamethoxazole, ciprofloxacin and iothalamate (or N4-acetyl-sulfamethoxazole) were 5 mM
tetrabutylammonium bromide (pH 3.7), 20 mM ammonium acetate (pH 5.8), 100 mM KH,PO,
(pH 2.7), 0.1% triethylamine (pH 5.9), 0.5% glacial acetic acid and 0.5% glacial acetic
acid+0.25% triethylamine, respectively. Cefsulodin, dicloxacillin and trimethoprim were
detected at 214 nm, iothalamate and N4-acetyl-sulfamethoxazole at 254 nm,

sulfamethoxazole at 270 nm and ciprofloxacin at 280 nm.
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2.3.8 Data analysis
The total amount of drugs transported into the other side was calculated according to the
following formula:

measured sample concentration X volume on sampling side

cell growth area

In our studies the cell growth area was 4.2 cm?. For transport in the B to A direction, the
samples were taken from the A side which has a total volume of 1.5 ml. For transport in the A
to B direction, the samples were taken from the B side which has a total volume of 2.5 ml.

a
In our studies, multiple samples were taken at different time points. To keep the volume of ’ »
the sampling side constant, we replaced it with an equal volume of buffer solution. This will
slightly decrease the actual concentration of measured sample concentration hence
underestimating the total amount of drugs transported for the subsequent time points.
Therefore, to account for the losses of amount transported due to sampling, we added the m“

amount of drug lost in the previous sampling volumes to the above calculation to get an

accurate total amount of drugs transported to the other side for subsequent time points. .

Drug flux was calculated using the LINEST function from Microsoft Excel. The LINEST function

calculated the slope of the line that best fits the amount of drugs transported vs. time plot. 0
Flux values were calculated for each of the triplicates and were averaged to give us the

average value of the flux and the standard deviation associated with it.

The apparent permeability value was calculated as follows:

average flux + SD

Papp £ SD (cm/s) =
dosing concentration

Statistical significance was tested by ANOVA using the Primer Express program created by Dr.

Stanton Glantz (UCSF, San Francisco, CA).
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2.4 Results of Transport Studies

2.4.1 Characterization of cell lines

Before conducting each transport study, cell integrity and monolayer confluency were
confirmed by microscopy and transepithelial electrical resistance (TEER) measurements.
Under the microscope, P-gp, MRP1 and MRP2 overexpressing cell lines (e.g., MDCK1-MDR1,
MDCK2-MDR1, MDCK2-MRP2, L-MRP1, L-MDR1) appeared to have different morphologies
compared to their respective control cell lines. MDCK1-MDR1 and L-MRP1 cells grew faster
than their control cell lines, MDCK1 and LLC-PK1 cells, respectively. They also had higher

TEER values. The average TEER values for MDCK1, MDCK1-MDR1, LLC-PK1 and L-MRP1 were

150, 1500, 165 and 240 Q, respectively. However, TEER value measurement is not very

accurate and precise. There were large variations associated with the values. Furthermore,

for many cell lines such as MDCK1, MDCK2, MDCK2-MDR1, LLC-PK1 and L-MDR1, TEER values

were very close to the values measured in the absence of any cells (~140 Q). Therefore, to

further monitor cell integrity and monolayer confluency, at the end of the experiments, we
also measured [**C]-mannitol (a paracellular marker) transport for 1 hour. As expected, we
did not find any significant difference in the B to A and A to B transport of mannitol in our cell
lines. Unlike TEER values, we also did not find large variations in the P,,, of mannitol between
controls and overexpressing cell lines. For example, there was about a 10-fold difference in
TEER values between MDCK1 and MDCK1-MDR1 cells (~150 and 1500 Q, respectively) but the
Papp Values for mannitol in those two cell lines were approximately the same (~5x107 cm/s).
The mannitol P, values in MDCK2, MDCK2-MRP2 and MDCK2-MDR1 cells are similar to
MDCK1 and MDCK1-MDR1 cells. They are higher in LLC-PK1, L-MDR1 and L-MRP1 cells

(~13x107, 12x107 and 35x107 cm/s, respectively).

We also performed Western blot and RT-PCR studies to compare the expression of P-gp/MDR1,
MRP1 and MRP2 among our cell lines. Figure 2.4 shows the result of an RT-PCR experiment to
compare the expression of MDR1 mRNA among various cell lines. 18S is the internal
standard. As expected, expression of MDR1 mRNA is much higher in P-gp overexpressing cell

lines, MDCK1-MDR1 and MDCK2-MDR1 cells, compared to their control cell lines, MDCK1 and
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Figure 2.4  RT-PCR results of MDR1 mRNA comparison in several cell lines

MDCK2 cells, respectively. The results also show that the expression of MDR1 mRNA is higher

in MDCK2 cells compared to MDCK1 cells.

Figure 2.5 shows the Western blot results of P-gp expression comparison among various cell
lines. The molecular weight of P-gp is around 170 kDa. Western blot results agree with the
observations from RT-PCR studies (Figure 2.4). P-gp expression is higher in P-gp
overexpressing cell lines, MDCK1-MDR1, MDCK2-MDR1 and L-MDR1 cells, compared to their
control cell lines, MDCK1, MDCK2 and LLC-PK1 cells, respectively. The results also show that

P-gp expression is higher in MDCK2 compared to MDCK1 or LLC-PK1 cells.

Figure 2.6 shows the Western blot results of MRP1 expression comparison among various cell
lines. The molecular weight of MRP1 is around 190 kDa. As expected, MRP1 expression is
much higher in the MRP1 overexpressing cell line, L-MRP1 cells, compared to its control cell
line, LLC-PK1 cells, where MRP1 expression is not observed. The identity of the abundant
lower band is not known but we think it could be the unglycosylated form of MRP1 protein.
The results also show that MRP1 expression is similar in MDCK1, MDCK1-MDR1, MDCK2 and

MDCK2-MDR1 cells.
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Figure 2.5 Western blot results of P-gp expression comparison among various cell lines

Figure 2.6  Western blot results of MRP1 expression comparison among various cell lines

Figure 2.7 shows the Western blot results of MPR2 expression comparison among various cell
lines. The molecular weight of MRP2 is around 190 kDa. MRP2 expression is much higher in
the MRP2 overexpressing cell line, MDCK2-MRP2 cells, compared to its control cell line, MDCK2
cells. It is interesting that no MRP2 expression is detected in a P-gp overexpressing cell line,
MDCK1-MDR1 cells, which suggests that MRP2 expression is downregulated in that cell line,
versus its control, MDCK1 cells. However, no downregulation of MRP2 expression is observed

in another P-gp overexpressing cell line, the L-MDR1 cells.
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Figure 2.7  Western blot results of MRP2 expression comparison among various cell lines

2.4.2 Digoxin and vinblastine

Digoxin and vinblastine are well-known P-gp substrates. Transport studies were conducted
using these two compounds as our positive controls. For digoxin, the B to A flux is higher
than the A to B flux in both the MDCK1 and MDCK1-MDR1 cells (Figure 2.8). The difference in
the B to A and A to B fluxes is more pronounced in the P-gp overexpressing cell line. The B to
A/A to B ratio is about 7 in MDCK1 cells and about 35 in MDCK1-MDR1 cells (Table 2.5). In
the presence of a P-gp inhibitor, ketoconazole, the digoxin B to A flux goes down and the A to
B flux goes up in both the control and P-gp overexpressing cell lines (Figure 2.8). In the
presence of ketoconazole, the B to A/A to B ratios of digoxin decrease to about 1 in both cell
lines (Table 2.5). These are the classic patterns observed with a P-gp substrate. Therefore,

digoxin is a substrate of P-gp, as reported previously in the literature (264, 275-279).

We also performed bidirectional transport studies of digoxin in LLC-PK1, L-MRP1 and L-MDR1
cells. The B to A flux is higher than the A to B flux in all three cell lines (Figure 2.9).

However, there is not much difference in the B to A fluxes among those three cell lines (Table
2.6). There is also not much difference in the A to B fluxes between LLC-PK1 and L-MRP1 cells

but the A to B transport is much lower in the L-MDR1 cells. The B to A/A to B ratio is about 3
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Figure 2.8  Bidirectional transport of 5 uM digoxin with and without 100 uM ketoconazole in MDCK1 v
(gray line) and MDCK1-MDR1 (black line) cells. &,¢,®,A=B->A and :1,0,0,A= A>B I
r
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Table 2.5 Bidirectional transport of 5 uM digoxin with and without 100 uM ketoconazole in ,
MDCK1 and MDCK1-MDR1 cells. :
Papp X 107 (avg £ SD, n=3, cm/s)
Cell Line Inhibitor B2A
AOB
B->A A->B
MDCK1 - 35.6 (1.1) 5.0 (0.3) 7.2
ketoconazole 26.4 (1.7) 23.7 (1.4) 1.1
MDCK1-MDR1 - 42.6 (0.6) 1.2 (0.5) 34.7
ketoconazole 10.2 (0.5) 8.3 (0.7) 1.2
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Figure 2.9  Bidirectional transport of 30 nM digoxin in LLC-PK1 (gray line), L-MRP1 (black line) and L- VoA

MDR1 (dashed line) cells. m,®,A= B->A and . ,,0,A= A>B

Table 2.6  Bidirectional transport of 30 nM digoxin in LLC-PK1, L-MRP1 and L-MDR1 cells

P.op X 107 (avg £ SD, n=3, cm/s)

Cell Line R2A A
B>A A>B

LLC-PK1 49.2 (5.9) 15.1 (1.6) 3.2 3

L-MRP1 58.7 (5.4) 13.0 (1.8) 45

L-MDR1 62.9 (4.3) 2.9.(0.3) 22 )

in LLC-PK1, about 4 in L-MRP1 and about 22 in L-MDR1 cells (Table 2.6). The conclusion from
these data is that digoxin is not a substrate of MRP1 but it is a substrate of P-gp. The
bidirectional transport study result using LLC-PK1 and L-MDR1 cells agrees with that in MDCK1
and MDCK1-MDR1 cells.

As mentioned earlier, vinblastine is also a well-known P-gp substrate. For vinblastine, the B to

A fluxes are larger than the A to B fluxes in LLC-PK1, L-MRP1 and L-MDR1 cells (Figure 2.10).
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The B to A/A to B ratios are about 3-4 for all three cell lines (Table 2.7). Interestingly, there

is no difference in the B to A and in the A to B fluxes among those three cell lines. These data

could lead one to suggest that vinblastine is not a substrate of either MRP1 or P-gp. However,

from literature data we know that vinblastine is a substrate of P-gp. Furthermore, preliminary

transport studies performed in MDCK1 and MDCK1-MDR1 cells show differences between the B

to A and the A to B fluxes in those two cell lines (data not shown).

Vinblastine transport
(pmol/cm?)

1.2 -

—a—B->A LLC-PK1
——=—A->8B LLC-PK1
———pB->A L-MRP1
——A->B L-MRP1
- =g~ =B->A L-MDR1
—fy— A ->B L-MDR1

Time (minutes)

200

Figure 2.10 Bidirectional transport of 30 nM vinblastine in LLC-PK1 (gray line), L-MRP1 (black line) and

L-MDR1 (dashed line) cells. ®,@®,A= B>A and : ,0,A= A>B

Table 2.7  Bidirectional transport of 30 nM vinblastine in LLC-PK1, L-MRP1 and L-MDR1 cells
Cell Line Pape X 107 (avg + SD, n=3, cm/s) %e
B->A A-B
LLC-PK1 28.3 (1.4) 7.7 (0.9) 3.7
L-MRP1 28.1 (1.1) 5.9 (0.3) 4.7
L-MDR1 25.6 (1.2) 8.0 (1.7) 3.2

Currently we do not know the cause of the discrepancies observed for vinblastine (but not

digoxin) between MDCK1, MDCK1-MDR1 and LLC-PK1, L-MDR1 cells. Our Western blot results

show that total P-gp expression is comparable between MDCK1-MDR1 and L-MDR1 cells

(Figure 2.5). But it is possible that not all the P-gp observed in the Western blot is located on

.“1': B
REX E 5
P
PREEEE ;
t .
L A
- © el
f
st g
x, ownF
e ” X228
g, .»-‘f-\‘i
[T IR L 3
B TR NY 1)
a
£

LA A W

TAT® L.

meriee



the apical membrane or is functionally active. Another possibility could be that L-MDR1 cells

express other transporters that are missing in MDCK1-MDR1 cells.

We concluded that LLC-PK1 and L-MDR1 cell lines might not be the right cell lines to use to
determine if a drug is a substrate of P-gp. Therefore, to determine whether a drug is a
substrate of P-gp or not, we chose to use the MDCK1 and MDCK1-MDR1 cell lines. However,
we will also conduct transport studies using the other two P-gp overexpressing cell lines, L-
MDR1 and MDCK2-MDR1 cells, to compare the results with MDCK1-MDR1 cells. To determine
whether a drug is a substrate of MRP1 or MRP2, we will perform transport studies using LLC-

PK1, L-MRP1 and MDCK2, MDCK2-MRP2 cell lines, respectively.

2.4.3 Dicloxacillin
Dicloxacillin has a higher renal clearance value in CF patients. We would like to determine if it

is a substrate of P-gp, MRP1 or MRP2.

To determine if dicloxacillin is a substrate of P-gp, we compare the bidirectional transport
study results in MDCK1 and MDCK1-MDR1 cells. The B to A fluxes are higher than the A to B
fluxes in both the MDCK1 and MDCK1-MDR1 cells (Figure 2.11). The difference in the B to A
and A to B fluxes is more pronounced in the P-gp overexpressing cell line. The Bto A/Ato B
ratio is about 2 in MDCK1 cells and about 7 in MDCK1-MDR1 cells (Table 2.8). In this
particular study, there is no difference in the A to B fluxes between MDCK1 and MDCK1-MDR1
cells. Normally for a P-gp substrate, the B to A flux is higher and the A to B flux is lower in
MDCK1-MDR1 compared to MDCK1 cells. This is observed for other studies with lower

concentrations of dicloxacillin (Table 2.9).

When the studies were performed at 4°C, where the active process was inhibited and the
passive flow was reduced, the apparent permeabilities of dicloxacillin in MDCK1-MDR1 cells in
both the B to A and A to B directions are decreased. In the study conducted in the absence of
cells, fluxes are much greater (Table 2.8). In both cases, the B to A/A to B ratios are about

0.7. All these data indicate that dicloxacillin is a substrate of P-gp.
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Figure 2.11 Bidirectional transport of 250 uM dicloxacillin in MDCK1 (gray line) and MDCK1-MDR1 (black Ll

line) cells. ®,®= B>A and J,0= A->B

Table 2.8  Bidirectional transport of 250 uM dicloxacillin in MDCK1 and MDCK1-MDR1 cells.

Papp X 1077 (avg + SD, n=3, cm/s)

Cell Line baa
BA A>B .

MDCK1 4.5 (0.5) 2.5 (0.6) 1.8 )

MDCK1-MDR1 17.7 (1.1) 2.5(0.2) 7.2 )

MDCK1-MDR1 4°% 0.5 (0.1) 0.7 (0.01) 0.7

No Cells 50.4 (3.9) 71.5 (8.1) 0.7 .

Table 2.9  Bidirectional transport of 25 and 100 uM dicloxacillin in MDCK1 and MDCK1-MDR1

cells.
-7 -
Concentration Papp X 10”7 (avg £ SD, n=3, cm/s) BA
Cell Line (PM) A->B
BOA A->B
MDCK1 25 2.8 (1.2) 3.1 (0.2) 0.9
100 6.1 (0.9) 8.2 (0.8) 0.7
MDCK1-MDR1 25 29 (0.6) 1.4 (0.04) 20
100 64 (4.7) 3.1 (0.3) 21
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To confirm that dicloxacillin is a substrate of P-gp, we tested the effect of various inhibitors on

dicloxacillin transport in MDCK1-MDR1 cells.

In the presence of P-gp inhibitors: cyclosporine, ketoconazole, GG918 and vinblastine, the B
to A flux of dicloxacillin decreases (Figure 2.12) and no statistically significant change is
observed for the A to B flux (Figure 2.13). PAH (para-amino hippurate), an inhibitor of
organic anion transporters, has no statistically significant effects on dicloxacillin transport in
MDCK1-MDR1 cells (Figure 2.12 and 2.13). P-gp inhibitors significantly decrease the B to A/A

to B ratio while PAH has no effect (Figure 2.14). These data confirm that dicloxacillin is a

substrate of P-gp. .-
n
140 - B->A .
120 100.0 prve et
g 1007 74.9 "
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8
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& 40 16.6 ;
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Figure 2.12 Effect of various inhibitors on 250 uM dicloxacillin (100 uM for cyclosporine and
ketoconazole) B->A transport in MDCK1-MDR1 cells. The inhibitors are cyclosporine (20

uM), ketoconazole (100 uM), GG918 (2.5 uM), vinblastine (100 uM) and PAH (1000 uM).
*p<0.01
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Figure 2.13
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Figure 2.14
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Effect of various inhibitors on 250 uM dicloxacillin (100 uM for cyclosporine and
ketoconazole) A->B transport in MDCK1-MDR1 cells. The inhibitors are cyclosporine (20
uM), ketoconazole (100 uM), GG918 (2.5 uM), vinblastine (100 uM) and PAH (1000 uM).
*pP<0.01
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Effect of various inhibitors on 250 uM dicloxacillin (100 uM for cyclosporine and
ketoconazole) B->A/A->B ratio in MDCK1-MDR1 cells. The inhibitors are cyclosporine (20
uM), ketoconazole (100 uM), GG918 (2.5 uM), vinblastine (100 uM) and PAH (1000 puM).
*P<0.01
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Next, we performed bidirectional transport studies for dicloxacillin in LLC-PK1, L-MDR1 and L-
MRP1 cells. There is no significant difference observed in the bidirectional transport of
dicloxacillin between LLC-PK1 and L-MDR1 cells (Figure 2.15). The B to A/A to B ratios are
about 1 in both cell lines (Table 2.10). This data are similar to vinblastine, where transport
studies in MDCK1 and MDCK1-MDR1 cells indicate that it is a substrate of P-gp while no
difference is observed between LLC-PK1 and L-MDR1 cells. Comparison of dicloxacillin
transport between LLC-PK1 and L-MRP1 cells shows that both the B to A and A to B fluxes are
higher in L-MRP1 compared to LLC-PK1 cells but there is no difference observed between the B
to A and A to B fluxes in both cell lines (Table 2.10). These data indicate that dicloxacillin is

not a substrate of MRP1

6000 _ 4  B->ALLC-PKI

5000 ~—t+—A->B LLC-PK1
1 —e—pB->A L-MRP1
1 —e—A->B L-MRP1
! = =& =B->A L-MDR1

3000 ! = =A= =A->B L-MDR1
|

4000

2000 ;

1000 i

Dicloxacillin transport
(pmol/cm?)

0+ - = R : : .
0 50 100 150 200

Time (minutes)

Figure 2.15 Bidirectional transport of 250 uM dicloxacillin in LLC-PK1 (gray line), L-MRP1 (black line) and
L-MDR1 (dashed line) cells. X,®,A= B->A and O0,0,A= A>B

Table 2.10 Bidirectional transport of 250 uM dicloxacillin in LLC-PK1, L-MRP1 and L-MDR1

cells.
-7 -
Coll Line Py X 1077 (avg £ SD, n=3, cm/s8) ge
B>A A-B
LLC-PK1 7.6 (2.6) 5.1 (0.2) 1.5
L-MRP1 17.9 (1.7) 18.6 (2.6) 1.0
L-MDR1 11.2 (0.8) 8.1 (2.3) 1.4
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To determine if dicloxacillin is a substrate of MRP2, we conducted transport studies in MDCK2
and MDCK2-MRP2 cells. There is no difference in the dicloxacillin transport between these two
cell lines (Figure 2.16). The B to A/A to B ratios are around 1 in both cell lines (Table 2.11).
This indicates that dicloxacillin is not a substrate of MRP2. We also compared dicloxacillin
transport between MDCK2 and MDCK2-MDR1 cells. The B to A and A to B fluxes are lower in
MDCK2-MDR1 compared to MDCK2 cells. The B to A/A to B ratio is around 1 in the control cell

line and 4 in the P-gp overexpressing cell line.

—a—B->A MDCK2

]

5000 1 ———A->B MDCK2
——— B->A MDCK2-MRP2 -
1‘ ——@— A->B MDCK2-MRP2

« =&~ = B->A MDCK2-MDR1

= =& - A->B MDCK2-MDR1

Dicloxacillin transport
(pmol/cm?)
w
o
o
o

Time (minutes)

Figure 2.16 Bidirectional transport of 250 uM dicloxacillin in MDCK2 (gray line), MDCK2-MRP2 (black line) i
and MDCK2-MDR1 (dashed line) cells. ®,®,A= B->A and 0,0,A= A>B e

Table 2.11 Bidirectional transport of 250 uM dicloxacillin in MDCK2, MDCK2-MRP2 and
MDCK2-MDR1 cells.

Papp X 1077 (avg £ SD, n=3, cm/s)

Cell Line 24
BOA A>B

MDCK2 18.5 (1.5) 13.5 (1.7) 1.4

MDCK2-MRP2 21.9 (1.1) 14.4 (1.7) 1.5

MDCK2-MDR1 8.1 (0.8) 2.1 (0.5) 3.8
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2.4.4 Trimethoprim

Trimethoprim also has a higher renal clearance value in CF patients. We would like to
determine if it is a substrate of P-gp, MRP1 or MRP2. To determine if trimethoprim is a
substrate of P-gp, we compare the bidirectional transport study results in MDCK1 and MDCK1-
MDR1 cells. The B to A fluxes are higher than the A to B fluxes in both the MDCK1 and
MDCK1-MDR1 cells (Figure 2.17). The difference in the B to A and A to B fluxes is more
pronounced in the P-gp overexpressing cell line. The B to A/A to B ratio is about 2 in MDCK1
cells and about 55 in MDCK1-MDR1 cells (Table 2.12). When the study was performed at 4°C,
the apparent permeabilities of trimethoprim in MDCK1-MDR1 cells in both the B to A and A to
B directions are decreased, with a significantly larger decrease in the B to A direction. It is the
opposite in the study conducted in the absence of cells (Table 2.12). At 4°C, the Bto A/Ato B
ratio decreases to about 7 while in the absence of cells, it is about 0.6. All these data indicate

that trimethoprim is a substrate of P-gp.

450 -
—a—B->A MDCK1

400 | —3—A->B MDCK1
} |

350
2 —e—B->A MDCK1-MDR1
e 300
[ | ——@=A->B MDCK1-MDR1
&>
g S 250 | /AI
4]
g E 200
§ ~ 150
E
T
=

20 40 60 80 100 120 140
Time (minutes)
Figure 2.17 Bidirectional transport of 5 uM trimethoprim in MDCK1 (gray line) and MDCK1-MDR1 (black
line) cells. m,@= B>A and O0,0= A>B
To confirm that trimethoprim is a substrate of P-gp, we tested the effect of various inhibitors
on trimethoprim transport in MDCK1-MDR1 cells. In the presence of P-gp inhibitors,
cyclosporine, ketoconazole, GG918, vinblastine and verapamil, the B to A flux of trimethoprim
decreases (Figure 2.18) and the A to B flux increases (Figure 2.19). Sulfamethoxazole, the

antibiotic that is dosed together with trimethoprim, TEA (tetra-ethyl ammonium), an inhibitor
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Table 2.12 Bidirectional transport of trimethoprim in MDCK1 and MDCK1-MDR1 cells.

Papp X 1077 (avg £ SD, n=3, cm/s)

B2A
Cell Line Concentration ASB
B-oA A>B
MDCK1 5 uM 77.8 (0.5) 31.9 (0.7) 2.4
MDCK1 25 uM 64.2 (3.7) 29.7 (2.5) 2.2
MDCK1 100 uM 78.3 (6.3) 78.5 (9.3) 1.0
MDCK1-MDR1 5 uM 77 (13.4) 2.2 (0.08) 34.6
MDCK1-MDR1 25 uM 104 (4.6) 1.3 (0.3) 79
MDCK1-MDR1 100 uM 128.7 (13.7) 2.6 (0.5) 50 *
MDCK1-MDR1 100 uM, 4°C 4.7 (2.4) 0.7 (0.5) 6.7 )
No cells 100 uM 143 (9) 255 (20) 0.6 .
"'Q*’Y}
180 mB->A
160 A
140 ! '
£ 120 .
§ PR
g 100 7]:? o
g L v
& 80 1 ’
8 K
5 60 A
a

Figure 2.18 Effect of various inhibitors on 100 uM trimethoprim B->A transport in MDCK1-MDR1 cells.
The inhibitors are cyclosporine (20 uM), ketoconazole (100 uM), GG918 (2.5 uM), vinblastine
(100 uM), verapamil (50 uM ), sulfamethoxazole (S00 uM), TEA (500 uM) and PAH (500 uM).

*P<0.01
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Percent control (%)

Figure 2.19 Effect of various inhibitors on 100 uM trimethoprim A->B transport in MDCK1-MDR1 cells.

The Inhibitors are cyclosporine (20 pM), ketoconazole (100 uM), GG918 (2.5 uM), vinblastine
(100 pM), verapamil (50 uM), sulfamethoxazole (500 uM), TEA (500 uM) and PAH (500 uM).
*P<0.01

of organic cation transporters and PAH, an inhibitor of organic anion transporters, have no

effect on trimethoprim transport in MDCK1-MDR1 cells (Figures 2.18 and 2.19). P-gp

inhibitors decrease the B to A/A to B ratio while non-P-gp inhibitors have no effect on the ratio

(Figure 2.20). These data once again suggests that trimethoprim is a substrate of P-gp.

100 ® Ratio 58

90 |
80 1 55 59

70 52
60
S0 1

AN

&
& & & o

o *_y" K\ ) &

Figure 2.20 Effect of various inhibitors on 100 uM trimethoprim B->A/A->B ratio in MDCK1-MDR1 cells.

The inhibitors are cyclosporine (20 uM), ketoconazole (100 uM), GG918 (2.5 uM), vinblastine
(100 uM), verapamil (50 uM), sulfamethoxazole (500 uM), TEA (500 uM) and PAH (500 uM).
*P<0.01
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Next, we performed bidirectional transport studies for trimethoprim in MDCK2, MDCK2-MRP2

and MDCK2-MDR1 cells. There is no difference observed in the bidirectional transport of

trimethoprim among those three cell lines (Figure 2.21). The B to A/A to B ratios are around

2-3 in all cell lines (Table 2.13). This indicates that trimethoprim is not a substrate of MRP2.

Trimethoprim transport
(pmol/cm?)

Figure 2.21

18000 | —#—B->A MDCK2
16000 « —=——A->B MDCK2
—e—B->A MDCK2-MRP2
14000 1 o __A.>B MDCK2-MRP2
12000 { - -a= - B->A MDCK2-MDR1

= =&~ = A->B MDCK2-MDR1

10000
8000 - v
6000 | /
4000 1' ,,.___—-————if_/__/.’z
2000 - #---"""
ol :
0 50 100 150 200

Time (minutes)

Bidirectional transport of 100 uM trimethoprim in MDCK2 (gray line), MDCK2-MRP2 (black
line) and MDCK2-MDR1 (dashed line) cells. B8,0,0= B>A and 0,0,A= A->B

Table 2.13 Bidirectional transport of 100 uM trimethoprim in MDCK2, MDCK2-MRP2 and

MDCK2-MDR1 cells.

e -

Cell Line P.pp X 1077 (avg £ SD, n=3, cm/s) {—33
B->A A>B

MDCK2 81.7 (4.8) 33.7 (9.9) 2.4

MDCK2-MRP2 97.5 (7.3) 48.4 (6.8) 2

MDCK2-MDR1 106.4 (8.9) 33.5(6.1) 3.2

It is interesting that there is no difference in trimethoprim transport between MDCK2 and

MDCK2-MDR1 cells. Western blot and RT-PCR studies show higher amounts of P-gp in

MDCK2-MDR1 compared to MDCK2 cells (Figures 2.4 and 2.5) and our bidirectional transport
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and inhibition studies show that trimethoprim is a substrate of P-gp (Figures 2.17-2.20). This
observation is similar to vinblastine and dicloxacillin, where transport studies in MDCK1 and
MDCK1-MDR1 cells indicate that they are substrates of P-gp while no differences are observed
between LLC-PK1 and L-MDR1 cells. Therefore, we concluded that MDCK2 and MDCK2-MDR1
cells, just like LLC-PK1 and L-MDR1 cell lines, might not be the right cell lines to use to

determine if a drug is a substrate of P-gp.

To determine if trimethoprim is a substrate of MRP1, we conducted transport studies in LLC-
PK1 and L-MRP1 cells. There is no difference in the bidirectional transport of trimethoprim
between LLC-PK1 and L-MRP1 cells (Figure 2.22). The B to A/A to B ratios are about 1 in both
cell lines (Table 2.14). This data indicate that trimethoprim is not a substrate of MRP1. We
also compared trimethoprim transport between LLC-PK1 and L-MDR1 cells. There is a
difference in trimethoprim transport between LLC-PK1 and L-MDR1 cells (Figure 2.23). The B
to A flux is higher and the A to B flux is lower in L-MDR1 compared to LLC-PK1 cells. The B to
A/A to B ratios in LLC-PK1 and L-MDR1 cells are about 1 and 5, respectively (Table 2.15).

This data agrees with the results in MDCK1 and MDCK1-MDR1 cells and are similar to what we

observed for digoxin.

8000

‘ B->A LLC-PK1
£ 7000 A->B LLC-PK1 1
& 6000
g~ —e—B->A L-MRP1 N
£ E 5000 '
=S —0—A->B L-MRP1
£3 4000
& ¢ |
28 3000 ]
2 2000 -
E ;
* 1000

{

0 - e e
0 50 100 150 200

Time (minutes)

Figure 2.22 Bidirectional transport of 100 uM trimethoprim in LLC-PK1 (gray line) and L-MRP1 (black
line) cells. m,®= B->A and 0,0= A>B
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Table 2.14 Bidirectional transport of 100 uM trimethoprim in LLC-PK1 and L-MRP1 cells.

Papp X 1077 (avg + SD, n=3, cm/s)
Cell Line — 24
BOA A>B
LLC-PK1 57.3(0.3) 67.6 (4.5) 0.8
L-MRP1 49.3 (2.3) 54.1 (0.5) 0.9
12000 -
I . B->A LLC-PK1

10000 - A->B LLC-PK1
—e—B->A L-MDR1
—e—A->B L-MDR1

Trimethoprim transport
(pmol/cm?)
e,
o
o
o

|
4000 | T.
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\
0 — e ——
0 50 100 150 200
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Figure 2.23 Bidirectional transport of 100 uM trimethoprim in LLC-PK1 (gray line) and L-MDR1 (black
line) cells. ®,®= B->A and J,0= A-B

Table 2.15 Bidirectional transport of 100 uM trimethoprim in LLC-PK1 and L-MDR1 cells.

Pupo X 1077 (avg + SD, n=3, cm/s)

B2A
Cell Line A>B
BOA A-B
LLC-PK1 58.7 (3.2) 74.6 (11.4) 0.8
L-MDR1 86.2 (10.9) 16.7 (0.3) 5.2

2.4.5 Sulfamethoxazole
Sulfamethoxazole does not show a higher renal clearance in CF patients. We would like to
determine if it is a substrate of P-gp. To determine if suifamethoxazole is a substrate of P-gp,

we compare the bidirectional transport study results in MDCK1 and MDCK1-MDR1 cells. There
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is no difference observed between the B to A and A to B fluxes for sulfamethoxazole in both
the MDCK1 and MDCK1-MDR1 cells (Figure 2.24). The B to A/A to B ratios are about 1 in both
cell lines (Table 2.16). This indicates that sulfamethoxazole is not a substrate of P-gp. We do
observe that the B to A and A to B fluxes are slightly lower in MDCK1-MDR1 compared to
MDCK1 cells. We proposed that this could be due to higher TEER values of MDCK1-MDR1

cells.

250
| —=—B->A MDCK1
§_ | —~—A->B MDCK1
200 1
2 ‘ —e—B->A MDCK1-MDR1
8 ~
-1 |  em@==A->B MDCK1-MDR1
150
oE * P
LS i
53 .0
XE 100!
Y
s~ |
§ 50 |
s
-
n 0O +—— - — v - — - - T ,
0 5 10 15 20 25 30 35

Time (minutes)

Figure 2.24 Bidirectional transport of 10 uM sulfamethoxazole in MDCK1 (gray line) and MDCK1-MDR1
(black line) cells. ®,@= B>A and 00,0 = A->B

Table 2.16 Bidirectional transport of 10 uM sulfamethoxazole in MDCK1 and MDCK1-MDR1

cells.
Paop X 107 (avg + SD, n=3, cm/s)
Cell Line baa
B->A A-B
MDCK1 94 (10) 107 (24) 0.9
MDCK1-MDR1 73 (8) 60 (5) 1.2
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2.4.6 NA4-acetylsulfamethoxazole

N4-acetylsulfamethoxazole is a metabolite of sulfamethoxazole. Its formation clearance is
increased in CF patients. We would like to determine if N4-acetylsulfamethoxazole is a
substrate of P-gp. There is no difference between the B to A and A to B fluxes for N4-
acetylsulfamethoxazole in the MDCK1 and MDCK1-MDR1 cells (Figure 2.25). TheBto A/Ato B
ratios are about 1 in both cell lines (Table 2.17). This indicates that N4-
acetylsulfamethoxazole is not a substrate of P-gp. Similar to sulfamethoxazole, we observe

that the A to B flux is slightly lower in MDCK1-MDR1 compared to MDCK1 cells.
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Figure 2.25 Bidirectional transport of 250 uM N4-acetylsulfamethoxazole in MDCK1 (gray line) and
MDCK1-MDR1 (black line) cells. m,@= B>A and 0,0 = A>B

Table 2.17 Bidirectional transport of 250 uM N4-acetylsuifamethoxazole in MDCK1 and
MDCK1-MDR1 cells.

Pase X 107 (avg + SD, n=3, cm/s)

B2>A
Cell Line ASB
BOA A->B
MDCK1 1.1 (0.3) 1.7 (0.4) 0.7
MDCK1-MDR1 1.0 (0.2) 0.9 (0.2) 1.1
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2.4.7 Iothalamate

Iothalamate is a marker of glomerular filtration. It is neither secreted nor reabsorbed. The
renal clearance of iothalamate is not different in CF patients, which indicates that GFR is not
different in CF patients. We would like to determine if iothalamate is a substrate of P-gp.
There is no difference between the B to A and A to B fluxes for iothalamate in the MDCK1 and
MDCK1-MDR1 cells (Figure 2.26). The B to A/A to B ratios are about 1 in both cell lines (Table

2.18). This indicates that iothalamate is not a substrate of P-gp.

450 -
. —#—B->A MDCK1
400 |
I -—=—A ->B MDCK1
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300 ——B ->A MDCK1-MDR1
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Figure 2.26 Bidirectional transport of 250 uM iothalamate in MDCK1 (gray line) and MDCK1-MDR1 (black
line) cells. ®,@=B>A and 0,0 = A>B

Table 2.18 Bidirectional transport of 250 uM iothalamate in MDCK1 and MDCK1-MDR1 cells.

Papp X 107 (avg + SD, n=3, cm/s)

B2A
Cell Line A>B
B->A A-B
MDCK1 0.8 (0.1) 1.2 (0.1) 0.7
MDCK1-MDR1 0.8 (0.1) 0.9 (0.3) 0.9
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2.4.8 Cefsulodin

Cefsulodin does not show enhanced active renal clearance in CF patients. We would like to

determine if it is a P-gp substrate. There is no difference between the B to A and A to B fluxes

for cefsulodin in the MDCK1 and MDCK1-MDR1 cells (Figure 2.27). The B to A/A to B ratios

are about 1 in both cell lines (Table 2.19).
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Figure 2.27 Bidirectional transport of 50 uM cefsulodin in MDCK1 (gray line) and MDCK1-MDR1 (black)
cells. ®,0=B->A and J,0= A-B

Table 2.19 Bidirectional transport of 50 and 100 uM cefsulodin in MDCK1 and MDCK1-MDR1

cells.
P.op X 10°* (avg 1 SD, n=3, cm/s) BA
Cell Line Concentration A>B
B->A A->B
MDCK1 50 8.8 (0.6) 11.2 (1.2) 0.8
100 9.3(1.49) 10.8 (0.4) 0.9
MDCK1-MDR1 50 10.1 (2.5) 11.8 (1.0) 0.8
100 6.3 (1.4) 6.5(1.1) 1.0

There is no significant difference observed in the bidirectional transport of cefsulodin between

LLC-PK1 and L-MDR1 cells (Figure 2.28). The B to A/A to B ratios are about 1 in both cell
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lines (Table 2.20). There is also no difference observed between the B to A and A to B fluxes

in both LLC-PK1 and L-MRP1 cells. The B to A and A to B fluxes are higher in L-MRP1

compared to LLC-PK1 cells (Table 2.20), which might be attributed to leakier junctions in L-

MRP1 cells, as shown by higher mannitol P,,, value in those cells. All these data indicate that

cefsulodin is not a substrate of MRP1
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Figure 2.28 Bidirectional transport of 250 uM cefsulodin in LLC-PK1 (gray line), L-MRP1 (black line) and
L-MDR1 (dashed line) cells. ®,®, A= B->A and 0J,0,A= A->B

Table 2.20 Bidirectional transport of 250 uM cefsulodin in LLC-PK1, L-MRP1 and L-MDR1

cells.
-7 -
Cell Line P.op X 1077 (avg £ SD, n=3, cm/s) 2%%
BOA A-B
LLC-PK1 2.4 (0.6) 3 (0.4) 0.8
L-MRP1 21.8 (0.7) 15.3 (2.3) 14
L-MDR1 4.5 (0.7) 3.4 (1.2) 13

No difference is observed in the cefsulodin transport between MDCK2 and MDCK2-MRP2 cells

(Figure 2.29). The B to A/A to B ratios are around 1 in both cell lines (Table 2.21). This

indicates that cefsulodin is not a substrate of MRP2. Similar to dicloxacillin, the B to A and A
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Figure 2.29 Bidirectional transport of 250 uM cefsulodin in MDCK2 (gray line) and MDCK2-MRP2 (black
line) cells. ®,®= B>A and 0,0= A-B

Table 2.21 Bidirectional transport of 250 uM cefsulodin in MDCK1 and MDCK1-MDR1 cells.

Pape X 107 (avg £ SD, n=3, cm/s) BoA
Cell Line A-B
B-A A->B
MDCK2 5.7 (1.7) 7.2 (1.2) 0.8
MDCK2-MRP2 6.9 (0.2) 11.2(1.1) 0.6
MDCK2-MDR1 1.1 (0.2) 1.4 (0.7) 0.8

to B fluxes are lower in MDCK2-MDR1 compared to MDCK2 cells. However, unlike dicloxacillin,
there is no difference between the B to A and A to B flux for cefsulodin in MDCK2-MDR1 cells.
The B to A/A to B ratio is around 1 for cefsulodin (Table 2.21) while it is around 4 for

dicloxacillin (Table 2.11).

2.4.9 Ciprofloxacin
Ciprofloxacin shows conflicting renal clearance values in CF patients. We would like to
determine if it is a substrate of P-gp, MRP1 or MRP2. For ciprofloxacin, the B to A flux is

higher than the A to B flux in the MDCK1-MDR1 cells, with the B to A flux higher and A to B
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flux lower compared to MDCK1 cells (Figure 2.30). The B to A/A to B ratio is about 15 in that
cell line and it is abolished to about 1 at 4°C (Table 2.22). This indicates that ciprofloxacin is a
substrate of P-gp. Interestingly, the B to A flux is lower than the A to B flux in MDCK1 cells.
MDCK1 cells have an endogenous expression of P-gp, as shown by our RT-PCR studies (Figure
2.4). Normally for a P-gp substrate, e.g., digoxin, vinblastine, dicloxacillin and trimethoprim,
the B to A flux is higher or equal to the A to B flux in MDCK1 cells. But it is the opposite for
ciprofloxacin. The A to B flux is higher than the B to A flux, with the B to A/A to B ratio of
about 0.4 in MDCK1 cells (Table 2.22). This suggests that ciprofiloxacin, besides being a
substrate of P-gp, is also a substrate of an absorptive transporter that pumps in the opposite

direction of P-gp.

Currently we do not know whether it is an uptake transporter that is located on the apical
membrane or an efflux transporter located o<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>