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C, ■ º

ABSTRACT º, º º■
Ovulatory Cycle Effects on P-glycoprotein (P-gp/MDR1) Modulating

HIV Protease Inhibitor Pharmacokinetics

Winnie Young Kim

This dissertation shows that hormonal fluctuations during the menstrual cycle can

modulate P-glycoprotein (P-gp/MDR1) expression and function, thereby controlling

substrate drug bioavailability and disposition. The mechanisms by which ovarian steroid

hormones can regulate P-gp, and the extent to which this translates into clinical

significance in women’s health are still unknown. We hypothesize that estrogens and

progestins, synthetic and endogenous, can upregulate the multidrug resistance transporter,

P-gp/MDR1, thereby interacting synergistically with metabolizing enzymes to influence

P-gp substrate drug levels in women. In our in vitro studies, induction of P-gp by various

synthetic and natural sex-steroid hormones was observed in a human colon carcinoma

cell line, LS180. Bidirectional transport and inhibition studies revealed that various

estrogens were transported by P-gp. To investigate our thesis in vivo, we conducted an

extensive clinical study in 21 premenopausal HIV+/- African-American and Caucasian

women, using the anti-retroviral HIV drug, nelfinavir, a known P-gp and CYP2C19

substrate, as a probe drug. The goal of this study was to determine whether changes in

estrogen and progestin levels during the menstrual cycle could affect P-gp expression in

the intestine and endometrium, and P-gp function in lymphocytes. Results from our study

showed that endometrial MDR.1 mRNA expression was upregulated during the midluteal

phase of the menstrual cycle, when estradiol and progesterone levels peak, while

vii



intestinal expression levels remained relatively unchanged. P-gp function examined in

calcein-AM efflux assays in isolated lymphocytes demonstrated increased P-gp activity

during the midluteal phase. A comparative pharmacokinetic analysis of nelfinavir

between follicular and luteal phases showed a large overall increase in AUC and Cmax

during the luteal phase, suggesting a hepatic P-gp effect. The significance of the results

from these studies point to the role of the ovulatory cycle and its hormonal effects on the

use of P-gp substrate drugs. Since one known factor in the development of HIV viral

resistance to antiretroviral PIs is inadequate drug therapy, it is possible that many female

subjects are being inadequately treated during the follicular phase of the menstrual cycle.

Hence, the interactions between transporters and hormones require further investigation

with significant implications for future drug therapy in women.

viii



TABLE OF CONTENTS

ACKNOWLEDGEMENTS iv

ABSTRACT vii

LIST OF TABLES xvi

LIST OF FIGURES xviii

CHAPTER 1

Introduction 1

1.1 Overview 1

1.2 P-glycoprotein 2

1.2.1 Structure 2

1.2.2 Expression 4

1.2.3 Mechanism 7

1.3 Ovarian Hormones 14

1.3.1 Classes 14

1.3.2 Metabolism 17

1.3.3 Estrogens 19

1.3.4 Progestins 23

1.3.5 Synthetic steroids 25

ix



1.4 Women’s Health 28

1.4.1 Ovulatory cycle 28

1.4.2 Menopause 31

1.5 HIV 32

1.5.1 Molecular aspects of HIV 32

1.5.2 Structure, expression and mechanism 33

1.5.3 Mechanisms of antiretroviral drug activity 36

1.5.4 HIV in women 40

1.5.5 The P-glycoprotein, HIV and sex-steroid triangle 41

1.6 Specific Aims 44

CHAPTER II

Hormonal Modulation of P-glycoprotein/MDR1. In Vitro

2.1 Objectives 45

2.2 Introduction 46

2.2.1 Molecular insights: MDR1 regulation by steroids 46

2.2.2 P-gp catalytic ATPase activity 48

2.3 Materials and Methods 49

2.3.1 Hormones and materials 49

2.3.2 Cell culture growth conditions 50

2.3.3 Characterization of various cell lines 51

2.3.4 Induction 52



2.3.4.1 Materials

2.3.4.2 Cell splitting, induction and lysis

2.3.5 Semi-quantitative RT-PCR

2.3.5.1 Materials

2.3.5.2 Total RNA isolation

2.3.5.3 MDR primer design

2.3.5.4 RT linearity range test

2.3.5.5 One-step RT-PCR

2.3.5.6 Semi-quantitative analysis

2.3.6 Western blot

2.3.6.1 Materials

2.3.6.2 Cell lysis

2.3.6.3 Western blot protocol

2.3.7 Transfection

2.3.7.1 Materials

2.3.7.2 Transfection of MDR1 plasmid vector into LS180 cell line

2.3.8 P-gp ATPase activity assays

2.3.8.1 Materials

2.3.8.2 P-gp ATPase assay

2.4 Results

2.4.1 Expression and Inducibility of P-gp in various female cell lines

2.4.2 In vitro induction of P-gp/MDR1 by steroids in LS180 cell line

2.4.3 Transcriptional regulation of MDR1

52

53

54

54

54

55

56

57

58

58

58

59

59

61

61

62

65

65

65

66

66

71

79

xi



2.4.4 Stimulation of P-gp ATPase activity 82

2.5 Discussion and Conclusions 84

CHAPTER III

Bi-directional Transport of Sex-Steroid Hormones

3.1 Objective 89

3.2 Introduction 90

3.2.1 Characterization of MDCK and MDR1-MDCK cell lines 92

3.2.2 Transport experiment set-up 93

3.3 Materials and Methods 95

3.3.1 Materials 95

3.3.2 Cell culture conditions 95

3.3.3 Transport experiment protocol 96

3.3.4 Transport calculations 97

3.3.5 Analytical methods 98

3.4 Results 98

3.4.1 [3-Estradiol 98

3.4.2 Estrone 101

3.4.3 Estriol 105

3.4.4 Ethynyl Estradiol 108

3.4.5 Norethindrone 111

xii



3.5 Discussion and Conclusions 113

CHAPTER IV

Ovulatory Cycle Effects on P-gp Expression and Function in HIV+/-
Women

4.1 Objectives 117

4.2 Background 118

4.3 Study Design 122

4.4 Materials and Methods 127

4.4.1 Materials 127

4.4.2 Endometrial and intestinal tissue collection 128

4.4.3 Semi-quantitative RT-PCR 129

4.4.3.1 RNA isolation 129

4.4.3.2 Primer design 130

4.4.3.3 One-step RT-PCR 131

4.4.3.4 Semi-quantitative analysis 132

4.4.4 Western blot 133

4.4.4.1 Materials 133

4.4.4.2 Western blot method 134

4.4.5 Calcein-AM assay 135

4.4.5.1 Materials 135

4.4.5.2 Isolation of lymphocytes 136

xiii



4.4.5.3 Calcein-AM accumulation and efflux assay 138

4.4.5.4 Flow Cytometry 139

4.4.5.5 Calcein-AM assay protocol 141

4.4.5.6 Data analysis 142

4.5 Results 142

4.5.1 Endometrial P-gp expression 142

4.5.2 Intestinal P-gp expression 145

4.5.3 P-gp function in isolated lymphocytes (Calcein-AM) 147

4.6 Discussion and Conclusions 151

CHAPTER V

In Vivo Pharmacokinetics of Nelfinavir, Effects of HIV Status and MDR1
Polymorphisms in African-American and Caucasian Females

5.1 Objectives 157

5.2 Introduction 158

5.3 Materials and Methods 162

5.3.1 Blood collection and DNA isolation 162

5.3.2 Sequencing analysis for MDR.1 SNP identification 162

5.3.3 Analytical method 166

5.3.4 Pharmacokinetic analysis 167

5.3.5 Statistical analysis 168

5.4 Results 170

xiv



5.4.1 Genotyping for MDR.1 SNPs in study patients 170

5.4.2 Nelfinavir pharmacokinetics 174

5.4.3 Pharmacokinetics of principal nelfinavir metabolite, M8 177

5.4.4 Nelfinavir pharmacokinetics based on ethnicity and HIV status 179

5.4.5 Effect of MDR1 C3435T variant on nelfinavir pharmacokinetics and
Calcein-AM extrusion mediated by P-gp 186

5.5 Discussion and Conclusions 188

CHAPTER VI

Summary and Conclusions

6.1 Summation & Conclusions 202

REFERENCES 212

XV



LIST OF TABLES

Table 1.1

Table 1.2

Table 1.3

Table 1.4

Table 2.1

Table 2.2

Table 3.1

Table 3.2

Table 3.3

Table 3.4

Table 3.5

Table 4.1

Table 4.2

Table 4.3

Table 4.4

Table 4.5

Table 4.6

Table 4.7

Table 5.1

Table 5.2

Table 5.3

Table 5.4

Table 5.5

Table 5.6

Table 5.7

Table 5.8

Table 5.9

Tissue localization of P-glycoprotein.

Selected P-gp substrates.

Selected P-gp inhibitors.

Selected inducers of P-gp.

Western blot solution recipes.

Semi-quantitative measurements of P-gp and MDR1 induction by
various steroid hormones.

Bi-directional transport of 20 puM [-estradiol.

Bi-directional transport of 1 puM estrone.

Bi-directional transport of 20 puM estriol.

Bi-directional transport of 5 puM ethynyl estradiol.

Bi-directional transport of 10 puM norethindrone.

Characteristics of premenopausal female study patients.

Menstrual cycle phase as defined by vaginal ultrasound.

MDR1 cDNA primer sequence and base location.

Pre-conjugated antibodies for P-gp expressing and CD56+ cells.

Fluorescent parameter for measuring P-gp efflux in lymphocytes.

Comparative analysis of intracellular Calcein accumulation in AA.

Comparative analysis of intracellular Calcein accumulation in C.

PCR primers for MDR1 exonic regions

Sequencing primers for MDR1 exonic regions

Genotype and allelic frequencies for MDR1 variants.

Comparative genotype frequencies of MDR1 Variants.

Nelfinavir pharmacokinetic parameters for 21 study subjects.

Mean follicular and luteal pharmacokinetic parameters for M8.

Changes in nelfinavir pharmacokinetic based on HIV and ethnicity.

Correlation analyses between P-gp activity and endometrial MDR1.

Multivariate statistical analyses examining the effect of HIV status.

10

12

13

61

77

100

103

106

109

112

123

125

130

139

140

148

149

164

165

171

172

176

179

185

196

198

xvi



LIST OF FIGURES

Figure 1.1

Figure 1.2

Figure 1.3

Figure 1.4

Figure 1.5

Figure 1.6

Figure 1.7

Figure 1.8

Figure 1.9

Figure 1.10

Figure 1.11

Figure 2.1

Figure 2.2

Figure 2.3

Figure 2.4

Figure 2.5

Figure 2.6

Figure 2.7

Figure 2.8

Figure 2.9

Figure 2.10

Figure 2.11

Figure 2.12

Figure 2.13

Figure 3.1

Figure 3.2

Figure 3.3

Figure 3.4

Schematic model of the secondary structure of P-glycoprotein.

Chemical structure of cholesterol and metabolite pregnenolone.
Neuroendocrine control of steroid hormone secretion.

Major pathways in steroid biosynthesis and metabolism.

Metabolic pathway of estrogens.

Structural schematic representation of steroid receptors.

Metabolic pathway for progesterone.

Structures for various synthetic estrogen and progestin derivatives.

Menstrual cycle phase and ovarian steroid hormone levels.
HIV virion structure.

Chemical structure of nelfinavir and metabolites.

Plot of pixel band density vs. PCR cycle # to determine linear range.

RT-PCR cycling conditions for MDR1 cDNA amplification.
Western blot of P-gp expression and induction in HepG2 cell line.

Western blotting of P-gp expression in various cell lines.

RT-PCR of MDR1 mRNA expression in the HepG2 cell line.
Induction of MDR1 mRNA in LS180 cell line.

Western blotting of P-gp induction in LS180 cell line.

Amplification of MDR1 using RT-PCR.

Concentration-dependent induction of MDR.1 mRNA using RT-PCR

Western blot of P-gp in the LS180 colon cell line.

Transcriptional activation of MDR1 promoter.

Fold Activation of luciferase activity by 10 puM steroid hormones.

Stimulation of P-gp ATPase activity.

Falcon cell culture horizontal transport system.

Bi-directional transport of 20 puM 3-estradiol.

Intracellular levels for 3-estradiol.

Bi-directional transport of 1 puM estrone.

15

17

18

20

22

23

27

29

34

39

56

57

68

69

70

72

73

74

78

80

81

83

94

100

101

102

xviii



Figure 3.5

Figure 3.6

Figure 3.7

Figure 3.8

Figure 3.9

Figure 3.10

Figure 3.11

Figure 4.1

Figure 4.2

Figure 4.3

Figure 4.4

Figure 4.5

Figure 5.1

Figure 5.2

Figure 5.3

Figure 5.4

Figure 5.5

Figure 5.6

Figure 5.7

Figure 5.8a

Figure 5.8b

Figure 5.9

Figure 5.10

Figure 5.11

Figure 5.12

Figure 5.13

Figure 5.14

Intracellular levels for 1 puM estrone.

Transport of 20 puM estriol.

Intracellular concentrations of 20 puM estriol.

Transport of 5 puM ethynyl estradiol.

Intracellular levels of 5 puM ethynyl estradiol.

Bi-directional transport of 10 puM norethindrone.

Intracellular accumulation of 10 puM norethindrone.

RT-PCR cycling conditions for MDR1 cDNA amplification.

Calcein-AM, a green fluorescent P-gp substrate.

Endometrial MDR.1 mRNA expression in all study patients.

Intestinal MDR.1 mRNA expression changes.
Intracellular Calcein fluorescence accumulation.

PCR amplification conditions.

Sequencing conditions.

Chromatogram of nelfinavir and M8.

Pharmacokinetic profile for HIV PI nelfinavir.

Chromatogram of M8 and metabolites.

Detected pharmacokinetic profile for nelfinavir metabolite, M8.

Nelfinavir pharmacokinetics based on ethnicity and cycle phase.

Nelfinavir pharmacokinetics (luteal) based on ethnicity.

Nelfinavir pharmacokinetics (follicular) based on ethnicity.

Increase in nelfinavir AUCinf and Cmax during the luteal phase.

Comparison of nelfinavir AUCinf and Cmax.

Average nelfinavir AUC values based on MDR1 C3435T SNP.

Average nelfinavir Cmax values based on MDR1 C3435T SNP.

Change in Calcein fluorescence on ethnicity and MDR.1 SNP.

Correlation between endometrial MDR1 mRNA and P-gp activity.

104

105

107

109

110

112

113

132

138

143

146

150

163

165

167

175

177

178

180

182

182

183

183

186

188

189

197

xix



CHAPTER 1

Introduction

1.1 Overview

Ovarian steroid hormones can modulate P-glycoprotein expression and function that may

in turn alter the pharmacokinetics of drugs that are transported by P-gp in women.

It had been previously demonstrated that the combination of estradiol and progesterone

was able to upregulate marla expression in the murine uterus. To further investigate the

relationship between transporter and sex-steroid hormones, a series of in vitro

experiments were carried out. Our objective was to demonstrate that in a female human

cell line, ovarian steroid hormones could induce and regulate P-gp expression and

ATPase catalytic activity. Another important goal was to determine whether any of these

steroid hormones were P-gp substrates. These studies shed light on potential drug-drug

interactions in women, in whom multiple hormone-drug therapy regimens are the norm.

Since the effects of the menstrual cycle on P-gp expression and function are yet

unknown, our clinical research study disclosing significant changes in P-gp substrate

drug pharmacokinetics could have a profound impact on the treatment of women in many

therapeutic areas including anti-HIV and cancer chemotherapy. Moreover, additional

areas of critical research have been exposed regarding the role of P-gp in HIV infectivity

and the development of resistance to protease inhibitors (PIs).



1.2 P-glycoprotein

1.2.1 Structure

Encoded by the human ABCB1 gene (subfamily B), also known as the multidrug

resistance gene, MDR1, P-glycoprotein (P-gp) is a 170 kDa transmembrane efflux pump

for a plethora of structurally unrelated cytotoxic compounds (1, 2). P-gp is a member of

the ATP-binding cassette transporter family (ABC). Overexpression of P-gp is one of the

major mechanisms by which cells develop multidrug resistance during cancer and AIDS

chemotherapy (3). Consequences of increased P-gp activity include limited oral

bioavailability and accumulation of drug in P-gp expressing cells, as well as reduced

access to blood-tissue barriers, such as the blood-brain barrier (BBB) and the materno

fetal barrier (MFB) (4, 5). There are two known forms of the MDR gene in humans,

MDR1 and MDR3. In rodents, three genes are expressed- mar1a, mdr1b and mdr2 (6). Of

these genes, only MDR1 in humans, and mdr1a/b in rodents, encode P-gp proteins with

drug transporting capabilities (7). The human MDR3 and murine mar2 encode a P

glycoprotein responsible for the secretion of phosphatidylcholine into bile, which is most

likely a phospholipid transport protein or flippase (8-11).

Comprised of 1280 amino acids, P-gp is a transmembrane protein (Figure 1.1) with two

symmetric, homologous halves, each comprised of 610 amino acids joined by a flexible

linker region of 60 amino acid. Each half encompasses a short hydrophilic N-terminal

segment, six putative transmembrane domains (TMD) identified by hydropathy plots, and

a hydrophilic C-terminal region (12). Surrounding the linker region are the Walker A, B



and C sequence motifs followed by a nucleotide binding site, which can bind ATP,

triggering ATP hydrolysis. P-gp ATPase catalytic activity requires that both nucleotide

binding sites be coordinately stimulated (13). An extracellular region susceptible to

considerable posttranslational modification located between TMD 1 and 2 is glycosylated

in amino acid positions g1, gé and g3 (14). Point mutational analyses and photoaffinity

labeling studies investigating substrate specificity show that transmembrane domains

(TMD) 5, 6, 11, 12 and the extracellular loops linking each pair are important for drug

binding. Transmembrane domains 3 and 10 contribute to drug translocation activities,

while domains 6 and 11 or 12 are predicted to modulate P-gp activity and substrate

specificity (15-17). |

i

t2gº.

Figure 1.1 A proposed schematic model of the secondary structure of P-glycoprotein.
This representation after Ambudkar et al. (18) illustrates the amino acids
responsible for substrate specificity (blue circles) including glycosylation
sites (yellow curls), ATP-binding sites, the Walker A, B and C motifs and
phosphorylation sites.



Although stable expression of each individual half has been observed, studies suggest

that both halves are required to be linked and interact in a synchronized manner for the

molecule to be fully functional (19, 20). It has also been established that interaction

between the ATP sites and the drug binding domain sites is critical for drug transport.

Despite numerous attempts, the 3-dimensional structure had not been fully determined.

Electron microscopy and image analyses by Rosenberg et al. (21) suggest that P-gp is

shaped similar to a donut with 6-fold symmetry. When viewed looking down through the

pore into the cell, a diameter of 10 nm and a pore diameter of ~5nm has been observed.

Half of the entire molecule reputedly lies within the plasma membrane. Furthermore, the

central pore is closed off at the intracellular cytoplasmic side, modeling a cup-like

chamber that is open to the extracellular medium.

1.2.2 Expression

Multidrug resistance was first observed when cancers treated with multiple

chemotherapeutic drugs showed resistance to previously unexposed cytotoxic agents. P

glycoprotein was first identified by Juliano and Ling (3) in Chinese hamster ovary (CHO)

cells selected for colchicine resistance and was shown to be responsible for cross

resistance to a wide spectrum of amphilic compounds. Expressed on the apical surface of

normal epithelial cells located in major drug eliminating organs in the body, P-gp serves

important detoxification functions (Table 1.1). High levels of P-gp have been observed in

columnar epithelial cells of the jejunum and colon, adrenal gland, the luminal surface of



biliary hepatocytes and on the intraluminal surface of capillary endothelial cells in both

the brain and the testes.

Table 1.1 Tissue localization of P-glycoprotein. Adapted and expanded from
Thiebaut et al. (22), Young et al. (23), Rao et al. (24), van der Valk et al.
(25) and Chaudhary et al. (26).

Tissue Localization

Liver Biliary canalicular front and apical (luminal or central canal)
surface of epithelial cells in small biliary ductules

P Apical surface of small ductile epithelial cells; not larger in largerancreas -pancreatic ducts

Kidney Brush border of proximal tubule epithelial cells

Colon & Jejunum High concentrations on apical surfaces of superficial columnar
epithelial cells

Adrenal gland Apical surface of cells in both medulla and cortex

Sub-apical epithelial surface of choroid plexus of brain (cerebral
Brain spinal fluid) as well as luminal surface of endothelium of brain

capillaries of the blood brain barrier (BBB)

Placenta Maternal surface of trophoblasts

Female genital tract
and ovary

Endocervical glandular epithelium, ovarian surface epithelium,
ectocervical squamous epithelium, endothelial cells in the cortex of
the ovary and in the stromal tissue of the myometrium,
endometrium and endocervix

Lymphocytes Peripheral blood mononuclear cells —
CD56+ > CD8+ - CD20+ - CD4+

Murine intestine Regional variation-moderate expression in duodenum and jejunum
and maximal expression in ileum



Through immunohistochemical staining using monoclonal antibody MRK16, Thiebaut et

al. (22) showed high expression levels of P-gp on the apical surfaces of cells facing the

excretory compartment in most tissues. Results from this localization study suggested

that P-gp served an important role as a detoxification pump to protect the body at the

cellular level from toxins. In the adrenal gland, P-gp is believed to be responsible for

secretion of steroids, thereby regulating intracellular steroid concentrations to prevent

high toxic accumulation (27). P-gp expressed on the biliary canilicular surface of

hepatocytes is known to excrete toxic xenobiotics into the bile, causing increased

clearance and decreased drug plasma levels. In the gut lumen, P-gp functions to efflux

drugs that passively diffuse into the mucosal epithelial cells back out into the lumen so as

to prevent drug absorption and decrease bioavailability. Protective mechanisms by P-gp

at blood-tissue barriers (i.e. BBB) are well illustrated by numerous knockout mice studies

in which penetration is enhanced in mice deficient for mar1a/b. This is found to be true

not only for administered toxic compounds, but also for several endogenous steroid

hormones such as cortisol, progesterone, corticosterone and aldosterone (28). Additional

studies by van der Valk et al. (25) discovered P-gp also to be expressed in the epithelia of

bronchi, mammary gland, prostate gland, salivary gland and sweat glands of the skin.

However, P-gp expression was not detected in the stomach, lung, spleen and skin.

Multidrug resistance associated DNA sequences (mdr1 and mdr2) from various cancer

cell lines were identified, amplified and localized to chromosome 7 (7.q21.1) (29–31). The

gene encompasses 28 exons spanning >100 kb of DNA (32) that transcribed into an

mRNA of 4.5 kb, which encodes a 1280 amino acid glycoprotein.



1.2.3 Mechanism

Traditionally, intestinal and hepatic drug metabolism have been considered to be the

primary determinants of drug disposition. However, the discovery of drug transporters

has opened different doors in our current understanding of the mechanisms of drug

absorption, distribution and disposition. Recent research regarding ABC transporters and

drug metabolizing enzymes has evolved to recognize an interaction and synergy between

the two, in which the efflux and/or uptake transporters function to regulate the

intracellular drug concentration and exposure to metabolizing enzymes (33, 34). For

example, intestinal P-gp activity may increase the efflux/passive absorption cycling

on the apical cell membrane/lumen periphery for drugs that are substrates for both P-gp

and CYP3A. This cycling would increase the exposure and opportunity for a drug to be

metabolized by intracellular CYP enzymes, thereby working coordinately to control drug

absorption and oral bioavailability.

At the physiologic level, it is still not clear exactly how P-gp functions. Like most

conventional ABC transporters, P-gp undergoes a conformational change in response to

ATP binding and hydrolysis. This change alters both the affinity and orientation of

substrate binding sites. Crystal structures of intact P-gp from Salmonella typhimurium

(35) and Escherichia coli (MsbA lipid transporter) (36) have provided significant insights

as models for MDR1 P-gp. However, the relevance of these modeled conformations to

actual P-gp function is still questionable. Currently, there are several proposed models of

how P-gp translocates its unusually broad range of substrates across cellular membranes.



It was initially thought that P-gp acted as a hydrophilic passageway, allowing drugs to be

transported from the cytoplasm to extracellular medium so as to protect drugs from the

hydrophobic lipid membrane. However, subsequent evidence implied otherwise (37,38).

Roepe et al. (39) hypothesized that transported drugs do not physically bind to P-gp, but

rather indirectly stimulate the efflux of cationic compounds and decrease intracellular

retention of drug by altering the plasma membrane potential. Other suggested

permutations of transport mechanisms include the pump, flippase and vacuum cleaner

models. The “pump” hypothesis suggests that energy derived from ATP hydrolysis is

used for drug removal from the membrane or cytoplasm. There is also evidence that

substrates of the MDR protein are expelled from the inner leaflet of the cytoplasmic

membrane rather than from the cytoplasm (40, 41). This led to the “flippase” model

where P-gp is predicted to “flip” the drug from the inner cytoplasmic membrane leaflet to

the outer leaflet of the bilayer. Eventual transfer of drug to the extracellular medium

prevents intracellular drug accumulation. The third model hypothesis proposes P-gp to be

a “hydrophobic vacuum cleaner,” describing P-gp to be perpetually “vacuuming” the

membrane of all toxic chemicals and indiscriminately expelling most hydrophobic

substrates (12).

In comparison to these proposed models that require more detailed clarification, abundant

evidence points to a direct interaction between transporter and substrate. This direct

interaction is confirmed by studies that show that structurally altered substrates can

change transport affinity (42). P-gp mutational studies show shifts in transport properties

and affinities for specific compounds (43). It can be stated conclusively that the



multidrug transporters, including P-gp, are substrate-specific with multiple sites of

interaction/binding for different substrates and inhibitors (1,44-55).

As previously mentioned, compounds transported by P-gp are diverse in chemical

structure, properties and size (Table 1.2). Most seem to share the properties of being

hydrophobic and cationic with a molecular mass between 300-2000 Da. The hydrophobic

properties allow for passive diffusion. It has been suggested that based on biophysical

characteristics, P-gp substrates are linked by the spatial separation of electron donor

groups (56, 57). Other groups have demonstrated that substrate specificity is dependant

upon the number and strength of hydrogen bonds (58). A diverse array of studies have

been implemented in the past decade to identify regions of P-gp that interact with

substrate drugs and inhibitors (Table 1.3) (51-53, 59-64).

At the molecular level, the various puzzle pieces of MDR.1 transcriptional regulation are

slowly being pieced together. It is has been established that the multidrug resistance

phenotype can result from stabilization of the MDR.1 mRNA, regulation at the

translational level and alterations in protein processing (65). The MDR1 gene has both a

proximal and distal promoter region. The distal promoter is more commonly expressed in

tissues and cultured cells. Thus, this region is considered a critical element in the

regulation and expression of the gene (66, 67). Within this region, MDR1 lacks a

consensus TATA box, but does contain an inverted CCAAT element [-82 to —73] and a

d.



Table 1.2 Selected P-gp substrates. Adapted and expanded from Ambudkar et al.(1),
Seelig et al. (56, 57), Silverman et al. (68), Wacher et al. (69) and
Marzolini et al. (70).

SUBSTRATES

Actinomycin D Dexniguldipine
Aldosterone Dibucaine

Amitriptyline Digitoxin

Amprenavir Digoxin
Atorvastatin Diltiazem

Bepredil Dipyridamole
BIBW22BS Docetaxel

Bisantrene Domperidone
Calcein Doxorubicin

Cefazolin Emitine

Cefoperazone Epirubicin

Cefotetan Erythromycin

Celiprolol Estradiol

Cepharanthine Estrogen-glucuronide
Cerivastatin Ethidium bromide

Cevuronium Etoposide
Cimetidine Fexofenadine

Cinchonidine Fluphenazine

Cis-flupenthixol Fluvastatin

Colchicine Gallopamil
Corticosterone Gramicidin D

Cortisol Hoechst 33342

CP100356 Hydrocortisone

Cyclosporine Indinavir

Daunorubicin Itraconazole

Dexamethasone Ivermectin

10



Loperamide
Losartin

Lovastatin

Mefloquine
Methadone HCl

Methylbenzoylreserpate

Methylreserpate

Mithramycin

Mitomycin C
Mitoxantrone

Monensin

Morphine

Morphine-6-glucuronide

N-Acetyl-leucyl-leucyl-norleucine
Nelfinavir

Nicardipine

Nifedipine
Ondansentron

Paclitaxel

Perphenazine
Phenoxazine

Phenytoin

Puromycin

Quinidine
Rhodamine 123

Ritonavir

S9788

Saquinavir

SDB-ethylenediamine
Simvastatin

Sparfloxacin

Spiperone
Tacrolimus

Talinolol

Teniposide
Terfenadine

Tetracycline

Tetraphenylphosphonium bromide
Thioridazine

Topotecan

Trifluoroperazine

Triflupromazine
Triton X-100

Valinomycin

Valspodar

Verapamil
Vinblastine

Vincristine

Vindolin

Yeast factor pheremone
Yohimbine

:º

ºº:
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Table 1.3 Selected P-gp inhibitors. Adapted and expanded from Wacher et al. (69)
and Marzolini et al. (70).

INHIBITORS

Amiodarone” Methadone”

Atorvastatin” Mifopristone (RU486)

Azithromycin Nelfinavir”

BIBW22 Nevirapine

Bromocriptine Nicardipine”

Carvedilol Nitrendipine

Chlorpromazine Orange juice

Clarithromycin Paroxetine

Cyclosporine” Pentazocine

Delavirdine Prednisone

Diltiazem” Progesterone

Dipyridamole” Quercetin

Efavirenz Quinidine”

Erythromycin.” Reserpine”

Felodipine Ritona Vir”

Fluconazole Saquinavir”

Flupenthixol Sertraline

Fluoxetine Simvastatin”

GG918 (GF120918) Sirolimus"

Hydrocortisone” Spironolactone

Indinavir.” Staurosporine
Itraconazole” Tacrolimus.”

Ketoconazole Tamoxifen.”

Lidocaine Terfenadine”

Lovastatin” Testosterone

LY335979 Trifluoroperizine”

Mefloquine” Troleandomycin.”
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Valspodar"

Verapamil”

VX-710

* Also P-gp substrate
** Also P-gp inducer
*** Also P-gp substrate and inducer

Table 1.4 Selected inducers of P-gp. Adapted from Marzolini et al. (70).

INDUCERS

Actinomycin D*
Amiodarone”

Amprenavir”
Clotrimazole

Colchicine”

Cyclosporine”
Daunorubicin”

Dexamethasone”

Doxorubicin”

Erythromycin.”

Etoposide”
Indinavir”*

Mitoxantrone”

Nefazodone

Nelfinavir.”

Nifedipine”

Phenobarbital

Phenothiazine

Reserpine”
Retinoic acid

Rifabutin

Rifampin”
Ritonavir”

Saquinavir”
Sirolimus.”

St. John’s Wort

Tacrolinus”

Tamoxifen.”

Trazodone

Troleandomycin.”
Vinblastine”

Vincristine”

* Also P-gp substrate
** Also P-gp inhibitor
*** Also P-gp substrate and inhibitor
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GC-rich element [-56 to -43], which interact with Sp transcription factors (71–75). Basal

transcription is controlled by a Y-box, to which transcription factor NF-Y binds, and an

initiator (Inr) sequence that is believed to be the site of a RNA Pol II pre-initiation

complex (76, 77). Downstream overlapping a second GC-rich region, an inverted MED-1

(Multiple start site Element Downstream 1) was found to be a critical element in

maintaining constitutive MDR.1 transcription in human cell lines (78). In normal tissue,

the MDR1 gene is differentially expressed, inducible by a versatile assortment of

environmental triggers including chemical carcinogens, cytokines, heat shock, UV and x

ray irradiation, hormones and antibiotics (Table 1.4). This inducible regulation is not only

species, but tissue and cell dependent.

1.3 Ovarian Hormones

1.3.1 Classes

Steroid hormones are a group of biologically active compounds that are derived from

cholesterol and all have in common a cyclopentanoperhydrophenanthrene ring. The

cholesterol precursor (Figure 1.2) comes from 2 major sources: (1) it is synthesized

directly from acetate, or (2) LDL cholesterol is taken up by cells via cholesterol ester

stores in intracellular lipid droplets or from uptake of low-density lipoproteins (LDL).

Free cholesterol moves from the cytoplasm to the outer mitochondrial membrane. Within

the mitochondria, C27 cholesterol is converted to its respective 18-, 19-, 21-carbon steroid

hormones. This involves a rate-limiting and irreversible cleavage of a 6-carbon residue

by enzyme P450scc (CYP11A1; cholesteraol side-chain cleavage; desmolase), resulting

in pregnenolone (C21), a precursor for the synthesis of all steroid hormones (Figure 1.2).

:
.
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Steroids with 21-carbon structures are labeled pregnanes, 19-carbon compounds are

known as androstanes and 18-carbon compounds, estranes. The main sites of steroid

hormone production are the adrenal cortex, testis, ovary and the placenta (79).

Figure 1.2 Chemical structure of cholesterol and metabolite pregnenolone.

CH3

Pregnenolone

Secreted steroid hormones are classified into five groups of molecules, based primarily

on receptor binding specificity. The adrenal cortex produces 3 major classes of these

steroid hormones: glucocorticoids (carbohydrate metabolism regulation),

mineralocorticoids (Na'/K' level regulation) and androgens. The adrenal cortex consists

of a cortex and a medulla. The cortex is the site for steroid production and consists of 3

major tissue regions known as the zona glomerulosa, zona fasciculata and zona

reticularis. The medulla is a neuroectoderm-denied tissue and produces catecholamines.

The remaining 2 classes of steroid hormones are the ovarian steroid hormones, estrogens

15



and progestogens (also known as progestins). In women, these endogenous hormones

have significant developmental effects, neuroendocrine actions for ovulatory control, and

major actions on mineral, carbohydrate, protein and lipid metabolism. They are produced

primarily in the ovaries and the placenta (80).

It has long been known that the ovaries produce steroid hormones that control and

regulate the female reproductive system. Under tight biosynthetic control, secretion of

estrogens and progestins are regulated by the anterior pituitary gonadotropins (Figure

1.3). This is executed via negative and a unique positive feedback loop, which directs

hypothalamic secretion of gonadotropin releasing hormone (GnRH). The GnRH then

triggers pituitary secretion of follicule stimulating hormone (FSH) and luteinizing

hormone (LH) and. In turn, the gonadotropins (LH and FSH) play a critical role in the

maturation of the follicle by stimulating production of estrogen and progesterone by the

ovary. The ovarian follicle that matures into a corpus luteum during the course of the

ovulatory cycle contains granulosa, theca interna and luteal cells, which are the

predominant hormone-secreting cells. The ovaries release progesterone in large amounts

during the luteal phase, which exerts feedback regulation on the pituitary and

hypothalamus. Estrogen exerts feedback regulation primarily on the pituitary (81).

.
:
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Figure 1.3 Neuroendocrine control of steroid hormone secretion.
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1.3.2 Metabolism

The biosynthesis and metabolism of steroid hormones as depicted in Figure 1.4 begins

with the cleavage of cholesterol to form pregnenolone, the common precursor to all

steroids, and a six-carbon fragment, isocaproic acid (not shown). This rate-limiting step is

controlled by the gonadotropins, FSH and LH from the anterior pituitary. Gonadotropins

bind to gonadal tissue and stimulate P450scc activity, stimulating cAMP and PKA

mediated pathways that activate overall production of sex hormones. The biochemical

pathways are similar in the ovaries, testis and adrenal glands.

2
-º

:
º

:
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Figure 1.4 Major pathways in steroid biosynthesis and metabolism.

H3C.,, CH3

CH3

CYP1 1A 1

HO HO

Cholesterol Pregnenolone Progesterone

O CH3 ~" CYP1 ',CYP17

17 o'-hydroxyprogesterone

CYP17 CYP17 4
- O

H3C

3BHSD

Androstenedione

nusº
OH

Dehydroepiandrosterone

Estrone Testosterone

OH

17BHSD CYP19

HO Estradiol

º -

.
:

18



In the ovaries, pregnenolone is converted either to 17-hydroxy pregnenolone by CYP17

(17 O-hydroxylase) or progesterone by 3 fl–hydroxy steroid dehydrogenase (3 B-HSD)

(Figure 1.4). Alternatively, pregnenolone can be metabolized to 11-deoxycorticosterone,

which is then converted to the mineralocorticoid, aldosterone (not shown). Progesterone

is secreted in large amounts during the luteal phase of the menstrual cycle, following

ovulation. It is a substrate for the enzyme 17 O-hydroxylase, which converts it to 17

hydroxy progesterone (Figure 1.4). Testes and ovaries both contain an additional enzyme, -

*

a 17 [-hydroxysteroid dehydrogenase that enables androgens to ultimately be converted ■

into testosterone. Androstenedione is further metabolized by an aromatase enzyme º
fl

(CYP19) into estrone and by 17 [ -hydroxy steroid dehydrogenase into testosterone. £
Estradiol, the most active and abundant estrogen is synthesized from the androgen, -

sº

testosterone through the aromatase enzyme (CYP19). Estrone is synthesized in a similar

mechanism by the same enzyme from androstenedione (82) (Figure 1.4). :
1.3.3 Estrogens

The predominant ovarian steroids in women are estrogens and progestins. The major and

most potent estrogen produced by women is estradiol (estradiol-17 3) (Figure 1.5). It is

produced by the ovary from granulosa cells, synthesized from androgens by P450

aromatase. Estradiol is converted to estrone in the ovaries by 17 ■ º-hydroxysteroid

dehydrogenase, which is then further metabolized in the liver to its 16 O-hydroxyestrone

conjugated derivative and subsequently excreted in the bile (Figure 1.5). Another route is

for estrone to be converted to 2- or 4-hydroxyestrone. The metabolite of estrone, 16 o
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hydroxyestrone, is the precursor for estriol, a less potent estrogen that is also known as

the “pregnancy hormone” and is produced in the liver. Of the three main estrogens,

estrone is the least potent and is found to be the most prevalent estrogen found in

postmenopausal women. It is a produced primarily from peripheral and adipose tissue.

Figure 1.5 Metabolic pathway of estrogens.

2-Methoxyestrone Estriol
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Because significant amounts of estrogens and their active metabolites are excreted in the

bile, they can be reabsorbed from the intestine and the resulting enterohepatic circulation

ensures that orally administered estrogens will have a high ratio of hepatic to peripheral

effect (82).

All steroid hormones exert their action by passing through the plasma membrane and

binding to intracellular receptors. The actual biologic effects of the steroids are mediated

by their specific hormone receptors (Figure 1.6). Plasma estradiol also acts in the same

way, entering the cell by diffusion where it is then transported to the nucleus to be bound

to its appropriate receptors. Estrogen receptors found as two isoforms, O or ■ \, are bound

to several different heat shock (hsp 90, hsp 70, hsp 56) or chaperone proteins in a

multimeric complex. It is thought that this binding stabilizes the estrogen receptor's basal

conformation. When estrogens bind to their receptor, there is a conformational change

that causes dissociation of the receptor from its heat shock proteins, and exposure of a

nuclear translocation signal previously “hidden” within the receptor structure (Figure

1.6). This signal initiates transport of the receptor-hormone ligand complex to the

nucleus, where it binds as a homodimer (o.o. or 33) or heterodimer (o.■ 3) to its respective

hormone response element (HRE). The HRE consists of a consensus recognition

sequence in the nuclear DNA, which is bound by a specific DNA-binding region on the

receptor. The canonical recognition sequence for estrogen (ERE) is as follows:

(5')AGGTCA-NNN-TGACCT(3°).
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Figure 1.6 Structural schematic representation of steroid receptors. Adapted from
Gardner et al. (82).

NH2-terminal DBD LBD

• NH2-terminal: designated as ligand-independent transactivation (AF-1).

• DBD (DNA-binding domain): responsible for receptor dimerization.

• LBD (Ligand-binding domain): responsible for hetero- and homo
dimerization, steroid-ligand binding, nuclear translocation and association
with heat shock proteins (AF-2).

The “N” denotes an A, G, C or T nucleotide. For the other major classes of nuclear

hormone receptors, which include glucocorticoid, mineralocorticoid, progesterone and

androgen, the response element (HRE) sequence is (5')AGAACA-NNN-TGTTCT(3’).

Subsequent binding attracts core transcription factors and co-activators or co-repressors

that function to drive or inhibit transcriptional activity (82).

Developmentally, estrogens are key factors in the maturation of female-specific organs

such as the uterine muscle, endometrial lining, vagina and breast ductules. This occurs by

stimulating synthesis of enzymes responsible for cellular propagation and growth.

Estrogens are also thought to play an important role in intestinal absorption by reducing

the motility of the bowel. In the liver, estrogens can increase synthesis of binding or

hormone-transport proteins (82).

:
:
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1.3.4 Progestins

Progesterone is the major physiologic progestin in humans, as it serves as the precursor to

estrogens, androgens and adrenocortical steroids. A known P-gp inhibitor, progesterone

has been shown to inhibit the efflux transport of P-gp substrates such as cyclosporine

across intestinal cells (83). Known to have a short half-life of five minutes, progesterone

is rapidly converted into 20 O-hydroxyprogesterone and then to pregnanediol (Figure

1.7). Pregnanediol is then conjugated with glucuronide in the liver, which is ultimately

Figure 1.7 Metabolic pathway for progesterone.

Progesterone

20 o-hydroxyprogesterone

Pregnanediol
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excreted in the urine. Similar to estrogens, progesterone also enters the cell and binds to

its progesterone receptors (PR-A and PR-B), that are found in both cytoplasm and

nucleus. These receptors form homo- and heterodimers, before binding as a ligand

receptor complex to a DNA response element in target genes, thereby regulating target

gene expression (84). The expression of the two forms of the same progesterone receptor

gene is cell-type specific. Furthermore, the A receptor is a truncated version of the B

receptor. The specificity of a response following transcriptional activation is dependent

upon several factors: the volume of a specific type of receptor population within a

particular cell type and cell-specific transcription factors (82). Progesterone is secreted

mainly from the corpus luteum during the second half of the menstrual cycle, the luteal

phase. Synthesis and secretion is stimulated by LH, which is mediated by a membrane

bound receptor linked to a G-protein coupled signal transduction pathway that stimulates

adenylyl cyclase and increases the synthesis of cyclic AMP (85). In plasma, progesterone

is primarily bound to albumin and corticosteroid binding globulin (CBG).

Progestins have physiologic developmental effects on the breasts and endometrium. It is

also a critical hormone in maintaining pregnancy following implantation by sustaining

endometrial differentiation. In mammalian systems, progestins enhance differentiation

and oppose estrogenic actions of cellular proliferation. The antagonizing characteristic

may be mediated by causing a decrease in estrogen receptor synthesis and increases in

estrogen metabolism. However, there are many instances in which progestins and

estrogens work synergistically to bring about proliferative effects such as in the acini of

the mammary gland (80). Furthermore, estradiol stimulates expression of the
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progesterone receptor, which is then stimulated by progesterone. Interestingly, it was

demonstrated in vivo that the combination of 173-estradiol and progesterone was

necessary in order to induce mar1 expression in the secretory epithelium of murine uterus

(86).

1.3.5 Synthetic steroids

There are a significant number of synthetic estrogens and progestins that have been

developed for oral, parenteral, transdermal or topical administration due to extensive

first-pass hepatic metabolism of endogenous fl-estradiol and progesterone. These high

dose oral micronized preparations of synthetic estrogens and progestins are one of the

most commonly prescribed class of drugs in the U.S. They are prescribed for oral

contraceptive action and to a lesser extent, hormone replacement therapy. After becoming

globally available for use in the mid-twentieth century, hormone contraceptives have

transformed lifestyles for billions and radically reformed and improved planned

parenthood. Furthermore, it was realized that there were substantial health benefits, aside

from the dose-dependent side effects, which were quickly adjusted to prevent

unnecessary overdosing. More recent studies have investigated the health benefit to risk

ratio, particularly for estrogens and progestins used in hormone replacement therapy for

postmenopausal women. Conclusive results are still yet to be determined.

The chemical alterations on the natural steroid hormones play a significant role in

increasing the oral efficacy by decreasing the rate of metabolism and clearance,
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prolonging half-life and increasing overall blood concentrations. Some synthetic

estrogens (see Figure 1.8) that are commonly used include ethynyl estradiol, mestranol

and quinestrol. The ethynyl substitution in the C17 position of ethynyl estradiol serves to

inhibit first-pass hepatic metabolism. Quinestrol is a long-acting oral preparation that is

stored in body fat and released slowly over a period of several days, eventually converted

into ethynyl estradiol. A variety of nonsteroidal synthetic estrogens have also been

developed for clinical use and include diethylstilbestrol, hexestrol, chlorotrianisene and

methallenestril. Estradiol and its naturally occurring metabolites are highly bound to sex

hormone binding globulin (SHBG) and to a lesser extent to albumin, whereas a synthetic

estrogen such as ethynyl estradiol is more highly bound to serum albumin.

Progestins are used in combination with various estrogens for contraception, hormone

replacement therapy, ovarian suppression, dysmenorrhea, hirsutism and uterine bleeding,

to name a few indications. Synthetic progestins (see Figure 1.8) include

medroxyprogesterone acetate (MPA), norethindrone, noregestrel and norgestimate. The

last three of these progestin analogs belong to a class of compounds known as 19-nor

compounds, possessing an ethynyl substitution at the C17 position. These progestin

derivatives have significantly longer half-lives and reduced hepatic first-pass metabolism.

The mechanism of action for the combinations of estrogens and progestins used for

contraception is mainly through inhibition of pituitary function, which in turn inhibits

ovulation (82).
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Figure 1.8 Structures for various synthetic estrogen and progestin derivatives.
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1.4 Women’s Health

1.4.1 Ovulatory cycle

Also known as the menstrual cycle, the ovulatory cycle is an intricate cycling of changes

in the female reproductive system. The hypothalamus, anterior pituitary and ovaries

interact with each other via inhibition, release and stimulation of sex-steroid hormones

for the end goal of ovulation. This cycling occurs in three different phases over a period

of, in general, 28-30 days (Figure 1.9). During this time, the ovary regulates the synthesis

and secretion of sex-steroids as well as the eventual release of the ovum. For most

women, the beginning of menstruation (or menarche) occurs soon after a pubertal and the

adrenarche stages between ages 10-16, in which adrenal androgen synthesis commences.

During the time of puberty, FSH and LH levels rise. However, FSH levels exceed LH

levels due to the immature development of gonadotropin negative and inhibin feedback

regulation. Consequently, unregulated gonadotropin serum levels reach those similar to a

castrated adult, resulting in well-known pubertal qualities. The reproductive years that

follow continue on until menopause is reached at an average age of 50.

The menstrual cycle is tightly controlled by a neuroendocrine cascade involving the

hypothalamus, pituitary and ovaries. Gonadotropin-releasing hormone (GnRH) is

released like clockwork at hourly intervals, regulated by an inherent pulsatility of the

GnRH neuron. GnRH then stimulates intermittent release of LH and FSH from the

anterior pituitary, completely dependent upon the frequency and amplitude of the

pulsatile release of GnRH by the hypothalamic neuronal “clock.” The GnRH pulse

frequency is greatest during the follicular phase compared to the second-half of the cycle,
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reflective of the inhibitory effects of progesterone on the pulse generator. The by-product

is a “pulse”-like plasma profile of LH and FSH. These gonadotropins exert their action

by stimulating estrogen and progestin secretion in the ovaries, which in turn exert

feedback controls in order to maintain obligatory concentrations during the course of the

cycle (80).

The first phase of the cycle starts at day one (see Figure 1.9), which consists of a three to

seven-day period of menstruation. This first phase continues on to be characterized by the

Figure 1.9 Menstrual cycle phase and ovarian steroid hormone levels.
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growth and development of 6-12 primary follicles, hence known as the follicular or

proliferative phase. Prior to onset of menses, FSH and LH levels begin to rise. Follicular

development is dependent upon the continuous rise in FSH levels and the estrogen

produced, stimulated by FSH early during the cycle. Simultaneously, increasing

luteinizing hormone (LH) levels are also responsible for androgen synthesis, which is

converted to estrogen. Soon after reaching peak levels during the midcycle surge, FSH

gradually declines until reaching its lowest levels during the second half of the first cycle.

This is an effect of rising estrogen levels, which act to suppress FSH. However, as

estrogen levels peak pre-ovulation, it exerts positive feedback to the hypothalamus and

pituitary, stimulating GnRH release and a surge in both LH and FSH levels during

ovulation (approximately mid-cycle; day 14), the second phase (81, 82).

During the follicular phase, the primordial follicles are found to grow near the outer

cortex of the ovary, along the germinal epithelium. Of these, only one will continue

growing to be transformed into a dominant follicle in the developing oocyte. At the time

of ovulation, the surge in gonadotropin release causes the dominant, antral follicle to

rupture and release the ovum, or egg, into one of the fallopian tubes. This ruptured

follicle becomes the corpus luteum, marking the beginning of the third phase- the luteal

or secretory phase (81).

During the luteal phase, the lining of the uterus, the endometrium, continues to thicken

from the follicular phase in preparation for implantation of a fertilized egg. The corpus

luteum, composed of granulosa and theca cells that develop into luteal cells, releases
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large amounts of progesterone. For this reason, progesterone levels rise and peak mid

cycle, while estrogen serum levels also rise, but reach a plateau. Progesterone acts to

suppress the proliferative effects of estrogens on the endometrium and instead, stimulates

differentiation. Progesterone is the principal steroid hormone necessary to prepare the

endometrium for implantation and maintain pregnancy. Progesterone is also known to

have inhibitory effects on the pulsatile release of LH. Because of this, during the luteal

phase, the hypothalamic GnRH pulse generator produces relatively less frequent pulses of

larger amplitude as compared to the follicular phase. If the egg is not fertilized by a

sperm, the corpus luteum degenerates (luteolysis), steroid synthesis declines and the

endometrium disintegrates and sheds via menstruation. However, if conception occurs,

the fertilized egg enters the uterus, latches onto the lining, and commences growth (80,

81).

1.4.2 Menopause

Menopause was originally thought to be caused by primary ovarian deficiency due to a

depletion of functional primordial follicles. This is still the most accepted theory.

However, the observation of some normal oocytes present in postmenopausal ovaries

suggested otherwise. Presently, it is generally believed that menopause is brought about

by neuroendocrine changes such as in the critical pulsatile release of GnRH due to

increasing age. The lack of follicular growth in response to LH and FSH secretion causes

estrogen and progesterone levels to drop. During this phase in life, women are no longer

able to produce offspring, characterized by the end of menstrual bleeding.
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Production of estrogens and progestins begin to decline possibly even more than two

years before menopause and continue to decline for several years afterward. Serum

estrogen levels in menopausal women constitute approximately one-sixth the mean levels

of premenopausal women and progesterone levels drop to about one-third of that found in

younger, cycling women (81). The primary source of steroid hormones reverts from the

ovary to androgens derived from the adrenal gland and peripheral tissues. Estrone is the

predominant circulating estrogen in menopausal women, synthesized in adipose tissue.

Physiological changes associated with menopause include vaginal dryness and thinning

of the epithelium, osteoporosis, hot flashes from periodic increases in core temperature

and a higher incidence and risk for cardiovascular disease. Emotional changes may be

manifest as anxiety, depression and irritability, particularly around the onset of

menopause. Management for such symptoms requires careful assessment of the

individual patient’s symptoms, risks and genetic predispositions for disease, particularly

cardiac and breast cancer. Hormone therapy is commonly used for the treatment of

menopausal symptoms. Treatment may include estrogen and progestins, individually or

combined, depending on the therapeutic target and patient needs.

1.5 HIV

1.5.1 Molecular aspects of HIV

Human immunodeficiency virus (HIV) was first identified in 1983 to be the cause of

AIDS. It was discovered to be a retrovirus, a member of the lentivirus genus. The clinical

manifestations that are characterized by HIV infection are a marked reduction in CD4+

cell counts and the vulnerability to and development of a plethora of infections and
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cancers (87). Subsequent work and progress in the research of HIV pathogenesis,

replication and interaction with its cellular host in the past three decades have produced

several promising points of attack via a myriad of anti-HIV drug therapies.

HIV was originally isolated from the lymph node of a man with persistent

lymphadenopathy syndrome (LAS). Following several years of investigation and the

discovery of HIV-1, a separate subtype HIV-2 was identified in West Africa (88). Both

viruses when viewed by electron microscopy have characteristics similar to lentivirus,

with the capsid of the virus containing two identical strands of RNA, a viral RNA

dependent DNA polymerase Pol (RT) and the nucleocapsid proteins, p9 and pé.

1.5.2 Structure, expression and mechanism

The genomic size of HIV (Figure 1.10) is approximately 9.8 kb in length, containing nine

different genes encoding 15 proteins. The full length mRNA transcript is translated into

Gag, Pol and Env proteins. The Gag precursor p55, cleaves into 4 smaller proteins: p24,

p17, p9 and pé. The Pol precursor protein is also proteolytically separated into the RT,

protease and integrase viral enzymes. The envelope (Env) protein is processed into the

proteins p120 (surface protein) and p41, the envelope transmembrane protein. In order for

HIV to effectively infect a target cell, it first enters the cell by fusing its viral envelope

with host cell membrane via interaction of specific cell surface receptors.
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Figure 1.10 HIV virion structure. Adapted from Levy et al. (89) and Leis et al. (90).
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and the CD4 receptor on the surface of target cells causes a conformational change to

facilitate binding of the virion to nearby chemokine receptors on the target cell. The

cascade of conformational changes and binding to various factors allow for optimal

fusion and entry of virus. It has also been shown that HIV virions can also enter a cell by

endocytosis (91). Furthermore, cell-to-cell transfer of HIV may be a more rapid

mechanism of infection than direct infection by free virus (89).

After having entered the cell, HIV sheds its capsid “coat,” detaches itself from the

cellular membrane and initiates the formation of a viral reverse transcriptase complex.

The mechanism of virus entry and initiation of reverse transcription in the infected cell is

not yet fully known. However, it is thought that the viral reverse transcriptase complex

associates rapidly with host cell cytoskeleton or actin filaments to establish itself within

the cell and promote reverse transcriptase, which is found to be dependent on intact actin

microfilaments (92). Viral DNA synthesis through reverse transcription produces a

double-stranded cDNA, reverse transcriptase, integrase, Vpr, matrix and a high mobility

group DNA-binding cellular protein HMGI. All of these components make up the HIV

preintegration complex (PIC) (93). The PIC utilizes microtubular structures to direct

itself toward the nucleus (94). The precise mechanism of viral entry into the nucleus is

still being investigated. Once inside the nucleus, PIC initiates integration of its viral

genome, double-stranded DNA, into the host chromosome, mediated by viral protein

integrase. Studies show that viral integration can lead to either latent or active replication

of HIV and is controlled at the level of transcriptional elongation (95).
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The details of viral transcriptional regulation once integrated into host genome, are still

under investigation. Viral transcription requires expression of a combination of both host

cellular and viral genes. For HIV, there are two classes of genes: the early viral genes tat,

rev and nef, which regulate expression and the late genes: gag, pol, env, vpr, vpu and vif

Each of these polypeptide proteins have important structural, replicative and regulatory

roles (96, 97). Initial activation of the LTR by transcription factors leads to the

production of the above-mentioned short and some complete transcripts (98). The

complete transcripts allow the Tat protein to be produced, which causes the level of viral

RNA transcription to be enhanced. The Tat protein is key for not only activating, but also

maintaining a high level of viral transcription.

HIV is a polytropic virus that can infect many cell types. CD4+ lymphocytes are known

to carry and produce the highest levels of the virus. Infected macrophages act as

reservoirs of HIV, while more highly differentiated macrophages in lymphoid tissues are

thought to be the first site of viral replication. In the brain, HIV infects macrophages and

microglia with the highest frequency, but is also known to infect astrocytes,

oligodendrocytes and capillary endothelial cells to varying degrees (89). In peripheral

blood, most lymphocytes that are infected by HIV remain in the latent state, which at

some unknown point can be activated to release active virus.

1.5.3 Mechanisms of antiretroviral drug activity

Although much progress has been made in understanding the pathogenesis of HIV

infection, there are still many questions that remain unanswered with regard to HIV
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interactions within the host. Better understanding of the mechanisms of HIV infection

and how our body’s defense system reacts to HIV, will be most useful in the

advancement of detecting and effectively treating HIV in individuals.

Currently, there are many therapeutic approaches to control HIV infection. There are

three distinct classes of drugs: nucleoside reverse transcriptase inhibitors (NRTIs), non

nucleoside reverse transcriptase inhibitors (NNRTIs) and protease inhibitors (PIs). Other

classes of anti-HIV drugs are in development, but not yet available. Effective drug

therapy “cocktails” include a combination of one or more drugs from all three classes.

The NRTIs work by mimicking nucleosides that assist in the replication of viral DNA in

the host cell. Once they are taken up in the cell by reverse transcriptase, they impair the

function of replication. There are six nucleoside RT inhibitors presently available-AZT,

dd■ , ddC, d4T, 3TC and ABC. NNRTIs include nevirapine, delavirdine and efavirenz,

which are given usually in combination with other agents as they are not as effective

given alone.

There are currently six commonly used protease inhibitors, which include nelfinavir,

saquinavir, ritonavir, indinavir, amprenavir and a combination of lopinavir and ritonavir

(LPV; Kaletra(8). HIV protease inhibitors are reversible competitive inhibitors of HIV

protease, enzymes responsible for cleaving the polyprotein Gag-Pol into proteins that

form the capsid (p19), nucleocapsid (p.24) for immature virions, reverse transcriptase,

proteases and integrase, which facilitates viral genome integration into host DNA. Their

mechanism of action is to bind HIV proteases and inhibit proteolytic cleavage of viral
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DNA and RNA into the functional proteins that are used to produce new virion particles.

PIs are a crucial element to almost all anti-HIV drug regimens.

Nelfinavir mesylate is a nonpeptidic HIV protease inhibitor used in conjunction with

other anti-retroviral agents. It is well-absorbed following oral administration, with a peak

plasma concentration attained withing 2 to 4 hours at a dose of 500-800 mg. Animal

studies show extensive tissue distribution after oral administration and it is ~98% plasma

protein bound. Plasma elimination half-life is 3.5 to 5 hours and nelfinavir is excreted

primarily in the feces, both as parent drug and metabolites. The chief site of nelfinavir

metabolism occurs in the liver. Although its metabolism is mediated by several CYP450

isoenzymes, including CYP3A4, nelfinavir is metabolized principally by CYP2C19,

which is predominantly expressed in the liver compared to the gastrointestinal tract. As

depicted in Figure 1.11, the bulk of nelfinavir is metabolized into its active hydroxy-t-

butylamide metabolite also known as M8 (99,100), and a smaller portion to its inactive

3’-methoxy-4'-hydroxynelfinavir, M1 metabolite. The M8 metabolite, like nelfinavir, is

largely bound to plasma proteins and also demonstrates similar in vitro anti-viral

activities (100).
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Figure 1.11 Chemical structure of HIV protease inhibitor, nelfinavir, and metabolites.

The bold arrow indicates the major pathway to active metabolite, M8.
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1.5.4 HIV in Women

In the last quarter of the 20" century, a breakthrough occurred in women's health.

Following several milestones, it was ensured that the subpopulations of women and

members of minorities would no longer be excluded from human clinical research.

However, even in 2001, it was concluded that there was still a dearth of research

investigating the effect of sex differences on drug safety and efficacy. Throughout the

rest of the world, there continue to exist gender inequalities in social, economic and

power status. Because of this, women are given dosages of drugs that were originally

tested predominantly in males without any adjustments based on their obvious

physiological differences.

Sexually-transmitted diseases such as HIV are widespread and rapidly rising throughout

countries in Africa and South East Asia. Gender and social inequalities contribute to the

HIV epidemic where prostitution runs rampant and women are particularly susceptible

and vulnerable to infection. One reason for higher risk of infection in women may be due

to substantially higher mucosal exposure to seminal fluids. Obvious sex differences in

pathology calls out for clinical management tailored to women’s particular

symptomatology, disease progression and other related illnesses based on issues such as

hormonal changes during the menstrual cycle, pregnancy and menopause among others.

Currently, there are 12-13 African women infected for every 10 African men.

Additionally, half-a-million infections in children were passed on to them from their

mothers. In the U.S., HIV was the 5" leading cause of death for U.S. women (ages 25-44)

and among black women aged 25-44, HIV infection was the third leading cause of death
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(101, 102). The epidemic has increased most dramatically among women of color.

African-American and Hispanic women together represent less than one-fourth the

population of U.S. women, yet they account for almost 80% of U.S. AIDS cases reported

among women in 2000 (103). Further research into the relationship between HIV

infectivity and P-gp based on ethnically-related SNP genotype may prove to be extremely

insightful as it is known that African-Americans, compared to Caucasians are

predominantly homozygous wildtype for the MDR1 C3435T polymorphism.

1.5.5 The P-glycoprotein, HIV and sex-steroid triangle

Many studies have shown that all HIV protease inhibitors currently in use (indinavir,

saquinavir, nelfinavir, ritonavir, aprenavir) are transported by P-gp (104-106). P-gp

functions to pump these drugs out of cells, decreasing the intracellular therapeutic

efficacy. However it has been demonstrated in vivo that in mdr1a (-/-) knockout mice,

plasma concentrations of HIV PIs, such as indinavir, nelfinavir and saquinavir, were

elevated 2 to 5-fold after oral administration and brain concentrations were increased 7 to

36-fold after an intravenous administration compared to control mice (107). It was also

noted that IV administration of the P-gp inhibitor LY335979 in mice caused a 4-fold,

dose-dependent increase of nelfinavir concentration in testes (104). These data

demonstrate that P-gp can limit systemic oral bioavailability of these agents as well as

penetration into the brain and testis.

P-gp may also largely affect the penetration of protease inhibitors into tissue

compartments such as the vagina/endometrium and the central nervous system that could
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serve as sanctuary sites for HIV. This raises the possibility that increased P-gp activity

due to high sex-steroid hormone circulating levels during the luteal phase may affect the

efficacy of HIV-drug therapy. The effect of P-gp on limiting oral bioavailability and

tissue distribution of PIs has significant implications for the effectiveness of anti-HIV

therapy today. Insufficient therapeutic drug levels resulting in poor penetration into

sanctuary sites such as the brain, testis and very possibly the vagina/endometrium, may

result in ineffective treatment, continued HIV replication and development of resistance.

Another area of ongoing research involves the dynamic relationship between P-gp and

HIV-1 expression and infectivity. It has been suggested that P-gp expression may affect

HIV-infectivity. A study reported by Lee et al. (108) demonstrated that virus production

and infectivity was significantly attenuated when P-gp was overexpressed at the surface

of CD4+ cells infected with HIV-1. The overexpression of P-gp did not alter membrane

expression or distribution of either the HIV-1 receptor CD4 or the coreceptor CXCR4.

Reichelderfer et al. (109) investigated the effect of menstrual cycle phase on HIV-1

levels in PBMCs and the genital tract in women. Their studies demonstrated that HIV-1

RNA expression levels in the genital tract were highest during the luteal phase, when

estrogen/progestin levels peak. Retrospective studies by the Axiotis et al. (110, 111)

demonstrated that P-gp was expressed in human secretory and gestational endometrium.

A further examination of endometrial P-gp expression via immunohistochemical staining

in pre- and postmenopausal women during the menstrual cycle, showed increased P-gp

expression during the luteal phase, compared to the follicular phase. These studies led us

to hypothesize that increased P-gp expression and function may be regulated by ovarian
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hormones, which during the luteal phase may act to limit effective intracellular

concentrations of PIs within the vaginal/endometrial tract, a potential sanctuary site for

HIV, thereby allowing viral replication and infectivity.

Hence, the relevance of exploring hormonal effects during the menstrual cycle on the

pharmacokinetics of P-gp substrate drugs becomes more significant. The involvement of

steroid hormones as P-gp substrates as shown in our in vitro data, and in the steroidal

modulation of P-gp expression, points to a much needed investigation between

reproductive hormones and P-gp in order to identify areas of compromised drug efficacy

during the menstrual cycle for the optimal health and safety of women.

º
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1.6 Specific Aims

The goal of this research is to determine if female sex-steroid hormones and both their

natural and synthetic metabolites can enhance P-gp expression and function. This in turn

would lead to alterations in the pharmacokinetic profile of P-gp substrate drugs during

hormone fluctuations of the ovulatory cycle in women, based on MDR1 genotype,

ethnicity and HIV status. The specific aims are as follows:

1. Characterize the human LS180 colon cell line that endogenously express P-gp,

and determine whether progestins and estrogens modulate P-glycoprotein expression and

activity in this cell line.

2. Using MDCK cells, test whether sex-steroid hormones and their metabolites are

substrates of P-gp and examine the effects and interaction of sex-steroids on P-gp

mediated transport of HIV protease inhibitor, nelfinavir.

3. Conduct a clinical study in Caucasian and African-American pre-menopausal

HIV-positive and negative women to determine the effects of sex-steroid hormone

changes during the ovulatory cycle on the pharmacokinetics of protease inhibitor and

expression and function of P-gp.

#
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CHAPTER II

Hormonal Modulation of P-glycoprotein/MDRI
in vitro"

2.1 Objectives

The purpose of the following in vitro studies is to determine whether female sex-steroid

hormones and their metabolites can modulate P-gp expression and ATPase catalytic

activity and to investigate whether steroid hormones can induce MDR.1 transcription at

the transcriptional level. We sought to characterize the expression and inducibility of

MDR1 in a female human intestinal cell line that endogenously expresses P-gp to

examine the effects of various estrogens and progestins crucial in women’s health,

serving as a model for absorption of drugs. To do this, we employed the LS180 colorectal

(colon) adenocarcinoma cell line, which was originally derived from a Caucasian female.

Most recently, Pfrunder et al. (112) showed that MDR1 and CYP3A4 were inducible in

LS180 cells by rifampin, a known P-gp inducer, and the levels of hpxR mRNA detected

in LS180 were significantly higher than in Caco-2 or TC-7 cells, thus making it a suitable

model for MDR1 induction. We also investigated whether various steroid hormones could

transcriptionally activate MDR1 in LS180 cells transfected with a plasmid reporter vector

'This chapter was published in part within a manuscript entitled, “P-glycoprotein (P-gp/MDR2) Mediated
Efflux of Sex-Steroid Hormones and Modulation of P-gp Expression In Vitro.” by W.Y. Kim and L.Z.
Benet, Pharm Res 21:1284-1293 (2004).
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containing a 4 kb region of the MDR1 promoter. Knowing that P-gp ultilizes energy

gained from ATP hydrolysis to transport an assortment of structurally unrelated

compounds out of cells, we further investigated how steroids affect transporter function

by conducting a series of ATPase assays. These studies revealed that hormones could

interact with the ATP-binding site, stimulating catalytic ATPase activity, a function

critical for transport.

2.2 Introduction

2.2.1 Molecular insights: MDR1 regulation by steroids

Several key studies have increased our understanding of the influence of hormones on

multidrug resistance. Atuvia et al. (113) evaluated the regulation of P-gp expression and

function in rodent adrenal cells, where mar1b expression was enhanced by steroid

hormones and inhibition of steroid biosynthesis markedly decreased mdr1b mRNA

levels. Furthermore, disruption of the mdr1b allele resulted in greater intracellular

accumulation of vinblastine and daunomycin. In another study investigating the

absorption of steroid hormones in rat intestine, progesterone was found to decrease

intestinal absorption of vinblastine, a P-gp substrate (114). We postulate that

progesterone may be inducing P-gp activity in the rat intestine and changes in hormone

levels may affect the pharmacokinetics of other P-gp substrate drugs.

Of importance to our hypothesis, P-gp expression and function have been found

to vary with ovulatory function and phase in women. The highest levels were found

during the midluteal phase of the menstrual cycle, when estrogen and progestin levels

t
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peak (111). Studies in rats demonstrate highly increased levels of mdr1-type P-gp RNA

in the luminal and glandular epithelia of uterus and placenta during pregnancy (115). In

mice, the levels of P-gp expression parallel that of progesterone in the serum, peaking

during days 15-17 of gestation, then declining (116). Furthermore, the combination of fl

estradiol and progesterone induce mar1 in the secretory epithelium of the uterus (86). As

P-gp is also found in human placental trophoblasts and in human secretory and

gestational endometria (111), these observations suggest possible interactions between P

gp and steroids in humans. Therefore, an in vitro investigation of the physiological

interaction between the ingested hormone-drug and an in vitro cell system was carried

Out.

In women, the predominant circulating sex-steroids are estrogen and progesterone,

produced primarily in the ovaries and placenta. The major estrogens produced by women

are estradiol (17 fl-estradiol, E2), estrone (E1) and estriol (E3). 17 fl-Estradiol is converted

to estrone, estriol, their 2-hydroxylated derivatives and conjugated metabolites by the

liver and subsequently excreted in the bile. These compounds control a myriad of

biochemical reactions, acting as chemical messengers to induce or repress enzyme

regulation and protein synthesis. Their mechanism of action is defined by passive

intracellular diffusion, binding to intracellular receptors and as dimer complexes,

initiating or repressing transcription via interaction with specific nucleotide sequences

called hormone response elements (HRE) present in target genes (117).
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Hormonal effects on the pharmacokinetics of drugs that are substrates for P-gp have

never been evaluated. However Axiotis et al. (111) demonstrated, in a retrospective

study, that expression, distribution and intracellular localization of P-gp in human

endometrium is dependent on the menstrual cycle. In a more recent study, estradiol

increased cytoplasmic concentrations of P-gp in ERO-positive MCF7 breast cancer

carcinoma cells, which were resistant to doxorubicin cytotoxicity, while ERO-negative,

ER■ -positive T47D breast cancer cells were sensitive to doxorubicin cytotoxicity (118).

Both ERo and ERB bind estradiol and initiate transcriptional activation, mediated by the

estrogen-response element (ERE) (119, 120). Estrogen receptors are also capable of

modulating transcription by binding to AP1 and Sp1 responsive DNA sequences(121,

122). Both AP1 and Sp1 cis-elements are located in the MDR1 promoter region (123).

Paech et al. (121) showed that ERO, usually activates transcription at AP1 sites, while

ER■ inhibits transcription at these sites. This suggests that in ERO-positive MCF-7 cells,

estradiol stimulates P-gp expression. This increased P-gp expression may thus explain the

observation of increased multidrug resistance in ERO-positive MCF7 cells.

As orally administered synthetic derivatives of estrogens and progestins are among the

most widely prescribed drugs for women, the studies here aim to investigate the effects of

both natural and synthetic derivatives of estradiol and progesterone on P-gp expression in

vitro.

2.2.2 P-gp catalytic ATPase activity

P-gp transport activity utilizes the energy derived from ATP hydrolysis to drive the

transport of cytotoxic compounds against a concentration gradient. It also appears that in

1)
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order for transport to occur, drug must somehow physically bind to the protein to elicit an

effect on the ATP catalytic pathway. It is known that there are specific drug binding sites

on transmembrane domains 5, 6 and 11, 12 and that some binding sites interact with

transport substrates as well as non-transported modulators (124-126). There is also direct

evidence of communication between the drug-binding sites and the ATP catalytic

domains, shown by allosteric alterations in the fluorescence of a cysteine residue probe

within the Walker A motif of the nucleotide-binding domain (127-129).

Compounds including verapamil, vinblastine and rhodamine 123 are known to bind to P

gp and a few are also known to be substrates (130, 131). This suggests that compounds

that can bind to P-gp and stimulate P-gp ATPase catalytic activity are not necessarily

transported by P-gp. Another prime example is progesterone, which is not a P-gp

substrate, but is instead a potent inhibitor (27,47, 132-134). Our studies show that it can

stimulate P-gp ATPase activity in a concentration-dependent manner. This potent

inhibition strongly suggests a direct physical interaction between P-gp and drug via a

mechanism that is yet to be determined.

2.3 Materials and Methods

2.3.1 Hormones and materials

17 fl-Estradiol, ethynyl estradiol (EE), estrone, estriol, progesterone, norethindrone,

norgestrel, and 6-0 methyl-hydroxy progesterone acetate (60-MPA) were all purchased

from Sigma Chemical Company (St. Louis, MO). The cell lines used for induction

studies were all purchased from ATCC and kept frozen in liquid nitrogen at the UCSF
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cell culture facility (UCSF-CCF; San Francisco, CA). The following cell lines were used:

LS180, HepG2, RL95-2, HCC1500 and TM3. Growth and maintenance of these cells

utilized the following materials, which were all purchased from the UCSF-CCF: PBS

Ca”/Mg” free, PBS with Ca”/Mg", DME-H21 (Dulbecco's Modified Eagle's Medium

containing 8.5 g/L glucose, 25 mM Hepes, 2.2 g/L NaHCO3 and non-essential amino

acids), RPMI 1640, DMEM EBSS, HAM-F12(K), trypsin (0.25, 0.5%) Hepes, fetal

bovine serum (FBS, Hyclone), horse serum, insulin, penicillin, streptomycin, Na

pyruvate, non-essential amino acids (NEAA) and glutamine. The following materials

were purchased separately for cell culture predominantly from Fisher Scientific (Santa

Clara, CA): Falcon polyethylene six-well plates, Falcon high-density (3 pum pore-size)

cell culture inserts, T75 culture flasks, disposable aspirating and serological

polypropylene pipettes, Nalgene CN filtration units (50, 100, 250, 500 and 1000 mL),

disposable polypropylene conical vials (15 and 50mL), pipet tips, pipets, pipet-aid,

disposable cell scrapers, TRIZOL, inverted microscope TMS (Nikon Corp.), CO2

incubator (Revco Scientific) and a Millicell-ERS transepithelial resistance (TEER)

measurement system (Millipore).

2.3.2 Cell culture growth conditions

The LS180 cells were grown in RPMI 1640 phenol-red free media, 10% FBS, 1%

penicillin/streptomycin (Pen/Strep at 100x) and 1% glutamine. HepG2 cells were grown

in DMEM EBSS, 10% FBS, 1% pen/strep, 1% Na-pyruvate and 1% non-essential amino

acids (NEAA). RL95-2 endometrial cells were grown in a 1:1 ratio of DME-H21 and

HAM-F12K along with 10% FBS, 1% Hepes (1 M), 0.5% insulin and 1% Pen/Strep. The

1)
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TM2 cell line was grown in a 1:1 ratio of DME-H21 and Ham’s-F12K, 5% horse serum,

2.5% FBS, 1% glutamine and 1% Na-pyruvate. All cell lines were grown in phenol-red

free media to eschew any potential estrogenic effects caused by the red dye.

Consequently, most phenol-red free media are light sensitive. All feeding, induction and

experimental conditions were performed with minimal light exposure. Cells were grown

on either 6-well plates at a density of—300,000 cells/insert or 75-cm flasks at a density

of 1 E6. Cells were grown to confluence for 4-7 days at 37°C in 5% CO2.

2.3.3 Characterization of various cell lines

The following cell lines were screened and tested for MDR1 inducibility: LS180 (human

colon), HepG2 (human liver), RL95-2 (human endometrium), HCC-1500 (human breast)

and TM3 (mouse testis). LS180 colon adenocarcinoma cells originate from a female

Caucasian, blood type O and express HLA A2, B13 and B50 antigens. They were

deposited in the ATCC by Northwestern University at passage #34. They have an

epithelial morphology, adherent growth properties, are positive for Colon Antigen 3,

negative for p53 antigen expression and express interleukin-10 (IL-10) and IL-6. The

HCC-1500 cells are primary ductal carcinoma cells, obtained from an African-American

female with a breast tumor classified as TNM stage IIB, grade 2. Cells have an epithelial

morphology, adherent growth properties, are positive for expression of both estrogen and

progesterone receptors, and positive for p53 expression. RL95-2 are endometrial

carcinoma cells obtained from a Caucasian female with an epithelial morphology and

adherent growth properties. They express both o and 3 estrogen receptors, possess o

keratin, well-defined junctions, tonofilaments and surface microvilli. HepG2 liver cells

tº

º

51



are derived from hepatocellular carcinoma tissue from an adolescent Caucasian male.

Also adherent and epithelial, these cells are known to express many proteins including

albumin, plasminogen, o-fetoprotein and retinal binding protein. The TM3 cell line

originates from normal male mouse testis tissue, expressing LH, epidermal growth factor

(EGF), androgen, estrogen and progesterone receptors. It responds to LH with an increase

in cAMP production, and capabilities to metabolize cholesterol, but does not respond to

FSH. Monolayer confluence was tested by measuring the transepithelial electrical

resistance (TEER) values using the Millicell-ERS transepithelial resistance measurement

system. Measurements were made prior to cell collection for each individual well in

growth medium.

2.3.4 Induction

2.3.4.1 Materials

The human colon carcinoma cell line, LS180, was purchased through the UCSF Cell

Culture Facility (CCF; San Francisco, CA) from American Type Culture Collection

(ATCC; Rockville, MD). Dulbecco's modified Eagle's medium (DME-H21) was

obtained from UCSF CCF. RPMI 1640 (without phenol red) was custom-ordered through

CCF and supplemented with the following: 10% fetal bovine serum (HyClone

Laboratories), 100 U/mL penicillin, 100 pig■ mL streptomycin and 1% glutamine. Falcon

polyethlylene terephthalate (PET) cell culture inserts (Becton Dickinson) and their

companion Costar 6-well plates (Costar Corp.) were purchased from Fisher Scientific

(Santa Clara, CA). Acetonitrile (ACN) was obtained from Fisher Scientific.

1)
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2.3.4.2 Cell splitting, induction and lysis

For all induction experiments, hormones were first dissolved in ethanol, DMSO,

acetonitrile (ACN) or water and appropriate concentrations were added to media before

filtration. LS180 colon cells were cultured on six-well inserts or 75-cm flasks, prior to

seeding into six-well plates and rinsed twice with PBS (Ca”/Mg” free) and allowed to

incubate in PBS during the second rinse for 15 minutes at 37°C, 5% CO2. When cellular

tight junctions were slightly loosened, viewed under microscope, PBS was aspirated and

0.25-0.5% trypsin was added and swirled to coat adherent cells. Cells were returned to

the CO2 incubator at 37°C for ~5 minutes. When cells had separated, forming white

circular globes, flasks were tapped to gently loosen off the surface and gently

resuspended in media for allocation into six-well plates for induction. Cells were seeded

at a density of ~300,000 cells/insert in a 1.5 mL aliquot on the apical side. The

basolateral side, cradling the insert, contained a 2.5 mL aliquot of cell-free media. Cells

were grown in the CO2 incubator at 37°C and allowed to adhere overnight. They were

then fed 24 h post-seeding and then induced with hormone-containing media replacement

(both apical and basolateral sides of the insert) every 24 hours, 3 days (72 h) before

confluence. Before harvesting, TEER values were measured.

For mRNA analysis, cells were harvested when confluent (~ 4 to 7 days) by washing

twice in ice-cold PBS without Ca"/Mg", with gentle rocking and careful aspiration of

PBS. Cells were lysed by the addition of TRIZOL (1 mL/insert) into each well and

allowed to sit for approximately 30 sec. They were then homogenized by passing cell

lysate several times through the pipette. Lysates were then transferred to 1.5 mL
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DNase/RNase-free microcentrifuge tubes for total RNA isolation. For Western blot

protein analysis, cells were rinsed twice in PBS (Ca”/Mg” free) and immediately

scraped offin PBS using different cell scrapers for different hormone samples into 15mL

polypropylene conical tubes when confluent.

2.3.5 Semi-quantitative RT-PCR

2.3.5.1 Materials

The 18s Classic I internal standard with competimer technology was purchased from

Ambion, Inc. (Austin, TX) and MDR1 primers were ordered from BD Gentest (Woburn,

MA). SuperScript OneStep RT-PCR with Platinum TAO, 25x Reaction Mix and DEPC

treated H20 were purchased from UCSF CCF. PCR RNase/DNase free tubes were

obtained from Ambion, Inc. PCR reactions were done using PCR Express Thermal

Hybaid Cycler. 2% agarose e-gels and apparatus were purchased from Invitrogen, and

pictures were taken using Polaroid film.

2.3.5.2 Total RNA isolation

After cell lysates were collected and transferred into 1.5 mL microcentrifuge tubes in

TRIZOL (Gibco-BRL), a monophasic solution of phenol and guanidine isothiocyanate,

they were incubated for 5 minutes in a 20-30°C water bath to permit complete

dissociation of nucleoprotein complexes. To each tube, 0.2mL chloroform was added,

shaken vigorously by hand for 15 sec and incubated in the 20-30°C water bath for 3

minutes. Samples were then centrifuged at 12,000xg for 15 minutes at 4°C, which
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allowed the mixture to separate into a lower red, phenol-chloroform phase, a middle

interphase, and a colorless aqueous phase (RNA remains exclusively in the aqueous

phase). Following phase separation, the aqueous phase was transferred to a fresh 1.5 mL

microcentrifuge tube and RNA precipitated by the addition of 0.5 mL isopropyl

alcohol/tube. After incubation at 20-30°C for 10 minutes, samples were again centrifuged

for 10 minutes at 12,000xg in 4°C. The RNA precipitate formed a white, opaque gelatin

like pellet on the bottom of the tube. To wash RNA, supernatant was carefully removed

with a pipet and 75% ethanol was added (1mL/tube), vortexed and centrifuged at

<7500xg for 5 minutes at 4°C. Each sample was drained free of ethanol and air-dried for

20-30 minutes until the pellet became transparent with no residual ethanol. The RNA

pellet was dissolved in -40-60 pull of RNase-free water by passing the solution several

times through the pipette tip and incubated for 10 minutes at 55°C. The concentration and

purity of isolated RNA samples were measured using an ultraviolet spectrophotometer,

confirming A260,280 ratio values between 1.6-1.8. Samples were diluted into 0.5 pig■ puL

aliquots and frozen at -80°C until RT-PCR.

2.3.5.3 MDR1 primer design

The following gene specific, intron-spanning primer sequence was used for h!MDR1:

Primer Sequence Base Location

Sense 5’- GCCTGGCAGCTGGAAGACAAATACACAAAAT-3' 834-864

Anti-Sense 5’- AGACAGCAGCTGACAGTCCAAGAACAGGACT -3' 1088–1118

The expected amplified product length was 284 bp.

*
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2.3.5.4 RT linearity range test

For optimal semi-quantitative analysis, the linear range of PCR and optimal 18S

Primer:Competimer ratio (3:7) was determined based on cycle number and pixel band

density (Figure 2.1). Competimer technology involves modification of 18s competimers

at their 3’ ends to block extension by DNA polymerase. By mixing 18s primers with

increasing amounts of 18s competimers, the overall PCR amplification efficiency of 18s

cDNA can be reduced without the primers becoming limiting and maintaining

quantitative abilities. PCR reactions were conducted with a cycle number between 30-33,

within the acceptable linear range to eliminate mRNA band saturation and allow optimal

range for band density variability.
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Figure 2.1 Plot of pixel band density vs. PCR cycle # to determine linear range for
RT-PCR reactions for both 18s internal standard and MDR1
mRNAexpression in the LS180 cell line.
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2.3.5.5 One-step RT-PCR

Superscript" One-Step with Platinum(3) Taq (Gibco-BRL) was used to detect RNA by

RT-PCR, in which both cDNA synthesis and PCR was performed in a single tube. The

PCR reaction was performed by thawing of all components including 2x Reaction Mix

(Gibco-BRL), Template RNA, MDR1 (Sense/Anti-Sense) primers, Ambion 18s

Primer:Competimer mix, and DEPC-H20. Individual PCR reaction tubes were prepared

on ice, each containing the following in the listed order:

2x Reaction Mix (final concentration: 1x; 25 pul/tube)
DEPC-H20 (50% w/v; 14 pl/tube)
10 puM Sense and Anti-sense MDR1 primer (0.2 puM each; 1 pul/tube)
0.5 pig■ ul Template RNA (2pug; 4 pul/tube)
18s (3:7) 0.5 pig■ ul Primer:Competimer (2 pig; 41L/tube)
RT/Platinum Taq Mix (1pul/tube)

i
The final volume was attained with water up to 50 pull. Samples were briefly centrifuged

to make sure all components settled at bottom of the amplification tube and analyzed in

the PCR Express Thermal Hybaid as depicted in Figure 2.2:

I l

cDNAsynthesis . PCRAmplification .
-

lenaturation : 30 cycles . Final Extension
I I
I I

94°C 94°C 72°C 72°C 4°C
50° 70

C 2 min . 15 Sec 57°C Imin 15min
30min (Denature) 30sec (Extend) hold

(Anneal)

Figure 2.2 RT-PCR cycling conditions for MDR1 cDNA amplification.
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RT-PCR products were separated on 2% agarose e-gels. Before loading, samples were

kept on ice while e-gels were pre-run at 62 V for 2 minutes. Samples were then diluted

(5 pull sample + 15 pull DEPC-H20) and loaded onto lanes. A 100 bp DNA ladder (7 pull

ladder + 13 pull DEPC-H20) was also loaded in the first lane. Gel was run for 30 minutes

at 60 V, immediately viewed under a UV transilluminator and photographed using a UV

Polaroid camera.

Human liver total RNA obtained from Ambion, Inc. was used as a positive control.

Integrity of RNA was confirmed by use of the 18S ribosomal RNA internal standard

(Ambion), which yielded an expected amplified product of 489 bp.

2.3.5.6 Semi-quantitative analysis

Polaroid pictures of gels were scanned and captured electronically. Images were imported

into the NIH Scion image analysis software and the image inverted for optimal

quantification of band density. Pixel band density values measured were subtracted from

background values and ratio values were calculated for MDR1/18s to normalize for inter

individual lane and loading variability.

2.3.6 Western blot

2.3.6.1 Materials

The P-gp antibody, C219, was obtained from Signet (Dedham, MA). For the Western

blotting procedure, the following materials were utilized: QiaShredder (Qiagen), BioFad
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gradient Tris-HCl polyacrylamide gels (4-20%), PAGE electrophoresis apparatus, PVDF

membrane, nitrocellulose membrane, pre-stained broad range protein standard (BioFad),

10x Tris/Glycine/SDS running buffer (BioPad), Laemmli sample buffer, 3

mercaptoethanol, microcentrifuge tubes, non-fat dry milk, Tris-HCl, Tris, glycine, NaCl,

deionized H20, Tween-20, transfer cassettes, sponges, filter paper, Saran wrap, timer, 15

mL Falcon disposable polypropylene conical tubes, ECL reagents (Amersham),

Hyperfilm (Kodak) and film developer.

2.3.6.2 Cell lysis

LS180 colon cells were cultured on six-well inserts or 75-cm flasks and harvested when

confluent (~4 to 5 days). Cells were washed in ice-cold PBS without Ca”/Mg”, scraped

and centrifuged at 4000xg for 10 minutes (4°C). The pellet was washed again with PBS

and resuspended in lysis buffer containing 1 pig■ ml pepstatin, 20 pig■ ml leupeptin, 20

pug/ml aprotinin, 1 mM PMSF and a supplemental protease inhibitor cocktail in hypotonic

buffer (Tris-HCl, KCl, MgCl2). Samples were sonicated on ice (15 sec x2) and stored at -

80°C.

2.3.6.3 Western blot protocol

The presence and expression level of P-gp was detected using Western blot analysis.

The protein concentration of LS180 cell lysate samples were quantified using a BioFad

assay kit utilizing bovine serum albumin (BSA) as the protein standard. All samples were

diluted 1:1 with Laemmli buffer (containing 5% (8-mercaptoethanol) and adjusted to
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obtain a final loading concentration of 100 pig protein. Samples were then immediately

transferred to a QiaShredder and spun for 20 sec at 13,000 x g in 4°C. This step ensured

more accurate loading by precluding the sample from becoming overly viscous. Samples

were then loaded unboiled onto a BioFad gradient Tris-HCl polyacrylamide gel (4–20%)

electrophoresis (PAGE) in running buffer (recipe as shown in Table 2.1) at a constant

100V for 90 minutes. The pre-stained SDS broad range marker was also loaded (7HL) in

the first lane.

During transfer, nitrocellulose membrane was soaked briefly in methanol, then in transfer

buffer (Table 2.1) for at least 15 minutes in 4°C. Sponges and filter paper were also kept

soaking in transfer buffer. Gels were then blotted in transfer buffer along with

nitrocellulose, sponges and filter paper overnight at 26V in 4°C. The nitrocellulose

membrane was then blocked in 5% non-fat milk at room temperature for 1 hour and then

washed twice for 10 minutes in TTBS (Table 2.1) before probing with the primary P-gp

antibody (C219; 1:100 in 1% non-fat milk) for another hour at room temperature. The

membrane was again washed with TTBS once for 15 minutes, twice for 10 minutes and

then probed with secondary goat anti-mouse horseradish peroxidase (HRP)-conjugated

antibody (diluted 1:15,000 in 1% non-fat milk) for 50 minutes at room temperature.

Membrane was then washed with TTBS once for 15 minutes and twice for 10 minutes,

then the same set of washes repeated with TBS (Table 2.1). Membranes were then taken

to the darkroom with a film developer and washed in a mixture of ECL reagents for 1

minute, blotted with Kimwipes, wrapped in plastic and exposed to film that was

subsequently developed. P-gp protein was detected with the enhanced
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chemiluminescence system (ECL-Amersham). The resulting P-gp protein bands ran at an

apparent molecular weight of ~170 kDa. Band density was scanned and quantified using

the same method described above for RT-PCR.

Table 2.1 Western blot solution recipes.

Solution Ingredient Amount Added Final Concentration

Running buffer 10x Tris/Gly/SDS 100mI, 10%

DDI H20 to 1L 90%

Transfer buffer Tris 3.03 g 25 mM

Glycine 14.4 g 190 mM

Methanol 200 mL 20% (v/v)

DDI H20 to 1L

TBS Tris-HCl 4.87 g 20 mM

(Tris-buffered saline) NaCl 58.44 g 0.5 M

DDI H20 to 2L

*Adjust to pH 7.5 with concentrated HC1.

TTBS Tween-20 500 pull 0.05% (v/v)
TBS to 1L

2.3.7 Transfection

2.3.7.1 Materials

The MDR1-pCL3 vector containing a 4-kb upstream MDR1 promoter region that was

used for these experiments was graciously provided by Yan Shu from Dr. Kathleen
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Giacomini’s lab. Materials used for calcium phosphate transfection of LS180 cells

include: 6-well plates, ProFection® Mammalian Transfection System- Calcium

Phosphate (Promega; Madison, WI), Hepes-buffered saline (HBS), nuclease-free H20,

plasmid DNA, control plasmid DNA, empty vector plasmid DNA, and inducing

hormones, Promega Luciferase Assay System (luciferase assay substrate, luciferase assay

buffer, luciferase cell culture lysis reagent 5x), spectrophotometer, Falcon disposable cell

scraper, microcentrifuge tubes, 96-well plates, sodium carbonate, multi-channel pipettor,

Fisher vortex mixer, Sarstedt 5mL polystyrene round-bottom tubes and luminometer.

2.3.7.2 Transfection of MDR1 plasmid vector into LS180 cell line

Calcium phosphate-mediated transfection was used for transient expression of the MDR1

promoter via plasmid into the LS180 cell line. This particular procedure involves mixing

the plasmid DNA with CaCl2 and a phosphate buffer to form a fine precipitate, which is

dispersed over the cultured cells. Coprecipitation of the DNA with calcium phosphate

enhances transfection efficiency. This method was first established by Graham et al.

(135).

LS180 cells were grown to 30-50% confluence on 6-well plates with 2-3 mL media.

Three hours prior to experimentation, cells were fed with fresh media. DNA was

quantified at 260/280 nm. To each well, the following DNA mixtures were added in

duplicate for LS180 cell transfection and incubated at RT for 30 minutes:
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1. (+) Positive control: 2 pig control pCL3 plasmid (w/ endogenous promoter, no

luciferase gene), 1.5 pig pSV (internal control for 3-gal to confirm positive

transfection and functional promoter), 0.25 M CaCl2 and DDI H20.

2. (-) Negative control: 2pug pGL3 Basic empty vector, 1.5 pig pSV internal control,

0.25 M CaCl2 and DDI H20.

3. MDR1-promoter vector: 2 pig MDR1-pGL3 plasmid vector, 1.5 pig pSV internal

control, 0.25 M CaCl2 and DDI H20.

The next day, cells were induced by replacing media with fresh media containing

hormones. Cells were continuously induced with replacement media every 24 hours for 3

days (72 hours total), then harvested when confluent.

The fl-galactosidase enzyme assay was utilized to obtain a fl-gal standard curve. The

pSV-3-galactosidase control vector is a positive control vector, co-transfected with the

MDR1-pGL3 plasmid vector, and used for monitoring transfection efficiencies of

mammalian cells. The SV40 early promoter and enhancer drive transcription of the lacz

gene embedded within the vector, which encodes the fl-galactosidase enzyme. The fl-gal

enzyme is used as a reporter enzyme that is assayed directly from cell lysates and can be

measured spectrophotometrically. A negative control, pGL3 basic empty vector, prepared

from transfected cells is also assayed for the presence of endogenous fl-gal activity.

The ■ -gal enzyme assay was performed by washing cells in a duplicate 6-well plate with

PBS Ca”/Mg” free buffer twice. Diluted reporter lysis buffer 1x (RLB) was added to

coat cells (300 pul/35 mm well) and incubated for 15 minutes at RT. Cells were then

scraped off, transferred to a microcentrifuge tube, briefly vortex mixed and centrifuged at

()
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13,000xg for 2 minutes at 4°C. Supernatant was transferred to fresh tubes, diluted 2:1 in

1x RLB, and a portion was then diluted again 1:1 in assay 2x buffer. The assay 2x buffer

contains the yellow substrate ONPG (o-nitrophenyl-B-D-galactopyranoside), which is

hydrolyzed by fl-gal to the colorless substrate o-nitrophenyl. The samples were vortex

mixed and incubated at 37°C for 30 minutes until a faint yellow color appeared,

indicating fl-gal enzyme activity. Reactions were stopped with 1M sodium carbonate and

absorbance read at 420 nm.

The luciferase assay is known to be very sensitive with immediate results as the

luciferase protein does not require any post-translational processing. In this assay, the

luciferase enzyme transcribed from the pGL3 plasmid vector catalyzes the conversion of

the added substrate, luciferin, to produce oxyluciferin and light. This is done by the

conversion of chemical energy derived of luciferin oxidation by luciferase, using ATP

Mg” as a co-substrate. Sample preparations for the luciferase assay were the same as for

the fl-gal assay. A 100pull aliquot of luciferase assay reagent was added to each Sarstedt

tube. The luminometer was programmed to perform a 2-second measurement delay

followed by a 10-second measurement reading for luciferase activity. A 20 pull aliquot of

cell lysate sample was added to tube containing the luciferase assay reagent prior to

placing each tube in the luminometer for reading.

For data analysis, duplicate absorbances were measured spectrophotometrically for each

sample using the É-galactosidase enzyme assay to construct a standard curve, acquiring

specific fl-gal milliunit measurements (3-gal). Emission of luciferin luminescence was

64 t".



measured in a separate, duplicate set of samples. Total luciferase activity (RLU)

measurements were calculated using the ratio: RLU/3-gal, so as to normalize RLU

values.

2.3.8 P-gp ATPase activity assays

2.3.8.1 Materials

Human P-gp and control membranes for the ATPase activity assay were obtained from

Gentest (Woburn, MA). The following materials were also used to measure P-gp ATPase

activity: a microplate spectrophotometer (OD 630-850 nm), 96-well microtiter plates,

multichannel pipettor, 0.5 M KPO4 (monobasic and dibasic), deionized H20, 0.1 M KPO4,

verapamil, MgATP, Tris-MES buffer, EGTA, KCl, dithiothreitol (DTT), sodium azide,

Tris-base, Nalgene filter unit, zinc acetate, ammonium molybdate, ascorbic acid, NaOH,

SDS, anti-foam A, sodium orthovanadate, 173-estradiol, progesterone, estriol, estrone

and ethynyl estradiol.

2.3.8.2 P-gp ATPase assay

Stimulation of P-gp ATPase catalytic activity was measured in membranes of Sf9 insect

cells transfected with a recombinant baculovirus containing MDR1 cDNA (GentestC).

The P-gp ATPase assay method used was a modification of the original assay described

by Sarkadi et al. (136) and as per manufacturer’s procedures. Control and P-gp

membranes were separately incubated at 37 °C for 20 minutes with positive control (20

HM verapamil) or varying concentrations of test hormone-drug, 3 mM MgATP and

2
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buffer solution (50 mM Tris-Mes, 2mM EGTA, 50 mM KC1, 2 mM dithiothreitol, and 5

mM sodium azide). A duplicate reaction mixture also containing a P-gp ATPase

inhibitor, sodium orthovanadate (100 puM), was assayed in parallel as a negative control.

ATPase activity measured in the presence of sodium orthovanadate (non P-gp ATPase

activity) was subtracted from the activity produced without vanadate to determine

vanadate-sensitive ATPase activity. Addition of 10% SDS was used to terminate the

reaction. Reaction mixtures were then incubated for 20 minutes in a zinc acetate (15 mM)

solution containing ammonium molybdate (35 mM) to measure levels of inorganic

phosphates released by its absorbance at 800 nm. A phosphate standard curve was used to

compare and quantify absorbance measurements.

2.4 Results

2.4.1 Expression and Inducibility of P-gp in various female cell lines

Several cell lines were screened and tested for the presence and inducibility of P-gp

expression by steroid hormones, specifically 173-estradiol and progesterone, to obtain a

diagnostic tool with which to investigate the mechanisms of P-gp induction. The cell

lines that were screened for P-gp expression included HepG2 (hepatic), RL95-2

(endometrial), HCC1500 (breast), TM3 (murine testis) and LS180 (colon). Of these cell

lines, those that exhibited endogenous P-gp expression via Western blotting were induced

by the predominant female steroids, 173-estradiol and/or progesterone as well other

related regulatory hormones such as the somatotropin, h(3H (anterior pituitary growth

hormone), dexamethasone, luteinizing and follicle-stimulating hormone. Induction was
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conducted by growing the individual cell lines in their respective media and growth

supplements until attaining 30-50% confluence with feeding on an as-needed basis. Three

days before 90-100% confluence and harvesting, cell lines were fed with replacement

media containing hormone(s) and replaced with fresh hormone-containing media every

24 hours for 72 hours total. Continuous visual inspections of cell lines for cellular

integrity, health and confluence were performed on a daily basis.

In a series of studies, the endocrine regulation of the estrogen receptor (ER) concentration

in primary cultures of rat hepatocytes was studied. The combination of the human

somatotropic anterior pituitary growth hormone, hCH, and dexamethasone was utilized to

upregulate estrogen receptor (ER) levels as was shown by Stavreus-Evers et al. (137-139)

in which the combination increased ER protein levels 6-fold and ER mRNA levels 2.5-

fold. These effects were not significantly different from those hepatocytes that were

treated with only hCH. The aim of our studies was to upregulate ER in a human liver cell

line, HepG2, in order to maximize steroid hormone induction of P-gp at the regulatory

level, as some of our previous studies showed that estradiol and progesterone alone did

not have a significant effect (individually or in combination) on P-gp expression in

HepG2 cells.

In Figure 2.3, HepG2 liver cells were induced for 72 hours with various hormones,

harvested, and probed for P-gp protein expression using the P-gp specific monoclonal

antibody, C219, in Western blotting. The molecular weight for P-gp is approximately 170

kDa, running between the molecular weight markers, 207 and 118 kDa, as shown at the
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top of Figure 2.3. Band images were electronically analyzed using NIH Scion Imaging

software and results show an approximate 40% and 50% increase in P-gp expression in

the presence of both 10 puM 3-estradiol (E2) and 10 puM progesterone (P) with either

0.005 pm h(3H + 10 nM dexamethasone (open bars) or 0.005 pM hCH alone (closed

bars). There was no significant increase in P-gp expression in the presence of E2 alone in

either condition, but a slight increase of 20% was observed in the presence of

progesterone and hCH + dexamethasone.

hCH + Dex hCH

Q
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E2 P E2+P

Figure 2.3 Western blot of P-gp expression and induction by 173-estradiol (E2) or
progesterone (P), pituitary growth hormone alone (hGH; closed, gray bars)
or with dexamethasone (hGH + Dex; open bars) in HepG2 cell line.
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To determine whether steroid hormones induce P-gp, we examined the effect of various

steroid hormones on P-gp expression in HepG2 liver, RL95-2 endometrial and TM3

mouse testis cells. Figure 2.4 shows Western blotting for P-gp in these various cell lines.

Induction occurred over a period of 72 hours and nitrocellulose membrane was probed

for P-gp using the C219 antibody.

Figure 2.4 Western blotting of P-gp expression in MDR1-MDCK, HepG2, RL95-2
and TM3 cell lines.

207 kDa->
P-gp—º.

118kDa->
*******

MDR1-transfected MDCK (Madine-Darby Canine Kidney) cells were used as a positive

control. In HepG2 liver cells, 10 puM rifampin, a known inducer of P-gp was also used to

determine whether P-gp expression was inducible compared to control (lane 5). In

HepG2 cells, P-gp expression levels were only slightly increased in the presence of

rifampin, compared to control. Testosterone (1 puM) was used to determine if any male

steroid hormones would have a regulatory impact on P-gp expression as this particular
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cell line is derived from a Caucasian male. However, no obvious changes in expression

were observed. The combination of 1p, Mestradiol and progesterone (E2 + P) seemed to

show a slight, but insignificant decrease in P-gp expression compared to control, whereas

the combination of the gonadotropins, LH and FSH (lane 6) showed no change in

expression. 173-Estradiol (500 nM) seemed to slightly decrease P-gp expression

compared to control. In the endometrial RL95-2 and murine testis TM3 cell lines,

expression of P-gp was undetectable, indicating low or no endogenous levels of P-gp.

Western blotting of the breast cancer cell line, HCC1500 also showed no detectable

levels of endogenous P-gp. RT-PCR experiments were conducted to examine the effect

of these same hormones on MDR.1 mRNA expression. The results also showed no

significant changes of MDR1 at the transcriptional level, using 18s as an internal

standard.

Figure 2.5 RT-PCR of MDR1 mRNA expression in the HepG2 cell line.
Lanes 1-2 are control HepG2 cells with no hormone induction. Lanes 3-4
were HepG2 cells induced with 0.1 I.U./mL hCG, lanes 5-6 with 0.1
I.U./mL hC, lane 7 with 0.1 I.U./mL LH, lane 8 with 0.1 I.U./mL FSH and
lanes 9-10 with the combination of LH + FSH. The cDNA samples were
run on a 2% agarose e-gel.

500 bp

300 bp

18S

MDR1
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We tested HepG2 cells for inducibility of MDR1-mRNA at the transcriptional level by

other various gonadotropins including human chorionic gonadotropin (hCG),

gonadotropin (hG), LH and FSH. Figure 2.5 illustrates the reverse transcription of total

RNA isolated from HepG2 cells, synthesis and amplification of human MDR1 primer

specific cDNA via a polymerase chain reaction (PCR). The classic 18s primer

competimer (3:7) set was used as an internal standard, which amplifies a sequence of

approximately 488 bp in length. The MDR1 primers amplify a product sequence that has

a length of 284 bp. A control mouse liver was used as a negative control (not shown, but

in lane 0). MDR.1 mRNA expression was not significantly induced by any of the

gonadotropins, confirming results observed at the protein level.

Extended and brief induction times were also investigated and it was concluded that

maximal expression of P-gp was attained after 72 hours of exposure. Additional

experiments were performed inducing HepG2 cells for 72 hours with the combination of

17|3-estradiol or progesterone with the various gonadotropins utilized in Figure 2.5. This

included a dose-dependent increase from 50 nM to 50 puM of either 173-estradiol or

progesterone combined with hCG or human gonadotropin (hG), showing no visible effect

on P-gp expression at the protein level. At the mRNA level, MDR1 expression was also

not seen to be inducible by any combination of these hormones in the HepG2 cell line.

2.4.2 In vitro induction of P-gp/MDR1 by steroids in LS180 cell line

Expression and induction of P-gp expression by hormones was investigated in the LS180

human colon carcinoma cell line. The LS180 cell line is purported to express the
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pregnane X receptor, hPXR (112), a key regulator of xenobiotic metabolism, which

several studies have shown may be important for MDR1 induction (140-142). Several

PXR response elements forming a complex regulatory cluster (including a DR4-motif)

were identified in the 5’-upstream promoter region of human MDR.1 that may serve as

binding sites for PXR ligands such as rifampin, phenobarbital, statins and St. John’s wort.

Recent studies demonstrate that the compounds that induce MDR1 do so by activating the

nuclear receptor PXR as well as the constitutive androstane receptor, CAR.

Figure 2.6 Induction of MDR1 mRNA in LS180 cell line.

Figure 2.6 illustrates induction of LS180 colon cells by known P-gp inducers, reserpine

and rifampin. The TM3 mouse cell line was used as a negative control as no endogenous

human MDR1 is present. Reserpine (10puM) induced MDR1 mRNA 2.4-fold while 10 puM

rifampin caused a 2.6-fold induction in MDR1 mRNA compared to the LS180 control

cells expressing basal endogenous levels of MDR1. 173-estradiol (500 nM) showed a

slight 29% decrease in MDR1 mRNA expression. The combination of 3-estradiol and
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progesterone significantly decreased MDR.1 mRNA expression approximately 87%

compared to control.

In Figure 2.7, the Western blot exhibits induced P-gp expression levels that are similar to

that observed at the mRNA level. Reserpine (10 puM) and 10 puM rifampin were found to

significantly induce MDR1 expression approximately 7.3 and 6.4-fold, respectively, over

control (LS180). In the presence of 500 nM 173-estradiol, MDR.1 mRNA was slightly

Figure 2.7 Western blotting of P-gp induction in LS180 cell line.

207 kDa->

118 kDa->

induced 1.4-fold over control, while the combination of 500 nM 173-estradiol and 500

nM progesterone decreased P-gp expression ~20% compared to control LS180 cells. The

consistent level of expression observed at the mRNA level was also observed at the

protein level, suggesting that induction or repression via transcriptional regulation of

MDR1 is translated into increased or decreased P-gp protein expression.
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In Figure 2.8, first-strand cDNA was synthesized from total RNA isolated from LS180

cells treated with either 5 puM of selected hormones (top panels) or 50 puM (bottom

panels) as indicated- lanes 1: positive control (10 puM rifampin), lanes 2: negative control

(media only), lanes 3: negative control (with 50 puM DMSO), lanes 4: 3-estradiol, lanes

5: progesterone, lanes 6: estrone, lanes 7: estriol, lanes 8: ethynyl estradiol. The

amplification products were resolved on 2% agarose gels stained with EtBr.

Figure 2.8 Amplification of MDR1 from untreated control or hormone-treated LS180
cells using RT-PCR.

4 5 6 7 8

<!-18s

5 HM

50 puM

To investigate the effect of steroid hormones on MDR1 expression, LS180 cells were

used as an in vitro model. Rifampin, confirmed to be a known inducer of intestinal P

glycoprotein in vivo (143) and in vitro (142) via the PXR response element, was used as a

Positive control. LS180 cells were incubated with various estrogens and progestins for 48
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or 72 hours prior to harvesting and isolation of total RNA. Maximal induction was

observed at 72 hours indicating time-dependent induction. Using RT-PCR, endogenous

MDR1 mRNA expression levels as shown in Figure 2.8 were inducible 10.7-fold (over

control) by 5 puM ethynyl estradiol and 11.0-fold by 5 pum estriol. Both estrone and

progesterone, at 5 puM, similarly induced MDR1 approximately 2-fold, while 17 fl

estradiol showed no significant induction over 18s control. However, at 50 puM, estrone

and estriol demonstrated significant MDR1 induction (7.2 and 6.3-fold, respectively) on

par with ethynyl estradiol (9-fold). Progesterone also showed a smaller, but significant

increase in MDR1 induction at the 50 puM level (3.2-fold), while only a slight induction

was observed with 17 fl-estradiol (Figure 2.8).

In Figure 2.9, MDR.1 mRNA induction was within the physiologic linear range from 25

nM to 10 puM for ethynyl estradiol and estrone (top panel) as indicated-lane 1: negative

control LS180 cells, lanes 2-6: respectively 10 puM, 1 puM, 500 nM, 50 nM, 25 nM

ethynyl estradiol and lanes 7-11: same sequence of concentrations for estrone. Cells were

also induced with norethindrone and D-norgestrel (bottom panel) as indicated-lane 1:

negative control, lane 2-positive control (10puM rifampin), lanes 3–7 respectively 10

HM, 1 puM, 500 nM, 50 nM, 25 nM norethindrone, lanes 8-12: same sequence for D

norgestrel. M: Marker 100 bp DNA ladder.
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Figure 2.9 Concentration-dependent induction of MDR.1 mRNA using RT-PCR

Ethynyl Estradiol Estrone
1 2 3 4 5 6 7 8 9 10 11

------ 18s
- - - -

LS180 cells were treated with increasing concentrations of four steroid hormones ranging

from 25 nM to 10 puM. A concentration-dependent induction of MDR1 mRNA was

observed with D-norgestrel (Figure 2.9, bottom panel, lanes 8-12) and estrone (Figure

2.9, upper panel, lanes 7-11). For norethindrone and ethynyl estradiol, a more constant

level of induction was observed over the concentration range tested. Induction in some

lanes seemed to look weaker at higher concentrations. However, calculated MDR1/18s

ratio values using NIH imaging software suggest otherwise, indicating that the amount of

cDNA loaded per lane may fluctuate slightly due to inherent variability in technique from

lane to lane. These results indicate that MDR1 mRNA is inducible by both natural and

synthetic sex-steroid hormones suggesting regulation of the multi-drug resistance gene at

the transcriptional level. The levels of these transcripts were quantitatively measured

using NIH Scion imaging software and normalized to uninduced control cells. The results

of the quantification are given in Table 2.2.
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Table 2.2

5 HM

50 puM

Semi-quantitative measurements of P-gp and MDR1 induction by various
steroid hormones.

Ratio Fold Induction

Figure 2.8 MDR1* | 18s" I (MDR1/18s) (over control)
10 uM Rifampin 17.7 113.3 0.16 1.9
Control 10.0 119.0 0.08

-

Control (+50mM
DMSO) 13.7 120.7 0.11 1.3
B-Estradiol 10.4 114.2 0.09 1.1
Progesterone 22.5 114.9 0.20 2.3
Estrone 19.9 108.1 0.18 2.2
Estriol 86.5 96.3 0.90 11.0
Ethynyl Estradiol 70.8 90.1 0.79 10.7
Control 10.9 119.9 0.09

-

B-Estradiol 14.5 115.1 0.13 1.4
Progesterone 35.0 121.7 0.29 3.2
Estrone 79.4 121.9 0.65 7.2
Estriol 68.9 121.0 0.57 6.3

Ethynyl Estradiol 99.2 121.7 0.82 9.0

Figure 2.9
Control 50.9 79.6 0.08

-

10 pum — 61.0 94.6 0.27 3.4
1 mM Ethynyl 22.8 l 62.3 0.37 4.6
500 nM Estradiol 23.4 64.3 0.36 4.5
50 nM 25.1 62.0 0.39 4.9
25 nM – 19.8 62.3 0.31 3.9
10 HM T 29.2 60.5 0.48 6.0
1 mM 12.3 52.7 0.23 2.9
500 nM Estrone 10.8 49.3 0.22 2.8
50 nM 7.8 43.6 0.18 2.3
25 nM 5.0 34.4 0.14 1.8
Control 13.8 68.4 0.20

-

10 um T 57.9 92.3 0.63 3.1
1 HM 47.4 91.0 0.52 2.6
500 nM Norethindronel 48.5 87.7 0.55 2.7
50 nM 44.5 87.5 0.51 2.5
25 nM 32.9 86.4 0.38 1.9
10 puM – 42.4 80.4 0.53 2.6
1 mM 38.2 72.7 0.53 2.6
500 nM I Norgestrel 18.8 72.0 0.26 1.3
50 nM 13.4 65.4 0.21 1.0
25 nM - 0.4 40.3 0.01 0.0
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Figure 3 MDR1** SD Fold Induction
10 puM Tamoxifen 95.8

-
3.9

50 puM Estrone 71.1 2.12 2.9
50 pm Estriol 54.7 0.04 2.2
50 puM Ethynyl Estradiol 84.1 1.06 3.4
50 mM MPA 26.7

-
1.1

* Values for MDR1 and 18s were subtracted from background pixel count.
* Values reflect average of duplicates when applicable.

Figure 2.10 Western blot of P-gp in the LS180 colon cell line.

170 kDa

P-gp

In Figure 2.10, LS180 cells were incubated in media containing various steroid hormones

72 hours prior to harvesting. Samples are shown as indicated- lanes 1,2: negative control

(cells grown in media only), lane 3: positive control (10 puM tamoxifen), lanes 4,5:50

HM estrone, lanes 6,7: 50 puM estriol, lanes 8,9: 50 puMethynyl estradiol, lane 10: 50 puM

60-methyl hydroxy progesterone acetate (MPA). Fifty pig samples were run on a 4-20%

gradient gel, transferred to nitrocellulose and hybridized with C219 monoclonal Ab.
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The presence and expression level of P-gp was detected using Western blot analysis.

LS180 cell lysate samples were run unboiled on a gradient Tris-HCl polyacrylamide gel

electrophoresis (PAGE), transferred to nitrocellulose and cross-reacted with the P-gp

antibody, C219. The resulting P-gp protein bands ran at an apparent molecular weight of

~170 kDa. P-gp protein levels were significantly induced over control cells by 50 puM

estrone (3-fold), estriol (2.2-fold) and ethynyl estradiol (3.4-fold) in LS180 cells (Fig.

2.10). Tamoxifen (10 puM), an estrogen receptor agonist, was used as a positive control of

P-gp induction with a 4-fold increase over control. The synthetic progestin derivative,

60-methyl progesterone acetate (60-MPA) was also investigated for P-gp inducibility.

Interestingly, there was only a 0.1-fold induction of P-gp at the protein level, but at the

same concentration (50puM), 60-MPA induced MDR1 mRNA 3.7-fold over control,

normalized to the 18s internal standard. Protein band intensities were scanned and pixel

counts measured against control cells using the same method as described above for RT

PCR.

2.4.3 Transcriptional regulation of MDR1

To determine whether MDR1 induction caused by steroid hormones was directly related

to transactivation of the MDR1 promoter, we utilized a pCL3 reporter gene plasmid

containing a 4-kb upstream promoter region spanning exons 1 and 2 of the MDR1 gene

and a downstream luciferase gene. This plasmid DNA vector was transiently transfected

into LS180 cells by co-precipitation with CaCl2-phophate for 5 hours to enhance

transfection efficiency. The LS180 cells were induced with various steroid hormones for

72 hours to determine whether hormones could bind and activate transcription of the

79



MDR1 promoter. This would be confirmed by continued transcription of the downstream

luciferase reporter gene. The ■ -galactosidase containing plasmid vector, pSV, was also

included in every well to serve as an internal standard and to verify occurrence of

successful transfection and promoter function. After induction, cells were subjected to fl

galactosidase and luciferase reporter gene assays.

Figure 2.11 Transcriptional activation of MDR1 promoter by 10 puM steroid hormones
in LS180 cell line.

Estriol m 5062

Estrone- 4500

Ethynyl Estradiol
==

15838
Rifampin 87.72

Progesterone 4782

17 B-Estradiol | H 5461

No drug E. H. 4295

■

Control (-) [] 525

40318
º

I T I I
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Luciferase Activity (RLU/B-gal)

In Figure 2.11, investigation of P-gp regulation was done by examining the potential for

transcriptional activation of the MDR1 promoter by various sex-steroid hormones at 10

80



HM in LS180 cells. A 4-kb section of the MDR1 promoter region was inserted into the

pGL3 reporter gene plasmid and transfected into cells that were induced with hormones.

After 72 hours, cells were harvested and analyzed for luciferase and 3-galactosidase

activity. We observed that rifampin, a known inducer of P-gp expression transcriptionally

activated MDR1 approximately 2.0-fold compared to control, while ethynyl estradiol also

significantly stimulated MDR.1 transcription 3.7-fold. 3-Estradiol, estrone, estriol and

progesterone (all 10puM) did not seem to significantly activate MDR.1 transcription at 1.3,

1.0, 1.2 and 1.1-fold increases compared to control, respectively.

Figure 2.12 Fold Activation of luciferase activity by 10 puM steroid hormones.

Testosterone m 0.7
Norgestrel 1.1

Norethindrone 1.5

Progesterone 1.1

Ethynyl Estradiol 3.7
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In Figure 2.12, several more steroid hormones were tested for the ability to transactivate

the MDR1 promoter. The synthetic progestin derivative, norethindrone, commonly used

in oral contraception was able to transcriptionally activate MDR1 at a 1.5-fold increase

compared to no drug control. Tamoxifen, an anti-estrogen, also transactivated MDR.1 to a

similar extent as observed with rifampin. However, testosterone and norgestrel, another

synthetic progestin derivative, showed no significant transactivation at the 4-kb upstream

promoter region of the MDR1 promoter compared to no drug control. This suggests that

the induction observed at both the protein and mRNA level by these hormones may be

caused instead by an alternate binding site, or hormone response element further

downstream than the 4-kb section we analyzed. These studies also suggest that the

mechanism by which ethynyl estradiol, tamoxifen and possibly norethindrone mediate

activation of the MDR1 promoter may be similar to that of rifampin via the PXR/RXR

activation complex. However, the mechanisms of MDR.1 transactivation and induction

still remain largely unknown.

2.4.4 Stimulation of P-gp ATPase activity

Active transport of compounds by P-gp is mediated by energy derived from the ATP

hydrolysis to ADP and inorganic phosphates (Pi). In order to measure P-gp specific

ATPase activity, a baculovirus expression system transfected with human P-gp cDNA

was used (Gentest). The MDR1-expressing recombinant baculovirus was constructed by

co-transfection of Sf9 cells with Bsu36I digested AcMNPV genomic DNA and the

pBacPAK9 transfer vector with the human MDR1 cDNA inserted in a BamhI site. The

cDNA encodes six histidine residues at the N-terminus.
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It is unknown whether sex-steroid hormones can stimulate vanadate-sensitive P-gp

ATPase activity. Therefore, the following steroid hormones were tested: 173-estradiol,

progesterone, testosterone, estrone, estriol, ethynyl estradiol, norgestrel and

norethindrone. Several anti-estrogens including tamoxifen, metabolites of tamoxifen,

droloxifen and toremifine were found to stimulate P-gp ATPase activity, in certain cases

with potencies near that of verapamil (144). Clomifene, nafoxidene, diethylstilbestrol and

progesterone were also found to act as P-gp ATPase stimulators, suggesting direct

interaction with P-gp, thereby interfering with its cytotoxic extrusion activity.

Figure 2.13 Stimulation of P-gp ATPase activity by progesterone (–A—) and
ethynyl estradiol (--- © ---).

0 20 40 60 80 100
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Figure 2.13 demonstrates the concentration-dependent stimulation of vanadate-sensitive

ATPase activity of P-gp by progesterone and ethynyl estradiol over a range of 0.1 puM

to 100 puM. The P-gp ATPase activity was measured in membranes of Sf9 insect cells

transfected with a recombinant baculovirus containing MDR1 cDNA used with

appropriate control membranes. Verapamil was used as a positive control as it is a known

substrate of P-gp as well as a potent stimulator of P-gp ATPase activity. Each data point

is the average of duplicate determinations.

Other steroid hormones that were also tested include 173-estradiol, estrone, estriol,

norethindrone, norgestrel, 60-methyl hydroxy progesterone (MPA) and testosterone. Of

these, norethindrone, testosterone and 60-MPA exhibited potent stimulation of P-gp

ATPase activity in a concentration-dependent manner, similar to that for progesterone

and ethynyl estradiol. Estrone, estriol and norgestrel also stimulated P-gp ATPase

activity, but to a lesser extent, demonstrating activity at an average of ~10 nmol/mg/min.

2.5 Discussion and Conclusions

Studying the integral elements that dictate the role of P-gp in major drug-eliminating

organs (i.e. intestine, liver) is essential for better understanding the absorption and

elimination of many administered drugs and hormones prevalent in women’s health. We

hypothesize that steroid hormones and both their natural and synthetic metabolites can

modulate the expression and function of P-gp. This in turn can affect the

pharmacokinetics and bioavailability of drugs that are substrates for P-gp in women.
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Of importance to our hypothesis, P-gp expression and function has been found to vary

with ovulatory function and phase. The highest levels were found during the midluteal

phase of the menstrual cycle, when estrogen and progestin levels peak (111). Studies in

rats demonstrate highly increased levels of mdr1-type P-gp RNA in the luminal and

glandular epithelium of uterus and placenta during pregnancy (115). In mice, the levels of

P-gp expression parallel that of progesterone in the serum, peaking during days 15-17 of

gestation, then declining (116). Furthermore, mdr1 expression was induced by the

combination of [-estradiol and progesterone in the secretory epithelium of the uterus

(86). Piekarz et al. (145) demonstrated that a progesterone agonist, acting through the A

form of the progesterone receptor (PRA) was able to increase expression of the mar1b

gene approximately 3-fold in T47D cells that were co-transfected with an expression

vector for the A form of the progesterone receptor, but not the B form. As P-gp is also

found in human placental trophoblasts and in human secretory and gestational

endometrium (111), these observations suggest possible interactions between P-gp and

steroids in humans. Therefore, an in vitro investigation of the physiological interaction

between the ingested hormone-drug and simulated model cell system was carried out.

Our studies have shown that various sex-steroid hormones can induce MDR.1 mRNA

expression in a time and concentration-dependent manner in the LS180 colon carcinoma

cell line, establishing it to be a suitable model for intestinal MDR1 induction. These

hormones include both endogenous (173-estradiol, estrone, estriol, progesterone) and

synthetic hormone derivatives (ethynyl estradiol, norethindrone, norgestrel, 60-MPA)

commonly used in oral contraception and hormone replacement therapies. Induction at

85



the mRNA level was also observed at the protein level for nearly all of the steroid

hormones, except for the synthetic progestin, 60-HPA, albeit at higher concentrations

than observed in vivo. The slight decrease in P-gp expression observed in HepG2 cells in

the presence of only 173-estradiol and progesterone, compared to the increase in P-gp

expression observed in HepG2 (compared to control) when also induced in the presence

of hCH alone or with dexamethasone, suggests that the presence of estrogen receptors as

well as the combination of both fl-estradiol and progesterone may be necessary for

inducing P-gp.

Endogenous peak serum estrogen and progestin concentrations in normal, premenopausal

women have been observed for estradiol at 1.5 nM, estriol at 10 nM, estrone at 1 nM and

progesterone at 40 nM. Since these estrogens are highly bound to plasma proteins such as

albumin and SHBG (sex-hormone binding globulin) at a range from 50–99%, serum

concentrations of unbound or free estrogens can be determined from serum hormone and

plasma protein concentrations. Estradiol is protein bound to SHBG at 37% and albumin

at 61% for a total bound fraction of ~98%. Hence, the unbound fraction for circulating

estradiol is determined to be approximately 30 p.M. Unbound concentrations of estriol

range from 1.3-2 nM, while estrone is ~ 20 pM. Maximum serum concentrations of

synthetic steroids from low-dose oral hormone therapies were measured at 15 nM for

norgestrel (100 pug dose), 47 nM for noehindrome (1 mg) and 0.3 nM for ethynyl

estradiol (10 pig) (146-148). Unbound plasma concentrations of these various synthetic

steroids typically range from 0.01-20 nM. Despite low unbound circulating

concentrations, these hormones are significantly potent. Our studies show in vitro
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induction of MDR.1 mRNA by various steroids at concentration ranges that are albeit

higher, but significantly low enough to suggest MDR.1 mRNA induction may very well

be observed in vivo.

Rifampin, used as a positive control, has been shown to transcriptionally induce MDR1

by binding a PXR response element (DR4 motif) in the upstream enhancer region of the

MDR1 gene (142). Our data in hormone-induced LS180 cells transfected with a pGL3

plasmid vector containing a 4-kb section of the upstream promoter region of MDR1,

demonstrated 2-fold (over no drug control) transcriptional activation of the MDR1

promoter by both 10 puM rifampin and tamoxifen, a 1.5-fold activation by 10 puM

norethindrone and a 4-fold activation by 10 puM ethynyl estradiol. One can speculate that

the mechanism of MDR1 induction by these steroid hormones may be similar to that of

rifampin (via PXR) or possibly by other hormone response elements (e.g. ERE) present

in the upstream promoter region of the MDR1 gene.

It was originally believed that stimulation of P-gp ATPase activity was a direct reflection

of its drug transport capabilities. However, although many drugs have been shown to

stimulate the P-gp ATPase activity, certain drugs have been shown to bind tightly to the

drug-binding sites of P-gp without eliciting ATP hydrolysis. Using ATPase activity

assays, ethynyl estradiol, progesterone, testosterone, norethindrone and 60-MPA were all

found to significantly stimulate P-gp ATPase activity in a concentration-dependent

manner. These results suggest direct interactions of steroid hormones with P-gp and

perhaps functional regulation to some degree. Progesterone is known not to be a substrate
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of P-gp, but our studies show that it can stimulate P-gp ATPase activity, suggesting it to

be a potent competitive inhibitor. It is yet to be determined whether ethynyl estradiol is

also transported by P-gp. However, estrone, estriol, norgestrel and fl-estradiol did not

have the potent capability to significantly stimulate P-gp ATPase activity, suggesting

weaker interactions, but not negating the capacity for transport.

While the physiological interaction between steroids and P-gp is poorly understood,

efforts have been made to probe this relationship. Our studies show that various female

steroid hormones, both natural and synthetic, can induce P-gp and MDR.1 mRNA

expression in the LS180 intestinal cell line, indicating significant potential for altering

absorption of P-gp substrate drugs in women, perhaps during the ovulatory cycle or

concomitant hormone therapy. Furthermore, several of these hormones were also able to

activate transcription at the MDR1 promoter with implications that those that did not may

require a more downstream promoter site that was not included in our plasmid vector.

Insight into the physical interaction between P-gp and steroid hormones was revealed

with the discovery that many steroid hormones were able to significantly stimulate P-gp

ATPase activity. These experiments give further evidence that steroid hormones can

modulate P-gp expression and activity, giving clues to comprehend the mysterious and

intricate relationship between steroids and multidrug resistance.
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CHAPTER III

Bi-directional Transport of Sex-Steroid Hormones’

3.1 Objective

To understand the intricate relationship between steroid hormones and P-gp better, the

following in vitro studies were carried out to determine whether sex-steroid hormones are

substrates of P-gp. In examining the potential for hormones to be subject to P-gp

mediated transport, evidence gained from our studies will help to identify potential drug

drug interactions, especially for synthetic steroids used for oral contraception and

hormone replacement therapy. This will contribute to current knowledge on the effect of

fluctuating endogenous steroids during the ovulatory cycle on P-gp activity. These

studies were carried out in an established bi-directional transport system involving

MDR1-transfected MDCK (Madine-Darby Canine Kidney) cells that over-express human

P-gp/MDR1, and also in control MDCK cells. The potent and specific P-gp inhibitor,

GG918 was experimentally utilized to examine and confirm substrate selectivity of P-gp

for hormones. Intracellular concentrations were also measured for hormones that

exhibited active efflux to confirm P-gp function and transport.

*This chapter was published in part within a manuscript entitled, “P-glycoprotein (P-gp/MDR2) Mediated
Efflux of Sex-Steroid Hormones and Modulation of P-gp Expression In Vitro.” by W.Y. Kim and L.Z.
Benet, Pharm Res 21:1284-1293 (2004).
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3.2 Introduction

It has been postulated that P-gp, which is highly expressed in the adrenal gland (149–

151), may play an important physiologic role in regulating intracellular steroid

concentrations. Earlier studies have suggested that P-gp may function to actively secrete

steroid hormones, precluding toxic accumulation of intracellular steroid levels (134). It

should be noted that several adrenal steroids such as cortisol, aldosterone and

dexamethasone were found to be actively transported by P-gp (27, 28, 133), while

progesterone and several of its natural metabolites (132), although not P-gp substrates,

were discovered to be potent P-gp inhibitors. In fact, numerous studies have shown that

progesterone blocks P-gp mediated efflux of other steroids and P-gp substrate drugs and

is capable of reversing drug resistance in P-gp expressing cells (152, 153). Although

estradiol (E2) is not transported by P-gp (154), estradiol and diethylstilbestrol (DES)

induced P-gp and decreased accumulation of intracellular adriamycin, causing drug

resistance (155). It is likely that steroid transport by P-gp is linked to the hydrophobic

nature of steroids. It has also been suggested by Barnes et al. (152) that the

phosphorylation of P-gp modulates P-gp-steroid interactions and may also be responsible

for the steroid-induced antagonism of P-gp mediated transport observed for some steroids

such as progesterone and its derivatives (e.g. methylhydroxyprogesterone acetate, 16 o

methyl progesterone). Hence, both transport and antagonism may be dependent upon

steroid hydrophobicity.
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We sought to determine whether female sex-steroid hormones, their natural metabolites

and synthetic derivatives were substrates of P-gp so as to identify potential interactions

between hormones and P-gp substrate drugs. In order to do this, Madine Darby Kidney

(MDCK) cells, a dog renal epithelia cell line, were transfected with an MDR1 cDNA to

overexpress human MDR1, and grown as monolayers on cell culture Transwell inserts

(156). For directional transport to occur, these cells form tight junctions and grow in a

polarized fashion so that the basolateral membrane faces and attaches to a supporting

surface such as a petri dish or a polycarbonate filter membrane (used in our studies) on

which they are grown, and the P-gp expressing apical side of the cell faces the growth

medium. This mimics the gut lumen where epithelial cells grow in a polarized fashion

with the brush-border membrane of intestinal mucosa apical side facing the lumen and

the basolateral side exposed to capillaries in the gut interstitium. When grown to

confluency, a monolayer of epithelial cells, with differentiated tight junctions, form a

selective permeability barrier through which only water and selected solutes and

compounds can cross by transcellular passive diffusion. Compounds can also pass

through cells via two types of membrane transport proteins, carrier and channel proteins

present within the cellular membrane (157). Tight junctions mitigate the opportunity for

compounds to pass between cells through the paracellular route.

Different cell lines regulate the P-gp transporter based on culture conditions including,

growth factors in the medium, the surface structure to which cells attach, and intracellular

transcription factors (158). Although many transport studies have been conducted in the

Caco-2 human intestinal cell line, the time required to reach confluency (21-28 days) and
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for P-gp to become fully functional (17-27 days) places it at a disadvantage for high

through-put screening of drug permeability transport characteristics (158, 159).

Furthermore, variability in phenotype and transporter expression has been noted

depending on cell culturing conditions, so that data generated from these cells can be

misleading (160). MDCK cells, however, are among the most well-defined epithelial cell

lines with respect to lipid composition and protein expression (161). They are

characterized by more stable transporter expression and the classical two-chamber

transport assay developed with these cells has proven to be a better model with which to

study P-gp mediated drug efflux. In this cell transport system, compounds that are

substrates for P-gp can bind to P-gp and be actively transported in the basolateral to

apical (B->A) direction. Therefore, we investigated the polarized efflux of various steroid

hormones in MDR1-MDCK cells compared to control MDCK cells.

3.2.1 Characterization of MDCK and MDRI-MDCK cell lines

Few selected cell culture models have been used in the past for studying transport and are

being used today in industry as tools for predicting in vivo barrier-passage of compounds.

The MDCK cell line was first established in the 1950’s, at a time when cryopreservation

was not yet available, hence the high passage number (~200) currently used in many

studies today. Typical TEER (transepithelial electrical resistance) values that have been

recorded are ~200-400 Q cm for MDCK cells and ~1000-5000 Q cm for MDR1-MDCK

cells (162). If seeded at an approximate density of 5x10" cells/cm’ on polycarbonate

membranes, 80% confluence is reached in 2-3 days, plateauing to a stationary growth

phase after 6-7 days with a cell density of 5x10° cells/cmº. When the tight junction
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network is established (days 3-4), mannitol permeation tests during the stationary phase

have been conducted to determine tightness of cell-cell contact. Papp values for mannitol

were recorded to be ~3x10° cm/s for MDR1-MDCK cells and ~4x10" cm/s for MDCK

cells (163). Mannitol Papp values were ten times higher for MDCK cells, which

corresponds with data generated from our studies in which MDR1-MDCK cells grow at a

faster rate and to a higher density than MDCK cells for unknown reasons, characterized

by TEER values -8-10 times higher in MDR1-MDCK cells.

The MDCK cells differentiate into columnar epithelia and form tight junctions within a

period of 3-5 days. The MDR1-MDCK cell line has been shown to exhibit polarized

efflux of P-gp substrates (164-169) with P-gp localization on the apical surface of cells

(170). As estimated by Western blotting, P-gp is found to be expressed in two isoforms,

migrating at molecular weights of 150 and 170 kDa, with the 150 kDa isoform being the

predominant isoform expressed in MDR1-MDCK cells (171). MDCK cells are reported

to share many common epithelial cell characteristics observed in situ and have been used

as a model for intestinal mucosa (163).

3.2.2 Transport experiment set-up

The goal of these studies is to determine whether steroid hormones are actively

transported by P-gp. An established experimental set-up that is used in our laboratory

consists of the Falcon& horizontal insert system in 6-well plates in which the cell

membrane inserts supporting the cell monolayer is placed horizontal between apical

(medium within the insert) and basolateral (medium in wells, cradling the insert)
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chambers (Figure 3.1). High pore density (HD) translucent polyethylene terephthalate

(PET) track-etched membranes are used with a specific 0.4 puM pore density (1x10°

pores/cm3). They allow for high rates of basolateral diffusion of nutrients and compounds

for optimal transport, secretion and binding studies. Prior to experimentation, drug

hormones were solubilized in DMSO (final concentrations are less than 0.05%) and

added to cell culture medium to use for “donor” solutions alongside no-drug transport

buffer “receiver” controls. Hormones were then added to the donor compartment (either

apical or basolateral side) and control transport buffer to the receiver compartment. The

final volume for each compartment was 1.5 mL for the apical side and 2.5 mL for the

basolateral side.

Figure 3.1 Falcon cell culture horizontal transport system. Inserts used with a
companion 6-well tissue culture plate. Adapted from Becton Dickinson
technical bulletin for Falcon cell culture inserts.

cell culture insert
Apical membrane

1 Basolateral membrane

apical side
basolateral side
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3.3 Materials and Methods

3.3.1 Materials

17 B-Estradiol, ethynyl estradiol (EE), estrone, estriol, progesterone, norethindrone,

norgestrel and colchicine were purchased from Sigma Chemical Company (St. Louis,

MO). GG918 (GF120918) was a kind donation from Glaxo-Wellcome. The MDR1

MDCK and MDCK cell lines were kindly provided by Dr. Ira Pastan (National Cancer

Institute, Bethesda, MD). Dulbecco's modified Eagle's medium (DME-H21) was

obtained from the UCSF cell culture facility (CCF; San Francisco). Fetal bovine serum,

penicillin and streptomycin were purchased directly from UCSF CCF. Trypsin/EDTA

solution (0.25% and 0.5%), Dulbecco's phosphate-buffered saline (PBS) and Hanks’

balanced salts (HBSS) modified were also purchased from UCSF CCF. Falcon

polyethylene terephthalate (PET) cell culture inserts (Becton Dickinson) and their

companion Costar six-well plates (Costar Corp.) were purchased from Fisher Scientific

(Santa Clara, CA). Acetonitrile (ACN), methanol and ammonium acetate (NH2-Ac) were

obtained from Fisher Scientific.

3.3.2 Cell culture conditions

MDR1-MDCK and MDCK cells were grown in DME-H21 on Falcon cell culture inserts

placed into 6-well plates at a seeding density of ~300,000 cells/insert. Colchicine (80

ng/mL) was added to MDR1-MDCK cells to select for P-gp expressing cells. Both cell

lines were grown to confluence for 3-6 days at 37°C in 5% CO2 humidity. Prior to a

transport experiment, transepithelial electrical resistance (TEER) was measured in each
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well to ensure cellular integrity and confluence. Approximate MDCK TEER values

measured were 150-300 Q cm”, while MDR1-MDCK values ranged from 900-1900 Q

cm.”
-

3.3.3 Transport experiment protocol

Bidirectional transport across MDR1-MDCK and MDCK cell monolayer experiments

were conducted as originally described (172) with minor adjustments. After TEER

measurements, cells on inserts were pre-washed with Hank’s Balanced Salt Solution

(HBSS-FH) containing 1% FBS and 22.5 mM HEPES (pH 7.4) and then incubated in a

37°C rocking shaker for 30 min. To measure P-gp mediated transport of selected sex

steroid hormones (B->A), hormone-containing HBSS-FH was added to the basolateral

(B) chamber, while HBSS-FH alone was added to the apical (A) chamber of the

Transwell insert-plate unit. At the same time, (A->B) was measured via hormone dosing

on the (A) side and time point sampling on the (B) side. Each measurement was

evaluated in triplicate on up to 3 separate occasions. Cells were incubated in a 37°C

shaker and 150 pull aliquots were taken from the receiver side at 0.5, 1 and 2 hour

timepoints.

Throughout the experiment, the final volume was maintained at 1.5 mL on the (A) side

and 2.5 mL on the (B) side via addition of 150 pull replacement fresh media after aliquot

samples were taken. Inhibition of P-gp transport activity was obtained by addition of 1

puM GG918 in the HBSS-FH media (+/- hormone) to both chambers. To measure
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intracellular concentrations, cell inserts were immediately removed and washed quickly

by dipping twice into 3 separate solutions of ice-cold PBS. Membrane inserts were then

air-dried, cut out with a needle and placed into scintillation vials containing 1 mL of

ACN:H20 (70:30, v/v) using tweezers. Vials were sonicated in a water bath for 10

minutes and centrifuged for 10 minutes at 12,000 g. The supernatant was extracted by

pipet and analyzed via LC/MS.

3.3.4 Transport calculations

Apparent permeability coefficient values (Papp) were determined as follows:

Papp = (AQ/At) + (Coe A)

where AQ is the linear accumulation of drug concentration in the receiver

(basolateral) chamber over a time interval (At), Co is the initial concentration of the test

compounds and A is the surface area of the filter (4.2 cm’). This coefficient was used to

quantify transport of drug molecules from the donor to the receiver side for both apical

and basolateral chambers. The transfer of drug was measured as an increase in drug

concentration over time. Experiments were performed under “sink” conditions in which

drug concentrations in the receiver compartment remained less than 10% of donor

compartment drug concentrations. The net efflux of the compound was calculated by

taking the ratio of the Papp (B->A) over the Papp (A->B) values. A minimum net efflux

ratio of 2.0 was used as the threshold value to identify P-gp mediated transport.
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3.3.5 Analytical methods

All test and hormone compounds were detected and quantified via electrospray ionization

interface (ESI) using a Hewlett Packard Series 1100 LC/LC-MSD equipped with an on

line six-port column switching extraction step. The first HPLC system comprises an

autosampler with a quarternary pump (G1311A), while the second consists of a selective

mass detector (G1946A) and binary pump (G1312). In brief, 50 pull of sample was

injected into a MOS Hypersil extraction precolumn (Hewlett Packard). After 2 minutes,

samples were backflushed and separation was achieved using a Prodigy 5p1 ODS column

[50 x 2 mm) via activation of the switching valve. The mobile phase consisted of 2 mM

ammonium acetate and 9:1 acetonitrile:H20. A flow rate of 2 mL/min was used. Using

selected ion monitoring (SIM), steroid estrogen ions (M-H) were detected in negative ion

polarity (NI) while progestins were measured in positive ion mode (PI).

3.4 Results

3.4.1 B-Estradiol

Transport of 3-estradiol mediated by P-gp is controversial. Barnes et al. (152), examined

the effect of P-gp on the accumulation of various ['H] labeled steroids in the multidrug

resistant human colon cell line, SW620 Ad300 subline (P-gp expressing cells induced by

Adriamycin) expressed as a percent decrease in accumulation relative to that in the

parental SW620 cell line. It was confirmed that progesterone, methylhydroxy

progesterone acetate and androstenedione were not transported by P-gp with no

significant decrease in accumulation. However, 3-estradiol, and its precursors

º
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dehydroepiandrosterone, testosterone and pregnenolone all exhibited significantly (p

<0.01) decreased intracellular SW620 Ad?00 accumulation by 28%, 18%, 12% and 14%,

respectively. In contrast, Fujise et al. (154) showed in LLC-PK cells (porcine kidney

cells) transfected with P-gp, that the net transport of 3-estradiol was not detectable.

Although these results suggest that P-gp can reduce the accumulation of a wide range of

steroids, we determined whether fl-estradiol was truly a P-gp substrate or not.

17 fl-Estradiol was tested for substrate selective transport mediated by P-gp in MDR1

overexpressing MDCK cells and control MDCK cells at the following concentrations:

500 nM, 5 HM and 20 puM. We did not observe any significant transport at 500 nM and 5

HM due to quantification detection limits, as characterized by a significantly higher Papp

B->A value over Papp A->B, resulting in a net efflux ratio value greater than 2.0 in

MDR1-MDCK cells and a net efflux ratio of approximately 1.0 in MDCK cells.

However, at 20 puM, we detected active transport of 3-estradiol with a significantly higher

B->A efflux transport in MDR1-MDCK cells than that observed in the A->B absorptive

direction (Figure 3.2). Table 3.1 summarizes the apparent permeability values for efflux

and absorptive transport directions (B->A and A-> B) as well as the net efflux ratios of

20 puM 3-estradiol across MDR1-MDCK and MDCK cells, which were 3.5 and 1.0,

respectively. Intracellular concentrations were measured as depicted in Figure 3.3,

illustrating a significant decrease in intracellular concentrations from both an apical and

basolateral dose (35.8% and 68%, respectively) in MDR1-MDCK cells compared to

control MDCK cells. These studies suggest that 3-estradiol is involved in carrier

mediated transport by P-gp.
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Figure 3.2
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Table 3.1

Bi-directional transport of 20 puM 3-estradiol across MDR1-MDCK and
MDCK cell lines.

|- -o-Ato B MDCK
—e—B to A MDck
- -e- - A to B MM

—º-B to A MM

0.5 1 1.5 2 2.5
Time (hr)

Bi-directional transport of 20 puM 3-estradiol across MDR1-MDCK and
MDCK cell lines.

Parr X 10’ cm/s
(avg # SE, n=3) Net Efflux Ratio:

Cell Line B->A A->B (B->A/A->B)

MDRI-MDCK 955 + 778 273 + 123 3.5

MDCR 601 + 133 589 + 123 1.0
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Figure 3.3 Intracellular levels for 3-estradiol (20 puM donor side concentration) in
MDR1-MDCK and MDCK cell lines. Apical to Cell (A to C) measures
intracellular levels after an apical dose and Basolateral to Cell (B to C)
measures intracellular levels after a basolateral dose. Data are represented
as mean E SD (n=3).

1.0E+04

9.0E+03 ||
matoc
D B to C

8.0E+03 ||
-

7.0E+03 ||

6.0E+03

5.0E+03

4.0E+03

3.0E+03 ||

2.0E+03

1.0E+03

0.0E+00 || I

MDCK MDR1-MDCK
Cell Line

3.4.2 Estrone

Estrone, a naturally occurring metabolite of 3-estradiol, was tested to determine whether

it is actively transported by P-gp. No prior studies exist in literature showing that estrone

is a substrate of P-gp. Hence, bi-directional transport studies were conducted in MDR1

MDCK and MDCK cell lines and assessed to determine whether there is active efflux in

the B-> A direction. Figure 3.4 illustrates the transport of 1 puM estrone across both cell

lines, revealing a higher net flux in the B->A direction in P-gp expressing MDCK cells

--raº
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compared to absorptive flux in the A->B direction. MDCK cells exhibited no obvious

changes in either direction. This suggests P-gp carrier-mediated efflux transport into the

apical compartment in MDR1-MDCK cells. The apparent permeabilities were determined

(Table 3.2) with an observed net efflux ratio of 6.6 in MDR1-MDCK cells and 0.97 in

MDCK cells. The ratio of net efflux values for MDR1-MDCK/MDCK is calculated to be

6.8, suggesting that estrone is a good substrate for P-gp.

Figure 3.4 Bi-directional transport of 1 puM estrone across MDR1-MDCK and MDCK
cell lines.
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Table 3.2 Bi-directional transport of 1 puM estrone in the presence and absence of
1HM P-gp inhibitor, GG918, across MDR1-MDCK and MDCK cell lines.

Parr X 10’ cm/s
(avg + SE, n=3) Net Efflux Ratio:

Cell Line B->A A->B (B->A/A->B)

MDRI-MDCK 38.7 H. 6.4 5.90 + 1.39 6.6

+ GG918 7.54 + 3.34 6.28 + 3.61 1.2

MDCK 5.90 + 0.24 6.10 + 0.38 0.97

+ GG918 6.23 + 1.65 6.86 + 1.29 0.91

To confirm that estrone is a substrate for P-gp, the effect of a P-gp inhibitor, GG918 at

1puM, was also tested on transport of estrone across both cell lines (Table 3.2). Results

show that in the presence of the P-gp inhibitor, GG918, efflux in the B-> A direction is

significantly diminished in the MDR1-MDCK cell line. The net efflux ratio

(B->A/A->B) was decreased almost 6-fold in the presence of GG918. As expected with a

compound that is actively transported by P-gp, there were no apparent effects in the

MDCK cell line for either direction and no change in net flux.

Intracellular levels of estrone were measured in both MDCK and MDR1-MDCK cell

lines (Figure 3.5). Intracellular estrone levels when applied on the apical and basolateral

side were significantly decreased in MDR1-MDCK cells, suggesting efflux transport.

There was a 23.1% and 69% decrease in intracellular estrone concentration from an
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apical and basolateral dose, respectively, in MDR1-MDCK cells compared to MDCK *

cells. Higher intracellular uptake was observed to be higher from an apical dose most º

likely due to easier access to cells (no membrane filter barrier as seen with the basolateral

side) allowing for more passive diffusion. This illustrates and confirms the polarized

efflux of estrone mediated by P-gp. *.

Figure 3.5 Intracellular levels for 1 puM estrone in MDR1-MDCK and MDCK cell :-
lines. Apical to Cell (A to C) measures intracellular levels after an apical *
dose and Basolateral to Cell (B to C) measures intracellular levels after a ****
basolateral dose. Data are means it SD (n=3). ~
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3.4.3 Estriol *-

To test the selectivity of P-gp transport for estriol, we examined the bi-directional AT *

transport of 20 puM estriol across both MDCK control and MDR1-MDCK monolayers in (). '

our established transport model system. The net transport of estriol across MDR1

overexpressing MDCK cells was found to be significantly greater in the Basolateral to

Apical (B->A) direction compared to that in the Apical to Basolateral (A->B) direction

(Figure 3.6). The overall transport of estriol over time was over 3-fold higher in the

efflux direction than in the absorptive direction in the MDR1-MDCK cell line. However,

no relevant differences in net transport were observed across MDCK cells. =
crºss

Figure 3.6 Transport of 20 puM estriol across MDCK and MDR1-MDCK cell lines. =
4000
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The apparent permeability efflux ratio as calculated (B->A/A->B) was 3.2 in MDR1

MDCK, while in MDCK the value was 1.1 (Table 3.3). The higher net efflux ratio

observed in MDR1-MDCK cells suggests estriol to be a good substrate for P-gp. Figure

3.6 is a representative depiction of the results presented in Table 3.3 for the

transepithelial transport of 20 puM estriol across MDCK and MDR1-MDCK cell

monolayers. Drug was added to apical (A–B) or basolateral (B->A) compartments and

sampled on the opposite side at 0.5, 1, 2 h timepoints in 37°C. Each point represents the

mean of ~3 monolayers from a typical experiment.

Table 3.3 Bi-directional transport of 20 puM estriol in the presence and absence of
1HM P-gp inhibitor, GG918, across MDR1-MDCK and MDCK cell lines.

Parr X 10’ cm/s
(avg #: SE, n=3) Net Efflux Ratio:

Cell Line B->A A->B (B->A/A->B)

MDRI-MDCK 147 H- 10 46.5 + 19.4 3.2

+ GG918 16.3 + 7.2 12.3 + 9.0 1.3

MDCK 112 + 3 97.5 + 3.9 1.1

+ GG918 20.0 + 4.4 13.2 + 2.1 1.5

Transport of estriol was also tested in the presence of 1 puM GG918 to confirm P-gp

mediated transport. The overall net efflux ratio of the permeability values for MDR1

“
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MDCK in the presence of the P-gp inhibitor was decreased 2.5-fold. The flux values in *-

MDCK cells were decreased 6 to 7-fold in the B->A and A->B directions, respectively, sº •

but decreased proportionately. Hence, the net efflux ratio in the presence of GG918

demonstrated no significant change. This provides further evidence that estriol is also a

substrate for P-gp. Figure 3.7 depicts intracellular levels of estriol that were extracted and

measured following the last timepoint (2 hour). The marked decrease in intracellular

Figure 3.7 Intracellular concentrations of 20 puM estriol in MDCK versus MDR1- :-
MDCK cells after bi-directional transport indicates active efflux. Apical to *…*
Cell describes amount of intracellular estriol after an apical dose of estriol, **** -

while Basolateral to Cell indicates the same after a basolateral dose. Solid ~. º
bars (L) and open bars (D) reflect intracellular measurements in absence ***
and presence of the P-gp inhibitor, GG918, respectively. **** º

-
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* p-0.001, Statistical difference observed in MDR1-MDCK cells (A to C) between
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** p-0.01, Statistical difference observed in MDR1-MDCK cells (B to C), as * *
defined above. \
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estriol levels for MDR1-MDCK cells suggest active efflux transport mediated by P-gp.

We observed a 46% and 30% decrease from an apical and basolaterally administered

dose, respectively. For intracellular concentrations measured in the presence of the P-gp

inhibitor, GG918, there was an 81% and 40% increase in intracellular estriol

accumulation from an apical and basolateral dose, respectively, in P-gp expressing cells.

P-gp inhibition restored intracellular levels close to those observed in control MDCK

cells. These studies confirm that estriol is a substrate for P-gp.

3.4.4 Ethynyl Estradiol

Ethynyl estradiol, a synthetic derivative of 3-estradiol, was tested for transport by P-gp in

the same model transport system as used for the previous compounds. The bi-directional

transport (Figure 3.8) that was measured in both MDR1-MDCK and MDCK cells showed

a significantly higher flux in the basolateral-to-apical (B->A) direction in MDR1-MDCK

cells. The B-> A flux in MDCK cells was significantly lower and non

distinguishablefrom the A->B flux values. The net efflux ratio values as detailed in Table

3.4 show a 13.8-fold increase for ethynyl estradiol transport in MDR1-MDCK cells over

MDCK cells. In the presence of the P-gp inhibitor, GG18, net efflux ratios were

decreased 9.2-fold in MDR1-MDCK cells. No change was observed in net flux across

MDCK cells in the presence of GG918, further corroborating that ethynyl estradiol is

indeed transported by P-gp. Intracellular concentrations of ethynyl estradiol were

measured following transport. There were significant decreases of ethynyl estradiol
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Figure 3.8 Transport of 5 puM ethynyl estradiol. º
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Table 3.4 Bi-directional transport of 5 puM ethynyl estradiol in the presence and

absence of 1 puM P-gp inhibitor, GG918, across MDR1-MDCK and • --> ! }

MDCK cell lines. ---.
7 ----' C.

Papp x 10" cm/s º
(avg #: SE, n=3) Net Efflux Ratio: º

Cell Line B->A A->B (B->A/A->B) 'ºt -
º

MDRI-MDCK 467 + 9 41.6 + 2.2 11 $º

+ GG918 27.6+ 1.4 22.6 + 2.5 1.2 º

MDCK 50.1 + 0.9 63.3 + 1.3 0.8

T |

+ GG918 28.5 + 6.7 27.7 ± 8.9 1.0 ** .\
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Figure 3.9 Intracellular levels of 5 puM ethynyl estradiol in MDR1-MDCK and
MDCK cell lines.
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following an apical or basolateral dose in the MDR1-MDCK cell line compared to

MDCK. We observed a 62% intracellular decrease after an apical dose and a 54.6%

decrease following a basolateral dose (Figure 3.9). These experiments provide supporting

evidence that P-gp acts to efflux ethynyl estradiol out of cells and that ethynyl estradiol is

a substrate of P-gp. The studies are the first to demonstrate that ethynyl estradiol, a

commonly prescribed oral contraceptive, is not only metabolized by CYP3A4, but is also

a very good substrate for P-gp transport. There are many potential drug-drug interactions

that may arise from concomitant administration of other P-gp substrate drugs due to the

transporter-enzyme interplay that has proven to have profound impacts on drug

absorption.
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3.4.5 Norethindrone

Norethindrone, a synthetic progestin derivative used primarily for oral contraception, was

tested to examine whether it is a substrate for P-gp. Since norethindrone was able to

induce MDR1 mRNA in a concentration dependent manner, we were curious as to

whether there may be a physical interactive relationship as well. Transport of 10 puM

norethindrone was examined across both MDR1-MDCK and MDCK cell lines in the

same manner as for previous compounds (Figure 3.10).

We discovered that norethindrone was not actively effluxed by P-gp as we did not

observe any difference in the B-> A flux between MDR1-MDCK and MDCK cell lines.

There was no difference between the B-> A flux and A->B flux in the MDR1-MDCK

cells. However, MDCK cells exhibited higher permeability in the A->B direction, hinting

perhaps that norethindrone may be a substrate for an unidentified transporter in MDCK

cells since the net efflux ratio is less than 1.0 (Table 3.5). The efflux ratios of the

permeabilities for both directions as displayed in Table 3.5, shows the lack of increase in

efflux in the B->A direction as is observed for better P-gp substrates. Furthermore,

intracellular concentrations of norethindrone after transport were not found to differ

between cell lines (Figure 3.11). In fact, there was a slight increase in norethindrone

intracellular concentrations following a basolateral dose in MDR1-MDCK cell lines. This

demonstrates that norethindrone is not a likely substrate for P-gp.
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Figure 3.10 Bi-directional transport of 10 puM norethindrone across MDR1-MDCK and
MDCK cell lines.
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Table 3.5 Bi-directional transport of 10 puM norethindrone across MDR1-MDCK and
MDCK cell lines.

Papp X 10’ cm/s
(avg + SE, n=3) Net Efflux Ratio:

Cell Line B->A A->B (B->A/A->B)

MDRI-MDCK 43.8 + 5.9 33.1 + 5.2 1.3

MDCK 34.8 + 6.8 57.3 + 7.1 0.6
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Figure 3.11
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Intracellular accumulation of 10 puM norethindrone across MDR1-MDCK
and MDCK cell lines.
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3.5 Discussion and Conclusions

MDR1-MDCK

saloc
| GB to C

Studying the integral elements that dictate the role of P-gp in major drug-eliminating

organs (i.e. intestine, liver) is essential to understand better the absorption and

elimination of many administered drugs and hormones prevalent in women’s health. We

hypothesize that steroid hormones and both their natural and synthetic metabolites can

modulate the expression and function of P-gp. This in turn can affect the

pharmacokinetics and bioavailability of drugs that are substrates for P-gp in women.
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Upon investigation of this hormone-transporter relationship, several estrogens and their

synthetic congener, ethynyl estradiol, were found to be transported by P-gp. The results

of our studies have significant clinical implications in identifying potential interactions

and/or complications between exogenously administered hormone therapies and co

administered P-gp substrate drugs. The discovery of P-gp induction by several

endogenous estrogens has also exposed a critical need for more women’s health research

investigating menstrual cycle effects on the therapeutic efficacy of many drugs

transported by P-gp.

A deeper exploration into the interactions between P-gp and these steroid hormones led

us to question whether these steroid hormones may potentially be substrates for P-gp. A

bidirectional transport system in MDR1-MDCK and control MDCK cells was used to

measure P-gp mediated active transport of various steroid hormones. Results indicate that

20 puM 3-estradiol is transported by P-gp with a net efflux ratio of 3.5 in MDR1

MDCK/MDCK cells. Furthermore, its synthetic derivative ethynyl estradiol (10 HM) was

also discovered to be a strong P-gp substrate with a net efflux ratio (B->A/A–B) of ~11.

Estrone and estriol were effluxed by P-gp substrates with ratios of ~7 and 3, respectively.

The addition of the specific P-gp inhibitor, GG918, collapsed the B->A/A->B net flux

ratios of these estrogens to ~1. Norethindrone was not found to be transported by P-gp.

These results were confirmed by examining the impact of a P-gp inhibitor on transport.

Further investigation led us to examine the accumulation of drug intracellularly following

transport. Those compounds that were found to be substrates in our established MDR1

MDCK and MDCK transport system demonstrated a collapse of the B->A/A->B net flux
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ratio in MDR1-MDCK cells to a ratio comparable to MDCK cells and revealed

significant intracellular concentration decreases in the MDR1-MDCK cell line. Our

studies show that estrogens, both natural and synthetic, were primarily transported by

P-gp.

As progesterone is known not to be a P-gp substrate, it is important to note that the

progestin synthetic derivative, norethindrone was also not transported by P-gp. Despite

previous differences in the literature, 3-estradiol was found to be a P-gp substrate in our

studies and in the same way, its successor metabolites, which are equally important in

mediating estrogenic effects, are also good substrates. Differences in chemical structure

and hydrophobicity between estrogens and progestins may determine the specificity of

binding, transport and antagonism of P-gp. Other possible reasons can only be attributed

to the promiscuous, yet specific nature of this enigmatic transporter. This is the first

report to demonstrate P-gp mediated transport of these synthetic and natural steroid

hormones, many of which are known to be widely metabolized by CYP3A enzymes and

eliminated thereafter (173-175), but never previously investigated as potential P-gp

substrates. These natural estrogens, as well as ethynyl estradiol, can be added to the

growing list of compounds that are both P-gp and CYP3A substrates, facilitating a better

understanding of the elimination and overall efficacy of hormone therapies in women.

Additional studies are necessary to elucidate the complex interaction between transport,

induction and the effect they have on each other, not to mention their clinical relevance.
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The endeavor to understand the effects of natural and synthetic steroid hormones on the

expression and function of P-gp requires further in vitro studies investigating the

regulation of P-gp at the molecular level. In humans, variations in hormone levels during

the menstrual cycle have been correlated with changes in P-gp expression. Hence, the

relevance of exploring hormonal effects on the pharmacokinetics of P-gp substrate drugs

becomes more significant. The involvement of steroid hormones as P-gp substrates and in

the modulation of P-gp expression points to an association between the effects of

reproductive hormones on P-gp and potential consequential risks for drug efficacy in

women. Thus, further investigations of the interactions between sex-steroids and P-gp

substrate drugs are necessary to improve predictions of complications that may

compromise therapeutic drug efficacy and better understand the effects of both

endogenous and exogenously administered hormones on drug therapy in women.
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CHAPTER IV

Ovulatory Cycle Effects on P-gp Expression and
Function in HIV+/- Women

4.1 Objectives

In order to identify and address the factors that influence women’s health as it relates to

HIV/AIDS research, care and treatment, it is imperative to direct the focus of more

research into investigating the physiologic distinctions in women. This also includes

increased representation and participation of women in clinical research studies.

Pharmacologic research in the last decade has revealed sex differences in both transporter

and metabolizing enzyme expression, causing scientists to reassess the usual approach to

prescribed medicines. To elucidate sex-specific characteristics, specifically the effects of

the female reproductive system on the pharmacology of anti-HIV drugs, we implemented

a longitudinal, repeated-measures analysis, clinical cohort study in women. In this study,

we investigate the effect of hormone changes during the ovulatory cycle on P-gp

expression and function, and its modulation of the pharmacokinetics of drugs that are

substrates for P-gp. We evaluated the pharmacokinetics of the HIV protease inhibitor (PI)

and P-gp substrate, nelfinavir, in both HIV-positive and negative pre-menopausal women

of African-American and Caucasian descent. Changes in pharmacokinetics as it relates to

menstrual cycle phase were analyzed by examining changes in the distribution of P-gp
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expression in the intestinal mucosa, endometrium and lymphocytic blood cells. We

hypothesize that the impact of elevated estrogen and progesterone secretion during the

luteal phase of the menstrual cycle could augment P-gp expression and activity in the

liver and endometrium. As nelfinavir is metabolized primarily by CYP2C19,

predominantly expressed in the liver, increased biliary efflux at the canalicular surface

mediated by P-gp in the liver will act to limit exposure of nelfinavir to the metabolizing

enzymes (CYP2C19) and increase plasma drug levels. Conversely, reduced P-gp

expression during the follicular phase (basal progestin and estrogen levels) will lessen

hepatobiliary efflux and enhance exposure to metabolizing enzymes, lowering critical

therapeutic plasma levels of drug. Hence, we hypothesize that P-gp (MDR1) expression

and function varies with ovulatory phase, potentially compromising antiretroviral drug

therapy in a substrate and enzyme-specific manner. We also aim to determine the effects

of ethnicity based on MDR.1 SNP genotype and the presence vs. absence of HIV infection

on P-gp expression, as measured by quantitative analysis of P-gp in tissue biopsies, and

P-gp function, as measured in peripheral blood mononuclear cells (PBMCs) and the

pharmacokinetic profile of the protease inhibitor, nelfinavir.

4.2 Background

The significance of this study lies in the role of the menstrual cycle and its hormonal

effects on the efficacy of HIV protease inhibitors (PIs) and other P-gp substrate drugs as

related to P-gp expression and function. This is the first study of its kind to evaluate the

impact of hormones on multidrug resistance. We postulate that the impact of elevated

estrogen and progestin levels may well be limiting effective intracellular concentrations
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of PIs in critical HIV sanctuary sites such as the vagina-endometrium, where there is a

highly exposed surface area risk for infection during sexual transmission, by upregulating

P-gp expression and function. As it is known that development of HIV viral resistance to

PIs could be caused by inadequate drug levels, it is very likely that many women may not

be receiving adequate treatment at some point.

In the U.S., an epidemic of HIV is developing among women, particularly impacting

minority populations. Among women, the Centers for Disease Control and Prevention

(CDC) has estimated that African-Americans and Hispanics combined now represent the

majority of AIDS cases at 76% (176). AIDS is now reportedly the third leading cause of

death for women (aged 24-44) and the leading cause of death for African-American

women in this same age group (176).

Treatment for HIV has developed to include a wide spectrum of combination

antiretroviral therapy resulting in decreased morbidity and mortality among AIDS

patients in North America and Europe (177). Among the most commonly used anti-HIV

drugs, HIV protease inhibitors are known to be substrates and inhibitors of P-gp as well

as several cytochrome P450 metabolizing enzymes. Other anti-retroviral drugs including

non-nucleoside reverse transcriptase inhibitors (NNRTI's) appear to have little

interaction with the transport and metabolism of protease inhibitors. The interaction

between drug transport and metabolism works to synergistically increase or decrease the

absorption and metabolism of PIs in a substrate and site-specific manner. Elucidation of

the mechanisms by which sex-steroid hormones influence the activity of P-gp and
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metabolizing enzymes is vital in order to further improve the pharmacology of many

drugs in women.

Sex-specific effects on P-gp and CYP enzymes still remain largely undefined, but it has

been suggested that such effects may contribute to interindividual variation in drug

disposition, therapeutic response and drug toxicity (178). Many studies have explored the

significance of sex-related differences in the pharmacokinetics and pharmacodynamics of

drugs (179-181). Salphati and Benet (182) demonstrated that the basal level of hepatic P

gp expression in male rats was almost half that found in females. In human liver,

expression of P-gp was found to be 2.4-fold higher in males compared to females (183).

However, female subject liver samples were not identified in terms of menstrual cycle

phase. The pharmacologic significance of this difference in P-gp expression may be

explained by the hypothesis presented by Cummins et al. (181), where lower levels of

hepatic P-gp expressed in women appear to elevate intracellular drug concentrations,

thereby allowing for higher metabolism and clearance compared to men. However, it

remains to be seen whether sex differences will become important enough to elicit

adjustments in drug dosing.

It has been shown that steroids can induce P-gp and subsequently alter substrate

pharmacokinetics in vivo. Lin et al. (184) investigated the inducing effect of the steroid

dexamethasone on P-gp and CYP3A on the hepatic and intestinal first-pass metabolism

of the HIV protease inhibitor, indinavir, in rats. Dexamethasone was able to induce both

hepatic and intestinal P-gp, appearing to increase the intestinal metabolism of indinavir,
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which is primarily metabolized by CYP3A. We postulate that the combined induction of

both transporter (P-gp) and enzyme (CYP3A) in the intestine may have caused a

synergistic decrease of indinavir absorption. In the same way, endogenously circulating

estrogens and progestins may potentially alter transporter and enzyme expression in

various drug-eliminating organs. Estrogen and progestin receptors are known to be

expressed in both the intestine and the liver, along with androgen receptors and an

abundance of heat shock proteins (90 kD, 70 kD, 27 kD) (185-189). Therefore, it is very

likely that the peaks and troughs of estrogen and progestin levels during the ovulatory

cycle stimulate a plethora of physiologic cascades and changes in tissue protein

expression and function.

Marx et al. (190) discovered that progesterone enhanced the sexual transmission of SIV.

Vassiliadou et al. (191) showed that progesterone significantly inhibited IL-2 mediated

upregulation of the HIV-1 coreceptors, CCR5 and CXCR4, on activated T-cells as well

as mitogen-induced HIV proliferation. These results suggest that sex-steroids may be able

to inhibit HIV-1 transmission, including infection of CD4+ target cells via

CXCR4/CCR5 coreceptors. Results from our investigations add a surprising twist

suggesting the hypothesis that steroid hormones may in fact be inhibiting HIV by

upregulating P-gp. A recent study by Lee et al. (108) showed that the upregulation of P

gp at the surface of CD4+ cells infected with HIV-1 demonstrated greatly decreased

HIV-1 infectivity and production. An inverse relationship between P-gp and HIV was

confirmed by Hulgan et al. (192). This reduction of viral infectivity occurred both during

the fusion of viral and plasma membranes at subsequent steps in the HIV-1 life cycle.
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The research that we present here in this clinical study provides information to help

determine whether sex-steroids regulating P-gp can affect mechanisms underlying the

sexual transmission of HIV-1.

4.3 Study Design

The study was approved by the Committee on Human Research (CHR) and the General

Clinical Research Center (GCRC) at the University of California, San Francisco. It

represents project IV of a larger NIH-funded study investigating HIV infection,

transmission, disease progression and therapeutic intervention in women. Subjects were

recruited primarily from the Women's Interagency HIV Study (WIHS) and the San

Francisco Bay area. Prospective subjects were given an initial screening history and

physical examination, which included blood and urine tests to verify no new

developments in their overall health that could exclude them from the study. Before being

accepted to participate subjects gave verbal confirmation and were tested for abstinence

from alcohol and drug-abuse pre-study and during. Accepted subjects were informed of

the study details, risks and benefits and gave their written informed consent.

Twenty-one HIV-positive and negative African-American and Caucasian premenopausal

females were selected from a total screening popuation of 50 (Table 4.1). One individual

(subject #0) withdrew from the study mid-phase due to personal inconveniences. There

were four separate groups of women based on ethnicity and HIV status: 6 HIV+ African

American, 6 HIV-African-American, 5 HIV+ Caucasian and 4 HIV- Caucasian. Subjects

were selected based on the following inclusion criteria: subjects were between 20-47
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Table 4.1 Characteristics of premenopausal female study patients.

Patient ID # Age Race” HIV status

2 44 AA +

5 36 AA +

7 43 AA +

9 30 AA +

11 51 AA +

12 50 AA +

4 29 AA
-

8 41 AA
-

13 34 AA
-

21 37 AA
-

17 40 AA
-

19 34 AA
-

1 39 C +

6 38 C +

10 49 C +

18 32 C +

20 41 C +

3 23 C
-

14 35 C
-

15 26 C
-

16 32 C
-

*AA= African-American, C= Caucasian
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years old; weight must be less than 30% above or below ideal body weight; subjects must

be able to maintain adequate birth control during the study, independent of oral

contraceptive use; subjects must be on Efavirenz. Exclusion criteria included: subjects

with active medical problems; subjects who smoke tobacco; subjects who abuse drugs;

subjects who are on birth control pills during study; subjects unable to follow protocol

instructions or abstain from alcohol or caffeine throughout the study; subjects with

clinically significant elevations in SCr, BUN or LFT’s; subjects with Het 30%; subjects

who are taking any protease inhibitors, subjects who are allergic to nelfinavir, subjects on

any medications that are known to induce/inhibit P-gp, MRP1, MRP2, CYP3A or

CYP2C19 enzymes; subjects unable to understand the consent form.

Each qualified subject completed a total of seven procedures: one initial screening visit,

two vaginal ultrasounds with endometrial biopsies, two intestinal endoscopic biopsies

and two pharmacokinetic studies with nelfinavir. During the screening visit, in addition to

the medical history, physical exam and blood/urine tests, a serum pregnancy test was

administered to confirm non-pregnancy. All subjects were selected as “ovulatory” and

then admitted to UCSF once during their follicular and once during their me phase.

They underwent a vaginal ultrasound with an endometrial biopsy, intestinal endoscopy

biopsy and a pharmacokinetic study at each phase. The ovulatory cycle for each subject

was assessed by history and vaginal ultrasound to confirm that they were in the correct

phase during their visit. The phases were defined based on vaginal ultrasound results as

shown in Table 4.2. Accurate classification of visits as mid-follicular or mid-luteal phases

of the cycle was accomplished by referring to individual subject menstrual cycle history
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and scheduling visits during days 6-10 and 19-24, following the onset of menses. The

criteria for inclusion in the ovulatory group also included follicular phase FSH levels of

<20 m■ u/mL, an increase in estradiol between the follicular and periovulatory phases and

midluteal progesterone levels of > 5 ng/mL.

Table 4.2 Menstrual cycle phase as defined by vaginal ultrasound.

Phase Description

Early follicular Thin line endometrial stripe and no dominant follicle (<14mm)

Late follicular Triple line endometrium and dominant follicle (~14 mm)

Periovulatory Triple line endometrium and preovulatory follicle (~17 mm)

Early luteal Isoechoic endometrium with hypoechoic corpus luteum

Late luteal Isoechoic endometrium with hyperechoic or absent corpus luteum

Following vaginal ultrasound with endometrial biopsy, patients were transported to the

UCSF endoscopy unit where an IV line was put in and the endoscopy procedure was

performed by a collaborating UCSF gastroenterologist. Those patients with poor venous

access had a peripherally inserted central catheter (PICC) line inserted by a radiologist.

Subjects either were escorted home following the procedure or stayed overnight at the

GCRC. Diet was controlled such that all patients while at the hospital maintained the

same low fat diet on each study day. Breakfast, lunch and dinner were provided. Subjects
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fasted for at least six hours before the endoscopy and from midnight until three hours

after the morning nelfinavir dose administration on the pharmacokinetic study days.

During each phase, all subjects were given one oral dose (750 mg) of nelfinavir

(Viracept*) with a light snack at 0800 hours, and other necessary medications were taken

at least two hours afterward. Study drug was obtained through the Department of

Pharmaceutical Services, UCSF Medical Center. An indwelling peripheral venous

catheter was inserted asceptically into the forearm vein and blood draw samples (8 mL)

were serially collected into heparin-containing green-top tubes at the following times

post-drug administration: 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 6, 8 and 12 hours. Whole blood

samples were split into two 4 mL aliquot samples, the second served as a back-up, and

separated by centrifugation for plasma extraction. Plasma samples were then frozen at -

80°C until LC/MS analysis. Extra blood draws were taken for DNA isolation (SNP

genotyping) and peripheral blood mononuclear cell (PBMC) isolation.

Patients were allowed to go home following completion of the last 12 hour blood draw.

The risks associated with the endometrial biopsy include temporary discomfort from the

biopsy, uterine spasm and bleeding, similar to menstrual cramps. The risks of

venipuncture and PICC line placement include temporary discomfort, pain, bruising,

swelling, infection and mental anxiety. The risks associated with taking an oral dose of

nelfinavir include nausea, diarrhea, vomiting, headache, abdominal discomfort, hepatic

enzyme and bilirubin elevations, rash, and taste alterations. There is also a slight

theoretical chance that a single dose of a protease inhibitor may cause future viral

resistance to this class of medications. The risks of the endoscopy procedure include
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discomfort and possible bruising from a needle stick. Allergic reactions to sedating

medications may also occur, along with respiratory depression and hypotension, albeit

rare. Subjects’ vital signs were monitored continuously throughout the procedure.

Physical risks from the procedure are sore throat, tooth injury, injury by swallowing tube

(rare) and intestinal puncture at the site of biopsy (rare). Serious potential complications

(extremely rare) include hospitalization, surgery, blood transfusions, or death.

4.4 Materials and Methods

4.4.1 Materials

Ethanol, phenylmethylsulfonyl fluoride (PMSF), glycogen (Roche), Tris-HCl, EDTA,

isopropyl alcohol and chloroform were purchased from Sigma chemical company (St.

Louis, MO). The 18s internal standard (universal and classic), RNase-free

microcentrifuge tubes (1.5, 0.5 and 0.2 mL) were purchased from Ambion, Inc (Austin,

TX). MDR1 primers were purchased from BD gentest (Woburn, MA). SuperScript

OneStep RT-PCR with Platinum TAQ and DEPC-treated H20 were purchased from the

UCSF cell culture facility (CCF). Homogenizing buffer (50 mM Tris-HCl, pH 7.4, 20%

glycerol, 2mVM EDTA, 1 mM PMSF) was pre-made and stored in -20°C. Kontes-Duall

Tissue glass tissue grinders (1 mL capacity) were purchased from Fisher Scientific (Santa

Clara, CA). Endoscopic biopsy forceps and endometrial biopsy catheters were purchased

from the UCSF hospital. For biopsy sample preparation the following were stored in an

transport ice box: ice, dry ice, ethanol, pre-labelled cryovials, tweezers, 26-gauge

needles, TRIZOL (Gibco-BRL), PBS, petri-dishes, pipetman (1000, 200 and 20 mL),

pipette tips and goggles.
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4.4.2 Endometrial and intestinal tissue collection

The method of collection for endometrial and intestinal tissue biopsy samples was

adapted from Lown et al. (193). Preparation for sample collection required an ethanol:dry

ice bath for instantaneous freezing of homogenized samples. When endometrial biopsies

were taken, the biopsy catheter with tissue sample was emptied into a petri dish and

rinsed with PBS to remove excess blood and mucus. Intestinal biopsies were collected

using a needle to remove the tissue sample from biopsy forceps. Tissue was then

transferred in equal amounts to two chilled homogenizing tubes (one for total RNA

isolation and analysis, the other for protein expression analysis) on ice. An aliquot of 800

mL of Trizol along with glycerol (final concentration 250 pig■ mL) was added to the tube

directed for RNA analysis, and subsequently homogenized on ice. For the tube used for

protein expression analysis, 500 mL of homogenizing buffer was added and homogenized

with the pestle until the mixture was completely homogeneous. Aliquots from each

homogenizing tube were taken and placed into cryovials appropriately labeled with date

of collection, tissue type, study ID, patient ID, HIV status, ovulatory cycle phase, and

visit number. For protein analysis, aliquots were separated into 4 separate cryovials: 2 x

200 pull (Western blotting) and 2 x 50 pull (BioPad BSA protein assay). For RNA

analysis, homogenate was transferred in its entirety to a 1.5 mL microcentrifuge tube for

centrifugation (12,000xg for 10 minutes at 4°C) to remove extraneous insoluble material

such as extracellular membranes, polysaccharides and high MW DNA. The resulting

RNA-containing supernatant was then transferred to a fresh microcentrifuge tube. All

samples were then frozen by dipping them into an ethanol:dry ice bath for up to 3
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minutes. Tweezers were used to remove the sample, which was placed on dry ice and

stored in -80°C until further analysis.

4.4.3 Semi-quantitative RT-PCR

4.4.3.1 RNA isolation

Frozen stored RNA samples were thawed to room temperature and incubated in a water

bath between 20-30°C for approximately 5 minutes to allow complete dissociation of

nucleoprotein complexes. Chloroform (0.2 mL/1 mL Trizol) was added and tubes were

vigorously shaken by hand for 15 seconds and incubated in the 20-30°C water bath for 2

3 minutes. Samples were then centrifuged for 13 minutes at 13,000xg at 4°C to complete

phase separation. Phases consist of a lower red, phenol-chloroform phase, an interphase

and a colorless upper aqueous phase. RNA remains exclusively in the aqueous phase.

To precipate RNA, the aqueous phase was transferred to a fresh 1.5 mL centrifuge tube

and mixed with isopropyl alcohol (0.5 mL/1 mL Trizol). Samples were incubated again

in the 20-30°C water bath for 10 minutes and centrifuged at no more than 12,000xg for

10 minutes at 4°C. The RNA precipitate formed a gel-like pellet that was visible on the

side and bottom of the tube. Supernatant was aspirated and washed with 70% ethanol

diluted in DEPC-treated H20 (1 mL 75% EtOH/ 1 mL Trizol) by briefly vortexing and

centrifuging at 13,000xg for 2.5 minutes at 4°C. The 75% ethanol supernatant was

aspirated and the tube containing the RNA pellet placed in a negative pressure air vent to

air-dry (~20–30 minutes). The RNA pellet was not dried out completely, but dried until
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the pellet turned clear. To redissolve the RNA, 40-60 pull (depending on pellet size) of

RNase-free water was added, incubated in a water bath at 55-60°C for 10 minutes, and

mixed by passing the solution a few times through with pipette tip.

The concentration and purity of the isolated RNA sample was measured using a UV

spectrophotometer and a nanodrop machine, respectively. For UV detection, samples

were diluted 25 and 50-fold and subsequently read at two absorbances: 260A and 280%.

The purity was calculated by the wavelength ratio: 260A / 280A, where a resulting value

greater than 1.6 was considered sufficiently pure with minimal undegraded RNA product.

To calculate RNA concentrations, the measured wavelength at 260 nm was multiplied by

its respective fold dilution. Samples were diluted into 0.5 pig■ ul aliquots and frozen to

await RT-PCR analysis.

4.4.3.2 Primer design

The gene specific, intron-spanning primer sequence given in Table 4.3 was used for

hMDR1:

Table 4.3 MDR1 cDNA primer sequence and base location.

Primer Sequence Base Location

Sense 5’- TTTCATTTTGGTGCCTGGCAGC-3' 822-843

Anti-Sense 5’- AGAAGGCCAGCATAAGAT-3' 1358–1377
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The expected amplified fragment size was 546 bp. The 18s internal standard (universal)

expected amplified product length was 315 bp.

4.4.3.3. One-step RT-PCR

Superscript"One-Step with Platinum(8 Taq (Gibco-BRL) was used to detect RNA by

RT-PCR, in which both cDNA synthesis and PCR were performed in a single tube.

Human liver total RNA obtained from Ambion, Inc. was used as a positive control.

Integrity of RNA was confirmed by usage of the 18S ribosomal internal standard

(Ambion). The PCR reaction was performed by thawing of all components including 2x

Reaction Mix (Gibco-BRL), Template RNA, MDR1 (Sense/Anti-Sense) primers, Ambion

18s Primer:Competimer mix, and DEPC-H20. Individual PCR reaction tubes were

prepared on ice, each containing the following in the listed order:

a. 2x Reaction Mix (final concentration: 1x; 25 pul/tube)

b. DEPC-H20 (50% w/v; 14 pul/tube)

C. 10 puM Sense and Anti-sense MDR1 primer (0.2 puM each; 1 pul/tube)

d. 0.5 pig■ ul Template RNA (2pug; 4 pul/tube)

C. 18s (3:7) 0.5 pig■ ul Primer:Competimer (2 pig; 41L/tube)

8. RT/Platinum Taq Mix (1pul/tube)

The final volume was attained by addition of water up to 50 puL. Samples were briefly

centrifuged to make sure all components settled at bottom of the amplification tube and

analyzed in the PCR Express Thermal Hybaid as depicted in Figure 4.1:
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Figure 4.1 RT-PCR cycling conditions for MDR1 cDNA amplification.
I I

cDNAsynthesis PCRAmplification |
-

lenaturation : 30 cycles : Final Extension
i l
I I

94°C : 94°C 72°C : 72°C 4°C
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RT-PCR products were run on 2% agarose e-gels. Before loading, samples were kept on

ice while e-gels were pre-run at 62 V for 2 minutes. Samples were then diluted (5 pull

sample + 15 pull DEPC-H20) and loaded onto lanes. A 100 bp DNA ladder (7 pull ladder +

13 HL DEPC-H20) was also loaded in the first lane. Gel was run for 30 minutes at 60 V,

immediately viewed under a UV transilluminator and photographed using a UV Polaroid

Camera.

4.4.3.4 Semi-quantitative analysis

In RT-PCR, an RNA template was copied into a complementary DNA transcript (cDNA)

using a retroviral reverse transcriptase. The cDNA was then amplified exponentially

using PCR. RT-PCR was utilized to quantitate transcription down to single-transcript

per-cell sensitivity. In theory, only a single copy of cDNA is necessary to be detected by

PCR, but approximately one hundred copies is the practical lower limit of detection. In

order to compensate for variations in RNA quality, initial quantitation errors, and random

tube-to-tube variation in RT and PCR reactions, “multiplex” RT-PCR was used. This

involved using a second primer set in a single PCR reaction to amplify an invariant
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endogenous control (18s). The level of product from the gene of interest was normalized

against the production from the 18s control. In addition, the 18s internal standard utilized

competimer technology in which 18s competimers are modified at their 3’ ends to block

extension by DNA polymerase. By mixing 18s primers with increasing amounts of 18s

competimers, the overall PCR amplification efficiency of 18s cDNA can be reduced

without the primers becoming limiting and maintaining quantitative abilities.

Polaroid pictures of gels were scanned and captured electronically. Images were imported

into the NIH Scion image analysis software and the image inverted for optimal

quantification of band density. Pixel band density values measured were subtracted from

background values and ratio values were calculated for MDR1/18s to normalize for inter

individual lane and technique loading variability.

4.4.4 Western blot

4.4.4.1 Materials

The P-gp antibody, C219, was obtained from Signet (Dedham, MA). The following

materials were utilized for Western blotting: QiaShredder (Qiagen), BioFad gradient

Tris-HCl polyacrylamide gels (4-20%), PAGE electrophoresis apparatus, PVDF

membrane, nitrocellulose membrane, pre-stained broad range protein standard (BioFad),

10x Tris/Glycine/SDS running buffer (BioFad), Laemmli sample buffer,

fl-mercaptoethanol, microcentrifuge tubes, non-fat dry milk, Tris-HCl, Tris, glycine,

NaCl, deionized H20, Tween-20, razor, transfer cassettes, sponges, filter paper, Saran
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wrap, timer, 15 mL Falcon disposable polypropylene conical tubes, ECL reagents

(Amersham), Hyperfilm (Kodak) and a Kodak film developer.

4.4.4.2 Western blot method

The presence and expression level of P-gp was detected using Western blot analysis.

The protein concentrations of endometrial and intestinal homogenized biopsy samples

were quantified using a BioPad assay kit utilizing bovine serum albumin (BSA) as the

protein standard. All samples were diluted 1:1 with Laemmli buffer (containing 5%

B-mercaptoethanol) and adjusted to obtain a final loading concentration of 100 pig

protein. Samples were then immediately transferred to a QiaShredder and spun for 20

seconds at 13,000xg in 4°C. This step ensured more accurate loading by precluding the

sample from becoming overly viscous. Samples were then loaded unboiled onto a

BioFad gradient Tris-HCl polyacrylamide gel (4-20%) electrophoresis (PAGE) in

running buffer (recipe as shown in Table 2.1) at a constant 100V voltage for 90 minutes.

The pre-stained SDS broad range marker was also loaded (7pul) in the first lane or last

lane.

During transfer, nitrocellulose membrane was soaked briefly in methanol, then in transfer

buffer (Table 2.1) for at least 15 minutes at 4°C. Sponges and filter paper were also kept

soaking in transfer buffer. Gels were then blotted in transfer buffer along with

nitrocellulose, sponges and filter paper overnight at 26V at 4°C. The nitrocellulose

membrane was then blocked in 5% non-fat milk at room temperature for 1 hour and then

washed twice for 10 minutes in TTBS (Table 2.1) before probing with the primary P-gp
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antibody (C219; 1:100 in 1% non-fat milk) for another hour at room temperature. The

membrane was again washed with TTBS once for 15 minutes, twice for 10 minutes and

then probed with secondary goat anti-mouse horseradish peroxidase (HRP)-conjugated

antibody (diluted 1:15,000 in 1% non-fat milk) for 50 minutes at room temperature.

Membrane was then washed with TTBS once for 15 minutes and twice for 10 minutes,

then the same set of washes repeated with TBS (Table 2.1). Membranes were then taken

to the darkroom with a film developer and washed in a mixture of ECL reagents for 1

minute, blotted with Kimwipes, wrapped in plastic and exposed to film that was

subsequently developed. P-gp protein was detected with the enhanced

chemiluminescence system (ECL-Amersham). The resulting P-gp protein bands ran at an

apparent molecular weight of ~170 kDa. Band density was scanned and quantified using

the same method described above for RT-PCR.

4.4.5 Calcein-AM assay

4.4.5.1 Materials

The following reagents were used to isolate lymphocytes from normal and HIV-infected

blood: Hank's Balanced Salts (HBSS) Ca”/Mg” from the UCSF cell culture facility

(CCF), Histopaque-1077 from Sigma Diagnostics (St. Louis, MO), Trypan blue stain

0.4% membrane-filtered from Gibco BRL (Grand Island, NY), DMSO from Sigma

Aldrich, FBS from HyClone. The equipment used for PBMC isolation included: 50 mL

polypropylene conical-bottom centrifuge tubes, internally threaded cryovials (Nunc),

heparinized green-top vacutainers (Becton Dickinson), hematocytometer (Nikon, Japan),

pipets (200 and 1000 pul), 5 mL polystyrene round-bottom tubes, glass serological pipets
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(10 and 20 mL), Drummond pipet aid, aspirating glass pipet with bulb, goggles, face

mask, surgical gown, HIV waste and a Centra-8R ultracentifugation machine (IEC,

USA). The following materials were utilized for Calcein-AM uptake in the isolated

lymphocytes: PBS with Ca”/Mg” from CCF, FBS from HyClone, propidium iodide,

GG918, Calcein-AM from Molecular Probes (Eugene, OR), Richter's Modified

Improved MEM (IMEM) with Zinc Option containing L-glutamine, L-proline at 2 mg/L,

gentamicin sulfate at 50 pig■ mL and without phenol red. The antibodies that were used

include IgG2a-PE and UIC2-PE, which are IOTest conjugated antibodies purchased from

Immunotech (Beckman Coulter). CD56+ antibodies CD56-APC and its isotype control,

IgG1-APC, were purchased from BD Biosciences PharMingen. A FACSCalibur (II) flow

cytometer was utilized for FACS analysis in the Laboratory for Cell Analysis (LCA) in

the UCSF Cancer Research Center.

4.4.5.2 Isolation of lymphocytes

The cell preservation solution was prepared in advance, consisting of fetal bovine serum

(FBS) with 10% DMSO. A ready-to-use trypan blue solution was also premade,

consisting of 0.04% trypan blue diluted in HBSS. All isolations procedures using blood

samples were performed at room temperature as low temperatures could result in cell

clumping and poor recovery. Optimal PBMC separation from whole blood was obtained

within 2–3 hours of withdrawal.

Whole blood collected in green heparin vacutainers was centrifuged at 1,500 rpm for 10

minutes at room temperature without brake. The upper plasma layer was aspirated and
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the bottom layer (red blood cells) was diluted and gently mixed with HBSS (total volume

of 20 mL) using serological pipets and the pipet aid. The mixture of red blood cells and

HBSS was then transferred to a tube containing Histopaque (15 mL) at room temperature

and carefully layered on top without mixing. As Histopaque is toxic to cells, non-mixing

of Histopaque and red blood cell mixture will allow for optimal isolation. The layered

tube was centrifuged at 2,000 rpm without brake for 25 minutes. The resulting top HBSS

layer was aspirated and the middle buffy coat layer (at the HBSS and histopaque

interphase) was collected by pipette and mixed with fresh HBSS in a separate tube for

washing. The tube was centrifuged for 2,500 rpm at 4°C for 10 minutes, supernatant

aspirated and washed again with HBSS by centrifugation at 4°C at 2,500 rpm for 10

minutes with brake. A small aliquot (50 pull) of the suspension mixture was taken before

the final centrifugation and diluted 1:1 with trypan blue (50 pul) for staining to count

lymphocytes. One to two drops were added to the hematocytometer and the number of

viable lymphocytes was counted in two 4x4 chambers via microscopy. The total cell

number (CC) was calculated by the following equation:

Cc = [(Count,...)/(1x10")] × 2 × 20

Dead cells were subtracted from live from each chamber and averaged to determine the

lymphocyte count mean. The derived CC value was divided by the original volume of

blood obtained (20 mL), giving the volume of cell preservation solution needed in which

to resuspend cells in order to obtain a final concentration of twenty million cells/mL. The
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cell suspension was separated into 0.2 mL (4 million cells) aliquots in 4 cryovials, slowly

frozen to -80°C overnight and stored in liquid nitrogen until use.

4.4.5.3 Calcein-AM accumulation and efflux assay

The functional activity of P-gp was measured by the efflux/retention of intracellular

Calcein, a P-gp substrate, from isolated lymphocytes as determined from flow cytometry.

Calcein-Acetoxymethyl (Calcein-AM) (Figure 4.2) is a lipid-soluble, fluorogenic,

esterase substrate that can passively cross through cellular membranes. Once inside,

intracellular esterases cleave Calcein from its acetoxymethyl side group and Calcein is

effluxed out in the presence of endogenous P-gp. Higher P-gp function and activity is

characterized by decreased intracellular fluorescence.

Figure 4.2 Calcein-AM, a green fluorescent P-gp substrate.
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cells and higher intesnsity of fluorescence signal. Antibodies pre-conjugated to

fluorescent molecules were used (Table 4.4). To identify P-gp expressing cells, a

phycoerythrin (PE) fluorescent-tagged antibody was used along with an anti-mouse IgG

isotype control, also labeled with PE. CD56+ cells were identified by utilizing

allophycocyanin (APC)-conjugated antibodies. To separate live cells from dead,

propidium iodide (PI) was used as a viability stain, since dead cells allow uptake of PI.

Table 4.4 Pre-conjugated antibodies for P-gp expressing and CD56+ natural-killer
cells.

Antibody Isotype Control

UIC2-PE (P-gp) IgG2a-PE

CD56-APC (CD56+ NK) IgG1-APC

4.4.5.4 Flow cytometry

A FACS Calibur from the UCSF Cancer Research Center was utilized to analyze cells

one at a time as they flow through two laser beams: a 488 nm argon-ion and a 635 red

diode. The method of fluorescence-activated cell sorting allows one to stain, analyze and

isolate/sort cells from multiple subpopulations. The lasers analyze multiple physical

characteristics of a single cell such as cell size (forward scatter, FCS), granularity (side

scatter, SCC) and intensity measured by up to four fluorescent parameters (Table 4.5).
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The limit of detection of rare cells is 1 x 10". The cells are diluted in sheath fluid before

being loaded on, where the cells then pass in a single file down through several laser

beams.

Table 4.5 Fluorescent parameter for measuring P-gp efflux in CD56+ and P-gp
expressing lymphocytes.

Fluorescent probe Channel Emission (nm)

Calcein-AM FL1 488

Phycoerythrin (PE) FL4 525

Allophycocyanin (APC) FL2 640

Propidium iodide (PI, viability stain) FL3 617

Physical characteristics of the cell are measured by the scatter caused by the fluorescent

light emitted from each cell. Additionally, all pre-conjugated fluorescent antibodies were

carefully chosen so that they would be emitted at separate excitation wavelengths and

channels to prevent inter-channel bleeding and minimize interference. The goal of our

study was to measure and compare P-gp function between ovulatory cycle phase

(follicular vs. luteal) through Calcein fluorescent dye extrusion.
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4.4.5.5 Calcein-AM assay protocol

Frozen peripheral blood mononuclear cells (PBMCs) were rapidly thawed in a 37°C

water bath until a liquid suspension was attained. Cells were washed twice in IMEM with

10% FBS by centrifugation at 1600 rpm for 5 minutes at room temperature. The cells

were then resuspended in IMEM/FBS, aliquoted into separate reaction tubes, and allowed

to equilibrate for 1 hour at 37°C in 5% CO2. Those cells designated for Calcein-AM

uptake (minus controls) were centrifuged at 1600 rpm for 5 minutes. IMEM/FBS

supernatant was aspirated and the cells resuspended in 0.25 puM Calcein-AM with or

without 250 nM GG918. Cells were incubated for 20 minutes at 37°C in 5% CO2 (in

dark, under foil). The Calcein-AM uptake reaction was terminated by placing tubes on

ice and adding ice-cold IMEM/FBS. All tubes were centrifuged at 1600 rpm for 5

minutes and aspirated to prepare for addition of antibodies. Cells were then incubated and

stained with appropriate antibodies and isotype controls for 40 minutes on ice in the dark.

Following incubation, the addition of ice-cold PBS with 10% FBS stopped staining and

cells were subsequently washed twice in PBS/FBS via centrifugation at 1600 rpm for 4

minutes at 4°C. Samples were capped, stored on ice and analyzed on a FACS Calibur

instrument (Coulter). Each sample was spiked with 7.4 puM propidium iodide prior to

loading to stain for and exclude dead cells from the chosen population. Data were

acquired with a minimum of 3,000 events per sample and gated for CD56+ and PI

negative stained cells. The samples with the P-gp inhibitor, GG918, were normalized to

the Calcein-AM only samples in order to determine a fold-difference in intracellular

fluorescence caused by the inhibitor.
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4.4.5.6 Data analysis

The data for Calcein-AM FACS analysis were collected as median intensity values for all

samples. The intensity of Calcein fluorescence for each sample was plotted against cell

counts with the following gates: (1) live only (2) live, P-gp and CD56+ expressing cells

(3) live, CD56+ only cells. Of these, the gated CD56+ expressing live cells showed the

most consistent results and the median Calcein-AM fluorescent values were compared

between follicular vs. luteal phase samples in the presence and absence of P-gp inhibitor,

GG918.

4.5 Results

4.5.1 Endometrial P-gp expression

Protein and mRNA expression of endometrial P-gp was evaluated using Western blotting

and RT-PCR, respectively. MDR1 mRNA endometrial expression for all patients are

depicted in Figure 4.3 as fold induction or percent decrease during the luteal phase over

follicular, normalized to the 18s internal standard. Individual study patient results are

identified by patient ID number and are also grouped by ethnicity (AA= African

American; CA= Caucasian) and HIV status.

Results show that there was no pattern in induction for any particular ethnic group or

based on HIV status. An average 3.2-fold induction of MDR1 mRNA was observed

during the luteal phase over the follicular in the 21 study patients. Grouped by ethnicity,

African-Americans exhibited a marked 4.3-fold endometrial induction during the luteal

phase over follicular. Caucasians also showed an overall induction of 1.7-fold. Amongst
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Figure 4.3
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HIV-negative Caucasians, there was a 1.84-fold induction during the luteal phase (over

follicular) while in HIV-positive Caucasian females, there was a similar 1.5-fold

induction. HIV-negative African-American study patients exhibited a significant 3.1-fold

average induction and HIV-positive females of the same ethnicity demonstrated a

remarkable 5.5-fold induction during the luteal compared to follicular phase. Of the

African-American study subjects, only two patients out of twelve (16.7%) showed either

decreased endometrial MDR.1 mRNA expression or no change between phases. However,

among the nine Caucasian subjects, 33% of study patients showed decreases with two

patients showing lower decreases in endometrial MDR1 mRNA expression and one

patient with no change in expression.

Western blotting of P-gp protein using the specific C219 primary antibody demonstrated

no change in expression for all subjects in the endometrium. There were a significant

number of endometrial tissue samples, particularly during the follicular phase that were

saturated and infused with blood, despite several PBS washes, which may have

contaminated the purity of Western blot protein detection by introducing extraneous

blood proteins. This was due to the very thin endometrial lining during the follicular

phase following menstruation and shedding of the lining, posing a technically difficult

task to obtain adequate viable tissue for this less sensitive method. In normal samples,

there was no observed change between phases, using a positive control (MDR1-MDCK

cell line) and a GAPDH internal standard with which to normalize protein expression and

account for inter-lane loading technique variability.
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4.5.2 Intestinal P-gp expression

Changes in MDR.1 mRNA expression were investigated in intestinal biopsy tissues to

determine whether induction was observed in the presence of peak fl-estradiol and

progesterone circulating levels during the luteal phase. Intestinal expression of MDR1

mRNA is shown in Figure 4.4 as a percent decrease or fold induction in the luteal phase

compared to the follicular phase. Expression for individual study patients is identified by

ID number and grouped by ethnicity and HIV status. Electronic image analysis of pixel

band density for all cDNA bands were determined and normalized to its respective 18s

internal standard.

Intestinal MDR.1 mRNA expression results demonstrated an insignificant 1.11-fold

overall increase during the luteal phase compared to follicular. In the nine Caucasians, we

observed an average 1.33-fold induction during the luteal phase (compared to follicular),

while in African-American female patients, there was a 4.8% decrease in expression.

However, it was curious to note that in Caucasians, the majority of subjects (5 out of 9)

demonstrated induction to some degree (up to 4.2-fold), while only 3 subjects showed a

significant decrease in expression. Conversely, in African-Americans, a majority of 10

out of 12 exhibited a range from 0 to 94% decrease in intestinal MDR.1 mRNA

expression during the luteal phase compared to follicular. Only 2 patients demonstrated

an average 2.2-fold induction with a maximal 3.1-fold induction. We observe ethnic

º

r
*-
*
sº

**
***

arºº

º --- -

g
º º

º

145



Figure 4.4
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differences in MDR.1 mRNA intestinal expression between African-American and

Caucasian female study patients, with African-Americans showing a general trend for

lower MDR1 mRNA intestinal expression.

Probing of P-gp protein using the C219 polyclonal antibody for intestinal expression was

determined via Western blotting. Villin was utilized as an internal standard to normalize

protein band densities for inter-individual variability between samples and account for

variation in sample loading. We observed no change in intestinal P-gp expression

between the follicular and luteal phases. We did detect a second band running at ~150

kDa below the expected P-gp protein band (170 kDa), which may be the unglycosylated

form of P-gp. This was observed for both intestinal and endometrial samples. However,

the two bands both did not show any inter- or intra-individual variation in

density/expression.

4.5.3 P-gp function in isolated lymphocytes (Calcein-AM)

Changes in P-gp efflux function, based on menstrual cycle phase, were determined by

assessing intracellular Calcein fluorescence accumulation using flow cytometry analysis.

A specific inhibitor of P-gp, GG918, was used at 0.25 pum to confirm the presence and

functional activity of P-gp in selected cell populations. Inhibition of P-gp in the presence

of GG918 would mitigate Calcein efflux mediated by P-gp and thereby cause greater

accumulation of Calcein fluorescence, resulting in a greater median fluorescence value.

Tables 4.6 and 4.7 illustrate the measurements observed based on ethnicity (African

American and Caucasian, respectively) and HIV status.
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Table 4.6 Comparative analysis of intracellular Calcein fluorescence accumulation
between follicular and luteal phase in African-American (AA) study
patients. Inhibition of P-gp was measured using GG918 (0.25 puM) to
confirm transport presence and activity.

Ethnicityl Calcein
Patient ID HIV Status Phase Fluorescence + GG918

2 AA / HIV+ 1 1910.9 2308.2

2 1526.1 2277.3

5 1 1094.1 1700.1

2 352.3 429.4

7 1 1154.8 973.4

2 1000 1394.9

9 1 2072.1 n/a

2 1433 1843.4

11 1 2996.1 3337.6

2 1910.9 2665.5

12 1 228.8 316.2

2 248.1 347.6

4 AA / HIV- 1 562.3 n/a

2 685.4 n/a

8 1 1684.9 n/a

2 1433 1286.4

13 1 250.3 324.9

2 196.3 365.2

17 1 245.8 378.6

2 270.7 205.4

19 1 620.8 805.8

2 865.9 1333.5

21 1 615.3 667.14

2 395.9 1018.2

Phase 1= Follicular, Phase 2= Luteal
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Table 4.7 Comparative analysis of intracellular Calcein fluorescence accumulation
between follicular and luteal phase in Caucasian (C) study patients.
Inhibition of P-gp was measured with GG918 to confirm transport
presence and activity.

Ethnicityl Calcein

Patient ID HIV Status Phase Fluorescence + GG918

1 C / + 1 704.1 1144.4

2 1036.6 1240.9

6 1 1218.8 2206.7

2 620.8 540.1

10 1 203.5 286.4

2 152.6 289

18 1 107.5 264.2

2 116.5 302.3

20 1 156.8 245.8

2 140.7 245.8

3 C / - 1 609.8 938.9

2 129.8 155.4

14 1 3.19.1 582.9

2 316.2 419.8

15 1 205.4 465.6

2 248.1 567.4

16 1 232.9 375.2

2 179.4 399.5

Phase 1= Follicular, Phase 2- Luteal

Natural killer CD56+ lymphocytes express the highest levels of MDR1 mRNA, followed

by CD8+ (T-helper) > CD4+ (T-suppressor) = CD15+ (granulocytes) > CD19+ (B cells)

> CD14+ (monocytes) (194). Samples were gated for a minimum of 3000 live, CD56+

expressing subpopulation of blood cells and measured for intracellular Calcein

fluorescence. Results show a 16.8% average decrease in intracellular Calcein
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Figure 4.5 Percent change (increase or decrease) in intracellular Calcein fluorescence

|

accumulation during the luteal phase (over follicular) in all study patients.

2 as
5 I-20

* | 7 •=
3. 9 -79

11 -10.3

12 me
-1

4 *=
8 -49

- || 13 50

3 | 2. -35.6m
17 40

19 –9.2

1 –22

6 -15
+

-

C | 10 20

18 8

20 -36.2

3 -31

- || 14 -13.4
CD

-

15 -68

16 20
I in i. - W.

-100 -80 -60 -40 -20 0 20 40 60

% Change (Luteal / Follicular)

150



accumulation among gated CD56+ cells during the luteal phase, compared to the

follicular phase in the 21 study subjects (Figure 4.5). This suggests that P-gp activity is

upregulated during the luteal phase possibly due to higher endogenous circulating levels

of estrogens and progestins.

4.6 Discussion and Conclusions

There are numerous studies that have shed light on the dynamic interactions between

steroid hormones and multidrug resistance. It was initially demonstrated by Arceci et al.

(86) that the expression of murine marla mRNA and P-glycoprotein increased markedly

in the secretory luminal and glandular epithelium of the gravid murine uterus by the

combination of [-estradiol and progesterone. Data indicate that the mdrla gene locus is

hormonally responsive to estrogen and progesterone. This was further confirmed by

Mallick et al. (77) who showed that the progesterone receptor activated mdr1b

transcription indirectly at a sequence between –122 and —65. Mutations in binding sites

for essential mar transcription factors, NF-IL6 and NF-Y, found within this region

reduced induction mediated by progesterone. In a more recent study, the role of estrogen

receptor subtypes (ER-0 and ER-3) in modulating P-gp expression and overall drug

resistance was studied in cultured breast carcinoma cells by Zampieri et al. (118). It was

shown that both ER subtypes were critical for initiating or inhibiting MDR.1 transcription

via AP1 and Sp1 binding sites in the MDR1 promoter. The importance of estrogens and

progestins has been established in these in vitro and animal in vivo studies over the past

15 years. However, the clinical relevance in women’s health and multidrug resistance is

currently under investigation.
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Several retrospective studies looking directly at the effect of menstrual cycle phase on P

gp expression in endometria were performed early on by Axiotis et al. (110, 111). The

expression, distribution and intracellular localization of P-gp was investigated utilizing

immunohistochemistry techniques in normal endometrial tissue (retrospectively, n=36)

during the ovulatory cycle. Early follicular phase (proliferative) and menstrual

endometrial showed weak or absent immunostaining for P-gp. Mid-follicular phase

endometria also showed weak staining (<15%) in the glandular epithelia. However,

endometria from late follicular to mid-luteal (secretory) phases exhibited strong apical

paranuclear staining and spread to include luminal membraneous, sub- and supranuclear

vacuolar regions (>80%) over the course of the luteal phase. Immunoreactivity was

observed to diminish at the end of the luteal phase (<35%). It was suggested that P-gp

expression corresponds to rising plasma and tissue levels of progesterone, which is

associated with marked development in the secretory glands. P-gp expression was

strongly detected in 72% of tumor samples using the same technique in endometrial

adenocarcinomas (n=36) with similar apical and paranuclear type staining patterns.

In a subsequent study, Kodama et al. (195) also utilized immunohistochemical staining

using the C219 P-gp-specific antibody to investigate retrospectively, P-gp expression

changes in endometrial adenocarcinoma. Membranous and paranuclear P-gp staining was

observed, with immunopositivity observed to be highest primarily during the early luteal

(secretory) phase. P-gp staining was gradually increased from the late follicular phase, as

observed in previous studies, peaked during the early luteal phase and gradually declined

during the mid- to late luteal phase. These studies have demonstrated the ability of P-gp
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expression to vary based on ovulatory cycle phase, characterized and controlled by

changes in regulated estrogen and progesterone levels.

The investigative studies that we present here are the first to examine real-time and in

vivo, the ability of estrogens and progesterone during the ovulatory cycle to regulate P-gp

expression in the intestine and endometria. The intricacies of the study extend to

investigate these effects in normal and HIV+ women, as well as African-American and

Caucasian women. We procured endometrial and intestinal tissue biopsy samples at both

mid-follicular and mid-luteal phases from 21 study patients based on their individual

cycles. In the endometria, 16 out of 21 patients (76%) exhibited induction of MDR1

mRNA from 1.11-fold up to 25.7-fold induction during the luteal phase, compared to

follicular. Only 3 out of 21 (14%) subjects showed a decrease in MDR1 mRNA

endometrial expression during the luteal phase (over follicular) and 2 (10%)

demonstrated no change. A X*-statistical analysis testing for MDR.1 mRNA upregulation

during the luteal phase found the distribution to be significant with a chi-square value of

16.2 and ps().001. The two patients with the highest levels of induction (11.7 and 25.7-

fold) were African-Americans, while the Caucasian group had the 2 patients with the

largest decreases in MDR1 mRNA expression during the luteal phase (12% and 37%).

Based on ethnicity, African-Americans showed the higher average induction in MDR1

mRNA expression during the luteal phase with a 4.3-fold average increase and

Caucasians demonstrated a modest 1.7-fold increase. Interestingly, African-American

HIV+ subjects revealed the greatest induction at 5.5-fold, mostly due to one patient
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displaying a remarkable 25.7-fold increase. Overall, there was an average 3.2-fold

induction observed for all 21 subjects.

Intestinal MDR.1 mRNA expression between phases proved to be more mercurial. We

observed no obvious change in MDR1 mRNA expression during the luteal phase

compared to follicular with an average 1.11-fold increase. African-American subjects

showed a slightly greater overall decrease in expression during the luteal phase

(compared to follicular) at 4.8%. Conversely, Caucasians showed an average 1.33-fold

induction, albeit insignificant. Worthy of note, the majority of Caucasians (56%) showed

induction to some degree while 83% of African-Americans demonstrated 0 to 94%

decrease in MDR.1 mRNA expression. It has been shown that the majority of African

Americans have a higher frequency for being homozygous wild-type (CC) for the

C3435T MDR.1 SNP genotype (61%) compared to Caucasians at 26% (p<0.0001) (196).

Further evidence of ethnic SNP genotype frequency differences between African

American and Caucasian MDR1 have been revealed by Kim et al. (197) showing that

62% of European-Americans and a mere 13% of African-Americans were the

homozygous variant (TT) for C3435T at exon 26 (also linked to C1236T at exon 12 and

G2677T at exon 21). Although translation of allelic variation in MDR1 into P-gp

functional expression continues to be controversial, we assume that homozygous variant

alleles are most likely associated with decreased P-gp expression and function. With this

assumuption in mind, it is interesting to note that the majority of African-Americans

exhibited decreased MDRI mRNA expression in the intestine, but greater overall

induction in the endometrium during the luteal phase, compared to Caucasians.
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Western blotting of endometrial biopsy tissue proved to be unsuccessful, primarily due to

contamination of samples with suffused blood despite washing. Additionally, there was a

lack of tissue samples during the follicular phase, characterized by a thin endometrial

lining, making it difficult to obtain sufficient tissue for most patients. Protein analysis of

intestinal tissue was improved. However, results showed no significant change in

intestinal P-gp expression between follicular and luteal phases of the menstrual cycle.

This suggests that ovulatory cycle changes may not significantly affect P-gp substrate

drugs that primarily undergo intestinal first-pass metabolism.

To investigate ovulatory cycle effects on P-gp function in blood cells, we utilized isolated

lymphocytes from study subjects. Isolated lymphocytes were gated for CD56+ natural

killer cells, which are the predominant lymphocytic subtype to express P-gp (194), and

we conducted Calcein-AM assays to measure P-gp efflux activity. Intracellular

accumulation of Calcein was measured and compared between phases. There was an

average 16.8% average decrease in intracellular Calcein fluorescence during the luteal

phase when compared to follicular for all subjects. This decrease was observed

consistently throughout both ethnic and HIV status subgroups. These results suggest that

P-gp activity may be enhanced during the luteal phase of the cycle in lymphocytes and

may be responsible for decreased intracellular lymphocyte drug accumulation. The extent

to which this correlates with P-gp genotype and phenotype relationships was

Subsequently examined. Statistical analyses suggest an ethnic and as well as a genotype

effect on lymphocyte P-gp activity. A significant correlation was observed between

African-American (AA) subjects and higher P-gp activity using baseline values
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(p=0.0047). A strong correlation was also observed for African-Americans comparing

control with P-gp inhibition by GG918. Increased P-gp activity in lymphocytes after

subtracting background inhibition values correlated significantly (p=0.01) in the same

AA subjects.

We conclude that there was no change in intestinal P-gp or MDR1 expression. However,

induction of endometrial MDR.1 mRNA during the luteal phase of the ovulatory cycle

may have therapeutic implications, especially for HIV" patients in whom the

vaginaendometrium may serve as an HIV sanctuary site. It is possible that induction of P

gp in the endometria and lymphocytes during the luteal phase may act to limit critical

intracellular accumulation of anti-HIV drugs thereby jeopardizing therapeutic efficacy.

Higher dosing regimens during the luteal phase may be required to maintain adequate and

sufficient intracellular drug levels in critical regions subject to greater HIV infection and

replication.
ºº
gº
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CHAPTER V

In Vivo Pharmacokinetics of Nelfinavir, Effects of
HIV Status and MDR1 Polymorphisms in African
American and Caucasian Females

5.1 Objectives

In this study, we theorize that P-gp activity is upregulated in expression and activity

during the luteal phase, when estrogen and progesterone levels peak. This in turn will

alter the pharmacokinetics of P-gp substrate drugs such as nelfinavir, an HIV protease

inhibitor. For a drug that is primarily metabolized hepatically, such as is the case for

nelfinavir via CYP2C19, lower P-gp expression and activity during the follicular phase

compared to luteal would mitigate hepatobiliary efflux and augment CYP2C19-mediated

hepatic metabolism. The in vivo functional consequences would be reflected in lower

plasma drug concentrations. On the other hand, increased P-gp activity during the luteal

phase would restrict opportunity for hepatic metabolism and therefore lead to less hepatic

metabolic clearance and higher plasma drug concentrations.

We also test whether hormonal upregulation of P-gp as it correlates to nelfinavir

pharmacokinetics will be dependent upon the presence of a synonymous C3435T variant

in exon 26 and respectively linked SNPs (G2677T in exon 21 and C1236T in exon 12) in

the MDR1 gene. We anticipated that the Caucasian study population would have a higher

º*****,pº
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frequency of the common MDR1*2 variant allele containing the 3 SNPs mentioned

above. We also anticipated that the African-American population would have a

significantly lower frequency for these variant alleles, and they would be predominantly

homozygous wildtype for these 3 SNPs. We further evaluated whether a difference in

nelfinavir pharmacokinetics was observed between Caucasians and African-Americans in

either ovulatory phase.

5.2 Introduction

At the end of the 20" century, numerous MDR1 single nucleotide polymorphisms (SNPs)

were identified, generating conflicting and controversial predictions with regard to their

role in affecting clinical outcome for P-gp substrate drugs. It was widely postulated that

genetic polymorphisms in the MDR1 gene could translate into less functional protein,

thereby compromising drug disposition and response via pharmacokinetic and

pharmacodynamic changes. Polymorphisms in the human MDR1 gene are identified as

random, coding or non-coding SNPs depending upon their location within the genome.

Random SNPs are the most common and found in intergenic deoxyribonucleic acid

regions or within introns. Coding SNPs are found in exons, which ultimately get

translated, and non-coding SNPs are found within the promoter, 5’ and 3’ untranslated

regions. Nonsynonymous coding SNPs are believed to be most significant since they

represent polymorphisms that result in an amino acid change. There are approximately 30

SNPs that have been identified within the MDR1 gene, with several groups having

successfully screened the entire MDR1 coding region (197-206).
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Variation in one specific allele, C3435T, located in exon 26 was found to be synonymous

with no change in amino acid, but was the first SNP to be associated with altered protein

expression although it did not result in an amino acid change (207). Several other

laboratories have also investigated its clinical effects, resulting in contradictory data.

Hoffmeyer et al. (207) reported lower intestinal duodenum P-gp expression in subjects

with the homozygous variant 3435(T/T) allele, resulting in higher digoxin plasma

concentrations at steady-state compared to subjects homozygous for the wildtype

(C/C)3435 allele. In contrast, Sakaeda et al. (208, 209) determined that subjects

possessing the homozygote wildtype allele (C/C) had the least MDR.1 mRNA expression,

as determined from duodenum biopsy tissue samples, and subjects with the homozygote

mutant allele (T/T) had the highest mean MDR.1 mRNA expression, with a 3-fold

difference. In accordance with this data, their digoxin clinical study exhibited higher

AUC04 hr values after a single oral dose of digoxin in Japanese subjects expressing the

wildtype (C/C) genotype compared to (C/T) and (T/T) subjects. Kim et al. (197)

discovered the presence of linkage disequilibrium between SNPs in exon 26 (C3435T)

and exon 21 (G2677T/A). This suggests that alterations in drug disposition due to

functional differences in P-gp that were initially attributed to the C3435T allele may be

the result of associated polymorphisms in exon 21. More recently, these two SNPs have

also been linked to a synonymous SNP in exon 12 (C1236T) (205, 210, 211). The SNP

(G2677T/A) at position 2677 in exon 21 yields two separate amino acids, Ala893Ser

(G2677T) and Ala893Thr (G2677A). This particular SNP, in combination with another in

exon 1 (T129C), has been associated with decreased P-gp expression in the placenta

(203). In vitro expression of MDR1 encoding the G2677T/A allelic variant in cells

:
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resulted in enhanced efflux of digoxin by cells. It has been suggested that the variant

allele may be associated with less expression, but higher function. However, definite

conclusions cannot yet be made. These results suggest that multiple genotypic

combinations of MDR1 polymorphisms, also known now as haplotypes, may work

independently or synergistically to regulate P-gp expression and function.

Among lymphocyte subsets, CD56' natural killer cells have been shown to express the

highest levels of P-gp at both the protein and mRNA level (194). To test whether the

variant MDR1 gene (C3435T) was related to altered P-gp function and activity in

peripheral blood mononuclear cells, real-time RT-PCR was utilized to assess MDR1

mRNA expression and flow cytometry to measure P-gp mediated rhodamine efflux

among 30 healthy Caucasians (212). Subjects with the homozygous wildtype genotype

(C/C) expressed the highest levels of MDR.1 mRNA and significantly lower intracellular

rhodamine accumulation (indicating more P-gp efflux). MDR.1 mRNA expression was

lowest in those with the variant genotype (T/T) and exhibited less rhodamine efflux.

These findings were confirmed by Fellay et al. (213) in 59 HIV+ patients, in whom

MDR.1 transcripts in PBMCs were highest among those with the wildtype (C/C) allele.

This group also investigated the role of P-gp, based on C3435T allelic variations in

antiretroviral treatment response, by measuring median drug concentrations of nelfinavir

(P-gp substrate) and efavirenz in plasma. They identified an association between the

mutant (T/T) genotype and lower plasma drug concentrations for both nelfinavir and

efavirenz in 203 patients. In an effort to predict antiviral treatment response, mean CD4

cell counts were measured and determined to be higher following 6-months treatment in

:
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patients with the variant (T/T) genotype. This might be explained by better intracellular

drug accumulation due to mutant, less functional P-gp, resulting in improved

antiretroviral efficacy.

The clinical study that we present here investigates the impact of MDR1 genotype on

nelfinavir pharmacokinetics based on ethnicity (African-Americans vs. Caucasians) and

linked MDR.1 polymorphisms, as well as HIV status. Speck et al. (214) demonstrated that

HIV-1 protein and infectious virus production were decreased approximately 70-fold in

CEM (CD4' T-cell line) cells overexpressing P-gp. HIV-infected volunteers (81% of

whom were on antiretrovirals) were found to express lower levels of MDR.1 mRNA in

isolated lymphocytes compared to healthy volunteers (215). Overexpression of P-gp

conferred immunologic resistance by delaying and protecting against caspase-dependent

apoptosis (216-221). These studies offer a piece in the puzzle to explain how the

overexpression of P-gp is associated with significantly decreased HIV mRNA levels.

Other groups offer a more mechanistic approach to understanding this phenomenon. It

has been suggested that HIV-1 entry into cells occurs selectively through lipid rafts,

which are highly ordered sphingolipid and cholesterol rich structures in the outer leaflet

of the cell membrane, of glycoplipid-enriched (GEM) domains (214, 222-224).

Overexpression of P-gp and its localization to lipid rafts may disrupt critical protein

receptor interactions because of the physical size and concentration of P-gp. Furthermore,

substrate binding of P-gp causes a conformational change that may interfere with CD4

gp160 binding, the formation of CD4-CXCR4 bundles or the protein-lipid ratio that may

:
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alter receptor function. Our studies will not only allow us to investigate how increased

P-gp during the luteal phase of the menstrual cycle affects nelfinavir pharmacokinetics,

but will also give evidence as to whether HIV has any impact on nelfinavir

pharmacokinetics via P-gp, based on menstrual cycle phase. Hence, we examine the

intricate interplay between reproductive hormones during the menstrual cycle, nelfinavir

pharmacokinetics, HIV status and MDR.1 polymorphisms.

5.3 Materials and Methods

5.3.1 Blood collection and DNA isolation

Prior to nelfinavir dosing, a 5 mL blood sample was collected into a Vacutainer

containing the anticoagulant, EDTA, and stored at 4°C before DNA analysis. A Puregene

DNA Purification kit (Gentra Systems, Minneapolis, MN) was used to extract DNA from

the blood and was aliquoted into concentrations of 10 ng/pull. Genotyping of MDR1

single nucleotide polymorphisms was performed using a sequencing method. For the

pharmacokinetic analysis of nelfinavir (750 mg dose), 8 mL samples of blood were

collected over a period of twelve hours and placed into two separate sodium heparin

vacutainers. Plasma was extracted from samples by centrifugation at -4°C for 10 min at

1300 rpm, transferred to 2 mL cryovials and stored at -80°C until analysis.

5.3.2 Sequencing analysis for MDR1 SNP identification

The region containing the single nucleotide polymorphisms (SNPs) of interest within

their respective exons was amplified by PCR. The products from the PCR assay were

verified by gel electrophoresis and subsequently sequenced to genotype the selected

:
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SNPs. The sequencing method utilized capillary electrophoresis and incorporation of

dye-labeled dideoxyribonucleoside triphosphates (ddNTPs). The PCR conditions for the

amplification of each gene are described in Figure 5.1, during which for each consecutive

cycle, the annealing temperature was decreased in 0.5°C increments. For the PCR

reaction, 1 pull of both forward and reverse primers (1.5 pmol/ul) for each exon (Table

5.1) were mixed with 10 ng of DNA template (1 pull of a 10 ng/pull DNA solution) and 5

puL of 2X Ampli■■ aq Gold Master Mix [(Applied Biosystems, Foster City, CA) containing

Amplifaq Gold DNA polymerase, GeneAmp PCR Gold Buffer, 30 mM Tris/HCl at pH

8.05, 100 mM KC1,400 puM of each dnTP, 5 mM MgCl2 and stabilizers]. DEPC-treated

water (3 pul) was added, bringing the total the reaction volume to 10 pull.

Figure 5.1 PCR amplification conditions

I l

cDNAsynthesis ! PCRAmplification
-

pre-denaturation : 10 cycles: : Final Extension
| -0.5°C percyde :

95°C : 94°C 72°C Trc 4°C
50°

m O T_* / sm 20sec 61°C 45sec 10min \–
30 min (Denature) 20sec (Extend) hold

| (Anneal) !

For PCR cleanup, two enzymes were utilized: shrimp alkaline phosphatase (SAP; 1 pull

from a 10 U/ul dilution), which acts to remove the phosphate group from any remaining

dNTPs, and exonuclease I (exol; 0.1 pull from a 1 U/uL dilution), which digests any

:
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Table 5.1 PCR primers for MDR1 exonic regions

Exon Primer Sequence (Sense/Anti-Sense)

2 5’- CCTCTTACTGCTCTCTGGCTTC-3' S
5’- TTCCATGTACCCCATTTCATAA-3” AS

10-11 5’- ATTTATATGTTGCCTCGCCATT-3' S
5’- GGCAATTCACAGACACAGGATA-3” AS

12-13 5’- CAGTTACCCATCTCGAAAAGAAGT-3” S
5’- TGTATCTACGACCAGTTGATACTGC -3” AS

21 5’- CAGCATTCTGAAGTCATGGAAAT-3” S
5’- CCAAGAACTGGCTTTGCTACTT -3' AS

26 5’- CTCACAGTAACTTGGCAGTTTCA-3' S
5’- GGTCAGGTGATCAGGTAAAGGT-3' AS

remaining PCR primers. Distilled water (0.9 pul) was added to bring the reaction volume

to 2 pull. The resulting product was then sequenced in a reaction containing polymerase

(0.25 pull BigDye v3.1), 1 pull (1.5 pmol/ul) of a single sequencing primer (Table 5.2),

0.875 uD of 5x sequencing buffer, 1 puL of PCR template and a mixture of fluorescently

labeled ddnTPs and unlabeled dTTPs. Distilled water (1.875 HL) was added to bring the

reaction volume to 5 pull. Sequencing conditions are delineated in Figure 5.2.

Incorporation of dMTP allows for extension of the template copy, while ddNTP

incorporation results in termination of extension. Final products were run on a 3730xl

.
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Table 5.2 Sequencing primers for MDR1 exonic regions

Exon Primer Sequence

2 5’- TTCCATGTACCCCATTTCATAA-3'

10–11 5’- GGCAATTCACAGACACAGGATA-3'

12–13* 5’- CAGTTACCCATCTCGAAAAGAAGT-3”
5’- TGTATCTACGACCAGTTGATACTGC -3'

21 5’- CAGCATTCTGAAGTCATGGAAAT-3”

26 5’- CTCACAGTAACTTGGCAGTTTCA -3'

*Reactions performed in both forward and reverse directions.

Figure 5.2 Sequencing conditions

I I

: Sequencing :
! 25 cycles |
I l
I l

95°C : 96°C 60°C : 4°C

1 min 10sec 50°C 4min hold
hold 5 sec |

I I

Genetic Analyzer (Applied Biosystems, Foster City, CA), where they were separated by

capillary electrophoresis according to their size length. A Millipore Montage cleanup

system (Millipore, Billerica, MA) was used for sequencing cleanup. Following

separation, fluorescent tags attached onto the ddNTPs at the ends of the product were

stimulated and excited by a laser, emitting a specific wavelength. Data was collected and
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converted into an electronic format, in which each labeled ddnTP signifies a specific

base (A, G, T or C) and was illustrated as a colored peak for the associated base using a

Sequencer (GeneCodes, Ann Arbor, MI). The sequence of bases was then analyzed for

SNPs, identified by a dissimilar base incorporated at the same particular position.

Heterozygotic samples were identified as having two bases incorporated and illustrated

schematically as overlapping peaks on top of each other.

5.3.3 Analytical method

For sample preparation prior to LC/MS/MS analysis, plasma samples were defrosted,

vortexed for 30 seconds and aliquoted (0.1 mL) into 1.5 mL microcentrifuge tubes.

Samples were spiked with the internal standard, an analogue of ritonavir kindly provided

by Abbott Laboratories, A-86093 (5S,8S, 10S,11S)-9-hydroxy-2-cyclopropyl-5-(1-

methylethyl)-1-[(2-1-methylethyl)-4-thiazolyl)-3,6-dioxo-8,11-bis(phenylmethyl)-

2,4,7,12-tetraazatridecan-13-oic acid, 5-thiazolylmethyl ester} at 0.4 ng/ul in 85%

acetonitrile, and vortexed vigorously for 30 seconds. Samples were then centrifuged at

10,000 rpm for 5 minutes and the supernatant transferred to WISP vials. Aliquots (5 pul)

were injected into a Micromass Quattro LC/MS/MS and analyzed along with standard

concentrations of nelfinavir (50, 100, 200, 500, 1000, 2000, 6000, 10000 ng/mL) and M8

(Figure 1.11)(25, 50, 100, 250, 500, 1000, 3000, 5000 ng/mL). Samples were injected at

a flow rate of 0.8 mL/min with the following mobile phase: 60% acetonitrile, 40% H20, 4

mM ammonium acetate and 0.15% acetic acid. Samples were initially injected into an

XDB-C8 (4.6 x 12.5 mm) guard column and backflushed into an Agilent ZORBAX

. tº
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Eclipse XDB-C8 (4.6 x 2.5 pm) analytical column to achieve separation. The

chromatogram for nelfinavir and M8 is profiled in Figure 5.3.

Figure 5.3 Chromatogram of nelfinavir and M8.

20031004–007 MRM of 10 Channels ES+
1.28 584.4: 330

100 9.69e4M8 .0:He

|9%

[]

20031004–007 MRM of 10 Channels ES+
1.83 568.3 > 467

100 3.0185
- .U.ItNelfinavir

%

[]

5.3.4 Pharmacokinetic analysis

Pharmacokinetic parameter values for nelfinavir were determined using WinNonlin

professional edition software, version 2.1 (Pharsight Corp., Mountain View, CA). Data

were analyzed using noncompartmental methods with extravascular input (model 200) to

estimate area under the plasma-concentration time curve (AUC), employing the linear

trapezoidal calculation method. Oral clearance (CL/F) was calculated by dividing

administered oral dose (D) by AUCinf. The terminal half-life (t1/2xz) was calculated as

0.693 divided by the terminal slope in a log-linear plot. Volume of distribution (V/F)

was calculated as V2/F = (CL + F) • (t1/2 xz + 0.693). Maximum plasma concentration

(Cmax) and the time to reach maximal plasma concentration (tmax) were observed from the

:
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data. The mean residence time (MRTM3) for nelfinavir metabolite, M8, was calculated

using the following equation:
AUMCnclinavir – AUMCM8

MRTM8 =
AUCnelfinavir AUCM8

5.3.5 Statistical analysis

In order to determine whether there were statistically significant changes between the

follicular and luteal phases for endometrial/intestinal MDR.1 mRNA expression, for P-gp

mediated-active efflux of Calcein/AM and for differences in nelfinavir and M8

pharmacokinetics, all data sets analyzed by ANOVA (analysis of variance).

Comprehensive univariate and multivariate (repeated measures models) analyses were

performed to look at both inter-subject [ethnicity, HIV status, MDR.1 SNP genotype

(C34335T, A2677T)] and intra-subject (menstrual cycle phase) factors. A univariate

analysis explored each variable (i.e. pharmacokinetic parameters, endometrial MDR1,

Calcein/AM efflux) separately, examining the range, as well as the central tendency of

these values. The pattern of response to the individual variables was observed. Numerous

random effects models for nelfinavir and M8 pharmacokinetics were generated to see if

there were any significant effects of individual pharmacokinetic parameters on HIV

status, ethnicity or cycle phase. Change correlation tests were conducted between various

factors to inspect whether changes in Calcein/AM efflux and endometrial MDR.1 mRNA

correlate with changes in pharmacokinetics. Various multivariate models were created to

look at the significance of variables (i.e. Calcein/AM and mRNA) as predictors of

pharmacokinetics. Scatterplots were also produced to visually inspect any potential

correlations between various factors. Many of the variables appeared to be skewed, so

. 11
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medians and nonparametric tests were utilized for the univariates, and logarithmically

transformed variables were modeled for many of the multivariate models. Estimate

effects (calculated as percentages for those variables that were logarithmically

transformed), upper and lower confidence intervals and p-values were then determined.

A minority of the study patients had levels of the nelfinavir metabolite, M8, that were

below the limit of quantification for either one or both phases of the menstrual cycle.

These results could not be ignored without risking bias. Therefore, parametric methods

were used for censored data to investigate changes between phases and the factors that

influence them. For these women, a left-censored data value of 5 for M8 Cmax was used.

Additionally, we used 60 as a left-censored value of AUClast, 90 as a left-censored value

of AUCInf, and 8333 as a right-censored value of CL/F. The SAS LIFEREG procedure

(SAS Institute, Cary NC) was used to model these with a log-normal distribution.

Coefficients for other predictors were transformed to multiplicative percentage effects by

100*(exp(coefficient)-1). P-values of 30.05 were accepted as significant.
:
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5.4 Results

5.4.1 Genotyping for MDR.1 SNPs in study patients

All study patients were genotyped for several MDR1 variants that have been shown by

previous investigators to have a potential regulatory impact on the expression and

function of P-gp, consequently affecting plasma concentration drug levels of P-gp

substrate drugs (197,203, 207, 209). The frequency and distribution of the MDR1 allelic

variants were determined among the study patients and compared between those SNPs

previously reported to be in linkage disequilibrium (C3435T, A61G, G2677T/A and

C1236T). Our results show that indeed the allelic frequencies for these three variants are

all closely linked and demonstrate ethnic differences between African-American and

Caucasian patients. The allele and genotype frequencies for selected MDR.1 SNPs in all

subjects are outlined in Table 5.3. The genotype frequencies are shown in Table 5.4 for

the following linked SNPs: C3435T, A61G, C1236T and G2677T/A in all subjects based

on ethnicity (African-American vs. Caucasian) and HIV status.

Results from Table 5.3 show that in all subjects, regardless of race or HIV status, the

genotype and allele frequency was higher for the following variant SNPs: G44A (exon

10) and C24T (exon 13). However, the rest of the SNPs tested had higher overall

frequencies for the reference wildtype. For all subjects, the A2547G (exon 21), T3322C

(exon 26) and T3421A (exon 26) SNPs all exhibited 100% genotype and allele frequency

for the reference nucleotide. The SNPs that showed equal distribution for the variant,

heterozygote and wildtype genotype and similar frequencies between the reference

:
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Table5.3Genotypeandallelicfrequencies
forMDR1variantsamong21HIV"pre-menopausalwomen".

MDRIGenotypeFrequencyAlleleFrequency

Exon
|

CDSPos”SNPAmpliconSize
||

Wild-type(WT)HeterozygoteVariantReference(WT)Variant 261AtoG44395.24.80.00.9760.234 10-44°GtoA63523.823.852.40.3570.643 121236CtoT81652.423.823.80.6430.357 1324CtoT81623.838.138.10.4290.571 212547AtoG575100.00.00.01.0000.000 212677GtoT/A57566.74.828.60T)d0.6900.310 263322TtoC500100.00.00.01.0000.000 263421TtoA500100.00.00.01.0000.000 263435CtoT50047.623.828.60.5950.405 *Thereferencesequence
is
definedbythemRNAsequence
as
delineated
in
GenBankAccessionM14758andinpartby
M13758.2. °CDSPositionsaregeneratedfromtheMDR1cDNAGenBankAccessionM13758.1.

*
SNPlocatedwithinintron,downstream
ofthespecifiedexon10. "Onlythe(TT)homozygousvariantwaspresentamongall21

subjects.
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Table5.4
Comparativegenotypefrequencies
ofMDR1Variants(C3435T,A61G,C1236T,G2677T/A)betweenAfrican

AmericanandCaucasianfemalevolunteersbasedonHIVstatus.

Caucasian(C)
African-American(AA)

GenotypeHIV-HIV+CtotalHIV-HIV+AAtotalTotal C3435T(CC)0/40/50/95/65/610/1210/21

---
83%83%83%48%

CT2/41/53/91/61/62/125/21

50%20%33%17%17%17%24%

TT2/44/56/90/60/60/126/21

50%80%67%
---

29%

A61G(AA)2/45/57/96/66/612/1219/21

50%100%78%100%100%100%90%

AG1/40/51/90/60/60/121/21

25%
-

1.1%
---

5%

GG1/40/51/90/60/60/121/21

25%
-

1.1%
---

5%

C1236T(CC)1/41/52/94/65/69/1211/21

25%20%22%67%83%75%52%

CT1/41/52/92/61/63/125/21

25%20%22%33%17%25%24%

TT2/43/55/90/60/60/125/21

50%60%56%
---

24%

G2677T/A(GG)1/41/52/96/66/612/1214/21

25%20%22%100%100%100%67%

GT1/40/51/90/60/60/121/21

25%
-

11%
---

5%

TT2/44/56/90/60/60/126/21

50%80%67%
---

29%
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and variant allele were at the C3435T (exon 26), G2677T (exon 21), C24T (exon 13),

C1236T (exon 12) and G44A (exon 10) positions. We also noted that at the G2677T/A

position, there was a complete absence of the alanine (A) variant. This suggested and

confirmed to us that the similarity in allele frequency between the reference and variant

alleles could be further influenced by ethnic factors upon subgroup distribution analysis.

Hence, based on 5 chosen SNP positions shown to be important by previous

investigators, haplotype analysis was conducted.

Thus far, a total of 47 SNPs have been identified in the MDR1 gene, along with almost 90

different MDR1 haplotypes, which are various combinations of these known SNPs that

are present simultaneously at varying degrees in all individuals. The maximum number of

haplotypes that one should theoretically be able to detect is determined by the known

number of SNPs and the fact that each individual has two MDR1 alleles. Therefore, we

should be able to observe 2" = 1.41 x 10" possible MDR1 haplotypes. However, this is

not observed as some SNPs are not linked to other SNPs.

Analysis of the results as shown in Table 5.4, demonstrate that the MDR1*1/*1

haplotype, in which the reference homozygous wildtype is closely linked between the

three positions 1236CC, 2677GG and 3435CC, is predominant within the African

American subgroup compared to the MDR1*2/*2 haplotype [homozygous variants

1236TT, 2677TT and 3435TT) prevalent among the Caucasian subgroup. In both

Caucasians and African-Americans, the MDR1*2/*26 haplotype [heterozygotes 61AA,

44GA, 1236CT, 2677GT, 3435CT] occurred at a similar, but lower frequency. Several

;:ºº

}
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African-American subjects exhibited the MDR1*2/*9 haplotype [61AA, 44AA, 1236CC,

2677GG, 3435CT] in which there are no variants except for the heterozygosity at the

C3435T position. Some Caucasians also exhibited the MDR1*26/*26 [all variants 44GG,

1236TT, 2677TT, 3435TT, except for 61AA], MDR1*27/*27 [all variants 61GG, 44GG,

1236TT, 2677TT, 3435TT], and MDR1*23/*26 haplotypes [61AA, 44GG, 1236TT,

2677GT, 3435CT], although at lower frequencies. For these analyses, ethnicity was

assigned based on self-report, but MDR1 genotyping results were consistent with prior

studies of haplotypes associated with Caucasian and African-American distributions

(197).

5.4.2 Nelfinavir pharmacokinetics

The mean plasma drug concentration-time profiles for nelfinavir during the follicular and

luteal phases of the ovulatory cycle for the 21 study patients is illustrated in Figure 5.4.

We observed that despite high interindividual variability and standard deviations, there

was a significant increase in the plasma drug concentration profile during the luteal phase

of the menstrual cycle. This increase was only observed after 2 hours. There appeared to

be no difference in thax or tºxz between the two profiles. The average pharmacokinetic

parameters for nelfinavir based on cycle phase were determined as depicted in Table 5.5.

Pharmacokinetic data calculations indicate that during the luteal phase, nelfinavir had a

higher mean AUC (35%) and Cmax (33%) compared to the follicular phase. We observed

no apparent differences in timax, tºxz. or CL/F between the two phases. However, we did

observe a slight decrease (21%) in V, /F during the luteal phase, suggesting that if there

was more P-gp activity due to elevated hormone levels, it would be reasonable to expect

:ºº
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Figure 5.4 Pharmacokinetic profiles for HIV PI nelfinavir (750 mg) obtained from 21
HIV" female patients during both follicular and luteal phases of the
ovulatory cycle.
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such a change. The differences seen in Cmax and AUCinf suggest that elevated estradiol

(E2) and progesterone levels during the luteal phase may be causing an increased hepatic

P-gp effect, diminishing the availability of nelfinavir to undergo hepatic CYP2C19

mediated metabolism, thereby increasing drug plasma concentrations.
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Table5.5Nelfinavirpharmacokineticparametersfor21studysubjects. PKParameterMeanFOLLICULAR
SDRatio:Luteal/Follicular Trnax(hr)2.61.11.04 Cmax(ng/mL)9876631.33

tºp(hr)3.31.00.94 AUC-INF(ng”.hr/mL)568641861.35
Vz/F(L)8236960.79 CLIF(L/hr)2841180.96 PKParameterMeanLUTEALSD.P

value= Tmax(hr)2.70.90.33 Cmax(ng/mL)131511600.05” ta■ z(hr)
-

3.11.30.20 AUC-INF(ng”.hr/mL).769478420.05*
Vz/F(L)6534670.08

4480.31
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5.4.3 Pharmacokinetics of principal nelfinavir metabolite, M8

The pharmacokinetics of the active major nelfinavir metabolite, M8 was quantified by

LC/MS/MS. The chromatograms characterizing the presence of nelfinavir and its major

metabolite, M8, are illustrated in Figure 5.5. Several other minor metabolites, MX, M1,

M10, and M11 (structures unknown) were also found to be present and are shown below.

These metabolites may be products of CYP3A4, 2D6 or 2C9-mediated metabolism. The

pharmacokinetic profiles for M8 during the follicular and luteal phases are depicted

Figure 5.5 Chromatogram of M8 and metabolites.
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in Figure 5.6. M8 levels were undetectable in 8 patients, hence data results are shown

only for the 13 remaining women (5 HIV" African-American, 2 HIV African-American,

3 HIV" Caucasian, 3 HIV Caucasian). The M8 metabolite plasma concentration-time

profiles paralleled those of nelfinavir, demonstrating 1.7, 1.4 and 1.7-fold higher AUClast,

AUCinf and significantly higher Cmax, respectively, during the luteal compared to

follicular phase (Table 5.6). The time to reach maximum drug concentration, timax, of the

metabolite did not change. The mean residence time (MRT) was slightly higher in the

luteal phase, but not significantly, with a luteal/follicular ratio of 1.28. The

metabolite/parent drug ratio (M8 AUCint / nelfinavir AUCinf) during the follicular phase

for the 13 subjects with detectable M8 levels was calculated to be 0.113 + 0.075. During

the luteal phase, this ratio was not found to be significantly different at 0.139 + 0.137.

Figure 5.6 Detected pharmacokinetic profile for nelfinavir metabolite, M8, based on
ovulatory cycle phase in 13 study patients.
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Table 5.6 Mean follicular and luteal pharmacokinetic parameters for M8. º

- dº
Follicular (F) SD Ratio: LIF

2.9 1.2 1.05 º *

138 112 1.74 C

529 444 1.71

ºf ■ º-j 743 511 1.39

MRT (hr) 3.9 2.5 1.28

M8 Luteal (L) SD P value= t

Tmax (hr) 3.1 0.6 0.30

239 109 0.05*

904 410 0.08 +

1030 490 0.17 --

5.0 1.8 0.09

5, Statistically significant difference between follicular and luteal phases using
-

paired, tailed t-test. s

5.4.4 Nelfinavir pharmacokinetics based on ethnicity and HIV status

The pharmacokinetic profiles of nelfinavir were also analyzed based on the ethnicity of º

the women (African-American vs. Caucasian) and HIV status. These profiles were also

investigated to determine if there were any changes in nelfinavir pharmacokinetics

between the follicular and luteal phases. Results in Figure 5.7 demonstrate higher overall
-

plasma nelfinavir levels for both African-Americans and Caucasians during the luteal º
phase. However, in Caucasians, the observed difference in nelfinavir plasma

concentration between phases was not as large as that observed in the African-American º

group. We observed an average 47.9% increase in AUCinf during the luteal phase, over º

179 C.J.



*----.
º ºn-ºve

**** *

,------. … --
> -*-*-* *- : * * *

**

ar: . .-- - - . . . . .

* * *- . . "

*...* *

-a, -º

ºsteº-sºº
º

*****

*

12, -º
* -

-** * *

***** ****
** -----
*. ** ...t

- º

■ º -* ** * : *
agº • * * * * * *

- - - -º- ºr--



1600
–––e—AA(Luteal)

-A-Caucasian(Luteal)

1400---O--AA(Follicular)

aucasian(Follicular)

1200
+-— 1000

+--
800
+-

-

,"/A2en-
--""

II|IIl

0.00.51.02.02.53.03.54.05.06.08.012.0

Time(hr)

Figure5.7
Comparison
of
nelfinavirpharmacokineticsbasedonethnicityandovulatorycyclephase.
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follicular, among 12 African-American women and a 29.5% average increase in 9

Caucasian subjects (Figures 5.7, 5.8a and b, 5.9). Likewise, there was a 47.3% increase in

Cmax during the luteal phase (over follicular) in the African-American subgroup compared

to an 18.2% increase within the Caucasian subjects. These data demonstrate that the

African-American subjects had a 27.1% higher AUCinf (during the luteal phase compared

to follicular) and an 11.4% higher Cmax compared to Caucasians during the luteal phase

(Figures 5.8a and b, 5.10). This may be reflective of MDR.1 SNP genotyping results in

which African-Americans were predominantly wildtype at various SNP positions

(C3435T, C1236T, G2677T/A). We also noted that timax came later at 3.5 hrs during the

luteal phase compared to follicular (2.0 hrs) in Caucasians, but earlier at 3.0 hrs during

the luteal phase compared to follicular (3.5 hrs) among African-Americans subjects.

Figures 5.8a and b recapitulate Figure 5.7 better to illustrate the effects of ethnicity.

During the luteal phase, African-Americans had higher AUCinf and Cmax (27.1% and

11.4%, respectively) compared to Caucasians (Figures 5.8a, 5.10). However, this was not

observed during the follicular phase, as there was only an 11.3% increase in AUCinf and a

10.7% decrease in Cmax in African-Americans in comparison to Caucasians (Figures 5.8b,

5.10). Although the differences observed did not meet our criteria for statistical

significance due to limited sample size, the data results are in alignment with our

hypothesis in that African-Americans, who were genotyped in our studies to be

predominantly wild-type for the reference MDR1*1/*1 haplotype, exhibit higher AUC

and Cmax, suggesting a more functional hepatic P-gp effect followed by less metabolism.
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This may explain the higher AUCinf and Cmax during the luteal phase (compared to

follicular) in African-Americans, compared to Caucasians.

Figure 5.8a Nelfinavir pharmacokinetics based on ethnicity, African-American (AA)
vs. Caucasians during the luteal phase of the menstrual cycle.
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Figure 5.8b Nelfinavir pharmacokinetics during the follicular phase comparing
African-American (AA) and Caucasian groups.
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Figure 5.9 Percent increase in nelfinavir AUCinf and Cmax during the luteal phase in
12 African-American (AA) and 9 Caucasian (CA) subjects.
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Figure 5.10 Comparison of nelfinavir AUCinf and Cmax during both phases of the
menstrual cycle between African-Americans and Caucasians (CA).
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The effect of HIV on nelfinavir pharmacokinetics was investigated in all 21 subjects.

Regardless of ovulatory cycle phase, there was an overall 15% increase in nelfinavir

AUClas, in HIV" subjects compared to those that were HIV. HIV." subjects had a 6%

increase in Cmax compared to their HIV counterparts. However, HIV" subjects

demonstrated a 35.4% higher AUC and a 25% higher Cmax during the luteal phase.

During the follicular phase, these same subjects had 7.1% and 14.5% lower AUC and

Cmax, respectively, compared to the HIV subjects. These differences were also observed

regardless of ethnicity (Table 5.7). African-American subjects that were HIV" exhibited a

60.2% higher mean AUC and an 82.6% increase in mean Cmax during the luteal phase

(over follicular), while their HIV counterparts had a 15.5% and 15.1% higher AUC and

Cmax, respectively. HIV" Caucasian subjects possessed higher overall mean AUC and

Cmax values during the luteal phase, compared to their HIV counterparts, demonstrating a

13.1% higher AUC and a 69.7% higher Cmax average values. HIV subjects showed an

average decrease of 15.9% and 10.7% in AUC and Cmax, respectively. However, none of

these differences were statistically significant. These clinical data give some insight into

the mechanistic effects of HIV on the pharmacokinetics of the P-gp substrate drug,

nelfinavir. The positive correlation found between HIV-1 serum RNA levels and

progesterone levels by Benki et al. (225) suggest that ovarian hormones may exert

indirect effects on viral replication and we can speculate that it may even regulate levels

of virus in the genital tract or serum though P-gp. Although the exact mechanisms are

unknown, we can assert that hormonal fluctuations during the menstrual cycle affecting

P-gp expression and function may act to regulate and influence drug absorption and

bioavailability.
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Table5.7Changes
in
nelfinavirpharmacokineticparametersduringtheovulatorycyclebasedonHIVandethnicity.

%MeanChange%MeanChange
(FSD)(FSD)

FollicularLuteal[L/F]FollicularLuteal[L/F]

AA
/
HIV+5013(4781)7829(6741)60.2(+91.1)817(751)1485(1361)82.6(#120) AA

/
HIV-5915(6629)7056(9707)15.5(+56.8)1200(1006)1423(1480)15.1(+45.5) CA

/
HIV+5648(5317)8754(9915)131(#171)1165(1108)1612(1692)69.7(+84.6) CA

/
HIV-5356(2581)4748(4248)-15.9(+40.3)1052(405)951(783)-10.7(+47.8)
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5.4.5 Effect of MDR1 C3435T variant on nelfinavir pharmacokinetics
and Calcein-AM extrusion mediated by P-gp

In support of investigating the effects of ethnicity on nelfinavir pharmacokinetics, the

role of various MDR.1 SNPs was also explored to see if there were any effects on the

absorption and disposition of a P-gp substrate (nelfinavir). We investigated whether

nelfinavir AUC and Cmax average values varied based on the C3435T MDR.1 SNP

genotype, as previously shown by numerous investigators (Figures 5.11, 5.12).

Figure 5.11 Average nelfinavir AUC values in 21 study subjects based on MDR1
C3435T SNP genotype.
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Figure 5.12 Average nelfinavir Cmax values in 21 study patients based on MDR1
C3435T SNP genotype.
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Results from our genotyping studies do not demonstrate any statistically significant

changes in nelfinavir pharmacokinetics based on MDR.1 SNP genotype at the C3435T

position. Although there is no statistically significant change, due to large interindividual

variability between subjects, we do observe a noticeable overall decrease in AUC and

Cmax (36.0% and 34.6%, respectively) during the luteal phase for subjects with the

homozygous variant 3435TT genotype (predominantly Caucasians), compared to those

with the homozygous wild-type, reference 3435CC genotype (principally African

American subjects). There was also some decrease detected at 29.6% and 29.1% for AUC

and Cmax, respectively, for the combination of both follicular and luteal phases (open

bars) in patients with the variant C3435T genotype, compared to wild-type subjects.
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During the follicular phase, there was a 20.4% decrease in AUC and a 14.7% decrease in

Cmax for subjects exhibiting the variant (3435TT) genotype in comparison to wild-type

subjects. The nelfinavir AUC and Cmax average values for the 5 subjects with the

heterozygous 3435CT genotype paralleled that of the values for reference 3435CC

subjects.

We reinvestigated the Calcein-AM results to see if the MDR1 C3435T polymorphism,

ethnicity or HIV status were determinants of increased P-gp function during the luteal vs.

follicular phase of the ovulatory cycle. The data as shown in Figure 5.13 do not suggest

any significant effect of genotype on P-gp mediated Calcein-AM extrusion. Neither

ethnicity nor HIV status seemed to show any particular pattern in determining increased

P-gp function during the luteal phase. Hence, we did not observe any positive

correlations or effects of ethnicity, MDR1 genotype and HIV status on P-gp function in

lymphocytes, nor do we expect these markers to serve as predictive tools for such.

5.5 Discussion and Conclusions

P-glycoprotein (MDR1) has proven to be an important factor in the disposition of many

drugs. In the present study, we sought to understand the role of hormonal changes,

namely estradiol (E2) and progesterone, associated with the ovulatory cycle on P-gp

expression and function, as it relates to ethnicity, MDR.1 SNP genotyping, nelfinavir

pharmacokinetics and HIV status. We observed that the transporter, P-gp, was

upregulated during the luteal phase in endometrial tissue. It appears that a similar change

may occur in the liver increasing hepatobiliary excretion of parent drug, thereby

0.

t
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decreasing exposure to CYP2C19 and CYP3A4-mediated metabolism, the principal

routes of metabolic clearance.

The upregulation of P-gp by various factors (e.g. steroid hormones, rifampin, heat-stress)

may also be dependent upon the variety of haplotype polymorphisms present in

transporters and metabolic enzymes. Results from our studies suggest that the wild-type

MDR1 genotype at particular sites in linkage disequilibrium (MDR1*1/*1 haplotype) may

be more susceptible to hormone-induced induction, translating into more significant

clinical effects during the luteal phase of the menstrual cycle. In our studies, we

examined the clinical manifestations of the C3435T MDR.1 SNP polymorphism and

determined how this relates to nelfinavir pharmacokinetics.

Results from our studies have added an additional unexpected element, causing us to

explore the molecular and clinical effects of HIV. Greenblatt et al. (226) showed that in

ovulating women, the midluteal phase of the menstrual cycle, when 3-estradiol and

progesterone levels peak, was associated with significantly decreased HIV-1 mRNA

blood levels suggesting interactions with P-gp. Data from Reichelderfer et al. (109), on

the other hand, demonstrated that HIV-1 RNA levels measured from mucus in the genital

tract varied depending on the sampling method. However, it was shown that HIV-1 RNA

in endocervical canal fluid was highest during the midluteal phase and lowest during

menses and the follicular phase. Additional data from their group suggested that

menstrual cycle phase had no effect on HIV-1 RNA blood levels and that HIV-1 RNA

levels were higher in endocervical canal fluid than in PBMCs during the luteal phase.
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A more recent study by Benki et al. (225) confirmed results from both groups,

demonstrating that both serum and cervical HIV-1 RNA levels varied with the menstrual

cycle. A significant positive correlation between serum levels of progesterone and serum

HIV-1 RNA levels was found as well as a positive correlation between cervical HIV-1

RNA and the number of days following the midcycle surge in LH (luteinizing hormone).

These data contradict our hypothesis since we would expect HIV-1 RNA levels to

decrease during the luteal phase due to steroid-induced P-gp expression and the inverse

correlation found between HIV-1 RNA levels and P-gp expression. However, due to a

dearth of research in this area, we can only speculate as to how it may actually be

affecting the expression and activity of the transporter. It is possible that HIV-1 RNA

may have altered mechanisms of action and interactions with P-gp within the

reproductive tract itself (i.e. mucus vs. tissue, endometrial vs. vaginal) or compared to

plasma due to cell-type specific differences and the presence or absence of various

receptors and co-factors. We question how the disease factor plays a role in the delicate

balance between P-glycoprotein, hormones and substrate-drug pharmacokinetics.

Although very little is definitively known, substantial evidence continues to point to the

cogent and enigmatic relationship between P-gp and HIV. We also examined whether P

gp function in blood as measured by Calcein-AM, was influenced by the MDR1 C3435T

polymorphism, HIV status or ethnicity.

By direct sequence analysis of MDR1, we examined the frequency and distribution of 9

previously identified MDR1 single-nucleotide polymorphic variants. From these data, we

confirmed that two synonymous SNPs (C1236T in exon 12 and C3435T in exon 26) and
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a non-synonymous SNP in exon 21 (G2677T/A) were linked. We showed that the

majority (75%) of our African-American subjects (9/12) were found to exhibit the

MDR1*1/*1 haplotype, being homozygous wildtype at the linked C1236T, G2677T/A

and C3435T positions (Table 5.4). The MDR1*2/*2 haplotype was found to be largely

present among the Caucasian subjects (44.4%), being homozygous variant at the same

three positions. These data confirm previous results of Kim et al. (197), who showed that

the MDR1*2 variant occurred in 62% of 37 European-Americans and 13% of 23 African

Americans. In vivo functional relevance of the C3435T SNP was assessed with the HIV

protease inhibitor and P-gp substrate, nelfinavir, as a probe for changes in the

transporter’s activity during the course of the ovulatory cycle.

Nelfinavir pharmacokinetic results show a difference in the plasma drug concentration

time profile between the follicular and luteal phases (Figure 5.4). There was a 35%

increase in mean AUCinf and a 33% increase in mean Cmax during the luteal phase

compared to follicular. P-values were calculated using a paired, 2-tailed t-test

demonstrating marginal significance at 0.047 and 0.051 for Cmax and AUCint,

respectively. There was also a 21% non-significant decrease in volume of distribution

(V/F), that may be explained by hormonally-induced expression and efflux activity of

hepatic P-gp during the luteal phase. There were no changes in trax, tºxz, or CL/F

between phases as shown in Table 5.5. It is possible that lower nelfinavir plasma

concentrations during the follicular phase may be due to increased availability of

nelfinavir to undergo hepatic CYP2C19 and CYP3A4 metabolism, as there is less P-gp to

efflux nelfinavir out before it is metabolized. We conclude that the pharmacokinetic
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results suggest an increased clearance during the follicular phase, although decreased

bioavailability cannot be ruled out.

The pharmacokinetics of the active nelfinavir metabolite, M8 were also investigated.

Despite a very low limit of quantitation (LOQ), M8 levels were not detectable in 6

subjects (and not measured in 2 subjects due to lack of sample availability). In the

remaining 13 subjects, the plasma-M8 AUCinf and Cmax average values between the

phases, however, were slightly more pronounced, showing a non significant 1.4-fold

increase (p=0.17) and significant 1.7-fold (p=0.05) increase, respectively, during the

luteal vs. follicular phase (Table 5.6). There was also no observed difference in the

M8/nelfinavir ratio between phases, suggesting no change in the conversion of nelfinavir

to M8 in the liver or the relative contribution of M8 to the anti-viral efficacy of

nelfinavir. Nelfinavir AUCinf and Cmax values in the 13 patients with detectable levels of

M8 did not differ significantly from the 8 patients with undetectable M8. However, these

8 patients demonstrated greater mean nelfinavir CL/F values in both phases compared to

the 13 with detectable M8. We also noted that the 8 patients with non-detectable M8

levels had a lower mean nelfinavir CL/F value during the luteal phase compared to

follicular with a (L/F) ratio of 0.45.

Nelfinavir pharmacokinetics based on racial differences was also examined (Figure 5.7).

In Caucasians, we did not see any difference in the pharmacokinetic profile for nelfinavir

between phases. However, African-American subjects showed a higher AUC and Cmax

during the luteal vs. follicular phase. This may be due to the fact that African-Americans

ul
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possessing the wildtype MDR1 genotype may have more functional P-gp, less hepatic

metabolism, and therefore, higher overall levels. Interestingly, when we compared

nelfinavir levels between the two ethnic groups during the luteal phase, Caucasians had

significantly lower AUC and Cmax (27.1% and 11.3%, respectively). This may be due to

a predominantly variant P-gp phenotype with less functional activity. The ethnic

difference observed during the luteal phase was not as much as during the follicular phase

(Figure 5.8b). These results are also reflected in the data illustrated in Figures 5.11 and

5.12. Despite high standard deviations (due to high interindividual variability), nelfinavir

AUC and Cmax were found to be lower during the luteal phase in subjects with the

homozygous variant 3435TT genotype, compared to those in subjects with homozygous

wildtype variant (3435CC). The same was seen, but to a much lesser degree, during the

follicular phase. Although not statistically significant, there is still a similar, but

discernable difference observed between homozygous variant and reference genotypes.

These results are consistent with data of Fellay et al. (213) in which patients with the

MDR1 3435TT genotype demonstrated the lowest levels of median nelfinavir

concentrations compared to those with the 3435CC genotype.

We also found HIV to play a role in nelfinavir pharmacokinetics. However, ethnicity

continued to play a role in the overall extent of nelfinavir plasma levels based on cycle

phase. To our surprise, we found that HIV" subjects exhibited higher nelfinavir AUC and

Cmax compared to those of their healthy counterparts during the luteal phase (over

follicular). HIV" subjects also had more fluctuations in drug levels during the menstrual

cycle. African-American HIV" subjects demonstrated higher nelfinavir AUC and Cmax
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values compared to Caucasian HIV" subjects (luteal over follicular). It is possible that P

gp may be upregulated in HIV" subjects and therefore display a larger physiological P-gp

effect on nelfinavir pharmacokinetics. Another explanation may be that HIV" subjects

may have elevated steroid hormone levels in addition to immunologic factors (e.g.

cytokines) that could be upregulating P-gp during the luteal phase. The direct

physiological interaction between P-gp and HIV has not yet been investigated and further

evidence is needed to make conclusive remarks.

P-gp function characterized by active efflux of fluorescent calcein in lymphocytes was

analyzed to see if there was a correlation with ethnicity or the MDR1 C3435T

polymorphism (Figure 5.13). There was no apparent association observed with either of

these factors. However, additional statistical analyses, as depicted in Figure 5.14, show

that the cycle phase associated increase in lymphocytic P-gp activity as measured by

Calcein-AM efflux during the luteal phase (luteal/follicular), correlates with endometrial

induction of MDR.1 mRNA expression during the luteal phase, over follicular. The rank

correlation between P-gp activity and endometrial MDR1 mRNA was calculated to be

0.55 with a p-value of 0.019 [CI= 0.11 to 0.81] as depicted in Table 5.8. Our statistical

results suggest an ethnic and a consequent genotype

effect on lymphocyte P-gp activity. A significant correlation was observed between

African American (AA) subjects and higher P-gp activity using baseline values

(p=0.0047) as shown in Table 5.8. Statistical significance (p=0.04) was also found when

looking at luteal cycle phase as a predictor for greater P-gp activity, as measured by

Calcein-AM efflux. A strong correlation was seen between African-Americans and P-gp

º
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inhibition by GG918. Increased P-gp activity in lymphocytes after subtracting

background inhibition values correlated significantly (p=0.01) within the AA subjects.

Table 5.8 Statistical correlation analyses between P-gp activity mediated by Calcein
AM efflux and endometrial MDR.1 mRNA expression during the luteal
phase vs. follicular. Multivariate analysis for P-gp activity via Calcein-AM
fluorescence (and GG918 inhibition) and various factors, with predictor
estimates shown as percentage effects.

Variable 1 Variable 2 Rank 95% Confidence Interval
(log) (log) Correlation lower upper P-value

Endometrial
Cal-AM efflux MDrºmºNA 0.548 0.109 0.808 0.019

ratio (L/F) ratio (L/F)

95% Confidence Interval
Outcome Predictor Estimate (%) lower upper P-value

Log Cal-AM HIV 56.52 -18.29 199.8 0.17
fluorescence

(during luteal Ethnicity (AA) 1716 40.96 423.5 0.005phase)
Luteal –20.02 –34.90 -1.734 0.035

+ GG918 Ethnicity (AA) 99.97 8.59 268.3 0.028

Using the SAS LIFEREG statistical procedure, the changes in pharmacokinetic

parameters between menstrual cycle phase, HIV status and ethnicity, were modeled with

a lognormal distribution. The logarithm of the luteal phase value was modeled in terms of

the logarithm of the follicular phase value, whether the follicular phase value was

influenced by race and/or HIV status. The coefficient of the follicular term reflects the

effect of luteal phase, with a coefficient of 1.0 indicating no systematic difference

1)

196



- º ********
*

***
r **. , - -------
alsº ºr “” ‘’’

- *** *
-* -■ = -

*****
-

º * * *

-º-, -- " '.* *… -

* -… **** *** *** *
*********

* -
* -

******

s
sº-º-º-º-ºººº tºº



Figure 5.14 Correlation between induction of endometrial MDR1 mRNA and
increased P-gp activity in lymphocytes (as measured by Calcein-AM
accumulation less GG918-mediated inhibition of P-gp efflux) during the
luteal phase (over follicular).

(e)= HIV", African-American (A) = HIV", African-American
(o) = HIV", Caucasian (A) = HIV, Caucasian
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between luteal and follicular phase. We therefore show the difference from 1.0, with its

confidence interval and a p-value testing for departure from 1.0.

In the multivariate analysis presented in Table 5.9, there did not appear to be an HIV

effect on nelfinavir pharmacokinetics, namely Cmax (p=0.41) and CL/F (p=0.29). As

individual predictors, HIV status, ethnicity (AA) or ovulatory cycle phase (luteal) also

did not show any correlations with nelfinavir AUCinf (p=0.41, 0.92 and 0.60,

() )
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respectively). However, in HIV" subjects, addition of the ovulatory cycle phase variable

demonstrated the combination to be a strong predictor of nelfinavir AUCinf (p=0.017)

(Table 5.9). The effect of cycle phase within the HIV" group demonstrated an estimated

90.4% increase in luteal phase nelfinavir AUCinf. However, these two predictors, HIV

status and luteal cycle phase, were not found to correlate significantly with the outcome

of nelfinavir Cmax (p=0.09).

Table 5.9 Multivariate statistical analyses examining the effect of HIV status,
ethnicity and ovulatory cycle phase on nelfinavir pharmacokinetics. All p
values are two-tailed and significant p-values are bolded.

95% Confidence Interval
Outcome Predictor Estimate (%) lower upper P-value

Log nelfinavir HIV –33.99 -76.41 84.72 0.41
Cmax

Log nelfinavir HIV 63.25 36.27 3.18.2 0.29
CL/F

- - - - -

95% Confidence Interval
Outcome Predictor Estimate (%) lower upper P-value

Log nelfinavir
AUC-inf HIV –33.99 -76.41 84.72 0.41

Ethnicity (AA) 4.930 -61.62 186.9 0.92

Luteal –9.059 –37.27 31.84 0.60

HIV-Luteal 90.40 13.97 218.1 0.017

Log nelfinavir HIV –42.16 –77.79 50.68 0.25
Cmax

Ethnicity (AA) -5.264 –62.49 139.3 0.90

Luteal –6.16 -36.62 38.95 0.74

HIV - Luteal 58.03 -8.12 171.8 0.09
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Statistical analyses depicted in Table 5.10 show that HIV" subjects demonstrated

significant differences between the luteal vs. follicular phases, illustrated by larger luteal

AUC and Cmax values of M8 (0.0064.<p:0.025) during the luteal phase. Hence, HIV

status and cycle phase variables were mutually shown to be a strong predictor for

nelfinavir metabolite, M8, pharmacokinetic parameters, such as AUCinf (p=0.006),

AUClast (p=0.007) and Cmax (p=0.025). We observed an estimated 393% significantly

higher M8 Cmax in HIV" subjects during the luteal phase. Additionally, we observed an

estimated 375% significant increase in AUCinf and a 38.1% increase in AUClast of M8 for

HIV" subjects during the luteal phase, versus follicular. We did not see a significant

difference in M8 pharmacokinetic measurements with the ethnicity factor, as shown in

Table 5.10 with our African-American (AA) subjects. These results suggest that HIV"

subjects demonstrate a significantly larger difference in luteal versus follicular M8

pharmacokinetic measures.

From these studies, we find that increased endometrial MDR.1 mRNA expression

correlated significantly with increased lymphocytic P-gp efflux activity during the luteal

versus follicular phases. Ethnicity was found to play a role in predicting P-gp activity,

with African-American subjects correlating strongly with higher lymphocytic P-gp

activity. We also found that the luteal phase was a strong predictor of higher P-gp activity

in lymphocytes. With regard to HIV status, we conclude that HIV" women showed

significantly increased nelfinavir and M8 levels via pharmacokinetic measures during the

luteal compared to the follicular phase. We observed higher overall AUC and Cmax values
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Table 5.10 Statistical significance of M8 data during the luteal phase in HIV"
subjects. All p-values are two-tailed and significant values are bolded.

Estimate 95% Confidence

Outcome Predictor (%) Interval P-value

M8 Cmax Luteal 0.043 –0.160 0.246 0.68

Luteal –0.057 -0.314 0.200 0.66

AA- Luteal +1.56% –47% +11.40% 0.24

Luteal –0.097 -0.310 0.115 0.37

HIV Luteal +393% +22% +1896% 0.025

M8

AUC-last Luteal 0.040 –0.095 0.175 0.56

Luteal -0.019 –0.198 0.161 0.84

AA- Luteal +95% –51% +682% 0.34

Luteal –0.072 -0.207 0.063 0.30

HIV Luteal +381% +5.4% +1402% 0.0068

M8

AUC-inf Luteal 0.036 –0.094 0.167 0.59

Luteal -0.018 –0.194 0.158 0.84

AA- Luteal +8.7% –53% +644% 0.38

Luteal –0.073 -0.204 0.058 0.28

HIV Luteal +375% +55% +1354% 0.0064

during the luteal phase in HIV" subjects, regardless of ethnicity. This may be an hepatic

effect since CYP2C19, the major metabolic pathway for nelfinavir, is expressed primarily

in hepatocytes. In HIV subjects, there was no effect on nelfinavir pharmacokinetics

based on hormonal phase. It is possible that HIV-1 virus and ovarian hormones may
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interact to regulate metabolizing enzyme or transporter function in hepatocytes. As P-gp

may not be the rate-limiting step for nelfinavir metabolism, additional variables such as

the presence of other transporters, hormonal effects on HIV infectivity and possible HIV

effects on transporter/enzyme interplay affecting nelfinavir metabolism should also be

considered.
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CHAPTER VI

Summary and Conclusions

6.1 Summation & Conclusions

The results summarized thoughout the course of this dissertation emphasize the

significance of the impact that both endogenous and synthetically-derived sex-steroid

hormones can have on the expression and activity of the multi-drug resistant transporter,

P-glycoprotein. This in turn has the potential for profound pharmacokinetic consequences

and, therefore, can result in therapeutic efficacy issues for those drugs that are good P-gp

substrates.

We have shown through a series of in vitro studies, as illustrated in Chapter 2, the impact

that estrogens can have on the expression of P-gp and MDR1 in the human colon

carcinoma cell line, LS180. The objective of these studies was to determine whether

endogenous and synthetically-derived estrogens were capable of inducing P-gp

expression and stimulating ATPase catalytic activity. For these purposes, we utilized a

human colon carcinoma cell line, LS180, endogenously expressing P-gp to serve as a

model for P-gp induction. Results from these studies show that the combination of 173

estradiol and progesterone did not induce P-gp protein or MDR1-mRNA expression in

i)
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HepG2 liver cells compared to control. We also did not observe any effect with LH and

FSH, 173-estradiol alone or testosterone. These results are most likely due to the absence

of estrogen or progesterone receptors and various essential co-factors.

Expression and induction of P-gp by hormones were then investigated in the LS180 cell

line, which was shown by Pfrunder et al. (112) to express the pregnane X receptor,

hPXR, an important component in the induction of MDR1 by PXR ligands (i.e. rifampin).

Our results demonstrate an induction of P-gp by estrone (3-fold), estriol (2.2-fold) and

ethynyl estradiol (3.4-fold) at 50 puM. MDR1-mRNA expression was similarly inducible

by these same steroid hormones (7.2, 6.3 and 9.0-fold, respectively), also by progesterone

(3.2-fold), but insignificantly by 173-estradiol (1.4-fold). Four steroids, ethynyl estradiol,

estrone, norethindrone and norgestrel, exhibited concentration-dependent induction of

MDR1 mRNA at concentrations that were closer to physiologic conditions, ranging from

25 nM to 10 puM. However, induction at 25 nM compared to 18S control was only

observed for ethynyl estradiol, estrone and norethindrone. Results from these studies

allow us to conclude that there may be minimal induction of intestinal MDR.1 mRNA and

P-gp by circulating 173-estradiol and progesterone in normally cycling women in vivo.

However, we did observe significant induction by estriol (the predominant estrogen

circulating during pregnancy) and estrone (the predominant estrogen in post-menopausal

women), suggesting that there may be upregulation of intestinal P-gp in women during

pregnancy and possibly following menopause. Furthermore, it is very likely that daily

administration of oral contraceptive drug therapy with ethynyl estradiol and

norethindrone, previously only known to be metabolized by CYP3A4, may cause drug

drug interactions when co-administered with other P-gp and CYP3A4 substrate drugs.
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Potential dangers include toxicity and/or decreased or enhanced therapeutic efficacy of

HIV medications.

Of the various estrogens tested for transcriptional activation of the MDR1 promoter (4kb

region), only ethynyl estradiol showed significant stimulation. Furthermore, ethynyl

estradiol, norethindrone and norgestrel were also found to strongly induce P-gp,

suggesting that oral contraceptive compounds may be metabolized significantly in the

intestine due to upregulated P-gp. Utilizing the baculovirus insect cell system transfected

with the human MDR1cDNA, we determined that progesterone and ethynyl estradiol

were potent stimulators of P-gp ATPase catalytic activity, an essential component in

active transport of substrates. These results suggest that a non-substrate and inhibitor

such as progesterone also has the ability to bind P-gp and stimulate ATPase catalytic

activity.

The specific objective of the studies detailed in Chapter 3 was to test whether sex-steroid

hormones and their metabolites are specific substrates of P-gp employing an established

transport cell culture system. We also confirmed in our laboratory that the HIV protease

inhibitor, nelfinavir was a P-gp substrate and examined potential interactions with steroid

hormone transport. The apparent permeability coefficients for the bi-directional transport

of various estrogens in the presence and absence of a P-gp inhibitor, GG918, in MDCK

and MDR1-overexpressing MDCK cells are summarized in Table 6.1. The net efflux

ratios (B->A/A->B) demonstrate the extent of active efflux in the basolateral-to-apical
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Table 6.1 Apparent permeability coefficients (Papp) from bi-directional transport
studies for various estrogens with and without P-gp inhibitor, GG918
(1puM), across MDCK and MDR1-MDCK (MM) cell lines.

Prox 107 cm/s Net
Cell Substrate GG91 8 (avg E SE), n=3 Efflux

-
Substrate Inhibitor Ratio

Line Conc. 1 LM ->A/(1 puM) B->A A->B I (B
A->B)

MDCK
-

601 + 133 589 +123 1.0
17B- 20 Lum■

Estradiol |l
MM

-
955 + 778 273 + 123 3.5

-
5.90 + 0.24 || 6.10 + 0.38 0.97 |

MDCK Estrone 1 puM
Yes 6.23 + 1.65 | 6.86 + 1.29 0.91

-
38.7 H- 6.4 || 5.90 + 1.39 6.6

MM Estrone 1 HM
Yes 7.54 + 3.34 || 6.28 + 3.61 1.2

-
112 + 3 97.5 + 3.9 1.1

MDCK Estriol 20 puM
Yes 20.0 + 4.4 13.2 + 2.1 1.5

-
147 -H 10 46.5 + 19.4 3.2

MM Estriol 20 puM
Yes 16.3 + 7.2 12.3 + 9.0 1.3

-
50.1 + 0.9 63.3 + 1.3 0.8

Ethynyl
MDCK Estradiol 5 puM

Yes 28.5 + 6.7 27.7 ± 8.9 1.0

-
4.67 + 9 41.6 + 2.2 11

MM | Hº, sum
Estradiol

Yes 27.6+ 1.4 22.6 + 2.5 1.2

MDCK
-

34.8 + 6.8 57.3 + 7.1 0.6
Nor- 10 uM |

ethindrone |l
MM

-
43.8 + 5.9 33.1 + 5.2

1.3 |
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(B->A) direction compared to absorptive flux in the A->B direction for both cell lines,

with or without P-gp inhibition.

We show from bi-directional transport studies that 173-estradiol, estrone, estriol and

ethynyl estradiol are all actively transported by P-gp, exhibiting net efflux ratios greater

than 2.0 in MDR1-transfected MDCK cells. In the presence of P-gp inhibitor, GG918,

these efflux ratios were reduced to approximately 1.0. These results were then

corroborated with intracellular measurements in both cell monolayers, demonstrating

significantly decreased accumulation in P-gp expressing cells given either a basolateral or

apical dose. It was also confirmed in our laboratory that nelfinavir is a good P-gp

substrate and able to competitively inhibit P-gp mediated transport of ethynyl-estradiol,

estrone and estriol.

In pre-menopausal women, the cycling of the sex-steroids, estradiol and progesterone,

during the course of the ovulatory cycle can also have profound physiologic effects on

the activity and expression of various proteins, receptors and co-factors in a variety of

tissue compartments. The effect of acute differences in steroid hormone levels between

the follicular and luteal phases was studied in HIV". African-American and Caucasian

women, specifically examining changes in nelfinavir pharmacokinetics as influenced by

endometrial and intestinal P-gp expression and lymphocytic efflux activity. Study

patients were also genotyped for specific MDR1 polymorphisms to determine whether

pharmacogenetics and ethnicity played a role in these P-gp mediated events.
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Twenty-one HIV-positive and negative women of both African-American and Caucasian

descent were recruited to participate in a study investigating the effect of menstrual cycle

phase (follicular vs. luteal) on intestinal and endometrial P-gp expression. We

hypothesized that induction would be observed during the luteal phase, characterized by

peak estradiol and progesterone levels, compared to the follicular phase. We expected

that any induction observed would be reflected in increased lymphocytic P-gp efflux

activity measured using the diester fluorogenic compound, Calcein-AM, as a probe

substrate.

Expression analyses of MDR.1 mRNA in intestinal tissue demonstrated no change

between follicular and luteal phases, exemplified by an insignificant 1.11-fold overall

increase during the luteal phase compared to follicular. We detected an ethnic difference,

however, with African-Americans exhibiting lower average MDR.1 mRNA expression

during the luteal phase compared to Caucasians. Endometrial MDR.1 mRNA expression

showed larger differences between phases. In all subjects, an average 3.2-fold induction

of MDR1 mRNA was observed during the luteal phase compared to follicular. An ethnic

difference was again observed with African-Americans characterized by an average 4.3-

fold endometrial induction. In comparison, Caucasians only demonstrated an overall 1.7-

fold induction during the luteal versus follicular phase. At the protein level, we failed to

confirm the observations, mostly due to insufficient viable tissue during the follicular

phase. These results suggest that there is hormonal induction of MDR.1 mRNA in the

endometrium, but not in the intestine.
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P-gp efflux activity was measured by Calcein fluorescence accumulation in isolated

peripheral blood lymphocytes that were gated specifically for CD56+, P-gp expressing

cells. Inhibition of P-gp efflux was mediated by use of GG918 to verify the presence of

active P-gp in this cell population. Comparative analyses of intracellular Calcein

fluorescence accumulation between follicular and luteal phases demonstrated a 16.8%

average decrease in Calcein accumulation during the luteal phase, indicating higher P-gp

activity in the luteal phase, possibly due to hormonal effects. A significant [rank]

correlation was observed between endometrial induction of MDR1 mRNA and higher

P-gp activity in leukocytes during the luteal phase, strongly indicating the possibility for

compromised intracellular HIV drug therapy in these tissues that may serve as sanctuary

sites for HIV, as most HIV protease inhibitors are known to be excellent P-gp substrates.

African-American subjects were found to have significantly higher P-gp activity during

the luteal phase. This suggests that African-Americans, predominantly homozygous

wildtype for the important MDR1*2 haplotype, may have more functional P-gp due to

less variant polymorphisms. This is consistent with several studies (207, 212, 213)

showing that the C3435T variant was associated with lower MDR1 expression in

lymphocytes and CD56+ natural killer cells. Results from our genotyping studies for the

linked MDR1 C3435T, G3677T and C1236T polymorphisms (MDR1*2 haplotype),

confirm previous studies (196, 197) displaying the general ethnic trend for homozygous

variance at these positions in Caucasians and the reference genotype in African-American

subjects. Neither HIV status, ethnicity, nor genotype had an effect on the positive

correlation of sex-steroid induction of endometrial MDR.1 mRNA expression and

increased lymphocytic P-gp active efflux during the luteal phase.
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The pharmacokinetic analysis of nelfinavir between phases demonstrated a marginally

significant increase in AUC (35%) and Cmax (33%) during the luteal phase. We

hypothesize that this may be due to a hepatic P-gp and CYP2C19 interaction. Increased

P-gp activity and hepatobiliary efflux of nelfinavir during the luteal phase may be

limiting access for nelfinavir to be metabolized by CYP2C19 or CYP3A4, thereby

explaining elevated plasma levels. However, metabolite M8 pharmacokinetics exhibit the

same general trend with higher plasma M8 levels during the luteal phase compared to

follicular. Interestingly, the plasma M8/plasma nelfinavir (AUC0-12) ratio did not change

between phases for the 13 subjects with detectable M8. These findings could be

explained by a possible inhibition or downregulation of CYP activity during the luteal

phase, translating into no observable changes in plasma metabolite/parent drug ratios.

It could also be explained by potential upregulation, during the luteal phase, of

basolateral membrane hepatic efflux transporters such as MRP3 and MRP6, or

downregulation of influx transporters (i.e. OATP-A), for which nelfinavir and M8 may

also be substrates. Since there were no intestinal MDR.1 mRNA expression changes

between phases, we also did not expect a functional effect of P-gp in the intestine.

Likewise, there was no statistically significant relationship between both nelfinavir and

M8 pharmacokinetics and intestinal P-gp expression. Additional studies are necessary to

investigate what effects ovarian steroids may have on the expression and activity of other

relevant hepatic transporters and enzymes, the affinity of nelfinavir and M8 for these

transporters, or whether exogenous estrogens and progestins (e.g. in oral contraceptive

pills) might affect these parameters.
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We observed a non-significant MDR1 genotype effect on the disposition of nelfinavir

with higher median nelfinavir plasma levels in C3435T homozygous variant subjects.

Our results are consistent with data from Fellay et al. (213), Kim et al. (197), Nakamura

et al. (208) and Sakaeda et al.(209, 227), in that individuals homozygous for the MDR1

C3435T TT variant had lower plasma nelfinavir concentrations. We also found that

African-American subjects had higher nelfinavir AUC and Cmax values during the luteal

phase compared to Caucasians. It is very likely that since African-American subjects

possess the wildtype MDR1 genotype, this may be associated with greater P-gp activity

during the luteal phase compared to Caucasians.

An unexpected outcome from our studies was the finding that HIV" subjects exhibited

significantly elevated nelfinavir plasma levels during the luteal phase compared to the

follicular phase. This was also seen for M8. Multivariate statistical analyses revealed that

the addition of the ovulatory cycle phase variable to HIV status proved to be a strong

predictor of nelfinavir AUC and M8 AUC and Cmax in both ethnic groups. These results

provide evidence to suggest the possibility that HIV" women may be subjected to

compromised nelfinavir and M8 therapeutic efficacy during the follicular phase. Further,

as HIV appears to increase the risk of anovulation (226), this phenomenon also could

lead to reduced, circulating concentrations of nelfinavir. These studies strongly

emphasize the importantance of investigating the myriad effects that disease states,

ethnicity and menstrual cycle phase can have on drug pharmacokinetics during the course

of clinical drug development.
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The thesis work presented here endeavors to understand the effect that ovarian sex

steroid hormones involved in the menstrual cycle can have on P-gp substrate drug

pharmacokinetics, specifically the HIV protease inhibitor, nelfinavir. Additional studies

measuring intracellular HIV-1 RNA levels in lymphocytes and comparing between

phases to correlate with P-gp activity would further help to understand the mechanism of

interaction between HIV and transporters. Research into hormonal effects on various

transporters (i.e. MDR1, MRP, OATP) and CYP enzymes in viable liver tissues (i.e.

hepatocyte sandwich cultures) would also prove useful and give further evidence as to the

clinical relevance of menstrual cycle phase on substrate drug pharmacokinetics. Our

studies have also revealed the need to investigate the specific interactions between sex

steroid hormones and HIV, as well as HIV and P-gp. Understanding these mechanisms

will provide significant insights into providing optimal care in the clinical treatment of

HIV-infected women.
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