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Summary Methods and Results

P-glycoprotein Expression and Function: Peripheral blood lym phocytes (PBM Cs) 

were isolated by Ficoll density gradient centrifugation, fixed and perm eabilised. P- 

glycoprotein (P-gp) expression was quantified by flow  cytom etry follow ing staining with 

a P-gp specific antibody (JS B l). V im entin and IE (nonsense antibody) were used as 

controls. The presence o f  the M DR 1 gene product was confirm ed by RT-PCR. A 

rhodam ine efflux assay was used to assess P-gp function.

Drug A nalysis: The hypericin content o f  St Jo h n ’s W ort was determ ined by HPLC with 

fluorescence detection. Plasm a and cell associated indinavir and nelfinavir levels were 

assayed by high perform ance liquid chrom atography linked to m ass spectrom etry. 

Pharm acokinetic data were analysed by non-com partm ental analysis (W inN onLin). 

Effects o f St John’s W ort (SJW ): In healthy volunteers (n=15) P-gp expression 

increased 4.2 fold from baseline in subjects treated with SJW  (29.5± 14.3 vs 7.0±1.9 

(M Fl); P<0.05). There was no effect with placebo (n=7; 5.1±1.3 vs 6 .0±1.9 M Fl). SJW 

increased P-gp m ediated rhodam ine (Rho) efflux (reduced ratio) com pared with baseline 

(0 .12±0.04 vs 0 .24± 0 .18; P<0.05). There w as no change with placebo. R itonavir (RTV; 5 

I^M) inhibited P-gp m ediated efflux in both groups producing greater intracellular 

accum ulation o f  Rho, however this effect w as attenuated follow ing treatm ent with SJW 

(23.9±15.3 %  75.4±16.4% ; P<0.05).

Plasma and intracellular Indinavir pharm acokinetics: The m ean intracellular 

indinavir (ID V ) AUCo-g was lower than the p lasm a AUCo-8 (7574±1003 vs 25060±4171 

ng.m l.h '; P<0.004) in 10 patients receiving IDV plus dual nucleoside analogue therapy. 

Both the elim ination half-life and the m ean residence tim e o f  IDV intracellularly were 

prolonged com pared with plasm a (tVi: 2.0±0.3 h vs 1.2±0.09 h; M RT: 3.6+0.6 h vs 

2.1 ±0.1 h; P<0.05). For certain patients, this allow ed intracellular IDV concentrations to



remain above the MEC despite poor plasma levels. Despite a lack o f  intracellular 

accumulation o f IDV all patients were suppressed (HIV plasma RNA < 50 copies/ml). 

Intracellular Nelfinavir Concentrations and P-gp Expression and Function: in 12

patients receiving nelfinavir (NFV) plus dual nucleoside analogue therapy, the 

intracellular NFV AUCo-12 (mean ± s.e.) was ~9 fold higher than that o f  plasma 

(264200±63420 vs 29250±6629 ng/ml/h; P<0.001), and intracellular Cwin and Co values 

for NFV were 5-6 fold higher (C  Min: 5712±2156 vs 1062±357 ng/ml; C q : 15860±3662 v  

2553±539 ng/ml; P<0.0005). The intracellular NFV Cwax was 15 fold higher than plasma 

(59420±13940 vs 3986±822 ng/ml; P<0.0005), while Twax, elimination half-life and 

MRT were similar. There was a correlation between plasma and intracellular AUCo-12 for 

NFV (r=0.75; P=0.011). Furthermore, intracellular NFV concentrations and P-gp 

function were correlated at baseline (r =0.59; P<0.05). Basal P-gp mediated Rho efflux 

was decreased in the presence o f RTV (61.0±4.2% vs 25.6±5.5%; P=0.001), indicating 

an additional reversible efflux potential o f 5 6 .1±9.8%.

P-gp Expression and Function in HIV Disease: P-gp expression and function was 

assessed in PBMCs from FllV infected patients (n=75) and healthy controls (n=20). P-gp 

expression was lower (P< 0.05) in the PBMCs from treatment naive and unsuppressed 

HIV infected patients despite HAART (3.74±0.53 and 3.64±0.64 MFI) compared with 

healthy controls and patients successfully treated with HAART (6.2±0.45 and 8.33±0.59 

MFI). There was an inverse relationship between P-gp expression and viral load (r“=0.47; 

P=0.002). Trend analysis demonstrated that P-gp function between groups decreased in 

the rank order healthy controls > suppressed > unsuppressed > naive (P<0.0001). The 

maximum response to RTV was similar between naive HIV patients and healthy controls 

(98.7±1.7 vs 92.4± 4.2%) but was reduced (P<0.001) in both treated suppressed and 

unsuppressed patients (70.9±2.2 and 63.2±2.7%).
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Chapter 1

Introduction



1.1 Overview

A m em orable review by Chris Higgins in 1992 introduced the term  ABC 

transporters*' ̂  P-glycoprotein (P-gp) the m ultidrug transporter is undoubtedly the 

m ost fam ous and best characterised m em ber o f  this superfam ily, exem plifying their 

role in the transport o f  xenotoxins against steep concentration gradients at a cost o f  

ATP hydrolysis. Over the last 25 years it has becom e clear that the prim ary function 

o f  this versatile protein is to prevent the uptake o f  toxic com pounds from the gut into 

the body, and to protect vital structures such as the brain, cerebrospinal fluid, testis, 

foetus and bone m arrow against toxins. The w ide range o f  com pounds transported by 

P-gp m akes it a guardian for all seasons but the disadvantage o f  this in the m odem  era 

o f  targeted therapeutic intervention, is that P-gp m ay interfere with the delivery o f  

dm gs to target tissues. Kinetic experim ents and m utagenesis studies have generated a 

large volum e o f  data delineating the m odus operand! o f  ABC transporters including P- 

gp, and the generation o f  P-gp knockout (KO) m ice has facilitated the developm ent o f  

potent inhibitors with low toxicity, thus opening up new  w ays to selectively overcom e 

interference with m edical treatm ent. The translation o f  anim al experim ents from m ice 

to new treatm ent m odalities for hum an patients is in full sw ing and marks an exciting 

period in the field o f  transporter pharm acology. This chapter sum m arises som e o f  the 

general principles governing P-gp, and aim s to provide a concise overview  focusing 

on three interrelated themes; (1) the structure o f  P-gp and its biochem ical m echanism  

o f  action, (2) m odels o f  pum p function and know n substrates/ chem osensitisers and 

(3) the control o f  P-gp expression and its role in health and disease. This is follow ed 

by chapter two which describes the aim s and objectives o f  the thesis.
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The m ain clinical relevance P-gp is in its potential effect on altered drug 

bioavailability. The third chapter dem onstrates how a seem ingly harm less herbal 

rem edy m ay m odulate P-gp expression and activ ity  over tim e, and discusses the 

potential clinical relevance o f  this effect.

N ow here is the relationship betw een drug bioavailability  and therapeutic effect more 

im portant than in the treatm ent o f  HIV  disease, in which achieving plasm a 

concentrations above a critical level m ay determ ine virologic response. The fourth 

chapter explores this concept indirectly by assessing the relationship betw een plasma 

and intracellular concentrations o f  indinavir, a recognised substrate o f  P-gp and 

relates this to therapeutic responsiveness to antiretroviral drugs. Chapter five extends 

this to directly investigate the relationship betw een P-gp expression and function and 

plasm a and intracellular nelfm avir concentrations in treated suppressed HIV positive 

patients, while the sixth and final chapter explores the relationship between 

expression and function o f  P-gp and surrogate m arkers o f  disease activity in a large 

cohort o f  treated com pared with treatm ent naive HIV patients.

1.1.1 The ABC Superfamily

The ATP binding cassette (A BC ) transporters belong to a superfam ily o f  >100 

m em brane transporters and channels, involved in a variety o f  functions including the 

extrusion o f  noxious com pounds, uptake o f  nutrients, transport o f  ions and peptides, 

and cell signalling. ABC transporters are ubiquitously expressed across genera

/ I  \

ranging from  bacteria, yeast and plants to m am m als . In man, 48 ABC transporters 

have been identified, and classified on the basis o f  phylogenetic analysis into the 

follow ing subfam ilies, each containing several m em bers: A B C l (12 m em bers), 

M DR/TA P (11 m em bers), M R P/C FTR  (12 m em bers), ALD (4 m em bers), O A BP (1
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m em ber), G CN20 (3 m em bers) and W hite (5 members)^^^ P-gp is a m em ber o f  the 

MDR7TAP subfamily.

1.1.2 P-gp Isoforms

ABC transporters share a com m on dom ain organisation and considerable am ino acid 

sequence identity, consistent w ith a com m on architecture and evolutionary origin. P- 

gp exists in a num ber o f  different isoform s w hich have a >70%  sequence hom ology 

and are encoded by a sm all fam ily o f  closely related genes. In man, P-gp is encoded 

by tw o m ulti-drug resistance genes (M D R), M D R l and MDR3 (also designated 

M DR2), these are located on the long arm o f  chrom osom e 7 (7q21)*‘*’̂ \ while three 

genes have been identified in rodents, m d rla , m d rlb  & mdr2*^’̂ *. O f  the isoform s 

identified, the m ultidm g resistant phenotype characterised by transporter-m ediated 

substrate efflux, ultim ately leading to low er intracellular substrate concentration, is 

associated with hum an M D R l and rodent m d rla  and m d rlb  isoform  expression. In 

contrast hum an M DR3 and rodent mdr2 isoform s function as a phosphatidylcholine 

translocase, or “ flippase” , m ediating export o f  this phospholipid into bile**'' '̂. Despite 

this, recent data dem onstrates that hum an M DR3 m ay under certain conditions bind 

and transport selected M D R l substrates, although inefficiently'*^'. In vitro, P-gp 

m ediated transport is generally  considered saturable, osm otically sensitive and 

requires ATP hydrolysis to generate a substrate concentration gradient*"’

1.1.3 P-gp: Primary and Secondary Structure

Hum an P-gp is a 170 kD a polypeptide consisting o f  1280 am ino acids organised in 

tw o tandem  repeats o f  610 am ino acids jo ined  by a linker region o f  60 am ino 

acids*'“’'^’. The protein appears to have arisen by a gene duplication event, fusing 2
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related demi m olecules each consisting o f  one ABC dom ain and one transm em brane 

domain*'"**. P-gp is synthesised in the endoplasm ic reticulum  as a core glycosylated 

interm ediate with a m olecular w eight o f  150 kDa. The carbohydrate m oiety being 

subsequently m odified in the Golgi apparatus prior to export to the cell surface*'"*. 

The secondary and tertiary structures o f  P-gp have not been fully elucidated due to an 

inability to crystallize the protein for 3 dim ensional analysis, hence, there are several 

proposed m odels for its structure and com position. M odels are consistent with 

published data and variations are not m utually exclusive, however, differences 

between m odels w arrant som e discussion since they underlie potential alternative 

m echanism s o f  P-gp pum p ftinction and substrate recognition.

The basic unit o f  an ABC transporter consists o f  4 core domains*'*’"'̂ *. The most 

w idely accepted structural model for the hum an P-gp isoform  was determ ined by 

hydropathic profiling o f  the prim ary am ino acid sequence*'*^’. Based upon this data, P- 

gp is purported to consist o f  2 hom ologous halves, each encom passing a hydrophobic 

dom ain com posed o f  6 m em brane spanning segm ents (putative a-he lices) separated 

by hydrophilic loops and one intracellular nucleotide binding dom ain (NBDs)*''^"*’’. 

Conservation o f  the N BD s are central to classification and dem arcation o f  the ABC 

transporter s u p e rfa m ily * F u r th e rm o re , m ultiple alignm ent analysis o f  the prim ary 

sequence o f  94 ABC dom ains o f  E. coli, has highlighted 3 short m otifs that are highly 

conserved, the W alker A and B motifs*‘ ' ’ w hich are involved in the b inding and 

hydrolysis o f  ATP and an ABC signature m o tif (C) the function o f  w hich rem ains 

unclear*

Fourier transform  attenuated reflective infrared spectroscopy and circular dichroism  

analysis indicates that P-gp has a secondary structure com position o f  approxim ately  

32-43%  a-he lix , 16-26% P-sheet, 15-29% P-tum  and 13-26% unordered
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staicture (23 ,24 ) This is consistent with the 48% a-helix, 16% P-sheet and 36% coil

structures as predicted from amino acid sequence using secondary structure prediction 

algorithms^”'**. Mutational analysis and cysteine cross-linking experiments have been 

used to design two practical models for the secondary structure o f  P-gp (Figure 1.1 A, 

B).

oioioiei®

A) Undor Model

0 ©

B) Cyclone Model

Figure 1.1

Schematics depicting 2 practical models for the organisation o f transmembrane 

spanning domains for P-gp: A) the “ Linear” model and B) the “Cyclone” model. In 

both models, domains 6 and 12 being are shown in close proximity based upon 

cysteine crosslinking studies. Taken from  Loo & Clarke, 1999^"^\

The linear model conventionally represents each half o f P-gp as being symmetrically 

arranged within the membrane allowing parallel crosslinking o f transmembrane 

segments (Figure 1.1A)*"^’"^\ Other studies support an alternative cyclone model 

(Figure I . IB)  as described by Loo and Clarke in their review o f the symmetry and 

structure o f  ABC transporters, this predicts a different pattern o f crosslinking.
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providing insight into the dynamic nature o f the transmembrane segments and 

potential conformational changes that occur during the catalytic cycle o f P-gp*^^’. 

Together, these data are consistent with P-gp existing as a single aqueous pore formed 

by a toroidal ring of 12 a  helices, deployed in two arcs o f six helices each in 

association with a nucleotide binding domain (Figure 1.2B).

X T .  out

membrane

NBDl NBD2

NBDl NBD2

Figure 1.2

A schematic o f the classical 6 + 6 helical model for P-glycoprotein. A) Linearised 

secondary structure showing the putative a-helical transmembrane spanning domains 

and the nucleotide binding domains (NBD 1 & 2). B) Proposed tertiary organisation 

of the transmembrane spanning domains and their spatial relationship to the 

nucleotide binding domains. The a-helices in this schematic are arranged in a toroidal 

ring forming a central pore region. Taken from  Jones & George, 200d"^^\
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Jones has also presented data to support an alternative arrangement for the structure o f 

P-gp based upon computer prediction algorithms, hydropathic profiling and secondary 

structure analysis^^^’. In this model, P-gp is comprised o f 2 membrane-embedded 16- 

strand P-barrels, attached by short loops to two 6 a-helical bundles beneath each 

barrel. With each NBD contributing 2 P-strands and one a-helix to the structure 

(Figure 1.3). The main difference between this model and those previously described 

is that the (3 pleated sheets form the central pore rather than the a  helices which are 

thought to lie intracellularly. The main functional consequence o f this arrangement is 

to support a two-cylinder model o f P-gp pump function as discussed later, as opposed 

to either the “pore” or “flippase” models o f pump function.
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b e ta
barrel

m em brane

Figure 1.3

A schematic showing a proposed alternate assembly o f the N-terminal half o f P- 

glycoprotein consisting o f a transmembrane pore formed by a P-barrel below which 

lies the a-helical bundles. The relative positions o f the ATP binding motifs are also 

highlighted (A, B and C boxes). Taken from  Jones & George, 1998^~'^\

1.1.4 P-gp: Tertiary Structure

Data pertaining to the tertiary structure o f  P-gp has been lacking due to the difficulties 

in crystallising the protein for X-ray diffraction analysis. However, progress has been 

made towards obtaining low-resolution data at ~2.2nm resolution by electron 

microscopy and single particle image analysis*'’̂ '̂ ’̂ '*. The extracellular face o f P-gp 

(Figure 1.4A) is toroidal in shape with six-fold symmetry and a diameter o f 

approximately 10 nm and depth o f  approximately 8 nm. There is a large diameter 

opening (~5nm) that is required for the passage o f substrates. While this pore is closed
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at the cytoplasmic face o f the membrane a cross sectional view indicates that the 

aqueous chamber is accessible from the lipid phase (Figurel,4B). P-gp also has two 3 

nm lobes on the cytoplasmic side o f the membrane that are o f an appropriate size to 

be consistent with that o f the NBDs*^'*. Although the NBDs are positioned such that 

they may gate the central chamber intracellularly, this is unlikely, as the NBDs are not 

exposed to the extracellular milieu*^^*.

TMD
TMD

TMD

Figure 1.4

A 3-D reconstruction o f P-gp as determined by electron microscopy and image 

analysis. A) A view perpendicular to the extracellular surface o f  the membrane 

showing the two transmembrane domains (TMD) and assumed lobes o f the nucleotide 

binding domains projecting at the cytoplasmic face o f  the plasma membrane. The 

aqueous pore (P) is also indicated. B) Side view o f P-gp with the approximate position 

o f the lipid membrane represented by the horizontal dashed lines. The arrow indicates 

access to the central pore from the lipid membrane through an asymmetrical opening. 

Taken from Rosenberg et a i, 1997^^ \̂
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While these studies provide important information on the 3D structure for P-gp, the 

controversy over the secondary and tertiary structure will only be answered by high- 

resolution X-ray crystallographic analysis o f P-gp. Recently this problem was solved 

by Chang and Roth for MsbA*^"*’ a bacterial homologue o f a multidrug resistance 

transporter from Escherichia coli. MsbA although a lipid transporter is closely related 

to LmrA from Lactococcus lactis (a multidrug transporter with a high level o f 

sequence, topographical and functional similarity to P-gpV^^'^^’, thus making it likely 

that there is also structural similarity between the bacterial transporters and P-gp, even 

though both MsbA and LmrA are half size ABC transporters functioning as 

heterodimers. If LmrA is introduced into animal cells it confers multidrug resistance 

like P-gp*^^’. The structure proposed by Chang and Roth has a cone like 

transmembrane domain with the top o f the cone pointing out o f the cell (Figurel.5). 

This domain contains 12 transmembrane a  helices confirming the commonly accepted 

structure for P-gp but refuting the recently proposed alternative suggesting the a  

helices lie intracellularly and supporting the two-cylinder engine model o f  P-gp pump 

function.



Figure 1.5

The structure o f  the MsbA lipid transporter. A view o f the chamber opening o f  the 

MsbA dimer, showing it’s cone like structure containing 12 transmembrane a  helices. 

The nucleotide-binding domains (NBDs) are positioned at the ends o f the helices o f 

the transmembrane domains (TMDs). This diagram was generated using Protein 

Explorer. Taken from  McKeegan et a i, 2003^^^\

1.2 Biochemistry of Drug Transport

Radioligand binding data supports the existence o f at least two substrate binding sites 

sufficient for drug transport within the transmembrane domains o f These

sites appear to be closely associated with domains 5, 6, 11 and 12*'*'"*̂ '. Substrate 

binding sites may actually be overlapping or possibly allosterically coupled*' '̂*''*^’, 

leading to the suggestion that there is actually only a single common site*"̂ *̂. 

However, recent studies indicate that three or perhaps even four distinct drug binding 

sites exist on P-gp and these can be classified as both transport and modulating sites, 

which can switch between high and low affinity states for substrates/ inhibitors*'**’"̂ '̂ *.
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That drug transport takes place within these regions is supported by site directed 

mutagenesis studies, which show that alterations o f certain transmembrane domains 

affect drug resistance*^**’̂ '*.

1.2.1 Substrate Binding and ATPase Activity

There is unequivocal biochemical evidence to support a conformational change in P- 

gp upon substrate binding, including changes in epitope accessibility*^^’̂ *̂ and 

vulnerability to protease degradation*^'*'^^*. In fluorescence labelling experiments, 

Liu*^^’ demonstrated quenching o f the probe fluorescence within the NBDs following 

substrate binding, thereby linking drug binding site to a conformational change in the 

catalytic site o f the NBD. Furthermore, infrared spectroscopic data have shown a 

change in the tertiary structure o f P-gp and stimulation o f the ATPase activity o f P-gp 

by verapamil and other substrates and chemosensitisers . Cysteine cross linking 

studies have shown substrate binding to initiate a conformational change in the distal 

NBDs*^^’. This has been extended by a study demonstrating that binding o f an ATP 

analogue caused the cylindrical, barrel-like structure o f P-gp to be reorganised into 3 

compact domains each with a diameter o f 2-3 nm and a depth o f 5-6 nm. This 

effectively opens the central pore along its length, which may allow access o f 

hydrophobic substrates directly from the plasma membrane*^* '̂.

P-gp is an unusual translocating ATPase in that the purified protein exhibits a high 

level o f basal ATPase activity in the absence o f  a substrate*^*^'^'' which can be further 

increased by 3-4 fold in vitro by transport o f  substrates and chemosensitisers*^^’̂ *̂. 

ATPase activity is associated with the two NBDs which have similar apparent affinity 

for ATP, and hydrolyse ATP at comparable rates*^^’̂ "̂ ’̂ ’̂. Several groups provide 

evidence to support an alternating catalytic cycle mechanism in which only one NBD
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hydrolyses ATP at a This is in direct contrast to the situation for the

multidrug resistance related protein 1 (M R Pl) a closely related human drug 

transporter in which inactivation o f N BDl does not completely eliminate drug 

transport whereas inactivation o f the second NBD does*^*\ While early studies found 

that ATP hydrolysis was directly coupled to the substrate transport p r o c e s s * a  

recent study has eloquently shown conformational changes in the tertiary structure o f 

P-gp as a result o f  ATP binding rather than ATP hydrolysis*^*^*. Furthermore, 

biochemical data indicates that a reduction in substrate binding affinity to P-gp results 

directly from ATP binding rather than hydrolysis*^* '̂™’. Together, these findings 

support a role for ATP hydrolysis “resetting” the transporter to its initial starting 

conformation*^'*.

Little is known regarding the stoichiometry o f nucleotide binding or how this may be 

altered during the catalytic cycle. Early experiments indicated that a minimum o f 50 

ATP molecules were hydrolysed per molecule o f  substrate transported . This ratio 

has been revised to suggest that 2-3 molecules o f ATP are hydrolysed per molecule o f 

substrate transported*^^'^^’. Using a fluorescent nucleotide derivative Qu et 

demonstrated that in the absence o f substrates, both nucleotide binding domains are 

occupied with either ATP or ADP in the resting and transition state. Release o f  the 

dmg from the transporter during the catalytic cycle precedes formation o f the 

transition state*^^’.

ATPase activity is frequently biphasic, with stimulation at low drug concentrations, 

and inhibition at higher concentrations. Inexplicably, some substrates inhibit rather 

than stimulate activity in a concentration dependent manner*"’. This may be due to 

allosteric hindrance, arising from the overlap o f putative stimulatory and inhibitory 

binding sites within P-gp*^ '̂^*'. In addition, drug induced effects on ATPase activity
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are both cell and species dependent, as vinblastine inhibits P-gp-mediated ATPase 

activity from Chinese hamsters*^* '̂ '̂*, but increases it in human KB cells (epithelial 

carcinoma cell line)*^^’.

1.2.2 The Pore Model of Pump Function

The mechanism by which P-gp and other ABC transporters couple the hydrolysis of 

ATP to movement o f drugs across the plasma membrane is not well defined, but 

several models have been proposed namely, “pore”, “hydrophobic vacuum cleaner”, 

“flippase” and “two cylinder engine”.

Early models hypothesised that P-gp formed a hydrophilic pathway or pore permitting 

transport from the cytosol to the extracellular environment by shielding the substrate 

from the hydrophobic plasma membrane***’’*'*. In support of such a model, Altenberg 

et al. in 1994 published data demonstrating that rhodamine 6G (a known P-gp 

substrate), is effluxed from the cytoplasm**"’. The pore model has significant 

limitations, since it is based upon the premise that the initial interaction between the 

substrate and transporter occurs from the aqueous phase, therefore precluding the well 

established ability of P-gp to extrude hydrophobic compounds.

1.2.3 Hydrophobic Vacuum Cleaner and Flippase Model

Both the “hydrophobic vacuum cleaner” and “fiippase” models for P-gp are consistent 

with the proposed tertiary staicture of P-gp indicating that substrates can gain access 

to the pore from the lipid phase*^*’’̂ "’. P-gp is envisaged as a “hydrophobic vacuum 

cleaner” extracting hydrophobic compounds embedded in the inner leaf of the plasma 

membrane, and pumping them directly to the external aqueous medium*^* ’̂. This is 

strengthened by the observation that, LmrA a prokaryotic homologue of P-gp also
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extrudes substrates from  the inner leaflet o f  the cytoplasm ic membrane*^^*, and by the 

data o f  several groups dem onstrating unidirectional transportation o f  fluorescent P-gp 

substrates from  the cytoplasm ic leaflet o f  the plasm a m em brane to the external 

aqueous environment**^'*^’.

In the alternative “flippase” model (Figure 1.6), substrates are flipped from  the inner 

leaflet o f  the lipid bilayer, to either the outer leaflet o f  the plasm a m em brane or 

directly to the extracellular environment**'*. Both o f  these m odels m ay help to explain 

the unusually broad substrate specificity o f  P-gp, since the prim ary determ inant o f  

specificity would be the ability o f  a substrate to partition into the lipid bilayer 

appropriately, with subsequent binding site interactions being o f  secondary 

im portance. Evidence supporting a “ flippase” m echanism  dem onstrates a) that 

fluorescent lipids are flipped betw een the inner and outer leaflets o f  the plasm a 

m em brane in a reconstituted system**^*, b) the M ouse P-gp hom ologue m dr2 catalyses 

A TP-dependent transbilayer m ovem ent o f  a fluorescent phosphatidylcholine 

analogue**’ and c) in the mdr2 knock-out m ouse phosphatidylcholine is not secreted 

into bile*'^’.
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Figure 1.6

A schematic representation o f the “flippase” model for P-glycoprotein-mediated drug 

efflux. In this model, substrates interact with the inner leaflet o f the lipid membrane 

prior to interaction with P-gp for transport either directly to the extracellular medium, 

or alternatively, are “flipped” into the outer leaflet and released into the extracellular 

environment. Modified from  Johnstone et a i, 2000^^'^\

1.2.4 The Two-Cylinder Engine: A Conceptual Variation

An conceptual variation o f  the “hydrophobic vacuum cleaner” is the “two-cylinder 

engine” model (Figure 1.7)*^*’̂ '̂ ’, which has been proposed as a mechanism for the 

prokaryotic P-gp efflux pump LmrA^'‘̂ ’. In this model, the loops connecting the 

helical bundles to the P-barrels represent the both the intracellular and outward facing 

substrate binding sites. Upon binding one set o f  loops move into the lumen o f  the (3- 

barrel transporting the substrate towards the extracellular environment, while “empty”
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(low affinity) loops on the alternative cylinder move inward. An alternating cycle 

mechanism operates between the P-barrels.

P-barrels

substrate

substrati

Helix Bundle

\  /
NBDs

Figure 1.7

A schematic representation o f the “two-cylinder engine” model o f P-glycoprotein- 

mediated dmg efflux. The substrate binds between the intra-cytoplasmic loops o f the 

transmembrane domains and is expelled from the cell by a “piston” driven efflux 

mechanism through the (3-barrels. Taken from Jones & George, 2000^^^\

1.3 P-gp Expression, Function and Regulation 

1.3.1 P-gp Substrates and their Recognition

P-gp is unique in its ability to recognise and transport a plethora o f diverse substrates 

that differ considerably in chemical structure and pharmacological action, including 

many clinically important substrates (T ab le l.l). The interaction o f substrates/
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inhibitors with P-gp is a com plex process that is poorly understood, and an area of 

great contention. Interestingly, Kd (dissociation constant) values for P-gp substrates 

cover a 1000 fold range, indicating that P-gp can discrim inate betw een dissimilar 

com pounds in a m easurable m anner*"'. W hile the underlying m echanism  is unknown, 

m any studies have attem pted to address the m olecular basis for the substrate/P-gp 

interaction by investigating structure-activity  relationships o f  established P-gp 

substrates and inhibitors. Data from  such studies have highlighted the im portance o f 

lipophilicity, hydrogen bonding potential, presence o f  an am ine, m olecular weight, 

size, surface area and the presence o f  arom atic ring structures as important 

determ inants o f  substrate binding and functional effect**̂ '̂ '*̂ *’*. In other studies, utilising 

3D m odelling to screen for universal m olecular features o f  >100 diverse P-gp 

substrates a com m onality was the presence o f  a hydrogen bond acceptor (or electron 

donor) m oiety, such as carbonyl, ether, hydroxyl or tertiary am ine groups, with a 

defined spatial separation**^'*^'*. Two specific spatial separation patterns were 

identified and classified as type I and II. The type I pattern is defined as 2 electron 

donor groups separated by 2.5±0.3A w hile the type II pattern is m ade up o f  2 electron 

donor groups with a spatial separation o f  4.6±0.6A. A type II pattern m ay also contain 

3 electron donor groups with the outer 2 groups being separated by 4.6±0.6A. A 

prerequisite for substrate b inding is either Ix  type I or Ix  type II pattern*'^", with 

substrate transport requiring either two type I or one type I and one type II pattem*'^^’. 

A nalysis o f  the transm em brane spanning dom ains o f  P-gp indicates grouping o f  

am ino acids with hydrogen bond donor side chains on one side o f  the TM dom ain and 

am ino acid residue with inert (non-hydrogen bonding) side chains on the opposite 

side, possibly adjacent to the lipid bilayer**’ P-gp substrates containing type II 

m oieties induce P-gp over-expression and are associated with developm ent o f  drug
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resistance**^'*; interestingly, type II patterns are also prevalent in antibiotics and drugs 

targeted to DNA.

A lternatively, the ability o f  P-gp to transport a diverse range o f  com pounds m ay be 

explained on the basis o f  a “half-coupled” mechanism*^^*. In this schem e, ATP 

hydrolysis is still linked to carrier transport, as in a fully coupled system , but differs in 

that the substrate plays a passive role, negating the requirem ent o f  a specific 

interaction betw een substrate and transporter. Interestingly, recent biochem ical studies 

dem onstrate that substrate binding alters the arrangem ent o f  the transm em brane 

segm ents in the drug-binding site, indicating that P-gp m ay accom m odate a diverse 

range o f  substrates through a “drug-induced-fit” mechanism*'^^*.

Partitioning o f  substrate into the plasm a m em brane is the rate lim iting step for binding 

w ith P-gp, with dissociation rate o f  the substrate/P-gp com plex being controlled by 

the extent and strength o f  the hydrogen bonding w ithin the complex*^^’.

W ith regard to effects on ATPase activity, P-gp substrates are broadly classified into 

those com pounds that: 1) stim ulate A TPase activity  at low concentrations but inhibit 

activity at high concentrations, 2) enhance A TPase in a dose dependent m anner 

w ithout any inhibition and 3) inhibit both basal and verapam il stim ulated A TPase 

activity^^*. Interestingly, M DR m odulators, w hich counteract resistance m echanism s 

through interference with drug efflux, also appear to be transport substrates.
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Table 1.1

C lin ica lly  re le v an t P -gp  su b s tra te s

• C a n c e r  d ru g s • H IV  p ro tease  in h ib ito rs
o D oxorubicin o A m prenavir
o D aunorubicin o Indinavir
o V inblastine o N elfm avir
o V incristine o Ritonavir
o A ctinom ycin D o Saquinavir
o Paclitaxel • C a rd ia c  d ru g s
o Teniposide o Digoxin
o Etoposide o Q uinidine

• Im m u n o su p p re ss iv e  d ru g s • A ntiem etic
0  Cyclosporin A o O ndansetron
o Tacrolim us • A n ti-d ia rrh o e a l a g en t

• L ip id -lo w erin g  ag en t o Loperam ide
o Lovastatin • A n ti-g o u t agen t

• A n tih is tam in e o Colchicine
o Terfendaine • Antibiotic

• Steroids o Erythrom ycin
o A ldosterone • Anti-helminthic agent
o H ydrocortisone o iverm ectin
0 Cortisol • Anti-tuberculous agent
o Corticosterone o Rifam pin
o D exam ethasone • Fluorescent dye

• Dopamine antagonist o Rhodam ine-123
o D om peridone

Modified from www. aidsinfonyc. ors/tas/science/psptables. html

1.3.2 P-gp Modulators

From  a pharm acological perspective, P-gp function m ay be m odulated as a result o f  

com petitive/ non-com petitive antagonism , interference with ATP binding / hydrolysis, 

coupling o f  ATP to the transport process or by altering the drug m em brane 

interaction*^*’. Potential m echanism s range from  direct binding to P-gp and depressing 

A TPase activity to inhibiting protein kinase C (PKC). M odulators such as safm gol, a 

PKC Inhibitor, regulate P-gp fianction through phosphorylation o f  the protein*^*^’,
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w hile others com pete for transport with other substrates. Com petitive transport 

com bined with favourable biophysical properties perm it rapid diffusion o f  substrate 

across and recycling w ithin the m em brane bilayer*"^^’*̂ *. In this situation, the rate o f 

m em brane equilibration m ay be so rapid that P-gp-m ediated efflux cannot keep pace. 

C onsequently , P-gp operates in a futile cycle, hence cells are unlikely to become 

resistant to such chemosensitisers*"^*”. P-gp rapidly facilitates resistance to bulky 

am phipathic drugs such as paclitaxel, anthracyclines and Vinca alkaloids, the 

hydrophobic parts o f  these drugs allow  their rapid insertion in the m em brane, while 

the hydrophilic residues prevent rapid flipping o f  the drug to the inner leaflet slowing 

dow n entry into the cell. In fact for doxorubicin this takes approxim ately a minute, 

giving the P-gp am ple opportunity  reduce drug i n f l u x ^ I t  is interesting to note 

that substrates which enter cells faster than P-gp can pum p them  out m ay be missed 

by currently  available functional assays, which can be insensitive. A case in point is 

m ethotrexate (M TX ), a hydrophilic negatively charged drug, considered to be 

unaffected by P-gp as a result o f  the above process. However, in cell lines deficient in 

M TX carrier m ediated uptake P-gp m ay confer resistance*'*’̂ '.

M ost m odulators share som e com m on chem ical features, such as arom atic ring 

structures, a tertiary or secondary am ino group and high lipophilicity. How ever, some 

com pounds such as progesterone and the flavinoids may lack som e o f  these features 

yet still possess resistance-reversal activity. Recently, m olecular m odelling o f  106 

representative P-gp substrates and inhibitors show ed that an effective P-gp m odulator 

should has a log P (octanol-w ater partition coefficient) value o f  > 2.92, an 18-atom- 

long or longer m olecular axis, a high Ehomo value (energy o f  the highest occupied 

orbital), in addition to at least one tertiary  basic nitrogen atom*"*^’ In general 

m odulators are grouped on the basis o f  their structural features (a) calcium  or sodium
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channel blockers, (b) calm odulin antagonists, (c) PKCIs, (d) flavinoid and steroidal 

com pounds, (e) indole alkaloids and polycyclic com pounds, (f) cyclic peptides and 

m acrolide com pounds, (g) m iscellaneous com pounds (Table 1.2).

T able 1.2

C linically  relevant P-gp inhibitors

• C yclopropyldibenzosuberane • A nti-oestrogen cancer agent
o Z osuquidar (L Y 335979) o Tam oxifen

• Im m unosuppressant • A ntiarrhythm ic agent
o Cyclosporin A o Q uinidine
o V alspodar (PSC 833) • A ntifungal agent

• H IV protease inhibitors o K etoconazole
o R itonavir • Sedative
0  Saquinavir o M idazolam
0  N elfm avir • A cridonecarboxam ide derivative
o Indinavir (?) O G F120918

• C alcium  channel blocker • Peptide chem osensitisers
o Verapam il o Reversin 121

• Progesterone antagonist o Reversin 205
o M efipristone (RU 486)

Modified from  www. aidsinfonvc. ors/tas/science/peptables. html

1.3.3 P-gp Expression in Normal Tissues and Physiological Function

Studies dem onstrate wide spread expression o f  P-gp in m any tissues and cells. The 

principal location (Table 1.3) o f  P-gp is on the apical m em branes o f  the epithelia, the 

luminal surface o f  the small intestine, colon, hepatocytes (canalicular m em brane), 

capillary endothelial cells at the blood-brain and blood-testis barrier, kidney proxim al 

tubules, placenta and on l y m p h o c y t e s ' T h e s e  cellular and tissue locations o f  P- 

gp leave little doubt that it form s part o f  a physiological detoxification system  and is
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therefore a key player in the defence o f the body against amphipathic xenotoxins. In 

the gut mucosa it prevents entry o f toxins into the body; in the blood brain barrier, 

placental trophoblasts, testis and bone marrow it provides protection to vital body 

parts; and in the gut, liver and kidney P-gp helps to eliminate toxins from the body. 

The detailed analysis o f defence functions o f P-gp has been greatly simplified by the 

generation o f P-gp KO mice**̂ ’" ° ’' " ’. Mice have two ABCBl type drug transporters 

that appear to do the job o f a single P-gp (M D R l) in humans. M drla ' ', M drla/lb '^‘ 

and the triple KO mice, has been extensively used for pharmacological studies, and to 

establish the effect o f P-gp on oral availability and brain penetration o f drugs*"^’"^ ’. 

KO mice are viable and fertile displaying no obvious phenotypic abnormalities other 

than sensitivity to cytotoxic agents. Interestingly, inflammatory bowel disease and has 

been described in P-gp KO mice*"'^'.

24



Table 1.3 Location and function o f P-giycoprotein in Man

Organ/Tissue Site Function

Gut
• Colon
• Jejunum

Apical (lum inal) surfaces o f  
superficial colum nar epithelial 
cells

Intestinal excretion and reduced 
absorption o f  drugs and toxins

Liver and Biliary 
System

Hepatoc}4es and luminal 
surface o f  b iliary ductile 
epithelial cells

H epatobiliary excretion o f  drugs 
and toxins

H epatocytes Regulation o f  cytochrom e 
expression

Kidney Apical surface o f  proxim al 
tubules

Urinary excretion o f  dm gs/ toxins

Brain Endothelial cells o f  cerebral 
capillaries

C ontributes to blood-brain barrier, 
extruding drugs and toxins

Choroid plexus U nknow n

Peripheral
Nerves

Endothelial cells o f  nerve 
capillaries

C ontributes to blood-nerve barrier, 
extm ding drugs and toxins

Uterus Foetally-derived epithelial cells 
o f  placenta

M aterno-fetal barrier contribution 
protects fetus from  toxins

Cells o f  endom etrial glands Role in steroid production?

Testis and Ovary C apillary endothelial cells C ontributes blood-testis/ovary 
barrier, gonadal protection from 
toxins/drugs

Immune System Skin dendritic cells Dendritic cell m igration to lymph 
nodes

A ctivated lym phocytes Export o f  interleukins and 
interferon y

N atural killer and CD 8+ T cells Reduced cytolytic activity

Bone Marrow H em atopoietic stem  cells Rem oval o f  drugs/toxins

Adrenal Gland M edulla and cortex Role in steroid production?

Modified from www. aidsinfonyc. ors/ta2/science/psptables. html
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1.3.4 Regulation of P-gp Expression

The M DRl gene is located on the long arm o f chromosome 7 and consists o f 28 exons 

that encode the 1280 amino acids encompassing P-gp. P-gp is constitutively expressed 

in a cell and tissue-specific manner but may be induced by environmental factors such 

as heat shock, cytokines, chemotherapeutic agents, UV radiation and tumour

/ l i e  1 2 2 \

suppressor genes ' . In many cell lines and human metastatic sarcomas in

(118 120 123 1”̂ 6 )vivo ' ' ' '  , P-gp expression is increased as a result o f up-regulation o f MDRl

mRNA levels. However, in cell lines selected for resistance to cytotoxic agents, gene 

amplification and the appearance o f  self-replicating episomes may also underlie the 

increase in P-gp expression**'*’.

It is generally accepted that transcriptional regulation is o f primary importance with 

regard to the complex expression pattern o f P-gp in However, changes in

MDRl mRNA stability, or alterations in P-gp turnover or trafficking are also 

implicated*'“'^''^". Recently up-regulation o f M DRl expression in a leukaemic cell 

line has been shown to occur at post-transcriptional mRNA turnover and translational 

r e g u l a t i o n * T h e s e  data and the fact that the human MDRl  promoter region is 

atypical in that it does not contain a TATA promoter sequence but has multiple 

response elements (Figure 1.8) support a complex regulatory pattern with regard to 

control o f P-gp expression. At present, MDRl  gene transcription can be up-regulated 

by several transcription factors including, GC, HSFl ,  Spl ,  AP-1, NF-IL6, NF-Y, 

EGRl ,  YB-1 and M EF-l*"^'^^'''^". Furthermore, it is inhibited by cross-coupled 

NFkB/p 65 and cFos*''*^’ and may be either positively or negatively regulated by the 

tumour suppressor protein p53*'^'''‘’̂ ’.

Recently, a steroid xenobiotic receptor (SXR) response element has been described 

approximately 7800 bp upstream o f the initiator site o f the MDRl  gene. This response
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element binds a pregnane xenobiotic receptor/retinoid xenobiotic receptor a  

heterodimer (PXRVRXRa) leading to activation o f MDRl transcription in response to 

a number of xenobiotic inducers (nifedipine, mefipristone (RU486), dexamethasone 

and rifampicin/''^'*’. In addition, SXR is also implicated in the development of 

multidrug resistance in SXR-expressing t u mo ur s* I n t e r e s t i n g l y ,  SXR nuclear 

receptors co-ordinately regulate drug metabolism via cytochrome P450 genes 

(CYP3A4, CYP2C8) and drug efflux via MDRI*'^^*.

CAAT
13
110/-103

S 3

MEF1 InvftAEOIuJMLiWi J ' GC i
pS3 -M/-45 p53 •€/«11

•72/-62

-275/ - 2«1
•419/-405

•964/-9S0
•1017A1003
•1651M637
-1813/-1T99

Figure 1.8

A schematic representation of the untranslated 5 ' regulatory region of the human 

MDRl gene showing promoter elements and their relative start sites. The numbers 

under each promoter element indicates their position with respect to the +1 start site. 

Taken from Labialle et al. 2002̂ '"̂ ^̂ .

It is generally assumed that up-regulation of MDRl mRNA is translated directly into 

an increase in P-gp expression and by extension P-gp function. In support of this, both 

MDRl mRNA and P-gp protein content are increased in human renal carcinoma 

cells^"^’ and rat liver cells exposed to chemical and physical stressors (heat shock and 

arsenic), culminating in a transient resistance to vinblastine. However, the situation is
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not straight forward, as no such correlation between steady state M DRl expression 

and P-gp function is noted in acute myeloid leukaemia cells, human bone marrow 

lymphoid cells or K562 leukaemia cells*'^'’’'*̂ '''**’.

1.4 P-gp and Altered Drug Disposition

The importance o f P-gp in modulating the pharmacokinetics o f many drugs in 

addition to those used in cancer therapy has become more apparent with the advent o f 

P-gp gene knockout mice, particularly in the areas o f drug transport across 

blood/endothelial barriers and intestinal excretion/absorption.

1.4.1 The Blood Brain Barrier (BBB)

The blood brain barrier consists o f endothelial cells o f brain capillaries which are 

linked together by tight junctions leaving no space between cells, hence daigs 

entering the brain must be highly lipophilic, in order to enter the BBB by passive 

diffusion, and be capable o f circumventing the high level o f P-gp present in the apical 

membrane o f these cells. It was only through the availability o f knockout mice that 

the important contribution o f P-gp to the BBB was fully recognised. Intravenous 

administration o f cyclosporin, digoxin and ivermectin (a neurotoxic pesticide), in 

m drla" ' knockout mice, elicits a 17-100 fold increase in the brain concentrations o f 

these agents compared with wild type c o n t r o l s * S i m i l a r  results are obtained in 

double knockout mice (m d rla /lb " )  in that brain concentrations o f  digoxin increased 

approximately 19 fold compared to wild type animals. However, this was not 

accompanied by an increase in plasma digoxin levels, consistent with preferential 

accumulation in the brain (increased brain to plasma ratio)*'^*’'. This is supported by 

an in vitro study in which intravenous administration o f LY-335979 (Zosuqidar), a
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potent P-gp inhibitor increased both brain and testicular concentrations o f nelfinavir (a 

potent HIV protease inhibitor) up to 37- and 4-fold respectively in mice. Similar 

effects were also obtained for amprenavir, indinavir and saquinavir (HIV protease 

inhibitors). However, there was only a modest increase in plasma nelfinavir levels 

following LY-335979 administration which is consistent with the primary effect being 

to increase tissue penetration o f these agents*'^” . Potential consequences o f enhancing 

brain penetration o f drugs through modulation o f P-gp function are highlighted in a 

study investigating the effects o f loperamide and domperidone in m d rla "  mice*'^"’. In 

this study, loperamide, a peripherally acting anti-diarrhoeal agent, underwent 

substantial (7 fold) increase in brain concentrations to elicit potent opiate-like activity 

compared with wild type controls. Interestingly, in the same study, the knockout mice 

were also more sensitive to the neuroleptic-like side effects o f oral domperidone''^"’.

1.4.2 The Maternal-Foetal Barrier

Lankas et demonstrated in 1998 that M drla"' mutants displayed enhanced

sensitivity to the teratogenic effects o f the pesticide ivermectin, and showed that 

M drla P-gp is present in foetus derived epithelial cells in the exchange border 

between the foetal and maternal circulations. P-gp in the apical border faces the 

maternal circulation, and hence is optimally placed to protect the foetus from 

incoming toxins. This work has been extended by Smit et to show that digoxin, 

saquinavir and paclitaxel penetrate the foetuses o f  M drla(-/-)/lb(-/-) knockout mice 

more effectively than wild type mice following IV administration.
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1.4.3 P-gp and Intestinal Excretion/Absorption of Drugs

The small intestine represents the principle site o f absorption for any ingested 

compound, whether dietary, therapeutic or toxic. The majority o f  drugs are well 

absorbed by the GI tract and are therefore given by this method since it is 

inexpensive, convenient and non invasive. Specific membrane transport systems and 

intracellular metabolising enzymes allow intestinal enterocytes to form a selective 

barrier to drugs and xenobiotics and are therefore critical in determining drug 

disposition and bioavailability. The multidrug transporter, P-gp, is ideally positioned 

to alter drug disposition due to its widespread constitutive expression in intestine 

(where it is localised to the villus tip enterocytes), kidney, liver, placenta, blood brain 

and blood testes barriers.

The first evidence that P-gp acts as a secretory detoxifying system to limit drug 

absorption came from studies in the human intestinal epithelial cell lines caco-2, 

HT29 and T84. Polarised apical expression in these cells was accompanied by 

secretory (basolateral to apical; blood to lumen) transport o f the anticancer agent 

vinblastine which was reduced in the presence o f  MRK 16 monoclonal antibodies 

directed against P-gp, and the P-gp inhibitors verapamil and nifedipine* 

Definitive data implicating P-gp in drug disposition arose from studies in Mdr 

knockout mice. In m d rla ‘ ‘ knockout mice, Kim et showed that plasma levels of 

the protease inhibitors, indinavir, nelfmavir and saquinavir, increased 2-5 fold 

compared with wild type controls following oral administration, representing 

increased absorption. In man, erythromycin, a inhibitor o f P-gp, increases oral 

bioavailability o f talinolol (Pi-selective antagonist) as the area under the curve and the 

maximum serum concentration obtained are increased compared to placebo*'"'^’. 

Interestingly, pgp can modulate intestinal drug excretion as the excretion o f
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intravenously adm inistered digoxin from  the system ic circulation into the gut is 

decreased to 2%  in m drla'^’ m ice com pared to 16% in conrol mice*’^°\ Similarly, the 

pgp inhibitor PSC833, abolishes p-gp m ediated excretion o f  digoxin by the intestinal 

m ucosa o f  w ild-type mice*'^*” .

However, the situation m ay be more com plex due to a possible coordinated 

interaction betw een intestinal enzym es and efflux transporters to m odulate entry o f  

orally ingested drugs/xenobiotics into the body*'®' '^^’. This is based upon several 

observations: 1) P-gp and cytochrom e P450 (CYP) 3A4, a m ajor intestinal oxidative 

enzyme*'^^’, co-localize in tissues responsible for drug disposition such as small 

intestine and liver"*’'*’, 2) m ost substrates o f  CY P 3A4 are also substrates for P- 

gp( 162,165)̂  and 3) CY P3A 4 and P-gp are coregulated through the nuclear receptor 

steroid and xenobiotic receptor/pregnane X receptor*''*^’. Recently, Cum m ins et 

dem onstrated in vivo, that the extraction ratio o f  K77 (C Y P3A /Pgp substrate) 

decreased when Pgp is inhibited by GG 918, but rem ained unchanged for m idazolam , 

an exclusive CY P3A  substrate. From this the authors concluded that GG198 can 

m odulate the extent o f  intestinal m ebabolism  by controlling drug access to the 

enzym e (Figure 1.9).
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Figure 1.9

Functional interaction between drug transport (P-gp) and drug metabolism (CYP3A4) 

in enterocytes. (1) Absorption o f an orally administered drug via passive diffusion or 

carrier-mediated proxesses form the lumen o f the gastrointestinal tract into the 

enterocyte. (2) Intestinal metabolism via CYP3A4. (3) Transport o f  the parent 

compound and / or its metabolite form the enterocyte into the gut lumen via P- 

glycoprotein, which is located in the apical membrane o f enterocytes. (4) 

Translocation o f drug and / or metabolite across the basal membrane o f enterocytes 

via passive diffusion or carrier-mediated processes. Taken from  Fromm, 2003^^^^\
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1.4.4 P-gp and Drug-Drug Interactions

Mechanisms contributing drug-drug interaction are multifactorial, and include 

competitive interaction between drugs for a shared metabolic pathway (eg. 

cytochrome P450), or as competitive substrates for a common active transport system 

(eg. P-gp and MDR transporters). In addition to these competitive mechanisms some 

drugs also show evidence o f inhibiting or inducing activities on the expression and / 

or activity o f  CYP and the transporters.

One o f the most common and serious dnig-drug interactions in clinical practice is that 

between digoxin and the antiarrhythmic agent quinidine*'*’***. Administration of 

quinidine to patients receiving digoxin increased plasma digoxin levels by 2- to 3- 

fold, and frequently resulted in symptoms o f digoxin toxicity. Although digoxin is not 

extensively metabolised in man*'*’'̂ *, it is a recognised P-gp s u b s t r a t e * F r o m m  el 

showed that quinidine is a potent inhibitor o f P-gp and that both digoxin and 

quinidine undergo active transport in Caco-2 (intestinal epithelial cell line) cells 

which express P-gp in a polarised fashion. The importance o f  this was demonstrated 

in m drla’ ’ knockout mice, in which quinidine increased plasma digoxin levels by 

approximately 75% in wild-type mice compared to less than 20% in the knockout 

a n i m a l s ' I n  keeping with the in vitro and animal studies, intraluminal 

administration o f quinidine inhibits intestinal elimination o f digoxin in man*'^'\ 

Conversely, in healthy volunteers, rifampin decreased the digoxin AUC and caused a 

3.5 fold increase in intestinal P-gp expression, which correlated with the digoxin AUC 

following oral administration*'^^*. Similarly, St John’s Wort has been shown to 

increase P-gp expression*'^'*’, and decrease digoxin levels in man*'^^’. Together these 

studies suggest that P-gp may have even greater potential to alter drug disposition 

following its up-regulation when compared to its inhibition.
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1.5 P-gp in Health and Disease 

1.5.1 P-gp and Cellular Immunity

P-gp is detectable and functionally  active in haem atopoietic stem cells and in several 

subclasses o f  lym phocytes, in particular CD 56 cells but also to a lesser degree in 

CD8, CD4, CD15, CD 19 and C D I4  cells*'^^'"^*’' ’^ ''’’*. W ithin the population o f  CD4 

cells, P-gp function is variable w ith som e cells (approxim ately 25% ) displaying 

substantial P-gp activity, and others little. Several lines o f  evidence suggest that P-gp 

m odulates effector cell function as part o f  an im m une response, in particular the 

functionality o f  N K  cells and CD8^ T lym phocytes, which constitutively express high 

levels o f  P-gp. Firstly, inhibition o f  P-gp expression or function using antisense 

oligonucleotides or P-gp inhibitors/m onoclonal antibodies directed against P-gp 

attenuate the cytolytic activity o f  both NK cells and CD8* T lymphocytes*'^*’'™*. 

Secondly, P-gp m ediates cellular efflux o f  several cytokines including 1L1(3, 1L2, 1L4

/ 1 Q Q  I O ’̂  \

and IFNy from  activated norm al lym phocytes ' ' .  Finally, transendothelial 

m igration o f  antigen presenting dendritic cells and T lym phocytes during an immune 

response are inhibited by verapam il (P-gp inhibitor) and m onoclonal antibodies to P- 

gp('83) together, it m ay be hypothesised that P-gp m odulates im m une cell

m igration through the regulation o f  chem otactic cytokine transport. However, this is a 

controversial area as others have dem onstrated that in m d r la /lb  knockout mice 

cytolytic activity o f  N K  cells and lym phocyte derived cytokine (IL2, IL4, ILIO and 

IFNy) release*" are sim ilar to their wild type counterparts.
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1.5.2 P-gp and Programmed Cell Death

Cell survival or death is an important issue in the pharmaco-therapy o f both infectious 

and non-infectious diseases, within which modulation o f apoptosis (programmed cell

/ 1 g c  I Q A \

death) is an active area o f research ’ . Interestingly, a number o f groups have

shown that functional P-gp confers resistance to apoptosis induced by a range o f 

stimuli including cytotoxic drugs. Fas ligand, TN Fa, serum starvation and UV 

r a d i a t i o n * T h i s  protective effect is reversed by either anti-P-gp monoclonal 

antibodies or verapamil. Apoptosis involves a complex signaling cascade comprising 

pro-apoptotic or anti-apoptotic signals, and the activation o f specific proteases (e.g. 

caspasesy'*^'*. Within this signaling cascade, P-gp has recently been shown to inhibit 

caspase-8 activation but not formation o f  the death inducing signaling complex 

(DISC), this activity o f P-gp is dependent on ATP h y d r o l y s i s * T h e  relationship 

between P-gp and programmed cell death is complex as; P-gp while representing a 

‘resistance factor’ against certain apoptotic stimuli, may also act as a ‘risk factor’ 

towards mitochondrial bound apoptotic stimuli. The latter may be due to modification 

o f the electrical membrane p o t e n t i a l * T h e s e  results uncover an additional 

physiological function for P-gp over-expression in promoting the survival o f tumour 

cells.

1.5.3 P-gp and Cancer Associated Multi Drug Resistance

P-glycoprotein was the first key protein implicated in the phenomenon o f  multidrug 

resistance to the use o f  cytotoxic agents*'^*. Interestingly, in vitro experiments 

demonstrated that P-gp over-expressing cell lines, selected on the basis o f resistance 

to a single cytotoxic agent, were cross-resistant to a wide but well defined spectrum of 

structurally diverse cytotoxic drugs, embracing anthracyclines, epipodophyllotoxins.
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taxanes and Vinca alkaloids^^^'^'^^^\ Since this initial discovery, other ABC transport 

proteins, namely the multidrug resistance proteins 1 & 2 (M PR l, MRP2) from the 

MRP/CFTR subfamily, have also been found to confer multidrug resistance.

It is well established that renal and colonic tumours often express high basal levels of 

P-gp"'^’’'*̂ *’, while other tumours (lung, breast and lymphoma) only express P-gp 

following exposure to a chemotherapeutic agent or upon relapse*

1.6 P-gp and HIV Disease.

The human immunodeficiency virus (HIV) is an enveloped virus from the family 

retroviridae and consists o f a RNA genome packaged in a protein capsid, surrounded 

by a lipid envelope. Presently approx 20 million people are living with HIV disease 

worldwide. The majority o f infected persons live in Sub-Saharan Africa however the 

majority o f HIV research has been conducted in Europe and the USA. The 

introduction o f highly active antiretroviral therapy (HAART) in the mid 1990s led to a 

dramatic improvement in outcome for patients living with HIV disease, this was 

mainly as a result o f the introduction o f protease inhibitor therapy to antiretroviral 

regimens. Protease inhibitors interfere with the post translational modification o f gag 

and gag-pol polyprotein precursors into their functional components such that 

immature non infectious virions are released. A number o f important studies have 

demonstrated a reduction in the morbidity and mortality associated with HIV disease 

co-incident with the introduction o f protease inhibitors*"”**'. Current standard o f  care 

antiretroviral regimens include a combination o f  at least three drugs including a 

Protease inhibitor (PI) and a nucleoside reverse transcriptase inhibitor (NRTI), or a PI 

and an non nucleoside reverse transcriptase inhibitor (NNRTI). Regardless o f these 

advances, potency and durability remain critical issues for the success o f HAART.

36



The Sw iss cohort study has show n that rebound viraem ia to detectable levels occurs at 

a rate o f  20%  per year in A R T experienced patients sw itching therapy and up to 50%  

o f  patients will require treatm ent changes by 24 months*"®'*. Com plete irradication o f  

the virus has proved im possible because o f  the persistence o f  latently infected resting 

CD4^ cells harbouring replication com petent HlV-1. Im portant pharm acological 

factors contributing to this include poor intracellular drug concentrations, sub-optim al 

infiltration o f  drugs into sanctuary sites such as the central nervous system , 

m acrophages and lym phocytes, and the developm ent o f  drug resistant viral m utants as 

a result o f  ongoing replication in the presence o f  poor drug levels. N um erous studies 

have shown that sub-optim al plasm a PI levels are associated w ith poor response to 

therapy and it is because o f  this that Therapeutic Drug M onitoring (TDM ) continues 

to be debated as part o f  patient management*'**^'.

1.6.1 P-gp Expression in PBMCs of HIV Patients

P-gp is detectable and functionally  active in haem atopoietic stem  cells and in several 

subclasses o f  lym phocytes, in particular CD 56 cells but also to a lesser degree in 

CDS, CD4, CD15, CD 19 and CD 14 cells*''**̂ -'̂ *̂ ’'^^’'^’ *. W ithin the population o f  CD 4 

cells, P-gp fiinction is variable w ith some cells (approxim ately 25% ) displaying 

substantial P-gp activity, and others little. The expression o f  P-gp in lym phocytes (a 

main site o f  HIV viral replication) suggests it m ay play a role both the intracellular 

accum ulation o f  protease inhibitors used to treat HIV or indeed in the disease process 

per se.

HIV-1 can induce activation o f  the M DR gene and Increase expression o f  P-gp in H9 

(T cell) and U937 (m onocytic) cell lines, culm inating in reduced intracellular 

accum ulation o f  ZDV, a nucleoside reverse transcriptase inhibitor*'**^l Sim ilarly P-gp
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expression was increased in CD4^ T cells from  patients with HIV-1 com pared to 

healthy controls*"”"**. Expression levels were highest in those with advanced disease, 

how ever rhodam ine accum ulation studies suggested that the P-gp expressed in this 

group was functionally defective*'*^"**. In contrast others report that both surface 

expression o f  P-gp on CD4 and CD 19 c e l l s * a n d  intracellular expression in CD8^ 

and NK -CD16^ cells*^** '̂ are lower in patients infected w ith HIV. Interestingly, the 

cellular location o f  P-gp in CD4^ and CDS^ lym phocytes from  healthy volunteers is 

altered follow ing exposure to H IV -binding glycoprotein g p l2 0  in vitro^^^^K It is 

difficult to reconcile the data from these conflicting studies and unfortunately few 

clinical studies have addressed the effect o f  naive and treated HIV disease on P-gp 

expression and function in the PBM Cs o f  HIV infected patients.

1.6.2 Protease Inhibitors as Substrates and Modulators of P-gp

Several in vitro and in vivo studies have show n the HlV-1 protease inhibitors 

indinavir, nelfinavir, saquinavir, and ritonavir to be P-gp s u b s t r a t e s * W h i l e  

these drugs are recognised as substrates, saquinavir, ritonavir and nelfinavir also 

inhibit P-gp-m ediated efflux, leading to intracellular accum ulation o f  paxlitaxel and 

vinblastine (know n P-gp substrates) w ithin P-gp expressing cells*̂ **'̂ ’. How ever, when 

com pared with other P-gp inhibitors such as verapam il or cyclosporin, their inhibitory 

potential is generally weaker*”**̂’.

Even w ithin the PI drug class, there is differential potency (RTV >SQ V >N FV >ID V ) 

with respect to the ability to inhibit P-gp function in PBM Cs from  healthy volunteers 

and HIV infected p a t i e n t s * " U n s u r p r i s i n g l y ,  intracellular accum ulation o f  NFV, 

SQV and RTV was reduced in CEM  cells expressing P-gp (C EM vbl), and SQV and 

RTV accum ulation was attenuated in MRP l  expressing cells (C E M eiooo), indicating

38



that both P-gp and M RPl are likely to have a role in limiting intracellular 

concentrations o f PIs^"'^l In a follow-up study, the same group extended their earlier 

findings to show that intracellular accumulation o f  Pis is significantly reduced In both 

CEM-MDR and CEM -M RP cells which express increased levels o f  P-gp (30 fold) 

and MRP (5 fold), compared to control CEM cells. Furthermore, the reduction in 

intracellular accumulation was reversed upon co-administration o f the P-gp inhibitor 

GF 120918*^'^’. Together these data raise the possibility that variation in P-gp 

expression may have an influence on treatment outcome o f HAART. Interestingly, in 

a HIV protease Inhibitors do not inhibit P-gp-mediated efflux when applied 

simultaneously and competitively in the LLC-PKl:M DR1 (over- expressing MDRl )  

cell line* '̂"*’, which may indicate limited benefit in using this approach clinically to 

achieve increased PI concentrations in sanctuary sites such as the Blood brain barrier.

1.6.3 The Effect of P-gp on Antiretroviral Efficacy

The first early indications implicating P-gp with reduced anti-HIV efficacy came from 

a study showing diminished anti-viral activity o f  ZDV in P-gp expressing cells*“'̂ *. In 

this study, loss o f  anti-viral efficacy was associated with reduced intracellular 

concentrations o f  the active metabolite, ZDV-triphosphate, and restoration o f 

intracellular ZDV concentrations following co-incubation o f the cells in the presence 

o f a P-gp i n h i b i t o r * ^ M o r e  recently, in a study utilising a P-gp over-expressing 

carcinoma cell line (KB-VI) the inhibitory potential o f the protease inhibitors, 

ritonavir, saquinavir and indinavir was shown to be reduced*'^^’. Furthermore, 

intracellular accumulation o f ritonavir, indinavir, saquinavir and nelfinavir is reduced 

in human T lymphocytes over-expressing MDRl  (CEM-MDR 1) and MRPl  (CEM- 

MRPl)*^'^*. However, these data are at variance with the in vitro dye accumulation
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data o f  Srinivas et which shows effective inhibition o f  HIV-1 viral replication

by saquinavir, ritonavir, nelfinavir and indinavir in both MDRl"^ (CEM/VBLIOO) and 

M R Pl^  (CEM /VM -1-5) over-expressing T lymphocytic cell lines. Indeed, the IC90 for 

each PI were similar amongst cell lines used, indicating that over-expression o f  

M D R l or M R Pl by T-lymphocytes is unlikely to limit the antiviral potency o f  the 

HIV Pis, although clearly it m ay reduce their clinical efficacy by decreasing 

intracellular concentration o f  drug.

1.6.4 The Effect of Antiretroviral Therapy on P-gp

There is increasing awareness o f  the importance o f  P-gp in limiting the bioavailability 

o f  co-administered drugs. In addition evidence that P-gp may limit first pass 

metabolism by CYP3A4 (by decreasing exposure o f  drug to the P450 enzyme in the 

gut) has led to investigations assessing the potential for antiretroviral drugs to induce 

expression o f  P-gp ■■ . Again data is conflicting. In a study by Depuis et al CEM  

cells which over express P-gp in the presence o f  vinblastine and which return to 

baseline expression in its absence, were highly inducible in the presence o f  

saquinavir. Similarly oral administration o f  amprenavir or nelfinavir to rats induces 

intestinal P-gp. However, In vitro only nelfinavir has been shown to induce 

expression o f  P-gp in PBMCs*^’’̂*. With respect to the NNRTIs, nevaripine causes a 

concentration dependant induction o f  P-gp expression in L SI80V  cells which results 

in marked rhodamine accumulation*'^''*. There is little convincing evidence that 

NRTIs induce P-gp expression.
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1.6.5 P-gp Polymorphisms: Relevance to HIV Disease

The first comprehensive investigation for polymorphisms in the ABCBl gene was by 

Hoffmeyer and co lleag u es* "^ '15 single nucleotide polymorphisms were identified 6 

in the coding region o f which 3 entered the primary amino acid sequence o f  the 

protein. O f these only the C3435T SNP had a significant correlation with expression 

and function o f P-gp resulting in decreased duodenal ABCBl expression and 

increased digoxin levels. However the C3435T allele is located at a non coding region 

o f the M DRl gene and is thought not to be directly associated with P-gp expression. 

To date, 28 single nucleotide polymorphisms (SNPs) have been identified at 27 

different positions on the M DRl gene*‘“' ’“̂ *̂. While most o f the SNPs are independent 

o f one another, some may be linked, for example, the polymorphism on exon 26 

appears to be related to SNPs in exon 12 (C1236T) and exon 21 (G2677Ty"'^*. There 

is considerable debate as to the functional importance o f  the known SNPs. 

Correlations between SNPs and either drug absorption or intestinal expression o f P-gp 

/MDR-1 are inconsistent*'^^'^'^^ In a study by Kim et individuals with the T/T

genotype at position 3435 was associated with increased P-gp function and hence 

lower plasma levels o f  fexofenadine (a high affinity P-gp substrate) in comparison to 

those with the C/C genotype. Furthermore, Uwai et <7/.,*“ *̂ found no correlation 

between common SNPs in the M DRl gene and P-gp expression in normal kidney or 

in renal cell carcinoma o f Japanese patients. These discrepancies may reflect linkage 

to as yet undefined polymorphisms in the promoter or enhancer regions o f  M DRl or 

nucleotide sequences intrinsic for mRNA processing*"^^\ Differences in allele 

frequencies have been noted in Africans, or those o f African descent, who have a 

lower frequency o f the 3435 T/T genotype and a higher frequency o f the C/C 

genotype than caucasians*“^ '̂ “̂’ ’. It has been suggested that genetic differences in
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M DRl genotype, may in part account for some o f the interindividual variability in P- 

gp expression among individuals, as well as variability in patient response to drug 

therapy‘-̂ ’̂'̂ >̂

Few studies have addressed the potential for genetic variation o f P-gp expression in 

HIV patients and particularly regarding the importance o f  the C3435T polymorphism 

as a predictor o f  antiviral drug response. However, Fellay et demonstrated low

MDR-1 expression in association with the MDR-1 3435TT genotype compared to 

either the CC or CT genotypes. There was a con-elation between the CC genotype and 

higher nelfmavir and efavirenz plasma concentrations, while the T allele was 

associated with lower nelfinavir concentrations. This suggests that the T allele may be 

associated with increased P-gp function. However P-gp mRNA transcription was 

lower in the PBMCs o f these patients highlighting the complexity o f the inter

relationship between P-gp expresssion and function. Interestingly, those with the T/T 

genotype experienced a greater recovery in CD4* T-cell count following antiretroviral 

therapy containing nelfinavir*"**, which may be due to the protective function o f P-gp 

on pluripotent stem cells*''^*’. Together these data raise the possibility that the level of 

MDR-1 transcripts in PBMCs from HIV infected patients may be depend upon allelic 

variants o f MDR-1 however the wide variation in sample size and antiviral 

regimens used in subsequent studies coupled with treatment periods ranging from one 

dose to 192 weeks it impossible to draw firm conclusions on this issue.

1.6.6 HIV Entry into Cells is there a Role for P-gp?

The human immunodeficiency virus (HIV) is an enveloped virus from the family 

retroviridae and consists o f a RNA genome packaged in a protein capsid, surrounded 

by a lipid envelope. Within the lipid envelope a number o f proteins including the viral
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envelope protein complex (gpl20/gp41) are embedded. This complex plays an 

important role in mediating virus entry into host cells. The envelope protein complex 

is synthesised as the glycosylated precursor gpl60 , which undergoes enzymatic 

cleavage by a convertase to yield a surface subunit (gpl20) and a transmembrane 

subunit (gp41). These subunits remain non-covalently coupled and undergo 

oligomerisation, most likely as trimers, at the surface o f the virion. HIV entry 

involves binding o f  virion-associated gp l20  to both CD4 receptors and either a 

CXCR4 or CCR5 co-receptor on the target cells, inducing a conformational change in 

gp41and initiating fusion o f  the virus and target cell membranes*^'*^*. It is interesting to 

note that gp41 contains a N-terminal, hydrophobic glycine-rich “fusion” peptide that 

is critical for membrane fusion. In light o f  this and since P-gp is capable o f extruding 

hydrophobic peptides it has been postulated that P-gp may interfere with HIV entry 

into cells. This concept extends earlier observations that P-gp over-expression may 

prevent insertion o f  the influenza virus fusion protein (haemagglutinin-2) into a KB- 

VI carcinoma cell line altering infectivity o f the influenza viais‘“ *̂*’. Data from several 

studies indirectly support this hypothesis. Following P-gp over-expression virus 

production is attenuated in a human CD4^ T-leukaemia cell line (12D7) infected with 

HIV-1nla-3 (a T-trophic molecular clone o f HIV-1)*"^'*. More recently. Speck et 

demonstrated that HIV-1 protein and virus production are approximately 70 

fold lower following HIV-1ihb infection o f CEM cells over-expressing P-gp. Fusion 

o f HIV-1 with its target cells takes place at specialised regions in the membrane 

known as cholesterol-rich rafts or glycolipid-enriched membrane (GEM) 

domains*‘^̂ '̂ '̂*’. These lipid rafts are highly ordered sphingolipid and cholesterol rich 

structures in the outer leaflet o f the plasma membrane*^^^’ at which CD4 and CXCR4 

are reorganized into bundles as a prerequisite for efficient HIV infection*“^ ’̂.
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Furthermore, P-gp is also preferentially distributed w ith in the GEM domains, 

indicating that these areas o f  the plasma membrane may play a central role in the 

cellular binding and egress o f HIV. A potential mechanism by which P-gp may 

modulate HIV-1 production has not yet been described, however, it is unlikely to 

involve P-gp-mediated ATP hydrolysis since virus production remains attenuated in 

the presence o f an over expressed and non-functional ATP mutant. Nor is it like ly to 

involve down-regulation or gross rearrangement o f  either the CD4 receptors or the co

receptor CXCR4 at the cell surface since P-gp over expression is not associated w ith 

changes in surface expression o f these proteins*’ ^ '’. Based upon experiments designed 

to directly by-passed the fusion step, Lee hypothesised that P-gp over-expression 

interferes w ith HIV-1 infection at steps downstream o f fusion*’ ^ I n  contrast Speck et 

found that late post-integration steps in viral replication were not significantly 

affected by the expression o f P-gp. Interestingly, they also found that HIV-1 

infectious virus production was increased by at least 50-fold in CEM cells over

expressing MRPl ,  and that MRPl was not preferentially found in GEM domains. The 

observation that MRP-1 is capable o f increasing H IV  antigen production and 

infectious virus at an early stage in the viral life cycle suggests an alternative 

mechanism to P-gp and other ABC transporters. Given that MRP is also a transporter 

o f glutathione and its conjugates, and that low intracellular concentrations o f 

glutathione are associated w ith enhanced H IV  production this may reflect depletion o f 

intracellular glutathione by MRP-1.
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Chapter 2

Aims
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2.1 Aims and Objectives

A n overarching them e o f  the studies presented in this thesis is to exam ine in a 

clin ically  relevant w ay specific pharm acological aspects o f  the multi drug transporter 

P-glycoprotein. As such, the potential for P-gp to be induced or inhibited by certain 

drugs is considered. The effect o f  P-gp on the pharm acokinetics o f  com m only used 

drugs is exam ined, along with the effects o f  disease and its treatm ent on P-gp 

expression and function. M any antiretroviral drugs are either substrates or m odulators 

o f  P-gp, thus the studies are conducted in either patients w ith HIV disease, or healthy 

volunteers, in order to m axim ise the clinical relevance o f  the results.

The prim ary aim  o f  the thesis is to enhance our understanding o f  how P-gp interacts 

with certain drugs to alter their disposition, and to outline the potential clinical 

consequences o f  that effect. A secondary aim o f  the thesis is to determ ine the effects 

o f  disease and its treatm ent, on P-gp expression and function. Each o f  the studies 

included in the thesis has specific objectives w hich in accrual support these aims.

P-gp is d ifferentially  expressed in a variety o f  tissues including gut, epithelium  and 

peripheral blood lym phocytes. M any drugs o f  im portant clinical value including 

m ethothrexate, steroids and protease inhibitors are substrates for P-gp m ediated drug 

efflux. The disposition o f  these drugs and their clinical efficacy m ay be altered as a 

result o f  upregulation o f  P-gp expression or activity. The objectives o f  the first study 

are tw o fold, to investigate the effects o f  the seem ingly harm less herbal rem edy St 

Johns’ W ort on P-gp and function, and secondly to consider the P-gp inhibitory 

potential o f  ritonavir, a protease inhibitor used in the treatm ent o f  HIV disease.

The m ajority o f  antiretroviral drugs are thought to act intracellularly. For HIV disease, 

plasm a drug concentrations are used as a surrogate m arker for intracellular drug 

disposition because the latter has proved difficult to m easure in clinical situations. The
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m ain objective o f the second stud/ is to determine the feasibility o f  measuring 

intracellular concentrations of the protease inhibitor indinavir and to compare the 

p lasm a and intracellular phamacokinetics o f this commonly used drug in a group o f 

HIV infected patients.

The presence o f P-gp on the PBMCs o f HIV infected patients suggests it may 

m odulate intracellular drug concentrations altering efficacy. Therefore, the main 

objective o f the third study is lo test this hypothesis by investigating not only the 

plasm a and intracellular pharmacokinetics o f nelfinavir, but also P-gp expression and 

function in the same group of treated HIV patients. The latter two studies are placed 

together to demonstrate PI specific differences in relation to interactions with P-gp. 

The objectives o f  the final stud\ are to investigate the relationship between P-gp and 

HIV disease by assessing P-gp exoression and function in the PBMCs o f a cohort o f 

treated (suppressed and unsuppressed), and untreated HIV infected patients. This 

stud>’ attempts to differentiate betv/een the effects o f the disease per se  and the effects 

o f  long  teiTn exposure to drugs known to alter P-gp function. In addition, the potential 

for further modulation o f P-gp function through the use o f ritonavir is examined.
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Chapter 3

St John’s Wort Increases Expression of P-Glycoprotein: 

Implications for Drug Interactions
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3.1 Introduction

St John’s Wort {Hypericum Perforatum) has been used for centuries as an herbal 

remedy*^^^*. Galen (A.D. 150-200) was known to have prescribed it for menstrual 

disorders and it was also used in the middle ages to treat depression, acquiring its 

popular name due to the fact that flowering occurs on the birthday o f St John the 

Baptist (June 24'*’). St John’s Wort (SJW) has recently gained popularity as “nature’s 

Prozac” with at least 5 randomised controlled clinical trials providing evidence that it 

is as effective as conventional antidepressant therapy*'^^'"^'^'. In Germany, it is 

currently the most commonly prescribed anti-depressant with more than 2.7 million 

prescriptions written each year*̂ "**”. Despite the widespread use o f SJW little is known 

about its pharmacokinetic properties and since it is usually sold as an over the counter 

herbal remedy it has not been subjected to the rigorous clinical testing required o f 

other compounds*'**". In addition, the public perception that what is “Natural” is safe 

has resulted in the interaction potential of SJW being largely ignored until 

recently**'*'*. Given that 18.4% o f U.S adults surveyed reported concurrent use o f at 

least one herbal product or high dose vitamin with regular prescription medications, 

but over 60% did not disclose such use to their physicians the potential for SJW to 

interact with co-administered medications should be viewed with concern*"'*^’. Several 

recent reports suggest that SJW may produce clinically relevant interactions by 

promoting the metabolism o f co-administered dmgs such as warfarin and the oral 

contraceptive pilP'*'*. Chronic co-administration o f  SJW reduced cyclosporin levels 

by approximately 80% resulting in the development o f acute transplanted organ 

rejection*'**"**. Similarly, administration with the HIV 1 protease inhibitor indinavir 

produced an 81%> reduction in indinavir trough concentrations*^"*^’. In contrast, co

administration with digoxin produced a 30% reduction in plasma digoxin
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c o n c e n t r a t i o n s * I n d u c t i o n  of  the hepatic CYP 3A4 by SJW has been implicated 

as the most likely mechanism for these interactions and in vitro studies demonstrate 

that SJW approximately doubles CYP3A4 expression*^'* '̂"'^'^’. In addition, hyperforin 

(the postulated active ingredient o f SJW) is a potent ligand for the pregnane X 

receptor, an orphan nuclear receptor which regulates expression o f  CYP3A4*^^°’" '̂*. 

Interestingly, the magnitude o f the interaction seen in clinical reports (80%) is greater 

than that predicted by in vitro data (50%) suggesting a second interaction mechanism 

may exist, and since digoxin undergoes primarily renal clearance with metabolism by 

CYP3A4 providing a minor metabolic pathway, induction o f CYP3A4 is unlikely to 

explain this interaction Cyclosporin, indinavir and digoxin in addition to being 

substrates for CYP3A4 are also recognised as substrates for the multi drug transporter 

P-glycoprotein which functions as a transmembrane drug efflux We

postulate that SJW may alter expression and/or function o f P-glycoprotein reducing 

tissue or cellular concentrations o f certain drugs thereby contributing to its potential 

for drug-drug interactions. Since lymphocytes, express functional P-glycoprotein but 

not functional CYP3A4 we have chosen the peripheral blood lymphocytes (PBMCs) 

of healthy volunteers as the model for this study.

3.2 Methods 

3.2.1 Study Design

Twenty-two healthy volunteers (13 female) participated in a single blind randomised 

placebo controlled trial. Following informed consent, fifteen volunteers were 

randomised to SJW (Good n ’ Natural 0.15% standardised extract 600 mg tds) for 16 

days and seven received placebo for 16 days. Smoking and concomitant medication 

use (including the oral contraceptive pill) was prohibited throughout the study. All
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subjects were monitored for the development o f adverse effects commonly associated 

with SJW such as dry mouth, gastro-intestinal upset and constipation.

Venous blood samples were drawn for P-glycoprotein expression and function at 

baseline, 16 days and 32 days (16 days post discontinuation o f treatment). In addition, 

each batch o f SJW used in the study was assayed for hypericin content by a standard 

HPLC method.

3.2.2 Lymphocyte Isolation

Peripheral blood mononuclear cells (PBMCs) were isolated from venous blood 

(within 2 hr) by Ficoll density gradient centrifugation. In brief whole blood was 

layered onto Lymphoprep (Gibco USA) and centrifuged at 1200 rpm, 4 “C for 25 min. 

The buffy coat was removed, resuspended and washed twice (2000 rpm x 5 min) with 

Hanks balanced salt solution without calcium and magnesium (Life Technology, 

Paisley U.K.). Cells were finally resuspended in culture medium (RPMI plus 

glutamine; Life technology. Paisley U.K.), supplemented with 10% foetal calf serum 

(FCS; Sigma, Poole, Dorset). Cell count and viability were quantitated in a 

Neubauer’s chamber following staining with ethidium bromide/acridine orange. Cells 

were aliquoted (1x10^ cell.m l'') and reserved for P-glycoprotein expression and 

function and for RNA isolation.

3.2.3 P-glycoprotein Expression

In accordance with the St Jude consensus guidelines^^^^’ regarding the methodology 

and interpretation o f  P-glycoprotein expression and function the presence o f P- 

glycoprotein was detected by flow cytometry and confirmed by RT-PCR. Cells were 

fixed in 2% paraformaldehyde (Cellfix, Becton Dickinson Mountain View C.A) for
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20 min at room temperature and permeabilised with 0.05% (w/v) saponin (Sigma 

Aldrich). Cells were labelled with a JSBl monoclonal antibody (Sanbio, Uden, 

Netherlands, Figure 3.1 A) directed towards a highly conserved intracellular epitope o f 

P-glycoprotein (30 min, at 37°C). A negative fluorescence control was performed 

using mouse monoclonal IE immunoglobulin (Ig)G derived from a murine hybridoma 

supernatant (ATCC, Manasses V.A.) HB179, 30 min, at 37°C, whereas antibody to 

the cytoskeletal component vimentin (Dako AS Glostrup Denmark 30 min, at 37“C) 

was used as a control for the permeabilisation technique. After removal o f excess 

antibody by washing with 0.05% (w/v) saponin, cells were incubated with 100 |al 

rabbit anti-mouse fluorescein labelled isothiocyanate (FlTC)-conjugated F(ab )2  (1:50 

dilution; Dako Glostrup AS) for 30 min, at 37“C. Finally cells were washed free o f 

excess antibody and re-suspended in 0.5ml o f  paraformaldehyde before being 

subjected to flow cytometric analysis, and median fluorescence intensity values (MFl; 

a measure o f expression) obtained (Figure 3 .IB). The presence o f MDRI mRNA in 

each sample was confirmed by RT PCR as previously described*"^'*’.

3.2.4 Functional Studies of Rhodamine 123 Transport: Efflux and Inhibition

PBMCs (1x10^) cells were loaded with rhodamine 123 (1.25 iig.ml"'; Sigma) for 25 

min at 37”C in RPMI 1640 supplemented with 10% FCS. Cells were washed twice in 

ice-cold media and incubated at 37”C for 3h in 3 ml o f dye free media to allow dye 

efflux. At the time points baseline, T=0 (maximum loading) and three hours later 

T=180min (maximum efflux) an aliquot was removed and washed twice in ice-cold 

media (3 min x 2000rpm) before being fixed in ice-cold paraformaldehyde (Cellfix). 

Cellular fluorescence was determined by flow cytometric analysis and expressed as 

median fluorescence intensity.
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3.2.5 Flow Cytometry

Lymphocytes shown in forward scatter and side scatter were electronically gated and 

acquired (10000 events) through the F L l channel (expression) or the FL2 channel 

(function). The amount o f fluorescence was plotted as a histogram o f FLl or FL2 

staining within the gate. Data acquisition was performed using Cellquest software 

(WINMDI version 2.6) to determine median fluorescence intensity values.

Parallel experiments were performed in the presence o f  ritonavir (5 |iM), a known P- 

glycoprotein inhibitor. This concentration was chosen from a previously derived dose 

response curve for the inhibition o f  P-glycoprotein mediated rhodamine efflux by 

ritonavir in the PBMCs o f healthy volunteers (unpublished data). Ritonavir was a gift 

from Abbott laboratories.

3.2.6 Reverse Transcription Polymerase Chain Reaction

Total cellular RNA was isolated from PBMCs by a modification o f the method of 

Chomczynski and Sacchi*^^^* using Tri Reagent (Sigma). 1̂ ‘ Strand cDNA was 

synthesised from 2 jig total RNA using random decamers and M-MLV reverse 

transcriptase (Reverse-iT kit, Abgene). The resultant cDNA was amplified by PCR 

using gene specific primers (Table 3.1) as described by Egashira et and a

standard PCR protocol. All PCR reactions were performed in duplicate. The PCR 

products were electrophoresed on a 2.0% (w/v) agarose gel and stained with ethidium 

bromide. Gels were visualised under ultraviolet illumination, photographed and 

analysed on a PC using Gene Tools analysis software (Syngene).
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Table 3.1 Sequences o f upstream and downstream oligonucleotide primers.

mRNA Forward Reverse Tm No.

Cycles

P2M ACCCCCACTGAAAAAG ATCTTCAAACCTCCA 55°C 32

ATGA TGATG

MDR-1 CCCATCATTGCAATAG GTTCAAACTTCTGCT 5 5 T 34

CAGG CCTGA

3.2.7 Hypericin Assay

The HPLC method was based upon that o f Chi J.D. and Franklin ivi<256.257) brief, 

hypericin (Fluka Chemie AG, Buchs Germany) was assayed by using a C-8 column (15 

X 4.6 mm, 5 |am; column temperature: 60°C) with a Shimadzu LC-IOAS pump (flow 

rate: 1.5 m l.m in'') and a Shimadzu RF-IOAXL fluorescence detector (Ex 390 nm; Em 

620 nm). A standard curve was constructed using serial dilutions o f a stock solution o f 

hypericin (1 m g.m l'') prepared in DMSO and diluted accordingly with the HPLC 

mobile phase (0.03 M phosphate buffer (pH 7) and methanol (30:70, v/v). A 10 mg 

aliquot o f each St John’s Wort capsule (0.15% extract) was dissolved in DMSO (1 ml) 

and centrifuged at 2000 rpm for 5 min. The supernatant was removed and diluted 

(1:100) with mobile phase prior to injection.

3.2.8 Data Analysis

P-gp expression was calculated as the difference between the median fluorescence 

intensities following labelling with JSB l and IE for each sample.

P-glycoprotein function was expressed as the ratio T180/T0 (maximum efflux/ 

maximum loading), therefore, a reduced ratio indicates enhanced drug efflux function.
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The percentage o f reversible efflux in the presence of ritonavir (an inhibitor) was 

calculated as:

^ i?//180- n 80^
lOOx r o - n s o

3.2.9 Statistical Analysis

Data were subjected to nonparametric analysis for paired (Wilcoxon), unpaired (Mann 

Whitney U) t tests or a one-way analysis of variance followed by multiple comparison 

(Dunn’s test) where appropriate. Data are expressed as mean ± SD. P<0.05 indicates 

statistical significance.

3.3 Results

3.3.1 P-glycoprotein Expression and Function

Fifteen subjects were initially randomised to receive SJW, of these 12 completed the 

study. 1 subject discontinued SJW due to adverse effects (nausea, dry mouth), and 2 

subjects were withdrawn from the study because of the need for a potentially 

interacting medication. All 7 healthy volunteers randomised to receive placebo 

completed the study. We have previously established that in resting peripheral blood 

lymphocytes of healthy individuals, under identical experimental conditions (ie non

smoking and non medicated) that P-glycoprotein expression in vivo is stable over 

2mths (baseline vs. 2 month: 6.02±1.5 vs. 6.4±2.7 MFl; 95% Cl: -2.57 to 3.3) and 

normally distributed (KS value= 0.07; n= ll\ mean± SD; 7.82±3.2). In the present 

study, there was a mean 4.2 fold increase in P-glycoprotein expression in subjects 

treated with SJW for 16 days compared with baseline values (29.5±14.3 vs. 7.0±1.9 

MFI P<0.05; Figure 3.2; 95% Cl: 13.5 to 31.6). In contrast there was no change in P-
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glycoprotein expression in the PBMCs o f  those treated with placebo (5.1±1.3 vs. 

6.0±1.9 MFI; Figure 3.2; 3.3B; 95% Cl: -0.6 to 2.4). There was large individual 

variability with respect to increased P-glycoprotein expression following SJW (Figure 

3.3A; range: 1.09-9.06 MFI). P-glycoprotein expression had returned to baseline 16 

days post discontinuation o f  SJW (8.5±4.8 MFI; Figure 3.2). Treatment with SJW 

increased P-glycoprotein mediated rhodamine efflux (reduced ratio) compared with 

baseline levels (0 .12±0.04 vs. 0.24±0.18 P<0.05;  95% Cl: 0.01 to 0.29; Figure 3.4A). 

There was no change in P-glycoprotein function with placebo (0 .16±0.17 vs. 

0.24±0.11; 95% Cl: -0.05 to 0.21; Figure 3.4B). Ritonavir (5 |.iM) produced 

significantly greater inhibition o f  P-glycoprotein mediated rhodamine efflux in the 

PBMCs o f  subjects before treatment with SJW compared with post treatment values 

(75.4±16.4 vs. 23.9±15.3% ; P <  0.01; 95% Cl: 43.7 to 70.1; Figure 3.5). The 

percentage inhibition by ritonavir was similar before and after treatment with placebo.

3.3.2 M DRl mRNA Expression

The presence o f  M DRl mRNA was confirmed by non-quantitative RT-PCR. 

Amplification products o f  the expected size*̂ "̂** were detected at 167 base pairs for 

M DRl and 120 base pairs for P2 microglobulin in PBMCs in every sample collected.

3.3.4 Hypericin Assay

Duplicate analysis was performed on each o f  two capsules from each batch («=3). The 

results were 0.15, 0.14, and 0.15% w/w hypericin for batches A, B, and C as 

determined against the hypericin standard; this was in agreement with the hypericin 

content quoted by the manufacturers product insert. The intra-day («=4) variability for
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10 fig.ml'' and 50 ^g.m l'' was 3.1 and 2.2% respectively. The inter-day («=8) 

variability was 4.3% and 3.5% for 10 i^ig.ml"' and 50 fig.m f' respectively. Standard 

curves were found to have correlation coefficients approximating to 0.99.
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A

Vimentin

FL1-H

Figure 3.1

A) Plate showing intracellular staining o f a peripheral blood mononuclear cell with 

JSBl (a P-glycoprotein specific antibody). B) A  representative flow  cytometry trace 

depicting the median fluorescence intensity fo llow ing staining for P-glycoprotein with 

JSBl and vimentin (positive control) and ie (negative control).
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Figure 3.2

P-glycoprotein expression in peripheral blood lymphocytes o f subjects’ pre and post 

16 days treatment with either St John’s Wort (600mg 0.15%; n=12) or placebo (n=7). 

Data are expressed as net MFI (median fluorescence intensity) following labelling 

with JSBl and IE for each sample. Data are expressed as mean ± SD. * P<0.05.
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Figure 3.3

P-glycoprotein expression in peripheral blood lymphocytes o f individual subjects 

before and after 16 days treatment with either (A) St John’s Wort (600mg 0.15%; 

n=12) or (B) placebo (n=7). Data are expressed as net MFI (median fluorescence 

intensity) following labelling with JSBl and IE for each sample. Data are expressed 

as mean ± SD. * P<0.05.
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Figure 3.4

P-glycoprotein function expressed as the ratio o f  rhodamine efflux at time 0 and 180 

min (T180/T0) in peripheral blood lymphocytes o f subjects pre and post 16 days 

treatment with either (A) St John’s Wort or (B) placebo. Data are expressed as mean ± 

SD. * P<0.05 compared with pre St John’s Wort.
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Figure 3.5

Effect o f ritonavir (5 |iM ) on rhodamine efflux from peripheral blood lymphocytes of 

subjects pre and post 16 days treatment with either St John’s Wort or placebo. Data 

are expressed as mean ± SD. * P<0.05 compared with pre St John’s Wort.
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3.4 Discussion

P-glycoprotein is an energy dependant membrane-associated multi-drug efflux pump 

encoded by the MDR-1 gene on the long arm o f chromosome 7. Increasing multi-drug 

resistance is associated with altered expression o f P-glycoprotein, which then actively 

transports drug substrates out o f the cell lowering their intracellular drug

(98 ^58 ^60)concentration and facilitating the development o f drug resistance . P-

glycoprotein is differentially expressed in a variety o f  normal tissues including gut 

epithelium and peripheral blood lymphocytes'^'’'*. Many drugs including 

methotrexate, protease inhibitors, and steroids in addition to some cytotoxic agents are 

known to be substrates for this drug efflux mechanism. Their disposition and

(2 0 1  ”̂ 5 ^  ”̂ 5 9  2 6 ^  2 6 3 )metabolism will therefore be affected by its expression and activity " ’ “ .A  

number o f non-cytotoxic compounds are capable o f reversing the drug efflux effect 

including verapamil, cyclosporin and more recently the anti HIV drug

ritonavir*'^'’’"̂ "' "̂ *̂. Inhibition o f the efflux pump may facilitate accumulation o f drugs 

within previously resistant cells, improving drug bioavailability, intracellular

concentrations and penetration into sanctuary sites such as the central nervous 

system<“̂ -̂̂ ^̂>.

Recent reports have documented clinically relevant drug interactions between SJW 

and co-administered drugs such as indinavir, cyclosporin and digoxin* 

attributing induction o f  hepatic CYP3A4 as the likely mechanism* '̂^* '̂"' '̂ ’̂. However, 

interactions with digoxin are unlikely to be fully explained by this mechanism, as it is 

not a CYP3A4 substrate. Furthermore, the discrepancy between in vitro and clinical 

data suggests that a second interaction mechanism may be involved. It has been 

postulated that drug interactions with SJW may be mediated through P-

glycoprotein*'^'^"'^^’. The present study assesses the effects o f chronic administration o f
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SJW on P-glycoprotein expression and function in human PBMCs. We found that 

chronic treatment with SJW produced a greater than 4 fold increase in expression of 

the multidrug transporter P-glycoprotein in the PBMCs o f healthy volunteers. This 

was associated with enhanced drug efflux ftinction resulting in reduced intracellular 

accumulation o f rhodamine. Furthermore, in the presence o f increased P-glycoprotein 

expression the inhibitory effects o f ritonavir (a potent P-glycoprotein inhibitor) were 

attenuated*“^^\ Our data supports the data o f Durr et which showed a 1.4 fold

increase in intestinal P-glycoprotein/M DRl expression following chronic oral 

administration o f SJW. Furthermore, Greiner et demonstrated a reduction in

plasma digoxin concentrations following a similar inductive response to oral 

treatment with rifampicin suggesting P-glycoprotein induction as an alternative 

mechanism for drug-drug interactions. Our study provides further evidence o f a 

second mechanism by which SJW may interact with co-administered drugs. Since P- 

glycoprotein and CYP3A4 and have distinct though overlapping substrates the 

magnitude o f  interactions encountered clinically may depend on whether a drug is 

transported mainly by P-glycoprotein (digoxin, colchicine), or metabolised by 

CYP3A4 (cimetidine, oral contraceptive pill), or both (indinavir, ritonavir, 

cyclosporin).

Our data and that o f others would suggest that CYP3A4 and P-glycoprotein 

expression may be co-induced by SJW*'"**'”^*’. Studies indicate that St John’s Wort 

induces hepatic drug metabolism through activation o f the pregnane X receptor*“ *̂̂’, 

and have identified PXR response elements in the upstream regulatory regions of

(251  ”̂ 69 2 7 "^ )these genes "  ' “ . In addition Geick et al. have recently identified a distinct DR4 

nuclear receptor response element that is essential for M DRl induction by
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rifampicin*''*'^'. W hether the inductive response to St John’s W ort seen in PBM Cs is 

via an interaction w ith the PX R receptor was not addressed in the present study.

In recent years the therapeutic potential o f  P-glycoprotein m odulation has been re

exam ined and at least one specific inhibitor (valspodar) is presently undergoing 

clinical trials for use in o n c o l o g y * S i m i l a r l y  low dose ritonavir has been added 

to som e HIV antiretroviral salvage therapies in an effort to enhance 

efficacy*^^'^’“^ ’̂̂ ^ ’̂̂ '̂̂ *. O ur finding that chronic adm inistration o f  SJW  reduces the 

potential o f  ritonavir to inhibit P-glycoprotein m ediated drug efflux suggests that the 

clinical use o f  P-glycoprotein m odulators such as ritonavir or valspodar (PSC833) 

m ay be lim ited in the presence o f  SJW . In conclusion, w hen prescribing drugs, that 

are substrates o f  P-glycoprotein, CY P3A 4 or both, patients should be strongly w arned 

against chronic co-adm inistration o f  SJW  since clinically  significant drug-drug 

interactions are likely.
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Chapter 4

Intracellular Indinavir pharmacokinetics In HIV Infected 

Patients: Comparison with Plasma Pharmacokinetics
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4.1 Introduction

The HIV protease enzyme is responsible for post-translational modification o f gag 

and gag-pol polyprotein precursors into their functional products^“^̂ ’̂ ^̂ ’. Inhibition o f 

the enzyme results in the production o f immature non-infectious virions and 

subsequent interruption o f viral spread*^^**. Since the inclusion o f protease inhibitors 

(PI) within highly active antiretroviral drug regimens (HAART) the morbidity and 

mortality due to HIV disease has been reduced*^”*̂’. Despite its success, HAART still 

lacks sufficient potency and durability*^®’’. Large cohort studies suggest that up to 

20% o f patients fail to achieve adequate suppression o f HIV plasma RNA. Even when 

this is achieved, up to 30% o f patients will experience viral rebound within 1 

year*^'*'’'^^’. While loss o f viral suppression is multifactorial sub-optimal drug levels 

whatever the cause will permit ongoing viral replication and favour the emergence o f 

resistant vims over time.

For indinavir a relationship exists between plasma concentrations and virologic 

response*'^*^'‘’̂ '\ In clinical practice the aim is to obtain plasma indinavir levels above 

a minimum inhibitory concentration (MEC) o f 100 ng.mr'*“ *̂’“*“* throughout the 

dosing interval, taking into account mitigating factors that might lead to reduced free 

concentrations such as protein binding. It is to ensure that Pl-containing regimens 

achieve trough concentrations above this critical value that therapeutic drug 

monitoring (TDM) is being debated as a part o f patient management*^*’"’. Numerous 

studies have shown that sub-optimal PI levels are associated with poor virological 

response*^’*’̂ ^̂ ’̂ *"*’ and recently, the ATHENA trial reported that TDM o f non-boosted 

and boosted indinavir in treatment naive patients improves treatment outcome*^*^’. 

However, while Casado et also showed that sub-optimal PI levels were
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associated with a poorer virological response, there was no correlation between 

optimal drug levels and an improvement in virologic outcome.

Therapeutic discordance describes failure to achieve viral load reduction despite 

adequate plasma PI concentrations or alternatively viral load response regardless o f 

inadequate plasma drug levels or poor adherence to therapy. Factors which may 

influence treatment failure or success, include viral resistance, lack o f adherence and 

viral penetration into sanctuary sites*̂ *̂ '"*"̂ *. The importance o f pharmacological 

factors such as intracellular drug concentrations and drug influx/efflux mechanisms 

(P-glycoprotein and MRP) in determining treatment success or failure is only recently 

becoming apparent*"°^’“'‘’’̂ ^̂ '̂ ^̂ *. Pis inhibit the activity o f a virally encoded protease 

required for the post integration assembly o f  infectious viral particles within HIV 

infected cells*^’ ’̂"*̂*̂’"'̂ ” . Therefore, intracellular PI concentrations are likely to be of 

critical importance in determining anti retroviral efficacy, and such information might 

be expected to contribute significantly to our understanding o f therapeutic 

discordance in certain HIV infected individuals. To date, little is known about 

intracellular PI concentrations in patients, however, in vitro experiments with HIV 

transfected HeLa cells and PBMCs demonstrate that the duration o f anti retroviral 

effect varies between Pis and occurs in the rank order saquinavir and nelfmavir > 

ritonavir > indinavir. Differences in antiviral kinetics were attributable to differences 

in intracellular concentrations o f PI rather than intrinsic antiviral activity, suggesting 

that intracellular PI concentrations may determine both the potency and durability o f 

antiretroviral effect'^^***. Furthermore, the relationship between intracellular PI 

concentrations and the minimum effective concentration (MEC) in plasma has not 

been examined in vivo. The purpose o f the present study was to assess the feasibility 

of measuring intracellular indinavir concentrations in HIV infected patients and to
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determine the relationship between plasma and intracellular indinavir steady state 

pharmacokinetics following oral administration.

4.2 Methods

4.2.1 Study Protocol and Patient Selection

Written informed consent was obtained from all patients entering the study. After 

fasting overnight subjects attended the day care unit at a time 1 hour prior to the time 

o f  their first daily dose o f  indinavir. All patients (n=10) received dual nucleoside 

analogue therapy (Combivir: AZT 300mg / 3TC 150mg bd), and indinavir 800mg tds. 

Patients were included in the study if  they had HIV plasma RNA levels below 50 

copies.ml"' for at least 3 months prior to the study and a CD4 count greater than 

150x10*’ cells/1. Exclusion criteria included abnormal liver function, inter-current 

illness or concomitant administration o f  medications likely to influence the 

metabolism o f  indinavir.

An intravenous cannula was inserted and blood was collected into lithium heparin 

tubes for determination o f  plasma and intracellular indinavir concentrations at 

baseline (time 0), 1, 2, 4, 6, and 8 h after oral administration o f  indinavir. An 

additional blood sample was taken at baseline for the determination o f  CD4 

lymphocyte count and HIV plasma RNA levels. Patients received a standard breakfast 

2 h post indinavir ingestion. All patients had full pharmacokinetic profiles determined 

(0-8 h/ tds).
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4.2.2 Sample Preparation

Plasm a was separated from  w hole blood (7ml) by centrifugation (5000 rpm at 4°C for 

10 m in), and stored at -70"C  until analysis.

PBM Cs were isolated from  a duplicate blood sam ple (30 ml) by density  gradient 

centrifugation upon direct layering onto Lym phoprep (GIBCO , Life Technology, 

Paisley U.K.) and centrifugation at 1200 rpm, 4°C for 25 min. The PBM Cs were 

pelleted (2000rpm  x 5m in at 4°C) and w ashed 3 tim es w ith Hanks buffered salt 

solution (Life Technology, Paisley U.K.). Cells were finally resuspended in culture 

m edium  (RPM I plus glutam ine. Life technology. Paisley U.K.) supplem ented with 

10% FCS (2 ml, G IBCO  Life technology, Paisley U.K.). An aliquot (20 jil) was 

rem oved for ceil count estim ation. Cell viability and num ber were determ ined by 

staining with ethidium  brom ide/acridine orange and quantified in a N eubauer’s 

cham ber using fluorescence m icroscopy. The rem aining cells were im m ediately 

pelleted (2000 rpm x 5 m in at 4°C). Intracellular indinavir was extracted in 60% 

aqueous m ethanol (1m l for 12 h). Follow ing m ethanol extraction, cell debris was 

rem oved by centrifugation and the supernatant evaporated to dryness. Sam ples were 

stored at -70°C  until analysis.

4.2.3 Indinavir Assay

Plasm a sam ples were heat inactivated (58° C for 40 m in) prior to analysis. Plasm a 

sam ples and m ethanolic cell extracts were analysed by LC/M S using a Therm oquest 

Finnigan LCQ Duo bench top m ass spectrom eter operating in atm ospheric pressure 

electrospray ionisation (ESI) mode. Sam ples w ere spiked with an internal standard 

(R o 3 1-9564) prior to extraction w ith diethyl ether (3 ml for 30 min). Follow ing 

centrifugation (4000 rpm for 5 min) the organic layer was rem oved and evaporated to
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dryness. Extracts were reconstituted in mobile phase for injection into the LC/MS 

system using an autosampler. Indinavir and the internal standard were eluted on a Ci8 

column (Hypurity Elite 5; 5 (am: 250 x 4.6 mm) using an ammonium acetate buffer (10 

mM) / acetonitrile (30:70 v/v) mobile phase and a flow rate o f 1.2 ml.min '. Indinavir 

(retention time 2.94 min) was analysed by fragmentation o f the parent compound and 

quantification o f the resulting fragments (monitoring o f ions m/z 614.4, 465.3, 596.3). 

The internal standard (retention time 8.04 min) was monitored at m/z 674.4, 573.3, 

388.2. The minimum quantifiable drug on column was 5 pg corresponding to lower 

limits o f  quantification o f 125 pg .m f' for plasma and 40 pg for a PBMC extract from 

10x10^ cells. The inter-assay coefficients o f  variation were 6.9 % and 1.5 % at 

concentrations o f 150 and 3000 ng .m f' respectively. The intra-assay coefficients o f 

variation were 4.5 % and 4.7 % respectively at the same concentrations.

4.2.4 Indinavir Assay Validation

Prior to the study, intracellular drug loss during the washing procedure was 

extensively studied using CEM cells in culture. CEM cells (Ix loV m l; 500fj,l) were 

incubated with ^H-indinavir (0. l(a,Ci; 1 |j.M) for up to 18 h to allow drug 

accumulation. Cells were harvested by two methods, oil stop and cell washing 

(methodology analogous to PBMC sample separation).

Cell harvesting by oil stop methodology was performed using 10% n- 

hexadecane/90% silica oil (400|j.l). Cell containing media (400 |il) was layered onto 

the oil and cell suspensions pelleted by centrifugation (14,000g; 30s). The bottom o f 

the micro centrifuge tube containing the pellet was clipped o ff into a scintillation vial. 

The pellet was reconstituted (dHaO; 100|xl), solubilised (tissue solubiliser: glacial 

acetic acid: hydrogen peroxide; 2:2:1; 100|al) and incubated for 30min at 37°C.
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Scintillation cocktail (4ml) was added prior to liquid scintillation counting for 

determination o f intracellular drug accumulation. This is the exact methodology used 

in our previously published in vitro intracellular accumulation studies*''^*. Under oil- 

stop conditions, the intracellular concentration o f indinavir was 0.80 ± 0.4|o,M (mean 

± s.d.; n=9). However, following cell washing (x3), the indinavir concentration was 

0.7 ± 0.2)^M (mean ± s.d.; n=9) illustrating that approximately 12% o f indinavir is lost 

during the entire washing and extraction procedure. Efflux o f protease inhibitors from 

cells is minimized by perfoiTning cell isolation procedures at 4°C as drug loss due to 

either active transport or passive diffusion is reduced (>50% o f PI was lost over Ih at 

20°C, <10% was lost at 4°C).

4.2.5 Statistical Analysis

The intracellular concentration o f indinavir was calculated on the basis o f a single 

PBMC volume o f 0.4 pi (determined by flow cytometric analysis) and total cell count. 

Plasma and intracellular indinavir concentration versus time data were evaluated by 

non-compartmental analysis (WinNonLin, version 3, Pharsight Corporation, CA 

USA) and the following variables determined: trough concentration (Ctrough), 

maximum concentration (Cmax), area under the curve over 8 h (AUCo-g), time to peak 

concentration (Tmax), elimination half life (f/2 ) and mean residence time (MRT). 

Differences between plasma and intracellular pharmacokinetic parameters were 

analysed by Mann W hitney or Wilcoxon matched pairs tests where appropriate 

(Graphpad Prism). The correlation between plasma and intracellular AUCo-s was 

subjected to non-parametric Spearman correlation analysis. Data are expressed as 

mean ± SEM, and differences considered significant at a value o f P<0.05.
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4.3 Results

4.3.1 Patient Characteristics

Ten patients m ean age 37 y (range: 26-51 y) w ere entered into the study (9 m ale/ 1 

fem ale). Seven patients cited hom osexual contact as the m ode o f  acquisition o f  HIV, 2 

patients contracted the disease through infected blood products and 1 through 

occupational exposure. The m ean duration o f  indinavir therapy was 2.4 y (range: 1.8- 

4.0 y). On chart review  o f  the patients entering the study all had prior antiretroviral 

experience. The m ean reduction in HIV plasm a RNA levels follow ing the original 

introduction o f  indinavir therapy was 120,000± 1,500 copies.m l ', however, all 

patients had a viral load o f  less than 50 copies.m l’' o f  plasm a (lim it o f  detection, 

branch DNA test, Bayer, USA) for at least 3 m onths prior to com m encing the study. 

In accordance with selection criteria the mean CD 4 count was 420±40 x 10^ cells.l ' 

(range: 220-760 xlO^ c e lls .f ') .

4.3.2 Pharmacokinetic Results

Concentration tim e responses w ere fitted to a non-com partm ental pharm acokinetic 

model. Follow ing oral adm inistration, the intracellular indinavir Cmax was lower than 

that o f  plasm a (3245±702 ng.m l ' vs 10700±1260 n g .m l''; P<0.002; CI= 5207-9705; 

Figure 4.1 A) while Tmax values w ere sim ilar (1.6±0.2 h vs 1.2±0.1 h), as were mean 

intracellular and plasm a trough concentrations (I33 .7± 45  vs 136.8±54 ng .m l'' Figure 

4.2). O verall, the intracellular AUCo-g was 70 % low er than that o f  plasm a 

(7574±1003 ng .m l.h '' vs 25060±417I ng .m l.h ''; P<0.004; C I=8704-26263; Figure 

4 .1B). Furtherm ore, there was little correlation betw een the intracellular and plasm a 

A U C o-8 values (r=0.48; P=0.17; Figure 4.3). Interestingly the intracellular elim ination 

half-life o f  indinavir was longer than that o f  plasm a (2.0±0.3 h; vs 1.2±0.09 h;
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P<0.05), as was the mean residence time o f  indinavir within the cell (3.6±0.6 h vs 

2 .1 ± 0 .I4 h ;  P<0.01).

4.3.3 Individual Pharm acokinetic Profiles: R elationship o f  Trough

C oncentrations to the Plasm a M EC (Figures 4.2, 4.4; Table 4.1)

Marked inter-individual variability in the plasma pharmacokinetics o f  Pis is well 

recognised*“^“’ and the Liverpool HIV pharm acology group have reported that up to 

40%  o f  patients may demonstrate trough concentrations below the plasma M EC for 

indinavir*“*̂“*. In the present study we also note considerable individual variability in 

intracellular trough concentrations o f  the drug, (Figure 4.2) which appear to correlate 

poorly with plasma concentrations (r=0.38; P=0.28). Interestingly for some 

individuals (Figure 4.4 A,B) intracellular concentrations o f  indinavir were below the 

plasm a MEC o f  100 n g .m f ' towards the end o f  the dosing interval despite having 

adequate plasma levels. For these patients, the intracellular t'A  was shorter than that o f  

plasma (0.7 and 0.8 h vs 1.7 and 1.1 h). In contrast, other patients (Figure 4.4 C,D) 

receiving the same combination therapy demonstrated intracellular indinavir 

concentrations above the plasma M EC throughout the dosing interval despite having 

plasm a levels below 100 n g .m f ' .  For these patients the intracellular tl/2  was prolonged 

(3.1 h and 2.1 h) compared with plasma (1.6 h and 1.4 h).
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Figure 4.1

Indinavir plasma and intracellular concentration- time profiles and B) area under the 

curve over 8 h (AUCo-s) fo llow ing oral administration in 10 HlV-1 infected patients. 

The minimum effective concentration (MEC) for indinavir (100 ng.m l"') in plasma is 

indicated for comparison. Data are presented as mean ± SEM ; * P<0.004.
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Figure 4.2

Individual variability in plasma and intracellular trough concentrations (Ctrough) for 

indinavir. The short horizontal lines indicate mean values and the short dashed lines 

show the accepted plasma MEC for indinavir (100 ng.m l'').
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The relationship between intracellular and plasma AUC over 8 h for 10 individual 

patients following oral administration o f  indinavir, note the weak correlation (solid 

line) and 95% Cl (dashed lines). Data were subjected to non-parametric Spearman 
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Individual plasma and intracellular concentration- time profiles for 4 patients 

following oral administration o f  indinavir. Dose regimens are as indicated on the 

graphs. The minimum effective concentration (M EC) for indinavir (100 ng.mP') in 

plasma is included for comparison.
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Table 4.1

A comparison o f  plasma and intracellular pharmacokinetics following oral administration o f  indinavir to patients

Patient

Plasma Intracellular

A U C o-8

(ng .m l .h ')

Cviax

(n g .m l ')

Ctrough

(n g .m r ')
t'A (h) M R T (h )

a u c ,,.8

(ng .m l.h ')

C[viax Ctrough 

(ng.mP') (ng.mP')
t'A (h) M RT (h)

A 16403 9704 168 1.7 1.8 1204 465 10 1.3 2.0

B 25205 8978 163 1.1 2.2 8844 5461 10 0.8 1.5

C 5860 4526 21 1.6 1.5 5894 1577 183 3.1 4.9

D 15321 9354 46 1.4 1.7 9067 3273 200 2.1 2.8

E 34652 12576 10 1.1 2.3 3914 1308 10 2.6 4.2

F 47326 12053 585 1.1 2.9 9174 2008 400 3.1 4.9

G 13440 5544 159 1.3 2.7 6308 1637 289 4.1 8.0

H 42245 15913 58 1.1 2.3 11062 6750 10 1.1 2.2

I 22941 11378 140 1.2 2.0 9651 3805 215 1.2 2.4

J 27177 16983 18 0.8 1.6 10616 6166 10 0.8 2.7

Abbreviations: AUCo-s: area under the curve over 8 h; Cmbx: maximum concentration; Ctrough: trough concentration; MRT: mean residence time; 

t'A: elimination half-life.



4.4 Discussion

The main aims o f this study were to assess the feasibility o f measuring intracellular 

indinavir concentrations in HIV-1 infected patients and compare intracellular and plasma 

pharmacokinetics. The goal o f achieving therapeutic plasma PI concentrations may be 

confounded by the presence o f  viral resistance. To minimize the potential for drug failure 

due to emerging viral resistance we selected patients with a sustained viral load (VL) o f 

less than 50 cpm since recent consensus guidelines*“'̂ '̂ recognise that the lower the nadir 

o f  plasma HIV-1 RNA levels the longer it takes for drug failure to occur‘“'̂ '̂ ’. In addition, 

clonal selection for drug resistant virus implies that protease inhibitor plasma MEC 

values are unlikely to take account o f  patients who are highly ART experienced, on 

complex drug regimens or at differing stages o f the disease. Given the small number o f 

patients in this study we made no attempt to link intracellular indinavir concentrations 

with long term virological response, since to do so would require a much larger patient 

cohort and some measure o f phenotypic testing. The main findings o f the present study 

are that there is reduced intracellular accumulation o f indinavir relative to plasma with 

intracellular indinavir AUCo-8 being 70% lower than plasma AUCo-8- However, 

intracellular elimination half-life was significantly prolonged compared with plasma, as 

was the MRT o f indinavir within the cellular compartment. There was no difference in 

time to peak concentration between the groups, a finding that may have been influenced 

by the sampling schedule used in this study. Overall there was a poor correlation between 

plasma and intracellular AUC values.

This is the first study to assess intracellular PI concentrations in vivo and is in agreement 

with the results o f Jones et and others*"'^’, who in experiments on cell lines found

that indinavir had the least intracellular accumulation (1-4 fold) compared with nelfmavir 

and saquinavir (>30 fold) and ritonavir (6-10 fold). In addition, chronically HIV infected
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cells and the presence o f alpha 1 acid glycoprotein caused reduced accumulation o f all 

the Pis studied.

Indinavir plasma protein binding in HIV-1 infected patients has recently been reported as 

approximately 60%. By pharmacologic theory, only the free fraction (0.4) is available to 

cross the membrane, thus if  indinavir crosses by passive diffusion only, and all 

intracellular drug is free, then the expected intracellular ratio would be 0.4. We found the 

intracellular: plasma ratio to be 0.31. Given that we estimate up to 12% o f the drug may 

efflux from the cells during the entire analytical procedure there is almost complete 

agreement between results. Therefore the results we have obtained for intracellular 

indinavir concentrations levels confirm what would be expected based on the degree o f 

protein binding in plasma lending weight to our methodology and adding to our 

understanding o f the disposition o f this commonly used PI.

Furthermore, Nascimbeni*"^*^’ found that the half life for antiviral activity in PBMCs in 

vitro was 1-2 h for indinavir compared with 3 h for ritonavir and 8 h for nelfmavir and 

saquinavir, data which is compatible with the intracellular elimination half life o f 2.0 h 

for indinavir seen in the present study. O f note restoration o f  viral infectivity following 

removal o f PI from the extracellular culture medium occurred in the rank order indinavir 

>ritonavir >saquinavir and nelfmavir. These data suggest that intracellular PI 

concentrations may influence both the potency and durability o f antiretroviral effect*̂ **̂ *. 

Interestingly, we found that some patients demonstrate intracellular indinavir 

concentrations above the plasma MEC throughout the dosing period despite the presence 

o f sub-therapeutic plasma levels o f the drug. It is likely that the prolonged intracellular 

half life and mean residence time o f indinavir within the cell contributed to this effect 

which may partly explain why some patients maintain adequate viral suppression despite 

poor compliance and dose omission. In contrast those patients who had intracellular
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indinavir concentrations below  the plasm a M EC but acceptable plasm a levels o f  the drug 

(N=2) both had shorter intracellular half-life relative to plasm a. For indinavir the 

relationship betw een plasm a concentrations o f  the drug and viral load suppression is 

established although there is no generally accepted therapeutic range*^^^*. O ur results 

suggest that the relationship  betw een intracellular drug concentrations and the plasm a 

MEC for indinavir m ay also be im portant and w arrants further study. Presently, no data 

is available regarding intracellular m inim um  effective concentrations o f  indinavir, or the 

extent o f  intracellular protein binding.

Lastly, we found only  a weak correlation betw een plasm a and intracellular indinavir 

AU Co-8 concentrations (r =0.48), suggesting that one cannot necessarily be used as a 

surrogate m arker for the other.

A lthough plasm a protein binding alone m ay account for low er intracellular 

concentrations o f  indinavir, other contributory factors m ay include intracellular protein 

binding and altered drug influx/efflux m echanism s including P-glycoprotein m ediated 

drug efflux*^‘’̂ ''^‘ ‘̂ “̂*. Indinavir is a P-glycoprotein substrate and thus m ay be actively 

transported out o f  the cell by this m echanism  how ever it is not a significant inhibitor o f  

P-glycoprotein m ediated drug efflux '“*̂ ’̂‘ '^'“'̂ '̂ a finding which m ay partly explain the 

reduced intracellular accum ulation o f  indinavir (relative to plasm a) seen in this study. In 

contrast other Pis such as ritonavir are recognised as potent inhibitors o f  P-glycoprotein 

function and their intracellular accum ulation m ay be m odulated through this m echanism . 

As such, further investigation o f  intracellular concentrations o f  Pis know n to inhibit P- 

glycoprotein function (nelfm avir, saquinavir) is w arranted, as is the m easurem ent o f  cell 

associated indinavir concentrations in the presence o f  ritonavir.

In relation to interpreting the data from  the present study there are several caveats. 

Firstly, although we have used the term “ intracellular” it w ould be m ore accurate to state
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“cell associated” indinavir since we do not actually know if the entire drug is contained 

within the cytoplasmic compartment. Secondly, in the pharmacokinetic calculations an 

estimated cell volume o f 0.4 pi (based upon flow cytometric analysis) is used. Thirdly, 

we have minimised drug efflux from cells by processing the samples at 4°C (slowing 

passive diffiision and active transport) and streamlined the cell isolation procedure by 

reducing delays in processing. Nevertheless, we estimate that up to a maximum o f 12% 

o f drug may efflux from the cell during the entire procedure, this should be considered 

when interpreting the data but is unlikely to alter our conclusion that cell associated 

indinavir concentrations are significantly lower than plasma levels.

In conclusion, indinavir concentrations within lymphocytes o f  HIV infected patients are 

lower than in plasma. Despite this a prolonged intracellular half-life may contribute to 

antiretroviral efficacy and help to maintain indinavir concentrations within the cellular 

compartment above the plasma MEC for indinavir throughout the dosing period. 

Recently published work highlights differences between protease inhibitors in terms o f

/  2 1 '7  ”7  13 \

both the potential for intracellular accumulation and, the durability o f anti

retroviral efficacy in vitro‘'~^^\ we recommend that further studies are required to clarify 

both intracellular pharmacokinetics and the degree o f intracellular accumulation o f other 

protease inhibitors such as nelfinavir and saquinavir in a HIV infected patient population. 

Such information might be expected to improve our understanding o f the reasons for 

therapeutic success or failure for certain patients.
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Chapter 5

Intracellular Accumulation of Nelfinavir and its Relationship 

to P-glycoprotein Expression and Function in HIV Infected

Patients
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5.1 Introduction

Despite the success o f  H A A R T in reducing the m orbidity and m ortality associated with 

HIV disease, the ideal antiretroviral regim en rem ains elusive. C ritically, potency and 

durability  rem ain unresolved issues. In the Sw iss Cohort Study rebound viraem ia to 

detectable levels occurred at a rate o f  20%  per year in A RT experienced patients 

sw itching therapy, w hile som e 50%  o f  patients required treatm ent changes by 24 

months*“°". In addition, a significant num ber o f  patients require salvage therapy with 

m ega-A R T, risking exposure to toxicity  and serious drug interactions*“^̂ *.

The pharm acokinetic variability  o f  Pis is well docum ented; with several studies 

dem onstrating m arked inter-patient variability  follow ing standard dosing 

regimens*^^^'“'̂ ’̂. Despite this, plasm a PI concentrations correlate with antiviral effect*^*^*' 

In the ADAM  study both plasm a saquinavir and nelfinavir concentrations were 

strongly associated with the initial rate o f  HIV clearance*^'^'*. In clinical practice we 

endeavour to achieve high plasm a PI concentrations throughout the dosing interval in an 

attem pt to ensure m axim al suppression o f  viral replication and to prevent the em ergence

f278 ”̂ 79 ^8 Mo f  viral drug resistance '*■ . Failure to achieve this goal, particularly w ithin cellular

com partm ents creates de facto m ono or dual therapy, increasing the potential for resistant 

virus to seed via plasma*^*’*. Despite efforts, viral m utations reducing drug susceptibility 

have been dem onstrated for all available Pis and are associated with treatm ent 

failure*^®^’̂ *'̂ '. Drug resistance is not the sole contributor to antiretroviral frailty, other 

pharm acological factors such as intracellular drug concentrations and drug influx/efflux 

m echanism s such as P-glycoprotein (P-gp) and m ultidrug resistance associated protein 

(M R P) also determ ine the eventual disposition o f  PI w ithin the cell, and therefore m ay 

have a critical role m odulating therapeutic failure or success*"*’̂ '^'°’̂ ^ ’̂“^^’.
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Lymphocytes are a major site o f HIV replication*"^^’, and although it is not certain that 

Pis must act intracellularly to be effective, nevertheless intracellular drug concentrations 

are likely to influence antiretroviral efficacy*” ®̂’̂*’"**. Marked differences in intracellular 

pharmacokinetics between Pis in vitro have been reported, and may account for 

differences in antiviral kinetics over and above intrinsic antiviral activity*"^**’. In vitro 

studies demonstrate intracellular accumulation occurs in the rank order nelfmavir> 

saquinavir / ritonavir > in d in a v ir* ^ C o n v e rse ly , restoration o f viral infectivity 

following removal o f drug from the culture medium occurs in reverse order*^^*’*, 

suggesting intracellular PI concentrations may determine both the potency and durability 

o f antiretroviral effect. Our previous work demonstrated a lack o f  intracellular 

accumulation o f indinavir within PBMCs o f HIV infected patients, and that intracellular 

values were consistent only with indinavir free drug concentrations in plasma*^*’̂ *, though 

variability between Pis means such results cannot be easily extrapolated to other drugs 

within the class.

Pis are both substrates for and variable inhibitors o f the multidrug transporter P- 

g p ( 158,207,210,211,266,306,307) raises the possibility that differential accumulation

intracellularly may be associated with P-gp inhibitory potential. In vivo studies 

examining this possibility are few and results confusing, being confounded by the 

inclusion o f patients receiving multiple Pis and at various stages o f disease. Thus to date, 

poor intracellular accumulation has been associated with both an absence o f  MDR-1 and

n  • (308,309)P-gp over-expression'

In this study we investigate the totality o f plasma and intracellular PI concentrations plus 

P-gp expression and Sanction within a group o f HIV infected patients fully suppressed 

(less than 50 copies/ml) on chronic single PI therapy with nelfmavir. Given the potential 

exists to alter intracellular accumulation o f Pis through the use o f P-gp inhibitors*^^"'^"*’.
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we also assessed the capacity for ritonavir added ex vivo to further modulate P-gp 

function. This work highlights potential differences between Pis with respect to 

intracellular accumulation.

5.2 Methods

5.2.1 Study Protocol and Patient Selection.

Written informed consent was obtained from patients entering the study. Following an 

overnight fast, subjects attended the day care unit 1 hour prior to the time o f their first 

daily dose o f  nelfmavir. All patients (n=12) received nelfmavir 1250mg bd and dual 

nucleoside analogue therapy (Combivir: AZT 300mg / 3TC 150mg bd) for at least 3 

months prior to study. Patients were included in the study if they had HIV plasma RNA 

levels below 50 copies/ml for at least 3 months prior to the study and a CD4 count 

greater than 150x10^ cells/1. Exclusion criteria included abnormal liver function, inter

current illness or concomitant administration o f medications likely to influence the 

metabolism o f nelfmavir or interfere with P-gp function. The institutional ethics 

committee approved the study.

Blood samples were obtained for determination o f plasma and intracellular nelfmavir 

concentrations at baseline (time 0), 1, 2, 4, 6, 8 and 12 h after oral administration o f 

nelfmavir. Additional blood samples were taken at baseline for the determination o f  CD4 

lymphocyte count, HIV plasma RNA levels and P-glycoprotein function. Patients 

received a standard breakfast with supervised ingestion o f their medication. 

Pharmacokinetic profiles were determined over a 12 hr period. The patients entered into 

the study were followed with respect to CD4 counts and viral load estimation for at least 

9 months after the study.
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5.2.2 Sample Preparation

P lasm a w as separated  from  w ho le  b lood  (7 m l) by  cen trifu g atio n  (SOOOrpm at 4°C fo r 10 

m in), and  sto red  at -8 0 °C  until ana lysis. P B M C s w ere iso la ted  from  a d u p lica te  b lood  

sam p le  (3 0 m l) by d en sity  g rad ien t cen trifu g a tio n  upon  d irec t layering  onto  L ym phoprep  

(G ibco  L ife T ech n o lo g ie s , U K ) and cen trifu g a tio n  at 1200 rpm , 4°C  fo r 25 m in. T he cells 

w ere p e lle ted  (2000rpm  x 5m in  at 4°C ) and  w ash ed  w ith  H anks b u ffe red  salt so lu tion  

(G ibco  L ife T ech n o lo g ies , U K ) p rio r to  resu sp en sio n  in R PM I (p lu s  g lu tam ine) 

su p p lem en ted  w ith  10%  foeta l c a lf  serum  (P C S , G ibco  L ife T ech n o lo g ie s , UK ). Cell 

coun t and  v iab ility  w ere  q u an tita ted  fo llo w in g  sta in ing  w ith  e th id ium  b ro m id e/ac rid in e  

o range. For the  d e te rm in a tio n  o f  in trace llu la r n e lfin av ir levels, all sam ples w ere  p rom ptly  

p ro cessed  at 4°C , w ith  less than  Ih r b etw een  p h leb o to m y  and  m ethano l extraction*^*^^\ in 

brief, P B M C s w ere  im m ed ia te ly  pe lle ted  (2000  rpm  x 5 m in  at 4°C) and  in trace llu la r 

n e lfin av ir ex trac ted  in 60%  aqueous m ethano l (1m l fo r 12 h). C ell deb ris  w as rem oved  

by  cen trifu g atio n  and the  su p ern a tan t ev ap o ra ted  to  d ryness. S am ples w ere  sto red  at -  

8 0 '’C until analysis.

5.2.3 Nelfinavir Assay

P lasm a sam p les w ere  h ea t inactivated  (58°C  fo r 4 0 m in ) p rio r to  analysis. P lasm a sam ples 

and  m ethano lic  cell ex trac ts  w ere  an a ly sed  b y  liqu id  ch ro m ato g rap h y  m ass  sp ec tro m etry  

(L C /M S ) using  a T h erm o q u est F inn igan  L C Q  D uo bench  top  m ass sp ec tro m ete r 

o p era tin g  in a tm o sp h eric  p ressure  e lec tro sp ray  ion isa tion  (E S I) m ode. S am ples w ere 

sp ik ed  w ith  an  in ternal s tan d ard  (R o 3 1-9564; 2 0 |il, 100 ng /m l) p rio r to  ex trac tio n  w ith  

d iethy l e th er (3m l fo r 30  m in). F o llo w in g  cen trifu g atio n  (4000  rpm  fo r 5 m in ) the 

o rgan ic  lay er w as rem o v ed  and ev ap o ra ted  to  dryness. E x tracts w ere  reco n stitu ted  in 

m ob ile  phase fo r in jec tio n  into the L C /M S  system  using  an au tosam pler. N e lf in a v ir  and
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the internal standard were eluted on a Cis column (Hypurity Elite 5; 5|im: 250 x 4.6 

mm), protected by a pre-column guard (Si 60, 5|am), using an ammonium formate buffer 

(20 mM) / acetonitrile (30:70 v/v) mobile phase, and a flow rate of 1.2 ml/min. 

Nelfmavir (retention time 6.57 min) was analysed by fragmentation o f the parent 

compound and quantification of the resulting fragments (monitoring o f ions m/z 

568.3/467.2/330). The internal standard (retention time 8.67 min) was monitored at m/z 

674.4/573.3/388.2. The minimum quantifiable drug on column was 5pg corresponding to 

a lower limit of quantification o f 125 pg/ml for plasma and 3.1 ng/ml for a PBMC extract 

from 10x10^ cells. The inter-assay coefficients of variation were 9 % and 11 % at 

concentrations o f 0.15 and 3 ng/ml, respectively. The intra-assay coefficients o f variation 

were 4.5 % and 4.7 % respectively at the same concentrations. The data were recorded 

and quantified by Xcalibur software (version 1.0), programmed to recognise specific 

peaks and to quantify the intensity o f the ion signal. Nelfmavir content was determined in 

the experimental samples from a standard curve using peak area: internal standard ratios.

5.2.4 P-Glycbprotein Expression

P-glycoprotein was detected by flow cytometry and MDRl gene expression confirmed 

by RT-PCR. Cells were fixed in 2% paraformaldehyde (Cellfix, Becton Dickinson 

Mountain View C.A), permeabilised with 0.05% saponin (Sigma) and labelled with a 

JSBl monoclonal antibody (Sanbio, Uden, Netherlands) directed towards a highly 

conserved intracellular epitope of P-glycoprotein (30 min, at 37“C). JSBl has been 

widely validated as a MDRl P-gp specific a n t i b o d y * ^ A  monoclonal IE 

immunoglobulin (Ig)G derived from a murine hybridoma supernatant (ATCC, Manasses 

V.A.) HB179, served as a negative fluorescence control and antibody to the cytoskeletal 

component vimentin (Dako AS Glostrup Denmark) was employed as a control for the
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perm eabilisation technique. Excess prim ary antibody was rem oved by w ashing with 

0.05%  saponin, prior to incubation with a rabbit anti-m ouse fluorescein labelled 

isothiocyanate (FITC)-conjugated F(ab )2 (1:50 dilution; Dako G lostrup AS) for 30 min, 

at 37°C. Finally, cells were w ashed free o f  excess antibody and re-suspended in 0.5m l o f  

paraform aldehyde prior to flow cytom etric analysis

5,2.5 P-Glycoprotein Mediated Drug Efflux Function and Inhibition.

PBM Cs (1x10^ cells) reserved at baseline (TO) were loaded with rhodam ine 123 (1.25 

l^g/ml; Sigm a Aldrich, Poole, Dorset, UK) for 25 min at 37°C in RPM I 1640 

supplem ented with 10% FCS. Cells were w ashed tw ice in ice-cold m edia and incubated 

at 37°C for 3h in 3 ml o f  dye free m edia to allow dye efflux. At baseline (T=0: m axim um  

loading) and three hours later (T=180m in, m axim um  efflux) an aliquot was rem oved and 

w ashed tw ice in ice-cold m edia (3 min x 2000rpm ) before being fixed in ice-cold 

paraform aldehyde (Cellfix, Becton Dickinson, UK). Cellular fluorescence was 

determ ined by flow cytom etric analysis. Parallel experim ents were perform ed in the 

presence o f  ritonavir (5 (iM), a recognised P-glycoprotein inhibitor. This concentration o f  

ritonavir was chosen for m axim al inhibition from  dose response curves for the inhibition 

o f  P-glycoprotein m ediated rhodam ine efflux in the PBM Cs o f  healthy volunteers (data 

not shown).
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5.2.6 Flow Cytometry

Lymphocytes shown in forward scatter and side scatter were electronically gated and 

acquired (10000 events) through the FLl channel (expression) and the FL2 channel 

(function). The amount o f fluorescence was plotted as a histogram o f either FLl 

(expression) or FL2 (function) staining within the gate. Data acquisition was performed 

using Cellquest software (WINMDI version 2.6) to determine median fluorescence 

intensity values. The presence o f MDR-1 mRNA in each sample was confirmed by non- 

quantitative RT-PCR as previously described*^

5.2.7 Data Analysis

The intracellular concentration o f nelfinavir was calculated on the basis o f a single 

PBMC volume o f  0.4 pi (determined by flow cytometric analysis and Furman et al. 

1 9 8 6 <̂ '6)) and total cell count. Plasma and intracellular nelfinavir concentration versus 

time data were evaluated by non-compartmental analysis (W inNonLin, version 3, 

Pharsight Corporation, C A  U SA ) and the following variables derived: area under the 

curve over 12 h (AUC0.12), concentration at time zero (Co), time to peak concentration 

(Tmex), maximum concentration (Cviax), minimum concentration (Civiin), elimination half- 

life (tl/2) and mean residence time (MRT). P-gp function was expressed as the ratio of:

The percentage o f  reversible P-gp mediated rhodamine efflux in the absence or presence 

o f ritonavir was calculated as:

{to  -  T \ 8 O) _ (max imal.loading -  max imal.efflux)
max imal .loading

max imal.loading -  max imal.efflux ± rit \

V max imal.loading
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5.2.8 Statistical Analysis

Data were subjected to non-param etric analysis and analysed by M ann W hitney or 

W ilcoxon signed rank tests where appropriate. The associations betw een plasm a and 

intracellular A U C 0 . 12, and cellular accum ulation o f  nelfinavir and P-gp function were 

subjected to Spearm an correlation analysis. D ata are expressed as m ean±SEM , and a 

value o f  P<0.05 was taken to indicate significance.

5.3 Results

5.3.1 Patient Characteristics

Tw elve patients all m ale, m ean age 40± 2.82 y (range: 28-59 y) were entered into the 

study. Seven patients cited hom osexual contact as the m ode o f  acquisition o f  HIV, 4 

patients contracted the disease through injection drug use, and 1 patient though 

heterosexual contact. The m ean duration o f  nelfinavir therapy was 3.25 y (range: 2.1- 5.0 

y). On chart review o f  the patients entering the study all had prior antiretroviral 

experience. All patients had a viral load o f  less than 50 copies/m l o f  plasm a (lim it o f  

detection, branch DNA test, Bayer, USA) for at least 3 m onths prior to com m encing the 

study, and rem ained suppressed during follow -up. In accordance with selection criteria 

the m ean CD4 count was 477±78 x 10^ cells/1.

5.3.2 Pharmacokinetic Analysis (Table 5.1)

Concentration tim e responses were subjected to non-com partm ental pharm acokinetic 

m odelling (Figure 5.1 A). Overall the intracellular nelfinavir AUCo-12 was ~9 fold higher 

than that o f  plasm a (264200 ± 63420 vs 29250 ± 6629 ng/ml/h; Cl: 102338-363726; 

P< 0 .001; Figure 5 .1B), Intracellular Cmim and Co values for nelfinavir w ere approxim ately 

5-6 fold higher than that o f  plasm a (C Min: 5712 ± 2156 vs 1062 ± 357 ng/m l; C l 589-
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8702, Figure 5.2; Cq: 15860 ± 3662 v 2553 ± 539 ng/ml; P<0.0005). Following oral 

administration, the intracellular nelfinavir CMax was 15 fold higher than that o f  plasma 

(59420 ± 13940 vs 3986 ± 822 ng/ml; Cl: 25882-84990; P<0.0005). However, plasma 

and intracellular TMax values were similar (3.33 ± 0.70 vs 2.83 ± 0.5 hr; Cl: -0 .756- 

1.756). Furthermore, there was no difference in plasma and intracellular MRT or 

elimination half-life values {iVi. 4.44 ± 0.57 vs 4.41 ± 0.79 hr; Cl: -1.891-1.394; MRT: 

7.41 ± 0.69 vs 7.38 ± 1.17h). Interestingly, there was a correlation between the plasma 

and intracellular AUCo- 1 2  for nelfinavir (r=0.75; P=0.011; Figure 5.3).

5.3.3 P-glycoprotein Expression and Function

P-gp expression was detected and confirmed in all samples. In patients chronically 

treated with nelfinavir, mean P-gp expression was 8.85 ± 1.3 MFI, (range; 3.2-14.5 MFI) 

there was no correlation between P-gp expression and either intracellular AUCo-1 2 , (r= - 

0.35; P=0.29), or intracellular Co values. Basal P-gp mediated rhodamine efflux was 61.0 

± 4.2% (Cl: 51.7-70.3; range: 15-57%). In the presence o f  ritonavir (5|iM  added ex vivo) 

cellular rhodamine efflux decreased to 25.6 ± 5.5% (P=0.001; Figure 5.4A) representing 

an additional reversible efflux potential o f  56.1 ± 9.78%. Interestingly, there was a 

correlation between intracellular nelfinavir concentrations and P-gp function at baseline 

(Figure 5.4B; r =0.59; P<0.05), such that higher the intracellular concentration o f 

nelfinavir the greater the activity o f the efflux pump, conversely, lower nelfinavir 

concentrations were associated with reduced P-gp activity.
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A) N elfinavir, p lasm a and intracellular concentration- tim e profiles. The m inim um  

effective concentration (M EC ) for nelfinavir (400 ng/ml) is indicated for com parison. B) 

Intracellular com pared w ith plasm a area under the curve over 12 h (AUC0.12) following 

oral adm inistration o f  nelfinavir in 11 HIV infected patients. Statistical analysis was 

perform ed using a W ilcoxon signed rank test. Data are presented as m ean±SEM . 

*P<0.001 com pared with plasm a area under the curve (AUCo-12).
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Figure 5.2

Individual variability in plasma and intracellular m inimum concentrations (Civiin) for 

nelfinavir. The short horizontal lines indicate mean values and the short dashed lines 

show the accepted plasma MEC for nelfinavir (400 ng/ml). * P<0.005.
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Correlation between (Logio transformed) plasma and intracellular area under the curve 

over 12 h (AUCo-12) for 11 individual patients following oral administration o f  nelfinavir. 

Data were subjected to non-parametric Spearman correlation analysis.
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P-glycoprotein function in patients treated w ith nelfinavir: (A) effect o f  nelfinavir on p- 

glycoprotein m ediated rhodam ine-123 efflux in the absence and presence o f  ritonavir 

(5 |iM ) in PBM Cs from  11 HIV infected patients follow ing oral adm inistration o f  

nelfinavir, (B) correlation betw een intracellular accum ulation o f  nelfinavir and P- 

glycoprotein function (rhodam ine efflux). Data were subjected to non-param etric 

Spearm an correlation analysis and W ilcoxon signed rank test where appropriate. * P< 

0 .001 .
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Table 5.1 Sum m ary o f  N elfinavir Pharm acokinetic Param eters

Plasm a Intracellular Fold increase

A U C o-12 (ng/m l/h) 29250±6629 264200±63420* 9.0

CMax (ng/m l) 3986±822 59420± 13940* 14.9

C M i n  (ng/m l) 1062±357 5712±2156* 5.4

Co (ng/m l) 2553±539 15860±3662* 6.2

Tlvlax (h) 2.83±0.5 3.33±0.7 NA

t'A (h) 4.44±0.57 4.41 ±0.79 NA

M RT (h) 7 .4 U 0 .6 9 7.38±1.17 NA

AUCo-12: area under the concentration tim e curve over 12 h, CMax: m axim um  

concentration, CMin: m inim um  concentration, Cq: concentration at baseline, TMax̂  tim e to 

m axim um  concentration, t'A: elim ination half-life and M RT: mean residence time. NA: 

not applicable. Data are presented as m ean±SEM . * P<0.05
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5.4 Discussion

In contrast to our previous findings*^*^ '̂ the main findings o f the present study are that 

there is significant intracellular accumulation (>8 fold) o f nelfinavir in the lymphocytes 

o f  HIV infected patients relative to plasma. Furthermore, there is an excellent correlation 

between plasma and intracellular nelfinavir concentrations suggesting plasma levels are 

an acceptable indicator o f cell-associated drug. Despite chronic treatment with nelfinavir, 

60% o f P-gp mediated dye efflux continued unhindered, with ritonavir (added ex vivo to 

avoid the confounding effect o f  combined treatment on baseline P-gp function) 

producing 56% additional inhibition. Given the baseline degree o f accumulation, the 

relative clinical value o f this for patients already suppressed on therapy is questionable 

and should be balanced against improved bioavailability as a result o f  CYP3A4 

inhibition at the level o f the gut. Interestingly, no relationship was demonstrated between 

P-gp expression and intracellular accumulation, but a positive correlation was found 

between P-gp function and intracellular nelfinavir concentrations.

The intracellular accumulation o f nelfinavir noted in this study is in excess o f  free drug 

available to the cell over a dosing interval (<1% o f total*^'^’), suggesting the effect occurs 

chronically; a finding supported by the 6 fold higher intracellular Co values compared 

with plasma. The lack o f  differences between plasma and intracellular values for 

elimination half-life, MRT and T^ax indicate accumulation plateaus over time. The 

ultimate disposition o f nelfinavir within the cell remains unknown; however, it’s highly 

lipophilic nature would facilitate extensive binding to cellular proteins and organelles 

and may be principally responsible for the observed effect. Indeed, Khoo et 

detected other Pis in all subcellular fractions (cytosolic, nuclear, and mitochondrial).

Drug accumulation within the cell represents an imbalance between influx and efflux 

pathways, the latter being partly dependent on P-gp function. Interestingly, we found this
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increased w ith increasing intracellular concentrations o f  nelfm avir, thus dem onstrating P- 

gp activ ity  is prim arily substrate concentration dependent. This is consistent with data 

show ing P-gp m ediated efflux o f  Hoechst 33342 is proportional to its intracellular 

concentration**'*’. The success o f  P-gp in low ering intracellular concentrations o f  a M DR 

drug relies on its capacity to overcom e the passive influx rate o f  each substrate*'®*”, and 

the tendency o f  that substrate to m odulate its function. N elfm avir is both a substrate and 

m oderate inhibitor o f  p .g p < 207,2 10,211,266,306,307) reconcile the seem ingly

paradoxical observations o f  enhanced accum ulation w ith enhanced P-gp pum p function? 

Interestingly, Eytan has proposed a novel m echanism  whereby, for P-gp 

chem osensitisers, the rate o f  m em brane equilibration is so rapid that export out o f  the cell 

via P-gp cannot keep pace*'*^*” . In essence, the transporter operates in a futile cycle so that 

while transport turnover is high there is no net reduction in substrate concentration. 

Fluorescence quenching experim ents dem onstrate this hypothesis holds for progesterone, 

which flip-flops so rapidly across the plasm a m em brane that no net efflux is detectable, 

although transport by M DR cells does occur*'*’®*. It is possible this m echanism , in 

com bination with intracellular protein binding and partitioning o f  drug w ithin the plasm a 

membrane*'®*” accounts for both the degree o f  accum ulation seen and the increased P-gp 

pum p activity as assessed by rhodam ine efflux. A lthough logic dictates that an enhanced 

intracellular accum ulation should ultim ately translate into increased free 

(pharm acologically  active) drug w ithin the cell, this is as yet unproven, but m ay be 

critical in determ ining antiretroviral effect for certain individuals.

W e found no correlation betw een P-gp expression and intracellular accum ulation o f  

nelfm avir, suggesting for nelfm avir, the relationship betw een expression and function is 

com plex. This is consistent with a previous study show ing St Johns W ort increases P-gp 

m ediated rhodam ine efflux by 50%  in the presence o f  a greater than 4 fold increase in P-
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gp expression’̂ I n t r ig u in g ly ,  the orphan nuclear receptor, SXR, plays a central role in 

regulating MDR-1 gene transcription^''^'’'^'^^ Ritonavir binds to SXR activating i:s target 

genes and increases expression o f P-gp. However, other Pis such as saquinavir are much 

weaker in this regard and still others, such as nelfinavir and indinavir completely fail to 

activate SXR*̂ '*̂ *, and therefore are unlikely to up-regulate P-gp expression. This does 

not necessarily preclude effects on P-gp function, and may explain why Meaden et al. 

found a correlation between increased P-gp expression and intracellular accumulation o f 

ritonavir but not saquinavir*^*’*’ and, why we found no correlation between P-gp 

expression and nelfinavir accumulation within the cell.

Conventional pharmacokinetic modelling makes no allowance for factors such as P-gp 

drug efflux or number/ affinity o f binding sites, and hence may be inadequate to describe 

intracellular pharmacokinetics. Jang et have developed a computational model to

assess the impact o f  these factors on intracellular drug accumulation. Their data show the 

most important determinant o f intracellular drug levels remains the extracellular drug 

concentration. However, simultaneous changes in more than one parameter may alter the 

relative importance o f  other factors. Given the variability between Pis with respect to 

intracellular accumulation, it would be interesting to test the utility o f this model for this 

class o f drug.

We have extensively discussed the methodology used in this study, its limitations and the 

possibility that intracellular drug concentrations could change during processing in our 

previous paper investigating intracellular levels o f indinavir*^*’̂ ’. Loss during processing 

may underestimate intracellular levels by up to 12%. This is unlikely to detract from the 

main findings o f the study.

We interpreted plasma and intracellular nelfinavir concentrations in the context o f 

expression and function o f the multidrug transporter P-gp, in order to clarify how some
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o f  the pharm acological factors that influence treatm ent failure or success integrate in a 

clinical setting. O nly patients fiilly suppressed on nelfm avir were included because viral 

suppression to less than 50 copies/m l lim its the potential for em ergent drug resistance, 

therefore, reducing this as a confounding variable and allow ing direct com parison with 

our previous data*^** ’̂. Together these studies highlight differences betw een Pis with 

respect to intracellular accum ulation and com plexity  o f  the relationship betw een P-gp 

expression and function. Furtherm ore, our data suggest interactions with the m ultidrug 

transporter are rem arkably PI specific. Further studies are w arranted to assess sim ilar 

variables in patients w ho are failing therapy and those with docum ented viral drug 

resistance.
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Chapter 6

The Role of P-glycoprotein Expression and Function in HIV

Disease
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6.1 Introduction

Multi drug resistance (MDR) proteins such as P-glycoprotein have been shown to lower 

intracellular concentrations o f antiretroviral drugs particularly the protease inhibitors. In 

patients with HIV disease, possession o f  an MDR phenotype characterised by enhanced 

transporter mediated efflux o f  antiretroviral drugs has almost invariably been linked with 

the development o f  cellular drug resistance and a reduction in the therapeutic efficacy of

(2 13 2^ 8 )HAART' ' “ . Several studies have investigated the role o f P-gp in resistance to 

antiretroviral therapy. Gollapudi and Gupta*^*^ ’̂ demonstrated that both T and monocytic 

cell lines expressed increased levels o f  P-gp following HIV infection, resulting in a 

significant decrease in zidovudine (ZDV) accumulation, while A ntonellie/ showed

that P-gp expressing cells are less susceptible to the effects o f ZDV when compared with 

control cells. This effect could be reversed in the presence o f P-gp specific inhibitors. 

Oral and intravenous administration o f HIV protease inhibitors (Pis) to m d rla  knockout 

mice results in marked elevations o f  both plasma and brain drug concentrations compared 

with control mice, suggesting that P-gp also limits systemic bioavailability and brain 

penetration o f  the Pls*'^*̂ ’. This may result in de facto  dual or mono antiretroviral drug 

concentrations in certain areas with the development o f reservoirs o f fully viable, 

replication competent but partially resistant HIV-1 despite seemingly adequate 

antiretroviral daig  therapy*^^''^^^’. In vitro most o f  the currently available Pis are 

substrates and to a variable extent inhibitors o f P-gp mediated efflux*^^’’̂*̂*̂’"'^’"'^*. 

Expression o f P-gp in l y m p h o c y t e s * s u g g e s t  it modulates intracellular 

accumulation o f  PIs*^'^’̂ “‘*’. Therefore P-gp may decrease the effectiveness o f Pis by 

decreasing plasma and possibly intracellular drug concentrations. However, the potential 

exists to reverse this process through the addition o f  P-gp inhibitors such as verapamil, 

cyclosporin, and RTV to standard therapy, enhancing intracellular and brain penetration
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of the Pis, and reducing the emergence o f  viral drug resistance. For clinicians much 

emphasis has been placed on overcoming P-gp mediated drug efflux activity through 

pharmacoenhancement with low dose (lOOmg bd) ritonavir (RTV). RTV inhibits gut wall 

CYP3A4 and P-gp the key enzyme and transport systems that limit the bioavailability or 

metabolism o f other Pis. It can therefore be used to boost and maintain PI plasma 

concentrations o f  other Pis such as IDV, amprenavir (APV), SQV, and to a lesser extent 

Boosted regimens are considered by many to represent the standard o f  use o f 

Pis, particularly in the presence o f viral rebound after a PI sparing regimen, or in salvage 

o f Pl-experienced patients failing therapy. The finding that human lymphocytes express 

non-functional CYP3A*^^^', in conjunction with the data o f Garaffo et support the

concept that RTV most likely enhances PI concentration in PBMCs through inhibition o f 

P-gp mediated drug efflux activity. The clinical relevance o f  pharmacoenhancement in 

altering long-term outcome remains unconfirmed.

Bearing in mind that P-gp is a molecule highly conserved throughout evolution, a fact 

which points to an indispensable physiological role involving the protection o f vital 

organs through regulation o f cellular and tissue levels o f  noxious compounds**^^’. It is not 

surprising that the complex interactions between P-gp, HIV infection and its treatment 

remain unclear. Published studies lack consensus, with some groups reporting a decrease 

in P-gp expression in lymphocytes o f HIV-infected p a t i e n t s * A d d i t i o n a l l y ,  

Lucia*^"^' demonstrated decreased P-gp mediated Rhodamine efflux and altered NK cell 

cytotoxicity suggesting that functional P-gp is required for normal NK cell function. In 

contrast, Andreana et showed an increase in CD4^ P-gp expression in T cells o f

HIV infected patients compared with controls; however, the detected P-gp was 

functionally defective. More recently Speck et reported differences in P-gp

activity but not expression in PBMCs o f HIV patients treated with nucleoside analogues
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compared with untreated controls. Few clinical studies have considered P-gp expression 

and function in the context o f  the spectrum o f HIV disease, its treatment and plasma HIV 

RNA levels. Chaillou and colleagues'^*’'̂ * investigating this relationship found 

undetectable viral load only in association with the use o f a low dose RTV/PI 

combinations. They postulated enhanced PI accumulation within cells as a likely 

mechanism for this effect. However, inexplicably poor intracellular accumulation was 

associated with both over-expression and an absence o f MDRl  in the PBMCs o f HIV 

infected patients*̂ ***̂ ’. The disparity in published studies likely reflects the combination o f 

(1) differing analytical procedures*"°‘̂’̂ '^\ (2) small group numbers in primarily untreated 

patients, (3) difficulties in extrapolating in vitro data to the clinical situation and (4) 

exclusion o f  the effects o f treatment. Direct effects on viral replication need to be 

considered, in addition to the impact on plasma and intracellular drug concentrations.

In the present study we address some o f these shortcomings by assessing P-gp expression 

and function simultaneously in a large group o f both naive and HAART treated patients 

at various stages o f disease, assigned to clinically relevant groups. Results are analysed 

in the context o f viral load, a surrogate marker o f effective treatment, and the known 

effects o f the Pis on P-gp function. Finally we assessed the ability for low dose RTV 

added ex vivo to further modulate P-gp function in the PBMCs o f both treated and 

untreated HIV infected patients.

6.2 Methods

6.2.1 Patient Selection and Study Design

This was a prospective study o f a random sample o f HIV infected patients attending the 

Genito-Urinary Medicine Clinic o f St James Hospital in Dublin over a 6 week period. 

Eighty patients with HIV infection were recruited after informed consent. Age and sex
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matched healthy controls (n=20) were recruited from hospital staff Exclusion criteria 

included: ethnic background other than Caucasian, inter-current illness, pregnancy / 

lactation, or concomitant administration o f drugs other than anti-retroviral medications 

likely to interfere with the expression and/or function o f P-gp (e.g. rifampicin, 

cyclosporin and methothrexate).

During a routine clinic visit, suitable patients were asked to provide in addition to their 

routine clinic bloods for determination o f lymphocyte subsets and HIV viral load, an 

extra 30 ml venous blood sample for measurement o f P-gp expression and function in 

PBMCs. All samples were coded so that investigators were blinded to patient 

characteristics. In addition, separate investigators assessed P-gp expression and function 

independently. Both patients and healthy volunteers were included on each study day. 

Subsequent to analysis the code was broken and a retrospective chart review undertaken 

to assess the following patient characteristics: age, sex, stage o f HIV infection (revised 

classification for HIV infection and expanded case definition for AIDS in adolescents 

and adults; Centre for Disease Control revised case definition 1993; Table 6.1), risk 

factor for disease acquisition, CD4 and CDS lymphocyte subsets, viral load, drug therapy 

and hepatitis status (B and C). For consistency, the stage o f  disease assessed from the 

patients’ clinical notes was cross-referenced against a computerised patient database. 

Patients were then assigned to one o f three groups: those fully suppressed on HAART, 

with a viral load o f less than 50 copies per ml (suppressed group), those unsuppressed 

despite HAART with a viral load greater than 100 copies per ml (unsuppressed group), 

and those with established infection but who had never received HIV therapy (naive 

group).
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Table 6.1

The revised classification for HIV infection and expanded case definition for AIDS in 

adolescents and adults (Centres for Disease Control revised case definition 1993). A) 

Categorisation by CD4 cell count, and B) expanded case definition.

A

CD4 Cell Count A B C

> 500/mm^ (>29%) A1 B1 C l

200 to 499/mm^ (14-28%) A2 B2 C2

< 200/mm^ (< 14%) A3 B3 C3
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Table 6.1 (B)

Category A Category B

Asymptomatic HIV infection 

Persistent generalised lymphadenopathy 

Acute retroviral syndrome

Bacillary angiomatosis

Oral or recurrent vulvovaginal candidiasis

Cervical dysplasia

Oral hairy leukoplakia

Herpes Zoster

Constitutional syndromes (fever o f 38.5°C, 

diarrhoea >1 month)

Peripheral neuropathy 

Pelvic inflammatory disease 

Idiopathic thrombocytopenic purpura 

Listeriosis

Category C (Aids Defining Conditions)

CD4 count<200 cells/ml HIV encephalopathy

Candidiasis o f oesophagus or pulmonary Kaposi’s sarcoma

Cervical cancer Lymphoma

Coccidiomycosis extrapulmonary Mycobacterium avium  complex or M. Kansi

Cryptosporidosis Mycobacterium tuberculosis

Cytomegalovirus infection Pneumocyctis carinii pneumonia

Herpes simplex with oesphagyeal, pulmonary or mucocutaneous Pneumonia recurrent with more than two episodes in 12 months

involvement o f >1 month Progressive multifocal encephalopathy

Histoplasmosis Salmonellosis

Isosporiasis Toxoplasmosis
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6.2.2 P-Glycoprotein Expression.

The presence o f  P-glycoprotein expression was detected by flow cytom etry and M D R l 

gene expression confirm ed by RT-PCR in accordance with consensus guidelines*^^^*. 

Cells were fixed in 2% paraform aldehyde (C ellfix , Becton D ickinson M ountain View 

C.A), perm eabilised with 0.05%  saponin (S igm a Aldrich) and labelled w ith a JSB l 

m onoclonal antibody (Sanbio, Uden, N etherlands) directed tow ards a h ighly conserved 

intracellular epitope o f  P-glycoprotein (30 min, at 37°C). JS B l has been w idely validated 

as a M D R l P-gp specific a n t i b o d y * ^ A  m onoclonal IE im m unoglobulin (Ig)G 

derived from  a m urine hybridom a supernatant (A TC C, M anasses V .A .) HB179, was used 

as a negative fluorescence control where as an antibody to the cytoskeletal com ponent 

vim entin (D ako AS G lostrup D enm ark) was em ployed as a control for the 

perm eabilisation technique. Excess prim ary antibody was rem oved by w ashing with 

0.05%  saponin, prior to incubation w ith a rabbit anti-m ouse fluorescein labelled 

isothiocyanate (FITC )-conjugated F (ab )2 (l:50  dilution; Dako AS G lostrup D enm ark) for 

30 min, at 37°C. Finally, cells were w ashed free o f  excess antibody and re-suspended in 

0.5 ml o f  paraform aldehyde prior to flow cytom etric analysis.

6.2.3 P-GIycoprotein Mediated Drug Efflux Function and Inhibition.

PBM Cs (1x10^ cells) were loaded with rhodam ine 123 (1.25 lig .m f ';  S igm a Aldrich, 

Poole, Dorset, UK) for 25 min at 37°C in RPM I 1640 supplem ented w ith 10% FCS. Cells 

were w ashed tw ice in ice-cold m edia and incubated at 37"C for 3h in 3 ml o f  dye free 

m edia to allow  dye efflux. At baseline (T=0: m axim um  loading) and three hours later 

(T=180 min, m axim um  efflux) an aliquot was rem oved and washed tw ice in ice-cold 

m edia (3 min x 2000 rpm) prior to being fixed in ice-cold paraform aldehyde (Cellfix,
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Becton Dickinson, UK). Cellular fluorescence was determined by flow cytometric 

analysis. Parallel experiments were performed in the presence of RTV (5 jiM; a gift from 

Abbott Laboratories), a recognised P-glycoprotein inhibitor. In a subgroup of patients 

and healthy volunteers, full dose response curves over the concentration range (RTV 0.1- 

31 |iM) were constructed for inhibition of P-gp mediated Rho efflux by RTV.

6.2.4 Flow Cytometry:

Lymphocytes shown in forward scatter and side scatter were electronically gated and 

acquired (10000 events) through the FLl channel (expression) and the FL2 channel 

(function). The amount of fluorescence was plotted as a histogram of either FLl 

(expression) or FL2 (function) staining within the gate. Data acquisition was performed 

using Cellquest software (WINMDI version 2.6) to determine median fluorescence 

intensity values (MFI).

6.2.5 RNA Isolation and Reverse Transcription Polymerase Chain Reaction

The presence of MDR-1 and MRP mRNA in random samples (Figure 6.1) was 

confirmed by non-quantitative RT-PCR as previously d e s c r i b e d * ^ I n  brief, total 

cellular RNA was isolated by a modification of the method o f Chomczynski and 

Sacchi*^^^’ using Tri Reagent (Sigma Aldrich). 1̂ ’ Strand cDNA was synthesised from 2 

)ag total RNA using random decamers and M-MLV reverse transcriptase (Reverse-iT kit, 

Abgene). The resultant cDNA was amplified by PCR following a standard PCR protocol. 

Each PCR reaction contained 2 |il cDNA, 1 x reaction buffer, 1.5 mM MgCb, 200 jiM of 

each dNTP, 1.25 U DNA polymerase {Thermus Icelandicus’, Red Ho: DNA 

polymerase, Abgene) and between 0.5-1 jaM of each gene specific primer. The gene
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specific primers (Table 6.2) were based upon those previously reported in the 

literature*̂ '̂*̂

After an initial denaturation at 94°C for 4 min, the following cycling profile was used: 

denaturation at 94°C for 30 s, annealing at each suitable temperature for 40 s, and 

extension at 72°C for 60 s. Amplification was performed over several cycles (Table 6.2) 

and ended with a final extension at 72°C for 5 min and cooling to 15°C for 5 min. All 

PCR reactions were performed in duplicate. The PCR products were separated on a 2.0% 

agarose gel and stained with ethidium bromide. Gels were visualised under ultraviolet 

illumination, photographed and underwent non-quantitative analysed using a 

GeneGenius Gel documentation system with Gene Tools analysis software (Syngene). 

Band intensity was expressed as the target mRNA to GAPDH mRNA ratio.

Table 6.2 Sequences of upstream and downstream oligonucleotide primers.

mRNA Forward Reverse Tm No. Cycles

p.M ACCCCCACTGAAAA ATCTTCAAACCTCC 55°C 30

AGATGA ATGATG

MRP TGGGACTGGAATGTC AGGAATATGCCCC 5 5 T 32

ACG GACTTC

MDR-1 CCCATCATTGCAATA GTTCAAACTTCTGC 55°C 34

GCAGG TCCTGA
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6.2.6 Data Analysis

P-gp function was expressed as the ratio of T180/T0 (maximum efflux /maximum 

loading) therefore, a reduced ratio indicates enhanced efflux function. The percentage of 

P-gp mediated reversible rhodamine efflux was calculated in the presence of RTV (5 

|iM) using the formula:

 ̂R i t \ S O - T m ^
lOOx r o - n s o

6.2.7 Statistical Analysis

Data were subjected to one-way analysis of variance with Newman-Keuls or Dunnetts 

post hoc analysis or an unpaired Students t-test where appropriate. All correlations were 

subjected to Pearson correlation analysis or trend analysis (Graphpad Prism, version 

4.02). Data are expressed as mean±SEM, and a value of P<0.05 was taken to indicate 

significance.

6.3 Results

63.1 Patient Characteristics (Table 6.3)

Eighty HIV positive patients (M=54) were recruited into the study. However, at chart 

review four patients were excluded due to active inter-current illness and one due to 

concomitant drug use. The mean age for male patients was 39.4 yr, (range 20-59 yr) and 

for females was 32.Syr (range 19-61yr). Patient characteristics and demographics are 

summarised in table 6.3. As expected, the majority of patients were classified as having 

stage C disease. O f the 75 patients included in the study, 14 were naive to HA ART and 

61 were receiving HAART. Treatment regimens included dual nucleoside reverse 

transcriptase inhibitors (NRTI) plus a PI (NFV= 22; IDV=10; SQV=4, and RTV alone or
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in combination with another PI; n=5), or alternatively a non-nucleoside reverse 

transcriptase inhibitor (NNRTl; nevaripine, efavirenz). O f the patients receiving 

HAART, 39 were fully suppressed with a viral load estimate o f less than 50 copies /ml, 

while 22 patients remained unsuppressed despite HAART (mean viral load = 

44309±22980). Most patients were receiving a three-drug regimen (n=55), while a few 

were receiving four or more drugs (n=6).

6.3.2 Effect of HIV Disease and Treatment on P-glycoprotein Expression

P-gp expression was 40% lower in naive HIV patients compared to age matched healthy 

controls (3.74 ±0.53 vs 6.2 ± 0.45 MFI; P<0.05; Figure 6.2). In contrast, there was a 2.3 

fold increase in P-gp expression in suppressed patients (8.33±0.59 MFI; P<0.001) 

compared with both unsuppressed patients and naVve patients, with no significant 

difference between these latter two groups, (3.64±0.64 and 3.74±0.53 MFI respectively; 

Figure 6.2).

There was a significant correlation between viral load and P-glycoprotein expression 

such that increasing viral load was associated with decreased P-gp expression (r=-0.47; 

P<0.01; Figure 6.3). There was no correlation between P-gp expression and stage o f 

disease, with expression remaining higher in the PBMCs o f suppressed patients, 

independently o f this variable (Figure 6.4). Similarly P-gp expression did not correlate 

with any o f  the following variables: risk factor for disease acquisition, CD4 or CDS 

lymphocyte count or hepatitis status.

With regard to HAART treated patients, expression was 3-fold higher in suppressed 

patients compared with unsuppressed patients, regardless o f whether therapy included a 

PI or an NNRTI (PI suppressed vs unsuppressed: 8.56±0.77 vs 2.43±0.85 MFI; NNRTI: 

suppressed vs unsuppressed: 8.10±0.74 vs 3.16±0.83 MFI; P<0.05; Figure 6.5). Twenty-
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two patients were receiving nelfinavir as PI therapy allowing further analysis. Within this 

group, P-gp expression was 70% lower in the un-suppressed compared with the 

suppressed patients receiving (3.04±0.94 vs 10.04±0.99 MFI P< 0.05 Figure 6.6).

6.3.4 Effect of HIV disease and Treatment on P-glycoprotein Function

P-gp function was estimated by flow cytometric analysis o f intracellular accumulation o f 

Rhodamine (Rho) at baseline and after efflux (ISOmin), and a fianctional index derived 

(T180/T0). The higher ratio indicating reduced P-gp mediated Rho efflux (poor P-gp 

function). Post hoc Trend analysis demonstrated that P-gp function between groups 

decreased in the rank order: healthy controls > suppressed > unsuppressed > naive (P< 

0.0001). P-gp function was reduced in naive HIV patients compared with healthy 

controls (0.54±0.1Ivs 0.19±0.03 MFI; P<0.05). However P-gp function was similar in 

both suppressed and un-suppressed patients receiving treatment (0.32±0.03 vs 

0.41 ±0.06). Suppressed patients had improved function compared with naive patients 

(0.32±0.03 vs 0.54±0.11; P<0.05; Figure 6.7).

With respect to P-gp function and treatment with HAART, To (maximum Rho loading) 

was higher in patients suppressed on PI therapy compared with those suppressed on 

NNRTIs (32.4±3.9 vs 13.2±5.3 MFI; P=0.016), while To values were similar in 

unsuppressed patients in either o f these treatment groups. Similarly there was no 

difference in To values between healthy controls and the naive group (44.5±5.4 vs 

34.9±4.6). P-gp mediated efflux was 40% lower in those treated with nelfinavir 

compared with those on indinavir therapy (0.36±0.03 vs 0.22±0.04; P<0.02; Figure 6.8). 

There were no differences in P-gp function between patients treated with either 

nevaripine or efavirenz: 0.35±0.07 vs 0.29±0.09). There was no correlation between P-gp
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expression and function in PBMCs o f the HIV infected patients studied (r= -0.08; 

P=0.54; n=75).

6.3.5 Dose Response Curves for the Effect of RTV on P-glycoprotein mediated Rho 

Efflux.

The response to RTV 5 |iM  was determined for all patients on the day o f  study. In 

selected patients from each group, and healthy volunteers full dose response curves for 

the effect o f RTV on P-gp mediated Rho efflux function were constructed over the 

concentration range 0.1-31 [iM (Figure 6.9). The following variables were derived 

following non- linear regression analysis, EC50 (concentration required to produce 50% 

response), Emax (maximal response) and the interpolated response to 5 |iM RTV. The 

EC50 for each o f the groups was comparable (1.8±0.3 ^M; range 1.3-2.1 |aM). Similarly 

RTV (5 |iM) produced approximately 60% reversible inhibition o f P-gp mediated Rho 

efflux in each o f the groups studied, with good agreement between the interpolated and 

actual response obtained for each patient on the day o f  study. Interestingly, the maximum 

response to RTV (Emax) was similar between naive HIV patients and healthy controls 

(98.7±1.7% vs 92.4±4.2) but was reduced (P<0.001) in both the suppressed and un

suppressed groups (70.9±2.2 and 63.2±2.7%).
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Table 6.3 Patient Characteristics and Demographics

Characteristic M ale

(n=54)

Female

(n=2l)

Mean Age ± se (y) 

R ange(y)

39.4 ± 

20-59

32.5

19-61

HIV Stage (n) A 7 7

B 17 8

C 30 6

Risk Factor for HIV acquisition IVDU 20 15

Haemophilic 2 0

Heterosexual 9 6

Homosexual 23 0

Hepatitis Status c 26 13

B 8 2

Un-treated 

(Naive; n=14)

Treated

Suppressed

(n-39)

Treated

Unsuppressed

(n=22)

CD4^ Count X lOVl 461±61 483.9±39 313±77

CD8^ Count xlOVl 998±91 1011±82.1 843±88

Viral Load (copies/ml) 26380±7085 50 44309±22980

Treatment (n) Dual N RTl + PI (n) 0 28 5

Dual N R T l + NNRTI 0 11 11

Dual NRTl + NNRTI  

+ PI

0 0 6

Abbreviations: IVDU = intravenous drug user; NRTl = nucleoside reverse transcriptase 

inhibitor; NNRTl = non-nucleoside reverse transcriptase inhibitor; PI = protease inhibitor
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Figure 6.1

A representative gel showing the presence o f P2-microglobulin ((32M), multidrug 

resistance protein 1 (MDR-1) and multidrug resistance associated protein (MRP-1) 

mRNA expression in random samples from H IV  infected patients
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Figure 6.2

Effects o f HIV disease and viral load response following treatment (suppressed: <50 

copies per ml; unsuppressed >100copies per ml) on P-gp expression in PBMCs from 

HIV infected patients compared with healthy controls. Data are expressed as mean±SEM. 

Horizontal bars depict statistical significance at P<0.05. Group sizes are: Controls, n=20; 

Suppressed, n=37. Unsuppressed, n=22; Naive, n=14.
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Figure 6.3

The relationship between plasma H IV RNA levels (viral load) and P-gp expression in 

PBMCs from all H IV  infected patients. The red symbol ( • )  represents an average P-gp 

expression level for all patients w ith a viral load o f <50 copies/ml (n=38).
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Figure 6.4

The effect o f HIV disease staging on P-gp expression in PBMCs o f naive and treated- 

suppressed (viral load: <50 copies per ml) HIV infected patients. Data are expressed as 

mean±SEM. Group sizes are detailed on the graph above the error bars.
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Figure 6.5

Effects o f  therapeutic responsiveness as defined by viral load (suppressed: <50 copies per 

ml; unsuppressed: >100 copies per ml) on P-gp expression in PBM Cs from  HIV infected 

patients treated with either a protease inhibitor (PI) or a non-nucleoside reverse 

transcriptase inhibitor (NNRTI). Data are expressed as m ean±SEM . H orizontal bars 

depict statistical significance at P<0.05. G roup sizes are: PI suppressed, n=27; PI 

unsuppressed, n=9, NNRTI suppressed, n==9; N N RTI unsuppressed, n=14.
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Figure 6.6

Effects o f  therapeutic responsiveness as defined by viral load (suppressed; <50 copies per 

ml, n=17; unsuppressed; >100 copies per ml, n=5) on P-gp expression in PBMCs from 

H IV  infected patients treated w ith nelfinavir (NFV) Data are expressed as mean±SEM. * 

P<0.05.
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Figure 6.7

Effects o f H IV  disease and viral load response follow ing treatment (suppressed: < 50 

copies/ml; unsuppressed >100 copies/ml) on P-gp function (T180/T0) in PBMCs from 

H IV  infected patients compared w ith healthy controls. Data are expressed as mean±SEM. 

Horizontal bars depict statistical significance at P<0.05. Group sizes are: Controls, n=20; 

Suppressed, n=32. Unsuppressed, n=19; Naive, n=9.
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Figure 6.8

The effect o f the protease inhibitors nelfinavir (NFV; n=22) and indinavir (ID V ; n=10) 

on P-gp function (T180/T0) in PBMCs from H IV  infected patients. Data are expressed as 

mean±SEM. * P<0.05.
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Figure 6.9

Concentration dependent changes in reversible Rhodamine (Rho) efflux (expressed as a 

percentage) in response to increasing concentrations o f ritonavir (RTV) in PBMCs from 

naive (untreated), suppressed (viral load <50 copies per ml) and unsuppressed (viral load 

>100 copies per ml), H IV  infected patients and healthy controls. Group sizes are: 

Controls, n=6; Suppressed, n= l 1, Unsuppressed, n=4; Naive, n=4.
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6.4 Discussion

HIV entry into cells involves binding o f virion-associated gpl20  to CD4 receptors and 

either CXCR4 or CCR5 co-receptors on target cells, inducing a conformational change in 

gp41 and initiating fusion o f the virus and target cell membranes*^'*^’. Recent studies have 

postulated that P-gp expression may directly alter replication o f enveloped viruses such 

as influenza and HIV by inhibiting membrane fusion. Raviv et found that P-gp

over-expression blocked insertion o f  the influenza virus fusion protein (hemaggIutinin-2) 

inhibiting membrane fusion and infectivity o f the virus. Lee et reported decreased

HlV-1 infectivity and a 40- fold reduction in virus production when P-gp was over

expressed in CD4^ T cell lines infected with different HIV viral strains. However, 

expression o f CD4 and CXCR4 were not significantly altered leading to the conclusion 

that P-gp expression inhibited HIV-mediated membrane fusion, as well as subsequent 

step(s) in the HIV-1 life cycle. More recently Speck et confirmed and extended

these findings by demonstrating a 70-fold decrease in supernatant p24 production and a 

100-fold decrease in infectious HIV units, in a P-gp over-expressing lymphoblastoid cell 

line compared with control cells. Verapamil, an inhibitor o f P-gp, reversed this effect in 

over expressing cells, but had little effect in control cells, thus supporting a direct role for 

P-gp in altering HIV p24 and infectious virus production. Fusion o f HIV with its target 

cells takes place at specialised regions in the membrane known as glycolipid enriched 

membrane (GEM) domains. Interestingly P-gp is also preferentially distributed within 

GEM domains, highlighting that the spatial arrangement o f both is such that P-gp could 

potentially play a role in modulating cellular binding o f  HIV'“^ '̂. These studies elegantly 

demonstrated the effects o f P-gp over expression on HIV infectivity and virus 

production. To extend this approach we present a complementary study examining the
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potential effects o f  HIV disease on P-gp expression and function in PBM Cs o f  HIV  

infected patients.

The main findings o f  the present study are that P-gp expression is reduced in the PBM Cs 

o f  naive HIV infected patients, expression remains low  in those unsuppressed despite 

H A ART, but increases to above normal levels in patients who attain a viral load o f  less 

than 50 copies per ml, regardless o f  which drug regim en is used to achieve suppression. 

O verall this produces a strong inverse correlation between P-gp expression and viral 

load. G iven that P-gp levels are low er in naive patients com pared with healthy controls, 

these data suggest that the effect o f  HIV disease p e r  se  m ay be to inhibit production o f  P- 

gp protein in PBM Cs o f  affected patients. W ith effective treatment viral replication is 

suppressed allow ing P-gp expression to increase, w h ile  therapeutic failure favours 

persistent viral replication and ongoing inhibition o f  P-gp expression. The present study 

therefore confirm s that the relationship betw een P-gp expression and viral infectivity  

noted in recent in vitro  studies is also seen in the PBM Cs o f  patients with infected with  

HIV disease. M echanistically this m ay occur at the level o f  gene transcription since P-gp 

m R N A  levels have been shown to decrease significantly  during SH IV infection o f  

macaques*̂ ^̂ '.

In addition to reduced expression, P-gp function w as also low er (increased ratio) in the 

PB M C s o f  naive patients compared with healthy controls and suppressed groups, a result 

consistent with the data o f  Andreana et H owever, they hypothesised that the P-gp

in naive patients with HIV disease was functionally defective on the basis o f  reduced  

Rho accum ulation at baseline, and a lack o f  response to cyclosporin  A. Interestingly in 

the present study despite significant d ifferences in efflux fijnction, there w as no 

d ifference in baseline Rho accum ulation betw een naive patients and healthy controls. 

Furthermore w e were able to demonstrate a sim ilar EC 5 0  and m axim al repose to RTV for
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both groups. These findings would suggest that P-gp mediated efflux in the PBMCs o f 

untreated HIV patients is not defective, and that differences in function may occur 

primarily as a result o f reduced expression in this group.

The relationship between P-gp expression and viral load persists regardless o f the stage 

o f  HIV disease; furthermore, there was no correlation between P-gp expression and either 

CD4 or CDS lymphocyte count, implying that the effect occurs independently o f either o f 

these factors. Overall we found no correlation between P-gp expression and P-gp 

mediated Rho efflux, suggesting the relationship between expression and function in HIV 

patients is complex and difficult to predict and may be confounded by drug therapy. 

Disparity between P-gp expression and function has been reported previously in 

haemopoietic cells, with no correlation seen between steady state M DRl expression and 

P-gp function in acute myeloid leukaemia c e l l s * h u m a n  bone marrow lymphoid 

cells*'"**̂ * or K562 leukaemia cells*'^"'*. Similarly, we have shown that St Johns Wort 

increases P-gp mediated rhodamine efflux by only 50% in the presence o f a greater than 

4 fold increase in P-gp expression in the PBMCs o f healthy volunteers*^'^’. Interestingly, 

in the study by Lee et non-functional mutants o f  P-gp also inhibited virus

production, suggesting that the relationship between P-gp expression and viral infectivity 

does not involve transporter-mediated efflux implying that expression and function may 

be differentially regulated. Several authors have suggested that Pis may be associated 

with alterations in P-gp expression*"’’'̂ *̂**. However, within our study population there 

were no differences in expression between those suppressed on either a PI or an NNRTI. 

Similarly, expression was three-fold higher in patients suppressed on NFV compared 

with those unsuppressed on exactly the same treatment, supporting the concept that it is 

the reduction in viral load that allows P-gp expression to return to normal levels, rather 

than a particular therapy. We did not assess coexisting antiretroviral drug resistance in
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our study population how ever, recent consensus guidelines*^*^^’ recognise that the lower 

the nadir o f  plasm a HIV-1 RNA levels the longer it takes for drug failure to occur*"' '̂**. By 

assigning only patients w ith a viral load o f  less than 50 copies per ml to the suppressed 

group we attem pted to m inim ize the potential influence o f  em erging viral resistance in 

this subgroup, though clearly drug resistance is a likely im portant contributor in 

unsuppressed patients. Sim ilarly poor adherence is an im portant determ inant o f  response 

to therapy. W e have previously  shown in a random  sam ple o f  patients from  our clinic, 

that both self-reported com pliance (ie >80%  o f  m edications) and prescription redem ption 

rates are approxim ately  90%*^^'*, this is consistent with the data o f  others but represents 

an overestim ate o f  adherence when com pared with electronic m onitoring 

However, our intention was to present results from a random  population o f  patients 

treated under norm al clinical conditions.

Our data shows that P-gp function betw een groups decreased in the rank order: healthy 

>suppressed > unsuppressed > naive. If a direct relationship existed betw een P-gp 

expression and function, then by virtue o f  changes in expression alone one w ould expect 

efflux to be approxim ately 30%  higher in the suppressed group, and 40%  lower in the 

unsuppressed group relative to healthy controls. This was not the case as P-gp function 

was sim ilar in both suppressed and unsuppressed patients despite m arked differences in 

viral load, suggesting the confounding influence o f  drug therapy within these groups. Pis 

are well recognised as both s u b s t r a t e s * a n d  inhibitors*^^^^’' '^ ’ o f  the m ulti- drug 

transporter. To assess the effect o f  PI therapy on P-gp m ediated efflux we analysed 

function in patients fully suppressed on either a PI or an N N RTI, rem oving the influence 

o f  both viral load and altered P-gp expression. Interestingly, based on our standard 

functional index, w hich norm alises to TO and therefore takes no account o f  changes at 

baseline, there was no difference in P-gp function between groups. H ow ever w hen the
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absolute change in Rho efflux (T0-T180 not normalised to To) is used, patients 

suppressed on a PI show reduced efflux function compared with those on an NNRTI. In 

support o f  this we also found that Rho accumulation at baseline (To) was higher in 

patients suppressed on a PI compared with those suppressed on an NNRTI. We have 

shown that NFV undergoes significant intracellular accumulation within the PBMCs o f  

HIV infected patients responsive to therapy. Therefore, prolonged intracellular presence 

o f  a PI should increase Rho accumulation at baseline due to chronic inhibition o f  efflux. 

Furthermore, both Rho and PI should compete as substrates for P-gp efflux further 

enhancing this effect. Between Pis, P-gp function was reduced in those receiving NFV  

compared with those receiving IDV confirming previous studies showing a minimal 

effect o f  IDV on P-gp function*^^*’*.

RTV at low doses is increasingly used as part o f  boosted therapeutic regimens to enhance 

the bioavailability o f  co-administered antiretroviral agents, although the long-term  

benefits o f  this remain to be established. In this study we assessed the potential for 

additional RTV added ex vivo to further modulate P-gp mediated Rho efflux in the 

PBMCs o f  each o f  the groups studied. The concentration o f  RTV chosen was that which 

produced approximately 65% inhibition o f  P-gp mediated efflux in the PBMCs o f  

healthy volunteers (preliminary experiments) and was intended to reflect plasma 

concentrations similar to those expected with the use o f  low dose RTV. In a subgroup o f  

patients full dose response curves for this effect were constructed. The EC50 o f  RTV was 

similar between all groups, as was the response to 5)iM demonstrating that RTV was 

equally potent in each o f  the groups studied, healthy, suppressed unsuppressed or naive. 

However the maximum response to RTV was significantly lower in patients receiving 

HAART irrespective o f  viral load suggesting that pre-treatment reduces but does not 

abolish the potential for low dose RTV to further modulate P-gp mediated drug efflux
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from cells. This represents an additional mechanism to enhance intracellular drug 

concentrations for both antiretroviral naive and experienced patients. However, the 

clinical relevance o f boosting with ritonavir to enhance intracellular PI levels for patients 

already suppressed on therapy must be balanced with improved bioavailability as a result 

o f  CYP3A4 inhibition at the level o f the gut and further studies are required to assess the 

relationship between intracellular PI concentrations and the durability o f response.

In conclusion, and consistent with in vitro data, we find there is a relationship between P- 

gp expression and HIV viral burden in the PBMCs o f infected patients. HIV disease per  

se  appears to inhibit expression o f P-gp, favouring viral infectivity. That P-gp expression 

is inversely related to viral load independently o f the stage o f disease or the therapeutic 

regimen used to achieve suppression, suggests that any effective antiretroviral regimen 

has the potential to reverse this effect restoring P-gp expression to normal levels or 

above. Further studies will be crucial to delineate the role o f P-gp in maintaining 

therapeutic responsiveness, and to establish the cause and effect relationship between P- 

gp and viral infectivity in HIV infected patients. The P-gp expressed in HIV patients 

does not appear to be functionally defective; however, drug efflux function is reduced in 

PBMCs o f patients on chronic PI therapy, in a manner consistent with their known 

inhibitory potential for P-gp. Ritonavir inhibits P-gp mediated drug efflux function in 

PBMCs o f HIV infected patients in a dose dependant manner, however prior 

antiretroviral experience may result in a sub-maximal response. P-gp expression and 

function appear to be differentially regulated in the PBMCs o f HIV infected patients. 

This may have important implications given recent evidence that non-functional P-gp (in 

addition to its functional counterpart) may also prevent viral entry into cells since it 

suggests that chronic blockade o f  P-gp by Pis may not necessarily preclude a cellular 

protective role for this highly conserved protein.
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Chapter 7

Discussion
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7.1 Discussion and Conclusions

The St Johns Wort (SJW ) study investigates the potential for upregulation o f P-gp 

expression on PBMCs from healthy volunteers, and considers what effect this may have 

on drug efflux function. SJW is widely used in the treatment o f depression but concerns 

have been raised about its interaction potential with other drugs. Co-administration o f 

indinavir and cyclosporin with SJW has resulted in significant reductions in trough 

concentrations o f these drugs*̂ "̂ '*'"'*̂ ’. Although induction o f CYP3A4 has been 

implicated, the magnitude o f the interaction is greater than that predicted by in vitro 

studies suggesting additional mechanisms o f interaction exist. Since indinavir and 

cyclosporin are substrates for both CYP3A4 and P-gp, we hypothesised that modulation 

o f P-gp expression and function by SJW contributes to the development o f potentially 

harmful drug-drug interactions. In this study P-gp expression increased four fold from 

baseline in subjects treated with SJW, while P-gp mediated rhodamine efflux was 

increased by approximately 50%. Ritonavir inhibited P-gp mediated efflux in both 

groups (active and placebo) allowing greater intracellular accumulation o f rhodamine. 

This effect was attenuated following treatment with SJW. We conclude from this study 

that chronic treatment with SJW induces P-gp expression on PBMCs, and has the 

potential to alter the bioavailability o f co-administered drugs. This provides a alternative 

mechanism for SJW associated drug interactions seen in clinical practice, and accounts 

for the discrepancies between in vitro and in vivo data. In addition, the study draws 

attention to the fact that if the metabolic preferences o f a drug are considered in isolation 

from its transport processes then the interaction potential o f that drug may be 

underestimated. Depression in HIV disease is common*^^^’, as is undeclared self 

administration o f herbal and alternative medicines*^^”*'. Since P-gp and CYP3A4 have 

distinct though overlapping substrates, patients receiving antiretroviral drugs, many o f
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which are P-gp substrates, should be warned against self-medication with SJW since 

clinically significant drug interactions are likely, and may contribute to antiretroviral failure. 

The role o f P-gp in reducing drug bioavailability across the gut wall is clear. Since most 

Pis are P-gp substrates, expression o f P-gp on PBMCs suggests it may decrease 

intracellular PI concentrations. Lack o f a reproducible method for determining 

intracellular PI concentrations has resulted in a paucity o f  in vivo data. The main 

objective o f  the second study was to determine the feasibility o f measuring intracellular 

indinavir concentrations in the PBMCs o f HIV patients, and to compare plasma with 

intracellular indinavir pharmacokinetics.

The assay as described, although not without fault, is sensitive, robust and reproducible, 

and is a useful tool for examining the relationship between plasma and intracellular PI 

concentrations^^^^'. Although, it is imperative that stringent assay conditions are adhered 

to. The main findings o f this study were that the mean intracellular indinavir AUCo-s was 

approximately 30% that o f plasma. Surprisingly, both the elimination half-life and the 

mean residence time o f indinavir intracellularly were prolonged. Individual plasma 

versus intracellular time course data suggests that this may allow some patients to 

achieve acceptable intracellular concentrations despite sub-therapeutic plasma levels. It 

can be concluded that there was no significant intracellular accumulation o f indinavir 

within the lymphocytes o f HIV-1 infected patients, with intracellular concentrations 

merely reflecting available free drug from plasma. The clinical implication is that for 

indinavir, a correlation between plasma and intracellular drug concentrations cannot be 

taken for granted. Thus indinavir containing regimens are likely to be less forgiving o f 

dose omission or poor concordance with medication regimens. Recently the U.K. 

Collaborative HIV Cohort Study Group has found that for antiretroviral naive patients
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there is an increased rate o f  viral rebound associated w ith regim ens containing indinavir 

com pared with efavirenz*^^^*.

Follow ing on from  the indinavir study it was im portant to determ ine if  absence o f  

intracellular accum ulation is specific to the PI, or a class effect. The nelfm avir study 

com pared plasm a and intracellular nelfm avir pharm acokinetics and determ ined the 

relationship o f  these param eters to P-gp expression and function in lym phocytes o f  HIV 

infected patients. In contrast to indinavir, nelfm avir underw ent significant intracellular 

accum ulation (9 fold) w ithin the PBM Cs o f  HIV infected patients. This m ay in part be 

due to extensive binding to cellular proteins, and/or related to its m oderate ability to 

inhibit P-gp m ediated drug efflux. The correlation betw een plasm a and intracellular 

nelfm avir concentrations suggest that for N FV , plasm a levels provide a reasonable 

surrogate m arker o f  intracellular concentrations, and are therefore a useful guide in 

clinical practice. Intracellular accum ulation o f  nelfm avir correlated with P-gp function 

(but not expression) confirm ing P-gp efflux activity is substrate concentration dependant. 

Despite elevated intracellular nelfm avir levels, the addition o f  ritonavir further reduced 

P-gp function by approxim ately  55%. This likely reflects the fact that the assay m easured 

“cell associated” rather than cytosolic free dm g concentrations. The study highlights both 

the PI specific nature o f  interactions betw een P-gp and antiretroviral drugs and also the 

com plexity o f  protein b inding in determ ining realtionships with P-gp. Therefore, it would 

be im portant that for the new  antiretroviral drugs interactions w ith lym phocyte derived P- 

gp should be exam ined at an early stage o f  drug developm ent.

Al'.ered P-gp expression has been suggested as a potential m echanism  for the 

developm ent o f  drug resistance in HIV disease. How ever, little is known about the effect 

o f  HIV disease on P-gp expression and function. The last study investigates this in a 

co io rt o f  naive and A RT treated HIV positive patients and show s that in a clinical setting
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P-gp expression is inversely related to viral load (independent o f stage o f  disease or 

CD4/CD8 count). These results support in vitro data showing P-gp overexpression to 

reduce HIV infectivity. In essence, reduced viral load, independent o f the antiretroviral 

regimen choosen, appears to favour enhanced P-gp expression. This underlines the 

cellular protective role o f P-gp and points the direction for further studies to investigate 

the effect o f P-gp expression on long term therapeutic responsivness to antiretroviral 

therapy. The relationship between expression and function is complex, difficult to predict 

and confounded by drug therapy. Despite this, inhibition o f P-gp mediated efflux by co

administered drugs does not appear to preclude effects on viral load. The possibility that 

P-gp expression and function may be differentially regulated is interesting and raises the 

possiblility o f developing novel therapeutic targets for HIV therapy in the future. The 

rhodamine accumulation data from this study indicate that P-gp is functional in HIV 

patients, which is in contrast to earlier studies suggesting it may be defective*^^'*. With 

regards to ritonavir the EC50 for inhibition was similar across all groups, however, pre

treatment with a PI reduced the potential for further modulation o f P-gp function. In 

clinical practice there are few data available on virological rebound rates in patients 

receiving ritonavir boosted PI regimens'^^^\ and the long term effect o f this strategy on 

viral resistance patterns remains unclear. That P-gp can be both induced and inhibited is 

clear, as is its ability to alter extracellular and intracellular bioavailabilty o f  Pis in 

patients with HIV disease. W hat remains to be determined, and warrants further 

exploration is the role o f P-gp in immune reconstitution following HAART, and its effect 

on long term outcome in HIV disease.
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