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Abstract 

Opioid dependence is a significant public health problem. Whilst long-term opioid 

maintenance is the most cost-effective approach for treating opioid dependence, the safe and 

effective use of substitution opioids like methadone and buprenorphine is complicated by 

their narrow therapeutic indices and a considerable, as yet unexplained, interindividual 

variability in their dose-effect relationships. Since there is evidence that the P-glycoprotein 

efflux transporter may influence the plasma pharmacokinetics and CNS distribution of 

opioids, it was hypothesised that genetic variability in the ABCB1 gene (encoding P-

glycoprotein) could play a major role in the interindividual variability in opioid maintenance 

treatment response. Therefore, the primary aim of this thesis was to investigate ABCB1 

genetic variability as a determinant of opioid requirements during maintenance therapy, as 

well as treatment outcome. This thesis also set out to identify the relationship between ABCB1 

genetic variability and the risk of illicit opioid use and dependence, as well as develop new 

methods for investigating the dynamic interactions between ABCB1 genetic variability, P-

glycoprotein expression/function and opioid exposure. 

For the first major study of this thesis, opioid-dependent methadone maintenance treatment 

(MMT, n = 78) and buprenorphine maintenance treatment (BMT, n = 30) subjects, as well as 

non-opioid-dependent healthy controls (n = 98), were retrospectively genotyped and 

haplotyped for 5 common single nucleotide polymorphisms (SNPs) of ABCB1 (A61G, 

G1199A, C1236T, G2677T and C3435T). Whilst no link was observed between ABCB1 

genetic variability and the risk of opioid dependence, the wild-type AGCGC (61A-1199G-

1236C-2677G-3435C) haplotype was associated with significantly higher maintenance opioid 

requirements among both MMT and BMT subjects. In addition, MMT subjects carrying one 

of the variant haplotypes, AGCTT, required significantly less methadone, presumably due to a 

decreased P-gp activity at the blood-brain-barrier. Interestingly, a second retrospective study 

of a specific cohort of 21 (very) high-dose (≥180 mg/day) MMT subjects could not replicate 
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these findings, suggesting that dose range and/or clinic policy may be important factors 

influencing the clinical significance of ABCB1 genetic variability. 

The third major study of this thesis incorporated the development and validation of new 

methods for quantifying ex vivo P-glycoprotein expression (mRNA and protein) and function 

in specific lymphocyte subsets (CD4+, CD56+ and CD8+) of healthy and opioid-dependent 

subjects, with the aim of determining the combined effects of ABCB1 genetic variability and 

opioid exposure on P-glycoprotein function. Applying these new methods in a pilot study of 6 

MMT subjects, CD4+ lymphocyte ABCB1 mRNA and P-glycoprotein expression were found 

to be positively associated with methadone requirements, and were lowest in the only subject 

homozygous for the AGCTT haplotype (providing potential mechanistic support for the link 

between AGCTT haplotypes and low MMT dose requirements).  

Therefore, this thesis provides the first evidence that ABCB1 haplotypes contribute to 

variability in substitution opioid requirements. However, ABCB1 genetic variability should 

not be considered alone, and a combined interpretation of multiple genetic and environmental 

factors will be required to provide a more complete picture of the factors governing the 

successful treatment of opioid dependence.  
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Chapter 1. Introduction 

For thousands of years the use of opiates for analgesia has gone hand in hand with their abuse 

as euphoric agents. Today, opioid abuse remains a significant public health problem. As such, 

as an adjunct to government control of narcotics and policing of illicit opioid trafficking, 

numerous treatment strategies have been put in place to aid addicts in their abstinence and 

recovery from illicit opioid abuse.  

So far, substitution therapies aimed at long-term maintenance with prescribed opioids, such as 

methadone and buprenorphine, have proven to be the most cost effective treatments for opioid 

dependence. However, despite their success, their safe and effective implementation is often 

complicated by a combination of the narrow therapeutic indices of substitution opioids, and 

significant interindividual variability in opioid response. As a result, attrition rates from 

maintenance therapies remain disturbingly high. Therefore, a better understanding of the 

factors underlying individuals’ responses to opioids, and hence their treatment outcomes, is 

vitally important. 

The P-glycoprotein efflux transporter has the potential to influence the intestinal absorption, 

tissue distribution and elimination of a broad range of substrates, including opioids such as 

methadone. As such, the polymorphic ABCB1 gene, encoding P-gp, provides an attractive 

potential source of variable opioid response.  

Before outlining the aims and hypotheses of the thesis, this introduction will explain why 

opioids continue to be used and abused, why opioid abuse represents a significant social 

burden, and thus why we require effective treatments for opioid dependence. Furthermore, 

background will be given as to the effectiveness and the failures of current opioid substitution 

treatments, and the potential role of pharmacogenetics in improving treatment 

individualisation. Finally, it will discuss why ABCB1 genetic variability is a factor worth 

considering for the individualisation of opioid dosing based on a patient’s genetic makeup.  
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1.1. Opioid pharmacology 

At least since the Sumerian cultivation of the opium poppy as Hul Gil (the “joy plant”) around 

3400 BC, and the Egyptian papyrus records of opium use for pain relief, opioids in their 

various forms, ranging from basic poppy seed extracts to fully synthetic compounds, have 

continued to be used and abused. 

The term opioid refers to all compounds, natural or synthetic, that exhibit morphine-like 

activity via opioid receptors. The original opioids consisted of alkaloid compounds, such as 

morphine, isolated from the opium poppy (Papaver somniferum). However, numerous 

partially and fully synthetic opioids have also been developed. Today opioids are categorized 

into 3 major groups based on their chemical structure: (1) Phenanthrenes, which are the 

“classical” opioids possessing the 4,5-epoxymorphinan ring structure (these include opiates 

such as morphine and heroin, as well as synthetic opioids like buprenorphine and naloxone); 

(2) Piperidines and phenylpiperidines, such as loperamide and fentanyl; and (3) 

Diphenylheptylamines, such as methadone. Two other compounds, pentazocine and tramadol, 

do not fit into any of these standard opioid classes but are still agonists at opioid receptors, 

and are therefore still classified as opioids (Rang et al., 2003).  

1.1.1. Mechanisms of action 

The pharmacological effects of all opioid drugs are mediated via opioid receptors. These G-

protein coupled receptors are found both pre- and post-synaptically, and directly inhibit cell 

signalling by reducing both neuronal excitability and neurotransmitter release. Located in 

various regions of the central nervous system (CNS), and to a lesser extent in the periphery, 

they have been well characterized as playing roles in antinociception, sedation and drug 

reward (Mansour et al., 1987; Hawkins et al., 1988; Dhawan et al., 1996; Kitchen et al., 

1997). Opioid receptors in the brain are responsible for the analgesia, euphoria (or dysphoria), 

sedation, respiratory depression, and decreased gastrointestinal motility, commonly associated 



Chapter 1. Introduction 
 

 

Daniel T Barratt, PhD Thesis 2010   3 

with opioid compounds, whilst pre-synaptic opioid receptors on primary afferents located in 

the dorsal horn of the spinal cord may also mediate analgesia (Besse et al., 1990; Rang et al., 

1999). There is some evidence that enteric opioid receptors may also influence gut motility 

(Sternini, 2001). 

Of the three opioid receptor subtypes (mu, delta and kappa) that have been identified in 

humans, the mu-opioid receptor is the best characterised, and provides the primary target of 

most opioid therapeutics (Dhawan et al., 1996). The opioids most relevant to this thesis are all 

primarily mu-opioid receptor agonists, hence they exhibit typical opioid effects such as 

analgesia and euphoria, as well as common side effects such as constipation, nausea, sedation 

and respiratory depression.  

1.1.1.1. Opioid analgesia 

Our current understanding of the opioid pathways involved in pain perception and analgesia 

are complex and expansive. For the purpose of an introduction to this thesis, which is 

primarily concerned with the rewarding and addictive properties of opioids, it is sufficient to 

describe the mechanism of opioid analgesia simply as a direct or indirect inhibition of the 

nociceptive signalling involved in the perception of pain.  

1.1.1.2. Opioid reward 

It has long been established that acute administration of many drugs of abuse to animals 

increases extracellular levels of dopamine in the nucleus accumbens (Pontieri et al., 1995) 

leading to an activation of the brain limbic system, an area synonymous with emotion, 

motivation and reward (Koob, 2005). Indeed, this has been demonstrated for heroin, morphine 

and methadone (Di Chiara & Imperato, 1988; Tanda et al., 1997). Specifically, mu-opioid 

receptors have been located pre-synaptically on the GABA neurons that tonically inhibit 

ventral tegmental area dopaminergic neurons extending to the reward centres of the brain 

(Kreek, 1996). Therefore, mu-opioid receptor activation, by inhibiting GABA signalling, 
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disinhibits dopaminergic neurons and increases dopamine release in areas such as the nucleus 

accumbens (Johnson & North, 1992), leading to sensations of reward and euphoria.  

In addition to the ventral tegmental area, opioid actions directly at the nucleus accumbens 

shell (Olds, 1982), lateral hypothalamus (Britt & Wise, 1981), hippocampus (Stevens et al., 

1991), and periaqueductal grey (van der Kooy et al., 1982; Corrigall & Vaccarino, 1988) have 

all also been implicated in opioid reward. Endogenous opioid peptides (see section 1.1.2) and 

the endocannabinoid system are also thought to be involved in the reinforcing effects of 

opioids (Koob, 2005), whilst recent studies have indicated that CNS immune cells (glia) may 

also modulate the rewarding response to opioid drugs (Hutchinson et al., 2007). Therefore, 

multiple pathways are involved in the modulation of opioid reward and euphoria. 

1.1.1.3. Side effects 

In addition to the ‘desired’ effects of opioids, there are a number of adverse effects commonly 

associated with opioid use. The most common of these is constipation which occurs in around 

40 to 95% people receiving opioids, and is believed to be both centrally and peripherally 

mediated (see above) (Swegle & Logemann, 2006). Other adverse opioid effects that occur 

with varying frequency include sedation, nausea and vomiting. 

A less common but nonetheless important adverse effect is opioid-induced respiratory 

depression, which is a slowing and irregularity of breathing, resulting in potentially fatal 

hypercapnia and hypoxia. Whilst a number of mechanisms behind opioid-induced respiratory 

depression have been proposed, abundant opioid receptors located in the respiratory control 

centres, in particular the brainstem, appear the most likely effector sites (White & Irvine, 

1999; Pattinson, 2008). Although relatively rare in the clinical population, severe opioid-

induced respiratory depression is the major cause of death from overdose among opioid 

addicts (White & Irvine, 1999).  
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1.1.2. Endogenous opioids 

The endogenous ligands for opioid receptors are opioid peptides enzymatically cleaved from 

three precursor proteins: preproopiomelanocortin, preproenkephalin, and preprodynorphin. 

The best characterised of the endogenous opioid peptides are �-endorphin (mu = delta = 

kappa agonist), leu-enkephalin (delta >> mu agonist), met-enkephalin (delta > mu agonist), 

and dynorphin (kappa > mu > delta agonist). Produced by both neuronal and non-neuronal 

cells, they are widely distributed in the brain and spinal cord, exhibiting similar opioid actions 

to their exogenous counterparts (Rang et al., 1999). As such, the opioid neuropeptide system 

can act as an endogenous mediator of pain response and reward. However, the exact role for 

endogenous opioids in reward and addiction still remains unclear (Roth-Deri et al., 2008). 

1.1.3. Therapeutic use of opioids 

At present, opioids are used commonly for the treatment of mild to severe cancer pain, 

chronic non-cancer pain and post-surgical acute pain. However, more relevant in the context 

of the following studies is the use of opioids for the treatment of opioid dependence. Both 

methadone and buprenorphine are currently used in Australia in what is referred to as 

substitution or maintenance treatment, which is discussed in greater detail in section 1.3. 

Opioid antagonists such as naloxone and naltrexone are also used therapeutically to block the 

rewarding effects of any relapse to illicit opioid use following opioid detoxification, whilst 

intravenous naloxone is used to reverse the respiratory depression caused by opioid overdose. 

Peripherally acting opioids, such as loperamide, are also used clinically, and are employed to 

treat diarrhoea, exploiting peripheral opioid-induced constipation, whilst avoiding the risk of 

other centrally mediated side effects. 

1.1.4. Illicit opioid use 

Heroin (diacetylmorphine or diamorphine) is the drug most often associated with illicit opioid 

abuse. It is a particularly effective euphoric agent due to its rapid onset of action, and is most 



Chapter 1. Introduction 
 

 

Daniel T Barratt, PhD Thesis 2010   6 

often taken intravenously (however heroin smoking and intranasal administration are also 

common). Whilst the lipophilicity of heroin allows it rapid entry across the blood-brain-

barrier (BBB) into the CNS (Oldendorf et al., 1972), it is rapidly metabolized in both the 

blood and in tissues, and has a relatively low mu-opioid receptor affinity compared to its 

metabolites. As such, it can essentially be considered a pro-drug, with its major opioid-active 

metabolites, 6-monoacetylmorphine (6-MAM) and (to a lesser extent) morphine, being 

responsible for its euphoric effects (see section 1.4.1).  

Unfortunately, opioids intended for therapeutic use (including both pain and maintenance 

treatment medications) are often also abused for their euphoric and sedative effects. This 

abuse of prescription opioids can range from the overuse of medications by pain patients, to 

the illicit diversion, fraudulent acquisition, theft or trafficking of prescribed opioid 

medications (Darke et al., 1996; Lintzeris et al., 1999; Darke et al., 2002; Jenkinson et al., 

2005; Degenhardt et al., 2006; Stafford & Burns, 2009).   

1.1.5. Summary 

Opioid actions at CNS mu-opioid receptors drive both their primary clinical use as analgesics, 

as well as their abuse as euphoric agents. Heroin, acting through its mu-opioid active 

metabolites 6-MAM and morphine, is the opioid most commonly identified with illicit opioid 

abuse, whilst prescription opioid misuse is also observed and is gaining increased recognition. 

1.2. Opioid dependence 

1.2.1. The path to opioid addiction 

The American Psychological Association’s Diagnostic and Statistical Manual of Mental 

Disorders (DSM-IV) defines substance dependence as three or more of the following 

symptoms or behaviours – tolerance; withdrawal; usage of large amounts over a long period; 
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unsuccessful attempts to reduce use; time spent obtaining the substance replacing social, 

occupational or recreational activities; and continued drug use despite adverse consequences.  

To understand the difficulties faced when attempting to manage and treat opioid dependence 

and addiction, it is important to clarify both the physiological and psychological changes that 

occur with chronic opioid abuse. As discussed in section 1.1.1.2, most opioids have the 

potential to produce at least mild sensations of reward and euphoria, depending on the opioid, 

dose and route of administration. It is this reward and euphoria that can provide the major 

drive for continuation of illicit opioid use beyond experimentation, or prescription opioid use 

beyond therapeutic requirements. This continued abuse and opioid exposure will typically 

result in cellular and physiological changes manifesting as symptoms of tolerance, 

dependence and withdrawal (Way et al., 1969; Kreek, 1996; Kreek, 1997). 

1.2.1.1. Opioid tolerance 

Opioid tolerance is a common complication of most opioid treatments, and is defined as a loss 

of drug potency over time resulting in ever-increasing dose requirements to maintain 

treatment effectiveness. The two major facets of this phenomenon are pharmacokinetic 

tolerance and pharmacodynamic tolerance. 

The theory of pharmacokinetic tolerance is derived from the proposed upregulation of drug 

metabolism or transport in response to single or repeated opioid administration. By decreasing 

bioavailability and/or increasing drug clearance, these changes could decrease the systemic 

and/or CNS drug exposure for a given dose, leading to increased dose requirements. Whilst 

there is little evidence for the induction of metabolising enzymes with chronic opioid 

treatment, some opioid effects on drug transporter expression have been identified, and are 

discussed in section 1.5.4.1. 
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Pharmacodynamic tolerance relates to alterations in receptor availability and activation, as 

well as changes in the descending signalling pathways, resulting in decreased drug efficacy. 

The proposed mechanisms behind pharmacodynamic opioid tolerance include alterations in 

opioid receptor density, desensitisation, and/or (re)cycling (Chang et al., 2007; DuPen et al., 

2007). There is also evidence that increased activity of sensory neuropeptides and their 

downstream signalling messengers at the spinal level, as well as a decrease in brain dopamine 

D2 receptors, may also be important in the development of opioid tolerance (Volkow et al., 

2003; Trang et al., 2005). Similarly, dysregulation of opioid peptide transduction and 

GABAergic systems has also been reported with chronic administration of drugs of abuse 

(Kreek & Koob, 1998). Therefore there is evidence that tolerance to both the analgesic and 

the rewarding effects of opioids can occur.  

In addition to these ‘classical’ theories of opioid tolerance, increased glial activation with 

chronic opioid use, resulting in increased release of pronociceptive inflammatory cytokines, 

now also appears to play some role in the development of opioid tolerance (Hutchinson et al., 

2007). Whatever the mechanisms, antinociceptive tolerance provides a significant barrier to 

the long-term efficacy of opioids for analgesia, whilst tolerance to opioid reward can provide 

the basis for escalating drug use leading to severe opioid dependence.  

1.2.1.2. Physical dependence and withdrawal 

Physical opioid dependence, as a result of physiological changes resulting from repeated 

exposure to opioids, is revealed by a withdrawal syndrome upon cessation of opioid use or the 

administration of an opioid antagonist. The typical opioid withdrawal symptoms are non-fatal, 

but can include anxiety, muscle and bone ache, muscle cramps, sleep disturbance, sweating, 

hot and cold flushes, piloerection, yawning, lacrimation, rhinorrhea, abdominal cramps, 

nausea, vomiting, diarrhoea, palpitations, elevated blood pressure, elevated pulse, and dilated 

pupils. Most of these acute withdrawal symptoms have been attributed to homeostatic 
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changes in neurotransmitter systems (e.g. noradrenaline, dopamine, opioid peptides, serotonin 

and GABA), as well as brain stress system components (e.g. corticotrophin-releasing factor), 

as a result of chronic opioid activation/inhibition (Redmond & Krystal, 1984; Heinrichs et al., 

1995; Maldonado, 1997; Kreek & Koob, 1998). However, more recently, glia have been 

implicated in the development of opioid dependence and withdrawal in animals, with 

inhibition of opioid glial activation found to significantly attenuate opioid withdrawal 

symptoms (Hutchinson et al., 2007).  

Among regular heroin users, withdrawal symptoms generally peak around 2-4 days post-

abstinence, with obvious physical signs of withdrawal lasting up to 7 days. It is this 

sometimes severe abstinence withdrawal syndrome that is one of the major barriers to the 

cessation of opioid abuse, at least in the initial stages of abstinence.  

1.2.1.3. Psychological dependence, craving and relapse 

Whilst the physiological manifestations of opioid withdrawal can largely revert back to 

normal within days or weeks of opioid cessation, these acute withdrawal symptoms are 

typically followed by a protracted withdrawal syndrome characterised by general feelings of 

reduced well-being and periodical drug craving (Henry-Edwards et al., 2003). This 

psychological dimension of opioid addiction is far more insidious, with effects lasting for 

years after abstinence. Typically revealed as continued drug craving following prolonged 

abstinence from opioids, this psychological addiction can manifest as a residual state of 

anxiety and dysphoria, or can be induced by stress or specific stimuli including certain 

environments, people or situations previously associated with drug use (Koob, 2005).  

The mechanisms behind drug craving and relapse following protracted abstinence are 

complex. However, it has been proposed that, in an attempt to maintain a constant hedonic 

state during chronic opioid challenge, normal brain homeostasis is abandoned in favour of a 

new allostatic state. Consequently, there is a persistent deviation from normal brain reward 
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threshold regulation (Koob, 2005), which can also reduce the saliency of natural rewards. It is 

this complex psychological component to opioid dependence and addiction that is most often 

responsible for relapse to drug use following protracted abstinence from opioids.  

1.2.1.4. Summary 

A distinct path from opioid exposure to severe opioid dependence can be identified. Starting 

with initial exposure to opioids and potential sensations of euphoria, and transitioning into 

continued opioid abuse, physiological and psychological changes that occur with chronic 

opioid exposure can manifest as a syndrome of tolerance, physical dependence and severe 

psychological addiction. 

1.2.2. Burden of opioid dependence 

1.2.2.1. Prevalence and demographics of opioid dependence 

Globally, it is estimated that approximately 16.5 million people abuse illicit opioids 

(UNODC, 2008), whilst in Australia, 0.2% of the population older than 14 are believed to be 

regular opiate users (AIHW, 2007). Similar to the United Kingdom and United States of 

America, the majority of opioid-dependent Australians are male and unemployed, with long 

histories of heroin and other drug use (Craddock et al., 1997; Mattick et al., 2001), and whilst 

the vast majority are injecting users, a surprising new trend has been the increase in heroin 

smokers (now 1 in 10 of all opioid abusers seeking treatment) (Darke et al., 2004).  

As mentioned earlier, prescription opioid injectors form a significant fraction of the overall 

opioid misusing population. In Australia, almost half (42%) of injecting drug users (IDU) 

surveyed by the Australian Illicit Drug Reporting System (IDRS) reported illicit morphine use 

in 2009, the majority of whom took the drug intravenously. The abuse of opioid analgesics 

other than morphine has also been reported, with 29% of IDU participants in the 2009 IDRS 

reporting they had injected oxycodone in the previous six months (Stafford & Burns, 2009). 
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1.2.2.2. Costs of opioid dependence 

Whilst the prevalence of heroin use in Australia may appear relatively small when compared 

to cannabis (9.1%), ecstasy (3.5%) and cocaine (1.6%), it carries with it disproportionately 

large detrimental effects on both users and society (ABCI, 1997; AIHW, 2007).  

1.2.2.2.1. Morbidity and mortality 

In general, mortality rates among opioid-dependent Australians are reported to be 13-fold 

higher than the general population (Hulse et al., 1999), with opioid-induced respiratory 

depression the major cause of death among Australian opioid addicts (White & Irvine, 1999). 

To put this into perspective, in 1992, opioid abuse was responsible for 21,690 years of life 

lost, almost 10 times that of tobacco related mortality (2,877 years of life lost) (Hulse et al., 

1999). In terms of morbidity, bacterial infection is a very common cause of clinical 

presentation among opioid abusers, whilst the transmission of blood-borne viruses and their 

management is also a major concern (Theodorou & Haber, 2005).  

1.2.2.2.2. Economic costs 

In Australia, the treatment of heroin overdose and associated medical conditions, the spread of 

diseases such as hepatitis and HIV, drug prevention and law enforcement activities, judicial 

costs, crime, and loss of productivity, cost the nation hundreds of millions of dollars each year 

(DASC, 2002). For example, hospital separations related to illicit opioids were greater than 

any other illicit drug in the 12-months spanning 2004/2005, with an estimated cost of more 

than $16 million. Therefore, since serious opioid overdose is a diagnosis associated with 

significantly greater cost per treatment episode (5- to 6-fold greater than ‘drug induced’ 

psychosis admissions), any reduction in opioid overdose can be expected to have a 

“substantial impact” (Riddell et al., 2008) on drug related hospital costs. 
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1.2.3. Summary 

In summary, public health costs, as well as other factors associated with illicit opioid abuse 

(such as increased crime), provide considerable burdens on society. As such, significant 

economic and public health benefits could be achieved by the effective treatment of opioid 

dependence and subsequent reductions in illicit opioid abuse. 

1.3. Opioid substitution therapy 

Whilst the principles of opioid substitution therapy are largely the same when comparing 

Australian treatment centres with those of other countries, variations in treatment protocols, 

treatment philosophies, as well as cultural pressures, can impact on the implementation and 

success of treatments in specific settings. As such, this brief review of opioid substitution 

therapy will concentrate on recent findings in Australian treatment settings, as these are the 

most relevant for the opioid-dependent populations being studied in this thesis. 

The major pharmacotherapies recognised by the Australian Government’s Intergovernmental 

Committee on Drugs for the treatment of opioid dependence include: opioid maintenance 

treatment (also termed opioid substitution therapy); buprenorphine-assisted withdrawal and 

detoxification; and naltrexone for relapse prevention following opioid detoxification. Of these  

major options, opioid maintenance is the most cost-effective treatment for opioid dependence 

(Mattick et al., 2001) and provides significant cost benefit over residential rehabilitation and 

prison ($5000 versus $11,000 and $52,000 per year, respectively) (Moore et al., 2007). 

1.3.1. Treatment goals and outcomes 

Opioid substitution treatment programs in Australia employ a philosophy of harm 

minimization directed toward replacing dangerous illicit opioid use with controlled 

administration of a legally available, affordable opioid that does not require injection. Whilst 

the primary aim of treatment is to allow patients to decrease their use of illicit opioids, other 
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outcomes sought include a reduction in morbidity and mortality, reduction in criminal activity 

and the rehabilitation and socialization of the patient. These outcomes are often heavily reliant 

on long-term retention of the patient within the program (Zhang et al., 2003b), and thus while 

some individuals may achieve eventual abstinence from opioids, the majority of substitution 

treatment programs in Australia are aimed at indefinite maintenance rather than complete 

opioid detoxification. Currently in Australia, the two major substitution therapies employed 

for the treatment of opioid dependence are methadone maintenance treatment and 

buprenorphine maintenance treatment.  

1.3.2. Methadone maintenance treatment 

Methadone maintenance therapy (MMT) was first trialled in Australia in 1969 and has since 

become the primary pharmacotherapy for the treatment of opioid dependence. Indeed, as of 

June 2008, over 28,000 Australians were receiving methadone maintenance treatment 

(AIHW, 2009). 

1.3.2.1. Methadone pharmacology 

Methadone is administered as a racemic mixture of its two stereoisomers, (R)- and (S)-

methadone. However, the (R)-enantiomer has a 10-fold higher affinity at the mu-opioid 

receptor than (S)-methadone (Kristensen et al., 1995), and is the only enantiomer effective in 

suppressing opioid withdrawal (Isbell & Eisenman, 1948).  

Typically given as a syrup, methadone and has an oral bioavailability ranging from 40-100%, 

but is generally around 80% (Meresaar et al., 1981; Nilsson et al., 1982). An advantage of oral 

administration is that methadone is relatively slowly absorbed, taking around 2-2.5 hours to 

reach maximum opioid effect (Foster et al., 2004). Therefore, it does not give an initial rush 

or feeling of euphoria, allowing for a reversal of the euphoric conditioning associated with 

illicit intravenous opioid abuse. 
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The major metabolic pathway for methadone is N-demethylation to its inactive metabolite, 

EDDP, predominantly by hepatic CYP3A enzymes. Other enzymes also believed to play a 

role in methadone metabolism include CYP2B6, CYP2D6, CYP2C9 and CYP2C19 (Iribarne 

et al., 1996), and up to 9 different metabolites of methadone have been identified, albeit in 

clinically irrelevant quantities (Sullivan et al., 1972; Sullivan & Due, 1973).  

In MMT patients, renal clearance over the 24-hour dosing interval accounts for around 36% 

of the total dose, with approximately equal proportions of methadone and EDDP excreted in 

urine (Foster et al., 2004). A further 6-18% of the dose is excreted as EDDP in bile, whilst 

biliary excretion of unchanged methadone accounts for less than 1% of the total dose 

(Verebely et al., 1975; Kreek et al., 1983). The average steady state apparent plasma clearance 

of methadone is around 140-160 mL/minute, and the plasma half-life (T1/2) is around 40 hours 

(Foster et al., 2000; Foster et al., 2004).  

Stereoselectivity in methadone pharmacokinetics has been reported, with (R)-methadone 

reported to be more slowly absorbed from the intestine, resulting in a longer time to reach 

peak plasma concentrations (Tmax) than (S)-methadone. In addition, due to stereoselectivity in 

plasma protein and tissue binding, (R)-methadone displays a 1.5- to 1.8-fold increased 

volume of distribution (Vd), resulting in around 15% lower peak plasma concentrations (Cmax) 

and a longer T1/2 (51 versus 31 hours) than (S)-methadone. Urinary excretion has also been 

found to be decreased for (R)-methadone and (R)-EDDP, however, despite these differences, 

no stereoselectivity in the steady-state total oral clearance of methadone is observed in MMT 

(Kristensen et al., 1996; Foster et al., 2000; Foster et al., 2004). 

In addition to hepatic metabolism, the plasma pharmacokinetics of methadone may also be 

influenced by the activity of drug transporters in the intestine, liver and kidney, which may 

modulate its absorption and excretion. Furthermore, since its primary site of action is in the 

CNS, a very important, but often overlooked facet of methadone pharmacokinetics is its brain 
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distribution. Therefore, whilst CNS concentrations of methadone are generally believed to 

closely reflect those in the plasma, drug transporters located in the BBB may also have the 

ability to modulate brain exposure to methadone, and thus modulate its therapeutic effect. The 

role for drug transporters in methadone absorption, distribution and elimination is discussed 

in more detail in section 1.5. 

1.3.2.2. General treatment protocol 

At entry to MMT, patients are typically started on a low (20-30 mg) oral dose of methadone, 

with the long T1/2 of methadone allowing for once daily dosing. Doses are gradually increased 

over an induction period of around 3-10 days to reach an eventual stabilisation dose, which is 

generally defined as a dose capable of eliminating withdrawal over the 24-hour dosing period 

without causing adverse opioid side effects. Higher doses of methadone (60-100 mg) that are 

able to block the effects of illicit opioids, as well as prevent withdrawal, have generally been 

found to produce significantly better treatment outcomes than lower doses of methadone 

(Ling et al., 1996; Faggiano et al., 2003), however, dose requirements can vary significantly 

between patients. 

1.3.2.3. Treatment effectiveness 

Methadone maintenance has been shown to be effective in reducing drug craving, alleviating 

opiate withdrawal, blocking and deconditioning heroin’s euphoric effects, and normalising 

some physiological systems disrupted by chronic heroin administration (Dole & Nyswander, 

1965; Tennant et al., 1991; Kreek, 1997). Consequently, evaluations of methadone 

substitution treatment have revealed it is successful in significantly reducing heroin use, 

criminal activity, mortality and behaviours associated with a high risk of viral transmission, 

whilst improving the mental health of patients, particularly when coupled with social services 

(Bament et al., 2004; Teesson et al., 2006). 
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1.3.3. Buprenorphine maintenance treatment 

Buprenorphine is the main alternative to methadone for the treatment of opioid dependence. 

Buprenorphine maintenance therapy (BMT) has been available in Australia since 2000, and in 

June 2008, over 12,000 Australians were receiving this treatment (AIHW, 2009).  

1.3.3.1. Buprenorphine pharmacology 

Buprenorphine exhibits low oral bioavailability due to extensive first-pass metabolism and as 

such is administered in the form of a sublingual tablet. Its Tmax is anywhere between 40 

minutes and 3.5 hours after administration with an onset of effects at around 30-60 minutes. 

Unlike the pure agonist (R)-methadone, buprenorphine is considered a partial agonist for the 

mu-opioid receptor and an antagonist at the kappa-opioid receptor. Despite its partial agonist 

profile, buprenorphine has high affinity for, and is slow in dissociating from, the mu-opioid 

receptors, and thus has high potency at low doses (Jasinski et al., 1978; Cowan et al., 2005). 

In terms of metabolism, buprenorphine undergoes N-dealkylation by CYP3A4 to an active 

metabolite norbuprenorphine, as well as glucuronidation, with most of the drug excreted in 

faeces. With a T1/2 of around 24-37 hours, it exhibits a very long duration of opioid action, 

ranging from 12 hours at low doses (2 mg), to 24-72 hours at higher doses (>16 mg) (Ohtani 

et al., 1995; Lintzeris et al., 2006).  

1.3.3.2. General treatment protocol 

Due to its longer duration of action than methadone, buprenorphine can be administered every 

second day or even longer if needed, but is still most often administered daily, with a 

recommended starting dose of around 4-8 mg, and a dose of around 12-16 mg/day during 

steady state maintenance. Apart from the dose ranges employed, the clinical management of 

opioid dependence with buprenorphine is largely the same as for methadone (see above). 
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1.3.3.3. Treatment effectiveness 

When given at sufficient doses, buprenorphine’s high receptor affinity also allows it to block 

the effects of other opioid agonists, reducing the likelihood of a positive response to illicit 

opioid use (Schuh et al., 1999). In addition, buprenorphine does not produce significant 

physical dependence and consequently withdrawal from treatment is less severe than that for 

methadone, facilitating an easier transition from opioid maintenance to opioid abstinence if 

desired. Buprenorphine also appears to have a ceiling on its respiratory depressive effects 

(Walsh et al., 1995; Dahan et al., 2005), and therefore presents a lower risk of fatal overdose 

than methadone (Umbricht et al., 2004). However, due to its partial agonist profile, 

buprenorphine may have limited clinical efficacy for patients with high levels of opioid 

tolerance and, due to its high receptor affinity, may have the potential to precipitate 

withdrawal in these individuals. Therefore, caution is required when administering 

buprenorphine to patients with high levels of recent opioid use, or during the transition from 

MMT to BMT (Lintzeris et al., 2006).  

Recent comparisons of the effectiveness of MMT and BMT have revealed methadone patients 

generally exhibit slightly higher retention rates during the first few weeks of treatment, and 

equivalent or slightly less illicit opioid use than buprenorphine patients (Mattick et al., 2003; 

Mattick et al., 2004; Amato et al., 2005). However, comparisons of BMT and MMT in 

Australian treatment settings have found that, despite the small differences in treatment 

efficacies, there are no significant differences in the overall cost-effectiveness of the two 

treatments (Doran et al., 2003). As such, buprenorphine provides a viable and increasingly 

employed alternative to methadone for the treatment of opioid dependence. 

1.3.4. Barriers to effective opioid substitution therapy 

The risk of death for opioid-dependent individuals who remain in treatment is 4 times lower 

than those not in treatment (Caplehorn et al., 1996), with positive treatment outcomes 
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correlating strongly with treatment retention. Therefore, it is highly important to retain 

patients in treatment for as long as possible. Unfortunately, the yearly retention rates for 

opioid substitution therapies are only approximately 50-60% (Amato et al., 2005), indicating 

that many patients respond poorly to methadone or buprenorphine, particularly during the 

induction phase of treatment.  

Numerous patient characteristics have been identified as general risk factors for poor 

treatment outcome, including young age, poly-drug use, criminal activity, severe alcohol 

abuse, severe opioid dependence, and psychiatric comorbidities (Darke et al., 1992; Magura et 

al., 1998; Ward et al., 1998; Bell et al., 2006). Conversely, patients with pre-treatment 

employment, family support, high motivation, and prior history of opioid substitution 

treatment, tend to have a better prognosis for treatment retention (Gaughwin et al., 1998; 

Rhoades et al., 1998; Ward et al., 1998). Clinic policies can also have a significant impact on 

treatment retention. For example, a clinic policy and staff mentality in favour of opioid 

maintenance, rather than complete opioid abstinence, has been found to be more successful in 

retaining patients and reducing illicit drug use (Caplehorn et al., 1994; Caplehorn et al., 1998; 

Magura et al., 1998; Ward et al., 1998). The provision of counselling and other ancillary 

services like medical care and vocational training, and a clinic that is accessible in terms of 

operating hours and location, are also more conducive to positive treatment outcomes (Ward 

et al., 1998), as is the implementation of takeaway doses (Henry-Edwards et al., 2003). 

Unfortunately, whilst these patient demographic and clinic factors may help predict a patient’s 

risk of poor treatment outcome, it is how a patient responds to their maintenance dose that has 

the most significant impact on their chances of success. Indeed, one of the major clinical 

predictors of treatment response is methadone dose, which has consistently shown to have a 

positive relationship with treatment retention, and a negative relationship with heroin use 

(Ward et al., 1998; Ganapathy & Miyauchi, 2005; Hallinan et al., 2006). However, individual 
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dose requirements are highly variable and, like most opioid agonists, the safe and effective 

use of substitution opioids is complicated by their narrow therapeutic index. As such, there is 

a real risk of opioid adverse effects or opioid withdrawal during the course of treatment. 

One of the most important considerations when discussing opioid substitution therapies, is 

that the patient is still dependent on opioids. Therefore, a decrease in opioid intake (deliberate 

or otherwise) represents a real potential for precipitating opioid withdrawal (see section 

1.2.1.2). As such, if a dose is missed, or the maintenance dose prescribed is insufficient, 

patients will experience possibly severe opioid withdrawal symptoms. 

Conversely, if the dose is too high, patients are at risk of adverse opioid effects. In addition to 

those discussed in section 1.1.1.3, other common adverse symptoms experienced by opioid 

substitution patients include sleep disturbances, reduced libido, sexual dysfunction, sweating, 

and dry mouth. Whilst some of these symptoms are easily managed (e.g. chewing gum for dry 

mouth), others may only be alleviated by a dose decrease, which must be balanced with the 

risk of precipitating withdrawal. Whilst deaths by methadone overdose do occur, the risk of 

respiratory depression and death purely as result of methadone over-prescription is quite low 

(Bell et al., 2009). In addition, few, if any, deaths among buprenorphine maintenance patients 

are attributed to buprenorphine overdose (Bell et al., 2009). 

Both side effects as a result of overdosing, and withdrawal as a result of underdosing, can 

result in the patient dropping out of treatment and potentially returning to opioid abuse. 

Therefore, determining the appropriate dose that prevents withdrawal, whilst minimising 

adverse opioid effects, is a critical issue in the treatment of opioid dependence. Unfortunately, 

the establishment of individualized dosing regimens for the effective use of substitution 

opioids is complicated not only by their narrow therapeutic range, but also a considerable and 

as yet unexplained interindividual variability in opioid response. 
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1.4. Variability in opioid response 

Significant interindividual variability in the dose-response relationship is typical of opioid 

therapies. For example, in heterogenous populations such as cancer patients, morphine doses 

for the relief of cancer pain can range up to 1000-fold (EWGEAPC, 1996). Even in relatively 

homogenous populations, such as patients receiving morphine for post-surgical pain, there is 

still a 40-fold variability in analgesic dose requirements (Aubrun et al., 2003). Therefore, a 

dose that may be effective for one patient, may be ineffective, or deleterious, for another. 

Two different facets of variability in opioid response are relevant for the opioid substitution 

treatment patients investigated in this thesis. Firstly, those factors related to variability either 

in response to illicit opioids, or in endogenous opioid peptide systems, that could potentially 

influence an individual’s risk or severity of opioid abuse and dependence. Secondly, those 

factors directly affecting a patient’s treatment response, through changes to the 

pharmacokinetics and/or pharmacodynamics of substitution opioids.  

These two categories are not mutually exclusive, but are intertwined, with the aetiology and 

severity of dependence likely to play an important role in influencing treatment response. 

Therefore, whilst this thesis concentrates mostly on in-treatment variability in methadone and 

buprenorphine response, a brief understanding of the factors that influence the acute and 

chronic response to heroin is also important, as they may in some way determine 

susceptibility to dependence, levels of opioid abuse and dependence prior to entering 

treatment, and risk of relapse to drug seeking when in treatment. 

1.4.1. Variability in response to heroin 

Heroin’s clearance pathway (shown in Figure 1-1) provides important clues as to the potential 

sources for variability in heroin response. As mentioned previously, heroin’s opioid effects 

are primarily mediated by its opioid-active metabolites, 6-MAM and morphine. As such, the 
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experience of reward and euphoria is reliant on heroin’s rapid hydrolysis (deacetylation), in 

the CNS and in the blood, to 6-MAM, and the further hydrolysis of 6-MAM to morphine. It 

makes sense then that interindividual variability in the esterases or glucuronidases responsible 

for the formation and elimination of 6-MAM and morphine could have the potential to 

modulate the intensity and duration of heroin’s effects. Indeed, significant in vivo drug-drug 

interactions in humans have been confirmed for ethanol (induction of heroin hydrolysis 

resulting in increased 6-MAM levels and increased risk of heroin overdose), acetaminophen 

(induction of morphine glucuronidation) and ranitidine (inhibition of glucuronidation 

resulting in increased morphine opioid effects) (Rook et al., 2006).  

In addition to these drug-drug interactions, genetic variability in metabolising enzymes may 

also impact on heroin clearance. However, whilst at least one plasma cholinesterase genetic 

variant has been associated with a lack of heroin hydrolysis in vitro (Lockridge et al., 1980), 

the in vivo significance of this is unknown. Furthermore, investigations of UGT2B7 and 

UGT1A1 genetic polymorphisms have failed to identify a consistent link with morphine: 

morphine glucuronide ratios or clinical responses to morphine (Somogyi et al., 2007).  

The brain distribution of heroin and its metabolites may also be an important determinant of 

heroin response. Since heroin and 6-MAM are both highly lipophilic, they possess high 

passive permeability across membranes, and therefore, their brain distribution is not limited 

by the BBB. However, as will be discussed in section 1.5, CNS exposure to morphine, which 

crosses the BBB much less efficiently, may be influenced by drug transporters, and could 

provide a source of variability in the duration and intensity of heroin’s effects. Transporters 

involved in the biliary excretion and enteric reabsorption of morphine (see Figure 1-1) may 

also be relevant for its plasma pharmacokinetics. 



Chapter 1. Introduction 
 

 

Daniel T Barratt, PhD Thesis 2010   22 

 
Figure 1-1. Heroin metabolism (adapted from Rook et al. (2006)). 

Apart from factors influencing the pharmacokinetics of heroin and its metabolites, variability 

in more generalised mechanisms of reward (such as in dopamine or serotonin pathways, or the 

endogenous opioid system), leading to more global addictive personality traits, may affect the 

development and severity of the psychological dimension of heroin dependence. Therefore, 

by influencing the distribution of opioid peptides (see section 1.5.3), drug transporters may 

also play an important role in modulating the endogenous opioid reward system, thus 

potentially influencing both the physiological and psychological facets of heroin addiction. 

As such, drug transporters provide a previously uninvestigated source of variability in 

morphine and endogenous opioid distribution following heroin administration, potentially 

influencing the degree of euphoric conditioning, tolerance and dependence, with possible 

implications for treatment response. 

a1172507
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                          NOTE:  
   This figure is included on page 22 
 of the print copy of the thesis held in 
   the University of Adelaide Library.
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1.4.2. Variability in response to methadone 

Whilst methadone in the range of 60-100 mg/day is generally recommended as a safe and 

effective dose for opioid substitution therapy (Ling et al., 1996; Faggiano et al., 2003), in 

reality, there is a significant interindividual variability in the actual maintenance doses 

required by patients. For example, in European treatment settings, a 140-fold variability (3-

430 mg/day) in daily dose requirements for MMT has been described (Crettol et al., 2005), 

whereas a lesser, but still substantial, 40-fold variability (7.5-300 mg/day) in maintenance 

doses has been observed among South Australian MMT patients (Foster et al., 2000; Mitchell 

et al., 2004; Hanna et al., 2005). 

Over the past decade or so, our Discipline of Pharmacology has conducted numerous studies 

investigating the pharmacokinetics and pharmacodynamics of methadone in opioid 

substitution treatment. These studies have highlighted a significant interindividual variability 

in both the pharmacokinetics and the pharmacokinetic/pharmacodynamic (PK/PD) 

relationship of methadone among MMT patients. For example, an investigation of MMT 

symptom complaints revealed that approximately 34% of the subject population report their 

dose as “not holding” and thus experience withdrawal symptoms over the dosing interval. 

Furthermore, those who report their doses as “not holding”, do not differ from other subjects 

in terms of age, time in treatment or methadone dose received, thus indicating a legitimate 

variability in methadone response (Dyer & White, 1997). 

1.4.2.1. Variability in methadone pharmacokinetics 

At steady-state, methadone dose has been found to predict only around 68% of variability in 

total (bound and unbound) plasma (R)-methadone concentrations (Foster et al., 2000). As 

such, significant interindividual variability is observed in dose-normalised plasma 

concentrations (3- to 6-fold), apparent plasma clearance (7-fold, ~60-400 mL/min), Vd (up to 

7-fold) and T1/2 (over 9-fold, 15-140 hours) (Dyer et al., 1999; Foster et al., 2000).  
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Interestingly, unlike many other drugs, body weight does not appear to influence the Vd or 

clearance of methadone (Foster et al., 2004). However, methadone in plasma is extensively 

bound to plasma proteins (primarily �1-acid glycoprotein, AAG), with the fraction of 

unbound methadone varying 2.7-fold (1.8-4.8%) between patients (Foster et al., 2000). As 

such, plasma AAG levels, determining the ratio of bound/unbound methadone, have been 

identified as a significant determinant of Vd in population-pharmacokinetic (Pop-PK) analysis 

(Foster et al., 2000; Foster et al., 2004). Pop-PK analysis also indicates that sex can have a 

significant effect on methadone distribution, with Vd in the central compartment greater in 

males (although this may be simply related to sex differences in percentage body fat) (Foster 

et al., 2004). Despite the identification of these factors, adjustments for plasma AAG and sex 

decrease the interindividual variability in methadone distribution by only around 20%. 

Therefore, significant unexplained variability in methadone distribution still exists.  

With regard to the oral clearance of methadone, it is not associated with demographic 

variables such as age, sex or AAG levels, but may be modulated by significant interindividual 

variability in the expression of CYP3A4 (Thummel et al., 1994a; Thummel et al., 1994b; 

Lown et al., 1995; Thummel et al., 1996), the major CYP isoform mediating the metabolic 

clearance of methadone by N-dealkylation to EDDP (Foster et al., 1999). Indeed, CYP3A4 

metabolism of methadone has been found to vary significantly between individuals, and is 

determined partially by genetics (see section 1.4.2.3), but also by numerous environmental 

factors, particularly drug-drug interactions (see Appendix A: Table A-1) (Moody et al., 1997; 

Boulton et al., 2001; Eap et al., 2001; Calvo et al., 2002; Wojnowski & Kamdem, 2006). 

Despite this, recent studies aimed at investigating the correlation between CYP3A4 activity 

and methadone clearance have failed to demonstrate a clear relationship between the two, 

casting doubt as to the utility of CYP3A4 activity alone as a predictive factor of methadone 

pharmacokinetics (Kharasch et al., 2004b; Morton, 2007). Alternatively, whilst only 

functional in 10-20% of Caucasians (Xie et al., 2004), CYP3A5 can account for around 50% 
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of the total hepatic CYP3A activity when expressed (Wojnowski, 2004), and has substantial 

overlapping substrate affinities with CYP3A4. As such, it can be proposed that variability in 

CYP3A5 activity may also account for some of individual differences in methadone 

clearance. However, prior to this thesis, this had yet to be investigated.  

It has also been proposed that variability in the activity of other CYP enzymes implicated in 

methadone metabolism, such as CYP2B6, CYP2D6, CYP2C19 and CYP2C9, may also 

contribute to individual differences in methadone clearance (Eap et al., 2002; Kharasch et al., 

2004b), and whilst there is a lack of a clear correlation between any single enzyme’s activity 

and variability in methadone pharmacokinetics, clinically relevant pharmacokinetic drug-drug 

interactions involving CYP2B6 and CYP2D6 have been observed (see Appendix A: Table 

A-1) (Trescot et al., 2008). Case reports, animal studies and/or in vitro experiments have also 

indicated pharmacokinetic interactions with methadone for recreational and illicit drugs such 

as cocaine (Moolchan et al. 2001) and alcohol (Kreek et al., 1976b; Borowsky & Lieber, 

1978; Kreek, 1984; Quinn et al., 1997) via induction of CYP450 metabolism.  

In addition to drug-drug interactions, other factors such as disease, diet, and patient genetics, 

can also interact to determine CYP expression and function. Therefore, an individual’s CYP 

activity, and hence variability in methadone pharmacokinetics, is difficult to predict. 

Whilst an understanding of the mechanisms behind variability in the plasma pharmacokinetics 

of methadone is important, mass spectrometry and Pop-PK modelling methods have recently 

been developed that allow for the determination an individual’s plasma concentration and 

clearance from only one or two blood samples (Foster et al., 2004). Therefore, variability in 

methadone plasma pharmacokinetics can be relatively easily accounted for using these 

techniques. Indeed, this method has been proposed as the basis for the application of 

therapeutic drug monitoring (TDM) for targeting plasma concentrations in MMT. However, 
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these TDM protocols are developed on the premise that a specific target plasma concentration 

will work for all patients, which may not necessarily be the case for methadone (see below). 

As will be discussed in section 1.5, drug transporters may also influence the absorption, 

distribution and elimination of methadone, and as such may also provide a largely 

uninvestigated source of variability in methadone pharmacokinetics. 

1.4.2.2. Variability in methadone plasma PK/PD relationship 

A 10- to 18-fold variability in (R)-methadone plasma concentrations has been reported among 

South Australian MMT subjects (Foster et al., 2000; Mitchell et al., 2004), suggesting vastly 

different plasma methadone requirements. In addition, further investigations of the “not 

holding” MMT patients described previously, have revealed that their mean methadone 

plasma area under the concentration-time curve (AUC) is not significantly different from 

“holders” (Dyer et al., 1999). Within the same study, substantial inter-subject variability in the 

plasma methadone concentration-response relationship was also observed (5-fold in just 9 

subjects) (Dyer et al., 1999). Therefore, there is clear clinical evidence that significant 

interindividual variability in methadone’s PK/PD relationship exists among MMT patients. 

Poly-drug use culminating in pharmacodynamic drug-drug interactions is one of the more 

obvious casues of methadone PK/PD variability, and can compromise the safety of MMT. For 

example, most CNS depressant drugs like alcohol and benzodiazepines have the ability to 

enhance methadone’s sedative and respiratory depressive effects, whilst co-administration of 

full mu-opioid agonists may also enhance methadone’s opioid effects, depending on the level 

of cross-tolerance. Alternatively, partial agonists (such as buprenorphine and pentazocine) 

have the potential to antagonise methadone and possibly precipitate withdrawal, whilst 

genetic variability influencing opioid receptors and other signalling pathways may also affect 

methadone pharmacodynamics (see section 1.4.2.3). 
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In addition to pharmacodynamic variables, the CNS distribution of methadone is also likely to 

influence its PK/PD. As such, another potential source of interindividual variability in 

methadone’s plasma concentration-effect relationship is drug transporters. As will be 

discussed in section 1.5, their ability to control the passage of drugs, particularly from the 

blood into the CNS via the BBB, means they can alter the balance between plasma 

concentrations and actual CNS drug exposure. Therefore, variability in drug transport at the 

BBB may be an additional significant factor determining an individual’s response to a given 

plasma concentration of methadone.  

1.4.2.3. Genetic variability influencing methadone response 

Any genetic factor influencing the pharmacokinetic or pharmacodynamic pathways of 

methadone has the potential to affect a patient’s response to methadone treatment. Prior to 

commencing this PhD, the majority of research into the pharmacogenetics of MMT had 

concentrated on genetic variability affecting methadone metabolism. However, CYP3A4 

genetic polymorphisms have generally been found to be poor predictors of activity (Zanger et 

al., 2008), whilst studies investigating the effects of CYP2D6 polymorphisms on methadone 

clearance have been conflicting (Somogyi et al., 2007). Alternatively, there is some evidence 

that CYP2B6 genetic variants influence (S)- and, to a lesser extent, (R)-methadone plasma 

concentrations (Crettol et al., 2005), however these findings have yet to be replicated. Finally, 

whilst CYP3A5 genotypes correlate well with activity (effectively differentiating expressors 

from non-expressors) (Lamba et al., 2002), their influence on methadone pharmacokinetics 

remains to be determined. 

As discussed previously, relatively simple methods are available for determination of 

methadone concentrations in plasma, therefore determining what genetic factors influence 

variability in methadone pharmacodynamics may prove more useful than trying to genetically 

predict methadone plasma pharmacokinetics. In terms of the gene encoding the mu-opioid 
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receptor, OPRM1, the A118G polymorphism has been linked to reduced effect of opioid 

agonists (Somogyi et al., 2007). However, at the time of commencement of this project, 

studies into the role of the OPRM1 A118G variant in opioid dependence and MMT were 

ongoing in our Discipline, with initial experiments indicating that the A118G polymorphism 

did not impact on methadone dosage requirements in MMT, or the risk of opioid dependence 

(Somogyi et al., 2007). More recent findings on the impact of the OPRM1 A118G SNP in 

MMT are discussed in Chapter 4, section 4.4. 

Genetic variants of the DRD2 gene, encoding the dopamine D2 receptor involved in opioid 

signalling and drug reward (see section 1.1.1.2), have also been investigated previously. The 

most studied DRD2 SNP, rs1800497C>T (previously termed DRD2 Taq1A but recently found 

to belong to the ANKK1 gene) has previously been linked with poor MMT treatment 

outcomes (Lawford et al., 2000). More recent studies have observed no effect of this variant 

(Barratt et al., 2006; Crettol et al., 2008a; Doehring et al., 2009), but have implicated other 

DRD2 SNPs as potential factors influencing MMT treatment response and/or dose 

requirements (Crettol et al., 2008a; Doehring et al., 2009). 

Prior to commencing this PhD, drug transporter genetic polymorphisms influencing 

methadone response had not been previously investigated. 

1.4.3. Variability in response to buprenorphine 

Based largely on government clinical guidelines, patients in Australia generally receive 

buprenorphine doses of 1-16 mg/day for opioid substitution treatment (Mattick et al., 2003), 

indicating some degree of variation between patients. 

Apart from one study (in 5 patients receiving 8 mg/day) reporting a 2.6-fold variability in 

buprenorphine’s T1/2 (23.9-62.5 hours), there are very little data on interindividual variability 

in buprenorphine pharmacokinetics. Although, since buprenorphine is predominantly 
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metabolised by CYP3A4 (see section 1.3.3.1), those factors that affect methadone 

pharmacokinetics through CYP3A4 modulation (see above, section 1.4.2.1), would be 

expected to have a similar influence on buprenorphine pharmacokinetics. Indeed, HIV 

protease inhibitors have been shown to inhibit CYP3A4 metabolism of buprenorphine in vitro 

(Iribarne et al., 1998), whilst ketoconazole is reported to up to double buprenorphine’s plasma 

concentrations in vivo (Reckitt-Benckiser, 2005). 

In terms of variability in buprenorphine’s plasma PK/PD relationship, due to the apparent 

ceiling on buprenorphine’s adverse opioid effects, serious adverse events due to supraoptimal 

dosing would be unlikely at typical doses (see section 1.3.3.3). However, whilst plasma 

concentrations appear to correlate reasonably well with indicators of treatment efficacy (e.g. 

suppression of withdrawal and craving) and receptor occupancy (Kuhlman et al., 1998; 

Greenwald et al., 2003), at 16 mg/day a small subset of BMT patients still experience 

significant withdrawal symptoms towards the end of their dosing interval. Furthermore, in a 

situation analogous to “non-holders” in MMT (Dyer & White, 1997; Dyer et al., 1999), these 

subjects that experience withdrawal do not have significantly different plasma concentrations 

of buprenorphine over the 24 hour period (Lopatko et al., 2003). Therefore, there also appears 

to be interindividual variability in buprenorphine’s plasma PK/PD relationship. 

Environmental and genetic factors influencing this relationship are likely to be similar to 

those discussed for methadone. However, to my knowledge, genetic determinants of 

buprenorphine dose requirements and BMT response have not yet been investigated. 

1.4.4. Summary 

In summary, there is significant interindividual variability in the pharmacokinetics and the 

plasma PK/PD relationships of heroin (and its metabolites), methadone and buprenorphine, 

which may have clinically relevant impacts on opioid maintenance treatment response. 

Despite extensive research into the roles of genetically variable metabolic enzymes (such as 
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the Cytochrome P450s) in drug clearance, interindividual differences in plasma 

pharmacokinetics are still difficult to predict, but can be accounted for by directly measuring 

opioid plasma concentrations. Alternatively, investigations into genetic polymorphisms 

affecting the plasma PK/PD of these opioids have been scarce, and a large portion of 

variability in methadone and buprenorphine plasma PK/PD relationship remains unexplained.  

As mentioned briefly, drug transporters may have the ability to alter both the 

pharmacokinetics and the plasma PK/PD relationship of morphine, methadone and 

buprenorphine. Therefore, at the time of commencing this PhD, they represented a previously 

unexplored contributing factor to the interindividual variability in opioid substitution 

treatment response.  

1.5. P-glycoprotein efflux transporter 

Of the known human drug transporters, the efflux transporter P-glycoprotein (P-gp), encoded 

by the ABCB1 gene, appears the most likely source of variability in opioid pharmacokinetics. 

P-gp first came to the attention of pharmacologists as an overexpressed glycosylated protein 

isolated from multi-drug resistant tumour cells. Since then, P-gp in cancer tumour cells has 

been extensively investigated regarding its role in resistance to chemotherapeutic drugs, but is 

now also well recognized for its expression in normal tissue and its effect on the distribution 

of a wide range of medications. 

1.5.1. P-glycoprotein structure 

P-gp belongs to the ATP-binding cassette membrane transporter superfamily that consists of 

nearly 50 known human members divided into 7 sub-families, all of which transport their 

substrates in an ATP-dependent manner. As shown in Figure 1-3 (page 49), this 170 kDa 

transporter resides in the lipid bilayer of the cell membrane and consists of two homologous 

halves, each of which contains 6 transmembrane spanning regions and an intracellular 
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nucleotide binding domain (NBD). The NBDs are known to be essential for the utilisation of 

ATP for the active transport process. In addition, the flexible linker region located between 

the homologous halves of P-gp is necessary for their interaction, as well as the 

communication between the two NBDs (Ambudkar et al., 2003).  

The transmembrane domains (TMDs) of P-gp are proposed as the likely sites of substrate 

recognition, with TMD sites 5 and 6, and TMD sites 11 and 12 identified as the two possible 

major substrate binding regions (Wang et al., 2003). However, the mechanisms by which P-

gp recognizes and transports its substrates are still to be fully characterised. In addition, the 

size and structure of P-gp substrates varies significantly, ranging from small organic cations, 

carbohydrates and amino acids, to large molecules such as polysaccharides and proteins 

(Zhou, 2008). As such, P-gp exhibits very broad substrate specificity and is known to 

transport many different classes of structurally diverse drugs, with over 480 substrates 

currently reported in the TP-Search Transporter Database established by the University of 

Tokyo (http://www.tp-search.jp, last accessed April 2010). Numerous P-gp inducers and 

inhibitors have also been identified, and can provide the basis for a number of P-gp-centric 

drug-drug interactions (see sections 1.5.4.1 and 1.5.4.2). Whilst the majority of inhibitors act 

through competitive binding and transport, there is also evidence that allosteric binding sites 

exist that may also modify P-gp activity (Martin et al., 1997). 

1.5.2. Expression and function 

P-gp is expressed in numerous human tissues and is almost exclusively an efflux transporter, 

actively transporting substrates out of cells and into the extracellular space. It has been found 

in the apical membranes of epithelial cells of the stomach, small intestine, colon and renal 

proximal tubule, where it plays a protective role by reducing the absorption and increasing the 

elimination of its substrates (Tanigawara, 2000; Bendayan et al., 2006; Takano et al., 2006). 

In addition, P-gp plays a role in drug distribution into organs such as the testes, placenta, 
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pancreas, and the CNS (via the BBB), preventing the accumulation of substrates within these 

tissues. P-gp also has a high expression in liver hepatocytes (Fojo et al., 1987; Thiebaut et al., 

1989; Tanigawara, 2000) and demonstrates an overlapping substrate specificity and 

colocalization with the CYP3A4 metabolising enzyme, suggesting a coordinated function in 

tissue protection and elimination of xenobiotics. Variable degrees of expression are also 

observed among different lineages of leukocytes (Klimecki et al., 1994; Ford et al., 2003). 

Therefore, P-gp has the ability to limit absorption, facilitate elimination and performs a 

protective role in specific tissues. Highlighted in Figure 1-2, the most relevant P-gp sites of 

action for opioid drugs are likely those influencing the intestinal absorption, brain 

distribution, and elimination pathways.  
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Figure 1-2. P-glycoprotein sites of action important for opioid pharmacokinetics. 



Chapter 1. Introduction 
 

 

Daniel T Barratt, PhD Thesis 2010   33 

1.5.2.1. Intestinal absorption 

P-gp is expressed on the luminal/apical membranes of intestinal epithelial cells and transports 

in a basal to apical direction, extruding substrates from the enterocytes back into the gut 

(Takano et al., 2006). In this manner, P-gp has the potential to limit the intestinal absorption, 

and thus bioavailability, of orally administered substrates, as well as actively excrete them 

from the blood into the small intestine (Gramatte & Oertel, 1999; Drescher et al., 2003). 

However, there is a dynamic counter-action between P-gp efflux from the cells into the 

lumen, and passive diffusion across the enterocytes into the mucosal blood circulation. As 

such, the ability of P-gp to limit the intestinal absorption of a substrate is counteracted by the 

passive diffusion of that substrate across the enterocytes. Therefore, the bioavailabilities of 

drugs with slow rates of passive diffusion (such as paclitaxel) are significantly reduced by P-

gp (Sparreboom et al., 1997), whereas compounds that are good P-gp substrates but have high 

rates of passive diffusion (such as digoxin and quinidine), can still exhibit reasonable oral 

bioavailability (Ueda et al., 1976; Polli et al., 2001; Lin & Yamazaki, 2003b).  

In addition to drug lipophilicity, rates of passive diffusion are directly proportional to the 

concentration gradient between the lumen and mucosal blood, which is typically large for an 

orally administered drug, and is enhanced by both the sink effect of mucosal blood circulation 

and the slow transit time in the intestine. Furthermore, there is evidence that intestinal P-gp 

efflux can be saturated when high oral doses are administered (Wetterich et al., 1996). 

Therefore, whilst the oral bioavailability of some drugs can be significantly diminished by P-

gp actions in the small intestine, the impact of P-gp on the intestinal absorption of many of its 

substrates is quantitatively less than might be expected from in vitro studies, particularly at 

high oral doses (Lin & Yamazaki, 2003a). 
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1.5.2.2. Brain distribution 

P-gp is located within the apical membranes of the brain capillary endothelial cells that 

constitute the BBB, and transports its substrates in a basal-apical direction, that is, from the 

endothelial cells back into the blood. A number of factors combine to make P-gp a significant 

factor determining substrate passage across the BBB. Firstly, due to the tight junctions 

between capillary endothelial cells, there is a relative absence of passive paracellular 

movement and therefore drugs must pass through the cells in order to reach the brain 

extracellular space. Secondly, the concentration gradient between cerebral blood and brain 

extracellular fluid remains small (due to the lack of brain ‘sink’ effect) and is significantly 

lower than the gradient between the intestinal lumen and mucosal blood. Finally, the rapid 

transit time of cerebral blood flow, compared to the bulk flow of cerebral fluid, means that 

extruded drug is quickly removed from the BBB interface and cannot be reabsorbed (Lin & 

Yamazaki, 2003a). Consequently, studies in mice have demonstrated that genetic or inhibitor 

knockout of P-gp causes 17- to 83-fold increases in brain distribution of a wide range of P-gp 

substrates, whilst changes in liver, kidney, small intestine and plasma distribution are altered 

only 2- to 3-fold (Schinkel et al., 1994; Schinkel et al., 1995; Schinkel et al., 1997; Polli et al., 

1999; Yokogawa et al., 1999; Choo et al., 2000; Kusuhara & Sugiyama, 2001). In humans, 

positron emission tomography has been able to show that co-administration of cyclosporine (a 

P-gp inhibitor) results in an 87% increase in the brain:blood AUC ratio of the P-gp substrate 

verapamil (Sasongko et al., 2005). Furthermore, clinical studies measuring cerebrospinal fluid 

(CSF) concentrations of antiretrovirals have revealed they reach only 6-17% of the unbound 

concentration in plasma, thus indicating a significant P-gp efflux of these drugs at the BBB 

(Haas et al., 2000; Khaliq et al., 2000). Therefore, there is good evidence that P-gp has the 

ability to significantly limit the CNS entry of its substrates 
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1.5.2.3. Elimination 

Hepatic P-gp, located on the canalicular (apical) membrane of hepatocytes, acts in co-

operation with other canalicular efflux and basolateral influx hepatic transporters to transport 

drugs and their metabolites from the blood into the bile (Zhou, 2008). This active canalicular 

secretion acts against a concentration gradient to concentrate xenobiotics into the bile, and is 

the rate-limiting step in bile formation (Arrese & Trauner, 2003). Animal studies have 

demonstrated that P-gp inhibition or genetic knockout decreases biliary excretion of 

doxorubicin and its metabolite by 62-84% (Booth et al., 1998; van Asperen et al., 2000), 

whilst P-gp induction results in an 8-51% increase in excretion of tamoxifen (Riley et al., 

2000). In humans, quinidine inhibition of P-gp transport decreases the biliary excretion of 

digoxin by around 42% (Angelin et al., 1987).  

In terms of renal elimination, P-gp is expressed at the apical brush-border membranes of the 

renal proximal tubule cells of the kidney, effluxing from the cell into the renal duct (Thiebaut 

et al., 1987). As such, substrates of P-gp can be expected to undergo tubular secretion, and 

will have a rate of renal elimination greater than simple glomerular filtration (unless they also 

undergo active reabsorption by other transporters).  

Therefore, P-gp has the ability to influence the clearance of drugs and their metabolites by 

facilitating their biliary and/or renal excretion. However, the significance of this influence on 

drug elimination from liver and kidney in determining the overall clearance and plasma 

concentrations of substrates is unclear. Indeed, the literature so far has indicated that P-gp 

tends to have a smaller impact on drug excretion from cells (as in the case of hepatic and renal 

P-gp), than it does when acting to inhibit drug uptake (as in the case of intestinal and BBB P-

gp) (Lin & Yamazaki, 2003a). 
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1.5.2.4. Summary 

In conclusion, P-gp transport has the ability to limit the intestinal absorption and organ 

distribution of its substrates, and may help facilitate their biliary and renal excretion. 

However, for opioids, the most clinically important activity of P-gp is likely to be at the BBB, 

where it has the greatest potential to limit substrate passage, and can directly mediate opioids’ 

access to their CNS site of action.  

1.5.3. P-glycoprotein transport of opioids 

Quantitative structure-activity relationship analyses have identified chemical moieties 

important for P-gp transport of neurotransmitters, vasodilators, potassium channel 

modulators, non-steroidal anti-inflammatories, and anticancer drugs. However, these analyses 

have not been performed or tested for the opioid class of drugs, and as such, interactions with 

P-gp are hard to predict based on opioid chemical structure alone. Therefore, the identification 

of opioid substrates for P-gp has relied on in vitro transport and ATPase activity data, as well 

as animal in vivo transport studies. 

1.5.3.1. In vitro and animal studies 

Both in vitro and animal in vivo studies have identified a number of exogenous and 

endogenous opioids as P-gp substrates. As shown in Table 1-1, in vitro and animal in vivo 

experiments have generally agreed in terms of the substrate status of specific opioid drugs, 

however some discrepancies between (as well as within) investigative methods have occurred 

(for example for morphine-6-glucuronide (M-6-G), pethidine (meperidine), and oxycodone).  

In these cases, the most reliable conclusions are likely those from in vivo gene knockout 

models as they provide obvious benefits over in vitro methods, and rule out problems with 

poor specificity of the P-gp inhibitors often used in in vivo inhibition studies. As such, whilst 
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in vitro and animal in vivo studies agree that morphine and methadone are transported by P-

gp, previous studies would suggest that M-6-G is not a substrate. 

Table 1-1. Summary of opioid P-gp substrates based on in vitro, animal in vivo P-gp 

inhibition, and animal P-gp gene knockout studies. Adapted and updated from Somogyi 

et al. (2007).  

Test Used In vitro In vivo inhibition In vivo knockout 

Opioid Medication    

Morphine Substrate Substrate Substrate 

Methadone Substrate/non-substrate7 Substrate Substrate 

LAAM Substrate4   

Loperamide Substrate Substrate Substrate 

Fentanyl Substrate Substrate Substrate 

Alfentanil - - Substrate3 

Hydrocodone - Substrate - 

Pentazocine Substrate Substrate - 

Asimadoline Substrate1 - Substrate 

Bremazocine - - Substrate 

Naltrindole - - Substrate 

M-6-G Substrate Substrate Non-substrate 

Meperidine Substrate - Non-substrate 

Diprenorphine Non-substrate5 - Non-substrate5 

Oxycodone Substrate6 Non-substrate Substrate6 

Opioid Peptide    

β-endorphin - Substrate Substrate9 

DPDPE - Substrate Substrate 

Deltorphin II - - Substrate 

DAMGO Substrate - - 

Endomorphin-1 Non-substrate8 - Non-substrate 

Endomorphin-2 Non-substrate8 - Non-substrate 

Met-enkephalin - - Non-substrate 

DADLE Non-substrate2 - - 

TYR-MIF-1 - - Non-substrate 

(1) Jonker et al. (1999); (2) Ouyang et al. (2009); (3) Kalvass et al. (2007); (4) Crettol et al. (2007); (5) 

Hassan et al. (2009); (6) Hassan et al. (2007); (7) Stormer et al. (2001); (8) Somogyvari-Vigh et al. 

(2004); (9) King et al. (2001). All others are from Somogyi et al. (2007).  
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In terms of the magnitude of P-gp’s effect on morphine transport, inhibition and/or genetic 

knockout of P-gp has been shown to cause a 5.2-fold increase in the plasma AUC of oral 

morphine, a 1.2-fold increase in morphine brain uptake (Dagenais et al., 2004), 1.5- to 4.5-

fold increase in brain concentrations (2.2- to 4.8-fold increase in brain:blood ratio), 3-fold 

increased brain half-life, and 2.2- to 4-fold increase in analgesia, with no influence on 

systemic clearance (Letrent et al., 1998; Letrent et al., 1999a; Letrent et al., 1999b; Xie et al., 

1999; Thompson et al., 2000; Hamabe et al., 2006; Okura et al., 2009). Even natural 

variations in P-gp activity within a population, which are relatively subtle compared to gene 

knockout, can have relevant impacts on morphine analgesia. For example, examination of 

individual differences in morphine antinociception (ranging 3- to 10-fold) within a single 

strain of mice, reveal significant negative correlations with brain P-gp expression and function 

(Hamabe et al., 2007). 

For methadone, P-gp knockout and/or inhibition results in a 1.2-fold increase in oral 

bioavailability and up to 23-fold higher brain concentrations, equating to a 2.8- to 3.6-fold 

increase in antinociception (Thompson et al., 2000; Dagenais et al., 2004; Rodriguez et al., 

2004; Wang et al., 2004; Ortega et al., 2007). Conversely, induction of P-gp expression in 

mice results in a 70% decrease in the antinociceptive effects of methadone, without 

significantly altering methadone plasma concentrations (Bauer et al., 2006). Therefore, at 

least in rodents, both increases and decreases in P-gp activity have been shown to have 

significant impacts on the CNS activity of methadone.  

Finally, a single study in rats has shown that a 50% lower P-gp expression results in 75% 

lower brain-to-blood efflux of the endogenous opioid peptide β-endorphin (King et al., 2001).  

In summary, previous animal studies suggest that P-gp affects the intestinal absorption and 

brain distribution (and hence antinociceptive effect), but not the systemic elimination, of both 

morphine and methadone, but not M-6-G. There is also limited evidence that the distribution 
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of β-endorphin may too be influenced by P-gp. Prior to commencing this PhD, no study had 

examined buprenorphine or norbuprenorphine as potential P-gp substrates. 

1.5.3.2. Human studies 

1.5.3.2.1. Methadone intestinal absorption 

As discussed in section 1.5.2.1, P-gp has the potential to influence the intestinal absorption of 

orally administered substrates. However, studies examining the effects of the P-gp modulators 

(quinidine, nelfinavir, ritonavir and indinavir) on methadone absorption have suggested a 

relatively minor role for P-gp (Kharasch et al., 2004a; Kharasch et al., 2009a; Kharasch et al., 

2009b). For example, whilst Kharasch and colleagues (2004a) demonstrated that co-

administration of the P-gp inhibitor quinidine to healthy controls resulted in significantly 

increased absorptive phase (30 to 60 minutes post-dose) plasma methadone concentrations, as 

well as a significant decreases in Tmax (2.4 � 0.7 to 1.6 � 0.9 h), this did not translate to a 

significant increase in either Cmax (55.6 ± 10.3 to 59.4 ± 14.1 ng/mL) or plasma AUC (298 ± 

46 to 316 ± 74 ng/mL.h). Therefore, it appears that P-gp inhibition may increase the rate of 

methadone absorption, but not necessarily the amount eventually making it into systemic 

circulation. As such, the clinical implications of variability in P-gp transport at the intestinal 

level remains unclear, with any effects likely to be relatively minor. 

1.5.3.2.2. Opioid brain distribution 

As discussed in section 1.5.2.2, the activity of P-gp in determining CNS exposure to opioids 

may be of greater importance than its effects on intestinal absorption and elimination (Lin & 

Yamazaki, 2003a; Lin & Yamazaki, 2003b). Unfortunately it is difficult to directly measure 

opioid brain concentrations in human subjects, and the relatively small volume of the 

extravascular brain compartment means that any changes in brain distribution will only have a 

relatively small effect, if any, on the plasma pharmacokinetics. As such, in humans, 

investigations into the role of P-gp in the brain distribution of opioids are largely restricted to 
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comparisons of pharmacodynamic responses following intravenous administration, and/or 

PK/PD relationships. 

The most commonly used example of P-gp’s potential to influence brain distribution of 

opioids is the work of Sadeque and colleagues (2000). They were able to demonstrate that co-

administering a P-gp inhibitor (quinidine), with an opioid that does not usually produce 

central effects (loperamide), results in significant CNS-mediated opioid-induced respiratory 

depression. Most importantly, CNS effects were observed at time-points prior to any 

significant changes in plasma pharmacokinetics, strongly implicating P-gp effects at the BBB.  

Unfortunately, unlike loperamide, studies investigating the effects of the P-gp inhibitors 

valspodar (Drewe et al., 2000) and quinidine (Kharasch et al., 2003b; Skarke et al., 2003a) on 

intravenous morphine response, and oral morphine PK/PD relationships, have failed to 

demonstrate any significant effect on CNS-mediated pharmacodynamics. However, the 

findings of Drewe and colleagues are confounded by an observation of significant valspodar 

pharmacodynamic effects in the absence of morphine, making interpretation of combined 

morphine/valspodar treatment effects difficult. In addition, the studies employing quinidine 

recorded pharmacodynamic effects for only 2 (Skarke et al., 2003a) or 8 (Kharasch et al., 

2003b) hours post-morphine infusion, thus potentially missing alterations to the end-stage 

clearance of morphine from the brain (when morphine concentrations are low), and hence 

changes to the duration of morphine CNS effects.  

Studies have also failed to identify an effect of quinidine on intravenous methadone 

pharmacodynamics or PK/PD relationships following oral administration (Kharasch et al., 

2004a). Alternatively, nelfinavir, a potent inhibitor of P-gp in bovine brain microvessel 

endothelial cells, has been shown to increase the miotic effect / plasma concentration (AUC) 

ratio of methadone (Kharasch et al., 2009b). These findings with nelfinavir explain, and are 

supported by, previous clinical reports identifying an absence of withdrawal symptoms among 
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methadone maintenance patients coadministered nelfinavir, despite 40-50% decreases in 

plasma methadone concentrations due to CYP450 induction (McCance-Katz et al., 2000; 

McCance-Katz et al., 2004; Brown et al., 2006; Hsyu et al., 2006; Kharasch et al., 2009b). 

Also in methadone maintenance patients, the P-gp inducers rifampicin and St John’s Wort 

have been associated with increases in withdrawal symptoms, an effect that could not be 

solely explained by decreases in plasma concentrations of methadone, thus implicating 

significant decreases in brain concentrations due to an induction of P-gp activity at the BBB 

(Kreek et al., 1976a; Eich-Hochli et al., 2003). As such, at least in methadone maintenance 

patients, P-gp function at the BBB has the ability to influence the brain distribution of 

methadone, and hence clinical response. 

Why distinct effects of P-gp on brain distribution of morphine and methadone are observed in 

rodents, but not in healthy human controls, is unclear. Whilst the most obvious factor may be 

species differences in BBB permeability and transporter expression, the BBB efficacy of P-gp 

inhibitors used in clinical studies has also come under scrutiny. For example, studies using 

600-800 mg of oral quinidine typically achieve significantly lower peak plasma quinidine 

concentrations (6-9 μM) than the IC50 determined in vitro (2-34 μM) and for mouse brain 

efflux (36 μM) (Wandel et al., 1999; Dagenais et al., 2001; Kharasch et al., 2003a; Skarke et 

al., 2003a; Weiss et al., 2003). As such, whether a sufficient level and duration of P-gp 

inhibition at the BBB was actually achieved in these studies, in order to observe a clinically 

relevant effect, is questionable. Further to this argument, studies following the distribution of 

radio-labelled opioid in mice have indicated that P-gp localised at the BBB is more resistant 

to inhibition than P-gp in other tissues, thus achieving adequate BBB P-gp inhibition may be 

beyond the therapeutic range of the inhibitors used in previous clinical studies (Choo et al., 

2006). As such, the potential impact of P-gp activity at the BBB should not be discounted for 

either morphine or methadone. 
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1.5.3.2.3. Opioid elimination 

Because quinidine and nelfinavir, the P-gp modulators used in the clinical investigations 

discussed so far, also cause changes in the activity of hepatic enzymes involved in morphine 

and methadone metabolism, it is difficult to determine the contribution of P-gp to the biliary 

excretion of these opioids and their metabolites. However, an estimation of the effect of P-gp 

modulation on renal excretion of morphine, methadone and their metabolites is possible. 

In all studies conducted to date, P-gp inhibition has been found to have no effect on the renal 

clearance of intravenous morphine (Drewe et al., 2000; Kharasch et al., 2003b; Skarke et al., 

2003a). Alternatively, in the only study to investigate the effect of P-gp modulation on 

intravenous methadone elimination, nelfinavir was found to increase the renal clearance of 

both methadone enantiomers by 30-50% (Kharasch et al., 2009b). However, whether this can 

be attributed to an induction of P-gp, or whether another renal transporter sensitive to 

nelfinavir is involved, is unclear. Therefore, there is only limited evidence to indicate that P-

gp may have a clinically significant effect on the renal elimination of methadone. 

1.5.3.3. Summary 

In summary, the dramatic influence of P-gp transport on morphine and methadone absorption, 

distribution and elimination seen in rodents has not been observed in all human in vivo 

studies. However, due to the small number of studies and potential issues with inhibitor 

efficacies, a role for P-gp in determining brain morphine exposure following intravenous 

heroin use cannot be ruled out. In addition, there is good clinical evidence to suggest that 

changes in P-gp activity may affect the brain distribution of methadone during the course of 

opioid substitution treatment. Unfortunately, the role for P-gp in determining endogenous 

opioid distribution, and hence modulation of their influence on reward and dependence, has 

yet to be determined in vivo in humans. 
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1.5.4. Variability in P-glycoprotein expression and function 

Based upon the existing in vitro and in vivo evidence describe above, it can be expected that 

interindividual variability in P-gp expression and function might influence the 

euphoric/reward response to illicit opioids, and the development of opioid dependence, by 

modulating morphine exposure, and also possibly the endogenous opioid system (through β-

endorphin). In addition, interindividual variability in P-gp may also influence response to 

opioid substitution therapies by altering methadone or buprenorphine brain distribution. 

Therefore, identifying the sources of interindividual variability in P-gp activity could be 

important for understanding and predicting an individual’s risk and/or severity of opioid 

dependence, as well as their opioid substitution treatment dose requirements and/or response. 

1.5.4.1. Expression 

Significant interindividual variability in P-gp expression has been observed in most, if not all, 

tissues in which the transporter is found. For example, P-gp protein expression varies 2- to 

10-fold in the intestine (Thorn et al., 2005) and 3- to 4-fold in lymphocytes (Becquemont et 

al., 2000), with a large variability in P-gp expression also described in brain microvessels 

(Dauchy et al., 2008). Furthermore, in the liver, ABCB1 messenger ribonucleic acid (mRNA) 

expression in healthy subjects varies 200-fold, with a corresponding 20- to 50-fold variability 

in protein levels (Owen et al., 2005; Meier et al., 2006). 

In terms of the mechanisms behind this variability, numerous compounds have been shown to 

induce P-gp expression, the majority of which are P-gp substrates. These P-gp inducers are 

believed to act at the transcriptional level (Kuwano et al., 2004), increasing ABCB1 mRNA 

expression through nuclear receptors like the liver X receptor, farnesoid X receptor, pregnane 

X receptor, the α and γ peroxisome proliferator-activated receptors, and their co-factors (Borst 

& Elferink, 2002). As mentioned previously, clinically significant drug-drug interactions have 

been observed between methadone and P-gp inducers, resulting in opioid withdrawal in MMT 
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patients (Kreek et al., 1976a; Kreek et al., 1976b; Eich-Hochli et al., 2003). With regard to 

opioids, oxycodone has been shown to increase P-gp expression in the intestine, liver, kidney 

and brain of rats by 2.0-, 4.0-, 1.6-, and 1.3-fold, respectively, with corresponding decreases 

in paclitaxel distribution (Hassan et al., 2007). For morphine, repeated exposure has been 

associated with increases in P-gp expression of 2-fold in whole brain homogenate, and around 

1.4-fold in rat cortex and hippocampus, with a consequent decrease in morphine 

antinociceptive effect (Aquilante et al., 2000; Yousif et al., 2008). 

Apart from the studies discussed above, little research has investigated the effects of other 

proposed P-gp inducers on opioid distribution in vivo in humans. Furthermore, the potential 

P-gp induction by long-term opioid exposure has yet to be investigated in vivo in humans. As 

such, the direct effects of long-term opioid administration on P-gp expression and/or function, 

and how they might relate to opioid substitution treatment response, remain to be elucidated.  

In addition to pharmacological induction, cell stress and damage (such as exposure to X-rays, 

heat shock or cytotoxins) are also strong in vitro inducers of P-gp expression (Seelig, 1998; 

Ledoux et al., 2003). In vivo, induction of peripheral inflammation in rats results in a 

significant increase in BBB expression of P-gp, with a corresponding decrease in morphine 

brain uptake and analgesia, an effect that could be reversed by P-gp inhibition (Seelbach et 

al., 2007). Immune status also appears to play a role in P-gp regulation, which is of particular 

relevance to chronic opioid use where there is evidence of immune system modulation (Nair 

et al., 1986; Vallejo et al., 2004).  

1.5.4.2. Function (drug-drug interactions) 

In addition to inducing P-gp expression, many medications may inhibit P-gp transport. These 

P-gp inhibitors tend to be either very high affinity substrates for P-gp that bind non-

competitively and prevent binding of other substrates, or are efficient inhibitors of the ATP 

hydrolysis required for transport (Wang et al., 2003). In addition to the studies in healthy 
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volunteers discussed so far (see sections 1.5.2.3 and 1.5.3.2.2), co-administration of P-gp 

inhibitors in treatment settings has been found to result in up to 33-fold increases in the Cmax, 

and up to 58-fold increases in the AUC, of numerous medications, with severe drug toxicity 

in some cases (see Table 1-2). As such, drug-drug interactions with P-gp have been shown to 

have clinically relevant consequences.  

A number of dietary compounds such as flavonoids, as well as numerous pesticides, have also 

been identified as potential P-gp inhibitors, whilst some excipients found in drug preparations 

can also inhibit P-gp function (Martin-Facklam et al., 2002). 

Table 1-2. Clinically relevant drug-drug interactions due to P-glycoprotein inhibition. 
Primary drug Inhibitor drug PK PD Reference 
Digoxin Erythromycin 

 
Clarithromycin 
 
Itraconazole 

2.0-fold ↑ Cmax 
 
↑ [plasma] 
↓ CLR 
↑ [plasma] 
↓ CLR 

 (Maxwell et al., 
1989) 
(Wakasugi et al., 
1998) 
(Alderman & 
Allcroft, 1997) 

 Verapamil 1.8-fold ↑ [plasma] 
50% ↓ CLR 

↑ cardiac toxicity (Klein et al., 1982) 

 Quinidine ↑ [plasma] 
↓ CLR 

↑ cardiac toxicity (Doering, 1979) 

Fexofenadine Erythromycin 
 
Ketaconazole 

2.9-fold ↑ AUC 
1.8-fold ↑ Cmax 
2.6-fold ↑ AUC 
2.3-fold ↑ Cmax 

 (Davit et al., 1999) 

Ritonavir Ketaconazole 3-fold ↑ [CSF]/[plasma]  (Khaliq et al., 
2000) 

Saquinavir Erythromycin 
 
Ketaconazole 
 
 
 
Ritonavir 

1.9-fold ↑ AUC 
2.1-fold ↑ Cmax 
1.9-fold ↑ AUC 
2.7-fold ↑ Cmax 
6-fold ↑ [CSF]/[plasma] 
 
58-fold ↑ AUC 
33-fold ↑ Cmax 

 (Grub et al., 2001) 
 
 
(Khaliq et al., 
2000)  
(Merry et al., 
1997) 

Talinolol Erythromycin 1.3-fold ↑ AUC  (Schwarz et al., 
2000) 

Vincristine/ 
dactinomycin/ 
cyclophosphamide 

Cyclosporine  ↑ systemic 
toxicity 

(Theis et al., 1998) 

Artorvastatin Esomeprazole/ 
clarithromycin 

 ↑ toxicity 
(rhabdomyolysis) 

(Sipe et al., 2003) 

Table does not include effects that may have been due to both P-gp and CYP3A4 interactions. PK: 

pharmacokinetic effects. PD: pharmacodynamic effects. Cmax: maximum plasma concentration. 

[plasma]: plasma concentration. CLR: renal clearance. AUC: area under the plasma concentration-time 

curve. T1/2: half-life. [CSF]/[plasma]: cerebrospinal fluid:unbound plasma concentration ratio. 
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In terms of opioids, both methadone (IC50 = 7.5 uM, (Stormer et al., 2001)) and high 

concentrations of morphine (IC50 > 50 μM, (Schwab et al., 2003)) have been shown to inhibit 

human P-gp in vitro. Whether buprenorphine is a P-gp inhibitor is unknown. 

Therefore, numerous environmental factors (such as pharmaceutical/dietary inducers and 

inhibitors, or cellular stress and inflammation) can combine to determine P-gp expression 

and/or function. In addition, genetic variability in the ABCB1 gene encoding P-gp may also be 

an important factor in determining P-gp expression and function, and hence opioid response. 

1.6. ABCB1 genetic variability 

1.6.1. ABCB1 gene structure 

The human ATP-binding cassette transporter B1 gene, ABCB1 (formerly termed multi-drug 

resistance protein 1 gene, MDR1) is located on chromosome 7 at position q21.1 and is over 

120 kilobases (kb) in size (Callen et al., 1987). The gene consists of 29 exons numbered -1 to 

28, and has two possible transcription promoter sites, one at the beginning of exon -1 and the 

other within exon 1, with the latter found to be preferentially expressed in most cells. 

However, since the ATG translation start site lies within exon 2, the actual protein coding 

sequence consists of 26 exons, 2 to 28 (Chen et al., 1990; Choudhuri & Klaassen, 2006). In 

terms of transcription regulation, numerous transcription regulatory elements are located 

within the first 300 bases upstream of the transcription start sites. Furthermore, there is an 

ABCB1 enhancer region located at around 8 kb upstream, which is responsible for modulation 

by the nuclear receptors described in section 1.5.4.1. 

1.6.2. Single nucleotide polymorphisms 

Although polymorphisms in the ABCB1 gene were first identified in 1989 (Kioka et al., 

1989), research since had primarily focused on acquired mutations in tumor cells associated 

with multidrug resistance. It wasn’t until 2000 that the first systematic screening for ABCB1 
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genetic variability was conducted by Hoffmeyer and colleagues (2000), which revealed the 

potential significance of heritable ABCB1 mutations in influencing drug disposition. This 

landmark study not only identified 15 naturally occurring single nucleotide polymorphisms 

(SNPs) in healthy Caucasians, but more significantly found that the variant allele of a 

synonymous (not resulting in an amino acid change) SNP, C3435T, was associated with 

decreased duodenal P-gp expression and consequently increased intestinal absorption of the 

P-gp substrate digoxin. Primarily as a result of this study, the C3435T SNP has been by far 

the most studied genetic variant of ABCB1. However, the ABCB1 gene has proven to be 

highly polymorphic, with over 1200 polymorphisms reported within the ABCB1 gene, and 

over 60 SNPs currently identified within the transcribed (exonic) sequence (NCBI, 2010). The 

most common exonic SNPs observed in the Caucasian population are shown in Table 1-3.  

Table 1-3. Common ABCB1 single nucleotide polymorphisms found in Caucasians. 

SNP rs number Location Effect Frequency (%) 
A61G rs9282564 Exon 2 Asn21>Asp 17.6 
G1199A rs2229109 Exon 11 Ser400>Asn 5.5-12.9 
C1236T rs1128503 Exon 12 Synonymous 48.9 
G2677T(A) rs2032582 Exon 21 Ala893>Ser(Thr) 62.0(2) 
C3435T rs1045642 Exon 26 Synonymous 48.3-50.5 
Sources: Hoffmeyer et al. (2000); Cascorbi et al. (2001); Kim et al. (2001). 

1.6.3. ABCB1 haplotypes 

In Caucasians, the many SNPs have been reported to form around 64 discernable haplotypes. 

Significant linkage disequilibrium has been reported across the ABCB1 gene, especially 

between the three variant alleles of 1236, 2677 and 3435 (Hoffmeyer et al., 2000; Kroetz et 

al., 2003; Marzolini et al., 2004), as such,  the most common haplotypes are those previously 

termed MDR1*1 (wild-type) and MDR1*2 (variant at positions 1236, 2677 and 3435), which 

account for around 63% of chromosomes (Kim et al., 2001; Kroetz et al., 2003). 
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It is important to note that substantial inter-ethnic variability is observed in the frequency of 

various SNPs and haplotypes of the ABCB1 gene. For example, the frequency of the wild-type 

C allele at position 3435 ranges from 84% in African American to 34% in South-west Asian 

populations (Ameyaw et al., 2001), whilst the frequency of the MDR1*2 haplotype is only 

around 6-7% in African-Americans as compared to 27% in Caucasians (Kim et al., 2001).  

1.6.4. Functional consequences of ABCB1 genetic variability 

Since the discovery by Hoffmeyer and colleagues (2000) of the influence of the C3435T SNP 

on digoxin pharmacokinetics, there has been a rush to examine the potential of ABCB1 

genotyping in the prediction of other drug response in vivo. Parallel to these studies, a need 

for a better understanding of the mechanistic basis behind SNP effects on expression and 

function of P-gp has prompted numerous in vitro and ex vivo investigations.  

ABCB1 SNPs and haplotypes have the potential to affect both the expression and function of 

P-gp, with clinically relevant consequences. The proposed 2D structure and organisation of P-

gp provides us with some clues as to the site of mutations that might affect P-gp function. For 

example, mutations affecting ATP-binding sites (NBDs) will have obvious consequences for 

the ATP hydrolysis necessary for transport. As mentioned previously (section 1.5.1), the 

flexible linker region located between the homologous halves of P-gp, as well as the 

transmembrane domains, may also be important for NBD communication and substrate 

recognition, respectively, and as such mutations in these areas may result in modulation of 

transport capacity. Unfortunately, as shown in Figure 1-3, none of the three common non-

synonymous SNPs discussed above lie directly within any of these regions, and as such their 

functional consequences are difficult to predict.  

With regards to the common synonymous SNPs of ABCB1 (C1236T and C3435T), if they 

were to produce an effect, they would be expected to influence P-gp expression rather than 

function, however, as will be discussed below, they may in fact play a role in both. 
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Figure 1-3. Functionally significant regions of P-gp and the location of common ABCB1 

non-synonymous mutations. 
Each small circle represents an amino acid (1-1280). Open circles represent conserved amino acid 

sequences homologous with mouse mdr1. Adapted from a figure originally published in Gottesman 

MM & Pastan I. The multidrug transporter, a double-edged sword. J Biol Chem. 1988; 263:pp12164, 

Figure 1. © the American Society for Biochemistry and Molecular Biology. 

The following sections will discuss the research conducted to date, including in vitro 

expression analyses and human ex vivo and clinical studies, aimed at elucidating the impact of 

ABCB1 genetic variability on P-gp expression and function. As discussed above, there are 

marked ethnic differences in the frequencies of ABCB1 mutations, whilst the functional 

effects of SNPs also appear to differ somewhat between ethnicities. As such, for 

simplification, the functional significance of ABCB1 genetic variants will be discussed in the 

context of Caucasians only, as this is the only ethnic population studied in this thesis.   

1.6.4.1. In vitro expression and function 

Numerous in vitro studies have employed cells transfected with wild-type or mutant P-gp to 

examine their effects on expression and transport. However, despite the application of similar 

experimental techniques, results have varied significantly, depending on the P-gp substrates 

tested and the expression systems employed. A complete list of studies and their results are 

given in Appendix A: Table A-2, and summaries of their findings are given here. 
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A61G: Of the two studies investigating the synonymous A61G SNP, neither observed an 

effect on expression, whilst paclitaxel transport was reduced in one study (Kimchi-Sarfaty et 

al., 2002), but not the other (Gow et al., 2008). There was no effect of the G variant on 

transport of the other 7 compounds tested. 

G1199A: In vitro studies have consistently shown that the G1199A SNP does not influence 

the expression of P-gp, however, reports of its effects on P-gp function have varied 

considerably. Whilst the majority of results indicate no effect on P-gp function, the variant 

has shown a decreased transport of some compounds (rhodamine and verapamil), but an 

increase in transport of others (vinblastine, vincristine, amprenavir, indinavir, lopinavir, 

ritonavir, saquinavir and doxorubicin). As such, the functional consequences of the G1199A 

SNP in vitro remain unclear, with significant variability both between and within substrates 

and expression systems. 

C1236T: Only two in vitro studies have previously examined the functional effects of the 

C1236T variant on P-gp function. In the first study by Salama and colleagues (2006), variant 

expressing cells were found to have a diminished transport capacity for rhodamine, 

vinblastine and vincristine. Alternatively, a more recent investigation by Kimchi-Sarfaty and 

colleagues (2002) indicated that the T variant alone had no significant effect on expression or 

function. Interestingly, whilst the C1236T SNP causes a change in mRNA folding (Figure 

1-4), it appears to have no significant influence on mRNA stability (Wang & Sadee, 2006). 

G2677T: Findings have been relatively consistent for the G2677T SNP, and paclitaxel 

transport has nearly always been decreased in variant transfected cells. For other compounds, 

the majority of findings indicated a reduction in transport in variant cells or no effect, 

depending on the substrate. Nearly all studies have indicated a lack of effect on expression, 

and (unlike C1236T and C3435T) the G2677T SNP has no significant effect on mRNA 

folding (Figure 1-4, (Wang & Sadee, 2006)), thus indicating effects are due to a functional 
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change. In support of this, 3D structural simulations have predicted the conversion of amino 

acid 893, from alanine to the variant serine, would produce a kink in an important cytoplasmic 

helical region between transmembrane segments 10 and 11, modifying interactions with the 

ATP-binding domain, and thus P-gp’s transporting capabilities (Sakurai et al., 2007).  

C3435T: Given that the C3435T SNP was the first to be identified as a clinically relevant 

heritable mutation of ABCB1, and has been the most extensively studied SNP in vivo, there 

have been surprisingly few in vitro functional studies. Those that have been conducted have 

demonstrated a decrease in the in vitro transport of vincristine, but not verapamil, digoxin, 

paclitaxel, daunorubicin, calcein-AM or cyclosporine, with mixed results for rhodamine and 

vinblastine. The mechanism behind the C3435T SNP’s potential effect on P-gp transport 

remains debatable, although detailed studies have produced evidence that it may be associated 

with changes to mRNA secondary structure, resulting in decreased mRNA stability and 

consequently lower mRNA levels (Figure 1-4) (Wang et al., 2005; Wang & Sadee, 2006).  

1.6.4.1.1. Haplotypes 

Experiments investigating the variant haplotypes 61G/1199A, 61G/2677T and 1199A/2677T 

have found that, whilst none were associated with altered P-gp expression, they all displayed 

decreased transport of paclitaxel (Kimchi-Sarfaty et al., 2002). For 1236T/2677T, 

1236T/3435T and 2677T/3435T haplotypes, most studies indicate the variants have decreased 

transport function, whilst the 1236T/2677T and 2677T/3435T variants were also associated 

with decreased P-gp expression. Larger haplotypes have also been investigated, with the 

1236T/2677T/3435T variant haplotype exhibiting decreased expression and function in some 

studies, whilst the 61G/1236T/2677T/3435T variant haplotype has been associated with a 

decreased paclitaxel transport, but no effect on expression.  
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Figure 1-4. Results of mRNA folding predictions (Mfold) displaying how the ABCB1 

genetic variants C1236T (left) and C3435T (right), but not G2677T (middle), can 

significantly alter the folding and secondary structure of ABCB1 mRNA.  
Top panels are wild-type, bottom panels are variant mRNA. Reprinted with kind permission from 

Springer Science+Business Media: Wang D & Sadee W (2006) Searching for polymorphisms that 

affect gene expression and mRNA processing: example ABCB1 (MDR1). Aaps J 8:ppE518, Figure 4. 

ABCB1 haplotypes may also affect the efficacy of P-gp inhibitors. For example, whilst 

Kimchi-Sarfaty and colleagues (2007) found no significant effect of the C1236T, G2667T or 

C3435T SNPs, or their haplotypes, on P-gp expression or transport, haplotypes containing the 

3435T variant along with one or both of the 1236T and 2677T variants (i.e. 1236T/3435T, 

2677T/3435T or 1236T/2677T/3435T haplotypes) were associated with significantly 

decreased P-gp inhibitory efficacy of cyclosporine and verapamil. These findings for the 

1236T/3435T haplotype were recently replicated in a study by Hung and colleagues (2008), 

that found the 2677A/3435T, 1236T/2677A/3435T and 1236T/2677T/3435T haplotypes were 

also associated with decreased inhibitor efficacy. 

Interestingly, Kimchi-Sarfaty and colleagues (2007) were also able to demonstrate that P-gp 

derived from the 1236T/3435T, 2677T/3435T or 1236T/2677T/3435T haplotypes had a 
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susceptibility to trypsin degradation different to that of wild-type P-gp, implying these variant 

haplotype proteins possessed a different tertiary protein structure. Whilst this seems unusual 

for synonymous SNPs (which do not cause any amino acid change), it has been proposed that 

mutations, such as the C1236T, G2677T and C3435T SNPs, that encode for rarer codons may 

cause a translation pause affecting the final folding of the protein (Sauna et al., 2007). As 

such, there is evidence that, in addition to their potential impact on expression, the C1236T 

and C3435T SNPs could also cause changes in the tertiary conformation of P-gp affecting its 

function (Kimchi-Sarfaty et al., 2007).  

Finally, the findings of Kimchi-Sarfaty and colleagues (2007) also highlight the importance of 

examining ABCB1 haplotypes instead of individual SNPs, as significant effects of the 

C3435T variant on protein folding were only observed in the presence of at least one other 

SNP encoding a rare codon (C1236T or G2677T). 

In summary, whilst in vitro studies can provide some insight into the potential functional 

significance of ABCB1 SNPs, the effects observed so far appear to be largely substrate-

dependent, with poor agreement between studies. Unfortunately, no in vitro studies have 

examined the impact of ABCB1 genetic polymorphisms on opioid transport. 

1.6.4.2. Ex vivo expression and function 

One major alternative to in vitro studies has been the ex vivo analysis of P-gp expression and 

transport in isolated human tissues. These studies have a distinct advantage over in vitro 

techniques in that the isolated cells and tissues more closely reflect in vivo P-gp expression 

and function. References and details of all the ex vivo studies conducted so far are given in 

Appendix A: Table A-3. 

In general, previous ex vivo research has found no link between the A61G, G1199A or 

C1236T SNPs with either P-gp expression or function in duodenal tissue or in peripheral 
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blood mononuclear cells (PBMCs). Furthermore, findings have consistently indicated a lack 

of influence of the G2677T SNP on ex vivo P-gp expression. There is evidence that G2677T 

variant genotypes possess diminished transport capacity, although this has not been the case 

in all studies. For the C3435T SNP, there is also some evidence to suggest an association 

between variant genotypes and decreased P-gp expression and function, but again results have 

varied between studies.  

In terms of haplotypes, the 2677T/3435T variant haplotype has been associated with 

decreased transport of certain cytokines, but not cyclosporine, with no effect on P-gp 

expression. Alternatively, the common variant haplotype, 1236T/2677T/3435T, was found 

not to effect the ex vivo expression or function of P-gp in PBMCs, but has been associated 

with decreased mRNA and protein expression in the duodenum. It should be noted however 

that our existing knowledge of the ex vivo impact of these haplotypes, as well as of the A61G, 

G1199A, C1236T SNPs, is restricted to the findings of only one or two studies each, and is 

therefore far from conclusive. 

As discussed previously, the BBB expression and function of P-gp may be just as (if not 

more) important as intestinal P-gp for opioids such as methadone. Understandably, the BBB 

expression of P-gp in humans is substantially more difficult to study, however, two post-

mortem investigations have indicated that the 3435 C/C genotype may be associated with 

higher temporal lobe P-gp expression (although neither reached statistical significance) 

(Vogelgesang et al., 2002; Vogelgesang et al., 2004). 

In conclusion, ex vivo studies have also been inconclusive, but do suggest that ABCB1 genetic 

variants can influence the expression and function of P-gp in humans, with the greatest 

evidence existing for the G2677T and C3435T SNPs affecting function and expression, 

respectively. Unfortunately, as with in vitro studies, no ex vivo studies have investigated the 

impact of ABCB1 genetic variability on P-gp transport of opioids. 
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1.6.4.3. In vivo function and clinical significance 

A similar picture has arisen from human in vivo studies which have also been contradictory, 

with genetic influences generally dependent on the specific organs and substrates investigated 

(Gerloff et al., 2002; Johne et al., 2002). 

1.6.4.3.1. Function in healthy subjects 

Numerous studies have investigated the impact of ABCB1 genetic variability on the plasma 

pharmacokinetics of various probe drugs. Possibly as a result of the original study by 

Hoffmeyer and colleagues (2000) described in section 1.6.2, the most commonly investigated 

probe drug has been digoxin. Interestingly, a 2005 meta-analysis on the influence of the 

ABCB1 C3435T polymorphism on digoxin pharmacokinetics and ABCB1 gene expression 

concluded that it affected neither (Chowbay et al., 2005). Alternatively, a more recent analysis 

by Comets and colleagues (2007) using population pharmacokinetic models concluded that 

there was a significant effect of C3435T in predicting the digoxin Vd. Therefore, even for this 

extensively studied P-gp substrate, the findings on the functional effects of ABCB1 variants in 

healthy humans remain inconclusive.  

A similar discordance between studies has been observed for most other probe substrates, 

however, these investigations have dealt almost exclusively with the relationship between 

ABCB1 genetic variability and plasma pharmacokinetics (for a summary of previous clinical 

ABCB1 pharmacogenetic studies in healthy volunteers, see Appendix A: Table A-4). As 

mentioned earlier, the influence of P-gp activity on BBB permeability may be more important 

than its influence on intestinal absorption and clearance for opioids such as methadone. 

Therefore, the effects of ABCB1 polymorphisms on CNS distribution may be more relevant.  

Interestingly, an investigation by Brunner and colleagues (2005) measuring the brain 

distribution of the P-gp substrate verapamil by positron emission tomography scans, found no 
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significant differences in the brain AUC between subjects homozygous for variants at 1236, 

2677 and 3435, and subjects homozygous wild-type at these positions. However, the 

functional consequences of ABCB1 genetic polymorphisms have so far proved largely 

substrate-dependent, and verapamil transport has not yet been shown to be affected by ABCB1 

variants in human cells in vitro, or in human ex vivo and in vivo studies. Hence, whether 

verapamil is the best probe to analyse the effects of ABCB1 variants on brain distribution is 

questionable. In addition, there is evidence that the 1236T, 2677T and 3435T variant SNPs, as 

well as the 1236T/2677T/3435T variant haplotype, are associated with increased mefloquine 

neuropsychiatric side effects in women (Aarnoudse et al., 2006). Therefore, a sex-specific 

role for ABCB1 genetic variability in influencing the CNS distribution of P-gp substrates 

cannot be ruled out.  

1.6.4.3.2. Functional effects on opioids 

In the case of opioids, studies in healthy subjects investigating the plasma pharmacokinetics 

and miotic or respiratory depressive effects of oral loperamide have found no significant 

relationship with the ABCB1 3435 variant (Pauli-Magnus et al., 2003; Skarke et al., 2003b). 

However, there is evidence that morphine brain distribution may be affected by this SNP. For 

example, pharmacokinetic modelling of morphine in plasma and CSF of neurosurgical 

patients has revealed a significant association between the homozygous mutant genotype and 

increased morphine CSF concentrations (Meineke et al., 2002), although the clinical 

significance of this effect remains less clear. Alternatively, Coulbault and colleagues (2006) 

found no significant association between the 3435 SNP and post-operative morphine dose 

requirements in surgery patients, and whilst there was a trend for a decreased requirement of 

antiemetic treatment among homozygous wild-type patients, this was also not significant.  

With regards to morphine for pain relief in cancer pain patients, Campa and colleagues (2008) 

demonstrated that, during the first 7 days of morphine treatment, the 3435 SNP was 
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significantly associated with greater pain relief, with the homozygous wild-type (C/C) and 

homozygous variant (T/T) genotypes predicting 68% of morphine non-responders and 63% of 

responders, respectively. In fact, 3435 genotype was a better predictor of morphine effects 

than morphine doses, which were highly variable (10-500 mg/day) and did not correlate 

whatsoever with changes in pain scores. Therefore, there is strong clinical evidence for a role 

of ABCB1 genetic variability in determining the early-stage effectiveness of morphine for 

cancer pain (i.e. prior to the confounding factor of disease progression (Ross et al., 2008)). 

As mentioned previously, the ABCB1 gene is highly polymorphic, with significant linkage 

disequilibrium reported between numerous variant loci. Therefore, as previous studies have 

indicated, consideration of the effect of ABCB1 haplotypes, in place of individual SNPs, may 

be more likely to accurately predict P-gp expression and function (Johne et al., 2002). This 

may also be the case for opioids. For example, whilst Skarke and colleagues (2003b) found 

that the intestinal absorption and CNS effects of oral loperamide were not significantly 

associated with the ABCB1 3435 variant (as mentioned above), an investigation of haplotypes 

formed by the 2677 and 3435 SNPs revealed that subjects carrying the ABCB1 haplotype 

G2677/T3435, had significantly higher (1.5-fold) plasma loperamide concentrations than non-

carriers. Similarly for morphine, Coulbault and colleagues (2006) found that the ABCB1 

GG2677/CC3435 diplotype was a better predictor of morphine side effects (antiemetics for 

post-operative nausea and vomiting) than either of the two SNPs analysed separately. 

As discussed previously, both 2677 and 3435 are in strong linkage disequilibrium with the 

exon 12 SNP, C1236T, and whilst these three loci account for the majority of the ABCB1 

haplotypes observed in Caucasians, an additional 60 less frequent haplotypes have also been 

identified (see section 1.6.3). As such, haplotypes extending beyond the 2677 and 3435 SNPs 

are likely to prove even more informative.  
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In summary, the functional consequences of common ABCB1 genetic variants are relatively 

moderate and substrate-dependent, and do not equate to anything near a loss of function, or 

the effects seen with pharmacological antagonism. Nonetheless, there is evidence to suggest 

that polymorphisms at positions 2677 and 3435 may have clinically significant effects on the 

P-gp transport of opioids, particularly morphine, and controlling for the effect of other 

common ABCB1 polymorphisms may also be critical.  

As such, ABCB1 genetic variability may be important in determining morphine exposure 

during illicit opiate abuse, with ABCB1 variants expected to increase opioid exposure during 

the early stages of opioid use and abuse, potentially increasing the risk for, or severity of, 

opioid dependence. In addition, whilst the potential impact of ABCB1 genetic variability on 

methadone or buprenorphine exposure during opioid substitution treatment had not yet been 

investigated, as potential P-gp substrates, ABCB1 mutations may be expected to result in 

reduced maintenance dose requirements and could ultimately influence treatment response. 

Therefore, based on our current knowledge of the P-gp transport of illicit, endogenous and 

substitution opioids, the proposed impact of ABCB1 genetic variability on opioid dependence 

and substitution treatment response can be summarised as shown in Figure 1-5. 
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Figure 1-5. The proposed multiple mechanisms by which ABCB1 genetic variability, 

affecting P-gp transport, could influence an individual’s risk of opioid dependence, 

severity of addiction and substitution opioid treatment response. 
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1.7. Summary, aims and hypotheses 

The substantial interindividual variability in opioid response necessitates the use of 

individualized treatment strategies aimed at maximizing patient retention, and hence positive 

outcomes, in substitution treatment programs. Unfortunately, the existing methods employed 

for individualizing patient care are only partly successful in retaining patients, with significant 

treatment drop-out still observed in maintenance programs. In addition, whilst therapeutic 

drug monitoring of plasma concentrations has been put forward as a solution to many of the 

problems associated with maintenance dosing (Wolff & Strang, 1999), previous experience 

has shown that effective target plasma concentrations are still largely variable between 

individuals (Dyer et al., 1999). Therefore, the application of pharmacogenetic approaches to 

identify factors that affect the opioid dose-plasma concentration-effect relationship could 

provide a useful clinical tool for establishing individualized target doses and/or plasma 

concentrations required for efficacious opioid substitution treatment. 

The ABCB1 gene provides a good candidate for this approach, as its product, the P-

glycoprotein efflux transporter, has the ability to limit the intestinal absorption and brain 

distribution of opioids. In addition, the ABCB1 gene is highly polymorphic, with some genetic 

variants associated with clinically relevant changes in opioid response. Ultimately, it is hoped 

that identification of the role of ABCB1 genetic variability in opioid response may provide 

clinicians with a useful dose optimization tool for the successful treatment of opioid 

dependence. However, at the time of commencing this thesis, several major gaps in the 

published knowledge of the clinical relevance of ABCB1 genetic polymorphisms in 

modulating opioid response were identified; 

Firstly, the influence of ABCB1 genetic variability on patient response to opioid substitution 

treatments for opioid dependence had not been investigated, nor had the potential relationship 

between ABCB1 genetic variability and susceptibility for illicit opioid abuse and dependence. 
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Secondly, the direct effects of long-term illicit (heroin) or maintenance (methadone or 

buprenorphine) opioid administration on P-gp expression and/or function in humans, and how 

they might relate to opioid substitution treatment response, remained to be explored. 

Furthermore, the effects of ABCB1 genetic variants on tissue expression and function of P-gp 

in opioid substitution patients was unknown. 

Finally, the in vitro transport of methadone and β-endorphin had yet to be confirmed in 

human P-gp-expressing cell lines, whilst the substrate status of buprenorphine and 

norbuprenorphine had not been investigated.  

Therefore, the main aims of this PhD project were; 

Aim 1:  To investigate ABCB1 haplotypes formed by the common A61G, G1199A, C1236T, 

G2677T and C3435T polymorphisms in opioid-dependent methadone and buprenorphine 

maintenance treatment patients, as well as in non-opioid-dependent healthy controls, in order 

to examine the role of ABCB1 genetic variability in multiple facets of opioid dependence and 

opioid maintenance treatment response. Having first developed new methods for C1236T 

SNP genotyping and for the estimation of haplotypes from ABCB1 genotype data (Chapter 2), 

this primary aim of the thesis was addressed in retrospective examinations of ABCB1 genetic 

variability in opioid-dependent subjects stabilised on standard methadone or buprenorphine 

doses for opioid maintenance treatment (Chapter 3), opioid-dependent subjects stabilised on 

substantially higher than standard methadone doses for maintenance treatment (Chapter 4), 

and in non-opioid-dependent, untreated healthy controls (Chapters 3 and 4). 

Aim 2: To develop methods for the ex vivo analysis of P-gp expression and function in human 

lymphocytes, and apply these to a pilot clinical investigation of the influence of ABCB1 

genetic variability, prior illicit opioid use, and opioid substitution treatment, on ex vivo P-gp 

expression and function. The ex vivo assay development stage and the pilot study are 

presented in Chapter 5. 
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Aim 3: To determine whether various opioids, particularly methadone, buprenorphine, 

norbuprenorphine and β-endorphin, are substrates and/or inhibitors of human P-gp, by 

performing in vitro P-gp transport experiments across human Caco-2 cell monolayers. This 

aim is addressed in Chapter 6.  

Based on the existing literature, the major hypotheses to be tested for this thesis were; 

Hypothesis 1: That ABCB1 genetic variability is associated with the risk of opioid 

dependence (by increasing morphine exposure), and as such, the frequency of variant ABCB1 

genotypes and/or haplotypes will be higher in opioid-dependent methadone or buprenorphine 

maintained patients when compared to a non-opioid-dependent healthy control population. 

Hypothesis 2: That variant ABCB1 genotypes and/or haplotypes will be associated with 

decreased substitution opioid requirements in maintenance treatments for opioid dependence, 

with potentially less in-treatment withdrawal, or greater adverse opioid side-effects, 

particularly for methadone. 

Hypothesis 3: That variant ABCB1 genetic variability and chronic opioid exposure could 

interact to influence ex vivo lymphocyte P-gp expression and function in opioid maintenance 

patients, and that P-gp expression and function may be related to substitution opioid 

requirements. 

Hypothesis 4: That P-gp transport of methadone, buprenorphine, norbuprenorphine and β-

endorphin, at pharmacologically relevant concentrations, can be demonstrated in vitro using a 

human cell line, and that all will also inhibit human P-gp transport in this model.  
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Chapter 2. Determination of ABCB1 genotypes and haplotypes 

2.1. Genotyping 

2.1.1. Introduction 

Clinical studies conducted as part of this PhD aimed to investigate 5 mutations present in the 

human ABCB1 gene, namely the A61G (rs9282564), G1199A (rs2229109), C1236T 

(rs1128503), G2677T (rs2032582) and C3435T (rs1045642) SNPs. As such, appropriately 

validated and reliable assays were required in order to accurately genotype study participants.  

At the commencement of this PhD, polymerase chain reaction – restriction fragment length 

polymorphism (PCR-RFLP) assays for the A61G, G1199A and C3435T SNPs had already 

been developed by Dr Janet Coller, Karianne Dahlen and Morten Loennechen (Discipline of 

Pharmacology, University of Adelaide) based on the methods of Cascorbi and colleagues 

(2001) (A61G and G1199A) and Tanabe and colleagues (2001) (C3435T).  

For the G2677T variant, both a PCR-RFLP assay based on Cascorbi and colleagues (2001), 

and an allele-specific PCR assay based on Wilson and colleagues (1995), had also previously 

been developed. Unfortunately, the allele-specific PCR method for detection of the G2677T 

SNP was found to be inconsistent in terms of sensitivity and specificity, particularly between 

investigators. As such, irresolvable problems with non-specific amplification eventually 

meant that the allele-specific PCR assay was abandoned in favour of the less efficient, but 

more reliable, PCR-RFLP method. 

An allele-specific PCR assay for identification of the C1236T SNP had also been developed 

by Dr Coller, however, similar to the G2677T allele-specific assay, problems with its 

consistency and specificity meant that a new PCR-RFLP assay had to be developed for 

C1236T genotyping.  
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The PCR-RFLP methods employed in this study centre around the use of polymerase chain 

reaction (PCR), followed by genotype-specific restriction enzyme digests of PCR products.  

2.1.1.1. Polymerase chain reaction 

Briefly, PCR is a common technique employed to amplify (i.e. generate multiple copies of) a 

genomic region of interest, in this case regions of the ABCB1 gene containing SNP mutations. 

The region of the genome to be amplified is controlled by a pair of oligonucleotide primers 

(short single-stranded DNA molecules) that are complementary to genome sequences either 

side of the mutation site (locus) of interest (one forward primer complementary to one strand 

of the DNA double helix upstream from the target locus, and one reverse primer 

complementary to the opposite strand downstream from the target locus). Other core 

components of the reactions are the genomic DNA template to be amplified (i.e. the subject’s 

DNA), a thermostable DNA polymerase enzyme to synthesise the new strands of DNA, and 

deoxynucleoside triphosphates (dNTPs) that provide the nucleoside building blocks for 

synthesis and amplification.  

The actual PCR reactions take place by cycling through three steps of varying temperatures: 

firstly, a denaturation step (~95�C) to separate the two strands of the genomic DNA double 

helix to allow access for the primers; secondly, an annealing (or hybridization) step (~50-

72�C) to allow binding of primers to their specific (complementary) target sequences on the 

single stranded DNA; and thirdly, an elongation step (~72�C) to allow the DNA polymerase 

to copy the genomic sequence extending from the 3’ end of each primer. By cycling through 

these temperatures, the region of interest is amplified, with the number of copies doubling 

with each cycle until there are sufficient quantities to allow detection by simple methods such 

as gel electrophoresis (see section 2.1.2.3.3). It is important when developing a PCR assay 

that primer sequences, reagent concentrations and annealing temperatures are carefully 
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optimised in order to ensure both the specific binding of primers only to their target 

sequences, and the efficient amplification of the region of interest.  

2.1.1.2. Restriction fragment length polymorphism analysis 

In the case of PCR-RFLP, PCR products are interrogated by restriction digest using restriction 

enzymes with recognition sequences complementary to either the wild-type or variant 

sequences of the polymorphic loci. These digest fragments are then separated by agarose gel 

electrophoresis according to size, with fragment lengths indicating the genotype. 

2.1.2. Methods 

2.1.2.1. Materials 

Ethanol and sucrose were purchased from Chem-supply (Gillman, Australia). Sodium acetate, 

ethidium bromide, tris-base, boric acid, ethylenediaminetetraacetic acid (EDTA), and 

bromophenol blue were purchased from Sigma-Aldrich (Castle Hill, Australia). QIAmp® 

DNA mini kits were purchased from QIAGEN (Doncaster, Australia). Deoxyribonucleoside 

triphosphates (dNTPs) were manufactured by Finnzymes (Keilaranta, Finland, distributed by 

Genesearch, Arundel, Australia). ThermoPol Reaction Buffer, Taq DNA Polymerase, bovine 

serum albumin (BSA), and TaqαI, AcuI, Eco0109I, BanI and DpnII restriction enzymes (with 

corresponding reaction buffers) were manufactured by New England Biolabs (Beverly, 

Massachusetts, USA, distributed by Genesearch). TaqI, Eco57I and Bsp143I restriction 

enzymes (and corresponding reaction buffers), oligonucleotides primers and pUC19/HpaII 

DNA molecular weight marker were purchased from GeneWorks (Thebarton, Australia). 

Agarose I was manufactured by AMRESCO (Solon, Ohio, USA, distributed by Astral 

Scientific, Gymea, NSW, Australia). Omnigel-Sieve Agarose was manufactured by Edwards 

Instrument Co. (Narellan, Australia, distributed by Adelab Scientific, Thebarton, Australia). 

BigDye version3.0 sequencing reagents were manufactured by Applied Biosystems 

(Scoresby, Australia). 
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2.1.2.2. Genomic DNA isolation, purification and quantification 

Genomic DNA was isolated from 200-400 μL of whole blood collected in EDTA tubes, or ≤ 

40 mg of liver tissue, using a QIAamp® DNA mini kit according to the manufacturer’s 

protocol. DNA was eluted in 200 μL of autoclaved Milli-Q water and further purified by 

ethanol precipitation as follows: Firstly, 20 μL of 3 M sodium acetate and 400 μL of ethanol 

were added to the DNA solution and vortexed. DNA was then precipitated at -80°C for 30 

minutes (or -20°C overnight) before being pelleted by centrifugation at full speed (14,000 rpm 

/ 16,000 rcf) for 30 minutes. Supernatants were aspirated and DNA pellets dried at 37°C for 

5-10 minutes (or overnight at room temperature) before being resuspended in 30-50 μL of 

autoclaved milli-Q water. Purified DNA solution (7 μL) was then diluted 1 in 10 with water 

and the absorbance at 260 (A260) and 280 (A280) nm measured using a spectrophotometer 

(Hitachi, model U-2000, Hitachi Ltd., Tokyo, Japan) to determine DNA concentration (A260 x 

50 μg/mL x dilution factor = concentration (ng/μL)) and purity (A260/A280).  

For each DNA sample, a working solution of 50 μL of 20 ng/μL DNA was prepared for use in 

PCR reactions. All DNA samples and working solutions were stored at 4°C.    

2.1.2.3. General genotyping protocols 

2.1.2.3.1. Polymerase chain reaction setup 

To prevent premature polymerization and primer binding, all PCR reactions were prepared on 

ice. Firstly, master mixes consisting of all reaction components except genomic DNA were 

prepared in a designated PCR setup area which was kept free from genomic DNA and PCR 

products at all times. Enough master mix was prepared for all required reactions for a 

particular run, vortexed briefly to mix, then pulse centrifuged (14,000 rpm for ~5 seconds). 

Twenty-five microlitre aliquots of master mix were then pipetted into 0.5 or 0.2 mL thin-

walled PCR tubes (Bio-rad, Gladesville, NSW, Australia) for each PCR reaction. Genomic 

DNA was then added to tubes outside of the designated PCR setup area. PCR tubes were 
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vortexed briefly and pulse spun in a centrifuge before being placed into a PTC-100 or PTC-

200 Peltier Thermal Cycler (manufactured by MJ Research, Waltham, Massachusetts, USA, 

distributed by GeneWorks) and reactions run using a heated lid (to prevent condensation) at 

optimal temperature programs for the specific assay. PCR products were subjected to agarose 

gel electrophoresis to confirm amplification of target sequence (see section 2.1.2.3.3).   

Primer sequences and expected PCR product sizes for the PCR-RFLP assays are shown in 

Table 2-1, whilst their specific binding sites and amplification sequences are shown in 

Appendix C. Optimized master mix and cycling conditions for each assay are shown in Table 

2-2. 

2.1.2.3.2. Restriction enzyme digest setup 

Restriction enzyme digest master mixes (containing all components except PCR product) 

were prepared on ice, vortexed to mix, then pulse spun. Ten microlitres of digest master mix 

was then added to 20 μL of PCR product in a 0.5 or 0.2 mL thin-walled PCR tube, vortexed to 

mix, pulse spun and placed in thermal cycler. Digest reactions were run using a heated lid (to 

prevent condensation) at optimal temperature programs for the specific digestion enzyme. The 

digestion enzymes and their optimized digestion conditions for each PCR-RFLP assay are 

shown in Table 2-3. 

Digest products were then subjected to agarose gel electrophoresis for analysis of restriction 

digest fragments (see section 2.1.2.3.3). 
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Table 2-1. Primer sequences and expected product size for polymerase chain reaction amplification.  

SNP Name Sequence PCR product size 

A61G 
MDR-1b* 5’-AGG AGC AAA GAA GAA GAA CTT TTT TAA ACT GAT-3’ 

179 bp 
MDR-6 5’-GAT TCC AAA GGC TAG CTT GC-3’ 

    

G1199A 
MDR-24* 5’-CAG CTA TTC GAA GAG TGG GC-3’ 

258 bp 
MDR-25 5’-CCG TGA GAA AAA AAC TTC AAG G-5’ 

    

C1236T 
MDR-24* 5’-CAG CTA TTC GAA GAG TGG GC-3’ 

527 bp 
C1236-R 5’-ATC CTG TCC ATC AAC ACT GAC-3’ 

    

G2677T 

MDR-9* 5’-TGC AGG CTA TAG GTT CCA GG-3’  
MDR-10a 5’-TTT AGT TTG ACT CAC CTT CCC-3’ 224 bp 
G2677RWT 5’-GTT TGA CTC ACC TTC CCA GC-3’ 220 bp 
G2677RV 5’-GTT TGA CTC ACC TTC CCA GA-3’ 220 bp 

    

C3435T 
C3435TF* 5’-TTG ATG GCA AAG AAA TAA AGC-3’ 

207 bp 
C3435TR 5’-CTT ACA TTA GGC AGC GAC TCG-3’ 

 *Forward primer, bp = base pairs  
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2.1.2.3.3. Agarose gel electrophoresis 

Electrophoresis through an agarose gel allowed the separation, based on size, of charged 

molecules such as DNA. Using the intercalating agent ethidium bromide that binds to DNA, 

PCR or restriction digest bands could then be observed under ultraviolet light (causing 

intercalated ethidium bromide to fluoresce) and photographed for analysis.  

All PCR products were run on 4% 2:1 gels of 3-4 cm in length. These were prepared by 

dissolving a 2:1 (w:w) mix of Omnigel-Sieve Agarose: Agarose I to a final agarose 

concentration of 4% (w/v) in TBE buffer (0.09 M Tris-borate, 0.002 M EDTA), before adding 

ethidium bromide to a final concentration of 0.5 μg/mL. Ten microlitres of each PCR product 

was combined with 5 μL of 2X gel loading buffer (0.09% bromophenol blue, 13% sucrose) 

and loaded onto the gel. Gels were then run in TBE buffer at 50-100 milliAmps using 

specialised gel electrophoresis apparatus (Bio-rad) for 20-60 minutes until the bromophenol 

blue band reached the end of the gel. 

All restriction digest products were run on 4% 3:1 gels of 3-6 cm in length. These were 

prepared in a similar manner to 4% 2:1 gels except a ratio of 3:1 Omnigel-Sieve Agarose: 

Agarose I was used, and ethidium bromide was added to a final concentration of 1 μg/mL. Six 

microlitres of 6X gel loading buffer (0.27% bromophenol blue, 40% sucrose) was combined 

with 30 μL of digest product and 20-30 μL loaded onto the gel. Gels were then run in TBE 

buffer at 50-100 milliAmps for 30-60 minutes until the bromophenol blue band reached the 

end of the gel. 

Ten microlitres of pUC19/HpaII DNA size marker (50 μg/mL in 0.03% bromophenol blue, 

4% sucrose) was also run with each gel to allow product size determination. 

Completed gels were exposed to ultraviolet light using a UV transilluminator and fluorescent 

bands photographed using a digital camera for analysis. 
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2.1.2.4. C1236T PCR-RFLP assay development 

2.1.2.4.1. Polymerase chain reaction 

For C1236T PCR, the close proximity of the G1199A and C1236T SNPs (separated by only 

31 base pairs, see Appendix C) allowed the use of the same forward primer (MDR-24, Table 

2-1) as for G1199A, with the reverse primer (C1236-R, Table 2-1) the same as a common 

reverse primer previously designed by Dr Janet Coller for use in the allele-specific PCR assay 

mentioned previously.  

C1236T PCR reactions were prepared using standard procedure (see section 2.1.2.3), and 

initially tested using the same reaction conditions as for A61G and G1199A PCR (see Table 

2-2). C1236T PCR products were run on a 4% 2:1 gel and photographed using standard 

procedure (see section 2.1.2.3.3). The expected size of the C1236T PCR product is shown in 

Table 2-1. 

2.1.2.4.2. Restriction enzyme digest 

For the C1236T restriction digest, two different restriction enzymes were trialed, Hpy188I and 

Eco0109I. The recognition sequence of Hpy188I is 5’-TCNGA-3’ (where N can be any 

nucleotide), as such, it should recognize and cleave the variant, but not the wild-type, 

sequence at the C1236T locus. It should also recognize and cleave three other sites within the 

C1236T PCR product regardless of sequence at the C1236T locus. As such, 4 digest 

fragments of 302, 93, 76 and 56 bp would be expected to be produced from wild-type PCR 

product, whilst the variant PCR product should be cleaved to 5 fragments of 170, 132, 93, 76, 

and 56 bp. The tested digest conditions were: 1X manufacturer’s enzyme buffer, 5 Units of 

Hpy188I, and 20 μL of PCR product in a final volume of 30 μL. Digest reactions were tested 

at 37°C for 2, 4 or 16 hours, followed by 20 minute enzyme deactivation at 65°C and 4°C 

storage. Digest products were run on a 4% 3:1 gel and photographed using standard procedure 

(see section 2.1.2.3.3).  
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For Eco0109I, the recognition sequence, 5’-PuGGNCCPy-3’ (where Pu is either an A or G, 

Py is either a C or T, and N can be any nucleotide), recognizes and cleaves the wild-type, but 

not the variant, sequence at the C1236T locus. As such, wild-type PCR products are cleaved 

to give two fragments at 251 and 276 bp, whilst variant PCR products are uncleaved and give 

a single undigested 572 bp product. The tested digest conditions were: 1X manufacturer’s 

enzyme buffer, 0.1 mg/mL BSA, 5 Units of Eco0109I, and 20 μL of PCR product in a final 

volume of 30 μL. Digest reactions were tested at 37°C for 2, 4 or 16 hours, followed by 20 

minute enzyme deactivation at 65°C and 4°C storage. Digest products were run on a 4% 3:1 

gel and photographed using standard procedure (see section 2.1.2.3.3).  

Restriction digests using Hpy118I and Eco0109I were tested and optimised using control 

DNA samples of known (sequenced) C1236T genotypes.  

2.1.2.5. Assay quality control. 

For each run of samples in a PCR or restriction digest reaction, a negative control (no 

genomic DNA) reaction was performed to confirm that there was no contamination of the 

master mixes, and hence no non-specific bands. In addition, for each assay a set of control 

samples of known genotype (a homozygous wild-type, a homozygous variant, and a 

heterozygote) were also included with each run of samples to confirm correct genotype-

specific digestion patterns. The genotype of each control sample had previously been 

confirmed by sequencing using BigDye v3.0 chemistry analysed on an ABI Prism 7700 

sequencer at the sequencing facility of the Institute of Medical and Veterinary Science 

(Adelaide, South Australia). 

SNP genotype frequencies within the study populations described in Chapters 3 and 4 were 

tested for Hardy-Weinberg Equilibrium by Chi-square test (or Fisher’s Exact Test for SNPs 

with insufficient homozygous variant frequencies) as an additional check for potential 

genotyping errors. 
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2.1.3. Results 

The optimized PCR and digest conditions for all ABCB1 PCR-RFLP assays are shown in 

Table 2-2 and Table 2-3, respectively. 

Table 2-2. Optimal polymerase chain reaction conditions. 

Assay ►  A61G, G1199A, C1236T G2677T C3435T 
Master mix (per reaction):    
[PCR reaction buffer] 1X 1X 1X 
[dNTPs] (μM each) 50 50 50 
[Primers] (μM each) 0.1 0.1 0.1-0.2* 
Taq DNA polymerase (Units) 2.5 2.5 2.5 
    
DNA template (ng) 100 100 100 
Final reaction volume (μL) 30 30 30 
    
Cycling conditions:    
Initial denaturation 94�C: 5 min 94�C: 5 min 94�C: 5 min 
           Denaturing 94�C: 30 sec 94�C: 30 sec 94�C: 30 sec 
           Annealing   60�C: 30 sec 60�C: 30 sec 60�C: 30 sec 
           Elongation 72�C: 1.5 min 72�C: 1.5 min 72�C: 1.5 min 
           Number of cycles 35 35-45* 35-45* 
Final elongation 72�C: 5 min 72�C: 5 min 72�C: 5 min 
Storage 4�C 4�C 4�C 
*See section 2.1.3.1. 

Table 2-3. Restriction digest enzymes for PCR-RFLP analysis. 

SNP Enzyme Recognition 
sequence Reaction conditions Fragment 

length (bp) 

A61G TaqI or 
TaqαI 

5’T↓CGA3’ 
3’AGC↑T5’ 1 Unit: 16 h @ 65°C Wt: 179 

V:  146 + 33 

G1199A Eco57I 
or AcuI 

5’CTGAAG(N)16↓3’ 
3’GACTTC(N)14↑3’ 

2.5 Units: 16 h @ 37°C,  
20 min @ 65°C 

Wt: 206 + 52 
V:  258 

C1236T Eco0109I 5’RG↓GNCCY3’ 
3’YCCNG↑GR5’ 

5 Units: 16 h @ 37°C,    
20 min @ 65°C 

Wt: 251 + 276 
V:  527 

G2677T BanI 5’G↓GYRCC3’ 
3’CCRYG↑G5’ 

4 Units: 16 h @ 37°C,    
20 min @ 65°C 

Wt: 198 + 26 
V:  224 

C3435T Bsp143I 
or DpnII 

5’↓GATC3’ 
3’CTAG↑5’ 

5 Units: 16 h @ 37°C,    
20 min @ 65°C 

Wt: 145 + 62 
V:  207 

TaqI and TaqαI; Eco57I and AcuI, and; Bsp143I and DpnII, are isoschizomers. ↓ and ↑ indicate 

cleavage sites, R = A or G, Y = C or T, bp = base pairs, Wt = Wild-type fragment, V = Variant 

fragment.  
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A/G    G/G     A/A      G/A     G/G      A/A    G/T      T/T      G/G    C/T      C/C      T/T 
bp 

 

501/489 
404 
331 
242 
190 
147 

110/111

2.1.3.1. A61G, G1199A, G2677T, C3435T 

The assays for A61G and G1199A remained unchanged from the original protocols, and 

examples of their restriction digest patterns are shown in Figure 2-1. For the G2677T and 

C3435T assays, it was occasionally difficult to visualize the digested bands of heterozygous 

patient samples. As such, primer concentrations were doubled (from 0.1 to 0.2 μM) for the 

C3435T PCR, and the number of cycles for both G2677T and C3435T PCR increased from 

35 to 45 cycles. This resulted in increased PCR product for digestion, and easier detection of 

bands following digestion (Figure 2-1). 

               M               A61G                      G1199A                   G2677T                    C3435T 
 

 

 

Figure 2-1. Restriction fragment patterns for A61G, G1199A, G2677T and C3435T SNP 

genotypes.  

M: pUC19/HpaII DNA molecular weight marker; bp: size of marker bands in base pairs. 

2.1.3.2. C1236T 

For the C1236T PCR-RFLP assay, using the same PCR conditions as for A61G and G1199A 

produced a clear and specific amplified product of 527 bp. Hpy199I digestion failed to 

distinguish homozygous variant and heterozygous genotypes under all conditions tested. 

Alternatively, using the optimized conditions shown in Table 2-3, Eco0109I digestion 

successfully and consistently differentiated between C1236T genotypes (see Figure 2-2). 

 

 

Figure 2-2. Optimised Eco0109I restriction fragment patterns for C1236T genotypes.  
bp: size of marker bands in base pairs; M: pUC19/HpaII DNA molecular weight marker; 1: no 

template control; 2: heterozygous genotype (C/T); 3: homozygous variant genotype (T/T); 4: 

homozygous wild-type genotype (C/C). 

bp 
 

501/489 
404 
331 
242 
190 

M        1         2         3         4 
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2.1.4. Discussion 

The PCR-RFLP assays for A61G and G1199A remained the same as those based on the 

methods described by Cascorbi and colleagues (2001) and previously optimized in our 

laboratory. Alternatively, whilst allele-specific detection of SNPs is generally more efficient 

than the PCR-RFLP process, existing allele-specific PCR assays for C1236T and G2677T 

genotyping were found to be unacceptably prone to non-specific amplification, particularly in 

the hands of different investigators in the laboratory. As such, because detection of these 

SNPs was required for other projects, assays more robust to variability between investigators 

were required. Fortunately, a previously optimised PCR-RFLP assay for G2677T genotyping 

was already available for use (with minor adjustments), therefore, this more robust method 

was applied for detection of G2677T SNPs. For C1236T genotyping, a new PCR-RFLP 

method was successfully developed, optimized and validated. For existing PCR-RFLP assays 

for G2677T and C3435T SNPs, slight adjustments to the PCR procedures were required in 

order to increase the amount of PCR products available for digestion, and thus allow 

improved and consistent visualization of restriction digest fragment patterns. Otherwise, the 

PCR-RFLP methods for G2677T and C3435T remained largely the same as those previously 

optimized in our lab. 

2.1.5. Conclusion 

These optimized PCR-RFLP assays for the detection of A61G, G1199A, C1236T, G2677T 

and C3435T SNPs of ABCB1 were robust and reproducible. In addition, the inclusion of 

sequenced genotype controls in each assay run ensured the accurate determination and 

interpretation of genotypes, as well as a continuous confirmation of assay accuracy. These 

assays were employed for the ABCB1 genotyping of all subjects in the retrospective clinical 

studies (described in Chapters 3 and 4) and prospective ex vivo study (see Chapter 5).  
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2.2. Estimation of haplotypes and linkage disequilibrium 

2.2.1. Introduction 

Individual genotypes can prove informative in pharmacogenetic analyses, however, where a 

gene such as ABCB1 contains multiple polymorphic loci, a consideration of the combined 

effects of these mutations may give a more accurate prediction of the overall phenotype. This 

combination of mutations located on a single chromosome is referred to as a haplotype. In 

terms of genotypes, an individual possesses two alleles at any one mutation site (locus), one 

from the mother and one from the father. In a similar manner, each person has two haplotypes 

(which may be the same or different), consisting of a set of alleles from the mother, and a set 

of alleles from the father. This pair of haplotypes is an individual’s diplotype. 

Whilst technologies are available for the direct determination of haplotypes, most studies, 

including this one, determine genotypes at each locus (i.e. each SNP) separately and, as such, 

the possible combinations of alleles in haplotypes can be ambiguous. As shown in Figure 2-3, 

an individual with more than one heterozygous locus can have multiple possible combinations 

of alleles, each forming different haplotypes and hence diplotypes (haplotype pairs).  

 

a) Unambiguous genotype combination

A/A B/b   C/C D/D

One possible haplotype pair

A-B-C-D
A-b-C-D

b) Ambiguous genotype combination

A/a   B/b   C/C D/d

Multiple possible haplotype pairs

A-B-C-D A-B-C-d A-b-C-D A-b-C-d
a-b-C-d , a-b-C-D , a-B-C-d , a-B-C-D

 
Figure 2-3. Examples of possible haplotype pairs (diplotypes) formed from unambiguous 

(a) and ambiguous (b) genotype combinations.  

Letters (A, B, C, or D) designate different loci. Uppercase bold and lower case letters designate wild-

type and variant alleles, respectively, at each locus. 



Chapter 2. Determination of ABCB1 genotypes and haplotypes 
 

 

Daniel T Barratt, PhD Thesis 2010 75 

In the absence of familial data, the haplotypes of ambiguous genotype combinations can be 

estimated using mathematical algorithms. Briefly, these methods employ statistical 

mathematics to predict the most likely combination of alleles on a chromosome (for a set of 

given genotypes) based on the observed population distribution and frequency of genotypes, 

their observed combinations within individuals, and the observed frequency of specific 

combinations within the population. 

Once the haplotype distribution of a population has been determined, it is also possible to 

determine the linkage disequilibrium (LD) between mutations. That is, the non-random 

association of two alleles of different loci (mutations) with each other, more or less so than 

would be expected from a random distribution of alleles based on their individual frequencies. 

Strong LD can be an indicator of numerous factors such as genetic linkage, recombination and 

mutation rates, genetic drift and/or population structures, among others (Hedrick, 2005). 

However, in the case of the studies in this thesis, analysis of LD was employed simply to 

confirm an accurate haplotype prediction, by replicating previous observations of strong LD 

between the C1236T, G2677T and C3435T SNPs of ABCB1 (see Chapter 1, section 1.6.3).  

The degree of LD between two loci can be expressed as D, D’ or r2. Lewontin’s D is a 

measure of the difference between the observed haplotype frequency, and the haplotype 

frequency expected (in the absence of LD) based on the frequency of the alleles at each locus. 

Alternatively, D’ represents the amount of LD (i.e. Lewontin’s D) normalized to the 

maximum LD possible given the allele frequencies at each locus, where D’ = 1 indicates 

complete LD (i.e. no recombination between loci). Care is needed when interpreting D’ 

values as they can be inflated in small sample sizes, or when allele frequencies are low. 

Alternatively, r2 is a measure of how well an allele at one locus predicts an allele at the other, 

where an r2 = 1 indicates that not only does D’ = 1 (and hence there is complete LD), but the 

allele frequencies of the two loci are also equal, meaning that one allele at one loci will 
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always predict the allele at the other. This also means that where allele frequencies between 

loci differ, r2 will be low, even though D’ (and thus LD) may be high. Therefore, both D’ and 

r2 must be interpreted with caution (and preferably together) when assessing the LD between 

two loci. P-values can also be calculated for measures of LD using chi-square test, however, 

these also need to be interpreted with caution, as in large sample sizes, statistically significant 

P-values are often observed even for low LD values (Barnes, 2007).  

No methods for estimating haplotype phase and analysing LD had previously been used in our 

laboratory. Therefore, a protocol for predicting haplotypes and analyzing LD from ABCB1 

SNP data needed to be established and validated, preferably using existing statistical software. 

2.2.2. Methods 

2.2.2.1. Haplotype estimations 

ABCB1 haplotype estimations were performed using PHASE version 2.1 software (Stephens 

et al., 2001; Stephens & Donnely, 2003) which is freely available for download from 

http://www.stat.washington.edu/stephens/software.html. Briefly, the PHASE program 

employs a Bayesian statistical method for the estimation of haplotypes based on population 

genotype data. The PHASE program was chosen because it can handle small amounts of 

missing genotype data, as well as perform case-control permutation tests to test for significant 

differences in haplotype distributions between different populations. PHASE was also chosen 

because, in simulation experiments, it was found to have half the error rate of other methods 

employing expectation-maximisation algorithms (Stephens & Donnely, 2003).  

Input files were formulated in Microsoft® Notepad according to PHASE program instructions 

and saved as filename.inp files. Input files specified: the number of individuals to be analysed 

(n); the number (5), relative position (11612975 11662641 11662849 11681078 11703063) 

and type (all SNPs = SSSSS) of loci to be analysed; and for each individual, their case-control 
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status (0 or 1), their subject number (#xxx), and their genotypes. Any missing genotype was 

denoted with a ? character. An example input file is shown in Figure 2-4. 

8 – Number of individuals 
5 – Number of loci 
P 11612975 11662641 11662849 11681078 11703063 – Relative genomic positions of loci 
SSSSS – Type of loci (S = SNPs) 
0 #5  Subject number 
AGCGC 
GGTTT 
0 #6 
AGTGT 
GGTTT     Unknown genotype (C1236T) 
0 #7 
AG?GC 
AG?TT 
0 #8    Group label. 0 = control, 1 = case 
AG?GC 
AG?TT 
1 #14 
AGCGC 
GGTTT 
1 #15 
AGCGC 
AGCTT 
1 #16 
AGTGT 
GGTTT 
1 #18 
AGTGT 
GGTTT 

Figure 2-4. Example input file for PHASE version 2.1. 

PHASE runs were executed in MS-DOS mode using the following command line; 

./PHASE –c1000 filename.inp filename.out 

The –c1000 flag indicates the presence of case-control designations and initiates a case-

control permutation test of 1000 permutations. Filename.inp designates the input file, and 

filename.out designates the desired name of PHASE output files. The only alteration from 

PHASE default parameters was an increase from 100 to 1000 permutations for the case-

control permutation analysis. 

2.2.2.1.1. Validation of haplotype estimations 

For validation of the PHASE haplotype estimation, haplotype predictions were performed 

using an initial data set of 60 non-opioid-dependent control, 60 MMT, and 32 BMT subjects 

Genotype (C3435T) 
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who had already been genotyped as part of the first retrospective study (see Chapter 3). Of 

these subjects, 14 had missing genotype data for the C1236T SNP. As per PHASE 

recommendations, the algorithm was applied 5 times using different seeds for the random 

number generator (using the –S flag), and the consistency of results checked by examining the 

haplotype designations for each subject, the population haplotype frequency estimates, and 

the goodness-of-fit measures for each run. 

2.2.2.2. Linkage disequilibrium 

Linkage disequilibrium was assessed using Arlequin version 3.11 software (Excoffier et al., 

2005) freely available for download from http://cmpg.unibe.ch/software/arlequin3/. Briefly, a 

project file was formulated in Microsoft® Notepad according to Arlequin templates to allow 

for the input of haplotype data in the form of the absolute number of each haplotype observed 

in the population based on PHASE results. An example project file is shown in Figure 2-5. 

[Profile] 
     NbSamples=1 # - {Number of separate ‘populations’ to be tested} 
     DataType=STANDARD  
     GenotypicData=0 
     GameticPhase=1 
     LocusSeparator=NONE 
     RecessiveData=0 
     MissingData='?' 
     Frequency=ABS 
     FrequencyThreshold= 1.0e-5 
     EpsilonValue= 1.0e-7 
 
[Data] 
 
[[Samples]] 
 
     SampleName="Name of Population number 1" 
     SampleSize=15             Number of times haplotype h1 
    SampleData={    (AGCGC) is observed in population  
        h1       5     AGCGC (based on PHASE results) 
        h2       6     AGTTT 
        h3       3     AGCTT 
        h4       1     AGCGT 
     }                           

Figure 2-5. Example input file for Arlequin version 3.11. 
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Whilst Arlequin is capable of performing its own haplotype predictions from unphased 

genotype data, this format allowed for the input of haplotype data (of known gametic phase) 

from the PHASE predictions already performed. This not only saved time, but also took 

advantage of the superior algorithm employed by PHASE for haplotype estimations. 

Furthermore, LD analyses by Arlequin are based simply on the relative frequencies of phased 

haplotypes, and do not use any information from raw unphased genotype data, or even the 

confidence of its own haplotype predictions. Therefore, no information relevant for LD was 

lost by omitting the phase prediction step in Arlequin.  

The Arlequin program was able to compute the D, D’ and r2 coefficients of LD, as well as 

perform an ‘Exact test of linkage disequilibrium’ (Raymond & Rousset, 1995) for statistical 

significance, for each pairwise comparison of loci. 

2.2.3. Results 

2.2.3.1. Haplotype estimations 

Using the validation set of 152 subjects, PHASE identified 13 haplotypes of ABCB1 within 

the population. By far the most common haplotypes were the wild-type AGCGC (61A-

1199G-1236C-2677G-3435C, 31%) and the AGTTT (31%) haplotypes. For 151 of the 152 

individuals, their designated haplotypes did not change between replicate runs using different 

random number seeds. However, 4 out of the 5 replicate runs designated one subject (who had 

missing C1236T genotype data) as AGTTT/GGTGT (36-37% confidence), with one replicate 

designating the subject as AGTGT/GGTTT (34% confidence).  

For the observed haplotypes, frequency estimates did not change significantly between 

replicate runs using different random number seeds (coefficients of variation (CVs) less than 

10%). Variability between runs was inversely correlated with the overall frequency of the 
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haplotypes, such that haplotypes with a frequency estimate of greater than 5% had the least 

variability between runs (CVs = 0.5-2.3%).  

PHASE was able to estimate ambiguous phase calls with an average confidence probability of 

92% at the genotype level, and 79% for the diplotypes overall. The distributions of confidence 

probabilities for each loci and for the final diplotypes are shown in Figure 2-6 (those subjects 

with unambiguous genotypes, that is confidence probabilities of 1, are not shown). As would 

be expected, haplotypes of subjects with missing genotype data (open circles) were estimated 

with the least confidence.  

Goodness-of-fit measures did not differ between replicate runs with different seeds (mean � 

SD: -488 � 2.0, -488 � 1.8, -489 � 2.4, -488 � 2.0, and -488 � 2.2). 

 

A61G G1199A C1236T G2677T C3435T Diplotypes
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Figure 2-6. Confidence probabilities of ambiguous phase calls made by PHASE for each 

individual locus, and for the overall diplotype prediction.  
Each point represents a subject with ambiguous gametic phase. Hollow circles represent subjects with 

missing genotype data at the C1236T SNP. 
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2.2.3.2. Linkage disequilibrium 

Using the absolute haplotype frequencies of the validation set of samples from PHASE, 

Arlequin was able to calculate the pairwise D, D’ and r2, as well as perform an ‘Exact test for 

linkage disequilibrium’ for each pair of ABCB1 loci. As expected from previous ABCB1 

haplotype studies (Kim et al., 2001; Kroetz et al., 2003), incomplete but statistically 

significant LD was reported between 1236T and 2677T (D’ = 0.6, r2 = 0.3), 2677T and 3435T 

(D’ = 0.6, r2 = 0.3), and 1236T and 3435T (D’ = 0.8, r2 = 0.4) SNPs (P < 0.00001 for all). 

Significant LD was also observed between 61G and 1236T, 1199G and 1236T, 61G and 

3435T, and 1199G and 3435T alleles, however, the interpretation of the extent of LD between 

these loci is difficult due to the low frequency of A61G and G1199A variants (see section 

2.2.2.2). 

2.2.4. Discussion 

Validation of PHASE inference of haplotypes from ABCB1 genotype data was performed 

according to recommendations of the program creators. For subjects with complete genotype 

data, PHASE consistently predicted individual diplotypes between runs, with a median 

confidence of 89% (range: 54-99%) for haplotype calls. Alternatively, haplotypes of subjects 

with missing genotype data were generally called with lower confidence (36-60%). 

Furthermore, one individual was designated a different diplotype for one of the replicate runs. 

However, this ambiguity is likely due to a combination of the absence of C1236T genotype 

data, and the presence of a rare mutation of A61G in this subject. 

Goodness-of-fit measures generated by PHASE did not differ between runs, indicating that 

the estimated haplotypes fitted well with the default recombination model employed and that 

the fit was robust. Further validation of the PHASE haplotype estimation can also be found in 

the high frequency of wild-type AGCGC and triple variant AGTTT haplotypes, implying a 

high degree of LD between the 1236, 2677 and 3435 variant alleles, in line with previous 
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investigations of ABCB1 genetic variability (Kim et al., 2001; Kroetz et al., 2003). LD 

analysis with Arlequin confirmed the presence of significant (but incomplete) LD between the 

variants at these three loci. 

2.2.5. Conclusion 

PHASE was validated as an accurate and robust tool for the estimation of ABCB1 haplotypes 

from complete genotype data. However, whilst PHASE was able to estimate haplotypes for 

individuals with missing genotype data, it did so with greater variability and lower 

confidence. Therefore, haplotype estimations for subjects with missing genotype data should 

be treated with caution. Finally, PHASE was able to perform case-control permutation 

analyses to test for significant inter-population differences in haplotype distribution, and 

haplotype data from PHASE was easily transferred to Arlequin for the calculation of pairwise 

LD parameters. 

These methods were employed for the determination of ABCB1 haplotypes (and LD) of 

subjects in the retrospective clinical studies described in Chapters 3 and 4. PHASE 

predictions were re-validated using the full data sets from these studies (see results sections of 

Chapters 3 and 4), and case-control permutation tests used to detect differences in haplotype 

distributions between opioid-dependent and control populations, as well as between treatment 

outcome groups. The PHASE protocols were also employed for the determination of ABCB1 

haplotypes in the prospective ex vivo study discussed in Chapter 5. 

2.3. Summary 

In addition to optimizing existing genotyping assays for the A61G, G1199A, G2677T and 

C3435T mutations of ABCB1, a PCR-RFLP method for identification of the C1236T SNP of 

ABCB1 was developed and validated. Furthermore, statistical methods for the estimation of 

ABCB1 haplotypes and LD were also developed and optimised. These methods were applied 
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for the genotype and haplotype analysis of subjects taking part in the clinical studies 

described in Chapters 3, 4 and 5. 
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Chapter 3. ABCB1 pharmacogenetics in standard dose opioid substitution treatment 

3.1. Introduction 

As discussed already, P-gp activity could potentially influence the CNS distribution of 

morphine following illicit heroin or morphine use. It may also play a role in the distribution of 

opioid peptides of the endogenous reward system. As such, P-gp may have the ability to 

modulate the rewarding/euphoric effects of illicit opioids, as well as the development and 

severity of opioid dependence. Therefore, it was hypothesised that ABCB1 mutations, causing 

variability in P-gp activity, could provide a genetic basis for individual differences in risk and 

severity of opioid dependence.  

In addition, it was hypothesised that an impact of ABCB1 genetic variability on the 

pharmacokinetics of substitution opioids such as methadone and buprenorphine, by 

modulating their CNS distribution, could also directly (and predictably) influence patient 

responses to maintenance therapies for opioid dependence. Such a predictor of drug response, 

and hence daily dose requirements, could provide clinicians with a useful dose optimization 

tool for the successful treatment of opioid dependence. Alternatively, a clear understanding of 

the impact of ABCB1 genetic variability on methadone’s plasma PK/PD relationship may 

provide a significant aid for individualizing target plasma concentrations as part of potential 

future MMT therapeutic drug monitoring.  

Finally, it was also hypothesised that ABCB1 genotypes or haplotypes may also help in 

identifying those maintenance patients at higher risk of in-treatment withdrawal, adverse 

opioid side-effects, continued illicit opioid use and/or treatment drop-out. This in turn may 

provide vital additional decision support regarding the determination of optimal treatment 

approaches, the need for (and level of) in-treatment monitoring, and/or an increased provision 

of ancillary services. 
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3.2. Aims 

To test these hypotheses, this retrospective study aimed firstly to compare ABCB1 genetic 

variability between opioid-dependent individuals and non-opioid-dependent controls, in order 

to elucidate its general role in the development of opioid dependence. Secondly, it aimed to 

examine ABCB1 genetic variability in opioid maintenance treatment patients to determine its 

impact on treatment parameters such as dose requirements and treatment response. 

3.3. Materials and methods 

3.3.1. Subjects 

A total of 78 opioid-dependent subjects receiving MMT, 30 opioid-dependent subjects 

receiving BMT, and 98 non-opioid-dependent controls were investigated in this study, all of 

whom were Caucasian.  

All opioid-dependent subjects had taken part in one of 6 clinical studies conducted by the 

Discipline of Pharmacology during the time period from January 2001 to June 2008. For these 

studies, opioid-dependent subjects had originally been recruited from clinics of the Drug and 

Alcohol Services South Australia, Yatala Labour Prison, Adelaide Pre-Release Centre, 

Adelaide Midnight Pharmacy, the Byrne Surgery (Redfern, NSW) or via South Australian 

private prescribers. All opioid-dependent subjects were receiving, or about to receive, 

substitution treatment with methadone or buprenorphine at the commencement of the original 

clinical studies.  

All available opioid-dependent subjects were included in the analyses of pre-treatment data 

such as prior drug use and previous treatment episodes (see sections 3.3.4 and 3.3.5.1). 

However, only subjects in the stable maintenance phase of treatment (that is, in treatment for 

at least 1 month, and on a dose that had been individually optimized and had not changed for 

at least 2 weeks) for a period during the original clinical trials were included in analyses of in-
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treatment parameters (such as opioid requirements and adverse events, see sections 3.3.4 and 

3.3.5.2), with the exception of treatment outcome (see sections 3.3.4.2 and 3.3.5.2). Twenty-

five of the opioid-dependent subjects had also taken part in a trial examining the safety of 

MMT and BMT in pregnancy, and as such, were pregnant during the original clinical study. 

Since this may have had a significant bearing on dose requirements, as well as treatment 

choice, motivation and hence response, these pregnant subjects were also excluded from all 

in-treatment analyses (including treatment response).  

Non-opioid-dependent controls were healthy subjects free from disease and drug addiction 

who had also previously participated in clinical studies conducted by the Discipline of 

Pharmacology during the time period from January 2001 to June 2008. 

All studies were approved by the Royal Adelaide Hospital Research Ethics Committee and 

the University of Adelaide Research Ethics Committee. All subjects provided written 

informed consent. 

3.3.2. ABCB1 genotyping 

Genomic DNA was isolated from whole blood or tissue samples and genotyped for the A61G, 

G1199A, C1236T, G2677T and C3435T SNPs of ABCB1 using procedures described in 

Chapter 2, section 2.1.  

3.3.3. Haplotype prediction and linkage disequilibrium 

Only subjects that had been genotyped for 4 or more SNPs were included in the haplotype 

estimation by PHASE. MMT (n = 78), BMT (n = 30) and control subjects’ genotype data (n = 

79) was entered into a single PHASE input file, with healthy controls flagged as ‘controls’, 

and opioid-dependent subjects (MMT and BMT subjects) flagged as ‘cases’. Haplotypes were 

then estimated using the methods described in Chapter 2, section 2.2.2.1 The validity of 

PHASE haplotype predictions were checked again (using random seed replicates) as 
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described previously (Chapter 2, section 2.2.2.1.1), then a case-control permutation test 

comparing population haplotype frequencies between opioid-dependent (BMT and MMT 

subjects combined) and control subjects was performed (see Chapter 2, section 2.2.2.1).  

In addition to recording the population frequency estimates for each haplotype from the 

PHASE output, ‘observed’ haplotype frequencies were calculated for the opioid-dependent 

(MMT and BMT subjects combined) and control subject groups based on each individual’s 

predicted haplotypes (after excluding subjects with phase call probabilities less than 0.7).  

The total (opioid-dependent and control combined) subject haplotype distribution from 

PHASE was then used for calculating linkage disequilibrium between loci in Arlequin (see 

Chapter 2, section 2.2.2.2). 

3.3.4. Subject data 

Subject demographics, drug use histories and maintenance treatment data were obtained from 

the original clinical study case notes. MMT and BMT subjects’ age of first daily heroin use, 

and the number of any prior methadone or buprenorphine maintenance treatments were 

recorded, as were their self-reported heroin use for the month prior to entering treatment 

(recorded as the mean monetary amount in Australian dollars of heroin used per day), and any 

self-reported use of other drugs prior to treatment. For subjects who were commencing 

treatment at entry to the original studies, urine drug screen results were also used to identify 

pre-treatment drug use.  

For MMT and BMT subjects receiving some form of intervention during the course of the 

original studies (i.e. additional drug treatment or any other deviation from standard 

substitution treatment protocol), daily dose requirements were recorded as the doses received 

at the time of study screening (n = 28 MMT and all 16 BMT subjects). Otherwise, the dose 

received at the final study session was used as the measure of maintenance dose requirement 
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(n = 34 MMT subjects). Trough (~24 hours post-dose) plasma concentrations of (R)- and (S)-

methadone (Ctrough, ng/mL) were known for 41 MMT subjects, and Ctrough values for 

buprenorphine and norbuprenorphine were known for 13 BMT subjects. All subjects with 

Ctrough values had matching dose data allowing for the calculation of dose-adjusted Ctrough 

(Ctrough/dose (ng.mL-1.mg-1) = Ctrough (ng/mL) � dose (mg/day)). For ease of reference, 

buprenorphine and norbuprenorphine Ctrough/dose data are reported as pg.mL-1.mg-1. 

Heroin and other drug use whilst in treatment was determined from subject self-report and 

urine drug screen results. Total self-reported heroin use (in Australian dollars) for the last 

month in treatment was used as the major measure of heroin use during treatment. However, 

where available, plasma morphine concentrations, determined by HPLC analysis (Doverty et 

al., 2001), were also used as indicators of heroin use during treatment. 

3.3.4.1. Opioid withdrawal and adverse effects 

Due to the use of different withdrawal or opioid effect scales and questionnaires between 

studies, specific symptoms listed as part of these questionnaires were chosen to determine 

whether subjects were experiencing withdrawal or adverse opioid effects during the course of 

their treatment. Following the groupings described by Dyer and White (1997), withdrawal 

was defined by the following symptoms: insomnia; muscle/bone/joint pains; nausea; craving; 

and reports of ‘not holding’. Relevant pre-maintenance dose clinical opioid withdrawal scale, 

subjective opioid withdrawal scale, methadone symptoms checklist and visual analogue scale 

scores were converted into nominal (present / not present) values for each of these symptoms. 

These nominal scores were then used to categorise patients into those that had ever 

experienced withdrawal (‘withdrawal-ever’), and whether they experienced withdrawal most 

(greater than 50%) of the time (‘withdrawal-most’). The same procedure was then applied to 

determine whether subjects were experiencing direct opioid effects. This was defined by the 

following physiological symptoms: constipation; dry mouth; and itchy skin/nose (Dyer & 
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White, 1997). The relevant scores obtained following administration of subjects’ maintenance 

doses were then used to categorise patients into those that ever experienced direct opioid 

effects (‘opioid-ever’), and those that experienced direct opioid effects most (greater than 

50%) of the time (‘opioid-most’). 

3.3.4.2. Treatment outcome 

Methadone and buprenorphine treatment outcomes were determined by considering subject 

data spanning the entire period for which they participated in the original clinical studies. 

Measures of treatment outcome were restricted to subject self-report of opioid use, plasma 

morphine concentrations, urine drug screen results, self-report of withdrawal symptoms, and 

treatment attendance. The specific criteria used for determining treatment outcomes are 

shown in Table 3-1. Where a subject had no data for any of these criteria, their treatment 

outcome was not classified. For each measure, individual study protocols and inclusion 

criteria were taken into account, as well as any concomitant medications. Treatment outcomes 

were determined blind to subjects’ ABCB1 genotype status.  

Table 3-1. Criteria for treatment outcome classification. 

 Treatment Outcome Classification 
 Successful Poora 

Total self-reported illicit opioid 
use for last month in treatment � $100 > $100 

Plasma morphine concentration � 2 ng/mL > 2 ng/mL 

Opiate urine screens Negative Positive 

Self-reported withdrawal 
symptomsb < 50% of the time > 50% of the time 

(‘withdrawal-most’) 
aSubjects meeting any of these criteria were classified as having poor treatment outcome. bSee section 

3.3.4.1 for definitions of withdrawal symptoms. 
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3.3.5. Statistical methods 

Two separate groups of analyses were conducted in this study, the first examining the 

relationship between ABCB1 genetic variability and opioid dependence, and the second 

examining the influence of ABCB1 genetic variability on opioid substitution treatment. 

3.3.5.1. ABCB1 genetic variability and opioid dependence 

For this part of the study, all MMT and BMT subjects (including those who were pregnant or 

not stable in treatment) were combined to form a single group of opioid-dependent subjects.  

Individual SNP allele and genotype frequencies were compared between opioid-dependent 

subjects and healthy controls using Fisher’s Exact Test (with Odds Ratio) and Chi-square 

Test, respectively. Where homozygous variant genotypes were too rare to conduct a Chi-

square test, homozygous variant and heterozygous genotypes were combined and the data 

analysed by Fisher’s Exact Test. If one or more of these tests gave a P-value less than 0.1, 

adjusted Odds Ratios were determined by combining genotype data from all 5 SNPs in a 

binary logistic regression model (SPSS for Windows, SPSS Inc., Chicago, IL, USA) (with sex 

as a covariate) to control for potential SNP interactions.  

Genotype frequencies in opioid-dependent and control subjects were tested separately for 

Hardy-Weinberg Equilibrium by Chi-square test (or Fisher’s Exact Test for SNPs with 

insufficient homozygous variant frequencies).  

Haplotype distributions in opioid-dependent and control subjects were compared by case-

control permutation test as described in section 3.3.3., whilst diplotype frequencies were 

compared using Fisher’s Exact Test. Where multiple diplotypes displayed a P-value less than 

0.1 (by Fisher’s Exact Test), their adjusted Odds Ratios were determined by combining them 

in a binary logistic regression model (including sex as a covariate). 
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Age of first regular heroin use and prior heroin use data displayed log-normal distributions 

and therefore were log-transformed before comparing between genotype and haplotype 

groups using either two-tailed Mann-Whitney U Test (non-parametric t-test), or Kruskal-

Wallis Test (non-parametric one-way ANOVA) with Dunn’s Multiple Comparisons post-hoc 

test. The effect of sex on the relationships between genotypes/haplotypes and age of first 

regular heroin use and prior heroin use were determined using two-way ANOVA with 

Bonferroni post-hoc test. 

3.3.5.2. ABCB1 genetic variability and opioid substitution treatment 

For the study of opioid substitution treatment parameters, all pregnant subjects and those not 

on a stabilised dose were excluded, and MMT and BMT subject groups analysed separately.  

Continuous variables (dose, Ctrough, Ctrough/dose) were compared between genotype and 

haplotype groups using either two-tailed Mann-Whitney U Test, or Kruskal-Wallis Test with 

Dunn’s Multiple Comparisons post-hoc test.  

The effect of sex on the relationships between genotypes/haplotypes and continuous variables 

were determined using two-way ANOVA. Where two-way ANOVA detected a significant 

effect, a Bonferroni post-hoc test was used to test for differences between 

genotype/haplotype-matched males and females, whilst two-tailed Mann-Whitney U Test or 

Kruskal-Wallis Test (with Dunn’s Multiple Comparisons post-hoc test) was used to test for 

sex-specific differences between genotypes/haplotypes.  

Since subjects with poor treatment outcomes may not actually be receiving their optimal 

doses, it was important to ensure that their inclusion was not reducing the ability of the study 

to identify associations between ABCB1 genetic variability and effective methadone 

requirements. As such, the effect of treatment outcome on the relationships between 

genotypes/haplotypes and continuous variables was examined in the same manner as sex.  
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To determine any other possible covariates, MMT doses and (R)-methadone Ctrough were 

submitted to multiple linear regression analysis (SPSS) with stepwise inclusion (F probability 

< 0.05) of genotypes and haplotypes with frequencies greater than 5% (A61G, C1236T, 

G2677T, C3435T, AGCGC, AGCGT, AGCTT, AGTGC, AGTTT, GGTTT), sex, age, 

bodyweight, treatment outcome, time in treatment (log-transformed), in-treatment 

amphetamine use, in-treatment benzodiazepine use, in-treatment cannabis use, and in-

treatment cocaine use. Similar multiple linear regression analyses were also performed for 

plasma (R)- and (S)-methadone Ctrough/dose, but without treatment outcome as a covariate. 

Since only 17 MMT subjects had prior heroin use data, this variable was not included in the 

linear regression analyses described above. However, to determine whether this might be an 

important covariate for future studies, the relationship between maintenance doses or plasma 

concentrations and prior heroin use (log-transformed) was examined using Pearson 

correlation tests (in both MMT and BMT subjects).  

Individual SNP allele frequencies were compared between treatment outcome groups 

(successful versus poor, ‘withdrawal-ever’ versus no withdrawal, and ‘opioid-most’ versus 

not ‘opioid-most’) using Fisher’s Exact Test (with Odds Ratio). Where one or more of these 

tests gave a P-value less than 0.1, adjusted Odds Ratios were determined by combining 

genotype data from all 5 SNPs in a binary logistic regression model (with sex and dose as 

covariates) to control for potential SNP interactions.  

Haplotype frequencies were compared between treatment outcome groups using PHASE 

case-control permutation test. If a permutation test returned a significant result, post-hoc 

analysis of individual haplotype frequencies was performed using Fisher’s Exact Test (with 

Odds Ratio). 
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3.4. Results 

Whilst numerous pre- and in-treatment data were available for opioid-dependent subjects, due 

to the retrospective nature of the study, not all data were available for all participants. As 

such, actual n-values are given where data was missing for one or more subjects.  

3.4.1. ABCB1 genetic variability and opioid dependence 

3.4.1.1. Subject demographics 

The opioid-dependent group consisted of 108 subjects (78 MMT and 30 BMT), 60 males and 

45 females (3 subjects had no sex information in case notes), with an average age of 33 years 

(n = 106; range = 19-56). Of the 98 control (non-opioid-dependent) subjects, 45 were males 

and 53 were females, with an average age of 52 years (n = 96; range = 18-80).  

The pre-treatment tobacco, alcohol and illicit drug use demographics of the opioid-dependent 

subjects are shown in Table 3-2. As expected, the vast majority of opioid-dependent subjects 

were daily tobacco smokers, whilst the most commonly used illicit drug other than heroin was 

cannabis (67% of opioid-dependent subjects used daily). Around a third (34%) of opioid-

dependent subjects had previously abused benzodiazepines regularly, whilst regular 

amphetamine, cocaine and excessive alcohol use was relatively rare (17, 2 and 3%, 

respectively). The age of first regular heroin used varied greatly, ranging from 13 to 36 years 

of age, as did the levels of self-reported heroin use prior to entering maintenance treatment 

($10 to $2000 per day). 
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Table 3-2. Pre-treatment alcohol, tobacco and illicit drug use demographics of opioid-

dependent subjects. 

Drug  (Users : Non-users) 
  Alcohola 2 : 69 
  Tobaccob 83 : 3 
  Amphetaminesc 8 : 40 
  Benzodiazepinesc 16 : 31 
  Cannabisb 31 : 15 
  Cocainec 1 : 46 
  

Age of first regular heroin use, n = 71 (median ± SD (range)) 21 ± 6.6 (13-36) 

Heroin use ($/day), n = 55 (median ± SD (range)) 100 ± 298 (10-2000) 
Non-prescription drug use in the month prior to entering maintenance. aAt hazardous levels (greater 

than 40 g/day for males, 20 g/day for females (NHMRC, 2001)). bDaily use. cAt least once a month. $: 

Australian dollars. 

 

3.4.1.2. ABCB1 genotypes 

All 108 opioid-dependent subjects were genotyped for the A61G, G1199A, G2677T and 

C3435T SNPs, whilst only 103 were genotyped for the C1236T SNP (due to a shortage of 

blood samples for 5 subjects). In the control group, 95, 93, 78, 95 and 92 subjects were 

genotyped for the A61G, G1199A, C1236T, G2677T and C3435T SNPs, respectively, with 

77 subjects genotyped for all 5 mutations. Genotype frequencies in both control and opioid-

dependent subject groups did not deviate from Hardy-Weinberg Equilibrium (P > 0.1). 

ABCB1 genotype and variant allele frequencies in opioid-dependent and control subjects are 

shown in Table 3-3. There were no significant differences in SNP allele or genotype 

frequencies between opioid-dependent and control subjects (P > 0.17). 
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Table 3-3. ABCB1 SNP variant allele and genotype frequencies in control (C) and opioid-dependent (OD) subjects. 

  
Subject 
group 

Allele frequency n (%) Genotype frequency n (%) 

SNP WT V OR (95% CI) P  WT/WT WT/V V/V 		2 P 

A61G C 168 (88.4) 22 (11.6) 
0.61(0.31-1.20) 0.17 

 75 (78.9) 18 (18.9) 2 (2.1) 
2.51 0.28 

 OD 200 (92.6) 16 (7.4)  94 (87.0) 12 (11.1) 2 (1.9) 

G1199A C 182 (97.8) 4 (2.2) 
1.30(0.36-4.68) 0.76 

 90 (96.8) 2 (2.2) 1 (1.1) 1.77 
(0.43-7.26)a 0.51 

 OD 210 (97.2) 6 (2.8)  102 (94.4) 6 (5.6) 0 (0.0) 

C1236T C 69 (44.2) 87 (55.8) 
0.75(0.49-1.14) 0.20 

 14 (17.9) 41 (52.6) 23 (29.5) 
1.96 0.37 

 OD 106 (51.5) 100 (48.5)  26 (25.2) 54 (52.4) 23 (22.3) 

G2677T C 100 (52.6) 90 (47.4) 
0.89(0.60-1.32) 0.62 

 19 (20.0) 62 (65.3) 14 (14.7) 
2.18 0.34 

 OD 120 (55.6) 96 (44.4)  30 (27.8) 60 (55.6) 18 (16.7) 

C3435T C 72 (39.1) 112 (60.9) 
0.85(0.57-1.27) 0.48 

 13 (14.1) 46 (50.0) 33 (35.9) 
0.71 0.70 

 OD 93 (43.1) 123 (56.9)  18 (16.7) 57 (52.8) 33 (30.6) 

WT: Wild-type allele. V: Variant allele. OR (95% CI): Odds Ratio (95% confidence interval) of Fisher’s Exact Test. 	2: Chi-square.  
aOR (95% CI) of Fisher’s Exact Test after grouping WT/V and V/V genotypes for control subjects.  
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3.4.1.3. ABCB1 haplotypes 

3.4.1.3.1. Validation check 

Haplotype predictions for each subject did not differ between random seed replicates. 

Similarly, frequency estimates for the observed haplotypes did not change significantly 

between replicates (coefficients of variation (CVs) less than 5%), and CVs were less than 

2.4% for haplotypes with frequencies greater than 5%. PHASE was able to estimate 

ambiguous phase calls with an average confidence probability of 96% at the genotype level, 

and 86% for diplotypes overall. The distributions of confidence probabilities for each locus 

and for the final diplotypes are shown in Appendix B: Figure B-1. Finally, goodness-of-fit 

measures did not differ between replicate runs with different seeds (mean � SD: -600 � 1.9, -

600 � 2.1, -599 � 1.6, -600� 1.9, and -600 � 1.7) (see Chapter 2, section 2.2.2.1.1). 

For 8 subjects (3 controls, 4 MMT and 1 BMT) with 61A/G, 1199G/G, 1236T/T, 2677G/T 

and 3435T/T genotypes, PHASE could not confidently differentiate between the 

AGTGT/GGTTT and AGTTT/GGTGT diplotypes (confidence probabilities around 0.5). 

Therefore, the MMT and BMT subjects with these genotypes were excluded from haplotype 

analyses (other than the PHASE case-control permutation test), as were any other subjects 

with PHASE call confidence probabilities of less than 0.7 (4 MMT, and 3 BMT subjects). 

3.4.1.3.1.1. Linkage disequilibrium 

Linkage disequilibrium values for pairs of ABCB1 loci, as determined by Arlequin, are shown 

in Table 3-4. Significant linkage disequilibrium was reported for multiple pairs of loci, 

however, as expected, only the C1236T-G2677T, C1236T-C3435T and G2677T-C3435T 

pairs had moderate-to-high values for both D’ and r2 (see Chapter 2, section 2.2.1). No two 

loci were in complete linkage disequilibrium. 
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Table 3-4. D’ (shaded) and r2 (unshaded) measures of linkage disequilibrium between 

pairs of ABCB1 SNP variant loci as determined by Arlequin (see Chapter 2, section 

2.2.2.2). 

 61G 1199A 1236T 2677T 3435T  

61G  -1.0 0.942*** 0.378** 1.0***  

1199A 0.003  -1.0** -0.332 -0.829**  

1236T 0.089*** 0.028**  0.661*** 0.746*** D’ 

2677T 0.018** 0.003 0.345***  0.828***  

3435T 0.073*** 0.027** 0.407*** 0.395***   

   r2    

**P < 0.01, ***P < 0.001 by Arlequin Chi-square Test. 

3.4.1.3.2. Haplotype frequencies 

Thirteen different ABCB1 haplotypes were observed among the subjects included for 

haplotype analysis. Of these, 11 were observed in both control and opioid-dependent subjects, 

whilst the AACGT and GGCGT haplotypes were only observed in the opioid-dependent 

population (n = 1 in BMT and 1 in MMT, respectively), albeit at very low frequency (0.5% 

for both). 

Frequencies of individual ABCB1 haplotypes and common diplotypes in controls and opioid-

dependent subjects are given in Table 3-5 and Table 3-6. A PHASE case-control permutation 

test found no significant difference in population haplotype frequency distributions between 

control and opioid-dependent subjects (P = 0.78). There were also no significant differences 

in diplotype frequencies between control and opioid-dependent subjects (P > 0.1). 
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Table 3-5. ABCB1 haplotype frequencies in control and opioid-dependent subjects. 

 Control  Opioid-dependent 

ABCB1 
Haplotypec 

Observeda 
(n = 74) 

Estimatedb 
(n = 79)  Observeda 

(n = 97) 
Estimatedb 
(n = 108) 

nh (%) %  nh (%) % 
AGCGC 48 (32.4) 29.2  63 (32.5) 29.8 
AGCGT 11 (7.4) 7.6  16 (8.2) 8.3 

AGCTC 2 (1.4) 1.8  7 (3.6) 3.8 

AGCTT 4 (2.7) 3.6  12 (6.2) 6.6 

AGTGC 7 (4.7) 5.3  13 (6.7) 7.0 
AGTGT 10 (6.8) 8.2  8 (4.1) 5.9 

AGTTT 46 (31.1) 29.5  59 (30.4) 28.3 

AACGC 2 (1.4) 1.2  3 (1.5) 1.5 

AACGT 0 (0.0) 0.0  1 (0.5) 0.6 

AACTC 2 (1.4) 1.4  1 (0.5) 0.6 

GGCGT 0 (0.0) 0.1  1 (0.5) 0.4 
GGTGT 2 (1.4) 2.5  1 (0.5) 1.7 

GGTTT 14 (9.5) 9.1  9 (4.6) 5.0 

n = number of subjects included in analysis. Total number of haplotypes in population = 2n. aAbsolute 

count of each haplotype (nh) (% observed frequency = (nh/2n) 
 100) after excluding subjects with 

PHASE call probability less than 0.7. bPopulation haplotype frequency estimated by PHASE using 

entire group genotype data. cHaplotype locus order is 61, 1199, 1236, 2677, 3435. Variant loci are 

indicated in bold. 
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Table 3-6. ABCB1 diplotype frequencies in control and opioid-dependent subjects. 

Diplotype Control (N = 74)  
n (%) 

Opioid-dependent (N = 97) 
n (%) 

AGCGC / AGTTT 20 (27.0) 24 (24.7) 
AGCGC / AGCGC 8 (10.8) 8 (8.2) 
AGCGT / AGTTT 4 (5.4) 6 (6.2) 
AGCGC / GGTTT 5 (6.8) 4 (4.1) 
AGTTT / AGTTT 3 (4.1) 6 (6.2) 
AGTGT / AGTTT 4 (5.4) 4 (4.1) 
AGTGC / AGTTT 4 (5.4) 3 (3.1) 
AGCGC / AGTGC 1 (1.4) 6 (6.2) 
AGCGC / AGCGT 1 (1.4) 5 (5.2) 
AGCGC / AGTGT 3 (4.1) 2 (2.1) 
AGCGC / AGCTT 1 (1.4) 4 (4.1) 
AGCTC / AGTTT 1 (1.4) 4 (4.1) 
AGTTT / GGTTT 3 (4.1) 1 (1.0) 
AGCTT / AGTTT 2 (2.7) 2 (2.1) 
AGCGT / AGCGT 2 (2.7) 1 (1.0) 
AGTGC / GGTTT 2 (2.7) 1 (1.0) 
AGTTT / AACGC 1 (1.4) 2 (2.1) 
GGTGT / GGTTT 2 (2.7) 0 (0.0) 
AGCGT / AGCTT 0 (0.0) 2 (2.1) 
AGCTT / AGCTT 0 (0.0) 2 (2.1) 

Other 7 (9.5) 10 (10.3) 
Only diplotypes observed more than once in either subject group are included. Haplotype locus order 

is 61, 1199, 1236, 2677, 3435. Variant loci are indicated in bold. 

3.4.1.4. ABCB1 genetic variability and pre-treatment heroin use 

No significant differences between ABCB1 genotypes (n = 72, P > 0.13) or haplotypes (n = 

62, P > 0.12) were observed for opioid-dependent subjects’ age of first regular heroin use. 

Similarly, there were no significant associations between opioid-dependent subjects’ heroin 

use in the month prior to entering treatment ($AUD/day) and ABCB1 genotypes (n = 55, P > 

0.14) or haplotypes (n = 46, P > 0.17). 
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Two-way ANOVA examining sex as a co-factor revealed no significant sex or gene/sex-

interaction effects for either age of regular heroin use or levels of prior heroin use (P > 0.15 

and 0.06, respectively). 

3.4.2. ABCB1 genetic variability and opioid substitution treatment 

3.4.2.1. Subject demographics 

After excluding all pregnant subjects, 67 MMT and 16 BMT subjects remained. Their 

demographics, drug use and treatment parameters are shown in Table 3-7. 

Treatment outcomes could be determined for 61 MMT and 16 BMT subjects based on the 

criteria set out in Table 3-1 (see section 3.3.4.2.). In addition, two MMT subjects dropped out 

of treatment during the original clinical studies, and as such were automatically classified as 

having poor treatment outcomes. This resulted in overall treatment success rates of around 

56% for MMT and 63% for BMT subjects (Table 3-7). 

 

 

Table 3-7. Demographics, drug use and treatment parameters of methadone (MMT) and 

buprenorphine (BMT) maintenance subjects included in the analysis of ABCB1 genetic 

variability in opioid maintenance treatment. 

 MMT (n = 67) BMT (n = 16) 

Male : Female 51 : 13 9 : 7 

Age (years) (mean � SD (range)) 34 � 8.5 (20-56) (n = 66) 35 � 4.5 (22-42) 

Weight (kg) (mean � SD (range)) 74 � 15.2 (39-127)  
(n = 62) 

80 � 29.5 (54-165)  
(n = 12) 

Age 1st regular heroin use (years) 22 � 5.4 (13-36) (n = 31) 25 � 5.1 (16-35) 

Prior heroin usea ($/day) 110 � 114.7 (40-400) 
(n = 17) 

100 � 252.8 (10-1000)  
(n = 14) 
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 MMT (n = 67) BMT (n = 16) 
Prior other drug use  
(users : non-users)    

  Alcoholb 1 : 22 1 : 14 
  Tobaccoc 46 : 2 15 : 0 
  Amphetaminesd 1 : 23 1 : 1 
  Benzodiazepinesd 10 : 13 0 : 2 
  Cannabisc 13 : 10 0 : 1 
  Cocained 1 : 22 0 : 2 

Prior maintenance treatments (#)  1 � 1.1 (0-4) (n = 51) 1 � 1.3 (0-5) 

Maintenance dose (mg/day)  70 � 40.0 (15-180)  
(n = 62) 9 � 6.0 (2-20) 

Treatment duration (months)  7 � 41.7 (1-208) (n = 62) 6 � 6.6 (2-22) 

In-treatment heroin usee ($/month)  50 � 1073 (0-7000) 
(n = 46) 75 � 73.0 (50-300) 

In-treatment other drug usef  
(users : non-users)   

  Alcohol   
  Tobacco 46 : 2 15 : 0 
  Amphetamines 14 : 33 8 : 8 
  Benzodiazepines 12 : 35 5 : 11 
  Cannabis 23 : 24 13 : 3 
  Cocaine 3 : 44 3 : 13 

Withdrawal (never : ever(most))g 9 : 11(8) 5 : 9(2) 

Opioid adverse effects  
(never : ever(most))g 3 : 15(7) - 

Non-holders (never : ever(most))g  10 : 10(7) 4 : 7(2) 

Treatment outcomes  
(successful : poor) 35 : 28 10 : 6 

Data are median � standard deviation (range) unless otherwise indicated. N-values are given for 

continuous variables where data was not available for all subjects. aDaily monetary amount of heroin 

used per day in the month leading up to treatment. $: Australian Dollars. bAt hazardous levels (greater 

than 40 g/day for males, 20 g/day for females (NHMRC, 2001). cDaily use. dAt least once a month. 
eTotal monetary amount of heroin used in the last month of treatment. fSubjects were a ‘user’ if they 

used a specific drug at least once in the last month of treatment. gNumber of ‘ever’ includes subjects 

designated ‘most’ (see section 3.3.4.1). 
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3.4.2.2. Methadone maintenance treatment 

3.4.2.2.1. Dose requirements 

None of the individual ABCB1 genotypes significantly influenced daily methadone dose 

requirements (Table 3-8).  

Table 3-8. Relationships between daily methadone maintenance dose requirements and 

ABCB1 genotypes. 

SNP Genotype n Methadone dose 
(median �� SD, mg/day) P-valuea 

A61G A/A 54 65.0 � 28.8  
 A/G 6 60.0 � 53.3 1.0 
 G/G 2 62.5 � 3.5  
G1199A G/G 57 65.0 � 32.0 0.8  G/A 5 60.0 � 16.4 
C1236T C/C 15 65.0 � 41.4  
 C/T 33 65.0 � 24.5 0.9 
 T/T 13 60.0 � 35.7  
G2677T G/G 13 65.0 � 40.0  
 G/T 37 65.0 � 26.9 0.9 
 T/T 12 60.0 � 33.9  
C3435T C/C 11 80.0 � 38.9  
 C/T 30 66.5 � 26.7 0.3 
 T/T 21 65.0 � 31.6  

aP-values are from Kruskal-Wallis test or Mann-Whitney U test where appropriate. 

 

In terms of haplotypes, subjects homozygous for the wild-type AGCGC haplotype required 

significantly higher daily methadone doses (102.5 � 41.7 mg/day) than both heterozygous 

AGCGC carriers (60.0 � 27.0 mg/day) and homozygous non-carriers (65.0 � 28.3 mg/day) (P 

= 0.03, Figure 3-1). Daily methadone dose requirements also differed significantly between 

AGCTT haplotype groups (Kruskal-Wallis test P = 0.006), with AGCTT carriers requiring 

significantly lower doses than non-carriers (Dunn’s post test P < 0.05) (Figure 3-1). 

No other haplotypes were associated with methadone dose requirements (P ≥ 0.07, Table 3-9). 
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Figure 3-1. Associations of wild-type AGCGC and variant AGCTT haplotypes of 

ABCB1 with daily methadone maintenance dose requirements.  
*P < 0.05 by Dunn’s Multiple Comparison Test. Lines are medians. Haplotype copy number 0 = non-

carriers; 1 = heterozygous carriers; 2 = homozygous carriers. 

 

Table 3-9. Relationships between daily methadone maintenance dose requirements and 

ABCB1 haplotypes not displayed in Figure 3-1. 

Haplotype Copy # n Methadone dose 
(median �� SD, mg/day) P-valuea 

AGCGT 0 49 65.0 � 32.3 0.8  1 8 67.5 � 22.8 
AGCTC 0 53 65.0 � 31.7 

0.3  1 3 80.0 � 17.6 
 2 1 100 
AGTGC 0 51 70.0 � 31.9 0.07  1 6 55.0 � 11.7 
AGTGT 0 53 65.0 � 40.0 0.8  1 4 77.5 � 37.2 
AGTTT 0 24 60.0 � 37.0  
 1 29 75.0 � 26.4 0.3 
 2 4 55.0 � 26.3  
AACGC 0 54 65.0 � 31.8 0.8  1 3 80.0 � 17.3 
GGTTT 0 52 65.0 � 29.2 

0.6  1 4 97.5 � 50.4 
 2 1 60 

aP-values are from Kruskal-Wallis test or Mann-Whitney U test where appropriate. Variant loci are 

indicated in bold. Copy # 0 = non-carriers; 1 = heterozygous carriers; 2 = homozygous carriers.  
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3.4.2.2.1.1. Covariates 

No significant genotype-sex interactions were detected by two-way ANOVA (% of total 

variation < 11%, P > 0.05) (see Appendix A: Table A-5). 

The influence of sex on the observed link between AGCGC homozygosity and increased 

methadone daily dose requirements could not be assessed due to the absence of homozygous 

wild-type female MMT subjects. However, two-way ANOVA comparing heterozygous 

AGCGC carriers and non-carriers revealed a significant haplotype-sex interaction (8.4% of 

total variation, P = 0.04), suggesting potential sex differences in the impact of AGCGC on 

methadone dose requirements. Male AGCGC homozygotes still required significantly higher 

methadone doses than AGCGC heterozygous carriers and non-carriers (P < 0.05 by Dunn’s 

Multiple Comparison Test, Figure 3-2).  

No significant haplotype-sex interactions were observed for any other ABCB1 haplotypes 

(AGCTT, AGTGC, AGTTT and GGTTT) when analysed by two-way ANOVA (% of total 

variation < 4.5, P > 0.3) (see Appendix A: Table A-5).  
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Figure 3-2. Sex differences in the relationship between the wild-type ABCB1 haplotype 

(AGCGC) and MMT dose requirements.  
*P < 0.05 by Dunn’s Multiple Comparison Test. Lines are medians. Haplotype copy number 0 = non-

carriers; 1 = heterozygous carriers; 2 = homozygous carriers. 
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Whilst two-way ANOVA indicated a significant gene effect for the GGTTT haplotype when 

taking into account treatment outcome (14.7% of total variation, P = 0.004. See Appendix 

A:Table A-6), post-hoc analysis within successful treatment outcome subjects revealed no 

significant differences in dose requirements between haplotype groups (P = 0.3). Treatment 

outcome had no influence on the relationship between other ABCB1 genotypes/haplotypes and 

MMT dose requirements (% of total variation < 8.5, P > 0.08. See Appendix A:Table A-6). 

Multiple linear regression analysis identified the AGCTT haplotype (P = 0.007) and treatment 

outcome (P = 0.036) as statistically significant predictors of MMT dose requirements, whilst 

time in treatment (P = 0.08) was also included in the final model (adjusted r2 = 0.24).   

Self-reported heroin use prior to entering treatment was significantly positively correlated 

with methadone dose (r2 = 0.32, P = 0.03). 

3.4.2.2.2. Trough plasma (R)-methadone concentrations 

Trough plasma (R)-methadone concentrations were significantly higher in subjects who were 

heterozygous (C/T) or homozygous variant (T/T) for the C1236T SNP when compared to 

homozygous wild-type (C/C) subjects (Kruskal-Wallis P = 0.04, Dunn’s post-hoc P < 0.05 for 

C/C versus C/T, Figure 3-3).  

C1236T

C/C C/T T/T
0

100

200

300

400
*

Genotype

C
tr

ou
gh

 (n
g/

m
L)

 
Figure 3-3. Association between ABCB1 C1236T genotypes and trough plasma (R)-

methadone concentrations (Ctrough).  

*P < 0.05 by Dunn’s Multiple Comparison Test. Lines are medians. 
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No other genotypes were significantly associated with (R)-methadone trough concentrations 

(P > 0.2, see Table 3-10). 

Table 3-10. Relationship between (R)-methadone Ctrough requirements and ABCB1 

genotypes not displayed in Figure 3-3. 

SNP Genotype n (R)-methadone Ctrough 
(median �� SD, ng/mL) P-valuea 

A61G A/A 32 112.1 � 56.0  
 A/G 5 95.3 � 119.5 0.6 
 G/G 2 89.1 � 3.6  
G1199A G/G 36 112.1 � 65.0 0.3  G/A 3 97.8 � 39.6 
G2677T G/G 6 111.8 � 18.9  
 G/T 26 106.7 � 67.0 1.0 
 T/T 7 92.0 � 83.6  
C3435T C/C 4 124.5 � 47.5  
 C/T 17 97.8 � 58.5 0.6 
 T/T 18 121.0 � 72.6  

aP-values are from Kruskal-Wallis test or Mann-Whitney U test where appropriate. 

 

For haplotypes, AGCTT carriers had significantly lower Ctrough values than other subjects 

(77.6 � 33.4 versus 124.2 � 64.5 ng/mL, P = 0.01, Figure 3-4). Alternatively, there was 

substantial variation in medians between homozygous AGTTT carriers (173.3 � 80.3), 

heterozygous AGTTT carriers (126.1 � 56.5), and AGTTT non-carriers (89.1 � 66.2) 

(Kruskal-Wallis P = 0.04), but no significant difference between any group pair by Dunn’s 

post-hoc test. As shown in Figure 3-4, a Mann-Whitney U test revealed a significantly higher 

median Ctrough for AGTTT carriers (homozygous and heterozygous carriers combined), when 

compared to AGTTT non-carriers (137.0 � 59.1 versus 89.1 � 66.2, respectively, P = 0.01). 

No other haplotype was significantly associated with (R)-methadone Ctrough among MMT 

subjects (P > 0.3, see Table 3-11). 
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Figure 3-4. Association between ABCB1 haplotypes and trough plasma (R)-methadone 

concentrations (Ctrough).  
*P < 0.05 by Mann-Whitney U test comparing haplotype non-carriers to combined heterozygous and 

homozygous carriers. Lines are medians. Haplotype copy number 0 = non-carriers; 1 = heterozygous 

carriers; 2 = homozygous carriers. 

 

 

Table 3-11. Relationship between (R)-methadone Ctrough requirements and ABCB1 

haplotypes not displayed in Figure 3-4. 

Haplotype Copy # n (R)-methadone Ctrough 
(median �� SD, ng/mL) P-valuea 

AGCGC 0 18 121.0 � 71.9 
0.8  1 15 105.1 � 60.0 

 2 1 124.2 
AGCGT 0 27 105.1 � 64.6 0.3  1 7 126.1 � 71.3 
AGTGC 0 31 108.3 � 67.1 0.8  1 3 124.7 � 42.1 
AGTGT 0 31 108.3 � 66.1 0.6  1 3 151.1 � 64.7 
GGTTT 0 30 112.1 � 57.7  
 1 3 227.6 � 109.2 0.3 
 2 1 91.6  

aP-values are from Kruskal-Wallis test or Mann-Whitney U test where appropriate. Variant loci are 

indicated in bold. Copy # 0 = non-carriers; 1 = heterozygous carriers; 2 = homozygous carriers. 
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3.4.2.2.2.1. Covariates 

A significant gene-sex interaction was detected (20.9% of total variation, P = 0.01) for the 

influence of the C1236T SNP on plasma (R)-methadone Ctrough values, with median Ctrough 

values significantly higher in female T/T subjects (227.6 � 40.6) than male T/T subjects (92.0 

� 56.4, P < 0.05) (see Figure 3-5). In addition, the 3435 T/T variant genotype was associated 

with higher Ctrough values in females, but not males, when compared to C/T genotype subjects 

(genotype effect = 16.7% of total variation, P = 0.02; genotype-sex interaction = 15.9% of 

total variation, P = 0.02). As such, 3435 T/T females had significantly higher median Ctrough 

values (227.6 � 40.6) than female C/T subjects (98.6 � 30.0, P = 0.02) (see Figure 3-5). 

A significant gene-sex interaction was also reported for G2677T genotype (28.2% of total 

variation, P = 0.005), with males and females seemingly displaying opposite 

genotype/haplotype-Ctrough relationships (Figure 3-5). Indeed, female 2677 T/T subjects had a 

significantly greater median Ctrough than male T/T subjects (227.6 � 40.6 versus 84.6 � 29.3, P 

< 0.01. Figure 3-5). However, no statistically significant association between G2677T 

genotype and Ctrough was observed when each sex was analysed separately (P > 0.09).  
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Figure 3-5. Sex differences in ABCB1 genotype-Ctrough relationships for (R)-methadone 

in MMT.  

*P < 0.05 by Dunn’s Multiple Comparison Test. †P < 0.05, ††P < 0.01 by two-way ANOVA 

Bonferroni post-hoc test. Lines are medians. 
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Sex had no significant influence on the relationship between other ABCB1 genotypes (A61G 

and G1199A) or any haplotype and (R)-methadone Ctrough requirements (% of total variation < 

13.0, P > 0.05. See Appendix A: Table A-7). Similarly, treatment outcome did not 

significantly influence genotype- or haplotype-Ctrough relationships (% of total variation < 3.0, 

P > 0.4. See Appendix A: Table A-8). 

Multiple linear regression analysis identified the AGTTT haplotype as the only significant 

predictor of plasma (R)-methadone Ctrough (P = 0.03, final model adjusted r2 = 0.11).  

A positive correlation was observed between plasma (R)-methadone Ctrough and prior heroin 

use (r2 = 0.36, P = 0.02). 

3.4.2.2.3. Methadone pharmacokinetics 

No ABCB1 genotype or haplotype was significantly associated with plasma (R)-methadone 

Ctrough/dose ratios (P > 0.1) (Appendix A: Table A-9). Plasma (S)-methadone Ctrough/dose 

ratios were significantly higher in C1236T C/T genotype subjects when compared to 

homozygous wild-types (1.9 � 0.8 versus 1.4 � 0.6, Dunn’s Multiple Comparison test P < 

0.05), but there was no difference between C/C and T/T (1.5 � 0.9) subjects (Figure 3-6). 

AGTTT haplotype carriers also had significantly higher plasma (S)-methadone Ctrough/dose 

ratios than non-carriers (1.9 � 0.8 versus 1.5 � 0.6, respectively. P = 0.03. Figure 3-6). 

3.4.2.2.3.1. Covariates 

In terms of sex differences, significant sex (13.2% of total variation, P = 0.03) and gene-sex 

interaction (11.0% of total variation, P = 0.04) effects were reported for the relationship 

between the G1199A SNP and (R)-methadone Ctrough/dose, but with no significant genotype 

effect (7.5% of total variation, P = 0.09) (Figure 3-7). No other significant sex or gene-sex 

interaction effects were reported for (R)-methadone Ctrough/dose (<5% of total variation (P > 

0.2) and <9% of total variation (P > 0.2), respectively) (see Appendix A: Table A-10).  
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Fewer data were available for (S)-methadone, so sex-effect analysis was restricted to the 

G1199A, C1236T and G2677T genotypes, and AGTTT and AGCTT haplotypes. For these 

variants, there were no significant sex (<7% of total variation, P > 0.3) or gene-sex interaction 

(<3% of total variation. P > 0.5) effects for (S)-methadone Ctrough/dose ratios. 

Multiple linear regression analyses could not identify any significant predictors of plasma 

(R)- or (S)-methadone Ctrough/dose. 
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Figure 3-6. Association between the ABCB1 C1236T SNP and AGTTT haplotype 

variants and (S)-methadone ((S)-MD) Ctrough/dose ratios.  
Lines are medians. Haplotype copy number 0 = non-carriers; 1 = heterozygous carriers; 2 = 

homozygous carriers. 
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Figure 3-7. Potential genotype (ABCB1 G1199A)-sex interaction influencing (R)-

methadone dose-adjusted Ctrough.  
Lines are medians. 
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3.4.2.2.4. Methadone maintenance treatment response 

3.4.2.2.4.1. Successful versus poor treatment outcome 

A summary of the Fisher’s Odds Ratios and P-values for associations between individual 

ABCB1 genotypes and treatment success is given in Table 3-12. The C1236T variant 

frequency was significantly higher in poor treatment outcome subjects (60.7% in poor versus 

36.8% in successful, P = 0.01), mostly due to a higher T/T genotype frequency in this group 

(C/C: 14.3 versus 35.3%, C/T: 50 versus 55.9%, T/T: 35.7 versus 8.8%, for poor and 

successful treatment outcome, respectively). This association was confirmed by binary 

logistic regression analysis with an adjusted Odds Ratio (95% CI) of 0.22 (0.06 to 0.72) (P = 

0.01).  

When analysed separately the A61G variant was associated with poor treatment outcome in 

males, however, the adjusted Odds Ratio was not significant in binary logistic regression 

analysis (P > 0.3).  

 

Table 3-12. Summary table of results from Fisher’s Exact Tests comparing the 

frequency of ABCB1 variant alleles between successful and poor MMT outcome 

subjects.  

 Fisher’s Exact Test Odds Ratio (95% CI), P-value 
SNP          All subjects               Males             Females 

A61G 0.21 (0.04 to 1.03), 0.08 0.08 (0.009 to 0.71), 0.009** 6.60 (0.24 to 181.8), 0.3 

G1199A 0.52 (0.08 to 3.22), 0.7 1.17 (0.10 to 13.34), 1.0 0.34 (0.01 to 7.99), 0.5 

C1236T 0.38 (0.18 to 0.78), 0.01* 0.38 (0.16 to 0.87), 0.03* 0.39 (0.05 to 2.77), 0.6 

G2677T 0.96 (0.47 to 1.94), 1.0 0.72 (0.32 to 1.65), 0.5 7.00 (0.69 to 70.78), 0.2 

C3435T 0.64 (0.31 to 1.30), 0.3 0.64 (0.28 to 1.47), 0.3 1.00 (0.17 to 5.78), 1.0 

High Odds Ratio indicates higher variant allele frequency in successful versus poor treatment 

outcome. CI: Confidence Interval. *P < 0.05, **P < 0.01. 
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A permutation test reported no significant difference in ABCB1 haplotype distribution 

between successful and poor treatment outcome in MMT subjects overall (P = 0.2). However, 

permutation tests analysing sexes separately revealed a significant difference in haplotype 

frequencies between treatment outcome groups in males (P = 0.03) but not females (P = 0.3). 

Post-hoc analysis of individual haplotype frequencies in successful and poor treatment 

outcome male subjects revealed that all three GGTTT haplotype carriers (one of them 

homozygous) exhibited poor treatment outcomes, representing a statistically significant 

difference in haplotype frequency between the outcome groups (see Table 3-13). 

Table 3-13. Comparison of ABCB1 haplotype frequencies between male MMT subjects 

with successful or poor treatment outcome. 

Haplotype Fisher’s Exact Test Odds Ratio (95% CI) P-value 
AGCGC 1.85 (0.74 to 4.65) 0.3 
AGCGT 1.78 (0.34 to 9.34) 0.7 
AGCTC 1.14 (0.10 to 13.04) 1.0 
AGCTT 6.84 (0.37 to 127.6) 0.2 
AGTGC 0.54 (0.10 to 2.86) 0.7 
AGTGT 0.11 (0.005 to 2.31) 0.1 
AGTTT 0.90 (0.36 to 2.22) 0.8 
AACGC 2.95 (0.14 to 63.28) 0.5 
GGTTT 0.06 (0.003 to 1.08) 0.02* 

High Odds Ratio indicates higher haplotype frequency in successful versus poor treatment outcome. 

CI: Confidence Interval. *P < 0.05. Variant loci are bold. 

3.4.2.2.4.2. In-treatment withdrawal and opioid side-effects 

A summary of the Odds Ratios and P-values for associations between individual ABCB1 

genotypes and in-treatment withdrawal or opioid side effects is given in Table 3-14. The 

C1236T variant allele was significantly more frequent among subjects who reported 

experiencing withdrawal (63.6 versus 25.0% in non-withdrawal subjects), with an adjusted 

Odds Ratio of 5.33 (95% CI: 1.05 to 26.9, P = 0.04) after binary logistic regression analysis. 
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Table 3-14. Summary table of results from Fisher’s Exact Tests comparing the 

frequency of ABCB1 genotypes between subjects who did or did not experience 

withdrawal (‘withdrawal-ever’) or opioid side-effects (‘opioid-most’). 

 Fisher’s Exact Test Odds Ratio (95% CI), P-value 
SNP ‘Withdrawal-ever’a ‘Opioid-most’a 
A61G 11.63 (0.60 to 226.4), 0.05 2.73 (0.39 to 18.88), 0.4 
G1199A 2.58 (0.10 to 67.33), 1.0 0.49 (0.02 to 13.00), 1.0 
C1236T 5.25 (1.26 to 21.87), 0.03* 1.93 (0.50 to 7.49), 0.5 
G2677T 1.04 (0.30 to 3.65), 1.0 1.44 (0.37 to 5.57), 0.7 
C3435T 1.03 (0.25 to 4.14), 1.0 0.74 (0.16 to 3.40), 0.7 

High Odds Ratio indicates higher variant allele frequency in subjects experiencing withdrawal or 

opioid side-effects. CI: Confidence interval. aSee definitions in section 3.3.4.1 (pg 88). *P < 0.05. 

There were no significant differences in ABCB1 variant allele frequencies between subjects 

who did or did not experience opioid side-effects most of the time (Table 3-14), whilst 

permutation tests reported no significant differences in haplotype frequencies between 

withdrawal (P = 0.3) or opioid side-effect (P = 0.8) groups. 

3.4.2.2.5. Summary 

A summary of the major findings in MMT subjects is given in Table 3-15. 

Table 3-15. Summary of major findings in MMT subjects. 

 1236T 3435T AGCGC AGCTT AGTTT 
 M & F F M M & F M & F 
Dose - - �� �� - 
Ctrough �� �� - �� �� 
Outcome Poor - - - - 

Variants are bold. M = significant in male subjects only. F = significant in female subjects only. M & 

F = observed in both males and females. �� = significantly higher in haplotype carriers or variant 

genotypes. � = significantly lower in haplotype carriers or variant genotypes. Ctrough = (R)-methadone 

trough plasma concentration. 
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3.4.2.3. Buprenorphine maintenance treatment 

3.4.2.3.1. Dose requirements 

There were no significant differences in median buprenorphine dose requirements between 

ABCB1 genotypes (Table 3-16) or haplotypes (Table 3-17) found in more than one subject. 

The single subject carrying the AGCTT haplotype had the equal lowest dose requirement (2 

mg/day) of all BMT subjects. 

Table 3-16. Associations between daily buprenorphine maintenance dose requirements 

and ABCB1 genotypes. 

SNP Genotype n Buprenorphine dose 
(median �� SD, mg/day) P-valuea 

A61G A/A 13 10.0 � 6.0 0.1  A/G 3 2.8 � 4.4 
C1236T C/T 9 10.0 � 7.2 0.8  T/T 7 8.0 � 4.4 
G2677T G/G 2 7.0 � 7.1  
 G/T 11 10.0 � 6.1 0.2 
 T/T 3 5.0 � 3.0  
C3435T C/C 1 12.0  
 C/T 7 14.0 � 7.1 0.2 
 T/T 8 6.0 � 4.0  

aP-value from Kruskal-Wallis test or Mann-Whitney U test where appropriate. 

Table 3-17. Associations between daily buprenorphine maintenance dose requirements 

and ABCB1 variant haplotypes. 

Haplotype Copy # n Buprenorphine dose 
(median �� SD, mg/day) P-valuea 

AGCGC 0 9 6.0 � 4.6 0.05  1 6 14.0 � .3 
AGTGC 0 12 7.0 � 6.6 1.0  1 3 12 � 6.0 
AGTGT 0 13 8.0 � 6.5 -b  1 2 10.0 � 5.7 
AGTTT 0 3 2.8 � 5.6  
 1 10 12.0 � 6.5 0.3 
 2 2 6.5 � 2.1  

aP-value from Kruskal-Wallis test or Mann-Whitney U test where appropriate. bToo few heterozygous 

subjects to perform Mann-Whitney U test. Variant loci are indicated in bold. Copy # 0 = non-carriers; 

1 = heterozygous carriers; 2 = homozygous carriers. 
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3.4.2.3.1.1. Covariates 

Treatment outcome did not significantly influence the relationship between genotypes and 

buprenorphine dose requirements (% of total variation < 7, P > 0.2) (see Appendix A: Table 

A-11). Alternatively, two-way ANOVA indicated a significant AGCGC haplotype-treatment 

outcome interaction (23.5% of total variation, P = 0.03). Indeed, as shown in Figure 3-8, the 

association between AGCGC haplotype carriers and high buprenorphine dose requirements 

was just statistically significant when successful treatment outcome subjects were analysed 

separately (carriers = 20.0 � 4.6; non-carriers = 5.0 � 4.2; P = 0.04).  

The influence of treatment outcome on the effects of other ABCB1 haplotypes (AGTGC, 

AGCTT, AGTGT, AGTTT) on buprenorphine dose requirements could not be assessed due 

to insufficient subject numbers.  
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Figure 3-8. The influence of treatment outcome on ABCB1 wild-type (AGCGC) 

haplotype-dose relationship in buprenorphine (BUP) maintenance treatment.  
*P < 0.05 by Dunn’s Multiple Comparison Test. Lines are medians. Haplotype copy number 0 = non-

carriers; 1 = heterozygous carriers; 2 = homozygous carriers. 

No clear sex differences in the relationship between the A61G, C1236T, G2677T or C3435T 

SNPs, or the AGCGC or AGTTT haplotypes, and buprenorphine dose requirements could be 
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detected (% of total variation  < 19, P > 0.06) (see Appendix A: Table A-12). The influence of 

sex on the effects of other ABCB1 genotypes (G1199A) and haplotypes (AGTGC, AGCTT, 

AGTGT) could not be assessed due to the insufficient subject numbers. 

Self-reported prior heroin use was not significantly correlated with buprenorphine daily dose 

(P = 0.6, r2 = 0.02). 

3.4.2.3.2. Trough plasma concentrations 

There were no significant differences in median Ctrough for buprenorphine or 

norbuprenorphine between ABCB1 genotypes or haplotypes found in more than one subject (P 

> 0.2) (see Appendix A: Table A-13 and Table A-14). Two-way ANOVA found no 

significant effects of treatment outcome or sex on the relationships between ABCB1 

genotypes/haplotypes and buprenorphine or norbuprenorphine Ctrough (P > 0.1). 

Self-reported prior heroin use was not significantly correlated with buprenorphine or 

norbuprenorphine Ctrough (P > 0.3, r2 < 0.1) 

3.4.2.3.3. Buprenorphine pharmacokinetics 

No ABCB1 genotype or haplotype was significantly associated with changes in plasma 

buprenorphine or norbuprenorphine Ctrough/dose (P > 0.07) (see Appendix A: Table A-15). 

However, consideration of sex effects by two-way ANOVA detected significant G2677T 

genotype effects for buprenorphine (77.6% of total variation, P = 0.0002) and 

norbuprenorphine (48.8% of total variation, P = 0.03), and a significant G2677T genotype-sex 

interaction effect for buprenorphine Ctrough/dose (11.2% of total variation, P = 0.03) (see Table 

3-18 and Table 3-19). As shown in Table 3-18, large C3435T genotype and AGCGC 

haplotype effects on buprenorphine Ctrough/dose were also reported (20 and 25% of total 

variation, respectively), however, these effects did not reach statistical significance (P > 0.1). 
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Table 3-18. Sex differences in the relationships between dose-adjusted trough plasma buprenorphine (BUP) concentrations (Ctrough/dose) 

and ABCB1 genotypes/haplotypes. 

  Males Females Two-way ANOVA factor effects 

SNP Genotype n 
BUP Ctrough/dose 

median �� SD (pg.mL-1.mg-1) n 
BUP Ctrough/dose 

median �� SD (pg.mL-1.mg-1) 
(% of total variation (P-value)) 

Genotype Sex Interaction 
A61G A/A 6 63 � 141 4 94 � 83 0.6 (0.8) 2.3 (0.7) 1.9 (0.7)  A/G 1 170 2 98 � 74 
C1236T C/T 5 70 � 59 3 79 � 101 7.7 (0.4) 4.4 (0.5) 11.9 (0.3)  T/T 2 218 � 252 3 108 � 52 
G2677T G/G 2 94 � 107 0 -    
 G/T 4 63 � 35 5 79 � 46 77.6 (2 x 10-4)***a 8.2 (0.05)a 11.2 (0.03)*a 
 T/T 1 396 1 230    
C3435T C/C 1 18 0 - 

20.4 (0.2)a 2.8 (0.6)a 6.4 (0.4)a  C/T 3 56 � 43 3 79 � 57 
 T/T 3 170 � 167 3 108 � 94 
Haplotype Copy #        
AGCGC 0 4 120 � 161 3 150 � 62 24.9 (0.1) 0.1 (0.9) 0.0 (1.0)  1 3 56 � 52 2 58 � 29 
AGTTT 0 2 94 � 107 1 150    
 1 4 63 � 35 4 94 � 83 4.1 (0.6)b 11.4 (0.4)b 0.2 (0.9)b 
 2 1 396 0 -    

aMale homozygous wild-type subjects excluded from two-way ANOVA analysis. bMale homozygous variant subjects excluded from two-way ANOVA 

analysis. *P < 0.05, ***P < 0.001. Variant haplotype loci are indicated in bold. Copy # 0 = non-carriers; 1 = heterozygous carriers; 2 = homozygous carriers. 
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Table 3-19. Sex differences in the relationships between dose-adjusted trough plasma norbuprenorphine (NOR) concentrations 

(Ctrough/dose) and ABCB1 genotypes/haplotypes. 

  Males Females Two-way ANOVA factor effects 

SNP Genotype n 
NOR Ctrough/dose 

median �� SD (pg.mL-1.mg-1) n 
NOR Ctrough/dose 

median �� SD (pg.mL-1.mg-1) 
(% of total variation (P-value)) 

Genotype Sex Interaction 
A61G A/A 6 92 � 98 4 173 � 127 0.0 (1.0) 9.4 (0.4) 0.5 (0.8)  A/G 1 110 2 211 � 191 
C1236T C/T 5 88 � 47 3 227 � 143 2.1 (0.6) 4.7 (0.5) 10.5 (0.3)  T/T 2 205 � 154 3 118 � 146 
G2677T G/G 2 79 � 44 0 -    
 G/T 4 92 � 44 5 118 � 117 48.8 (0.03)*a 3.6 (0.5)a 0.1 (0.9)a 
 T/T 1 314 1 360    
C3435T C/C 1 48 0 - 

0.4 (0.9)a 7.5 (0.4)a 4.3 (0.5)a  C/T 3 96 � 52 3 227 � 136 
 T/T 3 110 � 125 3 118 � 153 
Haplotype Copy #        
AGCGC 0 4 103 � 108 3 346 � 134 15.8 (0.2) 15.4 (0.2) 2.4 (0.6)  1 3 73 � 65 2 151 � 107 
AGTTT 0 2 79 � 44 1 346    
 1 4 92 � 44 4 173 � 127 6.4 (0.4)b 52.6 (0.03)*b 13.4 (0.2)b 
 2 1 314 0 -    

aMale homozygous wild-type subjects excluded from two-way ANOVA analysis. bMale homozygous variant subjects excluded from two-way ANOVA 

analysis. *P < 0.05. Variant haplotype loci are indicated in bold. Copy # 0 = non-carriers; 1 = heterozygous carriers; 2 = homozygous carriers. 
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3.4.2.3.4. Buprenorphine maintenance treatment response 

No ABCB1 SNP was significantly associated with either treatment success or in-treatment 

withdrawal reports (P > 0.7, see Appendix A: Table A-16 and Table A-17). Similarly, 

permutation tests reported no significant difference in ABCB1 haplotype distributions between 

treatment outcome (P = 0.7) or withdrawal (P = 0.9) groups. No data were available for in-

treatment opioid side-effects in BMT subjects. 

3.4.2.3.5. Summary 

A summary of the major findings in BMT subjects is given in Table 3-20. 

Table 3-20. Summary of major findings in MMT subjects. 

 2677T 3435T AGCGC 
Dose - - ��a 
BUP Ctrough/dose �� � � 
NOR Ctrough/dose �� - - 

��  = significantly higher, in haplotype carriers or variant genotypes. � and � = large but not significant 

genotype/haplotype effect by two-way ANOVA. BUP = buprenorphine. NOR = norbuprenorphine. 

Ctrough/dose = dose-adjusted trough plasma concentration. aOnly after excluding poor treatment 

outcome subjects. 

3.5. Discussion 

The main aims of this study were to retrospectively examine the roles of ABCB1 genetic 

variability in opioid dependence and opioid maintenance treatment response. Importantly, the 

demographics of the opioid-dependent subjects of this study, such as age (mean: 33 years), 

sex (57% male), and age of first heroin use (mean: 21 years), as well as the use of multiple 

illicit drugs, were very similar to those reported among MMT patients surveyed as part of 

National Evaluation of Pharmacotherapies for Opioid Dependence (Mattick et al., 2001), and 

more recently the Australian Treatment Outcome Study (Ross et al., 2005) (29-33 years old, 

57-59% male and first heroin use at 20 years). As such, the subjects included in this study are 

likely to represent a typical Australian treatment-seeking opioid-dependent population.  
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3.5.1. ABCB1 genetic variability and opioid dependence 

Twin and adoption studies have provided good evidence that there is a substantial genetic 

component to susceptibility to drug addiction (True et al., 1999a; True et al., 1999b; Ball & 

Collier, 2002; Hall et al., 2002). Based on existing evidence that the CNS distribution of the 

heroin metabolite, morphine, as well as opioid peptides of the endogenous reward system, 

might be influenced by P-gp activity, it was hypothesized that ABCB1 genetic variability may 

be one such genetic component modulating an individual’s risk and/or severity of opioid 

dependence. If this hypothesis were true, one would expect the frequencies of ABCB1 variants 

to differ between opioid-dependent and control populations, and ABCB1 genetic variants to be 

associated with certain aspects of the pathogenesis of heroin addiction.  

In order to test this hypothesis, opioid-dependent and control subjects were genotyped for the 

A61G, G1199A, C1236T, G2677T and C3435T SNPs of ABCB1. These SNPs were chosen 

for investigation as they are five of the most common ABCB1 variants observed in 

Caucasians, and have at least some prior in vitro evidence of an impact on substrate transport 

(see Chapter 1, section 1.6.4). However, this study revealed no significant difference in 

genotype frequencies between opioid-dependent and control subjects, with both populations 

displaying similar SNP frequencies to those reported previously in Caucasians (Hoffmeyer et 

al., 2000; Cascorbi et al., 2001; Kim et al., 2001). There was also no association between 

these genotypes and opioid-dependent subjects’ heroin use demographics. 

As discussed in Chapter 1 (section 1.6.4), in vitro, human ex vivo and human in vivo studies 

all indicate that haplotype analysis of ABCB1 genetic variability is likely to prove more 

informative than the investigation of individual SNPs in isolation. As such, subject genotype 

data was used to predict and analyse ABCB1 haplotypes for each individual.  
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3.5.1.1. Validation of haplotype predictions 

As with the validation data set discussed in Chapter 2 (2.2), PHASE haplotype predictions 

using the complete data set were valid and consistent, and it was possible to determine 

ABCB1 haplotypes with reasonable confidence for 94% of control and 90% of opioid-

dependent subjects.  

As expected, by far the most common haplotypes in both groups were the wild-type AGCGC 

and triple variant AGTTT haplotypes, with frequencies of 29-33% and 28-31%, respectively. 

Consequently, around a quarter of subjects were AGCGC / AGTTT heterozygotes. The 

frequencies of these common haplotypes were similar to those previously reported among 

Caucasians (15-36.5% for wild-type and 27-32% for 1236/2677/3435 variant (Kim et al., 

2001; Kroetz et al., 2003), and strong linkage disequilibrium was confirmed between the 

1236T, 2677T and 3435T variants (see Table 3-4) in support of previous studies (Hoffmeyer 

et al., 2000; Kim et al., 2001; Kroetz et al., 2003).  

Interestingly, significant linkage disequilibrium was also reported between the 61G variant 

and each of the 1236T, 2677T and 3435T SNPs (D’ = 0.9, 0.4 and 1.0, respectively), albeit 

with low r2 values (< 0.08) due to the low frequency of the 61G allele. Alternatively, the 

1199A variant displayed significant linkage disequilibrium with the 1236C and 3435C wild-

type alleles (D’ = 1.0 and 0.8, respectively), but again with a low r2 (< 0.03) due to the low 

frequency of the 1199A variant (see Chapter 2, section 2.2.1 regarding interpretation of 

linkage disequilibrium measures). To my knowledge this is the first reported evidence of 

significant linkage disequilibrium between the 61G and 1199A variants and other SNPs of 

ABCB1, and may warrant further investigation. However, the low frequency of these alleles 

and their close genomic proximity to the other SNPs (particularly for the 1199 and 1236 loci) 

makes these findings difficult to interpret.  
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3.5.1.2. ABCB1 haplotypes and opioid dependence 

No significant differences in haplotype distributions were observed between opioid-dependent 

and control subject populations, nor did any haplotype appear to affect the age of onset of 

regular heroin use. As such, the first hypothesis of this thesis, that ABCB1 genetic variability 

is associated with the risk of opioid dependence, was not supported by this study.  

Whilst the identification of a genetic risk factor for opioid dependence is of scientific interest, 

beyond this, knowledge of such an association it is likely to be of little use regarding the 

prevention and treatment of illicit opioid abuse and dependence. However, if a genetic factor 

were able to identify illicit opioid users more likely to develop a severe form of 

dependence/addiction (in a similar manner to the DRD2 A1 polymorphism and severe alcohol 

dependence (Connor et al., 2008)), this may have important implications for treatment choices 

and patient management (i.e. increased psychosocial intervention and support). As such, a 

potential association between ABCB1 haplotypes and levels of prior heroin use was also 

investigated. 

It should be noted that the acquisition of self-report data ultimately relies on the honesty of 

subjects, and can be confounded by flaws in recollection (particularly for subjects who have 

been in treatment for a long period of time (up to 17.5 years in this study)) as well as 

fluctuations in the price and purity of heroin over time. Furthermore, the amount of heroin an 

individual uses is not the only measure of the severity of opioid dependence/addiction. As 

such, self-report data on prior heroin use should be treated with caution. Nonetheless, this 

study provided no evidence for a role of ABCB1 genetic variability in influencing the severity 

of opioid dependence as it relates to heroin use. 

Therefore, ABCB1 genetic variability does not appear to play a role in the risk or severity of 

opioid dependence. However, there may be one important caveat. The opioid-dependent 

subjects of this retrospective study represent only the treatment-seeking portion of heroin 
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addicts. Although previous Australian surveys have indicated that the demographics and drug 

use histories of individuals seeking maintenance treatment and those not seeking treatment are 

relatively similar (Mattick et al., 2001; Ross et al., 2005), it is still possible that those addicts 

who do not seek treatment could represent a distinct, but important, opioid abusing 

population. As such, a role for ABCB1 genetic variability in influencing the aetiology and 

severity of opioid dependence within non-treatment-seeking individuals, or even the 

likelihood of seeking treatment itself, cannot be ruled out, and may provide an area for future 

investigation. 

3.5.2. ABCB1 genetic variability and opioid substitution treatment 

Existing evidence suggests that variability in P-gp transport could influence the absorption, 

distribution and elimination of numerous opioids, including methadone. Therefore, based on 

the previous research discussed in Chapter 1, it was hypothesized that ABCB1 genetic variants 

would be associated with decreased substitution opioid requirements in maintenance 

treatments for opioid dependence, and potentially less in-treatment withdrawal or greater 

adverse opioid side-effects. Thus the primary aim of this study was to determine whether 

ABCB1 genetic variability could be used to predict substitution opioid dose requirements of 

maintenance treatment patients.  

In addition to daily maintenance dose requirements, trough plasma (R)- and (S)-methadone or 

buprenorphine and norbuprenorphine concentrations (Ctrough) were available for a number of 

MMT and BMT subjects, respectively. These data were analysed in two ways.  

Firstly, raw Ctrough values were employed as a direct measure of the effective plasma 

substitution opioid concentrations required to suppress withdrawal over the dosing period. It 

was hoped that this analysis would eliminate some of the potential confounding factors 

associated with comparisons of dose requirements, such as the significant inter-individual 

variability in absorption and metabolism (due to factors other than P-gp transport (see Chapter 
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1, section 1.4.2.1)), and therefore give an indication of the influence of ABCB1 genetic 

variability on methadone and buprenorphine’s PK/PD relationships. In addition, with the 

possibility of TDM becoming a part of standard opioid substitution treatment (at least for 

MMT) (Wolff et al., 2000), the prospect of being able to predict an individual’s target Ctrough 

is rather appealing.  

Secondly, as in previous studies of methadone pharmacokinetics (Eap et al., 2000; Eap et al., 

2002), dose-adjusted Ctrough values were employed as a measure of methadone and 

buprenorphine bioavailability and/or systemic clearance.  

Therefore, Ctrough was used as an indicator of P-gp activity at the BBB, whilst dose-adjusted 

Ctrough (Ctrough/dose) was employed as a measure of P-gp activity in the liver, kidney and/or 

intestine. 

Additional data from the original clinical studies also made it possible to examine the 

relationship between ABCB1 genetic variability in basic measures of overall treatment 

response. 

3.5.2.1. Methadone maintenance treatment 

3.5.2.1.1. Methadone requirements and pharmacokinetics 

The most significant findings of this study relate to one of the ABCB1 variant haplotypes, 

AGCTT. Carriers (both homozygous and heterozygous) of this haplotype consisting of 

variants at the 2677 and 3435 loci, not only required 50% lower MMT doses than other 

subjects (confirmed by multiple linear regression analysis), but also had 38% lower (R)-

methadone Ctrough values. Importantly, these subjects had treatment success rates as good, if 

not better, than the MMT subject group as a whole (86 versus 56%, respectively). Therefore, 

subjects carrying the AGCTT variant haplotype can be said to require lower doses and lower 

plasma concentrations of methadone for the successful treatment of opioid dependence. In 
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terms of the mechanism behind this association, the lower Ctrough requirements and the lack of 

an effect on Ctrough/dose, indicate that the AGCTT haplotype is associated with a decreased P-

gp activity at the BBB, resulting in an increased CNS exposure to methadone for a given dose 

or plasma concentration. 

Conversely, subjects homozygous for the wild-type AGCGC haplotype required 1.7- and 1.6-

fold higher MMT doses than heterozygous carriers and non-carriers, respectively. This 

supports the assumption that subjects with wild-type ABCB1 haplotypes will have the highest 

levels of P-gp activity, and as such will require higher doses in order to achieve 

therapeutically effective CNS concentrations of methadone. Unfortunately, due to insufficient 

Ctrough data for the homozygous wild-type (AGCGC) subjects, it was not possible to determine 

whether increased dose requirements were a result of decreased bioavailability, increased 

clearance, or decreased brain distribution. However, as discussed in Chapter 1 (see section 

1.5.2), it is expected that, for high dose oral drugs such as methadone, P-gp activity at the 

BBB is likely to have the greatest impact on the eventual CNS drug distribution. The current 

findings for the AGCTT haplotype also tend to support this hypothesis. Therefore, it is likely 

that subjects who are homozygous for the wild-type (AGCGC) haplotype have higher P-gp 

activity at the BBB, such that their CNS exposure to methadone is decreased for a given dose, 

and consequently, higher doses are required to prevent withdrawal over the 24-hour dosing 

period. 

Based on existing evidence for the functional effects of ABCB1 SNPs on opioid response 

(Meineke et al., 2002; Skarke et al., 2003b; Campa et al., 2008), it was hypothesized that the 

common AGTTT haplotype, which is variant for the three linked 1236, 2677 and 3435 loci, 

would also be associated with decreased dose requirements. However, no significant 

differences in dose requirements were observed, even for homozygous AGTTT subjects. 

Furthermore, AGTTT haplotype carriers had significantly higher Ctrough values than non-
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carriers, an association confirmed by multiple linear regression analysis. Since no significant 

difference in Ctrough/dose was observed between AGTTT carriers and non-carriers, these 

findings indicate that the increased Ctrough associated with the AGTTT haplotype is due to a 

change in methadone PK/PD causing increased methadone plasma concentration 

requirements. This would indicate increased P-gp activity at the BBB among AGTTT variant 

subjects, which directly contradicts the hypothesis (based on existing studies) that ABCB1 

genetic variants are associated with decreased efflux activity. As such, the present findings for 

the AGTTT haplotype are unexpected.  

Several possible explanations can be put forward as to the unexpected findings for the 

AGTTT haplotype, and why they differ from those for the AGCTT variant. Firstly, the 

results for either the AGCTT or AGTTT haplotypes, or both, may simply be chance (false 

positive) findings (see section 3.5.3) and not represent any functional impact on methadone 

transport. Alternatively, the two haplotypes differ in regards to the C1236T SNP, which 

unexpectedly displayed significant associations with both poor treatment response and higher 

Ctrough values. As such, it is possible that the presence of the 1236T variant in AGTTT 

haplotype may be responsible for the high Ctrough requirements, counteracting the effects of 

the 2677T and 3435T variants observed in AGCTT haplotype carriers. Finally, since the 

AGCTT haplotype represents a rare break in linkage disequilibrium between the 1236T, 

2677T and 3435T variants, it is possible that this haplotype is linked to, and is acting as a 

marker for, a rare functional polymorphism of the ABCB1 gene that is separate from the SNPs 

examined here. Indeed, as mentioned in Chapter 1, over 1200 polymorphisms have been 

reported within the ABCB1 gene, and over 60 of these are found within the transcribed 

(exonic) sequence, with the functional consequences of the majority of these SNPs yet to be 

determined. Therefore, it is possible that the SNPs examined here have very little functional 

impact on methadone transport themselves, but the haplotype patterns they form may act as 

markers for rarer ABCB1 mutations with true functional consequences.  
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Whatever the mechanism behind this apparent divergence in functional consequence for the 

AGCTT and AGTTT haplotypes, these findings reaffirm the importance of analysing ABCB1 

haplotypes rather than individual SNPs. 

3.5.2.1.1.1. Covariates 

One other interesting observation among MMT subjects was the potential sex difference in 

the effects of common ABCB1 SNPs (C1236T, G2677T and C3435T), and the AGCGC 

haplotype, on methadone dose and Ctrough requirements. For example, a significant association 

between MMT dose requirements and the AGCGC haplotype was observed in males, but not 

in females. In terms of Ctrough, significant gene-sex interactions were detected by two-way 

ANOVA for the C1236T, G2677T and C3435T genotypes. A significant gene-sex interaction 

was also reported for the association between G1199A genotype and Ctrough/dose, however, 

this was likely a spurious finding dependent solely on one male G/A genotype subject (see 

Figure 3-7). 

Sex differences in the effects of ABCB1 genetic variants are not entirely unexpected. Previous 

research has indicated significant sex differences in P-gp expression, with healthy males 

expressing 2.4-fold more hepatic P-gp than healthy females (Schuetz et al., 1995). This might 

explain specific observations of genotype/haplotype effects in one sex and not the other. 

Indeed, sex effects on the relationship between 2677T/3435T and artorvastatin treatment 

response have previously been reported, with an increased P-gp activity among 

2677GG/3435CC homozygotes linked to decreased treatment efficacy in females but not 

males (Kajinami et al., 2004). Similarly, the variant 1236T-2677T-3435T haplotype has been 

associated with increased neuropsychiatric side effects of mefloquine in women but not men 

(Aarnoudse et al., 2006). However, simple sex differences in P-gp expression do not explain 

why, in the case of G2677T and Ctrough, males and females display opposite effects, and why, 

contradictory to existing studies, some findings in females tend to indicate a decreased CNS 
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exposure in carriers of ABCB1 variants. Possible explanations may be sex differences in 

percentage body fat (affecting methadone’s Vd (Foster et al., 2004)), or perhaps a hormonal 

(progestin) interaction with P-gp (Garrigos et al., 1997; Shapiro et al., 1999; Frohlich et al., 

2004), resulting in unexpected functional consequences for ABCB1 variants among females. 

However, due to the limited data available in this retrospective study, it is difficult to draw 

any strong conclusions. Nonetheless, these results highlight sex as a potentially important co-

factor for future studies of ABCB1 pharmacogenetics, particularly in MMT. 

Since subjects with poor treatment outcomes may not actually be receiving their optimal 

doses, it was important to ensure that their inclusion was not reducing the ability of the study 

to identify associations between ABCB1 genetic variability and effective methadone 

requirements. As such, the effect of treatment outcome on the relationships between 

genotypes/haplotypes and continuous variables was examined. Multiple linear regression 

analysis did identify treatment outcome as a significant correlate (along with the AGCTT 

haplotype) of MMT dose requirements, which likely reflects previous observations that higher 

doses of methadone (60-100 mg) are associated with significantly better treatment outcomes 

when compared to lower doses (Ling et al., 1996; Faggiano et al., 2003). However, the 

relationships between ABCB1 genetic variability and methadone requirements did not appear 

to differ between successful or poor treatment outcome subjects. 

Finally, significant positive correlations were identified between prior heroin use and both 

MMT dose and Ctrough requirements. Unfortunately, the small number of MMT subjects with 

prior heroin use data prohibited its inclusion in the multiple linear regression analyses of this 

study, but these findings indicate it could be an important cofactor worth considering in any 

future studies in MMT. 
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3.5.2.1.2. Methadone maintenance treatment response 

In addition to associations between ABCB1 genetic variants and methadone requirements, a 

number of interesting observations were also made regarding overall treatment outcome 

(separate from its analysis as a covariate for methadone requirements).  

C1236T variant frequencies were higher among poor treatment outcome subjects and those 

subjects reporting in-treatment withdrawal. This was despite a lack of significant differences 

in maintenance doses, and significantly higher Ctrough values in 1236T carriers, indicating that, 

contrary to previous in vitro functional studies (Salama et al., 2006; Kimchi-Sarfaty et al., 

2007), the 1236T variant may be associated with increased P-gp activity at the BBB. 

However, whilst all 7 of the poor treatment outcome MMT subjects with complete adverse 

event data reported experiencing ‘withdrawal-ever’ (6 being 1236T carriers), 6 of these 

subjects (5 1236T carriers) also reported experiencing adverse opioid effects at least some of 

the time (‘opioid-ever’), and 4 of these (all 1236T carriers) reported experiencing opioid side-

effects most of the time (‘opioid-most’). As such it appears that the association between the 

C1236T variant and poor treatment response is not due simply to withdrawal, but an overall 

unpleasant treatment experience encompassing both withdrawal and adverse opioid effects. It 

has previously been proposed that some patients may be more likely to report dissatisfaction 

with their treatment regardless of actual physical symptoms (Elkader et al., 2009a; Elkader et 

al., 2009b). Therefore, it is unclear whether the 1236T variant is influencing methadone 

distribution, or perhaps endogenous components of the stress, reward and/or addiction 

systems (such as β-endorphin). 

When analysed individually, the 61G variant was also found to be significantly associated 

with poor treatment outcomes in males (but not females). However, binary logistic regression 

analysis indicated that this association was most likely due to linkage disequilibrium between 
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the 61G and 1236T variants (see section 3.5.1.1), which likely also explains the observed link 

between the GGTTT haplotype and poor treatment outcome in males.  

3.5.2.1.3. Comparisons with other literature 

Prior to commencing this research project, no study had investigated the potential link 

between ABCB1 genetic variability and opioid dependence, or the response to opioid 

maintenance medications (either in patient populations or healthy controls). However, in early 

2006, Lötsch and colleagues (2006) reported an investigation of the influence of ABCB1 

genetic variability on (R)-methadone response in healthy volunteers. Employing miosis as an 

endpoint for opioid CNS effect, they concluded that genetic variability at the 2677 and 3435 

loci (both separately and as a haplotype) did not affect (R)-methadone response. In addition, 

they found no significant effect of these polymorphisms on the urinary recovery of (R)-

methadone and its metabolites.  

Despite the different subject populations investigated (healthy versus opioid-dependent), and 

the inclusion of SNP data from only 2 loci in Lötsch and colleagues (2006), their findings 

agree well with those of the present study. For example, neither investigation observed a 

significant effect of ABCB1 genetic variability on methadone plasma pharmacokinetics, 

supporting the hypothesis that P-gp is more likely to affect methadone’s CNS distribution, 

rather than absorption and clearance. Furthermore, no effects of the G2677T or C3435T SNPs 

on methadone response were detected when they were investigated separately. Finally, 

although the present observation of an association between the AGCTT haplotype and low 

methadone requirements may appear to contradict the findings of Lötsch and colleagues 

(2006), a post-hoc analysis of MMT subject data from this study reveals that, when 

considering only the 2677 and 3435 loci, there are no significant differences in methadone 

dose requirements (mg/day) between 2677T:3435T homozygous carriers (median � SD = 55 

� 39.7), heterozygous carriers (68 � 26.1) and homozygous non-carriers (70 � 38.3) (P = 0.6). 
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Therefore, the lack of association between the G2677T and C3435T SNPs and methadone 

response described by Lötsch and colleagues (2006) simply aids in highlighting the 

importance of examining the full range of ABCB1 genetic variability, in the form of 

haplotypes, as opposed to one or two popular SNPs. In particular, inclusion of the common, 

but rarely investigated, C1236T SNP, appears to be vital for the correct identification of rare 

but functionally significant ABCB1 haplotypes such as AGCTT. 

In late 2006, the initial findings of the current study, including the first 60 MMT and 60 

control subjects, were published in Clinical Pharmacology and Therapeutics (Coller et al., 

2006) (see Appendix D). In addition to the lack of association between ABCB1 genetic 

variability and opioid dependence, it reported the significant associations between AGCGC 

homozygotes and high dose requirements, and the association between the AGCTT haplotype 

and low dose requirements. It is important to note that this published data included pregnant 

subjects and subjects with low phase call probabilities which were later excluded from the 

final analyses of methadone response presented here. Furthermore, an additional 18 MMT and 

38 control subjects were genotyped following publication and were subsequently included in 

the final analyses described in this Chapter. Nonetheless, the major conclusions presented in 

this Chapter do not differ from those of the published data (Coller et al., 2006) (see Appendix 

D). 

Published in the same journal issue, a study by Crettol and colleagues (2006) in 245 Swiss 

subjects receiving MMT (3-430 mg/day) investigated the A61G, G2677T and C3435T SNPs 

of ABCB1. They reported no association between these SNPs and dose requirements, which is 

in agreement with the present study. However, they did find that variant genotypes of the 

A61G and C3435T SNPs, and 61G-2677T-3435T variant haplotypes, were significantly 

associated with lower (R)- and (S)-methadone Ctrough/dose. They concluded that this was due 

to a “wider distribution” of methadone as opposed to decreased absorption, although this 
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conclusion was not supported by their pharmacodynamic data. As discussed in section 

3.5.2.1.1, the present study found no such relationship between the A61G or C3435T SNPs 

and dose-adjusted Ctrough. However, the genotype effects observed by Crettol were relatively 

small (20-30% change), and as such the current study (with Ctrough data available for only 38 

subjects) may have had insufficient power to detect these differences.  

Crettol and colleagues (2006) also reported that these variant genotypes and haplotype were 

associated with significantly higher plasma (R)- and (S)-methadone concentration peak-to-

trough ratios, and concluded this was due to a decreased elimination half-life for ABCB1 

variant subjects. However, this conclusion contradicts not only the findings of the current 

study, but also previous clinical studies in morphine and loperamide (Meineke et al., 2002; 

Skarke et al., 2003b; Campa et al., 2008) that suggest, if an effect were to be observed, it 

should be in the form of a decrease in clearance due to decreased P-gp transport. 

Unfortunately, Crettol and colleagues (2006) offered no possible explanation for this unusual 

finding. However, it is possible that the altered peak-to-trough ratios merely reflected the 

significant changes in Ctrough/dose (discussed above) due to altered methadone distribution, 

and thus may not be related to methadone elimination as they suggested. Alternatively, these 

results could bring into question whether dose-adjusted Ctrough and dose-adjusted peak-to-

trough concentration ratios are appropriate surrogates for methadone distribution and 

clearance when examining such a wide range of methadone doses (3-430 mg/day). To my 

knowledge this has yet to be investigated. 

In a response to the Coller et al., (2006) publication, Crettol and colleagues subsequently 

genotyped 279 subjects for the G1199A and C1236T SNPs (in addition to the A61G, G2677T 

and C3435T SNPs) and conducted a full haplotype analysis. In a letter to the editor (Crettol et 

al., 2008b) they reported that, despite including all five SNPs (A61G, G1199A, C1236T, 

G2677T and C3435T), there were no significant associations between ABCB1 haplotypes and 
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methadone dose requirements in their MMT population. Three possible explanations can be 

proposed regarding the discrepancies between this study and that of the Swiss group 

published in reply to Coller et al., (2006).  

Firstly, in this study, all subjects received once-daily maintenance doses, whilst the Swiss 

MMT group included 46 subjects who split their daily dose into 2 or 3 intakes. Since splitting 

daily maintenance doses is likely to significantly influence both the total daily dose 

requirements, and the impact of P-gp activity on methadone CNS exposure, it is quite possible 

that split dosing subjects included in the Swiss study could have confounded any potential 

haplotype-dose relationships. This would be particularly true for rarer haplotypes such as 

AGCTT (n = 7 carriers in Crettol et al., 2008b) where analyses are particularly sensitive to 

just a few outliers within carrier groups. The 10 non-“white” subjects included in the Swiss 

study could similarly have confounded any haplotype-dose relationships, due to potential 

ethnic differences in the functional consequences of ABCB1 genetic variants.  

Secondly, the Australian MMT subjects of the present study, and the European subjects of 

Crettol and colleagues (2006, 2008a,b), may represent distinct opioid-dependent populations 

in terms of socioeconomic status, and pre- or in-treatment heroin and other drug use patterns. 

If so, they are likely to respond differently to MMT, and hence the influence of ABCB1 

genetics may vary. 

Thirdly, and probably most importantly, individual clinic policies and treatment philosophies 

can play significant roles in determining what is an appropriate, safe or effective methadone 

maintenance dose, as well as how patients respond to treatment (see Chapter 1, section 1.3.4) 

(Bell et al., 1995; Magura et al., 1998; Magura et al., 1999). Therefore, the apparent 

discrepancies between these two studies may simply represent variability in the way dosing is 

optimized in different treatment settings, and how patients are managed. Indeed, the most 

obvious difference between this study and that of Crettol et al. (2008b) is the much larger 
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range of methadone doses employed in the Swiss MMT population (3-430 mg/day versus 15-

180 mg/day in this study). In addition to the larger range of doses, the Swiss group also 

received higher doses on average (mean (95%CI) = 107 (99-116) mg/day) when compared to 

this MMT cohort (mean (95%CI) = 63 (62-71) mg/day). As such, the dose range investigated 

may also be an important determinant of whether ABCB1 genetic variability significantly 

influences methadone response (see Chapter 4). 

More recently, in subjects at an Israeli treatment clinic receiving 30-280 mg/day, Levran and 

colleagues (2008) also reported no association between any of 9 ABCB1 SNPs (including 

C1236T, G2677T and C3435T) and MMT dose requirements. Unfortunately, Levran and 

colleagues did not investigate whether daily methadone maintenance dose requirements 

differed between ABCB1 haplotypes. They did, however, compare the frequency of ABCB1 

haplotypes (formed by the C1236T, G2677T and C3435T SNPs) between MMT subjects 

designated as high dose (>150 mg/day) and low dose (<150 mg/day). Based on the findings of 

the present study, it would be expected that, because subjects who were homozygous for the 

AGCGC haplotype had higher methadone dose requirements, the frequency of the 

1236CC/2677GG/3435CC haplotype would be significantly higher in MMT subjects 

receiving more than 150 mg/day. However, Levran and colleagues (2008) observed the 

opposite, with the homozygous 1236TT/2677TT/3435TT variant haplotype frequency 

significantly higher in high dose (>150 mg/day) compared to low dose (<150 mg/day) 

subjects (20.4% versus 4.5%, respectively, P = 0.026).  

Therefore, there appears to be contradictory evidence as to the role of variant ABCB1 

haplotypes in determining MMT dose requirements, depending on the treatment setting 

(South Australia versus Switzerland versus Israel) and also the dose range of methadone 

investigated (15-180 versus 3-430 versus 30-280 mg/day). 
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Unfortunately, neither Crettol and colleagues (2006, 2008b) nor Levran and colleagues (2008) 

examined sex, treatment outcome, or prior heroin use as co-factors for the relationship 

between ABCB1 genetic variability and methadone requirements or pharmacokinetics. 

3.5.2.2. Buprenorphine maintenance treatment 

3.5.2.2.1. Buprenorphine requirements and pharmacokinetics 

Though not statistically significant, variant genotypes at the 61, 2677 and 3435 loci were 

associated with 50-72% lower buprenorphine dose requirements. These associations were 

enhanced to 62-73% reductions in dose requirements when successful treatment outcome 

subjects were analysed separately. Conversely, AGCGC haplotype carriers required 2.3-fold 

higher (P = 0.05) median buprenorphine doses than non-carriers, a difference which was 

enhanced and statistically significant when successful treatment outcome subjects were 

analysed separately (4-fold higher, P = 0.04).  

With regards to the AGCTT haplotype, which was significantly associated with decreased 

dose requirements among MMT subjects, only one carrier was observed within the BMT 

group. However, this AGCTT carrier had the equal lowest dose of buprenorphine (2 mg/day) 

for all BMT subjects, and was successful in treatment, indicating that the AGCTT haplotype 

may also be related to buprenorphine requirements. However, this requires confirmation in a 

larger BMT subject population. 

Taken together, these results support the hypothesis that ABCB1 variants are associated with 

decreased BMT dose requirements.  

With regards to the mechanism behind the influence of ABCB1 genetic variability on 

buprenorphine dose requirements, no significant ABCB1 genotype or haplotype differences in 

buprenorphine (or norbuprenorphine) Ctrough were observed. As such, unlike methadone, it 

appears that ABCB1 genetic variability was not influencing the PK/PD of buprenorphine or 
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norbuprenorphine, at least not to the extent of significantly altering plasma concentration 

requirements. Alternatively, Ctrough/dose data suggest that ABCB1 genetic variants may instead 

be linked with alterations in the plasma pharmacokinetics of buprenorphine and 

norbuprenorphine. See section 3.5.2.2.3 below for a more detailed discussion taking into 

account data from more recent studies.  

3.5.2.2.2. Treatment outcome 

Whilst no significant differences in ABCB1 genotype or haplotype frequencies were observed 

between successful and poor treatment outcome BMT subjects, the small numbers in each 

group (n = 10 and 6, respectively) made it statistically difficult to detect an association. 

Therefore, whilst no evidence of a role for ABCB1 genetic variability in determining BMT 

response was observed here, it cannot be ruled out.  

3.5.2.2.3. Comparisons with other literature 

Prior to commencing this project, buprenorphine had yet to be investigated as a P-gp 

substrate. However, as will be discussed in more detail in Chapter 6, attempts have since been 

made by others to evaluate its efflux by P-gp, with the balance of evidence so far indicating 

that buprenorphine is not a P-gp substrate.  

It seems strange then that BMT dose requirements are affected by ABCB1 genetic 

polymorphisms if buprenorphine is not a P-gp substrate. One possible explanation may be 

that, whilst buprenorphine is not a P-gp substrate, its opioid active metabolite, 

norbuprenorphine, is. Indeed, norbuprenorphine has demonstrated significant P-gp transport 

in human ABCB1-transfected HEK293 cell monolayers, which was over 5-fold that observed 

for methadone measured in the same study (Tournier et al., 2009). As such, a diminished 

norbuprenorphine biliary excretion, and subsequent inhibition of buprenorphine CYP3A4 

metabolism (due to increased norbuprenorphine concentrations in hepatocytes) (Zhang et al., 
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2003a), might explain the association between ABCB1 variants and increased Ctrough/dose 

observed in this study, but requires further confirmation.  

Whatever the exact mechanism may be, to date this remains the only study to investigate and 

report an association between ABCB1 genetic variability and BMT dose requirements.  

3.5.3. Study limitations 

In addition to the study limitations already discussed, the major limitation of this study was its 

retrospective approach. Drawing data from numerous different clinical studies, as well as 

missing data on original case report forms, meant that not all data were available for all 

subjects. This was a particular problem for covariate analyses where there was a mismatch in 

availability for different data. As such, in some cases subject numbers were prohibitively 

small, and consequently the statistical power to detect genotype/haplotype differences was 

significantly reduced, particularly for rarer ABCB1 genetic variants. 

Furthermore, the heterogeneity of the opioid-dependent populations (as a result of drawing 

subjects from multiple clinical studies, particularly for MMT subjects), is likely to have made 

it more difficult to detect subtle, or treatment setting- or duration-dependent, effects of 

ABCB1 genetic variability. Indeed, the opioid-dependent subjects included in this study were 

recruited from various treatment settings, ranging from prison populations to privately-

prescribed take-away dosing. Whilst this also represents a strength of this study, in that 

significant genetic factors determining methadone and buprenorphine response could still be 

detected despite such heterogeneous patient populations, future studies may benefit from 

concentrating on particular treatment settings. In addition, there was an indication from linear 

regression analyses that dose requirements may also be positively correlated with time in 

treatment, which suggests it may be beneficial to focus on one particular period of treatment. 

For example, examining the pharmacogenetics of opioid substitution treatments during the 

induction and early stabilisation period of treatment may be more likely to detect the impact 
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of ABCB1 variants on methadone and buprenorphine response. Since this stage of treatment is 

when patients are at the greatest risk of adverse events, it may also prove more useful 

regarding eventual translation into clinical practice.  

Considering the aforementioned limitations, the impact of rarer ABCB1 genotypes (A61G and 

G1199A) and haplotypes on methadone or buprenorphine response cannot be ruled out, and 

may be revealed in a larger, more homogeneous patient population.  

Finally, apart from those intrinsic to the statistical tests employed (e.g. case-control 

permutation, binary and linear regression, one- and two-way ANOVA, and chi-squared tests), 

no adjustments for multiple testing were made when determining statistical significance. As 

such, there is a risk that some observations represent type 1 (false positive) errors. However, 

the consistency in the effects of the AGCGC and AGCTT haplotypes between different 

parameters and between MMT and BMT subject groups, as well as their agreement with our a 

priori hypotheses, suggest that these are true positive findings. Nonetheless, it will be 

important to replicate these findings in different (preferably larger and prospective) cohorts of 

opioid substitution treatment subjects.  

3.6. Conclusions 

In conclusion, ABCB1 genetic variability was not associated with the risk of opioid 

dependence, or heroin use demographics. Alternatively, significant associations were 

observed between ABCB1 haplotypes and both MMT and BMT dose requirements. 

For MMT, homozygosity for the wild-type haplotype AGCGC was linked to higher 

methadone dose requirements, whilst the AGCTT variant haplotype was associated with 

lower methadone dose and Ctrough requirements. An association between the C1236T SNP and 

poor MMT treatment outcome was also observed. These effects of ABCB1 genetic variability 
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appeared to be due to differences in P-gp activity at the BBB, regulating its CNS distribution, 

since no differences in plasma pharmacokinetics were detected.  

The wild-type AGCGC haplotype was also associated with higher BMT dose requirements, 

significantly so among successful treatment outcome subjects. The mechanism behind 

differences in buprenorphine requirements remains unknown, but variability in clearance due 

to changes in norbuprenorphine transport may be one possibility. 

Potentially significant covariates for the study of ABCB1 pharmacogenetics in opioid 

substitution treatment were also identified. Specifically, sex appears to be a significant co-

factor in MMT response, whilst treatment success, time in treatment, and/or prior heroin use 

may also be important considerations when examining the relationship between ABCB1 

genetic variability and substitution opioid requirements. 

This study therefore provides the first evidence that determining ABCB1 haplotypes of opioid-

dependent patients may aid in individualizing opioid substitution treatments. However, 

subsequent investigations by others in other treatment populations have indicated that, at least 

for methadone, the impact of ABCB1 genetic variability on dose requirements may be 

dependent on the treatment population, the dose range employed for opioid maintenance, 

and/or individual clinic policies. Therefore, large-scale multi-centre prospective trials are 

required to further elucidate whether ABCB1 haplotyping might one day provide clinicians 

with a useful clinical tool for establishing individualized target doses and/or plasma 

concentrations required for efficacious opioid substitution treatment. 
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Chapter 4. ABCB1 pharmacogenetics in high dose methadone maintenance treatment 

4.1. Introduction 

The first retrospective study (Chapter 3) of ABCB1 genetic variability in standard dose MMT 

subjects identified a significant association between the wild-type haplotype and high 

maintenance dose requirements, and between the AGCTT variant haplotype and low 

maintenance dose requirements. However, as discussed in Chapter 3, attempts by other 

research groups to replicate these findings have failed.  

A study in Swiss MMT subjects receiving a much larger range of methadone doses (3-430 

mg/day), has reported a lack of association between any ABCB1 haplotype and dose 

requirements (Crettol et al., 2008b). Furthermore, a more recent study in an Israeli treatment 

centre (with doses ranging 30-280 mg/day), reported that the frequency of homozygous 

1236TT-2677TT-3435TT haplotypes was significantly higher in subjects receiving high 

doses of methadone (>150 mg/day), when compared to those receiving less than 150 mg/day 

(20.4% versus 4.5%, respectively, P = 0.026) (Levran et al., 2008). These findings are in 

contrast to my results in Australian MMT subjects, and appear counterintuitive when 

considering our current understanding of ABCB1 pharmacogenetics in relation to opioids 

(Meineke et al., 2002; Skarke et al., 2003b; Campa et al., 2008), and the hypothesised role of 

P-gp in methadone transport across the BBB. As discussed in Chapter 1, we would expect 

people carrying ABCB1 genetic variants to have decreased P-gp efflux of opioids, and thus a 

greater exposure to methadone. Hence, ABCB1 variant haplotypes should be associated with 

lower, not higher, doses. As such, there is conflicting evidence as to the role of variant 

ABCB1 haplotypes in determining MMT dose requirements, depending on the treatment 

setting and also the dose range investigated (15-110 versus 3-430 versus 30-280 mg/day).  

Therefore, the aim of this study was to investigate ABCB1 genetic variability in an opioid-

dependent population receiving a higher range of MMT doses more akin to those prescribed 
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in European treatment centres. By comparing variant frequencies between high dose MMT 

subjects, standard dose MMT subjects and non-opioid-dependent controls, as well as 

investigating the impact of ABCB1 genetic variability on high dose methadone requirements 

and pharmacokinetics, this study hoped to establish whether methadone dose range is 

important in determining the impact of ABCB1 pharmacogenetics in MMT.   

4.2. Materials and methods 

4.2.1. Subjects 

Twenty-two high dose methadone maintenance (HD), 78 normal dose methadone 

maintenance (ND) and 98 control subjects were included in this retrospective study. HD 

subjects were part of a clinical study from the Specialist Medical Practice Clinic, Drug and 

Alcohol in Redfern, New South Wales, that was approved by the South East Sydney Area 

Health Service Ethics Committee. These subjects represented a small cohort of subjects who 

required higher than usual doses to reduce withdrawal symptoms and heroin use. ND subjects 

consisted of the same MMT patients described in Chapter 3. Healthy non-opioid-dependent 

controls were also the same as those studied in Chapter 3. Written informed consent for 

genotyping analysis was obtained for all subjects. 

4.2.2. Demographics, methadone requirements and pharmacokinetic data 

Demographic data of HD subjects were obtained from original study case notes, as were daily 

methadone dose requirements (mg/day) and time in treatment (months). In addition, plasma 

(R)- and (S)-methadone trough concentrations (Ctrough, ng/mL) and (R)- and (S)-methadone 

apparent oral clearances (CL/F, L/h) of HD subjects had already been determined (as part of 

the original clinical study) by liquid chromatography with mass spectrometry and population 

pharmacokinetic models, respectively, using established methods (Foster et al., 2004).  
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As with the previous retrospective study, Ctrough was used as an indicator of plasma 

methadone concentration requirements for suppressing withdrawal, whilst dose-adjusted 

Ctrough (Ctrough/dose) was employed as measure of P-gp activity influencing methadone 

bioavailability and/or systemic clearance (see Chapter 3, section 3.5.2). 

4.2.3. ABCB1 genotyping and haplotyping 

ABCB1 genotypes and haplotypes of HD subjects were determined using the methods 

described in Chapter 2. In addition to recording the population estimates for each haplotype 

frequency from the PHASE output, ‘observed’ haplotype frequencies were calculated for the 

HD, ND and control subject groups based on each individual’s predicted haplotypes (after 

excluding subjects with phase call probabilities less than 0.7). 

In order to allow a direct comparison between this study and that of Levran and colleagues 

(2008), 3-SNP haplotypes formed by C1236T, G2677T and C3435T were also estimated 

using PHASE and analysed in the same manner as for the standard 5-SNP haplotypes. 

4.2.4. Data analysis 

Individual SNP allele and genotype frequencies were compared between HD and control, or 

HD and ND subject groups using Fisher’s Exact Test (with Odds Ratio) (alleles) or Chi-

square Test (genotypes). Where homozygous variant genotypes were too rare to conduct a 

Chi-square Test, homozygous variant and heterozygous genotypes were combined and the 

data analysed by Fisher’s Exact Test. If one or more of these tests gave a P-value less than 

0.1, adjusted Odds Ratios were determined by combining genotype data from all 5 SNPs in a 

binary logistic regression model to control for potential SNP interactions.  

Genotype frequencies in opioid-dependent and control subjects were tested separately for 

Hardy-Weinberg Equilibrium by Chi-square test (or Fisher’s Exact Test for SNPs with 

insufficient homozygous variant frequencies).  
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Case-control permutation tests were run to determine any differences in ABCB1 haplotype 

distributions (for both the 5-SNP and 3-SNP haplotype models) between HD (case) and 

control (control) subject groups, and HD (case) and ND (control) subject groups as described 

in Chapter 2. Group differences in diplotype frequencies were analysed initially using Fisher’s 

Exact Test. Where any diplotype displayed a P-value less than 0.1 (by Fisher’s Exact Test), 

all diplotypes with a frequency greater than 10% (in any subject group) were combined a 

binary logistic regression model to determine their adjusted Odds Ratios. 

Differences in HD subjects’ daily dose, Ctrough, dose-adjusted Ctrough (Ctrough/dose) or apparent 

oral clearance (CL/F) between ABCB1 genotypes and haplotypes (with a frequency >5% in 

HD subjects) were investigated using Mann-Whitney U and Kruskal-Wallis tests (with 

Dunn’s multiple comparisons post-hoc test) where appropriate.  

Since the previous study identified time in treatment as a potential covariate related to dose 

requirements, the relationship between HD subjects’ daily dose, Ctrough, Ctrough/dose or CL/F 

and time in treatment (log-transformed) was examined using Pearson correlation tests. 

Differences in time in treatment between ABCB1 genotypes and haplotypes (with a frequency 

>5% in HD subjects) were investigated using Mann-Whitney U and Kruskal-Wallis tests 

(with Dunn’s multiple comparisons post-hoc test) where appropriate. 

For section 4.3.6, HD and ND subjects’ dose and Ctrough data were combined to give an 

indication of the apparent AGCGC and AGCTT haplotype effects when MMT subjects, over 

a wide range of doses, are treated as a single treatment population (as in Crettol et al. 2006). 

Differences between haplotype groups were analysed by Kruskal-Wallis tests (with Dunn’s 

multiple comparisons post-hoc test). 

P < 0.05 was considered statistically significant. All data are presented as mean (Ctrough, CL/F) 

or median (dose, Ctrough/dose) ± standard deviation. 
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4.3. Results 

4.3.1. Subject demographics 

Demographics of the HD subjects are shown in Table 4-1. The demographics of ND and 

control subjects are the same as those given in Chapter 3. One HD subject was excluded from 

the dose requirement- and pharmacokinetic-genotype/haplotype relationship analyses due to 

unclear dosing data, and another excluded due to a 400% higher clearance as result of 

concomitant ritonavir (a potent CYP3A inducer) treatment. 

Table 4-1. Demographics of high dose methadone maintenance subjects. 

 n = 22 
Male : Female 19 : 3 
Age (years) (mean (range)) 39 (25-56) 

Body weight (kg) (median ± SD (range)) 82 ± 12 (50-103) 
Methadone dose (mg/day) (median ± SD (range)) 200 ± 43 (180-300) 

Time in treatment (months) (median ± SD (range)) 66 ± 74 (6-204) 
 

4.3.2. ABCB1 genetic variability and opioid dependence 

Twenty-one HD subjects were genotyped for all 5 ABCB1 SNPs, whilst one HD subject was 

genotyped for the A61G, C1236T and G2677T (but not the G1199A and C3435T) SNPs due 

to a shortage of blood sample (this was also the subject with unclear dosing data).   

The frequencies of each ABCB1 SNP, with regards to alleles and genotypes, in HD, ND and 

control subjects are shown in  Table 4-2. There were no significant differences in allele or 

genotype frequencies between HD and control subjects when SNPs were analysed separately 

(P ≥ 0.06), or together in a regression model (P > 0.06). There were also no significant 

differences in allele or genotype frequencies between or HD and ND subjects for any SNP (P 

≥ 0.13). All genotype frequencies were in Hardy-Weinberg equilibrium (P ≥ 0.4). 
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Table 4-2. ABCB1 SNP variant allele and genotype frequencies in high dose methadone maintenance (HD), standard dose 

methadone maintenance (ND) and non-opioid-dependent control (C) subjects. 

 Subject 
group 

Allele frequency n (%) Genotype frequency n (%) 
SNP WT V OR (95% CI) P  WT/WT WT/V V/V 		2 P 

A61G HD 39 (88.6) 5 (11.4)    17 (77.3) 5 (22.7) 0 (0)   

 ND 144 (92.3) 12 (7.7) 0.65 (0.22-1.96) 0.54  68 (87.2) 8 (10.3) 2 (2.6) 0.44 (0.13-1.48)a 0.18a 

 C 168 (88.4) 22 (11.6) 1.02 (0.36-2.87) 1.00  75 (78.9) 18 (18.9) 2 (2.1) 0.80 (0.26-2.47)a 0.77a 

G1199A HD 41 (97.6) 1 (2.4)    20 (95.2) 1 (4.8) 0 (0)   

 ND 151 (96.8) 5 (3.2) 1.36 (0.15-11.95) 1.00  73 (93.6) 5 (6.4) 0 (0) 1.37 (0.15-12.41)a 1.00a 

 C 182 (97.8) 4 (2.2) 0.90 (0.10-8.28) 1.00  90 (96.8) 2 (2.2) 1 (1.1) 0.67 (0.07-6.75)a 0.56a 

C1236T HD 20 (45.5) 24 (54.5)    6 (27.3) 8 (36.4) 8 (36.4)   

 ND 79 (52.7) 71 (47.3) 0.75 (0.38-1.47) 0.49  20 (26.7) 39 (52.0) 16 (21.3) 2.41 0.30 

 C 69 (44.2) 87 (55.8) 1.05 (0.54-2.06) 1.00  14 (17.9) 41 (52.6) 23 (29.5) 1.93 0.38 

G2677T HD 18 (40.9) 26 (59.1)    4 (18.2) 10 (45.5) 8 (36.4)   

 ND 85 (54.5) 71 (45.5) 0.58 (0.29-1.14) 0.13  20 (25.6) 45 (57.7) 13 (16.7) 4.04 0.13 

 C 100 (52.6) 90 (47.4) 0.62 (0.32-1.21) 0.18  19 (20.0) 62 (65.3) 14 (14.7) 5.61 0.06 

C3435T HD 14 (33.3) 28 (66.7)    2 (9.5) 10 (47.6) 9 (42.9)   

 ND 69 (44.2) 87 (55.8) 0.63 (0.31-1.29) 0.22  14 (17.9) 41 (52.6) 23 (29.5) 1.72 0.42 

 C 72 (39.1) 112 (60.9) 0.78 (0.38-1.58) 0.60  13 (14.1) 46 (50.0) 33 (35.9) 0.52 0.77 

WT: Wild-type. V: Variant. OR (95% CI): Odds Ratio (95% Confidence Interval) of Fisher’s Exact Test comparing HD and ND, or HD and C groups. 

	2: Chi-square comparing HD and ND, or HD and C groups. aOR (95% CI) and P-value of Fisher’s Exact Test after grouping WT/V and V/V 

genotypes. 
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ABCB1 haplotypes could be determined for all 21 HD subjects with complete genotype data, 

with phase call probabilities greater than 0.84. Nine different haplotypes were observed in the 

HD group compared to 11 in ND and control subjects (Table 4-3). A case-control permutation 

test revealed no significant difference in overall haplotype frequencies between HD and 

control, or HD and ND subjects (P = 0.50 and 0.69, respectively).  

 

Table 4-3. ABCB1 haplotype frequencies in high dose methadone maintenance (HD), 

standard dose methadone maintenance (ND) and non-opioid-dependent control (C) 

subjects. 

 HD  ND  C 

ABCB1 
Haplotypec 

Observeda 
(n = 21) 

Estimatedb 
(n = 21) 

 Observeda 
(n = 70) 

Estimatedb 
(n = 78) 

 Observeda 
(n = 74) 

Estimatedb 
(n = 79) 

nh (%) %  nh (%) %  nh (%) % 

AGCGC 10 (23.8) 22.7  45 (32.1) 29.2  48 (32.4) 29.2 

AGCGT 3 (7.1) 7.0  12 (8.6) 8.4  11 (7.4) 7.6 

AGCTC 0 (0.0) 0.7  6 (4.3) 4.5  2 (1.4) 1.8 

AGCTT 5 (11.9) 11.7  9 (6.4) 6.8  4 (2.7) 3.6 

AGTGC 2 (4.8) 5.1  10 (7.1) 7.4  7 (4.7) 5.3 

AGTGT 1 (2.4) 3.3  4 (2.9) 4.9  10 (6.8) 8.2 

AGTTC 1 (2.4) 2.4  0 (0.0) 0.2  0 (0.0) 0.2 

AGTTT 15 (35.7) 35.1  42 (30.0) 27.8  46 (31.1) 29.5 

AACGC 1 (2.4) 2.4  3 (2.1) 2.1  2 (1.4) 1.2 

AACTC 0 (0.0) 0.0  1 (0.7) 0.8  2 (1.4) 1.4 

GGCGT 0 (0.0) 0.0  1 (0.7) 0.5  0 (0.0) 0.1 

GGTGT 0 (0.0) 0.0  0 (0.0) 1.6  2 (1.4) 2.5 

GGTTT 4 (9.5) 8.8  7 (5.0) 5.4  14 (9.5) 9.1 

n = number of subjects included in analysis. Total number of haplotypes in population = 2n.  aAbsolute 

count of each haplotype (nh) (observed frequency (%) = (nh/2n) 
 100) after excluding subjects with 

PHASE call probability less than 0.7. bPopulation haplotype frequency estimated by PHASE using 

entire group genotype data. cHaplotype locus order is 61, 1199, 1236, 2677, 3435. Variant loci are 

indicated in bold. 
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Whilst the AGCGC / AGCTT diplotype was significantly more frequent in HD subjects 

(14.3%) when compared to non-opioid-dependent controls when analysed separately (1.4%, 

OR (95% CI): 12.2 (1.19 to 124.0), P = 0.03), the adjusted Odds Ratio was not significant 

when diplotypes (with frequencies greater than 10%) were combined in a binary logistic 

regression model (adjusted Odds Ratio (95% CI) = 6.60 (0.61 to 71.56). P = 0.12). There were 

no significant differences in diplotype frequencies between HD and ND subjects (P > 0.1).  

 

Table 4-4. ABCB1 diplotype frequencies in high dose methadone maintenance (HD), 

standard dose methadone maintenance (ND) and non-opioid-dependent control (C) 

subjects. 

Diplotype HD 
n (%) 

ND  
n (%) 

C 
n (%) 

AGCGC / AGTTT 3 (14.3) 19 (27.1) 20 (27.0) 
AGCGC / AGCGC 1 (4.8) 5 (7.1) 8 (10.8) 
AGCGT / AGTTT 2 (9.5) 5 (7.1) 4 (5.4) 
AGCGC / GGTTT 0 (0.0) 3 (4.3) 5 (6.8) 
AGTTT / AGTTT 3 (14.3) 4 (5.7) 3 (4.1) 
AGTGT / AGTTT 0 (0.0) 2 (2.9) 4 (5.4) 
AGTGC / AGTTT 1 (4.8) 2 (2.9) 4 (5.4) 
AGCGC / AGTGC 0 (0.0) 5 (7.1) 1 (1.4) 
AGCGC / AGCGT 1 (4.8) 3 (4.3) 1 (1.4) 
AGCGC / AGTGT 0 (0.0) 1 (1.4) 3 (4.1) 
AGCGC / AGCTT 3 (14.3) 3 (4.3) 1 (1.4)* 
AGCTC / AGTTT 0 (0.0) 3 (4.3) 1 (1.4) 
AGTTT / GGTTT 2 (9.5) 1 (1.4) 3 (4.1) 
AGCTT / AGTTT 0 (0.0) 0 (0.0) 2 (2.7) 
AGCGT / AGCGT 0 (0.0) 1 (1.4) 2 (2.7) 
AGTGC / GGTTT 0 (0.0) 0 (0.0) 2 (2.7) 
AGTTT / AACGC 0 (0.0) 2 (2.9) 1 (1.4) 
GGTGT / GGTTT 0 (0.0) 0 (0.0) 2 (2.7) 
AGCGT / AGCTT 0 (0.0) 2 (2.9) 0 (0.0) 
AGCTT / AGCTT 0 (0.0) 2 (2.9) 0 (0.0) 
AGCTT / GGTTT 2 (9.5) 0 (0.0) 1 (1.4) 

Other 3 (14.3) 7 (10.0) 6 (8.1) 
Only diplotypes observed more than once in any subject group are included. Haplotype locus order is 

61, 1199, 1236, 2677, 3435. Variant loci are bold. *Fisher’s Exact Test P < 0.05 for HD versus C. 
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ABCB1 3-SNP haplotypes could be determined, with phase calls probabilities greater than 

0.8, for 21 HD, 75 ND, and 77 control subjects. All 8 possible haplotype combinations of 

C1236T, G2677T and C3435T SNPs were observed. Their frequencies in each subject group 

are shown in Table 4-5. There was no significant difference in 3-SNP haplotype frequencies 

between HD and control (P = 0.09), or HD and ND subjects (P = 0.27). Alternatively, the 

CGC / CTT diplotype was significantly more frequent in HD subjects (14.3%) when 

compared to controls (1.3%, OR (95% CI): 12.7 (1.24-129.1), P = 0.03). However, as with the 

AGCGC / AGCTT diplotype, the adjusted Odds Ratio was not significant when 3-SNP 

diplotypes (with frequencies greater than 10%) were combined in a binary logistic regression 

model (adjusted Odds Ratio (95% CI) = 6.86 (0.60 to 77.98). P = 0.12). There were no 

significant differences in 3-SNP diplotype frequencies between HD and ND subjects (P > 

0.1). 

Table 4-5. ABCB1 3-locus (C1236T, G2677T, C3435T) haplotype frequencies in high 

dose methadone maintenance (HD), normal dose methadone maintenance (ND) and 

non-opioid-dependent control (C) subjects. 

 HD  ND  C 

ABCB1 
Haplotypec 

Observeda 
(n = 21) 

Estimatedb 
(n = 21) 

 Observeda 
(n = 75) 

Estimatedb 
(n = 78) 

 Observeda 
(n = 77) 

Estimatedb 
(n = 79) 

nh (%) %  nh (%) %  nh (%) % 
CGC 11 (26.2) 24.2  49 (32.7) 31.5  50 (32.5) 30.6 

CGT 3 (7.1) 7.8  14 (9.3) 9.1  11 (7.1) 7.6 

CTC 0 (0.0) 1.6  7 (4.7) 5.1  4 (2.6) 3.0 

CTT 5 (11.9) 11.6  9 (6.0) 7.0  4 (2.6) 3.7 

TGC 2 (4.8) 5.0  10 (6.7) 7.5  7 (4.5) 5.3 

TGT 1 (2.4) 3.5  8 (5.3) 6.5  15 (9.7) 10.8 

TTC 1 (2.4) 2.6  0 (0.0) 0.2  0 (0.0) 0.3 

TTT 19 (45.2) 43.7  53 (35.3) 33.2  63 (40.9) 38.6 

n = number of subjects included in analysis. Total number of haplotypes in population = 2n.  aAbsolute 

count of each haplotype (nh) (observed frequency (%) = (nh/2n) 
 100) after excluding subjects with 

PHASE call probability less than 0.8. bPopulation haplotype frequency estimated by PHASE using 

entire group genotype data. cHaplotype locus order is 1236, 2677, 3435. Variant loci are bold. 
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Table 4-6. ABCB1 3-locus (C1236T, G2677T, C3435T) diplotype frequencies in high 

dose methadone maintenance (HD), normal dose methadone maintenance (ND) and 

non-opioid-dependent control (C) subjects. 

Diplotype HD 
n (%) 

ND  
n (%) 

C 
n (%) 

CGC / TTT 3 (14.3) 24 (32.0) 25 (32.5) 
TTT / TTT 5 (23.8) 6 (8.0) 6 (7.8) 
CGC / CGC 2 (9.5) 6 (8.0) 8 (10.4) 
TGT / TTT 0 (0.0) 6 (8.0) 9 (11.7) 
CGT / TTT 2 (9.5) 6 (8.0) 5 (6.5) 
TGC / TTT 1 (4.5) 2 (2.7) 6 (7.8) 
CGC / CTT 3 (14.3) 3 (4.0) 1 (1.3)* 
CGC / CGT 1 (4.8) 4 (5.3) 1 (1.3) 
CGC / TGC 0 (0.0) 5 (6.7) 1 (1.3) 
CTC / TTT 0 (0.0) 3 (4.0) 2 (2.6) 
CTT / TTT 2 (9.5) 0 (0.0) 3 (3.9) 
CGC / TGT 0 (0.0) 1 (1.3) 3 (3.9) 
CGT / CGT 0 (0.0) 1 (1.3) 2 (2.6) 

Other 2 (9.5) 8 (10.7) 5 (6.5) 
Only diplotypes observed more than twice in total are included. Haplotype locus order is 1236, 2677, 

3435. Variant loci are indicated in bold. *Fisher’s Exact Test P < 0.05 for HD versus C. 

4.3.3. ABCB1 genetic variability and methadone requirements 

HD subjects (n = 20) were receiving daily methadone doses ranging from 180 to 300 mg/day 

(median ± SD: 200 ± 43), whilst the mean ± SD Ctrough of (R)-methadone and (S)-methadone 

for HD subjects were 332 ± 135 and 273 ± 133 ng/ml, respectively. Only one subject was 

variant at the G1199A SNP, as such, the impact of this SNP on methadone requirements and 

pharmacokinetics was not analysed. No other ABCB1 genotype significantly influenced daily 

methadone dose (P > 0.08) or (R)-methadone Ctrough (P > 0.3) requirements (Table 4-7). 

Similarly, there was no significant association between any ABCB1 haplotype and daily 

methadone dose (P > 0.06) or (R)-methadone Ctrough (P > 0.1) requirements (Table 4-8). 
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Table 4-7. Relationships between daily methadone maintenance dose or (R)-methadone 

Ctrough requirements and ABCB1 genotypes.  

SNP Genotype n Dosea P-valueb  Ctrough
c P-valueb 

A61G A/A 16 200 � 34.8 0.08 
 330.4 � 148.1  0.74  A/G 4 280 � 49.6  340.3 � 80.1 

C1236T C/C 5 200 � 29.2   378.5 � 63.6  
 C/T 7 250 � 49.6 0.49  300.2 � 92.7 0.34 
 T/T 8 200 � 37.8   331.7 � 193.8  
G2677T G/G 3 200 � 0.0   327.6 � 10.5  
 G/T 9 200 � 43.2 0.96  368.8 � 152.0 0.59 
 T/T 8 200 � 50.4   293.2 � 141.0  
C3435T C/C 1 200   339.4  
 C/T 10 200 � 37.8 0.57  362.9 � 151.8 0.59 
 T/T 9 195 � 51.4   297.8 � 123.0  
aDose = median ± SD methadone dose requirement (mg/day). bP-value of Mann-Whitney U test for 

A61G or Kruskal-Wallis test for C1236T, G2677T and C3435T. cCtrough = mean ± SD (R)-methadone 

trough plasma concentration (ng/mL).  

 

Table 4-8. Relationships between daily methadone maintenance dose or (R)-methadone 

Ctrough requirements and ABCB1 haplotypes. 

Haplotype Copy # n Dosea P-valueb  Ctrough
c P-valueb 

AGCGC 0 12 200 ± 45 
0.47 

 317.1 ± 159.9 
0.56  1 7 250 ± 41  357.7 ± 100.0 

 2 1 200  339.4 
AGCGT 0 17 200 ± 43 0.06  344.3 ± 143.0 0.34  1 3 180 ± 12  264.8 ± 51.4 
AGCTT 0 15 200 ± 40 0.24  315.9 ± 150.1 0.16  1 5 260 ± 47  382.0 ± 64.3 
AGTTT 0 8 200 ± 42   361.6 ± 56.5  
 1 9 200 ± 48 0.26  323.0 ± 167.8 0.36 
 2 3 190 ± 10   282.8 ± 207.5  
GGTTT 0 16 200 ± 35 0.08  330.4 ± 148.1 0.74  1 4 280 ± 50  340.3 ± 80.1 
aDose = median ± SD methadone dose requirement (mg/day). bP-value of Mann-Whitney U test for 

AGCGT, AGCTT and GGTTT, or Kruskal-Wallis test for AGCGC and AGTTT. cCtrough = mean ± 

SD (R)-methadone trough plasma concentration (ng/mL). Variant loci are indicated in bold. Copy # 0 

= non-carriers; 1 = heterozygous carriers; 2 = homozygous carriers. 
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Subjects’ time in treatment was significantly positively correlated with dose (r2 = 0.62, P < 

0.0001), but not plasma (R)-methadone Ctrough (P = 0.2). Time in treatment was not related to 

any ABCB1 genotype or haplotype (P > 0.1). 
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Figure 4-1. Correlation between HD subjects’ time in treatment and MMT dose 

requirements.  
Pearson r2 = 0.62, P = 0.0001. 

4.3.4. ABCB1 genetic variability and methadone pharmacokinetics 

The median ± SD plasma (R)- and (S)-methadone Ctrough/dose and CL/F values for HD 

subjects were 1.44 ± 0.67 and 1.30 ± 0.67 ng.ml-1.mg-1, and 10.89 ± 4.27 and 11.85 ± 5.91 

L/h, respectively. There was no significant association of either enantiomer’s Ctrough/dose or 

CL/F with any ABCB1 genotype (Table 4-9) or haplotype (Table 4-10), or any correlation 

with time in treatment (P > 0.2). 
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Table 4-9. Relationship between plasma (R)- and (S)-methadone (MD) pharmacokinetics 

and ABCB1 genotypes. 

SNP   Genotype P-valuec 

   WT/WT WT/V V/V  

A61G Ctrough/dosea (R)-MD 1.58 ± 0.70 1.22 ± 0.60 - 0.60 
  (S)-MD 1.44 ± 0.67 0.73 ± 0.71 - 0.64 

 CL/Fb (R)-MD 11.56 ± 4.4 13.48 ± 3.70 - 0.37 

  (S)-MD 12.8 ± 6.04 16.31 ± 5.07 - 0.24 

C1236T Ctrough/dose (R)-MD 1.86 ± 0.14 1.24 ± 0.23 1.25 ± 1.00 0.10 
  (S)-MD 1.56 ± 0.19 0.73 ± 0.35 1.38 ± 0.93 0.24 

 CL/F (R)-MD 10.37 ± 0.65 12.56 ± 2.18 12.38 ± 6.53 0.55 

  (S)-MD 10.90 ± 1.69 14.69 ± 3.56 14.06 ± 8.70 0.36 

G2677T Ctrough/dose (R)-MD 1.62 ± 0.05 1.56 ± 0.74 1.05 ± 0.71 0.33 
  (S)-MD 1.69 ± 0.34 1.43 ± 0.64 0.69 ± 0.72 0.20 

 CL/F (R)-MD 8.77 ± 3.09 10.85 ± 2.92 14.35 ± 4.94 0.17 

  (S)-MD 7.87 ± 3.79 12.12 ± 3.67 17.13 ± 6.65 0.08 

C3435T Ctrough/dose (R)-MD 1.70 1.61 ± 0.75 1.24 ± 0.62 0.62 

  (S)-MD 1.44 1.52 ± 0.72 0.73 ± 0.65 0.64 

 CL/F (R)-MD 10.61 11.43 ± 5.13 12.66 ± 3.54 0.77 

  (S)-MD 10.82 12.78 ± 7.38 14.57 ± 4.35 0.54 
aCtrough/dose = median ± SD trough plasma concentration / daily dose (ng.mL-1.mg-1). bCL/F = mean ± 

SD oral clearance (L/hr). cP-value of Mann-Whitney U test for A61G, or Kruskal-Wallis test for 

C1236T, G2677T and C3435T. 
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Table 4-10. Relationship between plasma (R)- and (S)-methadone (MD) 

pharmacokinetics and ABCB1 haplotypes. 

Haplotype   Haplotype copy number P-valuec 

   0 1 2  

AGCGC Ctrough/dosea (R)-MD 1.27 ± 0.82 1.62 ± 0.44 1.70 0.68 
  (S)-MD 0.91 ± 0.79 1.47 ± 0.53 1.44 0.93 

 CL/Fb (R)-MD 12.30 ± 5.31 11.52 ± 2.27 10.61 0.99 

  (S)-MD 14.24 ± 7.15 12.58 ± 3.71 10.82 0.89 

AGCGT Ctrough/dose (R)-MD 1.56 ± 0.72 1.32 ± 0.18 - 1.00 
  (S)-MD 1.43 ± 0.72 1.17 ± 0.33 - 0.83 

 CL/F (R)-MD 12.14 ± 4.58 10.84 ± 1.72 - 0.60 

  (S)-MD 13.93 ± 6.31 10.97 ± 1.62 - 0.53 

AGCTT Ctrough/dose (R)-MD 1.32 ± 0.75 1.86 ± 0.38 - 0.38 
  (S)-MD 1.17 ± 0.73 1.43 ± 0.52 - 0.79 

 CL/F (R)-MD 12.10 ± 4.86 11.45 ± 1.78 - 1.00 

  (S)-MD 13.37 ± 6.62 13.83 ± 3.50 - 0.66 

AGTTT Ctrough/dose (R)-MD 1.66 ± 0.29 1.29 ± 0.85 0.90 ± 1.00 0.38 

  (S)-MD 1.50 ± 0.50 1.08 ± 0.76 0.66 ± 0.95 0.42 

 CL/F (R)-MD 10.45 ± 2.55 13.03 ± 4.75 12.67 ± 4.75 0.70 

  (S)-MD 11.60 ± 4.54 14.97 ± 7.28 14.07 ± 4.81 0.64 

GGTTT Ctrough/dose (R)-MD 1.58 ± 0.70 1.21 ± 0.60 - 0.60 

  (S)-MD 1.44 ± 0.67 0.73 ± 0.71 - 0.64 

 CL/F (R)-MD 11.56 ± 4.42 13.48 ± 3.69 - 0.37 

  (S)-MD 12.78 ± 6.04 16.31 ± 5.07 - 0.24 
aCtrough/dose = median ± SD trough plasma concentration / daily dose (ng.mL-1.mg-1). bCL/F = mean ± 

SD oral clearance (L/hr). cP-value of Mann-Whitney U test for AGCGT, AGCTT and GGTTT 

haplotypes, or Kruskal-Wallis test for AGCGC and AGTTT haplotypes. Variant loci are bold. 

Haplotype copy number 0 = non-carriers; 1 = heterozygous carriers; 2 = homozygous carriers. 
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4.3.5. Summary 

In summary, the diplotype AGCGC / AGCTT (and consequently also the 3-SNP diplotype 

CGC / CTT) was more frequent in HD subjects when compared to controls. However, no 

significant ABCB1 genotype or haplotype differences were observed between HD and ND 

subject groups, and there was no significant relationship between ABCB1 genotypes or 

haplotypes and methadone requirements or pharmacokinetics in HD subjects. 

4.3.6. ABCB1 haplotype effects when ND and HD MMT subjects are combined 

Figure 4-2 shows the relationships between the AGCGC and AGCTT haplotypes and 

methadone dose and Ctrough requirements when considering the ND and HD subjects as a 

single treatment group. No significant haplotype differences are observed (P > 0.08). 
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Figure 4-2. Relationship between the AGCGC and AGCTT haplotypes of ABCB1 and 

methadone dose and trough plasma (R)-methadone concentrations (Ctrough) of all MMT 

subjects (ND and HD subjects combined). 
Haplotype copy number 0 = non-carriers; 1 = heterozygous carriers; 2 = homozygous carriers. 
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4.4. Discussion 

The disparities in results between the study described in Chapter 3, and those studies of 

Crettol et al. (2006) and Levran et al. (2008), have suggested that the relative impact of 

ABCB1 genetic variability on methadone requirements can differ between different clinical 

situations. More specifically, it appears that ABCB1 haplotypes influence methadone dose 

requirements in patient populations receiving standard doses up to approximately 180 mg/day, 

but not when patients receive much higher ranges of doses (up to 430 mg/day). Therefore, this 

study aimed to investigate whether two distinct populations of standard and high dose MMT 

patients exist, which might explain the discrepancies between studies regarding the impact of 

ABCB1 genetic variability on MMT response.  

In this study, subjects receiving 15-180 mg/day (from Chapter 3) were designated as standard 

(‘normal’) dose (ND), whilst subjects receiving 180-300 mg/day were designated high dose 

(HD). However, MMT doses are typically highly individualized and highly (and 

continuously) variable. Thus in the absence of specific restrictive clinical guidelines or 

legislation regarding maintenance dosing, the specific designation of a cut-off for high and 

low dose MMT can seem rather arbitrary. As such, the concept of specific high and low dose 

MMT patient populations is a contentious one. Nonetheless, the idea of distinct high and low 

dose MMT populations is not new, with both Crettol et al. (2006) and Levran et al. (2008) 

previously designating similar high and low dose groups within their studies in MMT 

subjects, employing cut-offs of 120 and 150 mg/day, respectively. Furthermore, it has been 

shown that, for most patients, a dose of 100 to 150 mg/day is sufficient for both preventing 

withdrawal and blocking the euphoric effects of heroin (Donny et al., 2002; Donny et al., 

2005). In addition, both Australian (Henry-Edwards et al., 2003) and European (Verster & 

Buning, 2003) MMT guidelines state that a dose between 60 and 100-120 mg/day is effective 

for the majority of patients. In South Australia, an upper limit of 150 mg/day has been 
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established for MMT (Hurley et al., 2004), whilst in Western Australia and New South Wales, 

state approval is required before dosing patients above 120 and 200 mg/day, respectively 

(NSW Department of Health, 2006; WA Drug and Alcohol Office, 2007). Therefore, at least 

in Australia, the combination of methadone’s pharmacology, clinical experience and 

treatment guidelines identifies MMT patients requiring greater than ~120-200 mg/day as a 

distinct ‘atypical’ high dose treatment population. 

In terms of ABCB1 genetic variability, the previous study in Chapter 3 found that wild-type 

(AGCGC) and variant (AGCTT) haplotypes were associated with high and low methadone 

dose requirements, respectively. As such, it might be expected that the wild-type haplotype 

would be more frequent in the HD MMT subjects of this study, and variant haplotypes less 

frequent. However, the findings of this study indicate otherwise. For example, whilst not 

statistically significant, a high combined frequency of the AGTTT and GGTTT variant 

haplotypes (45%) was observed in HD subjects when compared to ND subjects (29%). In 

addition, 3-SNP haplotype analysis allowing direct comparison with Levran et al. (2008) 

revealed that 1236TT/2677TT/3435TT haplotypes were more frequent in HD (24%) versus 

ND (8%) subjects. Whilst this difference was not statistically significant (P = 0.06), it 

displays a similar pattern to Levran who reported a 20.4% and 4.5% frequency of this 

diplotype in subjects designated “high dose” (>150 mg/day) and “low dose” (<150 mg/day), 

respectively. Alternatively, there was a suggestion that AGCGC/AGCTT and CGC/CTT 

diplotypes may also be more frequent in HD subjects when compared to controls, with 

intermediate frequencies in ND subjects. Therefore, these findings and those of Levran seem 

to suggest an association between ABCB1 variant haplotypes and high dose requirements. 

However, as discussed in Chapter 1, ABCB1 genetic variants are expected to be associated 

with decreased P-gp efflux activity, and thus greater CNS exposure to P-gp substrates like 

methadone. Therefore, it would be expected that ABCB1 variants would be associated with 
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lower and not higher dose requirements. As such, despite the apparent agreement between 

these two studies, this association is mechanistically unexpected.  

It should be noted that HD subjects of this study had generally been in treatment much longer 

than ND subjects (median: 66 versus 7 months, respectively). Therefore, it is possible that the 

higher frequency of ABCB1 variant haplotypes observed in HD subjects may actually be 

linked to an overall better treatment response, and hence longer treatment retention, for 

variant carriers. However, no relationship between any genotype or haplotype and time in 

treatment was observed in this study, and whether this also explains the findings of Levran 

and colleagues (2008) is unclear. Nonetheless, it raises the question as to whether ABCB1 

genetic variability may be affecting more general pathways of reward and treatment response, 

such as the endogenous opioid system (through β-endorphin), that may be distinct from, and 

potentially confounding, its modulation of methadone CNS exposure. As such, additional 

mechanistic studies with larger subject numbers are required to clarify why there appears (in 

this study and Levran et al. (2008)) to be a higher frequency of ABCB1 variant haplotypes in 

high dose MMT populations. 

In further disagreement with the findings described in Chapter 3, but in support of the 

hypothesis that ABCB1 genetic variability no longer influences MMT at high doses, the 

present study found no significant association between any ABCB1 haplotype and methadone 

dose in HD subjects. Unfortunately, the small group of HD subjects included in the present 

study represents only a very narrow range of high dose patients, and as such, the power to 

detect previously observed differences in methadone requirements was drastically reduced 

(for example, only 58% power to detect a 35 mg difference in dose between AGCTT carriers 

and non-carriers). In addition, there were too few HD subjects homozygous for the wild-type 

haplotype (n = 1) to allow for direct comparison with my previous study (Chapter 3). 

Nonetheless, there was clearly no association between the AGCTT haplotype (previously 
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associated with 50% reduction in methadone requirements) and dose. Furthermore, despite an 

almost 5-fold variability in (R)-methadone Ctrough values among HD subjects, no significant 

association with ABCB1 haplotypes was observed. Coupled with the absence of a high 

frequency of homozygous wild-type haplotype subjects in the HD group (which was expected 

based on previous results in ND subjects, Chapter 3), these findings suggest that, unlike in 

subjects receiving 15-180 mg/day, ABCB1 haplotypes do not associate with methadone 

requirements in patients receiving high MMT doses (>120-200 mg/day). As such, when ND 

and HD subjects were combined and analysed as a single group receiving a large range of 

MMT doses (20-300 mg/day), the significant associations between AGCGC homozygotes or 

AGCTT carriers and methadone requirements previously observed in ND subjects were no 

longer apparent (Figure 4-2). Therefore, it seems that, when analysing MMT subjects 

receiving such a large range of doses, the absence of ABCB1 haplotype effects on methadone 

requirements in HD subjects masks the significant effects observed in ND subjects, which 

provides a tangible explanation of why Crettol et al. (2008b) were unable to detect any 

haplotype effects in their subjects receiving an even larger range of doses (3-430 mg/day).  

Despite the lack of significant differences between haplotype groups, no homozygous 

AGCGC subject required less than 90 mg/day, whilst no homozygous AGCTT subject 

required more than 35 mg/day, thus indicating that these haplotypes may still be useful as 

predictors of minimum or maximum dose requirements, respectively, for homozygous 

carriers. However, this needs to be validated by further prospective study, and the fact that 

these homozygous carriers combined represent no more than 10% of the MMT population is 

also likely to limit their clinical utility. 

With respect to the relationship between genetic variability and methadone pharmacokinetics, 

it was found that ABCB1 haplotypes did not influence either the dose-adjusted Ctrough, or the 

CL/F of (R)- or (S)-methadone in HD subjects (P > 0.24). This is not surprising given that for 
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drugs such as methadone, P-gp is expected to have a relatively minor impact on intestinal 

absorption and elimination when compared to its influence on CNS distribution, especially at 

high doses (Lin & Yamazaki, 2003a; Lin & Yamazaki, 2003b).  

In terms of potential covariates, whilst the previous study in Chapter 3 identified sex as 

important for the investigation of ABCB1 genetic variability in MMT, exclusion of the three 

female HD subjects had no significant effect on the results (data not shown). Alternatively, a 

strong positive correlation was observed between HD subjects’ dose requirements and their 

time in treatment. Whilst this may indicate the development of increased methadone tolerance 

over prolonged treatment, no correlation was observed between time in treatment and Ctrough 

(representing pharmacodynamic tolerance) or CL/F (representing pharmacokinetic tolerance). 

Therefore, it is also possible that the correlation between time in treatment and dose may 

simply reflect an increase in treatment retention with higher doses, although, a correlation 

between time in treatment and Ctrough may also be expected if this were the case.  

Despite the lack of a correlation between time in treatment and CL/F, the (R)- and (S)-

methadone CL/F of HD subjects were higher than those previously reported in an Australian 

MMT cohort receiving 7.5-160 mg/day (that is, similar to ND subjects) (mean ± SD: 11.9 ± 

4.3 and 13.5 ± 5.9 versus 9.4 ± 3.9 and 9.5 ± 5.4 L/h, respectively (Foster et al., 2004)). It is 

unclear whether the increased CL/F observed in the HD population is a cause or a 

consequence of the high doses. For example, it is possible that pre-existing high CL/F may 

necessitate the use of higher doses to prevent withdrawal over the dosing interval in these 

patients. Alternatively, evidence exists for the auto-induction of methadone metabolism 

during the course of long-term (but not short-term, (Morton, 2007)) maintenance, which could 

result in increased clearance (Anggard et al., 1975; Verebely et al., 1975; Wolff et al., 2000). 

If the latter is true, and methadone clearance is induced at high doses, then it could 

foreseeably override the impact of ABCB1 genetic variability, explaining the lack of 
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association between ABCB1 mutations and methadone requirements in current HD subjects. 

However, such a conclusion cannot be made from this study alone. 

Despite this increased clearance in HD subjects, their (R)-methadone Ctrough values (332 ± 135 

ng/mL) were still higher than those observed for ND subjects (see Chapter 3), as well as those 

previously reported for treatment responders in typical Australian treatment settings (223 ± 

119 ng/mL, (Hallinan et al., 2006)). Therefore, this suggests there is additional variability in 

either CNS distribution or pharmacodynamics leading to increased methadone requirements. 

Whether this relates to pre-existing variability in CNS distribution and pharmacodynamics, or 

the development of CNS pharmacokinetic and pharmacodynamic tolerance related to time in 

treatment, is unclear. 

In summary, contrary to the findings described in Chapter 3, no clear associations between 

ABCB1 haplotypes and methadone dose or Ctrough requirements were observed among HD 

subjects. This lends support to the hypothesis that two distinct MMT populations may exist 

with regards to ABCB1 pharmacogenetics, the first being standard dose MMT (<150-200 

mg/day) where ABCB1 haplotypes influence methadone requirements, and the second being 

high dose MMT (>150-200 mg/day) where they do not. Unfortunately, the mechanistic basis 

behind this observation is unclear. One hypothesis could be that P-gp transport at the BBB is 

saturated at the concentrations observed in high dose MMT, thus removing any impact of P-

gp transport, and hence ABCB1 genetic variability, on methadone requirements. However, not 

enough is known about the kinetics of methadone P-gp transport at the human BBB to allow 

for such a conclusion at this stage. Alternatively, the potential influence of ABCB1 genetic 

variability on overall treatment response, and possibly treatment retention, may be a 

confounding factor when investigating differences in ABCB1 pharmacogenetics between high 

and normal dose MMT. Time in treatment itself may also be an important factor since, as 

mentioned previously, most HD subjects had been in treatment considerably longer than ND 
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subjects, and treatment duration was strongly correlated with increased dose requirements. As 

such, it is possible that an impact of ABCB1 genetic variability on methadone requirements 

may only be observed in the earlier stages of maintenance treatment.  

Another important consideration when interpreting differences between standard and high 

dose MMT populations, as well as discrepancies between previous studies, is the significant 

role individual clinic policies and philosophies may also play in determining both dose 

administered and patient response to treatment (Bell et al., 1995; Magura et al., 1998; Magura 

et al., 1999). For example, the majority of ND subjects (73 of 78) were recruited from South 

Australian treatment clinics, where an upper limit of 150 mg/day for MMT dosing applies. 

Alternatively, all HD subjects were recruited from a NSW clinic where dosing is allowed up 

to and above (subject to State approval) 200 mg/day. Therefore, different treatment settings, 

dosing strategies and legislative restrictions, may also have a significant bearing on the 

clinical impact of ABCB1 pharmacogenetics in MMT. As such, any future studies should 

ideally compare high and standard dose MMT populations within the same treatment 

setting/clinic.  

Finally, genetic factors influencing methadone’s pharmacodynamics also need to be 

considered. For example, there is new evidence that a variant of the dopamine D2 receptor 

gene (DRD2) may also contribute to interindividual variability in MMT response (Crettol et 

al., 2008a). Furthermore, a separate study in our laboratory has demonstrated that the 

frequency of the OPRM1 A118G variant, associated with decreased mu-opioid receptor 

signalling efficacy, is significantly higher in HD subjects when compared to ND subjects. As 

such, in MMT patients requiring high methadone doses to control withdrawal and reduce 

illicit opioid intake, it is possible that P-gp-associated pharmacokinetic variability may be 

largely overshadowed by the impact of genetic variability influencing methadone 

pharmacodynamics. 
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However, in a similar manner to the previous observation by Campa and colleagues (2008) 

that genetic variants of OPRM1 and ABCB1 may interact to affect morphine pain relief, 

further studies in HD subjects by our research group have found a significant association of 

homozygous wild-type OPRM1 A118G / homozygous variant ABCB1 C3435T (AA / TT), 

and homozygous variant OPRM1 A118G / heterozygous or homozygous wild-type ABCB1 

C3435T (GG / CC or CT) combined genotypes, with low and high methadone Ctrough 

requirements, respectively. Importantly, this combined analysis of OPRM1 A118G and 

ABCB1 C3435T genotypes appeared to be a better predictor of the (R)-methadone Ctrough than 

A118G alone, indicating that ABCB1 genetic variability may still have some small influence 

on methadone CNS distribution at high doses, and that epistasis (multiple gene interaction) is 

a vital consideration when investigating methadone pharmacogenetics. 

Based on the findings of Chapter 3, this study, and of other international research, the 

multiple factors influencing MMT can be summarised as shown in Figure 4-3.  
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Factors affecting standard dose MMT 
only (less than ~120-200 mg/day)

Factors determining high versus standard/ 
low dose MMT  (> or < ~120-200 mg/day)

Factors affecting high dose MMT only
(greater than ~120-200 mg/day)

Factors affecting standard & 
high dose MMT (~3-400 mg/day)

• DRD2 C957T (treatment response)a

• CYP450 metabolism (drug  
interactions, disease)b

• OPRM1 A118G / ABCB1 C3435Tc

• OPRM1 A118G (high)c

• ABCB1 AGCGC/AGCTTd & 
1236TT/2677TT/3435TTe diplotypes (high)
• ABCB1 AGCGC/AGCGC diplotype (high)
• ABCB1 AGCTT/AGCTT diplotype (standard/low)
• Clinic / government policyd

• Clearance
• Time in treatment

• ABCB1 AGCGC/AGCGC diplotypef

• ABCB1 AGCTT haplotypef

• DRD2 rs6275C>Tg

• Plasma protein bindingh

• Sexh

• Prior heroin use
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• OPRM1 A118G (high)c

• ABCB1 AGCGC/AGCTTd & 
1236TT/2677TT/3435TTe diplotypes (high)
• ABCB1 AGCGC/AGCGC diplotype (high)
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• Prior heroin use
 

Figure 4-3. Summary of the multiple factors potentially influencing MMT dose 

requirements and response.  
Factors in bold are significant associations identified in this thesis or by other researchers ( aCrettol et 

al., (2008a); bsee Chapter 1, section 1.4.2.1; cunpublished, Discipline of Pharmacology, University of 

Adelaide; dthesis Chapter 4; eLevran et al., (2008); fthesis Chapter 3; gDoehring et al., (2009); hFoster 

et al., (2000); Foster et al., (2004)). Factors not in bold are those for which there is no significant 

evidence, but the findings of Chapter 3 and 4 of this thesis suggest could also potentially be involved. 
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In conclusion, the impact of ABCB1 genetic variability on methadone requirements and 

treatment response varies significantly between treatment populations. Whether this is due to 

the existence of distinct high and standard dose MMT populations, or simply related to 

patients’ time in treatment, increased methadone clearance and/or clinic policies, is as yet 

unclear. Nonetheless, the observed complex relationships between dose range, clearance, 

treatment duration and genetic variability highlight the fact that variability in MMT response 

is complicated and multi-factorial. Therefore, a combined consideration of multiple genetic 

and environmental factors is required to provide a more complete picture of the factors 

governing the successful treatment of opioid dependence. 
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Chapter 5. Ex vivo expression and function of P-glycoprotein 

5.1. Introduction 

The findings of Chapter 3 indicate that ABCB1 genetic variability may play some role in 

determining opioid response. However, the interpretation is made difficult by the lack of clear 

understanding of the functional consequences of ABCB1 SNPs and haplotypes, and thus the 

mechanism by which they might influence methadone and buprenorphine pharmacokinetics.  

As discussed in Chapter 1, numerous in vitro studies have tried to identify the functional 

consequences of ABCB1 variants, but have failed to reach a consensus. In addition, whilst ex 

vivo analyses of P-gp expression and transport in isolated human tissues are believed to 

provide a more useful model for examining the functional consequences ABCB1 genetic 

variability, they have been similarly inconclusive, and the current knowledge of the ex vivo 

impact of ABCB1 haplotypes, as well as of the A61G, G1199A, C1236T SNPs, is restricted to 

the findings of only one or two studies each. Furthermore, whilst mRNA expression, P-gp 

protein expression and P-gp transport function have all been previously employed as 

measures of ex vivo P-gp variability, no single study has investigated all three elements at 

once. This may be important since the combined examination of mRNA, protein and transport 

variability is likely to provide the greatest insight into the exact mechanisms behind the 

functional consequences of ABCB1 polymorphisms, and how they may interact in the form of 

haplotypes. Finally, and most importantly for this thesis, no ex vivo studies have been 

performed in opioid-dependent subjects, an important consideration since, as discussed in 

Chapter 1 (section 1.5.4.1), some opioids can induce P-gp expression. As such, exposure to 

illicit and/or substitution opioids may alter P-gp expression, potentially confounding the 

functional impacts (penetrance) of ABCB1 polymorphisms. 

Therefore the aims of this study were to: 
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(a) Develop methods for the simultaneous ex vivo analysis of ABCB1 mRNA expression, P-

gp protein expression and P-gp function in human lymphocytes.   

(b) Apply these methods to a pilot clinical investigation of the complex interaction between 

ABCB1 genetic variability, prior illicit opioid use, opioid substitution treatment, and P-gp 

expression and function.  

5.2. Method development and validation 

5.2.1. Introduction 

As discussed in Chapter 1 (section 1.6.4.2), numerous tissues have been employed for the ex 

vivo quantification of P-gp expression and function, including duodenal, liver and renal tissue. 

However, by far the most commonly employed tissue for ex vivo analysis has been PBMCs. 

This is largely because PBMCs can be obtained relatively non-invasively from whole blood 

samples, and can be analysed using existing flow cytometric techniques to measure P-gp 

expression (using fluorescent P-gp antibodies) and function (using the fluorescent P-gp 

substrate Rhodamine 123) (Ford et al., 2003). 

Unfortunately, where a flow cytometer is not available within the lab, as was the case in this 

study, one of the major drawbacks of using flow cytometry for evaluating P-gp expression 

and function is the cost. In addition, at the time of initiating the ex vivo study (early 2007) for 

which these methods were required, studies examining P-gp expression by flow cytometry 

could only quantify expression in terms of percentage of P-gp-positive cells (i.e. the 

proportion of total cells above a threshold fluorescence). As such, it was questionable whether 

these analytical methods possessed the quantitative sensitivity to resolve moderate individual 

variability in P-gp expression, within P-gp expressing cells, as a result of modulating factors 

such as genetic polymorphisms. Flow cytometric methods are also unable to determine the 
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mRNA expression of P-gp. With this in mind, an alternative method was sought for the 

quantification of P-gp expression (mRNA and protein) and function in PBMCs. 

Whilst numerous studies have previously employed whole PBMCs for this form of analysis 

(see Appendix A: Table A-3), different lymphocyte subtypes have been shown to express 

different levels of P-gp, with relatively high P-gp expression observed in CD56+ and CD8+ 

lymphocytes (CD56+ > CD8+), and relatively low expression in CD4+ lymphocytes 

(Chaudhary et al., 1992; Ford et al., 2003). As such, it may be more beneficial to examine P-

gp expression and function in specific subsets of lymphocytes, rather than in PBMCs as a 

whole. Therefore, a new non-flow cytometric method for the isolation of specific lymphocyte 

subsets was also required. 

As such, the assay development aims were: 

(a) To develop and validate a new (non-flow cytometric) method for the simultaneous 

isolation of pure CD4+, CD56+ and CD8+ lymphocyte fractions from human whole blood.  

(b) To develop and validate a quantitative real-time PCR assay for the quantification of 

ABCB1 mRNA expression in ex vivo human lymphocytes.  

(c) To develop and validate a Western blot assay for the quantification of P-gp protein 

expression in ex vivo human lymphocytes. 

(d) To develop and validate a fluorescent P-gp substrate accumulation and efflux assay for 

the evaluation of P-gp function in ex vivo human lymphocytes. 

5.2.2. Materials 

OptiPrepTM density gradient solution, bovine serum albumin (BSA), ammonium chloride, 

potassium bicarbonate, ethylenediaminetetraacetic acid (EDTA), dimethylsulfoxide (DMSO), 

isopropanol, paraformaldehyde, rhodamine 123, verapamil, RIPA buffer, Protease Inhibitor 

Cocktail, Tris-base, glycine, sodium dodecyl sulphate, bromophenol blue, β-mercaptoethanol, 
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and monoclonal mouse anti-human P-glycoprotein (clone F4) and monoclonal mouse anti-

human calnexin (clone TO-5) antibodies, were purchased from Sigma-Aldrich (Castle Hill, 

Australia). Phosphate buffered saline (PBS), trypan blue and heat-inactivated fetal bovine 

serum (FCS) were purchased from the Central Services Unit of the School of Molecular and 

Biomedical Science, University of Adelaide (Adelaide, SA, Australia). Deoxyribonucleoside 

triphosphates (dNTPs) were manufactured by Finnzymes (Keilaranta, Finland, distributed by 

Genesearch, Arundel, Australia). ThermoPol Reaction Buffer and Taq DNA Polymerase were 

manufactured by New England Biolabs (Beverly, Massachusetts, USA, distributed by 

Genesearch). Oligonucleotides primers and pUC19/HpaII DNA molecular weight marker 

were purchased from GeneWorks (Thebarton, Australia). MACS® CD4, CD56 and CD8 

microbeads, monoclonal FITC-conjugated mouse anti-human CD4 and anti-human CD8 

antibodies, and FITC- and PE-conjugated mouse IgG2a antibodies were purchased from 

Miltenyi Biotec Australia Pty Ltd (North Ryde, NSW, Australia). Monoclonal PE-conjugated 

mouse anti-human CD56 and mouse IgG2b antibodies were purchased from BD Biosciences 

(North Ryde, NSW, Australia). The RNeasy kit was purchased from QIAGEN Pty Ltd 

(Doncaster, Vic, Australia). The mRNA CatcherTM PLUS kit, RPMI 1640 medium and 

HEPES buffer were purchased from Invitrogen Australia Pty Ltd (Mulgrave, Vic, Australia). 

The High-Capacity cDNA Reverse Transcription Kit, TaqMan® Gene Expression Master Mix 

and TaqMan® Gene Expression Assay Kits (Hs00184491_m1 and Hs99999905_m1) were 

purchased from Applied Biosystems (Mulgrave, Vic, Australia). Baseline-ZEROTM DNase 

was manufactured by EPICENTRE Biotechnologies (Madison, WI, USA, distributed by 

Astral Scientific, Gymea, NSW, Australia). The BCATM Protein Assay Kit was manufactured 

by Pierce (Rockford, IL, USA, distributed by Thermo Fisher Scientific, Scoresby, Vic, 

Australia). Precision Plus Protein Dual Colour standard, High Range Prestained SDS-PAGE 

standard and 30% 29:1 acrylamide:bis-acrylamide were purchased from Bio-rad Australia 

(Gladesville, NSW, Australia). High-range Rainbow Molecular Weight Marker, Hybond ECL 
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nitrocellulose (0.45 μm), ECL Advance Western Blotting Detection Kit (including ECL 

Advance blocking and detection reagents), and HRP-conjugated sheep anti-mouse IgG 

antibody were purchased from GE Healthcare Bio-Sciences Pty Ltd (Rydalmere, NSW, 

Australia). Methanol was purchased from Ajax Finechem Pty Ltd (Taren Point, NSW, 

Australia). Tween 20 detergent was manufactured by Amresco Inc (Solon, OH, USA, 

distributed by Astral Scientific). Glycerol was purchased from Merck Pty Ltd (Kilsyth, Vic, 

Australia). RNase-free pipette tips and tubes (Axygen, Union City, CA USA, distributed by 

Fisher Biotec Australia, Wembley, WA, Australia) were used for all RNA procedures. 

5.2.3. Isolation of CD4+, CD56+ and CD8+ lymphocytes 

5.2.3.1. Methods 

Where possible, all methods described in this section were performed using aseptic techniques 

in a laminar flow hood. Blood samples used for the development and validation of these 

samples were kindly donated by healthy volunteers. 

5.2.3.1.1. Isolation of peripheral blood mononuclear cells 

PBMCs were isolated from 6-18 mL of whole blood (taken in EDTA tubes) using OptiPrepTM 

according to the manufacturer’s “Isolation of mononuclear cells from peripheral blood and 

from bone marrow by flotation through a density barrier” method (see product application 

sheet C5, http://www.axis-shield-density-gradient-media.com/CD2009/cells/C05.pdf). 

Following density gradient centrifugation, the PBMC layer was transferred to a new tube and 

washed three times with 10 mL of PBS (resuspending and pelleting at 350, 300 and 300 x g 

for 10 minutes each time). After the third wash, the PBMC pellet was resuspended in 1 mL of 

PBS before adding 10 mL of red blood cell lysis solution (155 mM NH4Cl; 10 mM KHCO3; 

0.1 mM EDTA) and incubating at room temperature for 5 minutes. PBMCs were then washed 

a further two times in 10 mL PBS before being resuspended in 1 mL of cold (4°C) magnetic 

separation buffer (SB: PBS with 0.5% BSA, 2 mM EDTA). Ten microlitres of PBMC cell 
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suspension was diluted with 190 μL of trypan blue and cells quantified using a 

haemocytometer (Weber, England). 

5.2.3.1.2. Magnetic positive selection 

Positive selection for CD4+, CD56+ and CD8+ lymphocytes was performed sequentially using 

MACS® CD4, CD56 and CD8 microbeads, respectively, on a MiniMACSTM Separation Unit 

with MS columns (Miltenyi Biotec Australia Pty Ltd, North Ryde, NSW, Australia). 

Magnetic cell separation was chosen as the method for isolating lymphocyte subsets from 

whole PBMCs, as it allows for the efficient and specific isolation of viable cells. Through the 

use of commercially available tiny (~50 nM in diameter) super-paramagnetic beads that bind 

to specific cell surface antigens, it is possible to isolate specific cell populations by magnetic 

separation. Importantly, the beads used in the methods described below are biodegradable and 

decompose in cell culture, and therefore cell function and viability can be preserved. 

This technique was initially performed using the manufacturer’s standard procedures (‘Basic 

protocol’), however, results of flow cytometric validation experiments (see below, 5.2.3.2.2.1) 

prompted slight changes to the standard method resulting in an ‘Optimised protocol’. The 

basic method and the optimized protocol changes are both described below. 

5.2.3.1.2.1. Basic protocol 

A diagram outlining the basic protocol following the manufacturer’s standard procedure is 

shown in Figure 5-1.  

Briefly, up to 2 x 107 lymphocytes were labelled with CD4 microbeads (so as not to exceed 

the column capacity of 1 x 107 labelled (CD4+) cells), washed, and magnetically separated, 

with both the CD4-positive and negative cell fractions collected in separate tubes. The CD4-

negative fraction was then combined with any remaining PBMCs not used in the CD4 

selection, and the cells labelled with CD56 microbeads, washed, and magnetically separated, 
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with the CD56-positive and negative cell fractions both collected in separate tubes. The 

CD4/CD56-negative fraction was then labelled with CD8 microbeads, washed, and 

magnetically separated. The CD8-positive fraction was collected in a tube, whilst the 

CD4/CD56/CD8-negative fraction was discarded. In this manner, this procedure generated 

three separate fractions of CD4+, CD56+ and CD8+ lymphocytes. 

= labelled CD4+ cells
= unlabelled CD4- cells

1. Label cells with
CD4+ microbeads

2. Wash to remove 
excess microbeads

2. Magnetically bind
labelled cells to  
column, wash &
collect unlabelled
cells

4. Repeat procedure
on unlabelled cells
with C56+ then CD8+

microbeads

3. Remove column from
magnetic field & collect 
labelled cells 

Whole PBMCs

CD4 microbeads

CD4- cells 
(-ve fraction)

CD4+ cells (+ve fraction)

Strong
magnet

 

Figure 5-1. Basic protocol for magnetic bead positive selection and isolation of 

lymphocyte subsets.  
–ve: negative. +ve: positive. 
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5.2.3.1.2.2. Validation of cell selection by flow cytometry 

In order to validate the magnetic separation procedure for isolating pure fractions of CD4+, 

CD56+ and CD8+ lymphocytes, each of the positive fractions, as well as whole PBMCs and a 

sample of a CD4/CD56/CD8-negative fraction (taken after the subset isolations), were 

analysed by dual colour flow cytometry.  

Briefly, 5 x 105 cells were labelled with fluorescently tagged antibodies according to antibody 

manufacturers’ instructions, washed, then fixed in 500 μL of 1% paraformaldehyde and stored 

at 4°C in the dark until analysis. A list of the different antibody combinations tested for each 

cell fraction is shown in Table 5-1. Flow cytometric samples were analysed at the Detmold 

Family Imaging Centre of the Institute of Medical and Veterinary Science (Adelaide, SA).   

Table 5-1. List of antibodies (and their combinations) used for flow cytometry to test cell 

surface antigen expression in whole human PBMCs, magnetically isolated CD4+, CD56+ 

and CD8+ lymphocytes, and the magnetic isolation negative fraction. 
Whole PBMCs CD4+ CD56+ CD8+ -ve fraction 
Isotype controls Isotype controls Isotype controls Isotype controls Isotype controls 

CD4-FITC CD4-FITC CD4-FITC CD4-FITC CD4-FITC 
CD8-FITC CD56-PE CD56-PE CD56-PE CD56-PE 
CD56-PE CD8-FITC CD8-FITC CD8-FITC CD8-FITC 

CD4-FITC/CD56-PE  CD4-FITC/CD56-PE   
CD8-FITC/CD56-PE  CD8-FITC/CD56-PE   

Isotype controls: Anti-mouse IgG2a-FITC and anti-mouse IgG2a-PE. 

5.2.3.1.2.3. Optimised protocol 

Based on the findings of the flow cytometric analysis, additional measures were added to the 

basic protocol to reduce the contamination of the CD56+ fraction with CD4+ cells (see section 

5.2.3.2.2.1 and Table 5-3). Firstly, during the CD4+ cell positive selection procedure, the first 

negative fraction to come off the magnetized column (prior to any washes) was run through 

the same magnetized column again to ensure all bead-labelled CD4+ cells were captured and 

did not contaminate the negative fraction. Secondly, during the CD56+ cell positive selection, 

CD56+ cells were eluted off the demagnetized column as usual. However, in line with 
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recommendations from the manufacturer for the isolation of rare cell fractions, they were then 

applied back on to a second magnetized column. The washing procedure was then repeated in 

the CD56+-enriched cell fraction to ensure the removal of any contaminating non-labelled 

CD4+ (or other) cells. The purified CD56+ fraction was then eluted off the (demagnetized) 

column and processed as usual. Only the negative fraction from the first column was used for 

the subsequent CD8+ positive selection, whilst the negative fraction from the second column 

was discarded. A diagram outlining the optimized protocol process is shown in Figure 5-2. 

5.2.3.1.2.4. Processing of positive fractions 

For analysis of P-gp expression and function, as soon as possible after collection (using the 

optimised procedure), the CD4+, CD56+ or CD8+ positive cell fractions were washed with 1 

mL of PBS and quantified. For mRNA expression analysis, cells in 40 μL of PBS were snap-

frozen using liquid nitrogen before being stored at -70°C. For protein expression, cells were 

pelleted, supernatant removed, and frozen at -20°C. For functional analysis, cells were 

pelleted and resuspended at 1 x 106 cells/mL in freezing medium (FCS with 10% DMSO), 

transferred to 2 mL NuncTM cryovials (Rochester, NY, USA, distributed by In Vitro 

Technologies Pty Ltd, Noble Park, VIC, Australia) and frozen (placed in a Nalgene ‘Mr 

Frosty’ (In Vitro Technologies) isopropanol bath overnight at -70°C then transferred to liquid 

nitrogen). The actual number of cells required for each set of analyses was determined based 

on individual assay development results (see sections 5.2.4.4, 5.2.5.4 and 5.2.6.4). 
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1. Label cells with
CD4+ microbeads

2. Wash to remove 
excess microbeads

2. Magnetically bind
labelled cells to  
column

3. Re-apply 1st wash
to column, wash & 
collect unlabelled 
cells

5. Label CD4- cells
with CD56
microbeads

6. Wash to remove
excess microbeads

7. Magnetically bind
labelled cells to
column, wash &
collect unlabelled
cells

11. Label CD4-/CD56-

cells with CD8
microbeads

12. Wash to remove 
excess
microbeads

Contaminating
unbound CD4+ cells

CD4- cells 
(-ve fraction)

CD4+ cells (+ve fraction)

Same column

= labelled CD4+ cells
= unlabelled CD4- cells

Whole PBMCs

CD4 microbeads

CD56 microbeads

CD4-/CD56- cells
(-ve fraction) Contaminating

unlabelled cells

Waste

CD56+ cells (+ve fraction)

4. Remove column from
magnetic field & collect 
CD4+ cells 

8. Remove column from
magnetic field & collect 
cells from column

9. Reapply cells to new
column in magnet, wash 
& discard unlabelled cells

10. Remove column from
magnetic field & collect 
CD56+ cells

8. 9. 10.

13. Isolate CD8+ cells using basic protocol

CD8 microbeads

 

Figure 5-2. Optimised protocol for magnetic bead positive selection and isolation of 

lymphocyte subsets. 
–ve: negative. +ve: positive. 
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5.2.3.1.3. Qualitative detection of CD4, CD56 and CD8 expression 

In order to confirm the isolation of pure CD4+, CD56+ and CD8+ lymphocyte fractions in 

subjects’ samples, qualitative reverse transcription-PCR methods were developed for the 

detection of CD4, CD56 and CD8 mRNA. For all three assays, mRNA was isolated from 

control samples of CD4+, CD56+ or CD8+ lymphocytes isolated using the optimised 

procedure. Five microlitres of the purified mRNA was then reverse transcribed to 

complementary DNA (cDNA) using the methods described in sections 5.2.4.1.1 and 5.2.4.1.2 

below. These cDNAs were then used to develop CD4, CD56 and CD8 cDNA-specific PCR 

assays.  

Primers used in the assays described below were all based on existing published methods, 

however, as a precaution, all primers were checked against the human genome and 

transcriptome using the online NCBI BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) 

program and GenBank sequences to ensure that they recognized the CD4, CD56 or CD8 

mRNA sequence where appropriate, and that at least one primer was intron-spanning (and 

hence mRNA specific) (CD8) or, if they gave both mRNA and DNA products, that amplified 

cDNA and DNA bands were distinguishable from one another by size (CD4 and CD56). The 

primer sequences for each assay are shown in Appendix A: Table A-18. 

In the publications on which these assays were based, very little information was given as to 

the specific PCR conditions. As such, in the absence of information other than primer 

sequences, ABCB1 PCR conditions (specifically those used for A61G, G1199A and C1236T, 

see Chapter 2, Table 2-2) were used as a starting point. For all three assays, 15 μL of cDNA 

was used as a starting point for PCR, then based on these results, different cDNA amounts for 

each assay were tested to achieve optimal specific amplification. The PCR reaction conditions 

trialled for each of the three assays are shown in Table 5-2. 
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All PCR products were run on a 4% 2:1 gel and photographed using standard procedure (see 

Chapter 2, section 2.1.2.3.3). 

Table 5-2. PCR conditions trialled for the qualitative detection of CD4, CD56 and CD8 

cDNA. 

Assay ►  CD4 CD56 CD8 
Master mix (per reaction):    
[PCR reaction buffer] 1X 1X 1X 
[dNTPs] (μM each) 50 50 50 
[Primers] (μM each) 0.1 0.5 0.1 or 0.5 
Taq DNA polymerase (Units) 2.5 2.5 1 or 2.5 

cDNA (μL) 1, 5, 7.5, 
10 or 15 5, 10 or 15 0.05, 0.1, 0.5, 

1, 5, 10 or 15 

Final reaction volume (μL) 30 30 30 
    
Cycling conditions:    
Initial denaturation 93�C: 3 min 94�C: 5 min 94�C: 5 min 
           Denaturing 93�C: 1 min 94�C: 30 sec 94�C: 30 sec 
           Annealing   60�C: 1 min 63�C: 30 sec 60�C: 30 sec 
           Elongation 72�C: 2 min 72�C: 1.5 min 72�C: 1.5 min 
           Number of cycles 35 35 35 
Final elongation 72�C: 5 min 72�C: 5 min 72�C: 5 min 
Storage 4�C 4�C 4�C 
 

 

5.2.3.2. Results 

5.2.3.2.1. Isolation of PBMCs 

Using the method described in section 5.2.3.1.1, 7.6-8.6 mL of whole blood from healthy 

volunteers (n = 3) provided 1.4-2.35 x 107 PBMCs. Analysis by flow cytometry in one of 

these volunteers showed that, of these PBMCs, around 63% were CD4+, 11% were CD56+, 

and 27% were CD8+, whilst around 7% were CD56+/CD8+ double-labelled (see Table 5-3). 

These values correspond well with the expected abundances of CD4+, CD56+, CD8+ and 

CD8+/CD56+cells (34-67%, 5-15%, 10-42% and 2-5%, respectively) previously reported in 

healthy individuals (Whiteside & Herberman, 1989; Ohkawa et al., 2001; Gomella, 2002). 
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5.2.3.2.2. Magnetic positive selection 

5.2.3.2.2.1. Basic protocol 

Using the basic magnetic separation protocol, around 3-8 x 106 CD4+, 0.9-1.5 x 106 CD56+, 

and 1.5-1.9 x 106 CD8+ cells were recovered from the PBMCs isolated above (n = 3), 

representing approximately 50%, 11% and 22% of the total PBMCs, respectively.  

Results of flow cytometric analyses of each of the positive fractions in one volunteer (as well 

as the final CD4/CD56/CD8-negative fraction) are shown in Table 5-3. The purities of the 

CD4+ and CD8+ fractions were found to be very good (99% and 96.5%, respectively), 

whereas the CD56+ fraction had less than 90% purity. As expected from the analysis of whole 

PBMCs, a large portion of the CD56+ fraction was double-labelled for CD56 and CD8, 

accounting for all of the CD8 single-labelled cells in the CD56 fraction. As such, the majority 

of CD56+ fraction contamination appears to come from the 10% of cells positive for CD4.  

Analysis of the CD4/CD56/CD8-negative fraction revealed that the majority of CD4+, CD56+ 

and CD8+ cells had been captured by the positive selection procedure. 

 

Table 5-3. Flow cytometric analysis of human whole PBMCs and lymphocyte cell 

fractions isolated by the basic magnetic separation procedure.  

Labelling Whole 
PBMCs CD4+ CD56+ CD8+ -ve 

fraction 
Isotype controls 2.0% 0.3% 1.3% 1.5% 9.1% 

CD4-FITC 62.8% 99.0% 10.7% 4.7% 10.0% 
CD56-PE 10.8% 0.3% 89.3% 3.8% 2.7% 

CD8-FITC 26.6% 1.4% 24.1% 96.5% 14.6% 
CD4-FITC / CD56-PE 0.4% - 0.7% - - 
CD8-FITC / CD56-PE 7.2% - 25.4% - - 

Values in bold highlight the desired high percentage of cells labelled with CD4, CD56 or CD8 

fluorescent antibodies in the cell fractions positively selected with CD4, CD56 and CD8 microbeads, 

respectively. 
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5.2.3.2.2.2. Optimised protocol 

The recovery of cell fractions from healthy volunteers (as percentages of total PBMC input) 

using the optimised protocol was 30-49% for CD4+ (n = 3), 9% for CD56+ (n = 2, incorrect 

concentration of CD56 microbeads used for the third subject) and 11-25% for CD8+ (n = 3) 

cells, with total recoveries varying between individuals depending on the amount of total 

PBMCs extracted. See section 5.3.3.2 for the confirmation of fraction purities by qualitative 

reverse-transcription PCR. 

5.2.3.2.3. Qualitative detection of CD4, CD56 and CD8 expression 

CD4 PCR using 5, 7.5, 10 and 15 μL of CD4+ cDNA all gave strong PCR products of 138 bp 

(the size expected from the mRNA sequence). One microlitre of cDNA also gave a clear 138 

bp product, but was not as strong as the other volumes. As such, 2 μL was chosen as the 

volume of subject cDNA to be tested using the CD4 PCR conditions shown in Table 5-4. 

CD56 PCR using 10 and 15 μL of CD56+ cDNA gave clear PCR products at 279 bp (the size 

expected from the mRNA sequence), whereas 5 μL of cDNA gave no 279 bp product. As 

such, 10 μL was chosen as the volume of subject cDNA to be tested using the CD56 PCR 

conditions shown in Table 5-4. 

CD8 PCR using 0.4 μM of each primer and/or 2.5 U of Taq DNA polymerase produced non-

specific amplification of a similar size to the expected cDNA band (64 bp), even in negative 

(water instead of cDNA) controls. Alternatively, CD8 PCR using 0.1 μM of each primer and 

1 U of Taq DNA polymerase had no non-specific amplification. Using these conditions, 1, 5, 

10 and 15 μL of CD8+ cDNA gave strong PCR products, 0.5 μL of cDNA gave a faint PCR 

product, and 0.1 and 0.05 μL of cDNA gave no PCR product. As such, 1 μL was chosen as 

the volume of subject cDNA to be tested using the CD8 PCR conditions shown in Table 5-4. 
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Table 5-4. Optimised CD4, CD56 and CD8 PCR conditions. 

Assay ►  CD4 CD56 CD8 
Master mix (per reaction):    
[PCR reaction buffer] 1X 1X 1X 
[dNTPs] (μM each) 50 50 50 
[Primers] (μM each) 0.1 0.5 0.1 
Taq DNA polymerase (Units) 2.5 2.5 1 
    
cDNA (μL) 2 10 1 
Final reaction volume (μL) 30 30 30 
    
Cycling conditions:    
Initial denaturation 93�C: 3 min 94�C: 5 min 94�C: 5 min 
           Denaturing 93�C: 1 min 94�C: 30 sec 94�C: 30 sec 
           Annealing   60�C: 1 min 63�C: 30 sec 60�C: 30 sec 
           Elongation 72�C: 2 min 72�C: 1.5 min 72�C: 1.5 min 
           Number of cycles 35 35 35 
Final elongation 72�C: 5 min 72�C: 5 min 72�C: 5 min 
Storage 4�C 4�C 4�C 
 

5.2.3.3. Discussion 

A new method for the sequential positive selection and isolation of CD4+, CD56+ and CD8+ 

cell subsets was developed using magnetic microbeads. This method was found to be 

effective in isolating pure fractions of CD4+ and CD8+ cells from whole PBMCs. However, 

the CD56+ cell fraction was found to be contaminated with CD4+ cells (constituting around 

10% of the fraction) when using the basic protocol. This is not entirely surprising given the 

high abundance of CD4+ cells (~50-60% of cells) relative to CD56+ cells (~11% of cells) in 

whole PBMC isolations. In addition, some aspects of the basic protocol provide potential 

opportunities for contamination. For example, the initial labelling and isolation of CD4+ cells 

was limited to the use of a maximum of 2 x 107 total PBMCs, so as not to exceed the column 

capacity for 1 x 107 labelled cells. Therefore, if the abundance of CD4+ cells greatly exceeds 

50% for an individual, a small percentage of bead-labelled CD4+ cells may escape positive 

selection, contaminate the negative fraction, and be extracted with bead-labelled CD56+ in the 

following stage of the procedure. In addition, most often the CD4-negative fraction was 
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combined with any PBMCs not used in the CD4+ isolation procedure in order to increase the 

yield of less abundant CD56+ and CD8+ lymphocytes. Therefore, there was likely a significant 

proportion of CD4+ cells from the non-depleted fraction remaining in the cells used for 

CD56+ selection. As such, if these cells aren’t efficiently removed by washing, they can 

contaminate the CD56+ fraction and, as seen in Table 5-3, can form a significant portion of 

the fraction due the overall low abundance of CD56+ cells.  

To combat these issues, an additional CD4+ positive selection step was incorporated into the 

protocol to ensure the capture of all bead-labelled CD4+ cells, and an extra positive selection 

and washing step in the CD56+ procedure to was included to ensure that all non-labelled 

contaminating cells were removed from the CD56+ positive fraction. Using this optimised 

protocol, the abundance of each fraction matched well with the abundances observed in the 

flow cytometric analysis of whole PBMCs, and those reported previously in healthy 

individuals (Whiteside & Herberman, 1989; Ohkawa et al., 2001; Gomella, 2002). 

Unfortunately, due to a shortage of antibodies, it was not possible to confirm by flow 

cytometry the purity of the fractions obtained using the optimised protocol. However, as 

discussed in section 5.2.3.1.3, methods were developed to allow qualitative detection of CD4, 

CD56 and CD8 mRNA by reverse transcription-PCR, which were used to confirm the 

absence of detectable CD4 contamination of CD56+ lymphocyte isolations in subject samples 

(see section 5.3.3.2). 

5.2.3.4. Conclusion 

In conclusion, a new and optimized protocol was successfully developed for the isolation and 

purification of CD4+, CD56+ and CD8+ lymphocyte subsets from as little as 8 mL of whole 

blood. The isolated cells were viable, and could be stored for later analysis of gene/protein 

expression and function. 
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5.2.4. ABCB1 mRNA expression by qRT-PCR 

5.2.4.1. Methods 

Quantitative real-time PCR (qRT-PCR) determines the expression of a gene by measuring the 

exact or relative number of copies of mRNA gene transcript. As the first step, RNA is isolated 

from the tissue of interest and reverse transcribed to cDNA, which has the same sequence as 

the exonic sequence of the gene (i.e. the gene sequence minus untranscribed introns), but is 

more stable than mRNA. This cDNA is then used as a template for gene-specific PCR 

employing probes that generate fluorescence when incorporated into a PCR product. Real-

time PCR machines (such as the Rotor-Gene used in these methods) are able to detect the 

fluorescence generated, which is proportional to the number of copies of amplified fragment 

that increases with each cycle of the PCR. Therefore, the more mRNA expression, the more 

cDNA is produced by reverse transcription, and the more amplified fragments (and hence 

fluorescence) is observed for a given number of PCR cycles. In this manner, the gene 

expression of two samples can be compared by measuring how many cycles it takes to reach a 

certain level of fluorescence. The number of cycles required to reach this fluorescence 

threshold is termed CT, with a lower CT indicating higher gene expression. 

A relative quantification approach was chosen for this study as the absolute copy number of 

gene transcripts was of no particular interest. This method involves the normalisation of target 

gene expression to an endogenous control gene within the same sample, resulting in a �CT 

value (CTtarget - CTcontrol). The endogenous control gene acts as a form of ‘loading control’, 

allowing for the comparison of �CT values (and thus gene expression) between different 

samples. More detail on CT data analysis is given in section 5.2.4.1.3.2 below. 

 

 



Chapter 5. Ex vivo expression and function of P-glycoprotein 
 

 

Daniel T Barratt, PhD Thesis 2010   182 

5.2.4.1.1. mRNA isolation 

Due to the finite number of cells available for analysis of subject samples, it was important to 

minimize, where possible, the number of cells used for each analysis. Initially, total RNA 

isolations were performed using a QIAGEN RNeasy kit according to the manufacturer’s 

instructions. Using this method, only approximately 900 ng of RNA (quantified by 

absorbance at 260 nm) was recovered from 5 x 105 CD4+ cells, which was deemed 

insufficient based on a previous study by (Vaclavikova et al., 2008) that employed a similar 

protocol and instrument to the methods described below. As such, an alternative RNA 

isolation method was sought that would allow fewer cells to be used.  

To this end, an mRNA CatcherTM PLUS kit, which could specifically isolate polyA-tailed 

mRNA (the small fraction of RNA relevant for gene expression analysis), was trialled. Using 

the manufacturer’s recommended procedure, 80 μL of purified mRNA was isolated from 1 x 

105 lymphocytes, 1 μL of RNase inhibitor was then added, and the sample frozen at -70°C 

until required for reverse transcription. Unfortunately, due to the small number of cells from 

which the mRNA was isolated, combined with mRNA forming only a small fraction of total 

RNA usually isolated from cells, the mRNA concentrations in samples were too low to be 

detected by a spectrophotometer. However, with the advantage of reverse transcribing mRNA 

only (and not whole RNA), the mRNA acquired from 1 x 105 lymphocytes was estimated to 

produce sufficient cDNA for qRT-PCR analysis of ABCB1 expression.  

5.2.4.1.2. cDNA synthesis 

5.2.4.1.2.1. Protocol development 

Reverse transcription of mRNA to cDNA was performed using a High-Capacity cDNA 

Reverse Transcription Kit according to the manufacturer’s instructions. Using this procedure, 

up to 14.2 μL of mRNA could be used for cDNA synthesis, with a final volume of 20 μL. For 
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each mRNA sample, reverse transcription reactions were run in duplicate, and the cDNA 

products combined after synthesis to give a total of 40 μL of cDNA. 

Reverse transcription reactions were initially trialled using 10 μL of mRNA from 1 x 105 

CD4+, CD56+ and CD8+ cells from healthy volunteers. The effectiveness of cDNA synthesis 

was then tested by performing C1236T PCR (see Chapter 2, Table 2-2) using 13 μL of each 

cDNA (instead of DNA), as well as a PCR positive control (100 ng of DNA) and negative 

control (no DNA or cDNA). The C1236T primers are located in separate exonic regions, and 

amplify both DNA and cDNA template, but with different sized products due to the absence 

of the intronic sequence in cDNA (DNA = 527 bp, cDNA = 244 bp). As shown in Figure 5-3, 

ABCB1 cDNA was clearly detected in CD56 and CD8 lymphocyte samples (CD56 > CD8, as 

expected). Though not visible in Figure 5-3, a faint CD4 cDNA band was also detectable in 

the original image. However, for all cDNA samples there was significant DNA contamination 

(Figure 5-3). As such, it was decided to treat mRNA with DNase enzymes prior to performing 

reverse transcription to ensure removal of any DNA contamination. 

 

 

  

 

Figure 5-3. Detection of both cDNA and DNA in CD4+, CD56+ and CD8+ lymphocyte 

reverse transcription products by C1236T PCR amplification.  
bp: size of marker bands in base pairs; M: pUC19/HpaII DNA molecular weight marker; 1: water 

PCR negative control; 2: 100 ng DNA PCR positive control; 3: CD4+ reverse transcription PCR 

product; 4: CD56+ reverse transcription PCR product; 5: CD8+ reverse transcription PCR product. 
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5.2.4.1.2.2. DNase treatment and cDNA purification 

In order to test the effectiveness of DNase treatment, 80 μL of mRNA sample was treated 

with 1 U of Baseline-ZEROTM DNase according to the manufacturer’s instructions, cDNA 

was then synthesized from the DNased mRNA, and amplified by C1236T PCR as before.  

Surprisingly, whilst the Baseline-ZEROTM DNase treatment protocol included an enzyme 

inactivation step, no PCR products (DNA or cDNA) could be detected for cDNA samples 

produced from DNase-treated mRNA. Therefore, in order to determine whether DNase 

treatment was degrading the mRNA, cDNA or PCR products, or possibly inhibiting the 

cDNA synthesis or PCR, samples of DNase-treated and untreated mRNA were purified using 

the RNA clean-up protocol of an RNeasy Mini Kit, and eluted in 30 μL of RNase-free water 

each. Reverse transcription reactions were then performed using 13.2 μL of each purified 

mRNA sample. The cDNA products were amplified by C1236T PCR as before, along with a 

negative (water) control, a DNA positive control, and a DNA positive control containing 

inactivated DNase treatment components (to test for PCR inhibition).  

As shown in Figure 5-4, incorporation of the ‘inactivated’ DNase treatment components into 

the DNA positive control PCR completely eliminated any PCR product, indicating that the 

DNase treatment components were either inhibiting the PCR, or degrading the PCR products. 

More importantly, by purifying the DNase-treated mRNA, a clear C1236T PCR amplified 

cDNA band could be detected, and the DNase-treated sample displayed little or no DNA 

contamination when compared to the DNase-untreated product. Therefore, DNase-treatment 

was effective in removing contaminating DNA, and purification of the DNased mRNA 

removed any PCR-inhibitory components of the DNase treatment. 
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Figure 5-4. DNase treatment components inhibit PCR amplification (lanes 1 versus 2), 

but purification of DNase-treated mRNA is effective in removing these PCR-inhibitory 

DNase components (lanes 2 versus 3), revealing that DNase treatment is effective in 

removing DNA contamination in mRNA (lanes 3 versus 4).  
Lane 1: C1236T PCR amplification of 100 ng genomic DNA. 2: C1236T PCR amplification of 100 

ng genomic DNA in the presence of DNase treatment components. 3: C1236T PCR amplification of 

cDNA generated from DNase-treated and purified mRNA. 4: C1236T PCR amplification of cDNA 

generated from DNase-untreated mRNA. 5: C1236T PCR amplification of water negative control. bp: 

size of marker bands in base pairs. M: pUC19/HpaII DNA molecular weight marker. 

5.2.4.1.2.3. Optimised protocol for cDNA synthesis 

Based on the above experiments, the reverse transcription protocol was optimized to include a 

DNase-treatment of mRNA (using 4.5 U of Baseline-ZEROTM DNase to ensure complete 

removal of DNA), and an extra mRNA purification step (to remove DNase treatment 

components) prior to performing reverse transcription. The optimal volumes of purified 

mRNA to be used in cDNA synthesis were determined as part of the development and 

optimization of the qRT-PCR procedure described below. 

5.2.4.1.3. Quantitative real-time PCR 

The qRT-PCR reactions described here consist of three major components, the cDNA 

template, a master mix containing enzymes and buffers required for amplification, and a 

primer/probe mix consisting of mRNA-specific primers (specific to the gene of interest) as 

well as fluorophore-labelled probe oligonucleotides. As discussed above, these reactions are 

run in a similar manner to PCR to amplify gene-specific fragments of cDNA, and the 

fluorescence emitted by the reaction (due to incorporation of probe oligonucleotides into PCR 
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product) is measured after each cycle of amplification to quantify the number of gene copies 

produced. Since a relative quantification approach was chosen, in addition to determining 

ABCB1 expression, GAPDH expression was also measured as the endogenous control gene to 

which ABCB1 expression could be normalized.  

5.2.4.1.3.1. General protocol 

Real-time PCR reactions were performed using TaqMan® Gene Expression Master Mix and 

gene-specific primer/probe kits, according to manufacturer’s instructions. Briefly, each 

reaction consisted of 1X TaqMan® Gene Expression Master Mix, 1X primer/probe mix, and 

up to 9 μL of purified cDNA in a total volume of 20 μL. For ABCB1 gene expression, the 

primer/probe mix was TaqMan® Gene Expression Assay Kit Hs00184491_m1. For GAPDH 

gene expression, the primer/probe mix was TaqMan® Gene Expression Assay Kit 

Hs99999905_m1. For both ABCB1 and GAPDH, the TaqMan® MGB probes used a FAMTM 

reporter dye, as such, ABCB1 and GAPDH reactions were run in separate tubes. 

Within a designated PCR set-up area, separate master mixes (consisting of the TaqMan® Gene 

Expression Master Mix and appropriate primer/probe mix) were prepared for ABCB1 and 

GAPDH reactions on ice, and the appropriate volume of master mix aliquoted into 0.1 mL 

PCR tubes (Corbett Life Science, distributed by Adelab Scientific, Thebarton, SA, Australia) 

specially designed for the Rotor-Gene instrument. Purified cDNA was then added to each 

tube and mixed by pipetting outside of the designated PCR set-up area. Where possible, each 

sample had triplicate reactions for both ABCB1 and GAPDH. 

The qRT-PCR reactions were run on a Rotor-Gene 6000 real-time cycler (Corbett Life 

Science) using the following conditions: 50°C for 2 minutes; 95°C for 10 minutes; up to 75 

cycles of 95°C for 15 seconds then 58°C for 60 seconds. The auto-gain optimization provided 

by the software (Rotor-Gene 6000 Series Software 1.7 (Build 87)) was set to optimize gain 

prior to the first data acquisition using the 1st tube in the rotor, as such, the sample expected to 
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have the highest expression was always placed as the first sample. Fluorescence was then 

acquired for every tube on the ‘Green’ channel (source = 470 nm, detector = 510 nm) at the 

end of each 58°C step of the 75 cycles. 

As controls for non-specific background amplification, each run of samples included a water 

control (no reverse transcription product, i.e. just water and gene expression master mix), as 

well as a negative cDNA control (i.e. the product of a reverse transcription reaction performed 

with no mRNA), for each gene (ABCB1 and GAPDH). 

5.2.4.1.3.2. Data analysis 

The Rotor-Gene 6000 software automatically generates a graph of raw fluorescence versus 

cycle number for all samples (see Figure 5-5A). Whilst this graph can be used to designate a 

threshold fluorescence value and thus calculate CT values, the software also offers automatic 

‘dynamic tube normalization’ and ‘noise slope correction’ functions for taking into account 

background fluorescence changes that occur between cycles. By applying these background 

normalization functions, the replicates of samples were found to be significantly improved 

over the raw data (see Figure 5-5B). As such, all fluorescence thresholds were set using 

graphs of normalized fluorescence, and were manually selected in the area above background 

noise and below the onset of signal plateau. As can be seen in Figure 5-5, ABCB1 and 

GAPDH fluorescence curves were quite distinct from one another. Therefore it was decided 

that, for all runs, separate fluorescence thresholds would be set for ABCB1 and GAPDH data 

to ensure the best threshold fits. Variability in the designated threshold for a gene between 

assay runs was not important for validation experiments, as �CT values were only ever 

compared within an assay run. Furthermore, each assay run was to include a standard control 

sample to which all subject samples would be normalized (see below), as such, expression 

values from different runs could still to be compared, regardless of differences in fluorescence 

thresholds between runs. 
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Having designated a fluorescence threshold, the Rotor-Gene software automatically 

calculated the CT value for each tube, generating three replicate CT values for each gene per 

sample. For analysis of variability within these triplicate measurements, CT values were 

converted to the linear form, 2-CT (as recommended by Livak and Schmittgen (2001)), and 

coefficients of variation (CV) of these values calculated using GraphPad Prism 5. Where the 

CV of triplicate values was greater than 10%, significant outliers were detected using Grubbs’ 

test (Z = (triplicate mean – suspected outlier value)/triplicate standard deviation) and CT 

values with a Z-score greater than 1.15 were excluded from further analysis.  

 

Figure 5-5. Examples of ABCB1 and GAPDH real-time PCR data graphs generated by 

the Rotor-Gene 6000 software and the designation of a fluorescence threshold.  
A: Raw fluorescence data. B: Fluorescence data normalized for background fluorescence using the 

‘dynamic tube normalisation’ and ‘noise slope correction’ functions. Horizontal line in B is the 

manually designated fluorescence threshold.   
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The next step in analysis involved determining the �CT for each sample, which was calculated 

as the triplicate mean ABCB1 CT minus the triplicate mean GAPDH CT. Subjects’ �CT values 

were then normalized to the �CT of a control sample (included in all runs with subject 

samples) using the 2-��CT method described by Livak and Schmittgen (2001). Briefly, 2-��CT is 

calculated as 2-(�CTsample - �CTcontrol), and gives the fold difference in ABCB1 expression between 

the subject and control samples (hence the 2-��CT value for the control sample will always be 

equal to 1). For example, a 2-��CT value of 0.5 indicates that the subject sample gene 

expression is half that of the control sample, whilst a 2-��CT value of 2 indicates that the 

subject gene expression is twice that of control. 

All 2-��CT data are expressed as mean � range, where range is the minimum and maximum 

values derived from all possible combinations of individual ABCB1 and GAPDH CT values. 

5.2.4.1.4. Validation experiments 

One important aspect of relative quantification is that, in order for comparisons of �CT values 

between samples, and hence the 2-��CT method, to be valid, the gene of interest and the 

endogenous control gene need to have approximately equal amplification efficiencies. That is, 

the �CT (CTABCB1 – CTGAPDH) of a sample should remain the same, independent of the total 

amount of mRNA or cDNA used in the process. This can be tested by determining the 

stability of a sample’s �CT over a range of dilutions of mRNA or cDNA. If the �CT changes 

over the dilution range, then the reaction efficiencies are not equal, and thus use of the �CT 

values for comparisons between samples is not valid.  

Therefore, four validation experiments were performed to test the amplification efficiencies of 

the ABCB1 and GAPDH real-time PCR. As the actual concentration of mRNA could not be 

measured in samples, an arbitrary unit for representing mRNA concentrations was required. 
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The quantities of mRNA tested in these experiments are reported as mRNA units, where one 

unit is equivalent to 1 μL of the 30 μL of mRNA isolated from 1 x105 cells. 

Experiments 1, 2 and 3 - mRNA dilutions:  

(1) mRNA was isolated from CD4+ cells, as these were expected to have the lowest ABCB1 

expression of the three lymphocyte subtypes to be tested. mRNA from 8 x 105 CD4+ cells was 

DNase treated, purified and eluted in a total of 120 μL of RNase-free water, producing a 2-

fold concentrated mRNA solution (relative to standard isolation of 1 x 105 cells eluted in 30 

μL). Reverse transcription reactions were then performed using 1, 4, 7, 10 and 14 μL of the 

2X mRNA, and triplicate real-time PCR reactions prepared for each of these cDNA 

concentrations, using 5 μL of cDNA for ABCB1, and 1 μL of cDNA for GAPDH reactions. 

As such, this experiment tested a range of CD4+ mRNA dilutions equivalent to 2, 8, 14, 20 

and 28 units of mRNA.  

(2) Essentially a repeat of the first experiment, this examined a greater range of mRNA 

concentrations. As such, CD4+ mRNA was isolated and purified to 4-fold the standard 

concentration. A range of mRNA dilutions, equivalent to 1, 7, 14, 28 and 56 units of mRNA, 

were then reversed transcribed to cDNA and real-time PCR performed using the same cDNA 

volumes as previously.  

(3) The third validation experiment examined a range of dilutions of mRNA isolated from 

CD56+ cells, which were expected to express the most ABCB1 of the lymphocyte subtypes to 

be tested. Reverse transcription reactions were performed using the equivalent of 1.4, 7, 14, 

35 and 70 units of mRNA, and real-time PCR performed using standard cDNA volumes.  
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Experiment 4 - cDNA dilutions: CD4+ cDNA was diluted to a range of cDNA solutions 

equivalent to 0.08, 0.6, 1.6 and 7.2 units of mRNA, and real-time PCR performed as before. 

For these experiments, the stability of the ABCB1 and GAPDH real-time PCR amplification 

efficiencies over the range of template concentrations tested was examined by linearising the 

CT values to 2-CT and then plotting them against template concentration (equivalent units of 

mRNA). A linear relationship between 2-CT and template concentration indicates that the real-

time PCR efficiency is stable over the concentration range tested. In addition, to determine 

whether the amplification efficiencies of ABCB1 and GAPDH real-time PCRs were 

equivalent, �CT values were plotted against template concentrations (equivalent units of 

mRNA) for each validation experiment. Data obtained from the first three experiments were 

also combined by first normalizing �CT values to the �CT value or 14 mRNA units within 

each experiment, then plotting the normalized values from all experiments together.  

5.2.4.2. Results 

Real-time PCR analysis was able to detect ABCB1 mRNA expression from as little as 0.6 μL 

(but not 0.08 μL) of CD4+ mRNA solution (purified from 1 x 105 cells into 30 μL). 

Assessment of GAPDH real-time PCR amplification efficiency revealed that it was relatively 

stable over the more than 100-fold range of mRNA dilutions tested. As shown in Figure 5-6B, 

the relationship between GAPDH 2-CT and mRNA concentration was linear in the range of 0.6 

to 28 mRNA units in all validation experiments. Furthermore, plots of GAPDH CT values 

versus log2(mRNA concentration) over this range for each validation experiment were also all 

linear and had very similar slope functions, even for the cDNA dilution experiment (slope � 

standard error: -1.18 � 0.03, -1.10 � 0.03, -1.01 � 0.04 and -1.07 � 0.02) (see Figure B-2). As 

such, in the absence of direct quantification of mRNA for subjects samples, if initial qRT-

PCR results indicated a large variability in mRNA starting concentrations (i.e. subject 
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samples had highly variable GAPDH CT values), it was possible to adjust and equalize the 

mRNA concentrations of samples based on their GAPDH CT values as follows; 

                                     Adjusted volume = V  �� 
 

where V is the volume of mRNA or cDNA used initially, CTGAPDH is the mean initial GAPDH 

CT value of the subject sample to be adjusted, CTcontrol is the mean GAPDH CT value of a 

control sample measured in the same assay (to which all samples are normalized), and slope is 

the mean slope function (-1.09) derived from the linear GAPDH CT versus log2(mRNA 

concentration) relationships determined in the validation experiments described above. 

Unfortunately, as shown in Figure 5-6A, the relationship between ABCB1 2-CT and mRNA 

concentration was not linear over all mRNA dilution ranges tested. Validation experiments 2 

and 3 indicated that at concentrations above 14 and 35 mRNA units, respectively, the ABCB1 

real-time reaction efficiency began to decrease (see Figure 5-6, A2 and A3). This resulted in a 

divergence in reaction efficiencies between ABCB1 and GAPDH at higher mRNA 

concentrations, which was observed as a concentration-dependent increase in the �CT values 

for concentrations above 14 mRNA units (Figure 5-7). However, combining the mRNA 

dilution results of validation experiments 1, 2 and 3 using normalized �CT values (see section 

5.2.4.1.4) revealed that the �CT values remained relatively stable in the dilution range from 2 

to 20 mRNA units (indicated by the vertical dotted lines in Figure 5-7). 

(                      ) (           ) CTGAPDH - CTcontrol 
2^ slope 
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Figure 5-6. Association between template concentrations and linearised CT values from validation experiments.  

A: Relationship between equivalent mRNA concentrations and 2-CT values for real-time ABCB1 PCR performed in the first (A1), second (A2), third (A3), 

and fourth (A4) validation experiments, indicating a non-linear relationship at mRNA concentrations greater than 14 (A2) to 35 (A3) units. B: Linear 

relationship between equivalent mRNA concentrations and 2-CT values for real-time GAPDH PCR performed in the first (B1), second (B2), third (B3), and 

fourth (B4) validation experiments. 
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Figure 5-7. Association between total template concentration and ��CT for quantification 

of ABCB1 in lymphocytes.  
A & B: varying CD4+ cell mRNA dilutions examined in the first and second validation experiments, 

respectively. C: varying CD56+ cell mRNA dilutions examined in the third validation experiment. D: 

varying CD4+ cell cDNA dilutions examined in the fourth validation experiment. E: Combined 

relative �CT values (see section 5.2.4.1.4) of all mRNA dilution validation experiments. Vertical 

dotted lines indicate x = 5 and 20 units of mRNA. �CT values (A-D) are mean � SD, where SD was 

calculated as √[(SD of ABCB1 triplicate CT values)2 – (SD of GAPDH triplicate CT values)2]. Relative 

�CT values (E) are mean � range. 
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5.2.4.3. Discussion 

5.2.4.3.1. mRNA isolation and cDNA synthesis 

A protocol was successfully developed for the isolation of mRNA from human lymphocyte 

samples using the mRNA CatcherTM PLUS kit. In addition to the basic manufacturer’s 

protocol, a DNase treatment of mRNA prior to cDNA synthesis was required (to eliminate 

DNA contamination), as was a subsequent purification of the DNase-treated mRNA (to 

remove PCR-inhibiting components of the DNase treatment). Using these optimized methods, 

mRNA isolated from as little as 1 x 105 lymphocytes could be reverse transcribed and ABCB1 

cDNA detected by standard ABCB1 C1236T PCR (with no DNA contamination). 

5.2.4.3.2. Quantitative real-time PCR 

A protocol for the determination of ABCB1 mRNA expression in lymphocyte cDNA by 

quantitative real-time PCR was also successfully developed and validated. A relative 

quantification approach was chosen using GAPDH expression as an endogenous control. As 

such, the real-time PCR amplification efficiencies of ABCB1 and GAPDH were assessed over 

a large range of mRNA concentrations. From these validation experiments, it was found that 

the amplification efficiencies of ABCB1 and GAPDH real-time PCR were equal, and thus the 

relative quantification approach valid, in the range of 2 to 20 mRNA units (for definition of 

mRNA units see section 5.2.4.1.4). Therefore, it was decided that 5 μL of mRNA (isolated 

from 1 x 105 cells and eluted in 30 μL) would be optimal as a starting point for cDNA 

synthesis of subject samples, with 5 and 1 μL of cDNA in ABCB1 and GAPDH real-time 

PCR, respectively (equivalent to 5 mRNA units per reaction). 

A consistent and linear relationship between log2(mRNA concentration) and GAPDH CT was 

observed in validation experiments. As such, a formula was derived by which the volume of 

subjects’ mRNA (or cDNA) used in the qRT-PCR could be subsequently adjusted (based on 

initial qRT-PCR results) such that all samples would have approximately equal GAPDH CT 
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values (and hence approximately equal mRNA concentrations). Using this approach with 

subject samples, it was hoped that assay variability could be reduced, and that it would 

circumvent any remaining potential issues regarding variable reaction efficiencies. 

GAPDH was chosen as the sole endogenous control gene for these experiments based on 

previous publications examining ABCB1 gene expression in lymphocytes (Vaclavikova et al., 

2008; Chandler et al., 2007; Owen et al., 2004a,b; Hirano et al., 2004; Zanker et al., 1997). 

However it is worth noting that the stability of GAPDH expression in lymphocytes has been 

questioned (Vandesompele et al., 2002; Sudchada et al. 2010), and currently the best practice 

for gene expression studies is to include multiple endogenous controls. Therefore, the 

inclusion of additional genes (such as actin-β and/or β-2M), preferably validated for their 

stability in lymphocytes, may be recommended for any future studies.  

5.2.4.4. Conclusion 

In conclusion, a qRT-PCR method for the quantitative analysis of ABCB1 gene expression 

from only 1 x 105 ex vivo human lymphocytes was successfully developed and validated. This 

qRT-PCR method was subsequently used in the ex vivo pilot study described below. 

5.2.5. P-gp protein expression by Western blot 

Western blots have been used extensively in the past for the detection and quantification of P-

gp in overexpressing ABCB1-transfected cell lines. Briefly, the Western blot technique 

involves firstly separating cell proteins (based on size) by sodium dodecyl sulphate – 

polyacrylamide gel electrophoresis (SDS-PAGE). Next, the proteins in the gel are 

electrophoretically transferred to a membrane which can then be probed with protein-specific 

primary antibodies, which themselves are then probed with fluorescently-tagged secondary 

antibodies. Using this method, proteins of interest can be quantified by measuring the 

chemiluminescence of specific protein bands.  
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For P-gp, most studies report the detection of a single broad band of between 150-190 kDa, 

however, optimised Western blot analysis should be able to detect two distinct P-gp bands, 

one at 170 kDa representing the mature fully N-glycosylated protein, and the other at 150 kDa 

representing the immature core-glycosylated protein (Hung et al., 2008). Unfortunately, few 

studies have employed Western blotting for the detection of basal expression of P-gp in 

normal human tissues, a process that has proven to be more difficult than quantitative 

detection in overexpressing cell lines. Indeed, examination of previous published studies has 

revealed a number of pitfalls in the use and interpretation of Western blotting for quantitative 

analysis of P-gp expression. Firstly, the size and SDS-PAGE migration of P-gp in previous 

studies has been inconsistent, with bands detected by P-gp antibodies reported anywhere in 

the range between 150 to 200 kDa (Drewe et al., 1999; Greiner et al., 1999; Canaparo et al., 

2007). Secondly, the majority of antibodies previously employed for Western blotting cross-

react with at least one other protein and, depending on the clone, these cross-reactive proteins 

often exist within or near the 150-200 kDa range in which P-gp has been detected. A prime 

example of this is the most commonly used P-gp antibody clone, C219, which is known to 

cross-react with the MDR3 gene product (which is the same size as P-gp) (Schinkel et al., 

1991), as well as HER-2 at 185 kDa (Chan & Ling, 1997; Liu et al., 1997) and a muscle-

related protein at approximately 200 kDa (Thiebaut et al., 1989). Finally, many previous 

studies have failed to include the appropriate loading controls and/or P-gp positive controls 

necessary for the valid quantification of P-gp protein expression. 

Prior to developing this assay, an attempt was made to identify existing methods for the 

Western blot detection of P-gp in normal human tissues. To this end, 7 previous studies 

employing Western blot analysis to quantify ABCB1 genotype effects on P-gp protein 

expression in normal human tissue were found (Hoffmeyer et al., 2000; Tanabe et al., 2001; 

Hitzl et al., 2004; Meissner et al., 2004; Owen et al., 2005; Meier et al., 2006; Rahi et al., 

2008). Of these 7 studies, 2 lacked a P-gp positive control (and as such it can not be 
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confirmed that the detected bands were actually P-gp) (Owen et al., 2005; Meier et al., 2006), 

4 studies lacked an appropriate loading control (and thus were not valid for quantitative 

analysis) (Hoffmeyer et al., 2000; Meissner et al., 2004; Meier et al., 2006; Rahi et al., 2008), 

and 3 studies had employed the cross-reactive C219 clone (Hoffmeyer et al., 2000; Meissner 

et al., 2004; Owen et al., 2005). Furthermore, none of these studies clearly distinguished the 

separate 170 kDa and 150 kDa bands described above, and as such, could not differentiate 

between mature N-glycosylated P-gp and immature core-glycosylated P-gp. Since ABCB1 

polymorphisms may affect P-gp glycosylation, identification of P-gp in its separate 

glycosylated states may be important for the pharmacogenetic analysis of P-gp protein 

expression. Therefore, the aim was to develop a new Western blot assay capable of 

specifically and quantitatively detecting P-gp protein expression in normal human tissue (in 

this case lymphocytes), that was also able to differentiate between N-glycosylated 170 kDa P-

gp and core-glycosylated 150 kDa P-gp. 

5.2.5.1. Methods 

5.2.5.1.1. Protein isolation and quantification 

Frozen lymphocyte pellets for Western blot analysis were lysed with cold (4°C) RIPA buffer 

containing 0.5% (v/v) Protease Inhibitor Cocktail (RIPA-PI) by vortexing for 1 minute, 

incubating on ice for 5 minutes, then vortexing for 1 minute again. Lysates were then clarified 

(to remove viscous DNA) by centrifugation at 8000 x g at 4°C for 10 minutes, and clarified 

lysate transferred to a new tube on ice. Clarified lysates were stored at -20°C until required. 

A commercial bicinchoninic acid (BCA) colorimetric assay was employed for the 

quantification of protein in lymphocyte lysis samples. Briefly, a protein standard curve was 

prepared using 25, 50, 100, 250, 500, 1000, 1500 and 2000 μg/mL of BSA with RIPA-PI as 

the diluent. Triplicates of 10 μL of each standard, blank RIPA-PI, or unknown samples were 

loaded onto a 96-well clear microplate (NuncTM) and treated with BCA reagents as per the 10 
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μL microplate procedure described by the manufacturers. Absorbance at 560 nm was then 

measured on a BMG Polarstar microplate reader (BMG Lab Technologies, Offenburg, 

Germany) using a 560-10 nm excitation filter. Mean absorbance of blank samples were 

subtracted from the absorbance values of standard samples, and blank-adjusted absorbances 

plotted against BSA concentration to produce a BSA standard curve. Using their blank-

adjusted absorbance values, unknown sample concentrations were then interpolated from the 

standard curve using non-linear (quadratic) regression as recommended by the manufacturer. 

A representative BSA standard curve is shown in Figure 5-8.  

To determine the protein content of lymphocytes, separate lots of 5 x 105 and 1 x 106 whole 

PBMCs were lysed with 100 μL of RIPA-PI each and clarified by centrifugation. 

Quantification by BCA assay indicated that 5 x 105 and 1 x 106 lymphocytes yielded 15 and 

35 μg of protein, respectively. Troost and colleagues (2004), in one of the few studies to 

measure lymphocyte P-gp by Western blot, were able to detect P-gp from 20 μg of whole cell 

protein. Therefore, it was decided that, by employing enhanced detection reagents (see 

below), 5 x 105 lymphocytes (15 μg) would be an appropriate sample size for trialling the 

Western blot protocol.  
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Figure 5-8. Example of a BSA standard curve produced using the 10 μL microplate 

BCA protocol.  

Standards are 25, 50, 100, 250, 500, 1000, 1500 and 2000 μg/mL BSA in RIPA buffer + 0.5% (v/v) 

protease inhibitor cocktail. Line is non-linear (quadratic) regression best-fit curve (r2 = 0.998). 
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5.2.5.1.2. SDS-PAGE 

5.2.5.1.2.1. Gel preparation 

Using a Mini-PROTEAN® 3 Cell setup (Bio-rad), discontinuous SDS-PAGE gels, consisting 

of a 4% polyacrylamide (29:1 acrylamide:bis-acrylamide) stacking gel over a 6% 

polyacrylamide resolving gel, were prepared by hand according to the manufacturers 

instructions. Each gel was 8 cm wide x 7.3 cm high x 1 mm thick and contained 10 wells able 

to accomodate up to 44 μL of sample each.  

Following polymerization, gels were transferred to an electrode assembly of the Mini-

PROTEAN® 3 Cell setup according to the instruction manual. The inner chamber of the 

assembly was filled with fresh running buffer (0.3% Tris base, 1.4% glycine, 0.1% SDS, pH 

8.3) before removing the well comb and rinsing the wells with running buffer. After adding 

~300-400 mL of running buffer to the outer chamber, the gel was ready for electrophoresis. 

5.2.5.1.2.2. Sample preparation 

Up to 20 μL of clarified lysate (or protein ladder) was combined with an equal volume of 2X 

sample loading buffer (85 mM Tris-HCl pH 6.8, 35% glycerol, 3% SDS, 0.01% bromophenol 

blue, 0.05% �-mercaptoethanol). In initial experiments, the samples were then denatured at 

95°C for 5 minutes.  

5.2.5.1.2.3. Gel electrophoresis 

Up to 40 μL of prepared sample or protein marker ladder (GE High-Range Rainbow 

Molecular Weight Marker, Bio-rad Precision Plus Dual Colour Marker, or Bio-rad High 

Range Prestained SDS-PAGE Standard) was loaded into each well. Thirty microlitres of 1X 

sample loading buffer was then added to any empty wells to ensure even running of the gel. 

Gel electrophoresis was subsequently performed at 50 V until the bands reached the stacking-
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resolving gel interface, then increased to 100 V for the remainder of the run. Electrophoresis 

was stopped before the bromophenol blue band reached the bottom of the gel.  

5.2.5.1.3. Gel transfer 

Following electrophoresis, the gel was carefully removed from the electrode assembly and gel 

cassette, the stacking gel cut away, and the resolving gel equilibrated in fresh transfer buffer 

(0.6% Tris base, 0.3% glycine, 0.05% SDS, 10% methanol) for 30 minutes (with mixing). 

Simultaneously, a piece of Hybond ECL nitrocellulose membrane (0.45 μm) was cut to size, 

pre-wet in distilled water, then soaked in transfer buffer for 30 minutes (with mixing). 

Semi-dry electrophoretic transfer was then performed using a Trans-Blot® SD Semi-Dry 

Electrophoretic Transfer Cell (Bio-rad). Briefly, the gel transfer stack (consisting of the 

membrane and gel sandwiched between pre-wet filter paper), was prepared according to the 

manufacturer’s instructions. The gel was transferred for 3 hours at 10-20 V. 

5.2.5.1.4. Western blot 

Two different primary antibodies were used in these experiments. For detection of P-gp, a 

mouse monoclonal anti-P-glycoprotein (clone F4) was employed. This F4 clone was chosen 

as it does not recognise the non-functional MDR3 gene product (Chu et al., 1994).  

Calnexin (an integral endoplasmic reticulum protein) was chosen as the protein loading 

control for this assay, and was detected using mouse monoclonal anti-calnexin. As a large 

protein (~90 kDa), calnexin can be detected using the lower percentage SDS-PAGE gels and 

longer electrophoresis times required to separate the 150 and 170 kDa bands of P-gp, whereas 

other smaller proteins typically employed as loading controls (e.g. �-actin ~43 kDa, α-tubulin 

~50 kDa), would be poorly separated or lost.  
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The secondary antibody used to detect both anti-P-gp and anti-calnexin was an ECL anti-

mouse IgG, Horseradish Peroxidase-Linked Species-Specific Whole Antibody from sheep. 

5.2.5.1.4.1. Membrane treatment 

Following the transfer of SDS-PAGE-separated proteins to the nitrocellulose membrane, the 

membrane was placed in PBS containing 0.1% Tween 20 (PBST) and cut along the width of 

the membrane in three places, at ~220-250 kDa, at ~120 kDa, and at ~60 kDa (based on pre-

stained protein marker bands). The 120-250 kDa strip was then used for P-gp detection, and 

the 60-120 kDa strip used for calnexin detection. The two membrane sections were then 

blocked in 2% blocking solution (2% ECL Advance Blocking Agent, 0.1% Tween20 in PBS) 

at 4°C overnight (with mixing). 

Membranes were rinsed twice with PBST before incubating the P-gp and calnexin sections in 

2% blocking solution containing anti-P-gp or anti-calnexin antibodies, respectively (for 

optimized antibody dilutions see section 5.2.5.2.1). Primary antibody incubations were 

performed at room temperature for 2 hours, with mixing.  

Following the primary antibody incubations, membranes were rinsed twice with PBST, then 

incubated for 15 minutes followed by 3 lots of 5 minutes in PBST (fresh PBST each wash) 

with mixing. The P-gp and calnexin sections were then incubated separately in 2% blocking 

solution containing secondary antibody for 1 hour at room temperature, with mixing (for 

optimized secondary antibody dilutions see sections 5.2.5.2.1 and 5.2.5.2.2). Membranes were 

then rinsed twice with PBST, then incubated for 15 minutes followed by 2 lots of 5 minutes in 

PBST (fresh PBST each wash) with mixing, and a final wash for 5 minutes in PBS.  

Finally, the membranes were treated with ECL Advance Detection Reagents according to the 

product protocol, and chemiluminescence detected immediately. 
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5.2.5.1.4.2. Chemiluminescence imaging and data analysis 

Chemiluminescence was detected by CCD camera on an ECL ImageQuant Imager apparatus 

(GE Healthcare Bio-Sciences). Optimal exposure times were determined using the inbuilt 

auto-exposure function of the imager software, which ensured there was no image saturation. 

Band intensities were then determined using ImageQuant TL software (GE Healthcare Bio-

Sciences), which calculated (among other parameters) band peak height and band peak 

volume, with or without subtraction of a user-designated background chemiluminescence. 

5.2.5.1.5. Dot blot optimization of antibody dilutions 

Dot blots were employed as a quick and effective method for optimising the primary and 

secondary antibody dilutions required for quantitative detection of P-gp and calnexin. 

5.2.5.1.5.1. P-glycoprotein dot blot 

Six lots of 2 μg (in 8 μL) of CD4+ cell lysate were spotted onto a section of nitrocellulose 

membrane and dried for 5 minutes at room temperature. The membrane was then washed 4 

times in 2% blocking solution before being blocked for 1 hour at room temperature in fresh 

2% blocking solution (with mixing). 

The membrane was then washed twice in PBST, cut into 3 lots of 2 spots, and each segment 

placed in 2% blocking solution containing either a 1:1,000, 1:2,000 or 1:5,000 final dilution 

of anti-P-gp primary antibody. Membranes were then incubated in the primary antibody 

overnight at 4°C (with mixing). 

Membrane sections were washed twice in PBST, incubated for 15 min at room temperature in 

PBST, and then for a further 3 lots of 5 minutes, using fresh PBST each time. Each membrane 

section was then cut in half, leaving one spot on each fragment, and one half placed in 2% 

blocking solution containing a 1:5,000 final dilution of secondary antibody, whilst the other 
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was placed in 2% blocking solution containing a 1:10,000 final dilution of secondary 

antibody. These were then incubated at room temperature for 1 hour (with mixing). 

All membrane sections were washed with PBST as before, however, the final 5 minute wash 

was performed in PBS only. Each membrane section was then treated with ECL Advance 

Detection Reagents as per the manufacturer’s instructions and the chemiluminescence of each 

membrane section detected as described above (section 5.2.5.1.4.2). 

5.2.5.1.5.2. Calnexin dot blot 

Dot blot optimization of calnexin detection was performed using the same method as for P-

gp. The primary antibody (anti-calnexin) dilutions tested were 1:1,000, 1:5,000 and 1:10,000, 

whilst secondary antibody dilutions were 1:10,000 and 1:20,000. 

5.2.5.1.6. Additional Western blot trial experiments 

Having performed the dot blot optimization of antibody dilutions, three trial Western blots 

were performed to further test and validate the assay. 

Experiment 1: Due to the results of the calnexin dot blot experiment (see below, section 

5.2.5.2.1), an additional 1:50,000 dilution of secondary antibody was tested against the 

1:10,000 dilution (using 1:10,000 of primary anti-calnexin antibody for both) to see if 

background chemiluminescence could be reduced further. In addition, to validate calnexin as 

an appropriate loading control, different quantities of whole PBMC lysate were trialled to 

ensure quantitative detection of calnexin. As such, two lots of 1, 5 and 10 μg of whole PBMC 

protein were subjected to SDS-PAGE and transferred to nitrocellulose as usual. The 

membrane was then split, and one section probed using 1:10,000 anti-calnexin and 1:10,000 

secondary antibody, whilst the other was probed using 1:10,000 anti-calnexin and 1:50,000 

secondary antibody, using standard Western blot procedures. Each section contained 1, 5 and 

10 μg samples as well as a protein ladder. The relative backgrounds and band intensities were 
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compared between the two membranes to determine which secondary antibody dilution gave 

the clearest calnexin bands, whilst the band intensities of different protein concentrations were 

compared within treatments to see if calnexin was quantitatively detected. 

Experiment 2: This aimed to test the Western blot procedure using different lymphocyte 

populations. As such, SDS-PAGE Western blot was performed for 8 μg of CD4+, 4 μg of 

CD8+, and 10 μg of whole PBMC protein, using the standard procedure and optimised 

antibody dilutions (see section 5.2.5.3). 

Experiment 3: This aimed to investigate whether clarification of the lysate at all, or 

clarification from large or small volumes, was affecting the detection and banding pattern of 

lymphocyte samples. In addition, some literature had suggested that P-gp can aggregate at 

high temperatures (Germann, 1997), therefore, another aim was to trial an alternative 

incubation at 37°C for 10 min (instead of 95°C for 5 min) prior to gel loading. As such, 6 

different protein samples for electrophoresis were prepared for this experiment; 

(1) 5 x 105 CD4+ cells were lysed in 23 μL of RIPA-PI, and the lysate clarified using 

standard procedure. Ten microlitres of sample was then combined with sample loading 

buffer and heated at 37°C for 10 minutes prior to loading. 

(2)  Same as (1) except heated at 95°C for 5 minutes (instead of 37°C for 10 minutes) prior 

to loading. 

(3) 2 x 106 CD4+ cells lysed in 82 μL of RIPA-PI. Without clarifying the lysate, a 13 μL 

sample was taken, 10 μL was then combined with sample loading buffer and heated at 

37°C for 10 minutes prior to loading.  

(4)  From the same sample of unclarified lysate as sample (3), 13 μL was taken, 10 μL was 

then combined with sample loading buffer and heated at 95°C for 5 minutes prior to 

loading. 
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(5)  The remaining lysate from (3) was clarified using standard procedure, 13 μL was 

taken, 10 μL was then combined with sample loading buffer and heated at 37°C for 10 

minutes prior to loading.  

(6)  Same as (5) except heated at 95°C for 5 minutes prior to loading. 

SDS-PAGE and Western blot was then performed as usual using optimal antibody dilutions 

(see section 5.2.5.3). The protein content of 3 μL of each sample was also quantified using the 

BCA assay. For each sample, the volumes and peak heights of calnexin bands were compared 

to the BCA protein quantification values, as well as the volumes and peak heights for P-gp.  

Experiment 4: To confirm that the detected bands were in fact P-gp, a sample of MDR1-

transfected LLC-PK1 cells, kindly donated by Dr Janet Coller (Discipline of Pharmacology, 

University of Adelaide), was lysed and 2 and 15 μg of the LLC-PK1-MDR1 total protein 

subjected to SDS-PAGE and Western blot alongside a 5 μg sample of CD4+ cell lysate. 

5.2.5.2. Results 

5.2.5.2.1. Dot blot optimization 

As shown in Figure 5-9, a primary antibody (anti-P-gp) dilution of 1:5,000 and secondary 

antibody dilution of 1:10,000 (Figure 5-9F) gave adequate staining of the protein dot, with 

little or no background staining of the membrane.  

Figure 5-10 shows that, of the dilutions tested in this experiment, the primary antibody (anti-

calnexin) dilution of 1:10,000 and secondary antibody dilution of 1:20,000 (Figure 5-10F) 

stained for calnexin and gave the least background staining of the membrane. However, 

significant background chemiluminescence was still observed at these dilutions. 
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Figure 5-9. Dot blot experiment identifying 1:5,000 and 1:10,000 as optimal primary and 

secondary antibody dilutions, respectively, for detecting P-gp (black dots) with minimal 

or no background membrane staining.  
Primary antibody (mouse anti-human P-gp (clone F4)) / secondary antibody (sheep anti-mouse-HRP) 

dilutions were (A) 1:1,000/1:5,000, (B) 1:2,000/1:5,000, (C) 1:5,000/1:5,000, (D) 1:1,000/1:10,000, 

(E) 1:2,000/1:10,000, and (F) 1:5,000/1:10,000. 

A B C

D E F

 

Figure 5-10. Dot blot experiment identifying significant background staining for all 

primary and secondary antibody dilutions tested for detection of calnexin.  

Primary antibody (mouse anti-human calnexin) / secondary antibody (sheep anti-mouse-HRP) 

dilutions were (A) 1:1,000/1:10,000, (B) 1:5,000/1:10,000, (C) 1:10,000/1:10,000, (D) 

1:1,000/1:20,000, (E) 1:5,000/1:20,000, and (F) 1:10,000/1:20,000. 

5.2.5.2.2. Trial experiment 1: Further optimisation of calnexin detection 

As shown in Figure 5-11, further dilution of the secondary antibody to 1:50,000 for the 

detection of calnexin was found to significantly reduce the background staining of the 

membrane. Using this dilution, calnexin could be detected in 10 and 5 μg, but not 1 μg, of 
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whole PBMC total protein. However, analysis of band intensity (peak volume) showed a 

better quantitative relationship between chemiluminescence and calnexin content for the 

1:50,000 secondary antibody dilution (ratio of 10 to 5 μg peak volume = 1.93:1), compared to 

the 1:10,000 dilution (ratio of 10 to 5 μg peak volume = 1.25:1, ratio of 5 to 1 μg peak volume 

= 4.11:1). Therefore, 1:50,000 was chosen as the optimal secondary antibody dilution for 

detection of calnexin. 

A B
M     10      5      1       0       M    10      5       1     0 

100 kDa

75 kDa

A B
M     10      5      1       0       M    10      5       1     0 

100 kDa

75 kDa

 

Figure 5-11. Additional dilution of secondary antibody from 1:10,000 to 1:50,000 

produces reduction in background membrane staining, whilst maintaining adequate 

quantitative detection of calnexin by Western blot.  
(A) 1:10,000 dilution of secondary antibody. (B) 1:50,000 dilution of secondary antibody. Both (A) 

and (B) employed 1:10,000 dilution of primary anti-calnexin antibody. M: 100 kDa and 75 kDa 

protein bands of Precision Plus Dual Colour Marker. 10: 10 μg of whole PBMC protein used in SDS-

PAGE. 5: 5 μg of whole PBMC protein used in SDS-PAGE. 1: 1 μg of whole PBMC protein used in 

SDS-PAGE. 0: No protein loaded. 

5.2.5.2.3. Trial experiment 2: Differences between lymphocyte populations 

As shown in Figure 5-12, two P-gp bands at 170 and 150 kDa could be detected in CD4+ and 

CD8+ lymphocytes, but not in whole PBMCs, whilst calnexin (loading control) was detected 

in all three samples. The CD8+ cells showed a higher P-gp expression than CD4+ cells, with a 

3-fold greater calnexin-adjusted total P-gp content (1.2 versus 0.4).  

The whole PBMC lysate sample displayed a different calnexin banding pattern to the CD4+ 

and CD8+ cell samples (Figure 5-12 bottom panel), and the calnexin band was less intense 

than expected from the relatively high protein content (10 μg versus 8 and 4 μg, respectively).  
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Figure 5-12. Western blot detection of P-gp in CD4+ and CD8+ lymphocytes but not 

whole PBMC cell lysate.  
Core-glycosylated (150 kDa) and N-glycosylated (170 kDa) P-glycoprotein (top panel) was detected 

in 8 μg of CD4+ and 4 μg of CD8+ lymphocyte lysate, but could not be detected in 10 μg of whole 

PBMC lysate. Calnexin loading control (bottom panel) was detected in all three sample types.   

5.2.5.2.4. Trial experiment 3: Effects of lysate preparation 

The total amounts of protein loaded for samples 1-6, as determined by BCA assay, were 4.5, 

3.8, 2.9, 1.7, 3.5 and 2.5 μg, respectively. All 6 samples displayed similar banding patterns for 

both P-gp and calnexin, and, importantly, all samples displayed two distinct P-gp bands at 

150 and 170 kDa (Figure 5-13). In terms of band intensity, samples 1 and 2 (smaller lysis 

volume) had a greater 170 kDa P-gp peak volumes (96,099 and 134,138) than samples 3-6 

(77,969, 81,544, 67,196 and 58,860, respectively). This was also observed for the calnexin 

bands (142,732 and 166,942, versus 126,913, 116,013, 95,459 and 84,150). A similar pattern 

was seen when measuring band peak heights. 

1 2 3 4 5 6
170 kDa
150 kDa

Calnexin

P-gp

1 2 3 4 5 6
170 kDa
150 kDa

Calnexin

P-gp

 

Figure 5-13. Influence of protein sample preparation on detection of P-gp and calnexin 

in CD4+ lymphocytes.  

(1) Small volume lysis (23 μL), clarified lysate, non-denatured. (2) Small volume lysis, clarified 

lysate, denatured. (3) Large volume lysis (82 μL), non-clarified lysate, non-denatured. (4) Large 

volume lysis, non-clarified lysate, denatured. (5) Large volume lysis, clarified lysate, non-denatured. 

(6) Large volume lysis, clarified lysate, denatured. 
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Calnexin band intensities (both band volume and peak height) correlated poorly with the 

protein content quantified by BCA assay (Figure 5-14 A and B). However, P-gp and calnexin 

band intensities correlated well for both band volume and band peak height measures, 

particularly for clarified lysate samples (Figure 5-14 C and D). As such, calnexin-adjusted P-

gp quantities varied very little between samples for both peak volume (samples 1-6 = 0.67, 

0.80, 0.61, 0.70, 0.70 and 0.70, respectively. CV = 8.7%) and peak height (samples 1-6 = 

0.70, 0.74, 0.63, 0.66, 0.71 and 0.71, respectively. CV = 5.8%) measurements.  
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Figure 5-14. Influence of protein sample preparation on correlations between BCA 

protein quantification and loading control (calnexin) band volume (A) and peak height 

(B), and between loading control and P-gp band volumes (C) and peak heights (D).  
Even numbered samples (2, 4 and 6) were heat denatured (95°C). Dark circles (1, 2, 5 and 6) were 

clarified lysates, white circles (3 and 4) were non-clarified lysates.  
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5.2.5.2.5. Trial experiment 4: Positive control for P-gp detection 

As shown in Figure 5-15, the P-gp overexpressing LLC-PK1-MDR1 cell lysates produced 

large and diffuse P-gp bands spanning approximately 130-180 kDa. More importantly, the P-

gp bands observed for the CD4+ protein sample lay within the LLC-PK1-MDR1 P-gp 

detection range, confirming that the double bands detected in lymphocyte sample are P-gp. 

LLC-PK1-MDR1        CD4+

M            10 μg        2 μg         5 μg

170 kDa
150 kDa

220 kDa

P-gp

LLC-PK1-MDR1        CD4+

M            10 μg        2 μg         5 μg

170 kDa
150 kDa

220 kDa

P-gp

 

Figure 5-15. Confirmation of P-gp detection in CD4+ lymphocytes using overexpressing 

MDR1-transfected LLC-PK1 cells as a positive control.  
M: 220 kDa band of Precision Plus Dual Colour Marker. 

5.2.5.3. Discussion 

Discontinuous SDS-PAGE employing a 4% stacking and 6% resolving gel was able to 

separate the 150 and 170 kDa bands of core-glycosylated and N-glycosylated P-gp, 

respectively, from lymphocyte whole protein lysates. Furthermore, the separation of P-gp and 

calnexin bands was sufficient for the safe dissection of transferred membranes into specific P-

gp and calnexin segments, which allowed for the separate, but simultaneous, probing of P-gp 

and calnexin. As such, this method had the added benefit of eliminating the need for stripping 

and reprobing the membrane. 
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Through the use of dot blot and SDS-PAGE Western blot experiments, the optimal antibody 

dilutions for the detection of P-gp and calnexin proteins in human lymphocytes were 

determined as 1° 1:5,000 / 2° 1:10,000 and 1° 1:10,000 / 2° 1:50,000, respectively.  

5.2.5.3.1. Sensitivity and specificity 

Using these optimized dilutions, P-gp could be detected in as little as 2 μg of CD4+ and 4 μg 

of CD8+ lymphocyte protein, but not in 10 μg of whole PBMC protein. Since calnexin was 

detected at similar levels in the CD8+ and PBMC samples tested, it appears that P-gp 

expression in whole PBMCs is significantly lower than in specific lymphocyte subsets (such 

as CD4+ and CD8+ cells). Interestingly, CD4+ and CD8+ samples also displayed different 

calnexin banding patterns to the whole PBMC sample, raising the possibility that variations in 

the effectiveness of lysate clarification between large (200 μL for the PBMC sample) and 

small (13 μL for CD4+ and CD8+ samples) lysis volumes, was affecting the complement of 

proteins within a sample, and hence the detection of P-gp. However, trial experiment 4 was 

able to show that lysate clarification (and the volumes in which this was performed), had little 

or no effect on the detection of P-gp or calnexin. These findings also indicated that a control 

sample of clarified CD4+ lysate (~5 μg), rather than whole PBMCs, would therefore be the 

most appropriate positive control for subsequent analyses of subject samples. 

Trial experiments also showed that denaturing the protein sample at 95°C (or not) prior to 

performing SDS-PAGE had little effect on the detection of either P-gp or calnexin. As such, it 

was concluded that 2 μg of whole protein in clarified, non-denatured CD4+, CD8+ or CD56+ 

lysate would be sufficient for detection of P-gp and calnexin. (Whilst CD56+ cell lysates were 

not tested in these trial experiments, they express higher levels of P-gp than CD4+ and CD8+ 

cells, and as such it was reasonably expected that P-gp could also be detected in these cells.) 

Finally, MDR1-transfected LLC-PK1 cells were successfully used to confirm that the protein 

bands detected by the anti-P-gp antibody were indeed P-gp. 
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5.2.5.3.2. Quantitative validity 

Trial experiments showed that calnexin could be detected in a quantitative manner from 

different protein loading amounts (experiments 1 and 3), and whilst calnexin band intensities 

correlated poorly with the lysate total protein contents determined by the BCA assay, they 

displayed a good correlation with P-gp band intensities. Furthermore, normalization of P-gp 

band intensities to their corresponding calnexin values was able to significantly decrease 

inter-sample variability. For example, in trial experiment 4, the coefficients of variation for P-

gp band peak volumes and peak heights were 31.2% and 20.2%, respectively, prior to 

normalization, and 8.7% and 5.8%, respectively, following normalization to calnexin band 

intensities. Therefore, it was concluded that calnexin was an appropriate loading control for 

the quantification of P-gp protein expression on human lymphocytes. 

Using this method, P-gp protein expression was found to be higher in CD8+ than CD4+ cells, 

which was expected from previous studies, further confirming the validity of this assay as a 

quantitative measure of P-gp protein expression. 

It is unclear why there is a lack of a clear correlation between BCA and calnexin values. 

Whilst it could be due to variability in the loading of samples onto the SDS-PAGE gel, it may 

also be a result of a deficit in the BCA assay to accurately measure protein content in these 

samples. As such, care should be taken regarding adjusting sample lysate loading amounts 

based on BCA protein quantification results. 

5.2.5.4. Conclusion 

To my knowledge, this is the first Western blot protocol adequately validated (with 

appropriate positive and loading controls, and the use of a non-cross-reactive P-gp antibody) 

to quantitatively detect and distinguish the mature N-glycosylated and immature core-

glycosylated forms of P-glycoprotein in human lymphocytes. As mentioned previously, 
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ABCB1 polymorphisms may affect P-gp glycosylation, thus identification of P-gp in its 

separate glycosylated states may be important for the pharmacogenetic analysis of P-gp 

protein expression. As such, this protocol has a distinct advantage over Western blot methods 

previously employed for ABCB1 pharmacogenetic studies that could not distinguish between 

the mature and immature forms of the protein. Furthermore, quantitative detection of 170 and 

150 kDa human P-gp was possible from as little as 2 μg of total protein from CD4+, CD8+ or 

CD56+ human lymphocytes, thus limiting the number of lymphocytes (< 1 x 105 cells), and 

hence the volume of blood (< 1 mL), required for analysis. This is important when 

considering the intended opioid-dependent study population who typically experience 

peripheral immunosuppression (and thus lower PBMC counts) (Nair et al., 1986; Vallejo et 

al., 2004), and may also have poor venous access. 

Based on the results from Western blot development and validation experiments, 5 x 105 cells 

(~15 μg total protein) was chosen as the sample size required for the Western blot analysis to 

be employed for quantification of lymphocyte P-gp protein expression in the ex vivo pilot 

study described below. 

5.2.6. P-gp function by rhodamine efflux assay 

5.2.6.1. Methods 

This assay, developed for the evaluation P-gp transport in lymphocytes, was based loosely on 

the flow cytometric assay protocol of Klimecki and colleagues (1994). Employing rhodamine-

123 (hereafter referred to as rhodamine) as the fluorescent P-gp substrate, and verapamil as 

the P-gp inhibitor, a basic plan for the functional assay procedure is shown in Figure 5-16. 

Briefly, lymphocytes are incubated in a medium containing fluorescent rhodamine, with or 

without the P-gp inhibitor verapamil, for a set period of time. The difference in rhodamine 

accumulation between verapamil treated and untreated cells provides an indication of P-gp 

activity influencing drug accumulation. Cells can then be transferred to substrate-free 
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medium, allowing the cells to efflux the substrate for a period of time, and the amount/rate of 

efflux (with and without verapamil) can be determined. Whilst Klimecki and colleagues 

(1994) employed flow cytometry for measuring intracellular rhodamine fluorescence, this 

assay was adapted for fluorescence measurement using a microplate reader where it is not 

only possible to measure the intracellular concentration of a substrate (as in flow cytometry), 

but also the amount of substrate in the extracellular media (not possible with flow cytometry). 

1. Substrate loading
+/- P-gp inhibitor

2. Quantify intracellular
[substrate]

3. Substrate efflux
+/- P-gp inhibitor

4. Quantify intracellular
[substrate]

4. Quantify extracellular
[substrate]

Centrifuge/wash

Centrifuge/wash

Lymphocytes

P-gp substrate

 

Figure 5-16. Outline of proposed functional assay procedure. 

5.2.6.1.1. Lymphocyte preparation 

Prior to performing this functional assay, frozen lymphocytes were defrosted rapidly in a 

37°C waterbath, washed with PBS, then resuspended in 1.4 mL of assay medium (RPMI1640 

+ 10mM HEPES + 10% FCS). The cells were incubated at 37°C for 1 hour to allow for 

rehydration then quantified and checked for viability using a haemocytometer. A sample of 
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lymphocytes (1.2-1.8 x 105 cells) was taken at this point and later used to determine the 

background fluorescence of cell lysate. 

5.2.6.1.2. Step 1: Substrate loading 

Two different general substrate loading protocols were trialled. Because the original aim of 

this assay was to measure variability in cellular accumulation of rhodamine (in addition to 

efflux), the first protocol divided cells into four separate sample loading groups that could 

assess rhodamine accumulation in the presence and absence of P-gp activity. Using this 

method, two lots of cells were suspended in assay medium containing 150 ng/mL rhodamine, 

one lot was suspended in assay medium containing 150 ng/mL rhodamine plus 50 μM 

verapamil, and one lot was suspended in assay medium containing 150 ng/mL rhodamine plus 

100 μM verapamil. One lot of rhodamine-only cells was then incubated at 4°C (to inhibit all 

active transporters) for 15 or 30 minutes with shaking, whilst the other 3 lots of cells were 

incubated at 37°C for 15 or 30 minutes (with shaking).  

The second protocol employed a simpler method whereby all hydrated cells were loaded 

together for 30 minutes at 37°C using 150 ng/mL rhodamine in assay medium (with no 

verapamil). Whilst this method provides less data regarding P-gp activity influencing 

substrate accumulation, it significantly reduces the within-sample variability prior to the 

efflux section of the experiment. 

The loading concentration of rhodamine (150 ng/mL) was the same as that used by Klimecki 

and colleagues (1994), and was also close to the maximum concentration that could be 

measured on the microplate reader without saturating the detector (see section 5.2.6.1.6.1). 

Verapamil concentrations of 50 and 100 μM were chosen based on experience using 

verapamil in the transport experiments described in Chapter 6. 
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All substrate loading procedures were performed at a cell density of 1 x 106 cells/mL, with 

rocking during incubations to ensure the maintenance of a cell suspension. 

5.2.6.1.3. Step 2: Quantifying substrate accumulation 

There were also two possible measures of substrate accumulation. The first and most useful 

measure was the intracellular concentration of rhodamine at the end of the loading period. The 

second possible measure was the extent of reduction of extracellular rhodamine 

concentrations as the substrate was taken into the cells. However, whilst extracellular 

concentrations after the loading period were determined for early experiments, its utility as a 

measure of cellular uptake of rhodamine was limited. This was because the intracellular 

distribution volume of the lymphocytes was negligible when compared to that of the 

supernatant, and as such, the uptake of rhodamine into the cells had no significant effect on 

the rhodamine concentration in the extracellular loading medium. Therefore, intracellular 

rhodamine concentrations were chosen as the primary measure of substrate accumulation 

during the loading period. 

To determine the intracellular rhodamine accumulation following substrate loading, loaded 

lymphocytes were pelleted by centrifugation at 4°C. The supernatants were then removed and, 

if desired, the extracellular rhodamine concentration determined (see section 5.2.6.1.6.1).  

For samples loaded using the first loading protocol, rhodamine-only cells were washed twice 

with cold PBS or assay medium, whilst rhodamine + verapamil (50 or 100 μM) treated cells 

were washed twice with cold (4�C) PBS or assay medium containing corresponding 

concentrations of verapamil (50 or 100 μM). Half of each group of cells was then taken, 

pelleted, supernatant removed, and the cell pellet frozen at -20°C until ready for 

quantification of intracellular rhodamine (see section 5.2.6.1.6.2). 
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For samples loaded using the second loading protocol, cells were washed once with cold PBS 

or assay medium before being split into two. One half of the cells was then washed again in 

cold PBS or assay medium before being resuspended to 1.5 x 106 cells/mL in cold assay 

medium. The other half of the cells were washed in cold PBS or assay medium containing 

100 μM verapamil, before being resuspended to 1.5 x 106 cells/mL in cold assay medium 

containing 100 μM verapamil. Cell samples from each lot were then taken, pelleted, 

supernatants removed, and the cell pellets frozen at -20°C until ready for quantification of 

intracellular rhodamine (see section 5.2.6.1.6.2). 

5.2.6.1.4. Step 3: Substrate efflux 

Substrate-loaded cells were suspended at 1.5 x 106 cells/mL in assay medium (no rhodamine), 

with or without 100 μM verapamil, and cells were either kept together, or split into 2 or 3 

tubes each to act as replicates. The cells were then allowed to efflux at 37°C (with rocking) 

for 30, 60 or 120 minutes. 

5.2.6.1.5. Step 4: Quantifying substrate efflux 

As with substrate accumulation, there were two possible measures of substrate efflux. Firstly 

the reduction in intracellular rhodamine concentrations, and secondly the increase in 

extracellular rhodamine concentrations, following the efflux period. These values were 

determined by pelleting each cell sample by centrifugation at 4°C and taking a sample of the 

supernatant for extracellular rhodamine quantification. The cells were then washed twice with 

PBS or assay medium, pelleted, the supernatants removed, and the cell pellets frozen at -20°C 

until ready for quantification of intracellular rhodamine (see section 5.2.6.1.6.2). 

5.2.6.1.6. Rhodamine quantification 

The only major difference between this assay, and that of Klimecki and colleagues (1994), 

was that detection of rhodamine fluorescence was performed using a microplate reader, 
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instead of a flow cytometer. As such, the sensitivity of the microplate reader to detect 

rhodamine fluorescence in extracellular fluid, as well as in cell lysates, needed to be tested.  

5.2.6.1.6.1. Extracellular rhodamine quantification 

Firstly, a standard curve of 0.005, 0.01, 0.05, 0.1, 0.5, 1, 10, 100, 1,000 and 20,000 ng/mL of 

rhodamine in RPMI assay medium was prepared. Quadruplicate 100 μL samples of each 

standard concentration, and an RPMI assay medium blank, were loaded onto a white 96-well 

microplate (NuncTM) and fluorescence measured on a microplate reader using 485 nm 

excitation and 520 nm emission filters. Using this method, the 20,000 and 1,000 ng/mL 

standards saturated the microplate detector, whilst the 0.005, 0.01 and 0.05 ng/mL standards 

gave poor accuracy and precision. As such, 0.1 ng/mL was concluded to be the lower limit for 

rhodamine quantification by this microplate procedure. 

Secondly, in order to more accurately define the minimum and maximum possible rhodamine 

concentration for microplate detection, two separate standard curves were prepared. The first 

consisted of 0.1, 0.5, 1, 5, 10, 25, 50, 100, 200, 400, 600 and 800 ng/mL of rhodamine in 

RPMI assay medium, whilst the other consisted of 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1, 2 

and 3 ng/mL. Quadruplicates of each standard and blank were analysed as before. The 

detector was saturated at rhodamine concentrations greater than 400 ng/mL, and close to 

saturation at 200 ng/mL, whilst the second standard curve was linear down to 0.2 ng/mL.  

Therefore, extracellular (supernatant) rhodamine was quantifiable in the range of 0.2 to a 

maximum of between 100 and 200 ng/mL. Standard curves over the range of 0.2 to 150 

ng/mL were best fitted using 3rd-order polynomial non-linear regression with 1/Y2 weighting, 

however, standards below 0.5 ng/mL displayed poor accuracy (error > 20%) and precision 

(error > 13%) when compared to standards of 0.5 ng/mL and greater (accuracy error < 12% 

and precision error < 7%). 
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Thirdly, since some of the samples were to contain verapamil, the influence of verapamil on 

rhodamine quantification needed to be tested. As such, two standard curves consisting of 

0.25, 0.5, 0.75, 1, 2.5, 5, 10, 25, 50, 75, 100 and 150 ng/mL rhodamine were prepared, one in 

blank RPMI assay medium, and the other in RPMI assay medium containing 100 μM 

verapamil. Triplicate 100 μL samples of each standard and blank (� verapamil) were then 

measured on the microplate reader as before. Blank fluorescence values did not differ in the 

presence or absence of verapamil and, as shown in Figure 5-17, the two standard curves were 

almost identical. Indeed, when input into the best-fit curve defined by the non-verapamil 

standards, rhodamine + verapamil fluorescence values interpolated standard concentrations 

with an error of less than 12%. Therefore, there was no need to perform separate rhodamine 

standard curves for extracellular samples containing verapamil. 
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Figure 5-17. Rhodamine fluorescence standard curves in the presence (--�--) and 

absence (―�―) of 100 μM verapamil.  
Lines are 3rd-order polynomial non-linear regression (with 1/Y2 weighting) curve fits (r2 = 1.00 for 

both curves). For the 3rd-order equation (y = ax3 + bx2 + cx + d) coefficient best-fit values (95% CI) in 

the presence and absence of verapamil were: a = 9.7 x 10-4 (-3.4 x 10-3 to 5.4 x 10-3) and 2.5 x 10-3 (-

3.7 x 10-3 to 8.6 x 10-3); b = -0.82 (-1.5 to -0.14) and -1.3 (-2.2 to -0.33); c = 430 (411 to 450) and 471 

(444 to 499); d = 72 (58 to 85) and 51 (33 to 69). 
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Finally, experiments measuring 50, 100, 150 and 200 μL of blank RPMI assay medium in 

each well revealed that background fluorescence was volume-dependent, therefore sample 

and standard volumes also needed to be kept constant. 

5.2.6.1.6.2. Intracellular rhodamine quantification 

In order to quantify the intracellular rhodamine concentrations, cell samples were lysed in 

SDS lymphocyte lysis buffer (1% SDS, 20 mM Tris-HCl, pH 7.2) for 10 minutes at room 

temperature. The lysates were then clarified by centrifugation (14,000 x g for 10 minutes) 

before measuring rhodamine fluorescence.  

In order to determine the appropriate diluent for intracellular rhodamine standard curves, two 

separate standard curves consisting of 0.2, 0.4, 0.8, 2.5, 10, 50, 100 and 150 ng/mL 

rhodamine were prepared using blank lymphocytes lysis buffer, or clarified cell lysate (5 x 

105 cell/mL), as the diluent. Triplicate 100 μL samples of each standard and blank were then 

measured on the microplate reader as before. As shown in Figure 5-18A, the standard curves 

using blank lysis buffer and cell lysate were sufficiently different to necessitate using blank 

cell lysate as the diluent for intracellular rhodamine standard curves. As such, a stock of 

clarified PBMC cell lysate (1 x 106 cells/mL) was prepared and used for preparation of 

subsequent intracellular rhodamine standard curves. An example of an intracellular standard 

curve used in trial assays is given in Figure 5-18B. Using a 3rd-order polynomial non-linear 

regression with 1/Y2 weighting as before, standard concentrations were interpolated with a 

mean relative accuracy error of less than 12%. 
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Figure 5-18. Standard curves for quantification of intracellular rhodamine 

concentrations.  
A: Comparison of rhodamine standard curves in blank lymphocyte lysis buffer (--�--) and clarified 

cell lysate (―�―). B: Example of a cell lysate rhodamine standard curve used for quantification of 

intracellular rhodamine concentrations. Lines are 3rd-order polynomial non-linear regression (with 

1/Y2 weighting) curve fits (r2 = 0.99 for both curves in graph A, r2 = 1.00 for graph B). 

5.2.6.1.6.2.1. Normalisation to protein content 

To account for any variations in the number of cells used for each quantification, lysate 

rhodamine concentrations were to be normalised to lysate protein content. As such, a BCA 

assay employing a BSA standard curve was established as described previously (see section 

5.2.5.1.1) using lymphocyte lysis buffer as the diluent. The influence of rhodamine in the 

lysate on BCA protein quantification was also tested by spiking lysates of different protein 

concentrations with up to 150 ng/mL of rhodamine. It was found that rhodamine increased the 

background absorbance of lymphocyte lysis buffer up to 3-fold. However, since the 

background absorbance was negligible when compared to absorbance values of the protein 

standards, the effects on protein quantification were minimal. For example, protein 

quantification in a sample of cell lysate without rhodamine, or spiked with rhodamine to a 

final concentration of 1, 50 or 100 ng/mL, resulted in similar calculated protein concentrations 

(67.3, 65.0, 61.4 and 65.9 μg/mL, respectively). Therefore, the rhodamine content of cell 

lysates was deemed to have no significant influence on protein quantification by the BCA 

assay. 
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5.2.6.1.7. Quantifying cell loss 

In order to determine whether PBS or assay medium was the best solution for washing cells, 

complete assay protocols were performed using the second, simple loading procedure, and 

efflux periods of 30, 90 or 150 minutes. During these procedures, instead of taking samples 

for rhodamine quantification, cell concentrations were quantified in the samples before and 

after every wash step, and at the beginning and end of each incubation step, in order to 

quantify any cell loss. 

In order to check the viability of cells over the intended assay period, a separate experiment 

was performed where lymphocytes were incubated for 3 hours at 37°C in either blank assay 

medium or assay medium containing both 300 ng/mL rhodamine and 100 μM verapamil. 

Viable cells were quantified before and after the incubation period to determine if there was 

any lymphocyte loss. 

5.2.6.1.8. Data analysis 

Rhodamine accumulation was calculated by normalizing the cell lysate rhodamine 

concentration (after substrate loading) to the protein concentration of the lysate sample. Efflux 

for any time-point after loading was calculated as (CSN.t x Cprotein.t) / (CIC.t x Nt), where CSN 

was the supernatant rhodamine concentration (ng/mL), Cprotein was the lysate sample protein 

concentration (μg/mL), CIC was the lysate rhodamine concentration (ng/mL), and N was the 

cell concentration in the sample prior to pelleting and taking supernatant for quantification 

(cells/mL), all at time t after initiation of efflux. 

5.2.6.2. Results 

5.2.6.2.1. Substrate loading 

Using the first protocol for substrate loading, trial experiments displayed large variability 

between samples in terms of substrate accumulation. Furthermore, this loading method failed 
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to demonstrate a consistent increase in rhodamine accumulation in cells loaded on ice or in 

the presence of verapamil. Loading the cells for 15 or 30 minutes had no effect on the 

variability observed using this protocol. 

The second, simpler loading method produced consistent intracellular rhodamine 

concentrations both within and between the three trial experiments. Lysate rhodamine 

concentrations after the loading period ranged from 0.42 to 0.48 ng/mL, which equated to 4.4-

4.9 ng of rhodamine per 100 μg of protein. 

5.2.6.2.2. Substrate efflux 

As shown in Figure 5-19, the difference in efflux between verapamil treated and untreated 

samples was greatest after 120 minutes (4.9-fold), when compared to 30 (3.5-fold) and 60 (2-

fold) minutes of efflux. Where loaded samples were split into 2 or 3 replicates for efflux, they 

displayed an average 3.1- to 4.6-fold decrease in efflux in the presence of verapamil (after 120 

minutes). However, whilst values in the presence and absence of verapamil did not overlap, 

there was 3- to 12-fold variability in efflux within the replicate samples for each treatment 

group. In addition, in some trial experiments, the intracellular rhodamine concentrations after 

efflux were below the lower limit of quantification. 
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Figure 5-19. Time-course of rhodamine efflux in the presence (��) and absence (●) of 100 

μM verapamil. 
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5.2.6.2.3. Cell loss 

Up to 80% of cells were lost by the end of the assay procedure when using PBS for washing 

cells. Alternatively, when cells were washed with assay medium instead, no cell loss could be 

detected. After 150 minutes, no cell loss was observed when incubating in blank assay 

medium, whilst 14% of cells were lost when incubating in assay medium containing 

rhodamine (300 ng/mL) and verapamil (100 μM). 

5.2.6.3. Discussion 

The original aim of this assay was to measure variability in cellular accumulation of 

rhodamine as well as efflux. However, the split loading method was unable to consistently 

distinguish accumulation between verapamil treated and untreated cell samples. Therefore, a 

simpler substrate loading protocol was chosen as the preferred method for measuring 

rhodamine accumulation. The reduction in both the manipulation of cells (that is, pipetting, 

pelleting, resuspending etc.), and the elimination of sample variability prior to efflux, were 

also important considerations when choosing the simpler rhodamine loading protocol. 

Based on trial experiments, 120 minutes was chosen as the optimal efflux time for 

differentiating verapamil treated and untreated cells, however, there was significant variability 

within the replicates of each treatment group. Furthermore, the observed intracellular 

rhodamine concentrations after 120 minutes of efflux were very near or, in some trial 

experiments, below the limit of quantification (0.2 ng/mL). As such, even after improving cell 

recovery by washing cells with assay medium instead of PBS, the functional assay was far 

from optimal. 

Unfortunately, at this stage of development, problems encountered with the pilot ex vivo 

lymphocyte study (described below in section 5.3.2.2) meant that subject samples originally 

set aside for the functional assay were no longer available. Therefore, the further development 
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and optimisation of this assay was abandoned. However, a number of suggestions can be 

made regarding possible improvements to the assay. 

Firstly, a greater intracellular rhodamine concentration after loading is required such that 

intracellular concentrations post-efflux are always within the quantitative range of the 

microplate reader. This could be achieved by loading the cells at 4°C (instead of 37°C), a 

method previously used by others (Chaudhary et al., 1992; Park et al., 2003) to inhibit any 

active drug transporters limiting the entry and accumulation of rhodamine into the cells. 

Increasing the loading medium concentrations of rhodamine, and increasing the loading time, 

may also help to increase the starting intracellular rhodamine concentrations. 

Secondly, rather than splitting loaded cells into duplicate or triplicate samples for each 

treatment, a single sample for each treatment (that is, one tube for rhodamine only, and one 

tube for rhodamine + verapamil) could be used. This would increase the number of cells in 

each sample and hence allow an increase in the final lysate rhodamine concentrations (by 

lysing at greater than 1 x 106 cells/mL), or allow for more replicate measurements of lysate 

concentrations due to a greater lysis volume (by still lysing at 1 x 106 cells/mL). Similarly, 

with the larger efflux medium volume (due to the larger number of cells), more replicates of 

the supernatant could be used for measuring extracellular rhodamine concentrations. 

Furthermore, at only two tubes per subject, this would allow the assay to be performed for 

multiple subjects at once. Therefore, assay variability, both within and between subjects, 

could be greatly reduced by not splitting the treatment groups into replicates. 

Finally, this assay was developed using whole human PBMCs, however, as was shown during 

the development of the Western blot assay, whole PBMCs express negligible amounts of P-gp 

when compared to specific lymphocyte subsets such as CD4+, CD56+ or CD8+ cells (see 

section 5.2.5.2.3). Therefore, a trial of this assay in one of these lymphocyte subsets would be 
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more prudent, as the efflux due to P-gp (and thus the difference between verapamil treated 

and untreated samples) would be expected to be more pronounced in these cells. 

5.2.6.4. Conclusion 

In conclusion, the method described here provides the basis for an assay to determine the 

functional effect of P-gp on substrate efflux in human lymphocytes. Based on the initial assay 

development results, 0.75-1.6 x 106 cells was chosen as the appropriate number of 

lymphocytes to be set aside for functional analysis. However, further optimization and 

validation in specific lymphocyte subsets is recommended before applying this assay, as it 

stands, in a clinical study setting. 

5.2.7. Summary 

For the ex vivo lymphocyte pilot study described below, a new magnetic separation method 

for the isolation of separate CD4+, CD56+ and CD8+ cell subsets from human whole PBMCs 

was developed and validated. Quantitative real-time PCR and Western blot assays were then 

successfully developed and validated for the quantification of ABCB1 mRNA and P-gp 

protein expression, respectively, in these lymphocyte subsets. Finally, an attempt was also 

made to develop a new non-flow-cytometric assay for the quantification of P-gp function in 

ex vivo human lymphocytes. However, further optimization of this functional assay was 

abandoned due to time constraints and the loss of subject samples originally designated for 

this assay (see below section 5.3.2.2). 

5.3. Pilot study 

5.3.1. Introduction 

As discussed in section 5.1, an interpretation of the findings of Chapters 3 and 4 is difficult 

without a clear understanding of the functional consequences of ABCB1 genotypes and 

haplotypes. Unfortunately, limited ex vivo data are available regarding the effects of ABCB1 
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genetic variants on tissue expression and function of P-gp in humans. Furthermore, since 

some opioids have previously been shown to induce P-gp expression, it can be hypothesised 

that long-term illicit (heroin) and/or maintenance (methadone or buprenorphine) opioid 

administration may cause changes in P-gp expression and/or function, resulting in different 

levels of P-gp activity in the opioid-dependent population compared to healthy individuals. 

Therefore, due to the confounding influence of P-gp induction, it is possible that the 

functional consequences of ABCB1 genetic variability may differ between opioid-dependent 

and healthy individuals. As such, the aims of this pilot study were to: 

(a)   identify any differences in P-gp expression and function between opioid-dependent 

individuals and healthy non-drug-dependent controls; 

(b) investigate the effect of chronic exposure to methadone and buprenorphine on P-gp 

expression and function; 

(c) determine whether P-gp expression and function were related to ABCB1 genetic 

variability and maintenance opioid requirements. 

5.3.2. Methods 

Originally, this study planned to assess P-gp expression and function in opioid-dependent 

subjects seeking entry into opioid substitution treatment, as well as healthy non-opioid-

dependent controls, with opioid-dependent subjects assessed both prior to entering treatment, 

and again once stabilised on either methadone or buprenorphine. In this manner, the influence 

of illicit opioid use on P-gp expression and function could be determined by comparing 

healthy controls and pre-treatment opioid-dependent subjects. Alternatively, the influence of 

opioid substitution treatments on P-gp expression and function, as well as the relationship 

between P-gp expression and function and substitution opioid response, could be determined 

by comparing pre-treatment and in-treatment opioid-dependent subjects. Finally, all subjects 
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were to be genotyped for ABCB1 genetic polymorphisms, allowing for the assessment of their 

functional consequences in both healthy and opioid-dependent subjects.  

Unfortunately, due to time constraints, this pilot study was eventually restricted to the 

investigation of a small group of stabilized MMT subjects only. 

With permission from the Royal Adelaide Hospital Research Ethics Committee, existing 

MMT patients already taking part in the control arm of a larger clinical trial conducted by the 

Discipline of Pharmacology were asked to donate extra whole blood for ex vivo analysis. 

Those who volunteered (n = 6) had a single extra blood sample taken (20 mL in an EDTA 

tube) as part of a normal study session of the clinical trial. All subjects were in the 

stabilization phase of treatment, and all blood samples were taken at trough methadone 

plasma concentration time points, that is, approximately 24-hours post-dose and prior to 

receiving their next daily methadone dose. 

Blood samples were kept at room temperature and processed within 2 hours of sampling. 

Twelve to sixteen millilitres of blood was used for isolating CD4+, CD56+ and CD8+ 

lymphocytes using the optimized methods described in section 5.2.3. Based on assay 

development results, at least 1 x 105 cells for mRNA expression (see section 5.2.4.4), 5 x 105 

cells for P-gp protein expression (see section 5.2.5.4) and 7.5 x 105 cells for functional 

analysis (see section 5.2.6.4) were processed as described in section 5.2.3.1.2.4. One millilitre 

of blood was also frozen at -20°C until ready for DNA isolation and ABCB1 

genotyping/haplotyping using the methods described in Chapter 2.  

Subjects’ demographics, methadone dose and (R)-methadone Ctrough data (specific to the study 

days on which the blood samples were taken), were obtained from clinical study case notes.   
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For the qRT-PCR and Western blot experiments described below, CD4+ lymphocytes of a 

healthy non-opioid-dependent volunteer (ABCB1 haplotype: AGCGT / AGTTT) were used as 

control samples. 

5.3.2.1. qRT-PCR 

ABCB1 mRNA expression in CD4+, CD56+ and CD8+ lymphocytes was quantified using the 

protocol described in section 5.2.4. CD4+, CD56+ and CD8+ lymphocytes were analysed 

separately, however, within each subset of lymphocytes, all subjects were analysed at the 

same time. For each lymphocyte subset, ABCB1 expression was initially determined using the 

standard optimised mRNA and cDNA volumes. Based on these results, samples were 

reanalysed using volumes of mRNA and/or cDNA adjusted to produce identical GAPDH CT 

values (using the method described in section 5.2.4.2.). Subjects’ ΔCT values were then 

normalised to the ΔCT of the control sample that was analysed within each batch of samples 

(using the 2-��CT method described in section 5.2.4.1.3.2). 

In order to confirm the purity of lymphocyte subsets, remaining mRNA and/or cDNA samples 

were used for the qualitative detection of CD4+, CD56+ and CD8+ mRNA, using the protocol 

described in section 5.2.3.1.3. 

5.3.2.2. Western blot 

P-gp Western blot analysis was performed for CD4+, CD56+ and CD8+ lymphocyte samples 

using the protocol described in section 5.2.5. However, using this method, P-gp could not be 

detected in the patient samples (5 x 105 cells) designated for Western blot analysis. As such, 

lymphocyte samples designated for the functional assay (0.9-1.6 x 106 cells) were used. Since 

these samples had been stored in freezing medium (see section 5.2.3.1.2.4), they were washed 

three times in PBS before being pelleted and lysed as usual. In addition, since detection of P-
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gp in the control sample was also inconsistent, for these assays, control lysate spiked with 1 

μg of LLC-PK1-MDR1 lysate was used as the positive control.   

Due to the significant background and multiple band staining of subject samples (see Figure 

5-24), peak heights, and not peak volumes, of 170 kDa bands were used to quantify P-gp 

protein expression (see section 5.2.5.1.4.2).  

5.3.2.3. Functional assay 

As mentioned above, lymphocytes (single or duplicate samples of 0.9-1.6 x 106 cells) were 

originally set aside for functional analysis. However, due to their use in the Western blot 

experiments, the functional assay could not be performed. 

5.3.2.4. Data analysis 

Due to the small number of subjects, no statistical analyses were performed regarding 

differences in P-gp expression (mRNA or protein) between ABCB1 genotypes or haplotypes. 

Associations between P-gp expression and daily methadone maintenance dose or (R)-

methadone Ctrough, and between mRNA and protein expression, were analysed by Spearman 

rank correlation. 

5.3.3. Results 

5.3.3.1. Subject demographics & genetic variability 

The demographics, treatment parameters, recent drug use history and ABCB1 genetic 

variability of the ex vivo MMT subjects are shown in Table 5-5. Two subjects, S1 and S6, did 

not have (R)-methadone Ctrough data available. 
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Table 5-5. Subject demographics, treatment history and ABCB1 genetic variability. 

 S1 S2 S3 S4 S5 S6 

Sex F M F F M M 

Age (years) 34 29 26 32 36 30 

Weight (kg) 74 68 55 54 60 92 

Smoker Y Y Y Y Y Y 

Dose (mg/day) 65 75 100 35 130 75 

Ctrough (ng/mL) - 103.3 216.4 63.0 408.0 - 

Time in treatment 
(months) 9 8 8 7 8 6 

Prior treatments 0 1 0 2 1 0 

In-treatment drug use      

  Heroin ($/month) 1000 50 50 50 30 0 
  Amphetamines Y N N Y N N 
  Benzodiazepines Y N Y N N N 
  Cannabis N Y Y Y N Y 
ABCB1 genotype       
  A61G A/A A/A A/A A/A A/A A/A 
  G1199A G/G G/G G/G G/G G/G G/G 
  C1236T T/T C/T C/C C/C C/T C/T 
  G2677T G/G G/T T/T T/T G/T G/T 
  C3435T C/T C/T C/C T/T C/T C/T 

ABCB1 haplotype AGTGC 
AGTGT 

AGCGC 
AGTTT 

AGCTC 
AGCTC 

AGCTT 
AGCTT 

AGCGC 
AGTTT 

AGCGC 
AGTTT 

Variant loci in haplotypes are bold. 

5.3.3.2. Lymphocyte isolation 

Subject blood samples yielded a total of 1.1-3.3 x 107 PBMCs (0.8-1.9 x 106 cells per mL of 

blood), with 4.5-7.4 x 106 CD4+, 0.5-2.7 x 106 CD56+, and 1.5-5.7 x 106 CD8+ lymphocytes 

recovered for analysis. As such, for the majority of subjects, there were enough lymphocytes 

to provide samples for all three assays based on assay development results. However, for 

subject S3, the CD8+ mRNA pellet was lost during the snap freezing process, whilst for 

subject S4, there were sufficient CD56+ lymphocytes for protein analysis only. 
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Qualitative reverse transcription PCR confirmed the presence of CD4 mRNA in CD4+ 

lymphocyte samples of all 6 subjects. A slight CD4 PCR band was also detected in the CD56+ 

sample of subject S2, as such, this sample was excluded from expression analyses. All other 

CD56+ samples and all CD8+ samples were negative for CD4 expression.  

CD56+ samples for S1, S2, S3 and S6 were all positive for CD56 expression (no mRNA 

sample for S4, see above). No CD56 mRNA was detected in the CD56+ sample of S5, 

however, since ABCB1 and GAPDH expression was also undetectable in this sample (see 

below), it is likely that this sample had no quantifiable mRNA. All CD4+ and CD8+ samples 

were negative for CD56 expression. 

All CD8+ cell samples were positive for CD8 expression, whilst all CD4+ cells were negative 

for CD8. For CD56+ cells, very slight CD8 PCR bands were detected in some samples. 

No sample displayed CD4 or CD56 PCR products of the size generated from genomic DNA. 

5.3.3.3. ABCB1 mRNA expression 

Initial qRT-PCR analyses (using equal mRNA and cDNA volumes for all samples) displayed 

large variability in GAPDH 2-CT between subjects (CV = 39% for CD4+, 96% for CD56+ and 

29% for CD8+). However, adjusting the mRNA and/or cDNA volumes used for each sample 

(see method described in section 5.2.4.2) was successful in drastically reducing variability in 

endogenous control values (CV = 8% for CD4+, 22% for CD56+ and 9% for CD8+).  

ABCB1 mRNA expression in CD4+, CD56+ and CD8+ lymphocytes of MMT subjects relative 

to CD4+ lymphocytes of a non-opioid-dependent healthy control are shown in Table 5-6. 

There were no statistically significant rank correlations between CD4+ and CD56+, or CD4+ 

and CD8+ ABCB1 mRNA expression, whilst only two subjects had data for both CD8+ and 

CD56+ expression (thus not allowing statistical analysis) (Figure 5-20). 
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Table 5-6. ABCB1 mRNA expressiona in CD4+, CD56+ and CD8+ lymphocytes of each 

MMT subject relative to CD4+ lymphocytes of a non-opioid-dependent healthy control. 

 CD4+ CD56+ CD8+ 
S1 0.63 (0.58-0.68) 1.47 (1.32-1.67) 1.37 (1.32-1.42) 
S2 0.47 (0.45-0.51) - 1.21 (1.12-1.30) 
S3 0.54 (0.49-0.61) 3.60 (2.73-4.58) - 
S4 0.29 (0.21-0.36) - 1.68 (1.59-1.82) 
S5 0.98 (0.88-1.07) - 2.54 (2.09-3.09) 
S6 0.87 (0.79-0.94) 1.70 (1.57-1.80) 3.04 (2.74-3.57) 
aABCB1 mRNA expression (normalised to GAPDH) relative to CD4+ lymphocytes of a healthy non-

opioid-dependent control. Values are triplicate means (range of possible values). 
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Figure 5-20. Lack of significant correlations between CD4+ and CD56+ (Spearman r (rs) 

= -0.50, P = 1.0), CD4+ and CD8+ (rs = 0.6, P = 0.4) or CD56+ and CD8+ lymphocyte 

ABCB1 expressiona in MMT subjects.  
aABCB1 mRNA expression (normalised to GAPDH) relative to CD4+ lymphocytes of a healthy non-

opioid-dependent control. Values are mean � range. 

Haplotype differences in ex vivo CD4+, CD56+ and CD8+ lymphocyte ABCB1 mRNA 

expression are shown in Figure 5-21. CD4+ lymphocyte ABCB1 mRNA expression was 

lowest in the subject homozygous for AGCTT.  

The relationships between dose requirements and ABCB1 mRNA expression in CD4+, CD56+ 

and CD8+ lymphocytes are shown in Figure 5-22. The relationships between plasma (R)-

methadone Ctrough and ABCB1 mRNA expression in CD4+ and CD8+ lymphocytes are shown 

in Figure 5-23. Only one subject had both CD56+ ABCB1 mRNA expression and Ctrough data. 
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Figure 5-21. Relationship between ABCB1 diplotypes and ex vivo CD4+ (��), CD56+ (�) 

and CD8+ (	) lymphocyte ABCB1 mRNA expression in MMT subjects.  
aABCB1 mRNA expression (normalised to GAPDH) relative to CD4+ lymphocytes of a healthy non-

opioid-dependent control. Data are mean � range for each individual. 
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Figure 5-22. Relationship between MMT dose requirements and relative ABCB1 mRNA 

expressiona in CD4+ (rs = 0.83, P = 0.06), CD56+ (rs = 1.00, P = 0.3) and CD8+ (rs = 0.6, P 

= 0.4) lymphocytes of MMT subjects.  
aABCB1 mRNA expression (normalised to GAPDH) relative to CD4+ lymphocytes of a healthy non-

opioid-dependent control. Data points are mean � range for each individual. 
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Figure 5-23. Relationship between (R)-methadone (MD) Ctrough and relative ABCB1 

mRNA expressiona in CD4+ (rs = 1.00, P = 0.08) and CD8+ (rs = 0.50, P = 1.0) 

lymphocytes of MMT subjects.  
aABCB1 mRNA expression (normalised to GAPDH) relative to CD4+ lymphocytes of a healthy non-

opioid-dependent control. Data points are mean � range for each individual. 

5.3.3.4. P-glycoprotein protein expression 

As mentioned above (section 5.3.2.2), no P-gp was detected in 5 x 105 CD4+, CD56+ or CD8+ 

lymphocytes of MMT subjects when using the Western blot assay described in section 5.2.5. 

Using larger lymphocyte samples (1.6-3.0 x 106 cells), P-gp protein expression was detected 

in CD4+ cells of subjects S2-S6, but not S1 (Figure 5-24). Normalised P-gp expression (P-

gp/calnexin) values for subjects S2-S6 were 0.79, 0.82, 0.74, 0.83 and 0.87, respectively. 

When compared to Western blots of healthy volunteer samples performed during assay 

development (see Figure 5-13), there was noticeably more non-specific staining of MMT 

subject samples, making it difficult to distinguish separate 170 and 150 kDa P-gp bands. 

There was also large variability in total protein content between samples (Figure 5-24). 

The relationship between ABCB1 mRNA expression and P-gp protein expression in CD4+ 

lymphocytes is shown in Figure 5-25. CD4+ P-gp protein expression was lowest in the subject 

homozygous for the AGCTT haplotype (0.74), as compared to the homozygous AGCTC 

subject (0.82), and AGCGC / AGTTT subjects (0.79, 0.83 and 0.87).  
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Figure 5-24. Western blot detection of P-gp (and calnexin loading control) in CD4+ 

lymphocytes of MMT subjects.  
P-gp: P-glycoprotein. C: Positive control (6 μg of healthy non-opioid-dependent control CD4+ 

lymphocyte lysate spiked with 1 μg of LLC-PK1-MDR1 lysate). S1-6: MMT subject samples. 
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Figure 5-25. Relationship between ABCB1 mRNAa and P-gpb expression in CD4+ 

lymphocytes of MMT subjects (rs = 0.90, P = 0.08).  
aABCB1 mRNA expression (normalised to GAPDH) relative to CD4+ lymphocytes of a healthy non-

opioid-dependent control. bP-gp protein expression normalised to calnexin loading control. mRNA 

expression data are mean � range for each subject. P-gp protein expression was a single measurement. 

The relationships between P-gp protein expression in CD4+ cells and both MMT dose 

requirements and (R)-methadone Ctrough are shown in Figure 5-26. 

Unfortunately, the remaining CD56+ lymphocytes (originally for the functional assay) were 

lost during the initial cell washing step (see section 5.3.2.2) due to the use of 20X 

concentrated PBS mistakenly provided by another member of the laboratory (instead of 1X 
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PBS). The Western blot for CD8+ lymphocytes failed, with no P-gp bands detected for 

positive control.  
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Figure 5-26. Relationship between CD4+ lymphocyte P-gp expressiona and MMT dose 

requirements (rs = 0.70, P = 0.2) and (R)-methadone Ctrough (rs = 1.00, P = 0.08).  
aNormalised to calnexin loading control. 

5.3.4. Discussion 

5.3.4.1. Protocol performance in opioid-dependent subjects 

Based on findings during assay development (using healthy volunteer lymphocytes), target 

cell numbers for performing the qRT-PCR, Western blot and functional assays were set at 1 x 

105, 5 x 105 and (at least) 0.75 x 106 cells, respectively. Using 12-16 mL of blood, these 

targets were achieved for CD4+ and CD8+ lymphocytes of all MMT subjects, whilst 5 out of 6 

subjects had enough lower-abundance CD56+ cells for all three assays. This was despite the 

relative recoveries of PBMCs from opioid-dependent subjects being around half that of the 

healthy volunteers tested during assay development (0.8-1.9 x 106 versus 1.6-3.1 x 106 cells 

per mL of blood). The purity of CD4+ and CD8+ fractions was confirmed by qualitative 

reverse transcription PCR. Whilst very slight CD8 PCR bands were detected in some CD56+ 

samples, this likely reflects the small proportion of CD56+/CD8+ lymphocytes previously 

observed in this fraction (see section 5.2.3.2.2.1), rather than contamination with CD8+/CD56- 

cells. For the CD56+ sample from subject S2 that displayed CD4 amplification, closer 
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inspection of laboratory notes indicated there was miscalculation of CD56 microbead 

requirements when isolating this sample. As such, the contamination in this sample is likely a 

result of a poor isolation of CD56+ cells due to an experimental error. Therefore, it can be 

concluded that (in the absence of experimental error) the magnetic isolation procedure was 

effective in isolating pure fractions of CD4+, CD56+ and CD8+ lymphocytes from opioid-

dependent subjects. 

CD4 and CD56 PCR also confirmed that subject mRNA samples were free from genomic 

DNA contamination (after DNase treatment). Whilst this method of detecting genomic DNA 

was sufficient for this pilot study, including minus reverse transcriptase reactions (for each 

mRNA sample) during cDNA synthesis is a standard control for detecting background 

contamination, and would be recommended in future studies. 

With regards to the qRT-PCR assay, large variability in mRNA yield was initially observed 

between subject samples (as evidenced by large variability in GAPDH CT values). However, 

this variability was drastically reduced by retrospectively adjusting starting mRNA and/or 

cDNA volumes and re-performing the qRT-PCR analysis. In fact, this method was so 

effective in normalising cDNA input into the qRT-PCR reaction, that the between-subject 

CVs after volume adjustments were equivalent to (for CD4+ and CD8+ samples), or only 

slightly greater than (for CD56+ samples), the CVs for within-subject triplicates. Therefore, 

from only a small fraction of cells, the optimised mRNA isolation and quantification 

protocols were able to accurately quantify ABCB1 mRNA expression in CD4+, CD56+ and 

CD8+ lymphocytes of opioid-dependent subjects.  

Unfortunately, the number of lymphocytes originally designated for Western blot analysis 

proved to be insufficient for detecting P-gp protein expression in opioid-dependent subject 

samples. One possible explanation for this may have been a lower P-gp expression in MMT 

subjects when compared to the healthy volunteers used during assay development. Indeed, in 
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qRT-PCR experiments, CD4+ ABCB1 mRNA expression in opioid-dependent subjects was 

found to be, on average, 37% lower than in the CD4+ control sample. However, even when 

the number of cells used for Western blot analysis was increased by up to 3-fold, detection of 

P-gp bands was still problematic and inconsistent. As such, future studies should consider 

alternative methods for quantifying P-gp protein expression. For example, the analysis of 

membrane fractions as opposed to whole cell lysates may aid in reducing the significant 

background staining observed in opioid-dependent subject samples. Alternatively, flow 

cytometric methods have now been developed which allow truly quantitative measurement of 

P-gp surface expression, as well as function (Chinn et al., 2007), and may provide a viable 

alternative to conducting separate Western blot and functional assays. In either case, the 

number of lymphocytes required for quantifying P-gp protein expression may need to be re-

evaluated prior to conducting future studies. 

5.3.4.2. Pilot study findings 

Since this was a pilot study conducted in only 6 subjects, it is not possible to make any strong 

conclusions from the data. However, the observation of lowest CD4+ lymphocyte ABCB1 

mRNA and P-gp protein expression in the AGCTT/AGCTT subject is congruent with the 

main findings of Chapter 3, where carriers of this variant haplotype had significantly lower 

methadone requirements than other subjects. As such, it can be hypothesised that the AGCTT 

haplotype causes decreased P-gp expression, resulting in greater CNS exposure to methadone 

(due to decreased BBB efflux), and hence lower dose and Ctrough requirements. However, this 

interesting observation needs to be confirmed in a larger study, and it is still unclear whether 

the AGCTT haplotype also affects P-gp’s methadone transport function. 

The results of this pilot study also indicate that CD4+ lymphocyte ABCB1 and P-gp expression 

may be related to methadone dose and (R)-methadone Ctrough in MMT subjects. Although the 

correlations were not statistically significant, both ABCB1 mRNA and P-gp protein 
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expression displayed clear positive associations with both dose and Ctrough requirements. 

Unfortunately, since all opioid-dependent subjects were already stabilised in methadone 

treatment, it is not possible to conclude whether differences in P-gp expression were the cause 

(representing efflux at the BBB), or the consequence (through P-gp induction by methadone), 

of variability in methadone requirements. Further investigations employing the original study 

design (see section 5.3.1) will be able to address this. 

In line with previous studies (Klimecki et al., 1994), CD56+ and CD8+ lymphocytes had 2- to 

7-fold higher ABCB1 mRNA expression than CD4+ lymphocytes. Whilst the associations of 

CD56+ and CD8+ mRNA expression with ABCB1 genetic variability and methadone exposure 

were less clear than for CD4+ cells, the low number of samples for this pilot study preclude 

any conclusion regarding potential lymphocyte subset differences in the ABCB1 genetic 

variability-expression-methadone exposure relationship. 

5.4. Conclusions 

In conclusion, the ex vivo protocol developed here was an effective and relatively non-

invasive method for studying ABCB1 mRNA and P-gp protein expression, and potentially P-

gp function, in healthy volunteers. However, the methods employed for determining P-gp 

protein expression, and also possibly function, need to be revised before conducting further 

studies in opioid-dependent subjects. Nonetheless, this pilot study provided the first evidence 

of an association between ABCB1/P-gp expression and methadone exposure in the opioid-

dependent MMT population. These findings justify further investigation (employing the 

original study design) to establish whether differences in expression are the cause or 

consequence of methadone exposure, and to determine the degree to which ABCB1 genetic 

variability plays a role in this relationship. 
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Chapter 6. In vitro P-glycoprotein transport of opioids 

6.1. Introduction 

When evaluating the potential impact of P-gp transport variability on opioid distribution, it is 

important not only to initially identify those opioids that are actually P-gp substrates, but also 

to subsequently determine the ability of P-gp to influence their membrane permeability. This 

is particularly important since, as discussed in Chapter 1 (section 1.5.2.1), P-gp’s impact on 

transcellular permeability can vary significantly between substrates, depending on their 

intrinsic membrane permeability, and can also be influenced by the size and direction of any 

substrate concentration gradient. Therefore, to aid in the evaluation and interpretation of the 

potential impact of ABCB1 pharmacogenetics on opioid therapies, their P-gp transport (and 

potentially inhibitory) characteristics must first be clearly established.  

As discussed in Chapter 1, numerous opioids, including morphine, have been clearly 

identified in vitro and/or in vivo in animals as P-gp substrates. For methadone, whilst it has 

been found to display P-gp substrate characteristics in the rat everted intestinal sac (Bouer et 

al., 1999), this was not observed in a human Caco-2 cell model (Stormer et al., 2001). 

Although, the concentration of methadone (10 μM) tested by Stormer and colleagues (2001) 

was nearly 7-fold higher than the Cmax typically observed in MMT patients (~3500 ng/mL 

versus ~500 ng/mL (even less unbound) (Foster et al., 2000; Mitchell et al., 2004)). As such, 

P-gp transport (or lack thereof) in this model may have reflected the potential for intestinal 

methadone transport, but not P-gp transport at the BBB where the concentration gradient is 

not so extreme. Alternatively, though rare, species-dependency in transport has been 

observed, with some compounds displaying P-gp activity in mouse, but not human, cell lines 

(Yamazaki et al., 2001). This phenomenon may also be important for β-endorphin, which has 

been identified as a P-gp substrate in rodent P-gp inhibition and gene knockout models, but, 

like methadone, has yet to be confirmed as a substrate of human P-gp. As such, one aim of 
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this study was to confirm the status of β-endorphin and methadone as substrates (and/or 

inhibitors) of human P-gp specifically, and at concentrations more relevant for BBB transport 

(for methadone).  

In addition, prior to commencing this thesis, the active transport of buprenorphine and 

norbuprenorphine had yet to be investigated. Therefore, this study also aimed to examine 

whether these compounds are also substrates of human P-gp.  

6.2. Transport assay development and validation 

6.2.1. Introduction 

Epithelial/endothelial cell monolayers are one of the most commonly used in vitro models for 

assessing P-gp transport. The cell lines employed in these models differentiate in culture to 

form confluent cell monolayers, complete with tight intercellular junctions similar to those 

observed in epithelial/endothelial barriers in vivo. Importantly, once differentiated, these 

monolayers are functionally polarised, expressing P-gp only on the apical surface of the 

membrane (Figure 6-1). As such, they provide a good in vitro model for P-gp transport of 

compounds across cell monolayer barriers, and allow the assessment of P-gp’s ability to both 

efflux (that is, facilitate basal to apical elimination), as well as protect (that is, limit apical to 

basal permeability/absorption).  

In the ‘classical’ technique employed for in vitro monolayer P-gp transport studies, test 

compounds are added to either the basal or apical compartment (donor) of the transport 

system (see Figure 6-1), and the concentrations of substrate appearing in the opposite 

(receiver) compartment is measured over time, usually a few hours. From these experiments, 

the substrate permeability in the basal-to-apical (B>A) and apical-to-basal (A>B) directions 

can be determined and compared. Since P-gp transport occurs in the B>A direction, P-gp 

substrates can be expected to have a high B>A:A>B permeability ratio. The experiments 
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should then be repeated in the presence of a P-gp inhibitor, which will reduce the B>A 

permeability and/or increase A>B permeability, lowering the B>A:A>B ratio, to confirm that 

transport is due to P-gp (see Figure 6-2). Alternatively, this basic protocol can be adapted to 

evaluate test compounds as P-gp inhibitors, simply by measuring the permeability of a known 

P-gp substrate in the presence and absence of the test inhibitor. 

 

Figure 6-1. Example of P-gp apical expression in a confluent monolayer of polarised 

epithelial/endothelial cells.  
For transport studies, cells are cultured on a permeable membrane support to allow passage of drug 

between the monolayer and the basal compartment. Note the tight extracellular junctions that act to 

limit paracellular transport. 
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Figure 6-2. Example of typical results from a ‘classical’ cell monolayer transport study. 

A: Relationship of substrate concentration in the receiver compartment (opposite of donor/loading 

compartment) versus time indicates substrate passage across the monolayer is faster in the B>A 

compared to A>B direction, presumably due to active B>A transport. In the presence of an inhibitor, 

active P-gp transport is abolished, resulting in approximately equal rates of B>A and A>B passage. B: 

These relationships are often also expressed in the form of substrate apparent permeability (Papp), 

which represents the rate of substrate flux adjusted for monolayer surface area and substrate 

concentration in the donor compartment (see section 6.2.2.7). 



Chapter 6. In vitro P-glycoprotein transport of opioids 
 

 

Daniel T Barratt, PhD Thesis 2010   245 

One drawback of this ‘classical’ technique is that at least eight separate cell monolayers are 

required to determine whether a test compound is a P-gp substrate and/or inhibitor. As such, 

alternative methods for the simultaneous determination of P-gp substrate and inhibitor 

characteristics have been developed. One such protocol developed by Balimane and Chong 

(2005) is outlined in Figure 6-3.  


 Digoxin B � A
Test A � B

X  P-gp inhibitor

X X XXX X X

0 -1 hr                                     1 - 2 hr                                      2 - 3 h


 Digoxin B � A 
 Digoxin B � A
Test A � B

A

B

P-glycoprotein
 

Figure 6-3. Outline of the combined P-gp substrate and inhibitor assay described by 

Balimane and Chong (2005).  
The experiment is performed in a single monolayer continuously over 3 x 1-hour phases. 0-1 hour 

phase: B>A permeability of digoxin (known P-gp substrate). 1-2 hour phase: A>B transport of test 

compound, and inhibition of digoxin B>A by the test compound. 2-3 hour phase: inhibition of test 

compound A>B and digoxin B>A by known P-gp inhibitor.  

If a reduction of digoxin B>A is observed between 0-1 and 1-2 hour phases, then the test 

compound is likely to be a P-gp inhibitor, and comparisons between digoxin B>A in 1-2 and 

2-3 hour phases can give an indication of the inhibitory potency (relative to the known P-gp 

inhibitor used in the 2-3 hour phase). If the known P-gp inhibitor increases the A>B 

permeability of the test compound between the 1-2 and 2-3 hour phases, then the compound is 

a P-gp substrate. As such, a test compound can be evaluated as a P-gp substrate and inhibitor 

in just three hours, using only a single monolayer. Thus this method requires less time for 

replicate experiments, and provides a more efficient model for testing numerous compounds 

at different concentrations.  
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Both the ‘classical’ and the Balimane and Chong (2005) techniques were trialled during assay 

development. 

With regard to the specific cell lines used, one of the best characterised in vitro models for 

studying P-gp transport is the human colon carcinoma cell line, Caco-2. In addition to 

expressing human P-gp, differentiated Caco-2 cells also express other human drug 

transporters common to epithelial barriers (unlike commonly used ABCB1-transfected animal 

cell models) (Audus et al., 1990; Hunter et al., 1993a; Hunter et al., 1993b; Walle et al., 

1999a; Walle et al., 1999b). As such, they can be expected to provide a transport model more 

akin to the human in vivo context, where multiple transporters are often working in tandem 

(or potentially in opposition) to facilitate or limit drug permeability. Indeed, a good 

correlation (r2 = 0.96) between in vitro Caco-2 permeability values and human in vivo AUC 

data has been demonstrated for various compounds (Fliszar et al., 2007). Caco-2 cells were 

therefore chosen as the cell line to use in this study. 

6.2.2. Methods 

6.2.2.1. Materials 

Sodium bicarbonate, digoxin (unlabelled), verapamil, FITC-conjugated inulin, bovine serum 

albumin (BSA), and dimethylsulfoxide (DMSO) were purchased from Sigma-Aldrich (Castle 

Hill, Australia). Sterile solutions of L-glutamine, sodium pyruvate, non-essential amino acids, 

penicillin-G / streptomycin and trypsin-EDTA were purchased from the Central Services Unit 

of the School of Molecular and Biomedical Science, University of Adelaide (Adelaide, SA, 

Australia), as was heat-inactivated fetal bovine serum (FCS). Minimal essential medium with 

Earl’s salts (MEM), Hank’s buffered salt solution (HBSS) and HEPES buffer were purchased 

from Invitrogen (Mulgrave, Vic, Australia). Radiolabelled [H3]-digoxin (23.4 Ci/μmol) was 

purchased from Perkin Elmer (Boston, MA, USA). “EcoLite” liquid scintillation fluid was 

purchased from ICN Biomedicals Australia (Seven Hills, NSW, Australia). 
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6.2.2.2. Cell culture 

Caco-2 cells (passage #17) were obtained from the American Type Culture Collection 

(Rockville, MD, USA). Cells were cultured at 37°C (5% CO2 atmosphere) in 75 cm2 vented 

BD FalconTM flasks (distributed by the Central Services Unit of the School of Molecular and 

Biomedical Science, University of Adelaide) containing MEM adjusted to 2 mM L-

glutamine, 1 mM sodium pyruvate, 0.1 mM non-essential amino acids, 1.5 g/L sodium 

bicarbonate, 100 U/mL penicillin-G, 100 μg/mL streptomycin and 10% FCS (pH 7.5). Cells 

were subcultured up to passage #30 by growing to ~80% confluency then performing trypsin-

EDTA treatment to detach and disperse the differentiated cells. Half of the cells in each flask 

were then transferred to 2-4 new flasks, and the remaining half at each passage cryopreserved 

in freezing medium (culturing medium + 5% DMSO, placed in a Nalgene ‘Mr Frosty’ 

isopropanol bath (In Vitro Technologies Pty Ltd, Noble Park, VIC, Australia) overnight at        

-70°C then transferred to liquid nitrogen).   

For transport experiments, Caco-2 cells (passage #20-28) were seeded onto 12-well plates of 

Corning Transwell® filter membranes (distributed by Crown Scientific, Minto, NSW, 

Australia) at 60,000 cells/cm2. Monolayers were cultured in complete medium for 21-28 days, 

changing media every 2-3 days. Prior to conducting transport experiments, monolayer 

integrities were checked by measuring transepithelial electrical resistance (TEER) with an 

EVOM epithelial voltohmmeter (World Precision Instruments, Sarasota FL, USA). Only 

monolayers with TEER values greater than 400 Ωcm2, and good monolayer morphology (by 

microscopic inspection), were used for transport experiments. 

6.2.2.3. Balimane and Chong (2005) method 

For the Balimane and Chong technique to be valid, a consistent digoxin transport over the 

entire assay period must be established. As such, the following experiments were performed.  
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Prior to conducting all transport experiments using the Balimane and Chong technique, 

confluent monolayers were washed twice for 15 minutes with blank transport buffer (HBSS + 

10 mM HEPES, pH 7.4), in both compartments, to remove components of the complete 

medium. Digoxin B>A transport was then assessed by adding 0.8 mL of transport buffer to 

the apical compartment, and adding 1.5 mL of transport buffer containing 0.033, 1 or 5 μM 

digoxin (33 nM [H3]-digoxin supplemented with unlabelled digoxin when required) to the 

basal compartment. Monolayers were then incubated at 37°C. Every hour, up to 4 hours, 50 

μL samples were taken from both the apical and basal compartments and frozen at -20°C for 

later quantification of [H3]-digoxin (see section 6.2.2.5).  

In addition to control experiments with digoxin alone, B>A transport of digoxin was assessed 

in the presence of 1, 5, 10, 25, 50, 100 or 500 μM of verapamil (P-gp inhibitor) added to the 

apical compartment at 0, 1, 2 or 3 hours.  

For all experiments, 15 μL of 1 mg/mL FITC-inulin was added to the apical compartment at 

commencement of transport, and a 50 μL sample taken from the basal compartment every 

hour to measure any paracellular leakage (see sections 6.2.2.6 and 6.2.2.7). TEER 

measurements were also taken every hour as additional confirmation of monolayer integrity.  

All samples taken were replaced by an equal volume of blank transport buffer. 

6.2.2.4. ‘Classical’ method 

6.2.2.4.1. Original protocol 

Based on existing published methods (Fromm et al., 1999; Wandel et al., 1999; Balimane & 

Chong, 2005), the original protocol for the ‘classical’ transport assay was as follows. 

Confluent monolayers were first washed twice for 15 minutes with blank transport buffer. 

Then, 1 μM of digoxin (33 nM [H3]-digoxin supplemented with unlabelled digoxin) in 
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transport buffer was added to the basal compartment (1.5 mL) for B>A transport, or the apical 

compartment (0.8 mL) for A>B transport. Blank transport buffer was then added to the 

receiver compartments. For some experiments, 10 or 100 μM of verapamil was added to the 

apical compartment. 

Fifteen microlitres of 1 mg/mL FITC-inulin was then added to the apical compartment for the 

determination of paracellular leakage, TEER measurements taken, and the monolayers 

incubated at 37°C.  

Every hour (up to 4 hours), 100 μL samples were taken from both the apical and basal 

compartments (for measuring digoxin and FITC-inulin), and replaced with 100 μL of blank 

transport buffer. TEER was also measured every hour. 

6.2.2.4.2. Optimised protocol 

Based on the findings of trial experiments using the basic protocol (see section 6.2.3.3), an 

optimised protocol was adapted. The most significant protocol change was the inclusion of a 

monolayer pre-treatment with 1 μM of digoxin (in complete medium) for 48 hours prior to 

conducting transport experiments, with the aim of inducing P-gp expression. In addition, 5% 

BSA was added to the second 15 minute wash with transport buffer prior to initiating the 

transport experiment, with the aim of reducing non-specific binding of digoxin to transwell 

apparatus. Equal volumes (0.8 mL) were used in both the apical and basal compartments and, 

for inhibition experiments, 100 μM of verapamil was added to both the apical and basal 

compartments, with the aim of limiting, as much as possible, variability between 

compartments. Finally, monolayers were gently rocked during the incubation periods to 

ensure adequate mixing of compounds.  
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6.2.2.5. Quantification of radiolabelled [H3]-digoxin 

Fifty microlitres of sample, [H3]-digoxin standard (6, 22, 50, 100, 222, 500, 778 or 1000 nM, 

at 0.8 Ci/μmol), or blank transport buffer was added to 3 mL of liquid scintillation fluid in a 6 

mL scintillation vial (Kartell Labware, Silverwater, NSW, Australia), vortexed and left 

overnight at room temperature. Each sample was counted for 3 minutes in a liquid 

scintillation counter (model LS5801, Beckman Coulter Australia Pty Ltd, Gladesville, NSW, 

Australia). An example of a [H3]-digoxin liquid scintillation standard curve is shown in 

Figure 6-4. Sample digoxin concentrations were interpolated from the standard curve using 

non-linear regression (3rd-order polynomial with 1/Y2 weighting). The presence of verapamil 

had no effect on liquid scintillation counting. 
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Figure 6-4. Example of a [H3]-digoxin standard curve determined by liquid scintillation 

counting.  
Digoxin standard concentrations (duplicates) were 6, 22, 50, 100, 222, 500, 778 and 1000 nM (at 0.8 

Ci/μmol). Line is 3rd-order polynomial best fit with 1/Y2 weighting (r2 = 0.998). DPM: disintegrations 

per minute. 

6.2.2.6. Quantification of FITC-inulin 

Fifty microlitres of each sample, FITC-inulin standard (25, 50, 100, 500, 1,000, 5,000 and 

10,000 ng/mL) (duplicates), and blank transport buffer, was loaded onto a white 96-well 
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microplate (NuncTM, Rochester, NY, USA, distributed by In Vitro Technologies) and 

fluorescence measured on a microplate reader (BMG Lab Technologies, Offenburg, 

Germany) using 485 nm excitation and 525 nm emission filters. An example of a FITC-inulin 

standard curve is shown in Figure 6-5. Sample FITC-inulin concentrations were interpolated 

from the standard curve using linear regression. 
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Figure 6-5. Example standard curve of FITC-inulin fluorescence.  
Standard concentrations (duplicates) are 25, 50, 100, 500, 1,000, 5,000 and 10,000 ng/mL. Line is 

linear regression best-fit (r2 = 0.999). 

6.2.2.7. Data analysis 

Apparent permeability (Papp) is commonly defined using the following equation; 

Papp (cm/s) = dA
dt x S x C0  

where dA/dt is the flux of the compound across the membrane in nmol per second (s), S is the 

surface area of the membrane (cm2), and C0 is the initial concentration in the donor 

compartment (μM). 
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To allow for the determination of Papp over consecutive time periods, with multiple sampling 

from both compartments, the following equation was devised that takes into account the loss 

of test compound in each compartment due to prior sampling; 

Papp (cm/s) =
Cr(t) x Vr – [(Cr(t-1) x Vr) – (Cr(t-1) x Vsr(t-1))]

t x S x [(Cd(t-1) x Vd) – (Cd(t-1) x Vsd(t-1))]  
 
where Cr(t) is the concentration (nM) in the receiver compartment at time t (end of transport 

period); Vr is the volume (L) of the receiver compartment; Cr(t-1) is the concentration (nM) in 

the receiver compartment prior to transport period; Vsr(t-1) is the volume (L) sampled from the 

receiver compartment prior to transport period; t is the time-length (s) of the transport period; 

S is the surface area (cm2) of the membrane; Cd(t-1) is the concentration (μM) in the donor 

compartment prior to the transport period; Vd is the volume (L) of the donor compartment; 

and Vsd(t-1) is the volume (L) sampled from the donor compartment prior to the transport 

period.  

For ease of reference, digoxin and opioid Papp values are presented as nm/s. Differences in 

Papp between directions (B>A versus A>B) were examined by Mann-Whitney U test, whilst 

differences between treatment groups were examined with either Mann-Whitney U test or 

Kruskal-Wallis test (with Dunns post-hoc test) where appropriate. 

Inulin paracellular leakage was calculated using the same equation, and monolayers with 

inulin Papp greater than 5 x 10-6 cm/s (~2 %/hour) were excluded from analysis (Hidalgo et al., 

1989). 

6.2.3. Results 

6.2.3.1. Cell culture 

For validation experiments, a total of 228 monolayers were cultured (19 x 12-well plates). 

However, over half of the monolayers (123) were destroyed during the course of the 21-day 
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culture periods, due to cross-contamination (primarily with yeast) as a result of sharing cell 

culture facilities with other investigators. 

6.2.3.2. Balimane and Chong (2005) method 

Of the 105 viable monolayers, 35 were used for experiments to validate the Balimane and 

Chong method (3 separate experiments in total). Unfortunately, neither of these experiments 

were able to demonstrate a consistent digoxin B>A transport, with Papp values ranging from 

4.1 x 10-11 to 5.0 x 10-3 nm/s between the three experiments, and 2- to 12-fold variability in 

digoxin B>A Papp values over assay period within experiments. Furthermore, no consistent 

inhibition by any verapamil concentration was observed, in fact, in one experiment, 25 μM, 

100 μM and 500μM verapamil caused 13-, 19-, and 33-fold increases in digoxin B>A Papp, 

respectively. As such, this method was abandoned in favour of the ‘classical’ method.  

6.2.3.3. Classical method 

As shown in Figure 6-6, when results were combined for all experiments performed using the 

original protocol (5 monolayers in each direction, 4 x 1-hour transport periods per 

monolayer), the overall digoxin B>A Papp (nm/s) was around 1.5-fold greater than A>B Papp 

(mean ± SD: 70.5 ± 27.1 versus 46.2 ± 32.3. P = 0.03). In addition, overall, co-treatment with 

both 10 μM (n = 2 monolayers in each direction, 4 x 1-hour periods each) and 100 μM (n = 4 

monolayers in each direction, 4 x 1-hour periods each) verapamil appeared to decrease the 

B>A, and/or increase the A>B permeability of digoxin relative to digoxin alone (P < 0.05 for 

B>A versus B>A + 10 μM verapamil).  
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Figure 6-6. Average basal-to-apical (B>A) and apical-to-basal (A>B) digoxin 

permeability (Papp) alone (n = 5 monolayers (20 hours total) for each direction) and in 

the presence of 10 μM (n = 2 monolayers (8 hours total) for each direction) or 100 μM (n 

= 4 monolayers (16 hours total) for each direction) verapamil (Ver) using the basic 

protocol described in section 6.2.2.4.1.  
Bars are mean + SD. *P < 0.05 versus B>A. 

 
 
However, significant variability within treatment groups was observed both between 

experiments and, as shown in Figure 6-7, over the 4-hour time-course of experiments. 

Furthermore, taking into account final digoxin concentrations in both compartments, as well 

as the amount of digoxin removed in sampling, on average only around 30% of the total 

digoxin added at the beginning of the experiment could be accounted for. As such, 

adjustments to the basic protocol were made to produce more consistent results (see section 

6.2.2.4.2). 
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Figure 6-7. Example of significant variability in digoxin B>A and A>B permeability 

(Papp) within treatment groups (digoxin alone, n = 3 monolayers each; digoxin + 10 μM 

verapamil (Ver), n = 2 monolayers each; and digoxin + 100 μM verapamil, n = 3 

monolayers each) over the course of a 4 hour experiment using the basic protocol 

(described in section 6.2.2.4.1.).  
Bars are mean + SD for each 1-hour efflux period. 

As shown in Figure 6-8, when results were combined for all experiments performed using the 

optimised protocol (10 monolayers in each direction, 3-4 x 1-hour transport periods per 

monolayer), the overall digoxin B>A Papp (nm/s) was around 4-fold greater than A>B (mean 

± SD: 89.7 ± 22.4 versus 22.7 ± 7.2. P < 0.0001). In addition, overall, co-treatment with 100 

μM of verapamil (n = 7 monolayers in each direction, 4 x 1-hour periods each) significantly 

decreased the B>A, and increased the A>B permeability of digoxin relative to digoxin alone 

(P < 0.0001 for both, Figure 6-8), reducing the B>A:A>B ratio to 1.1. Furthermore, as shown 

in Figure 6-9, digoxin Papp was relatively consistent over the entire experimental period.  

Using the optimised protocol, around 70% of the digoxin originally loaded to the donor 

compartment could be accounted for (when considering final digoxin concentrations in both 

compartments, as well as the amount of digoxin removed in sampling). 
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Figure 6-8. Average basal-to-apical (B>A) and apical-to-basal (A>B) digoxin 

permeability (Papp) alone (n = 10 monolayers (38 hours total) for each direction) and in 

the presence of 100 μM verapamil (Ver) (n = 7 monolayers (28 hours total) for each 

direction) using the optimised protocol described in section 6.2.2.4.2.  
Bars are mean + SD. ***P <  0.0001 versus B>A. +++P < 0.0001 versus A>B. 
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Figure 6-9. Digoxin basal-to-apical (B>A) and apical-to-basal (A>B) permeability (Papp) 

alone (n = 10 monolayers each) and in the presence of 100 μM verapamil (Ver) (n = 7 

monolayers each) over the course of a 4-hour experiment when using the optimised 

protocol described in section 6.2.2.4.2.  
Bars are mean + SD for each 1-hour efflux period. 
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6.2.4. Discussion 

Whilst an attempt was made to replicate the combined P-gp substrate and inhibitor assay of 

Balimane and Chong (2005), the inability to produce a stable P-gp efflux over the 4-hour 

experimental procedure meant that this method was abandoned in favour of the simpler 

‘classical’ approach to Caco-2 monolayer transport. However, even when employing a basic 

protocol, various problems were still encountered. For example, whilst the original ‘classical’ 

protocol was able to generate a greater B>A than A>B Papp for digoxin, the difference was 

only around 1.5-fold on average, there was a poor recovery of digoxin from the system 

(~30%), and significant variability was observed both between and within experiments, 

particularly among verapamil treated samples. As such, based on these observations, changes 

were made to the original protocol to enhance the polarity in digoxin transport (i.e. increase 

the digoxin B>A:A>B Papp ratio), and to produce more consistent results. 

It was hypothesised that the relatively low digoxin B>A:A>B Papp ratio using the original 

protocol (1.5:1 compared to 6-11:1 in previous studies (Fromm et al., 1999; Wandel et al., 

1999; Balimane & Chong, 2005)) may have been a result of low P-gp expression in the Caco-

2 cells employed for this study. Indeed, significant variability in P-gp expression between 

Caco-2 batches and passages has previously been reported (Walter & Kissel, 1995). As such, 

a 48-hour monolayer pre-treatment with unlabelled digoxin was employed to induce P-gp 

expression in the monolayers (Takara et al., 2002), and was successful in increasing the 

digoxin B>A:A>B Papp ratio to around 4:1.  

The inclusion of BSA in pre-washes appeared to decrease the non-specific binding of digoxin, 

as indicated by an increase in the total mass recovery (not taking into account intracellular 

digoxin accumulation) from 30 to 70% (presumably due to the blocking of non-specific 

binding sites on the transwell insert surface). This in combination with the use of equal basal 

and apical compartment volumes, the addition of verapamil to both compartments when 
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required, and the mixing of monolayers during efflux, was found to be effective in 

significantly reducing variability in digoxin Papp both between and within experiments and 

treatment groups.  

Importantly, using the optimised protocol, treatment with 100 μM verapamil effectively (and 

consistently) abolished the 4-fold difference between B>A and A>B Papp for digoxin, 

resulting in a B>A:A>B Papp ratio of approximately 1:1. As such, this optimised protocol was 

deemed suitable for the subsequent evaluation of opioid P-gp efflux of opioids, as well as 

determining the effects of opioids on digoxin transport. 

6.3. In vitro transport of opioids 

Having developed a reliable assay for measuring P-gp transport across Caco-2 cell 

monolayers with the prototypic P-gp substrate digoxin, the aim was to test (R)- and (S)-

methadone, buprenorphine, norbuprenorphine and β-endorphin as both substrates of P-gp, and 

inhibitors of P-gp-mediated digoxin transport. 

6.3.1. Methods 

Seven 12-well transwell plates were seeded, each on a different day, using the standard 

procedure. The plan was to use 5 plates for determining P-gp transport of test opioids in 

duplicate, with one positive control digoxin panel and two test compound panels per plate 

(each panel consisting of 4 monolayers: B>A, A>B, B>A + verapamil, A>B + verapamil). 

The remaining 2 plates were to be used to characterise opioid inhibition of digoxin transport. 

Employing the optimised protocol, the first 12 monolayers were used to determine the B>A 

and A>B Papp of 1 μM digoxin (positive control), 200 ng/mL buprenorphine and 500 ng/mL 

(R)-methadone, in the absence and presence of 100 μM verapamil. The next 4 plates were 

destroyed as a result of the incubator door being left open by another user, whilst a further 

plate was lost to bacterial cross-contamination. The final plate was used to determine the B>A 
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and A>B Papp of 1 μM digoxin (positive control), 500 ng/mL buprenorphine and 500 ng/mL 

norbuprenorphine, in the absence and presence of 100 μM verapamil. However, analysis of 

inulin paracellular passage in this plate revealed a Papp greater than 1 x 10-5 cm/s for all 

monolayers over the course of the experiment. As such, the samples from this plate were not 

analysed. 

No experiments could be performed for β-endorphin due to limited monolayer availability. 

Digoxin and FITC-inulin were quantified and their Papp determined as described in sections 

6.2.2.5 and 6.2.2.6. Monolayers with TEER less than 400 Ωcm2, or inulin Papp greater than 5 x 

10-6 cm/s (~2 %/hour), were excluded from analysis. 

6.3.1.1. (R)-methadone quantification 

Fifty microlitre samples were quantified for (R)-methadone using an established 

stereoselective high performance liquid chromatography (HPLC) - atmospheric pressure 

chemical ionization mass-spectrometry assay (described in (Foster et al., 2006)). 

6.3.1.2. Buprenorphine quantification 

Buprenorphine concentrations were determined using a HPLC method originally developed 

by Andrew Menelaou of the Department of Clinical and Experimental Pharmacology, 

University of Adelaide. 

In preparation for HPLC quantification, 50 μL of sample and 50 μL of 1 μM imipramine 

internal standard were transferred to a 10 mL tube containing 400 μL of saturated sodium 

bicarbonate solution. Four millilitres of 70:30 hexane:ether was then added to the tubes and 

mixed for 20 minutes on a rotary mixer. After centrifuging for 10 minutes at 1800 x g, the 

organic layer was transferred to a new 10 mL tube containing 100 μL of 5 mM hydrochloric 

acid, and mixed for 20 minutes. After centrifuging again for 10 minutes at 1800 x g, the upper 
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organic layer was aspirated, leaving a 100 μL acid bubble, of which 50 μL was subsequently 

injected onto the HPLC system. 

The HPLC system comprised a SIL-10A autoinjector, LC-10AS pump, SPD-10A VP UV-Vis 

detector (210 nm) and a SCL-10A VP system controller (Shimadzu, Kyoto, Japan). The 

stationary phase was a LUNA C5 (150 x 4.6 mm) column (Phenomenex, Lane Cove, NSW, 

Australia) with an Alumina C18 (10 x 5 mm) pre-column (Alltech, Baulkham Hills, NSW, 

Australia). The original mobile phase consisted of 48% acetonitrile with 20 mM potassium 

hydrogen phosphate adjusted to pH 6.6. However, at pH 6.6, injection of verapamil revealed a 

broad peak at the same retention time as buprenorphine (10 minutes), which was not 

completely removed in the extraction process. As such, the mobile phase pH was increased in 

increments of 0.2 until, at pH 7.4, the buprenorphine (~24 minutes), verapamil (7-7.5 

minutes) and imipramine (13-14 minutes) peaks could be clearly distinguished from one 

another (Figure 6-10).  

 

 

Figure 6-10. Example of HPLC chromatograms for detection of buprenorphine.  

A: Transport buffer blank extraction chromatogram. B: Transport assay sample (with verapamil) 

extraction chromatogram showing peaks for verapamil (7.2 minutes), imipramine (13.8 minutes), and 

buprenorphine (~92 ng/mL) (23.4 minutes). 
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A buprenorphine standard curve (Figure 6-11) was generated using final standard 

concentrations of 20, 40, 100, 200, 400, 1000 and 2000 ng/mL (i.e. 50 μL extractions of 40, 

80, 200, 400, 2000 and 4000 ng/mL buprenorphine in transport buffer). Sample 

buprenorphine concentrations were interpolated from the standard curve of buprenorphine 

peak area ratios (buprenorphine peak area / imipramine internal standard peak area) using 

linear regression (1/Y2 weighting). 
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Figure 6-11. Example standard curve of buprenorphine by HPLC detection.  
Final standard concentrations are 20, 40, 100, 200, 400, 1,000 and 2,000 ng/mL. Line is linear 

regression best-fit (1/Y2 weighting) (r2 = 0.993). 

Unfortunately, buprenorphine concentrations in the receiver compartments were all just below 

the limit of quantification using this HPLC assay. As such, for each buprenorphine transport 

monolayer, Papp was determined using the decrease in buprenorphine in the donor 

compartment (instead of the increase in the receiver compartment), and the average Papp over 

the entire assay duration calculated (due to significant variability between transport periods). 

6.3.2. Results 

The digoxin positive control monolayers demonstrated a 6-fold greater B>A Papp than A>B, 

which was abolished with verapamil treatment.  
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As shown in Figure 6-12, methadone permeability was high (> 130 nm/s) in both directions, 

with no apparent B>A polarity of transport (average B>A:A>B ratio = 0.81). With verapamil 

treatment however, there was a slight decrease in B>A, and slight increase in A>B, which was 

most apparent during the final hour of the transport experiment (Figure 6-12B), resulting in an 

average B>A:A>B ratio of 0.60. As such, the methadone B>A:A>B ratio was nearly 1.4-fold 

higher in the absence of verapamil.   
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Figure 6-12. (R)-methadone ((R)-MD, 500 ng/mL) apparent permeability (Papp) across 

Caco-2 cell monolayers in the absence and presence of 100 μM verapamil (Ver).  
A: Average (+ SD) Papp for the entire 4-hour transport experiment. B: Time-dependent changes in (R)-

methadone Papp over the 4 x 1-hour transport periods. 

In the absence of verapamil, buprenorphine displayed very high and variable membrane 

permeability in both the B>A (266-423 nm/s) and A>B (357-915 nm/s) directions (Figure 

6-13) (average B>A:A>B ratio = 0.54). Verapamil treatment more than halved the average 

buprenorphine B>A Papp (down to 127 nm/s), but had little effect on A>B permeability (442-

677 nm/s with verapamil), resulting in an average B>A:A>B ratio of 0.23. As such, the 

buprenorphine B>A:A>B ratio was nearly 2.4-fold higher in the absence of verapamil. 
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Figure 6-13. Mean (+SD) buprenorphine (BUP, 200 ng/mL) apparent permeability (Papp) 

across Caco-2 cell monolayers in the absence and presence of 100 μM verapamil (Ver) 

over 4 hours. 

6.3.3. Discussion 

As with the previous study by Stormer and colleagues (2001) using racemic methadone, no 

polarity in (R)-methadone permeability was observed, this was despite a significant decrease 

in the concentration used in this study (3500 ng/mL racemic versus 500 ng/mL (R)-

methadone). Interestingly however, verapamil was found to decrease (R)-methadone B>A, 

and increase A>B permeability, revealing that the methadone B>A:A>B ratio was around 1.4-

fold higher in the presence of P-gp transport. This indicates that in this assay, P-gp may still 

be influencing (R)-methadone permeability across the Caco-2 cell monolayers, but is being 

counteracted by the actions of an A>B transporter, which is revealed upon P-gp inhibition. As 

discussed previously, Caco-2 cells are known to express numerous human transporters, and 

the presence of a human A>B methadone transporter in this model could explain the observed 

species differences in methadone polarised transport. However, no strong conclusion can be 

made without replication of this experiment and identification of the other transporter 

involved. Nonetheless, the findings of this study (in light of the subsequent studies by others 
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confirming methadone as a human P-gp substrate, see below), indicate that P-gp substrates do 

not necessarily always display polarized transport across monolayers. This may have 

important implications when applying cell monolayer models, without appropriate inhibitor 

controls, for the screening of compounds as P-gp substrates.  

Similarly to methadone, buprenorphine did not display the polarised B>A transport across 

Caco-2 monolayers expected of P-gp substrates, but its B>A Papp did appear to be greatly 

reduced in the presence of verapamil, again suggesting some P-gp transport activity. Indeed, 

the buprenorphine B>A:A>B ratio was, on average, 2.4-fold higher in the presence of P-gp 

transport. However, the observed buprenorphine Papp in both directions was highly variable 

over the experimental period, making interpretation difficult. In addition, the Papp for 

buprenorphine was also very high (266-915 nm/s), when compared to methadone (130-220 

nm/s) and digoxin (~90 nm/s), but very similar to the B>A and A>B Papp values recently 

reported by Hassan and colleagues (2009) also in Caco-2 cells (562 and 447 nm/s, 

respectively). This suggests that burpenorphine’s membrane permeability may not be limited 

to a great extent by P-gp activity, probably due to its high lipophilicity (n-octanol/pH 7.4 

buffer partition coefficient (logD) = 3.93 (Avdeef et al., 1996; Jensen et al., 2007)). 

Whether this high bi-directional permeability of buprenorphine is concentration-dependent 

(potentially leaving a role for P-gp at lower, clinically relevant, concentrations), or perhaps 

also facilitated by the activity of other transporters, requires further investigation.  

Unfortunately, due to time constraints compounded by continuing difficulties in maintaining 

healthy and viable cell culture (due to shared facilities), further transport experiments (i.e. 

replication and other planned experiments outlined in section 6.3.1) were abandoned in favour 

of the clinical studies described in the previous chapters. However, numerous studies 

examining human P-gp transport of opioids have subsequently been conducted by other 

researchers.  
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With regards to methadone, Hassan and colleagues (2009) recently demonstrated a 2.5-fold 

greater B>A permeability for racemic methadone in Caco-2 cells, which was reduced to 1.45-

fold in the presence of verapamil. However, the effect of P-gp on methadone transport 

appeared minor when compared to the 83-fold B>A polarity in paclitaxel transport observed 

in the same study. Another study in human-ABCB1-transfected HEK293 (human kidney) cells 

also reported a modest 1.9-fold higher B>A permeability for racemic methadone, which was 

not observed in breast cancer resistance protein ABCG2-transfected cells (Tournier et al., 

2009). These 1.7- and 1.9-fold increases in methadone B>A:A>B ratio in the presence of P-gp 

activity are similar to the 1.4-fold increase observed in this study. As such, there is mounting 

evidence that methadone is a substrate for human P-gp. However, P-gp’s effects on 

methadone membrane permeability appear modest when compared to its influence on other 

well-known P-gp substrates such as digoxin and paclitaxel. To my knowledge, with the 

exception of ABCG2 (see above), the influence of other drug transporters on methadone 

membrane permeability has yet to be investigated. 

Apart from a single study reporting a 50% increase in buprenorphine brain distribution due to 

P-gp inhibition in rats (Suzuki et al., 2007), all other research employing a variety of models, 

including ATPase activation (Hassan et al. 2009), in vitro human cell monolayers (Hassan et 

al., 2009; Tournier et al., 2009), ex vivo perfusion of mouse (Coles et al., 2009) and human 

(Nekhayeva et al., 2006) placenta, and P-gp knockout in mice (Hassan et al. 2009), has 

indicated that buprenorphine is not a P-gp substrate. Alternatively, norbuprenorphine, which 

is more than 500-fold less lipophilic than buprenorphine (Jensen et al., 2007), has 

demonstrated an 11-fold B>A efflux ratio across human ABCB1-transfected HEK293 cell 

monolayers, which was significantly greater than the 1.9-fold difference for methadone 

measured in the same study (Tournier et al. 2009). Furthermore, in studies of cerebral kinetics 

in sheep, norbuprenorphine demonstrated slow entry across the BBB and, unlike 

buprenorphine, did not display significant retention within the brain compartment, indicating 
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a greater in vivo potential for P-gp modulation than its parent (Jensen et al., 2007). As such, as 

discussed in Chapter 3, any influence of P-gp variability on buprenorphine response seems 

likely to be an indirect consequence of changes in the pharmacokinetics of norbuprenorphine. 

6.4. Conclusion 

In conclusion, a Caco-2 cell monolayer assay for the investigation of P-gp substrates and 

inhibitors was successfully developed. Difficulties in establishing and validating this method, 

as well as the failed attempt to replicate the combined assay described by Balimane and 

Chong (2006), reflect the significant inter-laboratory variability commonly observed when 

employing cell monolayer models (Walter & Kissel, 1995), and highlight the importance of 

optimising and validating monolayer models with known P-gp substrates before proceeding 

with the assessment of test compounds.  

Results from the methadone transport experiment, in combination with those of more recent 

studies, provide further in vitro support for methadone as a substrate of human P-gp. Whilst 

the influence of P-gp on methadone’s transcellular permeability seems relatively small when 

compared to other known P-gp substrates, these in vitro findings lend support to the idea that 

P-gp is most likely to affect methadone distribution at the BBB, where conditions are most 

favourable for limiting drug passage (see Chapter 1, section 1.5.2).  

Few conclusions could be drawn from this study regarding P-gp transport of buprenorphine, 

due largely to the high and significantly variable Papp observed. However, the vast majority of 

evidence generated by other groups since completing this study indicates that buprenorphine 

is not a physiologically relevant P-gp substrate. Despite this, there is still evidence to suggest 

that P-gp activity may influence buprenorphine response by altering the distribution and/or 

elimination of its active metabolite, norbuprenorphine.  

Further studies are still required to determine whether β-endorphin is a human P-gp substrate. 
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Chapter 7. Discussion 

The P-gp efflux transporter has been identified as potentially influencing the intestinal 

absorption and CNS distribution of various opioids. As such, it was hypothesised that genetic 

variability in the ABCB1 gene (encoding P-gp) could play a major role in the interindividual 

variability in opioid response. Therefore, the major aims of this thesis were to investigate the 

impact of ABCB1 genetic variability on maintenance treatment opioid requirements, 

maintenance treatment response, and the risk of illicit opioid dependence, as well as develop 

new methods for investigating dynamic interactions between ABCB1 genetic variability, P-gp 

expression/function and maintenance opioid exposure. 

7.1. New methods 

In order to fulfil the aims of this thesis, several new and adapted methods first had to be 

established and validated.  

Firstly, for the retrospective clinical studies of Chapters 3 and 4, a new robust and 

reproducible PCR-RFLP method was successfully developed and validated for the 

identification of the C1236T SNP of ABCB1.  

Secondly, as no methods for estimating haplotype phase had previously been used in our 

laboratory, new protocols for predicting haplotypes from ABCB1 SNP data were required. 

Therefore, an existing, freely available, statistical program (PHASE) was extensively 

validated by me (both within the software, and by confirmation of expected linkage 

disequilibrium), both in a smaller validation set of subject samples and in the final subject 

populations, as an accurate and robust tool for the estimation of ABCB1 haplotypes from 

complete genotype data. With the exception of a small number of subjects with missing 

genotype data or rare haplotype combinations (who were subsequently excluded from 

haplotype analyses), the PHASE estimated haplotypes could be said, with a high level of 
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confidence, to represent the true haplotype configurations of subjects. The establishment of 

this protocol for accurately determining the phase of ABCB1 genotype combinations enabled 

a more informative haplotype approach to investigating ABCB1 pharmacogenetics (as 

opposed to individual genotype analysis).  

Thirdly, a new magnetic isolation procedure was successfully developed for the isolation of 

pure fractions of CD4+, CD56+ and CD8+ lymphocytes from human whole PBMCs. Protocols 

for the quantitative real-time PCR (qRT-PCR) analysis of ABCB1 mRNA expression, and the 

Western blot analysis of P-gp protein expression, in healthy subject lymphocytes were also 

successfully developed. The magnetic separation and qRT-PCR protocols were successfully 

applied for analysis of MMT subject samples as part of the ex vivo pilot study (Chapter 5). 

However, Western blot detection of P-gp proved significantly more difficult in the opioid-

dependent subject samples. Nonetheless, subject to further development of P-gp protein 

expression and functional assays (see recommendations in Chapter 5, section 5.2.3.3), the new 

ex vivo lymphocyte procedure described in this thesis provides a good model for the relatively 

non-invasive investigation ABCB1 mRNA and P-gp protein expression and P-gp function in 

human subjects. 

7.2. ABCB1 genetic variability as a determinant of substitution opioid requirements 

The primary goal of this thesis was to investigate the relationship between ABCB1 genetic 

variability and maintenance treatment opioid requirements. More specifically, the main focus 

was to evaluate ABCB1 genetic variability as a potential clinical optimisation tool for 

predicting daily dose requirements, or potentially individualised target plasma concentrations 

that could be incorporated as part of therapeutic drug monitoring. To this end, the 

retrospective study presented in Chapter 3 identified significant associations between ABCB1 

haplotypes and both methadone and buprenorphine maintenance dose requirements.  
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For standard dose MMT subjects (15-180 mg/day), the most significant findings related to the 

AGCTT variant haplotype of ABCB1. Carriers of this haplotype had lower methadone 

maintenance doses and lower (R)-methadone Ctrough requirements, with no change in 

Ctrough/dose. As such, AGCTT carriers appear to have decreased P-gp activity at the BBB (as 

opposed to increased intestinal absorption or decreased renal clearance), resulting in increased 

CNS methadone exposure for a given dose. Support for these findings was provided by the ex 

vivo pilot study (Chapter 5), which found that CD4+ lymphocyte ABCB1 mRNA and P-gp 

protein expression was lowest in the subject homozygous for this AGCTT haplotype, thus 

potentially providing mechanistic support for the link between the AGCTT haplotype and low 

MMT dose requirements. It was also found that standard MMT subjects homozygous for the 

wild-type AGCGC haplotype required higher MMT doses than heterozygous carriers and 

non-carriers, presumably due to higher P-gp activity than subjects carrying variant haplotypes.  

In the clinical context, the observed haplotype effects seem relatively moderate, equating to 

changes of only 38-70% within a 12-fold range of doses. Indeed, there was significant overlap 

between haplotype groups, reflecting not only that multiple factors govern dose requirements 

(see below), but also that the influence of P-gp on methadone’s transcellular permeability, and 

thus the impact of ABCB1 genetic variability, is relatively small when compared to other 

known P-gp substrates (as indicated by in vitro experiments in Chapter 6). Nonetheless, the 

results of Chapter 3 provided the first evidence that identification of ABCB1 genetic 

variability in opioid-dependent patients may contribute to individualizing MMT, and that the 

examination of ABCB1 haplotypes has greater utility than analysing SNPs independently. 

One of the other major findings of this thesis however, was that these ABCB1 haplotypes did 

not associate with methadone requirements in the high dose (180-300 mg/day) MMT 

population (Chapter 4). As such, based on the findings of Chapter 4 and other international 

studies in similar subject groups, it appears that two distinct MMT populations may exist with 
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regards to ABCB1 pharmacogenetics, the first being standard dose MMT (< 150-200 mg/day) 

where ABCB1 haplotypes significantly influence methadone requirements, and the second 

being high dose MMT (> 150-200 mg/day) where they do not. As a consequence, as was 

shown in Chapter 4, Figure 4-2, in treatment populations where methadone doses are not 

heavily restricted by government legislation or clinic policy, ABCB1 genetic variability alone 

is a poor predictor of methadone requirements and unlikely to be of clinical utility (see 

Chapter 4 Discussion). 

Due to the small number of BMT subjects available, it is difficult to make comment on the 

clinical utility of ABCB1 genotyping for predicting BMT dose requirements. However, results 

from Chapter 3 indicated a relationship between ABCB1 haplotypes (AGCGC and AGCTT) 

and dose requirements, similar to those observed in standard dose MMT subjects, particularly 

amongst BMT subjects with successful treatment outcomes. Interestingly, results from the in 

vitro study described in Chapter 6 and subsequent transport studies by other researchers 

indicate that buprenorphine is not actually a P-gp substrate. However, genotype differences in 

both buprenorphine and norbuprenorphine pharmacokinetics were also observed in Chapter 3. 

As such, it is possible that ABCB1 genetic variability may affect BMT dose requirements via 

changes in norbuprenorphine transport influencing its biliary excretion.  

7.2.1. Confounding factors 

One major confounding factor encompassing the ABCB1 pharmacogenetics of both MMT and 

BMT is the highly heterogeneous nature of the opioid-dependent and maintenance treatment 

populations being studied. In addition to the numerous environmental factors already known 

to contribute to variability in response to both heroin and maintenance opioids, as well as 

variability in P-gp expression and function (see Chapter 1, sections 1.4 and 1.5.4), the 

findings of this thesis indicate that prior heroin use, sex, dose range and time in treatment may 

also modulate the impact of ABCB1 genetic variability on substitution opioid requirements. 
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Furthermore, more recent studies have identified multiple genes other than ABCB1, such as 

OPRM1 and DRD2, that may also be involved in determining MMT dose requirements and 

response. Finally, in addition to these multiple environmental and genetic factors, that are 

summarised in Figure 4-3 of Chapter 4, the in vitro study in Chapter 6 has suggested the 

presence of another transporter other than P-gp that could influence methadone membrane 

permeability, and may represent an additional, previously unknown, variable when 

investigating MMT pharmacogenetics. 

Therefore, whilst the impact of some confounding factors (such as CYP450 metabolism) can 

be eliminated by measuring plasma concentrations, the examination of ABCB1 genetic 

variability alone is unlikely to adequately describe the variability in substitution opioid 

requirements. Thus larger multi-centre prospective trials are still required to determine 

whether ABCB1 haplotypes, along with other genetic and environmental factors, are likely to 

contribute to a clinically useful model for optimising opioid maintenance treatment. 

7.3. Secondary findings 

7.3.1. ABCB1 genetic variability and maintenance treatment response 

In addition to identifying associations between ABCB1 genetic variants and methadone 

requirements, a secondary aim of this thesis was to investigate the role of ABCB1 genetic 

variability in influencing maintenance treatment response.  

As described in Chapter 3, C1236T variant frequencies were higher among poor treatment 

outcome subjects and those subjects reporting in-treatment withdrawal. Interestingly though, 

these poor treatment outcome subjects reported adverse events associated with both over- and 

under-dosing. As such, it appears that the association between the C1236T variant and poor 

treatment response is due to an overall unpleasant treatment experience encompassing both 

withdrawal and adverse opioid effects. Therefore, it is unclear whether this SNP is influencing 
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methadone distribution, or perhaps endogenous components of the stress, reward and 

addiction systems (such as β-endorphin) affecting general treatment response.  

Whilst these effects on treatment response act to further complicate the relationship between 

ABCB1 variants and dose requirements, if these associations can be confirmed prospectively, 

they could provide a genomic marker for poor treatment response, and thus potentially a 

decision support tool for determining optimal treatment approaches, and the requirement for 

in-treatment monitoring and/or an increased provision of ancillary services. 

7.3.2. Methadone requirements/exposure and ex vivo P-gp expression 

In addition to providing some mechanistic support for the association between the AGCTT 

haplotype and substitution opioid requirements (see above), the ex vivo pilot study (Chapter 5) 

provided the first evidence of a positive association between ABCB1/P-gp expression and 

methadone exposure in the opioid-dependent MMT population. Unfortunately, it was not 

possible to conclude whether differences in P-gp expression were the cause (representing 

efflux at the BBB), or the consequence (through P-gp induction by methadone), of variability 

in methadone requirements. However, if they are the cause of variable dose requirements, 

then determination of lymphocyte P-gp expression could provide an effective dose 

optimisation tool. Alternatively, if methadone exposure is determining P-gp expression, it 

could potentially reduce the impact of ABCB1 genetic variability on P-gp activity (and hence 

methadone requirements) at high doses or after prolonged treatment, or eliminate its role 

altogether. As such, these findings justify further investigation. 

7.3.3. ABCB1 genetic variability and opioid dependence 

Due to its potential influence on the CNS distribution of morphine and opioid peptides of the 

endogenous reward system, ABCB1 genetic variability was also investigated as a genetic basis 

for individual differences in risk and severity of opioid dependence. However, no significant 
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differences in haplotype distributions were observed between opioid-dependent and control 

subject populations, nor did any haplotype appear to affect the age of onset of regular heroin 

use. A potential association between ABCB1 haplotypes and levels of prior heroin use was 

also investigated, but revealed no significant relationship between the two. As such, my 

research has indicated that ABCB1 genetic variability, at least in the treatment-seeking 

population, is not associated with the risk of opioid-dependence or prior heroin use. 

7.4. Summary 

In light of the current findings, a revision of the hypothesised mechanisms (originally outlined 

in Chapter 1, Figure 1-5) for the impact of ABCB1 genetic variability on opioid dependence 

and substitution opioid response is shown in Figure 7-1. 
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Figure 7-1. Revised summary of the mechanisms behind the impact of ABCB1 genetic 

variability on opioid substitution treatment based on thesis findings.  
The AGCGC and AGCTT haplotypes are associated with altered substitution opioid distribution, 

resulting in higher and lower substitution opioid requirements, respectively. The 1236T variant is 

associated with poor treatment response, unrelated to substitution opioid exposure, but possibly due to 

altered endogenous opioid distribution. 

 
 



Chapter 7. Discussion 
 

 

Daniel T Barratt, PhD Thesis 2010   274 

7.5. Conclusion 

In conclusion, this thesis has generated sufficient evidence to justify further prospective 

investigation of ABCB1 haplotypes as a potential tool for optimising buprenorphine and 

standard dose methadone substitution treatment. However, ABCB1 genetic variability should 

not be considered alone, and a combined interpretation of multiple genetic and environmental 

factors will be required to provide a more complete picture of the factors governing the 

successful treatment of opioid dependence. Whilst the heterogeneous nature of the opioid-

dependent treatment population represents a significant barrier, it is hoped this knowledge 

might one day provide clinicians with an additional clinical tool for establishing the 

individualized target doses and/or plasma concentrations required for efficacious opioid 

substitution therapy. 
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Appendix A: Supplementary tables 

Table A-1. Clinically confirmed cytochrome P450-mediated drug-drug interactions affecting methadone pharmacokinetics. 

Drug Effect on [plasma] Mechanism Reference(s) 
Efavirenz Significant decrease CYP3A4 &/or CYP2B6 

induction 
(Barry et al., 1999; Clarke & Mulcahy, 2000; Marzolini et al., 2000; Pinzani et al., 2000; 
Clarke et al., 2001; Boffito et al., 2002; Eap et al., 2002; McCance-Katz et al., 2002; 
Gerber et al., 2004) 

Nevirapine Significant decrease CYP3A4 &/or CYP2B6 
induction 

(Staszewski et al., 1998; Altice et al., 1999; Heelon & Meade, 1999; Otero et al., 1999; 
Pinzani et al., 2000; Clarke et al., 2001; Eap et al., 2002; Gerber et al., 2004; Rotger et 
al., 2005) 

Other antiretroviralsa Moderate decrease CYP450 induction (Bart et al., 2001; Gourevitch, 2001; Eap et al., 2002; McCance-Katz et al., 2004; Brown 
et al., 2006; Hsyu et al., 2006; Cao et al., 2008; Jamois et al., 2009) 

Phenobarbital Significant decrease CYP450 induction (Alvares & Kappas, 1972; Liu & Wang, 1984; Faucette et al., 2004) 
Phenytoin Significant decrease CYP3A4 &/or CYP2B6 

induction 
(Finelli, 1976; Tong et al., 1981; Kreek, 1986; Eap et al., 2002) 

Carbamazepine Significant decrease CYP3A4 &/or CYP2B6 
induction 

(Preston et al., 1984; Kuhn et al., 1989) 

Diazepam/midazolam Significant increase CYP3A4 inhibition (Preston et al., 1984) 
Ciprofloxacin Significant increase CYP1A2 & CYP3A4 inhibition (Herrlin et al., 2000) 
Rifampin (rifampicin) Significant decrease CYP450 induction (Kreek et al., 1976; Bending & Skacel, 1977; Kreek, 1986; Holmes, 1990; Borg et al., 

1995; Eap et al., 2002; Faucette et al., 2004) 
Ketoconazole, 
fluconazole 

Moderate increase CYP3A4 inhibition (Cobb et al., 1998; Katz, 1999; Gourevitch, 2001; Tarumi et al., 2002) 

Paroxetine Moderate increase CYP2D6 inhibition (Begre et al., 2002) 
Sertraline Moderate increase CYP450 inhibition (Hamilton et al., 2000) 
Fluoxetine, fluvoxamine Significant increase CYP450 inhibition (Eap et al., 1997) 
Fusidic acid Significant decrease CYP450 induction (Brockmeyer et al., 1991) 
Grapefruit Moderate increase CYP3A4 inhibition (Bailey et al., 1998; Dresser et al., 2000) 

Moderate: alteration in plasma concentrations not generally requiring dose adjustment. Significant: large alteration in plasma concentrations requiring dose 

adjustment and/or precipitating opioid withdrawal. aAbacavir, amprenavir, didanosine, nelfinavir, ritonavir, indinavir, saquinavir and stavudine. 
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Table A-2. Summary of in vitro studies investigating the functional effects of ABCB1 SNPs and haplotypes on P-glycoprotein expression 

and function. 

   Phenotype  
SNP Cell line Probe drug(s) Expression Function Reference 
A61G HeLa Verapamil, daunorubicin, vinblastine, calcein-AM, prazosin, bisantrene, forskolin 

No effect 
No effect (Kimchi-Sarfaty et al., 

2002)   Paclitaxel A > G 

 HEK293T Calcein 
No effect 

No effect 
(Gow et al., 2008) 

  Paclitaxel No effect 

G1199A HeLa Verapamil, daunorubicin, vinblastine, calcein-AM, prazosin, bisantrene, forskolin 
No effect 

No effect (Kimchi-Sarfaty et al., 
2002)   Paclitaxel G > A 

 LLC-PK1 Rhodamine 

No effect 

G > A 

(Woodahl et al., 2004)   Doxorubicin No effect 

  Vinblastine, vincristine G < A 

 LLC-PK1 Amprenavir, indinavir, lopinavir, ritonavir, saquinavir - G < A (Woodahl et al., 2005) 

 HEK293T Doxorubicin, paclitaxel, vinblastine, vincristine - G < A (Crouthamel et al., 
2006) 

 HEK293T Calcein 
No effect 

No effect 
(Gow et al., 2008) 

  Paclitaxel No effect 

 Insect Sf9 Verapamil 

- 

G > A 

(Sakurai et al., 2007)   Nicardipine G � A 

  Vinblastine No effect 

C1236T LLC-PK1 Rhodamine, vinblastine, vincristine - C > T (Salama et al., 2006) 

 HeLa Rhodamine, paclitaxel, verapamil, daunorubicin, vinblastine, calcein-AM No effect No effect (Kimchi-Sarfaty et al., 
2007) 

G2677T HEK293T Digoxin No effect G < T (Kim et al., 2001) 

 HEK293T Calcein No effect No effect (Gow et al., 2008) 
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   Phenotype  
SNP Cell line Probe drug(s) Expression Function Reference 
  Paclitaxel G > T 

 HeLa Verapamil, daunorubicin, vinblastine, calcein-AM, prazosin, bisantrene, forskolin 
No effect 

No effect (Kimchi-Sarfaty et al., 
2002)   Paclitaxel G > T 

 HeLa Calcein - No effect (Kroetz et al., 2003) 

 LLC-PK1 Verapamil, digoxin, vinblastine, cyclosporine No effect No effect (Morita et al., 2003) 

 LLC-PK1 Rhodamine, vinblastine, vincristine - G > T (Salama et al., 2006) 

 Insect 
HighFive Vincristine No effect G > T (Schaefer et al., 2006) 

 Insect Sf9 Vasodilatorsa, steroidsb, nicorandil, tacrolimus, paclitaxel 

- 

G > T 

(Sakurai et al., 2007)   Anticancer drugsc (except etoposide, actinomycin D & paclitaxel), pinacidil, 
quinidine, penicillin G, acetylsalicylic acid No effect 

  NSAIDsd (except acetylsalicylic acid), etoposide, actinomycin D, p-
aminohippuric acid, novobiocin G < T 

 HeLa Rhodamine, paclitaxel, verapamil, daunorubicin, vinblastine, calcein-AM No effect No effect (Kimchi-Sarfaty et al., 
2007) 

 3T3 
fibroblasts Calcein G > T No effect (Aird et al., 2008) 

G2677A HeLa Verapamil, daunorubicin, vinblastine, calcein-AM, prazosin, bisantrene, forskolin No effect No effect (Kimchi-Sarfaty et al., 
2002)   Paclitaxel  G > A 

 Insect 
HighFive Vincristine No effect G > A (Schaefer et al., 2006) 

 Insect Sf9 Vasodilatorsa (except nifedipine), anticancer drugsc, NSAIDsd, betamethasone, 
prednisolone, pinacidil, quinidine, penicillin G, p-aminohippuric acid, novobiocin  - 

G < A 
(Sakurai et al., 2007) 

  Dexamethasone, cortisone, nicorandil, tacrolimus, nifedipine No effect 

 3T3 
fibroblasts Calcein G > A G > A (Aird et al., 2008) 

 HEK293T Calcein 
No effect 

G < A 
(Gow et al., 2008) 

  Paclitaxel No effect 
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   Phenotype  
SNP Cell line Probe drug(s) Expression Function Reference 
C3435T LLC-PK1 Verapamil, digoxin, vinblastine, cyclosporine No effect No effect (Morita et al., 2003) 

 LLC-PK1 Rhodamine, vinblastine, vincristine - C > T (Salama et al., 2006) 

 Liver - C > T - (Wang et al., 2005) 

 HeLa Rhodamine, paclitaxel, verapamil, daunorubicin, vinblastine, calcein-AM No effect No effect (Kimchi-Sarfaty et al., 
2007) 

A61G/ 
G1199A 

HeLa Verapamil, daunorubicin, vinblastine, calcein-AM, prazosin, bisantrene, forskolin 
No effect 

No effect (Kimchi-Sarfaty et al., 
2002)  Paclitaxel AG > GA 

A61G/ 
G2677T 

HeLa Verapamil, daunorubicin, vinblastine, calcein-AM, prazosin, bisantrene, forskolin 
No effect 

No effect (Kimchi-Sarfaty et al., 
2002)  Paclitaxel AG > GT 

G1199A/
G2677T 

HeLa Verapamil, daunorubicin, vinblastine, calcein-AM, prazosin, bisantrene, forskolin 
No effect 

No effect (Kimchi-Sarfaty et al., 
2002)  Paclitaxel GG > AT 

C1236T/
G2677T LLC-PK1 Rhodamine, vinblastine, vincristine - CG > TT (Salama et al., 2006) 

 HeLa Rhodamine, paclitaxel, verapamil, daunorubicin, vinblastine, calcein-AM No effect No effect (Kimchi-Sarfaty et al., 
2007) 

 3T3 
fibroblasts Calcein CG > TT CG > TT (Aird et al., 2008) 

C1236T/C
3435T 

LLC-PK1 Rhodamine, vinblastine, vincristine - CC > TT (Salama et al., 2006) 

 HeLa Rhodamine, paclitaxel, verapamil, daunorubicin, vinblastine, calcein-AM No effect No effect (Kimchi-Sarfaty et al., 
2007) 

G2677T/
C3435T 

LLC-PK1 Verapamil, digoxin, vinblastine, cyclosporine No effect No effect (Morita et al., 2003) 

LLC-PK1 Rhodamine, vinblastine, vincristine - GC > TT Salama et al. 2006 

 HeLa Rhodamine, paclitaxel, verapamil, daunorubicin, vinblastine, calcein-AM No effect No effect (Kimchi-Sarfaty et al., 
2007) 

 3T3 
fibroblasts Calcein GC > TT GC � TT (Aird et al., 2008) 
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   Phenotype  
SNP Cell line Probe drug(s) Expression Function Reference 
C1236T/
G2677T/
C3435T 

LLC-PK1 Rhodamine, vinblastine, vincristine - CGC > TTT 
(Salama et al., 2006) 

 HeLa Rhodamine, paclitaxel, verapamil, daunorubicin, vinblastine, calcein-AM No effect No effect (Kimchi-Sarfaty et al., 
2007) 

 3T3 
fibroblasts Calcein CGC > TTT CGC > TTT (Aird et al., 2008) 

 HEK293T Calcein 
No effect 

No effect 
(Gow et al., 2008) 

  Paclitaxel No effect 
A61G/ 
C1236T/
G2677T/
C3435T 

HEK293T Calcein 
No effect 

No effect 
(Gow et al., 2008) 

 Paclitaxel ACGC > 
GTTT 

aVasodilators = verapamil, nifedipine, diltiazem, bepridil, fendiline, prenylamine, nicardipine; bSteroids = Dexamethasone, betamethasone, prednisolone, 

cortisone; cAnticancer drugs = vinblastine, etoposide, actinomycin D, daunorubicin, paclitaxel, methotrexate, doxorubicin, 5-fluorouricil; dNSAIDs = 

Acetylsalicyclic acid, indomethacin, acemeticin, ibuprofen, naproxen, mepirizole. 
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Table A-3. Summary of the relationships between ABCB1 genetic variability and P-gp 

ex vivo expression and function in healthy volunteers. 

SNP / 
haplotype Tissue / cell type Expression 

Function 
Reference 

Probe Result 

A61G Duodenum No effect - - (Siegmund et al., 2002) 

G1199A Duodenum No effect - - (Siegmund et al., 2002) 

C1236T Duodenum No effect - - (Siegmund et al., 2002) 

 PBMC No effect Rhodamine No effect (la Porte et al., 2007) 

G2677T Duodenum No effect - - (Siegmund et al., 2002) 

 CD56+ - Rhodamine GG � GT � TT (Drescher et al., 2002) 

 CD56+ & CD4+ - Rhodamine No effect (Oselin et al., 2003a) 

 CD4+, CD8+, 
CD19+ & CD56+ No effect - - (Oselin et al., 2003b) 

 Liver No effect - - (Owen et al., 2005) 

 PBMC 
- 

IL-2, IL-4, INF-γ, TNF-� GG > GT > TT 
(Pawlik et al., 2005) 

  IL-10, IL-6 No effect 

 PBMC No effect Rhodamine No effect (la Porte et al., 2007) 

C3435T Duodenum CC > CT > TT - - (Hoffmeyer et al., 
2000) 

 CD56+ CC > CT > TT Rhodamine CC > CT > TT (Hitzl et al., 2001) 

 CD56+ CC � TT Rhodamine CC > TT (Drescher et al., 2002) 

 Duodenum No effect - - (Siegmund et al., 2002) 

 Renal 
parenchyma CC > TT - - (Siegsmund et al., 

2002) 

 CD56+ & CD4+ - Rhodamine No effect (Oselin et al., 2003a) 

 CD4+, CD8+, 
CD19+ & CD56+ No effect - - (Oselin et al., 2003b) 

 PBMC 
- 

IL-2, IL-4, INF-γ, TNF-� CC > CT > TT 
(Pawlik et al., 2005) 

  IL-10, IL-6 No effect 

 Liver No effect - - (Owen et al., 2005) 

 PBMC No effect Rhodamine No effect (la Porte et al., 2007) 

 
G2677T/ 
C3435T 

PBMC 
- 

IL-2, IL-4, INF-γ, TNF-� GC > TT 
(Pawlik et al., 2005) 

 IL-10, IL-6 No effect 

 PBMC No effect - - 
(Ansermot et al., 2008) 

 CD4+ & CD8+ - Cyclosporine No effect 

C1236T/ 
G2677T/ 
C3435T 

PBMC No effect Rhodamine No effect (la Porte et al., 2007) 

Duodenum CCC>TTT - - (Schwarz et al., 2007) 
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Table A-4. Summary of in vivo clinical studies examining the impact of ABCB1 genetic 

variants on probe substrate pharmacokinetics and pharmacodynamics in healthy 

volunteers. 

SNP / haplotype Probe drug Variant phenotype Reference 

A61G Talinolol No effect (Siegmund et al., 2002) 
 Digoxin No effect (Johne et al., 2002) 
 Digoxin No effect (Gerloff et al., 2002) 
G1199A Talinolol No effect (Siegmund et al., 2002) 
C1236T Talinolol No effect (Siegmund et al., 2002) 
 Digoxin No effect (Johne et al., 2002) 
 Midazolam No effect (Eap et al., 2004) 
 Saquinavir No effect (la Porte et al., 2007) 
 Mefloquine Men: No effect (Aarnoudse et al., 2006) 
  Women: ↑ side effects  
G2677T Talinolol ↑AUC (Siegmund et al., 2002) 
 Digoxin No effect (Johne et al., 2002) 
 Digoxin ↑AUC & Cmax (Verstuyft et al., 2003) 
 Digoxin No effect (Gerloff et al., 2002) 
 Digoxin No effect (Comets et al., 2007) 
 Fexofenadine ↓AUC (Kim et al., 2001) 
 Midazolam No effect (Eap et al., 2004) 
 Saquinavir No effect (la Porte et al., 2007) 
 Mefloquine Men: No effect (Aarnoudse et al., 2006) 
  Women: ↑ side effects  
 (R)-methadone No effect (Lötsch et al., 2006) 
C3435T Talinolol No effect (Siegmund et al., 2002) 
 Digoxin ↑AUC, Cmax, Ctrough; ↓Tmax (Johne et al., 2002) 
 Digoxin ↑AUC & Cmax (Verstuyft et al., 2003) 
 Digoxin ↑AUC & Cmax (Hoffmeyer et al., 2000) 
 Digoxin No effect (Gerloff et al., 2002) 
 Digoxin No effect (Becquemont et al., 2001) 
 Digoxin ↓Vc/F (Comets et al., 2007) 
 Cyclosporine ↑AUC & Cmax (Min & Ellingrod, 2002) 
 Fexofenadine No effect (Drescher et al., 2002) 
 Fexofenadine ↓AUC (Kim et al., 2001) 
 Loperamide ↑AUC (Skarke et al., 2003) 

 Loperamide No effect (Pauli-Magnus et al., 
2003) 

 Phenytoin ↑AUC (Kerb et al., 2001) 
 Midazolam No effect (Eap et al., 2004) 
 Losartan No effect (Yasar et al., 2008) 
 Saquinavir No effect (la Porte et al., 2007) 
 Moxifloxacin ↓Tmax ; ↑AUC, Cmax (Weiner et al., 2007) 
 Mefloquine Men: No effect (Aarnoudse et al., 2006) 
  Women: ↑ side effects  
 Ebastine metabolites ↓ urinary excretion (Gervasini et al., 2006) 
 (R)-methadone No effect (Lötsch et al., 2006) 
 Dicloxacillin No effect (Putnam et al., 2005) 
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SNP / haplotype Probe drug Variant phenotype Reference 

2677T/ 3435T Digoxin ↑AUC & Cmax (Johne et al., 2002) 
 Digoxin No effect (Gerloff et al., 2002) 
 Cyclosporine No effect (Ansermot et al., 2008) 
 Talinolol No effect (Bernsdorf et al., 2006) 
 (R)-methadone No effect (Lötsch et al., 2006) 
 

G2677/ 3435T 
1236T/ 2677T/ 
3435T 

Loperamide ↑AUC  (Skarke et al., 2003) 
Fexofenadine ↓AUC (Kim et al., 2001) 

Loperamide No effect (Pauli-Magnus et al., 
2003) 

 Saquinavir No effect (la Porte et al., 2007) 
 Mefloquine Men: No effect (Aarnoudse et al., 2006) 
  Women: ↑ side effects  
 Verapamil No effect (Takano et al., 2006) 

AUC: area under the concentration-time curve. Cmax: maximum plasma concentration. Ctrough: lowest 

plasma concentration. Tmax: time to reach maximum plasma concentration. Vc/F: oral volume of 

distribution in the central compartment. Phenotypes in italics displayed clear trends but were not 

statistically significant. 

 

Table A-5. Sex effects on relationships between MMT dose requirements and ABCB1 

genotypes and haplotypes. 

 Two-way ANOVA factor effects 

SNP 
% of total variation (P-value) 

Gene Sex Interaction 
A61G 4.2 (0.1)a 0.1 (0.9)a 1.3 (0.4)a 
G1199A 1.0 (0.4) 1.5 (0.4) 1.2 (0.4) 
C1236T 3.5 (0.4) 0.4 (0.6) 10.5 (0.05) 
G2677T 2.6 (0.4) 0.6 (0.6) 9.6 (0.06) 
C3435T 5.3 (0.2) 0.5 (0.6) 8.8 (0.07) 
Haplotype    
AGCGC 4.2 (0.1)a 0.4 (0.6)a 8.4 (0.04)a* 
AGTGC 1.4 (0.4) 0.1 (0.8) 0.8 (0.5) 
AGCTT 14.0 (0.02)* 0.07 (0.8) 0.2 (0.9) 
AGTTT 2.4 (0.5) 0.4 (0.6) 4.5 (0.3) 
GGTTT 6.3 (0.07)a 0.2 (0.8)a 0.2 (0.8)a 

aMale homozygous variant subjects excluded from two-way ANOVA analysis. *P < 0.05. Variant 

haplotype loci are indicated bold. 
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Table A-6. Treatment outcome (successful versus poor) effects on relationships between 

MMT dose requirements and ABCB1 genotypes and haplotypes. 

 Two-way ANOVA factor effects 

SNP 
% of total variation (P-value) 

Gene Outcome Interaction 
A61G 2.2 (0.3)a 2.4 (0.2)a 0.2 (0.7)a 
G1199A 0.1 (0.8) 2.9 (0.2) 0.6 (0.5) 
C1236T 1.3 (0.7) 5.3 (0.09) 1.8 (0.6) 
G2677T 0.5 (0.9) 6.3 (0.06) 5.3 (0.2) 
C3435T 0.6 (0.8) 2.9 (0.2) 8.2 (0.08) 
Haplotype    
AGCGC 0.6 (0.6)a 1.0 (0.5)a 1.6 (0.4)a 
AGCTT 8.6 (0.03)* 1.1 (0.4) 0.0 (0.9) 
AGTTT 1.9 (0.6) 0.0 (0.9) 1.6 (0.6) 
GGTTT 14.7 (0.004)a** 4.9 (0.09)a 2.0 (0.3)a 

aSuccessful outcome homozygous variant subjects excluded from two-way ANOVA analysis. *P < 

0.05, **P < 0.01. Variant haplotype loci are indicated in bold. 

 

Table A-7. Sex effects on relationships between (R)-methadone Ctrough requirements and 

ABCB1 genotypes and haplotypes. 

 Two-way ANOVA factor effects 

SNP 
% of total variation (P-value) 

Gene Sex Interaction 
A61G 8.1 (0.1)a 3.0 (0.3)a 2.5 (0.4)a 
G1199A 8.5 (0.09) 3.3 (0.3) 0.9 (0.6) 
C1236T 18.7 (0.02)* 51.3 (0.4) 20.9 (0.01)* 
G2677T 3.7 (0.5) 2.6 (0.3) 28.2 (0.005)** 
C3435T 16.7 (0.02)b* 4.3 (0.2)b 15.9 (0.02)b* 

Haplotype    
AGCGC 8.7 (0.1)a 0.3 (0.8)a 12.7 (0.05)a 
AGCTT 14.7 (0.04)a** 0.0 (0.9)a 1.7 (0.5)a 
AGTTT 9.8 (0.2) 0.5 (0.7) 10.1 (0.2) 
GGTTT 12.5 (0.05)a 0.7 (0.6)a 0.3 (0.8)a 

aMale homozygous variant subjects excluded from two-way ANOVA analysis. bMale homozygous 

wild-type subjects excluded from two-way ANOVA analysis. *P < 0.05, **P < 0.01. Variant 

haplotype loci are indicated in bold. 
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Table A-8. Treatment outcome (successful versus poor) effects on relationships between 

(R)-methadone Ctrough requirements and ABCB1 genotypes and haplotypes. 

 Two-way ANOVA factor effects 

SNP 
% of total variation (P-value) 

Gene Outcome Interaction 
A61G 1.4 (0.5)a 0.5 (0.7)a 1.2 (0.5)a 
C1236T 17.4 (0.047)* 2.7 (0.3) 1.0 (0.8) 
G2677T 1.9 (0.7) 0.5 (0.7) 0.7 (0.9) 
C3435T 3.1 (0.6) 0.7 (0.6) 3.1 (0.6) 
Haplotype    
AGCGC 1.2 (0.5)a 0.1 (0.9)a 0.4 (0.7)a 
AGCTT 13.0 (0.04)* 1.0 (0.6) 0.3 (0.8) 
AGTTT 12.8 (0.06) 0.2 (0.8) 2.8 (0.4) 

aSuccessful outcome homozygous variant subjects excluded from two-way ANOVA analysis. 

*P < 0.05. Variant haplotype loci are indicated in bold. 
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Table A-9. Relationships between (R)-methadone Ctrough/dose and ABCB1 genotypes and 

haplotypes. 

SNP Genotype n (R)-methadone Ctrough/dose 
(median �� SD, ng.mL-1.mg-1) P-valuea 

A61G A/A 31 1.8 � 0.6  
 A/G 4 1.9 � 0.7 0.4 
 G/G 2 1.4 � 0.1  
G1199A G/G 34 1.5 � 0.6 0.6  G/A 3 2.0 � 0.9 
C1236T C/C 9 1.6 � 0.5  
 C/T 17 2.0 � 0.6 0.2 
 T/T 10 1.8 � 0.6  
G2677T G/G 5 2.2 � 0.5  
 G/T 25 1.8 � 0.6 1.0 
 T/T 7 1.8 � 0.8  
C3435T C/C 4 1.8 � 0.9  
 C/T 16 1.6 � 0.5 0.5 
 T/T 17 1.8 � 0.6  
Haplotype Copy # n   
AGCGC 0 18 1.8 � 0.6  
 1 14 1.8 � 0.5 0.5 
 2 1 1.4  
AGCGT 0 26 1.8 � 0.5 0.4  1 7 1.8 � 0.7 
AGTGC 0 30 1.8 � 0.6 0.6  1 3 2.3 � 0.5 
AGCTT 0 28 1.8 � 0.6  
 1 4 1.7 � 0.3 0.7 
 2 1 2.2  
AGTTT 0 13 1.6 � 0.5  
 1 17 1.8 � 0.6 0.2 
 2 3 2.4 � 0.5  
GGTTT 0 29 1.8 � 0.6  
 1 3 1.5 � 0.5 0.6 
 2 1 1.5  

aP-values are from Kruskal-Wallis test or Mann-Whitney U test where appropriate. Variant haplotype 

loci are bold. Copy # 0 = non-carriers; 1 = heterozygous carriers; 2 = homozygous carriers. 
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Table A-10. Sex effects on relationships between (R)-methadone Ctrough/dose and ABCB1 

genotypes and haplotypes. 

 Two-way ANOVA factor effects 

SNP 
% of total variation (P-value) 

Gene Sex Interaction 
A61G 2.2 (0.4)a 0.0 (0.9)a 0.9 (0.6)a 
G1199A 7.5 (0.09) 13.2 (0.03)* 11.0 (0.04)* 
C1236T 3.4 (0.5) 2.9 (0.3) 5.6 (0.4) 
G2677T 0.7 (0.9) 4.0 (0.2) 8.1 (0.3) 
C3435T 5.4 (0.2)b 2.4 (0.4)b 1.2 (0.6)b 

Haplotype    
AGCGC 2.4 (0.4)a 0.4 (0.7)a 3.0 (0.4)a 
AGCTT 3.1 (0.3)a 0.2 (0.8)a 2.6 (0.4)a 
AGTTT 6.9 (0.3) 0.3 (0.7) 5.6 (0.4) 
GGTTT 2.0 (0.4)a 0.1 (0.9)a 1.4 (0.5)a 

aMale homozygous variant subjects excluded from two-way ANOVA analysis. bMale homozygous 

wild-type subjects excluded from two-way ANOVA analysis. *P < 0.05. Variant loci are bold. 

Table A-11. Treatment outcome (successful versus poor) effects on relationships 

between BMT dose requirements and ABCB1 genotypes. 

 Two-way ANOVA factor effects 

SNP 
% of total variation (P-value) 

Gene Outcome Interaction 
A61G 7.5 (0.3) 5.5 (0.4) 6.2 (0.4) 
C1236T 1.3 (0.7) 1.9 (0.6) 2.8 (0.6) 

G2677T 12.9 (0.2)a 1.6 (0.6)a 3.0 (0.6)a 

C3435T 16.2 (0.1)a 0.0 (1.0)a 6.2 (0.3)a 

aSuccessful outcome homozygous wild-type subjects excluded from two-way ANOVA analysis. 

Table A-12. Sex effects on relationships between BMT dose requirements and ABCB1 

genotypes and haplotypes. 

 Two-way ANOVA factor effects 

SNP 
% of total variation (P-value) 

Gene Sex Interaction 
A61G 14.2 (0.2) 0.1 (0.9) 6.2 (0.3) 
C1236T 0.6 (0.8) 4.5 (0.5) 2.1 (0.6) 
G2677T 22.8 (0.09)a 10.5 (0.2)a 0.1 (0.9)a 
C3435T 16.2 (0.08) 4.2 (0.4) 19.0 (0.06) 
Haplotype    
AGCGC 23.2 (0.1) 6.1 (0.3) 3.4 (0.4) 
AGTTT 16.1 (0.2)b 9.7 (0.3)b 0.2 (0.9)b 

aMale homozygous wild-type subjects excluded from two-way ANOVA analysis. bMale homozygous 

variant subjects excluded from two-way ANOVA analysis. Variant haplotype loci are bold. 
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Table A-13. Relationship between buprenorphine and norbuprenorphine Ctrough and ABCB1 genotypes. 

   Buprenorphine Ctrough  Norbuprenorphine Ctrough 
SNP Genotype n  (median �� SD, ng/mL) P-valuea   (median �� SD, ng/mL) P-valuea 
A61G A/A 10 0.60 � 0.76 0.3 

 1.03 � 1.19 0.5  A/G 3 0.42 � 0.06  0.76 � 0.39 
C1236T C/T 8 0.44 � 0.77 0.5 

 0.65 � 1.39 0.5  T/T 5 0.55 � 0.66  0.97 � 0.37 
G2677T G/G 2 0.28 � 0.08   0.40 � 0.25  
 G/T 9 0.55 � 0.69 0.2  0.97 � 1.22 0.2 
 T/T 2 1.22 � 1.08   1.15 � 0.60  
C3435T C/C 1 0.22   0.58  
 C/T 6 0.83 � 0.82 0.4  1.40 � 1.36 0.2 
 T/T 6 0.46 � 0.63   0.72 � 0.45  
aP-value from Kruskal-Wallis test or Mann-Whitney U test where appropriate. 

Table A-14. Relationship between buprenorphine and norbuprenorphine Ctrough and ABCB1 haplotypes. 

   Buprenorphine Ctrough  Norbuprenorphine Ctrough 
Haplotype Copy # n  (median �� SD, ng/mL) P-valuea   (median �� SD, ng/mL) P-valuea 
AGCGC 0 7 0.46 � 0.58 0.9 

 0.72 � 0.47 0.4  1 5 1.11 � 0.92  1.45 � 1.57 
AGTGC 0 9 0.65 � 0.79 0.3 

 0.72 � 1.29 1.0  1 3 0.42 � 0.17  0.97 � 0.38 
AGTTT 0 3 0.34 � 0.10   0.58 � 0.38  
 1 8 0.60 � 0.72 0.1  1.03 � 1.30 0.3 
 2 1 1.98   1.57  
aP-value from Kruskal-Wallis test or Mann-Whitney U test where appropriate.  

Copy # 0 = non-carriers; 1 = heterozygous carriers; 2 = homozygous carriers. 
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Table A-15. Relationship between buprenorphine and norbuprenorphine Ctrough/dose and ABCB1 genotypes/haplotypes. 

   Buprenorphine Ctrough/dose  Norbuprenorphine Ctrough/dose 
SNP Genotype n  (median �� SD, pg.mL-1.mg-1) P-valuea   (median �� SD, pg.mL-1.mg-1) P-valuea 
A61G A/A 10 74 � 116 0.6 

 107 � 109 0.8  A/G 3 150 � 67  110 � 147 
C1236T C/T 8 74 � 72 0.7 

 99 � 105 0.4  T/T 5 108 � 146  118 � 129 
G2677T G/G 2 94 � 107   79 � 44  
 G/T 9 70 � 40 0.09  96 � 93 0.1 
 T/T 2 313 � 117   337 � 33  
C3435T C/C 1 18   48  
 C/T 6 67 � 46 0.1  133 � 108 0.3 
 T/T 6 139 � 130   114 � 125  
Haplotype Copy #       
AGCGC 0 7 150 � 120 0.07 

 118 � 128 0.1  1 5 56 � 40  75 � 77 
AGTGC 0 9 108 � 113 0.3 

 118 � 107 0.7  1 3 39 � 71  96 � 160 
AGTTT 0 3 150 � 82   110 � 157  
 1 8 74 � 63 0.3  107 � 100 0.6 
 2 1 396   314  
aP-value from Kruskal-Wallis test or Mann-Whitney U test where appropriate.  

Copy # 0 = non-carriers; 1 = heterozygous carriers; 2 = homozygous carriers.  
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Table A-16. Summary table of results from Fisher’s Exact Tests comparing the 

frequency of ABCB1 variant alleles between successful and poor BMT outcome subjects. 

 Fisher’s Exact Test 
SNP Odds Ratio (95% CI) P-value 
A61G 1.22 (0.10 to 15.12) 1.0 
G1199A 1.92 (0.07 to 51.07) 1.0 
C1236T 0.78 (0.15 to 3.93) 1.0 
G2677T 0.71 (0.17 to 3.03) 0.7 
C3435T 1.50 (0.31 to 7.21) 0.7 

High Odds Ratio indicates higher variant allele frequency in successful versus poor treatment group. 

CI: Confidence Interval. 

Table A-17. Summary table of results from Fisher’s Exact Tests comparing the 

frequency of ABCB1 variant alleles between BMT subjects who did or did not 

experience withdrawal (‘withdrawal-ever’a). 

 Fisher’s Exact Test 
SNP Odds Ratio (95% CI) P-value 
A61G 0.21 (0.01 to 4.52) 0.5 
G1199A 0.56 (0.02 to 14.94) 1.0 
C1236T 1.54 (0.24 to 9.90) 1.0 
G2677T 1.50 (0.31 to 7.19) 0.7 
C3435T 0.90 (0.16 to 4.92) 1.0 

High Odds Ratio indicates higher variant allele frequency in subjects experiencing withdrawal. CI: 

Confidence interval. aSee definition in Chapter 3, section 3.3.4.1. 

Table A-18. Primer sequences for the qualitative PCR detection of CD4, CD56 and CD8 

cDNA. 

Assay  Sequence References 

CD4 
Forward 5’-TCA GGG AAA GAA AGT GGT GC-3’ (Habasque et al., 

2002) Reverse 5’-AAG AAG GAG CCC TGA TTT CC-3’ 
    

CD56 
Forward 5’-CCG TGA TTG TGT GTG ATG TGG T-3’ (Ponnampalam et al., 

2008) Reverse 5’-CGA GGT TGG CGG TGG CA-3’ 
    

CD8 
Forward 5’-CCC TGA GCA ACT CCA TCA TGT-3’ (Mocellin et al., 

2003) Reverse 5’-GTG GGC TTC GCT GGC A-3’ 
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Figure B-1. Confidence probabilities of ambiguous phase calls made by PHASE for each 

individual locus, and for the overall diplotype predictions.  
Each point represents a subject with ambiguous gametic phase. Hollow circles represent diplotype 

confidence probabilities for subjects with missing genotype data. 
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Figure B-2. Linear relationships between log2(mRNA concentration) and GAPDH CT 

values over the range of 0.6 to 28 mRNA units in qRT-PCR validation experiments 

(Chapter 5, section 5.2.4.2).  
Solid lines are linear regression best-fit (dotted lines are 95% confidence intervals). Slope (95% 

confidence intervals) for experiments 1-4 were: -1.18 (-1.28 to -1.11); -1.10 (-1.17 to -1.02); -1.01 (-

1.11 to -0.91); -1.07 (-1.12 to -1.01). R2 was greater than 0.98 for all four experiments. 
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Appendix C: Genomic locations, primer recognition sites and PCR product sequences for 

ABCB1 SNPs 

The genomic locations, primer recognition sites and PCR product sequences for the A61G, 

G1199A and C1236T, G2677T and C3435T SNPs of the ABCB1 gene are shown below. 

Numbers in brackets represent genomic distance (in nucleotides) from the transcription start 

site of the ABCB1 gene. Underlined segments represent primer recognition sequences, bold 

nucleotides represent the amplified fragment(s), and shaded nucleotides represent SNP loci. 

 
A61G 
 
 5’-(113,017)CCTGAGGCTCATGCATTTGGCTAATGAGCTGCGGTTTCTCTTCAGGTCGGAATGGATCTTGA 
           
MDR-1b:5’-AGGAGCAAAGAAGAAGAACTTTTTTAAACTGAT-3’ 
ACCGCAATGGAGGAGCAAAGAAGAAGAACTTTTTTAAACTGATCAATAAAAGGTAACTAGCTTGTTTCATTTTCA 
3’-...TACCTCCTCGTTTCTTCTTCTTGAAAAAATTTGACTAGTTA...-5’ 
 
TAGTTTACATAGTTGCGAGATTTGAGTAATTTATTTCTAGCCTCCAGCTCTGAAATAAATGACATGTTGTTGTTT 
 
 
TTAATTATTTTTAAGAAACGCAAGCTAGCCTTTGGAATCAATATCCCTGCTTAGAGCAGAAGTTTGTTGGCTGAG 
      3’-CGTTCGATCGGAAACCTTAG-5’:MDR-6 
 
TGGAGCACAGCATATGCATTTTCCCTGTCTTTTTTGTTCTTTCTTTTAATGATACATAATATT(113,368)-3’ 
 
 
 
G1199A and C1236T 
 
5’-(162,591)ACTTTATCCAGCTCTCCACAAAATATCACTAAAAGTAGTTATTGTAACCTAGTAATCTCTTAA 
 
                     MDR-24:5’-CAGCTATTCGAAGAGTGGGC-3’ 
AATTTGATTCTGTTTAGAAGCCAAGTATTGACAGCTATTCGAAGAGTGGGCACAAACCAGATAATATTAAGGGAA 
                     3’-...AACTGTCGATAAGCTTCTCACCCGTGTT...-5’ 
 
ATTTGGAATTCAGAAATGTTCACTTCAGTTACCCATCTCGAAAAGAAGTTAAGGTACAGTGATAAATGATTAATC 
 
 
AACAATTAATCTATTGAATGAAGAGTTTCTGATGTTTTCTTGTAGAGATTATAAAAAAGTGCATGTATATTTAAA 
 
 
CCTAGTGAACAGTCAGTTCCTATATCCTGTGTCTGTGAATTGCCTTGAAGTTTTTTTCTCACGGGTCCTGGTAGA 
      3’-GGAACTTCAAAAAAAGAGTGAA-5’:MDR-25 
 
TCTTGAAGGGCCTGAACCTGAAGGTGCAGAGTGGGCAGACGGTGGCCCTGGTTGGAAACAGTGGCTGTGGGAAGA 
 
 
GCACAACAGTCCAGCTGATGCAGAGGCTCTATGACCCCACAGAGGGGATGGTGAGATGACCCATGCGAGCTAGAC 
 
 
CCTGCGGTGATCAGCAGTCACATTGCACATCTTTCTGATGTTGCCCTTTCAATTACAAATGTATGAAAGTCACAC 
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TTACTTTTTATTCCAGGTCAGTGTTGATGGACAGGATATTAGGACCATAAATGTAAGGTTTCTACGGGAAATCAT  
             3’-CAGTCACAACTACCTGTCCTA-5’:C1236R 
 
TGGTGTGGTGAGTCAGGAACCTGTATTGTTTGCCACCACGATAGCTGAAAACATTCGCTATGG(163,317)-3’ 
 
G2677T 
 
5’-(181,656)TGAATATAGTCTCATGAAGGTGAGTTTTCAGAAAATAGAAGCATGAGTTGTGAAGATAATATT 
 
                                      MDR-9:5’-TGCAGGCTATAGGTTCCAGG-3’ 
TTTAAAATTTCTCTAATTTGTTTTGTTTTGCAGGCTATAGGTTCCAGGCTTGCTGTAATTACCCAGAATATAGCA 
                  3’-...CAAAACGTCCGATATCCAAGGTCCGAAC...-5’ 
 
AATCTTGGGACAGGAATAATTATATCCTTCATCTATGGTTGGCAACTAACACTGTTACTCTTAGCAATTGTACCC 
 
 
ATCATTGCAATAGCAGGAGTTGTTGAAATGAAAATGTTGTCTGGACAAGCACTGAAAGATAAGAAAGAACTAGAA 
 
 
GGTGCTGGGAAGGTGAGTCAAACTAAATATGATTGATTAATTAAGTAGAGTAAAGTATTCTAATCAGTGTTATTT 
   3’-CCCTTCCACTCAGTTTGATTT-5’:MDR-10a 
3’-CGACCCTTCCACTCAGTTTG-5’:G2677RWT 
3’-AGACCCTTCCACTCAGTTTG-5’:G2677RV 
 
TGTTACTCCCTACTGCTTACTATGCTCTAAGAATGTGTTTATAACCATTCCTCAAAGCAATCT(182,082)-3’ 
 
 
 
 
C3435T 
 
5’-(203,663)ATCTCACAGTAACTTGGCAGTTTCAGTGTAAGAAATAAGATGTTAATTGTGCTACATTCAAAG 
 
                                  C3435TF:5’-TTGATGGCAAAGAAATAAAGC-3’ 
TGTGCTGGTCCTGAAGTTGATCTGTGAACTCTTGTTTTCAGCTGCTTGATGGCAAAGAAATAAAGCGACTGAATG 
                                    3’...GACGAACTACCGTTTCTTTATTTCGCTGA...5’ 
 
TTCAGTGGCTCCGAGCACACCTGGGCATCGTGTCCCAGGAGCCCATCCTGTTTGACTGCAGCATTGCTGAGAACA 
 
 
TTGCCTATGGAGACAACAGCCGGGTGGTGTCACAGGAAGAGAGTGTGAGGGCAGCAAAGGAGGCCAACATACATG 
 
 
CCTTCATCGAGTCGCTGCCTAATGTAAGTCTCTCTTCAAATAAACAGCCTGGGAGCATGTGGCAGCCTCTCTGGC 
    3’-GCTCAGCGACGGATTACATTC-5’:C3435TR 
 
CTATAGTTTGATTTATAAGGGGCTGGTCTCCCAGAAGTGAAGAGAAATTAGCAACCAAATCA(204,088)-3’ 
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