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Abstract

Investigating the mechanisms of regulation of drug disposition is important in 
understanding pharmacokinetic (PK) variability and rationalising drug-drug 
interactions. Ultimately, drug absorption in the intestine and drug elimination from 
the liver are the major determinants of PK. Key proteins involved in these 
processes are cytochrome P450 enzymes (CYPs) and ABC-transporters. These 
proteins are transcriptionally regulated by a complex network of nuclear receptor 
(NR) type transcription factors and many of these NRs are activated by 
endogenous or exogenous chemicals. The study of these mechanisms in rodent 
models has been complicated by the reported species differences in activation of 
NRs. The aim of this thesis was to assess the spectrum of induction of CYPs, 
transporters and NRs in response to paradigm NR-activators in a battery of 
human and rat in-vitro systems.

The aim of chapter two was to validate robust methodology for 
quantitatively assessing mRNA and protein expression of CYP2B6, CYP3A4, 
ABCB1, ABCC1, ABCC2, CAR, FXR, PXR and their rat homologues. In addition, 
since there are many conflicting reports in the literature, the impact of using 
dexamethasone (DEX) as a media supplement was assessed. Previous studies 
have illustrated species differences with pregnenalone-16a-carbonitrile (PCN) 
activating rodent but not human PXR, and rifampicin (RIF) activating human but 
not rodent PXR. The data presented in this chapter illustrate that DEX induces 
human PXR, CYP3A4, ABCB1 and rat orthologues. Furthermore, in the absence 
of DEX, RIF and PCN increased expression of human CYP3A4, ABCB1 and rat 
orthologues to a similar extent. These data suggest that there is a maximal 
induction and the addition of DEX effectively increases the baseline. However, 
since the maximum is fixed a reduction in the observed effect is evident. 
Therefore, although there are species differences in activation of PXR, the 
impact on target gene expression appears to be similar. For this reason, DEX 
was not incorporated into the culture media in subsequent chapters.

The aim of chapter three was to investigate the impact of Phénobarbital 
(PB; CAR activator), PCN (rodent PXR activator), chenodeoxycholic acid (CDCA; 
FXR activator), RIF (human PXR activator) and 9-c/s-retinoic acid (9-c/sRA; RXR 
activator) on expression of CYPs, transporters and NRs in human (Caco-2) and 
rat (iec-6) intestinal cell lines. Significant induction of transcripts in both human 
and rat intestinal cell lines were observed. However, some differences were seen 
in the induction profiles in Caco-2 versus lec-6 cells. In general, logarithmic 
correlations between the changes in mRNA and protein were also observed. 
Lower changes in mRNA elicited linear increases in protein but there appeared to 
be a threshold beyond which no additional increase in protein was observed.

In chapter four, these experiments were repeated in the human (HepG2) 
and rat (H411e) hepatic cell lines. Again, induction of transcripts in both human 
and rat hepatic cell lines was observed. In hepatic and intestinal cell lines, 
concentration-dependent responses were observed in most cases. However, in 
some cases, bell shaped concentration-response profiles were observed. In most
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cases these were related to toxicity but in some cases sub-maximal induction 
was observed at concentrations that were non-toxic. These data indicate that 
using a single concentration may result in gross underestimation of induction and 
may also explain some of the discrepancies in the literature. Logarithmic 
correlations between the changes in mRNA and protein in HepG2 and H411e 
cells were also observed. Similar to intestinal cell lines, lower changes in mRNA 
elicited linear increases in protein. This is most likely due to the time which 
analysis was conducted; mRNA induction being more rapid than that of protein.

The aim of chapter five was to investigate these observations in human 
(cryopreserved from two donors) and rat (fresh) hepatocytes. In these studies, a 
sub-toxic concentration (1pM) causing maximal induction of most transcripts in 
cell lines was chosen and a time course was conducted to circumvent problems 
associated with a decrease in viability over time. Protein was not investigated 
because insufficient material was observed after incubation with typical NR 
activators. Generally, maximal induction was observed at 6 hours in human and 
at 4 hours in rat hepatocytes, and in most instances time-dependent induction 
was observed. Interestingly, there was variation in the observed induction 
between the human donors. These data were in broad agreement with data 
generated in cell lines, and where overlap existed were also in agreement with 
previous studies in the literature.

The aim of chapter six was to investigate activation of a range of human 
NRs by the activators utilised in previous chapters. This was particularly 
important given that similar induction of target genes was observed, even where 
species differences have been documented. In order to probe the mechanisms 
that underpin these observations, mammalian 1 hybrid ligand binding assays 
were employed for PXR, VDR, PPARy, LXRa, FXRa and RXRa in Caco-2 and 
CHO-K1 cells. All NRs showed some degree of promiscuity, with LXRa 
appearing the most promiscuous. PPARy was activated by PCN, which is 
particularly interesting in light of previously reported PPAR response elements 
within the PXR proximal promoter. CDCA significantly activated FXRa and LXRa 
in CHO-K1 cells. In addition, LXRa, FXRa and VDR were all activated by CDCA 
in Caco-2 cells.

In summary, variation in induction was observed between model systems 
for both tissue and species. However, in the absence of DEX, both rat and 
human PXR and PXR target genes were activated by PCN and RIF to a similar 
extent. In addition, a number of novel observations were made. For example 
upregulation of NRs by their purported activators was observed, which raises the 
possibility of self regulation. Further studies, which utilise reporter constructs 
from the target gene promoters coupled with NR expression vectors, are now 
required to investigate which NRs are involved. Work has now also begun to 
utilise targeted knockdown of NRs (with SiRNA), in order to determine the 
relative contribution of individual NRs in the reported induction.
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General Introduction

1.1 Introduction

For a drug to be effective after oral administration it needs to attain adequate 

concentrations within the systemic circulation and then the site of action. 

Systemic bioavailability of orally administered drugs has primarily been 

considered to be a function of intestinal drug absorption and subsequent phase I 

metabolism in the liver. However, the mammalian intestine has increasingly been 

recognised as an important site of first-pass loss (Shin et a/., 2004). Both 

cytochrome P450s (CYPs) (Kolars et a/., 1994; Kolars et a/., 1992) and efflux 

proteins belonging to the ATP-binding cassette (ABC) transport family 

(Langmann et a/., 2003; Taipalensuu et a/., 2001) are abundantly expressed in 

the intestine and liver and contribute to a reduced bioavailability of numerous 

drugs (Greiner et at., 1999; Paine et a!., 1996).

These enzymes and transporters are known to be regulated by a complex 

network of nuclear receptor (NR) type transcription factors. Many of these NRs 

are activated or repressed by endogenous or exogenous chemicals (including 

drugs). Furthermore, in some cases this provides a mechanism that explains 

many chemically important drug-drug interactions. Therefore it is imperative that 

these mechanisms be studied in order to understand variability in 

pharmacokinetics and drug-drug interactions. This chapter provides an 

introduction to the current knowledge of Cytochrome P450 (CYP), ABC- 

transporters and their regulation by NRs.
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General Introduction

1.2 Cytochrome P450

The CYP family is a group of hemoproteins that play a crucial role in the 

oxidative metabolism (phase I) of clinically-used drugs and other xenobiotics. 

Generally, CYP enzymes bind two atoms of oxygen resulting in the formation of a 

water molecule together with the production of a metabolite, generally more polar 

than the parent drug. Furthermore, hydroxylation, dealkylation or oxidation 

occurs, but also ring-opening and reduction can take place. The CYP superfamily 

is sub-classified (e.g. CYP1, CYP2, CYP3, etc.) where the primary structure is 

more than 40% identical, and in subfamilies (labelled with letters A, B, C, etc.) 

where the primary structure is more than 55% identical (Gonzalez, 1988; Nelson 

et a/., 1993). Finally, an Arabic number is used to represent individual enzymes.

In humans, greater than 50 isoforms have been identified with approximately 35 

being of clinical importance. It is primarily the CYP families 1, 2, and 3 that are 

responsible for the metabolism of drugs and other xenobiotics. However, they are 

also involved in metabolic conversion of a variety of endogenous compounds 

such as vitamins, bile acids and hormones. The CYP isoenzymes from the other 

families are generally involved in endogenous processes, particularly hormone 

biosynthesis. In animals and in man, CYPs are found in virtually all organs, 

notably the liver, intestine, lung and kidney, but also in testis, brain etc. However, 

the liver (300 pmol of total CYPs/mg microsomal protein) and the intestinal 

epithelia (20 pmol of total CYPs/mg microsomal protein) are the predominant
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General Introduction

sites for CYP-mediated drug elimination (Peters and Kremers, 1989; Shimada et 

a/., 1994).

Generally, drug-drug interactions occur as a result of a) induction of the 

expression of metabolising enzymes (CYPs) or, b) as a result of inhibition of 

expression or enzyme activity. One of the intriguing aspects of the CYP family is 

that some, but not all, of the enzymes are inducible (see Table 1.1 for examples 

of inducers). For example, human CYP1A1, CYP1A2, CYP2B6, CYP2C8, 

CYP2C9, CYP2C19 and CYP3A4 are known to be inducible, whereas CYP2D6 

is not. This induction is due to transcriptional activation resulting in increased 

mRNA and subsequent protein synthesis. In contrast, CYP2E1 is induced by 

protein stabilisation. Induction normally results in increased metabolism of the 

inducing xenobiotic itself (auto-induction), or of concomitantly administered 

substrates and/or drugs (see Table 1.3 for examples of CYP substrates), 

resulting in increased clearance and altered pharmacokinetics.

This thesis has focused on CYPs (i.e. CYP2B and CYP3A) important in the 

metabolism of anti HIV drugs. Transcriptional activation of these CYPs is mainly 

mediated via NRs pregnane X receptor (PXR), constituitive androstane receptor 

(CAR), glucocorticoid receptor (GR) and vitamin D receptor (VDR). Induction of 

metabolism usually requires synthesis of new enzyme and may consequently 

take hours to days to develop. However, unlike induction that compromises the 

efficacy of the drug in a time dependent manner, CYP inhibition (Table 1.2 for

4
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General Introduction

examples of CYP inhibitors) is an immediate response and may result in 

undesirable elevations in plasma concentrations of co-administered drugs with 

therapeutic and toxicological consequences. However, inhibition can be 

reversible (which is most common) or irreversible, the latter occurs with suicide 

inhibitors. Inhibitors may be substrates which are metabolized by the same 

enzyme (e.g. kétoconazole for CYP3A4; competitive inhibition) or compounds 

that are merely inhibitors but not substrates of CYPs (e.g. quinidine for CYP2D6; 

non-competitive inhibition). In addition to induction and inhibition, genetic 

polymorphisms can also result in inter-individual differences in metabolic activity. 

Polymorphisms are usually heritable DNA changes that lead to altered production 

or altered catalytic activity. In human, several isoforms, such as CYP2C9 

(Goldstein, 2001), CYP1A1 (Shen etal., 2005), CYP2B6 and CYP2D6 (Cascorbi, 

2003), CYP3A4 (Lamba et al., 2002) and CYP3A5 (Yu et al., 2006) have been 

demonstrated to be polymorphic.

1.2.1 CYP2B (Human)

Several CYP2B isoforms have been identified in several mammalian species. 

These isoforms were among the first microsomal CYPs purified and show potent 

induction by barbiturates, including phénobarbital (PB) (Bullock et al., 1995, 

Graham et al., 2002; Martignoni et al., 2004; Roymans et al., 2005). In human, 

the CYP2B family includes CYP2B6 and CYP2B7. CYP2B6 is expressed in liver 

and in some extrahepatic tissues (including intestine) whereas the pseudogene 

CYP2B7 mRNA has only been detected in lung (Czerwinski et al., 1994) and liver

8



General Introduction

(Lang et al., 2001). Although human CYP2B6 was previously thought to play only 

a minor role in drug metabolism, more recent estimates suggest that CYP2B6 is 

involved in the metabolism of nearly 25% of drugs (Xie and Evans, 2001). Such 

drugs include the anticancer drugs cyclophosphamide and tamoxifen (Sridar et 

al., 2002) the anaesthetics ketamine and propofol (Court et at., 2001; Oda et at., 

2001), procarcinogens such as the environmental contaminants aflatoxin B1 and 

dibenzanthracene (Lang et al., 2001) and antiretroviral non-nucleoside reverse 

transcriptase inhibitors (NNRTIs) such as efavirenz and nevirapine.

In contrast to previous studies that detected CYP2B6 only at 0.2% of the total 

human liver CYP content (Shimada et al., 1994) other studies (Ekins et al., 1998; 

Stresser and Kupfer, 1999) using more selective and specific immunochemical 

detection methods have demonstrated that the average relative abundance of 

CYP2B6 in human liver ranges from 2 to 10% of the total CYP content. In 

addition, significant interindividual differences in hepatic CYP2B6 expression, 

which varies in some studies from 25- to 250- fold, have been reported (Code et 

al., 1997). Although the reasons are unclear, this variability may be due to 

polymorphisms and/or induction. Indeed, recent phamacogenetic studies have 

shown that CYP2B6 genetic variants alter hepatic CYP2B6 protein expression 

and function (Owen et al., 2006), and the pharmacokinetics of several CYP2B6 

substrates (Mutlib et al., 1999). In particular, the CYP2B6-516G>T polymorphism 

in exon 4 affects the pharmacokinetics of efavirenz (Tsuchiya et al., 2004). 

Interestingly, CYP2B6-516G>T polymorphism is more common in certain

9



General Introduction

ethnicities, and the allelic frequency varies from 0.14 in Koreans (Cho et al., 

2004), 0.62 in Papua New Guineans (Mehlotra ef a/., 2006) and 0.28 in 

Caucasians. Previous studies have also reported that liver tissue of females 

express significantly higher amounts of CYP2B6 than that of males and that 

CYP2B6 activity is 3 -  5 -fold higher in Hispanic females than in Caucasian or 

African-American females (Lamba et a/., 2002). This CYP2B6 variability may be 

a result of a combination of polymorphisms that differ in each ethnic group and/or 

by differences in dietary or hormonal activation of NRs (Lamba et a!., 2003).

1.2.2 CYP2B (Rodent)

Rodents express three CYP2B isoenzymes, CYP2B1, CYP2B2 and CYP2B3. 

CYP2B1 and CYP2B2 are structurally related isoenzymes (97% identical) with 

similar substrate specificities (Ryan and Levin, 1990; Thomas et a/., 1987, 

Waxman, 1988). Both are expressed constitutively in liver and extrahepatic 

tissues such as intestine and lung (Lake et at., 2003; Lindell et al., 2003). The 

mRNA expression of CYP2B1 (Lindell et al., 2003) and the pentoxyresorufin 

Odealkylase activity (correlated to CYP2B1/2) appears as high in the small 

intestine as in the liver (de Waziers et al., 1990; Lindell et al., 2003), with the 

highest levels being detected in the duodenum (de Waziers et al., 1990, Zhang et 

al., 1996). Their constitutive expression in liver is believed to be sexually 

dimorphic, with male rats expressing higher CYP2B levels than female rats 

(Schuetz et al., 1990). This sexual dimorphism may be explained by a sex- 

dependent secretion of pituitary growth hormone which suppresses CYP2B
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expression in female rats (Yamazoe et a/., 1987). Interestingly, the CYP2B family 

can be strongly induced in animals as well as humans (both rodent and non

rodent species). In human and mouse, PB up-regulates the CYP2B gene by 

activation of the CAR (see section 1.5.1) (Honkakoski et a/., 2003). Also PXR 

ligands, such as RIF in human (Vignati et a/., 2004) and dexamethasone (DEX) 

in rat (Martignoni et a/., 2004) and mouse (Vignati ef a/., 2004) induce CYP2B, 

demonstrating a cross regulation of this drug metabolising enzyme in which both 

CAR and PXR are involved.

1.2.3 CYP3A (Human)

The CYP3A subfamily plays a crucial role in the metabolism of xenobiotics 

because of its broad substrate specificity. It is highly inducible and can also be 

inhibited by numerous drugs. Therefore large inter-individual differences in 

CYP3A mediated metabolism have been reported. The CYP3A subfamily is the 

most important of all human drug-metabolising enzymes because this subfamily 

is involved in the biotransformation of approximately 50% of therapeutic drugs 

currently on the market. Despite this, it constitutes only 30% of total hepatic CYP 

content. Some examples of drugs metabolised by CYP3A are terfenadine, the 

benzodiazepines midazolam and triazolam, quinidine, lidocaine, carbamazepine, 

dextromethorphan (Nebert and Russell, 2002; Zuber et a/., 2002), HIV protease 

inhibitors (Catanzaro ef a/., 2007) and NNRTIs (Robinson et a/., 1998). In 

addition to drugs, CYP3A is involved in the oxidation of a variety of endogenous 

substrates, such as steroids, bile acids and retinoic acid (Marill et al., 2000).
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Humans express four major CYP3A enzymes, CYP3A4, 3A5, 3A7 and 3A43. 

CYP3A4 and its related CYP3A5, are the most abundant CYP isoforms in human 

liver and are involved in the biotransformation of the majority of drugs (Dresser et 

al., 2000). CYP3A4 and CYP3A5 are expressed in liver, stomach, lung, intestine

and renal tissue.

The level of CYP3A4 content is highest in liver with a median value of 70 

pmol/mg microsomal protein, but it is also expressed in the human duodenum, 

jejunum and ileum (31, 23 and 17 pmol/mg microsomal protein, respectively) 

(Paine et al., 1997). It is located at the apex of the enterocytes (Kolars et al.,

1992) and plays a major role in the first pass metabolism of xenobiotics. CYP3A 

protein and catalytic activity decrease longitudinally along the small intestine 

(Benet et al., 2003). Although the levels of CYP3A in the intestine are generally 

10 to 50% lower than those found in the liver, in some individuals CYP3A 

expression is equal to or higher than liver (Paine et al., 1997). This together with 

its strategic localisation at the tip of the villus implies intestinal CYP3A plays a 

major role in drug metabolism in intestine. Thus, the amount of an orally 

administered drug in the systemic circulation can be reduced by intestinal as well 

as hepatic CYP3A

In addition to CYP3A4, CYP3A5 has been recently demonstrated to play a major 

role in adults. Initial data suggested that CYP3A5 accounted for only a small 

proportion of the total hepatic CYP3A content in only about 20% of samples
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(Wrighton et al., 1989). However, more recent evidence indicates that CYP3A5 

may represent more than 50% of the total CYP3A in some individuals (Kuehl et 

al., 2001). Genetic polymorphisms play a major role in variation of CYP3A5 

expression. For example, a single nucleotide polymorphism (SNP) within intron 3 

(6986G>A) results in a premature stop codon. The frequencies of this variant are 

95% in Caucasians, 71% in Japanese, 73% in Chinese, 70% in Koreans and 

27% in African-Americans (Hustert etal., 2001). In addition, within mucosa of the 

colon and the stomach, CYP3A5 protein and mRNA appear to be more 

prominent than CYP3A4 protein and mRNA (Kolars et al., 1994; McKinnon et al.,

1995) .

CYP3A7 and CYP3A43 isoenzymes seem to play a minor role in the metabolism 

of drugs. In fact, CYP3A7 expressed in liver, appears to be very restricted, both 

in terms of its activity and expression (0.2 to 5% of CYP3A4) (Domanski et al., 

2001; Gellner etal., 2001).

Inter-individual differences in oral bioavailability and systemic clearance of 

CYP3A substrates can be attributed, in part, to variable expression of CYP3A in 

the mucosal epithelium of the small intestine (Paine et al., 1997; Paine et al.,

1996) and in the liver (Lown et al., 1994; Thummel et al., 1994). This variation is 

manifested as the differences greater than 10-fold increase in the in vivo 

metabolism of drugs that are substrates for CYP3A enzymes (Thummel et al., 

1994). Genetic factors appear to be of great importance for the interindividual
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variability in constitutive expression and activity of CYP3A, but the underlying 

mechanisms remain largely unknown (Ozdemir et al., 2000). Functional 

polymorphisms of the CYP3A4 gene have been studied, and different CYP3A4 

alleles have been found (www.imm.ki.se/CYPalleles). However, these mutations 

are rare and only a few of them appear to influence function.

1.2.4 CYP3A (Rodent)

In rats, CYP3A1/3A23 (Carriere et at., 1994; Lennernas, 2003), CYP3A2 

(Glaeser et at., 2002), CYP3A9 (Pang et al., 1996), CYP3A18 (Peterson and 

Mooseker, 1992) and CYP3A62 have been reported as the major CYP3A forms. 

Previous studies appeared to show that these CYP3A forms may be expressed 

in a sex-specific manner. For example, CYP3A2 (Artursson et a!., 1996) and 

CYP3A18 (Tom et at., 1976) have been reported as male specific forms, whereas 

CYP3A9 appears to be a female dominant form (Tom et al., 1976) However, 

more recent studies indicate that the CYP3A9 expression profile is similar to that 

of human CYP3A4 (Matsubara et al., 2000). CYP3A62 is the predominant form in 

the intestinal tract, whereas CYP3A1 and CYP3A2 are detected only in the liver 

(Johnson et al., 2002). In addition, CYP3A9 and CYP3A18 were mainly detected 

in the liver, although a low expression is also detected in the intestinal tract 

(Moore et al., 2000a). Many discrepancies in metabolism between rats and 

humans have been reported. For example, many prototypical substrates of 

human CYP3A enzymes, such as dehydropyridine calcium channel blockers (e.g.
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nifedipine) are not metabolised by rat CYP3A1 (Kostrubsky et al., 1999; 

Sandstrom etal., 1998).

Induction of the rodent CYP3A family is extensively studied because of its 

importance on drug metabolism in man. The CYP3A protein is highly inducible by 

drug exposure, mainly through transcriptional activation. The major part of 

CYP3A4 transcriptional activation is thought to be mediated via PXR (Lennernas 

et al., 1997). Hence, the activation of PXR by xenobiotics is assumed to be a 

good indicator of induction of the CYP3A4 gene. In human and dog, RIF is a 

strong inducer of CYP3A (Diamond, 1977; Maliepaard et al., 2001), but this is not 

the case in rat and mouse (Chuang et al., 2001). Conversely, dexamethasone 

(DEX) and pregnenolone 16a-carbonitrile (PCN) are strong PXR activators 

and/or inducers of CYP3A in rodents (Maliepaard et al., 2001; Sun et al., 2002). 

In addition, DEX induces CYP3A in human, but not in dog (Tsuji and Tamai, 

1996). These observed differences of induction among species have been 

attributed to differences in the ligand binding domain of PXR. Therefore, 

extrapolation of animal induction data for the CYP3A subfamily to human has 

been problematic (Peterson and Mooseker, 1992). In addition to PXR activation, 

compounds that are poor PXR ligands may still be potent CYP3A activators 

through alternative routes. Such routes may include activation of alternative 

ligand-activated nuclear receptors, such as glucocorticoid receptor (GRa) 

(Pascussi et al., 2001; Necela et al., 2004), CAR (Pascussi et al., 2004) and the
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vitamin D receptor (VDR) (Xu et al., 2006; Drocourt et al., 2002; Xie et al; 2001; 

Thummel et al., 2001) (Figure 1.1)

1 a The ATP-Binding cassette fABCl family of transporters

The ATP-binding cassette (ABC) superfamily of efflux transporters influences the 

intracellular concentration of numerous compounds in a variety of cell types, the 

liver and the gastrointestinal tract (Cordon-Cardo et a!., 1990; Langmann et al., 

2003; Schuetz et al., 1996; Taipalensuu et al., 2001). These transporters play a 

major role in limiting the absorption of potentially toxic xenobiotics. The ABC- 

transporter P-glycoprotein (P-gp, ABCB1) is doubtless the best characterised 

human drug transporter, but there is rapidly increasing understanding of the 

regulation and function of other members of this family such as ABCCs 

(multidrug resistance-related proteins, MRP/ABCC) and ABCG2 (breast cancer 

resistance protein; BCRP). In total, there are at least 49 members of the ABC-

transporter family, sub-dived into 7 subfamilies

(http://nutrigene.4t.com/humanabc.htm).

Physiological functions of the ABC transporters include the transport of lipids, bile 

acids, peptides and toxic compounds. Their role in disease is exemplified by 

mutations in the ABCC2/MRP2 gene, which causes the Dubin-Johnson 

syndrome (Gotoh et al., 2000). In addition, polymorphisms in the ABCB1 gene 

result in kinetic alterations that may have an impact on the pharmacokinetics and 

efficacy of substrates (Hoffmeyer et al., 2000; Kerb et al., 2001). Transport of
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substrates occurs in an active ATP-dependent manner (Figure 1.1) and can take 

place against considerable concentration gradients. ATP-hydrolysis provides the 

required energy for this process (Shapiro and Ling, 1998; van Helvoort et a/.,

1996).

O u t s i d e  c e l l

M e m b r a n e

I n s i d e  c e l l

Figure 1.1. Schematic representation of the function of P-gp. Black objects 
represent substrates (adapted from: Gottesman, M.M. and Pastan, I. (1993) 
Annu. Rev. Biochem. 62, 385-427)

1.3.1 ABCB1

The basic structure of ABC transporters, exemplified by that found in P-gp 

(Figure 1.2) is thought to consist of 12 transmembrane segments and two ATP- 

binding sites in a protein consisting of about 130 amino acids. How ABC- 

transporters work is not known in great detail. For instance there is still doubt 

about the site and number of substrate binding sites in ABC-transporters such as 

P-gp (Borst and Elferink, 2002). Nevertheless, several models have been 

presented for transport mechanisms (Litman et a!., 2001). The most striking
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properties of P-gp are its broad substrate specificity, and that it transports a large 

number of structurally diverse drugs used in a range of clinical applications 

(Schinkel and Jonker, 2003). Hydrophobicity, planar aromatic rings and the 

presence of tertiary amino groups favour substrate interaction with P-gp, but no 

structure activity relationships have been identified (Ambudkar et al., 1999; 

Seelig, 1998; Seeiig and Landwojtowicz, 2000). Recently, pharmacophore 

models of P-gp substrate affinity have been proposed, generally containing 

aromatic ring or hydrophobic functionalities as well as hydrogen bond acceptor 

groups (Ekins et al., 2002; Pajeva and Wiese, 2002). Identification of compounds 

that are P-gp substrates can aid drug candidate selection and optimisation. 

Several studies suggest that the physiological role of P-gp is to protect the 

organism from toxic compounds. This suggestion is partly based on the fact that 

P-gp is expressed at barriers involved in drug excretion including the liver and 

intestinal epithelium. Variations in the expression levels and the activity of P-gp 

may therefore have a major impact on the therapeutic efficacy of many drugs 

(Brinkmann et al., 2001)

There are two rat orthologues encoding genes for human ABCB1, ABCBIa  and 

ABCBIb. Both ABCBIa and ABCBIb, which together embody all functions 

displayed by one single human ABCB1 (Devault and Gros, 1990), are expressed 

in liver and intestinal endothelial cells (Regina et al, 1998; Kwan et al, 2002). 

Although there is considerable overlap between the expression of ABCBIa  and 

ABCBIb (Croop et al, 1989), the overall distribution of these two genes coincides
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with that of the single ABCB1 gene in humans (van de Vrie et al, 1998). 

However, the two rodent ABCB1 genes differ in their patterns of relative

Figure 1.2. Schematic representation of the primary structure of P-gp as 
embedded in the plasma membrane. The molecule contains 1280 amino acids 
spanning 28 exons. Larger black dots show the location of some of the identified 
SNPs (modified from: Ambudkar, S.V. et al. (2003) Oncogene 22, 7468-7485

expression in normal tissues (Borst et al., 1993). The rodent ABCBIa  gene is 

expressed at a high level in the intestinal epithelium and in the capillaries of the 

brain and testis, while the ABCBIb  gene is expressed preferentially in the
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adrenal gland, pregnant uterus, and ovaries. In the rat, significant levels of both 

ABCBIa and ABCBIb mRNA are present in many other tissues, including liver, 

kidney, lung, heart, and spleen (Borst eta!., 1993; Croop eta!., 1989).

In order to characterise the normal physiological functions of the drug 

transporting P-gps, rodents with a disruption of the ABCB1a/b genes have 

previously been generated (Schinkel et a/., 1997; Schinkel et at., 1994). 

Interestingly, ABCB1 knockout mice develop normally, are fertile, and do not 

exhibit obvious abnormalities. Thus, under laboratory conditions drug 

transporting P-gps are not essential for the basic physiological functioning of the 

organism. However, these mice are very sensitive to certain xenobiotics and 

display drastic alterations in the pharmacological handling of drugs (reviewed in 

Schinkel, 1998).These effects are due to profoundly reduced clearance of 

substances in excretory organs such as liver, kidney, and intestine, altered 

metabolism and body distribution, and increased intestinal absorption of orally 

administered drugs. Collectively, these processes affect the bioavailability, peak 

plasma concentration and other pharmacokinetic parameters of P-gp substrates 

(Leveque and Jehl, 1995).

P-gps show a high degree of inter- and intraspecies sequence homology, but 

despite their sequence similarity, striking functional differences have been 

observed between individual P-gp isoforms in vitro (Zenaida et a!., 1995). P-gps, 

encoded by human ABCB1 and rodent ABCB1a/b cDNAs, can confer resistance
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to a broad spectrum of natural product drugs on otherwise drug sensitive cells 

(Devault and Gros, 1990; Gros et al., 1986; Ueda et al., 1987). Interestingly, 

qualitative and quantitative differences in the drug resistance phenotypes

Basolateral Membrane

Figure 1.3. Schematic representation of ATP-transporter tissue localisation 
within hepatocytes. Arrows indicate direction of efflux. Light grey circles represent 
rodent transporters and dark grey circles represent human transporters. 
(Abbreviations; ATP: Adenosine triphosphate; TJ: Tight junction; BCRP: Breast 
cancer resistant protein; ABC: ATP-binding cassette; GS-conjugates. glutathione 
S-conjugate)

imposed by human ABCB1 and rodent ABCB1a/1b have also been reported 

(Tang-Wai et a/., 1995). Differences are also evident between rodents, for 

example rat ABCBIa  lacks four consecutive amino acids in the first extracellular
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loop compared to mouse ABCBIa. Moreover, when the amino acid sequences of 

other drug transporting P-gps are compared, it is evident that the most divergent 

segments are the amino terminus and the short linker domain joining the two 

homologous halves (Gottesman and Pastan, 1993).

1.3.2 ABCC1

First sequencing of human ABCC1 revealed it to be an ABC transporter, but only 

very distantly related to P-gp. Its closest known human relative at the time was 

the cystic fibrosis transmembrane conductance regulator (CFTR/ABCC7). 

Despite the lack of amino acid sequence identity with P-gp (approximately 19% 

overall), in vitro experiments confirmed the ability of ABCC1 to confer resistance 

to a number of natural product drugs (Cole et a!., 1994; Grant et al., 1994). 

ABCC1 is a high-affinity transporter of the cysteinyl leukotriene C4 and is 

responsible for the systemic release of this cytokine in response to an 

inflammatory stimulus. However, the substrate specificity of ABCC1 is extremely 

broad and includes many organic anion conjugates of structurally unrelated 

endo- and xenobiotics. In addition, ABCC1 transports unmodified hydrophobic 

compounds, such as natural product type chemotherapeutic agents and 

mutagens, such as aflatoxin B1.

The ability of ABCC1 to transport many of these putative substrates has now 

been confirmed by in vitro transport studies using membrane vesicles from 

ABCC1 transfected cells (Cole, 1992; Cole et al., 1989). ABCC1 transported 

structurally unrelated compounds with different anionic substituents (Loe et al.,
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1996a; Loe et a i, 1996b). These studies also showed that the rank order of 

potency of inhibition is substrate dependent, suggesting that substrates and 

‘inhibitors’ of ABCC1 establish distinct but overlapping contacts with a common 

binding pocket in the protein (Loe et a!., 1996b; Ito et a!., 2001a). Unlike many 

ABC proteins, ABCC1 contains three rather than two membrane spanning 

domains (MSDs) (Figure. 1.4) (Bakos et at., 1996; Cole et a/., 1992; Grant et a/., 

1997; Hipfner et a/., 1997). The additional MSD (MSDO) of ABCC1 has been 

shown experimentally to contain five transmembrane (TM) helices. The two core 

MSDs (MSD1 and MSD2) have a more typical ABC structure, each containing 6 

TM helices and an intracellular COOH-terminus connected to a nucleotide

binding domain (NBD) (Hipfner et a!., 1997).

MSDO MSD1 MSD2
TMs 1-5 TMs 6-11 TMs 12-17

COOH

NBD1

cV , / 3

NBD2

Figure 1.4. Schematic representation of the primary structure of ABCCs. 
Membrane spanning domains (MSD) and transmembrane helices (TMs) known 
to contain amino acid residues that influence substrate specificity are marked 
with an asterisk. Conserved motifs in the nucleotide binding domains (NBDs) are 
indicated by: A, B and C (the ABC signature) (Modified from Campbell et a i, 
2004).
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ABCC1 is localized to the basolateral membrane of epithelial cells in most tissues 

of polarised cells (Konig et al., 1999) and therefore pumps its substrates into the 

interstitial space rather than excreting them into the bile or gut (Borst et al., 2000; 

Borst et al., 1999). Nevertheless, studies of ABCC1 ( - / - )  mice have revealed 

that ABCC1 has an important protective role in many tissues and organs (Borst 

et al., 1999). ABCC1 is ubiquitously expressed throughout the body including 

kidney glomeruli and distal collecting tubules, where it serves to protect cellular 

layers from the toxic effects of exogenous and endogenous compounds (Peng et 

al., 1999). In addition, the distal segments of the collecting tubules are a major 

site of corticosteroid action and it is believed that ABCC1 might play a role in the 

export of these compounds (Peng et al., 1999). Within the colon, the highest 

levels of both rodent ABCC1 and human ABCC1 are found in the Paneth cells, 

located in the crypts. Thus ABCC1 is present in the proliferative cell compartment 

suggesting it may function to protect this cellular layer from damage induced by 

xenobiotics (Peng et al., 1999).

1.3.3 ABCC2

ABCC2, previously called canalicular multispecific organic anion transporter 

(cMOAT or MRP2), is a 190 kDa plasma membrane phosphoglycoprotein. 

ABCC2 is disregulated in some physiopathological situations, especially 

cholestasis (Trauner et al., 1997), and experimental data indicates that its 

expression is also affected in response to exposure to biliary acids, hormones 

and xenobiotics (Fardel et al., 2001). Furthermore, ABCC2 is thought to mediate
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the transport of organic anions, including glucuronide, sulphate and glutathione 

conjugates, across the canalicular hepatocyte membrane (Keppler et al., 1998).

Similarly to ABCC1 and P-gp, ABCC2 handles some anticancer drugs and 

ABCC2-transfected cells thus display resistance to epiodophyllotoxins, 

methotrexate, vincristine, doxorubicin and cisplatin (Cui et al., 1999). Beyond 

cancer, in vesicular transport studies certain HIV protease inhibitors, such as 

saquinavir, have been shown to be substrates (Zelcer et al., 2003). However, in 

vitro studies clearly showed ABCC2 inhibition by other antiretrovirals, particularly 

by delavirdine, efavirenz, and emtricitabine (Weiss et al., 2007).

Owing to the major role played by ABCC2 in biliary elimination, precise 

knowledge of factors affecting its hepatic expression is required. Recent data 

have indicated that expression of ABCC2 can be altered by compounds known to 

modulate the expression of drug metabolising enzymes (Payen et al., 2002). 

Indeed, dexamethasone (DEX), a potent inducer of hepatic CYP3A1/2 in rats, 

also strongly enhances ABCC2 expression (Courtois et al., 1999a; Cui et al., 

1999). Similarly PB which markedly up-regulates CYP2B1/2 and CYP3A1/2 in 

hepatocytes (see section 1.2.1) has been found to increase ABCC2 gene 

expression in hepatoma cells. The effects of PB on hepatic function has been 

extensively studied. By contrast, hepatic induction of ABCC2 by PB remains 

poorly characterised. Interestingly, ABCC2 and rat CYP2B1/2 and CYP3A1/2 are 

differentially regulated by PB, in particular in in vivo situations. This suggests that
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cellular and molecular mechanisms underlying up-regulation of ABCC2 are 

unrelated to those for CYPs.

ABCC2 transports a large range of organic anions and endogenous compounds 

and affects the pharmacokinetics of clinically important drugs (Huisman et a/., 

2005). Many of these substrates are common with ABCB1 (Schinkel and Jonker, 

2003). ABCC2, not only acts as a protective barrier in the intestine and liver, but 

also in the kidney and brain (Borst et a/., 1999). ABCC2, similarly to ABCC1 

(Figure 1.4) contains 17 transmembrane segments organised in three 

membrane-spanning domains (MSD1, also known as MSDO, MSD2 and MSD3). 

The N-terminal domain TMDO, of approximately 200 amino acids, has an 

extracytosolic NH2-terminus (Borst et a!., 1999). ABCC2 also contains two 

cytosolic nucleotide-binding domains (NBD1 and NBD2) to which ATP binds.

Expression of ABCC2 is predominately at the hepatocyte canalicular membrane; 

it is also present at the brush-border membrane of renal proximal tubule cells and 

absorptive enterocytes and at the apical membrane of gallbladder epithelial cells 

(Borst et al., 2000; Konig et al., 1999; Rost et al., 2001). Mutant rat strains 

lacking ABCC2 expression (such as the transport deficient Wistar rats therefore 

display a marked deficiency in the biliary elimination of organic anions (Ito et al., 

1997; Oude Elferink et al., 1995; Paulusma et al., 1997). Similarly, in humans, 

Dubin-Johnson syndrome is an autosomal dominant hereditary disease caused 

by an absence of ABCC2 (Kartenbeck et al., 1996). ABCC2 mRNA levels are
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induced following treatment of human and rat liver cells with CDCA (Kast et al., 

2002). However, this regulation likely involves activation of farnesoid X receptor 

(FXR; see section 1.5.3) dimerisation with retinoid X receptor alpha (RXRa), and 

binding to a 26bp sequence of the ABCC2 promotor (Alvarez et al., 2004). This 

sequence is located 440bp upstream of the ABCC2 transcription initiation site 

and contains an everted repeat of the AGTTCA motif separated by eight 

nucleotides (ER-8). Importantly, this sequence has also been found to interact 

with xenobiotic receptors PXR and CAR (Kast et al., 2002) and various PXR 

ligands such as hyperforin (Kast et al., 2002), RIF and nifedipine have been 

shown to upregulate ABCC2 expression in primary human or rat hepatocytes 

(Payen et al, 2004). Administration of RIF to humans also increases ABCC2 

mRNA levels in the duodenum (Fromm et al., 2000). Other PXR agonists, 

including the HIV protease inhibitor ritonavir, have been shown to induce ABCC2 

mRNA levels in primary human hepatocytes (Dussault et al., 2001).

1.4 The nuclear receptor superfamily

Nuclear receptors are grouped into a large superfamily and are thought to be 

evolutionarily derived from a common ancestor (Figure 1.5) (Owen and Zelnet, 

2000). Evolutionary analysis of the receptors has led to subdivision into six 

different subfamilies (Table 1.4). One large family is formed by thyroid hormone 

receptors (TRs), RARs, vitamin D receptors (VDRs) and peroxisome proliferator- 

activated receptors (PPARs) as well as a number of orphan receptors. The 

second subfamily contains, amongst others, the retinoid X receptors and
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Figure 1.5 Unrooted phylogenetic 
trees of the NR family. Group-level 
designations (e.g., OB, 1A,
6A) label the interior branches, but 
common gene names label the 
terminal branches. Bootstrap 
values expressed in percentage 
are indicated at the nodes (branch 
bifurcations). (A) A complete tree 
constructed from the multiple 
sequence alignment of the LBDs of 
all NRs found in rat, mouse, and 
human. Shading highlights groups 
exhibiting rapid evolution. (B) NR2 
subfamily clade (orphan receptors) 
taken from the DBD tree. Shading 
highlights a group exhibiting 
increased conservation. (C) Portion 
of DBD tree showing the 
relationship between subfamilies 
NR4 and NR5.
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hepatocyte nuclear factor 4 (HNF4). The third family is formed by the steroid 

receptors and the highly related orphan receptors oestrogen-related receptors 

[ERRs; orphan receptors homologous to the oestrogen receptor (ER)]. The 

fourth, fifth, and sixth subfamilies contain the orphan receptors, nerve growth 

factor l-B (NGFI-B), steroidogenic factor-1 (FTZ-1/SF-1) and germ cell nuclear 

factor (GCNF), respectively.

All nuclear receptors modulate gene transcription, although between the classes 

there are differences in the mechanisms through which this is achieved (Ribeiro, 

1995; Aranda and Pascual, 2001; Bain et a/., 2006). Figure 1.6 represents a 

typical nuclear receptor activation pathway. Ligands for nuclear receptors 

circulate in the body bound to plasma proteins. Following dissociation from these 

proteins the ligands enter cells and bind to their receptors. Some ligands enter 

cells through passive diffusion, whereas others gain cellular entrance via specific 

transport processes (Bain et a!., 2006; Chekis et al., 2004; Robinson-Rechavi et

a/., 2002).

Steroid receptors are bound to heat shock proteins (Hsp), such as Hsp90 and 

Hsp70, in the cytoplasm. Upon ligand binding, the free receptors then translocate 

to the nucleus and bind as homodimers to response elements at upstream 

regulatory sites. DNA binding is coupled to the recruitment of transcriptional co

activators such as the p160 family (Xu and Li, 2003). Nuclear receptors can in
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some instances repress gene expression in a ligand-dependent manner, and in 

other cases promote gene transcription.

The class 2 nuclear receptors typically function as heterodimers. Thyroid receptor 

(TR), VDR, RAR and PPAR associate with RXR and bind as a dimeric complex 

to direct repeat response elements (Ribeiro, 1995; Aranda and Pascual, 2001, 

Eckey et a/., 2003; Bain et a/., 2006). The heterodimers are bound to their 

response element regardless of whether ligands are present and in the absence 

of heat shock proteins. Gene activation is suppressed by co-repressors such as 

silencing mediator for retinoic acid and thyroid hormone receptors (SMRT) and 

nuclear co-repressor (NCoR). Co-repressors are displaced by ligand binding 

allowing transcriptional activation to take place (Collingwood et a/., 1999).

1.4.1 The A/B region

This modulatory region is the most variable in size and sequence, in many cases 

containing an AF-1 domain (Pettersson et a/., 2000). Multiple receptor isoforms 

formed from a single gene by alternative splicing or the use of alternative 

promoters diverge in their A/B regions in most cases (Firth et at., 2006). This is 

the case for the various isoforms generated from retinoic acid receptor (RAR) 

genes, which are identical in their DBD and LBD, but differ in their NH2-terminal 

regions. The A/B domain shows promoter- and cell-specific activity which 

contributes to specificity of action among receptor isoforms and possible 

interaction with cell type-specific factors. However, the modulatory domain is the
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target for phosphorylation mediated by different signalling pathways and this 

modification can significantly affect transcriptional activity (Hwang et al., 1999).

L igand

Cell 
membrane

Activation of a ‘typical’ nuclear receptor upon binding of ligand. (Abbreviations: 
HSP' heat shock protein; NR: Nuclear receptor; RNA: Ribonucleic acid, mRNA. 
messenger ribonucleic acid; LBD: ligand binding domain; DBD: DNA binding
domain).
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Table 1.4 Nuclear receptors nomenclature
General Introduction

Name Abbrev Nomenclature Ligand
T R a N R 1A 1 Thyroid horm one

Thyroid horm one receptor
TR P N R 1A 2 Thyroid horm one

R A R a NR 1B 1 R etinoic acid

Retinoic acid receptor RARP N R 1B 2 R etinoic acid

R ARy N R 1B 3 R etinoic acid

P P A R a N R 1C 1 Fatty acids, leukotriene B 4

Peroxisom e proliferators-Activated receptor PPA R P N R 1 C 2 Fatty acids

P PA R y N R 1 C 3 Fatty acids

R ev-erba N R 1D 1 O rphan
R everse erbA

R ev-erbp N R 1D 1 O rphan

R O R a N R 1F1 Cholesterol

R A R -re lated O rph an  receptor R O R P N R 1 F 2 R etinoic acid

R O R y N R 1 F 3 R etinoic acid

LX R a N R 1 H 3 Oxysterols
Liver X  receptor

LXRP N R 1 H 2 Oxysterols

F X R a N R 1 H 4 Bile acids
Fam esoid  X  receptor

FXR P N R 1 H 5 Lanosterol

Vitam in D  receptor V D R N R 1I1
1,25-d ihydroxy .Vitam in D  
Secondary bile acids (e .g . LCA)

P regnane X  receptor P X R N R 1 I2 Xenobiotics, P C N

Constitutive androstane receptor C A R N R 1 I3 Xenobiotics, Phénobarbital

H um an nuclear factor 4
H N F 4 a N R 2A 1 O rphan

H N F4y N R 2A 2 O rphan

R X R a N R 2B 1 Retinoic acid

Retnoid X  receptor R X R p N R 2B 2 Retinoic acid

R X R y N R 2B 3 Retinoic acid

T R 2 N R 2C 1 O rphan
Testis receptor

T R 4 N R 2 C 2 O rphan

Photoreceptor-specific N uc lear receptor P N R N R 2E 3 O rphan

Chicken ovalbum in upstream prom oter- 
transcription factor

C O U P -T F I N R 2F1 O rphan

C O U P -T F II N R 2 F 2 O rphan

ErbA 2-related g e n e-2 E A R2 N R 2 F 6 O rphan

E R a N R 3A 1 O estradio l-17p, Tam oxifen

O estrogen receptor
ER p N R 3A 2

O estradio l-17p, various 
com pounds

E R R a NR 3B 1 O rphan

O estrogen receptor- R elated receptor E R R P N R 3B 2 D E S , 4 -O H  Tam oxifen.

E R R y N R 3B 3 D E S , 4 -O H  Tam oxifen

Glucocorticoid receptor G R N R 3C 1 Cortisol, D exam ethasone

M ineralocorticoid receptor M R N R 3C 2 Aldosterone, spironolactone

Progesterone receptor PR NR3C3
Progesterone,
M edroxvDroqester one acetate

Androgen receptor AR NR3C4 Testosterone, flu tam ide

NGF-induced fac to r B NGFIB NR4A1 O rphan

N euron-derived orphan receptor 1 NOR1 NR4A3 O rphan

Stero idogenic facto r 1 SF1 NR5A1 O rphan

Liver receptor hom ologous protein 1 LRH1 NR5A2 O rphan

Short heterod im eric  partner S H P NR0B2 O rphan
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Several reports indicate that many receptors can be phosphorylated by cyclin- 

dependent kinases and that this phosphorylation is important for ligand 

dependent and ligand-independent transactivation.

1.4.2 The PNA Binding Domain (DBD)

The DBD is the most conserved domain of NRs and confers the ability to 

recognise specific target sequences and activate genes (Figure 1.6). This region 

contains nine cysteines, as well as other residues conserved across the NR 

superfamily which are required for high-affinity DNA binding. Amino acids 

required for discrimination of core DNA recognition motifs are present at the base 

of the first zinc finger in a region termed the “P box,” and other residues of the 

second zinc finger that form the “D box” are involved in dimérisation (Freedman 

and Luisi, 1993). The core DBD contains two a-helices: the first one beginning at 

the third conserved cysteine residue (the recognition helix) binds the major 

groove of DNA making contacts with specific bases, and the second one that 

spans the COOH terminus of the second zinc finger forms a right angle with the 

recognition helix (Moras and Gronemeyer, 1998).

1.4.3 The DNA Binding Motifs

Phénobarbital (PB) response elements are composed of various nuclear receptor 

(NR)-binding sites. A 51-bp distal element PB-responsive enhancer module 

(PBREM) conserved in the PB-inducible CYP2B genes contains two NR-binding 

direct repeat (DR)-4 motifs. Responding to PB exposure in liver, the NR
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constitutive active receptor (CAR) translocates to the nucleus, forms a dimer with 

the retinoid X receptor (RXR), and activates PBREM via binding to DR-4 motifs. 

For CYP3A genes, a common NR site [DR-3 or everted repeat (ER)-6] is present 

in proximal promoter regions. In addition, the distal element called the xenobiotic 

responsive module (XREM) is found in human CYP3A4 genes, which contain 

both DR-3 and ER-6 motifs. Pregnane X receptor (PXR) could bind to all of these 

sites and, upon PB induction, a PXR:RXR heterodimer could transactivate 

XREM. These response elements and NRs are functionally versatile, and 

capable of responding to distinct but overlapping groups of xenochemicals.

1.4.4 The hinae region

The D domain is not well conserved among the different receptors, serving as a 

hinge between the DBD and the LBD, this allows rotation of the DBD. The D 

domain in most cases harbours nuclear localisation signals and also contains 

residues where mutations will abolish interaction with NR corepressors 

(Estebanez-Perpina et al.t 2005).

1.4.5 The Lioand Binding Domain (LBD)
The LBD binds ligand, mediates homo- and heterodimerisation, interaction with 

heat-shock proteins, ligand-dependent transcriptional activity and hormone 

reversible transcriptional repression. The LBDs contain two well-conserved 

regions: a “signature m otif and the COOH-terminal AF-2 motif responsible for 

ligand-dependent transcriptional activation (Wurtz et a!., 1996). The LBDs are 

formed by 12 conserved a-helical regions numbered from H1 to H12.
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Proteins of the nuclear receptor super-family are single polypeptide chains 
consisting of three major domains: a variable amino-terminal domain a highly 
conserved DNA-binding domain (DBD), and a less conserved carboxyl-terminal 
ligand binding domain (LBD). AF: activation function (domain 1 and 2). H: hinge 
(Roemer et al., 2006).

1D

3D

N-terminal
domain

Hinge
region

C-terminal
domain

A/B C D
DNA binding 

domain (DBD)

Ligand

LBD

Ligand binding 
doman (LDB)

Top1”  Schematic 1D amino acid sequence of a typical nuclear receptor 
Bottom -  3D structures of the DBD (bound to DNA) and LBD (bound to ligand) 
regions of the nuclear receptor. The structure shown is of the oestrogen receptor 
N-terminal domain (A/B), hinge region (D), and C-term.nal domain (E) (Roemer et
al., 2006).
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A conserved 0-turn is situated between H5 and H6. When comparing unliganded 

and ligand-bound receptors, several differences are evident. The liganded 

structures are more compact than the unliganded ones, demonstrating that upon 

ligand binding the receptors undergo a clear conformational change (Uppenberg

etal., 1998).

1.4.6 Hormone Response Elements (HREs)
NRs regulate transcription by binding to specific DNA sequences in target genes, 

which are termed hormone response elements (HREs). These elements are 

located in regulatory sequences normally present in the 5’-flanking region of the 

target gene. HREs are found relatively close to the core promoter, and in some 

cases they are present in enhancer regions several kilobases upstream of the 

transcriptional initiation site (O'Malley, 2005). The analysis of naturally occurring 

and synthetic HREs revealed that a sequence of 6 bp constitutes the core 

recognition motif (Shaffer and Gewirth, 2002). Furthermore, two consensus 

motifs have been identified: the palindromic (Pal; nucleotide sequence of one 

strand reads in reverse order to that of the complementary strand) 15bp 

sequence, which consists of two hexameric half-sites (5'-AGAACA-3') arranged 

as an inverted repeat (IR; with a 3-bp (IR; sequence of nucleotides that is the 

reversed complement of another sequence further downstream) that is 

preferentially recognized by steroid class III receptors, whereas the direct repeat 

(DR; an identical or closely related nucleotide sequence present in two or more 

copies in the same orientation within the same molecule) AGG/TTCA, serves as
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a recognition motif for the remaining superfamily of receptors (Simoncini et a/.,

2000).

1.4.7 Monomers. Homodimers, and Heterodimers
Orphan NRs can bind DNA with high affinity as monomers. Monomeric NRs 

utilize the C-terminal extension (CTE) of the LBD to recognize that sequence. 

The third helix formed by the CTE can make extensive contacts with the minor 

groove of DNA and effectively extends the surface contact of the receptor DBD to 

beyond the consensus halfsite recognition sequence. This provides additional 

receptor- DNA contacts in monomeric sites necessary for specific and high- 

affinity binding (Escriva et a/., 2004). Although several nonsteroidal NRs also 

bind DNA as homodimers, preferentially as heterodimers. In this case, RXR is 

the promiscuous partner for different receptors. Heterodimeric receptors such as 

RAR and VDR can bind to their response elements as homodimers, but 

heterodimerisation with RXR strongly increases the efficiency of DNA binding 

and transcriptional activity (Calkhoven and Ab, 1996).

Some monomeric receptors (for instance retinoid-related orphan receptor-a 

(RORa) (Figure 1.7) can also form heterodimers with RXR. These heterodimers 

then recognize DRs rather than a monomeric sequence (Delerive et a/., 2001). 

Homodimeric receptors such as RARs can also form heterodimers with RXR 

(Jimenez-Lara and Aranda, 1999) and bind to a palindrome or an inverted 

palindrome. Furthermore, there are receptors that can bind as monomers, 

homodimers, and heterodimers to different response elements. Because DRs are
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Homodimers Monomers

LBD

DBD

a/t H m

Pal
Heterodimers

Fiaure 1.7. Binding of receptors to the hormone response elements (HREs). 
Receptors can bind as monomers, homodimers, or RXR heterodimers to DNA. 
Dimerization is mediated by a strong dimerization interface (composed of 
hydrophobic heptad repeats) present in the LBD, and cooperative binding of 
receptor dimers is facilitated by a DNA-dependent interface that forms between 
the DBDs. Steroid receptors bind as homodimers to palindromic elements 
spaced by three nucleotides in a symmetrical way. Monomeric binding requires 
the half-core motif preceded by a 59-flanking A/T-rich sequence. Heterodimers 
can recognize diverse HREs in which half-core motifs can be arranged as 
palindromes (Pal), direct repeats (DRs), or inverted palindromes (IPs). The ability 
of binding to these different motifs implies that the DBDs can rotate with respect 
to the LBDs that are held together through the dimerization interface (Aranda et
a/., 2001).
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inherently asymmetric, heterodimeric complexes may bind to them with two 

distinct polarities. However, it has been established that on DR3, DR4, and DR5, 

RXR occupies the upstream half-site, and the heterodimeric partner occupies the 

downstream motif (Zhang and Pfahl et al., 1993).

1.4.8 Nuclear Receptor Interacting Proteins

Investigation of coactivators and corepressors required for regulated actions of 

DNA-binding transcription factors has revealed a network of sequentially 

exchanged cofactor complexes required for regulated gene expression. These 

coregulator complexes possess "sensing" activities required for interpretation of 

multiple signaling pathways. Numerous studies (Spiegelman and Heinrich, 2004; 

Dennis and O’Malley, 2005; Malik and Roeder, 2005; Margueron et al., 2005) 

have revealed that many coactivator and corepressor proteins are components of 

multisubunit coregulator complexes divided into two generic classes. Class I 

consists of enzymes capable of covalently modifying histone tails such as 

acetylating/deacetylating activities (HATs and HDACs),

methylating/demethylating enzymes (e.g., HMT and LSD1), Jamongie domain 

factors, (Jenuwein and Allis 2001; Bannister et al., 2002; Lee et al., 2005) protein 

kinases, protein phosphatases, poly (ADP) ribosylases, ubiquitin, and SUMO 

ligases. The second class includes components of a family of ATP-dependent 

remodeling complexes (for review, see Haushalter and Kadonaga, 2003; Lusser 

and Kadonaga, 2004; Badenhorst et al., 2005; Santoso and Kadonaga 2006). 

Enzymatic activities associated with coregulator complexes are required for

39



General Introduction

modifying specific components of the transcriptional apparatus and chromatin 

machinery in a cell-, gene-, and promoter-specific manner (Peterson et a/., 2002).

In general, unliganded NRs preferentially interact with corepressors to mediate 

repression, whereas liganded receptors are transcriptional activators. However, a 

few exceptions have been identified, as some corepressors, such as ligand- 

dependent nuclear-receptor corepressor (LcoR), receptor-interacting protein 140 

(RIP140) and repressor of oestrogen-receptor activity (REA) (Fernandes et a/., 

2004; Delage-Mourroux et at., 2000), can bind to NRs in a ligand-dependent 

manner and compete with coactivators by displacing them. Ligand binding is the 

crucial molecular event that switches the function of NRs from active repression 

to transcriptional activation (at least in the case of heterodimeric receptors). 

Interactions between NRs and coregulators has provided evidence that hormone 

binding induces a conformational change in the ligand-binding domain of the 

receptor, which results in reduced affinity for corepressors and, simultaneously, 

enhanced affinity for coactivators. Similarly, agonist binding induces a 

conformational change that promotes coactivator binding, whereas antagonist 

binding promotes the interaction with corepressors (Perrisi et a/., 2004)

1.4.9 Retinoid X receptor (RXR)

Three RXR gene products (RXRa, -P, and -y ) have been identified in mammals 

(Altucci and Gronemeyer, 2001; Germain et a/., 2002). RXRs as a family are 

ubiquitously expressed, although individual RXR genes display a unique but 

overlapping pattern of expression. 9-c/sRA is an edogenous ligand for RXRa
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(Lammi et a/., 2007; Germain et a/., 2006) and several natural and synthetic 

RXR-specific ligands have been identified (Whitfield et a/., 1999). Vitamin A, in 

the retinoic acid form, plays an important role in gene transcription. Once 

retinol has been taken up by a cell, it can be oxidized to retinal (by retinol 

dehydrogenases) and then retinal can be oxidized to retinoic acid (by retinal 

oxidase). The conversion of retinal to retinoic acid is an irreversible step, 

meaning that the production of retinoic acid is tightly regulated, due to its 

activity as a ligand for nuclear receptors (Combs et a/., 2008). Retinal can be 

reversibly reduced to produce retinol or it can be irreversibly oxidized to 

produce retinoic acid. In the intestine, vitamin A is protected from being 

chemically changed by vitamin E. Vitamin A is fat-soluble and can be stored in 

the body. Most of the ingested vitamin A is stored in the liver. When required, 

the liver releases some vitamin A, which is carried by the blood and delivered 

to the target cells and tissues (Biesalski and Nohr, 2004)

As metioned above, RXRs participate in a wide range of hormone response 

systems via their association with other NRs as heterodimeric partners e.g PXR, 

CAR and FXR (Steinmetz et a/., 2001). Two types of RXR heterodimeric 

complexes exist: nonpermissive and permissive (Figure 1.5). Both RAR and RXR 

ligands can activate the RAR/RXR complex; however, RXR ligands are effective 

only in the presence of a RAR ligand. The ability of each heterodimeric complex 

to allow RXR ligand binding may be explained in part by distinct intermolecular 

interactions between the RXR AF-2 domain with the coactivator-docking site of
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its partner (Germain et a/., 2004). Therefore, RXRs play a dual role in NR 

signalling as receptor for 9-c/sRA and as a heterodimer partner for several NRs.

RXR ligands are reported to have profound and mixed effects on rat liver drug 

metabolising enzymes and on their own metabolism (Murray et a/., 2001). RXR 

activity appears to enhance, and RAR activity appears to decrease, microsomal 

phase I and II metabolism of retinoids and the levels of some isozymes (Howell 

et a/., 1998). Regardless of the mechanisms involved, the complex effects on 

CYP isozyme profiles indicate that compounds in this class have the potential to 

interact with the metabolism of coadministered drugs that are metabolized by 

CYPs (Howell et a/., 1998). However, considering the very different actions of 

RAR agonists and RXR agonists in other biological systems, it might be 

anticipated that retinoids with differing activities at RAR and RXR would have 

distinct effects on the CYP system (Holleman et a/., 1998).

1.4.10 Preanane X receptor (PXR)

PXR is predominantly expressed in the liver and intestine. Using a Gal4-PXR 

chimeric protein to perform an initial search for PXR activators Lehmann et at., 

1998, found that synthetic pregnanes (C21 steroids) and both glucocorticoid 

ligands (agonists and antagonists) were potent activators of PXR. Interestingly, 

some of these compounds, such as DEX and pregnenolone 16a-carbonitrile 

(PCN), were also well known to induce the expression of CYP3A in rodent liver 

and intestine and cultured hepatocytes (Schuetz, 2001). Similar to its close 

relative VDR, PXR was found to recognise DR-3 HREs as a heterodimer with
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RXR. Furthermore, a DR-3 motif previously demonstrated to be responsible for 

the activation of the CYP3A promoter by DEX and PCN was also found to bind 

PXR (Blumberg and Evans, 1998).

Rodent and human PXR display important differences in their activation profile by 

certain drugs (Nallani et a/., 2003). While PCN acts as a potent inducer of rodent 

PXR, it has only a weak inductive effect on human PXR. Conversely, RIF is a 

strong activator of human but not rodent PXR. These species-specific activation 

profiles were not entirely unexpected since marked interspecies differences had 

been observed in the induction of CYP3A genes (Tirana et a/., 2004). Taken 

together, these results provide convincing evidence that PXR mediates the 

induction of CYP3A genes in response to PCN, DEX, and various other

xenobiotics.

Interestingly, Xie et at., 2002, reported the creation of a transgenic mouse model 

to determine whether the human receptor is sufficient to establish a human 

response profile. First, human PXR transgenic mice were generated by 

expressing the human PXR in the mouse liver. Because the resulting mice 

harbour both mouse PXR and human PXR in their livers, the transgenic mice 

exhibit a chimeric or combined CYP3A response to both the rodent-specific 

inducer PCN and the human-specific inducer RIF. These results imply that mice 

only expressing human PXR could be fully humanised for the xenobiotic 

response. These animals were created by breeding the hPXR/SXR transgene
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into the mouse PXR knockout background. In contrast to the null mice that are 

devoid of CYP3A induction by steroids, replacement of mouse PXR with 

transgenic human PXR restores xenobiotic regulation with a humanised 

response profile. These experiments provide compelling evidence that PXR 

functions as a species-specific xenosensor mediating the adaptive hepatic

response.

Recent studies have demonstrated that PXR activation is a shared mechanism 

mediating induction of both P-gp and CYP3A by xenobiotics (Geick et al., 2001; 

Moore et al., 2000b). Considerable evidence suggests that PXR is the key 

mediator of CYP3A induction by xenobiotics in vivo, and there is reported to be a 

strong correlation between PXR activation in vitro and CYP3A induction in vivo 

(Moore et al., 2000a). However, the relationship between PXR activation in vitro 

and P-gp induction in vivo is not as well defined. Although in vitro experiments 

implicate PXR as a mediator of P-gp and CYP3A4 induction, the systems used 

are a considerable simplification of the situation in vivo. Therefore, a necessary 

progression is to evaluate the relevance of this mechanism in the in vivo setting.

In cultured human hepatocytes, coordinate induction of ABCB1 and CYP3A4 

mRNA has been demonstrated following treatment with PXR activators. Similarly, 

in rodents, hepatic expression of ABCBIa, ABCBIb, and mRNA is coordinately 

induced following treatment with PCN and this induction is PXR-dependent 

(Maglich et al., 2002). It has also been shown that the human and rodent
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orthologues of PXR are activated by compounds that also induce CYP3A 

expression (Kliewer et a/., 1998; Lehmann et al., 1998). PXR activation and the 

induction of CYP3A transcription in human and rat hepatocytes provide strong 

evidence that PXR is a key regulator of CYP3A transcription in a range of 

species, and that much of the cross-species variability in CYP3A regulation can 

be accounted for at the level of PXR activation (Jones et al., 2000). However, 

several of the xenobiotics that induce CYP3A expression, including DEX, PCN 

and PB, activate other NRs (Honkakoski et al., 2003). Thus, other signaling 

pathways are also likely to contribute to the regulation of CYP3A expression.

Regulation and induction of rat and human ABCC2 has also been observed with 

PXR ligands, such as PCN and DEX (Courtois et al., 1999; Johnson and 

Klaassen, 2002), although the mechanisms are not fully understood. Human 

ABCC2 is similarly up-regulated by the human PXR activator RIF (Jones et al., 

2000). However,

1.4.11 Constitutive androstane receptor (CAR)

CAR was originally identified through screening of a cDNA library with a 

degenerate oligonucleotide based on a conserved region of the NR DBDs. CAR 

was found to bind DR-5 HREs as a heterodimer with RXR; sites previously 

shown to be regulated by RAR-RXR complexes in the presence of retinoids or 

rexinoids. CAR was found to activate via a complex HRE present in the CYP2B
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gene in the absence of retinoids, rexinoids, or any other exogenously added 

ligands (Choi et al., 1997).

Despite its constitutive behaviour, the likelihood that CAR activity could be 

regulated by a ligand was considered high, because of its dimerisation with RXR. 

CAR is a steroid receptor for androstenol and androstanol. However, these 

ligands switch the activity of CAR off rather than on (Honkakoski et al., 1998). 

Biochemical analysis of CAR function suggests that the two steroids act as 

inverse agonists, not antagonists, since addition of these ligands facilitates the 

dissociation of CAR from a coactivator protein in vitro (Guo et al., 2007). While 

the constitutive activity of CAR can be suppressed by androstanes, various PB- 

type inducers have been shown to reverse the negative effect of androstanes on 

the human CYP2B6 promoter (Giguere et al., 1999; Arnold et al., 2004). PB is 

the prototype for xenochemicals that induce CYP2B genes (see section 1.2.1). 

This observation suggests that CAR (together with PXR and PPARa) participates 

in a NR based regulatory pathway controlling the expression of CYP genes in 

response to exogenous xenochemicals and endogenous compounds such as 

steroids and lipids.

The mechanism of CYP induction by PB has not been fully elucidated. However, 

PB is known to stimulate both the nuclear translocation and nuclear activation of 

CAR (Sueyoshi and Negishi, 2001). PB also activates PXR (Echchgadda et al., 

2007). However, PB has little or no activity in the activation of rat PXR (Muller, 

2000). Similarly, ABCC2 is induced by PB in HepG2 cells (Kauffmann et al.,
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2002) which suggests that CAR may regulate expression of the human ABCC2 

gene.

1.4.12 Farnesoid X receptor (FXR)

In vitro assays have shown that rat FXR can be activated by high concentrations 

of farnesol (Bishop-Bailey et a/., 2004). Farnesol is an isoprene intermediate in 

the mevalonate biosynthetic pathway and most likely activates FXR via its 

conversion into a higher affinity derivative (Blumberg et a/., 1998). However, the 

activity of the highly homologous rat FXR (RIP14) is not induced by farnesol but 

rather can be stimulated by all trans-retinoic acid (atRA) and the synthetic

retinoid (E)-4-[2-(5,6,7,8-tetrahydro-5,5,8,8-tetramethyl-2-naphthylenyl)-1-

propenyl] benzoic acid (TTNPB). As observed for the action of farnesol on rat 

FXR, high concentrations of RA are required to activate mouse FXR, and no 

evidence of direct binding by RA and TTNPB has been obtained. This suggests 

that FXR serves as a receptor for an unknown metabolite of these activators. 

Because farnesol and retinoids share common metabolic pathways, it is 

expected that the activating compound is a retinoid metabolite. FXR was shown 

to be a receptor for bile acids (Makishima et a/., 1999; Wang et a/., 1999), which 

promote FXR interaction with a coactivator at physiological concentrations. Bile 

acid activated FXR was also shown to enhance transcription from the intestinal 

bile acid binding protein (IBABP) promoter and inhibit transcription from the 

CYP7A promoter, most likely via antagonism of LXRa action (Owsley et a l„ 

2003). Taken together, these results suggest that FXR is a general regulator of
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bile acid metabolism, acting both at the level of the liver through suppression of 

CYP7A to reduce synthesis and at the level of the intestine through activation of 

IBABP to increase recycling of bile acids.
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1.5 Aim of thesis

The primary focus of this thesis is the investigation of the similarities and 

differences in the expression profiles of drug disposition-relevant genes between 

rat and human cell models and thus, determine whether the use of the rat is a 

valid and robust pre-clinical species for humans. This has been done as follow:

i. Design and develop stringent methodology for the detection, isolation and 

quantification of mRNA and protein for the investigation of the impact of 

culture conditions on expression of drug dispostion-relevant CYPs, 

transporters and NRs.

Ü. Identification and comparison of basal level of expression of human CYPs 

(CYP2B6, CYP3A4, CYP3A5, CYP3A7), transporters (ABCB1, ABCC1, 

ABCC2) and NRs (PXR, CAR, FXR) and their rat orthologues (CYP2B2, 

CYP3A1, CYP3A2, CYP3A9, CYP3A18, ABCBIa, ABCB1B, ABCC1, 

ABCC2, PXR, CAR and FXR) in human and rat hepatic and intestinal

cells.

¡¡i. Direct comparison of rat and human hepatic cell lines (H411e and 

HepG2), intestinal cell lines (lec-6 and Caco-2) and human cryopreserved 

primary hepatocytes and rat fresh hepatocytes.
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iv. Investigation of co-operative activation of multiple NRs in response to 

paradigm inducers PB. PCN. CDCA, RIF and 9-c/sRA and identify 

substrate specificity, regulation and fundamental species related 

differences in expression/activation between liver and intestine.

v. Identify the specificity of ligand binding of prototypical inducers for NRs: 

PXR, VDR, PPARy, LXRcr, FXRo and RXRa, in human intestinal cell line

Caco-2 and mammalian ovarian cell line CHO-K1.
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nuclear receptor ligands on mRNA and protein 

expression of drug disposition genes

Section Contents Page
2.1 Introduction 53
2.2 Materials and Methods 58
2.2.1 Tissue samples (Human and Rat) 58

2.2.2 Cell culture (Human and Rat) 59

2.2.3 Primary hepatocytes preparation (Human and 60
Rat)

2.2.4 Assessment of free drug concentrations 61

2.2.5 RNA isolation 62

2.2.6 cDNA synthesis 63

2.2.7 Pico-green based quantitative real-time RT-PCR 63

2.2.8 MGB probe based real-time PCR 64

2.2.9 Microsomal protein isolation (CYP) 65

2.2.10 Crude membrane preparation (transporters) 65

2.2.11 Protein concentration determination 67

2.2.12 Immunoblot (human) 67

2.2.13 Immunoblot (rat) 69

2.2.14 Immunoblot visualisation 71

2.2.15 Densitometric analysis of Immunoblots (Human 71
and Rodent)

2.2.16 Impact of Dexamethasone as a media supplement 71

2.2.17 Cell line characterisation 72

2.2.18 Data analysis 73
2.3 Results 78
2.3.1 Pico-green based mRNA assay validation 78

2.3.2 Free drug concentration 81

51



Chapter 2

2.3.3 Impact of dexamethasone on CYP3A4, ABCB1 
and PXR

81

2.3.4 Impact of dexamethasone on CYP3A9, ABCBIa, 
ABCBIband PXR

83

2.3.5 Cell line characterisation (Human) 85

2.3.6 Cell line characterisation (Rat) 87

2.3.7 Transcript stability in human and rodent primary 
hepatocytes

89

2.3.8 Protein expression in cell lines and tissue (human) 92

2.3.9 Protein expression in cell lines and tissue 
(Rodent)

92

2.4 Discussion 95

52



Chapter 2

2.1 Introduction

ATP-binding cassette (ABC) transporters, drug metabolising enzymes 

(Cytochrome P450; CYP) and key transcription regulators such as nuclear 

receptors (NR) are expressed in many tissues and play a critical role in 

detoxification of endogenous and exogenous compounds. Currently, in vitro 

analysis of expression and regulation of these genes utilise either immortalised or 

primary cell cultures. Immortalised cells have the advantage of ease of 

maintenance and reproducibility of results. However, important differences have 

been reported between laboratories from the same cell lines (Lin, 2006; Sambruy 

et al., 2001). These differences are likely to be multifactorial and involve tissue 

culture conditions, assay sensitivity and transcript stability.

Several studies have shown that primary hepatocyte cultures are a good model 

to qualitatively predict the in vivo scenario (Bort et al., 1996; Hewitt et al., 2001; 

Ponsoda et al., 2001; Salonen et al., 2003). However, once isolated, primary 

hepatocytes are cultured in chemically defined conditions in order to preserve 

biochemical functions and hepatic drug-metabolising enzymes (Ferrini et al., 

1997; Gomez-Lechon et al., 2004; Gomez-Lechon et al., 2003; Guillouzo et al.,

1997). This ‘artificial’ environment differs from that of an intact liver and therefore 

cultured hepatocytes may have significantly different phenotypes than those in 

vivo. Furthermore, differences in metabolism are frequently reported among cell 

culture preparations from different donors. This raises the question of whether 

variability seen in vitro is artifactual or whether it reflects the donor’s phenotype.
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The most commonly used cell line for human transport studies is Caco-2 

(Artursson et al., 2001), which generates permeability data with a good 

correlation with the fraction absorbed in human intestine (Artursson et al., 1991). 

Caco-2 cells are known to express several ABC transporters at levels 

comparable to the human jejunum (Taipalensuu et al., 2001) but significant 

differences in gene expression between Caco-2 cells and human enterocytes in 

respect of other transporters have also been reported (Sun, 2002).

CYP2B, CYP3A and certain ABC transporters are transcriptionally regulated by 

the pregnane X receptor (PXR) (Lehmann et al., 1998). Comparison of the 

sequences from different mammalian species indicate that PXR proteins share 

less than 80% amino acid identity within their ligand binding domains (LBD) but 

the DNA binding domain (DBD) is ~95% similar (Jones et al., 2000). Therefore, 

differences in LBD between species are assumed to be responsible for 

differences in ligands and induction profiles between species. For example, the 

human CYP3A family is upregulated by rifampicin (RIF) and dexamethasone 

(DEX) (Lu et al., 2001) whereas DEX and pregnenalone-16a-carbonitrile (PCN) 

are potent inducers of rat CYP3A. In contrast, RIF is a relatively weak inducer of 

rat CYP3A (Lu et al., 2001); Maurel, 1996). Intriguingly, conflicting studies have 

reported that RIF treatment increases CYP3A protein levels in rat hepatocyte 

cultures and that PCN treatment induces CYP3A mRNA in human cultures 

(Kocarek et al., 1995). More recent data have also indicated that PCN is an 

activator of human PXR in some systems (El-Sankary et al., 2001).
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Compounds that are poor PXR ligands may still be potent CYP3A inducers 

through alternative mechanisms. Such routes may include activation of 

alternative ligand-activated NRs such as the constitutive androstane receptor 

(CAR) and farnesoid X receptor (FXR). PXR, CAR and FXR all heterodimerise 

with the retinoid X receptor (RXR) and activate CYP3A gene expression through 

a direct interaction with the CYP3A promoters (Tein et al., 2007; Xie et al., 2001; 

Blumberg et al., 1998).

Similarly, due to the functional relationship among transporters, their transcription 

is regulated through similar mechanisms (Freedman et al., 1999). Indeed, RAR, 

FXR, PXR and CAR have all been shown to be involved in transcription of drug 

transporters (Freedman et al., 1999). RXRa in complex with RARa regulates 

transcription of rat ABCC2 (Denson et al., 2000) and human ABCC2 is a target 

for FXR (Redinger et al., 2003). The promoter element within the rat ABCC2 

promoter has also been identified to be bound by PXR and CAR (Kast et al., 

2002). With respect to human ABCB1, rat ABCBIa and ABCBIb regulation by 

PXR (Gieck et al., 2001; Synold et al., 2001) and the glucocorticoid receptor (GR) 

have been observed (Zhao et al., 1993).

Molecular techniques such as mRNA and protein analyses, electrophoretic 

mobility shift assay (EMSA) and reporter assays are all employed to study the 

mechanisms that underpin the regulation of gene expression by NRs (Faucette et 

al., 2006; Owen et al., 2006b; Ripp et al., 2006). However, it must be noted that
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some of these methodologies have inherent limitations. For example, EMSA 

utilises synthetic oligonucleotides, which are bound to nuclear proteins in an 

artificial binding buffer and when coupled with the use of high concentrations of 

recombinant proteins have the potential to generate false positives. Conversely, 

EMSA and fluorescent reporter assays often focus on only part of the regulatory 

region of a gene and therefore regulation effected by alternative sequences may 

be missed. Moreover, different investigators have utilised different reporter 

constructs (sometimes from different genes such as CYP3A4, CYP2B6 and 

ABCB1) to study PXR activation, which results in an additional tier of complexity 

when interpreting data (Ruhl et al., 2004; Lamba et al., 2005; Faucette et al., 

2006).

There are disparate reports in the literature regarding the impact of NR ligands 

on drug metabolising enzymes and drug transporters. Such apparent 

discrepancies may be the result of variations in tissue culture conditions, the 

vehicle used, assay methodology and sensitivity, cell line source or passage 

number. To date there is no comprehensive, systematic analysis on the 

expression of multiple disposition genes expression conducted on the same cells 

in the same laboratory using the same methodology

The aim of this chapter was to determine optimal culture conditions for studying 

the effects of NR ligands reported in subsequent chapters. It was first necessary 

to design assays for mRNA and protein analysis for human ABCB1, ABCC1,
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ABCC2, CYP2B6, CYP3A4, CYP3A5, CYP3A7, PXR, CAR and FXR. In order 

that a comparison with rodent systems could be made, assays were also 

designed for rat ABCBIa, ABCBIb, ABCC1, ABCC2, CYP2B2, CYP3A1, 

CYP3A2, CYP3A9, CYP3A18, PXR, CAR and FXR. Since some previous studies 

included DEX as a media supplement, the influence of DEX on NR target genes 

was also assessed. This work was conducted in human cell lines (HepG2 and 

Caco-2), rodent cell lines (H411e and lec-6), cryopreserved human hepatocytes 

and fresh rat primary hepatocytes.
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2.2 Materials and Methods

2.2.1 Human tissue samples

Histologically normal liver was obtained from Caucasian transplant donors. The 

certified cause of death was traumatic injury due to a road traffic accident. The 

liver samples were transferred to the laboratory within 30min of death. They were 

portioned, frozen in liquid nitrogen, and stored at -80°C. Prior consent was 

obtained from the donors' relatives. For intestinal tissue, patients undergoing 

upper Gl endoscopy were recruited. Following written informed consent (and 

providing patient was eligible), a maximum of 2 duodenal (D2) biopsies were 

taken and placed directly into liquid nitrogen. Patient information was then 

anonymised. Exclusion criteria were £ 18 years and unable to supply informed 

consent, known bleeding diathises, platelets < 120, INR > 1.3, PT > 18s. Post 

procedure care was provided according to the usual practice for patients 

undergoing endoscopic duodenum biopsy at the Royal Liverpool University 

Hospital. For both liver and intestine, approval was granted by the Liverpool local 

research ethics committee.

Rodent liver and intestinal tissue was obtained from Wistar strain rats. Briefly, a 

rat was anaesthesised and the liver and intestine isolated. The liver was isolated 

and perfused for 10min with wash buffer containing 10%v/v HBSS (Sigma, UK), 

0.138%w/v Hepes (Sigma, UK) and 0.5%v/v Sodium Hydrocarbonate (Sigma, 

UK) in deionised H20  then placed into a sterile centrifuge tube and stored at - 

80°C. A 20cm length jejunum was taken starting 10cm from the pylorus. The

58



Chapter 2

length of intestine was rinsed thoroughly with intestinal wash solution containing 

0.15M NaCI2, 1mM dithiothreitol (DTT) and 40|jg/ml phenylmethylsulfonyl fluoride 

(PMSF) (all reagents from Sigma, UK), sectioned into 2cm lengths and placed 

into a sterile centrifuge tube and stored at -80°C.

2.2.2 Cell culture (Human and Rat)

Human HepG2 (ref: HB-8065), human Caco-2 (ref: HTB-37), and rat H411e (ref: 

CRL-1548) and rat lec-6 (CRL-1592) cell lines were purchased from the 

American Tissue Culture Collection (ATCC). All cells were thawed from -80°C at 

room temperature for 5min and dispensed into T-25 tissue culture flasks (Nunc, 

Denmark) containing 10ml prewarmed (37°C) Dulbecco’s modified Eagle’s 

medium (DMEM; Sigma, UK) supplemented with 10% fetal bovine serum (FBS; 

Bio- Whittaker, Europe) for HepG2, H411e and lec-6 and 15% FBS 

supplemented DMEM for Caco-2. Cells were cultured for 4 days at 37°C and 5% 

C02 until confluent.

Individual cell lines were removed from the incubator, depleted media was 

aspirated and cells washed 3 times with Hanks balanced salt solution (HBSS, 

Sigma, UK). 1ml Trypsin-EDTA (Sigma, UK) was then dispensed onto the cells 

and incubated for 15min at 37°C and 5% C 02. Trypsin-EDTA was then 

inactivated by the addition of 2ml prewarmed (37°C) appropriate FBS 

supplemented media. Cells were then transferred into a sterile 15ml centrifuge 

tube and centrifuged at 313 x g for 5min and the supernatant aspirated. The cell
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pellet was then resuspended in 5ml appropriate FBS supplemented media and 

cell viability assessed by Trypan blue exclusion (Li et al., 1992 and Loretz et al., 

1989). HepG2, H411e and lec-6 cells were then transferred into T-75 cell culture 

flasks containing 10% FBS DMEM at a ratio of 1:5 and further subcultured every 

4-5 days or until confluent. Caco-2 cells were transferred into T-75 flasks 

containing 15% FBS DMEM at a ratio of 1:3 and subcutured every 4-5 days until 

confluent.

2.2.3 Primary hepatocvte preparation (Human and Rat)

Cryopreserved human hepatocytes were removed from liquid nitrogen storage (2 

x 10 vials per donor; H1 and H2). Cells were thawed by gently shaking the vials 

in a 37°C water bath (~75-90 seconds). The pooled hepatocyte suspensions (10 

ml per donor) were then transferred into 2 separate 50ml centrifuge tubes on ice. 

Cold suspension medium (15ml) was then slowly added to the suspensions at a 

rate of ~1 ml/10 seconds. The cells were then centrifuged at 50 * g for 3min and 

the resulting pellet was resuspended in 12ml of DMEM supplemented with 10% 

FBS. Viability was determined based on Trypan blue exclusion (Li et al., 1992; 

Loretz et al., 1989) and found to be 57.4% for H1 and 65.5% for H2. The cell 

suspension was centrifuged at 5 * g for 5mins and supernatant aspirated. The 

pellet was resuspended in 15ml cold suspension media. Viability was reassessed 

and found to be 89% for H1 and 94% for H2.

Rat fresh primary hepatocytes were supplied by Dr Dominic Williams. Briefly, a 

rat (Wistar strain) was anaesthesised and the liver isolated and perfused for
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10min with wash buffer containing 10%v/v HBSS (Sigma, UK), 0.138%w/v Hepes 

(Sigma, UK) and 0.5%v/v Sodium Hydrocarbonate (Sigma, UK) in deionised 

H20. The rat liver was further perfused for 6-10min with 500ml of pre-warmed 

(37°C) digestion buffer containing wash buffer, 0.5%v/v calcium chloride, 250mg 

Collagenase A (Sigma, UK) and 34mg trypsin inhibitor (Sigma, UK). The digested 

rat liver was then placed into a petri dish containing 20mg DNase and 200ml 

wash buffer. The residual tissue was removed and the cells filtered through a 

125pm nylon blotting cloth and resuspended in DNase wash buffer and allowed 

to settle for 10min, the supernatant was then removed and cells were washed 

and centrifuged at 50 * g for 2min and finally resuspended in wash buffer. 

Viability was determined based on Trypan blue exclusion (Loretz et al., 1989) 

and found to be 85 -  90% viable.

2.2.4 Assessment of free drug concentrations

Because different amounts of FBS were used in the culture of different cell lines, 

it was necessary to assess the impact of this on free drug concentrations. This 

was conducted by equilibrium dialysis. Briefly, Dianorm dialysis membranes 

(GMBH, UK) with molecular weight cut-off (MWC) of 5000KDa were soaked for 1 

hour in DMEM (Sigma-Aldrich, UK). All the compounds to be studied, ie 

phénobarbital (PB), PCN, chenodeoxycholic acid (CDCA), RIF and 9-c/s retinoic 

acid (9c/'sRA), were then individually spiked into DMEM containing either 10% 

(HepG2, H411e and lec-6 media) or 15% (Caco-2 media) FBS to a final 

concentration of 10pM. An aliquot (1ml) was then dispensed into one side of the
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dialysis block divided by the pre-soaked membrane; the other side containing 

unspiked media. The dialysis block was then sealed and rotated in a water bath 

overnight at 37°C. A 200pl aliquot was subsequently removed from the non

spiked side of the dialysis block and placed into quench tubes containing 200pl of 

ice-cold methanol. After centrifugation at 400 x g for 20min the supernatant was 

transferred into 96 well plates and analysed using LC-MS/MS (AstraZeneca in

house methodology).

2.2.5 RNA isolation

Total cellular RNA was isolated using Tri-reagent (Life Technologies™, UK) 

according to the manufacturer’s protocol. Briefly, 5 x 106 cells were transferred 

into a 1.5ml centrifuge tube containing 1ml Tri-reagent and incubated for 5min at 

30°C. 200pl of chloroform (Sigma, UK) was added and the tube shaken for 15sec 

then incubated for 3min at 30°C and centrifuged at 12000 * g for 15min at 4°C. 

The colourless aqueous phase (top phase) was removed and transferred into a 

1.5ml centrifuge tube containing 500pl of ice cold isopropyl alcohol (BDH, UK) 

and the sample incubated for a further 10min at 30°C then centrifuged at 12000 * 

g for 10min at 4°C. The supernatant was removed and the pellet washed with 

1ml of 75% alcohol (Sigma, UK), vortexed for 30sec and centrifuged at 7500 x g 

for 5min at 4°C. The supernatant was removed and the pellet dissolved in 50pl 

of RNAse free water (Sigma-Aldrich, UK) then incubated in a water bath at 60°C 

for 10min. The sample was stored at -20°C. This method yielded an average of
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20)jg of total RNA from 5 x 106 cells and an average purity, from 

spectrophotometric analysis (A260/280), of > 1.90.

2.2.6 cDNA synthesis

cDNA synthesis was performed in a total reaction volume of 50pl, where 2pg 

(normalised to 2pg/5pl) of total RNA were reverse transcribed in 5pl 10x Taqman 

buffer II, 5.49mM MgCh, 50pM dNTP mix, 2.5pM random hexamers, 1pM RNase 

inhibitor, 1.74U RT Scribe (all reagents RT-Taqman, Applied Biosytems, UK) and 

RNase free water up to 50pl volume. cDNA amplification was performed in a 

GeneAmp® PCR 9700 (Applied Biosystems, UK). The cycling conditions 

consisted of, 25°C for 5min, 48°C for 30min and 95°C for 5min.

2.2.7 Pico-green based quantitative real-time RT-PCR

For each transcript, real time PCR assays were developed for quantification 

relative to 3-actin (housekeeping gene). In each case formation of primer dimer 

was optimised out of the reaction to ensure no aberrant data as a result of non

specific intercalation of pico green. Relative expression against the housekeeping 

gene 0-actin (AACT) of transcripts for all cell lines was performed in an 

Opticon2™ Fluorescence Detector (MJ Research, UK). Amplification was 

conducted in a 25pl reaction volume utilising pico green (Molecular Probes, UK) 

intercalating fluorescence dye. The reaction mixture consisted of 2.5pl 10 x 

Taqman Buffer II, 0.5U Taq polymerase, 1.25pM MgCI2, (Amplitaq Gold; Applied 

Biosystems, UK), 1.25pM dNTPs (Promega, UK), 20ng cDNA, 0.5pl Pico Green
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(final concentration 1:25000) and 0.03pM of forward and reverse primer with the 

exception of human CYP2B6 and CAR which required 0.3pM (final 

concentration) forward and reverse primers, (Tables 2.1 and 2.2 for human 

primer sequences and full PCR parameters and conditions, Tables 2.3 and 2.4 

for rat) and nuclease-free water was added to final volume of 25pl (Sigma, UK).

2.2.8 MGB probe based real-time PCR

For ABCB1, CYP3A4 and CYP2B6, pre-validated major grove binding (MGB) 

probe based methodology was used to cross-validate the pico-green assays. 

This was carried out by the AACT method using GAPDH (housekeeping gene) as 

previously described (Owen et al., 2004; Owen et al., 2006). For this validation, 

cDNA obtained from incubation of Caco-2 and primary hepatocytes with RIF 

were used (n=4; see section 3.2.4).

Relative expression against housekeeping gene GAPDH (AACT) for transcripts 

in Caco-2 and human primary cryopreserved hepatocytes were performed in an 

Opticon2™ Fluorescence Detector (MJ Research, UK). MGB primers and probes 

for GAPDH (Probe sequence 5’-CAAGCTTCCCGTTCT CAGCC-3', forward 

primer 5 -GAAGGTGAAGGTCGGAGTC-3’ and reverse primer

5 GAAGATGGTGATGGGATTTC-3') and ABCB1 (Probe sequence: 5’

TGAAACTGCCTCATAAATTTGACACCCTGG-3', forward primer: 5’-GGAAG 

CCAATGCCTATGACTTTAT-3' and reverse primer 5'-TCAACTGGGCCCCT 

CTCTCT-3’) and Assays on Demand for CYP2B6 (Assay ID - Hs00167937_g1)
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and CYP3A4 (Assay ID - Hs00430021_m1) were purchased from Applied 

Biosystems, UK. and QPCR mix was purchased from ABgene, UK. RT-PCR 

assay parameters and conditions were as manufacturers protocol, briefly, 1.25pl 

(0.9pM final concentration) of the appropriate primer (ABCB1, CYP3A4, CYP2B6 

or GAPDH) and 1.25pl (0.4pM final concentration) of probe, 2pl cDNA (20ng) and 

8pl of RNase free water (Sigma, UK) plus 12.5pl QPCR mix dispensed into a 

white 96 well plate (MJ Research, UK) and run at 95°C for 15min followed by 40 

cycles of 95°C for 15sec and 60°C for 1min.

2.2.9 Microsomal protein isolation (CYP)

For microsomal preparations from cell lines HepG2, Caco-2, H411e and lec-6, 5 

x 106 cells were used, for human and rat liver and intestinal tissue 100mg was 

used. Cell lines, liver and intestinal tissues were aliquoted into 15ml centrifuge 

tubes (Corning, UK), washed 3 times with 5ml HBSS (Sigma, UK) and 

centrifuged at 313 x g for 5min at 4°C (Multifuge 3 S.R, Heraeus). The 

supernantant was aspirated and the pellet resuspended in 150pl cell lysis buffer 

(150mM NaCI2, 5mM EDTA, 0.2 % Triton X100, 50mM Tris-HCI, pH 7.4 and 

protease inhibitor cocktail; all supplied by Sigma, UK) and incubated for 20min on 

ice. The individual suspensions were then transferred into 1.5ml microcentrifuge 

tubes (Eppendorf, UK) and centrifuged at 313 x g for 10min at 4°C (Hawk 15/05, 

Sanyo, Japan). The resultant supernantants were transferred into sterile 500pl 

(Elkay, UK) centrifuge tubes and stored at -80°C (Sanyo, Japan) until the protein
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concentration was determined as described below (section 2.2.10). Total protein 

was then normalised to contain 5pg/pl and samples stored at -80°C until used.

2.2.10 Crude membrane preparation (transporters)

Crude membrane protein fractions were isolated as described previously 

(Marshak, 1996). Briefly, 5 x 106 cells from HepG2, Caco-2, H411e, lec-6 and 

100mg human and rat liver and intestinal tissue were separately transferred into 

15ml centrifuge tubes (Corning, UK), washed 3 times with 5ml HBSS (Sigma, 

UK) and centrifuged at 313 x g for 5min at 4°C (Multifuge 3 S.R, Heraeus). The 

supernantants were aspirated and the resultant pellets individually resuspended 

in 200pl of homogenisation buffer (250mM Sucrose, 10mM 4(-2-hydroxyethyl)-1- 

piperazineethanesulfonic acid [HEPES], 1mM ethylenediaminetetraacetic acid 

[EDTA] and 1mM phenylmethylsulfonyl fluoride [PMSF] (Sigma, UK). Samples 

were then homogenised on ice for 10min, using a pestel and mortar. The 

homogenates were then transferred into a 2ml ultracentrifuge tubes and 

centrifuged at 100,000 x g for 60min. The supernatants were discarded and the 

pellets resuspended in 75pl homogenisation buffer, transferred into 1.5ml 

centrifuge tubes and centrifuged at 3000 x g for 20min at 4°C. The supernatants 

were then separately collected and stored at -80°C until protein concentration 

was determined (section 2.2.10). Samples were normalised to contain 5pg/pl and 

stored at -80°C until use.

66



Chapter 2

2.2.11 Protein concentration determination

Protein concentration for all samples, cell lines and tissue, were determined 

by bicinchorinic acid (BCA) assay. Briefly, protein samples were allowed to thaw 

on ice for approximately 30min. Bovine serum albumin (BSA; Sigma, UK) 

standards were prepared in a flat bottomed 96 well plate (Nunc, Denmark). 50mg 

BSA was dissolved in 1ml cell lysis buffer (150mM NaCl2, 5mM EDTA, 0.2% 

Triton X100, 50mM Tris-HCI, pH 7.4). BSA standards were performed in 

duplicate; 40pl of BSA standard was dispensed into a well and 1:2 dilutions were 

performed with cell lysis buffer across the plate (A1 - A12) giving a range of 

dilutions from 1pg to 2000pg. Similarly, after protein samples had thawed, 40pl of 

each sample was dispensed into individual wells and 1:2 dilutions performed 

across the plate (protein samples performed in duplicate). 80pl of BCA standard 

working solution contained a 1: 50 dilution of reagent A (1g sodium 

bicinchoninate, 2g sodium carbonate, 0.16g sodium tartrate, 0.4g sodium 

hydroxide and 0.95g sodium bicarbonate in 100ml distilled water) to reagent B 

(0.4g cupric sulphate in 10ml distilled water). The plate was incubated at 60°C for 

30min, cooled and absorbance measured at 562nm on a Tecan Magellan plate 

reader (Tecan, Austria) and analysed with Xfluor software (Tecan, Austria)

2.2.12 Immunoblot (human)

Firstly, protein samples (-80°C) were thawed on ice. 50pg total protein from each 

sample was added to 1pl (10%) NuPage reducing agent (Invitrogen, UK) 

combined with an equal volume of NuPage LDS loading buffer (Invitrogen, UK).
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Samples were transferred to a water bath and incubated at 70°C for 10min, then 

centrifuged for 30sec to collect any condensation. The entire sample was loaded 

onto NuPage 4-12% Bis-Tris Gels (Invitrogen, UK), and electrophoresed for 

60min at 180V. The gel was removed, placed onto iBIot™ Gel Stacks and 

transferred onto nitrocellulose membranes using ¡Blot™ Gel Transfer System 

(Invitrogen, UK), as per manufacturer’s instructions. Nitrocelulose memebranes 

were blocked in 10% non fat dried milk (NFDM) overnight at 4°C.

All CYP primary antibodies; CYP2B6 [ab22734 sheep anti-human CYP2B6 

(abeam, UK)], CYP3A4 [AB1278 sheep anti-human CYP3A4 (Chemicon, USA)], 

CYP3A5 [AB1279 rabbit anti-human CYP3A5 (Chemicon, USA)], 0-actin [(anti-p- 

actin (Sigma, UK)], were incubated for 2 hours at room temperature in 2% NFDM 

and 0.01% Tween-Tris buffered saline (T-TBS) solution. Primary antibodies were 

diluted in 0.01% T-TBS at 1:1000 for CYPs and 1:5000 for 0-actin. Horseradish 

peroxidase (HRP) conjugated secondary antibodies, STAR88P: Donkey anti

sheep HRP conjugated (Serotec, USA), ab6701: Donkey anti-rabbit HRP 

conjugated (abeam, UK) were incubated for 1 hour at room temperature in 2% 

NFDM and 0.01% T-TBS. Secondary antibodies were diluted in 0.01% T-TBS at 

1:10000. All intermediate washing steps for primary and secondary antibodies 

were performed with 0.05% T-TBS.

For transporters, primary antibodies ABCB1 [(mdr; C -19): goat anti human P-gp 

(Santa Cruz Biotechnology, USA)], ABCC1 [ab3373 (M2 III-6) : mouse anti
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human MRP1 (abeam, UK)], ABCC2 [ab24102 (MRPm5) : mouse anti human 

MRP2 (abeam, UK)] were incubated for 2 hours at room temperature in 2% 

NFDM and 0.01%T-TBS. Primary antibodies were diluted in 0.01% T-TBS at 

1:5000 for ABCB1 and 1:2000 for ABCC1 and ABCC2. HRP conjugated 

secondary antibodies for ABCB1 [P0449 : rabbit anti-goat (DakoCytomation, 

UK)], ABCC1 and ABCC2 [sheep anti-mouse (Amersham Biosciences, UK)] 

were incubated for 1 hour at room temperature in 2% NFDM and 0.03% T-TBS. 

Secondary antibodies were diluted in 0.03% T-TBS at dilutions of 1:15000 for 

ABCB1 and 1:10000 for ABCC1 and ABCC2 in 0.01% T-TBS. All intermediate 

washing steps were performed with 0.2% T-TBS for ABCB1, 0.05% T-TBS for 

ABCC1 and 0.1% for ABCC2.

2.2.13 Immunoblot (rat)

Protein samples (-80°C) were thawed on ice for 30min. 50pg (10pl) total protein 

from each sample was added to 1pl (10%) NuPage reducing agent (Invitrogen, 

UK) and combined with an equal volume of NuPage LDS loading buffer 

(Invitrogen, UK). The sample was then incubated in a water bath at 70°C for 

10minutes then centrifuged for 30sec. The entire sample was loaded onto 

NuPage 4-12% Bis-Tris Gels (Invitrogen, UK) and electrophoresed for 60min at 

180V. The gel was removed, placed onto iBIot™ Gel Stacks, transferred onto 

nitrocellulose membranes using iBIot™ Gel Transfer System (Invitrogen, UK), as 

per manufacturer’s instructions. Nitrocelulose memebranes were blocked in 10% 

NFDM overnight at 4°C.
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Primary antibodies for CYPs; mouse anti-rat CYP2B2 [sc-53242 (Santa Cruz 

Biotechnology, USA)], rabbit anti-rat CYP3A1 [AB1253 (Chemicon, USA)], rabbit 

anti-rat CYP3A2 [458223 (BD Gentest, USA)] and rabbit anti-rat CYP3A2/9 

[AB1276 (Chemicon, USA)] were incubated for 2 hours at room temperature in 

2% NFDM and 0.05% T-TBS. Primary antibodies were diluted in 0.1% T-TBS at 

1:1000 for CYPs and 1:5000 for p-actin. HRP conjugated secondary antibodies; 

STAR88P Donkey anti-sheep HRP conjugated (Serotec, USA), ab6701 Donkey 

anti-rabbit HRP conjugated (abeam, UK), P0449: rabbit anti-goat HRP 

conjugated (DakoCytomation, Denmark), sheep anti-mouse HRP conjugated 

(Amersham Biosciences, UK) were incubated for 1 hour at room temperature in 

2% NFDM and 0.03% T-TBS. Secondary antibodies were diluted in 0.03% T-TBS 

at 1:10000 for CYPs. All intermediate washing steps for primary and secondary 

antibodies were performed with 0.05% T-TBS.

For transporters; mouse anti-rat ABCC2 [ab3373 (M2 lil-6) (abeam, UK)], mouse 

anti rat ABCC1 [ab24102 (MRPm5) (abeam, UK)], goat anti rat P-gp [mdr(C-19) 

(Santa Cruz Biotechnology, USA)] and anti-p-actin (Sigma, UK) were incubated 

for 2 hours at room temperature in 2% NFDM and 0.03% T-TBS. Primary 

antibodies were diluted in 0.05% T-TBS, 1:4000 for ABCB1a/b and 1:1000 for 

ABCC2 and ABCC2 and 1:5000 for p-actin. HRP conjugated secondary 

antibodies for CYPs and transporters were incubated for 1 hour at room 

temperature in 0.03% T-TBS NFDM. STAR88P Donkey anti-sheep HRP 

conjugated (Serotec, USA), ab6701 Donkey anti-rabbit HRP conjugated (abeam,
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UK), P0449: rabbit anti-goat HRP conjugated (DakoCytomation, Denmark), 

sheep anti-mouse HRP conjugated (Amersham Biosciences, UK) were diluted in 

0.03% T-TBS NFDM. Secondary antibodies were diluted in 0.03% T-TBS at 

dilutions of 1:10000 for ABCB1a/b and 1:10000 for ABCC1 and ABCC2 in 0.03% 

T-TBS. All intermediate washing steps were performed with 0.3% T-TBS for 

ABCB1a/b, 0.05% T-TBS for ABCC1 and f ABCC2.

2.2.14 Immunoblot visualisation

Protein band visualisation was performed using enhanced chemiluminescence 

(ECL) technology. Briefly, after the final wash stage, the nitrocellulose 

membranes were blotted dry and ECL solution (Perkin Elmer, USA) added for 

approximately 20sec. The membrane was then blotted dry and X-ray film 

(Hyperfilm; Amersham Biosciences, UK) was placed on top of the blot and 

exposed for 1min. Finally, the x-ray film was placed into developing fluid (Kodak, 

USA) until the image was resolved, removed and placed into fixative (Kodak, 

USA) for 2min, washed with distilled water and left to air dry.

2.2.15 Densitometric analysis of Immunoblots (Human and Rodent)

Analysis of protein bands was performed using BioRad GS710 scanner and 

BioRad Quantity One™ densitometric analysis software (BioRad, USA). Optical 

density and relative protein expression of bands was determined against ii-actin 

loading controls. Background saturation of ECL treated nitrocellulose membranes
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was corrected by subtraction of measurements taken from random sections of 

membrane (n=4) and subtracted from protein band density.

2.2.16 Impact of Dexamethasone as a media supplement

The effects of dexamethasone (DEX) and PCN on human PXR and human PXR 

target genes (CYP3A4, ABCB1 and CYP2B6) in HepG2 and Caco-2 cells were 

assessed. In addition, their impact on rat CYP3A9, ABCBIa, ABCBIb and PXR 

in H411e and lec-6 cells were also examined. Cell lines were seeded at a density 

of 5 x 106 per well into the appropriate FBS (Bio-Whittaker, Europe) 

supplemented media in Nunclon™ Surface 6 well plates (Nunc A/S, Denmark). 

Three separate experiments were performed. DEX was added to give final 

concentrations of 0.01, 0.1, 1.0, 10 and 100pM. Secondly, PCN was added to 

give final concentrations of 0.01, 0.1, 1.0, 10 and 100pM. Thirdly, 500nM DEX 

was added and co-incubated with a range of PCN final concentrations (0.01, 0.1, 

1.0, 10 and 100pM). DMSO treated controls were used for PCN and DEX 

(0.1%v/v for vehicles). For all experiments, cells were incubated for 18 hours at 

37°C and 5% CO2. Total RNA was isolated and cDNA constructed as described 

above (section 2.2.5).

2.2.17 Cell line characterisation

In order to characterise the stability of the transcripts in HepG2, Caco-2, H411e 

and lec-6 cell lines, all transcripts were quantified after initial receipt from ATCC 

(received at passage 82 for HepG2, 72 for Caco-2, 18 for H411e and 27 for lec- 

6) from passage 5 in our laboratory and every alternate passage up to passage
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19. In addition, transcripts were quantified in liver and intestinal tissue, human 

cryopreserved and rodent fresh primary hepatocytes in order to assess the 

relative expression between cell lines, tissue and primary hepatocytes. In all 

cases, mRNA and protein quantification was carried out using pico-green assays 

as described previously (section 2.2.7) and by immunoblot densitométrie analysis 

(2.2.15).

2.2.18 Data analysis

Data are presented as the mean ± standard deviation of at least 4 separate 

experiments conducted in duplicate. For differences between incubations, 

normality was assessed using a Shapiro -  Wilk statistical test, and where 

appropriate, statistical analyses were conducted using unpaired t-test. For 

validation of pico-green assays, AACT values were regressed against 

corresponding values obtained by MGB assay. Furthermore, Bland and Altman 

graphs were constructed (Myles et al., 2007) by plotting the difference between 

aap.t values against the average AACT values. 95% limits of agreement were 

also plotted as ±2 standard deviations. A P value less than 0.05 was taken to be 

indicative of a statistically significant difference.
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Chapter 2

2.3 Results

2.3.1 Pico-green based mRNA assay validation

All pico-green assays used in this study were validated rigorously. Primer design, 

primer concentration, MgCI2 concentration, annealing temperatures and cycle 

number were first optimised (Table 2.1 - 2.4) so as to completely eliminate primer 

dimer formation by visualisation after agarose gel electrophoresis for all 

transcripts in all cell lines. Representative gels for final assays are given for 

HepG2 (Figure 2.1 A), Caco-2, (Figure 2.1B), H411e (Figure 2.1C) and lec-6 

(Figure 2.1 D). For ABCB1, CYP3A4 and CYP2B6 pre-validated MGB probe- 

based methodology were available within our laboratory (Owen et al., 2004; 

Owen et al., 2006a). A significant positive correlation was observed between 

these assays; ABCB1 (r2 = 0.99 p < 0.0001), CYP2B6 (r2 = 0.89 p < 0.001) and 

CYP3A4 (r2 = 0.92 p < 0.001) (Figure 2.2A, B and C respectively). In addition, 

Bland and Altman plots were constructed and the 95% limits of agreement were 

found to include 95% of differences between the two measurement methods 

(Figure 2.2D, E and F).
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Figure 2.1
Composite representative agarose gel electrophoresis of real time PCR 
amplicon, illustrating optimisation of primer specificity and elimination of primer 
dimmer for transcripts in cell lines HepG2 (A), Caco-2 (B), H411e (C) and lec-6 
(D).
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Figure 2.2
Correlation between AACt monitored by pico-green based assay versus pre
validated MGB probe based assay for ABCB1 (A), CYP2B6 (B) and CYP3A4 (C). 
Solid lines indicate predicted regression and dotted lines indicate observed 
regression. Bland and Altman plots also show the relationship between the pico- 
green based assay and the MGB probe based assay for ABCB1 (D), CYP2B6 
(E) and CYP3A4 (F). Dotted lines represent the 95% limits of agreement.
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2.3.2 Free drug concentration

For DMEM containing 10% FBS, PB, PCN, RIF, CDCA and 9c/sRA were found 

to be 98, 97, 98, 82 and 80% unbound, respectively. Indicating low levels of 

binding to FBS in culture media. In media containing 15% FBS, the 

corresponding free fractions were 97, 96, 98, 80 and 79% respectively, indicating 

low levels of binding to FBS and a similar free drug concentration was present for 

incubations with Caco-2 cells and HepG2, H411e and lec-6 cells

2.3.3 Impact of dexamethasone on CYP3A4. ABCB1 and PXR

DEX significantly induced CYP3A4, ABCB1 and PXR mRNA in HepG2 (Figure 

2.3A) and Caco-2 (Figure 2.3B) versus control (cells only). Concentration 

dependent induction was observed in each case. In HepG2, significant induction 

at 0.01 pM DEX for CYP3A4, ABCB1 and PXR was observed. In Caco-2, 0.01 pM 

DEX was required to elicit induction of CYP3A4 and ABCB1 and 1pM for PXR 

(Figure 2.3B).

In HepG2 and Caco-2, PCN significantly induced the mRNA of CYP3A4 (Figure 

2.3C and D), ABCB1 (Figure 2.3E and F) and PXR (Figure 2.3G and H) versus 

vehicle control (DMSO). For CYP3A4, maximal induction was observed at 1pM in 

HepG2 and with 10pM in Caco-2. Interestingly, ABCB1 was also maximally 

induced at different concentration for the different tissues, 0.1 pM for HepG2 and 

1pM for Caco-2 (Figure 2.3E and F respectively). For PXR, maximal induction 

was observed at 100pM PCN in both cell lines (Figure 2.3G and H).
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A
H ep G 2 C aco -2

O C Y P 3 A 4 . 

■  A BCB 1 
PPXW

Figure 2.3
(A -B ) Impact of dexamethasone (0 - lOOpM) on mRNA expression of CYP3A4, 
ABCB1 and PXR in HepG2 and Caco-2 cells (C -  H). Impact of dexamethasone 
(500nM) on inducibility of CYP3A4 (C & D), ABCB1 (E & F) and PXR (G & H) by 
PCN in HepG2 and Caco-2 cells. Dotted line indicates the maximal level of 
induction by 500nM DEX. Data are the mean ± standard deviation of n = 4 
experiments conducted in duplicate. For clarity, statistical analyses are only 
given for the lowest concentration at which a significant difference was observed: 
*P<0.05; **P<0.01; ***P<0.001.
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When DEX was included in the culture media, the basal level of transcripts 

(CYP3A4, ABCB1 and PXR) versus control (500nM DEX) were elevated and 

therefore no significant induction was observed for any of the transcripts (Figure 

2.3C - H). In addition, the presence of DEX prevented maximal induction elicited 

by PCN for all transcripts (Figure 2.3C - H).

2.3.4 Impact of dexamethasone on CYP3A9. ABCBIa, ABCBIb and PXR

DEX significantly induced CYP3A9, ABCBIa, ABCBIb and PXR mRNA in H411e 

(Figure 2.4A) and lec-6 (Figure 2.4B) versus control (cells only). Concentration 

dependent induction was observed in each case. Significant induction at 0.01 pM 

DEX for ABCBIa and CYP3A9 was observed in lec-6 (Figure 2.4B) but not until 

0.1 pM in H411e. Interestingly, all other transcripts were significantly induced at 

0.1 pM in both cell lines. With the exception of ABCBIa, which was maximally 

induced at 10pM in H411e (Figure 2.4A), maximal induction was detected at 

100pM DEX for all transcripts in both cell lines.

In H411e and lec-6 PCN significantly induced CYP3A9 mRNA (Figure 2.4C and 

D), ABCB1a/b (Figure 2.4E and F) and PXR (Figure 2.4G and H) in both H411e 

and lec-6. Significant induction for CYP3A9 was observed at 0.1pM in H411e 

(Figure 2.4C) and 0.01 pM in lec-6 (Figure 2.4D). However, maximal induction for 

CYP3A9 was seen at 10pM and 0.1pM in H411e and lec-6, respectively. For 

ABCBIa and ABCBIb significant induction was detected at the lowest 

concentration of PCN in both cell lines (Figure 2.4E and F). However, maximal
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Figure 2.4
(A -B ) Impact of dexamethasone (0 - 100pM) on mRNA expression of CYP3A9, 
ABCBIa (mdrla), ABCBIb (mdrlb) and PXR in H411e and lec-6 cells (C -  H). 
Impact of dexamethasone (500nM) on inducibility of CYP3A9 (C & D), ABCBIa 
(mdrla) and ABCBIb (mdrlb) (E & F) and PXR (G & H) by PCN in H411e and 
lec-6 cells. Dotted line indicates the maximal level of induction by 500nM DEX. 
Data are the mean ± standard deviation of n = 4 experiments conducted in 
duplicate. For clarity, statistical analyses are only given for the lowest 
concentration at which a significant difference was observed: *P<0.05; **P<0.01; 
***P<0.001.
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induction was seen at 100pM PCN for ABCBIa in H411e and lec-6. Whereas, 

ABCBIb was maximally induced at 0.1 |jM PCN in lec-6and 100|jM in H411e. 

Significant induction was detected at 0.1 pM for PXR in both cell lines (Figure 

2.4G and H). However, differences in the concentration needed to elicit maximal 

induction were observed at, 10pM for H411e and 100|jM for lec-6.

When DEX was included in the media, significant induction was still observed for 

all transcripts. However, higher concentrations of PCN were required to elicit this 

response.

2.3.5 Cell line characterisation (Human)

Lower levels of CYP3A4 and CYP3A5 mRNA were observed in liver compared to 

intestinal tissue (Figure 2.5A and B), but similar levels of expression were 

detected between HepG2 and Caco-2 (Figure 2.5A and B) However, CYP2B6 

and CYP3A7 were similarly expressed in both tissues (Figure 2.5A and B). 

Furthermore, all CYPs were found to be expressed at similar levels between 

HepG2 and Caco-2.

For transporters (Figure 2.5C and D) ABCB1 basal expression was slightly 

higher in intestinal versus liver tissue and markedly higher when compared to cell 

lines. However, ABCC1 and ABCC2 were expressed approximately 2.5 fold 

higher in liver against that found in intestinal tissue, with similar levels in both cell 

lines when compared to tissues (Figure 2.5C and D). Expression of transporters
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Figure 2.5
Basal level of expression and stability of CYPs, transporters and NRs in human 
liver versus human hepatic cell line HepG2 (A, C and E). Basal level of 
expression of human CYPs, transporters and nuclear hormone receptors in 
human intestinal tissue versus human intestinal cell line Caco-2 (B, D and F). 
Data are the mean ± standard deviation of n = 4 experiments conducted in 
duplicate.
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appeared to be comparatively stable in both human cell lines (Figure 2.5C and 

D)lnterestingly, NRs showed similar profiles of expression between tissues with 

FXR being expressed approximately 40% less than PXR and CAR for both liver 

and intestine (Figure 2.5C and F). All transcripts were stable up to passage 11 

for HepG2 cells and passage 13 for Caco-2 cells. However, for NR expression in 

HepG2 cells, there was a significant reduction (-30%) after this time (Figure 

2.5E). For Caco-2 cells, NR expression appeared more stable. CYP expression 

also showed a reduction in HepG2 (-50%) and Caco-2 (-30%) cells over time.

2.3.6 Cell line characterisation (Rat)

All CYPs were expressed at similar levels in cell lines H411e and lec-6 (Figure 

2.6A and B respectively) with the exception of CYP2B2, which was found to be 

approximately 30% higher in lec-6 than that observed in H411e Generally, 

CYP3A1 and CYP3A2 (Figure 2.6A and B) showed slightly higher levels of 

expression in liver tissue compared to intestinal tissue. However, CYP2B2 

expression in liver tissue was -30% higher in liver than intestine (Figure 2.6A and 

B respectively).

ABCBIa and ABCBIb levels were higher in intestinal tissue compared to liver 

(Figure 2.6C and D). ABCC1 and ABCC2 were expressed at comparable levels 

in liver and intestinal tissue. Despite oscillations in basal level of expression 

during passage, all transcripts were found to be stable over this time course for
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Figure 2.6
Basal level of expression and stability of CYPs, transporters and nuclear 
hormone receptors in rodent liver versus rodent hepatic cell line H411e (A, C and 
E). Basal level of expression of rodent CYPs, transporters and nuclear hormone 
receptors in rodent intestinal tissue versus rodent intestinal cell line lec-6 (B, D 
and F). Data are the mean ± standard deviation of n = 4 experiments conducted 
in duplicate.
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both rat cell lines.

Lower basal levels of mRNA expression of NRs were found in intestinal 

compared to liver tissue, specifically for FXR (Figure 2.6E and F). Furthermore, 

NR transcripts were generally expressed approximately 20% higher in H411e 

compared to lec-6.

2.3.7 Transcrip t stab ility  in human and rodent primary hepatocvtes Human 

CYP mRNA expression at 24 hours were at the limits of detection for both donors 

(Donor 1 and Donor 2) (Figure 2.7B and C). However, up to 6 hours, CYP 

expression was higher for donor 1 than that observed for donor 2. Human 

transporters for both donors were relatively stable at 6 hours (Figure 2.7E and F) 

followed by a reduction in expression, although still detectable at 24 hours. 

Human NRs showed similar levels of expression and similar profiles with respect 

to loss of expression over time (Figure 2.7H and I).

For rat CYPs (Figure 2.7A), there was a marked decline in mRNA expression, 

although CYP3A2 and CYP3A9 were still at relatively high levels compared to 

other rat CYPs. Rat ABCBIa and ABCC2 remained stable at 6 hours. Indeed, 

although ABCC2 started at the lowest level of all rat transporters it was higher 

than other transporters at 24 hours. Furthermore, ABCBIa was expressed at 

higher levels than ABCBIb at all time points (Figure 2.7D). Rat CAR mRNA was 

found to be at higher levels than PXR and FXR (Figure 2.7G) which were both
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expressed at similar levels to each other. In addition, CAR mRNA was still 

relatively highly expressed at 24 hours.
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Figure 2.7
Basal level of expression and stability of CYPs, transporters and NRs in rat 
primary hepatocytes (A, D and G). Basal level of expression of human CYPs, 
transporters and NRs in human cryopreserved primary hepatocytes (Donor 1; B, 
E and H, Donor 2; C, F and I). Data are the mean ± standard deviation of n = 4 
experiments conducted in duplicate.
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2.3.8 Protein expression in cell lines and tissue (human)

Similar basal level of CYP protein expression was observed in HepG2 and Caco- 

2 cell lines (Figure 2.8A, B and C). However, CYP3A5 and CYP3A7 protein 

expression were at very low levels. CYP3A4 was found to be expressed at 

comparable levels in HepG2 and Caco-2 cells (Figure 2.8A, B and C). 

Furthermore, expression of these CYPs was -50% higher for CYP3A4 and -5  

fold higher for CYP2B6 in liver tissue compared to cell lines (Figure 2.8A, B, C 

and D). ABC-transporter expression was also higher in liver tissue compared to 

HepG2 and Caco-2 cells (Figure 2.8A, B, C and D), being approximately 30% 

higher for ABCB1 and 20% higher for ABCC1 and ABCC2. ABCB1 and ABCC1 

were approximately 25% higher in Caco-2 than that observed for HepG2. 

Conversely, ABCC2 was expressed higher in HepG2 than Caco-2 (Figure 2.8A, 

B and C). It was not possible to conduct protein analyses in human primary 

hepatocytes due to the limited amount of material available.

2.3.9 Protein expression in cell lines and tissue fRodent)

In general, a similar basal level of CYP protein expression was observed in 

H411e and lec-6 cell lines (Figure 2.8E - I). However, CYP2B2 was 

approximately 40% higher in H411e compared to lec-6 and 2 fold higher in 

intestinal tissue compared to lec-6 cells (Figure 2.8E, G and I). CYP3A2 was 

expressed at 50% less in both cell lines compared to liver and intestinal tissue 

(Figure 2.8E - 1). CYP3A1 was expressed 40% less in lec-6 compared to H411e 

and expressed 50% less in H411e compared to liver (Figure 2.8E - I). For 

transporters, similar levels of expression were observed between cell lines and
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Figure 2.8
Graphical representation of basal levels of protein for CYPs and transporters in 
human liver tissue and cell lines HepG2 and Caco-2 (A). Rat liver and intestinal 
tissue and cell lines H411e and lec-6 (E). Examples of western blots for CYPs 
and transporters in human cell lines HepG2, Caco-2 and liver (B, C and D) and 
for CYPs and transporters in rat cell lines H411e, lec-6 and rat liver and intestinal 
tissue (F, G, H and I). For graphs, data are the mean ± standard deviation of n = 
4 experiments.
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between tissues (Figure 2.8E - I). However, ABCB1a/b, ABCC1 and ABCC2 

were all expressed at approximately 30% less in rat cell lines compared to the 

equivalent tissue. It was not possible to conduct protein analyses in rat primary 

hepatocytes due to the limited amount of material available.
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2.4 Discussion

As biotransformation is one of the key determinants of a drug’s disposition in the 

body, many in vitro models to study drug metabolism have been established and 

others are still being developed and validated. However, cell lines have 

previously been reported to express lower levels of some transporters and CYP 

isoforms (Selden et a/., 2004) than primary cells with the latter having profiles 

similar to the tissue source (Nakamura et al., 2002; Wilkening et a i, 2003). 

Primary hepatocytes express typical hepatic functions and quantitative 

similarities between in vitro and in vivo metabolism have been observed making 

them an attractive alternative to immortalised cells (Vermeir et al., 2005). Isolated 

primary hepatocytes can be used in suspension or they can be cultured. In 

suspension they can exhibit metabolic activity for a period of 4 to 6 hours 

(Cervenkova et al., 2001), thus remaining useful for the study of drug metabolism 

or toxicity (Sinz, 1999).

In agreement with other studies (Wilkening et al., 2003), diminished expression 

of transcripts relative to tissue was confirmed here for all cell lines. In addition, in 

our lab all transcripts for human cell lines were found to be stable until passage 

12. However, between passage 13 and 19, significant decreases in expression of 

PXR, FXR and CAR were observed in HepG2 (Figure 2.4E) but not Caco-2 

(Figure 2.4F) and decreases in CYP2B6, CYP3A4, CYP3A5 and CYP3A7 were 

noted in both HepG2 and Caco-2 cells (Figure 2.4A and B). Interestingly, 

although analysis of Caco-2 ceils has shown that their transporter expression
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pattern resembles the profile within the small intestine, the passaging process 

has been reported to affect the biological characteristics and transport properties 

at high passage number (Calcagno et al., 2006). Additionally, Caco-2 cells are 

renowned for exhibiting markedly different phenotypes according to passage 

number and culture conditions (recently reviewed by Sambuy et al., 2005).

For rat cell lines, all CYPs, transporters and NRs were found to be stable 

between passage 5 and 19, as observed previously (Van de Water et al., 2006; 

Sambuy et al., 2001). For human cryopreserved hepatocytes and rat fresh 

hepatocytes, our data (Figure 2.6) are in agreement with previous studies which 

have shown that cultured hepatocytes have a gradual loss of liver-specific 

functions (Brandon et al., 2003 and Gomez-Lechon et al., 2003). The major 

phenotypic change is a rapid decrease in CYP mRNA followed by a rapid 

decrease in CYP activity (Gomez-Lechon et al., 2003). The content of CYP 

mRNA in hepatocytes was comparable with values from others (Bayliss et al., 

1994). Previous studies have indicated that when rat hepatocytes are co-cultured 

with liver epithelial cells, CYP levels remain stable over a 10-day period 

(Guillouzo et al., 1990) and it would be of interest to examine the impact of this 

on induction profiles.

There are some concerns about the use of cryopreserved hepatocytes in drug 

metabolism studies (Li et al., 1999). For example, specific drug-metabolising 

enzymes may be compromised by cryopreservation and this may lead to the
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selection of specific subpopulations which have properties significantly different 

from freshly isolated hépatocytes (Li et al., 1999). Furthermore, basal gene 

expression in human isolated primary hepatocytes is reported to be distinctively 

different from one culture to another, regardless of the culture conditions applied 

(Richert et al., 2006). For rat hepatocytes, this is usually not of concern, since 

hepatocytes from a single rat strain should not vary significantly (Olinga et al., 

1998 and Richert et al., 2004). Despite these concerns, it has been reported that 

cryopreserved human hepatocytes basal activity and inducibility is comparable to 

that in fresh hepatocytes (Roymans et al., 2005).

In the present chapter, gene expression changes taking place in primary 

hepatocyte cultures over time (0 - 24 hours) in the absence of treatment were 

assessed (Figure 2.6). Although there are clear similarities for the profiles of 

mRNA levels between human and rat primary hepatocytes, some variability was 

observed between both human donors (Donor 1; Figure 2.6B, E, and H and 

Donor 2; Figure 2.6C, F and I) and between human hepatocytes and rat fresh 

hepatocytes (Figure 2.6A, D and G). This observation is consistent with others 

reporting gene expression changes over time and differences in mRNA levels 

between the specific cell cultures at a given time-point (Tuschl and Mueller, 

2006). Hepatocytes in pure cultures i.e. media containing no supplements, also 

lose specific transport functions (Paine, 1989) and this was clearly observed for 

fresh rat hepatocytes and human cryopreserved hepatocytes (Figure 2.6D, E and 

F).
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Preliminary data using conventional reporter-based assays illustrated that there 

were species differences in ligands for PXR. For example, PCN was shown to 

activate the rodent PXR (consistent with data here, Figure 2.8) but not human, 

and RIF activated human but not rodent PXR (Jones et al., 2000). However, 

other studies have reported that RIF treatment increases CYP3A protein levels in 

rat hepatocyte cultures and that PCN treatment induces CYP3A mRNA in human 

cultures (Kocarek et al., 1995). More recent data have also indicated that PCN is 

an activator of hPXR in some systems (El-Sankary et al., 2001). PCN has also 

been shown to increase expression of human CYP3A4 (Ogg et al., 1999). Clearly 

this appears counter-intuitive given the purported species differences in PXR 

activation (Kliewer et al., 1998; Moore et al., 2000 and Xie et al., 2000). One 

possible explanation of this is that other, non-PXR mediated mechanisms are 

involved in the observed induction. Indeed, PCN has previously been reported to 

activate the CYP3A4 promoter in HepG2 cells via a mechanism involving the 

glucocorticoid receptor (GR) (Ogg et al., 1999). These data bring into question 

the validity of relying on specific reporter-based assays, in isolation, for screening 

potential enzyme inducers (Lin, 2006). Clearly, some controversy remains 

regarding species differences in activation of gene expression in response to NR 

ligands which may stem, at least in part, from differences in test systems and 

methodology.

The glucocorticoid DEX is a widely used component in culture media and has 

been reported to exert a protective role on cell survival, prolonging cell viability,
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inhibiting the development of an apoptotic morphology, and stabilising expression 

of procaspase-3 in both human and rat hepatocytes (Bailly-Maitre et al., 2001). 

However, DEX is a known inducer of the PXR target gene CYP3A4 and has also 

been shown to affect P-gp activity (Chieli et al., 1994), modulating P-gp 

expression in primary rat hepatocyte cultures via a specific effect on ABCB1a/b 

(Fardel et al., 1993). We hypothesisied therefore, that the inclusion of DEX as a 

media supplement may partly explain the differences in induction profile for PXR 

ligands between species. Our data clearly show that PCN upregulates 

expression of CYP3A4, ABCB1 and PXR mRNA (Figure 2.3). Moreover, 

inclusion of DEX as a media supplement resulted in a loss of ability to detect 

induction by PCN in human but not rat cells. Excluding the specific DEX study 

performed here, DEX was therefore not included for assessment of mRNA 

stability (section 2.2.2) and protein (section 2.2.3). The noted effects of DEX and 

the subsequent absence of DEX from the culture media may explain, at least in 

part, why induction by PCN are reported here (Figure 2.3 and 2.4), in contrast to 

some previous studies. For these reasons, DEX was not included in the culture 

media for any of the experiments described in the following chapters.

The level of CYP3A4 protein content was highest in liver tissue but was also 

expressed in human HepG2 and Caco-2 (Figure 2.8A, B, C and D). These data 

were similar to levels detected by Elizonda et al., 2003. Although CYP3A4 

protein in the intestine has been reported to be generally 10 to 50% lower than 

those found in the liver, in some individuals CYP3A4 concentration is equal to or
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even higher than those in the liver (Paine et al., 1997). In addition, initial data 

suggested that CYP3A5 accounts for only a small proportion of the total hepatic 

CYP3A content in only about 20% of samples (Wrighton et a/., 1989). This is 

consistent with the data presented here, where it accounted for approximately 

one-third of CYP3A4 (Figure 2.8A). CYP3A7, an isoenzyme normally expressed 

in neonates, and seems to play a minor role in metabolism in adults and appears 

to be very restricted, both in terms of its activity and expression (0.2 to 5%of 

CYP3A4) (Geller et al., 2001). Indeed, protein expression was almost 

undetectable in cell lines and expression here was approximately 7% relative to 

CYP3A4 in human liver tissue (Figure 2.8A).

CYP3A9 has previously been reported to be predominately expressed in liver but 

has been detected in the intestinal tract (Matsubara et al., 2004). Indeed, 

CYP3A9 protein expression was expressed at higher levels in rat liver tissue than 

in intestinal tissue (Figure 2.8E, H and I). Interestingly the converse was true for 

rat cell lines (Figure 2.8E, F and G). It is known that CYP3A1 and CYP3A2 are 

also expressed predominantly in rat liver (Debri et al., 1995). However, their 

expression in rat intestine has been controversial (Gushchin et al., 1995). 

Therefore, we examined the expression of CYP3A1 and CYP3A2 in rat intestine 

and liver by Western blot analysis, and both were detected, albeit higher in liver. 

For CYP3A1 protein levels were comparable to those found in rat intestine. Rat 

CYP2B2 was also expressed at higher levels in rat tissue, being higher in 

intestine than liver tissue (Figure 2.8E, H and I), consistent with several reports
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(Lindel et al., 2003; Waziers et al., 1990). Interestingly, the converse was 

observed with the rat hepatic cell line H411e and intestinal cell line lec-6 where 

CYP2B2 was expressed at higher levels in H411e compared to lec-6.

ABCB1 was highly expressed in Caco-2 cells (Figure 2.8A and C), which have 

been reported to parallel that of the intestine (Taipalensuu et al., 2001; 

Langmann et al., 2003). Furthermore, consistent with previous studies 

(Taipalensuu et al., 2001 and Langmann et al., 2003), human ABCC1 and 

ABCC2 protein was expressed in Caco-2 at approximately 50 - 60% of the levels 

found in liver tissue (Figure 2.8A and C). HepG2 cells were found to have 

relatively high levels of ABCC2 and relatively lower levels of ABCC1 (Figure 2.8A 

and B) in agreement with observations by Cantz et al., 2000.

Rat ABCBIa and ABCBIb are normally present at low levels in normal liver 

(Silverman et al., 1997). However, these levels were found to be comparable 

between rat liver and intestinal tissue (Figure 2.8E, H and I) and comparable 

between rat cell lines H411e and lec-6 (Figure 2.8E, F and G). Although ABCBIa 

and ABCBIb appeared to be expressed at higher levels than other transporters, 

it must be noted that there are no antibodies currently available to differentiate 

these individual isoforms. For this reason densitométrie analysis (Figure 2.8E) 

was a collation of both ABCBIa and ABCBIb protein. ABCC2 protein expression 

was comparable with P-gp levels in rat liver tissue, consistent with previous
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results reported by Suzuki et al., 2006. Similar profiles were also evident for rat 

cell lines, where ABCC2 was expressed at higher levels than ABCC1.

In summary, we have developed consistent, sensitive and specific methodology 

for the analysis of mRNA and protein and applied it to the investigation of culture 

conditions and passage number for basal level of expression and stability. Pico- 

green based assays were validated against MGB-probe based methodology in 

order to ensure consistency of assay data for subsequent chapters. Despite 

differences in FBS concentrations for different cell lines this did not impact o the 

free drug concentrations of any of the compounds used in this thesis. In 

subsequent chapters DEX was not used as a media supplement and all cell lines 

were used only up to passage 12 within our laboratory.
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CHAPTER 3

Impact of prototypical inducers on expression of mRNA 
and protein for drug disposition genes in human and rat

intestinal cells
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3.1 Introduction

The intestinal epithelium constitutes an efficient barrier protecting the body from 

potentially toxic xenobiotics. However, lipophilic substances can cross this 

boundary and enter the systemic circulation. Two general mechanisms have 

evolved to prevent accumulation of foreign compounds; biotransformation and 

transport. In general terms, biotransformation serves to convert lipophilic 

compounds into water-soluble metabolites that can be excreted from the body 

more easily. In pharmacological terms, many of these mechanisms that have 

evolved to protect the body now contribute to decreased bioavailability of orally 

administered drugs.

Induction of drug metabolising enzymes and ATP-binding cassette transporters 

in the human small intestine is an important source of drug-drug interactions and 

variability in oral bioavailability (Greiner et al., 1999; Hamman et al., 2001; 

Piscitelli et al., 2000). Many clinically relevant drugs are substrates for both ABC- 

transporters and CYPs (Figure 3.1). Several nuclear receptors such as PXR, 

CAR and FXR participate in the transcriptional pathways that control the adaptive 

response of ABC-transporters and CYPs (Tirana et al., 2003; Thummel et al.,

2001). Both PXR and CAR regulate overlapping sets of genes in a tissue specific 

fashion. In rodents, common activators of PXR and CAR upregulate ABCC2 in 

the liver via CAR, and in the intestine via PXR (Dietrich et al., 2003). Additionally, 

while ABCBIa and ABCBIb are upregulated via PXR in the liver and intestine, 

there is an additional effect via CAR in the intestine confined to ABCBIa (Maglich
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et al., 2002). While the induction of CYPs in the intestine have been thoroughly 

investigated [for example, PXR has been shown to mediate the induction of 

CYP2B6 and CYP3A4 (Bertilsson et al., 1998; Synold et al., 2001)], much less is 

understood about how drugs regulate intestinal ABC-transporters.

Previous studies have shown that drug metabolism in the gut wall substantially 

contributes to the overall first-pass metabolism of a large number of therapeutic 

drugs (Holtbecker et al., 1996; Paine et al., 1996; Thummel et al., 1996). Among 

human adults, CYP3A4 is the dominant CYP3A isoform in the human small 

intestine (Kolars et al., 1992) and CYP3A5 is also found in the intestinal mucosa 

(Wrighton et al., 1990; Paine et al., 1997). It has been suggested that, for most 

individuals, CYP3A5 only plays a minor role in the first-pass extraction of CYP3A 

substrates in vivo (Clarke et al., 2002).

Many CYP3A substrates undergo substantial metabolism in the mucosal lining of 

the small intestine, examples being midazolam (Paine et al., 1996) and 

saquinavir (Drescher et al., 2003). CYP3A constitutes only 30% of total human 

CYP content in the liver but accounts for approximately 70% of the CYP content 

in the human intestine (Kolars et al., 1991). The location of CYP3A in the villus 

tip enterocytes (Herbert et al., 1992) results in a large surface area over which 

the enzyme can encounter potential substrates. In humans, CYP3A4 mediated 

biotransformation in enterocytes from human small intestine has been 

extensively characterised and is believed to play a major role in the variable and
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low oral bioavailability of many CYP3A4 substrates (Hall et al., 1999; Zhang et 

a/., 1999; Lin eta!., 2002).

asolateral

DRUG ABSORPTION
Gut lumen Enterocytes Blood

A1CC2

Apica

Figure 3.1
Representation of human and rat CYPs, transporter and NR distribution in 
enterocytes.

Attempts have been made to utilise animal models to efficiently profile the effects 

of new compounds on CYP3A expression levels. These efforts have been 

hampered by species differences that have limited the utility of using animal 

tissues and cells for testing purposes (Bertilsson et al., 1998; Jones et al., 2000). 

However, several rat CYPs associated with drug metabolism have previously
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been characterised. CYP3A1 was identified in the liver and intestine after 

treatment of rats with PCN (Gonzalez et al., 1985; Kirita and Matsubara, 1993; 

Komori and Oda, 1994). CYP2B2 and CYP3A2 are expressed in the liver and 

intestine at relatively high levels in both male and female rats (Waxman and 

Azaroff, 1992; Gonzalez et al., 1986). In addition, CYP3A9 is the most recently 

cloned member of the family expressed in liver and intestine (Xue et al., 2003). 

These CYPs share approximately 89% amino acid sequence similarity and are 

known to be markedly induced by many compounds that have divergent 

chemical structures. It is believed that these rodent CYPs are homologous to 

human CYPs (CYP3A4, CYP3A5, CYP3A7 and CYP2B6), being induced to 

varying degrees, by DEX, PCN, PB and RIF (Komori and Oda, 1994 ; Kocarek et 

al., 1995; Christopher et al., 2004 ; Moore LB et al., 2000).

Although drug absorption was previously considered to be essentially a passive 

process, depending mainly on the physicochemical characteristics of the drug 

(e.g. lipophilicity), it is now well established that efflux transporters such as 

ABCB1 reduce drug absorption (Fromm et al 2000; Lin et al 2003). ABCB1, 

which is localised to the apical membrane of the epithelial cells lining the 

intestinal lumen (Thiebaut et al., 1987; Greiner et al., 1999) is recognised as a 

major factor limiting drug bioavailability (Lin et al., 2003; Hoffmeyer et al., 2000 ; 

Johne et al., 2002; Kurata et al., 2002). It has been suggested that the induction 

of CYP3A4 and ABCB1 in enterocytes is complementary, forming a coordinated 

intestinal barrier against absorption (Hochman et al., 2000 ; Zhang et al., 2001 ;
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Cummins et al., 2002 ; Cummins et al., 2003). Although evidence suggests an 

elegantly-coordinated clearance mechanism, the interplay between P-gp and 

CYP3A4 has been described as fortuitous (Kim et al,. 1997). Indeed, certain P

gp substrates (e.g. digoxin) appear not to be metabolised by CYP3A4 (Hamman 

et al., 2001). Nevertheless, for those drugs that do happen to be substrates for 

both proteins, the combined effects of CYP3A4 and P-gp is synergistic in limiting 

the bioavailability of such compounds.

Nuclear receptors, PXR, CAR and FXR are involved in the regulation of 

important CYPs and ABC transporters involved in xenobiotic elimination from the 

human and rat intestine (Kast et al., 2002; Xie et al., 2001; Geick et al., 2001). 

PXR is highly expressed in the intestine of humans and rodents (Kliewer et al., 

1998; Lehmann et al., 1998; Savas et al., 2000; Zhang et al., 2000). CAR is 

involved in the upregulation of CYP2B genes and is expressed at low levels in 

intestinal tissue in humans and rodents (Sueyoshi et al., 2001; Swales et al., 

2005). FXR mRNA levels are three times higher in the ileal epithelium, where bile 

acids are absorbed, than in the epithelium of the proximal small intestine (Inagaki 

et al., 2006).

The aim of this chapter was to investigate the impact of prototypical inducers PB, 

CDCA, PCN, RIF and 9-c/sRA on expression of mRNA and protein for human 

transporters (ABCB1, ABCC1 and ABCC2), CYPs (CYP2B6, CYP3A4, CYP3A5 

and CYP3A7) and nuclear receptors (PXR, CAR and FXR) in the human
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intestinal cell line, Caco-2. Rodent transporters (ABCBIa, ABCBIb, ABCC1 and 

ABCC2) CYPs (CYP2B2, CYP3A1, CYP3A2, CYP3A9 and CYP3A18) and NRs 

(PXR, CAR and FXR) in the rat intestinal cell line, lec-6, were also investigated in 

order that species similarities and differences could be assessed.
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3.2 Materials and Methods

3.2.1 Tissues and cell culture

Human and rat liver and intestinal tissue samples were obtained as previously 

described (section 2.2.1). Caco-2 and lec-6 cell lines were purchased from 

American Type Tissue Culture (ATCC) and maintained as previously described 

(section 2.2.2).

3.2.2 Toxicity

Test compounds were assayed for toxicity in Caco-2 and lec-6 cells by the MTT 

[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide] (Sigma, UK) assay 

(Mosmann, 1983). Briefly, cells were suspended at a density of 5 x 105/ml in 10% 

fetal bovine serum (FBS; Bio-Whittaker, Europe) supplemented Dulbecco’s 

modified Eagle’s medium (DMEM; Sigma, UK). 50pl of cell suspension was 

aliquoted into each well of a 96 well plate (Nunc A/S, Denmark). After 24 hours, a 

range of concentrations (0.01, 0.1, 1, 10 and 100pM) of PB, PCN, CDCA, RIF 

and 9-c/sRA were dispensed individually into the wells and incubated for either 

18 hours or 5 days. 20pl of 5mg (Thiazolyl Blue Tetrazolium; Sigma, UK) per ml 

of Hanks balanced salt solution (HBSS; Sigma, UK) was added and incubated for 

2 hours at room temperature. 100pl of lysis buffer containing 50%v/v 

dimethylformahyde (Sigma, UK) and 20%v/v sodium dodecyl sulphate (SDS; 

Sigma, UK) was then added and incubated for a further 2 hours. The 

absorbance at 570nm, were then measures on a plate reader (Tecan Magellan, 

Austria).
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3.2.3 Treatment of cells

Cell lines were seeded at a density of 5 x 106 cells per well into either 15% fetal 

bovine serum (FBS; Bio-Whittaker, Europe) for Caco-2 or 10% FBS for lec-6 

supplemented Dulbecco’s modified Eagle’s medium (DMEM; Sigma, UK) in 

Nunclon™ Surface 6 well plates (Nunc A/S, Denmark). Test compounds, PB, 

CDCA, PCN, RIF and 9-c/sRA (all from Sigma, UK) were added at final 

concentrations of 0, 0.01, 0.1, 1.0, 10 and 100pM and dissolved in either 

dimethyl sulfoxide (DMSO) vehicle (PB, CDCA, PCN and 9-c/'sRA) or methanol 

(RIF). DMSO and methanol treated controls were used at no more than 0.1%v/v 

for both vehicles. For all experiments in Caco-2 and lec-6 cells were incubated 

for 18hours at 37°C and 5% C 02. No cells were used after 12 passages in our 

laboratory, and DEX was not included in the culture media.

3.2.4 Quantitative real-time RT-PCR

Total mRNA was isolated from cell lines or tissue and cDNA constructed as 

previously described (section 2.2.5). Previously validated pico green based real 

time PCR assays were employed, and the relative expression (AACT) of 

transcripts against the housekeeping gene 0-actin was measured (section 2.2.6).

3.2.5 Protein quantification bv immunoblotting

Microsomal preparations for CYPs from cell lines Caco-2, lec-6, human liver, and 

rat intestinal cells were isolated as previously described (section 2.2.8)._Crude 

membrane protein fractions were isolated from Caco-2, lec-6, human liver and
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rat intestinal tissue as described previously (section 2.2.9). Protein 

concentrations for all samples, cell lines and tissues, were determined by 

bicinchorinic acid (BCA) assay (section 2.2.10). Western blotting of all human 

and rat proteins was conducted using NuPage 4-12% Bis-Tris Gels (Invitrogen, 

UK). Blotting was conducted using nitrocellulose membranes and an ¡Blot™ Gel 

Transfer System (Invitrogen, UK), see sections 2.2.11 (human) and 2.2.12 (rat) 

for methods. Protein band visualisation was performed using enhanced 

chemiluminescence (ECL) technology (section 2.2.13). Analysis of protein bands 

was performed using BioRad GS710 scanner and BioRad Quantity One™ 

densitometric analysis software (BioRad, USA), (section 2.2.14).

3.2.6 Data treatment and statistical analysis

Data reported for cell lines (Caco-2 and lec-6) are for 18 hour incubations. A 

cautious approach was taken for data generated with ligand concentrations 

shown to be toxic at 5 days. This compromised the ability to generate robust 

EC5o and Emax estimates. The minimum concentrations at which induction was 

observed and maximum fold change versus control are therefore provided 

throughout this chapter. Expression data are presented as the mean fold change 

± standard deviation of at least 4 experiments conducted in duplicate. Biological 

significance was inferred when a statistically significant change 3 fold higher than 

the control was observed (excluding toxic concentrations). Normality was 

assessed using a Shapiro -  Wilk statistical test and differences in expression 

assessed using a one-way analysis of variance with Bonferroni correction.
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Logarithmic regression was used to determine the relationship between change 

in mRNA and protein in cell lines.
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3.3 Results

3.3.1 Toxicity

None of the test compounds were toxic in incubations up to 18 hours as 

assessed by the MTT assay (Figure 3.2A and C). However, after 5 days, 

significant toxicity was detected at higher concentrations in Caco-2 and lec-6 

cells (Figure 3.2B and D).

Caco-2 lec-6

B D

Inducer Concentration (|iM) Inducer Concentration (pM)

Figure 3.2
MTT assay for toxicity of prototypical inducers in Caco-2 at 18 hours (A) and 5 
days (B) and lec-6 at 18 hours (C) and 5 days (D). Data are the mean ± standard 
deviation of n = 4 experiments conducted in duplicate.
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Data generated at these concentrations were therefore interpreted with caution. 

For Caco-2, CDCA, PCN and 9-c/sRA were toxic at 10pM (p< 0.0001) but not 

until 100pM for PB (p = 0.05) and RIF (p = 0.04). For lec-6, PB (p = 0.05), 9- 

c/sRA (p = 0.0001), PCN (p = 0.04) and CDCA (p = 0.05) were toxic at 10pM and 

RIF (p = 0.0001) was toxic at 100pM.

3.3.2 Impact of PB on mRNA expression in Caco-2

There was no significant induction of CYP3A5 or CYP3A7 mRNA at any 

concentration of PB used (Figure 3.3A). However, significant induction of 

CYP2B6 and CYP3A4 was observed at the lowest concentration of PB (0.01 pM). 

Generally, a concentration-dependent profile was observed for these CYPs with 

maximal induction seen at 10pM PB.

ABCC1 and ABCC2 mRNA was significantly upregulated when incubated with 

PB, with maximal induction observed at 10pM for both transporters. ABCB1 was 

also induced but this was significant at 0.01 pM PB and maximal induction seen 

at 10pM. All three transporters showed concentration-dependent induction 

(Figure 3.3B).

No significant impact on CAR or FXR by PB was observed at any concentration 

(Figure 3.3C). However, PXR mRNA was significantly induced at 0.1 pM PB and 

maximal induction observed at 10pM.
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3.3.3 Impact of PB on mRNA expression in lec-6

There was no significant upregulation of CYP2B2 or CYP3A18 by PB in lec-6 

cells (Figure 3.4D). However, CYP3A1 was induced at 1pM, CYP3A2 at 10pM 

and CYP3A9 was induced at 0.01 pM (Figure 3.4D). The induction profiles of 

CYP3A9, CYP3A1 and CYP3A2 were concentration-dependent.

ABCBIa and ABCBIb mRNA were induced by PB in a concentration-dependent 

manner (Figure 3.4E). Significant induction was seen at 0.01 pM and maximal 

induction observed at 1pM PB. Significant and maximal induction of ABCC2 was 

detected at 1pM PB, whereas ABCC1 was not affected at any concentration 

(Figure 3.4E).

PB had a potent effect on NRs in lec-6 (Figure 3.4F). A significant upregulation of 

both CAR and PXR were observed at 0.1 pM, but a higher fold change was 

observed for CAR than PXR. FXR was not induced by PB in these cells.
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Caco-2 lec-6
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Figure 3.3
Effect of phénobarbital (PB) on human CYPs, transporters and NR mRNA 
expression in Caco-2 (A, B and C). The effect of PB on rat CYPs, transporters 
and NR mRNA in lec-6 (D, E and F). Data are the mean ± standard deviation of n 
= 4 experiments conducted in duplicate. Dotted lines indicate concentrations at 
which toxicity was observed following 5 day incubations with drug. For clarity, 
statistical analyses are only given for the lowest concentration at which a 
significant difference was observed: *P<0.05; **P<0.01; ***P<0.001.
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3.3.4 Impact of PCN on mRNA expression in Caco-2

All human CYPs were upregulated by PCN (Figure 3.4A). Potent induction was 

seen for both CYP2B6 and CYP3A4 at 0.01 pM whereas 1pM PCN was needed 

to induce CYP3A5 and CYP3A7 mRNA. CYP2B6 followed a bell shaped 

concentration-response curve with maximal induction at 1pM PCN.

PCN had a potent effect on both ABCB1 and ABCC2 mRNA (Figure 3.4B), which 

was significant at 0.01 pM for both transcripts. For ABCB1, a bell shaped 

concentration-response relationship was observed whereas a concentration- 

dependent response was observed for ABCC2. No induction of ABCC1 was 

seen.

PXR, FXR and CAR were significantly induced by PCN at 1pM (Figure 3.4C). 

However, a higher fold change was observed for PXR than FXR or CAR.

3.3.5 Impact of PCN on mRNA expression in lec-6

CYP3A1 and CYP3A9 mRNA (Figure 3.4D) was potently induced by 0.01 pM 

PCN in lec-6 cells. CYP2B2 was also induced by 0.1 pM PCN. No impact of PCN 

on other CYP isoforms was observed.

ABCBIa and ABCBIb mRNA were induced at 0.01 pM PCN (Figure 3.4D). 

However, ABCBIa had a higher fold change than ABCBIb. ABCC1 was also 

induced by 0.1 pM PCN. ABCC2 was not induced at any PCN concentration.
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Both PXR and CAR were upregulated by PCN at 0.1 pM with maximal induction 

observed at 1pM (Figure 3.4F). No significant induction of FXR was observed.
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Figure 3.4
Effect of pregnenolone 16a-carbonitrile (PCN) on human CYPs, transporters and 
NR mRNA expression in Caco-2 (A, B and C). The effect of PCN on rat CYPs, 
transporters and nuclear NR mRNA in lec-6 (D, E and F). Data are the mean ± 
standard deviation of n = 4 experiments conducted in duplicate. Dotted lines 
indicate concentrations at which toxicity was observed following 5 day 
incubations with drug. For clarity, statistical analyses are only given for the lowest 
concentration at which a significant difference was observed: *P<0.05; **P<0.01; 
***P<0.001

120



Chapter 3

3.3.6 Impact of CDCA on mRNA expression in Caco-2

CDCA was a potent inducer of CYP3A4 mRNA in Caco-2 (Figure 3.5A). 

Significant induction was observed at 0.1 pM CDCA and maximal induction 

observed at 1pM. No other CYPs were significantly induced by any sub-toxic 

concentration of CDCA.

Induction of ABCB1 and ABCC1 was not observed at any concentration of CDCA 

(Figure 3.5B). However, ABCC2 mRNA was significantly induced by 1pM CDCA, 

with maximal induction at the same concentration.

PXR, FXR and CAR were all induced by CDCA in Caco-2 (Figure 3.5C). FXR 

and CAR mRNA were significantly upregulated at 0.01 pM CDCA, and PXR at 

1pM. All NRs were induced in a concentration-dependent manner.

3.3.7 Impact of CDCA on mRNA expression in lec-6

Only CYP2B2 and CYP3A1 were significantly induced by CDCA, at 1pM and 

0.1 pM, respectively (Figure 3.5D). Maximal induction for both these CYPs was 

observed at 1pM CDCA. CDCA was a potent inducer of rat ABCBIa with a 

significant effect seen at 0.01 pM (Figure 3.5E). At 1pM, both ABCBIb and 

ABCC2 were also upregulated. However, there was no significant induction of 

ABCC1 observed below toxic concentrations of CDCA (Figure 3.5E). All NRs 

were induced by CDCA (Figure 3.5F). A significant upregulation was observed at 

0.1 pM for FXR and 1pM for both PXR and CAR
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Figure 3.5
Effect of chenodeoxycholic acid (CDCA) on human CYPs, transporters and NR 
mRNA expression in Caco-2 (A, B and C). The effect of CDCA on rat CYPs, 
transporters and NR in lec-6 (D, E and F). Data are the mean ± standard 
deviation of n = 4 experiments conducted in duplicate. Dotted lines indicate 
concentrations at which toxicity was observed following 5 day incubations with 
drug. For clarity, statistical analyses are only given for the lowest concentration at 
which a significant difference was observed: *P<0.05; **P<0.01; ***P<0.001
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3.3.8 Impact of RIF on mRNA expression in Caco-2

CYP3A7 was the only CYP to be significantly upregulated by RIF in Caco-2 cells. 

This effect was seen at 1pM, with maximal induction observed at 10pM (Figure 

3.6A).

RIF had a potent effect on both ABCB1 and ABCC2 mRNA at 0.1 pM (Figure 

3.6B). ABCB1 exhibited a bell shaped concentration-response relationship with 

maximal induction seen at 1pM. For ABCC2, a concentration-dependent 

relationship with maximal induction at 10pM was observed.

No significant induction of FXR mRNA in the presence of RIF was observed. 

However, PXR and CAR were significantly induced at 0.1 pM RIF (Figure 3.6C). 

CAR exhibited a concentration-dependent response and PXR produced a bell 

shaped response.

3.3.9 Impact of RIF on mRNA expression in lec-6

No induction of CYP2B2 or CYP3A18 mRNA was observed at any RIF 

concentration (Figure 3.6D). However, CYP3A1 and CYP3A9 were both 

significantly induced at 0.01 pM RIF with a higher fold change for CYP3A9. 

CYP3A2 required 1pM RIF to elicit a significant effect with maximal induction 

observed at 10pM (Figure 3.6D).
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All transporters were induced by RIF in lec-6 cells in a concentration-dependent 

manner (Figure 3.6E). RIF was a more potent inducer of ABCBIa mRNA with 

significant induction observed at 0.01 pM. ABCBIb mRNA was induced at 0.1 pM, 

whereas 1pM RIF was required for both ABCC1 and ABCC2 (Figure 3.6E).

PXR and CAR mRNA were both induced by 0.1 pM RIF in lec-6 cells. These 

responses were concentration-dependent (Figure 3.6F). FXR was not 

significantly induced by any RIF concentration (Figure 3.6F).
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Figure 3.6
Effect of rifampicin (RIF) on human CYPs, transporters and NR mRNA 
expression in Caco-2 (A, B and C). The effect of RIF on rat CYPs, transporters 
and NR in lec-6 (D, E and F). Data are the mean ± standard deviation of n = 4 
experiments conducted in duplicate. Dotted lines indicate concentrations at which 
toxicity was observed following 5 day incubations with drug. For clarity, statistical 
analyses are only given for the lowest concentration at which a significant 
difference was observed: *P<0.05; **P<0.01; ***P<0.001.
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3.3.10 Impact of 9-cfsRA on mRNA expression in Caco-2

No significant impact of 9-c/sRA on CYP2B6 mRNA in Caco-2 cells was 

observed. However, potent induction of CYP3A4 was observed at the lowest 

concentration used (0.01 pM), and maximal induction seen at 1pM (Figure 3.7A). 

Both CYP3A5 and CYP3A7 mRNA were induced by 1pM 9-c/'sRA. All induced 

CYPs exhibited concentration-dependent profiles.

ABCB1 was upregulated at 0.01 pM 9-c/sRA and maximal induction was 

observed at 1pM (Figure 3.7B). No upregulation of ABCC1 mRNA was observed 

with any concentration of 9-c/sRA but ABCC2 was significantly induced at 1pM 

(Figure 3.7B). Both ABCB1 and ABCC2 produced bell shaped concentration- 

response relationships.

CAR was not affected when Caco-2 cells were incubated with 9-c/sRA (Figure 

3.7C). However, FXR was significantly induced at 0.01 pM and PXR upregulated 

at 1pM 9-c/sRA. In addition, both FXR and PXR showed concentration- 

dependency with maximal induction achieved at 1pM 9-c/sRA (Figure 3.7C)

3.3.11 Impact of 9-c/sRA on mRNA expression in lec-6

With the exception of CYP2B2, all rat CYPs were induced in the presence of 9- 

c/sRA (Figure 3.7D) with maximal induction at 1pM. CYP3A1 and CYP3A2 were 

significantly induced at 0.1 pM 9-c/sRA, whereas CYP3A9 and CYP3A18 required 

1pM to elicit a significant response.
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9-c/sRA was a potent inducer of ABCBIb mRNA at 0.01 pM with maximal 

induction achieved with 1pM (Figure 3.7E). Furthermore, 9-c/sRA significantly 

induced ABCBIa and ABCC1 at 0.1 pM. In addition, ABCC2 mRNA was 

significantly upregulated by exposure to 1pM 9-c/sRA. All rat transporters were 

induced in a concentration-dependent manner (Figure 3.7E).

9-c/sRA was a potent inducer of FXR in rat lec-6 cells, being induced at 0.1 pM 

(Figure 3.7F). In addition, FXR exhibited a concentration-dependent response 

and was maximally induced at 1pM 9-c/sRA. PXR was significantly induced at 

1pM 9-c/sRA. No significant induction was observed for CAR by any sub-toxic 

concentration of 9-c/sRA (Figure 3.7F).
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Figure 3.7
Effect of 9-c/s retinoic acid (9-c/sRA) on human CYPs, transporters and NR 
mRNA expression in Caco-2 (A, B and C). The effect of 9-c/sRA on rat CYPs, 
transporters and NR in lec-6 (D, E and F). Data are the mean ± standard 
deviation of n = 4 experiments conducted in duplicate. Dotted lines indicate 
concentrations at which toxicity was observed following 5 day incubations with 
drug. For clarity, statistical analyses are only given for the lowest concentration at 
which a significant difference was observed: *P<0.05; **P<0.01; ***P<0.001.
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3.3.12 Induction of CYP and transporter protein in Caco-2

For PB, significant upregulation of CYP2B6, CYP3A4, CYP3A5 and CYP3A7 

protein was observed (Figure 3.8A, B, C and D). Protein expression of all 

transporters (ABCB1, ABCC1 and ABCC2) were significantly upregulated by PB 

(Figure 3.9A, B and C).

PCN significantly upregulated protein expression of CYP2B6, CYP3A4, CYP3A5 

and CYP3A7 (Figure 3.8A, B, C and D). PCN also significantly increased 

expression of all transporters (Figure 3.9A, B and C).

CYP3A4 protein expression was significantly increased by CDCA in Caco-2 cells 

(Figure 3.8B). However, CYP2B6 and CYP3A7 protein were not affected (Figure 

3.8A and D respectively). CDCA also increased protein levels of ABCB1 and 

ABCC2 (Figure 3.9A and C), most markedly for ABCC2. No significant 

upregulation of ABCC1 was observed by CDCA (Figure 3.9B).

CYP2B6, CYP3A4 and CYP3A7 were the only CYPs to have protein expression 

increased by exposure to RIF (Figure 3.8A and B). ABCB1 and ABCC2 protein 

were significantly upregulated by RIF (Figure 3.9A and C respectively). RIF had 

no impact on ABCC1 (Figure 3.9B).

For 9-c/sRA, CYP3A4 and CYP3A7 protein was increased (Figure 3.8B and D) 

but there was no impact on CYP2B6 and CYP3A5 (Figure 3.8A and C). There
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was no impact of 9-c/sRA on protein expression for ABCB1 (Figure 3.9A). 

However, significant increases were seen for both ABCC1 and ABCC2 (Figure 

3.9B and C).
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Figure 3.8
Representative immunoblots for the effect of PB, PCN, CDCA, RIF and 9-c/'sRA 
on human CYP2B6 (A), CYP3A4 (B), CYP3A5 (C) and CYP3A7 (D) protein in 
Caco-2. Graphical data are the mean ± standard deviation of n = 4 experiments. 
Integrated density values determined from protein band of interest/p-actin loading 
control. *P<0.05; **P<0.01; ***P<0.001.
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Figure 3.9
Representative immunoblots for the effect of PB, PCN, CDCA, RIF and 9-c/sRA 
on human ABCB1 (A), ABCC1 (B) and ABCC2 (C) protein in Caco-2. Graphical 
data are the mean ± standard deviation of n = 4 experiments. Integrated density 
values determined from protein band of interest/p-actin loading control. *P<0.05; 
**P<0.01; ***P<0.001.
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3.2.13 Induction of CYP and transporter protein in lec-6

In lec-6 cells, protein expression of CYP3A9 was increased by PB (Figure 

3.10D). There was no impact on protein expression for CYP2B2, CYP3A1 or 

CYP3A2 (Figure 3.10A, B and C). ABCB1a/b was the only transporter protein 

upregulated by PB (Figure 3.11 A).

PCN increased protein expression of all CYPs in lec-6 cells (Figure 3.10A - D). 

This upregulation was less marked for CYP3A9 (Figure 3.10D). ABCB1a/b 

expression was significantly upregulated by PCN (Figure 3.11 A). No impact was 

observed for ABCC1 or ABCC2 by PCN (Figure 3.11B and C).

CYP2B2 and CYP3A1 were significantly increased by exposure to CDCA (Figure 

3.10A and B). There was no impact on expression of CYP3A2 or CYP3A9 

(Figure 3.10C and D). ABCC2 was the only transporter to be upregulated by 

CDCA in lec-6 cells (Figure 3.11C).

RIF increased expression of CYP3A2 and CYP3A9 (Figure 3.10C and D) but had 

no effect on expression of CYP2B2 or CYP3A1 (Figure 3.10A and B). ABCB1a/b 

and ABCC2 protein expression were significantly increased by RIF (Figure 3.11 A 

and C). Upregulation of ABCC2 was more marked than for ABCB1a/b. There 

was no impact on ABCC1 by RIF (Figure 3.11B).
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9-c/sRA did not affect protein expression of CYP2B2 or CYP3A9 (Figure 3.10A 

and D respectively). However, protein expression was upregulated for CYP3A1 

(Figure 3.10B) and CYP3A2 (Figure 3.10C). ABCB1a/b, ABCC1 and ABCC2 

protein expression were significantly upregulated by 9-c/sRA in lec-6 cells 

(Figure 3.11 A, B and C). Interestingly this increase was more marked for ABCC2 

than for ABCB1a/b or ABCC1.
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Effect o f prototypical Inducers on CYP2B2 protein
expression ln lec-6

Effect of prototypical Inducers on CYP3A2 protein 
expression In lec-6
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Figure 3.10
Representative immunoblots for the effect of PB, PCN, CDCA, RIF and 9-c/sRA 
on rat CYP2B2 (A), CYP3A1 (B), CYP3A2 (C) CYP3A9 (D) in lec-6. Since no 
specific antibody was available for CYP3A9, protein was determined by 
difference between CYP3A2/9 antibody and specific CYP3A2 antibody. 
Graphical data are the mean ± standard deviation of n = 4 experiments. 
Integrated density values determined from protein band of interest/p-actin loading 
control. *P<0.05; **P<0.01; ***P<0.00
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A B
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Figure 3.11
Representative immunoblots for the effect of PB, PCN, CDCA, RIF and 9-c/'sRA 
on human ABCB1a/b (A), ABCC1 (B) and ABCC2 (C) protein in lec-6. Graphical 
data are the mean ± standard deviation of n = 4 experiments. Integrated density 
values determined from protein band of interest/p-actin loading control. *P<0.05; 
**P<0.01; ***P<0.001.
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3.2.14 Relationship between mRNA and protein expression in Caco-2 and 

lec-6 cells

A summary of the results for the relationship between mRNA and protein 

expression for Caco-2 and lec-6 can be found in Table 3.1. In order to assess 

whether a relationship existed between induction of mRNA and protein, 1^M 

mRNA data for each transcript was plotted against the corresponding protein 

data (Figure 3 for Caco-2 cells and 3 for lec-6 cells). 1pM data was chosen 

because this concentration was below toxic concentrations for compounds tested 

and generally produced significant induction. In Caco-2 cells, a significant 

logarithmic relationship was observed between mRNA and protein for CYP2B6 

(A), CYP3A4 (B), ABCB1 (D), ABCC1 (E) and ABCC2 (F).

In lec-6 cells it was not possible to assess CYP3A18, since no primary antibody 

was available for quantification of protein. A significant logarithmic relationship 

was evident for all CYPs and transporters between mRNA and protein. However, 

caution was taken for the significance of the relationship involving ABCB1a/b as 

no primary antibody was available to differentiate the specific isoforms.
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Table 3.1
Summary of the relationship between mRNA and protein expression in Caco-2 
and lec-6. Normality was assessed using a paired t-test. logarithmic and/or linear 
regression were used to determine the relationship between change in mRNA 
and protein in cell lines. Data are the mean ± standard deviation of n = 4 
experiments conducted in duplicate.

mRNA/Protein mRNA/Protein
Caco-2

correlation
lec-6

correlation

r2 = 0.67 r2 = 0.98
ABCB1

P = 0.06
ABCBIa

P = 0.0001

r2 = 0.81 r2 = 0.80
ABCC1

P = 0.02
ABCBIb

P = 0.007

r2 = 0.61 r2 = 0.81
ABCC2

P = 0.06
ABCC1

P = 0.06

r2 = 0.69 r2 = 0.61
CYP3A4

P = 0.05
ABCC2

P = 0.004

r2 = 0.47 r2 = 0.94
CYP3A5

P = 0.14
CYP3A1

P = 0.008

r2 = 0.57 r2 = 0.65
CYP3A7

P = 0.07
CYP3A2

P = 0.03

r2 = 0.93 r2 = 0.96
CYP2B6

P = 0.002
CYP3A9

P = 0.0006

r2 = 0.93
CYP2B2

P = 0.0006
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Figure 3.12
Correlation between mRNA and protein expression in Caco-2 cells for CYP2B6 
(A), CYP3A4 (B), CYP3A5 (C), CYP3A7 (D), ABCB1 (E), ABCC1 (F), ABCC2 
(G). A best fit to the data was observed by logarithmic regression for all CYPs 
and transporters, except for CYP3A5 which was best described by linear 
regression.
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Figure 3.13
Correlation between mRNA and protein expression in lec-6 cells for CYP2B2 (A), 
CYP3A1 (B), CYP3A2 (C), CYP3A9 (D), ABCB1a/b (E), ABCC1 (F) and ABCC2 
(G). A best fit to the data was observed by logarithmic regression for all CYPs 
and transporters, except for CYP3A1 which was best described by linear 
regression.
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3.3 Discussion

Immortalised cell lines such as Caco-2 have been beneficial to the study of 

mechanisms underlying induction of intestinal disposition-relevant genes. Rodent 

models (including lec-6 cells) are often used as surrogates and predictors for 

human systems (Sistare et al., 2007). Clearly, there are limitations associated 

with the use of immortalised cells, including acquired mutations and defects 

resulting in dissociation from the in vivo phenotype (Castell et al., 2006). In 

addition, species differences in toxicity and adaptive responses often make it 

difficult to extrapolate from rodent to man (Ashby, 1997). Despite this, certain 

intestinal cell lines (including Caco-2 cells) have been used as high-throughput 

screening tools for the evaluation of drug absorption (Chiou and Barve, 1998), 

transport processes, drug metabolism and activation studies (Boulenc et al., 

1992). Indeed, the transporter expression patterns in Caco-2 resemble the 

profiles found within the normal colon. However, the passaging process has been 

shown to affect the biological characteristics and transport properties of Caco-2 

cell monolayers (Calcagno et al., 2006).

Significant induction of transcripts in both human and rodent intestinal cell lines in 

response to nuclear receptor activators (Figures 3.3 - 3.7) were observed in this 

chapter. Differences were seen in the induction profiles in Caco-2 versus lec-6 

cells. However, lec-6 cell data are in agreement with previous studies conducted 

in rat intestinal cells incubated with PCN (Debri et al., 1995), PB and RIF
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(Monette et al., 2001). In addition, data for Caco-2 cells are in broad agreement 

with previous studies using PB and RIF (Schrenk et al., 2001).

By contrast, the effects of PCN and RIF on expression of PXR-regulated genes 

appear at odds with some previous studies. Data presented herein indicate that a 

comparable induction of CYP3A4 and ABCB1 was observed for these two 

compounds in Caco-2 cells (Figure 3.2A and B and Figure 3.4A and B). Previous 

studies indicated that RIF had no effect on rat PXR and rat PXR target genes 

(Moore et al., 2000). Furthermore, some previous studies have indicated that 

PCN has no effect on human PXR and PXR target genes (Jones et al., 2000) but 

others have shown that PCN increases expression of human CYP3A4 (Ogg et 

al., 1999), and RIF increases expression of the rodent homologue (Swales et al., 

2003).

PCN has been reported to activate the CYP3A4 promoter in a human cell line via 

a mechanism involving the glucocorticoid receptor (GR) (Ogg et al., 1999). The 

proposed existence of a cascade of signal transmission: GR-[PXR/CAR\- 

metabolising enzymes/transporters (Pascussi et al., 2004) may explain the 

enhancement of xenobiotic-mediated induction of CYP2B and CYP3A genes by 

prototypical activators of PXR and CAR. Importantly, this cascade implies that 

processes affecting transcriptional activity of the GR would subsequently affect 

the expression of PXR, CAR and FXR and therefore the expression of CYPs and
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transporters (Duret et a!., 2006). Therefore, it is not possible to assume that the 

induction reported here is necessarily due to discrete activation of individual NRs. 

For Caco-2 cells, findings with RIF from this study conflict with previous studies 

which indicated that RIF had no effect on ABCB1 (Collett et at., 2004), ABCC1, 

ABCC2, CYP3A4 or PXR expression (Pfrunder et at., 2003). However, induction 

of ABCB1, ABCC1, ABCC2 and PXR but not CYP3A4 was observed under our 

experimental conditions. Importantly, there are some differences between the 

previous studies and the current study. Firstly, Pfrunder et al (2003) used cells 

between passage 42 and 48 whereas in our study cells were used up to passage 

11 (after receipt from ATCC). Second, cells used in this study were incubated in 

media containing 15% FBS, whereas the previous studies utilised media 

containing 10% FBS supplemented with gentamicin. Finally, methanol was used 

as a vehicle here and the previous studies used up to 1% dimethyl sulfoxide 

(DMSO). Taken together with the observations in chapter 2, this indicates that 

culture conditions, including commonly used culture supplements i.e. antibiotics, 

FBS concentration and DEX, may play a part in the variability of results between 

laboratories. In this study, DEX was not included in the culture media. Therefore, 

the absence of DEX from the culture media may also help explain why similar 

patterns of induction for PCN and RIF in rat and human cell lines are reported 

here (Figure 3.4 and Figure 3.6).

All compounds were potent inducers of ABCBIa and ABCBIb (Figures 3.3E, 

3.4E, 3.5E, 3.6E and 3.7E). Importantly, PB and PCN were more potent with
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respect to concentration and magnitude of fold change for ABCBIa  than for 

ABCBIb, generally requiring the lowest concentration (0.01 pM) to elicit an effect. 

The response was also consistent with the previous observations that there 

appears to be preferential induction of ABCBIa versus ABCBIb  (Lothstein at al., 

1989).

Many induced transcripts followed a bell shaped concentration-response profile. 

Similar results have been observed in other studies of CYP3A4 induction using 

both expression (Ripp at al., 2006) and functional (Reinach et al., 1999) 

readouts. It is tempting to speculate that at higher concentrations, the sub

maximal effects may be due to an early manifestation of toxicity. Indeed, in the 

case of the impact of PCN on human ABCB1 in Caco-2 cells (Figure 3.4B), sub

maximal induction appeared to correlate well with the toxicity observed after 5 

days (Figure 3.2C). However, in other cases bell shaped responses were 

observed that were not related to toxicity. For example, ABCB1 and PXR when 

incubated with RIF (Figure 3.6). In these cases it is not possible to speculate on 

why this is the case, but this phenomenon is certainly worthy of further 

investigation.

CAR is a key transcription factor regulating PB-inducible transcription of 

numerous intestinal and hepatic genes that encode xenobiotic/steroid 

metabolising enzyme (Yoav et al., 2006). The nuclear receptor CAR is shown to 

play a crucial role in the activation of CYP2B genes by xenobiotics, but many
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discrepancies between CAR activation in different animal species and humans 

remain unsolved (Pustylnyak et al., 2007). Indeed, for human intestinal cell line 

Caco-2 (Figure 4.2C) there was no significant induction of CAR by PB at any 

inducer concentration. Conversely, rat intestinal cell line iec-6 showed significant 

induction at 0.1 pM (Figure 4.2F). In addition, rat CAR target gene CYP2B2 

(Stoltz et al., 1998) was not induced by exposure to PB (Figure 3.3B). However, 

human CAR target gene CYP2B6 was potently induced at 0.01 pM PB, consistent 

with previous observations (Wang et al., 2004).

No studies have previously been conducted on the mechanisms that control 

expression of FXR. Data presented in this chapter indicate that the FXR ligand, 

CDCA, increases expression of FXR, PXR and CAR in both Caco-2 cells and 

lec-6. In addition, it has been reported that activation of FXR by CDCA has a 

species dependent response (Cui et al., 2002), this is in agreement with 

observations herein (Figure 3.5C and F). FXR regulates the enterohepatic 

recirculation of bile acids through modulation of bile acid transporter expression 

(Plass et al., 2002) and within the intestine by regulation of ileal bile acid-binding 

protein expression (Grober et al., 1999). Indeed, CDCA had a potent effect on 

transporters, including ABCC2, in this study (Figure 3.5B and E).

Although there is a high degree of overlap in the genes regulated by PXR and 

CAR, there are many genes that are differentially regulated by these two NRs 

(Maglich et al., 2002). PXR regulates a number of genes in small intestine that
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are not regulated by CAR, including, ABCBIb, and ABCC2 (Maglich et al., 2002). 

Indeed, for PB (CAR activator) and RIF (PXR activator), induction of both PXR 

and CAR were observed in both Caco-2 and lec-6 (Figure 3.4C and F and Figure 

3.6C and F respectively). If PXR and CAR self-regulate, overlap may be 

expected since both bind to similar response elements (Burk et a!., 2005a; 

Goodwin et at., 2001; Xie et al., 2000). The mechanisms controlling PXR 

expression have not been studied in great detail but some data are emerging 

(Aouabdi et al., 2006; Gibson et al., 2006). Recently it was reported that PXR is 

controlled by PXR itself as well as PPARa (Aouabdi et al., 2006) and FXR (Jung 

et al., 2006). In support of this, CDCA increased expression of PXR in Caco-2 

(Figure 3.5C). Transfection of unliganded PXR and CAR was previously shown 

to downregulate expression of PXR (Aouabdi et al., 2006). Taken collectively 

with the data here, it appears that although unliganded PXR and CAR 

downregulate expression, activation may increase transcription. This is certainly 

an interesting subject for future study. These data demonstrate that PXR is under 

autoregulation and reveal an additional level of cross-talk between PXR and 

CAR.

Prototypical inducers also significantly upregulated protein expression. For 

example, PB and RIF impacted upon CYP3A4 in Caco-2 (Figure 3.8B). This has 

previously been observed in the hepatic cell line HuH7 (Faucette et al., 2004). 

ABCB1 (Figure 3.9A) protein was upregulated by the same compounds observed 

for CYP3A4 in Caco-2 which lends weight to the hypothesis that similar
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mechanisms regulate expression of these proteins. Indeed, CYP3A4 and P-gp 

may act synergistically based on the extensive overlap in their substrate 

specificities (Watkins, 1997). In addition, common regulatory transcription factors 

such as PXR are involved in the induction of CYP3A4 and P-gp by, e.g. RIF 

(Fromm, 2003).

Logarithmic correlations between changes in mRNA and protein in Caco-2 and 

lec-6 cells (Figure 3.12 and 3.13) were observed. Lower changes in mRNA 

elicited linear increases in protein [e.g. CYP3A5 (Figure 3.11C)] but there 

appeared to be a threshold beyond which no additional increase in protein was 

observed. This is most likely due to the time which analysis was conducted; 

mRNA induction being more rapid than that of protein.

In summary, induction of key transcriptional regulators PXR, CAR and FXR by 

paradigm nuclear receptor ligands PB, PCN, RIF, CDCA and 9-c/sRA in human 

intestinal (Caco-2) and rodent intestinal (lec-6) cell lines has been shown. In 

addition, induction of their corresponding target genes has been demonstrated. 

Importantly, species specific PXR activators RIF (human PXR) and PCN (rodent 

PXR) showed comparable induction profiles of PXR and PXR target genes in 

both Caco-2 and lec-6.
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4.1 Introduction

The liver plays a major role in the metabolism of xenobiotics and is therefore 

considered the most important site of drug metabolism (Park, 1995). These 

metabolic reactions are predominately mediated by CYPs which convert lipid 

soluble, non polar compounds to more polar, hydrophilic compounds. The 

molecular changes produced by CYPs increase the rate of elimination, and in 

most cases result in a loss of pharmacological activity. CYPs catalyse the 

oxidative metabolism of many endogenous and exogenous compounds (Murray 

etal., 1995).

Human hepatic cell lines such as HepG2 have frequently been used as in vitro 

models for human biotransformation studies (Wilkening et al., 2003). The HepG2 

cell line was established from a liver tumor biopsy specimen from a 15-year-old 

Caucasian male subject (Aden et al., 1979). These cells retain many hepatic 

biochemical functions (Javitt et al., 1990) but appear to contain little functional 

CYP activity, especially phase I enzymes (Ogino et al., 2002; Wilkening et al., 

2003). In some studies, CYP3A4 has been reported to be undetectable in 

HepG2 (Schuetz et al., 1994). However, other studies have reported that cultured 

HepG2 cells constitutively express CYP3A4 mRNA (Sumida et al., 1998). 

Furthermore, expression levels in HepG2 differ significantly from that in human 

liver (Hines and Mc-Carver, 2002).

150



Chapter 4

H4lle cells are derived from rat hepatoma and have been reported to 

continuously express CYP mRNA (Fujimura et al., 2003). Indeed, the rat 

CYP2B2 has been reported to be expressed at levels 2-4 orders of magnitude 

higher in rat liver cell lines than the human orthologue in human liver cell lines 

(Biagini et al., 2006). Rat CYP3A1 and CYP3A2 have been shown to be induced 

in the liver by DEX, PCN and PB (Biagini et al., 2006). Rat hepatic CYP3A1 is 

expressed in small patches of hepatocytes distributed throughout the lobule, 

whereas CYP3A2 is expressed mainly in the centrilobular zone (Buhler et al., 

1992). The hepatic expression and distribution of CYP3A9 and CYP3A18 have 

been reported to be sexually dimorphic (Robertson et al., 1997).

Together with drug metabolising enzymes, transmembrane transporters are 

important determinants of drug metabolism and drug clearance by the liver. ABC 

transporter proteins in the canalicular membrane of hepatocytes mediate the 

hepatic efflux of drugs, bile salts and metabolites against a steep concentration 

gradient from liver to bile. ABCB1 (ABCBIa and ABCBIb in rat) for example, is 

located in the canalicular domain of the hepatocyte and is expressed at relatively 

high levels in HepG2 (Rodrigues et al., 2006). In addition, the liver expresses 

other efflux transporters such as ABCC1 and ABCC2 (Koing et al., 1999). 

ABCC1 is located in the basolateral membrane (Roelofsen et al., 1999; Keppler 

et al., 2000; Vos et al., 1998), has a low expression in normal liver but is induced 

during liver regeneration and during endotoxin- and bile duct ligation-induced 

cholestasis (Vos et al., 1998; Vos et al., 1999). Organic anions are secreted via
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ABCC2, bile salts via BSEP, amphipathic organic cations and neutral compounds 

via ABCB1 (Sarkardi et al., 2005).
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Figure 4.1

Representation of human and rat CYPs, transporter and NR distribution in 
hepatocytes.
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HepG2 cells cannot retain CAR in the cytoplasm, resulting in constitutive 

activation of the CYP2B6 gene (Kawamato et al., 1999). Since CAR does not 

require ligand to transactivate the c/s-acting response elements, it is not 

surprising to find that CAR is excluded from liver nuclei of nontreated rodents 

(Kawamato et al., 1999). In addition, CAR has also been shown to cross-regulate 

CYP3A genes in cell cultures by sharing the previously identified PXR response 

elements (Xie et al., 2000; Goodwin et al., 2001; Xei et al., 2002). In response to 

various ligands, PXR has been shown to mediate induction of human CYP2B, 

CYP3A, ABCB1 and ABCC2 (Bertilsson et al., 1998; Synold et al., 2001; Kast et 

al., 2002; Wang et al., 2003a), rat CYP3A (Jones et al., 2000) and CYP2B 

(Shenoy et al., 2004).

Bile acid activated FXR is a general regulator of bile acid metabolism, acting in 

the liver through suppression of CYP7A (Hawkins et al., 2002). FXR exhibits 

overlapping ligand specificities and regulates multiple gene targets, resulting in 

tissue- and organ-specific expression of drug disposition genes. Interestingly, 

activation of PXR and the induction of CYP3A has also been implicated in bile 

acid detoxification (Staudinger et al., 2001; Xie et al., 2001; Makishima et al.,

2002). Currently, little is known about whether CAR also plays a role in bile acid 

detoxification. However, Simrat et al., 2005, reported that the activation of CAR is 

necessary to confer resistance to the hepatotoxic lithocholic acid (LCA). This 

protection is CYP3A-independent, and may be explained by the ability of CAR to 

activate the detoxifying sulfonation system (Simrat eta!., 2005).
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The aim of this chapter was to investigate the impact of prototypical inducers PB, 

CDCA, PCN, RIF and 9-c/sRA on expression of mRNA and protein for human 

transporters (ABCB1, ABCC1 and ABCC2), CYPs (CYP2B6, CYP3A4, CYP3A5 

and CYP3A7) and NRs (PXR, CAR and FXR) in HepG2 cells. In addition, rodent 

transporters (ABCBIa, ABCBIb, ABCC1 and ABCC2) CYPs (CYP2B2, CYP3A1, 

CYP3A2, CYP3A9 and CYP3A18) and NRs (PXR, CAR and FXR) in H411e cells 

were also assessed in the presence of the same prototypical inducers.
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4.2 Materials and Methods

4.2.1 Tissue and cell culture
Human and rat liver and intestinal tissue samples were obtained as previously 

described (section 2.2.1). HepG2 and H411e cell lines were purchased from 

American Type Tissue Culture (ATCC) and maintained as previously described 

(section 2.2.2).

4.2.2 Toxicity

Test compounds were assayed for toxicity in HepG2 and H411e cells by MTT 

assay as previously described (section 3.2.2)

4.2.3 Treatment of cells

Cell lines were seeded at a density of 5 x 106 per well into 10% FBS 

supplemented DMEM in Nunclon™ Surface 6 well plates and treated as 

previously described (section 3.2.3).

4.2.4 Quantitative real-time RT-PCR

Total mRNA was isolated from cell lines or tissue and cDNA constructed as 

previously described (section 2.2.5). Previously validated pico green based real 

time PCR assays were employed, and the relative expression (AACT) of 

transcripts against the housekeeping gene P-actin was measured (section 2.2.6).
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4.2.5 Protein quantification bv immunoblottina

For quantification of CYPs, microsomal preparations from HepG2 cells, H411e 

cells, human liver and rat liver were prepared as previously described (section 

2.2.8). For quantification of transporters, crude membrane protein fractions were 

isolated as described previously (section 2.2.9). Protein concentrations for all 

samples, cell lines and tissues, were determined by bicinchorinic acid (BCA) 

assay (section 2.2.10). Western blotting of all human and rat proteins were 

conducted using NuPage 4-12% Bis-Tris Gels (Invitrogen, UK). Blotting was 

conducted using nitrocellulose membranes and an iBIot™ Gel Transfer System 

(Invitrogen, UK), see sections 2.2.11 (human) and 2.2.12 (rat) for methods. 

Protein band visualisation was performed using enhanced chemiluminescence 

(ECL) technology (section 2.2.13). Analysis of protein bands was performed 

using BioRad GS710 scanner and BioRad Quantity One™ densitometric analysis 

software (BioRad, USA), (section 2.2.14).

4.2.6 Data treatment and statistical analysis

Data reported for cell lines (HepG2 and H411e) are for 18 hour incubations. A 

cautious approach was taken for data generated with ligand concentrations 

shown to be toxic at 5 days. This compromised the ability to generate robust 

EC50 and Emax estimates. Expression data are presented as the mean fold 

change ± standard deviation of at least 4 experiments conducted in duplicate. 

Biological significance was inferred when a statistically significant change 3 fold 

higher than the control was observed (excluding toxic concentrations). Normality
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was assessed using a Shapiro -  Wilk statistical test and differences in 

expression assessed using a one-way analysis of variance with Bonferroni 

correction. Logarithmic regression was used to determine the relationship 

between change in mRNA and protein in cell lines.
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4.3. Results

4.3.1 Toxicity

None of the compounds tested were toxic in incubations up to 18 hours as

assessed by the MTT assay (Figure 4.2A and 1C). However, after 5 days,

significant toxicity was detected at higher concentrations in HepG2 and H411e

A
HepG2

C
H411e

0.2 ------ '------■------'------'------'----
Ctr 0.01 0.1 1 10 100

Inducer Concentration (fiM)

0.0 4----------- 1----------- 1-----------1----------- 1----------- 1--------
Ctr 0.01 0.1 1 10 100

Inducer Concentration (|M)

B D

Inducer Concentration (pM) Inducer Concentration (|iM)

Figure 4.2
MTT assay for toxicity of prototypical inducers in HepG2 at 18 hours (A) and 5 
days (B) and H411e at 18 hours (C) and 5 days (D). Data are the mean ± 
standard deviation of n = 4 experiments conducted in duplicate.
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cells (Figure 4.2B and 1D). Data generated at these concentrations were 

therefore interpreted with caution. Data are given as mean absorbance ± 

standard deviation for treated versus control incubations. For HepG2, PB and 9- 

c/sRA were toxic at 10pM (p< 0.0001) but not until 100pM for PCN (p < 0.0001), 

CDCA (p = 0.003) and RIF (p = 0.0002). For H411e, 9cisRA was toxic at 10(jM 

(p< 0.0001) and PB (p = 0.001), PCN (p = 0.01), CDCA (p< 0.0001) and RIF (p< 

0.0001) were toxic at 100pM.

4.3.2 Impact of PB on mRNA expression in HepG2

There was no significant impact on CYP2B6 mRNA at any PB concentration 

used (Figure 4.3A). However, significant induction of CYP3A4 was observed at 

the lowest concentration of PB (0.01 pM), with maximal induction at 1pM. 

CYP3A5 and CYP3A7 were both induced by PB at 1pM (Figure 4.3A). Generally, 

a concentration-dependent profile was observed for these CYPs with maximal 

induction seen at 1pM PB (Figure 4.3A).

Significant induction of ABCB1 and ABCC2 was observed at 0.01 pM and 1pM, 

respectively (Figure 4.3B). This was observed in a concentration-dependent 

profile. No change in ABCC1 mRNA was observed at any concentration of PB.

FXR was not induced by PB. However, PXR and CAR were both significantly and 

maximally induced at 1pM PB (Figure 4.3C).
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4.3.3 Impact of PB on mRNA expression in H411e

With the exception of CYP3A18, all CYPs were induced by PB in H411e (Figure 

4.3D). CYP2B2, CYP3A1 and CYP3A2 were significantly induced at 10pM PB, 

whilst only 1pM was required for CYP3A9.

PB significantly induced ABCBIa and ABCBIb at the lowest concentration of PB 

(0.01 pM) and a bell shaped concentration-response relationship was observed. 

ABCC2 was induced in a concentration-dependent profile but required 10pM PB 

for significant induction (Figure 4.3E). Maximal induction of ABCBIa, ABCBIb 

and ABCC2 was observed at 10pM PB. ABCC1 was not significantly affected by 

PB below toxic concentrations (Figure 4.3E).

PB did not impact on mRNA expression of FXR (Figure 4.3F). However, PB 

induced PXR at 1pM and CAR at 10pM. Induction of PXR and CAR was 

observed in a concentration-dependent relationship with maximal induction for 

these NRs at 10pM PB.
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Figure 4.3
Effect of phénobarbital (PB) on human CYPs, transporters and NR mRNA 
expression in HepG2 (A, B and C). PB effect on rat CYPs, transporters and NRs 
in H411e (D, E and F). Data are the mean ± standard deviation of n = 4 
experiments conducted in duplicate. Dotted lines indicate concentrations at which 
toxicity was observed following 5 day incubations with drug. For clarity, statistical 
analyses are only given for the lowest concentration at which a significant 
difference was observed: *P<0.05; **P<0.01; ***P<0.001.
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4.3.4 Impact of PCN on mRNA expression in HepG2

PCN mediated induction of CYP2B6 and CYP3A4 was observed at 0.01 |jM and 

CYP3A7 was induced at 1 pM PCN (Figure 4.4A). For CYP2B6, an inverse 

relationship was observed between concentration used and maximal induction. 

However, there was no induction of CYP3A5 by PCN.

All transporter mRNAs were induced by PCN (Figure 4.4B). Statistical 

significance was observed at 0.01 pM for ABCB1 with induction seen in a bell 

shaped concentration-relationship. Significant induction of ABCC1 was observed 

at 1pM PCN and at 10pM for ABCC2. Induction of these transporters was 

observed in a concentration-dependent profile (Figure 4.4B).

Significant induction of PXR mRNA was observed at 0.01 pM PB and maximal 

induction at 10pM (Figure 4.4C). Both FXR and CAR were induced at 1pM PCN 

with maximal induction seen at 10pM for both of these NRs (Figure 4.4C). All 

three NRs showed concentration-dependent induction.

4.3.5 Impact of PCN on mRNA expression in H411e

With the exception of CYP3A18, all rat CYPs were significantly induced by 0.1 pM 

PCN (Figure 4.4D). Maximal induction for these CYPs was observed at 10pM 

(Figure 4.4D). Generally, concentration-dependent induction was observed for 

these CYPs.
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ABCBIa and ABCBIb were both induced at 0.01 pM PCN (Figure 4.4D). ABCC1 

and ABCC2 were also induced by PCN but this effect was seen at 1|jM (Figure 

4.4D). Sub-toxic maximal mRNA induction was observed at 10pM PCN for ail 

transporters (Figure 4.3E). All three transporters showed concentration- 

dependent induction.

PCN had no effect on induction of FXR mRNA in H411e (Figure 4.4F). However, 

PXR was significantly induced by 0.1 pM PCN with maximal induction observed at 

10pM (Figure 4.4F). CAR required 1pM PCN for significant induction and 10pM 

for maximal induction (Figure 4.4F). For PXR, a bell shaped concentration- 

relationship was observed. For CAR, a concentration-dependent induction profile 

was observed.
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Figure 4.4
Effect of pregnenolone 16a-carbonitrile (PCN) on human CYPs, transporters and 
NR mRNA expression in HepG2 (A, B and C). PCN effect on rat CYPs, 
transporters and NR in H411e (D, E and F). Data are the mean ± standard 
deviation of n = 4 experiments conducted in duplicate. Dotted lines indicate 
concentrations at which toxicity was observed following 5 day incubations with 
drug. For clarity, statistical analyses are only given for the lowest concentration at 
which a significant difference was observed: *P<0.05; **P<0.01; ***P<0.001
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4.3.6 impact of CDCA on mRNA expression in HepG2

CDCA had no significant effect on CYP3A4 or CYP3A7 mRNA (Figure 4.5A). 

However, CY2B6 was induced by 0.01 |jM CDCA with maximal induction 

observed at the same concentration (Figure 4.5A). CYP3A5 was significantly and 

maximally induced at 10pM (Figure 4.5A).

CDCA significantly induced all transporters at various concentrations. ABCB1 

was significantly induced at 0.01 pM, ABCC1 at 1pM and ABCC2 at 10pM (Figure 

4.5B). Maximal induction of all transporters was seen at 10pM CDCA.

FXR and CAR were significantly induced by CDCA at 0.1 pM and 10pM 

respectively (Figure 4.5C). Maximal induction of these transcripts was observed 

at 10pM. PXR was not induced by CDCA in these cells (Figure 4.5C).

4.3.7 Impact of CDCA on mRNA expression in H411e

For CYP3A9 and CYP2B2, significant induction was observed at 0.01 pM and 

0.1 pM CDCA, respectively (Figure 4.5D). CYP3A1 and CYP3A18 were 

significantly upregulated at 10pM CDCA (Figure 4.5D). All these transcripts were 

maximally induced at 10pM CDCA and concentration-dependent induction was 

observed. However, CYP3A2 was not significantly affected by CDCA.

ABCBIa was significantly upregulated at 0.01 pM CDCA and ABCBIb was 

induced at 0.1 pM (Figure 4.5E). ABCC1 and ABCC2 were both significantly
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induced at 1|jM CDCA. Maximal induction of all transporters was seen at 10pM 

CDCA (Figure 4.5E). All four transporters showed concentration-dependent 

induction.

FXR and CAR were induced at 1pM CDCA and maximally induced at 10pM 

(Figure 4.5F). PXR was significantly and maximally induced by CDCA at 10pM 

(Figure 4.5F). FXR, CAR and PXR concentration-dependent induction was 

observed.
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Figure 4.5
Effect of chenodeoxycholic acid (CDCA) on human CYPs, transporters and NR 
mRNA expression in HepG2 (A, B and C). Effect of CDCA on rat CYPs, 
transporters and NR in H411e (D, E and F). Data are the mean ± standard 
deviation of n = 4 experiments conducted in duplicate. Dotted lines indicate 
concentrations at which toxicity was observed following 5 day incubations with 
drug. For clarity, statistical analyses are only given for the lowest concentration at 
which a significant difference was observed: *P<0.05; **P<0.01; ***P<0.001
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4.3.8 impact of RIF on mRNA expression in HepG2

Of the CYPs, only CYP2B6 and CYP3A7 were significantly induced by RIF and 

this was observed at 0.01 |jM and 10pM respectively (Figure 4.6A). Maximal 

induction of these transcripts was seen at 10pM (Figure 4.6A). Induction of these 

CYPs was seen in a concentration-dependent profile.

RIF had a significant effect on ABCB1 at 0.01 pM and maximal induction was 

observed at 1pM (Figure 4.6B), this induction response was seen in a bell 

shaped concentration-response relationship. ABCC1 and ABCC2 were both 

significantly induced by RIF at 1pM with maximal induction observed at 10pM 

(Figure 4.6C). For ABCC1 and ABCC2, concentration-dependent induction was 

observed.

For NRs, concentration-dependent induction profiles were observed. Significant 

upregulation was observed at 0.01 pM RIF for PXR and CAR and at 1pM for FXR 

(Figure 4.6C). Maximal induction was observed at 10pM RIF.

4.3.9 Impact of RIF on mRNA expression in H411e

With the exception of CYP2B2 and CYP3A18, all other CYPs were significantly 

induced by RIF (Figure 4.6D). CYP3A9 and CYP3A1 were induced at 0.1 pM, and 

CYP3A2 at 1 pM (Figure 4.6D). Maximal induction of these CYPs was seen at 

10pM. Bell shaped concentration-relationships were observed for CYP3A1 and

168



Chapter 4

CYP3A18. However, for CYP3A9 and CYP3A1, concentration-dependent 

relationships were observed.

ABCBIa and ABCBIb were significantly induced at 0.01 pM and 0.1 pM RIF, 

respectively (Figure 4.6E). ABCBIb produced a concentration-dependent 

induction profile. ABCC1 and ABCC2 required 1pM RIF to elicit significant 

induction (Figure 4.6E). For ABCC1 a bell shaped concentration-response 

relationship was noted, whereas, ABCC2 showed a concentration-dependent 

induction profile. With the exception of ABCBIa, which required 0.01 pM, maximal 

induction of the other transporters required 10pM (Figure 4.6E).

CAR was significantly induced by 0.1 pM RIF, whereas FXR and PXR were 

significantly induced at 1pM (Figure 4.6F). Maximal induction for these transcripts 

was observed at 10pM RIF. All three NRs showed concentration-dependent 

induction.
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Figure 4.6
Effect of rifampicin (RIF) on human CYPs, transporters and nuclear receptors 
mRNA expression in HepG2 (A, B and C) and rat CYPs, transporters and nuclear 
receptors in H411e (D, E and F). Data are the mean ± standard deviation of n = 4 
experiments conducted in duplicate. Dotted lines indicate concentrations at which 
toxicity was observed following 5 day incubations with drug. For clarity, statistical 
analyses are only given for the lowest concentration at which a significant 
difference was observed: *P<0.05; **P<0.01; ***P<0.001.
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4.3.10 Impact of 9-c/sRA on mRNA expression in HepG2

CYP2B6 and CYP3A7 were significantly induced by 9-c/sRA in HepG2 cells at 

0.01 pM and 1pM, respectively (Figure 4.7A). Generally, these CYPs followed 

concentration-dependent induction.

There was no significant impact of 9-c/sRA on ABCC2 (Figure 4.7B). However, 

ABCB1 was significantly induced at 0.01 pM with maximal induction at 1pM 9- 

c/’sRA (Figure 4.7B). A bell shaped concentration-relationship was observed for 

this transporter. ABCC1 was induced at 1pM and concentration-dependent 

induction.

No significant effect on FXR was seen with any concentration of 9-c/sRA (Figure 

4.7C). However, PXR and CAR were both significantly induced at 1pM (Figure 

4.7C) and gave bell shaped concentration-relationship profiles.

4.3.11 Impact of 9-cisRA on mRNA expression in H411e

With the exception of CYP3A9, all CYPs were induced by 1pM 9-c/sRA (Figure 

4.7D). Maximal induction also seen at this concentration and all induced CYPs 

produced concentration-dependent induction relationships.

ABCC2 was not significantly affected by 9-c/sRA (Figure 4.7E). However, 

ABCBIa was induced at 0.01 pM, while ABCC1 and ABCBIb were significantly 

induced at 1pM (Figure 4.7E). Maximal induction of induced transcripts was
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observed at 1|jM 9-c/sRA (Figure 4.7E). Generally, these transporters followed 

concentration-dependent induction.

No significant induction of FXR was seen by 9-c/sRA (Figure 4.7F). However, 

PXR and CAR were both induced at 1pM 9-c/sRA (Figure 4.7F), with maximal 

induction also observed at this concentration.
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Figure 4.7
Effect of 9-c/s retinoic acid (9-c/sRA) on human CYPs, transporters and nuclear 
receptors mRNA expression in HepG2 (A, B and C). The effect of 9-c/sRA on rat 
CYPs, transporters and nuclear receptors in H411e (D, E and F). Data are the 
mean ± standard deviation of n = 4 experiments conducted in duplicate. Dotted 
lines indicate concentrations at which toxicity was observed following 5 day 
incubations with drug. For clarity, statistical analyses are only given for the lowest 
concentration at which a significant difference was observed: *P<0.05; **P<0.01; 
***P<0.001.
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4.3.12 Induction of CYP and transporter protein in HepG2

With the exception of CYP3A4 (Figure 4.8A), PB had no significant upregulation 

of CYP protein (Figure 4.8B, C and D). Protein expression of ABCB1 and ABCC2 

were significantly upregulated by PB (Figure 4.9A and C). There was no impact 

on protein expression of ABCC1 by PB (Figure 4.9B).

PCN significantly increased protein expression of CYP2B6 and CYP3A4 (Figure 

4.8A and B). No impact by PB was observed for CYP3A5 and CYP3A7 (Figure 

4.8C and D). Of the transporters, only ABCB1 protein expression was 

upregulated by PCN (Figure 4.9A).

CYP2B6 protein expression was significantly increased by CDCA in HepG2 cells 

(Figure 4.8A). However, CYP3A4, CYP3A5 and CYP3A7 protein were not 

affected (Figure 4.8B, C and D). CDCA also increased protein levels of ABCB1 

(Figure 4.9A). No significant upregulation of ABCC1 or ABCC2 were observed by 

CDCA (Figure 4.9B and C).

CYP2B6 and CYP3A5 were the only CYPs to have protein expression increased 

by exposure to RIF (Figure 4.8A and C). All transporter proteins were significantly 

upregulated by RIF (Figure 4.9A, B and C respectively).

For 9-c/sRA, CYP2B6 protein was increased (Figure 4.8A) but there was no 

impact on CYP3A4, CYP3A5 and CYP3A7 (Figure 4.8B, C and D). There was
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no impact of 9-c/sRA on protein expression for ABCC2 (Figure 4.9C). However, 

significant increases were seen for both ABCB1 and ABCC1 (Figure 4.9A and B).
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Figure 4.8
Representative immunoblots for the effect of PB, PCN, CDCA, RIF and 9-c/sRA 
on human CYP2B6 (A), CYP3A4 (B), CYP3A5 (C) and CYP3A7 (D) protein in 
HepG2. Graphical data are the mean ± standard deviation of n = 4 experiments. 
Integrated density values determined from protein band of interest/p-actin loading 
control. *P<0.05; **P<0.01; ***P<0.001.
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Figure 4.9
Representative immunoblots for the effect of PB, PCN, CDCA, RIF and 9-c/sRA 
on human ABCB1 (A), ABCC1 (B) and ABCC2 (C) protein in HepG2. Graphical 
data are the mean ± standard deviation of n = 4 experiments. Integrated density 
values determined from protein band of interest/p-actin loading control. *P<0.05; 
**P<0.01; ***P<0.001.
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4.3.13 Induction of CYP and transporter protein in H411e

In H411e cells, protein expression of CYP2B2, CYP3A2 and CYP3A9 were 

increased by PB (Figure 4.10A, C and D). There was no impact on protein 

expression for CYP3A1 (Figure 4.1 OB). All transporters protein were significantly 

upregulated PB (Figure 4.11 A, B and C).

PCN increased protein expression of all CYPs in H411e cells (Figure 4.10A - D). 

ABCB1a/b, ABCC1 and ABCC2 protein expression was significantly upregulated 

by PCN (Figure 4.11 A, B and C). This increase was more marked for ABCC1.

CYP2B2 and CYP3A1 were significantly increased by exposure to CDCA (Figure

4.1 OA and B). There was no significant impact on expression of CYP3A2 or 

CYP3A9 (Figure 4.10C and D). CDCA upregulated all transporters in H411e 

(Figure 4.11 A, B and C), this upregulation was more marked for ABCC1.

RIF increased expression of CYP3A1 and CYP3A2 (Figure 4.1 OB and C) but had 

no effect on expression of CYP2B2 or CYP3A9 (Figure 4.1 OA and D). ABCC1 

and ABCC2 protein expression were significantly increased by RIF (Figure 4.11B 

and C). There was no significant impact on ABCB1a/b by RIF (Figure 4.11 A).

9-c/sRA did not affect protein expression of CYP3A1 or CYP3A9 (Figure 4.1 OA 

and D respectively). However, protein expression was upregulated for CYP2B2
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(Figure 4.1 OA) and CYP3A2 (Figure 4.10C). Of the transporters, only ABCC1 

protein was significantly increased by 9-c/sRA in H411e cells (Figure 4.11B).
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Figure 4.10
Representative immunoblots for the effect of PB, PCN, CDCA, RIF and 9-c/sRA 
on rat CYP2B2 (A), CYP3A1 (B), CYP3A2 (C) CYP3A9 (D) in H411e. Since no 
specific antibody was available for CYP3A9, protein was determined by 
difference between CYP3A2/9 antibody and specific CYP3A2 antibody. Graphical 
data are the mean ± standard deviation of n = 4 experiments. Integrated density 
values determined from protein band of interest/p-actin loading control. *P<0.05; 
**P<0.01; ***P<0.001.
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Figure 4.11
Representative immunoblots for the effect of PB, PCN, CDCA, RIF and 9-c/sRA 
on human ABCB1a/b (A), ABCC1 (B) and ABCC2 (C) protein in H411e. 
Graphical data are the mean ± standard deviation of n = 4 experiments. 
Integrated density values determined from protein band of interest/p-actin loading 
control. *P<0.05; **P<0.01; ***P<0.001.

181



Chapter 4

4.3.14 Relationship between mRNA and protein expression in HepG2 and 

H411e cells

A summary of the results for the relationship between mRNA and protein 

expression for HepG2 and H411e can be found in Table 4.1. In order to assess 

whether a relationship existed between induction of mRNA and protein, 1pM 

mRNA data for each transcript was plotted against the corresponding protein 

data (Figure 4.12 for HepG2 cells and 4.13 for H411e cells). In HepG2 cells, a 

significant logarithmic relationship was observed between mRNA and protein for 

CYP2B6 (A), CYP3A4 (B), ABCB1 (E), ABCC1 (F) and ABCC2 (G).

In H411e cells it was not possible to assess CYP3A18, since no primary antibody 

was available for quantification of protein. A significant logarithmic relationship 

was evident for all CYPs and transporters between mRNA and protein. However, 

caution was taken for the significance of the relationship involving ABCB1a/b as 

no primary antibody was available to differentiate the specific isoforms.
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Table 4.1
Summary of the relationship between mRNA and protein expression in HepG2 
and H411e. Normality was assessed using a paired t-test. logarithmic and/or 
linear regression were used to determine the relationship between change in 
mRNA and protein in cell lines. Data are the mean ± standard deviation of n = 4 
experiments conducted in duplicate

HepG-2
mRNA/Protein

correlation
H411e

mRNA/Protein
correlation

ABCB1 r2 = 0.68 
P = 0.03

ABCBIa r2 = 0.73 
P = 0.04

ABCC1 r2 = 0.64 
P = 0.04

ABCBIb r2 = 0.73 
P = 0.04

ABCC2 r2 = 0.69 
P = 0.57

ABCC1 r2 = 0.87 
P = 0.002

CYP3A4 r2 = 0.53 
P = 0.04

ABCC2 r2 = 0.72 
P = 0.002

CYP3A5 r2 = 0.003 
P = 0.91

CYP3A1 r2 = 0.84 
P = 0.0025

CYP3A7 r2 = 0.17 
P = 0.34

CYP3A2 r2 = 0.53 
P = 0.02

CYP2B6 r2 = 0.97 
P = 0.0001

CYP3A9 r2 = 0.36 
P = 0.07

CYP2B2 r2 = 0.89 
P = 0.0007
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Figure 4.12
Correlation between mRNA and protein expression in HepG2 cells for CYP2B6 
(A), CYP3A4 (B), CYP3A5 (C), CYP3A7 (D), ABCB1 (E), ABCC1 (F) and ABCC2 
(G). A best fit to the data was observed by logarithmic regression for CYP2B6 
and CYP3A4 and transporters. CYP3A7 and CYP3A5 were best described by 
linear regression.
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Figure 4.13
Correlation between mRNA and protein expression in H411e cells for CYP2B2 
(A), CYP3A1 (B), CYP3A2 (C), CYP3A9 (D), ABCB1a/b (E), ABCC1 (F) and 
ABCC2 (G). A best fit to the data was observed by logarithmic regression for all 
CYPs and transporters.
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4.4 Discussion

Significant induction of numerous transcripts in both cell lines in response to 

nuclear receptor ligands were observed. Some similarities and important 

differences were seen in the profiles of induction in H411e versus HepG2 cells. 

However, it is unclear whether these observed differences are inherent 

differences associated with species or whether they are a result of limitations, 

associated with transformed cells. For example, the dedifferentiation process that 

occurs when generating and passaging continuously dividing cell systems, can 

affect drug induction studies with respect to transporter and CYP expression 

levels (Meyer and Hoffmann, 1999).

Ease of culture and reproducibility has resulted in widespread use of 

immortalised cells to study gene regulation. Such studies have been pivotal in 

identifying key regulatory mechanisms. For example, HepG2 cells have been 

shown to lack expression of the co-chaperone, CCRP, resulting in nuclear 

accumulation of unliganded CAR (Kobayashi etal., 2003). HepG2 cells exist in at 

least two primary strains but the level and activity of enzymes depends on 

culture conditions, clonal selection in different laboratories and passage number 

(Rodriguez-Antona et al., 2002). Rat hepatic cell lines such as H411e have also 

been used as indicators for drug disposition-relevant genes for human systems. 

Clearly, there are limitations associated with the use of rat immortalised cells for 

this purpose. For example, species differences often make it difficult to 

extrapolate rodent observations directly to humans. Many cell lines (rat and
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human) acquire mutations that result in dissociation from the in vivo phenotype 

(Castell et al., 2006), interindividual variability cannot be assessed and there are 

likely to be significant inadequacies when extrapolating to the in-vivo scenario. 

Despite these pitfalls, several human and rat cell lines find widespread utility as 

high-throughput screening tools for the evaluation of drug absorption (Chiou and 

Barve, 1998), transport processes, drug metabolism and activation studies 

(Boulenc et ai., 1992).

Data presented for H411e are in broad agreement with previous studies 

conducted in rat hepatic cells incubated with PB (Ganem et al., 1999 and 

Joannard et al., 2000), PCN (Leshourgby et al., 1981) and RIF (Koracek et al., 

1996). Consistent with some reports, a comparable induction of CYP3A4 and 

ABCB1 was observed for PCN and RIF in HepG2. (Faucette et at., 2006).

While studies with reporter assays have shown that PCN activates rodent but not 

human PXR and the converse is true of RIF (Jones et al., 2000), PCN has been 

shown to increase human CYP3A4 (Ogg et al., 1999) and RIF increases rat 

CYP3A9 (Swales et al., 2003). Clearly this appears counter-intuitive given the 

species differences in PXR activation. One possible explanation is that other 

mechanisms are involved in the observed induction. Indeed, PCN has been 

reported to activate the CYP3A4 promoter via the glucocorticoid receptor (Ogg et 

al., 1999). These data bring into question the validity of relying solely on 

reporter-based assays when screening for inducers.
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An important difference between this study and previous studies is the use of 

DEX as a media supplement. DEX is known to prolong cell viability (Bailly-Maitre 

et al., 2001) but is a known inducer of CYP3A4 (Chieli et al., 1994) and has been 

shown to modulate P-gp expression in rat hepatocytes (Fardel et al., 1993). DEX 

also upregulates PXR and CAR mRNA (Pascussi et al., 2000a; Pascussi et al., 

2000b) and the order of DEX and PCN administration appears to be an important 

determinant of effects on CYP3A1 in rats (Hosoe et al., 2005). We have shown 

that DEX has a marked effect on the induction of PXR and PXR target genes 

CYP3A4 and ABCB1 (Chapter 2), where the presence of DEX prevented 

maximal induction observed in DEX free media. Therefore, in the present 

chapter, DEX was not added to the culture media. The absence of DEX from the 

culture media may also explain, at least in part, why similar patterns of regulation 

for RIF and PCN for human and rat cell lines are reported here.

In some cases, bell shaped concentration-induction profiles were observed. For 

example, the impact of PCN on CYP3A4 and ABCB1 in HepG2 and RIF effect on 

CYP3A1 and ABCBIb in H411e. It is tempting to speculate, as others have, that 

this may be due to toxicity. However, in H411e and HepG2 cells, sub-maximal 

induction was observed at concentrations that were non-toxic. This has been 

observed in other studies of CYP3A4 with both expression (Ripp et al., 2006) and 

function (Reinach et al., 1999) and we saw similar responses in Caco-2 and lec-6 

(Chapter 3). In these cases, the underlying mechanisms are not understood.
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However, one could hypothesise that at higher concentrations, activation of other 

systems may result in repression or partial antagonism. In this regard it is 

interesting to note that PCN has also been shown to activate liver X receptor 

(LXR) response elements and LXR reduces activation of the CYP3A4-XREM in 

response to PCN (Kocarek et al., 2002). Higher concentrations of PCN may 

therefore activate LXR (and/or other factors) and elicit a negative effect on 

PXR-mediated induction of CYP3A4. These data indicate that using a single 

concentration may result in gross underestimation and may also explain some of 

the discrepancies between this and other studies, underscoring the importance of 

conducting full concentration -  response experiments. Indeed, significant 

induction of these transcripts have previously been reported in other studies 

(Phillips et al., 2005).

For RIF and PB, induction of both PXR and CAR was observed in HepG2 and 

H411e. If PXR and CAR self-regulate, overlap may be expected since both bind 

to similar response elements (Burk et al., 2005a; Goodwin et al., 2001; Xie et al.,

2000). The mechanisms controlling PXR expression have not been studied in 

great detail but some data are emerging (Aouabdi et al., 2006; Gibson et al., 

2006). Recently it was reported that PXR is controlled by PXR itself as well as 

PPARa (Aouabdi et al., 2006) and FXR (Jung et al., 2006). Transfection of 

unliganded PXR and CAR was previously shown to downregulate expression of 

PXR (Aouabdi et al., 2006). Taken collectively with the data here, it appears that
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although unliganded PXR and CAR down regulate expression, activation may 

increase transcription. This is certainly an interesting subject for future study.

For H411e, several interesting observations have emerged from this study. Of 

note, the effect of paradigm inducers on ABCBIa and ABCBIb. All compounds 

were potent inducers of these transcripts, but PB and PCN elicited a higher 

magnitude of fold change and generally required the lowest concentration 

(0.01 pM) (Figure 4.3E and Figure 4.4E). This response is consistent with 

observations by Lothstein et a i, 1989, where there appears to be preferential 

ligand binding and induction of ABCBIa to that of ABCBIb. Although it is difficult 

to directly link specific regulation of ABCBIa and ABCBIb to PXR and CAR, one 

could speculate that these NRs co-regulate ABCBIa and ABCBIb in a drug and 

concentration specific manner. For example, PB and PCN were more potent 

inducers of PXR than for CAR. Correspondingly, both PB and PCN were more 

potent for ABCBIa with respect to magnitude of fold change than that seen for 

ABCBIb. These observations are similar to findings previously described by 

Maglich et ai., 2002, where they noted CAR had an additional effect on ABCBIa.

Data for PB and RIF are in agreement with other studies conducted in hepatic 

cells (Jigorel et at., 2006 and Nishimura et a!., 2006). Also, where overlap exists, 

the data agree with studies for HepG2 and primary hepatocytes (Schrenk et at.,

2001).
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Previously, it has also been reported that activation of FXR by CDCA is 

dependent upon the species examined, with CDCA having greater activation of 

human FXR than of rodent FXR (Cui et al., 2002). This is in partial agreement 

with data here, where the effect of CDCA on FXR was more potent for HepG2 

than for H411e. Interestingly, CDCA was the only activator to induce FXR in both 

human and rat cell lines also increasing expression of CAR in HepG2 cells. This 

may represent an additional avenue in the complex regulation of multiple NRs but 

clearly the interpretation of these findings is dependent on the specificity of 

CDCA for FXR. Physiologically, these effects may not be unexpected as FXR 

plays a crucial role in the regulation of bile acid synthesis in the liver, 

predominantly by induction of expression of the short heterodimer protein (SHP) 

(Lu et al., 2000 and Goodwin et al., 2000). FXR also regulates the enterohepatic 

recirculation of bile acids through modulation of bile acid transporter expression 

(Plass et al., 2002). Indeed, CDCA had a marked effect on all transporters, in 

both hepatic cell lines. However, the molecular basis for the control of FXR 

activation by CDCA remains unclear because a ligand contact site in the rat FXR- 

LBD bound with CDCA has yet to be found and other sites of FXR expression 

(e.g. Kidney and adrenal gland) are not usually considered as targets for bile acid 

regulation. Therefore, other natural ligands may exist for FXR.

9-c/sRA had a potent effect on multiple transcripts, inducing rat CYP2B2 and 

CYP3A1 expression in rat H411e cells, consistent with previous reports (Howell 

et al., 1998) and CYP2B6 in HepG2 cells. However, 9-c/sRA was more toxic for
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both cell lines at lower concentrations (<10|jM) than other paradigm inducers 

analysed (with the exception of HepG2 incubated with PB). Interestingly, the 

effect on other NRs was significant but less marked with respect to magnitude of 

fold change and required the maximum sub-toxic concentration in order to affect 

a response. Furthermore, ABCBIa, ABCBIb and ABCB1 were induced at the 

lowest concentration of 9-c/'sRA.

Logarithmic correlations between changes in mRNA and protein in HepG2 and 

H411e cells were observed (Figure 4.12 and 4.13). Lower changes in mRNA 

elicited linear increases in protein [e.g. CYP3A5 (Figure 4.12C)] but there 

appeared to be a threshold beyond which no additional increase in protein was 

observed. This is most likely due to the time which analysis was conducted; 

mRNA induction being more rapid than that of protein. These observations were 

consistent with those in Caco-2 and lec-6 cells (Chapter 3).

In summary, we have demonstrated induction of mRNA and protein expression 

by paradigm nuclear receptor ligands PB, PCN, RIF, CDCA and 9-c/sRA in rat 

(H411e) and human (HepG2) hepatic cell lines. The impact of CDCA on 

expression of ABCB1, ABCC1, CYP3A4, CYP2B6, PXR, CAR and FXR itself has 

not previously been documented. We have further shown that in the absence of 

DEX, RIF and PCN impact on the expression of CYP3A4, ABCB1 and rat 

orthologues to a similar extent, despite previously reported species differences.
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5.1 Introduction

Primary hepatocytes represent a major in vitro model for studying the activity and 

regulation of liver-detoxifying pathways and can therefore contribute to prediction 

of hepatic elimination of xenobiotics (Modriansky et al., 2000; Gebhardt et al.,

2003). While hepatic drug transport processes have been extensively studied in 

rodents, less data are available in humans. Therefore, more experimental data 

concerning the function and regulation of drug transporters in human liver cells is 

required but this is complicated by the lack of an active bile system in vitro. To 

date, liver cell culture systems have been extensively characterised with respect 

to expression and activity of drug-metabolising enzymes (Gomez-Lechon 1990; 

Donato et al., 1992; Donato et al., 1995) and certain ATP-binding cassette (ABC) 

transporters (Fardel et al., 1999; Payen et al., 2000; Gomez-Lechon et al., 2003; 

Annaert and Brouwer, 2005). Regardless of their limitations, human primary 

hepatocytes are recognised as a good model for some liver functions (Gomez- 

Lechon etal., 1997; Maurel, 1996; Guillouzo etal., 1993 Fabre etal., 1990).

The isolated hepatocyte system that contains intact membranes serves as an 

important, physiologically relevant experimental tool for uptake studies. Some 

work has been carried out with human hepatocytes (Kusuhara and Sugiyama, 

2002; Meng et al., 2002) whereas rat hepatocytes are used more routinely (Li et 

al., 1999). The intact cells contain the entire complement of transporters, 

whereas conventional cultured cells tend to rapidly lose hepatic transport activity 

(Houle et al., 2003). In contrast, freshly isolated hepatocytes are reported to
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reflect the relative uptake rates found in vivo (Sandker et a/., 1994; Zhou et al., 

1994). Cryopreservation is a viable alternate procedure for the storage of human 

and rat hepatocytes since most of the CYP activities (Garcia et al., 2003) as well 

as inducibility (Silva et al., 1999; Hengstler et a l, 2000) is retained. In addition, is 

has been reported that cryopreserved hepatocytes retain their full activity for 

more than 1 year in liquid N2 and are thus a flexible resource of hepatocytes for 

in vitro assays (McGinnity et al., 2004)

Animals, including rat, show significant metabolic differences when compared 

with man (Lewis et al., 1998; Lin et al., 1998; Lin et al., 1995) and are often not 

considered predictive of the metabolic profile of a drug in humans (Hawksworth 

et al., 1998). A major factor for species differences in xenobiotic 

biotransformation is the difference in CYPs (Ding et al., 2003; Lewis et al., 1998; 

Guengerich et al., 1997).

The CYPs, Phase II enzymes and Phase III pumps are mainly regulated by 

ligand-activated nuclear transcription factors, such as the PXR, CAR (Bock and 

Kohle, 2004; Maglich et al., 2002; Mankowski and Ekins, 2003; Xie et al., 2003) 

and FXR (Kast et al., 2002). CYP inhibition is usually screened using 

recombinant CYP enzymes or microsomes. However, the actual concentration of 

substrate and inhibitor available to the CYP enzyme depends on processes 

missing in subcellular models (transport mechanisms, cytosolic enzymes, binding 

to intracellular proteins etc.) (LeCluyse et al., 1994). For example, DEX, a potent
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inducer of rat hepatic CYP3A1 and CYP3A2, also strongly enhances ABCC2 

expression (Courtois et al., 1999; Demeule et a!,. 1999). In the same way, PB, an 

inducer of human CYP2B genes in humans (Goodwin et at., 2002) markedly up- 

regulates rat CYPs, including CYP2B2, CYP3A1 and CYP3A2 (Waxman and 

Azaroff, 1992) as well as ABCC2 (Kauffmann and Schrenk, 1998).

Drug transport across the hepatocyte plasma membranes is a key factor in 

hepatic clearance (Cattori et a/., 2001; Bossuyt et al., 1996; Gründemann et a!., 

1994). Biliary elimination of drugs is mediated by various ABC-transporters 

including ABCB1 gene product, P-gp (Meijer et al., 1997) and ABCC2 (Payen et 

al., 2000). P-gp usually mediates the secretion of cationic and amphipathic 

compounds, whereas ABCC2 exports anionic compounds (Müller et al., 1997). 

ABCC1 has previously been reported to be present in human liver at low levels 

and shares numerous substrates with ABCC2, including organic anions (Lautier 

eta!., 1996; Kool etal., 1999).

Recent data demonstrated that rat ABCC2, CYP2B2, CYP3A1 and CYP3A2 are 

differentially regulated by PB in vivo, suggesting that cellular and molecular 

mechanisms underlying up-regulation of ABCC2 are unrelated to those operating 

for CYPs. In addition, ABCC2 and ABCB1 have been shown to be upregulated 

by RIF (Fromm et al 2001; Fardel et al., 2001) which is also a ligand for PXR 

(Kast et al., 2002; Geick et al., 2001). Furthermore, bile acids such as lithocholic 

acid (LCA), ursodeoxycholic acid (UDC) and pregnanes activate PXR as
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endogenous ligands (Watkins et al., 2001; Wentworth et a i, 2000). CAR, another 

CYP inducing receptor, can replace PXR in the binding (with RXR) to the 

respective response elements and also induce ABCC2 expression (Kast et al.,

2002). However, ABCC2 is also activated through binding of RXR and the 

retinoic acid receptor (RAR) and the fact that ABCC2 is also induced by binding 

of FXR (with RXR), illustrates the complexity in gene regulation (Kast et al., 

2002).

The fact that primary cells are kept in an artificial environment differing from that 

of the liver might result in relevant phenotypic changes. Thus, it can be argued 

that the drug metabolism activities of cultured primary (human and rat) 

hepatocytes may significantly differ from the situation in vivo (Sandker et al., 

1994; de Sousa et al., 1995). Despite the fact that some authors have claimed 

that the in vitro metabolic profile of a drug essentially reproduces that observed in 

vivo (Verhoeven et al., 1998a; Verhoeven et al., 1998b), differences in 

metabolism are frequently found among cell culture preparations. However, it can 

be argued that this represents inter-individual variability in these processes and 

is therefore an advantage.

The aim of this chapter was to investigate the time dependent impact of 

prototypical inducers PB, CDCA, PCN, RIF and 9-c/sRA on expression of mRNA 

for human transporters (ABCB1, ABCC1 and ABCC2), CYPs (CYP2B6, 

CYP3A4, CYP3A5 and CYP3A7) and NRs (PXR, CAR and FXR) in human
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cryopreserved primary hepatocytes. Rodent transporters (ABCBIa, ABCBIb, 

ABCC1 and ABCC2) CYPs (CYP2B2, CYP3A1, CYP3A2, CYP3A9 and 

CYP3A18) and NRs (PXR, CAR and FXR) in rat fresh hepatocytes, were also 

investigated in order that species similarities and differences could be assessed
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5.2 Materials and Methods

5.2.1 Primary hepatocvte preparation (Human and Rat)

Cryopreserved human hepatocytes were removed from liquid nitrogen storage (2 

x 10 vials per donor; H1 and H2) and maintained in DMEM supplemented with 

10% FBS as previously described (section 2.2.3). Rat fresh primary hepatocytes 

were isolated from rat liver and maintained in DMEM supplemented in 10% FBS 

as previously described (section 2.2.3).

5.2.2 Treatment of cells

Human and rat primary hepatocytes were seeded at a density of 1 x 106 per well 

into 10% FBS supplemented DMEM in Nunclon™ Surface 6 well plates. Test 

compounds, PB, CDCA, PCN, RIF and 9-c/sRA were added to give a final 

concentration of 1.0pM. Since with primary cells the duration of culture is critical, 

this concentration was chosen based on observations from chapter 4, and a time 

course was conducted. Cells were then incubated at 37°C and 5% CO2 and 

sampled at 0, 2, 4, 6 and 18 hours. DMSO treated controls were used for PB, 

CDCA, PCN and 9-c/'sRA and methanol treated controls were used for RIF (0.1% 

v/v for both vehicles).

5.2.3 Quantitative real-time RT-PCR

Total mRNA was isolated from human and rat primary hepatocytes and cDNA 

constructed as previously described (section 2.2.5). Previously validated pico 

green based real time PCR assays were employed, and the relative expression
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(AACT) of transcripts against the housekeeping gene |3-actin was measured 

(section 2.2.6).

5.2.4 Data treatment and statistical analysis

Data reported for human cryopreserved primary hepatocytes (Donor H1 and 

Donor H2) and rat fresh hepatocytes are at multiple time points (0, 2, 4, 6 and 18 

hours). Biological significance was inferred when a statistically significant change 

3 fold higher than the control was observed. Expression data are presented as 

the mean ± standard deviation of at least 4 experiments conducted in duplicate. 

Normality was assessed using a Shapiro -  Wilk statistical test and differences in 

expression assessed using a one-way analysis of variance with Bonferroni 

correction.
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5.3 Results

5.3.1 Impact of PB on mRNA expression in human primary hepatocvtes

For human donor H1 cells (Figure 5.1 A), significant induction by PB was 

observed for CYP2B6 and CYP3A4 at 2 hours and CYP3A7 at 6 hours. No 

significant impact of PB was observed for CYP3A5. With the exception of 

CYP3A5, all other CYPs were induced by PB in donor H2 cells (Figure 5.1 D). In 

general, CYP induction was higher in H1 than in H2.

All transporters were upregulated by PB in H1 (Figure 5.1B) and H2 (Figure

5.1 E) after 4 hours, with maximal induction observed at 6 hours. Induction of 

transporters in H1 was more marked than that seen in H2.

There was no significant impact of PB on FXR in H1 cells (Figure 5.1C). 

However, both PXR and CAR were significantly upregulated at 6 hours (Figure 

5.1C). For H2 cells, significant upregulation was observed for PXR at 2 hours 

and at 6 hours for CAR (Figure 5.1 F). No impact of PB was observed for FXR in 

H2 cells (Figure 5.1F). Maximal induction for PXR and CAR in both donor cells 

was observed at 6 hours.

5.3.2 Impact of PB on mRNA expression in rat fresh primary hepatocvtes

With the exception of CYP3A18, all CYPs were induced by PB in rat fresh 

primary hepatocytes (Figure 5.1G). Significant induction was seen at 2 hours for 

all induced CYPs. With the exception of CYP3A9 which was induced maximally
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at 6 hours, CYP2B2, CYP3A1 and CYP3A2 were maximally induced at 2 hours 

(Figure 5.1G).

All rat transporters were upregulated by PB at 2 hours (Figure 5.1 H), with 

ABCBIb giving the highest fold change. Maximal induction of these transporters 

was seen at 2 hours for ABCBIb, 4 hours for ABCBIa and ABCC2 and 6 hours 

for ABCC1 (Figure 5.1 H).

FXR was not significantly affected by PB in rat fresh primary hepatocytes (Figure 

5.11). However, PXR was significantly and maximally induced at 2 hours, while 

CAR was significantly induced at 2 hours with maximal induction observed at 6 

hours (Figure 5.11).
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Figure 5.1
Effect of phénobarbital (PB) on CYPs, transporters and NRs mRNA expression in 
human cryopreserved hepatocyes (Donor H1; A, B and C and Donor H2; D, E 
and F). Impact of PB on rat CYPs, transporters and NRs in rat fresh hepatocytes 
(G, H and I). Data are the mean ± standard deviation of n = 4 experiments 
conducted in duplicate. For clarity, statistical analyses are only given for the 
earliest time point at which a significant difference was observed: *P<0.05; 
**P<0.01; ***P<0.001.
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PCN upregulated CYP2B6, CYP3A4 and CYP3A7 in donor H1 cells (Figure 

5.2A). This was significant for CYP2B6 and CYP3A4 at 2 hours and at 4 hours 

for CYP3A7, with maximal induction seen at 6 hours for these CYPs. There was 

no impact on CYP3A5 by PCN in H1 cells (Figure 5.2A). For donor H2, PCN 

significantly induced CYP2B6 at 4 hours, CYP3A4 and CYP3A7 at 6 hours 

(Figure 5.2D) with maximal induction observed at 6 hours for all three CYPs. 

CYP3A5 was not significantly induced by PCN in H2 cells (Figure 5.2D).

ABCB1, ABCC1 and ABCC2 were significantly upregulated by PCN in H1 cells at 

4 hours with maximal induction seen at 6 hours (Figure 5.2B). All transporters 

were induced by PCN in H2 cells. At 4 hours for ABCB1 and ABCC2 and at 6 

hours for ABCC1. Maximal induction for all three transporters was observed at 6 

hours. Comparable maximal fold changes for these transporters was seen 

between the two donors (Figure 5.2B and E).

PXR and FXR were significantly and maximally induced by PCN in H1 cells at 6 

hours (Figure 5.2C). No significant impact of PCN on CAR was seen at any time 

point in H1 cells (Figure 5.2C). For H2 cells, significant upregulation was 

observed for PXR and CAR at 4 hours with maximal induction seen at 6 hours. 

PCN did not significantly affect FXR mRNA in H2 cells (Figure 5.2F).

5.3.3 Impact of PCN on mRNA expression in human primary hepatocvtes
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All rat CYPs were induced by incubation with PCN in rat fresh primary 

hepatocytes (Figure 5.2G). Significant induction was observed at 2 hours for all 

these CYPs. However, with the exception of CYP3A1 which was maximally 

induced at 4 hours, maximal induction for all other CYPs was achieved at 2 hours 

(Figure 5.2G).

All rat transporters were significantly induced at 2 hours by PCN and maximally 

at 6 hours (Figure 5.2H). Comparable fold change for induction was seen 

between ABCBIa versus ABCC1 and ABCBIb versus ABCC2 (Figure 5.2H).

No significant induction of FXR by PCN was observed in rat fresh primary 

hepatocytes (Figure 5.21). However, PXR and CAR were significantly 

upregulated at 2 hours with maximal induction for PXR at 6 hours and at 4 hours 

for CAR (Figure 5.21). PXR was induced 2 fold higher than that observed for 

CAR.

5.3.4 Impact of PCN on mRNA expression in rat fresh primary hepatocytes
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Figure 5.2
Effect of pregnenolone 16a-carbonitrile (PCN) on CYPs, transporters and NRs 
mRNA expression in human cryopreserved hepatocyes (Donor H1; A, B and C 
and Donor H2; D, E and F). Impact of PCN on rat CYPs, transporters and NRs in 
rat fresh hepatocytes (G, H and I). Data are the mean ± standard deviation of n = 
4 experiments conducted in duplicate. For clarity, statistical analyses are only 
given for the earliest time point at which a significant difference was observed: 
*P<0.05; **P<0.01; ***P<0.001.
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There was no significant impact on CYP3A4 or CYP3A7 by CDCA in H1 cells 

(Figure 5.3A). However, CYP2B6 was significantly induced at 4 hours with 

maximal induction observed at 6 hours (Figure 5.3A). CYP3A5 was significantly 

and maximally induced at 6 hours (Figure 5.3A). For CDCA effect on CYPs in H2 

cells, CYP2B6 and CYP3A5 were significantly upregulated at 4 and 6 hours 

respectively. Maximal induction for both these CYPs was seen at 6 hours (Figure 

5.3D). There was no significant induction of CYP3A4 or CYP3A7 seen in H2 cells 

(Figure 5.3D).

ABCB1, ABCC1 and ABCC2 were all upregulated in H1 cells at 4 hours and 

maximally at 6 hours (Figure 5.3B). For transporters in H2 cells, significant 

induction was seen for ABCB1 at 4 hours with ABCC1 and ABCC2 at 6 hours 

(Figure 5.3E). Maximal induction for all three transporters was observed at 6 

hours (Figure 5.3E).

All NRs in H1 cells were significantly induced at 6 hours, with maximal induction 

also observed at this time point (Figure 5.3C). PXR, FXR and CAR were 

upregulated by CDCA in H2 cells, significantly and maximally at 6 hours (Figure 

5.3F). Different profiles were observed for NRs between H1 and H2 in that FXR 

fold change was higher than PXR and CAR in H1 with the converse in H2 (Figure 

5.3C and F).

5.3.5 Impact of CDCA on mRNA expression in human primary hepatocvtes
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All CYPs were significantly and maximally induced at 2 hours by CDCA in rat 

fresh hepatocytes with comparable fold change observed between these CYPs 

(Figure 5.3G).

All transporters were upregulated by CDCA. ABCBIa, ABCBIb and ABCC2 were 

induced at 2 hours with maximal induction observed at 4 hours for ABCBIa and 

ABCBIb and at 6 hours for ABCC2 (Figure 5.3H). ABCC1 was significantly and 

maximally induced by CDCA at 4 hours (Figure 5.3H).

FXR was significantly and maximally induced at 2 hours in rat fresh hepatocytes 

by CDCA (Figure 5.3I). CAR was induced at 2 hours and maximally induced at 4 

hours (Figure 5.3I). PXR was significantly and maximally induced at 6 hours 

(Figure 5.3I).

5.3.6 Impact of CDCA on mRNA expression in rat fresh primary

hepatocvtes
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Figure 5.3
Effect of chenodeoxycholic acid (CDCA) on CYPs, transporters and NRs mRNA 
expression in human cryopreserved hepatocytes (Donor H1; A, B and C and 
Donor H2; D, E and F). Impact of CDCA on rat CYPs, transporters and NRs in rat 
fresh hepatocytes (G, H and I). Data are the mean ± standard deviation of n = 4 
experiments conducted in duplicate. For clarity, statistical analyses are only 
given for the earliest time point at which a significant difference was observed: 
*P<0.05; **P<0.01; ***P<0.001.
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With the exception of CYP3A5, ail other CYPs were significantly upregulated by 

RIF in H1 cells (Figure 5.4A). Significant induction was observed for CYP2B6 

and CYP3A4 at 4 hours and maximal induction observed at 6 hours for both 

these CYPs (Figure 5.4A). CYP3A7 was significantly and maximally induced at 6 

hours (Figure 5.4A). For H2 cells, CYP2B6 was significantly induced at 4 hours 

with maximal induction seen at 6 hours (Figure 5.4D). CYP3A4 and CYP3A7 

were both significantly and maximally induced at 6 hours. There was no 

significant impact on CYP3A5 in H2 cells by RIF (Figure 5.4D). With the 

exception of CYP3A4 in H1 cells, comparable induction profiles were observed 

between both H1 and H2 cells (Figure 5.4A and D).

All three transporters were upregulated by RIF in H1 cells, significantly at 4 hours 

and maximally at 6 hours (Figure 5.4B). Similarly, for H2 cells, significant 

induction was observed for ABCB1, ABCC1 and ABCC2 at 4 hours with maximal 

induction seen at 6 hours for all three transporters (Figure 5.4E).

PXR and CAR were induced by RIF in H1 cells, significantly and maximally at 6 

hours (Figure 5.4C). There was no significant increase of FXR mRNA by RIF in 

H1 cells (Figure 5.4C). PXR was significantly induced by RIF in H2 cells at 4 

hours with maximal induction observed at 6 hours (Figure 5.4F). CAR was also 

significantly and maximally induced by RIF at 6 hours in H2 cells (Figure 5.4F). 

FXR was not significantly induced in H2 cells by RIF (Figure 5.4F).

5.3.7 Impact of RIF on mRNA expression in human primary hepatocvtes
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There was no significant impact on CYP3A18 by RIF in rat fresh primary 

hepatocytes (Figure 5.4G). However, CYP2B2 was significantly and maximally 

induced at 6 hours (Figure 5.4G). CYP3A1 and CYP3A2 were significantly 

induced at 2 hours and maximal induction observed at 6 hours for these CYPs. 

CYP3A9 was significantly and maximally upregulated at 2 hours (Figure 5.4G).

All rat transporters were upregulated by RIF (Figure 5.4H). ABCBIb and ABCC2 

were induced at 2 hours with maximal induction observed at 4 hours (Figure 

5.4H). ABCBIa and ABCC1 were significantly induced at 4 hours with maximal 

induction observed at 6 hours for both of these transporters (Figure 5.4H).

Comparable induction was observed between rat PXR and CAR (Figure 5.4I). 

Significant induction was observed at 2 hours for PXR with maximal induction 

seen at this time point (Figure 5.4I). CAR was significantly induced at 2 hours 

with maximal induction observed at 6 hours (Figure 5.4I). There was no 

significant upregulation of FXR seen in rat fresh primary hepatocytes (Figure 

5.4I).

5.3.8 Impact of RIF on mRNA expression in rat fresh primary hepatocvtes
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Human Cryopreserved Hepatocytes
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Figure 5.4
Effect of rifampicin (RIF) on CYPs, transporters and NRs mRNA expression in 
human cryopreserved hepatocytes (Donor H1; A, B and C and Donor H2; D, E 
and F). Rat CYPs, transporters and NRs in rat fresh hepatocytes (G, H and I). 
Data are the mean ± standard deviation of n = 4 experiments conducted in 
duplicate. For clarity, statistical analyses are only given for the earliest time point 
at which a significant difference was observed: *P<0.05; **P<0.01; ***P<0.001.
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With the exception of CYP3A5, all CYPs were upregulated in H1 cells (Figure 

5.5A). Significant induction was observed for CYP2B6 and CYP3A4 at 4 hours 

with maximal induction seen at 6 hours for these CYPs (Figure 5.5A). CYP3A7 

was induced significantly and maximally at 6 hours in H1 cells (Figure 5.5A). For 

CYPs in H2 cells, CYP2B6, CYP3A4 and CYP3A7 were significantly and 

maximally induced at 6 hours by 9-c/sRA (Figure 5.5D). No impact of 9-c/sRA 

was observed for CYP3A5 (Figure 5.5D).

All transporters in H1 cells were induced significantly and maximally at 6 hours in 

the presence of 9-c/sRA (Figure 5.5B). ABCB1 and ABCC2 were significantly 

upregulated at 4 hours and maximally induced at 6 hours in H2 cells (Figure 

5.5E). ABCC1 was induced maximally at 6 hours (Figure 5.5E).

No impact on CAR was observed in H1 cells by 9-c/sRA (Figure 5.5C). However, 

PXR and FXR were significantly and maximally induced by 9-c/'sRA at 6 hours 

(Figure 5.5C). For H2 cells, the only NR to be affected by 9-c/sRA was PXR, 

being significantly induced at 4 hours with maximal induction observed at 6 hours 

(Figure 5.5F).

5.3.9 Impact of 9-c/sRA on mRNA expression in human primary

hepatocvtes
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With the exception of CYP3A18, all rat CYPs were upregulated by 9-c/sRA 

(Figure 5.5G). CYP2B2 was significantly induced at 2 hours. CYP3A1, CYP3A2 

and CYP3A9 were significantly induced at 4 hours (Figure 5.5G). All induced 

CYPs in rat cells were maximally induced at 6 hours (Figure 5.5G).

All rat transporters, with the exception of ABCC1 were induced by 9-c/'sRA 

(Figure 5.5H). This was significant for ABCBIa, ABCBIb and ABCC2 at 4 hours 

with maximal induction observed for ail three transporters at 6 hours (Figure 

5.5H).

FXR was not induced by 9-c/sRA in rat fresh primary hepatocytes (Figure 5.51). 

PXR was significantly induced at 4 hours with maximal induction observed at 6 

hours (Figure 5.51). CAR was significantly and maximally induced at 6 hours by 

9-c/sRA (Figure 5.51).

5.3.10 Impact of 9-c/sRA on mRNA expression in rat fresh primary

hepatocvtes
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Human Cryopreserved Hepatocytes
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Rat Fresh Hepatocytes

A D G

Figure 5.5
Effect of 9-cis retinoic acid (9-c/sRA) on CYPs, transporters and NRs mRNA 
expression in human cryopreserved hepatocyes (Donor H1; A, B and C and 
Donor H2; D, E and F). The impact of 9-c/sRA on rat CYPs, transporters and 
NRs in rat fresh hepatocytes (G, H and I). Data are the mean ± standard 
deviation of n = 4 experiments conducted in duplicate. For clarity, statistical 
analyses are only given for the earliest time point at which a significant difference 
was observed: *P<0.05; **P<0.01; ***P<0.001.
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5.4 Discussion

There have been a number of investigations to examine the use of media 

supplements in order to increase viability and therefore metabolic competency of 

primary hepatocytes, both fresh and cryopreserved. However, the intention of 

this chapter was to investigate induction and not metabolism. Therefore we opted 

for a more simplistic approach in order to avoid interference with gene regulation 

via addition of supplements such as DEX and DMSO. Despite this, a potential 

limitation to the use of the cells used in this chapter is a selective loss of 

hepatocyte sub-types with lower viabilities during isolation and/or 

cryopreservation. Therefore, as with any model system we must accept that the 

phenotype might be different from those in vivo.

We have shown significant induction of multiple transcripts of human CYPs 

(CYP2B6, CYP3A4, CYP3A5 and CYP3A7), transporters (ABCB1, ABCC1, 

ABCC2) and NRs (PXR, CAR and FXR) for two human donors of cryopreserved 

hepatocytes. In addition, induction of rat CYPs (CYP2B2, CYP3A1, CYP3A2, 

CYP3A9 and CYP3A18), transporters (ABCBIa, ABCBIb, ABCC1 and ABCC2) 

and NRs (PXR, FXR and CAR) in rat fresh hepatocytes was observed. 

Consistent with work performed by Goodwin et al. 2001, transcription of human 

CYP2B6 was upregulated in human primary hepatocytes by PB (Figure 5.1 A and 

D). Interestingly, there was variation in the observed induction between the 

donors, which has also previously been reported (Faucette et al., 2004; Madan et 

al., 2003). RIF induction is well documented to be more potent for CYP3A4 than
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for CYP2B6 in human primary hepatocytes (Hesse et al., 2000), and this was 

confirmed in H1 (Figure 5.4A), but not H2 (Figure 5.4D). This observation may be 

explained by the marked inter-individual variation in the expression of CYP3A4 

when exposed to RIF (Watkins et al., 1989)

Rat CYP2B2 induction was observed (Figure 5.1 G) in response to PB, probably 

involving CAR binding to the PBREM (Choi et al., 1997; Trottier et al., 1995; 

Honkakoski et al., 1998). CYP3A1 was also induced by PB, and both CYP2B2 

and CYP3A1 were induced by PCN (Figure 5.2G), a known rat PXR activator 

(Jones et al., 2000). Consistent with previous reports (Heuman et al., 1992), 

CYP3A1 was induced more markedly by PCN than by PB (Figure 5.2G and 5.1G 

respectively). PB stimulation has been shown to be dependent on synergism 

between multiple sites including a glucocorticoid response element (GRE) as well 

as an NF1 site and an associated nuclear hexamer half site (Stolz et al., 1998). 

This NF1 binding site interacts with a CAR-RXR heterodimer (Honkakoski et al.,

1998).

ABCC2 mRNA levels were found to be markedly increased in both primary rat 

and human hepatocytes exposed to all test compounds (Figure 5.1E and H). 

Courtois et al., 1998, previously observed that ABCC2 was upregulated at higher 

concentrations of PB than that needed for induction of rat CYP2B and CYP3A 

genes. This suggests that ABCC2 and CYPs are differently regulated in 

response to PB. These data therefore confirm the PB-mediated up-regulation of

218



Chapter 5

ABCC2 previously reported in cultured rat and human hepatoma cells (Wang et 

al., 2003). PXR is also involved in up-regulation of CYP3A and CYP2B by some 

xenobiotics (Kiuchi et al., 1998; Smirls et al., 2001) and in contrast to a previous 

study (Zelko et al., 2000) PXR was upregulated by PB in rat and human 

hepatocytes (Figure 5.1C, F and I).

Consistent with a recent report (Nishimura et al., 2006), ABCB1 and ABCC1 

were both induced in the presence of RIF in cryopreserved human primary 

hepatocytes (Figure 5.4B and E). However their study required 2pM to produce 

this effect, whereas our study required only 1pM RIF. Furthermore, they also 

observed a higher fold increase for rat ABCBIb than for rat ABCBIa. There 

were differences in methodology however, Nishurama et al., used a complex 

media to maintain their cells which were plated on type I collagen coated plates. 

Also, their cell viability was >90% for human cells and >88% for rat cells.

PXR and CAR in both species were upregulated by PB, CDCA and RIF. CYP2B6 

is regulated directly by PXR and transactivation of CYP2B6 by PXR is mediated 

by the PBREM. This enhancer module also regulates CAR-mediated induction of 

CYP2B6 (Quattrochi et al., 1998). Given the reported species specific activation 

of rodent PXR by PCN and human PXR by RIF (Jones et al., 2000), this may 

help explain PCN and RIF induction of both human and rodent PXR target 

genes. Indeed, PCN has been reported to activate the CYP3A4 promoter via GR 

(Ogg et al., 1999).
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CDCA upregulated PXR, FXR and CAR in human and rat hepatocytes (Figure 

5.3C, F and I). Both FXR and PXR have previously been identified as bile acid- 

activated receptors. Indeed FXR regulates bile acid synthesis, transport and 

absorption as well as reverse cholesterol transport (Wang et al., 1999; 

Makishima et al., 1999; Parks et al., 1999), and CDCA is its most active 

endogenous ligand (Forman et al., 1995; Wang et al., 1999). Furthermore, FXR 

also induces ABCC2 (Kast et al., 2002), and our data are in line with this 

observation (Figure 5.3B and E). This is also in agreement with other reports 

(Gnerre et al., 2004; Kast et al., 2002). Interestingly, ABCB1 was also 

upregulated at 1pM CDCA (Figure 5.3B, E and H). Clearly the interpretation of 

these finding will be dependent upon the specificity of CDCA for FXR. However, 

ABCB1 has recently been reported to be induced in cholestasis (Zollner et al.,

2003) and can be induced by physiological concentrations of bile acids via FXR 

(Stedman et al., 2006).

When human primary hepatocytes were incubated with 9-c/sRA, there was no 

significant effect observed on CAR (Figure 5.5C and F), consistent with previous 

reports (Kakizaki et al., 2002). Interestingly, with the exception of CYP3A5, 

human and rat PXR and their corresponding target genes were also induced 

(Figure 5.5A, D and G). This is broadly in agreement with observations by Wang 

et al., 2006, utilising a luciferase reporter assay transfected into human hepatic 

cell line HuH7, and Ruhl et al., 2004, using HepG2 cells. Interestingly, they 

performed a dose dependent parallel study and found that 1pM 9-c/sRA was 

more effective than RIF in transactivation of PXR. The molecular mechanisms
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underlying these effects remain elusive. However, since the endogenous levels 

of human PXR is very low in HuH7 (Philips et al., 2005), other RXR-mediated 

pathways may mediate the effect of 9-c/sRA on CYP3A induction.

In summary, we have shown significant induction of multiple transcripts in human 

cryopreserved and rat fresh primary hepatocytes incubated with 1pM PB, PCN, 

CDCA, RIF and 9-c/sRA. Generally, maximal induction was observed in human 

cells at 6 hours post administration and at 4 hours for rat. Variation in induction 

profiles were observed between the two human donors in response to paradigm 

PXR, CAR and FXR activators. In most instances time-dependent induction was 

observed. We have further shown that in the absence of DEX, PCN and RIF 

affect expression of rat PXR and human PXR (and PXR target genes) to a similar 

extent as their human orthologues.
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6.1 Introduction

Previous reports have revealed that hydrophobic ligands of several NRs are 

involved in the induction or down-regulation of various CYPs and ABC 

transporters. NRs are transcription factors capable of directing regulation of 

target gene expression in the nucleus in response to a diverse array of 

intracellular and extracellular compounds (Tsai and O’Malley 1994; Mangelsdorf 

et al., 1995). Investigations into the understanding of the regulation of the 

individual biotransformation and influx/efflux proteins have lead to the recognition 

of a complex network, cross-talk and interplay of nuclear and steroid receptors 

that share ligands (Xu et al., 2005).

NRs that have been identified as regulators of CYPs and transporters are known 

to be PXR, CAR, peroxisome proliferator-activated receptor (PPAR), 

glucocorticoid receptor (GR), vitamin D receptor (VDR), liver X receptor (LXR) 

and FXR. Activation of these receptors leads to translocation of the ligand- 

receptor complex to the nucleus, with the exception of PXR, which is already 

located in the nucleus (Handschin and Meyer, 2005). Binding of the receptor- 

ligand complex in the nucleus to responsive elements, located upstream of the 

relevant target gene, induces gene expression. The nuclear receptors are usually 

characterised by a zinc finger DNA binding domain (DBD) and C-terminal ligand 

binding domain (LBD). Amino acid sequence comparison reveals a high similarity 

between PXR, CAR, and VDR and also between FXR and LXR within and 

between species (Ekins et al., 2004). While the DBD appears to be highly
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conserved, divergence exists in the LBD, thus contributing to species differences 

in drug metabolism (Jacobs et a/., 2003).

A confounding factor in the understanding of the regulation of genes involved in 

drug metabolism is the existence of cross talk between nuclear receptors such as 

CAR and PXR which recognise overlapping response elements and trigger gene 

expression (Handschin et al., 2005). Several compounds are known to induce 

PXR and/or CAR mRNA indicating another level of control. For example, GR can 

induce expression of PXR, CAR, and their heterodimeric partner RXR in cultured 

cells (Pascussi et al., 2000a; Pascussi et al., 2000b). In addition, in the rodent 

liver, PXR expression is autoinduced by PCN and also induced by PPARa 

specific drugs such as perfluorodecanoic acid and clofibrate (Zhang et al., 1999). 

In theory, induction of the xenobiotic receptors themselves could enhance 

induction of downstream target genes. However, as both PXR and CAR are 

abundantly expressed in the liver, the effect of further induction is not clear.

The drug clearance pathway regulated by PXR can be utilised to detoxify 

endogenously produced toxins (Xie et al., 2000) and activation of PXR has been 

reported to protect against the hepatotoxic effects of high concentrations of 

dietary bile acids (Staudinger et al., 2001, Xie et al., 2001; Kliewer, 2005). In 

addition to PXR, at least two other closely related nuclear receptors appear to 

contribute to bile acid regulation, namely, VDR and FXR. VDR has been shown 

to bind secondary bile acids such as LCA and can induce CYP3A expression in
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the intestine (Makishima et al., 2001). VDR also regulates calcium homeostasis, 

immunity, cellular differentiation and other physiological functions. Although VDR 

has wide promiscuity, ligand-activated VDR has been shown to induce 

expression of certain CYP2B and CYP3A enzymes (Drocourt et al., 2002; 

Schmiedlin et al., 2001; Makishima et al., 2002). Drocourt et al, 2002, reported 

that VDR, PXR and CAR may control the basal and inducible expression of these 

CYPs through competitive interaction with the same battery of response 

elements.

Studies from a number of laboratories have shown that FXR (NR1H4) is a global 

regulator of bile acids, including CDCA, cholic acid and their respective 

conjugated metabolites (Russell, 1999). In the enterohepatic system, FXR acts 

as a bile acid sensor that regulates bile acid synthesis and recirculation. 

Therefore, bile acid activation of FXR induces a distinct set of target genes 

controlling bile acid synthesis and transport (Chawal et al., 2000). Overall, PXR, 

VDR and FXR cross-talk to protect cells from accumulation of toxic bile acids via 

the control of their synthesis and degradation.

Liver X receptors (LXR) are expressed in tissues associated with lipid 

metabolism (Lu et al., 2001) and regulate transcription of gene products 

controlling intracellular cholesterol homeostasis through biosynthesis, catabolism, 

and transport. LXRa (NR1H3) is activated by oxysterols and stimulates the
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conversion of cholesterol to bile acids by inducing CYP7A transcription (Peet et 

a/., 1998).

PPARa (NR1C1) is a fatty acid activated transcription factor controlling lipid 

homeostasis and cellular differentiation. The endogenous ligands for PPARa are 

fatty acids, which up-regulate the expression of fatty acid metabolising enzymes 

including several isoforms of the CYP4A gene subfamily (Muerhoff et al., 1992). 

Interestingly, PPARa induces the expression of the ABC transporter ABCA1 

genes through a transcriptional cascade mediated by LXRa. LXR ligands are 

capable of activating PXR, probably as a defensive measure to prevent the 

accumulation of potentially toxic endogenous molecules (Shenoy et al., 2003). 

PXR has been convincingly shown to be the primary mediator of CYP3A gene 

transcription (Kliewer et al., 1998; Lehmann et al., 1998), PPARa is highly 

expressed in many tissues including liver and intestine (Braissant et al., 1996) 

and also binds eicosanoid and fibrate ligands, leading to activation of genes 

involved in the uptake, metabolism, and (3-oxidation of fatty acids (Marx et al.,

2004).

Various methods exist for the elucidation of ligand binding to specific NRs. 

For example the mammalian-1-Hybrid assay (Figure 6.1) makes use of the 

fact that all mammalian cell types express a set of NRs and their 

associated cofactors. Constructs containing a Gal-DNA binding domain 

(Gal4-DBD) fusion constructs with a NR ligand binding domain (NR-LBD).
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The reporter construct utilises a Gal4 minimal promoter driven luciferase 

reporter. Therefore, when a ligand binds to a specifc NR and initiates 

transcription, the luciferase reporter is expressed and luminescence is 

detected. However, the Gal4-DBD - NR-LBD fusion protein by itself cannot 

initiate transcription and hence is dependent on the presence of other 

various cofactors.

oS°

G44 Ludfense GiM Luciferase
promoter Reporter gene promoter Reporter gene

Figure 6.1

Principle o f Mammalian-1-hybrid assay
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A broad spectrum of induction was described for many of the CYPs, transporters 

and NRs in previous chapters. Moreover, a distinct lack of species differences 

were observed, despite previously reported species differences in activation of 

NRs. Therefore, this chapter aims to identify the specificity of prototypical 

inducers (PB, PCN, CDCA, RIF and 9-c/sRA) for different NRs (PXR, VDR, 

PPARy, LXRa, FXRa and RXRa) in order to attempt to rationalise the previous 

observations. To accomplish this, a ligand binding assay was employed using 

Caco-2 and CHO-K1 expression systems.
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6.2 Materials and Methods

6.2.1 Cell culture
Caco-2 and CHO-K1 cell lines were purchased from American Type Tissue 

Culture (ATCC, USA). Caco-2 cells were maintained as described previously 

(Section 2.2.2). CHO-K1 cells were maintained in DMEM supplemented with 10% 

FBS, incubated at 37°C and 5% C 02 until >80% confluent and subcultured every 

3 days.

When Caco-2 and CHO-K1 cells were confluent in T-75 tissue culture flasks, 

depleted media was aspirated and cells washed 3 times with Hanks Balanced 

Salts Solution (HBSS; Sigma, UK). Cells were removed from flasks by addition of 

1ml Trypsin EDTA (Sigma, UK) and incubated for 15 minutes at 37°C and 5% 

C02. Tryspin EDTA was inactivated by addition of 9 ml of DMEM supplemented 

with ceil line specific FBS. Cell suspensions were then transferred into sterile 

15ml centrifuge tubes (Corning, UK), centrifuged at 1200 rpm for 3min, 

supernatant aspirated and cells resuspended in 5ml prewarmed (37°C) DMEM 

and either 10% (CHO-K1) or 15% (Caco-2) FBS. Total cell count and viability 

was determined by Trypan blue exclusion (Li et al., 1992 and Loretz et al., 1989) 

and found to be 98% for Caco-2 and 99% for CHO-K1. Cells were then diluted 

with appropriate media to give a cell suspension of 2 x 105/ml for Caco-2 and 4 x 

105/ml for CHO-K1. Caco-2 cells were seeded at a density of 2 x 104 (100pl stock 

solution) and CHO-K1 cells were seeded at a density of 4 x 104 (100pl stock
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solution) cells per well in Nunclon™ Surface 96 well plates (Nunc A/S, Denmark). 

Both cell lines were allowed to grow for a further 24 hours at 37°C and 5% C 02.

6.2.2 Mammalian-1-Hybrid reporter assay

Luciferase reporter plasmid (pFR-Luc) (Stratagene, UK) and Renilla luciferase 

transfection efficiency plasmid (pRL-TK; Promega, USA) were selected for and 

isolated from ampicillin resistant cells. Specific NR ligand binding domains for 

PXR, FXR, PPARy, VDR, LXR and RXRa were inserted into pCMV-BD ligand 

binding domain vector (Startagene, UK), selected and isolated from kanamycin 

resistant competent cells. After lysis and purification from cells, plasmid 

concentrations were determined spectrophometricaliy.

Transfection master mix was made in accordance with manufacturer’s 

instructions. Briefly, master mix consisted of 200ng pFR-Luc, 10ng pRL-TK and 

either 50ng pCL (DMSO, methanol or ligand) or 50ng pCMV-BD NRlbd prepared 

in LF2000 solution (Lipofectamine, Sigma, UK) and then stored at 4°C. The 

LF2000 solution was prepared in OptiMEM (Sigma, UK) reduced serum media 

and left at room temperature for 5 minutes. The ratio of DNA (plasmid) to LF2000 

used was 1:3. A total reaction volume of 50pl per well was used.

6.2.3 Treatment of cells fCaco-2 and CHO-K1)

OptiMEM was added to the DNA (plasmid) mixes and left at room temperature 

until LF2000 solution had reached room temperature. These two solutions were 

then mixed and incubated at room temperature for 45 minutes. Caco-2 and CHO-

230



Chapter 6

K1 cells were removed from the incubator and all media aspirated. The cells 

were then gently washed 3 times with 100pl of OptiMEM (37°C). 50pi of 

plasmid/lipofectamine solution per well was added and the cells were then 

transfected for 6 hours for CHO-K1 and 8 hours for Caco-2 at 37°C and 5% CO2.. 

After transfection, the remaining plasmid/lipofectamine solution was aspirated 

and cells were washed 3 times with prewarmed OptiMEM (37°C). 100pl of 

prewarmed (37°C) OptiMEM containing test compounds, PB, CDCA, PCN, RIF 

and 9-c/sRA (all compounds from Sigma, UK) were then added to wells at final 

concentrations of 0, 0.01, 0.1 and 1.0pM. DMSO treated controls were used for 

PB, CDCA, PCN and 9-c/sRA and methanol treated controls were used for RIF 

(0.1% v/v for both vehicles). For all experiments in Caco-2 and CHO-K1, cells 

were incubated for 18 hours at 37°C and 5% C 02.

6.2.4 Luciferase/ Renilla assay

Caco-2 and CHO-K1 cells were washed 3 times with prewarmed (37°C) sterile 

phosphate buffered saline (PBS). The remaining PBS was aspirated, 100 pi of 

room temperature lysis buffer (Promega, USA) added to each well and incubated 

at room temperature on a shaking platform for 45 minutes. In order to correct for 

background luminescence, 50pl of luciferase buffer was added to the wells and 

luminescence taken using a Tecan plate reader and Megelian 3 software (Tecan, 

USA). 50pl of Renilla Stop and Glo (Promega, USA) solution was then added 

and a further reading taken.
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6.2.5 Data treatment and statistical analysis

Data reported for cell lines (Caco-2 and CH0-K1) are for 18 hour incubations. 

Data are presented as the mean ± standard deviation of 3 experiments. 

Luciferase readings are normalised for transfection efficiency using the pRL-TK 

data. Normality was assessed using a Shapiro -  Wilk statistical test and 

differences in luminescence assessed using a one-way analysis of variance with 

Bonferroni correction.
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6.3. Results

6.3.1 Liaand binding of paradigm activators in CHO-K1 cells

No significant binding and subsequent fluorescence was observed for PB for any 

NRs in CHO-K1 cells (Figure 6.2A - F).

VDR, PPARy, LXR and RXRa were activated by PCN. This was significant and 

maximal for VDR and LXR at 0.01 pM (Figure 6.2C and E). PPARy and RXRa 

were significantly activated at 0.1 pM PCN (Figure 6.2D and F). This activation 

was seen in a concentration-dependent manner. There was no impact of PCN on 

PXR or FXRa (Figure 6.2A and B).

CDCA significantly activated FXRa at 0.01 pM and LXR at 0.1 pM (Figure 6.2B 

and E) with maximal activation observed at 1pM. There was no impact observed 

for any other NRs by CDCA (Figure 6.2A, C, D and F).

All NRs were activated by RIF. This was significant for PXR and VDR at 0.01 pM 

(Figure 6.2A and C), and PPARy (Figure 6.2D), LXR (Figure 6.2E) and RXRa 

(Figure 6.2F) at 0.1 pM. FXRa was significantly activated at 1pM RIF. All NRs 

were activated in a concentration-dependent manner.

There was no significant impact of 9-c/sRA for PXR (Figure 6.2A), FXRa (Figure 

6.2B), VDR (Figure 6.2C) or LXR (Figure 6.2E). However, significant activation of
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PPARy and RXRa was observed at 0.1 pM 9-c/sRA, with maximal activation 

observed for these NRs at 1pM.
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Figure 6.2
Summary of the effect of prototypical inducers on nuclear receptor ligand binding 
in Chinese hamster ovarian cell line (CHO-K1). Data are the mean ± standard 
deviation of n = 3 experiments. Statistical analyses are given for concentrations 
at which a significant difference was observed: *P<0.05; **P<0.01; ***P<0.001
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6.3.2 Liaand binding of paradigm activators in Caco-2 cells

The only NR to be activated by PB in Caco-2 cells was PPARy with significant 

and maximal activation observed at 1pM (Figure 6.3D).

With the exception of FXRa (Figure 6.3B) and VDR (Figure 6.3C), significant 

activation by PCN was observed for PXR at 0.01 pM (Figure 6.3A) whereas 

PPARy (Figure 6.3D), LXR (Figure 6.3E) and RXRa (Figure 6.3F) required 0.1 pM 

PCN to produce significant activation. With the exception of PXR, all activated 

NRs showed concentration-dependent activation.

CDCA did not impact on expression of PXR (Figure 6.3A), PPARy (Figure 6.3D) 

or RXRa (Figure 6.3F). However, LXR was significantly activated at 0.01 pM 

(Figure 6.3E), FXRa at 0.1 pM (Figure 6.3B) and VDR at 1pM CDCA (Figure 

6.3F).

With the exception of RXRa (Figure 6.3F), all NRs were activated by RIF. PXR 

was significantly activated by RIF at 0.01 pM with maximal activation observed at 

1 pM (Figure 6.3A). VDR (Figure 6.3C), PPARy (Figure 6.3D) and LXR (Figure 

6.3E) were all significantly activated at 0.1 pM RIF with maximal activation 

observed at 1pM. FXRa was significantly and maximally induced at 1pM RIF 

(Figure 6.3B). With the exception of LXR which produced a bell shaped 

response, all activated NRs gave concentration-dependent responses.
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PXR, FXRa and VDR (Figure 6.3A, B and C) were not affected by incubation with 

9-c/sRA. However, RXRa was significantly activated at 0.1 |jM 9-c/sRA with 

maximal activation observed at 1 pM (Figure 6.3F). PPARy and LXR were both 

significantly and maximally activated at 1pM 9-c/sRA. All activated NRs followed 

concentration-dependent activation profiles.
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Figure 6.3
Summary of the effect of prototypical Inducers on nuclear receptor ligand binding 
in human intestinal cell line Caco-2. Data are the mean ± standard deviation of n 
= 3 experiments. Statistical analyses are given for concentrations at which a 
significant difference was observed: *P<0.05; **P<0.01; ***P<0.001
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6.4 Discussion

The evolutionary relationship among the NRs has been deduced by the high 

conservation in their DBDs and in their less conserved LBDs and indicates that 

this large group of proteins arose from a common ancestor (Ogawa et al., 1998). 

This common origin accounts for the similarities in mechanisms of DNA binding 

and transcriptional activation among the NR superfamily.

The majority of PXR cloning and activation studies have used a cell-based assay 

system in which non-liver-derived cells, were transiently transfected with a PXR 

expression vector and a synthetic oligomer containing a DR3 or ER6 linked to a 

viral promoter-driven reporter construct (Bertilsson et at., 1998; Blumberg et al., 

1998; Lehmann et al., 1998; Schuetz et al., 1998; Jones et al., 2000; Moore et 

al., 2000; Savas et al., 2000). For the most part, these studies have shown that 

drugs known to induce CYP3A in vivo were also able to activate PXR. PXR has 

also been shown to be activated by naturally occurring steroids, displaying a 

distinct activation profile for different species (Jones et al., 2000). Interestingly, 

PCN (rodent PXR activator) activated human PXR at the lowest concentration 

(0.01 pM) in Caco-2 cells (Figure 6.3A). Previous studies have reported activation 

using superphysiological concentrations (Bertilsson et al., 1998). However, no 

corresponding ligand binding was observed for CHO-K1 cells (Figure 6.2B). The 

different responses between cell lines may be explained by several possibilities. 

Firstly, CHO-K1 may accumulate much less PCN. Secondly, within CHO-K1 cells 

there may be a different compliment of NRs, co-activators or co-repressors,
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which prohibit activation by PCN. Indeed, Johnson et al., 2006, recently showed 

that a PXR-SMRT interaction is sensitive to species-specific ligands, where RIF 

causes an exchange of the corepressor SMRT with the p160 coactivator.

RIF was the most efficacious activator of PXR in Caco-2 and CHO-K1 cells, in 

agreement with previous observations (Bertilsson et al., 1998; Lehmann et al., 

1998; Goodwin et al., 1999). RIF also increased VDR luciferase reporter activity 

in both Caco-2 and CHO-K1 (Figure 6.2C and Figure 6.3C). A recent report by 

Pascussi et al., 2005, has provided a new mechanism for drug-induced activation 

of PXR that can enhance the expression of the VDR target genes. This Induction 

of VDR target genes (e.g. CYP24) was shown to increase the catabolism of 

lalpha, 25-dihydroxyvitamin D(3) (1,25(OH)2D3). Combined with findings that 

CYP3A4 dominates the hydroxylation of 1,25(OH)2D3 in human intestine (Xu et 

al., 2006), this indicates that PXR may play a dual role in mediating VDR target 

genes by upregulating CYP3A4 (PXR target gene) expression while repressing 

CYP24 expression in the intestine.

VDR was activated in Caco-2 but not CHO-K1 cells by CDCA, again this may 

indicate that Caco-2 cells are more metabolically active than CHO-K1 cells. 

These bile acids are known to interact with a different set of amino acids in the 

ligand binding pocket of VDR (Choi et al., 2003), suggesting the that VDR adopts 

distinct conformations in response to binding of different bile acids and bile acid 

metabolites. Furthermore, docking models have revealed that these compounds

240



Chapter 6

are accommodated in the VDR ligand binding pocket at different affinities (Adachi 

et a/., 2004), suggesting modification of these bile acids can increase the VDR 

transactivation activity and their subsequent induction.

The identification of FXR as a bile acid receptor is an important step forward for 

the elucidation of the molecular mechanism of bile acid feedback and regulation 

of bile acid synthesis. It also provides a strategy for screening cholesterol

lowering drugs targeted to genes in bile acid synthesis pathways (Grober et a/.,

1999). Oxysterols are derived from cholesterol and bile acid biosynthetic 

pathways and are potent ligands that activate oxysterol receptor, LXRa, which 

induces genes involved in reverse cholesterol transport (Schroepfer, 1999). 

FXRa and LXRa may coordinate^ regulate bile acid synthesis and cholesterol 

homeostasis (Repa et al., 1999) and regulate overlapping target genes. 

Therefore it is not unsurprising that both FXRa (Figure 6.2B and Figure 6.3B) and 

LXRa (Figure 6.2C and Figure 6.3C) activity were enhanced by exposure to the 

same prototypical inducers, CDCA and RIF, in both cell lines.

The overlap of substrate and ligand specificity for FXR and LXR are further 

complicated by molecular cross-talk of FXR and LXR with PPARy signalling 

pathways. LXRa and FXRa activators also activate PPARy (Figure 6.2D and 

Figure 6.3D) in Caco-2 and CHO-K1, although they have been reported to affect 

different regulatory mechanisms (Fiorucci et al., 2005). Interestingly, where 

increases in reporter activity for FXRa incubated with CDCA were observed
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(Figure 6.2B and Figure 6.3B) there was no comparable response for PPARy 

(Figure 6.2D and Figure 6.3D).

RXR is capable of mediating retinoid signaling pathways (Mangelsdorf et al., 

1990) and independently acts as a 'coregulator' necessary for efficient binding of 

retinoic acid receptors (RARs) to their response elements (Hallenbeck et al., 

1992). Most importantly, RXR forms heterodimers with many other nuclear 

receptors (Bugge et al., 1992; Kliewer et al., 1992 and Gearing et al., 1993). 

Interestingly, RXR reporter activity was significantly increased by 9-c/sRA (Figure 

6.2F and Figure 6.3F) but also by PCN and CDCA. However, previously it has 

been reported that RXRs can be activated only by 9-c/sRA (Heyman et al., 1992; 

Levin et al., 1992). It will be interesting to investigate whether other endogenous 

and exogenous compounds are able to activate this receptor.

In summary, plasmids containing ligand binding domains for PXR, FXRa, VDR, 

PPARy, LXRa and RXRa in conjunction with a luciferase reporter plasmid were 

transfected into human intestinal cell line Caco-2 and hamster ovarian cell line 

CHO-K1 and incubated for 18 hours with prototypical inducers PB, PCN, CDCA, 

RIF and 9-c/sRA to final concentration 0.01, 0.1 and 1pM. Generally, the NRs 

responded to their reported ligands/activators e.g. PXR:RIF, FXR:CDCA, 

LXRCDCA and RXR:9-cisRA. However, all NRs showed some degree of 

promiscuity and interestingly LXRa appeared the most promiscuous, with
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significant luminescence being detected after incubation with all inducers except 

for PB.
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CHAPTER 7 

Final Discussion
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7. Final D iscussion

The primary focus of this thesis was to investigate NR-mediated regulation of 

hepatic and intestinal drug disposition genes in hepatic and intestinal, human and 

rat model systems. Expression of many CYPs and ABC-transporters are 

regulated through binding of NRs to their regulatory elements. For example, PXR 

has been identified as a key regulator of ABCB1, ABCC2 and CYP3A4 in human 

and in rat cells (Kast et al., 2002; Gieck et al., 2001; Xie et al., 2000). Numerous 

drugs have been shown to activate PXR (Watkins et al., 2001; Wentworth et al., 

2000; Blumberg et al., 1998; Dussault et al., 2001). Additionally, CAR, can bind 

too many of these response elements (Kast et al., 2002) and the recent 

observation that FXR can also regulate ABCC2 illustrates that we have much to 

learn about the interplay between NRs in the regulation of these genes.

Over the past decade, the assessment of human drug disposition has undergone 

a major paradigm shift. Which is associated with the use of primary hepatocytes, 

sub-cellular fractions and cDNA expressed human proteins (Gomez-Lechon et 

ai, 2004) in combination with animal models. Thus the optimal model system in a 

given situation depends on in vivo resemblance, availability of the model, ease of 

use, cost and feasibility of using high throughput systems (Ekins et a i, 2000). 

The findings from this thesis are important in relation to some of the model 

systems.
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The stability of transcripts and the impact of DEX as a culture supplement on 

disposition genes in human and rodent cell lines initially was investigated 

(Chapter 2). Then the impact of prototypical inducers PB, PCN, CDCA, RIF and 

9-c/sRA on the expression of mRNA and protein for human and rat ABC- 

transporters, CYPs and NRs in human and rat intestinal cell lines Caco-2 and 

lec-6 (Chapter 3), human and rat hepatic cell lines HepG2 and H411e (Chapter 

4), human cryopreserved hepatocytes and rat fresh hepatocytes (Chapter 5) was 

assessed. Finally, the activation of PXR, VDR, PPARy, LXRa, FXRa and RXRa 

in human and hamster expression systems was examined (Chapter 6).

DEX is a widely used component in culture media and has been reported to exert 

a protective role on cell survival, prolonging cell viability and inhibiting the 

development of an apoptotic morphology (Bailly-Maitre et al., 2001). However, 

DEX is a known inducer of the PXR target gene CYP3A4 (McCune et a/., 2000) 

and also affects P-gp activity (Chieli et al., 1994) in primary rat hepatocyte 

cultures via a specific effect on ABCB1a/b (Fardel et al., 1993). PXR, which is 

predominantly expressed in the liver and intestine (Lehmann et al., 1998) displays 

important differences in activation profiles by certain drugs in human and rat 

(Nallani et al., 2003). For example the human CYP3A family are upregulated by 

RIF and DEX (Lu et al., 2001) whereas DEX and PCN are potent inducers of rat 

CYP3A. The mechanism of the interaction between PCN and DEX requires 

future investigation. However, it is known that sub-micro molar concentrations of 

PCN activate rodent PXR (Shah et al., 2007) but antagonise GR. In addition,
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activation of GR by DEX increases PXR expression increasing CYP3A1, 

whereas PCN activates PXR directly increasing CYP3A1 in rats (Hosoe et a!.,

2005).

Clearly, the overlap in NR activation and function makes this area extremely 

complex, but given that a considerable body of convincing structural and 

mechanistic data support the concept that human PXR is not activated by PCN 

one could hypothesise that this phenomenon is mediated via alternative NRs. It 

is important to note that the involvement of other NRs would also explain the 

surprising observation that the classical potent PXR ligand, RIF, was one of the 

weaker activators in all human systems. However, in the absence of DEX, RIF 

and PCN increased expression of human CYP3A4 and ABCB1 and rat 

orthologues to a similar extent (Figure 2.7 and 2.8). These data suggest that 

there is a maximal response to PCN. Therefore, the addition of DEX effectively 

increases the baseline, but since the maximum is fixed a reduction in the 

potential effect is observed. Therefore, one hypothesis is that competition serves 

to allow the biological system to self-limit and prevent over-activation. This has 

major implications for both study design and the manner in which data generated 

in some published studies is interpreted.

As mentioned above, previous studies have illustrated species differences in 

activation with PCN activating rodent but not human PXR, and RIF activating 

human but not rodent PXR in CV-1 cells co-transfected with expression plasmids

247



Final Discussion

for PXR from different species and the (CYP3A1 DR3)2-tk-CAT reporter (Jones 

et a!., 2000). However, other studies assessing genomic activation, report that 

RIF increases CYP3A in rat hepatocytes and PCN increases CYP3A in human 

hepatocytes (Ogg etal., 1999; Swales eta!., 2003). Data have also indicated that 

hPXR/hGR augments activation of CYP3A4 reporters in HepG2 cells (El-Sankary 

et at., 2001). Clearly, controversy remains regarding species differences which 

may stem, at least in part, from differences in methodology. Thus looking 

specifically at individual NRs is insufficient to predict CYP3A4 induction, since 

different NRs may exert differential effects on an individual target gene in 

different species. In this regard, it is interesting to note that PCN convincingly 

activated PPARy and RXRa and RIF activated PXR, VDR, LXRa, FXRa and 

PPARy in ligand binding assays (Figure 6.3 and Figure 6.4). Thus one could 

conclude that the best reporter of all is the target gene of interest.

Generally, concentration-dependent induction profiles were observed in cell lines. 

However, bell shaped concentration-induction profiles were also seen in some 

cases. For example, the impact of PB and PCN on CYP3A4 and ABCB1 in 

HepG2 (Figure 4.2A and Figure 4.3B), PCN on CYP2B6 and ABCB1 in Caco-2 

cells (Figure 3.4A and B), CDCA and RIF on CYP3A1 in lec-6 and H411e cells 

(Figure 3.4D and Figure 4.5D). It is tempting to speculate that these bell-shaped 

responses may be due to toxicity. Indeed, in the case of PCN and ABCB1 in 

Caco-2 cells this correlated with toxicity observed after 5 days (Figure 3.4B). 

However, in HepG2 cells, sub-maximal induction of CYP3A4 (Figure 4.2A) was
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observed at concentrations that were non-toxic (Figure 4.1B) in agreement with 

previous reports (Reinach et al., 1999; Ripp et al., 2006). In these cases, the 

underlying mechanisms are not clear. However, at higher concentrations 

activation of other systems could result in repression or partial antagonism. In 

this regard, it is interesting to note that PCN activates LXR response elements 

and LXR reduces activation of CYP3A4 in response to PCN (Kocarek et al., 

2002). Taken with the observations that PCN activates LXR in CHO-K1 and 

Caco-2 cells (Figure 6.3 and Figure 6.4) we can speculate that PCN activates 

LXR (and potentially other factors) and elicits a negative effect on PXR-mediated 

induction of CYP3A4. These data convincingly highlight that using a single 

concentration to measure induction is insufficient to draw meaningful 

conclusions. This may explain some of the discrepancies in the literature, 

underscoring the importance of conducting full concentration-response 

experiments.

The impact of CDCA on expression of CYP2B6, CYP3A4, ABCB1, ABCC1, PXR, 

CAR and FXR itself has not previously been documented for human cells. Since 

FXR has been identified as a drug target for cardiovascular (Bishop-Bailey, 2004) 

and cholestatic liver disease (Willson et al., 2001). There are implications for 

drug-drug interactions which must be considered for new drug candidates and it 

will be interesting to determine the effects on disposition gene expression, as 

these drugs emerge.
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The impact of paradigm NR ligands on NR expression has not been reported for 

FXR or CAR. The data presented herein raises the possibility that certain NRs 

self regulate and it is now important that this question be addressed. In order to 

do this, the regulatory regions from the nuclear receptors themselves need to be 

cloned into reporter constructs, and the precise mechanisms of upregulation 

need to be characterised by cotransfection of NR expression vectors. Work on 

this has now begun at Liverpool. Multiple NR "knockdown" and its impact on the 

profile of induction of drug disposition genes can also be used to determine the 

relative contribution of NRs in a drug-specific, tissue-specific and species-specific 

manner. This will be assessed by nucleofection of stealth RNA for individual NRs 

into cell lines, followed by re-evaluation of the inducibility of disposition genes. In 

addition, co-transfection of the relevant reporter assays for CYPs and 

transporters (i.e. sequences containing nuclear hormone response elements) will 

allow confirmation of efficient "knockdown" and give a quantitative readout in a 

gene-specific manner.

For ABCB1, an increase in mRNA and protein was observed when HepG2 cells 

were exposed to CDCA at non-toxic concentrations. However, in Caco-2 cells an 

increase in protein was noted even though increases in mRNA were not noted 

until toxic concentrations (100pM) were added. This is in agreement with a 

previous study that showed increased expression of ABCB1 and P-gp activity in 

MDCK cells exposed to 100pM CDCA (Kneuer et a/., 2007). Nonetheless, the 

change in protein was comparable between Caco-2 (Figure 3.9) and HepG2
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(Figure 4.9) despite marked differences between the two cell lines at the mRNA 

level. The reason for this requires further investigation but one could speculate 

that there may be transcriptional, post-transcriptional and/or translational 

mechanisms involved in the upregulation of the protein. It is of interest that non

transcriptional mechanisms have been reported to induce P-gp expression in 

other transformed cells (Yague et al., 2003).

A great deal of variation in induction was observed between model systems for 

both tissue and species. Since the inducers themselves are likely to be 

substrates for ABC-transporters which in turn are known to exhibit differences in 

tissue expression and differences in affinity for substrates between species, it is 

of interest to examine whether any of the observed differences in induction can 

be explained by relative expression and/or species differences in substrate 

recognition (thereby resulting in different intracellular concentrations of inducer). 

This latter issue has important implications for both the degree of induction and 

the extent of metabolism which can occur (i.e. by altering the intracellular 

accumulation of the drug). By using radiolabelled compound it will be possible to 

determine the intracellular concentration of the drug and therefore determine a 

more accurate EC50 for induction. siRNA could then be utilised for transporter 

proteins in order to confirm which transporters are important. This will yield 

important mechanistic information with regard to tissue and species differences 

in induction that will be super-imposable upon the "actual" differences in NRs.
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In the ligand binding assays (Chapter 6), the NRs responded to their reported 

ligands. However, all NRs showed some degree of promiscuity and LXRa 

appeared the most promiscuous, with significant activation being detected after 

incubation with all ligands except for PB. Interestingly, PB induced FXR in human 

primary hepatocytes (Figure 5.1C and F) but not in rat primary hepatocytes 

(Figure 5.11). Although induction of PXR by PB was observed in both human and 

rat primary cells (Figure 5.1C and F and Figure 5.2I), there was no corresponding 

activation of PXR observed in CHO-K1 and Caco-2 cells (Figure 6.2 and 6.3). 

Indeed, only PPARy was activated by PB in Caco-2. There was no reporter 

available for CAR, therefore it is possible that CAR would have been activated in 

these cells by PB and induction of CAR was observed in human and rat primary 

hepatocytes (Figure 5.1C and F and Figure 5.11).

Activation of PXR was observed by PCN in Caco-2 cells (Figure 6.3A) and this 

corresponded with induction of PXR observed in both human and rat primary 

hepatocytes (Figure 5.2C and Figure 5.21). Perhaps more interestingly, PPARy 

was activated in CHO-K1 (Figure 6.2D) and in Caco-2 cells (Figure 6.3D) and a 

recent report by Plant et al., 2005, utilising an in silico analysis, identified putative 

PPAR response elements within the PXR proximal promoter. Furthermore, 

overexpression of GRa and PPARa had a positive effect on PXR reporter 

expression, further suggesting a role for PPARs in regulation of PXR expression 

(Plant et al., 2005)
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CDCA significantly induced PXR, FXR and CAR in human and rat primary 

hepatocytes with FXRa and LXRa significantly activated in CHO-K1 cells. 

Furthermore, LXRa, FXRa and VDR were all activated by CDCA in Caco-2 cells 

(Figure 6.3E, B and F respectively). The FXR response may be unsurprising as 

studies from a number of laboratories have shown that FXR is a global regulator 

of bile acids, including CDCA and its respective conjugated metabolites (Russell, 

1999). In addition, VDR which was also activated by CDCA has been shown to 

bind secondary bile acids such as LCA (Makishima et al., 2001) Indeed, PXR, 

VDR and FXR cross-talk to protect cells from accumulation of toxic bile acids via 

the control of their synthesis and degradation.

This thesis has focussed on an important area of overlap between the fields of 

nuclear receptor biology and pharmacology. Gaining insight of the mechanisms 

that underlie regulation of disposition genes is imperative as we strive to 

understand drug-drug interactions and rationalise inter-individual variability in 

pharmacokinetics. As is often the case in science, this thesis has generated 

many questions as well a providing many answers. Nonetheless, it has provided 

a solid platform for future studies to interrogate these mechanisms.
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