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Background: Elucidating the role of intestinal drug transporter function in drug development is 
crucial, as transporter proteins can impact on drug absorption, efficacy and adverse events. In 
Vitro-In Vivo Extrapolation linked to Physiologically-Based Pharmacokinetic (IVIVE-PBPK) models 
aim to predict the in vivo impact of transporters from in vitro cell–based transport data and 
expression-based scaling factors. Currently, these models depend on relative measurements of 
transporter expression i.e., mRNA or immunoblotting. There is a critical need for physiologically 
relevant measures of transporter protein abundance to populate these biological frameworks. 
Objectives: The key objectives were to develop and validate a targeted proteomics workflow to 
quantify transporter protein abundances in human enterocytes and Caco-2 cells with a QconCAT 
technique. A cross-laboratory comparison on matched samples was also performed to assess 
between-laboratory bias in abundance determination. Together with abundance data from each 
laboratory, BCRP and P-gp transporter activities from Caco-2 cells were used to identify function-
abundance relationships, to facilitate the potential development of abundance-function scaling 
factors. 
Results: Development of a differential centrifugation technique to obtain plasma membranes was 
undertaken using MDCK-II and Caco-2 cells. The plasma membrane fraction showed little 
enrichment from the preceding total membrane fraction and was contaminated with endoplasmic 
reticulum, as assessed by marker enzyme activities. There were also no differences in Na/K-
ATPase, BCRP and P-gp abundances between plasma and total membrane fractions in Caco-2 
cells. This may be due to losses of protein from the target membrane fraction, thus, a theoretical 
framework combining protein assay (BCA) and transporter abundance determinations was 
proposed. Pilot data on the generation of recovery correction factors using Villin and Na/K-ATPase 
abundances, to account for protein losses is also presented.  
The abundances of 6 transporters in jejunal enterocyte membranes (n=3), including the key efflux 
proteins BCRP (2.56±0.82 fmol/μg), P-gp (1.89±1.07 fmol/μg) and MRP2 (0.59±0.246 fmol/μg) 
were determined with precision. In addition, peptide losses during protein digestion stages were 
accounted for in abundance determinations. 
A cross laboratory comparison of transporter abundances from intestinal (n=4) and Caco-2 cells 
(n=7) measured in our laboratory and Bertin Pharma (BPh), showed that P-gp abundances were 
highly correlated (rs=0.72), yet BPh abundances were systematically lower than determined in our 
laboratory (2.0±2.08 versus. 4.8±3.51 fmol/μg, respectively). No differences or correlations were 
found for Na/K-ATPase and BCRP abundances between laboratories. A jejunal-Caco-2 cell relative 
expression factor (REF) for each protein for both laboratories was generated. The P-gp REF was 
similar for BPh and our laboratory (0.37 vs. 0.4, respectively) however, for BCRP there was a 
distinct difference (1.11 versus 2.22, respectively). These findings provide the first evidence that 
employing expression factors generated from abundances quantified in different laboratories may 
produce altered IVIVE-PBPK outcomes.  
Functional studies in Caco-2 cells using E-3-S and vinblastine as probes for BCRP and P-gp, 
respectively, show that protein abundance is more closely correlated to transporter activity than 
mRNA expression. In addition, it was only possible to verify that increasing P-gp abundances in 
Caco-2 cells were ranked alongside vinblastine intrinsic clearance, as there was little consistency 
when estimating Km between the different Caco-2 cell models expressing increasing P-gp 
abundances, which may be attributed to limited absorptive transport saturation. Thus, forming any 
conclusions with confidence on concentration dependent abundance-activity relationships was 
difficult. These data suggest the value of REF scaling factors based on protein abundances, but 
emphasises the need to generate these from both in vitro and in vivo samples, using the same 
proteomic workflow. Further work to verify abundance-function relationships is required. 
Conclusion: A targeted proteomic workflow has been developed allowing quantification of protein 
abundances for key drug transporters in human gut tissues and cell models. The study has 
highlighted important areas including losses of targeted proteins, contamination of plasma 
membrane fractions and standardisation between laboratories that need to be addressed before 
implementation of transporter abundances into PBPK models is undertaken. Nevertheless, the 
evidence for a close relationship between transporter abundance and function indicate the potential 
value of this data for generation of robust REF scaling factors. 
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1.1 Introduction 

The use of whole body physiologically-based pharmacokinetic (PBPK) models, linked with in vitro-

in vivo extrapolation (IVIVE) of kinetic parameters from laboratory experiments, is becoming more 

embedded into practices within many of the pharmaceutical industry, is used as part of regulatory 

submissions and is cited in drug labelling for newly approved drugs (Rostami-Hodjegan et al., 

2012; Smith, 2012; Zhao et al., 2012). The IVIVE practices include the prediction of oral drug 

absorption, accounting for gut metabolism and the simultaneous assessment of the potential 

influence of drug transporter proteins, a subject with an increased awareness amongst the science 

community (Zamek-Gliszczynski et al., 2013). This thesis aims to progress knowledge within the 

transporter IVIVE field to; develop better tools to quantify transporter expression, to use these to 

understand the relationships between the amount of transporter and function and, to determine 

whether this facilitates development of better predictive models of oral PK. This project was, in part, 

voted for by the members the Simcyp consortium of pharmaceutical companies as part of the 

annual ‘wish list’, which guides the development of IVIVE-PBPK practices. The candidate wrote the 

grant which was subsequently approved and co-funded by a charitable body, ‘The Royal 

Commission for the Exhibition of 1851’ (Harwood et al., 2013). 

1.2 Oral Drug Absorption 

The majority of therapeutic agents today are orally administered, since oral administration is 

usually preferred by the patient and can encourage compliance. In addition, oral formulations 

normally cost less to produce, even when poor drug solubility or degradation by enzymes or acidic 

conditions in the gastrointestinal tract (GI) need to be addressed. Thus, predicting the rate and 

extent of oral drug absorption accurately is a prerequisite of modern drug development. However, 

this becomes a significant challenge when it requires a detailed understanding of the complex role 

of drug transporters in the gut wall and the interplay between the physicochemical properties of a 

drug and the physiological parameters. Many of the factors potentially influencing drug absorption, 

including metabolising enzymes and transporters, are subject to regional differences along the gut 

wall that defines the absorptive barrier (the gut mucosa) (Varum et al., 2010). A coordinated 

framework across multiple groups ‘Oral Bioavailability Tools (OrBiTo)’ is currently ongoing to 

enhance our ability to predict oral drug absorption, in which work within this project is incorporated 

(Sjogren et al., 2014).  



| Chapter 1    Page 22 of 277 
The bioavailability (F) of a drug can be directly (or indirectly) influenced by transporters expressed 

on either the apical or basolateral membranes of the enterocytes/colonocytes, affecting both the 

fraction of drug absorbed across the apical membrane (fa), the fraction of drug escaping gut wall 

metabolism (FG) (Benet, 2009) and the fraction of drug escaping hepatic metabolism (FH) occurring 

down-stream in the liver, the first pass effect (Equation 1-1). 

)1()1( HGaHGa EEfFFfF 
 

Equation 1-1 

 

The processes that govern bioavailability, including gut transporters, can be of benefit or hindrance 

to drug action, depending on the compound in question. If the drug concentration at the target site 

(i.e., liver for statins) is too low due to an extensive first pass effect, then the pharmacological 

action of the drug may not be conferred. Alternatively, a restricted first pass effect allowing a higher 

drug concentration in systemic blood and, therefore, increased organ drug concentrations can lead 

to a greater potential for tissue toxicity (i.e., rhabdomyolysis). Therefore, understanding the role of 

transporters during early drug discovery and development by means of in vitro studies is becoming 

more common, although the ability to interpret the results from these studies and to extrapolate 

them quantitatively to in vivo effects is fraught with many unresolved problems (Jones et al., 2012). 

1.3 PBPK-IVIVE Modelling & Simulation Approaches 

Traditionally, PBPK models contain the mass and volume of a number of compartments 

corresponding to different organs interconnected by blood flows, where differential equations 

govern the mass transfer of drug into and out of these organs to generate drug tissue 

concentration-time profiles. These compartments were historically treated as perfusion-limited. 

PBPK models have been extended to incorporate models for drug absorption which take into 

account various physiological elements of the GI tract (Yu and Amidon 1999; Agoram et al., 2001; 

Tam et al., 2003; Jones et al., 2006; Jamei et al., 2009; Sun et al., 2010; Gertz et al., 2013). 

Moreover, in order to account for permeation and membrane transporter effects, many recent 

PBPK models treat the organs as permeability-limited compartments in combination with suitable 

algorithms to predict drug distribution (Rodgers and Rowland, 2007; Neuhoff et al., 2013). In PBPK 

models it is important to define and implement the elements that can influence the processes 

governing the fate of the drug within the tissues. It is critical when using modelling and simulation 

that the ‘system parameters’ describing the anatomy, physiology and genetics, their associated 
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variability and covariates within a given population are separated from those of the ‘drug 

parameters’ (Harwood et al., 2013; Jones and Rowland-Yeo, 2013). 

The complexity of the human gut means that it cannot be easily reproduced within a laboratory 

setting. However, a host of in vitro assays together with the use of pre-clinical species are utilized 

in drug development to mimic the relationship between the intrinsic properties of the drug and the 

biological systems it encounters in man. Obtaining reliable in vitro physico-chemical, metabolism, 

permeability and transport data early in drug development permits the use of mechanistic in silico 

modelling and simulation techniques to scale from the in vitro setting, to gauge the impact of drug 

paritioning, permeability, metabolism and transporter(s) on drug disposition within an in vivo ‘virtual 

human’ (Tam et al., 2003; Badhan et al., 2009; Bolger et al., 2009; Darwich et al., 2010; Abuasal et 

al., 2012; Jones et al., 2012; Neuhoff et al., 2013; Varma et al., 2013). Hence, IVIVE links in vitro 

systems to the appropriate human in vivo system using algorithms and physiologically relevant 

scaling factors to bridge the gap between the in vitro and in vivo systems in a PBPK model 

(Rostami and Tucker 2007; Neuhoff et al., 2013). In early drug development an IVIVE approach 

allows assessment of the drug candidates in silico, without resorting to costly human 

administration, to improve safety, efficacy, candidate selection, dose optimisation and reducing 

drug attrition.  

1.4 Oral Drug Absorption and the Role of Transporters 

Transporter proteins are classified into two super-families, the ATP-Binding Cassette (ABC) and 

Solute Carrier (SLC), which together comprise greater than 400 proteins 

(http://nutrigene.4t.com/humanabc.htm, http://www.bioparadigms.org/slc/intro.htm). The ABC 

transporters move molecules through the energy generated by binding and hydrolysing ATP, while 

for the SLCs, solute transfer across the membrane is either via passive equilibrative transport 

based on local concentration gradients, or facilitated by co-transport with another molecule, 

resulting in cellular uptake (Li and Shu, 2014). A range of drug transporter proteins (approx. 30) 

expressed in the gut, liver, kidney and brain can impact directly or indirectly upon the 

pharmacokinetic processes of absorption, distribution, metabolism, excretion and toxicity (ADME-

T), in turn playing a key role in the disposition and efficacy of drugs. The bioavailability of an orally 

administered drug is dependent to a large extent on the gut mucosal barrier which is composed of 

the unstirred boundary layer (UBL) and a polarized layer of epithelial cells (enterocytes), linked by 

tight junctions that form the structural barrier limiting the absorption of potentially toxic substances, 

including drugs, into the portal circulation. The drug can, in this process, also be metabolised 

http://nutrigene.4t.com/humanabc.htm
http://www.bioparadigms.org/slc/intro.htm
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(either in gut lumen or gut wall). The epithelium expresses a variety of transporter proteins for 

endogenous compounds and xenobiotics capable of secreting compounds back into the gut lumen, 

which provides an additional “functional” barrier to the efficient oral absorption of therapeutics. 

Absorptive transporters (apical uptake or basolateral efflux), principally involved in nutrient 

absorption, are also present in the gut mucosa and are targeted to enhance drug absorption 

(Varma et al., 2010). 

A key consideration in drug development is the role transporters play in oral dose non-linearity. It 

was demonstrated that increasing the oral dose of talinolol is associated with more than 

proportionate systemic exposure in humans, due to the role P-glycoprotein (P-gp, or the gene 

product of the multidrug resistance protein 1, MDR1) located on the apical membrane of the 

enterocyte to secrete (efflux) talinolol from the enterocyte into the lumen (Wetterich et al., 1996). 

The expression of P-gp is thought to vary along the GI tract, increasing towards the distal small 

intestine (Harwood et al., 2013; Drozdzik et al., 2014). Therefore, the functional impact of P-gp on 

drug absorption may be site dependent.  

Another key apical efflux transport with broad substrate specificity is Breast Cancer Resistance 

Protein (BCRP). BCRP is implicated in restricting oral drug absortion (Su et al., 2007) and is shown 

to be expressed along the GI tract (Drozdzik et al., 2014). Multidrug resistance-associated protein 2 

(MRP2), fulfils a similar functional role to P-pg and BCRP in the intestine. However, this apically 

localised transporter effluxes organic amphiphilic anions, including gluronidated molecules, rather 

than lipophilic cations favoured by P-gp and BCRP (Jemnitz et al., 2010). The distribution of MRP2 

along the GI tract is uncertain as a meta-analysis of the literature showed that MRP2 was 

expressed at high levels in the proximal small intestine with considerably lower levels in the colon 

(Harwood et al., 2013). Yet in a recent study, the levels of MRP2 were higher in the colon than in 

the small intestine (Drozdzik et al., 2014). It is clear further work is required on these apical efflux 

transporters to determine their expression along the GI tract. 

Intentional saturation of intestinal influx transporters can also be used to enhance the absorption of 

a compound via pro-drug strategies, leading to an increased bioavailability. The pro-drug of 

acyclovir, valcyclovir, relies on oligonucleotide influx transport by peptide transporter 1 (PEPT1), to 

enhance its permeability across the apical membrane of the enterocyte. However, when the active 

influx process saturates upon administration of high oral valcyclovir doses, there is an unexpected 

non-proportional reduction in the Cmax and AUC and a delayed Tmax (Weller et al., 1993).  
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Some transporter-mediated drug-drug interactions (tDDIs), whether involving absorption or 

disposition, can lead to adverse drug reactions or loss of efficacy. These are becoming of 

increasing concern to the regulatory bodies and pharmaceutical industry (Agarwal et al., 2013; 

Prueksaritanont et al., 2013). However, it should be noted that tDDIs are often confounded by 

metabolism-based DDIs (mDDIs). This follows since in most cases transporters and metabolic 

enzymes, including those resident in enterocytes compete for the parent compound and its 

metabolite(s) (Varma et al., 2013). 

The transporter related problems for oral absorption does not apply to all drugs and may be related 

to the balance between the drugs passive permeability (PPassive) and active transport. Nonetheless, 

since many new drug candidates no longer belong to biopharmaceutical classification I (highly 

permeable and highly soluble), in vitro screening to understand the role of drug transporters in gut 

wall permeability, has become a valuable tool in estimating tDDIs. In vitro screening could be a 

cost effective means to reduce adverse events or loss of efficacy in clinical practice due to tDDIs. 

The approach is encouraged in the latest regulatory ‘DDI guidance’ (CHMP, 2012; CDER, February 

2012), despite the on-going debate on quantitative methods which should be applied to obtain 

information from such in vitro measurement. 

1.5 In Vitro Systems and Determining Transporter Kinetics 

To devise an effective mechanistic IVIVE strategy, incorporation of separate elements for the 

passive permeability and transporter-mediated flux is necessary. Subsequently, drug parameters 

are defined for each process within appropriate in vitro experiments and are used in conjunction 

with the models system parameters to predict the behaviour of the drug in vivo. When integrating 

drug parameters into a model, the key processes including active kinetics, after correction for the 

unbound fraction at the transporter binding site and deconvolution of the passive permeability, are 

often described by Michaelis-Menten kinetics (Km, Jmax or CLint) (Equation 1-2). It should be 

noted that passive permeability refers to lipoidal bilayer (Kell and Oliver, 2014), bi-directional 

transport component that can neither, be inhibited induced or saturated. 

𝐶𝐿𝑖𝑛𝑡 =  
𝐽𝑚𝑎𝑥 ∙ [𝑆]

𝐾𝑚 + [𝑆]
 Equation 1-2 

 

where CLint is the intrinsic clearance due to active transport, Km is the Michaelis constant, Jmax 

(or sometimes termed Vmax) is the maximal flux capacity of the transport protein and S is unbound 

drug concentration (at the transporter binding site).  
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In vitro cell based systems are used routinely to elucidate passive and active transporter processes 

acting to influence drug permeability. Caco-2 cells grown to confluent monolayers in bicameral filter 

systems differentiate into enterocyte-like cells that endogenously express the majority of the 

relevant transporters that are also expressed in the human intestine in vivo (Hilgendorf et al., 2007; 

Hubatsch et al., 2007). Alternatively, sub cell lines of dog and pig cell lines, Madine Darby Canine 

Kidney (MDCK-II) and Lilly Laboratories Cells-Porcine Kidney-1 (LLC-PK1), selected due to their 

low endogenous transporter expression of mdr1, bcrp and mrp2 are transfected with human 

transporter proteins (single, double and even triple transfected cells), (Hirouchi et al., 2009) and are 

used to determine the impact of transporter proteins on drug transport. To delineate the PPassive 

from Km, Jmax or CLint in Caco-2 or human-transporter transfected cells, compounds inhibiting a 

specific transporter isoform are applied to the system, with the flux remaining after inhibition 

assumed to be passive. Inhibition of active processes can be problematic due to the lack of 

specificity of transporter inhibitors for certain isoforms (Matsson et al., 2009), therefore inhibitor 

usage is not always an optimal method to determine PPassive. Obtaining a passive flux/permeability 

coefficient that is due solely to the cell monolayer (transcellular permeability) and not system 

specific characteristics, the correction for paracellular permeability, the UBL and filter impedance is 

also employed (Artursson and Karlsson, 1991; Karlsson and Artursson, 1991). 

1.5.1 The Pitfalls of Determining Transporter Kinetics by Conventional Approaches 

Active transport processes are conventionally determined using a 1-site binding Michaelis-Menten 

model by monitoring bi-directional drug transport across multiple substrate concentrations in filter-

grown monolayer systems. It is assumed that Km, a biochemical constant, is similar in both 

transport directions if the buffer conditions i.e., pH, are similar on both sides (Troutman and 

Thakker, 2003b). Using this approach however has several limitations including; the use of nominal 

donor drug concentrations, disregard for time and concentration-dependent integration of passive 

and active processes to estimate kinetic parameters and a limited consideration for the 

experimental system (Harwood et al., 2013). This approach has given rise to considerable bias in 

the estimation of apparent-Km, i.e., a ‘Km shift’ (Horie et al., 2003; Troutman and Thakker, 2003b; 

Balakrishnan et al., 2007; Korjamo et al., 2007; Shirasaka et al., 2008). For a comprehensive 

appraisal of the potential grounds for this event, see these commentaries (Harwood et al., 2013; 

Zamek-Gliszczynski et al., 2013). 

Drug concentrations within the donor and acceptor compartments are dynamic, thus assuming a 

nominal drug concentration, a common practice using the conventional Michaelis-Menten approach 
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to describe drug transfer processes is likely to lead to kinetic inaccuracies. Theoretically, for efflux 

transporters where binding sites are thought to be located facing the cytoplasm or inner membrane 

leaflet (Aller et al., 2009), the critical concentration driving active efflux is the unbound intracellular 

or membrane concentration (Korzekwa et al., 2012), therefore nominal concentrations in the donor 

compartment do not necessarily reflect the membrane or intracellular concentrations driving efflux. 

If the intracellular drug concentrations are substantially higher than the Km, active efflux saturates, 

leading to increasing intracellular drug concentrations and a high outwardly directed concentration 

gradient, driving a greater passive transfer of drug from the cell to the apical compartment, until 

equilibration is reached (Korjamo et al., 2007). If the appropriate unbound concentrations in all 

compartments are not considered at regular time increments, the synergistic active and passive 

processes are not accurately considered for subsequent statistical evaluation to estimate kinetics. 

Determining unbound intracellular drug concentration is a considerable challenge at early time 

points and may be critical for uptake transport investigations where ascertaining initial drug 

transfers between compartments will govern subsequent concentration dependent processes 

(Soars et al., 2007). Ultimately, if biased data are incorporated into an IVIVE model, erroneous 

outcomes are likely. 

1.5.2 Determining Transporter Kinetics by Mechanistic Compartmental Models 

The International Transporter Consortium, advocate that using mathematical models to describe 

drug concentration time courses at transporter binding sites should be performed, in order to 

accurately determine the intrinsic kinetics of active processes (Zamek-Gliszczynski et al., 2013). 

Using a global kinetic approach to simulate the time course of drug concentrations in multiple 

compartments of filter-based systems has now been undertaken by numerous groups (Kalvass and 

Pollack, 2007; Proctor et al., 2008; Heikkinen et al., 2010; Tachibana et al., 2010; Rolsted et al., 

2011; Sugano et al., 2011; Korzekwa et al., 2012). By integrating the experimental kinetic data 

generated from in vitro cell systems possessing varying levels of P-gp into compartmental models, 

intrinsic Km values that were independent of P-gp expression were obtained, consistent with the 

notion of Km as a biochemical constant (Shirasaka et al., 2008; Tachibana et al., 2010; Sugano et 

al., 2011; Korzekwa and Nagar, 2014). 

Key components to model drug transport-permeability time courses using real examples in vitro 

involve: sampling at multiple time points and concentrations in the donor and receiver 

compartments; estimating or measuring the unbound fraction of drug in the extra and intracellular 

milieu and defining the structure of the experimental system. The unbound fraction in the cell (fucell) 
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can be difficult to measure experimentally. Nonetheless, the monolayer could be lysed to release 

intracellular contents with subsequent addition of the drug to the lysed cellular components (Sun et 

al., 2008). Drug partitioning between lysed cell components and the supporting media is then 

assessed to estimate fucell or binding in subcellular compartments, i.e., lysomes. However, it was 

found that binding can vary considerably between cell types, therefore caution is advised when 

translating from binding prediction models which differ from the system under study (Mateus et al., 

2013). Intracellular binding has also been estimated using simultaneous fitting within a 

compartmental model framework (Menochet et al., 2012a; Menochet et al., 2012b). It was noted 

that a lower extent of binding existed when comparing an experimental approach versus a 

simultaneous fitting approach in hepatocytes (Mateus et al., 2013). Monolayer volumes could be 

measured by determining individual cell volumes by flow cytometry (Oehlke et al., 2011), isotope 

dilution (Reinoso et al., 2001), microscopy (Heikkinen et al., 2010) and protein content (Burnham 

and Fondacaro, 1989). Therefore, a combination of experimental and compartmental modelling 

approaches may be advantageous to predicting intrinsic transporter kinetic parameter estimates.  

1.6 IVIVE-PBPK Linked Models of Intestinal Transporters 

In line with the advancement of PBPK models, is the increasing need for high quality biological 

data, including that for transporter expression, to enhance the proximity of the model’s system 

parameters to the in vivo milieu. In addition, the IVIVE approach requires scaling factors to bridge 

any mechanistic gap between the in vitro systems used to represent the in vivo system and organ-

based scaling factors. For any biological data incorporated into a PBPK model to generate scaling 

factors and drive functionality, there must be assurance as to the suitability of the data, and that 

any confounding factors associated with sample/tissue quality and methodological bias are 

factored into analysis prior to implementation (Harwood et al., 2013). 

To model the intestine mechanistically, it is necessary to account for the region-specific anatomical 

and physiological differences that the compound encounters as it transits distally upon oral 

administration. This is achieved by representing the regions of the gut as compartments. The small 

intestine in a mathematical model generally contains seven segments, including one duodenal, two 

jejunal and 4 ileal segments, with each compartment potentially distinct from one another based on 

defined system parameters. Two of the most sophisticated models currently available are the 

Advanced Dissolution, Absorption and Metabolism (ADAM) model (Jamei et al., 2009; Darwich et 

al., 2010) and the Advanced Compartmental Absorption and Transit model (ACAT) (Yu and 

Amidon 1999; Abuasal et al., 2012), both of which now incorporate region-specific transporter 
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expression data. Both models demonstrate the utility of IVIVE approach to effectively address 

simultaneous gastrointestinal transporter-metabolism interplay by simulation. 

Models of intestinal absorption have traditionally been based on predicting the permeability of 

drugs across the apical enterocyte membrane. A simple approach is to use a first order absorption 

model, in which there is a disregard for the region-specific physiology and variability typically 

represented within these mechanistic models. However, a more mechanistic IVIVE approach that 

does account for region-specific physiology and variability, is to utilise correlations linking the 

effective permeability (Peff) derived from loci-gut intestinal perfusion systems (Lennernas et al., 

1993) to the apparent permeability (Papp) of in vitro cell monolayer systems (Sun et al., 2002; 

Yang et al., 2007). The loc-i-gut method relies on a human subject swallowing a tube system via 

the mouth which is fed into the jejunal region of the small intestine. Two ballons are inflated 

towards the front tips of the tubing and occlude a 10 cm piece of jejunum. It is assumed that this 

segment is now effectively sealed from material entering from the proximal or distal region. A drug 

is perfused down an inlet tube into the occluded 10 cm segment at a flow rate, deemed to be 

physiological, whereby the perfusate containing the drug is allowed to dwell for a set period of time. 

The drug is aspirated back up the tube and its concentration is measured. It is assumed that the 

differences in drug levels of the perfusate before and after dwelling in the occluded jejunal segment 

are due to disappearance across the gut wall, enabling the Peff to be calculated (Lennernas, 2007; 

Dahlgren et al., 2014). Other studies have generated correlations between physicochemical 

descriptors such as polar surface area and hydrogen bond donor number (Winiwarter et al., 1998) 

and facilitated the development of correlations from LLC-PK1 and MDCK-II cells to predict in situ 

permeability (Tchaparian et al., 2008). Recently, models incorporating the structural architecture of 

the crypt-villus system have been implemented into the ADAM model, termed the Mechanistic 

Predicted Peff model (‘Mech Peff’). The model accounts for regional differences in passive 

permeability arising from distinct morphological differences in each intestinal region. It is aligned for 

use within early drug discovery as compound-specific physico-chemical parameters, logPow (log of 

the octanol-water partition co-efficient), logPPAMPA, molecular weight, pKa and their acid-base type 

can be used. Both the Papp-loci-gut-regression and Mech Peff models can incorporate the impact 

of transporters on drug absorption by the kinetic parameters already discussed. 
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1.7 Tissue and Relative Transporter Scaling Factors for IVIVE Oral Intestinal 

Absorption 

1.7.1 Tissue-Based Scaling Factors – Membrane Protein Scalars 

The IVIVE approach to predict drug pharmacokinetics relies on scaling factors from cells and 

subcellular fractions to bridge mechanistic gaps between the in vitro and in vivo system using 

expression-based scaling factors. An area within IVIVE that has been heavily studied is that of the 

metabolic scaling factors required for scaling a CLint per mg protein within hepatic-based in vitro 

assays, using the microsomal protein per gram of liver (MPPGL), to obtain a whole organ CLint. A 

similar scalar for intestinal metabolism is used that accounts for the microsomal protein per whole 

intestine (MPPI). However, none of the microsomal scalars are specific for transporter protein 

scaling, which should rely on plasma membrane (PM) protein scalars (Harwood et al., 2014). 

Recent studies broach this field and provide a crude membrane protein scalar for the liver (35.8 

(n=13) and 37 mg (n = 65) crude membrane protein per gram of liver) (Tucker et al., 2012; Prasad 

et al., 2014). These values are similar to the human MPPGL derived from meta-analysis (Barter et 

al., 2007). In addition, Tucker’s study provides a crude membrane protein per cm
2
 of duodenal 

mucosal surface area of 1344 μg/cm
2
, (n=14) for transporter scaling (Tucker et al., 2012). 

However, a plasma/brush border membrane-specific protein scalar rather than a crude membrane 

scalar could be more appropriate due to functional transporter protein expression on the PM. 

1.7.2 Relative Transporter Expression Scaling Approach 

There are known regional differences in transporter expression along the human intestine. The 

expression profile of P-gp in the ADAM model is shown in Figure 1-1. Further information on 

regional expression of MRP2, BCRP and CYP3A4 can be found in Figure 2 and Table 1 of the 

review article (Harwood et al., 2013). These models incorporate expression derived from relative 

quantitative methods to describe ABC or SLC transporter expression from immunoblot 

densitometry or mRNA gene expression. If mRNA expression is used it is assumed to directly 

correlate to protein activity, however, this may not always be the case (Berggren et al., 2007; Nies 

et al., 2013). A common practice when using relative expression data is to normalise the 

expression of a transporter throughout the intestine to a given segment, as is undertaken for 

transporter expression in the ADAM model, where all transporter expression data is normalised to 

the first jejunal segment. A study by Bruyere and co-workers has highlighted the importance of 

obtaining regional intestinal transporter expression data for incorporation in PBPK models (Bruyere 
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et al., 2010). Levels of the apical efflux transporters P-gp and BCRP were measured by 

immunoblot in various intestinal sites and the data implemented into the model was expressed 

relative to the ileum. The results demonstrated that accounting for the P-gp distributions enhanced 

PBPK predictions of bioavailability for the compound under study. Yet, a consensus as to the P-gp 

expression in the intestine using relative expression techniques has not been demonstrated 

(Bruyere et al., 2010; Abuasal et al., 2012; Harwood et al., 2013).  

 

Figure 1-1. Schematic representation of the ADAM model, displaying the mechanistic segmentation of the GI 
tract into 9 sections with segregated blood flows to each section. The abundance of P-gp is highlighted by 
increasing segmental colour intensities with the relative P-gp expression having been normalised to the first 
jejunal segment (J1). D represents duodenum, J represents jejunum and I represents ileum. Normalised P-gp 
expression values are also provided above each compartment. 

Predicting the impact of inter-individual variability in transporter expression and function within a 

population rather than in the individual human is advantageous in order to appreciate particular 

individuals who are at the greatest risk of adverse events. A weighted mean coefficient of variation 

(CV) is implemented into the ADAM model based on meta-analysis of relative expression 

techniques. However, where this relies on protein data alone, only relatively few data are 

incorporated, which may not be representative of a wider population (Harwood et al., 2013).  

1.7.3 Relative Expression Factors (REFs) for Scaling 

Expression based scaling factors have been used for many years in metabolic and transporter-

based IVIVE (Proctor et al., 2004; Darwich et al., 2010). To account for any transporter expression 

differences in the in vitro system (Caco-2, MDCK-II) and the human jejunum, IVIVE scaling factors 

have been generated using immunoblot densitometry to provide REFs (Equation 1-3 for P-gp, 

MRP2 and BCRP (Harwood et al., 2013) that are utilised in published work (Darwich et al., 2010; 

Neuhoff et al., 2013). Indeed, a major limitation in using this REF, is that it is based on a single 

human jejunum that may not be representative of a population (Troutman and Thakker, 2003a). 
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ExpressionVitroIn

ExpressionVivoIn
REF   Equation 1-3 

 

The REF scalar for transporters is not nearly as sophisticated the Inter-System Extrapolation 

Factor (ISEF) for metabolic scaling. The ISEF was devised to correct for differences in enzyme 

abundance and activity (per unit of Cytochrome (CYP)P450 isoform) in recombinant expression 

systems and human liver (Proctor et al., 2004). It is yet to be established if an expression-

abundance scalar, such as the ISEF, is required for transporter IVIVE scaling. The limitations of 

immunoblotting have provided a barrier to the generation of transporter scalars utilising protein 

abundance data, i.e., a lack of availability of transporter protein standards to enable transporter 

protein abundance determination. It is postulated that a substantial advancement in defining 

expression scaling factors, will arise from absolute transporter abundance data generated in both 

the human and the in vitro systems, where models can progress from this relative expression, 

semi-mechanistic approach (Harwood et al., 2013). An overview of transporter based IVIVE scaling 

factors discussed or utilised by other groups is provided in Figure 1-2. 

 

Figure 1-2. An overview the three categories of transporter-IVIVE scalars. The scalars boxed in red are the 
focus of this thesis. MTA is the maximal transporter activity scalar. 
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1.8 Transporter Abundance Determination by Mass Spectrometry 

Since 2008, significant advances within proteomics using Liquid-Chromatography-Coupled to 

Tandem Mass Spectrometry (LC-MS/MS) (Kamiie et al., 2008; Li et al., 2008) and quantitative 

immunoblotting (Tucker et al., 2012) techniques, has enabled the determination of drug transporter 

protein abundances within human tissues (Li et al., 2009b; Li et al., 2009a; Niessen et al., 2010; 

Sakamoto et al., 2011; Shawahna et al., 2011; Uchida et al., 2011; Deo et al., 2012; Karlgren et al., 

2012; Ohtsuki et al., 2012; Schaefer et al., 2012; Groer et al., 2013; Oswald et al., 2013; Prasad et 

al., 2013; Bosgra et al., 2014; Drozdzik et al., 2014; Prasad et al., 2014; Vildhede et al., 2014). To 

coordinate with mammalian tissue abundance measurements there has also been a focus on 

characterizing in vitro systems used routinely in drug development for determining the impact of 

drug transporters on drug disposition, for example Caco-2 (Miliotis et al., 2011b; Oswald et al., 

2013), MDCK-II and LLC-PK1 transfected cells (Kamiie et al., 2008; Li et al., 2008; Di et al., 2011; 

Zhang et al., 2011). With the exception of a single study (Tucker et al., 2012), quantifying absolute 

transporter abundances is achieved by LC-MS/MS based analysis.    

1.8.1 LC-MS/MS Proteomic Techniques to Determine Transporter Abundances 

The following sections principally focus on isotope labelled or ‘targeted’ proteomic strategies that 

are predominantly utilised for transporter protein absolute abundance quantification. However, 

relative estimates of protein quantities can be provided by employing label-free or ‘global’ 

proteomic techniques. 

MS based absolute quantification techniques, or Quantitative Targeted Absolute Proteomics 

(QTAP), relies on the simultaneous analysis of an isotope labelled standard peptide and the 

equivalent non-labelled peptide derived from the biological matrix. The peak intensities of co-

eluting equivalent standard and peptides from the biological sample can be utilised to quantitate 

the amount of protein within a sample. QTAP comprises 1), the selection of standard isotope 

labelled (SIL) proteotypic peptides used as surrogates of the whole protein for quantification of 

protein abundances in the sample and their subsequent isotopic labelling; 2), the purification of the 

subcellular fraction(s) that contain the proteins to be quantified; 3), the enzymatic digestion of the 

proteins into proteotypic peptides, and 4), simultaneous quantitation of the SIL and proteotypic 

peptides in the target biological matrix by LC-MS/MS (Ohtsuki et al., 2011; Harwood et al., 2014).  
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1.8.1.1 Selection and Labelling of Peptide Standards 

The first stage within the QTAP strategy is to identify the transporter protein(s) to be quantified. In 

principal, any protein can be targeted for abundance quantification, if its entire amino acid 

sequence has been confirmed. This information can be sourced from databases such as 

www.uniprot.org. Proteins are typically too large to be separated and quantified by LC-MS/MS 

techniques therefore, targeted proteins require digesting into smaller peptide components using 

proteolytic enzymes such as trypsin. Numerous groups involved in quantifying transporter 

abundances by QTAP strategies employ in silico selection strategies, based on theoretical peptide 

yields after trypsin digestion. Furthermore, adherence to numerous additional criteria depicted as 

either, essential or favourable is also performed. The peptide standard selection criterion of 

numerous prominent research groups within the transporter proteomics field has already been 

expertly reviewed (Kamiie et al., 2008; Ohtsuki et al., 2011; Oswald et al., 2013; Uchida et al., 

2013; Prasad and Unadkat, 2014; Qiu et al., 2014). The standard peptide selection criteria within 

our group includes selecting for uniqueness, size (7-25 amino acid residues), post-translational 

modifications, eliminating peptides containing residues prone to modification i.e., methionine 

(oxidation), cysteine (alkylation) or asparagine (glycosylation) and avoidance of those in 

hydrophobic transmembrane spanning domains. A particular selection criterion which is not always 

centred upon is missed-cleavage by trypsin. Employing in silico tools such as ‘conSEQUENCE’ 

(Lawless and Hubbard, 2012), permits the selection of peptides that theoretically, possess a 

reduced incidence of missed cleavage events when undergoing trypsin digestion. This is employed 

at the University of Manchester (Russell et al., 2013). The suitability of the in silico selected 

peptides is subsequently confirmed in the laboratory with cost-effective non-labelled peptides with 

an equivalent sequence.  

Within transporter proteomics, the selected peptides are either chemically labelled (in vitro), i.e., 

the Absolute Quantification (AQUA) technique, or metabolically labelled (in vivo) using stable 

isotopes incorporating the Quantification Concatamer (QconCAT), Stable Isotope Labelling of 

Amino Acids in Culture (SILAC) or in Mammals (SILAM). The ‘heavy’ labelled sequence equivalent 

peptides undergo a mass shift, this distinguishes the standard peptides from the biologically 

derived peptide in the MS, even though the ionisation behaviour is similar.  

1.8.1.2 Preparation of the Biological Sample 

The measurement of integral membrane transporter protein abundance requires that the 

complexity of the biological sample is reduced (Huber et al., 2003). From a tissue and cellular 

http://www.uniprot.org/
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perspective, the heterogeneous nature of the intestine provides challenges to obtaining the 

intended membrane proteins for quantitation. The key transporters and metabolic enzymes reside 

within the enterocytes and are located in the mucosal layer; therefore homogenization of an 

intestinal tissue sample containing the entire tissue cross section is not appropriate for obtaining 

membrane protein preparations. The method of harvesting enterocytes from the underlying 

interstitial and muscle layers prior to membrane extraction can vary. Physical removal of 

enterocytes by crushing (Groer et al., 2013) or scraping the mucosa (Tucker et al., 2012) has been 

used in intestinal transporter abundance quantification. Chemical methods are also available 

utilising calcium chelation techniques to elute enterocytes (Galetin and Houston, 2006), however 

the utility of this approach for abundance quantitation has not been reported.  

To measure transporter abundances, a further reduction in sample complexity is required due to 

their relatively low abundance within the proteome and to isolate the cells PM, in which the 

functionally relevant protein is localised. Membrane extraction procedures are employed to obtain a 

PM fraction by differential centrifugation (Kamiie et al., 2008). Alternatively, studies employ 

commercially available extraction kits that harvest a ‘native’ membrane protein fraction, that does 

not specifically purport to harvest a PM fraction (Li et al., 2009b), or kits that do propose to harvest 

the PM (Kumar et al., 2015). However, where tissue is sparse, transporter abundances have been 

obtaining in whole cell fractions (Uchida et al., 2011; Ohtsuki et al., 2013). An appraisal of the purity 

of the membrane fraction understudy is not routinely undertaken, therefore the proportion of 

contaminating components from other organelles than the PM is not known. A fraction used for 

endpoint abundance determinations containing a significant proportion of contaminating 

components will lead to a bias in abundance quantification. 

1.8.1.3 Reduction, Alkylation and Proteolytic Digestion 

The harvested membrane fractions are rich in hydrophobic integral membrane proteins which 

poses a problem for the application of subsequent in-solution proteolytic digestion procedures. 

Therefore, procedures to solubilise and denature the proteins are required prior to incubation with 

the proteolytic enzyme(s). Treatment with agents that disrupt membranes and solubilise the 

proteins are employed, examples are; sodium deoxycholate (DOC) (Balogh et al., 2013), urea 

(Karlgren et al., 2012) and commercially available surfactant preparations (Miliotis et al., 2011b). 

To denature and unwind the protein, di-sulphide bridge reduction at cysteine-cysteine residues is 

commonly undertaken with dithiothreitol (DTT) (Li et al., 2009b) or guanidinium hydrochloride 

(Kamiie et al., 2008). The free sulfhydryl groups are alkylated with iodoacetamide (IAA) to prevent 
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the reformation of disulphide bonds. The reduced and alkylated proteins are typically subject to 

proteolytic digestion overnight, with the endopeptidase trypsin, which favours cleavage at C-

terminal side of arginine and lysine residues. However, some groups, including ours, have adopted 

the incubation of lysyl endopeptidase (Lys-C) prior to the trypsin stage (Karlgren et al., 2012; 

Achour et al., 2014). Lys-C cleaves only at lysine residues and may facilitate digestion to 

completeness in combination with trypsin.   

1.8.1.4 Reverse-Phase LC 

Prior to introduction to the MS, the digested peptides are separated by their hydrophobicity using 

reverse-phase LC. The LC separates out the analytes (peptides) over time with an increasing 

gradient of solvent, usually acetonitrile, from a highly aqueous to highly organic state, washing over 

a hydrophobic chromatography column consisting of silica with C18 side chains. This column 

configuration retains peptides until the acetonitrile concentration reaches a point in which the 

peptide is eluted. Hydrophilic peptides are eluted first with peptides consisting of increasing 

hydrophobicity following. Formic acid (0.1%) is maintained throughout the LC run to protonate 

basic residues as an ion source when entering the MS. Both nano and regular flow LC systems are 

used. However, nano-LC is particularly useful for low sample volumes and is also suggested to 

improve detection sensitivity (Qiu et al., 2014). 

1.8.1.5 Peptide Mass Analysis  

Triple quadrupole mass spectrometers are usually the instrument of choice for QTAP studies. The 

key attributes of triple quadrupole instruments is their selectivity and sensitivity, facilitating the 

quantification of pre-selected transition ions (fragmentation of peptide bonds between residues) for 

the peptides with a specific mass-charge ratio (m/z). This enables the quantification of low 

abundance peptides with a reduced likelihood of false positive events. 

As alluded to in Section 1.8.1.1, non-labelled selected peptides are used to identify the most 

abundant ion transitions, typically 2-3, for each peptide, this is also known as selected or multiple 

reaction monitoring (SRM/MRM), which increases the selectivity of the system. A library of peptides 

containing the selected transitions is generated within suitable programs to direct the MS to select 

and monitor the relevant peptides separated by the LC system.  

The peptides eluted by the LC system enter the ion source in liquid form (Figure 1-3), via a high 

voltage charged capillary needle. When combined with a nitrogen gas, nebulisation of the liquid 

ensues, forming a plume of predominantly positively charged peptides that are accelerated towards 
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to the entrance of a high vacuum mass analyser (Jonsson, 2001). The triple quadrupole instrument 

is composed of 3 quadrupoles in series, the first (Q1) and third (Q3) are mass analysers that also 

act as mass filters and the second (Q2) is a collision cell. A quadrupole is composed of 4 metal 

rods with alternating and opposing polarities, with the connection of the rods to a current to 

generate a radiofrequency (Jonsson, 2001). The setting of the current and radiofrequency permits 

a narrow range of m/z to pass through the quadrupole, therefore, the selectivity/specificity is high. 

In a triple quadrupole instrument, the Q1 selects the pre-cursor/parent ions. The precursor ion is 

subject to collision induced dissociation in Q2. Fragmentation of the precursor ion, is activated by 

collision when an inert gas is introduced into the cell generating product, predominantly b (C-

terminal cleaved) or y (N-terminal cleaved) ions (Jonsson, 2001). The masses of the product ions 

are analysed in the Q3, the fragments that are not selected are discarded. This reduces ionic 

complexity prior to the detection of the selected ions at an electro-photomultiplier tube detection 

system, generating a current that is recorded as fragmentation spectra over the duration of the LC-

MS/MS run. The problem with triple quadrupole mass analysis is that there is no relationship 

between the number of ions that make it through to the detector and the concentration of the 

starting material. Therefore, the QTAP strategy requires a calibrating standard. 

 

Figure 1-3. A representative illustration of the configuration of a triple quadrupole mass spectrometry 
instrument . Reproduced courtesy of Dr Matthew Russell, University of Manchester. 

 

1.8.1.6 Absolute Quantification (AQUA) Standards 

The AQUA approach to generate SIL standard peptides (Gerber et al., 2003) is the most commonly 

employed method to quantify transporter protein abundances (Kamiie et al., 2008; Li et al., 2008; 

Miliotis et al., 2011b; Deo et al., 2012; Groer et al., 2013; van de Steeg et al., 2013; Kunze et al., 

2014; Vildhede et al., 2014). AQUA peptides can be chemically synthesised and purchased from 
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commercial suppliers. The standard peptides can be entered into the QTAP workflow prior to 

proteolytic digestion (Miliotis et al., 2011b), or more commonly post digestion (Kamiie et al., 2008; 

Groer et al., 2013). The peptide standards are run simultaneously with the peptides from the 

biological matrix, generating multiple co-eluting ion signal intensities. The standard-to-native signal 

intensity area ratio is calibrated against an external calibration curve to determine protein 

abundance. 

1.8.1.7 Quantification Concatamer (QconCAT) Standards  

The QconCAT technique is an alternative method for generating proteotypic SIL peptide standards 

for absolute protein quantification analysis (Beynon et al., 2005). The principle of the QconCAT 

technique is that selected quantification peptides (standards) are concatenated to form a string of 

peptides that are metabolically labelled within a host expression vector. The vector expresses the 

artificial construct containing the standard peptide labelled at the terminal lysine (K) or arginine (R) 

residues from labelled growth media. The artificial protein is extracted via a His-tag using affinity 

chromatography and is subjected to simultaneous proteolytic digestion with the biological matrix, to 

yield equimolar concentrations of standard peptides for quantification of target proteins (Simpson 

and Beynon, 2012; Russell et al., 2013). The construct is usually populated with two standard 

peptides per target protein and a host of non-naturally occurring peptides (NNOP) that enable the 

concentration of the QconCAT to be determined, in conjunction with the known concentration of the 

non-labelled ‘light’ NNOP. Similar to the AQUA method, the ratio of the area under the curve for the 

standard and native target peptides signal is required. Additionally, the ratio of ‘heavy’-to-‘light’ 

NNOP is required for QconCAT based quantifications. A distinct advantage of the QconCAT 

compared to AQUA is its cost-effectiveness when undertaking the analysis of multiple proteins. 

However, an important limitation for the QconCAT approach is access to expertise in recombinant 

molecular methods in order to generate the construct, and the potential of failure to express the 

construct, which can be time-consuming to resolve (Russell et al., 2013). Nevertheless, the 

construction of a QconCAT with the capability of quantifying transporter protein abundances is 

demonstrated by our group (Russell et al., 2013). Moreover, the utility of this approach to measure 

drug metabolising enzymes has been reported (Achour et al., 2014).  

1.8.1.8 Label-Free MS Approaches 

Label-free approaches for protein quantification do not possess calibrating standards to quantify 

the absolute abundance of target proteins. A large array of fragmentation spectra are generated 

which are submitted to databases such as MASCOT (www.matrixscience.com) to identify the 

http://www.matrixscience.com/
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proteins responsible for fragment ion peaks. Label-free approaches are suitable for estimating the 

relative abundance of target proteins. However, a label-free approach has been undertaken in 

conjunction with an SIL approach to determine transporter abundances in human livers (Karlgren et 

al., 2012).  

1.9 Absolute Transporter Abundances in IVIVE-PBPK 

1.9.1 Between Laboratory Considerations 

There is now a reasonable amount of transporter protein absolute abundance data available to 

harness within IVIVE-PBPK modelling, yet there is still relatively little data for the human intestine 

(Groer et al., 2013; Oswald et al., 2013; Drozdzik et al., 2014) or Caco-2 cells (Miliotis et al., 

2011b) using LC-MS/MS or by quantitative immunoblotting (Tucker et al., 2012). However, caution 

should be exercised when implementing data into such models, therefore ascertaining potential 

confounding factors which could lead to any differences between laboratories requires 

appreciation. These differences may simply be based on inherent biological inter-individual 

variability; however, other biological factors may also require attention such as the influence of age, 

gender, disease and drug history, with particular relevance to induction of transporters due to drug 

exposure (Greiner et al., 1999). Another aspect requiring consideration are the differences in 

procedures employed throughout the QTAP workflow by different groups. To date, there has been 

no formal assessment of the potential bias imparted by the various methods used at each stage to 

obtain endpoint abundances between groups. This has recently been advocated using a matched 

sample approach (Harwood et al., 2014).  

1.9.2 Absolute Abundance Generated REF 

A REF scaling factor for P-gp using the intestinal abundance (Tucker et al., 2012; Groer et al., 

2013; Oswald et al., 2013; Drozdzik et al., 2014) and Caco-2 cell monolayer data available in the 

literature can be generated (Miliotis et al., 2011b). The P-gp REF scalar can be potentially 

generated across the entire length of the intestine, given that the study of Drozdzik et al., quantified 

P-gp abundances in the most proximal intestinal region, the duodenum, and the distal region of the 

intestine, the sigmoidal colon (Drozdzik et al., 2014). At present, it is not evident if a bias in 

abundance generated between laboratories is apparent, therefore, using these data for IVIVE 

should be approached with caution. Ideally, the abundances of both the in vitro and in vivo systems 

should be measured in the same laboratory, generating an ‘in-house’ REF. It should be noted that 

transporter abundance data for flask-grown MDCK-II (Li et al., 2008; Zhang et al., 2011) and Caco-
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2 cells (Oswald et al., 2013) are available, yet these preparations were not extracted from filters 

and therefore are also not appropriate for REF generation within IVIVE. 

 



| Chapter 1                                                                                                     Page 41 of 277 

 

 

Table1-1. A summary of the available literature transporter abundance data in human intestinal regions. 

Intestinal Region Transporter Protein Source 

 
P-gp MRP2 MRP3 BCRP ASBT HPT1 PepT1 OATP2B1 OCT1 OCT3 OST-α 

Na/K-
ATPase 

 

Duodenum           X X (Tucker et al., 2012) 

(Groer et al., 2013) 

(Oswald et al., 2013) 

(Drozdzik et al., 2014) 

(Harwood et al., 2015) 

Jejunum             

Ileum             

Colon           X X 
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1.9.3 Intestinal PBPK Models and Absolute Transporter Abundances 

As shown in Figure 1-1, the relative approach provides segmental expression of transporters 

normalised to the first jejunal segment. Incorporating absolute abundances into the intestine 

changes the model structure, in that, segments become inter-dependent, therefore transporter 

expression is not reliant on normalisation to a given segment. Transporter abundances are given in 

concentrations per segment or unit area, rather than as unit-less scalars, enabling a more 

physiological approach. The study by Drozdzik et al., measured P-gp abundance in multiple 

segments along the GI tract (n=6 intestines) showing that the trend for increasing P-gp expression 

in the more distal regions of the small intestine agrees with the relative expression data for P-gp 

shown in Figure 1-1 (Drozdzik et al., 2014). Yet, for MRP2 and BCRP there is a discordance 

between the relative (Harwood et al., 2013) and absolute data (Drozdzik et al., 2014), in which a 

decrease in relative expression was demonstrated in the distal small intestine, while the absolute 

data shows a consistent proximal-to-distal small intestinal expression. Obtaining transporter 

abundances from further studies is required to establish region-specific transporter abundances 

and their associated inter-individual variability, from a larger cohort of donors based on data from 

numerous research groups. 

1.9.4 Function versus Abundance Scalars 

Due to the relative paucity of high quality kinetic data (Section 1.5.2) combined with absolute 

transporter abundances, it is not known if a transporter-based ISEF (Equation 1-4), akin to that for 

metabolic enzymes (Section 1.7.3), is required for transporters. Elucidating the amount of active 

transporter within the membrane, or the ‘functional transporter abundance’ can be obtained from 

such an approach. The ISEF permits the correction of transporter driven CLint or Jmax per unit of 

transporter isoform in both the enterocyte and the in vitro/recombinant system. This enables the 

calculation of a transporters catalytic rate constant (KCAT) in both the enterocyte and recombinant 

system. At present, PBPK models utilising relative expression data neglect the extrapolation of 

activity per unit of transporter. 

r)rte(rhTranspoabundancerTransporterter)(rhTranspoCL

(Ent)abundancerTransporte(Ent)CL
CLISEF

jj

j, j

j

int,

int
,   

Equation 1-4 

 

where CLISEF-J is the CLint Inter-System Extrapolation Factor for a transporter isoforms (j), 

enterocytic intrinsic clearance CLint,j (Ent) (μL/min/cm
2
) in, for example, an ex vivo intestinal 
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mucosal preparation within an Ussing chamber system, the transporter isoforms enterocyte 

abundance (pmol transporter/cm
2
 mucosal tissue), the recombinant transporter (rh Transporter) 

isoforms intrinsic clearance CLint,j in a filter monolayer (μL/min/cm
2
) and the transporter isoforms 

(J) enterocyte abundance (pmol transporter/cm
2
 filter-grown cell monolayer). 

 The ISEF can then be incorporated into Equation 1-5 to calculate the unbound intrinsic clearance 

for a transporter isoform in any intestinal segment. 

ASGISMePPGIS

n

j j
rterrhTranspoKm

ent
j

AbundancerTransporte
j

rterrhTranspoJ

j
ISEF

GIS
CLu

.

1 )(

)()(max

int,




















 














 



 

Equation 1-5 

 

for each transporter isoforms (j); rhTransporter indicates recombinantly expressed transporter; 

MePPGIS is the amount of membrane protein per gastrointestinal segment and GIS S.A is the 

gastrointestinal segments surface area. 

The exclusive transport of drug molecules by a single transporter protein is not necessarily 

commonplace, i.e., overlapping transporter-substrate specificity (Lin et al., 2011). Therefore, 

establishing abundance-function scaling factors may be challenging in heterogeneous transporter 

expressing tissues, such as the human intestine. Therefore, the choice of probe compound should 

be selected carefully and the design of the experiment may warrant co-incubation with inhibitors, 

which is also fraught with issues due to inhibitor compounds’ overlapping transporter specificity 

(Matsson et al., 2009). This is not a simple field in which to establish robust scalars. 

In vitro systems engineered to over-express transporter proteins are routinely used in drug 

development. It has been demonstrated that the kinetic activity of vinblastine (VBL) decreases in 

relation to increasing P-gp expression given as, per unit of P-gp protein (Tachibana et al., 2010; 

Korzekwa and Nagar, 2014). Furthermore, the role of membrane composition is also shown to 

modulate substrate binding to P-gp and affect its activity (Romsicki and Sharom, 1999; Meier et al., 

2006) and that microvillus membrane lipid composition changes along the length of the GI tract in 

rats (Kararli, 1995). Therefore, these complexities may require attention if we are to attain relevant 

mechanistic scaling factors. 

Obtaining kinetic data in human intestinal ex vivo tissues is achievable (Stephens et al., 2001), yet 

the availability, tissue quantity/quality and technical assistance required to perform abundance and 
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kinetic studies may be prohibitive for establishing these scalars. In addition, membrane vesicle 

studies could be undertaken, however these system are suited to low permeability compounds, due 

to the potential issue of sink violation (Zamek-Gliszczynski et al., 2013). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



| Chapter 1    Page 45 of 277 

1.10 Study Aims & Objectives 

Upon commencement of this project, the only reports that quantified transporter abundances 

suitable for incorporation into an intestinal IVIVE strategy, were related to P-gp levels in Caco-2 cell 

monolayers (Miliotis et al., 2011b). Therefore, there was a clear need to develop techniques to 

measure transporter abundances in human intestine and in vitro cell systems relevant for intestinal 

transporter IVIVE, to generate more robust mechanistic scaling factors. 

The overall objective of this project is to develop the methods to quantitatively analyse human 

intestinal and in vitro cell system transporter proteins and to identify the relationship between 

transporter abundance and function. As a side project, a small scale across laboratory comparison 

of matched samples was undertaken to establish whether methodological differences between 

laboratories leads to a bias in endpoint transporter abundances. The specific aims of the study to 

achieve this are: 

1. To develop and validate a QTAP workflow to enable the quantification of human intestinal 

enterocytes and Caco-2 cells monolayers using a QconCAT approach. 

2. To assess the relationship between transporter mRNA expression, protein abundance in 

Caco-2 cell monolayers over different cultivation periods, passages and drug treatments. 

Investigate mRNA-protein-activity relationships for P-gp and BCRP in Caco-2 cell 

monolayers. 

3. To undertake a small scale cross laboratory comparison of human intestine and Caco-2 

cell monolayer Sodium Postassium ATP-ase (Na/K-ATPase, ATP1A1), P-gp and BCRP 

abundances. 

4. To generate a theoretical framework to account for procedural protein and peptide losses 

in QTAP strategies. 
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Chapter 2- Materials and Methods 

This chapter describes in detail the finalised methods employed in conducting the work described 

in subsequent results chapters. In instances where methods are being developed and validated, 

(i.e., where methodology is not finalised), a description of these methods will be provided in the 

accompanying results chapters. 

2.1 Materials 

2.1.1 Cell Culture & Transport Experiments  

Caco-2 cells (HTB-37) were purchased from the American Type Tissue Culture Collection, (ATCC, 

Rockville, MD, USA) at passage 18 and MDCK-II wild type (WT) cells from The National Cancer 

Institute (NKI, Amsterdam Netherlands). ATCC Caco-2 high passage (Passage 100+) cells were 

taken from the cryogenic storage at The Biomedical Facility of Salford Royal Hospital. Cell culture 

reagents and transporter buffers, Dulbecco’s Modified Eagle’s Medium (DMEM), 

penicillin/streptomycin, L-glutamine non-essential amino acids and Hanks Balanced Salt Solution 

(HBSS) were purchased from Invitrogen Life Sciences (Paisley, Scotland). New-born foetal calf 

serum gold (heat inactivated) and trypsin- ethylenediaminetetraacetic acid EDTA were purchased 

from PAA Laboratories (Yeovil, UK). Tissue culture flasks (25, 75 and 175 cm
2
) and Transwell 

filters (1.13 cm
2
, 0.4 μM pore size, Cat. no. 3401) were purchased from Corning Life Sciences 

(Lowell, MA, USA). Roche cOMPLETE protease inhibitor cocktail was supplied by Roche 

Diagnostics (Mannheim, Germany). The test compound [
3
H]-Vinblastine-Sulfate (VBL) (740 

GBq/mmol) was supplied by American Radio-Chemicals (St Louis, MO, USA) and [
3
H]-Estrone-3-

Sulfate E-3-S) (185 GBq/mmol), Optima Gold Liquid Scintillation Cocktail (LSC) and 96 well black-

opaque Optiplates were purchased from Perkin Elmer (High Wycombe, UK). All other materials 

were purchased from Sigma-Aldrich (Poole, UK). 

2.1.2 Cell and Human-Based Membrane Extraction 

Transwell
®
 filters (44 cm

2
, polycarbonate, 0.4 μM pore size, Cat. no.3419) were obtained from 

Corning Life Sciences (Lowell, MA, USA). Ultracentrifuge tubes suitable for a SW41ti rotor (13.5 

mL) were purchased from Beckman Coulter (High Wycombe, UK).  

For immunoblotting, a mouse monoclonal Mdr1 (D11) primary antibody and secondary goat anti 

mouse conjugated IgG horse radish peroxidase antibody were purchased from Santa Cruz 

Biotechnology (Santa Cruz, CA, USA) with the anti-human beta actin (SC 15 clone) primary 
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antibody from Sigma-Aldrich (Poole, UK). The Immobilon PVDF membrane and chemiluminescent 

detection kit was from Millipore (Billerica, MA, USA). All other reagents including the BCA protein 

and cytochrome c reductase (CCR) assay kits were purchased from Sigma-Aldrich (Poole, UK). 

2.1.3 Protein Digestion 

The proteolytic enzymes, lysyl endopeptidase (Lys-C) and trypsin were generated recombinantly 

and supplied by Wako (Osaka, Japan) and Roche Applied Sciences (Mannheim, Germany), 

respectively.  

2.1.4 Proteomic Analyses 

The QconCAT construct for the generation of peptide standards for transporter protein abundance 

quantification, ‘the TransCAT’ was developed by Dr Matthew Russell, a post-doctoral researcher 

based in The School of Pharmacy and synthesised in the protein expression facility at the 

Manchester Institute of Biotechnology, The University of Manchester. All other chemicals and 

reagents were supplied from Sigma-Aldrich, (Poole, UK). AQUA peptides were synthesised by 

Cambridge Research Biochemicals (Billingham, UK). The non-labelled (light) version of the Non-

Naturally Occurring Peptide (NNOP) [Glu
1
]-fibrinopeptide B (Glu-Fib) QconCAT calibrator peptide 

(EGVNDNEEGFFSAR) was synthesised to 95% purity by Severn Biotech Ltd (Kidderminster, UK). 

Non-labelled Maxi SpikeTide peptides were synthesised by JPT Peptide Technologies (GmbH, 

Berlin, Germany). 

2.1.5 Gene Expression Analysis 

A Transcriptor First Strand cDNA Synthesis Kit for reverse transcription of RNA to cDNA and 

hydrolysis probes (Universal Probe Library, spanning the entire human genome) for relative gene 

expression analysis were supplied by Roche Applied Biosciences (Burgess Hill, UK). Primer pairs 

for each gene were synthesised by Sigma-Aldrich (Poole, UK). 
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2.2 Methods 

2.2.1 Cell Culture 

Low and high passage Caco-2 cells (passage 25-35 & 105-115, respectively) were maintained in 

DMEM growth media containing 10% new born foetal calf serum, 45 U/mL penicillin ,45 µg/mL 

streptomycin, 1% non-essential amino acids and 1.1% L-glutamine in an humidified atmosphere of 

95% air and 5% CO2 at 37°C (Collett et al., 2004). The cells were fed every 2 days with fresh 

growth media until 90% confluent where they were sub-cultured routinely every 6 days with trypsin 

(0.05%)-EDTA and seeded into 75 or 175 cm
2
 adherent tissue culture flasks at 12,000 cells per 

cm
2
 after counting by trypan blue exclusion. VBL selected Caco-2 cells (Caco-2-VBL) were 

generated at Passage 100+ by routine culture with growth media containing 11 nM VBL (Anderle et 

al., 1998) for 5 passages (previously generated and cryogenically stored by Dr A Warhurst, 

University of Manchester). The cells were seeded into 75 or 175 cm
2
 adherent tissue culture flasks 

at 15,000 cells per cm
2
 to ensure the duration between sub-culturing was consistent with Caco-2 

cells. MDCK-II-WT cells were seeded at 12,000 cells per cm
2
 and maintained in similar growth 

media to Caco-2 without supplementation with glutamine or non-essential amino acids. The MDCK-

II-WT cells were fed every 2 days and were routinely sub-cultured every 3-4 days.  

2.2.2 Preparation of Membrane Fractions from Cultured Cells 

Preliminary studies focussed on harvesting and extracting cell membrane proteins from 175 cm
2
 

tissue culture flasks, while subsequent studies employed harvesting proteins from filter-grown cells.  

2.2.2.1 Flask-Based Membrane Extraction 

Caco-2 (low passage) or MDCK-II-WT cells were grown to confluence and either scrape harvested 

or trypsinsed followed by homogenisation using a Dounce, hand-held Teflon-glass homogeniser. 

As flask-based membrane extractions were the cornerstone of developing robust membrane 

extraction methods, further details of these methods are provided in Chapter 3. 

2.2.2.2 Filter-Based Membrane Extraction 

The following method for filter-based membrane extraction of Caco-2 cells has previously been 

published (Russell et al., 2013) and is shown in Figure 2-1. Cells grown to 90% confluence on 

flasks were trypsinised and counted on a haemocytometer by a trypan blue exclusion method. All 

Caco-2 cell variants were seeded onto 44 cm
2
 Transwell filters (n = 3 filters pooled per experiment) 

at a seeding density of 2.2 x 10
5
 cells/cm

2
 (Miliotis et al., 2011b). The growth media was 

replenished every 2 days. Low passage Caco-2 cells were grown for 10, 16, 21 and 29d, while high 
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passage and Caco-2-VBL cells were grown for 21d. Twenty four hours prior to harvest, the cells 

were fed fresh media to reduce the likelihood of development of a starvation phenotype.  

The membrane extraction procedure is based on an adaptation of previously described methods 

(Zhang et al., 2004; Ohtsuki et al., 2012). On the day of harvest, tight junction formation was 

assessed after 2 x HBSS-4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) (25 mM) 

washes (Hubatsch et al., 2007), by performing a monolayer integrity transport assay that assessed 

apical to basal (A-to-B) permeability of the paracellular transport marker Lucifer Yellow (LY; 50 μM 

in Hanks balanced salt solution (HBSS) containing 25 mM HEPES). Permeability was measured 

over 60 min at 37°C with donor (1 μL) and receiver samples (200 μL) taken in duplicate at the 

beginning and end of the transport assay. LY concentrations were calculated from a standard curve 

after reading on a Victor
2
 plate reader (Wallac) at 485nm excitation and 535nm emission for 0.1s 

with a fluorescein filter. Any filters displaying an apparent permeability (Papp) of > 1 x 10
-6

 cm sec
-1
 

were not included for subsequent membrane harvesting. The monolayers were washed twice with 

PBS (4°C) and 1 mM NaHCO3 (pH 7.0) was added to the apical chamber and incubated for 10 min 

at 4°C to swell the cells. The cells were harvested by scraping with a cell scraper into 20 mL of 1 

mM NaHCO3 (pH 7.0) per filter (15 mL per filter for MDCK-II-WT cells) and lysed for 16h at 4°C 

with a protease inhibitor cocktail with agitation at 4 Hz. After 16 h, a 1 mL sample (‘total protein’, 

(TP)) was taken. The remaining TP lysate was centrifuged at 100,000 x g in a Beckman L7 

ultracentrifuge for 30 min at 4°C in a SW41ti swing-out rotor and the supernatant containing the 

soluble fraction was discarded. The pellet was re-suspended in TSEM buffer (10 mM Tris-HCl, 250 

mM sucrose, 0.1 mM EGTA, 0.5 mM MgCl2, pH 7.4, (Zhang et al., 2004)) at 4°C and homogenised 

on ice with a Dounce hand-held homogeniser for 75-stokes. A sample (100 μL) termed the 

‘Insoluble Fraction’ was taken. The insoluble fraction was centrifuged at 5,500 x g in a Sorvall SS34 

rotor at 4°C, the supernatant was retained and the pellet was re-suspended in TSEM buffer and 

homogenised again for 50 strokes. The second homogenate was centrifuged at 5,500 x g and the 

supernatant retained. The supernatants were combined and spun at 100,000 x g for 60 min at 4°C 

in a SW41ti swing-out rotor and the pellet representing the total membrane (TM) fraction was re-

suspended in TSE buffer (TSEM buffer minus MgCl2) and a 200 μL sample was taken. The 

remaining TM fraction was layered onto a 38% sucrose cushion (Kamiie et al., 2008) and spun at 

100,000 x g a SW41ti swing-out rotor for 30 min. The resultant turbid interface at the sucrose-buffer 

boundary containing PM was taken and re-suspended in TSE buffer and spun at 100,000 x g for 60 

min at 4°C in a SW41ti swing-out rotor. The pellet representing the PM fraction was re-suspended 
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in TSE buffer. All samples were stored at -80°C with protein concentration subsequently 

determined by BCA assay where absorbance was measured at a wavelength of 560 nm, using 

bovine serum albumin (BSA) as a standard.  
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Figure 2-1. Schematic describing the plasma membrane extraction protocol from cells grown on filters. The routine sampling of fractions is highlighted by boxes numbered 1-4.
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2.2.2.3 Human Intestinal Tissue Harvest & Membrane Extraction 

Human intestinal tissue was obtained after informed consent from patients undergoing elective 

intestinal surgery at Salford Royal NHS Foundation Trust. Prior ethical committee approval had 

been granted by the North West Research Ethics Committee (REC No:-12/NW/0306, Trust R&D 

No: 2012/132GI). Patients undergoing procedures for a range of disorders including; pancreatic 

cancer; intestinal adhesions (fistulas) and diverticular disease were consented in this study. 

Patients suffering from inflammatory bowel disease (i.e., Crohn’s disease or ulcerative colitis) 

and/or known to be affected by hepatitis B were excluded from participation. Only macroscopically 

normal (upon visual inspection) tissues were used within this study. Immediately after resection, 

macroscopically healthy margins of resected intestinal tissue were opened by blunt dissection to 

expose the mucosa and were the washed in ice-cold 0.9% NaCl immediately after procurement. 

The tissue was transferred in ice-cold oxygenated small bowel ringer (NaCl (121 mM), NaHCO3 

(25.1 mM), KHCO3 (1.6 mM), KH2PO4 (0.2 mM), K2HPO4 (1.2 mM), CaCl2 (1.2 mM), MgCl2 (1.2 

mM) and D-glucose (10 mM)), which had been equilibrated to pH 7.4 by bubbling with 5% 

CO2/95% O2 (Stephens et al., 2001).  

2.2.2.4 Enterocyte Chelation:  

The rinsed mucosa was removed from the underlying bowel wall by blunt dissection and placed 

onto Perspex tissue adaptors (constructed by Salford Royal Hospital Medical Physics Department) 

with 8 or 16 cm
2
 apertures to expose the mucosa to chelating solutions (Figure 2-2). The time from 

bowel resection to securing the tissue in adaptors was always less than 1 hour. 

 

 

 
Figure 2-2. Human tissue adaptor used for chelating and harvesting human enterocytes. 

 

A – Base adaptor plate 

B – Pins to secure tissue 

(serosa down) 

C – Top plate 

D – Aperture exposing 

mucosa (8 or 16 cm
2
) 

E – Pin holes for 

securing tissue 

F – Corner screws to 

secure tissue and plates 

in position 
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Optimisation of the human enterocyte chelation method took place on 5 separate human intestinal 

tissues where buffer composition, incubation times and agitation by flushing were all assessed for 

success in procuring enterocyte material of a sufficient quantity to allow the necessary downstream 

assays on membrane fractions to be performed. The final enterocyte chelation method adopted is 

as follows. All solutions used for eluting enterocytes were made in a base buffer consisting of NaCl 

(112 mM), KCl (5 mM), HEPES (20 mM), pH 7.1 (Tris) (Bowley et al., 2003). The adaptor-secured 

mucosa was rinsed twice in base buffer (4ºC) and immersed in a sodium citrate (27 mM) pH 7.1 

solution with protease inhibitors at 4ºC for 30 min to destabilise cell-to-cell contacts (Weiser, 1973). 

The secured mucosal tissue was then rinsed twice in base buffer (4ºC) and immersed in an EDTA 

buffer, adapted from Dr Oliver Hatley, University of Manchester, (EDTA (30 mM), heparin (10 

U/mL), dithiothreitol (DTT, 1 mM) and protease inhibitors), pH 7.1 at 4ºC and was placed on an 

orbital stirrer at 250 rpm for 40 min at 4ºC. After 40 min of stirring with 30 mM EDTA, the tissue 

was placed in a small beaker containing 50 mL of fresh EDTA solution, plus any material that was 

removed by chelation after orbital stirring. Whilst in the tissue adaptor, the mucosal surface was 

repeatedly flushed with the bathing EDTA buffer using a 10 mL syringe and 21g needle to further 

remove mucosal structures (i.e., villus, crypts & enterocytes) for a maximum of 10 min at 4ºC. To 

confirm that the chelated material resembled mucosal structures, the enterocyte preparation was 

checked under an inverted light microscope. The chelated material was pelleted at 2000 x g for 10 

min at 4ºC. After removal of the supernatant, the pellet was washed in base buffer and a further 

spin at 2000 x g for 10 min at 4ºC ensued. The pellet of enterocytes was stored at -80ºC for no 

longer than 3 days prior to membrane fractionation.  

The enterocyte pellet was re-suspended in TSEM buffer at 4°C and homogenised on ice with a 

Dounce hand-held homogeniser for a minimum of 75-strokes. The homogenate was examined 

under an inverted light microscope and the absence of intact enterocytes confirmed and a sample 

of the ‘TP’ homogenate was taken and frozen at -80ºC. From this point on, the extraction 

procedure for human enterocyte TM or PM fractions was the same as that used for filter-grown 

cultured cells, with the exception that the sampling of the insoluble fraction did not occur. All 

samples were stored at -80°C and protein concentration was subsequently determined by BCA 

assay, using BSA as a standard. 

2.2.2.5 Mucosal Crushing:  

Where sufficient mucosal tissue was available, an adjacent section of mucosa to that taken for 

enterocyte chelation was harvested by blunt dissection, snap frozen and stored in liquid nitrogen. 
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The mucosal tissue was defrosted on ice and homogenised in TSEM buffer containing protease 

inhibitors at 4°C for 50 strokes. The homogenate was sieved to remove any remaining large 

mucosal pieces and a maximum of a further 150 strokes followed. The homogenate was checked 

to confirm the presence of intact enterocytes under an inverted light microscope and was spun at 

5,500 x g in a Sorvall SS34 rotor at 4°C. The supernatant was retained and the pellet was re-

suspended in TSEM containing protease inhibitors, homogenised for a maximum of 150 strokes 

and was spun at 5,500 x g and this second supernatant was retained. In a departure from previous 

methods to obtain a TM fraction, the two supernatants were not combined for subsequent 

ultracentrifugation. Thus, two separate TM fractions were obtained from each supernatant. This is 

due to concerns that the first supernatant retained (5,500 x g, spin 1) did not resemble a sufficiently 

homogenised sample as intact enterocytes were still present. Only the supernatant from the 

second homogenisation and spin was taken through for procurement of the TM and subsequently 

used for proteomic analysis. TM’s were obtained and stored as previously described from pelleting 

the supernatants at 100,000 x g (Section 2.2.2.2), with the exception that sampling of an insoluble 

fraction did not occur. 

2.2.3 Histological Assessment of Human Enterocyte Chelation 

To visually confirm that enterocytes contained within mucosal structures such as crypts and villus 

were removed from the underlying lamina propria layer of the mucosa, pieces of mucosa taken 

before and after chelation were sliced into small sections (< 1 cm) and fixed in 4% formaldehyde. 

The fixed mucosal pieces were embedded in paraffin blocks, cut into 5 μM sections and stained by 

haematoxcylin and eosin and imaged by light microscopy (Leica Microsystems, Wetzlar, Germany) 

from a digital camera affixed to the microsope at 100 or 200x magnification. 

2.2.4 Assessment Membrane Purity 

The activity of the enzymes alkaline phosphatase (AP, (EC 3.1.3.1)) and cytochrome c reductase 

(CCR, (EC 1.6.2.4)), markers of the plasma and endoplasmic reticular membranes respectively, 

were measured to assess the purity of intermediate and end-point fractions obtained throughout 

the membrane harvesting.   

2.2.4.1 Alkaline Phosphatase Activity Assay 

The AP activity assay is a glycine-based method measuring the liberation of p-nitrophenyl + 

inorganic phosphate (p-NP+Pi) by alkaline phosphatase from the precursor substrate p-

nitrophenylphosphate (p-NPP, 2.1 mM). The base assay buffer made fresh for each assay 
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consisted of Glycine (100mM), 1mM MgCl2, pH 8.8 (buffer based on Abcam colorimetric alkaline 

phospahatse assay kit). The liberation of p-NP from p-NPP was quantified in samples containing 

10 μg protein against a p-NP standard curve in 96 well plates for 60 min at 37ºC. The reaction was 

stopped by NaOH (1M) and was read on a plate reader at 405 nm for 0.1s.  

2.2.4.2 Cytochrome C Reductase Activity Assay 

The CCR kinetic activity assay kit is based on the conversion of the oxidised form of cytochrome c 

to the reduced form via the donation of hydrogen (reduction) from NADPH forming NADP. The 

assay was run based on kit instructions. Briefly, the working cytochrome c buffer consisted of 

potassium phosphate buffer (300 mM) containing EDTA (0.1mM), pH 7.8, plus 4.5 mg/mL 

cytochrome c and was combined with 10 μg of protein at 25ºC. The reaction was started by adding 

100 μL NADPH (0.85 mg/mL) and measured at 10s intervals over 1 minute at 550 nM on a kinetic 

spectrophotometer, where the absorption spectrum of cytochrome c changes with its 

oxidation/reduction state. 

2.2.5 Immunoblot Analysis of P-gp Expression 

To determine the enrichment of P-gp throughout the membrane extraction procedure in Caco-2, 

various protein fractions were separated by sodium dodecyl sulphate polyacrylamide 

electrophoresis (SDS-PAGE) (Bannon et al., 2009). A 4% stacking gel containing 10 lanes was 

overlaid on a 7.5% SDS-acrylamide resolving gel. Protein samples (ranging from 0.3125 - 2.5 μg, 

equalised for volume (10.3 μL)) were denatured in bromophenol blue at 90ºC for 5 min and 15.3 μL 

were added to each well. A molecular weight ‘rainbow’ marker (Amersham Biosciences, Bucks, 

UK) was run alongside the proteins. Samples were run in SDS-PAGE buffer (1.5% Tris base, 0.7% 

glycine and 0.5% SDS) at 150V for 90 min. Gels were transferred by electrophoresis (100V) to an 

immobilon PVDF membrane (MerckMillipore, Billerica, MA, USA) over 60 min in electro-transfer 

buffer (3% Tris, 15% glycine and 20% methanol) at 4ºC. The membrane was incubated with 

rotational agitation overnight in 2% casein Tris-buffered saline and 0.1% tween (TBS-T) at 4ºC. 

After washing (3 x 10 min in TBS-T), the membrane was incubated with a mouse monoclonal mdr1 

antibody (1/750 dilution in TBS-T) for 1 hour and a beta-actin (AC 15 clone) monoclonal antibody 

(1/4000 dilution in TBS-T) for 2 hours. A further series of 3 x 10 minute washes in TBS-T was 

followed by a 60 min incubation with a secondary horse radish peroxidase antibody (1/4000 dilution 

& 1/20000 dilution in TBS-T plus 5% powdered milk for P-gp & beta-actin, respectively) for 

chemiluminescent detection of protein bands. After another set of washes for 30 min, the 
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membrane was treated with a chemiluminescent horseradish peroxidase substrate ranging from 30 

seconds to 2 min in a dark room for subsequent development onto photosensitive film.   

The relative expression of protein bands was determined by blot densitometry using Image J 

analysis software (NIH, Bethesda, Maryland). After obtaining band densitometry with background 

subtracted, the ratio of P-gp to beta-actin was calculated to correct for bias in sample loading onto 

the gel. These ratios were normalised to the ratio of the initial starting TP (lysate) to gauge P-gp 

enrichment throughout the membrane fractionation procedure. 

2.2.6 Generating Standard Peptides for Protein Abundance Quantification 

To enable the quantification of absolute protein abundances within this study, two separate 

methods for generating SIL peptides standards were employed. The first was an AQUA approach 

and the second was the generation of a QconCAT construct. 

2.2.6.1 Generation of AQUA SIL peptides: 

AQUA SIL peptides for the enterocyte-apical membrane anchored protein Villin (AA-[V
13

C5 

15
N]PDTVVEPALK) and the basolateral membrane marker protein Na/K-ATPase I-

[V
13

C5,
15

N]EIPFNSTNK were selected based on preliminary digests of Caco-2 PM. The digested 

PM peptides were submitted for fragmentation by an Orbitrap mass spectrometer (Biomolecular 

Analysis Facility, Faculty of Life Sciences, the University of Manchester), in which peptides 

selected by label-free data-dependent acquisition (DDA) were ranked according to their relative 

abundance using Mascot (v2.4.1) search engine (Matrix Science, London, UK), see Appendix 

Figure B-1 for selected peptides. Searches revealed that the highest abundance peptide belonging 

to an apical and basal membrane marker, respectively, was for Villin (ranked # 42/335) and Na/K-

ATPase (ranked # 116/335). The suitability of the selected Villin peptide was checked for mis-

cleavage and ionisation efficiency using conSEQUENCE software program 

http://king.smith.man.ac.uk/CONSeQuence/ (Eyers et al., 2011). Practical validation of the selected 

villin proteotypic peptide for ionisation efficiency, including examination of potential transition 

schedules was undertaken with a synthesised, sequence equivalent, non-labelled peptide (Maxi 

SpikeTides). Upon satisfaction that the selected peptide was suitable for incorporation into an SRM 

schedule, the AQUA peptide was synthesised. 

2.2.6.2 Generating the ‘TransCAT’ (QconCAT) construct: 

As alluded to previously in Section 2.1.4, the TransCAT construct was developed by Dr Matthew 

Russell at The University of Manchester to quantify human drug transporter protein abundances 

http://king.smith.man.ac.uk/CONSeQuence/
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with a specific focus on those expressed in the liver (Russell et al., 2013). The construct consists of 

8 ABC superfamily proteins and 13 SLC superfamily proteins, with potential for the utilisation of two 

peptide standards unique for each target protein, except for Organic Solute Transporter alpha 

OST-α (SLC51A) and Organic Anion Transporter 4 (OAT4, SLC22A9) for which only a single 

suitable peptide could be identified. The entire TransCAT sequence is provided in Appendix Figure 

C-1. Of note, is that the AQUA SIL peptide for Na/K-ATPase is the same as one of the Na/K-

ATPase selected peptides in the QconCAT. 

A comprehensive description of the TransCAT’s construction is already provided (Russell et al., 

2013). Briefly, the design of the TransCAT was based on identifying suitable proteotypic peptides 

that are unique to the target transporters proteins, would ionise efficiently and to exclude peptides 

that were susceptible to missed-cleavage on either terminal end during digestion using the 

www.srmatlas.org, conSEQUENCE and BLAST software programs. Further considerations for 

selection were the exclusion of (where possible); -  

- peptides that were prone to post-translational modifications (www.uniprot.org)  

- residues that can suffer side chain reactions such as methionine, cysteine, asparagine, 

glycosylated residues, poly & N-terminal glutamine sequences 

- dibasic and tribasic tryptic sites, i.e., sequential lysine or arginine residues or lysine and 

arginine side-by-side 

To enable quantification of the QconCAT level, four ‘calibrator’ NNOP peptide sequences were 

incorporated into the construct. For this study however, only a single NNOP peptide was used for 

quantification, Glu-Fib (EGVNDNEEGFFSAR). 

Validation of the theoretical peptides selected for inclusion into the TransCAT for ionisation 

efficiency, including examination of potential transition schedules for each peptide was undertaken 

with synthesised, sequence equivalent, non-labelled peptides (Maxi SpikeTides). Upon satisfaction 

that the selected peptides were suitable for incorporation into an SRM schedule TransCAT 

synthesis commenced. 

Briefly, the TransCAT was synthesised after incorporating the genes corresponding to the 

QconCAT (including fusion protein NUSa to facilitate successful TransCAT expression) into the 

protease deficient JM109 (DE3) E.coli via a pET21 plasmid. The growth media was enriched with 

13
C6-arginine and 

13
C6-lysine for isotope incorporation into the selected peptides of the TransCAT 

and protein expression was induced by isopropyl β-D-1-thiogalactopyranoside. The TransCAT was 

http://www.srmatlas.org/
http://www.uniprot.org/
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purified by nickel-sepharose and further purified by gel filtration; buffer exchange and on HiLoad 

superdex columns for subsequent reconstitution in 200 mM NaCl and Tris-HCl (pH 8) (Russell et 

al., 2013) and storage at -20ºC. 

2.2.7 Protein Digestion 

2.2.7.1 Protein digestion (AQUA & QconCAT - University of Manchester) 

To digest the protein samples into the tryptic peptides required for absolute protein abundance 

quantification, an adapted in-solution digest was developed based on established methods (Balogh 

et al., 2013). Protein samples (typically, 50 μg) and the TransCAT (5 μL, 1/10 diluted stock) were 

suspended in protein digestion buffer (Ammonium Bicarbonate (25 mM), pH 8), denatured with a 

final volume of 10% (w/v) deoxycholate (DOC) and incubated at room temperature for 10 min. The 

TransCAT levels were based on the abundances of Na/K-ATPase in Caco-2 PM (~30 fmol/μg) 

after quantification by Bertin Pharma (BPh). For the AQUA assays, the TransCAT step was omitted 

from the procedure. Samples were reduced by DTT (60 mM) at 56°C for 20 min and subsequently 

alkylated by IAA (15 mM) in the dark at room temperature for 30 min. The concentration of DOC in 

the incubation was reduced to 1% (w/v) and 1 μL Lys-C (1 μg/μL) was added and the mixture was 

incubated at 30ºC for 4 hours. Recombinant trypsin (2.5 μL at 1 μg/μL) was added to the samples 

and incubated overnight (18h) at 37ºC. To precipitate the DOC and acidify the digest, trifluoroacetic 

acid was added (0.1–0.5% v/v) to achieve the optimal pH of 3 and was chilled at 4ºC for 30 min. 

After two 14,000 x g spins, the supernatant containing the peptides was removed from the pellet 

containing the precipitated material and evaporated to approx. 50 μL by vacuum centrifugation with 

adjustment to 0.1% formic acid and 3% acetonitrile and stored at -20ºC.  

2.2.7.2 Protein digestion (AQUA – Bertin Pharma (BPh)) 

Frozen TM and PM protein samples were sent to BPh (Orleans, France) overnight on dry ice, for 

digestion and quantification of transporter protein abundances utilising an AQUA-based SRM LC-

MS/MS strategy. The transporters selected for quantification in Caco-2 and human intestinal 

mucosal/enterocyte membranes were Na/K-ATPase, P-gp, BCRP and MRP2. Proteins were 

digested by the MS2 plex assay kits developed by BPh based on techniques developed in Prof. 

Terasaki’s laboratory (Tohoku University, Sendai, Japan) that included reduction, alkylation and an 

overnight tryptic digestion step (Kamiie et al., 2008). The SIL proteotypic peptides selected for 

analysis were AAVPDA[V
13

C,
15

N]GK (Na/K-ATPase), FYDPL[A
13

C,
15

N)GK (P-gp), 

SSL[L
13

C5,
15

N]DVLAAR (BCRP) and QLLNNI[L
13

C5,
15

N]R (MRP2). 
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2.2.8 LC-MS/MS Analysis 

2.2.8.1 Preparation of NNOP (Glu-Fib) Assay Mix for SRM Analysis 

A typical mixture of: digested sample, standard (QconCAT) and NNOP (calibrator peptide) (‘the 

sample’) was prepared as follows: 18 μL of membrane protein and standard with 2 μL of stock Glu-

Fib (25 pmol/μL) which was diluted 1/100,000 in 3% acetonitrile, to provide a final concentration of 

0.238 fmol/μL after correction for Glu-Fib stock purity (95%). 

2.2.8.2 Sample Analysis by LC-MS/MS 

Samples were analysed by LC-MS/MS using a nanoACQUITY nano-HPLC system (Waters, UK) 

coupled to a TSQ Vantage triple quadrupole mass spectrometer (ThermoScientific, Pittsburgh, PA), 

as previously described (Russell et al., 2013; Achour et al., 2014). Samples (8 μL) were injected 

onto a trapping column (Symmetry C18, 180 mm x 20 mm; Waters), at flow rate of 5 μL/min for 3 

min. The flow was then switched to bring the trap in line with the analytical column (1.8 μm HSS 

T3, 75 μm × 150 mm; Waters) maintained at 35 °C. Peptides were eluted with a 0.3 μL/min flow 

rate and a gradient of 3 to 60% acetonitrile over 40 min, followed by a ramp to 95% acetonitrile for 

5 min, then a return to starting conditions to re-equilibrate the system before subsequent runs. The 

mass spectrometer was operated in the positive ionisation mode after electrospray ionisation to 

monitor the m/z of the selected standard and sample peptide transitions. Transition schedules were 

designed and the workflow was managed using Skyline version 2.5.0.6079 (MacCoss Lab 

Software, USA) (MacLean et al., 2010a). Transitions for 8 transporter proteins, Na/K-ATPase, 

Human Peptide Transporter 1 (HPT1), P-gp, MRP2, BCRP, OST-α, OST-β and Organic Anion 

Transporting Polypeptide 2B1 (OATP2B1) were selected from high-intensity y-ions of higher m/z 

than the parent, and where, available, a high intensity b-ion (Table 2-1). For each transition, the 

dwell time was set at 0.15 s. Collision energies were optimized for each transition using Skyline’s 

in-built functionality (Maclean et al., 2010b). Data were acquired using Xcalibur version 2.0.6 SP1 

and Tuneplus version 2.2.0 Eng2, configured with an Acquity driver (build 1.0) (Waters, U.K.).  

2.2.8.3 Assay Quality Control - Establishing Linearity, Limits of Quantification & Precision 

Linear regression analysis was employed to evaluate 1) the linearity of the calibrator NNOP and 2) 

the sample peptides in relation to the NNOP dilution factor (Achour et al., 2014). To assess NNOP 

linearity, a calibration curve was prepared using the synthetic ‘light’ Glu-Fib and a pre-digested 

TransCAT construct to calculate the light to heavy peak area under the curve ratio. The TransCAT-

to-NNOP ratio was varied from 1-to-10 to 10-to-1 (100-fold range). A pool of 3 digested human 
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intestinal samples was generated to evaluate sample peptide to QconCAT dilution factor linearity. 

A fixed volume of assay mix (20 μL), containing variable volumes of pooled sample and diluent 

buffer were combined with digested QconCAT and Glu-Fib (1 in 10000 diluted) set to 1 and 3 μL, 

respectively (Achour et al., 2014). Assay precision was assessed in 5 human samples with 3 

separate injections per sample, spanning 2 days for each selected transporter peptide. In addition, 

within day (intra-day) and between day (inter-day) precision was assessed for n=5 human intestinal 

samples. The impact of inter-operator differences when manually evaluating the co-elution profiles 

boundaries that enable Skyline to calculate the light-to-heavy peak area of selected peptides by 

Skyline was also assessed. Two independent operators performed this analysis. 

2.2.8.4 Calculation of Transporter Abundance Values 

The ratios of native (light) and standard (heavy) selected transitions for each peptide were 

calculated in Skyline. Transporter abundances were determined from TransCAT-derived 

proteotypic standards by Equation 2-1 (Achour et al., 2014):  

𝐴𝑇𝑟𝑎𝑛𝑠𝑝𝑜𝑟𝑡𝑒𝑟 =  [𝑁𝑁𝑂𝑃]  ∙ 𝑅𝐻.𝑁𝑁𝑂𝑃
𝐿.𝑁𝑁𝑂𝑃

∙  𝑅𝐿.𝑃𝑒𝑝𝑡𝑖𝑑𝑒

𝐻.𝑃𝑒𝑝𝑡𝑖𝑑𝑒

 ∙  
1

𝐹𝑆𝑎𝑚𝑝𝑙𝑒

 . 𝑉𝐷𝑖𝑔𝑒𝑠𝑡 ∙  
1

𝑃𝑟𝑜𝑡𝑒𝑖𝑛 𝐶𝑜𝑛𝑡𝑒𝑛𝑡
 Equation 2-1 

 

 

 

where ATransporter is the estimate of transporter protein abundance in the protein fraction under 

investigation in units of fmol/μg. The [NNOP] is the known concentration of the light NNOP peptide 

(fmol/μL) which was corrected for purity (95%) prior to incorporation in Equation 2-1. The ratio of 

the heavy to light NNOP (RH.NNOP:L.NNOP), where the H.NNOP is the isotope labelled standard(s) 

derived from the TransCAT and the L.NNOP is the standard of known concentration, permits the 

calculation of the equimolar concentration of the TransCAT. RL.Peptide:H.Peptide describes the ratio of 

the light (derived from the sample) to heavy peptide (derived from the TransCAT), and, when 

combined with the previous terms, provides peptide concentration (fmol/μL) in the assay mix. The 

RH.Peptide:L.Peptide is corrected for isotope incorporation efficiency for lysine and arginine prior to 

integration into the equation (Russell et al., 2013). The 1/Fsample term describes the correction for 

dilution of the peptide digest by NNOP in the assay mix (18 μL digest in 20 μL) and converts the 

peptide concentration in the assay mix to the peptide concentration originating from the digest, also 

see Equation S9, Appendix 4. VDigest is the volume of the digest in μL and converts digested peptide 

concentration to peptide abundance in fmol. The 1/Protein Content term reflects the protein fraction 

under study, which in the case of this study is either, TP (whole cell/homogenate), TM or a PM 

protein in μg. The ‘Protein Content’ term relates the abundance of the peptide in the digest to the 

abundance in the protein matrix under study. The ‘Protein Content’ term reflects the gravimetrically 
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determined protein content and not the nominal protein content entering the digestion procedure 

(Section 2.2.8.5). For the calculation of transporter abundances by AQUA, the deviations to the 

above calculation method are as follows: The concentration of the standard peptide is provided by 

the manufacturer and is therefore known, hence, the RH.NNOP/L.NNOP term is redundant. The [NNOP] 

term converts to [AQUA] standard. 

2.2.8.5 Gravimetric Determination of Peptide Quantity for Abundance Determinations 

During peptide denaturation, alkylation and digestion, there is the potential for peptide losses to the 

precipitated fraction (Section 2.2.7.1), while additional losses may also result from non-specific 

binding to preparatory/LC-MS/MS tubes and during pipetting (Prasad and Unadkat, 2014). 

Therefore, rather than use the nominal peptide content entering into the digestion strategy as the 

denominator in the protein abundance units (fmol/μg), the peptide content of each sample was 

calculated by gravimetric methods using an analytical balance with a sensitivity limit of 10
-5

 grams. 

Full details of the calculations to determine the peptide content in the LC vial for AQUA and 

QconCAT strategies are given in Appendix 4 as well an entire schematic overview of the workflow 

development (Appendix Figure D-1). 

2.2.8.6 Bertin LC-MS/MS Conditions 

Samples were analysed by LC-MS/MS using a normal flow series 200 autosampler/HPLC pump 

and a Flexar LC (Perkin Elmer, Waltham, MA, USA) coupled to a API5500 triple quadrupole mass 

spectrometer (AB Sciex, Framingham, MA, USA). Samples (40 μL) were injected into the LC 

system analytical column (X Bridge BEH130 C18, 100 x 1.0 mm, 3.5 µm, Waters) with column 

oven maintained at room temperature. Peptides were eluted with a 50 μL min
−1

 flow rate and a 

gradient of 2 to 60% acetonitrile over 60 min. The transition schedules were obtained by direct flow 

injection of peptide solutions. The [M+2H]+ ion was selected as parent ion and the 4 most intense 

ions obtained by collision in Q2 were selected as the Q3 transitions (Table 2-2). Data were 

acquired using AB Sciex Analyst 1.6 software and excel. 
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Table 2-1.Overview of the transition schedules and the respective ions selected for the native and isotope labelled peptides used for transporter quantification. 

 † 
The mass in Daltons (amu) calculated with the online molecular weight calculator tool in Expasy http://web.expasy.org/compute_pi/, 

║ 
z, is the charge state of the selected ion pair, and 

‡
 CE 

is the optimised collision energy determined using non-labelled Maxi SpikeTides. The CE values are given sequentially for each product ion Q3.1, Q3.2, Q3.3

Protein Peptide Native/Standard 
Mass

†
 

(amu) 
Q1 Ion/z

║
 Q3.1 Ion/z Q3.2 Ion/z Q3.3 Ion/z 

Retention Time 
(min) 

CE
‡
 

(eV) 

NNOP EGVNDNEEGFFSAR 
Native 1570.6 785.84 y14/2+ 1056.47 y9/1+ 813.39 y7/1+ n/a n/a 

28-30 
27,29 

Standard 1576.6 788.85 y14/2+ 1062.50 y9/1+ 819.41 y7/1+ n/a n/a 27,29 

Na/K-
ATPase 

IVEIPFNSTNK 
Native 1261.44 631.34 y11/2+ 1049.53 y9/1+ 920.48 y8/1+ 807.40 y7/1+ 

31-33 
All 19 

Standard 1267.44 635.35 y11/2+ 1055.55 y9/1+ 926.50 y8/1+ 813.42 y7/1+ All 19 

 HPT1 AENPEPLVFGVK 
Native 1299.49 650.35 y12/2+ 985.57 y9/1+ 759.48 y7/1+ n/a n/a 

34-36 
20, 25 

Standard 1305.49 653.36 y12/2+ 991.51 y9/1+ 765.5 y7/1+ n/a n/a 20, 25 

P-gp AGAVAEEVLAAIR 
Native 1269.47 635.36 y13/2+ 971.55 y9/1+ 771.47 y7/1+ 840.45 b9/1+ 

41-44 
21,21,19 

Standard 1275.47 638.37 y13/2+ 977.57 y9/1+ 777.49 y7/1+ 840.45 b9/1+ 21,21,19 

MRP2 LVNDIFTFVSPQLLK 
Native 1734.07 867.50 y15/2+ 1179.68 y10/1+ 1032.61 y9/1+ 1049.58 b9/1+ 

27-29 
29,29,26 

Standard 1740.07 870.51 y15/2+ 1185.7 y10/1+ 1038.63 y9/1+ 1049.58 b9/1+ 29,29,26 

BCRP VIQELGLDK 
Native 1014.18 507.8 y9/2+ 802.43 y7/1+ 674.37 y6/1+ 545.33 y5/1+ 

40-42 
15,16,21  

Standard 1020.18 510.8 y9/2+ 808.45 y7/1+ 680.39 y6/1+ 551.35 y5/1+ 15,16,21 

 OATP2B1 ATMGTENTPGGK 
Native 1163.28 582.27 y12/2+ 358.20 y4/1+ 806.33 b8/1+ n/a n/a 

27-30 
24, 23 

Standard 1169.28 585.28 y12/2+ 364.23 y4/1+ 806.33 b8/1+ n/a n/a 24, 23 

 OST-α YTADLLEVLK 
Native 1164.37 582.83 y10/2+ 900.54 y8/1+ 829.50 y7/1+ 601.39 y5/1+ 

40-42 
21,20,22 

Standard 1170.37 585.84 y10/2+ 906.52 y8/1+ 835.52 y7/1+ 607.41 y5/1+ 21,20,22 

 OST-β ETPEVLHLDEAK 
Native 1380.53 690.85 y12/2+ 1150.61 y10/1+ 712.36 y6/1+ 575.81 +2y10/+1 

28-30 
All 26 

Standard 1386.53 693.86 y12/2+ 1156.63 y10/1+ 718.38 y6/1+ 578.82 +2y10/+1 All 26 

http://web.expasy.org/compute_pi/
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Table 2-2.Overview of the transition schedule and the respective ions selected for the native and isotope labelled peptides used for transporter quantification. 

 

 

 

 

 

 

The transition schedules given in the table have been previously published (Sakamoto et al., 2011, Kamiie et al., 2008). 

Protein Peptide 
Native/ 

Standard 
Mass† 
(amu) 

Q1 Ion/z Q3.1 Ion/z Q3.2 Ion/z Q3.3 Ion/z Q3.4 Ion/z 

Na/K-
ATPase 

AAVPDAVGK 
Native 826.4 414.2 y9/2+ 685.4 y7/1+ 586.3 y6/1+ 489.3 y5/1+ 374.2 y4/1+ 

Standard 832.4 417.2 y9/2+ 691.4 y7/1+ 592.3 y6/1+ 495.3 y5/1+ 380.2 y4/1+ 

P-gp FYDPLAGK 
Native 909.4 455.7 y8/2+ 763.4 y7/1+ 600.3 y6/1+ 485.3 y5/1+ 275.2 y3/1+ 

Standard 913.4 457.7 y8/2+ 767.4 y7/1+ 604.3 y6/1+ 489.3 y5/1+ 279.2 y3/1+ 

MRP2 QLLNNILR  
Native 982.6 492.3 y8/2+ 742.5 y6/1+ 629.4 y5/1+ 515.3 y4/1+ 242.2 y3/1+ 

Standard 989.6 495.8 y8/2+ 749.5 y6/1+ 636.4 y5/1+ 522.3 y4/1+ 242.2 y3/1+ 

BCRP SSLLDVLAAR 
Native 1043.6 522.8 y10/2+ 870.5 y8/1+ 757.5 y7/1+ 644.4 y6/1+ 529.3 y5/1+ 

Standard 1050.6 526.3 y10/2+ 877.5 y8/1+ 764.5 y7/1+ 651.4 y6/1+ 536.3 y5/1+ 
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2.2.9 Analysis of Transporter Gene Expression 

2.2.9.1 RNA Isolation and cDNA Generation 

Caco-2 cells (all variants) were seeded on 1.13 cm
2
 polycarbonate Transwell filters at 2.2 x 10

5
 

cells per cm
2
 and were grown for 10, 16, 21 and 29 days with monitoring for transepithelial 

electrical resistance (TEER). On the day of harvest, tight junction formation was assessed after two 

HBSS-HEPES (25 mM) washes at 37ºC by performing a monolayer integrity transport assay using 

LY at 50 μM in HBSS HEPES (25 mM) for 1 hour A-to-B at 37°C. Any filters displaying a LY Papp 

of > 1 x 10
-6

 cm sec
-1

 were not included for subsequent RNA isolation. The filters were washed 

twice in ice-cold HBSS-HEPES (25 mM). Tri Reagent
®

 (150 μL) was added to the monolayers to 

extract total RNA. After incubating for 5 min at room temperature (22°C), the solubilised 

monolayers were mixed by pipette agitation (20x) and were subsequently stored at -80ºC for up to 

4 weeks. After defrosting solubilised monolayer extracts on ice, a chloroform-based RNA extraction 

followed. Chloroform (300 μL) was added to the solubilised monolayer and mixed, left to incubate 

on ice for 10 min and spun at 13000 rpm for 10 min at 4ºC. The uppermost layer (above the 

median DNA interface) containing RNA was decanted into 500 μL isopropanol and left at -25ºC for 

90 min. Samples were spun at 13000 rpm for 10 min at 4ºC and the supernatant was removed 

leaving pellet containing the RNA. The pellet was washed by centrifugation in 70% ethanol at 

13000 rpm for 10 min at 4ºC, the ethanol was removed and the pellet was air-dried. The dried 

pellet was re-suspended in RNase/DNase free molecular biology grade water and the RNA quality 

(A260/A280 ratio) and content was determined on a nanodrop-lite spectrophotometer 

(Thermoscientific, Pittsburg, PA, USA). RNA preparations were stored at -80ºC. RNA samples that 

demonstrated an A260/A280 ratio of < 1.8 were not incorporated into further analyses.    

RNA (3 μg) was reverse transcribed to cDNA with reverse transcriptase and random hexamer 

primers from a Transcriptor First Strand cDNA Synthesis Kit (Roche Applied Science, Burgess Hill, 

Sussex, UK) at 29°C (10 min), 50°C (60 min) and 95°C (5 min) on a temperature controlled heating 

block (Techne, Bibby Scientific, Staffs, UK). The reaction was stopped on ice. 

2.2.9.2 Gene Expression Analysis by Real-Time PCR 

Relative quantification of transporter gene expression was performed with a Light cycler 480 real-

time Polymerase Chain Reaction (PCR) system (Roche Diagnostics, Burgess Hill, Sussex, UK) 

using gene-specific primer pairs combined with detection by hydrolysis probes that were FAM 5’-

fluorescein-labelled and 3’-labelled dark quencher dye (Bannon et al., 2009). Gene-specific primers 
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were designed by the Probe Finder software (version 2.49 for human, http://lifescience.roche.com). 

The complementary hydrolysis probes for the selected primers were identified in the assay design 

centre application of the Probe Finder software. The primer pairs and complementary probes for 

the 8 selected genes are provided in Table 2-3. 

Table 2-3. Primer sequence and complementary hydrolysis probes used for the 8 selected genes 

analysed for relative gene expression analysis by real-time PCR.  

Gene Primer Sequence Hydrolysis Probe 

Peptidyl-prolyl-isomerase A (PPIA, 
Cyclophilin A) 
 

F – atgctggacccaacacaaat 
R - tctttcactttgccaaacacc 

# 48 

P-Glycoprotein (P-gp, MDR1, 
ABCB1) 
 

F – gagtatcttcttccaagatttcacg 
R – tccccttcaagatccatcc 

 
# 49 

Breast Cancer Resistance Protein 
(BCRP, ABCG2) 
  

F - tggcttagactcaagcacagc 
R - tcgtccctgcttagacatcc 

# 56 

Multidrug Resistance-Associated 
Protein 2 (MRP2, ABCC2) 
 

F - agcatgcttcccatgatga 
R - tctagccgctctgtggaaac 

# 1 

Organic Anion Transporter 
Polypeptide B1  
(OATP2B1, SLCO2B1) 
 

F - ataccgctacgacaacacca 
R - tgagcagttgccattggag 

# 57 

Organic Solute Transporter A  
(OST-A, OST-α, SLC51A) 
 

F - gctgtggtggtcattataagcat 
R - gtggctgcatcgtttctttt 

# 75 

Organic Solute Transporter B  
(OST-B, OST-β, SLC51B) 
 

F – ctgaagaccaattacggcatc 
R - gagggcaagttccacagg 

# 79 

 

For the analysis of relative gene expression, the probe master mix supplied within the Light Cycler 

480 Probes Master kit containing FastStart Taq DNA polymerase, reaction buffer, MgCl2 and dNTP 

mix (Roche Applied Sciences, Burgess Hill, UK) was combined with 0.5 μL (20 μM) forward and 

reverse primers, 0.44 μL of hydrolysis probe, 1 μL cDNA and 8.36 μL of PCR-grade H20 to provide 

a 20 μL assay mix aliquoted into a V-bottomed 96 well PCR plate. Negative control reactions 

without cDNA were carried out for each run. The PCR reaction was carried out under the following 

conditions on the Light cycler 480 apparatus. An initial cycle to activate the Taq DNA Polymerase 

at 95°C for 10 min followed by 45 cycles of 95°C for 10 sec, 55°C for 15 sec and the 72°C for 1 

sec. The program ended with a cooling cycle of 40°C for 10 sec. The action of Taq DNA 

polymerase on the hydrolysis probe catalyses the cleavage and separation of the fluorescent 

reporter and quencher dyes, emitting a fluorescent signal which is detected at 530 nm by the light 

cycler system. The intensity of the fluorescence signal indicates the level of a particular genes 

expression. The calculation of gene expression is based on the ratio of the cycle threshold of the 

target to that of the reference. The assumption herein, is that the amplification efficiencies per 

http://lifescience.roche.com/
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cycle, (i.e., a doubling in the amount of material for each cycle, or 100% efficiency) for the 

reference housekeeper gene Peptidylprolyl Isomerase A (PPIA) and target (transporter) gene are 

the same. Therefore, if the expression of target gene is high, the target:reference ratio will 

approach 1. 

2.2.10 Determining Transporter Function by Monolayer Transport Assays 

In the following section, the general methods consistently applied to monolayer flux assays are 

described. Transport assay procedures that are specific to a particular aspect of the studies 

presented in this thesis will be described in detail in the relevant results chapter. 

2.2.10.1 Bi-Directional Monolayer Transport Assay: General Methods 

For bi-directional transport experiments (Apical-to-Basolateral: A-to-B & Basolateral-to-Apical: B-to-

A), Caco-2 cells (all variants) were seeded on 1.13 cm
2
 polycarbonate Transwell filters at 2.2 x 10

5
 

cells per cm
2
 and were maintained in growth media for 10, 21 and 29 days in a humidified 

atmosphere of 95% air and 5% CO2 at 37°C. Cells were fed every 2 days with monitoring of TEER 

run in parallel to assess tight junction formation. Cells were fed 24 hours prior to the 

commencement of the transport assay. The placement of transport buffers HBSS-HEPES (25 mM) 

pH 7.4 or HBSS-2-(N-morpholino)ethanesulfonic acid (MES) (10 mM) pH 6.5 (Neuhoff et al., 2003) 

in the apical or basolateral chambers was dependent on the experiment being performed. 

Transport buffers containing [
3
H]-labelled test compounds (E-3-S at 0.01 µM and VBL at 0.03 µM 

for the tritiated compound) and concentrations in addition to up to 1000 µM of cold VBL stock for 

kinetic assays, LY (50 μM) and in certain experiments unlabelled inhibitors were warmed to 37ºC. 

For the flux assay, the monolayers were washed for 15 min at 37ºC in a calibrated rotating 

incubator (Stuart Scientific, Bibby Scientific, Staffs, UK) at 100rpm in HBSS-HEPES (25 mM) pH 

7.4. After washing, TEER was measured and the bi-directional flux assay was initiated by addition 

of transport buffer containing the test compound to the designated donor chamber, with 0.4 mL 

added to the apical and 1.2 mL added to the basal chamber. The donor transport buffer was 

immediately sampled (100 μL) and replaced with the same volume of transport buffer containing 

the test compound. Monolayers were stirred at 100 rpm and 37ºC, with 1 x 100 μL sample 

withdrawn from the receiver chamber into a 4 mL LSC vial for subsequent 
3
H counting and 1 x 100 

μL sample aliquoted into a black 96 well Optiplate for monitoring monolayer integrity by LY 

transport. The appropriate transport buffer without test compound was used to replace the 200 μL 

sampled from the receiver buffer to maintain chamber buffer volumes. Sampling took place on a 

heating block set to 37ºC, at varying time intervals (dependent on the experiment) for up to 2 
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hours. At the end of the experiment, final donor samples were taken to assess mass balance over 

the experimental duration. To evaluate the monolayer content of test compound at the end of the 

transport assay, filters were washed three times in ice cold HBSS-HEPES (25 mM) pH 7.4 and 

filters were cut out with a scalpel blade and deposited into an LSC counting vial. Three mL of 

Optima Gold LSC cocktail was added to the samples and mixed vigorously by hand. Samples were 

left for 2 hours then counted on a 1211 Rackbeta liquid scintillation counter (Wallac, Milton Keynes, 

UK) for 5 min. The tritiated counts/min/pmol of probe compound was used to calculate monolayer 

content after correction for filter binding. LY fluorescence was determined as descrtibed in Section 

2.2.2.2, monolayers displaying a LY Papp > 1 x 10
-6

 cm sec
-1

 were discarded. Experiments were 

performed under ‘sink’ conditions, i.e., a less than 10% transfer of the test compound from the 

donor into the receiver compartment and mass balance was monitored over the duration of the 

transport assay (Equation 2-2). In instances where the sink was violated, the flux periods were 

omitted from final permeability analyses. Results from monolayers were discarded where mass 

balance was violated, i.e., where a > 80% recovery of the test compound over the duration of the 

transport assay was observed. The Papp for test compounds and LY was determined using 

Equation 2-3. 

 

              𝑅 =  
(𝐶𝑟(𝑡) ∙ 𝑉𝑟+ 𝑚𝑜𝑛𝑜+𝐶𝑑(𝑡) ∙𝑉𝑑)

(𝐶0 ∙𝑉𝑑)
 ∙  100 

Equation 2-2 

 

where R is the recovery of the test compound over the duration of the transport assay, Cr and Cd 

are the concentrations on the donor and receiver chambers at time (t), C0 is the initial concentration 

in the donor compartment at t=0, mono is the concentration in the filter/monolayer at the end of the 

experiment with Vd and Vr, the volumes of the donor and receiver compartments, respectively. 

 

              Papp = 
(

𝑑𝐶

𝑑𝑇
)

𝐶.𝐴
 Equation 2-3 

 

 

where dC/dT is the flux of the test compound calculated from the slope of the appearance of the 

compound over time in the receiver compartment, C is the concentration of the drug in the donor 

solution at the start of the assay and A is the area of the filter. 

In many transport experiments the presence of an assymetrical Papp in the B-to-A versus the A-to-

B indicates the presence of an active efflux transport mechanism. In order to obtain information 

about the impact of transporter proteins on Papp, asymmetrical transport was assessed by 
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calculating the efflux ratio (ER), the ratio of transport (Papp) in the B-to-A and A-to-B directions 

(Equation 2-4). 

 

              Efflux Ratio =   
𝑃𝑎𝑝𝑝(𝐵−𝑡𝑜−𝐴) 

𝑃𝑎𝑝𝑝(𝐴−𝑡𝑜−𝐵) 
 Equation 2-4 

 

 

2.2.11 Analysis of E-3-S Protein Binding 

A protein binding assay was employed to determine the extent of E-3-S binding to BSA in transport 

experiments with Centrifree
®
 micropartition filter devices with a nominal molecular weight limit of 

30,000 KdA (Millipore, Bedford, MA, USA). The Centrifree
®
 device was warmed to 37°C together 

with HBSS-MES (pH 6.5) and HBSS-HEPES (pH7.4) with and without the addition of 0.05% (w/v) 

BSA. Additionally, 0.01 μM [
3-

H]-E-3-S was spiked into each buffer with an accompanying non-

labelled buffer acting as a control. 

For background correction, samples of the blank buffer (pH 6.5 and 7.4) with and without BSA were 

taken. Initial donor samples with buffers containing 0.01 μM [
3-

H]-E-3-S were sampled prior to 

filtration. The Centrifree
®
 devices were spun-washed for 20 min in the appropriate buffer without 

BSA or [
3-

H]-E-3-S at 2000 x g in a Heraeus cryofuge 5500i centrifuge with a swing out rotor at 

37°C. Centrifree
®
 devices were loaded with 0.5 mL of the BSA buffer with and without [

3-
H]-E-3-S 

(n=3 devices per condition) and spun at 2000 x g for 20 min, with a swing out rotor at 37°C. After 

centrifugation, the filtrates were sampled. The sample radioactivities were determined in duplicate 

(100 µL) on two separate days after the addition of 3 mL LSC cocktail and determined over 5 min in 

a liquid scintillation counter (Wallac, Turku, Finland). 

Correction for adsorption of [
3-

H]-E-3-S to components of the Centrifree
®
 devices was undertaken 

in buffer without BSA. The fraction of [
3-

H]-E-3-S adsorbing did not exceed 12%. 

The unbound fraction of E-3-S was calculated using Equation 2-5 and was subsequently used for 

determining in the unbound donor and receiver concentrations in the transport assay. 

𝑓𝑢 =
𝐶𝑢

𝐶𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 Equation 2-5 

2.2.12 Estimation of Transporter Kinetic Parameters by Compartmental Modelling  

To obtain the intrinsic kinetic parameter estimates CLint, Jmax and Km, and Ppassive the 

simultaneous fitting of probe substrate concentrations (pmol/L) in donor and receiver compartments 
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from bi-directional transport assays was performed using R (version 3.1.1, R Foundation for 

Statistical Computing, Vienna, Austria). The model was developed by Dr Howard Burt, Simcyp Ltd 

(Sheffield, UK) for internal validation of a toolkit developed for in vitro assay kinetic parameter 

estimation. The base structure of the model describes the apical, cell and basolateral 

compartments of the filter-based Caco-2 monolayer system (Figure 2-3).  

The permeation of the drug into each compartment over the duration of the transport assay was 

fitted by describing the PPassive of the P-gp probe substrate VBL across the apical and basolateral 

membranes and an active efflux component (P-gp) operating at the apical membrane (Equation 2-

6, Equation 2-7 & Equation 2-8). It should be noted that the model generates permeability 

estimates in 10
-4

 cm sec
-1

 units, as these data can be directly input into Simcyp’s population-based 

simulator as a Peff, in units of 10
-4

 cm sec
-1

. In this study, for the ease of translation to the in vitro 

experimental system data, Ppassive with SA corrections already applied when estimated by the 

model, will be reported as units of 10
-6

 cm sec
-1

. 

 

 

Figure 2-3. The structure of the three compartment model to estimate the transporter kinetic parameters from 

bi-directional transport assays. Jmax is the maximum rate of apical efflux transport (pmol/min), PPassive is the 

passive permeability and SA is the surface area of the apical or basolateral membrane (cm
2
). A conversion 

factor (60/10) to convert min to seconds and permeability to 10
-4

 cm s
-1

. This is an adaptation of an image 
produced by Dr Howard Burt, Simcyp Ltd (a Certara Company, Sheffield, UK). 
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𝑉𝑎𝑝 ∙
𝑑[𝑆]𝑎𝑝

𝑑𝑡
=

𝐽𝑚𝑎𝑥 ∙ [𝑆]𝑐𝑒𝑙𝑙

𝐾𝑚,𝑢 + [𝑆]𝑐𝑒𝑙𝑙

+ 𝑃𝑃𝑎𝑠𝑠𝑖𝑣𝑒 ∙ 60/10 ∙ 𝑆𝐴 ∙ ([𝑆]𝑐𝑒𝑙𝑙 − [𝑆]𝑎𝑝)             Equation 2-6 

where substrate concentration in the apical compartment over the duration of the assay is 

estimated using the volume of apical media in microliters (Vap), the substrate concentration [S] in 

the cell and the apical compartment (pmol/L), PPassive, SA and the Jmax and Km of the active efflux 

process operating on the apical membrane. The 60/10 term converts minutes to seconds and 

permeability to 10
-4

 cm s
-1

.
 

𝑉𝑐𝑒𝑙𝑙 ∙
𝑑[𝑆]𝑐𝑒𝑙𝑙

𝑑𝑡
= −

𝐽𝑚𝑎𝑥 ∙ [𝑆]𝑐𝑒𝑙𝑙

𝐾𝑚,𝑢 + [𝑆]𝑐𝑒𝑙𝑙

+ 𝑃𝑃𝑎𝑠𝑠𝑖𝑣𝑒 ∙ 60/10 ∙ 𝑆𝐴

∙ ([𝑆]𝑎𝑝 + [𝑆]𝑏𝑙 − 2[𝑆]𝑐𝑒𝑙𝑙) 

Equation 2-7 

where substrate concentration in the cellular compartment over the duration of the assay is 

estimated using the volume of cell in microliters (Vcell), the substrate concentration [S] in all 

compartments (pmol/L), PPassive, SA, Km and Jmax of the active efflux process operating on the 

apical membrane.  

 

𝑉𝑏𝑙 ∙
𝑑[𝑆]𝑏𝑙

𝑑𝑡
= 𝑃𝑃𝑎𝑠𝑠𝑖𝑣𝑒 ∙ 60/10 ∙ 𝑆𝐴 ∙ ([𝑆]𝑐𝑒𝑙𝑙 − [𝑆]𝑏𝑙) Equation 2-8 

where substrate concentration in the basolateral compartment over the duration of the assay is 

estimated using the volume of basolateral media in microliters (Vcell), the substrate concentration 

[S] in the cell and the basolateral compartment, PPassive and SA. The rate of transport (pmol/min) is 

combined within volume term providing the change in concentration (μM/min). 

A series of assumptions are made within this model.  

 There is negligible non-specific binding of the probe compound to the experimental system, 

buffer components or intracellular components. 

 The compound is entirely available for active transport and passive permeability across 

both cell membranes without consideration for ionisation due to pH. 

 An equal surface area is assumed at each pole of the cellular compartment 

 Paracellular permeability is negligible 

 The apical and basolateral unstirred boundary layer does not impact on substrate 

permeation across the monolayer 

The model was built upon the selection of key structural ‘fixed’ parameters with known or 

experimentally determined values which include, the compartmental volumes, the SA’s and for 

some fitting procedures drug-dependent parameters i.e., PPassive. In addition to the experimentally 

observed data and known parameters, initial parameter estimates for the unknown parameters 



| Chapter 2 Page 71 of 277 
which required model estimation were provided based on experimental data or literature values. 

The model accounts for the removal of receiver compartment samples and the dilution in probe 

drug concentrations resulting from replacement with fresh probe-free transport buffer, to maintain 

buffer volumes within the transport assay. 

The observed substrate concentrations within kinetic data sets spanned ~7 orders of magnitude. 

The larger values within the dataset are likely to bias the fitting procedure, therefore to estimate the 

goodness of model fit to the observed data, the weighted least squares regression method (1/Y
2
) 

was employed. However, using 1/Y
2
 regression can provide too great a weight to the smaller 

numbers for the fitting procedure. The aim of the fitting procedure is to minimise the objective 

function (residual difference in the observed and fitted concentrations in the receiver compartment) 

to a global optimal minimum using a non-linear Newton-type algorithm (the function ‘nlminb’ 

available from the base R package). To gauge the goodness of model fit for both A-to-B and B-to-A 

transport simultaneously, the geometric mean fold error (GMFE), geometric mean fold bias (GMFB) 

and root mean square error (RMSE) were generated.  

GMFE = 10 

∑ |log
𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 [𝐷𝑟𝑢𝑔]

𝐴𝑐𝑡𝑢𝑎𝑙 [𝐷𝑟𝑢𝑔]
|

N
 

Equation 2-9 

 

GMFB = 10

|
∑ 𝑙𝑜𝑔

𝑃𝑟𝑒𝑑𝑖𝑐𝑡𝑒𝑑 [𝑑𝑟𝑢𝑔]
𝐴𝑐𝑡𝑢𝑎𝑙 [𝑑𝑟𝑢𝑔]

𝑁
|

 

Equation 2-10 

 

RMSE = √√(Predicted [Drug] − 𝐴𝑐𝑡𝑢𝑎𝑙 [𝐷𝑟𝑢𝑔]2)

N
 

Equation 2-11 

 

For data analysis, unless implicitly specified, all data analysis and statistics were performed in MS 

Excel (Redmond, WA, USA) and GraphPad Prism (San Diego, CA, USA) software packages.
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Chapter 3-Development and Validation of Membrane Extraction 

Techniques for Quantitative Targeted Absolute Proteomic Studies 
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3.1 Introduction 

Reducing the complexity of cellular material to obtain the desired organelle for functional studies 

has been undertaken for decades and is generally achieved by multistage centrifugation (Neville, 

1960; Fleischer and Kervina, 1974). Quantification of transporter protein abundance by a QTAP 

strategy has used subcellular fractionation techniques to reduce sample complexity to prevent the 

muffling of targeted, low abundance membrane proteins, enhancing detection sensitivity in LC-

MS/MS (Huber et al., 2003). Studies measuring the absolute abundances of transporters have 

used either homogenisation with differential centrifugation, or commercially available membrane 

extraction kits to obtain the total membrane (TM) or plasma membrane (PM) fractions for 

abundance quantification (Li et al., 2009c; Miliotis et al., 2011b; Ohtsuki et al., 2012). For each 

method, a differing number of homogenization, centrifugation and incubation steps are applied. 

Therefore, there appears to be no consensus as to the optimal methods to obtain an appropriate 

membrane fraction in which to measure transporter protein abundances (Harwood et al., 2014).  

When reducing sample complexity, the purity of the targeted organelle fraction(s) is routinely 

assessed by undertaking activity assays in which an enzyme(s) that resides specifically within an 

organelle is used as a marker of purity. Assessment of the marker enzyme’s activity in fractions 

derived throughout the enrichment procedure and comparison with activity in the whole cell 

component enables evaluation of enrichment or contamination. Furthermore, recovery and/or 

losses of target proteins within these organelle fractions may be assessed with enzyme activity 

balance sheets (Blitzer and Donovan, 1984). However, evaluation of a procedure’s ability to enrich 

the membrane fraction by assessing the activity of key marker enzymes such as the apical 

membrane (brush border) alkaline phosphatase (AP), a marker of the PM (Ellis et al., 1992) or 

cytochrome c reductase (CCR), a marker of the endoplasmic reticulum (EnR) (Clark et al., 1969) 

has not been reported in QTAP studies (Harwood et al., 2014). This chapter aims to; 

1) Optimise a PM extraction technique in Caco-2 and MDCK-II-WT cells. Membranes are 

characterised using marker enzyme activity together with P-gp, using immunoblotting, in 

order to provide a technique that enables the quantification of transporter proteins. 

2) Develop a method to elute human intestinal enterocytes by a calcium chelation technique 

and obtain a TM fraction with AP activity enrichment characterisation. 
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3.2 Methods 

The methods employed in this chapter include those described in Section 2.2.1 for Caco-2 and 

MDCK-II-WT cell culturing procedures, Section 2.2.4 for enzyme assay, Section 2.2.2.2 for 

membrane harvest of filter-grown cells and immunoblotting Section 2.2.5. Section 2.2.2.3 describes 

procurement of human tissue, Section 2.2.2.4 for enterocyte elution by chelation and membrane 

fractionation, Section 2.2.2.5 for preparation of membrane fractions after mucosal crushing and 

Section 2.2.3 describing histological assessment of human enterocyte chelation. 

3.2.1 Preparation of Membrane Fractions from MDCK-II-WT and Caco-2 Cells 

Two differential centrifugation methods were used to extract PM fractions. 

3.2.1.1 Method 1 

Method 1 is based on Tohoku University methodology (Kamiie et al., 2008; Ohtsuki et al., 2012). 

Flask-grown cells were harvested by scraping or trypsin and were subjected to homogenisation by 

Dounce hand held homogenisation (30 strokes) on ice in Buffer A (0.1M KCl phosphate buffer, pH 

7.4 plus protease inhibitors). In certain instances, 3 x 24 µA bursts of sonication were applied to the 

harvested cells. To check for the efficiency of cellular disruption, a 440 x g spin for 5 min at 4°C 

was run to pellet intact cells. A large pellet indicates ineffective cellular homogenisation, in these 

instances sonication re-commenced followed by homogenisation. The final homogenate was 

centrifuged at 10,800 x g (20 min, at 4°C) to pellet nuclear/mitochondrial fractions. The supernatant 

containing cellular membrane proteins was spun at 100,000 x g (20 min, at 4°C). The pelleted TM 

fraction was re-suspended in Buffer B (20 mM Tris-HCl, 250 mM Sucrose, 5.4 mM EDTA, pH 7.4) 

and layered on top of a 38% w/v sucrose cushion and centrifuged at 100,000 x g for 30 min at 4°C. 

The resultant turbid interface at the sucrose-buffer boundary containing ‘PM’ was harvested, re-

suspended in Buffer B and centrifuged at 100,000 x g for 30 min at 4°C. The resultant pellet was 

re-suspended in 10 volumes of Buffer B. At various stages samples were taken and stored at -80°C 

to assess membrane enrichment by performing AP activity assays.  

3.2.1.2 Method 2 

Method 2 is described in Section 2.2.2 and Figure 2-1. Cells were harvested from flasks by 

scraping rather than by trypsinisation, due to the difficulty in harvesting a complete monolayer from 

filter-grown cells after trypsin incubation and concerns over proteolysis of target transporter 

proteins. 
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3.3 Results 

3.3.1 Optimising Membrane Extractions in Flask-Grown MDCK-II-WT Cells 

MDCK-II cells (passage 14-18) were chosen for initial membrane extraction experiments due their 

rapid growth characteristics and their previous usage in QTAP method development (Li et al., 

2008; Zhang et al., 2011). Using Method 1, confluent MDCK-II cells grown in 75 cm
2
 tissue culture 

flasks (~15x10
6
 cells/flask) were harvested. Following homogenisation, a substantial pellet of whole 

cells was recovered post 440 x g spin (confirmed by microscopy), suggesting the cells were not 

disrupted effectively by homogenisation. This led to an absence of a TM fraction after the 100,000 

x g spin. Tip-based sonication in conjunction with Dounce homogenisation was employed and 

cellular disruption was visualised by microscopy. The addition of sonication did yield a TM fraction 

however, a ‘PM’ fraction was not obtained, likely due to insufficient starting material.  

Previous QTAP studies harvested MDCK-II cells from 162-175 cm
2 

flasks to extract a ‘native’ 

membrane fraction using a membrane extraction kit (Li et al., 2008; Zhang et al., 2011). Therefore, 

the next set of experiments were conducted in 3x75cm
2
 confluent flasks containing MDCK-II-WT 

cells (~45x10
6
 cells) were extracted to increase the likelihood of obtaining a PM fraction. The 

homogenisation and sonication steps used previously were retained. Three separate extractions 

were performed on separate days. A consistent TM yield was achieved in experiments 2 and 3, 

with 1.77 and 1.81 μg/cm
2
 protein obtained, respectively. The enrichment of the AP activity was 

determined in the starting and each harvested fraction (Figure 3-1). It is expected that the highest 

AP activity should be within the TM with the lowest activity in the nuclear/mitochondrial fraction. 

This data shows that using this extraction protocol, AP activity was not specifically enriched in the 

TM fraction, with only one of the three TM preparations showing a higher AP activity compared to 

the nuclear/mitochondrial fraction. The most likely explanation is that ineffective cellular breakage 

of the cultured cells using the homogenising and sonication protocol was leading to incomplete 

separation of plasma membranes from other organelles, particularly the nuclear/mitochondrial 

fraction. A further review of the literature for alternative strategies to effectively disrupt immortalised 

cells was undertaken. 
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Figure 3-1. Alkaline phoshatase activity in various MDCK-II-WT cell fractions derived from method 1 
membrane extraction protocol on 3 different days. MDCK-II-WT cells were grown to confluence in 3x75cm

2
 

flasks. The starting total protein (TP) and subsequent fractions in which alkaline phosphatase activity was 
measured are the; total protein (white bars), cytosolic and membrane containing supernatant (black), nuclear 
& mitochondrial fraction (vertical lined) and the total membrane fraction (chequered). 

A study that specifically isolated a TM fraction from MDCK-II-MDR1 for subsequent transporter 

protein expression studies was identified (Zhang et al., 2004). The strategy for cellular breakage in 

Zhang et al., was an overnight lysing of cells in 1mM NaHCO3 containing protease inhibitors 

followed by double homogenisation. Cellular swelling in hypotonic NaHCO3 facilitates cell lysis. 

Further extractions ensued using the protocol of Zhang et al. (Method 2). Following personal 

communications with scientists from the Netherlands Organisation for Applied Scientific Research 

(TNO), the number of cells for membrane harvest increased. TNO used 70x10
6 

to obtain 

abundance values in the PM fraction of MDCK-II cells (Verhoeckx et al., 2011). 

Confluent MDCK-II cells were harvested by scraping from 3x175cm
2
 flasks containing ~100x10

6
 

cells after overnight lysing in 1mM NaHCO3 (n=3 experiments). A visual check using microscopy 

demonstrated that there was an absence of whole cells in the overnight lysate. To assess the 

composition of the fractions at each stage, samples were taken for analysis of AP activity. Based 

on initial experiments, the procedure from Zhang et al., was modified in light of AP activity loss from 

the discarded 4000 x g pellet, while the MgSO4 stirring step was omitted as it is required for harvest 

of a brush border membrane fraction (Wilson and Webb, 1990). Both steps were omitted for future 

experiments. Consistent TM protein yields were obtained (1.75±0.16 μg/cm
2
, n=3) and a PM 

fraction was obtained providing protein yield of, 0.6±0.32 μg/cm
2
, (n=3). 
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AP activity was measured in the starting TP and each of the 3 subsequent fractions sampled 

(Figure 2-1) and summarised in Figure 3-2. AP activity increases throughout the procedure, 

although the degree of enrichment is modest from the TM (2.8-fold) to the PM fraction (3.8-fold). 

 

Figure 3-2. The enrichment in alkaline phosphatase activity in the starting TP and subsequent MDCK-II-WT 
cell fractions derived from membrane extraction method 2. MDCK-II-WT cells were grown to confluence in 
3x175 cm

2
 flasks (n=3). Values are given as Mean±SD from n=3 experiments. 

To check for EnR membrane enrichment, the CCR activity assay was undertaken in matching 

samples to those in the AP activity assay. A limited enrichment in CCR activity in both the TM and 

PM fractions compared to the TP is shown (Figure 3-3). Unlike the plasma membrane marker AP, 

there was no further enrichment of the microsomal marker CCR in the PM fraction, suggesting a 

moderate reduction of EnR components.  

 

Figure 3-3. The enrichment in cytochrome c reductase activity in the starting TP and subsequent MDCK-II-WT 
cell fractions derived from membrane extraction method 2. MDCK-II-WT cells were grown to confluence in 
3x175 cm

2
 flasks (n=3). Values are given as Mean±SD. 
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On the basis that the AP activity enrichment for flask-grown MDCK-II-WT cells is 3.8-fold compared 

to the starting TP (Figure 3-2), a comparison of activity enrichment versus the expected 

enrichment, based on protein yield was performed. Figure 3-4 shows the yield of the protein in the 

TP and subsequent fractions from flask-grown MDCK-II-WT cells. Less than 4% of the total cellular 

protein constitutes the TM fraction. The PM fraction constitutes 1.4% of the TP and 36% of the TM 

fraction. Theoretically, if the purity of the PM fraction is 100% (i.e., there are no contaminating 

organelles) and AP activity reflects the purity of the PM fraction, the expected enrichment in the AP 

activity should be ~70-fold which is clearly not observed (Figure 3-3). Therefore, it is likely there are 

contaminating organelle components in the PM fraction, such as the EnR, as demonstrated by 

CCR activity in the PM fraction. Thus, Method 2 provides TM and PM fractions with specific, yet 

modest, enrichment of PM protein in these relatively undifferentiated cells and this approach was 

adopted in subsequent experiments. 

 

Figure 3-4. Protein content of various MDCK-II-WT cell fractions derived from membrane extraction method 2 
as measured by the BCA assay. The text above the bars refers to the percentage yield of each fraction 
relative to the starting total protein fraction. Values are given as Mean±SD, n=3. 

3.3.2 Optimising Membrane Extractions in Flask-Grown Caco-2 Cells 

Having established a method to obtain TM and PM fractions in flask-grown MDCK-WT cells, 

method 2 was used for obtaining and characterising membranes from confluent flask-grown Caco-

2 cells (Passage 23, 3x175cm
2
, ~40x10

6
 cells). Figure 3-5 shows comparable fold AP activity 

enrichment to MDCK-II cells of 3.21±0.13 and 3.4±0.09 (n=3) for the TM and PM, respectively 

versus the TP. Similar to MDCK-II cells, a lower fold enrichment in CCR activity was shown in the 

TM compared to PM fractions, 5 and 4.2–fold respectively (Figure 3-6) which is expected. 

However, it appears there is still contamination of the PM with EnR components.  
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Figure 3-5. The enrichment in alkaline phosphatase activity in various Caco-2 cell fractions derived from 
membrane extraction method 2. Caco-2 cells were grown to confluence in 3x175 cm

2
 flasks (n=3). Values are 

given as Mean±SD. 

 

Figure 3-6. The enrichment in cytochrome c reductase activity in various Caco-2 cell fractions derived from 
membrane extraction method 2. Caco-2 cells were grown to confluence in 3x175 cm

2
 flasks (n=3). Values are 

given as Mean±SD. 

The protein yield in the starting material and fractionated samples from confluent flask-grown Caco-

2 cells is shown in Figure 3-7. Similar to MDCK-II-WT cells, the TM and PM fractions constitute 

3.4% and 1.4% of the total cellular protein, respectively.  

Overall, method 2 yields similar enzyme marker activity enrichment and protein yield for flask-

grown MDCK-II-WT and Caco-2 cells. 
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Figure 3-7. Protein content of various flask-grown Caco-2 cell fractions (n=3) derived from membrane 
extraction method 2 as measured by the BCA assay. The text above the bars refers to the percentage yield of 
each fraction relative to the starting total protein fraction. Values are given as Mean±SD. 

3.3.3 Characterising Membrane Extractions in Filter-Grown Caco-2 Cells 

Utilising cells cultured in flasks for method development purposes proved time and cost effective. 

However, employing downstream QTAP-based assays on membranes harvested from flask-grown 

cells has little utility for developing IVIVE scaling factors. Assessing a compounds’ permeability and 

transporter protein interactions are routinely performed on filter-grown cell monolayers.  

For each experiment, Caco-2 cells were grown on 3x44 cm
2
 filters. The number of cells on each 

filter was assessed by trypan blue exclusion after trypsin-harvest on 10 and 29d cultured Caco-2 

cells. Mean cell counts did not differ between 10 and 29d-grown Caco-2 cells (passage 25-35), 

being 32.4±5.21 x10
6
 and 28.1±5.27 x10

6
 cells/filter, respectively (n=3 filters, p=0.37, Unpaired t-

test). It was therefore expected that approximately 90x10
6
 cells were harvested for membrane 

extractions. The purpose of growing Caco-2 cells for 10 and 29d (culture periods not typical for the 

performance of permeability assays) and using a seeding density of 2.2x10
5
 cells/cm

2
 was to 

reciprocate the conditions employed in the study of Miliotis et al., 2011, thus enabling comparisons 

of their P-gp abundances to those subsequently generated in our laboratory (Miliotis et al., 2011b). 

In addition, Caco-2 cells grown for 16 and 21d (culture times typically employed for permeability 

assessments) were also used for membrane harvesting. 

Monolayer integrity was assessed prior to monolayer harvest by LY transport (A-to-B transport, 60 

min). The data provided in Figure 3-8 shows LY transport prior to harvesting the Caco-2 

monolayers. There were no differences in LY transport between Caco-2 cell culture periods and 

Caco-2 cell variants (p=0.16, 1-way ANOVA) in a minimum of 3 experiments with triplicate filters.  
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Figure 3-8. Assessment of monolayer integrity by lucifer yellow apparent permeability (Papp) in different Caco-
2 cell variants (n=3 filters, N=3-6 experiments). Caco-2-VBL are cells cultured in 11 nM VBL. Values are given 
as Mean±SD. 

Filter-grown Caco-2 cells were fractionated using method 2 developed in flask-grown cells. The 

cellular fractions were analysed for AP activity as before. To preserve membrane proteins for 

downstream assays, CCR assays were not performed on filter-grown monolayers. Figure 3-9 

shows the AP activity in filter-grown Caco-2 cells for various time periods. As expected, and 

consistent with the more highly differentiated phenotype characteristic of filter-grown cells, AP 

activity enrichment in the TM and PM fractions is elevated compared to flask-grown counterparts. 

The range of AP activity fold-enrichment values for the PM versus the starting TP are 5.3±0.75 

(21d Caco-2 cells) to 7.7±2.65 (10d Caco-2 cells) with a maximum of 36% AP activity loss 

(Equation 3-1). There are no differences in the fold AP activity enrichment when comparing 

matching fractions across the 4 culture periods (p=0.55, 1-way ANOVA). Interestingly, there are 

only marginal increases in AP activity enrichment between the TM and PM fraction, indicating a 

lack of purification of the PM from preceding TM fractions. It is expected that a robust marker PM 

fraction (i.e., AP) is positively correlated to the protein yield from the putative PM obtained from 

each sample, reflecting the purity of the PM fraction. Therefore, if contaminating components are 

present in the PM, the correlation between protein and activity should weaken. The relationship 
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between AP activity and protein content of TM and PM is provided in Figure 3-10. There are no 

correlations between AP activity, TM and PM proteins (R
2
=0.0118 & 0.0143, Figure 3-10 A & C, 

respectively). Removal of the single outlier (encircled data points, different samples for TM and 

PM) for the TM and PM fractions still did not produce significant correlations. These data may 

indicate a PM containing proteins originating from contaminating organelles. Overall, there appears 

to be limited enrichment in the PM fraction based on AP activity in filter-grown Caco-2 cells. 

 

Figure 3-9. The enrichment in alkaline phosphatase activity in various Caco-2 cell fractions grown on filters for 
10, 16, 21 and 29 days (n=3 filters, N=4 experiments). The bars represent, total protein (white), insoluble 
fraction (black), total membrane (vertical lined) and the plasma membrane fraction (chequered). 

where APTP is the alkaline phosphatase activity in the total protein, APTi is the alkaline phosphatase 

activity in the insoluble protein fraction, APTM is the alkaline phosphatase activity in the total 

membrane fraction, APPM is the alkaline phosphatase activity in the plasma membrane fraction. 

The protein content of subcellular fractions from all variants of filter-grown Caco-2 cells is provided 

in Figure 3-11. For low passage Caco-2 cells a significantly higher TM protein content is observed 

in 29 versus 10d-grown cells (p=0.009, 1-way ANOVA). When comparing each Caco-2 variant 

grown for 21d (N=3-6), low passage cells showed a higher TP and TM protein content than Caco-

2-VBL (p=0.028 & 0.008, 1-way ANOVA, respectively). The protein content of the final PM 

constitutes a range of 0.8-1.6% and the TM 4-6.1% of the TP fraction. The PM fraction ranges from 

16-27% of the preceding TM fraction with a mean of 21±8%, resulting in a 5-fold enrichment in this 

final stage. Similar to flask-grown cells, a discrepancy between the expected PM enrichment from 

the protein yield and fold AP activity enrichment is shown for filter-grown cells. 

AP activity loss (%) =
(𝐴𝑃𝑇𝑃 − (∑ 𝐴𝑃𝑇𝐼 , 𝐴𝑃𝑇𝑀 , 𝐴𝑃𝑃𝑀))

𝐴𝑃𝑇𝑃

 Equation 3-1 
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Figure 3-10. An assessment of the relationship between membrane protein content and alkaline phosphatase 
activity by correlation analysis (Pearson’s correlation coefficient). A and C indicate total and plasma 
membrane fractions (n=16), respectively. The encircled data point indicates an outlier (the data point in A & C 
are not the same sample). Correlations with removal of the outlier are shown in B and D for total and plasma 
membrane fractions (n=15), respectively. The correlation coefficient R

2
 and significance level (t-distribution) 

are indicated on each graph. The dashed line indicates the line of identity. 

Having undertaken activity assays to assess membrane enrichment, immunoblotting techniques 

were employed to evaluate the enrichment of the transporter protein P-gp in various fractions of 

10d-filter-grown Caco-2 cells (Figure 3-12). A standard curve to assess gel protein loading and blot 

densitometry in PM fractions (lanes 4-7) indicated that linearity was achieved between 0.625-2.5 

μg. Therefore, the densitometry at 2.5 μg loading between fractions was assessed for enrichment 

after correcting against the actin and background. The blot demonstrates that there is a 23.8-fold 

enrichment in P-gp expression in the PM fraction (lane 4) , yet the TM fraction (lane 3) did not show 

enrichment versus the insoluble fraction (lane 2). This could be due to a heavy band of actin in this 

lane precluding the calculation of enrichment using densitometry versus the insoluble fraction. 
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Figure 3-11. Protein content of various filter-grown Caco-2 cell fractions (n=3-6 experiments, triplicate filters 
per experiment) as measured by the BCA assay. The bars represent, total protein (white), insoluble fraction 
(black), total membrane (vertical lined) and the plasma membrane fraction (chequered). Caco-2-VBL are cells 
cultured in 11 nM VBL. Values are given as Mean±SD. The text above the bars refers to the percentage yield 
of each fraction relative to the starting total protein fraction which is set to 100%.* denotes p=<0.05, **denotes 
P=<0.01, 1-way ANOVA, with Bonferroni correction to test for differences between all groups. 

 

 

Figure 3-12. Assessing the enrichment of P-glycoprotein (P-gp) throughout the membrane fractionation 
procedure in 10d filter-grown Caco-2 cells using immunoblotting. The fraction and quantity of protein loaded 
into each lane is shown in text above the blot. A standard curve to assess the linearity of protein loading was 
run for the plasma membrane (lanes 4-7). A band resolving at 170 kDa indicates P-gp product and the actin 
housekeeper ‘reference’ protein band resolves at 42 kDa. Blot densitometry was used to assess enrichment of 
each fraction versus the total protein fraction. Enrichment is provided in text below the blot, corrected for 
background and actin densitometry. 
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3.3.4 Harvesting and Characterising Membranes from Eluted Human Enterocytes 

When quantifying absolute protein abundances, it is desirable to isolate the constituent of the 

tissue in which the target protein is expressed (Shawahna et al., 2011). A calcium chelating agent 

EDTA was used to liberate enterocytes, from the basal lamina propria of the mucosa. To minimise 

the liberation of material from the serosal layer, only the luminal mucosal surface was exposed to 

EDTA using tissue adaptors (Figure 2-2). In a concurrent project undertaken at the Centre for 

Applied Pharmacokinetic Research, the University of Manchester, Dr Oliver Hatley pre-incubated 

thawed human intestinal tissues with a citrate buffer to prime the enterocytes for chelation 

(Weingartl and Derbyshire, 1993), then agitated with 5 mM EDTA (45 min, 4°C) to elute 

enterocytes. Preliminary experiments using 3 fresh jejunum samples secured in the tissue adaptors 

found that the 5 mM-EDTA regime provided a low yield of enterocyte and villus material after 

microscopy observations. Sufficient material to obtain a PM was obtained only when vigorous 

flushing was applied (needle & syringe) and mechanically brushing the mucosal surface with a 

scalpel blade. However, mechanical disturbance to harvest enterocytes was not continued due to 

concerns of liberating lamina propria. Furthermore, a PM fraction could not be established from the 

eluted colonocyte material (n=1 distal colon) using sodium citrate and EDTA (5 mM). A previous 

study to harvest colonocytes from distal colon used 30 mM EDTA (Sandle et al., 1994). Therefore, 

a subsequent experiment incubated distal ileum with 30 mM EDTA, resulting in obtaining a PM 

fraction. This protocol was employed for subsequent enterocyte harvesting (Section 2.2.2.4). 

However, the majority of tissues (7 of 9) presented in this study were limited to obtaining a TM 

fraction, due to insufficient tissue/surface area. A histological inspection of human distal ileal 

mucosa (Figure 3-13) showed that enterocytes/villus structures were successfully removed from 

the underlying lamina propria by sodium citrate and 30 mM EDTA elution. 

For eluted material, a similar Dounce-homogenisation procedure to that described for Caco-2 cells, 

(75-125 strokes) was established by visual confirmation of cellular disruption by microscopy. The 

centrifugation steps then mirrored those used for obtaining a TM or PM in Caco-2 cells. 
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Figure 3-13. Histological assessment of enterocyte elution by the EDTA chelation method in haematoxylin and 
eosin stained human distal ileum. Sections were cut at a 6 μM diameter after fixation in formaldehyde (4%) 
and imaged at a 100x magnification. Figure 1A, represents distal ileum not subjected to EDTA (control), with 
an intact enterocyte-villus structure denoted by ‘X’. Figure 1B, shows the process of enterocyte shedding, 
denoted by ‘Y’ as a result of EDTA incubation. Figures 1C and D, show the complete removal of enterocytes 
from the underlying lamina propria layer after EDTA incubation, denoted by Za and Zb. 

To compare if different methods for harvesting enterocytes for proteomic analysis affect transporter 

abundance determinations, a mucosal crush technique on matched human intestinal mucosa was 

undertaken (where sufficient material was available, Section 2.2.2.5). This is a technique in which 

stripped mucosal tissue is crushed by homogenisation using the Dounce apparatus.  

The protein content of the starting TP homogenate and the TM for jejunum (n=5), ileum (n=3) and 

colon (n=1) by the EDTA chelation are shown in Figure 3-14. The mean protein yield of eluted 

enterocytes in the starting homogenate for jejunum and ileum were not significantly different 

(p=0.62, Unpaired t-test) with mean yields of 583 ± 217 and 662 ± 180 μg/cm
2
, respectively. For 

the single colon sample, a lower yield of 170 μg/cm
2
 protein was found. For the TM fractions there 

were no differences when comparing the protein yields for jejunum and ileum (mean, 25±11 and 

38±22 μg/cm
2
, respectively, p=0.29, Unpaired t-test). The yield of TM protein relative to the TP 

homogenate was similar to that found for the filter-grown Caco-2 TM fractions (Figure 3-11). 

Mucosal crushing was undertaken on thawed distal jejunum samples (n=3). Protein yield per mg of 

mucosal tissue rather than per cm
2
 (these samples are not stretched across an adaptor) are 

provided in Figure 3-15. No significant differences were found in the yield (%) of TM protein from 

the original TP when matched eluted or crushed samples were compared (p=0.31, Unpaired t-test). 
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Figure 3-14. Human enterocyte protein content (µg/cm2) in homogenate and total membrane protein fractions 
after EDTA chelation (n=9). The percentage yield of total membrane (striped) relative to the homogenate 
(white) for each fraction are given above the bars. J1-5 signifies jejunal samples, I1-I3 signifies Ileal samples 
and C1 is a distal colon sample. Mean J and I, represent mean values ± SD for jejunum and ileum, 
respectively. 

 

Figure 3-15. Human mucosal protein content (µg/mg mucosal tissue) in homogenate and total membrane 
protein fractions (n=3). The percentage yield of total membrane (striped) relative to the homogenate (white) for 
each fraction are given above the bars. J1-3 signifies each jejunal sample. The mean is provided ± SD. 

In samples in which sufficient total membrane protein was available, an alkaline phosphatase 

activity assay was performed to assess the enrichment of PM components within a TM fraction 

from starting homogenates. From 7 enterocyte preparations (Figure 3-16), a mean fold increase of 

AP activity of 3.64 ± 1.74 was observed in the TM fraction versus the homogenate fraction.  
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Figure 3-16. Alkaline phosphatase activity enrichment in the total membrane fraction compared to the original 

starting total protein fraction. The assay was performed with proteins from jejunum (n=3), ileum (n=2) and 

distal colon (n=2) during enterocyte chelation experiments (Appendix Table A-1 for human tissues). 
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3.4 Discussion 

Transporter proteins are functionally expressed in the PM component of the cell. It is therefore 

important to measure the absolute abundance of transporter proteins in a fraction of the cell that 

adequately represents the PM. Numerous techniques have been employed to obtain a membrane 

fraction suitable for quantifying transporter proteins including differential centrifugation (Kamiie et 

al., 2008; Miliotis et al., 2011b; Tucker et al., 2012) and commercially available membrane 

extraction kits (Li et al., 2008; Deo et al., 2012; Groer et al., 2013; Vildhede et al., 2014). Until very 

recently (Kumar et al., 2015), an assessment of the enrichment or purity of the membrane fraction 

in which the protein abundances are measured has not been reported. Therefore, the work 

presented here, was undertaken to develop a robust fractionation procedure to obtain a PM with 

reasonable purity, in order to measure transporter protein abundances reliably in QTAP assays. To 

test for enrichment, organelle-specific marker enzyme activity assays were performed in various 

samples throughout the fractionation. 

Initial work focussed on obtaining membrane fractions from MDCK-II-WT cells grown on flasks 

using a differential centrifugation technique (Kamiie et al., 2008) to obtain a PM. MDCK-II cells 

were chosen due to their rapid growth and the use of flask-grown MDCK-II cells for transporter 

QTAP assay development (Li et al., 2008; Zhang et al., 2011). The first phase of experiments 

highlighted the challenges to effectively homogenise MDCK-II-WT cells using hand-held ‘Dounce’-

type techniques and the requirement for a suitable quantity of starting material to obtain a 

consistent yield of membrane fraction. This led to inadequate protein yield and inconsistent 

enrichments of AP activity in target membrane, even when sonication steps were introduced, in 

addition to homogenisation, to facilitate cellular disruption. Therefore, an alternative method was 

sought. Cavitation methods are a strategy used to disrupt cells by inert gases, (Ohtsuki et al., 

2012), however such devices are expensive and not readily available. A strategy incorporating 

overnight lysis of MDCK-MDR1 cells with hypotonic NaHCO3 found a 38-fold enrichment for P-gp in 

a TM preparation versus the starting lysate after immunoblot analysis (Zhang et al., 2004). Based 

on this, a hypotonic lysing technique was developed. In addition, undertaking secondary 

homogenisations should improve the disruption of any remaining intact organelles after lysing, as 

adopted in this study and Zhang et al., 2004. 

Application of the overnight lysing and secondary homogenisation strategy to MDCK-II-WT and 

Caco-2 cells, led to the highest AP activity enrichment in the PM fraction versus the TP lysate. In 

addition, a slight reduction in the enrichment of the microsomal marker CCR was observed when 
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obtaining the PM from the preceding TM fraction. The TM fraction can be characterised to contain 

EnR, golgi, lysosomal, PM and any other intracellular protein present when components originating 

from medium-speed spin sedimentation are discarded. Ideally, the PM fraction should not contain 

any intracellular components. Overall, the enrichment in AP activity in the TM and PM fractions was 

modest. However, this may be expected, as a study in which AP activity was used as a marker of 

brush border membrane maturation in plastic-grown MDCK-II cells showed that there is a 

substantial rise (5-fold) in AP activity between 6 and 13 days post confluence, which plateau’s 

thereafter (Lai et al., 2002). This indicates that for these relatively un-differentiated cells, in which 

brush border membranes do not sufficiently mature in flasks, it might be reasonable to expect a low 

AP activity enrichment. Alternatively, obtaining a mixed plasma membrane containing both basal 

and apical membranes might lead to lower enrichment activity, ‘a dilution effect’ for this apical-

brush border protein. It was anticipated that the peak enrichment of the EnR would occur in the TM 

fraction which was confirmed, yet there was only a modest non-significant reduction in CCR activity 

in the PM of both cell lines. A 2.5-fold enriched CCR activity in a mitochondrial/ER fraction was 

observed with a concomitant 2-fold activity reduction in the PM phase, compared to the starting 

homogenate in flask-grown MDCK-II cells (Geilen et al., 1994). In Geilens’ study, the authors also 

allude to the PM fraction containing mitochondrial components (13%). It is clear that a PM fraction 

will be contaminated by components from the EnR and mitochondria and the methods used to 

obtain PM’s in this study show that it is challenging to obtain pure organelles. This agrees with a 

recent study which found contamination of the PM fraction with golgi and mitochondrial proteins 

after using a commercially available kit (Kumar et al., 2015). When considering QTAP studies, the 

relative lack of cellular differentiation in flask-grown Caco-2 cells is supported by >10-fold higher P-

gp levels in filter versus flask-grown Caco-2 cells (Miliotis et al., 2011b; Oswald et al., 2013).  

Having undertaken methods to establish a PM fraction with enrichment of PM markers in un-

differentiated flask-grown cells, the next stage focussed on harvesting filter-grown Caco-2 cells for 

various culture periods. The ability to obtain a sufficient quantity of high quality membranes from 

filter-grown cells is crucial, as it is these transporter protein abundances that are incorporated into 

IVIVE scaling strategies. To ensure sufficient yields of membrane proteins to run down-stream 

assays, including at least two trypsin-based digestion assays, a minimum protein quantity of 200 μg 

was required. Therefore, Caco-2 cells were grown on 44 cm
2
 filters, manufactured with the same 

material (Polycarbonate) and pore density (0.4 μM) as those routinely used in transport assays 

(Hubatsch et al., 2007). Filter surface area is assumed not to affect transporter expression. Using 
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method 2 to extract TM and PM from filter-grown Caco-2 cells, as expected, provided a higher AP 

activity enrichment in filter-grown versus counterpart flask-grown Caco-2 cells. A study by Hidalgo 

et al., 1989, described an 8-to-10-fold enrichment of AP activity in brush border membrane 

preparations generated from filter-grown Caco-2 cells (Hidalgo et al., 1989). Another study, in 

which the brush border and basolateral membranes were separated in 7-to-9 day filter-grown 

Caco-2 cells, found a 15-fold AP activity enrichment in brush border fractions and 3-fold enrichment 

in the basolateral membrane fraction (Ellis et al., 1992). Overall, the 5.3-to-7.7-fold enrichment in 

AP activity in our mixed PM (i.e., containing basolateral and brush border membranes) of filter-

grown Caco-2 cells appears reasonably consistent with these other studies measuring AP activity 

enrichment in the more refined brush border membrane. The lack of AP activity enrichment from 

the TM to PM fraction is not ideal. It is expected that the dense EnR fraction migrates through the 

38% sucrose layer. It is possible that the PM together with intracellular membranes are travelling 

through the sucrose during centrifugation, thus, the retained turbid interface at the sucrose-buffer 

boundary constituting the PM fraction is similar in composition before and after centrifugation.  

An additional theoretical concern with the overnight lysis stage of this cell fractionation protocol is 

that it could result in transporter instability on the membrane, i.e., during lysis the transporters 

sequester to intracellular components, move into a soluble phase, or degrade. While we have no 

direct evidence that this was occurring, future work should include time course studies to assess 

the effect overnight lysing on transporter protein abundances. Yet, evidence from immunoblots 

assessing P-gp enrichment across the various fractions of 10d filter-grown Caco-2 cells 

demonstrated a 3.1-fold enrichment in the PM fraction versus the TM fraction.  

It appears that cultivation time had little effect on filter-grown Caco-2 cell TP protein content, but 

there was a higher TM protein in 29 compared to 10d cultured cells, possibly reflecting cell 

differentiation in older cells. Yet in Caco-2-VBL cells, protein content for the TP and TM fraction 

was lower than for 21d-filter-grown low passage cells. VBL is reported to affect the length of apical 

microvilli and disturb protein trafficking to the apical brush border membrane in mice (Achler et al., 

1989). It is the action of VBL on microtubule structure and membrane protein organisation which 

could lead to the observed reduction in protein content for Caco-2-VBL cells. The TP contents 

found in the present study are slightly lower than those from a previous study which ranged from 

470-550 µg/cm
2
, although a different technique (Bradford assay) was used for measuring protein 

content (Inui et al., 1992). In addition, a personal communication with Professor Per Artursson (the 

University of Uppsala) via Dr. Sibylle Neuhoff (Simcyp Ltd), suggested total protein content in filter-
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grown Caco-2 cells ranges from 200–300 µg/cm

2
. Therefore, the results presented for the cells in 

this study appear to be reasonably consistent with previous work.  

Until recently, it was not known if the PM yield was reasonable, i.e., 1-2% of TP. However, in a 

recent study, the indirect calculation of the fractional yield constituting a PM fraction from liver and 

HEK293-transfected cells indicated typical PM yields of 1.1-to-1.9%, similar to those obtained with 

our extraction method (Kunze et al., 2014). In this study, approximately 20% of the TM fraction 

represents the theoretical PM fraction. However, it has been postulated recently that the PM 

accounts for 10% of the crude membrane fraction procured from a ‘native’ membrane protein 

extraction kit (Vildhede et al., 2014). Differences in extraction method may result in different yields 

of protein from sub-cellular fractions. Therefore, procedural differences such as harvesting 

procedures, buffer composition and membrane extraction technique differences may lead to 

methodological bias on endpoint abundances (Harwood et al., 2013). As yet, no formal assessment 

has been reported as to the impact of membrane extraction method on quantification of transporter 

protein abundances.  

Considering that approximately 1-2% of the TP constitutes the PM fraction, it may be expected that 

if there were no losses of PM proteins throughout the procedure, the maximum AP activity 

enrichment likely to occur is 50-to-100-fold compared to the original TP, that is, if activity is directly 

proportional to AP protein levels. On this assumption, there is a greater than 10-fold disparity 

between protein enrichment and AP activity. It is known that AP requires the divalent cations Mg
2+

 

and Zn
2+ 

as co-factors and any loss of these could lead to sub-optimal catalytic activity (Igunnu et 

al., 2011). The AP assay here was performed without Zn
2+

 which could potentially lead to a 

reduced catalytic capacity of the enzyme (Olorunniji et al., 2007). AP activity is reasonably 

conserved i.e 0-15% activity loss, with a maximum loss of 36% in a single sample. Yet, there is a 

need to consider the basis on which the enrichment calculations are made. The fold enrichment 

calculations are based on AP activity (formation of p-NP) corrected for protein, i.e., nmol/min/mg 

protein, rather than an absolute activity i.e., nmol/min.
 
Therefore, by correcting

 
for protein content, 

there is a drop-off in activity throughout the procedure. This could be due to loss of co-factors from 

within the sample, or the inhibitory effects of components such as fatty acids (the proportion of lipid 

content will be high in membrane fractions) as observed for the enzyme CYP2C9 (Rowland et al., 

2008), leading to a lower calculated enrichment based on marker enzyme activity assays. 

Therefore, if activity does not accurately reflect organelle enrichment, marker activity assays should 

only be used as a guide rather than an established quantitative means to assess the intrinsic purity 
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of a sub-cellular fraction. However, these assays are still a useful guide and should be undertaken 

routinely when establishing membrane extraction methods. 

It is noteworthy that a human liver microsomal fractions are on average 40 mg/g liver for a 30 year 

old human (Barter et al., 2007). A similar protein yield for a TM fraction employed when measuring 

transporter protein absolute abundances has been reported as 35.8 and 41.6 mg/g liver, in Tucker 

et al., 2012 and Deo et al., 2012, respectively. Therefore, it is likely that abundances do not 

represent the PM component and any transporters, whether fully or part formed, that are 

associated in with intracellular structures/membranes (Bow et al., 2008; Choi et al., 2011) may be 

accounted for in these fractions. Caution is therefore advised when interpreting these data to 

represent the functional complement of a cells’ transporter protein abundance. 

The techniques developed for obtaining a PM fraction in human intestinal mucosal samples were 

based on obtaining enterocytes by elution. EDTA (a metal chelating agent) is routinely employed 

for harvesting enterocyte and colonocyte material from the underlying lamina propria layer (Zhang 

et al., 1999; Bowley et al., 2003; von Richter et al., 2004) . The action of Ca
2+

 binding by EDTA 

disrupts cell-to-cell adhesion mediated by calcium-dependent cadherin proteins (Panorchan et al., 

2006). Incubations with sodium citrate were also performed prior to EDTA incubation to facilitate 

cell-to-cell destabilisation (Weiser, 1973; Weingartl and Derbyshire, 1993). Tissue adaptors were 

constructed to minimise the potential for procuring serosal cells and structures (Figure 2-2). The 

tissue adaptors comprise a solid base plate with pins at its periphery for securing the tissue. The 

tissue is placed serosal surface down on the plate. A second upper plate containing apertures of 

known surface areas harness the tissue to the base plate with reciprocal pin holes. This restricts 

exposure of the chelating agents to the mucosal surface to reduce serosal protein contamination.  

Initial experiments with stripped jejunum and distal colon tissue using EDTA (5 mM) provided a low 

yield of enterocyte material insufficient to provide a PM fraction. The reasons for low yields are not 

clear, however it is postulated that EDTA may require access to the basal surface to facilitate 

calcium chelation and enterocyte elution. Work undertaken on a partner project by Dr Oliver Hatley, 

successfully procured enterocytes using sodium citrate-EDTA (5 mM) to stripped mucosal tissue 

pinned to a silicon base in a beaker. However, the tissue was thawed from cryopreservation 

potentially impacting on tissue integrity, enhancing the elution of enterocytes, possibly via freeze-

fracture or enterocyte permeabilisation (Gronert et al., 1998). Applying an increased EDTA (30 

mM) concentration provided assurances that during the 40 minute incubation, sufficient material 
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could be procured to provide membrane fractions. It is inevitable that an increase in the incubation 

time leads to an enhanced harvesting of enterocytes. However, this also brings an increased 

likelihood of procuring crypt-based enterocytes as opposed to those from the villus (Zhang et al., 

1999). A preferential expression of OATP1A2 in the villus tip has been observed, whereas P-gp is 

expressed along the entire crypt-villus axis (Glaeser et al., 2007). Therefore, the location of the 

cells obtained by elution along the crypt-villus axis may be important for measuring transporter 

protein abundances. In this study, there was no attempt to exclude crypt enterocytes (Appendix 

Figure A-1). OATP1A2 has proven challenging to measure in the intestine by gene expression 

analysis (Tamai et al., 2000; Nishimura and Naito 2005; Hilgendorf et al., 2007; Meier et al., 2007) 

and also utilising proteomic techniques (Drozdzik et al., 2014). However, it is possible that 

transporters concentrated at the villus tip, such as OATP1A2, may be more difficult to quantify due 

preparation of whole intestinal/mucosal biopsies for gene expression analysis, or due to a dilution 

effect of crushing the whole mucosa as performed by Drozdzik et al., 2014, rather than isolating 

villus enteorcytes. Visual checks by microscopy were performed for each elution experiment and 

observations confirmed isolated enterocytes or villus tip structures were predominant within the 

eluent. 

In a previous study in human duodenal tissues P-gp, MRP2 and BCRP abundances were 

quantified after mucosal scraping by quantitative immunoblotting (Tucker et al., 2012). However, it 

is postulated here that underlying lamina propria or basal layers might also be harvested. Studies 

to compare elution and scraping have been not been performed to assess intestinal transporter 

abundances. Yet, activity differences exist between numerous CYP450 enzymes in intestinal 

microsomes harvested by mucosal scraping and elution, which might result from crypt cell 

harvesting by scraping (Galetin and Houston, 2006). Other studies to quantify intestinal transporter 

abundances do so in membranes isolated after mucosal crushing and homogenisation (Groer et 

al., 2013; Oswald et al., 2013; Drozdzik et al., 2014). Studies to compare enterocyte harvesting 

techniques are warranted, therefore a small-scale study using 3 distal jejunum tissues in which 

both elution and mucosal homogenisation is proposed within the context of this work. 

Assessing the protein content in intestinal samples (n=9) using the final elution protocol shows an 

approximate 2-fold higher homogenate protein content yield in the jejunum and ileum compared to 

filter-grown Caco-2 cells. This is expected given the highly folded nature of the human mucosa 

compared to Caco-2 cells. As anticipated, the distal colon sample demonstrated lower homogenate 

yields compared to jejunum and ileum. The yield of protein from the TM as a percentage of the 



| Chapter 3 Page 95 of 277 
homogenate was similar to filter-grown Caco-2 cells. Compared to the scraping technique applied 

to human duodenum in Tucker et al., 2012, the yields of TM protein in this study are 54-fold lower 

(1344 vs. 25 μg/cm
2
). Tucker et al., have not shown a histological evaluation of their mucosal 

tissue after scraping, therefore, the most likely explanation is that scraped preparations are 

contaminated with sub-epithelial layers. Figure 3-13, shows no evidence of significant enterocyte 

retention, therefore the lower protein content is unlikely to be due to incomplete enterocyte 

harvesting. Furthermore, in Tucker et al., it is understood that the mucosa was not stretched and 

their fractionation procedure omits a medium speed spin for nuclear/mitochondrial sedimentation, 

resulting in a particularly crude TM. Remarkably and for unknown reasons, the yields of the TP 

homogenate observed in this study are lower that the scraped TM protein content (Tucker et al., 

2012).  

Similar to immortalised cells, the AP activity in TM fractions was shown to be enriched compared to 

the starting homogenate fraction. There is little data in the literature by which to compare AP 

activity enrichments in a TM fraction. Studies instead focus on assessing AP activity enrichment for 

refined brush border membrane preparations which are typically range from 9-17-fold in small 

intestine (Lucke et al., 1978; Ward et al., 1980; Shirazi-Beechey et al., 1990; Blakemore et al., 

1995). Appreciating that other studies measure abundances in a relatively crude membrane 

fraction, it is assumed that a TM fraction is sufficient to permit absolute abundance of transporter 

proteins for this study. 

Considerable effort was invested in obtaining and characterising membrane fractions to enable the 

quantification of transporter abundances in QTAP assays. However, state of the art techniques in 

regard to LC-MS/MS systems, have been shown to possess sufficient sensitivity and resolution to 

enable the quantification of low abundance proteins such as plasma membrane transporters to be 

quantified in a total protein fraction using both a targeted approach, (Ohtsuki et al., 2013) and a 

label-free approach (Wisniewski et al., 2012), negating the requirement for quantification in an 

enriched membrane fraction. Under the assumption that the majority of the transporter protein is 

resident in the plasma membrane of the total protein fraction, this approach may provide a feasible 

means to quantify cellular/organ transporter protein abundance for the purposes of IVIVE, without 

requiring the consideration of losses or contamination of other sub-cellular organelles within these 

enriched fractions. However, the ability of research groups to perform these analyses may be 

hampered by the availability of suitable LC-MS/MS systems. 
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3.5 Conclusion 

A step-wise approach to developing a membrane extraction method is described in this chapter 

using enzyme activity assays to classify the enrichment of target membrane fractions throughout 

the procedure in flask and filter-grown cell lines relevant to transport assays. This systematic 

approach has demonstrated that obtaining a pure PM, as assessed by marker enzyme activity 

assays is a significant challenge. However, protocols for the isolation of two membranes fractions, 

the TM and PM, from a host of Caco-2 cell variants have been developed which produce enzyme 

enrichments and PM protein yields that are consistent with the limited data in the literature. In 

addition, a method to harvest human intestinal enterocytes is also described with the generation of 

a TM fraction. There is the potential to compare two different methods for harvesting enterocytes 

by elution and mucuosal homogenisation in matched samples to investigate if this impacts on 

transporter abundance determinations. Overall, these data provide a sound basis for downstream 

evaluation of absolute protein abundances by QTAP assays.  
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Chapter 4 - Development of Digestion and Optimisation of LC-

MS/MS Methods for Quantification of Human Intestinal 

Transporter Proteins’ Absolute Abundance using a QconCAT 

Technique 
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Application of an LC-MS/MS Method for the Simultaneous Quantification of Human Intestinal 

Transporter Proteins Absolute Abundance using a QconCAT Technique.  
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4.1 Introduction 

Drug transporter proteins functionally expressed in human enterocytes can facilitate or hinder drug 

absorption and influence drug disposition in instances of polypharmacy (Greiner et al., 1999). The 

impact of transporter proteins on these processes will depend on their expression level, location 

within the enterocyte membrane and function (Varma et al., 2010). To estimate the influence of 

transporter protein function on drug absorption, disposition and DDI’s, strategies incorporating 

PBPK modelling approaches are used (Darwich et al., 2010; Varma et al., 2012). As alluded to in 

Chapter 1, PBPK models require incorporation of transporter protein expression in sub-models 

representing pharmacokinetically relevant organ systems, including the intestine, that are typically 

based on gene expression (i.e,. mRNA) or immuno-blotting analyses (Harwood et al., 2013).  

Recently, studies have employed QTAP strategies, utilising unique proteotypic peptides combined 

with LC-MS/MS methods to quantify the absolute abundances of human intestinal transporter 

proteins (Groer et al., 2013; Oswald et al., 2013; Drozdzik et al., 2014). In these studies, an 

absolute quantification (AQUA) strategy was employed for generating the peptide standards. The 

QconCAT technique (Section 1.8.1.7), is an alternative method for generating isotope labelled 

peptide standards (Beynon et al., 2005). An artificial protein is constructed within an E coli vector 

and expressed, with stable isotope enrichment of growth media. The extracted artificial protein is 

subjected to proteolytic digestion strategies to yield equimolar concentrations of standard peptides 

for quantification of target proteins (Simpson and Beynon, 2012). A QconCAT method has recently 

been applied to simultaneously quantify several human hepatic drug metabolising enzymes 

(Achour et al., 2014). In addition, the construction of a transporter protein-specific QconCAT 

(‘TransCAT’) is described (Russell et al., 2013). However, the method validation and their 

application for quantification of several transporter proteins have yet to be reported. Having 

established methods to obtain human enterocyte TM fractions, efforts turned to protein digestion 

and LC-MS/MS method development to enable transporter protein abundance quantification. 

The aim of this study was to develop and validate proteolytic digestion and LC-MS/MS methods to 

quantify the absolute abundances of Na/K-ATPase, HPT1; P-gp; MRP2; BCRP; OST-α/β and 

OATP2B1 in human enterocyte TM’s using the TransCAT construct. The delivery of robust 

techniques to allow quantification of transporter abundance proved challenging and therefore 

concurrent to continued development of strategies for in-house abundance quantification, a 

contingency plan was sought, which is described. 
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4.2 Materials & Methods 

The finalised methods for this Chapter are described in Section 2.2.2.2 for Caco-2 cell membrane 

fractionation, Section 2.2.2.4, for eluting human enterocytes, Section 2.2.6 for generating peptide 

standards, Section 2.2.7 for protein digestion, and Section 2.2.8 for LCMS/MS analysis. 

4.2.1 Materials 

Described are additional materials to those defined in Section 2.1. For initial protein digestion, Nvoy 

carbohydrate polymer was obtained from Expedeon (Cambridge, UK); Anionic Acid Labile 

Surfactant II (AALS II), Non-ionic Acid Labile Surfactant II (NALS II) and strong cation exchange 

(SCX) spin tips kit were obtained from Proteabio (Morgantown, West Virginia, USA); Tris(2-

carboxyethyl)phosphine (TCEP) was supplied by Thermo-Fisher (Waltham, MA, USA); and C18 

ZipTips were obtained from, Millipore, (Billerica, MA, USA). 

4.2.2 Methods 

4.2.2.1 Nvoy Proteolytic Digestion Protocol 

Nvoy proteolytic digestion was based on protocols already described (Russell et al., 2013). Herein, 

digestion with either; 4% or 0.1% Nvoy was used. Protein (typically 50 μg), TransCAT (5 μL, 1/10 

diluted stock) and NNOP-Glu-Fib were suspended in protein digestion buffer (Ammonium 

Bicarbonate (25 mM), pH 8; Nvoy 0.1% or 4% and acid-labile surfactants: NALS-II 0.01%, AALS-I 

0.1%) and reduced with TCEP (12 mM final concentration, 37°C, 1h). Samples were alkylated by 

IAA (6 mM, 30 min) in the dark at room temperature. The alkylated mixture was diluted 2-fold prior 

to addition of 1 μL of Lys-C (1 μg) and subsequent incubation (37ºC, 3h). Recombinant trypsin (2.5 

μL at 1 μg/μL) was added, followed by overnight incubation (18h, 37ºC). To improve binding to the 

chromatography column, the Nvoy and surfactants were dissociated from the peptides, HCl and 

DMSO were added to the digest mixture to obtain an optimal pH 2, incubated 37°C for 15 min, 

while addition of 30% acetonitrile provided an optimal pH of 3. SCX spin tips were used to recover 

digested peptides by washing peptides in SCX wash buffer (60% acetonitrile; 40% H2O and 0.03% 

ammonium formate) and eluting by centrifugation in SCX elution solution (90% H2O; 10% 

acetonitrile and 2.5% ammonium formate) twice. The eluted peptides were lyophilized and stored 

at -80°C until it was reconstituted in 3% acetonitrile and 0.1% formic acid for LC-MS/MS analysis. 

Where data dependent acquisition data (DDA) is described, this resulted from label-free analysis of 

fragmentation spectra generated from Orbitrap XL mass spectrometry (Section 2.2.6.1). 
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4.3 Results 

4.3.1 Initial Development of Proteolytic Digestion and LC-MS/MS QTAP Assays 

4.3.1.1 Preliminary Development of an In-Solution Proteolytic Digestion Strategy 

Early work performed by Dr Matthew Russell involved attempting to digest PM proteins from a rat 

liver sample based on a guanidinium hydrochloride method (Kamiie et al., 2008). Prior to applying 

digestive enzymes, a viscose mix (‘slurry’) of membrane proteins was produced resulting from 

chloroform/methanol precipitation. The precipitate could not be effectively solubilised by application 

of 6M urea, therefore it was concluded that the complete digestion of precipitated peptides could 

not be guaranteed. An alternative digestion strategy was sought using Nvoy, a carbohydrate 

polymer, primarily used for reducing protein aggregation, at 4% initially and finally at 0.1%. The 

denaturing agent TCEP, which does not react with IAA, and can be used at a lower concentration 

than DTT, was also incorporated into the digestion protocol. The addition of surfactants (AALS II 

and NALS II) provided the potential for micellar formation in order to mask the hydrophobic regions 

of the proteins, reducing the likelihood of precipitation. SCX columns were employed to remove 

Nvoy which could be detrimental to chromatographical analysis (Russell et al., 2013). 

4.3.1.2 Caco-2 Cell Plasma Membranes Digestion: The Initial Phase 

Having defined an Nvoy-based digestion strategy, its application for generating peptides suitable 

for quantifying target protein absolute abundances using a TransCAT LC-MS/MS approach was 

required. To this point, the TransCAT was expressed and the LC-MS/MS conditions had been 

optimised based on the unlabelled sequence equivalent SpikeTide peptides (Section 2.2.6.2). A 

series of Caco-2 cell PM digests were performed over several months. 

The initial aim of the digestion work was to identify if peptides relevant to the PM were being 

released into the digest. A DDA analysis was performed on Caco-2 cell PM digests, revealing that 

peptides relating to the basal membrane marker protein Na/K-ATPase and Villin, a high abundance 

apical membrane marker protein (that is not a constituent of the TransCAT construct), could be 

identified when submitting the fragmentation spectra obtained by orbitrap mass spectrometry to the 

MASCOT search engine (Figure 4-1). Two peptides selected for Na/K-ATPase quantification by the 

TransCAT are highlighted in Figure 4-1A by red boxes. These peptides however could not be 

detected via the MASCOT search, even though in silico digestion and other criteria were met 

(Section 2.2.6.2). This does not necessarily indicate that these peptides are not present in the 

digest. It is possible that they are of low abundance within the complex protein matrix. MASCOT 
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also identified PM peptide fragments for > 1000 relevant PM proteins from the digest with few 

missed-cleavage events, providing confidence the membrane extraction and digestion protocols 

could generate a refined protein sample for down-stream absolute abundance determination. 

The next stage was to establish co-elution profiles for digested Caco-2 cell PM proteins and 

TransCAT standards via an LCMS/MS (triple quadrupole) QTAP strategy. For Na/K-ATPase, native 

and standard peptide co-elution was demonstrated (Figure 4-2). However, the levels of the native 

peptide are expected to show far greater signal intensity for this high abundance protein. For the 

majority of the native peptides analysed, the ion signals were either low, not detectable or the 

standard signals were too high to permit quantification. Therefore, the TransCAT levels required 

adjusting in order to obtain similar analyte-standard ion signal intensities.  

Performing a digest with a 10-fold diluted stock of TransCAT construct was expected to result in a 

mirroring of peak signal intensities from the native and standard peptides. Yet, this failed to provide 

standards at sufficient levels when assessing targeted profiles. Of note, there was also a continuing 

trend for low native peptide ion signal peak intensities at 10^5 to 10^6 cpm range for Na/K-ATPase, 

where the expectation was a 10-fold greater signal than demonstrated (Figure 4-3). To identify if 

protein/peptide losses were occurring in various stages of the SCX column recovery, a protein 

mass balance assay was run.   

To assess peptide losses in SCX column recovery, a cocktail of unlabelled SpikeTide peptides was 

processed throughout the procedure. At various stages, including the starting SpikeTide mixture, 

samples were taken and a BCA assay was performed. Only 31% of the SpikeTides were 

accounted for in the final eluent (Figure 4-4) with 69% of peptides lost to discarded wash steps or 

could not be accounted for when assessing mass balance from all retained samples. This led to the 

formation of an alternative strategy in the form of an in-gel digest. This approach had been 

successfully undertaken for the enzyme abundance analysis performed on liver microsomes 

(Achour et al., 2014).  
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Figure 4-1. Data-Dependent Acquisition (DDA) following the submission of orbitrap fragmentation spectra from 
a Caco-2 PM digest to the MASCOT search engine. A, represents Na/K-ATPase and B represents Villin. The 
text highlighted in red are the peptides which were successfully identified by MASCOT to be a constituent of 
their respective proteins. The red boxes in A, represent the peptides selected for inclusion into the TransCAT 
construct. 

 

 

Figure 4-2. A co-elution profile for Na/K-ATPase (IVEIPFNSTNK) from a Caco-2 cell PM Nvoy-based digest. 
The blue and red peaks represent the standard and native peptides, respectively and were captured in the 
Skyline program. 
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Figure 4-3. Ion intensity signals for the 3 selected transition of the peptide IVEIPFNSTNK selective for Na/K-
ATPase from a Caco-2 cell PM digest.  

 

Figure 4-4. Assessment of peptide (SpikeTide) loss through the SCX peptide purification procedure by the 
BCA assay. The text in black above the bars relates to protein loss and the red text relates to the remaining 
peptides in the eluent. The peptides not accounted for after mass balance equated to 15%.    

An in-gel digest performed (by Dr Matthew Russell) on Caco-2 cell PMs demonstrated reasonable 

success based on a DDA-based MASCOT search, ranking the plasma membrane markers villin 

and Na/K-ATPase 42
nd

 and 116
th
 of 335 peptide hits specific to the PM, respectively, (Appendix 

Figure B-1). For the key protein P-glycoprotein (P-gp), there was limited sequence coverage (9%, 

not shown) and fragmentation spectra did not yield peptides selected for QTAP. The in-gel 

approach did not provide satisfactory assurances that target peptides were present in the digest for 

subsequent LC-MS/MS analysis.  

To summarise the work described, a schematic describing the workflow and decisions at each 

stage is provided (Figure 4-5). 
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Figure 4-5. A schematic describing the digestion workflow and decision making for Sections 4.3.1.1 and 

4.3.1.2. The initial phase used a guanadinium HCl digestion method published by The Terasaki group, Tohoku 

University, which provided an unmanageable mixture. A proteomic friendly digest Nvoy-TCEP was used to 
prevent protein aggregation, where peptide fragments relating to Na/K-ATPase were found, but not the 
specific peptides pre-selected for analysis by QTAP. Inconsistencies were found in co-elution even after 
reducing the QconCAT standard levels and native signals were low for the key high abundance marker protein 
Na/K-ATPase. A BCA assay found peptide losses were approximately. 70% in the SCX purification stage. 
Therefore, to simplify the system, an AQUA method focussing on previously detected (by gel digest) high 
abundance peptides for the membrane markers villin and Na/K-ATPase assay, i.e., a ‘low hanging fruit’ notion, 
and development of a DOC digest by Pfizer was to be undertaken, see Section 4.3.1.3. 
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4.3.1.3 A Strategy Adaptation for Obtaining Absolute Transporter Abundances  

Based on the previous inconsistencies in obtaining peptides relevant for quantification of 

transporter protein abundances, and a pressing requirement for functional cell model transporter 

assay developments, a divergent set of plans were pursued simultaneously. 

4.3.1.3.1 University of Manchester Strategic Plans 

1. Development of a sodium deoxycholate (DOC) based digestion strategy favoured by the 

proteomics group at Pfizer Limited (Groton, CT, USA) (Balogh et al., 2013) – Work 

performed by Dr Matthew Russell. 

2. Identifying and commissioning the production of AQUA peptides for Villin and Na/K-

ATPase. The proteotypic peptides were identified by DDA analysis of Nvoy based digests 

(Appendix Figure B-1) – Work performed by Matthew Harwood. 

Firstly, the rationale for the DOC-based digest was fostered on links between the Centre for 

Applied Pharmacokinetic Research, the University of Manchester and Pfizer Limited. 

Communications with the proteomics group at Pfizer provided valuable information to develop an 

adapted version of their successful digestion protocol (Balogh et al., 2013). Secondly, the rationale 

behind the AQUA strategy was to simplify our QTAP design to obtain pilot data for peptides 

identified from DDA analysis in highly abundant PM proteins. Thus, if quantification of the highly 

expressed protein villin was not achievable, then a fundamental flaw exists in the ability of our 

digest to recover sufficient targeted peptides or; that the analytical equipment possesses 

insufficient sensitivity to measure this protein. Digestions using the QconCAT were temporarily 

postponed until AQUA strategies were assessed. 

4.3.1.3.2 Contingency Plan – An External Source for Abundance Quantification 

Bertin Pharma (BPh) (Orleans, France), a contract research organisation capable of measuring 

protein abundances (Kunze et al., 2014), were employed to perform analyses on a host of Caco-2 

cell and human intestinal tissue samples. The techniques utilised by BPh are AQUA-based 

methods and linked to the techniques developed by the University of Tohoku, Japan (Kamiie et al., 

2008). BPh were blinded as to the identity of the samples. In the forthcoming chapters data 

generated from BPh will be presented alongside in-house generated data. 
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4.3.1.3.3 AQUA-Based Villin and Na/K-ATPase Absolute Abundance Quantification 

The DOC-based proteolytic digest (Section 2.2.7.1) was performed on Caco-2 cell PM proteins, 

with the notable omission of the recovery phase by SCX columns from the protocol. Initial work 

identified that native ion signal intensities of selected transitions for villin were in the 10^4-10^5 

cpm range and that those for Na/K-ATPase (Appendix Figure B-2) were similar to those previously 

demonstrated (Figure 4-3). After analysis of ion intensity profiles, suitable spiking concentrations of 

AQUA peptides into the digest mixture for the villin and Na/K-ATPase were obtained. Native and 

standard peptide co-elution was achieved enabling the quantification of villin and Na/K-ATPase 

absolute abundances in filter-grown Caco-2 cell PM digests (Figure 4-6).  

 

Figure 4-6. Co-elution profiles for Villin (AAVPDTVVEPALK) and Na/K-ATPase (IVEIPFNSTNK) peptides in a 
16d grown Caco-2 PM digest. The blue and red peaks represent the standard and native peptides, 
respectively. Profiles were captured in the Skyline program. 

This demonstrates the ability of the DOC digest to provide a sufficient yield of highly abundant 

proteotypic peptides for abundance determination using an AQUA approach. It is also important to 

note that gravimetric determination of peptide losses throughout the stages of digestion found a 

24.6% loss of peptides from the nominal 50 μg of protein entering the digestion procedure. It is the 

peptide content in which losses are accounted for that is used to obtain protein abundances in 

fmol/μg protein and not the nominal concentration entering the digestion procedure. As expected, 

high abundances are exhibited for villin and Na/K-ATPase (Figure 4-7). Given these results, efforts 

turned to re-commencing the development of the QconCAT strategy by using the TransCAT 

construct with a DOC digest. 
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Figure 4-7. Villin and Na/K-ATPase absolute protein abundances in filter-grown Caco-2 cell PM digests for 10 
(n=3), 16 (n=1) and 29 days (n=1). Villin (white) and Na/K-ATPase (black) abundances are provided for each 
Caco-2 cell preparation. The mean ± standard deviation is given for 10d grown cells. 

4.3.2 Development of an LC-MS/MS Method for the Simultaneous Quantification of 

Transporter Proteins Absolute Abundance using a QconCAT Technique  

4.3.2.1 Development of the LC-MS/MS Analysis  

Prior to performing TransCAT-based LC-MS/MS analysis to quantitate transporter protein absolute 

abundances in biological systems, the parameters for LC-MS/MS were optimised for the 

proteotypic peptides expressed in the TransCAT construct. The 3 transitions providing the highest 

ion signal intensities for the sequence equivalent unlabelled MaxiSpiketides peptides were selected 

and MS conditions such as dwell time and CE were optimised (performed by Dr Matthew Russell).  

For this study, 7 transporter proteins were selected for TransCAT-based LC-MS/MS method 

development. The selected transporters are; Na/K-ATPase; HPT1; P-gp; MRP2; BCRP; OST-α/β 

(specific peptides are required for quantifying the alpha and beta subunits of OST-α/β) and 

OATP2B1. Na/K-ATPase and HPT1 were theoretically selected as high abundance apical and 

basolateral membrane marker proteins. P-gp, MRP2 and BCRP are key apical efflux transporters 

with distinct pharmacological relevance in the intestine that are implemented within the Simcyp 

population-based simulator (Varma et al., 2010; Harwood et al., 2013). The dimeric basolateral 

membrane transporter protein OSTα/β (Ballatori et al., 2005), and the apical membrane expressed 

uptake transporter OATP2B1 (Kobayashi et al., 2003; Shirasaka et al., 2012) were selected due to 

their relevance to work in Chapter 5. 

Preliminary work with Caco-2 cell PM and human intestinal total TM digests focussed on attaining 

an NNOP (Glu-Fib peptide) co-elution peak area ratio to enable robust quantification of the 

TransCAT concentration for defining the concentrations of the target peptide standards. The initial 



| Chapter 4 Page 108 of 277 
series of analytical runs established the levels of synthetic Glu-Fib for addition to the digested 

peptide mix (Section 2.2.8.1). Subsequent SRM analyses were based on identifying previously 

optimised product ion transitions in intestinal TM digests. The peptides that did not exhibit 

consistent product ion signal intensities were not developed for the SRM schedules presented in 

this study. A single SRM method was developed to simultaneously detect the singly charged 

product ions of the selected peptides in a single analytical run. For the NNOP (Glu-Fib) and HPT1, 

two product ion transitions were of sufficient intensity to develop the finalised SRM method. The 

reverse phase gradient elution method for the nanoHPLC system was also optimised based on 

preliminary SRM runs. For each transition, the dwell time was set to 0.15 s. A representative 

chromatogram of the finalised SRM-based elution profiles for all the peptides in the digested 

intestinal TM matrix is provided (Figure 4-8). The profiles for the light and heavy peptides selected 

to quantify Na/K-ATPase and P-gp demonstrate a distinctive co-elution (Figure 4-9 A & D) for all 

selected transitions in the native (light, Figure 4-9 B & E) and heavy (standard, Figure 4-9 C & F) 

peptides which are suitable for abundance quantification. Further graphical representations of co-

elution profiles for the other selected peptides are available in (Appendix Figure D-2). 

 

 

Figure 4-8. Total ion chromatogram demonstrating the developed LC-MS/MS SRM method for simultaneous 
quantification of the selected proteotypic peptides for the selected transporter proteins (Na/K-ATPase, HPT1, 
P-gp, MRP2, BCRP, OST-α, OST-β and OATP2B1) and the TransCAT calibrator peptide NNOP (Glu-Fib) and 

their isotope labelled standard peptides in a human intestinal TM digest. 
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Figure 4-9. Co-elution and individual transition profiles for Na/K-ATPase (IVEIPFNSTNK, parts A-C) and P-gp 
(AGAVAEEVLAAIR, parts D-F) human intestinal TM digests., A & D, represent the cumulative profiles of the 3 
product transitions selected for the native (light) and standard (heavy) peptides. B and E, represent the peak 
profiles for the 3 selected transitions for the light peptide and C and F, represent the peak profiles for the 3 
selected transitions for the heavy peptide. 
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4.3.2.2 Method Validation – Linearity and Precision of the TransCAT Assay 

To confirm that the developed TransCAT assay was quantitative, linearity and precision of the 

assay was established for calibration of the [TransCAT] (i.e., via NNOP) and within biological 

matrices for the selected transporter peptides. For this aspect of the study, human intestinal TM’s 

(distal jejunum (n=3), distal ileum (n=1) and a pooled intestinal TM sample (consisting of 3 

samples, (Table 4-1))) were utilised. The internal standard-calibrator peptide (NNOP) selected for 

determining the equimolar concentrations of isotope labelled peptides released upon proteolytic co-

digestion with the biological matrix was Glu-Fib (Simpson and Beynon, 2012). The NNOP peptide 

Glu-Fib permits quantification of both the standard and sample peptides.  

The linearity of determining the QconCAT concentration from the co-elution of the NNOP peptide 

(EGVNDNEEGFFSAR) was tested. A series of pre-digested TransCAT constructs and synthetically 

synthesised light NNOP dilutions were analysed and the QconCAT concentrations were calculated 

from the ratios of the light and heavy peak intensities of the NNOP product ion transitions. Linearity 

was established over a greater than 100-fold range of QconCAT to NNOP ratio in the assay mix, 

with a correlation coefficient close to 1 (Figure 4-10A). The ability to measure target peptide 

abundances over a 14-fold range of sample protein injected onto the LC system was also tested. 

The masses of a pooled sample of 3 intestinal TM digests were varied in the assay mix with a fixed 

concentration of QconCAT. Equation 2-1 was employed to quantify the peptide abundances 

relative to the protein mass of the analytical run. For 6 of the 8 tested peptides, the linearity was 

established with correlation coefficients, R
2
≥0.980 (Figure 4-10B). However, the peptides selected 

for OST-β and OATP2B1 failed to demonstrate sufficient linearity (R
2
=0.70 and 0.91, for OST-β 

and OATP2B1, respectively) over the sample concentration range tested (Figure 4-11). Therefore, 

any data relating to OST-β and OATP2B1 peptides presented are considered as data without 

quality control (QC) verification. In this study, the working range of the protein mass injected for LC-

MS/MS analysis for the samples described in Table 4-1 were 2.49-3.56 μg protein injected. The 

lower limit of quantitation (LLOQ) was determined in the biological matrix at the lowest protein 

contents injected (0.23 μg) as 0.2 fmol/μg.  
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Table 4-1. Donor demographics of intestinal samples including recent drug history in which protein abundances were quantified. 

Intestinal Region Gender Age Ethnicity Smoking 
Status 

Disease/Complication/ 
Procedure 

Drug History* 

[Human transporter Substrate (S) 
/Inhibitor (Inh) /Inducer (Ind)] 

Mucosal Surface 
Area Chelated (cm

2
) 

Distal Jejunum (#1) 

 

Male 65 Caucasian Unknown Incisional hernia & fistula Codeine/ Loperamide (Inh)/ 
Omeprazole (S, Inh) 

24  

Distal Jejunum (#2) 

 

(> 130 cm proximal 
to the ileo-caecal 
valve) 

Female 41 Caucasian Non-smoker Laparotomy, small bowel 
resection for 
enterocutaneous fistula 

Cetirizine (S, Ind)/ Codeine/ 
Colestyramine/ Fentanyl (S, Inh)/ 
Fluticasone (S, Ind)/ Levothyroxine 
(Ind)/ Loperamide (Inh)/ Mebeverine 
Ondansetron/ Omeprazole (S, Inh)/ 
Salbutamol/       Salmeterol (Inh) 

16 

Distal Jejunum (#3) 

 

Female 70 Caucasian Non-smoker Enterocutaneous fistula 
followed by laparascopic 
nephrectomy 

Amitryptaline /       Codeine/          
Loperamide (Inh)/ Tramadol 

24 

Distal Ileum 

 

(Adjacent to the 
junction of the ileo-
caecal valve) 

Female 70 Caucasian Non-smoker Right hemicholectomy for 
displastic polyp removal 

Budesonide (Inh)/ Cetirizine (S, Ind)/ 
Formatrol/        Furosemide (S, Inh)/ 
Monetelukast (S, Inh)/ Nitrofurantoin 
(Inh)/ Salbutamol /Tiotropium (S) 

24 

*For drug history, transporter Inhibitors are denoted (Inh), Inducers (Ind) and Substrates (S). 
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Figure 4-10 (A). Linearity of QconCAT quantification using the developed SRM assay for the NNOP peptide 

(Glu-Fib). The ratio of QconCAT spike volume signifies the dilution of spiked QconCAT (2 concentrations) and 

light Glu-Fib peptide (2.5 fmol/μL) in the assay mix. Linearity is displayed over a > 100-fold range for the 

QconCAT spike, demonstrating the dynamic range for which the QconCAT can be employed for abundance 

quantification. Error bars show the precision of measurements for one concentration of TransCAT based on 

two independent runs. B, demonstrates the linearity of transporter protein (Na/K-ATPase, HPT1, P-gp, BCRP, 

MRP2 and OST-α) concentrations quantified over a range of pooled human intestinal TM protein quantities. 

The total quantity of sample protein injected is plotted against the transporter protein amount as measured 

from the SRM assay for each protein. Linearity (R
2
 = 0.980-0.999) is displayed for all proteins over a 14-fold 

range of injected human intestinal proteins.   
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Figure 4-11. Linearity of transporter protein (OST-β (A) and OATP2B1 (B)) concentrations quantified over a 

14-fold range of pooled human intestinal TM protein quantities. The total quantity of sample protein injected is 

plotted against the transporter protein concentration as measured from the SRM assay for each protein. The 

linearity (R
2
 = 0.703-0.913) is provided in the graphs. The dashed trend line is forced through x and y 

coordinates 0, 0, representing unity). The red lines indicate the working protein range for the human intestinal 

membrane samples injected for the purposes of quantification in this chapter. 

Within-day (intra-day) and between-day (inter-day) precision was assessed in 5 intestinal TM 

digests. The precision (coefficient of variation of the mean values) over 3 analytical runs between 2 

separate days was <15%, which is within current FDA bio-analytical guidelines (FDA, 2013). The 

relative errors (RE) within-day and between-day for the linear peptides were <±15%, with the 

exception of MRP2 and OST-α that were below the LLOQ in some samples and displayed RE < 

20% (Table 4-2). For the peptides not showing linearity (OST-β and OATP2B1), precision was <± 

15% and within and between-day RE’s were ≤20%. Due to the lack of transporter protein standards 

in biological systems, it is challenging to determine the accuracy within a biological context for 

quantitative assays. A commentary on the validity of performing accuracy determinations in QTAP 

assays is provided in the discussion (Section 4.4). 

Losses of peptides during the digestion procedure, prior to loading into the LC-MS/MS stage of the 

workflow were accounted for by gravimetric methods (Appendix 4). The quantity of TM protein 

entering the digestion procedure was 50 μg for all samples. The gravimetric procedure determined 

peptide losses to be 36% (32.01 ± 3.37 μg TM protein, n=4) throughout this procedure, with the 

final mass measurement taking place after evaporation by vacuum centrifugation. It is the protein 

values that are corrected for losses that are used for corrected molar peptide abundances. 
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Table 4-2. Precision (CV%) analysis is provided for transporter proteins in human intestinal total 

membrane (TM) digests (n=5) over 3 sample runs, on 2 separate days. Within and between-day 

differences are provided as relative errors (RE, %) in two separate sample runs.  

*Precision for one of the samples was based on two runs, as run 3 represented an outlier for MRP2. 

Inter-operator differences in abundance quantification were assessed between 2 independent 

analysts for 104 co-elution profiles (7 peptides in 5 human intestinal samples). In >99% of cases, 

the abundance values determined by each operator were within a pre-defined threshold of 1.25-

fold between-operators, highlighting the consistency in defining the co-elution peak area ratios in 

Skyline for incorporation into the abundance calculation (Equation 2-1). 

4.3.2.3 Quantifying Absolute Transporter Protein Abundances in Human Intestine 

The abundances for 6 transporter proteins are shown in (Figure 4-12). As expected, the basal 

membrane marker protein Na/K-ATPase shows considerably higher membrane abundances than 

the other proteins quantified. The cadherin-like transporter HPT1, was confirmed to be a relatively 

abundant apical membrane marker protein in our intestinal tissues. Of the apical efflux transporter 

proteins studied, the rank order of mean expression is BCRP>P-gp>MRP2 and in the single distal 

ileum sample MRP2 abundance was below the limit of quantification. The OST-α subunit was 

expressed at relatively low levels, and could not be detected in 2 of 3 jejunum samples, however its 

counterpart beta subunit was expressed at 6.7-to-9.7-fold higher levels. The abundance of 

OATP2B1 was also challenging to measure as only a single jejunal sample possessed abundances 

higher than the LLOQ (≥ 0.2 fmol/μg). 

Protein 

 All runs  Within-day  Between-day 

 Precision (%)  RE (%)  RE (%) 

TransCAT  5.2-11.3  5.3 to 10.8  -8 to 12.5 

Na/K-ATPase  5.4-12.7  6.7 to 13.1  -3.5 to 14.5 

HPT1  1.4-11.4  -2.7 to 7.3  -10.4 to 10.2 

P-gp  2.5-14.7  0.9 to 12.8  -2 to 13.9 

MRP2*  4.3-10.3  4.8 to 18.6  -7.5 to 3.8 

BCRP  2.3-8.0  -0.2 to 9.9  -11 to 10.3 

OST-α  4.7-11.5  -8.7 to 15.4  -10.3 to 6.1 

OST-β  7.2-14.2  -8.3 to 11.1  -13.6 to 20.0 

OATP2B1  8.5-14.4  -18.7 to 17.4  -13.6 to 13.5 
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Figure 4-12. Absolute abundances of transporter proteins in human distal jejunum and ileum total membrane 

fractions. A, represents the transporter protein abundances in distal jejunum from 3 donors, measured in 3 

separate analytical runs. B, represents the transporter abundances in distal ileum from a single donor, 

measured in 3 separate analytical runs. Data are expressed as Mean±SD. The text above the bars is the 

mean abundance of the transporter protein. BLQ denotes that the protein abundance was below the limit of 

quantification (< 0.2 fmol/μg membrane protein). For OST-α and OATP2B1, data for the jejunum is based on a 

single donor for the remaining 2 samples the abundance was below the limit of quantification.  
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4.4 Discussion 

The aim of this study was to develop and validate a QconCAT-based LC-MS/MS method to 

quantify the absolute abundance of 8 key membrane transporter proteins in human intestinal 

samples. The challenges to developing a proteolytic digestion assay to enable robust transporter 

protein abundance quantification were also addressed. Due to the unexpected delays in 

development of a robust digestion protocol, a decision was taken to commission an external source 

to provide transporter abundance data from enterocytes and Caco-2 cells collected in this study. 

This was employed as an alternative strategy within this project to ensure that data generated from 

functional assays could be coupled to abundance data and would also provide unique cross lab 

comparison data as available. 

A successful digestion strategy is critical to the QTAP workflow to provide the selected proteotypic 

peptides to enable the quantification of transporter protein abundances. Having undertaken 

guandinium hydrochloride-based digestion strategies (Kamiie et al., 2008) with limited success, a 

digestion assay with proteomic friendly reagents based on Nvoy and TCEP was developed 

(Russell et al., 2013). In practice, this assay was complex and care was required with regard to the 

digest mixture volumes generated. A purification stage (using SCX columns) was employed to 

reduce the likelihood of reagents liable for chromatography column contamination (i.e., Tris, Nvoy).  

Initial digests using Caco-2 cell PM proteins were analysed using a non-labelled, non-targeted DDA 

approach based on orbitrap MS-generated fragmentation spectra. These analyses were used to 

qualitatively define the presence of trypsin-derived proteolytic PM protein fragments, thus providing 

confidence in the applied digestion assay. The DDA analysis established that there were >1000 

PM proteins that could be identified, however, the specific peptides selected for our PM marker 

protein Na/K-ATPase could not be distinguished. Based on identifying the presence of the Na/K-

ATPase protein in our sample by DDA, we sought to identify whether a more selective targeted 

TransCAT approach using a triple-quadrupole MS could identify the proteotypic peptides for Na/K-

ATPase. Although identification of a selected peptide was achieved, the native peptide peak ion 

signal intensity was <10^4 cpm. For other selected proteins there was little evidence of sufficient 

native peptide signal intensity to permit quantification and standard peptides were also at levels 

that were too high for quantification of peak area ion signal ratios. Inconsistencies in the digest 

persisted when altering QconCAT levels to reflect the lower signal intensities previously 

demonstrated. However, an improvement in native Na/K-ATPase signal intensity was observed 
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(10^4 cpm) which was considered to be consistent with the expected high abundance of this 

peptide. In addition, P-gp signal intensities for certain transitions were not reaching 10^3 cpm, 

which was concerning. On reflection, the signal intensities for Na/K-ATPase appear comparable 

with the subsequently developed DOC digest for similar samples using a TransCAT method, while 

for P-gp other proteomic groups demonstrate ion signal intensities ranging from 10^1 to >10^3 in a 

variety of biological matrices (Miliotis et al., 2011b; Zhang et al., 2011; Groer et al., 2013). 

Nevertheless, considerable losses of peptides may be responsible for the perceived low native 

peptide signal intensities observed. It was shown that nearly 70% of the peptides entering the SCX 

purification stage were not present in the final eluent. It is in our opinion that a quantitative assay 

for which the objective is to quantify absolute abundances cannot be based on procedures where 

approaching 70% losses of peptides occur.  

After two years the project was not in a position to provide abundance data from membrane 

preparations and therefore alternative strategies were proposed. It was decided to obtain 

abundances in Caco-2 cell and intestinal samples through, BPh, the European partner to the 

proteomic technologies’ led and established at the University of Tohuku, Japan (Kamiie et al., 

2008) and possess the capabilities of performing transporter QTAP assays. Membrane protein 

samples obtained from Caco-2 cells and intestines were prioritised for distribution to BPh. 

Remaining protein samples were utilised for in-house assays which were to continue alongside 

measurements at BPh. The data provided by BPh is discussed in subsequent chapters. 

Initiatives to establish a robust digestion protocol continued in-house by developing a DOC-based 

digest (Balogh et al., 2013). Within the study by Balogh et al., 2013, the impact of different 

denaturing agents on the quantification levels of OATP transporter proteins showed that a DOC 

digestion strategy provided an 8.6 and 33.5-fold higher abundance for OATP1B1 and OATP1B3 in 

HEK293 transfected cells, respectively compared to a guanidinium hydrochloride method. 

Communications between Pfizer and our group facilitated the development of a DOC digestion 

strategy. To simplify protein quantification, an AQUA-based approach was developed for Na/K-

ATPase and villin, both high ranking proteins based on DDA analysis. In particular, the villin 

peptide should prove relatively simple to quantify if the digestion strategy provides effective yields 

of the selected standard peptide. This is based on villin’s high ranking from in-house DDA analysis 

(42/335) which was also reciprocated in a separate label-free quantitative analysis from the Max 

Planck Institute in Caco-2 cells (Wisniewski et al., 2012).  
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Based on a small set of Caco-2 cell PM proteins, the abundances of Na/K-ATPase and villin were 

readily quantifiable from the high signal intensity co-elution profiles, obtained from a combination of 

DOC-based proteolytic digestion and AQUA proteotypic peptides. These findings provided 

assurances that further development of an TransCAT LC-MS/MS method should resume for 

transporter protein abundance quantification in intestinal tissues.    

A TM protein fraction obtained from enterocytes chelated from freshly harvested intestinal samples 

from elective surgery was used for proteolytic digestion and absolute abundance quantification. 

Unlike the AQUA technique in which the standard peptide is typically added post-digestion, a 

QconCAT construct is typically added to the analyte protein matrix at the appropriate levels prior to 

digestion, enabling the concurrent digestion of the analyte proteins and QconCAT construct. This is 

advantageous, as processes intrinsic to the digestion strategy acting on the analyte and standard 

bearing QconCAT proteins are controlled for simultaneously. Furthermore, to quantify the levels of 

the standard peptides within a QconCAT construct, an NNOP calibrator peptide(s) is required. 

Isotope labelled NNOP’s are built into the QconCAT construct and a synthetic-light ‘analyte’ non-

isotope labelled calibrator peptide of a known concentration is added either prior to digestion, or 

post-digestion akin to the AQUA method. In this study, due to the limited amount of protein sample 

for in-house analyses, NNOP addition post-digestion was chosen. This safeguards the protein 

sample and potentially saves considerable time, as spiking the NNOP prior to digestion at levels 

that do not result in similar signal intensities to the standard, does not permit robust quantification 

of the standard peptides from the QconCAT, i.e., within a 10-fold ratio, requiring a complete 

digestion re-run (Achour et al., 2014). Intially, it is critical to establish NNOP levels.  

The NNOP dilution was established from co-elution profiles and optimisation of the SRM schedule 

for the selected peptides was undertaken. Co-elution profiles were then established for each target 

peptide. It is notable that the peptide selected to quantify the absolute abundance of P-gp in this 

study has also been employed in Caco-2 cells (Miliotis et al., 2011b) and human intestinal 

membranes (Oswald et al., 2013; Drozdzik et al., 2014), confirming the applicability of this peptide 

for determining P-gp abundances in enterocyte-like/intestinal systems.  

When developing quantitative assays, it is necessary to perform validation of the LC-MS/MS 

method for linearity, precision and accuracy. The quantification of the TransCAT levels via the 

NNOP peptide Glu-Fib was linear over a 100-fold range of light to heavy ratios. For the targeted 

transporter proteins, linearity was established with precision for 6 of the 8 peptides used for 
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transporter quantification (R
2 

>0.980). Linearity (i.e., R
2 

>0.95) was not achieved for OST-β and 

OATP2B1 selected peptides. Within the working range of peptide concentrations injected onto the 

LC for the intestinal digests (Figure 4-11, between red lines), there may be a small under-prediction 

in end point abundances (fmol/μg) as estimated from forcing the trend line through the x-y axis zero 

coordinates. Therefore, data relating to OST-β and OATP2B1 should be treated as values with 

partial QC verification. Similar linearity assessments have also been performed on a partner 

QconCAT for the purposes of measuring hepatic enzyme abundances, underpinning the 

capabilities of these constructs for quantifying target peptides over a wide-range of sample proteins 

(Achour et al., 2014).  

Due to the limited availability of recombinantly expressed transporter proteins of known 

concentrations, establishing true biological accuracy in an AQUA or QconCAT assay is difficult to 

implement, particularly when the accuracy of the whole assay as opposed to only the LC-MS step 

needs to be confirmed. To determine the accuracy of peptide quantification for an AQUA assay, 

calibration curves and QC samples are prepared in digestion matrices in which the target proteins 

are absent (Groer et al., 2013) or are anticipated to be present at negligible levels (Miliotis et al., 

2011b). However, the optimal approach to determine accuracy is to run biological matrices under 

study against samples containing a known concentration of the target protein. For transporter 

proteins, this approach is hindered by the limited availability of protein standards of a known 

concentration in suitable biological matrices and has only been demonstrated in a single study for 

proteo-liposomes containing P-gp (Prasad et al., 2014). Collectively, it is the lack of available 

standards of known concentrations, and the requirement for an internal standard to quantify the 

QconCAT concentration, that creates a significant challenge to implement the accuracy strategies 

employed in the literature for AQUA approaches, especially for drug transporter proteins. Recently, 

accuracy measurements for a QconCAT construct have been performed for CYP3A4 and CYP3A5 

in commercially available liver microsomes, in which the enzyme abundances were measured by 

immunoblotting and ELISA (Achour et al., 2014). It could be countered that a comparison of 

techniques in matched samples does not constitute the determination of an assay’s accuracy as 

each method may be inherently biased. Nevertheless, given the assumption that there is equimolar 

release of standard peptides during overnight digestion, accurate stoichiometric determination of 

light and heavy peak signal intensity should permit peptide quantification with sufficient accuracy. 
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Previous characterisation of the TransCAT (Russell et al., 2013) using the reported dual enzyme 

digestion strategy confirmed proteolysis reached steady state, providing further validation for this 

protocol. Another study using the same protocol reported the same result (Achour et al., 2014). 

Although most studies that quantified transporters in pharmacologically relevant tissues used 

trypsin as a digestive enzyme, recent studies have confirmed the utility of Lys-C as proteolytic 

enzyme for quantitative proteomics (Karlgren et al., 2012; Achour and Barber, 2013). 

Protein abundances of pharmacokinetic relevance, i.e., enzyme, transporter and receptor proteins 

are defined as moles of peptide corrected by the protein mass entering the digestion stage, 

routinely determined by standard protein assays. There are concerns that protein losses are 

inherent within the procedures leading to endpoint abundance quantification, therefore accounting 

for these losses is crucial for accurate abundance determinations (Uchida et al., 2013; Harwood et 

al., 2014; Prasad and Unadkat, 2014). To limit the downstream risk of contaminating the 

chromatography columns, the bulk of the protein denaturing agent, sodium deoxycholate was 

removed by precipitation following overnight digestion. Concerns, regarding the loss of digested 

peptides to precipitation were raised, as well as potential losses of peptides to sampling tubes and 

pipettes prior to loading into the LC-MS/MS system. Therefore, a gravimetric procedure (Appendix 

4) was developed to account for these losses, in which sample tube masses, peptide solutions and 

precipitates were measured.  

The developed SRM TransCAT assay was applied to measuring the absolute abundance of Na/K-

ATPase; HPT1; P-gp; MRP2; BCRP andOST-α with reservations for partially verified OST-β and 

OATP2B1. For all tissues, Na/K-ATPase; HPT1; P-gp; BCRP and OST-β were quantifiable above 

the LLOQ (>0.2 fmol/μg). The ability to quantify membrane marker proteins is important for 

characterizing the quality of; the tissue, the membrane extraction procedure and the digestion 

protocol. For comparative purposes, as far as the candidate is aware no other data are available 

for Na/K-ATPase abundance in the intestine. However, Na/K-ATPase abundance is approximately 

3-fold higher than expression in 17 human liver TM fractions (Ohtsuki et al., 2012). HPT1 is a 

peptide transporter that possess pharmacological relevance as it facilitates the proton-sensitive 

uptake transport of the antibiotic cephalexin in transfected Chinese hamster ovary cells (Dantzig et 

al., 1994). The peptide transport 1 (PepT1) protein has been quantified in 6 intestinal tissues 

exhibiting a 1.8-fold lower expression in the distal jejunum compared to HPT1 in this study 

(Drozdzik et al., 2014). However, for both studies these transporters are expressed at relatively 
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high levels compared to the SLC and ABC isoforms studied. For the apical membrane transporters 

BCRP, P-gp and MRP2, a similar rank order expression pattern to this study has also been 

observed in duodenal samples in which the absolute abundance was determined by an 

immunoblotting approach (Tucker et al., 2012). Yet, in a QTAP strategy, MRP2 was shown to 

possess the highest abundance compared to P-gp and BCRP in both duodenum and jejunum 

samples (Groer et al., 2013; Oswald et al., 2013; Drozdzik et al., 2014). The mean absolute levels 

of P-gp and BCRP in jejunum tissues are approximately 3 and 7-fold higher for samples in our 

study compared to the literature (Groer et al., 2013; Oswald et al., 2013; Drozdzik et al., 2014). 

These differences may arise from inter-individual variability or differences in the techniques applied 

to obtain abundances. Nevertheless, a cross laboratory comparison with matched tissues is 

required to determine whether these differences were indeed due to methodology or are genuine 

representations of the biological system (Harwood et al., 2014). The OST-α subunit forms a dimeric 

molecule with the OST-β subunit, which is functionally expressed as a dimer in the basal 

membrane of enterocytes and has been shown to participate in endogenous compound and 

digoxin transport (Seward et al., 2003; Ballatori et al., 2005). OST-α/β function is not conferred 

when subunit co-expression is absent (Seward et al., 2003). Furthermore, the localisation of the 

alpha subunit in the PM could only take place when the subunits are co-expressed (Sun et al., 

2007). OST-α/β gene expression is regulated by farnesoid-X-receptor (Landrier et al., 2006). In 

addition, recent work has identified that the beta and not the alpha subunit is additionally regulated 

by a retinoic acid receptor-α and constitutive androstane receptors in human hepatoma cells (Xu et 

al., 2014), which may lead to a differential expression of the two subunits of OST-α/β seen in this 

study. However, it appears that the regulation of OST expression is complex and may be cell or 

organ specific (Khan et al., 2009). To quantify the abundance of a dimeric molecule such as OST-

α/β, the lowest expressing subunit represents the absolute abundance of the functionally relevant 

protein co-localised in the plasma membrane. However, the limitation with any study that does not 

measure transporter abundance in a highly purified PM fraction risks measuring non-functionally 

relevant intracellularly sequestered OST subunits that are not co-expressed or co-localised in the 

PM, resulting in difficulties in applying this data to translational models. Finally, due to the role of 

OST-α/β in bile acid reabsorption, further studies focussing on terminal ileum expression may also 

provide greater opportunities to measure OST-α/β at the site in which it is most physiologically 

relevant.  



| Chapter 4 Page 122 of 277 

 
 

The influence of recent drug administration should also be considered when determining 

transporter abundances. The 4 donors had all been administered a variety of drugs in the recent 

past which may influence transporter expression and potentially lead to abundance differences 

between studies. Characterising protein abundances in tissues originating from a diseased 

population is critical to generating PBPK models in clinical sub-populations for which the drugs are 

primarily indicated. 
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4.5 Conclusion  

This study describes the challenges and development of a proteolytic digestion strategy together 

with an LC-MS/MS targeted proteomic method for quantifying drug transporter protein absolute 

abundance in human intestinal tissues using a QconCAT strategy. The methods were applied to 

measure Na/K-ATPase, HPT1, P-gp, BCRP, MRP2, OST-α in eluted enterocyte total membrane 

fractions. The beta subunit of OST-α/β and OATP2B1 abundances were obtained but did not 

adhere to stringent bioanalytical recommendations for LC-MS/MS validation. This study provides 

the basis to develop further SRM methods for quantification of numerous other transporter proteins 

of in pharmacokinetically relevant tissues for on-going projects focussing on human liver, brain and 

kidney at the University of Manchester. 
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Chapter 5 - Breast Cancer Resistance Protein Abundance 

Correlates better than mRNA Expression with Estrone-3-Sulfate 

Bi-directional Transport Activity 
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5.1 Introduction 

Permeability screening assays routinely employ filter-grown Caco-2 cell monolayers to assess the 

ability of drug molecules to cross cellular barriers (Artursson, 1990; Hubatsch et al., 2007). When 

grown on permeable filter supports, Caco-2 cells slowly differentiate to provide a phenotype with 

similar morphologies (Hidalgo et al., 1989), and transporter protein expression profiles as human 

intestinal enterocytes (Hilgendorf et al., 2007). A correlation between the apparent permeability 

(Papp) of numerous compounds to the effective permeability (Peff) in man (Lennernas et al., 1993) 

has been studied in Caco-2 cell monolayers under different transport conditions, for example with a 

pH gradient operating across the cell monolayer (apical pH 6.5: basal pH 7.4) or without a pH 

gradient (apical pH 7.4: basal pH 7.4) (Sun et al., 2002) and is used to predict drug absorption in 

PBPK models (Yang et al., 2007; Darwich et al., 2010). Caco-2 cells are, therefore, an appropriate 

tool for studying the impact of transporters on drug permeability and data generated from these 

assays can be directly linked to models that can extrapolate to predict in vivo drug absorption. 

Studies in Caco-2 and MDCK-II cells have shown that P-gp activity, as assessed by bi-directional 

transport and kinetic assays, correlate to protein expression after immunoblot densitometry 

analysis (Taipalensuu et al., 2004; Kamiyama et al., 2009; Tachibana et al., 2010). Further work 

has also established a protein abundance-activity correlation for P-gp using bi-directional transport 

and QTAP assays using a limited number of samples (Miliotis et al., 2011b). Currently, data on the 

relationship between protein expression and activity for BCRP, another key intestinal efflux 

transporter (Urquhart et al., 2008), is limited. Studies in Caco-2 cells using the BCRP probe 

substrate Estrone-3-Sulfate (E-3-S) showed a concomitant decrease in the relationship between 

BCRP expression and the secretory efflux ratio (ER) elicited by BCRP (Xia et al., 2005). However, 

in another study, the relationship for the E-3-S ER and the level of BCRP protein expression level 

was not as convincing (Kamiyama et al., 2009). Neither of these studies used a QTAP approach to 

assess BCRP protein expression. To investigate the effect of protein expression-activity 

relationships, the majority of these studies performed the transport assay on Caco-2 cells cultured 

on filters for varying time periods. There are conflicting data in the literature regarding the effect of 

Caco-2 cell culture period on transporter protein expression using a range of approaches to 

determine transporter protein expression (Hosoya et al., 1996; Anderle et al., 1998; Uchida et al., 

2007; Kamiyama et al., 2009; Miliotis et al., 2011b). Therefore, there is a need to determine the 
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protein abundance profile of key transporters in Caco-2 cells using QTAP assays and to establish 

the relationship between BCRP abundance and function.  

Sulfated conjugates of oestrogen, particularly E-3-S (Figure 5-1), have been used to probe the 

activity of BCRP (Imai et al., 2003; Suzuki et al., 2003; Poirier et al., 2014). As is the case for many 

compounds considered as probes for transporter proteins, E-3-S an organic anion, also exhibits 

overlapping transporter protein specificities (Figure 5-2 & Table 5-1). However, mechanistic kinetic 

modelling of E-3-S vectorial transport in Caco-2 cells has shown that basal to apical efflux is the 

dominant transport process in operation (Rolsted et al., 2011) (Figure 5-2).  

 

Figure 5-1. The chemical structure of Estrone-3-Sulfate (ammonium salt). 

 

Figure 5-2. Postulated transport pathways for E-3-S at the apical (A) and basaloteral (B) membranes in Caco-
2 cells. The estimated intrinsic clearance (CLint) is given as pmol/min/cm

2
. Pathway 1 (apical uptake) and 

Pathway 3 (apical efflux) are postulated to transport E-3-S by OATP2B1 and BCRP, respectively, based on 
experimental evidence in Caco-2 cells (Gram et al., 2009). The transporter proteins mediating E-3-S transport 
via basolateral efflux (pathway 2) and uptake pathways (pathway 4) have not been established experimentally 
in Caco-2 cells. It is postulated that OST-α/β transports E-3-S bi-directionally (Seward et al., 2003; Ballatori et 
al., 2005; Sun et al., 2007) on the basolateral membrane and MRP1 also contributes to the basolateral efflux 
of E-3-S (Maeno et al., 2009).  
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Table 5-1. Physico-Chemical Properties of E-3-S, Metabolism & Transport Specificities. 

 

Parameter  Value/Description Source Comments 

Molecular Weight 

(g/mol) 
365 http://www.webqc.org/mmcalc.php Ammonium Salt 

pKa 2.2 (Gram et al., 2009) 
Unknown 

derivation 

Compound Type Acid (anion) 
http://www.ebi.ac.uk/chebi 

CHEBI – ID 17474 
 

LogP 0.84 
http://www.molinspiration.com/cgi-

bin/properties 
Calculated 

Metabolism 

Km (μM) 

Arylsulfatase  

Km 3.4 

Steryl-Sulfatase  

Km 1.2  

(Prost et al., 1984) 

Back-conversion to 

estrone – not 

transported (Imai 

et al., 2003) 

Transport    

Apical Uptake 
Jmax – 0.08 

Km,u – 28.9 
(Rolsted et al., 2011) 

OATP2B1-

mediated* 

Basal Efflux 
Jmax – 0.15 

Km,u – 9.7 
(Rolsted et al., 2011) MRP1-mediated* 

Apical Efflux 
Jmax – 19700 

Km,u – 1.2 
(Rolsted et al., 2011) BCRP-mediated* 

Basal Uptake 
Jmax – 8640 

Km,u – 13.2 
(Rolsted et al., 2011) 

OST-α/β-

mediated* 

*Postulated transporters mediating the directional flux of E-3-S. Jmax is in units of pM/min/cm
2 

The primary aims of this study are to assess the gene expression and protein abundance of key 

drug transporters in low passage Caco-2 cells grown on filters from 10 to 29 days. Bi-directional 

transport of the BCRP probe E-3-S will be evaluated in respect to mRNA levels and protein 

abundance in 10 and 29d Caco-2 cells. As a secondary objective, the effect of altering pH 

conditions in the transport assays will also be investigated. 

 

 

 

 

 

 

 

http://www.webqc.org/mmcalc.php
http://www.ebi.ac.uk/chebi
http://www.molinspiration.com/cgi-bin/properties
http://www.molinspiration.com/cgi-bin/properties
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5.2 Methods 

The finalised methods employed here, are described in detail in Section 2.2.1 for basic cell culture 

conditions, Section 2.2.2.2 for obtaining Caco-2 cell membrane fractions, Section 2.2.6 for 

generating peptide standards, Section 2.2.7 for protein digestion, Section 2.2.8 for LC-MS/MS 

analysis and section 2.2.9 for analysis of transporter gene expression. BPh protein abundance 

analysis is described in Section 2.2.8.6. The basic protocol for the monolayer transport assays are 

described in Section 2.2.10. E-3-S binding to BSA was performed as described in Section 2.2.11.  

5.2.1 Bi-directional Monolayer Transport Assay: E-3-S Transport 

The standard methods for the Caco-2 cell monolayer transport assays provided in 2.2.10 are built 

upon for E-3-S transport, with the following modifications. 

[
3
H]-E-3-S transport was assessed in 10 and 29d filter-grown Caco-2 cells (ATCC-HTB-37, 

passage 25-35) with similar culture conditions to those described in the study of Miliotis et al., 

(Miliotis et al., 2011b). The basolateral transport buffer consisted of HBSS-HEPES (25 mM) pH 7.4 

or HBSS-MES (10 mM) pH 6.5 (pH gradient conditions), or without pH a gradient, pH 7.4/7.4 or 

6.5/6.5. To improve E-3-S recovery, 0.05% (w/v) BSA was added to the transport buffer in each 

chamber (Grandvuinet and Steffansen, 2011). Monolayer integrity was monitored by LY transport 

(50 μM) bi-directionally (Section 2.2.10). E-3-S was estimated to possess a Km of 1.2 μM (Rolsted 

et al., 2011), therefore E-3-S transport at 0.01 μM concentrations was monitored under sub-

saturating transport conditions. To assess the specificity of BCRP-mediated E-3-S transport, Ko143 

(2 μM), a potent BCRP inhibitor (IC50, 0.2 μM) (Matsson et al., 2009), was added to both sides of 

the monolayer throughout the assay. Ko143 was shown to possess the capacity to inhibit 

OATP2B1 at concentrations greater than 5 µM (Karlgren et al., 2012). Based on this observation, it 

is anticipated that Ko143 (2 µM) retained its specificity for BCRP inhibition. The impact of apical 

uptake by OATP2B1 was also assessed in E-3-S transport experiments by the addition to both 

sides of the monolayer of the OATP2B1 inhibitor montelukast (100 μM) (Shirasaka et al., 2012). 

Transport was initiated by addition of the [
3
H]-E-3-S-laden transport buffer to the requisite side of 

the monolayer and insertion into the orbital rotating incubator at 100 rpm and 37°C. The duration of 

the assay was 120 min. Donor samples (100 μL) were taken separately for LSC counting of [
3
H]-E-

3-S and fluorescent monitoring of LY at the start and end of the experiment, with replacement of 

the donor buffer immediately. Receiver chamber samples were also taken at 5, 15, 25, 50, 80 and 

120 min for LSC and LY monitoring (100 μL for each) and the relevant transport buffer (200 μL) 
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was replaced immediately. The Papp were calculated after correction for E-3-S binding to BSA 

(i.e., the unbound concentration, Equation 2-3).  

A weighted mean analysis was used to assess the mean in the absence of abundance data above 

the limit of quantification for the QconCAT derived absolute transporter abundance quantification. 

To enable a weighted mean to be calculated Equation 5-1 was used. 

𝑊
X

=
𝑛𝑗 ∙  X 𝑗

𝑛
 Equation 5-1 

where Wx ̄is the weighted mean, nj is the number of samples in which abundances are above the 

lower limit of quantitation, the x̄j is the mean of the samples above the limit of quantification and n is 

the total number of samples in the data set. 
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5.3 Results 

5.3.1 Characteristics of Caco-2 Monolayers   

As a QC, the integrity of the monolayers was routinely monitored by TEER over the cultivation 

period and by the paracellular marker LY throughout the transport assay. A TEER plateau was 

typically reached at 7 days, indicating confluence was reached (Figure 5-3). 

 

Figure 5-3. Assessment of monolayer integrity and growth by TEER for all cultured Caco-2 cells monolayers 

N=32 plates. Note, no transport assays were undertaken at 16 or 21d in Chapter 5, therefore data at 16 and 

21d reflects TEER prior to RNA harvesting. The arrows indicate cell transport assay or RNA harvest points. 

The mean end point TEER and LY Papp for Caco-2 monolayers are provided in Table 5-2. Caco-2 

cell monolayers cultivated for 29 days showed significantly lower TEER’s than the other groups 

(p=<0.001, 1-way ANOVA). There is also a significantly higher TEER in 16d monolayers compared 

to 10d monolayers (p=<0.01, 1-way ANOVA). The 10d monolayers exhibit significantly higher LY 

permeability than for 16 and 21d (p=<0.05, 1-way ANOVA) and 29d LY permeability is significantly 

higher than at 21d (p=<0.05, 1-way ANOVA), although these are within integrity cut-off limits for 

TEER and LY transport. 

Table 5-2. Endpoint TEER and LY permeability in filter-grown Caco-2 cell monolayers. 

 Culture Period (days) 

 10d 16d* 21d* 29d 

TEER (Ω.cm
2
) 340 (± 70) 397 (± 61)‡ 357 (± 19) 294 (± 49)† 

LY Papp  

(x 10
-6

 cm sec
-1

) 

0.32 (± 0.27)§ 

N=13 (n=116) 

0.2 (± 0.16)|| 

N=3 (n=22) 

0.16 (± 0.09) 

N=3 (n=32) 

0.31 (± 0.21) 

N=15 (n=165) 

*RNA filters only. †, significantly lower (p=<0.001) than all other periods. ‡, 16d monolayers higher than 10d 
monolayers (p=<0.01). §, significantly higher than 16 and 21d (p=<0.05) and ||, significantly lower than 10d 

(p=<0.05). Differences between groups tested by 1-way ANOVA with Bonferroni (all group) post-hoc analysis 
to test for differences between groups. N denotes experimental plates and n denotes filters. Plates were 
typically seeded on different days from 5 batches of frozen stocks, all sourced from the ATCC at P18. 
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5.3.2 Age-Dependent Transporter Gene Expression Analysis in Caco-2 Cells  

For the analysis of relative gene expression, mRNA levels for  two commonly used endogenous 

‘housekeeper’ proteins Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (Bannon et al., 

2009) and PPIA (Seithel et al., 2006), were checked for the proximity of their cycle thresholds to 

the target transporter genes of interest in flask-grown Caco-2 cell monolayers. The mean cycle 

thresholds for GAPDH, PPIA and MDR1 were 17.00 ± 0.23 (CV=1.3%), 18.53 ± 0.26 (CV=0.8%) 

and 23.51 ± 0.25 (CV=1.1%). In further experiments with filter-grown Caco-2 cells of all ages, the 

proximity of PPIA was also found to be closer to that of MDR1 compared to GAPDH. There was no 

effect of cultivation time on PPIA gene expression (p=0.83, 1-way ANOVA) in 10-to-29d filter Caco-

2 cells (Appendix Figure E-1). Based on the proximity of PPIA’s cycle threshold to MDR1, the PPIA 

housekeeper gene was selected for relative expression analysis.  

The relative gene expression levels of the ABC transporters MDR1, MRP2 and BCRP over a 29 

day culture period are provided in Figure 5-4. The rank order of gene expression is 

MDR1>BCRP>MRP2 which is consistent across culture periods. For all transporters, the highest 

gene expression is consistently observed at 21 days and is significantly higher (p=<0.01, 1-way 

ANOVA) than the 10d culture period which shows the lowest expression levels for all three 

transporters. For both MDR1 and BCRP, there were no significant differences in expression 

between 16, 21 and 29 day cultured monolayers (Figure 5-4). However, MRP2 expression, in 21d 

cultured monolayers was significantly higher than those cultured for 16d (p=<0.01, 1-way ANOVA).  
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Figure 5-4. mRNA gene expression of MDR1, MRP2 and BCRP in 10 to 29 day cultured Caco-2 cells 
normalised to the housekeeper protein PPIA. A, represents MDR1, B, represents MRP2 and C represents 
BCRP. Each bar represents n=3 separate mRNA extractions. Assays were conducted on 2 separate days in 
duplicate. The values are given as Mean±SD, with the text above the bars representing expression mean 
levels. ** = p=< 0.01, *** denotes p=<0.001 as determined by a 1-way ANOVA with Bonferroni (all group) 
comparisons post-hoc analysis to test for differences between groups.  

 

The relative gene expression levels of the SLC transporters OATP2B1, OST-A and OST-B in 10 

and 29 day grown Caco-2 cells are provided in Figure 5-5. Measurements of SLC gene expression 

were focussed on cells grown for 10 and 29d due to the performance of bi-directional E-3-S 

transport assays in cells of these ages. A significantly higher (p=< 0.001, Unpaired t-test) gene 

expression is observed for all transporters in 29d cells. The overall rank order of the gene 

expression of the 6 transporter proteins being studied after 10 days is OATP2B1>OST-

B>BCRP>OST-A>MDR1>MRP2 and for 29 days of culture is OATP2B1>OST-B>MDR1>OST-

A>BCRP>MRP2. Taken together, these data suggest that MDR1 is most sensitive to the duration 

of culture period (Figure 5-6). 
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Figure 5-5. mRNA gene expression of OATP2B1, OST-A and OST-B in 10 and 29 day cultured Caco-2 cells 
normalised to the housekeeper protein PPIA. A, represents OATP2B1, B, represents OST-A and C represents 
OST-B. Each bar represents n=3 separate mRNA extractions. Assays were conducted on 2 separate days in 
duplicate. The values are given as Mean±SD, with the text above the bars representing mean expression 
levels. *** denotes p=<0.001 as determined by an Unpaired t-test. 

 

Figure 5-6. Plots showing the change in gene expression over Caco-2 cell cultivation time for all transporters. 
A & B, represent MDR1, MRP2 & BCRP at 10 & 21 and 10 & 29 day culture times, respectively. C, represents 
OATP2B1, OST-A and OST-B at 10 and 29d culture times. Symbols represent MDR1 (squares), MRP2 
(diamonds), BCRP (triangles), OATP2B1 (filled circles), OST-A (cross) and OST-B (open circles). 
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5.3.3 Age-Dependent Transporter Protein Abundance Analysis in Caco-2 Cells  

The protein abundance data described in this section was generated by analyses at BPh and the 

University of Manchester (UoM). It should be noted that protein abundances from matching 

samples analysed in both laboratories are represented. In certain instances, there was insufficient 

protein content to enable all samples to be analysed in both laboratories therefore, data from BPh 

represents a full data set, while, UoM samples represents a partial data set. A decision to focus on 

10, 21 and 29d cultured Caco-2 cells was taken due to subsequent functional assays being 

undertaken in these cells. All data presented is from a single analytical LC-MS/MS QTAP run. 

As a QC for TM and PM fractions, Na/K-ATPase abundances are described for BPh generated 

data in 10, 21 and 29 day cultured Caco-2 cells (Figure 5-7). The abundances from individual 

experiments are provided in Appendix Table E-3. There was no effect of culture time on Na/K-

ATPase abundance for TM and PM fractions. On average, Na/K-ATPase abundances were higher 

in the PM compared to the TM fraction, but this was not significant (p=>0.05, Paired t-test). If Na/K-

ATPase is entirely expressed in the PM fraction (i.e., Na/K-ATPase is not found in intracellular 

locations), these results indicate a negligible enrichment in the PM fraction and agree with the AP 

activity data described in Chapter 3. 

 

Figure 5-7. The absolute Na/K-ATPase protein abundance determined by BPh analysis in 10, 21 and 29d 
cultured Caco-2 cell monolayers. The text above the TM (white) and PM (black) represents the mean values 
of n=3 experiments, except for the 21 and 29d TM groups which are represented by n=6 experiments. Values 
are given as Mean±SD.  
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Figure 5-8. The absolute Na/K-ATPase protein abundance determined by analysis at The University of 
Manchester in 10, 21 and 29d cultured Caco-2 cells. The text above the TM (white) and PM (black) represents 
the mean values of n=3 experiments for the TM fractions and n=1 per group for the PM fractions. N.S denotes 
no samples available. Values are given as Mean±SD. Note, that the PM fractions in this data set are not 
derived from the same experiment as the TM fractions of the same age. 

The 21 and 29 day cultured Caco-2 cell Na/K-ATPase abundances from the TM fraction using the 

QconCAT approach (n=3) (Figure 5-8) are consistent with those from BPh. The individual 

experimental values are provided in Appendix Table E4. However, there is a reduction in the PM 

abundances when comparing UoM to BPh; the solitary 10d sample showing 45.62 &.11.85 fmol/μg, 

and the 29d samples showing 63.66 & 24.85 fmol/μg for BPh and UoM, respectively. This could 

have resulted from degradation during sample storage, since sample preparation and analysis at 

the UoM was undertaken 8 months after BPh for the same PM samples. In contrast, the 

preparation and analysis of the TM samples between laboratories occurred in parallel (i.e., ± 1 

month).  

The abundances of P-gp in 10, 21 and 29 day cultured Caco-2 cells are described after analysis by 

BPh (Figure 5-9). Data for individual experiments is provided in Appendix Table E5. The 

abundance of P-gp was greater than 10-fold lower than those found for Na/K-ATPase in the same 

samples. There was no significant effect of culture time on P-gp abundances in both membrane 

fractions and there were no abundance differences between the TM and PM fractions in matched 

samples. 
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Figure 5-9. The absolute P-gp protein abundance determined by Bertin Pharma (BPh) analysis in 10, 21 and 
29d cultured Caco-2 cell monolayers. The text above the TM (white) and PM (black) represents the mean 
values of n=3 experiments, except for the 21and 29d TM groups which are represented by n=6 experiments. 
Values are given as Mean±SD. 

The abundances of P-gp in 10, 21 and 29 day cultured Caco-2 cells analysed by the QconCAT 

approach at the UoM, the BPh analysis and data generated by AstraZeneca in their own 10 and 

29d Caco-2 monolayers (Miliotis et al., 2011b) are shown as a comparison in Figure 5-10. The 

individual experimental values are provided in Appendix Table E6 for the UoM data. The 

abundance of P-gp in 29d Caco-2 cells TM fractions was higher than for 21d cells (p=0.046, 

Unpaired t-test). However, there was also a tendency for higher abundance values in the 29d 

Caco-2 cells in the UoM analysis which was not observed in the same 29d samples analysed by 

BPh. At present the reasons for this discrepancy are not clear. Unlike the disparate abundances 

observed for the 10 and 29d Caco-2 PM samples for Na/K-ATPase measured between 

laboratories, similar values were quantified for P-gp, 2.87 &.2.97 fmol/μg, for the 10d sample, and 

1.20 & 1.64 fmol/μg for the 29d sample, for BPh and UoM, respectively. If the duration of storage 

does result in sample degradation, it is not apparent for P-gp quantification in these samples.  

The source and passage of Caco-2 cells and the feeding and seeding regimen for cultivation in 

flasks and filters is also similar to that of AstraZeneca in this study (Seithel et al., 2006), therefore it 

is reasonable to compare the data generated by AstraZeneca in 10 and 29d Caco-2 monolayers 

(Miliotis et al., 2011b), to the data from UoM and BPh. In addition, the standard peptide selected for 

P-gp abundance quantification is the same for this study and AstraZeneca’s. Data shows that in 

10d Caco-2 monolayers abundance values between laboratories is similar and the relationship 

becomes more divergent as Caco-2 monolayer cultivation time increases when comparing P-gp 
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abundances between BPh and the UoM/AstraZeneca studies. This could be due to the differences 

between laboratories in the standard peptide used for quantification. 

 

Figure 5-10. Comparison of P-gp protein abundances between Caco-2 cell monolayers across laboratories. 
Caco-2 cell monolayer P-gp abundances in TM and PM fractions were grown at the UoM are compared to 
those from AstraZeneca (Miliotis et al., 2011b). UoM Caco-2 cell P-gp abundances were analysed at BPh 

(Figure 5-9) and UoM. The mean abundances ± SD are provided for BPh (black), UoM (white) and 

AstraZeneca (Diagonal striped). UoM data for 10d PM and 29d PM and all AstraZeneca values are (n=1) 
experiment, otherwise values are from n=3-6 experiments. Note, that the PM fractions in this data set are not 
derived from the same experiment as the TM fractions of the same age. 

The abundances of BCRP in 10, 21 and 29 day cultured Caco-2 cells are described after analysis 

by BPh (Figure 5-11). The abundances of the individual experiments are provided in Appendix 

Table E7. There is an effect of culture time on BCRP expression as abundances were higher in 

10d compared to 21 and 29d Caco-2 cells (p=<0.001, 1-way ANOVA) in both TM and PM fractions. 

Analysis by BPh shows that BCRP abundances were at comparable levels to those for P-gp, with 

the exception of 29d TM fractions which exhibit a higher P-gp abundance (p=0.03, Paired t-test).  

The abundances of BCRP in 10, 21 and 29 day cultured Caco-2 cell monolayers are described 

after analysis by the QconCAT approach (Figure 5-12). The abundances of the individual 

experiments are provided in Appendix Table E8. The abundance values for BCRP were no 

different between 21 and 29d TM fractions, suggesting a steady state expression was reached in 

cells grown for 21 days or longer. BCRP abundances were higher (p=0.048, Paired t-test) for BPh 

compared to UoM analysis for 21 but not 29 day cultured Caco-2 cell TM fractions. Of particular 

interest is the solitary sample quantified at the UoM in the 29d PM fraction which showed higher 

abundances than the matched counter-part analysed by BPh (see Appendix Table E8). However, 
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sample storage duration for this sample may have led to instability and caution is advised when 

interpreting this data. 

 

Figure 5-11. The absolute BCRP protein abundance determined by Bertin Pharma (BPh) analysis in 10, 21 
and 29d cultured Caco-2 cells. The text above the TM (white) and PM (black) represents the mean values of 
n=3 experiments, except for the 21 and 29d TM groups which are represented by n=6 experiments. Values 
are given as Mean±SD and *** denotes p=<0.001. 

 

Figure 5-12. The absolute BCRP protein abundance determined at the University of Manchester in 10, 21 and 
29d cultured Caco-2 cells. The text above the TM (white) and PM (black) represents the mean values of n=3 
experiments for the TM fractions and n=1 per group for the PM fractions. N.S denotes no samples available. 
Values are given as Mean±SD. Note, that the PM fractions in this data set are not derived from the same 
experiment as the TM fractions of the same age. 

Based on the protein abundance data from BPh, a disconnection in mRNA gene and protein 

expression for P-gp and BCRP as culture time increases is clear. To confirm these observations, 

TM fractions were generated from three additional preparations of 21 and 29d Caco-2 cells. These 

fractions were incorporated into the second sample batch sent to BPh for analysis and allow the 

consistency of Caco-2 cell long term culture to be assessed. This is because, the experiments in 
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which the TM fractions were harvested for analysis in batches 1 and 2 by BPh, were undertaken at 

least 7 months apart. The data from Batch 2 are embedded within the previously described results. 

However, in isolation there were no differences in P-gp or BCRP abundances between batches 1 

and 2, demonstrating a stable protein expression over long-term cultivation (i.e., months) from a 

single operator (Appendix Table E9) for individual data and comparisons between batches. 

The abundances of OATP2B1, OST-α, OST-β and MRP2 in 10, 21 and 29 day cultured Caco-2 

cells are described after analysis by the QconCAT approach (Figure 5-13 & Figure 5-14). The 

abundances of the individual experiments are provided in Appendix Table E10. The protein 

abundance values provided in the analysis (Figure 5-14) are weighted means according to 

Equation 5-1. This was necessary as some samples exhibited abundances below the lower limit of 

quantification. The rank order of protein abundances in 21d Caco-2 were P-gp>BCRP>OST-

β>OST-α>OATP2B1 and MRP2, while for 29d Caco-2 cells, the rank order only differed with OST-

α and OATP2B1 switching positions. When comparing the rank order for all transporters in 29d 

Caco-2 cells based on mRNA, there are notable disparities for MDR1/P-gp and OATP2B1 (Figure 

5-14). However, for MDR1/P-gp which was ranked 3 of 6 for mRNA gene expression there was a 

2.4-fold rise in mRNA expression and 3.1-fold rise in protein abundance from 10 to 29d, therefore 

is in reasonable agreement. Furthermore, based on mRNA expression, OATP2B1 was clearly the 

highest expressed transporter being studied, yet, when protein abundance was measured its rank 

dropped to 4 of 6.  

There are clearly some disparities with translating mRNA expression data to protein abundances 

and differences between laboratories, particularly for P-gp abundances in Caco-2 cells. 

Nevertheless, the relationship between the mRNA and protein expression and function require 

establishing.  
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Figure 5-13. The absolute protein abundance of MRP2 (A), OATP2B1 (B), OST-α (C) & OST-β (D) determined 
at the University of Manchester in 10, 21 and 29d cultured Caco-2 cells. The text above the TM (white) and 
PM (black) represents the mean values of n=3 experiments for TM fractions and n=1 per group for PM 
fractions, unless stated. N.S denotes no samples available, X denotes an issue with the co-elution profile & 
BLQ is below the limit of quantification (<0.2 fmol/μg). Values are given as Mean±SD. Note, that the PM 
fractions in this data set are not derived from the same experiment as the TM fractions of the same age.  

 

Figure 5-14. The relative levels of transporter mRNA gene expression and protein abundance in 21 and 29 
day Caco-2 cells. A represents 21 day cells for MDR1/P-gp, MRP2 & BCRP and B represents all transporters 
being studied in 29 day cells. Symbols represent MDR1 (squares), MRP2 (diamonds), BCRP (triangles), 
OATP2B1 (filled circles), OST-A (cross) and OST-B (open circles). Values are given as means. The MRP2 
protein abundances in 29 day cells were all below the limit of quantitation; therefore the values were set to 
zero. 
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5.3.4 Assessing BCRP Abundance-Transport Relationships in Caco-2 Cells  

Having determined that BCRP expression was different in 10 and 29d Caco-2 cells after BPh 

analysis, experiments to test if there were relationships between BCRP expression and its probe 

compound E-3-S were performed. Initially, the transport of E-3-S in 10 and 29d Caco-2 cell 

monolayers was run with a pH gradient (apical pH 6.5, basolateral pH 7.4) to reflect the acid 

microclimate adjacent to the enterocytes (Lucas et al., 1978) and luminal bulk pH of the proximal 

small intestine (Fallingborg et al., 1989). Additionally, OATP2B1 is postulated to contain a low 

affinity pH-sensitive binding site, (Shirasaka et al., 2012), suggesting that pH might directly 

influence active apical substrate uptake via OATP2B1. Therefore, the increased hydrogen ion 

concentration when using pH gradient conditions may activate the low affinity binding site to 

facilitate OATP2B1-dependent apical uptake of E-3-S.  

Preliminary experiments identified that E-3-S recovery was not consistent (in 2 of 4 experiments) 

displaying >20% loss at the end of the experiment due to non-specific binding, therefore low levels 

of BSA (0.05% (w/v)) was added to the assay buffer on both sides of the monolayer to improve 

recovery. Only 3 filters from >25 experiments showed a loss >20% at the end of the experiment.  

5.3.4.1 Determining E-3-S Binding to BSA 

The binding of [
3
H]-E-3-S (0.01 μM) to BSA (0.05% (w/v)) in pH 6.5 and 7.4 transport buffers was 

assessed after correction for adsorption (12% in pH 6.5 buffer and 10% in pH 7.4 without BSA) to 

plastic and filter constituents of the Centrifree devices (Table 5-3). A concentration-dependent E-3-

S binding to BSA was observed, with a greater binding displayed in the higher concentration donor 

buffers (at both pH’s p=<0.01, 1-way ANOVA). In addition, a pH-sensitive effect was also observed 

in the donor (p=<0.001, 1-way ANOVA) but not the receiver buffers. Permeability was subsequently 

calculated under ‘sink’ conditions (<10% drug in the receiver compartment) based on the unbound 

concentrations in donor and receiver compartments under the assumption that only the unbound 

compound can permeate the membrane (Neuhoff et al., 2006).  

Table 5-3. Determining the binding of [3H]-E-3-S to BSA in transport buffer. 

 Unbound fraction (fu) 

 pH6.5 [donor] pH6.5 [receiver] pH7.4 [donor] pH7.4 [receiver] 

[
3
H]-E-3-S (0.01 

μM) 
0.54 (± 0.05) 0.59 (± 0.03) 0.44 (± 0.03) 0.56 (± 0.03) 

The receiver fu was determined by reserving receiver transport buffer at the end of transport assays. Donor fu 
was determined in freshly made transport buffer as per transport assays. N=2 experiments, in triplicate 
filtration devices. Donor [E-3-S] was >150-fold higher than in the receiver samples. 
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5.3.4.2 E-3-S Transport in 10 and 29d Caco-2 Monolayers 

The bi-directional transport of E-3-S (apical: pH 6.5-basal: pH 7.4) in 10 and 29d cultured Caco-2 

cell monolayers with the addition of the potent BCRP inhibitor Ko143 is shown in Figure 5-15. In 

control assays there was a net secretory E-3-S transport (B-to-A). The addition of the BCRP 

inhibitor Ko143, resulted in a reduced B-to-A transport (p=<0.001, unpaired t-test) in 10 and 29d 

monolayers, indicating the likely involvement of BCRP in E-3-S efflux. Interestingly, in 10d 

monolayers, Ko143 did not completely abolish E-3-S secretory transport, yet, in 29d monolayers a 

small net absorptive transport was observed, which is consistent with an apical uptake mechanism 

in operation, i.e., OATP2B1. Under control conditions there was no effect of culture time on A-to-B 

(p=0.9, unpaired t-test) or B-to-A transport (p=0.06, unpaired t-test). An increase in A-to-B transport 

(p=0.003, unpaired t-test) in 10d, but not in 29d monolayers (p=0.32, unpaired t-test) was observed 

upon Ko143 incubation. 

 

Figure 5-15. Transport of E-3-S (0.01 μM) in A-to-B (white) and B-to-A (black) transport directions across 10d 
(A) and 29d (B) cultured Caco-2 cell monolayers in the presence and absence of Ko143 (2 μM) at pH 6.5/7.4. 
The text above the bars is the mean Papp under each condition. The values are mean±SD of a minimum of 
n=6 filters of N=2 experiments. ** p=<0.01.  

To investigate if the residual absorptive Papp in 29d Caco-2 cell monolayers after Ko143 

incubation was due to OATP2B1 activity, the OATP2B1 inhibitor montelukast (100 μM) (Shirasaka 

et al., 2012) was added to both sides of the monolayer with and without Ko143. As shown in Figure 

5-16A, absorptive Papp was reduced (p=0.001, unpaired t-test) by montelukast. However, a 

striking reduction in secretory permeability (10.85 x 10
-6

 cm sec
-1 

in control conditions and 0.59 x 
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10
-6

 cm sec
-1

 with montelukast incubation)
 
was observed which was not anticipated. In addition, co-

incubation of Ko143 and montelukast further reduced the absorptive (p=0.005, unpaired t-test) but 

not the secretory transport (Figure 5-16B). The content of E-3-S in monolayers suggests 

montelukast may have an impact on basal membrane uptake processes (Figure 5-17). The low E-

3-S monolayer content after B-to-A transport observed with montelukast suggests it may act to 

restrict E-3-S access to the monolayer via the basal membrane. Overall, montelukast does not 

appear to exhibit sufficient selectivity to OATP2B1 to enable its contribution to absorptive transport 

to be defined. 

 

Figure 5-16. Transport of E-3-S (0.01 μM) in A-to-B (white) and B-to-A (black) transport directions across 29d 
cultured Caco-2 cell monolayers in the presence and absence of montelukast (100 μM) (A) and in the 
presence and absence of montelukast (100 μM) and Ko143 (2 μM) co-incubated at pH 6.5/7.4 (B). The text 
above the bars is the mean Papp under each condition. The values are Mean±SD of n=3 filters. 
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Figure 5-17. E-3-S monolayer content in the presence and absence of montelukast at pH 6.5/7.4. The A-to-B 
(white) and B-to-A transport (black) directions. The text above the bars is the mean Papp under each 
condition. The values are mean±SD of n=3 filters. 

 

An imbalance in compound ionisation between compartments of a Transwell system is postulated 

to affect the passive and active processes acting on a compound, leading to a pH-dependent or 

‘false’ asymmetry (Neuhoff et al., 2003). Therefore, the effect of pH on ionisation requires 

consideration within monolayer transport assays. However, this is unlikely to affect E-3-S 

permeability, as E-3-S is a strong acid (pKa 2.2) where the ionised fraction is calculated to be > 

99.99% at pH 6.5 and 7.4. However, BCRP activity has been shown to be influenced by pH in 

transfected vesicle and monolayer systems (Breedveld et al., 2007). To assess the impact of the 

pH gradient and alteration of pH on E-3-S transport, assays were run with transport buffers at 

either pH 7.4, or pH 6.5, on both sides of the monolayer.  

The effect of pH on monolayer integrity was assessed for 10 and 29d cultured monolayers (Table 

5-4). At pH 6.5/6.5, an increased LY Papp (p=<0.05, 1-way ANOVA) was observed compared to 

pH 6.5/7.4 and pH 7.4/7.4 assays at 10 days. At 29 days, pH 6.5/7.4 monolayers showed lower LY 

Papp’s than the other conditions. The anionic dye LY has a pKa is <0.7 (Stewart, 1978), therefore 

at the transport assay pH’s it is expected that it is 100% ionised. It is therefore anticipated that LY 

ionisation is not affected by the pH used in these assays. However, all monolayers were within LY 

cut-off limits and there was no correlation (R
2
 = 0.24) of E-3-S bi-directional transport with LY 

Papp’s at 10 or 29d. 
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Table 5-4. The effect of pH on monolayer integrity after lucifer yellow permeability assessment. 

 
LY Apparent Permeability (x 10

-6
 cm sec

-1
) 

Assay Condition 10d 29d 

pH 6.5/7.4 0.19 (± 0.12, n = 27)** 0.22 (± 0.19, n = 60) 

pH 7.4/7.4 0.25 (± 0.24, n = 42)* 
0.32 (± 0.19, n = 40)* 

pH 6.5/6.5 0.41 (± 0.33, n=18) 
0.35 (± 0.23, n = 42)** 

* p=<0.05; ** p=<0.01. 10d cells – pH 6.5/6.5 higher LY Papp, 29d cells - pH 6.5/7.4 lower Papp 

The bi-directional transport of E-3-S (apical: pH 7.4-basal: pH 7.4) in 10 and 29d cultured Caco-2 

cell monolayers with the addition of Ko143 is shown in Figure 5-18. In 29d cells, an increased 

absorptive and a reduced secretory transport (p=<0.01, unpaired t-test) was observed for 29d 

compared to 10d monolayers. Similar to the pH gradient assay (Figure 5-15), Ko143 did not 

completely abolish E-3-S secretory transport in 10d monolayers, yet, in 29d monolayers a net 

absorptive flux was observed. 

 

Figure 5-18. Transport of E-3-S (0.01 μM) in A-to-B (white) and B-to-A (black) transport directions across 10d 
(A) and 29d (B) cultured Caco-2 cell monolayers in the presence and absence of Ko143 (2 μM) at pH 7.4/7.4. 
The text above the bars is the mean Papp under each condition. The values are mean±SD of a minimum n=6 
filters of N=2 experiments. **p = <0.01.  

The bi-directional transport of E-3-S (apical: pH 6.5-basal: pH 6.5) in 10 and 29d cultured Caco-2 

cell monolayers with the addition of Ko143 in 29d monolayers is shown in Figure 5-19. A 

significantly lower secretory transport (p=<0.05, unpaired t-test) was observed in 29d compared to 
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10d monolayers under control conditions. Consistent with the pH 6.5/7.4 and pH 7.4/7.4 assay, a 

net absorptive transport was found after Ko143 incubation in 29d monolayers. Overall, a 

consistently lower secretory transport was observed for E-3-S transport (without inhibitors) in 29d 

monolayers across different pH conditions. This was most pronounced under pH 7.4/7.4 conditions. 

Given that the potent BCRP inhibitor Ko143 consistently elicited a significant reduction in E-3-S 

secretory transport in all pH conditions, these data suggest that the likely mechanism responsible 

for the lower E-3-S transport is lower BCRP protein content in 29d vs 10d monolayers. There are 

no differences across pH conditions for absorptive or secretory E-3-S transport in 10d monolayers 

(p=<0.05). However, in 29d cells, secretory transport at pH 6.5 is higher (p=<0.05, 1-way ANOVA) 

than other conditions, consistent with the notion of lower pH’s resulting in higher BCRP activity. In 

these assays consideration for alterations in intracellular pH were not accounted for, which may 

also impact on transporter functionality.  

The pH 7.4/7.4 assay permits the assessment of E-3-S transport to define ER without any bias due 

to pH gradients. At pH 6.5/6.5 a pH gradient is still in operation as Caco-2 intracellular pH is 7.4-7.6 

(Thwaites et al., 1993; Neuhoff et al., 2005). Therefore, pH 7.4/7.4 is the only system being studied 

that permits assessment without a pH gradient. The ER between 10 and 29d monolayers was 

assessed at pH 7.4/7.4 (Table 5-5). This shows that there was a significantly higher ER in 10d (ER 

= 9.0, p=<0.01, unpaired t-test) than 29d monolayers (ER = 3.3). No ER differences were found for 

10 and 29d monolayers in other conditions. The relationship between BCRP abundance in the TM 

fraction and E-3-S ER (Table 5-6), shows a similar reduction in E-3-S ER and BCRP abundance in 

29 compared to 10d Caco-2 cells monolayers. However, the relationship between mRNA 

expression and E-3-S ER was not similar for 29 and 10d Caco-2 cells, suggesting that BCRP 

protein abundances are a better indicator of BCRP-mediated E-3-S ER than mRNA expression. 
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Figure 5-19. Transport of E-3-S (0.01 μM) in A-to-B (white) and B-to-A (black) transport directions across 10d 
(A) and 29d (B) cultured Caco-2 cell monolayers. 29d monolayers were also incubated in the presence and 
absence of Ko143 (2 μM) at pH 6.5/6.5. The text above the bars is the mean Papp under each condition. The 
values are Mean±SD of a minimum n=7 filters of N=3 experiments. *p = <0.05. 

Data describing E-3-S monolayer content across conditions can be viewed in Appendix 6.
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Table 5-5. Transport of E-3-S and secretory efflux ratio in 10 and 29d Caco-2 cell monolayers at pH 7.4/7.4 under control conditions (without inhibitors). 
 

 
Data represent a mean ± standard deviation of a minimum of 6 monolayers for each condition for at least 2 experiments. ** indicates significant difference p = < 0.01 
(unpaired t-test) in 10 and 29d monolayers. †The efflux ratio is calculated as the ratio of means for paired monolayers, rather than the mean of the ratios of B-to-A and A-
to-B. The cellular pH is assumed in this case not to be affected by the extracellular pH. 
 
 
 
 
 
 
 
 
 
 
 

 10d Caco-2 Monolayers 29d Caco-2 Monolayers 

 Apparent Permeability (Papp) Efflux Ratio† Apparent Permeability (Papp) Efflux Ratio 

Condition 
A-to-B  

(x 10
-6

 cm sec
-1

) 

B-to-A 

(x 10
-6

 cm sec
-1

) 

B-to-A Papp/ 

A-to-B Papp 

A-to-B  

(x 10
-6

 cm sec
-1

) 

B-to-A 

(x 10
-6

 cm sec
-1

) 

B-to-A Papp/ 

A-to-B Papp 

pH apical 7.4/ 

cell 7.4/basal 7.4 
2.5 (± 0.5) 21.92 (± 5.89) 8.97 (± 2.51)** 4.13 (± 0.66) 13.67 (± 1.32) 3.32 (± 0.67)** 

pH apical 6.5/ 

cell 7.4/basal 7.4 
2.62 (± 0.25) 17.26 (± 3.88) 6.56 (± 1.22) 2.7 (± 1.39) 14.06 (± 3.01) 7.33 (± .4.67) 

pH apical 6.5/ 

cell 7.4/basal 6.5 
2.51 (± 0.43) 19.19 (± 2.7) 8.02 (± 0.76) 3.04 (± 1.19) 16.36 (± 2.97) 5.9 (± 3.18) 
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Table 5-6. The relationship between BCRP mRNA, total membrane protein abundance and E-3-S efflux ratio in 10 and 29d Caco-2 cell monolayers. 

 

 

 

Culturing Time 
[
3
H] E-3-S Efflux Ratio 

(pH7.4/7.4) 

BCRP mRNA Expression 

(Relative to PPIA) 

BCRP Protein Abundance 

(fmol/μg)  

10 days 8.97 (± 2.51) 0.022 (± 0.004) 3.06 (± 0.22) 

29 days 3.32 (± 0.67) 0.033 (± 0.013) 1.28 (± 0.33) 

Fold Difference 

(10 days/29 days) 
2.7 0.67 2.39 
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5.4 Discussion 

To date, for filter-grown Caco-2 monolayers, only a single study has characterised the relationship 

between transporter gene (mRNA) and protein (QTAP-LC-MS/MS) expression and function 

(digoxin ER), (Miliotis et al., 2011b). In this study, the influence of culture period on Caco-2 cell 

monolayer transporter mRNA expression and protein abundances were measured in Caco-2 cell 

monolayers cultured over various time periods. The protein abundances for Na/K-ATPase, P-gp 

and BCRP in the TM and PM fractions of Caco-2 cells were also quantified in both the TM and PM 

fractions, and a comparison of transporter abundances in matched Caco-2 fractions between two 

laboratories was also performed for a limited number of samples. Finally, the relationship between 

the BCRP probe E-3-S and transporter expression was investigated in bi-directional permeability 

assays with 10 and 29d Caco-2 monolayers.  

This study shows there was an effect of Caco-2 cultivation time on mRNA levels for all transporters 

investigated. For protein abundances, there was a disparity in the levels of P-gp measured in 

Caco-2 cells between two analytical laboratories. The protein levels of P-gp and BCRP did not 

correspond to the changes observed for mRNA expression with increasing cultivation times. 

However, the rank orders of mRNA and protein expression were in reasonable agreement, except 

for OATP2B1. The activity of the BCRP probe E-3-S determined by the ER in bi-directional 

transport assays did correlate to the lower levels of BCRP protein abundance observed in 29 

compared to 10d Caco-2 cells. 

Transporter proteins postulated to be relevant for E-3-S transport (Rolsted et al., 2011) were 

investigated for mRNA gene and protein expression in 10 to 29 day Caco-2 cell cultures. The 

endogenous control housekeeper protein used to normalise transporter gene expression requires 

stability between samples and analytical runs (Seithel et al., 2006), with expression levels in 

reasonable proximity to the target genes (Hilgendorf et al., 2007). Our studies agreed with previous 

work in Caco-2 cells showing that PPIA exhibited the greatest stability and cycle thresholds closer 

to the target genes than another housekeeper gene GAPDH. Cultivation time did not affect PPIA 

expression levels. However, the PPIA cycle thresholds in this study were approximately 4-fold 

higher (2 cycle thresholds lower) than the study of Seithel et al., 2006, which may lead to 

differences in relative expression levels observed for target genes between studies. Both PCR 

assays rely on Taq DNA polymerase technology, but use different probe and primer sequences 

which may result in the observed differences. For all the transporters studied, the highest 
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transporter expression was observed in cells cultivated for 21 days. The study by Seithel et al., 

2006, found that MDR1, MRP2 and BCRP expression increased in a step-wise manner from 1-5 

weeks cultivation and also confirmed that the increases in ABC transporter expression over 

cultivation time were also most prominent for MDR1 (Seithel et al., 2006). A general agreement 

was shown for the rank order of transporter gene expression between studies, with the exception of 

MRP2, which was the lowest expressed transport gene in this study. There is a consensus across 

laboratories that MRP2 is the highest expressed ABC transporter in Caco-2 monolayers (Hayeshi 

et al., 2008; Ahlin et al., 2009). Given the similarity in the source of the Caco-2 cells, their passage 

number and culturing conditions, including the use of heat inactivated serum from the same 

supplier (Seithel et al., 2006), it is postulated that these study elements will not contribute to the 

observed difference. At present, the reason for the disparity in MRP2 gene expression between 

studies is not clear. 

To date, there is surprisingly little data in the literature quantifying the abundances of transporter 

proteins in the IVIVE-relevant Caco-2 cell line. Nevertheless, the protein abundance of P-gp has 

been reported in the TM, but not a PM fraction of filter-grown Caco-2 cell monolayers and 

correlated with mRNA gene expression (Miliotis et al., 2011b). In the present study, 7 transporter 

proteins were quanitfied in Caco-2 cell monolayers, with Na/K-ATPase, P-gp and BCRP quantified 

in TM and PM fractions for a selection of samples in separate laboratories. The two laboratories 

used different digestion conditions, peptide standards and analytical systems. No enrichment was 

demonstrated for Na/K-ATPase, P-gp and BCRP in the PM compared to the TM fractions for all 

transporters, irrespective of Caco-2 cell cultivation time. Immunohistochemical analysis has 

confirmed that P-gp is predominantly localised on the PM in Caco-2 cells, with lower staining 

intensities at intracellular sites (Ahlin et al., 2009). Nevertheless, if transporter proteins are 

predominantly localised at the PM, these findings suggest that there is a failure to enrich the PM in 

the sucrose cushion step of the membrane enrichment procedure, which accords with the AP 

activity data in Chapter 3. Yet, the protein content of the PM fraction diminishes 5-fold with regard 

to the TM fraction without the expected enrichment in protein abundance. This is likely to indicate a 

loss of proteins when attempting to obtain a PM fraction. As alluded to previously, there is little data 

to compare protein abundances in the TM and PM fractions, with the exception of Na/K-ATPase in 

human liver, which showed a higher abundance in the TM compared to the PM fraction (Ohtsuki et 

al., 2012). BPh suggested that a 3-4-fold enrichment in protein abundance should be observed for 

Caco-2 cells when comparing TM and PM fractions and that increasing the time for the sucrose 
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cushion centrifugation stage may enhance PM enrichment. The increased centrifugation time 

should be investigated in future studies to determine whether this delivers the additional 3-4-fold 

enrichment in the PM fraction. 

The expression of Na/K-ATPase and P-gp was not influenced by Caco-2 cell cultivation time when 

analysed by BPh, although there was a tendency for a lower P-gp abundance at 21 and 29d 

compared to 10d grown cells. This is in agreement with immunoblot, confocal laser scanning 

microscopy and QTAP studies investigating the effects of cultivation time on transporter protein 

expression in Caco-2 cell monolayers (Hosoya et al., 1996; Anderle et al., 1998; Uchida et al., 

2007). Interestingly, in Hosoya et al., 1996, the net secretory transport of verapamil increased from 

1 to 4 weeks showing a disparity between protein expression and function. In Miliotis et al., 2011, a 

2-fold higher P-gp abundance was observed at 29 versus 10 day Caco-2 cells with a concomitant 

increase in digoxin ER. The P-gp abundances using the QconCAT approach in this study use the 

same standard peptide as Miliotis et al., 2011 and show evidence of increasing P-gp abundances 

and similar absolute levels from 10 to 29 days, with Transwell culture conditions virtually identical 

to their study. These data suggest that peptide differences may have a significant impact on the 

quantification of transporter abundance (see Chapter 6). Activity-abundance correlations of P-gp in 

different laboratories using digoxin ER analysis in 10 and 29d cells would also be useful in 

determining which laboratory provides functional abundances that are most relevant to IVIVE. 

There was an effect of culture time on BCRP protein abundance when analysed by BPh showing 

BCRP expression at 10d being higher than later cultivation times. Uchida et al., 2007 described no 

effect of culture time on BCRP expression in Caco-2 cells, which may be due to differences in 

Caco-2 cultivation. Uchida et al., 2007 also reported absolute levels of BCRP exceeding 1 fmol/μg, 

which is consistent with data from BPh and slightly higher than UoM analysis in this study. For the 

other transporters quantified at the UoM, MRP2 abundances were ranked as the lowest and could 

not be quantified in 29d Caco-2 cells, whereas in accordance with human jejunum (Section 

4.3.2.3), OST-β levels were higher than OST-α. OATP2B1 levels were similar to those found in 

Uchida et al., 2007. It was also demonstrated that there was a consistency in Na/K-ATPase, P-gp 

and BCRP abundances in 21 and 29d Caco-2 cell monolayers cultivated up to 12 months apart 

after blinded analysis by BPh. Routine checking of immortalised cell line phenotypic traits, such 

transporter expression levels are important procedures that should be employed for successful 

long-term IVIVE strategies within any laboratory.  
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The current study suggests that sample storage conditions may impact on abundance 

quantification. The single 10d PM fraction presented in the UoM abundance analysis was cryo-

stored for 10 months prior to protein digestion and the subsequent digested peptide mix was cryo-

stored for further 6 months prior to performing the final analysis at the UoM. The Na/K-ATPase 

abundances in this sample were 4-fold lower than obtained by BPh whose peptide storage 

conditions were less than 1 month. After personal communication with BPh it was suggested that 

membrane fractions stored for an extended time (e.g. 1 year or more) are susceptible to 

deterioration, with a potential for similar effects from long term storage of peptide digests. For the 

matched TM samples analysed by both laboratories there was only 1 month lag between sample 

preparation and analysis and good consistencies in Na/K-ATPase abundance determination was 

achieved between laboratories. This serves to highlight that sample storage should be considered 

as a potential factor influencing the quantification of abundances inherent to the sample. Further 

studies investigating sample stability over shorter (i.e., days) and longer periods (i.e., months), 

including freeze-thaw effects, are needed to define the effects of storage on abundance 

quantification. This would form part of the quality assurance procedures (Groer et al., 2013), to be 

implemented in future studies in our, and other laboratories.  

Literature data indicates determining a consistent relationship between mRNA and protein 

transporter data is difficult (Siegmund et al., 2002; Taipalensuu et al., 2004; Berggren et al., 2007; 

Urquhart et al., 2008; Ahlin et al., 2009; Shirasaka et al., 2009; Prasad et al., 2013). Furthermore, it 

has been found that for approximately 60% of proteins mRNA data cannot explain the abundance 

of the corresponding protein (Vogel and Marcotte, 2012). This is borne out by the findings of this 

study, in which a different relationship for mRNA and protein levels were found between 

laboratories. The BPh analysis tends to suggest that there is no correlation between gene 

expression and protein abundance for P-gp and BCRP when considering Caco-2 cell cultivation 

time, as it is expected from the mRNA data, showing higher abundances at 29 compared to 10 

days, that P-gp and BCRP protein expression would increase. For the UoM protein data, there was 

generally a good agreement between mRNA and protein abundance. The lowest ranking analysed 

protein abundance was shown for MRP2 which corresponds to the low levels of mRNA expression. 

The reduced ranking of OATP2B1 protein abundance relative to its high mRNA expression could 

be due to the peptide used in this analysis only being partially verified from a QC perspective, 

therefore this could be deemed as sub-optimal. There is also reasonable evidence in human liver 

tissues that OATP2B1 mRNA-protein correlations are at best weak, demonstrating R
2
 values of 
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0.11-0.38 (Nies et al., 2013). The differences between laboratories require further investigation 

(Chapter 6). The challenges in relating mRNA to protein abundance are covered in a review (Vogel 

and Marcotte, 2012), which attributes the lack of mRNA-protein correlation observed due to the 

undervalued role of translation and neglecting the differences between mRNA and protein 

synthesis and degradation rates.  

At present, there are no reports in the literature studying BCRP protein absolute abundance-

function relationships in Caco-2 cells. To investigation this, the bi-directional transport of the BCRP 

probe E-3-S was investigated in 10 and 29d Caco-2 cell monolayers. pH has been shown to be 

important for BCRP activity (Breedveld et al., 2007) and OATP2B1 (Shirasaka et al., 2012), 

therefore assays were conducted with and without a pH gradient. Due to inconsistent recoveries of 

E-3-S at the end of the transport experiments, low levels of BSA were required to reduce non-

specific binding. An assessment of E-3-S binding to BSA was therefore required to determine 

permeability based on the free fraction of E-3-S in the assay (Neuhoff et al., 2006). Approximately, 

50% binding of E-3-S to BSA was observed which increased in a more alkaline pH. This is in 

agreement with data for the anion tenoxicam (pKa 5.3), which also displayed greater binding at a 

more alkaline pH. It was suggested that a conformational change in HSA, resulting from 

electrostatic forces was responsible for the enhanced binding (Bree et al., 1993). However, a more 

alkaline pH is expected to increase the negative charges on albumin, which should repel the 

binding of anionic molecules, which does not occur for both E-3-S and tenoxicam.  

A meta-analysis of data on bi-directional E-3-S transport in Caco-2 cells found a mean absorptive 

and secretory Papp of 2.7 and 26.8 x 10
-6

 cm sec
-1

, respectively (Xia et al., 2005; Wang et al., 

2008; Ahlin et al., 2009; Kamiyama et al., 2009; Zhang et al., 2009; Grandvuinet and Steffansen, 

2011; Rolsted et al., 2011; Varma et al., 2011; Mease et al., 2012; Segawa et al., 2013) which is 

consistent with the E-3-S, data presented in this study. There was little effect of pH on absorptive 

transport in either 10 or 29d Caco-2 cell monolayers in agreement with Grandvuinet & Steffansen 

2011. Varma et al, 2011, did report pH-sensitive E-3-S transport in Caco-2 cells, but their studies 

were performed with a 50-fold higher E-3-S concentration than used in this study and by 

Grandvuinet & Steffansen 2011, suggesting they were studying both the lower affinity pH-sensitive 

and higher affinity pH insensitive binding sites (Shirasaka et al., 2012). Consistent with other 

studies using BCRP inhibitors, a small net absorptive transport after BCRP inhibition was observed 

(Xia et al., 2005; Wang et al., 2008; Kamiyama et al., 2009; Grandvuinet and Steffansen, 2011). 
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The impact of absorptive transport by OATP2B1 could not be definitively established using 

montelukast, an inhibitor of both OATP2B1 binding sites in transfected-oocytes (Shirasaka et al., 

2012). Instead, montelukast appeared to inhibit E-3-S uptake into the Caco-2 cell monolayer, which 

may be due to inhibition of a basal uptake process, possibly mediated by OST-α/β. These 

observations suggest that this compound may not be suitable for inhibition studies in a 

heterogeneous expression system such as Caco-2 cells. 

BCRP mediated E-3-S transport in the secretory direction was confirmed by the BCRP inhibitor 

Ko143. Furthermore, there was a pH sensitive secretory transport (pH 6.5/6.5) which could be 

attributed to a pH-sensitive BCRP activity and may arise from a short term lowering of intracellular 

pH from proton transport into the cell over the experimental duration (Thwaites et al., 1993; 

Breedveld et al., 2007). The short term lowering effect of enterocyte pH may be observed in vivo, 

upon the emptying of the acidic contents of the stomach into the duodenum. In line with the lower 

BCRP protein abundances measured in 29d Caco-2 cells, the secretory transport was consistently 

lower in the 29d monolayers. Due to the complex effects of pH on E-3-S binding to BSA and on 

transporter functionality, the simplest system in which to interpret abundance-function relationships 

is the pH 7.4/7.4 system. There was good agreement between protein abundance and E-3-S ER, 

but not for mRNA expression in 10 and 29d Caco-2 monolayers. Another study, Zhang et al., 2009, 

showed an increasing E-3-S ER over cultivation time (25d). It is difficult to compare the results of 

this study to that of Zhang et al., 2009, as E-3-S concentrations are 500-fold lower for this study 

(0.01 μM vs. 5 μM) and sub-saturating for BCRP (Km 1.2 μM, (Rolsted et al., 2011)), the sampling 

regime was different, the cells used were expression vector control Caco-2 BBe1 cells and no 

correlation to protein abundances were made. It is clear further work in other laboratories 

investigating abundance-function relationships is required. 

Identifying transporter function is challenging in heterogeneous expression systems like Caco-2. E-

3-S is postulated to be transported bi-directionally by proteins expressed at both poles of the cell. 

Therefore, a mixture of short course (1-5 min) and longer course (150 min) incubations over 

multiple concentrations will allow the estimation of intrinsic kinetic parameters by mechanistic 

kinetic models describing the Caco-2 Transwell system (Ahlin et al., 2009; Rolsted et al., 2011). 

CLint per pmol or KCAT for the transporter protein can then be established when combining kinetic 

data with QTAP generated protein abundances to facilitate a mechanistic IVIVE approach 

(Harwood et al., 2013). Utilising, other BCRP transporter probes should also be undertaken to 
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reinforce these relationships for generating robust scaling factors. However, there are few 

compounds that specifically probe a transporters function selectively which was recently 

highlighted for another typical BCRP probe mitoxantrone, in LLC-PK1-MDR1 transfected cells, 

where a 5.8-fold secretory ER was demonstrated (Poirier et al., 2014). 
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5.5 Conclusion 

This study investigated the relationship between gene and protein expression for several intestinal 

epithelial transporters using a QTAP approach in TM and PM fractions of Caco-2 cell monolayers. 

Furthermore, an assessment of the relationship between gene and QTAP generated protein 

expression, and BCRP activity using a bi-directional transport assay was described for the first 

time. The challenges in obtaining enriched PM fractions were shown when assessing 3 transporter 

proteins in both TM and PM fractions. Further methodological developments are required to obtain 

a more enriched fraction, with separation of brush border and basal membranes being the goal. For 

many of the proteins there was a reasonable agreement of protein and mRNA gene expression 

levels, however this may be dependent on the peptide standard used, which also warrants 

considerable further investigations. The activity also correlated with protein expression for BCRP 

measured by BPh, but not with mRNA data. However, the heterogeneity of transporter expression 

in Caco-2 cells and the issue of transporter probes interacting with multiple transporters complicate 

the assessment of abundance-function relationships. Therefore, obtaining ER’s for input into IVIVE 

strategies is generally not performed. To understand the impact of transporters on drug disposition, 

generating intrinsic kinetic parameters permits the modelling of saturable transporter functionality 

by mechanistic IVIVE-PBPK. From the abundance data generated in the intestine and Caco-2 cell 

monolayers, the REF transporter scaling factor can be generated. Obtaining transporter kinetic 

parameters and REF’s specific for each laboratory is needed. The generation of REF’s and 

transporter kinetics from the UoM will be described in subsequent chapters. 
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Chapter 6 - A Cross Laboratory Comparison of Human Intestinal 

and Caco-2 Drug Transporter Protein Abundances 
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6.1 Introduction  

Numerous laboratories utilising a diverse range of techniques are quantifying the absolute 

abundance of drug transporter proteins by QTAP strategies in mammalian tissues and in vitro cell 

systems. Up to ten-fold differences in absolute abundances have been observed for specific 

transporter isoforms in non-matched samples between laboratories, for example, hepatic 

OATP1B1 (Prasad et al., 2014; Vildhede et al., 2014), summarised in a recent meta-analysis 

(Badee et al., 2015). Differences in the techniques applied to obtain endpoint absolute abundances 

include those required to: 

 generate an enriched membrane fraction 

 denature and digest the proteins  

 select and generate the peptide standard(s)  

 separate the peptides by chromatography and the mass analysis of the selected peptide 

fragments (LC-MS/MS) 

Studies have investigated the effect of manipulating the methods associated with quantifying 

transporter protein absolute abundances. For example, the impact of the chaotropic agent used 

prior to protein digestion has been shown to have a considerable impact on the absolute 

quantification of OATP proteins (Balogh et al., 2013). Therefore, differences in the agent selected 

may be a source of variability between studies. The selection of the peptide standard may be 

important and has been investigated for P-gp, BCRP, OATP1B1, OATP1B3 and OATP2B1 (Kamiie 

et al., 2008; Prasad et al., 2014). In these studies, peptide selection was shown to have a limited 

impact on endpoint abundance quantification. Yet, in a recent study, standard peptide choice was 

considered to bias endpoint abundance quantification of hepatic OATP1B1 (Terasaki et al., 2014). 

The digestion strategy employed might also influence the capacity to quantify protein abundances 

and to generate peptides that are mis-cleaved. The potential shortcomings of the digestion strategy 

employed was recently demonstrated in a study comparing the choice of proteolytic enzymes and 

an in-solution compared to filter-aided protocol when undertaking global proteomic analyses (Chiva 

et al., 2014). Studies have also been undertaken to compare different proteomic approaches within 

a laboratory, such as those conducted at Tohoku University, Pfizer and The University of 

Washington (Kamiie et al., 2008; Qiu et al., 2013; Prasad and Unadkat, 2014). These studies found 

when comparing immunoblotting or SILAC/SILAM techniques that there was a reasonable 

agreement within the same samples to the AQUA method routinely employed. Establishing if 
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differences in abundances reported across laboratories are derived from inter-individual variability; 

the variability associated with assay-specific techniques and/or specific data analysis methods 

within each laboratory are crucial for generating robust PBPK models that accurately represent in 

vivo abundances. Therefore, a multi-centre study evaluating the consistency and comparability of 

the preparation steps and analytic outcome has been advocated (Harwood et al., 2014). At 

present, studies comparing the quantification of absolute transporter protein abundances between 

laboratories have not been reported.  

The principal aim of this study was to compare the absolute transporter abundances for 3 proteins; 

Na/K-ATPase, P-gp and BCRP in the same Caco-2 cell and human intestinal membrane fractions, 

quantified by 2 independent laboratories, The University of Manchester (UoM) in the UK and Bertin 

Pharma (BPh) in France. Furthermore, additional intestinal samples (TM fractions, from eluted 

enterocytes) in which there was not sufficient protein material for analysis in both laboratories, were 

quantified by BPh and are also presented in this chapter. In addition, the only group who have 

performed QTAP transporter studies on human intestinal samples, crushed the tissue prior to 

immersing it in extraction buffer and performing a homogenisation to extract a ‘native membrane’ 

(Groer et al., 2013; Drozdzik et al., 2014). In order to reduce the risk of incorporating sub-epithelial 

components into the membrane extraction procedure, i.e., to reduce contamination or a ‘dilution 

effect’ on abundances, the study presented in here, principally eluted enterocytes by chelation. 

However, it is not known if the method used to harvest the enterocytes prior to membrane 

extraction affects endpoint transporter protein abundances. Therefore, the effect of enterocyte 

harvesting method on transporter abundances was assessed by means of a pilot study using 3 

distal jejunal samples that were either crushed by homogenisation, or the enterocytes were eluted 

by chelation. 
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6.2 Methods 

Membrane fractions were prepared from Caco-2 cell monolayers and eluted enterocytes from 

human intestinal tissues as previously described (Section 2.2.2.2 and 2.2.2.4). For the pilot study 

assessing the effect of mucosal crushing compared to enterocyte elution by chelation, n=3 

matched jejunal samples either; underwent elution by EDTA chelation (Section 2.2.2.4), or mucosal 

crushing by homogenisation in TSEM buffer (Section 2.2.2.5).The protein content of the membrane 

fractions was measured by BCA assay. Frozen membrane fractions (approx. 50 μg) were shipped 

overnight on dry ice to the laboratories of BPh. Samples were confirmed to have remained in a 

frozen state upon receipt at BPh. Membrane fractions stored at -80°C within Salford Royal Hospital 

Trust, were transferred (duration, ~45 min) to the Manchester Interdisciplinary Biosciences Centre, 

UoM, on ice, where the samples were immediately stored at -80°C. Samples underwent the 

proteolytic digestion (Section 2.2.7.1 and 2.2.7.2) and subsequent LC-MS/MS analysis routinely 

employed within each laboratory (Section 2.2.8). A summary of the key methods employed by each 

laboratory is supplied in Table 6-1. For this study the absolute protein abundance of Na/K-ATPase, 

P-gp and BCRP in 11 samples (Caco-2 cell monolayers (n=7), distal jejunum (n=3), and distal 

ileum (n= 1)) were compared. For some intestinal samples, there was insufficient membrane 

protein available for abundance quantification in both laboratories. For these samples, 

quantification was performed by BPh alone. MRP2 was also quantified in these samples by BPh. 

Abundance data from each laboratory were compared by a Wilcoxon matched pair analysis to test 

for mean differences. To test for sample abundance correlations, a Spearman’s Rank analysis was 

used. The non-parametric Wilcoxon test was chosen as the P-gp data was shown to be non-

normally distributed after testing by the Kolomogorov-Smirnov test for normality. In statistical 

analyses an α = <0.05 indicated a significant difference. 
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Table 6-1. An outline of the methods specific to each laboratory for the absolute quantification of Na/K-ATPase, P-gp and BCRP.  

    Table 6-1a. The University of Manchester. 

Criteria The University of Manchester 

Peptide Selection In Silico – UoM – ConSEQUENCE program  

Standard Generation Quantitative Concatenation (QconCAT)  

Selected Peptides 

Na/K-ATPase – IVEIPFNSTN[K
13

C] 

P-gp – AGAVAEEVLAAI[R
13

C] 

BCRP - VIQELGLD[K
13

C] 

Digestion Deoxycholate denaturation, Lys-C + trypsin digest 

LC-MS/MS Nano flow LC – nanoAcquity (Waters) with TSQ Vantage 

(Thermo), SRM 

 

    Table 6-1b. Bertin Pharma. 

Criteria Bertin Pharma 

Peptide Selection In Silico – Tohoku University  

Standard Generation Absolute Quantification (AQUA)  

Selected Peptides 

Na/K-ATPase – AAVPDA[V
13

C,
15

N]GK 

P-gp – FYDPL[A
13

C,
15

N]GK 

BCRP - SSL[L
13

C,
15

N]DVLAAR 

Digestion MS2Plex-based process including trypsin-based digestion 

LC-MS/MS Normal flow LC – Flexar LC (Perkin Elmer) with API5500 (AB 

SCIEX) Vantage (Thermo), SRM 
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6.3 Results 

6.3.1 Human Intestinal Transporter Abundance Quantification by Bertin Pharma 

The absolute protein abundances of Na/K-ATPase, P-gp and BCRP from 9 intestinal samples from 

various regions were quantified by BPh (Figure 6-1). As expected, the abundance of the highly 

expressed PM marker Na/K-ATPase, was consistent across the samples range (30.76-56.99 

fmol/μg). The abundance of BCRP was greater than P-gp in all samples, with the distal jejunum 

samples (n=4) possessing abundances of 2.59±1.4 and 0.91±0.4 fmol/μg, for BCRP and P-gp, 

respectively. In the solitary sample from the colon P-gp abundances were below the lower limit of 

quantification. The abundances of MRP2 were also measured, however only a single sample 

(distal jejunum #2) exhibited an abundance (0.33 fmol/μg) above the LLOQ (>0.125 fmol/μg). Due 

to the limited number of samples from each region of the gastrointestinal tract, it is difficult to 

assess the relationship between anatomical site and transporter abundances. 

 

Figure 6-1. The absolute protein abundance of Na/K-ATPase (A), P-gp (B) and BCRP (C) in intestinal samples 
(n=9) from various regions of the gastrointestinal tract. The samples represent abundances from TM protein 
from eluted enterocytes. The text above the bars represents the abundance (fmol/μg TM protein) of each 
protein within the sample. 
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6.3.2 Method Comparison Across Groups Quantifying Transporter Protein 

Abundances 

An analysis of the literature was undertaken to obtain an overview of the general differences in the 

methods used for sample preparation, peptide selection, digestion strategies and analytical 

systems by laboratories involved in quantifying absolute transporter abundances in mammalian 

tissues and in vitro systems. Table 6-2 provides a perspective on the diversity of techniques 

reported. Thirteen laboratories have reported quantification of transporter abundances in 

mammalian tissues or in vitro systems. The analysis shows that across the groups very few 

laboratories utilise identical methodology to quantify transporter abundances. The predominant 

methods used are those that employ a synthetically synthesised (AQUA) isotope labelled standard 

peptide. However, a combination of label free and targeted (labelled) approaches have been linked 

within the same study (Karlgren et al., 2012). Tohoku University and BPh laboratories are 

connected, therefore share many similarities. Furthermore, numerous laboratories have also 

fostered links with the forerunning developers of these methodologies, i.e., Tohoku University and 

Pfizer Ltd, (Groton, CT, USA). Peptides that are used as surrogates for the quantification of the 

complete protein are selected based on a variety of criteria, the general details of which are 

described elsewhere (Ohtsuki et al., 2011; Oswald et al., 2013; Prasad and Unadkat, 2014; Qiu et 

al., 2014). However, for the frequently quantified transporter protein P-gp, 3 peptides are routinely 

employed to quantify human P-gp, highlighting a lack of consensus among groups. In-solution 

trypsin-based overnight digestion strategies dominate, but the utility of Lys-C to facilitate protein 

digestion prior to incubation with trypsin has also found favour at The Max Planck Institute and the 

UoM. Normal flow chromatography systems are commonly employed for separation of peptide 

digests, however nano flow systems are also currently utilised at Tohoku University, The Max 

Planck Institute and the UoM. The triple quadrupole MS system is routinely employed for labelled 

approaches, however the manufacturer and models differ between laboratories. To undertake 

studies with different LC-MS/MS systems within a laboratory requires the availability of at least two 

suitable systems, which may not be readily achievable due to the prohibitive cost of these 

instruments. For comparative purposes, the use of quantitative immunoblotting is also 

incorporated, which does not employ peptide selection strategies, protein digestion and LC-MS/MS 

systems for analysis, but does rely on suitable antibodies being available for target transporters 

(Tucker et al., 2012).  
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Table 6-2. A comparative analysis of methods used for quantification of transporter protein absolute abundances across research groups. 

Group Peptide Selection 
Method  

Standard 
Generation  
(P-gp Standard) 

Tissue/Cell 
Fractionation 
(DC/KIT/FASP) 

Chaotropic/r
educing 
agent 

Digestion 
strategy 

Standard 
Pre/Post 
Digestion 

LC-MS/MS system        Source 

Tohoku 
University 
(Study with 

*Boehringer 

Ingelheim, JP 
included)  

In silico – In-house & 
MS/MS verification 

AQUA 
Isotope Label 
(FYDPLAGK)

1 

  

DC - PM 
fraction;  
whole brain 
capillaries 

Guanidinium 
hydrochloride 

In-solution 
Trypsin  
(16h, 37°C) 
E:S-1:100 

Post digestion Multiplex  
HPLC – normal & nano flow  
MS - API5000 
/QTRAP5500 (AB SCIEX) 
or 4000 Q trap (Applied 
Biosystems) 

(Ohtsuki et al., 
2012) 

(Sakamoto et al., 

2011)*1 

(Uchida et al., 2014) 

Pfizer  Prospector – UCSF 
& MS/MS verification 

AQUA  
Isotope Label 
(NTTGALTTR)

2 

Kit extraction – 
native 
membrane  
(Calbiochem) 

DTT; DOC In-solution 
Trypsin  
(16h, 37°C) 
E:S-1:20-50   

Pre-digestion 
or post 
digestion 

Single & multiplex 
HPLC – normal flow 
MS - API4000  
(Applied Biosystems)

 †
 

(Li et al., 2009a) 
(Zhang et al., 2011)

2
 

(Balogh et al., 
2013)

║
 

(Qiu et al., 2013) 

University of 
Paris 
Descartes 

Linked to Tohoku 
University 

AQUA 
Isotope Label 
(NTTGALTTR) 

Whole brain 
capillaries 

Guanidinium 
hydrochloride 

In-solution 
Trypsin (16h, 
37°C) E:S-1:100 

Post digestion HPLC – normal & nano flow  
MS – 4000 QTRAP/API 
5000 (Applied Biosystems) 

(Shawahna et al., 
2011) 

AstraZeneca MS fragmentation – 
MASCOT search & 
MS/MS verification 

AQUA  
Isotope Label 
(AGAVAEEVLAAIR) 

DC – TM fraction PPS In-solution 
Trypsin (6h, 
37°C) E:S-1:20 

Pre-digestion Single 
UHPLC – normal flow 
MS – 6460 (Agilent 
Technologies) 

(Miliotis et al., 
2011b) 

TNO See Tohoku 
University entry 

AQUA  
Isotope Label 
(NTTGALTTR)

3 

DC - PM fraction DTT In-solution 
Trypsin (o/n, 
+2h, 37°C) 
E:S-1:100 

Post digestion Multiplex  
UHPLC – normal flow 
MS – Xev-TQ-S (Waters) 
 

(Verhoeckx et al., 
2011)

3 

(van de Steeg et al., 
2013) 

The University 
of Washington 

Prospector – UCSF & 
Skyline & MS/MS 
verification  
Links to Pfizer’s 
proteomic laboratory 

AQUA  
Isotope Label 
(NTTGALTTR)

4
 

Kit extraction – 
native 
membrane  
(Calbiochem) 

DTT In-solution 
Trypsin (14-24h 
- 37°C) 
E:S-1:25 

Pre-digestion 
(Deo et al., 
2012) or post 
digestion 

Multiplex 
UHPLC – normal flow 
MS – See Pfizer

† 

 or 6460A (Agilent 
Technologies) 

(Deo et al., 2012)
 † 

(Prasad et al., 2014) 

The University 
of Uppsala  
 
 

Links to Pfizer & Max 
Planck Institute 
proteomic 

laboratories
 §

 

AQUA 
Isotope Label 
P-gp quantification 
not reported to date 

Kit extraction – 
native 
membrane  
(Calbiochem) 

DOC 
 
 
 

In-solution 
Trypsin (16h, 
37°C)  
E:S-1:20 

Post digestion See Pfizer entry. (Karlgren et al., 
2012) 

(Vildhede et al., 
2014) 
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Table 6.2. Continued 

 

*Boehringer Ingelheim, Japan collaborated with Tohoku University. ** Professor Coughtrie’s group are now based at The Univers ity of British Columbia. †Deo et al., 2012, performed LC-
MS/MS analysis at Pfizer Ltd.  

‡
 An ‘off the shelf’ MS2Plex kit is used.

 §
The targeted proteomic strategy at the University of Uppsala used the Pfizer laboratory and techniques described in 

Balogh et al., 2013. Differential Centrifugation (DC); Filter Aided Sample Preparation (FASP); Plasma Membrane (PM); Total Membrane (TM), Data-Dependent Acquisition (DDA). E:S is the 

enzyme substrate ratio for trypsin. PPS is a silent surfactant. The University of California, San Francisco (UCSF) n/a – not applicable, o/n - overnight.  

 

Group Peptide Selection 
Method  

Standard 
Generation  
(P-gp Standard) 

Tissue/Cell 
Fractionation 
(DC/KIT/FASP) 

Chaotropic/
reducing 
agent 

Digestion 
strategy 

Standard 
Pre/Post 
Digestion 

LC-MS/MS system       Source 

Max Plank 
Institute 

Total protein non-
targeted 

DDA 
Label free 

DC – TM fraction SDS In-solution 
FASP Lys-C (o/n 
) room temp 
Trypsin – (2h -
37°C) 

n/a Total protein array 
HPLC – nano flow 
Orbitrap LTQ  
(Thermo Scientific) 

(Karlgren et al., 
2012) 

(Wisniewski et al., 
2014) 

The University 
of Greifswald

a
 

Linked to Tohoku 
University 

P-gp quantification 
not reported to date 

DC - PM fraction Not stated In-solution 
Trypsin  
(16h, 37°C) 
E:S-1:100 

Post digestion Multiplex 
HPLC – normal & nano flow 
MS - QTRAP5500 
(AB SCIEX) or 4000 Q trap 
(Applied Biosystems) 

(Niessen et al., 
2010)

a 

The University 
of Greifswald

b 
Expasy program & 
MS/MS verification 

AQUA  
Isotope Label 
(AGAVAEEVLAAIR) 

Kit extraction – 
native 
membrane  
(Calbiochem) 

DTT In-solution 
Trypsin  
(16h, 37°C) 
E:S-1:40 

Post digestion Multiplex 
HPLC – normal flow 
MS - API4000  
(Applied Biosystems) 

(Groer et al., 2013)
b 

Bertin Pharma Linked to Tohoku 
University  

AQUA  
Isotope Label 
(FYDPLAGK)

1
 

DC – PM fraction Unknown
‡
 In-solution

‡
 

Trypsin 
Post digestion Multiplex 

HPLC – normal flow 
MS - API5000 
(AB SCIEX) 

(Kunze et al., 2014) 

The University 
of Manchester 

SRM Atlas 
ConSEQUENCE –
program – UoM & 
MS/MS verification 

QconCAT 
Isotope Label 
(AGAVAEEVLAAIR) 

DC – PM fraction DOC-DTT In-solution 
Lys-C (4h - 30°C) 
Trypsin – (16h -
37°C)  
E:S-1:20 

Pre-digestion Multiplex 
HPLC – nano flow 
MS – TSQ Vantage 
(Thermo Scientific) 

(Russell et al., 2013) 
 

The University 
of Dundee** 

n/a S-tag – Antibody 
Label free 

DC – TM fraction n/a n/a n/a n/a (Tucker et al., 2012) 
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6.3.3 Cross Laboratory Comparison of Absolute Protein Abundances  

Linearity (R
2
=≥0.994), precision (CV≤15%), accuracy (relative error, 71-112%) and the lower limit 

of quantification (LLOQ) were determined as 0.125 fmol/μg for all proteins by BPh and 0.2 fmol/μg 

by UoM (Harwood et al., 2015). In addition to seven Caco-2 monolayers, three human distal 

jejunum samples (#2, #3, #4) and one distal ileum (#2, Figure 6-1) were analysed by both BPh and 

UoM and are incorporated into the cross-laboratory comparison analyses. The comparative 

absolute abundances and the correlations between BPh and UoM for Na/K-ATPase, P-gp and 

BCRP are provided in Figure 6-2 and Figure 6-3. The individual abundance data for each sample is 

provided in Table 6-3. An additional two Caco-2 samples were initially incorporated into the 

analysis, however these were subsequently removed as the storage of the digested proteins 

differed by greater than 6 months between analyses from one laboratory to another, which was 

thought likely to confound comparative analyses. The removal of these samples did not affect the 

findings of this study. For the remaining samples described here, the digestion and analysis took 

place within a 1 month period between laboratories, a time period considered unlikely to impact on 

end point abundance determinations (Sakamoto et al., 2011). For Na/K-ATPase and BCRP, there 

was no difference in the mean abundances (p=0.36 & 0.76, respectively, Wilcoxon matched pairs) 

and no correlation (rs=0.42 & 0.29, respectively) across all samples between laboratories. There is 

a systematically higher BCRP abundance (ranging from 20 to 129% in individual samples) 

quantified by BPh than UoM in 21 and 29d cultivated Caco-2 cells (Table 6-3) which was not 

reciprocated in the intestinal BCRP abundances, which were on average 17% higher (-40 to 72%) 

in the UoM analysis. A systematically higher (63%, p=0.001, Wilcoxon matched pairs) P-gp 

abundance is quantified by UoM than by Bertin Pharma across all samples. P-gp sample 

abundances showed a high correlation (rs=0.42, p=0.04) (Figure 6-3). For the single distal ileum 

sample, P-gp abundance was below the limit of quantification (<0.125 fmol/μg) in BPh 

determinations but measurable by UoM. In both laboratories, lower mean abundances of P-gp 

were observed in the human intestinal samples than Caco-2 cell monolayers, irrespective of 

cultivation time. This is in contrast to BCRP, in which the opposite relationship is observed. It 

should be noted that peptide losses were accounted for within abundance determinations by the 

UoM being 36% for human tissues and 11% for Caco-2 cells and that no losses of peptide occur in 

BPh digestion strategies.  
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The potential impact of these results on IVIVE scaling was investigated by generating a REF-based 

scaling factor (Equation 1-3) for human distal jejunal samples and 21d cultivated Caco-2 cell 

monolayers (n=3) (Table 6-3). Due to the high correlation observed between laboratories when 

quantifying P-gp abundances, the systematically higher P-gp levels measured by the UoM had no 

effect on the jejunal-REF between laboratories (BPh-REF 0.37, UoM-REF 0.4). For BCRP 

however, there were distinct differences with the UoM jejunal-REF being 2-fold higher than the BPh 

jejunal-REF (Ref 2.22 vs. 1.10). This is due to the systematically lower Caco-2 cell abundance 

levels measured at UoM. 
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Table 6-3. Individual abundances of human intestinal and Caco-2 cell monolayer with jejunal REF scaling factors. 

 Na/K-ATPase Abundance 
(fmol/μg) 

 P-gp Abundance  
(fmol/μg) 

 BCRP 
Abundance (fmol/μg) 

 

Sample Bertin 

Pharma 

University of 

Manchester 

Relative 

Error (%) 

Bertin 

Pharma 

University of 

Manchester 

Relative 

Error (%) 

Bertin 

Pharma 

University of 

Manchester 

Relative 

Error (%) 

Human Distal Jejunum 1 43.39 41.93 -3 1.10 3.07 64 3.19 2.28 -40 

Human Distal Jejunum 2 37.48 34.58 -8% 0.40 0.98 59 0.98 1.92 49 

Human Distal Jejunum 3 37.11 29.58 -25 0.80 1.62 51 2.01 3.49 42 

Human Distal Ileum  50.72 24.47 -107 BLQ 0.2 - 0.44 1.6 72 

Caco-2 21d (# 1) 51.56 82.47 37 1.89 5.21 64 1.7 1.19 -62 

Caco-2 21d (# 2) 56.75 47.16 -20 2.27 4.5 50 1.94 1.16 -67 

Caco-2 21d (# 3) 65.86 56.75 -16 2.07 4.31 52 1.94 1.12 -74 

Caco-2 29d (# 1) 49.3 77.43 36 1.64 8.27 80 1.34 1.12 -20 

Caco-2 29d (# 2) 74.81 54.32 -38 2.29 6.78 66 1.64 .72 -129 

Caco-2 29d (# 3) 52.45 58.83 11 1.98 6.78 65 1.51 .75 -100 

Caco-2 21d HP 90.43 52.33 -73 7.84 5.71 37 2.73 1.64 -67 

Mean Human Distal Jejunum 39.3 (±3.5) 35.4 (±6.2) -12* 0.8 (±0.3) 1.9 (±1.1) 58* 2.1 (±1.1) 2.6 (±0.8) 17* 

Mean Caco-2 21d 58.1 (±7.24) 62.1 (±18.26) -0.4* 2.1 (±0.19) 4.7 (±0.48) 55* 1.9 (±0.14) 1.2 (±0.04) -62* 

Mean Caco-2 29d 58.9 (±13.91) 63.5 (±12.25) 3 * 1.97 (±0.32) 6.92 (±1.28) 71* 1.5 (±0.15) 0.9 (±0.22) -83* 

Overall Mean 55.4 (±16.12) 50.9 (±18.12) -19* 2.0 (±2.08) 4.8 (±3.51) 63* 1.8 (±0.76) 1.5 (±0.89) -34* 

REF (Jejunum: 

Caco-2 -21d) 
0.68 0.58 - 0.37 0.4 - 1.11 2.22 - 

SD are given in parentheses. * denotes mean relative error when accounting for individual samples 
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Figure 6-2. Absolute protein abundances of Na/K-ATPase, P-gp and BCRP determined by Bertin Pharma (black) and the University of Manchester (white) in Caco-2 cell monolayers (n=7) 
and human intestinal TM fractions (n=4). The text above the bars indicates Caco-2 monolayer cultivation age and HP is high passage Caco-2. Distal Jejunum (DJ) and Distal Ileum (DI). 
Below the Limit of Quantification (BLQ) * p = <0.05. 
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Figure 6-3. Correlation analysis (Spearman’s Rank) of the absolute protein abundances of Na/K-ATPase (A), 
P-gp (B) and BCRP (C) between Bertin Pharma and the University of Manchester. Diamonds denote human 
(white) and Caco-2 cell monolayers (black). Spearman’s rank correlation coefficients (rs) are provided as text 
on the plot, as are the p values representing the T-distribution for assessing the significance of the correlation. 
Note, a single sample from BPh for P-gp was not above the limit of quantification. 
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6.3.4 An Appraisal of Selected P-gp and BCRP Peptides 

The proteotypic standard peptides selected by each laboratory for quantification of Na/K-ATPase, 

P-gp and BCRP are based on criteria described in publications from Tohoku University and The 

University of Manchester (Kamiie et al., 2008; Russell et al., 2013). The position of the selected 

standard peptides within P-gp and BCRP protein structure is provided (Figure 6-4). The selection 

criteria defined by Tohoku University would not have chosen the UoM peptide for P-gp, as a single 

nucleotide polymorphism (SNP) is present at position 261 (I261V - A781G). This SNP has an allelic 

frequency in African Americans of 0.6% (Kroetz et al., 2003) and 6.9% in Ugandans (Mukonzo et 

al., 2010). However, this SNP was not detected in the other populations studied; Caucasians, 

Asian Americans, Mexican Americans, Pacific Islanders and Japanese (Kroetz et al., 2003; Ozawa 

et al., 2004). The standard peptide selected for P-gp quantification by BPh was flagged by the 

ConSEQUENCE program developed at the UoM (Lawless and Hubbard, 2012) as a peptide prone 

to mis-cleavage by trypsin. This is due to the presence of aspartic acid (E) at the N-terminal 

flanking region of the selected peptide which is associated with missed cleavage events (Lawless 

and Hubbard, 2012). If missed cleavage was occurring, the selected peptide would be elongated, 

changing its mass, resulting in the first mass filter (Q1) of a triple quadrupole MS, rejecting its 

selection for subsequent analysis. This would result in a lower native peptide signal and a lower 

biological abundance. 

For the BCRP peptides selected by both groups, no SNP’s were detected. Tohoku University 

peptide selection criteria are unlikely to have scored the UoM peptide highly due to the presence of 

glutamine (Q) which has the potential to suffer a deamidation post translational modification. This 

event was judged tolerable at the UoM, given that the rate of glutamine deamidation is 

considerably lower than that for asparagine (N), with a reaction half-life of 660 days (Li et al., 

2010b). In contrast, the UoM did not select the BPh BCRP peptide standard due to the perceived 

difficulty of efficient trypsin cleavage at dibasic and tribasic tryptic sites, i.e., sequential lysine or 

arginine residues or lysine and arginine side-by-side at the N-terminal region of the BPh selected 

peptide (Lawless and Hubbard, 2012). For similar reasons outlined for P-gp, mis-cleavage may 

result in non-selection at the Q1 mass impacting on the native peptide signal. 
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Figure 6-4. The location and nomenclature of the selected peptides for quantifying P-gp (A) and BCRP (B) 
absolute protein abundances. BPh selected peptide sequences (bold & underlined) are in the green boxes 
and the UoM (bold & underlined) are in the red boxes. The amino acids immediately flanking the selected 
peptides are in plain text. The UoM selected peptide contains the potential to harbour an SNP I261V (A781G) 
for P-gp which is given as red text. The variant ‘V’ peptide is also provided. The nucleotide binding region is 
given as NBD and N-glycosylated sites are shown in the first extracellular loop of P-gp and the third 
extracellular loop of BCRP. 
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6.3.5 A Comparison to Published Data: UoM Versus. The University of Greifswald 

Transporter Abundances 

With the transporter abundance data already provided from the UoM tissues by two independent 

laboratories, a comparison was made with absolute abundance values obtained for P-gp, BCRP 

and MRP2 in non-matched distal jejunal samples from The University of Greifswald (UoG) (Groer 

et al., 2013; Drozdzik et al., 2014) (Figure 6-5). When comparing data from tissues in the UoG 

studies with UoM tissues analysed in both BPh and the UoM, there is a trend for higher P-gp (2.9-

fold) and BCRP (5.8-fold) abundances in the UoM obtained tissue. For MRP2, only 1 of 4 samples 

were above the LLOQ when measured by BPh. However, there is reasonable agreement (<2-fold 

difference) between the UoM abundance analysis and the UoG tissues. From the current data set, 

it not possible to determine if these differences are due to biological, technical or analytical bias. 

6.3.6 The Impact of Enterocyte Harvest Method on Transporter Abundances 

To investigate whether different methods of harvesting enterocytes affect transporter abundance, 

Na/K-ATPase, P-gp and BCRP abundances were quantified by BPh in samples generated by 

mucosal crushing or enterocyte elution (Figure 6-6). A significantly higher (p=<0.001) Na/K-ATPase 

abundance was found after enterocyte elution by chelation compared to mucosal crushing by 

homogenisation. However, there were no differences in abundances for P-gp and BCRP between 

enterocyte harvest methods. This suggests that protein abundance determination in the intestine 

may depend on enterocyte harvest method for certain proteins or is dependent on the membrane in 

which the transporter is expressed, i.e., basal (Na/K-ATPase) or apical (P-gp or BCRP).  
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Figure 6-5. The absolute protein abundances of P-gp, BCRP and MRP2 in distal jejunum measured at the 
University of Greifswald (UoG), the UoM and BPh. The abundances are measured in digested total/native 
membrane fractions. UoG data is from 3 studies  (Oswald et al., 2013) (n=4, chequered), (Groer et al., 2013) 
(n=1, diagonal line) & (Drozdzik et al., 2014) (n=6, dotted). The data from these studies was extracted by 
graphical digitization (Get Data program). BPh (n=4, black) and the UoM (n=3, white) samples are matched. 
The samples from the UoGare not matched to the BPh/UoM samples. BPh MRP2 data is a weighted mean as 
only a single sample was > LLOQ. Means are given as text above each bar and error bars represent ± SD. 

 

Figure 6-6. A comparison of Na/K-ATPase, P-gp and BCRP protein abundances in matched human distal 
jejunum TM protein samples after enterocyte chelation or mucosal crushing. 
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6.4 Discussion 

A number of groups have developed, validated and applied protocols for quantifying the absolute 

abundances of transporter proteins in mammalian tissues and in vitro systems using proteomic 

approaches. With this raft of abundance data being generated across multiple laboratories now 

being incorporated into IVIVE-PBPK strategies (Bosgra et al., 2014; Kunze et al., 2014; Prasad et 

al., 2014; Vildhede et al., 2014), it is critical to establish if differing methods employed by each 

laboratory contribute to a bias in end point abundance determination. By utilising the TM proteins 

from human intestinal and Caco-2 cell monolayers we show that for P-gp there is a systematic bias 

in endpoint abundances when comparing two independent laboratories, BPh and the UoM. For 

both Na/K-ATPase and BCRP, the similarity when considering the mean endpoint abundances 

across all samples is encouraging. However, the lack of correlation when quantifying Na/K-ATPase 

and BCRP in individual samples suggests that there is an influence of technical and/or analytical 

variability in post-membrane fractionation stages.  

Integral membrane transporter proteins are notoriously challenging to digest due to their poor 

solubility (Mirza et al., 2007). Therefore, chaotropic agents are often used to enhance protein 

solubility to facilitate the effective reduction, alkylation and digestion of target proteins. A 

considerable difference was found when determining the abundances of OATP proteins in 

HEK293-transfected cells, which resulted from the chaotropic agent used (Balogh et al., 2013). 

Based on the findings of Balogh et al., 2013, sodium deoxycholate (DOC) was employed as the 

chaotropic agent by the UoM. It is recognised that differences in agents employed for these 

processes require appreciation when comparing methodology across studies. Aside from the use 

of trypsin for proteolytic digestion, it is difficult to evaluate the effect of the potential differences in 

the procedures employed to denature, reduce, alkylate and digest the proteins between 

laboratories, as the components of the MS2Plex kit were not disclosed by BPh.  

The determination of absolute transporter protein abundances requires that numerous assumptions 

are met, including that enzymatic digestion is complete (Ji et al., 2012). Numerous studies have 

investigated the efficiency of digestion for the selected peptides to varying degrees of complexity 

(Kamiie et al., 2008; Li et al., 2008; Zhang et al., 2011; Ji et al., 2012; Balogh et al., 2013; Groer et 

al., 2013; van de Steeg et al., 2013). Due to the limited availability of entire transporter proteins, an 

assessment of the completeness of digestion is a challenge. However, if a purified protein does 

become available, this permits an assessment of peptide recovery throughout the digestion 

procedure based on known amounts of whole protein (Prasad et al., 2014). However, the instability 
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of peptides over the duration of proteolytic digestion may also require consideration and could be a 

factor in reducing the MS signal (van den Broek et al., 2013). 

In addition to the selection of peptides uniquely identifying the targeted protein based on trypsin 

digestion, programs that also score the peptide in regards to the potential for missed cleavage 

events may also be advantageous (Lawless and Hubbard, 2012). This is particularly pertinent 

given that in a recent relative quantification analysis, it was revealed that up to 46% of peptides 

generated, possessed mis-cleaved events when an in-solution trypsin digestion was performed in 

E. coli (Chiva et al., 2014). Analysis within our laboratory, found that both the peptides selected for 

P-gp and BCRP quantification at BPh (based on Tohoku University criteria) are prone to suffering 

missed cleavage events. The presence of N-terminal flanking glutamic acid (E) 2 positions from the 

conventional trypsin cleavage sites, arginine-lysine (R-K), is found to be particularly prone to 

missed cleavage, therefore the P-gp peptide selected at Tohoku University did not score as 

favourably as other P-gp peptides selected for the QconCAT construct used by the UoM in this 

study (Russell et al., 2013). The selection of peptides through the triple quadrupole mass 

spectrometer is based on pre-defined masses of selected peptides, where any violation of these 

masses, i.e., by missed cleavage of target peptide, will lead to the exclusion of the peptide in mass 

filter 1 (Q1), resulting in lower abundances quantified in the samples. Therefore, these events may 

explain the differences in P-gp abundance quantification between laboratories shown in this study. 

The inclusion of mis-cleaved peptides within abundance quantitation has been advocated in order 

to obtain absolute abundances that more accurately reflect the genuine biological abundances 

within a system (Chiva et al., 2014). However, for this approach to be valid, an essential 

requirement is that the mis-cleaved peptide(s) are unique to the target protein. Furthermore, it is 

still critical to confirm that the in silico peptide selections are suitable for quantifying target proteins 

by experimental analysis to assess factors such as, co-elution and ionisation efficiency.  

In a recent study, the choice of peptide was demonstrated to be critical for the quantification of 

human liver OATP1B1 (Terasaki et al., 2014). In the original study from this group, human liver 

OATP1B1 abundances were analysed and 9 of 17 samples were found to possess levels below the 

limit of quantification (Ohtsuki et al., 2012). This is unexpected given that OATP1B1 is the 

transporter protein exhibiting the highest absolute abundance of all transporters quantified in livers 

across studies (results of a meta-analysis by the candidate for Simcyp Ltd, data not shown). The 

original peptide selected by the group is located in the ninth transmembrane spanning domain of 

OATP1B1. Since the efficiency of tryptic digestion is thought to be compromised in these regions 
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(Kamiie et al., 2008), a re-evaluation of the original peptide against 4 other peptides located in 

intracellular or extracellular loop domains for human hepatic OATP1B1 quantification was 

performed. The study found that the original peptide under-estimated the mean abundance across 

15 livers by greater than 20-fold in comparison to the best performing peptide. A methodological 

bias of this magnitude is a concern and will require consideration when incorporating transporter 

abundances into population libraries in PBPK models (Harwood et al., 2013). Clearly, a 20-fold 

greater abundance of hepatic OATP1B1 in individuals represented in PBPK models will have a 

substantial effect on transporter-mediated drug disposition. 

In this study, there was a consistently lower BCRP abundance in all Caco-2 cells when analysed by 

UoM. This does not appear to be a peptide-specific issue since BCRP abundance in 3 of 4 human 

samples was higher at the UoM. It is possible that the Caco-2 cell membrane matrix may affect the 

digestion of the selected BCRP peptide and impact on end point abundance quantification. There is 

also a possibility that these differences could be due to chromatographical effects. A peptide 

commonly used peptide to quantify P-gp (Table 6-1), NTTGALTTR, was found to interfere with the 

chromatography when analysing human intestinal samples at the UoG, therefore it was not 

selected for further analysis (Groer et al., 2013). However, the source of the observed lower BCRP 

abundances in Caco-2 cells is unlikely to be founded on chromatographical interference within this 

study as co-elution profiles of native and standard peptides were generated. However, the 

methodological validation of these peptides was initially performed in human intestinal samples 

(Section 4.3.2). Therefore, further studies to assess the optimal digestion conditions for the 

selected BCRP peptides in Caco-2 cells are required.  

Together with the requirement of obtaining transporter abundances in tissues of individuals for 

incorporation into PBPK models, absolute abundance data from mammalian tissues and in vitro 

systems can also be used to generate IVIVE scaling factors (Li et al., 2010a; Karlgren et al., 2012; 

Vildhede et al., 2014). Having established that there is a higher P-gp abundance across all 

samples and a lower abundance of BCRP in Caco-2 cells after quantification by the UoM, it is 

important to establish if laboratory-specific bias exist when generating IVIVE scaling factors. By 

generating a REF scaling factor (Equation 1-3), based on the ratio of distal jejunum transporter 

abundances to 21d cultivated Caco-2 cell monolayers for a specific transporter, it was shown that 

P-gp REF’s were the same between laboratories, yet for BCRP this REF was 2-fold higher at the 

UoM. This suggests that if there is a consistent bias in abundance determination across both in 

vivo and in vitro systems, i.e., as is the case for P-gp, the REF will not be affected. However, if bias 
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in abundance quantitation occurs selectively within a biological system between laboratories, the 

REF scalar will be influenced i.e., Caco-2 cell BCRP abundances. An intestinal REF scalar for P-gp 

based on human jejunum and Caco-2 cells expression was used to build an IVIVE-PBPK model for 

digoxin (Neuhoff et al., 2013). A REF of 2 was incorporated into the model after analysis of 

immunoblotting densitometry data from homogenates from a single human jejunum and three 21d 

cultivated Caco-2 monolayers (Troutman and Thakker, 2003a). It is clear that the UoM-P-gp-REF 

scalar is lower than found in the study of Troutman & Thakker, due to the higher abundances 

measured in Caco-2 cells. This difference could be due to a number of factors including; 

differences in the methods used for quantifying expression; the use of homogenates compared to a 

total membrane fraction, the method of enterocyte harvest, differences in Caco-2 cell cultivation or 

the variability in the abundances inherent to the human samples. This emphasises the need to 

introduce standardisation into the determination of absolute abundances and subsequent 

generation of scaling factors. However, complete standardisation across laboratories is perhaps 

unrealistic, and therefore at the very least, scaling factors should be defined on a laboratory-

specific basis to account for the variability in Caco-2 cell phenotype described between laboratories 

(Hayeshi et al., 2008). There is an obvious need to generate further scaling factors within various 

research groups in order to understand how the selected methods can impact on REF calculations. 

The UoG are the only group to have reported intestinal transporter abundances at present using 

QTAP methods. The comparisons drawn between tissues from the UoM and the UoG highlight the 

potential variability in transporter abundances between laboratories/tissues. However, from this 

data set it is not possible to identify if the differences, which are particularly marked for P-gp and 

BCRP, are inherent to the biology of the tissue or based on differences in the methods employed 

for quantification. Similarities do exist between the studies described, such as choice of peptides 

for P-gp for the UoM and BCRP for BPh. However, differences in source of the tissues i.e., 

cadaveric or surgically resected tissue at the UoG compared to surgical resection at the UoM, the 

membrane enrichment technique, the QTAP method, drug history and harvesting of enterocytes, 

may lead to the different abundances observed. It’s shown that the method of enterocyte harvest, 

i.e., elution of enterocytes by calcium chelation, or homogenising the mucosa, the latter of which is 

routinely employed at the UoG, does affect Na/K-ATPase abundances but not those of P-gp or 

BCRP. Therefore, this aspect of the methods may not be responsible for the differences observed 

between the studies for P-gp and BCRP. 

 



| Chapter 6 Page 180 of 277 

 
 

This study does not control for differences in membrane fractionation technique which could be a 

source of variability across studies and within studies (Heikkinen et al., 2014). To test for within 

laboratory variability, repeated membrane extraction, protein digestion and subsequent abundance 

quantification is required on the same frozen tissue over multiple days. However, within our 

laboratory when employing an entire QTAP workflow for Caco-2 cells spanning a 7 month period of 

single operator cell culturing (‘the candidate’), consistent abundance determinations for Na/K-

ATPase, P-gp and BCRP were found when analyses was performed by BPh (Chapter 5).  
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6.5 Conclusion 

As the use of techniques to measure transporter absolute abundances becomes more widespread, 

an appreciation of the limitations of the methods for accurately determining protein abundances, 

that are inherent to the biological system are required. Cross laboratory comparisons on the same 

samples, can reveal methodological biases that are integral to a particular laboratory or step within 

the workflow employed by each laboratory to determine abundances. This is critical when 

performing rigorous analysis of biological data sets from across laboratories, as is performed by 

scientists employing IVIVE strategies and builiding population-based PBPK models. Within this 

study, there are plans to perform further investigations between the UoM and BPh, by exchanging 

the peptide standards used within each laboratory, thus, permitting the parallel analysis of peptides 

in matched human intestinal samples. Furthermore, a multiple cross laboratory comparison, with 

matching samples, is required to enable the comparative evaulation of the entire proteomic 

workflow specific to each laboratory on the generation of absolute protein abundances. Studies are 

underway to perform such analyses, coordinated by the University of Upsalla, for execution in the 

coming year.  
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Chapter 7 - Efflux Ratio and Intrinsic Clearance of Vinblastine are 

Associated to P-gp Abundance in Caco-2 Cells 

Declaration 

Work presented in this chapter was performed by the candidate Matthew Harwood and Caco-2 

abundance data was generated by Bertin Pharma, Orleans, France. The three compartment kinetic 

model used for estimating transporter kinetic parameters and passive permeability was developed 

by Dr Howard Burt, Simcyp Ltd, Sheffield, UK. 

Excerpts of text from this chapter are extracted from published articles:  

M.D. Harwood, et al., (2013), Biopharm Drug Dispos. 34, 2-28. 
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7.1 Introduction 

To devise an effective mechanistic IVIVE strategy for transporters, incorporation of separate 

elements for the PPassive and transporter-mediated flux is necessary together with scaling factors to 

bridge any mechanistic differences between the in vitro and in vivo system. The ‘drug parameters’ 

are defined for each process within appropriate in vitro experiments and used in conjunction with 

the ‘system parameters’ i.e., demographic, physiological or genetic parameters, to predict the 

behaviour of the drug in vivo. When integrating drug parameters into a model, the key processes 

including active kinetics, are often described by Michaelis-Menten model parameters (Km, Jmax or 

CLint). Applying active transport models to the in vitro data can take place only after deconvoluting 

the effects of Ppassive. Ideally, the effects of the unbound fraction at the transporter binding site 

require delineation before using models (Harwood et al., 2013).  

Expression-based scaling factors have been utilised in IVIVE and incorporated into PBPK models 

for many years (Proctor et al., 2004). The ISEF was devised to correct for differences in enzyme 

abundance and activity (per unit of CYP450 isoform) in recombinant expression systems and 

human liver. However, transporter expression scaling factors at present are not nearly as 

sophisticated due to the relative lack of transporter abundance data and paucity of good quality 

kinetic data. This is due to a number of factors including lack of transporter-specific substrates, 

poor definition of experimental set ups and their interpretation and limited information on the effects 

of transporter abundance on activity (Harwood et al., 2013). Therefore, a common approach to 

incorporating transporter functionality into IVIVE strategies is to assume there is a linear 

relationship between expression and activity (Neuhoff et al., 2013; Vildhede et al., 2014). In these 

studies, the REF scaling factor was incorporated into the IVIVE strategy under the assumption that 

Jmax is proportional to transporter expression (Harwood et al., 2014). In a study in which cell lines 

with increasing levels of P-gp expression were developed (Shirasaka et al., 2008), kinetic analyses 

of the P-gp probe compound Vinblastine (VBL) showed that the activity (Jmax) relative to the level 

of P-gp expression as measured by immunoblotting, decreased as P-gp expression increased 

(Tachibana et al., 2010; Korzekwa and Nagar, 2014). This suggests for VBL, that there is a 

redundancy in transporter function, such that the activity per unit of transporter protein decreases 

as protein expression levels increase. Therefore, the utility of linear scaling factors solely based on 

expression, i.e., REF, may not be appropriate if in vitro systems expressing high levels of 

transporter protein are incorporated into an IVIVE strategy. In addition, it has also been shown that 
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P-gp expression increases in higher passages of Caco-2 cells grown in flasks (Anderle et al., 

1998). If the increased Caco-2 expression is also observed when growing Caco-2 cell monolayers 

grown on permeable filter supports, a consequent increase in P-gp-mediated transport might be 

expected. If consistent across multiple laboratories, this observation warrants the development of 

expression-based scaling factors that are tailored to the effects of long term cell culture on 

transporter expression levels. 

VBL is an alkaloid originating from the Madagascan Periwinkle (Catharansus Roseus) and is widely 

used for the treatment of many cancers (Lu et al., 1983). It has been known for many years that 

VBL is transported by P-gp in MDCK-II-MDR1 and Caco-2 cells (Horio et al., 1989; Hunter et al., 

1993) and mammalian intestinal tissues (Stephens et al., 2001). However, the role of MRP2 has 

also been implicated to be responsible for VBL transport in MDCK-II-MRP2 and Caco-2 cell lines 

(Evers et al., 1998; Tang et al., 2002a; Taipalensuu et al., 2004) and multidrug resistant breast 

cancer cell line MCF-7 (Litman et al., 2000). VBL was selected as a P-gp probe compound for this 

study due to the observed redundancy in P-gp activity with increasing P-gp expression levels 

described previously (Tachibana et al., 2010; Korzekwa and Nagar, 2014). The structure, physico-

chemical properties metabolism and transport protein specificities of VBL are provided in Table 7-1 

and Figure 7-1 . 

 

Figure 7-1. The chemical structure of Vinblastine sulphate (image courtesy of Sigma-Aldrich). 
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Table 7-1. Physico-Chemical Properties of VBL, Metabolism & Transport Specificities. 

 

Parameter  Value/Description Source Comments 

Molecular Weight 

(g/mol) 
909 http://www.webqc.org/mmcalc.php Sulfate Salt 

pKa 
5.4 

7.57 
(Sun and Avdeef, 2011) Experimental 

Compound Type Base (Cation) (Sun and Avdeef, 2011)  

LogP 1.97 (Juliano and Stamp, 1978) Experimental 

Metabolism 

 

Deacetyl-VBL  

Km (ND) 

Km (μM) = 6.82* 

(CYP3A) 

Vmax (nmol/min/mg) 

0.64 

Four metabolites 

found* 

Km (ND)  

(Owellen et al., 1977) 

 

(Zhou-Pan et al., 1993) 

 

 

(Zhou et al., 1994) 

Human (in vivo) 

 

Human liver 

microsomes 

 

Human 

hepatocytes 

Transport    

P-gp 

Jmax – 1.7 

Km (μM)– 89.2 
(Tang et al., 2002b) Caco-2

†
 

MRP2 

Jmax – 0.54 

Km (μM)– 71.8 
(Tang et al., 2002a) Caco-2

‡
 

*single metabolite, structure not identified. 
† 

kinetic parameters may be influenced by MRP2 activity  
‡
measured in the presence of GF120918. ND – not determined. Jmax is in units of pmol.cm

2
.s. 

The key aims of this chapter are to quantify the P-gp abundances using QTAP techniques in Caco-

2 cells postulated to possess different levels of P-gp, and to determine if the relationship between 

P-gp activity and abundance is linear for the P-gp probe compound VBL in each Caco-2 cell 

variant. In addition to low and high passage Caco-2 cells, this study also uses cells which are 

cultured in the presence of VBL within the growth media. This culturing regimen has been 

consistently shown to select Caco-2 cells possessing higher levels of P-gp, while those cells with 

lower P-gp levels do not survive the cytotoxic effects of VBL treatment (Anderle et al., 1998; Laska 

et al., 2002; Shirasaka et al., 2006; Siissalo et al., 2007). A compartmental modelling approach to 

describe the three-compartment Transwell system in which VBL transport is performed will be used 

to determine ‘drug parameter’ estimates. Establishing if linear/non-linear relationships between 

transporter activity and abundance exist, should provide invaluable information as to whether the 

commonly employed linear scaling approach (REF) is sufficient for transporter-based IVIVE. 

 

http://www.webqc.org/mmcalc.php
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7.2 Methods 

The finalised methods employed in Chapter 7 are described in detail in Sections 2.2.1 for basic cell 

culture conditions, Section 2.2.2.2 for obtaining Caco-2 cell membrane fractions. Bertin Pharma 

(BPh) protein abundance analysis is described in Section 2.2.8.6. Section 2.2.9 describes the 

analysis of transporter gene expression. The basic protocol for the monolayer transport assay is 

described in Section 2.2.10. The estimation of active transport kinetic parameters and the PPassive of 

VBL in Caco-2 cells by simultaneous fitting in a three-compartment model are described in Section 

2.2.12. Additional methodological details for VBL transport assays are given in Section 7.2.1. 

7.2.1 Bi-directional Monolayer Transport Assay: VBL Transport 

[
3
H]-VBL transport was assessed in three Caco-2 cell monolayer variants:  

1. ATCC-HTB-37, passage 25-35, purchased at passage 18 and cultivated solely by the 

‘candidate’. 

2. High passage Caco-2 cells (passage 100+) were revived from cryogenic storage at 

passage 100 for use in studies presented in this chapter. 

3. Caco-2-VBL cells were generated as described in Section 2.2.1 and cryogenically stored in 

Dr Geoffrey Warhurst’s laboratory until revival for usage in studies presented in this 

chapter. 

The transport buffers consisted of HBSS-HEPES (25 mM) pH 7.4 or HBSS-MES (10 mM) pH 6.5 

and were performed with a pH gradient, i.e., pH 6.5 in the apical chamber and pH 7.4 in the 

basolateral chamber, or without a pH gradient with transport buffer at pH 7.4 in both chambers of 

the Transwell system. As described in Section 2.2.10, monolayer integrity was monitored by LY 

transport (50 μM) bi-directionally. Bi-directional transport of the P-gp probe VBL was undertaken at 

9 concentrations (0.03-to-1000 μM). For transport assays carried out at 0.03 μM VBL, [
3
H]-VBL 

stock was solely used, with DMSO (0.1% v/v) as a vehicle control. For all higher concentration VBL 

experiments, the [
3
H]-VBL stock and VBL dissolved in DMSO was used to achieve the starting VBL 

concentrations. DMSO did not exceed 0.2% (v/v) in any transport experiment. The maximum 

nominal concentration of VBL in the B-to-A direction (donor pH 7.4) was 250 μM due to the 

solubility limitations at high concentrations. At pH 6.5 no solubility limits were reached. To assess 

the specificity of P-gp-mediated VBL transport and to estimate the PPassive, transport experiments 

performed with 0.03 μM VBL, were also incubated with the P-gp inhibitor verapamil (100 μM). 

Monolayers were pre-incubated with verapamil for 30 min prior to initiation of the transport 
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experiment with VBL. The transport assay was initiated by the addition of the [
3
H]-VBL-laden 

transport buffer to the requisite side of the monolayer and insertion into the orbital rotating 

incubator at 100 rpm and 37°C. The duration of the assay was 60 min. Donor samples (100 μL) 

were taken separately for LSC counting of [
3
H]-VBL and fluorescent monitoring of LY at the start 

and end of the experiment, with replacement of the donor buffer immediately. Receiver chamber 

samples were also taken at 5, 15, 25, 40, and 60 min for [
3
H]-VBL and LY monitoring (100 μL for 

each) and the relevant transport buffer (200 μL) was replaced immediately. The Papp and 

monolayer contents were calculated as described in Section 2.2.10.1. The concentration of VBL 

(pmol/L) was obtained from calculating the activity of VBL in the initial donor sample in counts/min 

and correcting for the notional micromolar concentration of VBL (tritiated and non-tritiated) in the 

donor solution. The resulting counts/micromolar, was used to calculate the VBL concentration 

(pmol/L) for each chamber which was used for obtaining PPassive and kinetic parameter estimates in 

a three-compartment model (described in Section 2.2.12). 
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7.3 Results 

The low passage Caco-2 cell line (P25-35) previously described in Chapter 5 together with a high 

passage (P105-P115) and VBL-selected Caco-2 cells (Caco-2-VBL, P113(+11)-P120(+18)) were 

used investigate the effects of long term culture and the promotion of transporter selection via 

cytotoxicity using the P-gp probe VBL. 

7.3.1 Characteristics of Caco-2 Monolayers 

As a QC, the integrity of the monolayers was routinely monitored by TEER over the cultivation 

period and by the paracellular marker LY throughout the transport assay. A TEER plateau was 

typically reached at 7 days, indicating confluence was reached (Figure 7-2). 

 

Figure 7-2. Assessment of monolayer integrity and growth by TEER for all variant Caco-2 cell monolayers 
N=29 plates. This includes the TEER prior to RNA harvesting in addition to transport experiments. Low 
passage (triangles), high passage (diamonds) and Caco-2-VBL (squares). 

The mean end point TEER and LY Papp for Caco-2 monolayers are provide in Table 7-2. 

Table 7-2. Endpoint TEER and LY permeability in filter-grown Caco-2 cell monolayers at 21 days. 

 Caco-2 Cell Variant (all 21d cultivated) 

 Low Passage High Passage VBL-Selected 

TEER (Ω.cm
2
) 346

***
 (± 36) 231 (± 47) 230 (± 67) 

LY Papp  

(x 10
6
 cm sec

-1
) 

0.23 (± 0.13) 

N=9 (n=78) 

0.15
***

 (± 0.13) 

N=9 (n=78) 

0.25 (± 0.23) 

N=11 (n=65) 
***

, significantly different (p=<0.001) from other groups. Differences between groups tested by 1-way ANOVA 

with Bonferroni (all group) post-hoc analysis to test for differences between groups. N denotes experimental 

plates and n denotes filters. 

 

Low passage Caco-2 cell monolayers showed significantly higher TEER’s than the other groups 

(p=<0.001, 1-way ANOVA). In contrast, the high passage Caco-2 cell monolayers demonstrated 
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significantly lower LY permeability than the other groups (p=<0.001, 1-way ANOVA), although all 

three groups were within integrity cut-off limits for LY transport (Section 2.2.10.1). It should be 

noted that verapamil incubation elicited a rise in TEER, likely to be due to its Ca
2+

 channel blocking 

effects. 

7.3.2 Transporter Gene Expression Analysis in Caco-2 Cell Variants 

Transporter mRNA gene expression levels were compared to the housekeeper protein PPIA as 

described in Section 5.3.2. The expression of PPIA between the Caco-2 cell variants was stable 

(cycle threshold range-19.6-to-20.1, for all cell variants) confirming the utility of this housekeeper 

protein for analysis of relative transporter mRNA gene expression in these cells.  

The relative gene expression levels of the ABC transporters MDR1, MRP2 and BCRP in the 21 day 

grown Caco-2 cell monolayer variants are provided in Figure 7-3. As expected, the MDR1 mRNA 

levels in Caco-2-VBL cells are significantly higher (p=<0.01, 1-way ANOVA) than either the normal 

low or high passage Caco-2 cells. The mRNA expression of BCRP in the low passage cells is 4-

fold higher than the high passage Caco-2 cells and 10-fold higher than the Caco-2-VBL cells 

(p=<0.001, 1-way ANOVA), suggesting that culturing Caco-2 cells with VBL down-regulates BCRP 

transcription. MRP2 mRNA levels are reasonably consistent across the Caco-2 cell variants, with 

the low passage Caco-2 cells showing a 1.4-fold higher (p=<0.05, 1-way ANOVA) expression 

compared to high passage Caco-2 cells. There were no transcriptional effects of culturing with VBL 

on the levels of MRP2 mRNA. 

7.3.3 Protein Abundance Analysis in Caco-2 Cell Variants 

The protein abundance data for Na/K-ATPase and P-gp described in this section was generated by 

analyses performed by BPh. As a QC for TM and PM fractions, Na/K-ATPase abundances are 

described for all Caco-2 cell variants (Figure 7-4). There were no differences in Na/K-ATPase 

abundances between the Caco-2 cell variants. Only a modest enrichment in the proposed PM 

fraction was observed, which is consistent with data shown in Chapter 5 for low passage Caco-2 

cells grown over varying periods. These data indicate that long term culture and VBL selection 

does not influence Na/K-ATPase abundance.  
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Figure 7-3. mRNA gene expression of MDR1 (A), BCRP (B) and MRP2 (C) in 21d cultured Caco-2 cells 
variants normalised to the housekeeper protein PPIA. Each bar represents n=3 separate mRNA extractions. 
Assays were conducted on 2 separate days in duplicate. The values are given as Mean±SD, with the text 
above the bars representing mean expression levels. * denotes p=<0.05, ** denotes p=< 0.01, *** denotes 
p=<0.001 determined by 1-way ANOVA with Bonferroni (all group) post-hoc analysis to test for differences 
between groups. 

 

Figure 7-4.The absolute Na/K-ATPase protein abundance determined by Bertin Pharma analysis in all 21d 
cultured Caco-2 cell monolayers variants. The text above the TM (white) and PM (black) bars represents the 
mean values of n=3 experiments, except for the low passage 21d TM group which are represented by n=6 
experiments. Values are given as Mean±SD. 

The abundances of P-gp in 21 day cultured Caco-2 cells variants are described after analysis by 

BPh (Figure 7-5). There is a significantly higher P-gp abundance in Caco-2-VBL cell TM fractions 
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(p=<0.001, 1-way ANOVA), confirming the influence of culturing Caco-2 cells with VBL on 

promoting P-gp protein expression by cytotoxicity-based selection. These findings also match the 

higher mRNA expression observed in Caco-2-VBL cells compared to normal Caco-2 cells (Figure 

7-3). However, from the mRNA data, it might be expected that the P-gp levels would be similar in 

low and high passage cells. Interestingly, the abundance of P-gp in high passage cells was 

significantly higher than low passage cells (p=<0.001, 1-way ANOVA). Unexpectedly, there was a 

significantly lower P-gp abundance (p = <0.01, Paired t-test) in the PM fraction of Caco-2-VBL cells 

that did not correlate to the membrane marker protein Na/K-ATPase, which was previously shown 

not to be difference in both these fractions (Figure 7-4). The full data set of Na/K-ATPase and P-gp 

abundances is provided in Appendix Table G-1 & Appendix Table G-2. 

 

Figure 7-5. The absolute P-gp protein abundance determined by Bertin Pharma analysis in all 21d cultured 
Caco-2 cell monolayers variants. The text above the TM (white) and PM (black) bars represents the mean 
values of n=3 experiments, except for the low passage 21d cells TM group which are represented by n=6 
experiments. Values are given as Mean±SD. *** denotes p=<0.001 as determined by a 1-way ANOVA with 
Bonferroni (all group) comparison post-hoc analysis to test for differences between groups. 

7.3.4 VBL Transport in Caco-2 Cell Variants 

Preliminary experiments focussed on determining bi-directional VBL transport in the presence of 

the P-gp inhibitor verapamil. The bi-directional permeability of VBL (0.03 μM), in the presence and 

absence of verapamil (100μM) performed for 120 min (6 samples taken over experimental 

duration) at pH 7.4 in both Transwell chambers is shown for 21d-grown cells (Figure 7-6). A 4.8-

fold higher permeability in the secretory (B-to-A transport) when compared to the absorptive 
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direction (A-to-B transport) is observed. This ER is abolished in the presence of the P-gp inhibitor 

verapamil, suggesting that P-gp is responsible for driving the secretory process in Caco-2 cells. 

This data also suggests that if verapamil inhibits all active processes responsible for VBL transport 

across Caco-2 cell monolayers, the PPassive is approximately 10.5 x 10
-6

 cm sec
-1

. 

 

Figure 7-6. Transport of VBL (0.03 μM) in A-to-B (white) and B-to-A (black) transport directions across 21d 
cultured Caco-2 cell monolayers in the presence and absence of verapamil (100 μM). The text above the bars 
is the mean Papp under each condition. The values are Mean±SD of n=3 filters for each condition. 

The transport of VBL (0.03 μM, over 60 min) in the presence and absence of verapamil (100 μM) 

was undertaken for all Caco-2 cell variants in a pH gradient system (apical pH 6.5, basolateral 7.4) 

as performed by Shirasaka and colleagues (Shirasaka et al., 2008). The observed VBL (0.03 μM) 

ER for Caco-2 cell variants was 2.86, 5.81 and 11.61 in low, high and Caco-2-VBL cells, 

respectively (Figure 7-7). The ER’s approximated more closely to the different protein abundances 

of P-gp in each variant cell line (Figure 7-5, Table 7-3), rather than P-gp mRNA expression. In 

contrast to the pH 7.4/7.4 assay (Figure 7-6), verapamil incubation did not completely abolish VBL 

efflux, ranging from a residual ER of 1.3-fold in low passage cells to 2.45-fold in VBL-selected cells 

(Figure 7-7). This may indicate that a pH gradient has an effect on VBL transport due to the greater 

ionisation of this dibasic compound in the apical pH 6.5 buffer to limit Ppassive in the absorptive 

compared to the secretory direction, according to the pH-partition hypothesis (Neuhoff et al., 2003). 

Moreover, MRP2 may also play a smaller role in VBL efflux after verapamil inhibition. 
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Figure 7-7. Transport of VBL (0.03 μM) in A-to-B (white) and B-to-A (black) transport directions across 21d cultured Caco-2 cell monolayers (all variants) in the presence and absence of 
verapamil (100 μM). A, low passage, B, high passage and C, VBL-selected Caco-2 cell monolayers. The text above the bars is the mean Papp under each condition. The values are 
Mean±SD of n=3 filters per condition. 
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Table 7-3. The relationship between VBL efflux ratio, P-gp total membrane protein abundance and 

mRNA expression in all Caco-2 cell variants. 

 

To ascertain whether MRP2 was responsible for the residual ER after verapamil incubation, the 

specific (i.e., does not inhibit P-gp or BCRP) MRP2 inhibitor lansoprazole (Matsson et al., 2009), 

was incubated with VBL and verapamil in low passage Caco-2 cells. The VBL ER, when incubating 

with both verapamil (100 μM) and lansoprazole (100 μM), actually increases, ER of 2.64, (Figure 7-

8) when compared to the residual ER of 1.32, (Figure 7-7). Interestingly, the A-to-B transport was 

not affected by incubations with both inhibitors. These findings suggest that MRP2 has little 

involvement in the transport of VBL at the low concentrations given in these experiments and may 

indicate that lansoprazole impacts on another transporter with an, as yet, unidentified role in the 

transport of VBL.  

 

Figure 7-8. Transport of VBL (0.03 μM) in A-to-B (white) and B-to-A (black) transport directions across 21d 
cultured Caco-2 cell monolayers in the presence and absence of verapamil (100 μM) and lansoprazole over 
60 min. The text above the bars is the mean Papp under each condition. The values are Mean±SD of n=3 
filters for each condition. 

Caco-2 Cell 
[
3
H] VBL Efflux Ratio 

(pH6.5/7.4) 

P-gp mRNA Expression 

(Relative Units 

 to PPIA) 

P-gp Protein 

Abundance 

(fmol/μg)  

Low Passage 2.86 (±0.15) 0.048 (± 0.021) 1.99 (± 0.71) 

High Passage 5.87 (±0.66) 0.06 (± 0.018) 4.8 (± 0.48) 

VBL-Selected 11.61 (± 2.52) 0.099 (± 0.031) 10.02 (± 0.84) 

Fold Difference    

High/Low 2.05  1.25 2.41 

VBL/Low 4.06  2.06 5.04 

VBL/High 1.98  1.65 2.09 
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To enable the relationship between mRNA, protein and the kinetic parameters for VBL to be 

established, each Caco-2 cell monolayer variant was incubated with increasing concentrations of 

VBL (0.03–to-1000 μM) with bi-directional transport monitored. For the B-to-A transport, the upper 

VBL concentration limit was found to be 250 μM; above this concentration VBL was insoluble. The 

permeability profile of each Caco-2 cell variant with increasing VBL concentrations is provided in 

Figure 7-9. A similar bi-directional concentration dependency was shown for low and high passage 

Caco-2 cells, whereas the Caco-2-VBL cells while showing a saturable effect in both transport 

directions failed to yield a unity in bi-directional permeability with a residual ER of 8.2 at 250 μM. 

Under the assumption that active transport is saturated at concentrations of 250 μM and above for 

the low and high passage cells, the Ppassive is estimated to be 10.7 and 8.25 x 10
-6

 cm sec
-1

 similar 

to that for the pH7.4/7.4 VBL transport assay with verapamil incubation (Figure 7-6). The saturation 

of active transport was more evident in the B-to-A compared to the A-to-B direction, in which an 

increase in the apparent permeability of VBL of less than 2-fold was determined over the 

concentration range. It is also noticeable that for both the low and high passage cells at VBL 

concentrations less than 10 μM are approximately 5-6 fold higher than those in Shirasaka et al., 

which may have resulted from the absence of stirring in their study (Shirasaka et al., 2008). 

 

Figure 7-9. The A-to-B (dashed lines) and B-to-A (solid lines) transport of VBL at increasing concentrations 
increasing concentrations in 21d filter-grown Caco-2 cell variants. Low passage (triangles), high passage 
(diamonds) and Caco-2-VBL (squares) monolayers are shown as Mean±SD of n=3 filters for each condition. 
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7.3.5 Permeability and Kinetic Estimates of VBL by Compartmental Modelling 

A three-compartment model describing the Transwell experimental system of each cell variant was 

used to estimate Ppassive and the active kinetic parameters CLint, Jmax, Km for a single apical 

membrane efflux component. The structural components describing the experimental system and 

entered into the model as the known or ‘fixed’ parameters, together with the initial estimates of the 

unknown or ‘floating’ parameters which require estimation from the statistical fitting procedure, are 

provided in Table 7-4. The volume of the cell monolayer is estimated from whole cell lysate data 

determined by BCA assay for each Caco-2 cell variant (Figure 3-11), using a conversion factor of 

3.65 μL/mg protein (Burnham and Fondacaro, 1989). The estimated pore radius of the monolayers 

was based on the relationship between LY permeability and pore size (Equation 7-1) determined 

by Saitoh et al., (Saitoh et al., 2004). Using the LY permeability described in Table 7-2, the pore 

radius for each Caco-2 cell monolayer ranged from 5.38 to 5.68 Å. Given that the radius of VBL is 

10 Å (Modok, 2010), it was assumed that VBL transport through the paracellular tight junction route 

was negligible. The expression levels of the CYP3A enzyme family in Caco-2 cells are very low 

under normal culture conditions (Cummins et al., 2001), therefore the metabolism of VBL by the 

CYP3A family of enzymes (Zhou-Pan et al., 1993) is also assumed to be negligible.  

𝑃𝑜𝑟𝑒 𝑅𝑎𝑑𝑖𝑢𝑠 = 2.94 ∙  106  ∙  𝑃𝐿𝑌 + 4.94 Equation 7-1. 

Initial simulations focussed on estimating Ppassive using the experimentally obtained VBL 

concentrations in the donor (time=0 min) and for the 5 samples in the receiver compartments under 

verapamil incubation conditions. The fitting procedure was performed simultaneously on A-to-B and 

B-to-A transport with apical efflux CLint set to zero. The best model fits were found when the model 

only accounted for a single membrane, i.e., the permeability at the apical and basaloteral 

membranes of the Caco-2 cell monolayers were assumed to be equal. Poorer fits of the observed 

data were found when the unionised fractions (fui) in each compartment and binding to filter were 

incorporated (data not shown). Furthermore, applying a 3-fold higher surface area to the basal 

membrane (Trotter and Storch, 1991), as undertaken previously when modelling VBL transport in 

Transwell systems by compartmental modelling (Sugano et al., 2011), did not provide a better fit of 

the data (data not shown). However, an improved fit was found when accounting for the dilution 

after sampling when replacing with blank transport buffer in the receiver compartments. The 

estimates for PPassive (Table 7-5) in all Caco-2 cell variants were at least 3-fold higher than the 

experimental estimates, which might suggest that the three-compartment model is too simple to 



| Chapter 7 Page 197 of 277 

 
 

characterise all the components of the experimental system that influence the PPasssive for VBL. An 

overall poorer fit of the observed data in the B-to-A direction compared to the A-to-B transport 

(GMFE = 1.05, low passage cells) was found which led to the GMFE’s provided in Table 7-5.  

Table 7-4.Three-compartment model structural parameters and initial drug parameter estimates. 

Parameter         Value Source Comments 

Fixed Parameters 

Apical Chamber Volume 

(μL) 
400 Experimental  - 

Basal Chamber Volume 

(μL) 
1200 Experimental - 

Monolayer Volume (μL) 

Low Passage 

High Passage 

Caco-2-VBL 

 

 

1.31 

1.27 

1.07 

Experimental Protein Content  Conversion 

factor 3.65 

μL/mg protein  

(Burnham and 

Fondacaro, 

1989) 

Surface Area (cm
2
) 1.13 Experimental Filter area 

Unionised Fraction (fui) 

Apical (pH 6.5) 

Cell (pH 7.4) 

Basal (pH 7.4) 

 

0.105 

0.495 

0.495 

Hendersson-Hasselbalch 

equation 

– Dibasic pKa 

5.4 & 7.57  

Fraction bound to filter 

(at 30 nM VBL) 

pH 6.5 

pH 7.4 

 

 

0.92 

0.97 

Experimental 

 

 

Estimated from 

blank filter assay 

Initial Estimates – Floating Parameters 

PPassive (x 10
-6

 cm sec
-1

) 

Low Passage 

High Passage 

Caco-2-VBL 

 

10.7 

8.25 

7.25 

Experimental Estimated in 

presence of 

Verapamil or 

≥250 μM VBL 

CLint (μL/min/cm
2
) 10.42 

Literature- (Korzekwa and Nagar, 

2014)  

Three-

compartment 

model estimate 

Jmax (pmol/min/cm
2
) 

Km (μM) 

41.4 

3.97 
Literature- (Korzekwa and Nagar, 

2014)  

Three-

compartment 

model estimate 
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Table 7-5. Model estimates of PPassive after simultaneous fitting of bi-directional VBL data. 

   Model Performance 

Cell Variant PPassive  

(x 10
-6

 cm sec
-1
) 

Confidence 

Interval (5th
-95

th
) 

GMFE GMFB RMSE 

Low Passage 32.5 30 - 36 1.32 1.12 0.0004 

High Passage 29 27 - 32 1.18 1.06 0.0001 

Caco-2-VBL 30.4 26 - 35 1.41 1.2 0.0008 

Geometric Mean Fold Error (GMFE), Geometric Mean Fold Bias (GMFB), Root Mean Squared Error (RMSE) 

The Ppassive estimates (Table 7-5) were used in subsequent simulations to estimate the kinetic 

parameters for all cell lines using the data from the bi-directional saturation curves (Figure 7-9). 

The CLint, Jmax and Km estimates, model performance metrics and P-gp abundances are 

provided in Table 7-6. Two separate simulations were performed for each cell variant, the first was 

to estimate a CLint where the Jmax and Km terms described in Equation 2-6 & Equation 2-7 were 

replaced with CLint and the second estimated Jmax and Km simultaneously. The GMFE ranged 

from 1.18 to 1.58 with a good prediction of observed VBL concentrations in the basolateral receiver 

chamber (i.e., A-to-B transport). However, for the apical chamber (B-to-A transport), the model 

could not capture the observed VBL profiles in lower VBL concentration filters (Figure 7-10) using 

the globally identified solution, which may owe to the complexity of the dataset, i.e., VBL 

concentrations spanning 7-orders of magnitude. An overview of the goodness of fit across the span 

of experiments is shown in Figure 7-11. Overall, the estimates for CLint matched to the ranking of 

P-gp abundance for each cell variant. However, there were considerable inconsistencies in model 

estimates for the Jmax and Km between the different Caco-2 cells, highlighted by a 6.5-fold 

difference in Km, which is a considerable range for this notional biochemical constant. This may be 

due to the limited saturation observed for A-to-B permeability profiles upon application of increasing 

concentrations of VBL, providing a challenge to the model to identify a consistent estimate of Km, 

particularly for high passage and Caco-2-VBL cells. Further simulations were performed using the 

A-to-B or B-to-A data, independently fitted. When only the A-to-B data was fitted, the model could 

not estimate the kinetic parameters with any certainty, in many cases the CLint and Jmax reached 

the lower boundary constraints set within the model. This may indicate that PPassive is sufficient to 

capture the observed data. In contrast, the CLint estimates were substantial, approaching 1x10
6
 

μL/min using only the B-to-A transport data, yet the model still underestimated the observed data, 

while the Km value was estimated with considerable uncertainty, Km=0.0002 μM (CV ~1.8x10
5
%). 
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The efficiency of VBL transport by P-gp was evaluated by correcting the CLint and Jmax from bi-

directional inputs, by the P-gp abundance to obtain an estimate of transport per unit mole of 

protein. It is clear when assessing P-gp corrected CLint that there is a diminished function of P-gp-

dependent VBL transport in high passage Caco-2 cells compared to the other variants. The Caco-

2-VBL cells also display 1.7-fold higher P-gp corrected CLint compared to low passage cells. The 

generation of catalytic rate constants (KCAT) from the P-gp corrected Jmax data are questionable 

given the reliance of Jmax estimates on simultaneous fitting of Km. Therefore, the assertion that a 

‘functional redundancy’ is operating for P-gp-dependent VBL transport in cells containing varying 

levels of P-gp may not hold true across different laboratories. 
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Table 7-6. Kinetic parameter estimates from simultaneous fitting by a three-compartment model and their relationship to P-gp abundance.  

    Model Performance Abundance-Activity Relationship 

Cell Variant Parameter Estimate 
Confidence 

Interval (5th
-95

th
) 

GMFE GMFB RMSE P-gp Abundance (fmol/μg) 
CLint/P-gp 

(μL/min/pmol) 

P-gp KCAT 

(pmol/min/pmol)
 

Low 

Passage 

CLint (μL/min) 3.05 2.65 - 3.45 1.36 1.1 2.16 

1.99 

1.53 - 

Jmax (pmoL/min) 73.39 40.91 - 105.87 
1.33 1.05 1.81 2.51* 

36.69 

Km (μM) 14.76 7.27 - 22.25 - 

High 

Passage 

CLint (μL/min) 3.43 2.96-3.9 1.18 1.06 1.73 

4.8 

0.71 - 

Jmax (pmoL/min) 380.94 136.8 - 598.42 
1.44 1.23 1.49 3.97* 

79.36 

Km (μM) 95.89 26.1 – 156.8 - 

Caco-2-VBL 

CLint (μL/min) 26.3 24.31 - 28.3 1.58 1.04 1.61 

10.02 

2.62 - 

Jmax (pmoL/min) 1989 1723 - 2255 1.49 1.08 1.78 36.23* 195 

Km (μM) 54.89 45.6 – 64.2    - 

*Denotes CLint (μL/min) determined from ratio of the estimated Jmax (pmol/min) and Km. KCAT catalytic rate constant for P-gp, ratio of Jmax to P-gp abundance. 
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Figure 7-10. Bi-directional fitting of VBL in the receiver chamber of a Transwell Caco-2 cell (low passage) system using a three-compartment model. A, shows the fitting of VBL at all 
concentrations (0.03–1000 μM, triplicate filters) in the basolateral chamber (A-to-B transport direction). B, shows the fitting of VBL at all concentrations (0.03–250 μM) in the apical chamber 
(B-to-A transport direction, triplicate filters). The open circles denote experimental VBL concentrations while the lines represented simulated values. The concentrations and filter replicate 
number are given above each individual plot. 
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Figure 7-11. Observed and model predicted VBL concentrations following simultaneous fitting of bi-directional 
transport in low passage Caco-2 cell monolayers. This is an example of a procedure to estimate Jmax and 
Km. The solid line represents unity and the dashed line represents 2-fold either side of unity. 

 

 

 

 

 

 

 

 

 

GMFE = 1.33 

RMSE = 1.81 
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7.4 Discussion 

Scaling factors bridging any mechanistic differences between the in vitro and in vivo system are 

routinely employed in IVIVE-PBPK. Recombinant systems engineered to possess high levels of 

CYP450 enzymes are a fundamental tool for the drug discovery pipeline to identify the enzymes 

responsible for a compounds metabolic turnover (Chen et al., 2011). The development of the ISEF 

scaling factor (Proctor et al., 2004), corrects for differences in the activity per unit of enzyme in 

recombinant systems compared to human liver microsomes. Investigations to establish whether a 

similar approach was required for transporter-based IVIVE scaling were therefore proposed 

(Harwood et al., 2013). In this study, it was confirmed by QTAP methods that Caco-2 cells differing 

by >75 passages and those selected for P-gp by cultivation in media containing VBL, possessed 

significantly different abundances of P-gp. Differences in P-gp protein abundance between cells 

appeared to be more closely related to the ER of the P-gp probe VBL, than to MDR1 mRNA levels. 

Finally, the relationship between P-gp abundance and function was described after estimating the 

transporter kinetics and PPassive using a compartmental modelling approach. The rank order of CLint 

estimates between cell variants matched the respective P-gp abundances, however when 

corrected for the P-gp abundance, a lower VBL-CLint per pmol of P-gp in high passage cells was 

found. In addition, rather than showing a functional redundancy, a greater CLint per pmol of P-gp 

was shown for the high P-gp expressing Caco-2-VBL cell line. 

Caco-2 cell monolayers of passage numbers ranging from 20 to 116 are used for 

permeability/transport assays (Thwaites et al., 2002; Miliotis et al., 2011b). Higher passage Caco-2 

cells have shown a tendency for higher TEER compared to their lower passage counter-parts (Lu 

et al., 1996; Briske-Anderson et al., 1997; Yu et al., 1997; Sambuy et al., 2005). However, work 

presented here shows similarities to the study of Behrens, et al., (Behrens et al., 2004) in which 

TEER was lower in Caco-2 cells cultivated over 26 passages. It is assumed cell density is the 

same from both low and high passage Caco-2 cells given the similarity in protein content from cell 

lysates (Figure 3-11). Given that TEER was shown to be inversely related to the paracellular 

permeability of the monolayer integrity marker mannitol (Briske-Anderson et al., 1997), the finding 

that high passage Caco-2 cells exhibited lower TEER’s and lower LY transport compared to low 

passage Caco-2 cells was unexpected. Similarly, the TEER of VBL selected cells resembled that of 

the high passage normal Caco-2 cells, while LY transport was similar to the low passage cells. The 

measurement of TEER with chopstick electrodes may be relatively imprecise, while LY integrity 
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may be considered a more robust measure of monolayer integrity. Yet, there is little data in the 

literature outlining any monolayer integrity differences for Caco-2 cells undergoing VBL selection 

pressure in respect to counter-part controls. Nevertheless, the monolayer integrity markers were 

well within the cut-off limits for this study. The influence of inter-laboratory differences in cell culture 

technique can have a considerable impact on Caco-2 phenotypic traits (Hayeshi et al., 2008), 

therefore it is perhaps not unexpected to observe such differences in markers of monolayer 

integrity between studies. 

To examine the expression levels of MDR1/P-gp between the Caco-2 cell variants, their relative 

mRNA gene expression and absolute abundances were determined. Previous work with Caco-2 

cells from other groups, have found that filter-grown Caco-2-VBL cells exhibited a 2.8 and 5.5-fold 

higher MDR1 mRNA expression compared to wild type non-selected controls (Shirasaka et al., 

2006; Siissalo et al., 2007). These increases were higher than found in this study, which show a 

maximum 2-fold higher expression of MDR1 in Caco-2-VBL cells. However, it was reported in the 

study of Sissalo et al., (Siissalo et al., 2007), that the extent of increasing expression could be 

dependent on the baseline MDR1 mRNA levels, which were shown to be considerably more 

variable in normal compared to Caco-2-VBL cells. Thus, in this study, the normal Caco-2 cells may 

be expressing relatively high baseline levels of MDR1/P-gp, resulting in a modest increase in 

MDR1 expression. There is an agreement when comparing the rank order of mRNA gene 

expression to P-gp protein abundance in the TM fraction for the three cell variants. However, based 

on a linear relationship of MDR1 mRNA expression to P-gp protein abundances, it was expected 

that P-gp abundance in low passage cells would be higher. Two and 5-fold higher P-gp protein 

abundances were found in the TM fraction of Caco-2-VBL cells compared to high and low passage 

cells, respectively. To date, there are no other studies reporting the impact of VBL-selection 

pressure on P-gp absolute abundance in Caco-2 cells. In the pioneering work of Anderle et al., 

(Anderle et al., 1998), cultivation of undifferentiated Caco-2 cells with VBL, elicited a 7.5-fold 

increase in P-gp expression, as determined by confocal laser scanning microscopy. In 

differentiated Caco-2 cells grown on filters for 5-days, a 3.9-fold increase in P-gp expression was 

measured after immunoblot densitometry analysis (Shirasaka et al., 2008). Yet, the findings of 

Shirasaka et al., 2008 were from Caco-2 cells monolayers undergoing a short term culture regime 

(5 day cultivation) therefore, the findings presented here may not be entirely comparable to their 

work. It also interesting that there were reduced levels of P-gp in the PM fraction relative to the TM 

fraction. This finding was not anticipated as confocal microscopy showed that P-gp was 
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predominantly localised on the apical membrane in Caco-2-VBL cell monolayers (Laska et al., 

2002) and may indicate selective loss of P-gp protein in the final stages of fractionation, as similar 

losses were not observed for Na/K-ATPase. This is contrary to the recent findings of Kumar et al., 

(Kumar et al., 2015), who demonstrate that drug transporter protein abundances correlated to 

Na/K-ATPase abundances in liver tissue and a MDCK-II cells using a commercially available 

plasma membrane kit. This difference may be due to the dissimilar fractionation methods or 

different cell lines used in both studies. 

MRP2 is also postulated to play a role in VBL transport (Evers et al., 1998; Litman et al., 2000; 

Taipalensuu et al., 2004), therefore, it was interesting that VBL selection had little effect on MRP2 

mRNA expression in Caco-2 cells. This is in agreement with other studies measuring MRP2 mRNA 

expression in Caco-2-VBL cell monolayers (Shirasaka et al., 2006; Siissalo et al., 2007). Yet, a 

clear increase in MRP2 expression is observed after immunoblotting Caco-2-VBL cell monolayers 

grown for up to 11 days (Laska et al., 2002). It would be interesting to perform further analysis of 

our Caco-2-VBL cells for MRP2 absolute abundances compared to normal controls. Consistent 

with our work, BCRP was down-regulated at the mRNA level after VBL selection (Siissalo et al., 

2007), the mechanism responsible for this and the translation to BCRP protein abundance remains 

to be elucidated. 

The ER’s for the lowest concentrations of VBL were assessed in each Caco-2 cell variant to 

investigate the relationship of mRNA expression and P-gp abundance to function. The observation 

that the ER of VBL closely correlated with P-gp protein abundance in each cell variant suggests 

that determination of protein abundances are required in preference to mRNA expression for 

incorporation into IVIVE-PBPK modelling strategies for P-gp. Miliotis et al., showed in normal Caco-

2 cells that there was a good agreement between digoxin ER and P-gp protein abundance (Miliotis 

et al., 2011b). These authors also commented that a similar relationship was observed for mRNA. 

However, when mRNA data presented in an associated poster from this group was evaluated, it 

seems clear that a better correlation between digoxin ER and P-gp protein absolute abundance 

than mRNA exists (Miliotis et al., 2011a). 

According to the FDA’s criteria for assessing transporter-mediated DDI risk, an ER of ≥2 within bi-

directional transport assays, which reduces as a result of administration of a P-gp inhibitor, 

indicates the compound is a P-gp substrate (Zhang et al., 2010). Under the FDA’s criteria, within 

our Caco-2 cell systems presented, VBL would be classified as a P-gp substrate. While the 
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exclusive transport of drug molecules by a single transporter protein is not necessarily 

commonplace (Lin et al., 2011), the presence of a residual ER at the lowest VBL concentration, 

after incubating with the P-gp, but not MRP2 inhibitor verapamil (Matsson et al., 2009), under pH 

gradient conditions, indicates another mechanism may be responsible for VBL efflux, such as 

MRP2 (Evers et al., 1998). However, in the low and high passage Caco-2 cells, a residual ER 

≤1.45 after verapamil incubation indicates that the role of a transporter like MRP2 is limited 

compared to P-gp and may not warrant further investigation for DDI risk assessment according to 

the FDA guidelines. However, for Caco-2-VBL cells, the residual ER of 2.45 after verapamil 

incubation indicates a more prominent role for another transporter in VBL transport. Further 

studies, including measurement of MRP2 protein abundances in Caco-2-VBL-cells will be needed 

to clarify this. The role of MRP2 on VBL transport certainly appears to be accentuated in 

transfected MDCK-II-MRP2 cell lines understood to express relatively low levels of endogenous 

canine P-gp relative to MRP2, compared to the heterogeneous transporter expressing Caco-2 cell 

line (Evers et al., 1998; Taipalensuu et al., 2004). Nevertheless, even if MRP2 activity in the 

presence of normal P-gp expression is relatively low, its activity does require accounting for in a 

fully mechanistic IVIVE-PBPK modelling strategy. To confirm if MRP2 was responsible for the 

residual efflux in low passage Caco-2 cells after verapamil incubation, an assay to inhibit MRP2 

was performed. Previous efforts failed to dissociate P-gp and MRP2-mediated VBL efflux using the 

P-gp inhibitor LY335979 and the P-gp, MRP2 and BCRP inhibitor MK571 in Caco-2 cells (Mease et 

al., 2012). Therefore, a strategy utilising a more specific MRP2 inhibitor was devised. 

Bromosulfalein is the compound showing the greatest inhibitory potential for MRP2 without 

affecting P-gp or BCRP (Matsson et al., 2009). In this case, bromosulfalein was not selected for 

MRP2 inhibition studies due to the red/orange colour it elicits when dissolved in buffer and its 

interference with LY-based monolayer integrity assessments. Therefore, lansoprazole was selected 

as the next best MRP2 inhibitor, which is postulated to not influence P-gp or BCRP function 

(Matsson et al., 2009). Incubation of VBL with both verapamil and lansoprazole increased the 

residual ER compared to assays in the presence of verapamil alone, which may indicate that 

MRP2 is not involved in VBL transport or that lansoprazole modulates the activity of MRP2 and 

other transporters. Evidence has shown that lansoprazole is also a potent Organic Cation 

Transporter (OCT) inhibitor (Nies et al., 2011), yet, OCT1-3 mRNA expression is low in Caco-2 

cells (Hilgendorf et al., 2007; Ahlin et al., 2009), and was not above detection limits in an early 

QTAP transporter analysis of Caco-2 cell monolayers (Uchida et al., 2007). Differential ionisation of 
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in pH 6.5 and 7.4 buffers may also play a role in VBL PPassive. The greater ionisation of this basic 

molecule at pH 6.5 might lead to lower a PPassive in the A-to-B versus the B-to-A transport 

directions, based on the pH partition hypothesis (Neuhoff et al., 2003). However, the mechanistic 

basis for these observations requires further investigation.  

The complete abolition of the ER without a pH gradient (pH7.4-7.4) under verapamil incubation 

contrasted with the 1.3-fold residual ER observed under pH 6.5-7.4 assay conditions and may 

indicate the influence of ionisation on VBL PPassive (Neuhoff et al., 2003), reducing the role of 

transporter efflux to negligible levels in the presence of verapamil. The impact of ionisation on 

permeability could be accounted for in future studies by incorporating a Nerst-Planck framework 

into parameter estimations, as it is postulated that both the ionised and unionised molecular 

species permeate the lipid bilayer (Ghosh et al., 2014). 

To investigate the impact of transporters on drug disposition within PBPK models, the activity of 

each transporter isoform is modelled based on Michealis-Menten model kinetic parameter 

estimates Km, Jmax or CLint (Bolger et al., 2009; Darwich et al., 2010; Neuhoff et al., 2013). There 

have been a host of studies in which apical membrane-based efflux kinetic parameter estimates for 

VBL in Caco-2 cell monolayers have been performed (Hunter et al., 1993; Cavet et al., 1996; Tang 

et al., 2002b; Tang et al., 2002a; Shirasaka et al., 2008; Tachibana et al., 2010; Korzekwa and 

Nagar, 2014). However, the study of Shirasaka et al., 2008 was the basis of the VBL 

concentrations and pH conditions used within this study due to the striking saturation of A-to-B VBL 

transport at concentrations ranging from 10-1000 μM VBL at pH 6.5. For the kinetic studies 

preceding Shirasaka et al., the maximum concentration of VBL used was 150 μM which is likely to 

be due to the solubility limits at VBL concentrations greater than 150-250 μM at pH 7.4, as 

observed in this study. However, there are some potentially important methodological differences 

between Shirasaka et al., and the study presented here. A short term Caco-2 cell cultivation period 

(5 days) with specialised differentiation medium containing butyric acid was used prior to transport 

assay initiation in Shirasaka et al.,. This protocol provided improved P-gp activity in Caco-2 

monolayers compared to a 21d growth protocol (Yamashita et al., 2002), which may due to the 

transcriptional activation effects of sodium butyrate (Cummins et al., 2001). In contrast, a more 

commonly used 21 day cultivation period was used in the present study. In addition, our study used 

a stirring system, whereas Shirasaka et al., did not stir during the transport assay. A large aqueous 

boundary layer (ABL) exists on the apical side of the cell monolayer and adjacent to the basal 
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surface of the filter which can exert an additional diffusion barrier to the cell membrane (Karlsson 

and Artursson, 1991; Adson et al., 1995). Depending on the physico-chemical properties of the 

drug, this layer can have a considerable impact on drug permeability estimates, which could result 

in measuring the aqueous permeability rather than that associated to the monolayer. By stirring or 

shaking the monolayer throughout the transport assay, the height of this layer can be dramatically 

reduced (Karlsson and Artursson, 1991; Adson et al., 1995). In turn, the aqueous diffusion 

coefficient of a molecule is related to its molecular weight (Avdeef et al., 2004). As VBL-sulfate has 

a large molecular weight (909 g/mol) relative to other drugs categorised as ‘small molecules’ (i.e., 

excluding biological drugs), it is postulated here that the ABL will have an impact on VBL 

permeability estimates. Evidence for this is based on comparing studies determining VBL 

permeability in Caco-2 cell monolayers which either employ rotational stirring (Lentz et al., 2000; 

Campbell et al., 2003), shaking (Garberg et al., 1999; Horie et al., 2003; Celius et al., 2004) or that 

do not stir (Achira et al., 1999; Tang et al., 2002b; Balimane et al., 2004; Shirasaka et al., 2008). In 

the present study, it is notable that the A-to-B Papp at VBL concentration ≤10 μM for both low and 

high passage Caco-2 cells typically exceeds 5 x 10
-6

 cm sec
-1

, similar to the studies employing 

rotational stirring. In contrast, studies using shaking or an absence of stirring typically report VBL A-

to-B Papp values of approximately 1 x 10
-6

 cm sec
-1

. The presence of a marked ABL in the in vitro 

systems studied by Shirasaka et al., may confound the kinetic parameter estimates from 

subsequent studies utilising their permeability data. In addition to the cell monolayer impedance to 

VBL permeation, the impedance resulting from ABL diffusion will also be a factor in their kinetic 

estimates (Tachibana et al., 2010; Sugano et al., 2011; Korzekwa and Nagar, 2014). This is not an 

issue if the ABL in vivo is similar to that in the unstirred in vitro system. However, the GI tract ABL 

thickness is 30-100 μM (Avdeef et al., 2004) and Caco-2 cell monolayer systems may range from 

500-1200 μM thickness (Karlsson and Artursson, 1991; Adson et al., 1995). Therefore, PPassive and 

active kinetic estimates for VBL from these studies may be a composite of the ABL and monolayer 

barriers. What is additionally required for the study presented here is an assessment of stirring on 

ABL thickness, which requires undertaking the assay at multiple stirring speeds including assays 

without stirring to determine if there is a marked ABL effect on VBL transport.   

A compartmental modelling approach is advocated to estimate kinetic parameters for transporters 

within in vitro monolayer systems (Zamek-Gliszczynski et al., 2013). This approach attempts to 

describe the structure of the in vitro system and together with ordinary differential equations and 

drug concentration data at multiple time points over the duration of the transport assay, the model 
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statistically fits the kinetic parameters based on the experimentally determined drug concentrations 

in each compartment. This has advantages over the conventional approach to determining kinetic 

parameters as the time-dependent concentration of the drug is estimated within each compartment 

rather than utilising the nominal drug concentration in the donor compartment. For efflux 

transporters, in which it is postulated that intracellular or intramembrane binding of drug is required 

for transport activity to be conferred (Aller et al., 2009), Km estimates based on the relevant 

concentration are thought to be important to reduce any bias introduced by neglecting the structure 

and temporal aspects of experimental system/assay (Korjamo et al., 2007; Shirasaka et al., 2008; 

Tachibana et al., 2010). However, obtaining the free intracellular concentrations can be challenging 

experimentally. In the interests of brevity, further details as to the utility of compartmental modelling 

of transporter kinetics can be found in these references (Harwood et al., 2013; Zamek-Gliszczynski 

et al., 2013; Nagar et al., 2014). 

A relatively simple three-compartment model is employed in this study to estimate PPassive, CLint, 

Km and Jmax. Initial simulations sought to estimate the PPassive within the model from verapamil 

incubation assays. The 3-4-fold higher PPassive estimates from simulations compared to 

experimental data may indicate the influence of residual active transport processes operating 

and/or the presence of additional barriers in the experimental set-up which are not accounted for in 

this model. Compartments representing additional barriers could be introduced as implemented in 

a quinidine five-compartmental model (Heikkinen et al., 2010). A three-compartment model was 

also described as being insufficient to capture experimentally observed lag times, attributed to 

partitioning of drugs into the membranes, for numerous compounds (Korzekwa et al., 2012). 

However, there was no discernible lag in drug flux in this study (data not shown), therefore the 

higher PPassive might be due to the presence of an ABL in this study which is not represented within 

the model.  

A redundancy in active efflux transport associated with increasing P-gp expression was previously 

shown for VBL (Tachibana et al., 2010; Korzekwa and Nagar, 2014). However, it is possibly 

erroneous to assume that efflux activity is entirely attributable to P-gp due to evidence of a minor 

role of MRP2 on VBL transport. The assumption in this study however, is that P-gp activity is the 

dominant apical membrane efflux process. Thus, to identify if abundance-activity scaling factors 

might require development for transporter IVIVE-PBPK, an assessment of the linear relationship 

between P-gp abundance and activity, i.e., CLint/pmol P-gp and Jmax/pmol P-gp (KCAT), was 
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performed. The CLint estimates broadly reflected the rank order of P-gp abundances between cell 

variants, however a higher CLint/pmol P-gp in Caco-2-VBL cells indicate these data do not concur 

with estimates based on the experimental data presented by Shirasaka et al., (Tachibana et al., 

2010; Korzekwa et al., 2012). The potential up-regulation in expression of another transporter such 

as MRP2 in Caco-2-VBL cells may contribute to the efflux activity and explain this observation. No 

increase in MRP2 mRNA expression was observed in Caco-2-VBL, however this may not be a 

reliable indicator of changes in protein levels and further studies to determine MRP2 protein 

abundance are necessary.   

The estimation of a consistent Km proved a considerable challenge across the cell variants. The 

ratio of Jmax to Km (Equation 1-2) gave similar estimates to the simulations fitting of CLint (steady-

state) alone (Table 7-6), however, the variability of the Km estimates between cell lines is not 

expected when using compartmental modelling approaches. Previously, Km estimates for VBL of 

3-4 μM across cells with variable P-gp expression was found (Shirasaka et al., 2008; Tachibana et 

al., 2010; Korzekwa and Nagar, 2014). This variability is likely to have resulted from VBL 

possessing a high PPassive leading to a limited saturation of active efflux in the A-to-B direction. 

When fitting the A-to-B data alone, the model fails to identify a reasonable solution for CLint or 

Jmax (i.e., the model hits lower boundary for estimates). This highlights the impact that the 

experimental conditions i.e., stirring, might have in drug permeability within in vitro monolayer 

systems. From this data it is difficult to conclude with any certainty if an ISEF scaling factor 

incorporating abundance and activity for transporters is required for IVIVE-PBPK. Kinetic analysis 

of the P-gp probe compounds quinidine and verapamil showed a linear relationship between 

activity and P-gp protein expression (Korzekwa and Nagar, 2014). A linear relationship between 

abundance and Vmax was also found in plated CHO-OATP1B1 and MDCK-II-BCRP plated cells 

when using a conventional non-compartmental approach for Vmax estimation (Kumar et al., 2015). 

Further work to determine transporter abundances across multiple laboratories and also the activity 

of multiple probe compounds in their in-house transporter expressing in vitro systems will be 

required to identify whether an activity-abundance scalar is needed (Harwood et al., 2013). 

In general compartmental models are extremely simplistic compared to the complex cell systems in 

which transporter assays are undertaken. With regulatory agency guidelines evolving, an 

appreciation of the practical requirements for performing in vitro transporter assays is required to 

facilitate the widespread employment of compartmental models by experimental scientists 
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generating data from transporter assays. The advent of ‘off the shelf’ compartmental models such 

as those recently developed by solution providers GastroPlus ‘MembranePlus’ and Simcyp Ltd 

‘SIVA’, offer experimental scientists a ready to use platform to harness their own in vitro transporter 

data without requiring expert skills in model development and statistics. However, there are 

currently no guidelines on best practices when generating suitable experimental data for estimating 

kinetic parameters by compartmental models, in order to assess transporter-mediated DDI’s by 

IVIVE-PBPK. The dataset provided in this study provides some perspectives on the limitations of 

using the compartmental model approaches for complex drugs. Experimental and drug-specific 

considerations such as; pH, ionisation, stirring, metabolism, intracellular and non-specific binding, 

intracellular sequestration/trapping, filter impedance, paracellular permeability and transporter 

specificity which may all be relevant for the complex molecules being generated in the drug 

discovery pipeline should be considered when modelling experimental transporter assay data. 

Therefore, guidelines on the design of transport assays to generate suitable data for in vitro system 

modelling are required together with selection of the appropriate model.  

Future work should focus on determining MRP2 expression in Caco-2-VBL cells and undertaking 

multiple concentration assays with verapamil to estimate a CLint for MRP2. Performing assays with 

multiple stirring rates should enable the ABL volume or height to be determined which can be 

incorporated into a compartmental model to provide estimates with a dramatically reduced aqueous 

barrier. For basic compounds which are candidates for lysosomal sequestration, performing an 

assay in the presence and absence of a lysosomal sequestration inhibitor would enable the impact 

of trapping in this compartment on PPassive and other kinetic estimates to be assessed (Heikkinen et 

al., 2010). It would also be interesting to ascertain if VBL does indeed undergo active uptake at 

either membrane. Ideally, all the processes which act on a drug should be incorporated into an 

IVIVE-PBPK approach. 
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7.5 Conclusion 

It is anticipated that academic and industrial research groups adopt the proteomic and kinetic 

modelling approaches described here to distinguish the relationships between protein abundances 

and function in a host of in vitro recombinant, immortalised cells, primary cultures and tissue 

extracts and an array of compounds to enable the generation of suitable IVIVE scaling factors. 

There is a considerable way to go within the transporter protein field to fully understand functional-

abundance relationships, and only by a concerted effort across groups will this be achieved. 

However, in the near future the potential for standardising QTAP and in vitro transporter kinetic 

modelling approaches should be described for translation across groups. 
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Chapter 8 - Lost in Centrifugation! Accounting for Transporter 

Losses in Quantitative Targeted Absolute Proteomics 
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8.1 Introduction 

As has been described in considerable detail in Chapter 3, a reduction in the complexity of the cell 

or tissue by obtaining a membrane fraction is advocated for measuring the abundance of 

transporter proteins. However, there are a number of stages required to obtain the PM fraction, 

utilising multiple centrifugation steps, in which various pelleted or supernatant fractions are 

discarded or retained. The findings presented in Chapter 3 suggested that the yield of the PM 

fraction constituted only 1-2% of the TP yield representing the starting whole cell lysate in Caco-2 

cell monolayers. Therefore, a 50-100-fold enrichment of membrane components including the 

abundance of transporters is expected in the PM fraction compared to the starting whole cell 

lysate. However, it was noted that when an AP activity assay was performed to gauge the 

enrichment of the PM fraction compared to the starting whole cell lysate, only a modest 5-7-fold 

enrichment was observed, with no difference between the TM and PM fractions. This indicated that 

there was a large disparity between the marker activity data from the AP assay and the protein 

content data generated by the BCA assay. It was postulated that these losses of target proteins 

were occurring within preparatory steps. This has been demonstrated previously when preparing 

microsomal proteins for the study of metabolic scaling factors used within IVIVE (Barter et al., 

2008), and is also alluded to in a review of the challenges associated with membrane proteomics 

(Orsburn et al., 2011). However, estimates of procedural losses of transporter proteins in 

membrane fractionation have not been reported. These losses hinder the implementation of 

reported abundance values into biologically meaningful applications such as PBPK models. Such 

models require parameters defining the functional transporter compliment of PM’s in living tissues. 

Currently this is only approximated by transporter abundances in processed membranes without 

considering the confounding effect of the variability in recovery inherent to a method or operator-

specific handling for membrane fractionation (Harwood et al., 2014).  

This study postulates that by measuring suitable membrane protein markers or target transporter 

protein abundances in the original, intermediate and end-point membrane fractions, protein loss 

during fractionation can be calculated. A theoretical framework is developed to account for protein 

losses during centrifugation, which is applied to generate recovery factors (RF’s) after quantifying 

absolute protein abundances in Caco-2 starting and membrane protein fractions.  
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8.2 Theoretical Background 

8.2.1 Protein Losses in Centrifugation: The Utility of Recovery Factors 

When employing procedures involving several stages to obtain a membrane fraction, it is inevitable 

that protein losses from the target organelle fraction will occur, leading to an under estimation in 

protein abundances. A study within our group, showed that when attempting to establish the 

metabolic scaling factor, microsomal protein per gram of liver (MPPGL), using differential 

centrifugation procedures after tissue homogenisation, a 47% loss of microsomal protein fraction 

(MSP) was demonstrated (Barter et al., 2008). These losses will hamper the extrapolation of 

metabolic clearance from subcellular fractions to intact tissue (Wilson et al., 2003). In a consensus 

study in which collated MPPGL data from the literature was presented, MPPGL values were 

corrected for losses incurred during preparation in all 10 studies (Barter et al., 2007). Generating 

RF’s is achieved by calculating the fractional loss of MSP by measuring the P450 content in the 

initial liver homogenate and microsomal fraction (Equation 8-1). The resulting RF (1 minus the 

fractional loss of MSP) can be utilized to calculate a corrected MPPGL (Equation 8-2) (Barter et al., 

2008). 

 

Fractional loss of MSP =  1 − (
P450microsomal(nmols)

P450homogenate(nmols)
) 

 

Equation 8-1 

MPPGL (mg g−1) = (
Yield of MSP (mg g−1)

(1 − fractional loss of MSP)
) 

 

Equation 8-2 

From a physiological perspective, obtaining protein abundances within an entire organ is a valuable 

parameter for estimating the impact of that protein’s function on drug disposition. An approach to 

calculating whole organ abundance has been proposed using CYP3A and CYP2E1 abundances to 

determine the CYP content within intact livers (Lipscomb et al., 2003). The calculation combines 

concurrent quantification of CYP3A and CYP2E1 in whole liver homogenate and MSP fraction with 

the scaling factors MPPGL and liver weight to obtain whole organ abundance. Obtaining data on 

enzyme abundances in both initial homogenate and MSP fractions with accompanying protein 

content data allows the evaluation of the potential CYP3A and CYP2E1 loss and the generation of 

sample specific RF’s (Harwood et al., 2014). 
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8.2.2 Accounting for Protein losses in QTAP Abundance Analysis 

At present, there are no ADME proteomic studies reporting the completeness of membrane 

extraction, i.e., that negligible loss of target transporter proteins from the starting material through 

to the final enriched membrane fraction occur. Concerns have been raised that surrogate peptides 

used to quantify protein absolute abundances by an AQUA technique, may not reflect the 

abundance of the entire protein. To verify this, a study to quantify Sodium Taurocholate 

Cotransporting Polypeptide (NTCP) in human livers by AQUA (Qiu et al., 2013), was compared to a 

Stable Isotope Labelling by Amino Acids in Mammals (SILAM) method, in which entire proteins are 

isotope labelled by ingestion of labelled amino acids from dietary sources (Kruger et al., 2008). A 

dual protocol was run, where either the internal standard SILAM protein was added prior to 

membrane purification, or the SIL peptide was added after tryptic digestion of the liver samples, as 

is standard procedure. Losses of NTCP during the procedure were assessed by comparing 

endpoint abundances with both methods and comparable abundances of NTCP were quantified 

between the SIL and SILAM approaches, i.e., comparable signal intensities at the mass 

spectrometry detection system. The SILAM assay provides a QC for the complete workflow of the 

SIL peptide assay, yet, an assessment of the membrane recovery and target protein loss was not 

undertaken. Similar signal intensities measured in the standard and native peptide are not an 

indicator of the potential for protein losses during fractionation or otherwise. A loss of protein during 

the fractionation procedure would lead to lower signal intensities of the selected transitions at the 

detector system of the mass spectrometer and lower protein abundance quantifications in the 

sample for both standard and the native protein (Harwood et al., 2014). 

An alternative and less direct method to estimate loss during fractionation is to attempt 

quantification of target proteins in discarded, cytosolic and non-plasma membrane enriched 

fractions. This approach has been applied to the quantification of OATP1B1, OATP1B3 and 

OATP2B1 (Ji et al., 2012). However, abundances were not quantified in the starting lysate fraction, 

thus a full proteomic balance sheet for the target protein could not be evaluated. The sensitivity of 

the assay applied to discarded fractions must also be questionable since a substantial proportion of 

target protein might be lost to a discarded fraction, or substantially diluted by cytosolic and other 

proteins that it was rendered undetectable by the assay, a ‘muffling effect’ (Harwood et al., 2014). 

Ideally, an approach that estimates target protein loss between whole tissue and the purified 

membrane fraction is required for PBPK models. This will enable the scaling of abundances in 
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subcellular fractions to accurately reflect whole cell or organs abundances. The estimate is 

constucted from the protein content, determined by a BCA assay or similar, and peptide 

abundance determined by LC-MS/MS, in both whole cell lysate and purified membrane fractions. 

Near complete release of peptides during digest would require confirmation via another QC 

procedure to ensure peptide abundance remained an accurate surrogate measure for each 

proteins abundance, analogous to enzyme mass balance sheets (Huber et al., 2003; Harwood et 

al., 2014). 

To our knowledge two studies, Ohtsuki et al., (Ohtsuki et al., 2013) and Kunze et al., (Kunze et al., 

2014) provide data sets that enable the calculation of membrane RF’s. Ohtsuki et al., reported 

transporter protein abundances for both whole cell lysate and the plasma membrane fractions of a 

blood brain barrier cell model (Figure 8-1). Differential enrichment of the proteins was achieved 

ranging from 1.3 for 4F2hc to 11 for P-glycoprotein, as can be viewed in Figure 8-1. The yield of 

PM protein from the total starting fraction was not provided in the report by Ohtsuki et al., 2013., 

however as already alluded to in this chapter and Chapter 3, if the PM yield is similar to that of 

Caco-2 cell monolayers, human hepatocytes and Human Embryonic Kidney (HEK)-293 Cells 

(Kunze et al., 2014), i.e., 1-2%, then the expected enrichment in transporter protein abundance in 

the starting TP versus the plasma membrane fraction would be 50-100-fold (Equation 8-3). If the 

plasma membrane yield in the blood brain barrier cell model used in Ohtsuki et al., 2013 were 

similar to our Caco-2 yield, the fold enrichments in protein abundances ranging from 1.3 to 11 from 

the whole cell fraction to the plasma membrane are much lower than expected from the Caco-2 

protein yield data. However, it should be noted that the protein yields in each enriched fraction will 

be dependent on the biological system under study as well as the procedures used. As mentioned 

on several occasions in this thesis, the unexpectedly lower Na/K-ATPase abundance in the TM 

compared to PM fraction of human livers (Ohtsuki et al., 2012), may also suggest that losses are 

occurring at the final membrane fractionation stage (Harwood et al., 2014). 

     

 Equation 8-3 
  

 

where CMF is the crude membrane fraction and PMF is the plasma membrane fraction. 

 

Expected Enrichment (PMF) =
Total Protein  Content (TP)

Protein Content in CMF or PMF
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Figure 8-1. A - The fold enrichment ‘actual enrichment’ in selected peptide abundances measured in the whole 
cell and PM fraction of matched samples of the blood brain barrier cell model (hCMEC/D3) is provided from 
data reported in (Ohtsuki et al., 2013). The text above the bars refers to abundance in fmol/µg of protein, with 
the abundances in the whole cell fraction given as the first number and white bars, and the abundances after 
the arrow and black bars as the abundance in the PM fraction. B. The whole cell & PM fraction abundance 
ratio ‘the actual enrichment’ has been calculated from Equation 8-4 in this chapter and is provided in the 
histogram. 

8.2.3 Correcting for Protein Losses in Centrifugation 

Accurate determination of the functional abundance of transporter protein(s) in the whole organs of 

individuals is essential for predicting temporal drug profiles in whole body PBPK models in a fully 

mechanistic manner. Whole organ transporter abundances have not yet been reported in the 

literature, therefore scaling factors such as the plasma membrane protein per gram of liver 

(PMPPGL) and liver weight are required to scale the abundances reported in the membrane 

fraction to the whole organ (Figure 8-2). It should also be considered that PMPPGL may in itself 

require application of a RF to correct for losses in centrifugation in a similar manner to that reported 

for MPPGL (Harwood et al., 2014). 

A value for the expected enrichment of the membrane fraction (Equation 8-3), is required prior to 

assessing the final transporter abundances. This is obtained by performing a protein assay to 
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calculate the yield of protein in the starting TP fraction, which could be a whole cell lysate, or tissue 

homogenate and the crude/total or PM fraction, in which transporter abundance determinations 

have routinely been performed (Figure 8-2) (Harwood et al., 2014). 

The actual enrichment of the target protein is calculated from the abundance(s) of target protein(s) 

quantified in the TP fraction and the membrane fraction in QTAP assays (Equation 8-4): 

  
Equation 8-4 

 

 

To correct for losses of protein throughout centrifugation, the fraction recovered (FR) is determined 

as the ratio of the actual and expected enrichments for a transporter isoform (Equation 8-5) and 

together with Equation 8-6 can be used to generate an RF which is used to correct the abundances 

generated in the membrane fraction (Equation 8-7). The corrected protein abundance is scaled to 

the whole organ abundance using the requisite scaling factors for the evaluated organ. 

  
Equation 8-5 

 

 

where PMA is the measured abundance of target protein in the plasma membrane sample 

(Harwood et al., 2014). 

Having described the theoretical aspects of generating RF’s to account for transporter losses in 

membrane preparations, a pilot study to assess the feasibility of this framework for generating 

RCF’s was performed Caco-2 cells. 

Recovery Correction Factor (RCF) =  
1

FR
 

Equation 8-6 

 

Equation 8-7 
 

Actual Enrichment (PMF) =
Target Protein  Abundance  in CMF or PMF

Target Protein Abundance in TP
 

Fraction Recovered (FR) =
Actual Enrichment 

Expected Enrichment
 

Corrected Abundance of Target Protein in PMF = PMA ∙ RCF 
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Figure 8-2. A schematic describing the generation of recovery factors (RF’s) to correct transporter 
abundances in membrane fractions for protein losses encountered during centrifugation. Whole organ protein 
abundances require generating from membrane fractions using the appropriate physiological scaling factors, 
i.e., plasma membrane protein per gram of liver (PMPPGL) (A). By measuring protein content in the starting 
Total Protein (TP) and the endpoint membrane fraction, i.e., the plasma membrane fraction (PMF), the 

expected enrichment of the target protein can be obtained (B). Quantifying the target protein abundances in 
the starting TP and endpoint membrane fractions provides the actual target protein enrichment (C). If the 
expected and actual enrichments are matched, the recovery factor is by definition one. If there is a disparity 
between the expected and actual enrichment, a recovery factor can be generated and be applied to the 
endpoint membrane abundance and is scaled to obtain whole organ abundances (D). 
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8.3 Methods 

Low passage Caco-2 cells (n=4) were seeded and cultivated for 10, 16 and 29d on 44 cm
2
 

Transwell filters and membrane fractions were harvested as described in detail in Section 2.2.2.2. 

The TP constituting and representing the whole cell lysate/starting fraction and the TM and PM 

fractions was sampled, and a BCA assay was performed to measure protein content of each 

fraction. The various protein samples were digested as described in Section 2.2.7.1 and the 

abundances of the AQUA peptides for Villin and Na/K-ATPase were determined. Using a 

combination of protein content and absolute protein abundances, RF’s were obtained for the above 

described framework to correct for protein losses during membrane fractionation. 
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8.4 Results 

8.4.1 The Expected & Actual Enrichment in Abundance 

The expected protein enrichment of the sub-cellular fraction from differential centrifugation is 

obtained by measuring the protein content in the starting TP whole cell lysate and subsequent TM 

and PM fractions (Equation 8-3). As shown in Figure 8-3, the TM and PM fractions represent 4 and 

1% of the starting TP fraction. From this data, it is expected that there is an approximate 100-fold 

enrichment in the PM fraction from the TP fraction. Therefore, the abundances of the PM-

associated proteins, Na/K-ATPase and Villin should also show 100-fold enrichment when 

quantified after LC-MS/MS analysis. 

 

Figure 8-3. The protein content and the yield of protein as a percentage of the TP lysate in Caco-2 cell 
monolayers. The data was obtained after a BCA assay. The values above the bars represent the percentage 
yield of protein with regard to the TP. The values are given as Mean±SD, Caco-2 cell extractions (n=4). 

To determine the actual enrichment in abundance, an AQUA-QTAP strategy was applied to the TP, 

TM and PM fractions. The abundances of Na/K-ATPase and Villin are provided in Figure 8-4. 

There is a step-wise increase in Na/K-ATPase and Villin abundances from TP to PM as expected. 

However, Na/K-ATPase and Villin abundances (Equation 8-3) do not reach the expected 100-fold 

enrichment in the PM fraction (Figure 8-3), indicating that losses of target protein occur during the 

fractionation procedure. It is also noteworthy that the fold enrichments are different for the two 

membrane marker proteins, which may indicate a preferential enrichment or greater procedural 

losses of the basal and apical membranes. 



| Chapter 8 Page 223 of 277 

 
 

 

Figure 8-4. The abundances of Na/K-ATPase (white) and Villin (black) in Caco-2 cell monolayer TP lysate and 
membrane fractions. The mean abundance values (fmol/μg protein) are given in black text above. The fold 
enrichment in abundances relative to the TP fraction are provided in red text, values above bars for each 
peptide derived using Equation 8-4. The values are given as Mean±SD, for n=4 Caco-2 cell extractions. 

8.4.2 Generating & Applying Recovery Correction Factors to Correct for Protein 

Losses 

To correct for losses of protein during centrifugation, the FR is determined for a transporter isoform 

(Equation 8-5). Equation 8-6 generates a Recovery Correction Factor (RCF, Table 8-1) to correct 

the abundances measured in the TM or PM (Equation 8-7 & Figure 8-5). 

When applying the RCF’s to obtain a corrected abundance in the PM fraction (Equation 8-7) for 

each individual sample, there is a 4.9-fold and 28.6-fold increase in the Na/K-ATPase and villin 

abundances, respectively, compared to abundances without correction (Figure 8-5). A pilot study in 

different Caco-2 samples to that performed with the AQUA peptides was also undertaken using the 

validated QconCAT (6 transporter proteins) approach. However, this could only be run with 

digested peptides stored frozen for 6 months. In these samples, low abundances for all proteins 

were found in the TP sample, negating the generation of recovery factors, with the exception of 

Na/K-ATPase which gave a similar RCF of 5 to the AQUA approach (RCF 5.55, Table 8-1). In the 

event that lower abundance proteins are below the limit of quantification in the TP fraction, it is 

suggested to use a RCF for the membrane in which the transporter is expressed, based on RCF’s 

generated from higher abundance proteins, such as Na/K-ATPase for the basal membrane and 

villin and HPT1 for the apical membrane.  
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Table 8-1.Recovery correction factors (RCF’s) generated for Na/K-ATPase and villin to correct for 
protein loss in membrane fractionation.  

 Na/K-ATPase Villin 

Sample RCF RCF 

Caco-2 – 10d (#1) 5.16 26.65 

Caco-2 – 10d (#2) 3.24 9.41 

Caco-2 – 16d  8.45 40.55 

Caco-2 – 29d 5.34 64.24 

Mean 5.55 35.21 

SD 2.16 23.17 

 

 

Figure 8-5. The corrected abundances for Na/K-ATPase (A) and villin (B) from Caco-2 cell monolayer total 
protein (whole cell lysate) and PM fractions. The non-corrected abundances (white) and the corrected 
abundances (black) were generated after applying the corresponding RCF (Table 8-1). The fold enrichment in 
abundance is provided after RCF application (Equation 8-7) with the abundance values shown above the bars. 
The values are given as Mean±SD, for n=4 Caco-2 cell extractions. 
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8.5 Discussion 

Characterising protein or peptide losses throughout QTAP workflows is vital if transporter protein 

abundances are to be incorporated into PBPK models without distortions from peptide-dependent 

biases inherent to the QTAP assays. Here, an approach to correct for targeted protein losses after 

centrifugation to obtain membrane fractions is postulated, by combining data generated from 

assays to measure protein content and QTAP methods to obtain absolute protein abundance. This 

proof of concept study demonstrates that RCF’s can be generated by quantifying the high 

abundance basal and apical membrane marker proteins, Na/K-ATPase and villin, respectively, 

alongside a routine BCA protein assay. The RCF’s are utilised to correct for losses of targeted 

proteins in endpoint membrane fractions to establish an absolute abundance corrected for protein 

losses. 

In its present form, this study can only be taken as a proof of concept due the AQUA technique 

employed having not been validated for precision, accuracy, linearity and an external calibration 

curve with QC samples. The QconCAT method was also employed for this pilot study, however 

only Na/K-ATPase, HPT1, P-gp and BCRP abundances were above the limit of quantification. 

Furthermore, for BCRP a lack of enrichment in abundance from the TP to PM fraction was 

observed (Equation 8-5), which suggests a possible matrix effect, potentially affecting digestion 

efficiency for this peptide. There are no other data describing the absolute quantification of Na/K-

ATPase and villin in Caco-2 cells to directly compare the corrected abundances generated here. 

However, early QconCAT work with chicken muscle showed that the high abundance protein 

GAPDH was expressed in the soluble fraction at approximately 450 fmol/μg (Rivers et al., 2007). In 

a relative proteomic analysis of Caco-2 cells, villin was expressed at 1.4-fold lower levels than 

GAPDH (Wisniewski et al., 2012), thus, the corrected villin abundances presented here may be an 

overestimation. Nevertheless, working with TP matrix requires further validation work, with a 

suggested starting point being to run the same tissue samples through the QTAP workflow to 

identify if RCF’s can be generated with precision. Once this is established, it will enable a 

reasonable assessment of the performance of this model. 

The preliminary data obtained suggests that the higher RCF for the apical membrane indicates a 

greater loss of protein compared to the basal membrane. It is possible that this is due to the 

different densities of each membrane. When separating a crude membrane fraction into apical 

brush border and basal membranes from Caco-2 cells via sucrose gradient differential 
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centrifugation, the fraction found at the 35-45% boundary biochemically reflected the brush border 

(apical) membrane, whereas the basal membrane resolved at the 30-35% sucrose interface (Ellis 

et al., 1992). This indicates that the apical membrane possesses a higher density compared to the 

basal membrane. If a 45% sucrose layer was required for obtaining a purified apical membrane, 

then it is possible that components of this membrane with higher densities permeate through our 

38% sucrose layer. In some instances, the sucrose component of the centrifugation tube did 

display turbidity which may reflect apical membrane components. Occasionally, a small pellet 

formed at the base of the centrifuge tube indicating complete permeation of a fraction of the 

material through the sucrose compartment. However, the AP activity of the pellet was found to be 

low (data not shown), suggesting this did not originate from PM, and may reflect organelles with 

higher density, i.e., nuclear or mitochondrial components that were not completely removed in 

previous steps. Identification of differential losses of protein from membrane regions is an important 

step to characterising losses in the QTAP workflow. These steps will enable rational improvements 

to existing protocols to reduce loss of target membranes/proteins in order to move toward obtaining 

‘absolute’ abundances from a physiological perspective.  

In addition to assessing protein losses, characterising contaminating fractions from other 

organelles, i.e., mitochondria should also be undertaken, as the presence of these will dilute 

abundances within the target fraction. This could be achieved by the simple cost effective approach 

enzyme activity marker assays. Additionally, proteomic analysis, whether global or targeted, could 

offer an insight into the constituents of the membrane fraction and potentially allow for a correction 

factor based on impurities of organelle marker proteins. However, we are some way from the 

application of robust loss or impurity factors in QTAP assays, therefore it has been suggested that 

a reasonable approach at present for utilising absolute transporter protein abundances in IVIVE-

PBPK is to generate IVIVE scaling factors, such as the REF, rather than absolute protein 

abundances for organs (Stieger et al., 2014).  

As was highlighted in the QConCAT assay, the limitation to this strategy is the ability to quantify 

low abundance peptides in the TP sample. In this instance, a transporter from the same membrane 

(apical or basal) and protein subfamily that can be quantified could be used as the basis for a 

recovery factor. Utilising the abundance in the TP sample may not be applicable for incorporation 

into IVIVE-PBPK models, as there are no assurances that the selected peptide is derived from a 

fully formed protein resident in the PM as opposed to protein fragments in the process of 
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translation. A study has shown that P-gp is located predominantly in the PM of intestine and Caco-

2 cells (Ahlin et al., 2009). However, there is evidence for intracellular MRP1 and MRP2 

localisation (Sekine et al., 2008; Ahlin et al., 2009), and, as a result, the utility of this approach may 

be compromised, especially if the transporter resides in a soluble compartment such as the cytosol, 

which is likely to be discarded in the first centrifugation step after tissue homogenisation or cell 

lysing. Furthermore, as demonstrated in Section 4.3.2.2, assessing peptide losses downstream of 

subcellular fractionation stages requires consideration and incorporation into QTAP workflows, i.e., 

membrane solubilisation, peptide digestion efficiency, loss of peptides during preparation, 

chromatographic stability and transition through the mass spectrometer (Harwood et al., 2014).  

Upon incorporation of transporter protein abundances into an IVIVE-PBPK workflow, any 

underestimation of transporter abundance could lead to inaccuracies in: 1) the generation of 

scaling factors that are utilized to scale between the in vitro and in vivo systems and, 2) scaling the 

transporter activity within the in vivo system to predict transporter isoform clearance in the whole 

organ. Thus, any differences in procedural losses of target proteins between the in vitro and in vivo 

system, i.e., a matrix-specific effect, could lead to a bias in the generation of expression-based 

scaling factors utilised in an IVIVE approach (Harwood et al., 2013; Vildhede et al., 2014). 

Furthermore, a transporter isoform’s Jmax is typically related to its protein abundance (Li et al., 

2010a). Therefore, an underestimation in whole organ transporter abundances will impact on the 

prediction of drug disposition and the magnitude of DDI exhibited in that individual.  

A recent study has incorporated absolute transporter protein abundance data into an IVIVE 

strategy. The study by Vildhede et al., 2014, quantified the absolute transporter abundances of 

hepatic uptake transporters OATP1B1, OATP1B3, OATP2B1, NTCP and the canalicular efflux 

transporter P-gp in human livers, isolated hepatocytes and HEK293 single transfected cells 

(Vildhede et al., 2014). A scaling strategy incorporating the abundances of the uptake transporters 

was developed and a REF approach was employed to account for the differences in transporter 

expression between the in vitro and in vivo systems. An in vitro Vmax was used to assign a fractional 

contribution of each isoform to the overall uptake clearance, while the variability in the abundance 

of the transporters in 12 livers enabled an estimate of the expected variability in the magnitude of 

DDI between individuals. Two key assumptions within this strategy are; 1) that activity (Vmax or Jmax) 

is proportional to expression, which may not be the case particularly for over-expressing systems 

(Korzekwa and Nagar, 2014). and, 2) the recovery of each transporter isoform throughout the 
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procedure is uniform and not biased by the matrix in which it resides, and that digestion is complete 

in both systems (Prasad and Unadkat, 2014). Any differences in the magnitude of transporter 

protein loss should be accounted for, which could affect the scaling factors employed to predict 

transporter-mediated clearance and DDI, hindering the accuracy of the IVIVE strategy. Indeed, 

incorporation of the abundance and activity into a PBPK model should enable the success of this 

strategy to be ascertained in regard to recovery of pharmacokinetic profiles in human populations. 

Dr Bhagwat Prasad (Acting Assistant Professor, The University of Washington) who is actively 

engaged in transporter abundance quantification by QTAP strategies, with a view to translating this 

data into PBPK models, believes that with the current data available we are not in a position to 

utilise the available data for abundance scaling to the whole organ (Personal communication, 

November 2014). This is supported by recent findings that a commercially available kit intended for 

isolating a PM fraction, was contaminated with other subcellular fractions, particularly the golgi and 

mitochondria (Kumar et al., 2015). The candidate is in agreement with Dr Prasad in that obtaining 

absolute protein abundances for whole organs is not currently achievable, based on confounding 

factors, many of which have been discussed in this thesis, such as; 

 the difficulty in obtaining a pure PM fraction, i.e., contamination by non-targeted organelles 

 not accounting for protein losses in membrane fractionation and digestion phases 

 a lack of membrane scaling factors to enable whole organ abundance determination 

 selection of the peptide as a surrogate for whole protein quantification 

 challenges in deducing the completeness of proteolytic digestion 

Assuming the potential confounding factors are the same in the in vitro and in vivo systems, or if 

they are not, that these are accounted for, then obtaining a REF IVIVE scaling factor is permissible. 

Obtaining the variability within a set of samples is also possible if the assay precision is within 

defined limits. At present, this approach does not mirror the fully mechanistic approach developed 

for CYP450 enzymes. For these enzymes, not only are abundance-function scalars, ISEF’s, 

available for scaling from recombinant expression systems (Chen et al., 2011), but whole organ 

metabolic clearance is calculated via CYP450 isoform abundance within the whole organ. The 

aspiration within transporter IVIVE-PBPK is to parallel the success observed for CYP450-mediated 

drug disposition and DDI prediction using the fully mechanistic IVIVE-PBPK approach, in order to 

improve our prediction for transporters by obtaining whole organ abundances that approximate to 

in vivo expression. 
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8.6 Conclusion 

Fractionation strategies to harvest a PM typically give a low final yield relative to that in the starting 

sample. The PM samples are also contaminated with other organelle components and are subject 

to losses of protein. Therefore, identifying the level of targeted protein loss is critical if we are to 

obtain a physiologically meaningful ‘absolute abundance’, i.e., the protein abundance in a whole 

organ. This framework provides a starting point to assess losses in membrane purification. Other 

groups working in this field are encouraged to attempt the assessment of protein losses using this 

strategy with membrane extraction kits or their own in-house differential centrifugation methods. 

This will define procedural differences in losses between laboratories and facilitate development of 

improved extraction techniques that minimise protein losses and contamination. Alternative 

techniques such as extracting PM proteins via affinity chromatography after labelling might be 

another means to extract the integral membrane proteins of interest with higher specificity (Orsburn 

et al., 2011). Ultimately, the goal is to obtain accurate transporter protein levels in high quality 

purified PM fractions, or purified apical and basal membranes. Losses are inevitable during cell 

fractionation procedures and correcting for these losses is a key requirement if we are to achieve 

reliable whole organ absolute abundances.   
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Chapter 9 - Final Conclusion & Future Work 

Given the increasing emphasis placed on the pharmaceutical industry to elucidate the role of 

transporters on ADME-T by drug regulatory agencies, it has never been more crucial to 

successfully predict transporter-mediated drug disposition and DDI. As advocated by regulatory 

agencies and routinely employed in the pharmaceutical industry, IVIVE-PBPK strategies offer the 

opportunity to predict the fate of drugs computationally. By harnessing the transporter activity data 

acquired from established cell models expressing relevant human transporter proteins, in 

combination with the appropriate algorithms and scaling factors, predictions of the impact of 

transporters on drug disposition and DDIs, can be made in virtual human populations. However, 

successfully predicting the impact of transporter function on drug disposition is particularly 

challenging when employing transporter-mediated IVIVE-PBPK. The Simcyp consortium 

recognised that this was an area requiring further work, as the scaling factors used for transporter-

mediated predictions were not nearly as sophisticated as those for drug metabolism-based IVIVE-

PBPK. Therefore, projects, including that described within this thesis, were initiated to focus on 

developing more mechanistic scaling factors for transporter-mediated IVIVE-PBPK. 

In collaboration with the Manchester Pharmacy School and Manchester Interdisciplinary 

Biosciences Centre, this PhD project sought to quantify transporter protein abundances in a Caco-

2 cell model and human intestinal enterocytes, using targeted proteomic strategies. In addition, the 

relationship between BCRP and P-gp transporter gene expression, abundance and function were 

assessed in Caco-2 cell monolayers cultivated for varying times, passage age and selection 

pressures. Transporter scaling factors developed from cell model and human intestinal 

immunoblotting have been utilised in intestinal IVIVE-PBPK strategies, however these have been 

based on only a single intestinal sample. Furthermore, in vitro systems over-expressing 

transporters are used for elucidating transporter function. Thus, studies assessing the relationship 

between increases in protein abundance and function may shed some light on the requirement for 

scaling factors to account for non-linear activity-abundance relationships, akin to those developed 

for drug metabolising enzymes. Transporter abundances that accurately reflect plasma membrane 

expression in the various intestinal regions are also required for a fully mechanistic IVIVE-PBPK 

approach. Little data was available for Caco-2 cells or human intestinal abundances from QTAP 

strategies prior to starting this project. 
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Numerous methods are available to isolate membrane fractions to quantify transporter 

abundances. However, within the transporter QTAP field, developing and validating the membrane 

isolation technique has not been reported. The purity or quality of the membrane in which 

transporter abundances are studied could be critical to obtaining abundances that accurately reflect 

those in the plasma membrane. Therefore, the initial studies in this thesis concentrated on the 

development of a differential centrifugation procedure to extract plasma membranes from cell 

models and characterisation of membrane purity using marker enzyme activity assays. Although 

these assays are relatively simple, they offer the opportunity to assess enrichment of target 

organelles without requiring state of the art equipment and time-consuming assay development. 

The studies showed that the postulated plasma membrane fraction was not enriched compared to 

the preceding total membrane fraction using alkaline phosphatase activity as a plasma membrane 

marker. Furthermore, a contamination of endoplasmic reticular components in the plasma 

membrane fraction was also exhibited. If similar contaminations are translated across studies, it is 

undoubted that transporter protein ‘absolute’ abundances relevant to function, i.e., plasma 

membrane localised transporters, are being globally under-predicted. Moreover, it was also shown 

that a discrepancy existed between the protein yield (BCA assay) at each stage of the membrane 

fractionation procedure and alkaline phosphatase activity enrichment. This led to concerns over 

procedural losses of the plasma membrane and hence, that transporter proteins were also lost 

during centrifugation steps. To correct for such losses, a theoretical framework was provided which 

relies on determining both protein content and transporter abundances in starting and endpoint 

fractions. The limitation to this strategy is the ability to measure the proteins in the un-refined 

starting whole cell/tissue homogenate. Yet, if losses or contamination of target proteins and 

samples are neglected, this poses a considerable problem for scientists seeking to implement 

transporter abundances into organs of PBPK models, as these abundances may not approximate 

to the in vivo milieu. However, in order to establish if transporter abundances were indeed enriched 

in the plasma membrane versus the preceding, un-refined fractions, the development of QTAP 

assays was required.  

To quantify absolute protein abundances, using QTAP approaches, unique peptide standards are 

generated that contain a differing mass to the analyte under study and are also susceptible to 

cleavage by trypsin. Typically, the addition of mass to the standard peptide(s) is via isotope 

labelling. Therefore, a QconCAT strategy was employed to generate a construct containing a string 

of selected peptides that is isotopically labelled and expressed in a host vector. The QconCAT 
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construct, once extracted from the vector, can serve as an almost limitless source of greater than 

40 isotope labelled standards. A construct containing peptide standards for transporter protein 

quantification was developed. However, considerable delays in its successful expression were 

encountered. This, together with challenges in achieving a reliable digestion procedure to obtain 

the selected peptides in the biological matrix, posed significant difficulties to the project’s 

progression. While development of the digestion procedures continued within the project, a 

contingency was sought to establish if transporter abundances could be determined in Caco-2 and 

human intestinal membrane samples using established techniques. Samples were analysed by 

Bertin Pharma in France who use techniques acquired from Prof. Terasaki’s laboratory at the 

University of Tohoku. Simultaneously, a significant advance in the development of the digestion 

procedures was made within this project that enabled the development and validation of a QTAP 

workflow for ‘in-house’ quantification of six transporters in human intestinal samples. In the small 

number of samples within the validation set, considerably higher abundances were noted for BCRP 

and P-gp in these samples compared to abundances generated in jejunal samples reported by the 

University of Greifswald using QTAP techniques. It would be interesting to establish if these 

differences were due to the inherent inter-individual variability in abundances between human 

samples or if these originate from technical differences employed within the QTAP workflow 

between the groups. Within this study an appraisal of the enterocyte harvesting method was 

performed in jejunal samples. Little difference in P-gp and BCRP abundance were found when 

eluting enterocytes by chelation, or crushing the mucosal tissue by homogenisation, suggesting 

this aspect of the protocol may not be responsible for the observed differences. The intestinal 

abundances generated from this project, although from a small sample set, provide a considerable 

addition to our knowledge base on intestinal transporter abundances given the relative paucity of 

data currently reported. 

Utilising the services of Bertin Pharma led to the project standing in an enviable, if not slightly 

fortuitous position, of possessing transporter abundance data from two different laboratories on a 

selection of the same samples. This permitted a cross-laboratory comparison, in which a diverse 

set of procedures was employed between each laboratory in order to determine the abundances of 

three key proteins and REF scaling factors. Overall, there was a reasonable similarity in 

abundances for Na/K-ATPase and BCRP between laboratories. However, for P-gp systematically 

higher abundances were determined by the University of Manchester. It is postulated that Bertin 

Pharma’s P-gp peptide standard was prone to missed-cleavage by trypsin, potentially leading to 
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the lower abundance quantifications. Due to Bertin Pharma’s systematically lower P-gp expression 

levels, the jejunal-Caco-2 REF was not different between laboratories. However, for BCRP, the 

REF was different, which may due to a bias in BCRP abundance quantification in Caco-2 cell 

samples between laboratories. This indicates that caution should be exercised when interpreting 

data reported as an ‘absolute’ abundance from a biological context and for the generation of 

scaling factors from one laboratory to another. Laboratories undertaking QTAP strategies should 

continuously refine their workflows in order to quantify tissue/cell abundances without distortions 

arising from the procedures employed. This affirms the challenges for scientists seeking to 

implement absolute transporter abundances with accuracy into PBPK models. The potential for 

adopting standardised procedures for ‘best practices’ in QTAP workflow design across laboratories 

should be encouraged, to avoid the problems observed when translating permeability/transporter 

data for cell models across laboratories. Further studies investigating all the stages comprising 

protein abundance quantification should facilitate a consensus approach to ADME QTAP studies.  

Similar transporter abundances in the postulated ‘total’ and ‘plasma membrane’ fractions from 

Caco-2 cell samples were consistently shown, confirming the lack of enrichment in the plasma 

membrane fraction by alkaline phosphatase activity assays. Until evidence is provided that a 

procedure can harvest a ‘plasma membrane’ fraction that is relatively uncontaminated with other 

organelle components, there is a strong case for only reporting abundance data from total 

membranes. 

The current study suggests that for both BCRP and P-gp, protein abundance data is a better proxy 

for gauging transporter function than mRNA gene expression, when measuring efflux ratio in Caco-

2 cell monolayer bi-directional transport assays. Expression-based scaling factors should be 

specifically generated within each laboratory intending to employ a transporter-based IVIVE 

approach. These findings therefore suggest that, expression-based scaling factors are generated 

by employing QTAP assays, in preference to assays determining relative gene expression. 

Furthermore, as the transport assays were performed at sub-saturating probe concentrations, 

these data may only be relevant to steady state predictions.  

In previous studies, discrepancies between protein expression and function for the P-gp probe VBL 

were noted. A reduction in drug transport relative to protein expression was found as protein 

expression increased, a ‘functional redundancy’. If such a phenomenon is in operation, IVIVE 

scaling factors solely incorporating the expression differences between the in vitro and in vivo 
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system may not possess the capacity for accurate scaling predictions in over-expressing systems. 

By generating Caco-2 cells with differing P-gp abundances, the relationship between VBL transport 

kinetics, determined using a simultaneous-fitting-compartmental-modelling approach and 

increasing P-gp abundance could be assessed. Although, VBL intrinsic clearances reasonably 

approximated to P-gp abundance, the inability to obtain consistent Km estimates between cells 

expressing varying P-gp levels may have resulted from a reduction of the apical boundary layer 

volume upon stirring the assay, leading to higher absorptive Papp at sub-saturating VBL 

concentrations. Approximately 5-fold lower Papp’s at sub-saturating P-gp concentrations were 

observed by another group, in which there was no reports of stirring, therefore, it was postulated 

that the experimental design may be the source of the observed lack of saturation. This is an 

important finding, which emphasises that transport assay design requires careful consideration, so 

that kinetic estimates that are intrinsic to the transporter protein and lipid bilayers, rather than other 

intrinsic factors. There has been moderate progression on identifying if abundance-function scaling 

factors are required, thus, further studies in this area across multiple groups using multiple probe 

compounds for each transporter isoform in a variety biologically relevant systems is advocated. 

The overlapping substrate and inhibitor transporter specificity also adds to the complexity in 

defining these relationships, particularly for heterogeneous transporter expressing systems. 

A summary of the key findings in this project are given below; 

1. Obtaining a purified plasma membrane is challenging as contamination from other 

organelle fractions is likely. While, the abundances of transporter proteins in total and 

plasma membrane fractions are not different, this could be caused by loss of target proteins 

in centrifugation steps. These losses could be accounted for by quantifiying protein content 

and marker protein abundances in starting lysates and end point fractions. 

2. A QTAP workflow using a QconCAT approach was developed to quantify 6 transporters 

in human intestine and Caco-2 cells of varying ages, passage numbers and phenotypes 

3. A bias in abundance quantification for transporter proteins between 2 laboratories was 

observed for P-gp. In addition, a between-laboratory difference in IVIVE scaling factor (REF) 

generation for BCRP was observed. 

4. Functional studies in Caco-2 cells using E-3-S and vinblastine as probes for BCRP and 

P-gp, respectively, show that protein abundance is more closely correlated to transporter 

activity than mRNA expression. 
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5. Challenges were faced in establishing abundance-function relationshsips using 

transporter kinetics, as robust Michaelis constants for vinblastine in Caco-2 cells after 

compartmental modelling of in vitro transport assay data was not achieved across cells 

expressing variable levels of P-gp. This may be due to the experimental design of the 

transport assay. 

Overall, this project faced many practical challenges, but raised many important questions 

regarding the limitations of the procedures for quantifying transporter protein abundances, which 

requires appreciation by scientists seeking to use abundance data for IVIVE-PBPK. The project 

has facilitated the development of transporter quantification assays which will be used in a host of 

concurrent and future projects, including transporter quantification in human brain microvessels, 

kidney and liver. At present, the implementation of transporter abundances into PBPK organs 

should be approached with caution. Yet, it should be possible to generate robust REF scaling 

factors to bridge abundance differences between in vitro and in vivo systems. This is provided that 

the validated QTAP, or even label free MS approaches, quantifying the abundances in both the in 

vivo and in vitro samples use the same workflows. 

Work is currently underway to quantify the abundance of transporters in a further 35 intestinal 

membrane fractions for which mRNA gene expression data is available, in addition to the patients’ 

drug history. This will enhance our knowledge as to the relationship between gene expression, 

protein abundance, inter-individual variability, disease and environmental factors for building 

improved virtual patient populations. Further work across multiple laboratories investigating 

abundance-function relationships should identify whether IVIVE scaling factors incorporating 

activity are required. Attempts to account for losses of target proteins during membrane 

fractionation and peptide digestion, in order to obtain more accurate abundance estimates, will 

greatly aid in the confidence of utilising abundance data for PBPK models.  

Finally, the undertaking of a Pan European Collaboration to quantify enzyme and transporter 

abundances in matched liver tissues across multiple research groups, should provide invaluable 

information on the existence of procedural biases in operation between laboratories quantifying the 

abundance of proteins with PK relevance. In time, this may foster a consensus between groups as 

to the best practices and standardised workflow for LC-MS/MS-based abundance quantifications. 
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Appendices 

Appendix 1 

Appendix Table A-1. Donor demographics of intestinal samples, including recent drug history, in 
which alkaline phosphatase activity was determined. 

Intestinal 
Region 

Gender Age Ethnicity Smoking 
Status 

Disease/Complication/Operative 
Procedure 

Proximal 

Jejunum 

Female 56 Caucasian Unknown Reversal of double barrelled 

ileostomy. Resection of Ileum 

Jejunum Female 65 Caucasian Unknown Resection of jejunal fistula 

Distal 

Jejunum 

Female 67 Caucasian Unknown Small bowel fistula 

Distal 

Jejunum 

 

Female 70 Caucasian Non-

smoker 

Enterocutaneous fistula followed 

by laparascopic nephrectomy 

Distal Ileum Male 52 Caucasian Unknown Diverticular Disease 

Distal Colon Female 70 Caucasian Unknown Adenocarcinoma 

Distal Colon Female 48 Caucasian Non-

smoker 

Diverticular Disease 

 

Appendix Figure A-1. Images of eluted material sampled onto slides from a human jejunum sample after 5 mM 
EDTA incubation over 45 min at (x 200 magnification, inverted microscope). A shows at 15 min there is 
shedding of villus tips. B shows at 30 min the presence of entire villus structures shed from the mucosa and C 
shows the presence of crypts attached to the base of a villus structure. Please note, the images are not of the 
highest quality as they were taken with a mobile phone-digital camera down the objective lens. There was no 
permanent digital camera affixed to this microscope.  
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Appendix 2 

A

 

B 

 

Appendix Figure B-1. Caco-2 PM digest submitted for fragmentation by an Orbitrap mass spectrometer and 
data-dependent acquisition (DDA). Regions in red represent peptide sequences identified after a Mascot 

search for A. Human Villin and B. Human Na/K-ATPase, with selected peptides within the black boxes.  
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A                                                                          B 

 

Appendix Figure B-2. Selected transition of the native peptides of a 21d-Grown Caco-2 cell plasma membrane 
DOC-digest for Villin (A) and Na/K-ATPase (B).  
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Appendix 3 

  

Appendix Figure C-1. The TransCAT construct sequence annotating the target transporter and supporting 
peptides to permit successful expression in the host E.Coli vector (published as supporting information in 
(Russell et al., 2013).  
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Appendix 4 

 

Appendix Figure D-1. A schematic of the workflow to measure human intestinal transporter protein absolute 
abundance using a QconCAT method. Part A describes the parallel development of the QconCAT (1A) and 
the human intestinal enterocyte chelation protocol (1B). Part B describes sample digestion and preparation for 
LC-MS/MS, where IAA is iodoacetamide. The simultaneous digestion of the extracted QconCAT peptide 
containing the isotope labelled standards and the total membrane fraction (post BCA protein assay), typically 
50 μg, from the chelated intestinal enterocytes is performed (2). During the digestion procedure, prior to 
loading the digested sample into a vial for LC-MS/MS, peptide losses are determined gravimetrically. The 
digested peptides containing the sample and isotope labelled peptide standards are combined with a synthetic 
unlabelled calibrator NNOP of known concentration and are submitted for LC-MS/MS analysis. Part C 
describes obtaining co-elution profiles (labelled and unlabelled) for both the NNOP and target peptide(s) 
simultaneously and this information is incorporated into Equation 2-1. Any term in this figure enclosed with 
apostrophes directly feeds into the calculation of transporter protein abundance (Atransporter).  
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Gravimetric derivation of peptide mass in tube prior to LC sampling 

The following sections (Part A and B) describe calculating the protein content (i.e., the peptide 

digest) prior to LC sampling, termed from now on as ‘Protein Content’. The protein content relates 

the abundance in fmol of the target peptide in the digest to an abundance per μg in the ‘Protein’ 

matrix under study (fmol/μg). 

In order to derive peptide mass by gravimetric means, there are a series of instances in which 

sample tubes and their contents mass (μg) are measured. Accordingly, volumes (μL) of tube 

contents are required for calculations which are also defined. The following sections are 

incorporated into subsequent calculations (Parts A and B). 

Definition of measured masses 

ATM = Mass of tube plus mass of digested sample – prior to removal of sodium deoxycholate  

ASP = Mass of tube plus mass of remaining precipitate (dried overnight) 

AMVC = Mass of tube entered for vacuum centrifugation (VC) 

ASVC = Mass of tube plus mass of sample entered for VC 

ATSPVC = Mass of tube plus mass of sample post-VC 

Definition of volumes  

VD = Volume of protein plus QconCAT in-solution prior to denaturation stage 

VQC = Volume of QconCAT prior to denaturation stage 

VP = Volume of peptide digest in LC tube 

VNNOP = Volume of NNOP (i.e., Glu-Fib) in LC tube 

Part A 

The total amount of peptide generated after evaporation by VC (AVC) requires deriving in order to 

express the target peptide abundance as a concentration per mass of protein, where the mass of 

protein in this instance is defined as ALC, or more precisely, the amount of peptide in the LC tube. 

Part A deals with derivation of AVC.  
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𝐴𝐷𝐷 =  𝐴𝑇𝑀 −  𝐴𝑆𝑃 Equation S1 

where ADD is the mass of the solution digest prior to sodium deoxycholate removal. 

𝐴𝐷 =  𝐴𝑆𝑉𝐶 − 𝐴𝑀𝑉𝐶  Equation S2 

where AD is the mass of the digested sample prior to VC. 

𝐹𝐴𝑃 =  
𝐴𝐷

𝐴𝐷𝐷

 Equation S3 

where FAP is the fractional mass of peptide in solution prior to VC 

𝐴𝑉𝐶𝑄 =  𝐹𝐴𝑃 ∙  𝑃𝑁 Equation S4 

where PN is the nominal mass of protein entering the in-solution digestion procedure (typically 50 

μg) and AVCQ is the mass of the peptide material prior to VC. 

𝐹𝑄𝑐𝑜𝑛𝐶𝐴𝑇 =  
𝑉𝐷

(𝑉𝐷 −  𝑉𝑄𝐶)
 Equation S5 

where FQconCAT is the factor required to correct for dilution of the protein quantity entering the 

denaturation stage by addition of the QconCAT.  

𝐴𝑉𝐶 =  
𝐴𝑉𝐶𝑄

𝐹𝑄𝑐𝑜𝑛𝐶𝐴𝑇

 Equation S6 

Part B 

Part B describes the amount of peptide entering the LC tube (‘Protein Content’) which is the term 

used for correcting peptide abundance (fmol) to an abundance per unit of protein (fmol/μg). 

𝑉𝐿𝐶 =  𝑉𝑃 + 𝑉𝑁𝑁𝑂𝑃 Equation S7 

where VLC is the volume of sample in the LC tube. 

𝐴𝑆𝑃𝑉𝐶 =  𝐴𝑇𝑆𝑃𝑉𝐶 − 𝐴𝑀𝑉𝐶  Equation S8 

where ASPVC is the mass of the sample after VC without accounting for mass fraction correction. 

𝐹𝑠𝑎𝑚𝑝𝑙𝑒 =  
𝑉𝐿𝐶

𝑉𝑃

 Equation S9 



| Appendices Page 243 of 277 

 
 

where Fsample is the factor required to correct for dilution of peptide digest in the LC tube when 

NNOP is added. 

𝐴𝐶𝑆 =  
𝐴𝑉𝐶

𝐴𝑆𝑃𝑉𝐶

 Equation S10 

where ACS is the mass concentration of the peptides (μg/ μg) in the starting material for entering 

into the LC tube.  

𝐴𝐶𝑆𝐶 =  
𝐴𝐶𝑆

𝐹𝑠𝑎𝑚𝑝𝑙𝑒

 Equation S11 

where ACSC is the mass concentration of the digest analysed by LC-MS/MS after correction for 

NNOP dilution. 

𝐴𝑆𝐿𝐶 =  𝜌 ∙ 𝑉𝐿𝐶 Equation S12 

where ρ is the density (mass : volume ratio) of the peptide mix after VC and ASLC is the mass of the 

solution (peptides + NNOP) in the LC tube.  

′𝑃𝑟𝑜𝑡𝑒𝑖𝑛′ =  𝐴𝑆𝐿𝐶  ∙ 𝐴𝐶𝑆𝐶  Equation S13 

Ultimately, the ‘Protein Content’ term defines the amount of protein in the entire LC vial. 

Accordingly, the concentration of peptide (fmol) as determined from the ratio of light : heavy target 

peptides is defined for the entire LC tube. 

Protocol deviation for AQUA (University of Manchester) 

For the AQUA procedure, Equations S1-4 are incorporated into the workflow and equations S5-6 

are omitted as QconCAT correction is not required prior to the denaturation stage. Therefore, AVCQ 

derived in Equation S4 is to be used in Equation S10 rather than the numerator AVC. The density 

was not measured for the AQUA quantification. In these cases it was assumed that density was 

equivalent to 1 mg/mL and therefore did not require correction. It should be noted that the mean 

density from other Caco-2 quantifications performed for the QconCAT strategy was 0.97 mg/mL. 
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Appendix Figure D-2. Co-elution profiles for HPT1 (A), MRP2 (B), BCRP (C), OST-α (D), OST-β (E), and OATP2B1 (F). The red lines are the cumulative profiles for the selected native 

peptide transitions and the blue lines are the cumulative profiles for the selected standard peptide transitions. 
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Appendix Table D-1. Individual transporter protein abundance data from human intestinal tissues quantified by the QconCAT (also see Figure 4-12). 

 

Sample 

 

Human Intestinal Protein Abundance (fmol/µg) 

 Na/K-ATPase HPT1 P-gp MRP2 BCRP OST-α OST-β OATP2B1 

Jejunum 1 41.93 10.57 3.07 0.37 2.28 BLQ 1.98 0.29 

Jejunum 2 34.58 7.17 0.98 0.85 1.92 BLQ 1.93 BLQ 

Jejunum 3 29.57 4.48 1.62 0.55 3.49 0.47 3.18 BLQ 

Ileum 1 24.47 6.93 0.2 BLQ 1.6 0.28 1.55 BLQ 
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Appendix 5 

 

Appendix Figure E-1. The stability of the housekeeper gene PPIA in Caco-2 cell monolayers cultured from 10 to 29 days on filters. The values above the bars are the mean for n=3 
extractions on separate days, the PCR analysis is run on two different days. Values are given as Mean±SD. 

Appendix Table E-1. Individual PPIA normalised mRNA gene expression of P-gp, MRP2 and BCRP in low passage Caco-2 cells. 

Caco-2 Low Passage (growth age) PPIA Normalised Gene Expression 

 P-gp MRP2 BCRP 

10d 0.014, 0.015, 0.016 (n=3) 0.006, 0.005, 0.006 (n=3) 0.021, 0.020, 0.027 (n=3) 

16d 0.034, 0.048, 0.036 (n=3) 0.007, 0.008, 0.005 (n=3) 0.028, 0.042, 0.031 (n=3) 

21d 0.072, 0.037, 0.034 (n=3) 0.017, 0.015, 0.01 (n=3) 0.035, 0.053, 0.047 (n=3) 

29d 0.061, 0.048, 0.028 (n=3) 0.012, 0.01, 0.012 (n=3) 0.048, 0.021, 0.03 (n=3) 
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Appendix Table E-2. Individual PPIA normalised mRNA gene expression of OATP2B1, OST-α and OST-β in low passage Caco-2 cells. 

 

Appendix Table E-3. Individual Na/K-ATPase abundances in 10 to 29d cultured Caco-2 cells (p25-35) quantified at Bertin Pharma. Each data point is n=3 pooled filters 
constituting 1 experiment. The boxed values represent samples which were also quantified by the UoM. 

Total Membrane Plasma Membrane Total Membrane Plasma Membrane Total Membrane Plasma Membrane

55.7 56.8 52.8 80.9 66.4 72.9

38.1 45.6 56.7 60.8 55.2 83.0

29.4 48.9 50.7 63.7 46.4 63.7

51.6 49.3

56.7 74.8

65.9 52.4

Mean 41.04 50.46 55.73 68.47 57.44 73.18

SD 13.41 5.77 5.57 10.90 10.95 9.69

Na/K-ATPase Abundance (fmol/μg)

Caco-2 (10d) Caco-2 (21d) Caco-2 (29d)

 

Caco-2 Low Passage (growth age) PPIA Normalised Gene Expression 

 OATP2B1 OST-A OST-B 

10d 0.135, 0.151, 0.015 (n=3) 0.021, 0.019, 0.016 (n=3) 0.04, 0.044, 0.057 (n=3) 

29d 0.323, 0.205, 0.301 (n=3) 0.063, 0.029, 0.04 (n=3) 0.057, 0.063, 0.073 (n=3) 
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Appendix Table E-4. Individual Na/K-ATPase abundances in 10 to 29d cultured Caco-2 cells (p25-35) quantified at the University of Manchester. Each data point is n=3 
pooled filters constituting 1 experiment. 

Total Membrane Plasma Membrane Total Membrane Plasma Membrane Total Membrane Plasma Membrane

N.S N.S 84.56 N.S 79.39 N.S

N.S 11.85 48.35 N.S 55.70 N.S

N.S N.S 58.91 N.S 60.33 24.85

Mean N.S 11.85 63.94 N.S 65.14 24.85

SD N.S N.S 18.62 N.S 12.56 N.S

Na/K-ATPase Abundance (fmol/μg)

Caco-2 (10d) Caco-2 (21d) Caco-2 (29d)

 

Matched samples analysed in both Bertin pharma and The University of Manchester relating to Figure 5-7 Figure 5-8 are highlighted by colour coded boxes. 

 

Appendix Table E-5. Individual P-gp abundances in 10 to 29d cultured Caco-2 cells (p25-35) quantified at Bertin Pharma. Each data point is n=3 pooled filters constituting 
1 experiment. 

Total Membrane Plasma Membrane Total Membrane Plasma Membrane Total Membrane Plasma Membrane

3.59 3.34 0.72 0.82 2.60 2.53

2.53 2.87 2.08 1.59 1.53 1.61

3.36 5.04 2.89 2.23 1.26 1.20

1.89 1.64

2.27 2.29

2.07 1.98

Mean 3.16 3.75 1.99 1.54 1.79 1.78

SD 0.56 1.14 0.71 0.71 0.71 0.68

P-gp Abundance (fmol/μg)

Caco-2 (10d) Caco-2 (21d) Caco-2 (29d)
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Appendix Table E-6. Individual P-gp abundances in 10 to 29d cultured Caco-2 cells (p25-35) quantified at the University of Manchester. Each data point is n=3 pooled 
filters constituting 1 experiment. 

Total Membrane Plasma Membrane Total Membrane Plasma Membrane Total Membrane Plasma Membrane

N.S N.S 5.25 N.S 8.35 N.S

N.S 2.97 4.53 N.S 6.84 N.S

N.S N.S 4.35 N.S 5.77 1.64

Mean N.S 2.97 4.71 N.S 6.99 1.64

SD N.S N.S 0.48 N.S 1.30 N.S

P-gp Abundance (fmol/μg)

Caco-2 (10d) Caco-2 (21d) Caco-2 (29d)

 

Matched samples analysed in both Bertin pharma and The University of Manchester relating to Figure 5-9 and Figure 5-10 are highlighted by colour coded boxes. 

Appendix Table E-7. Individual BCRP abundances in 10 to 29d cultured Caco-2 cells (p25-35) quantified at Bertin Pharma. Each data point is n=3 pooled filters 
constituting 1 experiment. 

Total Membrane Plasma Membrane Total Membrane Plasma Membrane Total Membrane Plasma Membrane

3.32 3.38 0.83 0.51 1.09 1.90

2.92 3.70 2.12 1.36 1.36 1.36

2.96 4.58 1.46 1.29 0.72 0.58

1.70 1.34

1.94 1.64

1.94 1.51

Mean 3.06 3.89 1.67 1.05 1.28 1.28

SD 0.22 0.62 0.47 0.47 0.33 0.67

BCRP Abundance (fmol/μg)

Caco-2 (10d) Caco-2 (21d) Caco-2 (29d)
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Appendix Table E-8. Individual BCRP abundances in 10 to 29d cultured Caco-2 cells (p 25-35) quantified at the University of Manchester. Each data point is n=3 pooled 
filters constituting 1 experiment. 

Total Membrane Plasma Membrane Total Membrane Plasma Membrane Total Membrane Plasma Membrane

N.S N.S 1.19 N.S 1.13 N.S

N.S 2.17 1.17 N.S 0.72 N.S

N.S N.S 1.13 N.S 0.76 2.80

Mean N.S 2.17 1.16 N.S 0.87 2.80

SD N.S N.S 0.03 N.S 0.23 N.S

BCRP Abundance (fmol/μg)

Caco-2 (10d) Caco-2 (21d) Caco-2 (29d)

 

Matched samples analysed in both Bertin pharma and the University of Manchester relating to Figure 5-11 & Figure 5-12 are highlighted by colour coded boxes 

 

Appendix Table E-9. Batch differences for Na/K-ATPase, P-gp, and BCRP protein abundances in Caco-2 cell 21 and 29d harvested TM fractions sent to Bertin Pharma. 

Batch 1 Batch 2 Batch 1 Batch 2 Batch 1 Batch 2 Batch 1 Batch 2 Batch 1 Batch 2 Batch 1 Batch 2

52.8 51.6 66.4 49.3 0.72 1.89 2.60 1.64 0.83 1.70 1.09 1.34

56.7 56.7 55.2 74.8 2.08 2.27 1.53 2.29 2.12 1.94 1.36 1.64

50.7 65.9 46.4 52.4 2.89 2.07 1.26 1.98 1.46 1.94 0.72 1.51

Mean 53.40 58.06 56.03 58.85 1.90 2.08 1.79 1.97 1.47 1.86 1.06 1.50

SD 3.01 7.24 10.02 13.91 1.10 0.19 0.71 0.32 0.64 0.14 0.33 0.15

BCRP (fmol/μg)

Caco-2 (21d) Caco-2 (29d)Caco-2 (21d) Caco-2 (29d)

Na/K-ATPase (fmol/μg) P-gp (fmol/μg)

Caco-2 (21d) Caco-2 (29d)

 

There are no differences between the quantifications in batch 1 and batch 2 for any protein. Note, that these are not matched samples and the TM were generated at least 

7 months apart.  



| Appendices  Page 251 of 277 

 
 

Appendix Table E-10. Individual MRP2, OATP2B1, OST-α and OST-β abundances in 10 to 29d cultured Caco-2 cells (p25-35) quantified at the University of Manchester. 

Each data point is n=3 pooled filters constituting 1 experiment. 
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Appendix Table E-11. E-3-S and Ko143 permeability for individual Caco-2 monolayers at pH6.5/7.4. 

E-3-S Papp (x 10
-6
 cm s

-1
) 

Caco-2 (10d) 

E-3-S + Ko143  

Papp (x 10
-6
 cm s

-1
) 

Caco-2 (10d) 

E-3-S Papp (x 10
-6
 cm s

-1
) 

Caco-2 (29d) 

E-3-S + Ko143 

 Papp (x 10
-6
 cm s

-1
) 

Caco-2 (29d) 

A-to-B B-to-A A-to-B B-to-A A-to-B B-to-A A-to-B B-to-A 

2.34 17.9 3.27 4.39 1.49 20.12 2.23 1.97 

2.6 14.83 3.7 3.83 1.26 17.94 2.00 1.81 

2.61 12.69 2.85 3.18 1.34 16.41 1.95 1.85 

2.38 12.92 2.82 3.38 1.39 15.71 2.13 1.49 

3.03 22.83 3.59 5.21 1.52 14.02 2.27 1.58 

2.87 19.76 3.03 5.12 1.42 13.66 2.02 1.5 

2.54 19.88 3.32 5.41 4.26 13.48   

    4.44 11.85   

    4.41 12.99   

    3.81 12.02   

    3.21 10.25   

    3.76 10.28   

 

Appendix Table E-12. E-3-S and Ko143 permeability for individual Caco-2 monolayers at pH7.4/7.4. 

E-3-S Papp (x 10
-6
 cm s

-1
) 

Caco-2 (10d) 

E-3-S + Ko143  

Papp (x 10
-6
 cm s

-1
) 

Caco-2 (10d) 

E-3-S Papp (x 10
-6
 cm s

-1
) 

Caco-2 (29d) 

E-3-S + Ko143 

 Papp (x 10
-6
 cm s

-1
) 

Caco-2 (29d) 

A-to-B B-to-A A-to-B B-to-A A-to-B B-to-A A-to-B B-to-A 

3.68 

3.01 

3.1 

2.34 

2.23 

2.01 

2.18 

1.93 

1.97 

2.74 

2.85 

2.69 

2.36 

2.19 

2.2 

21.14 

19.7 

20 

16.58 

15.66 

16.98 

18.73 

17.91 

16.93 

34.05 

23.64 

22.66 

34.64 

24.49 

25.67 

 

 

 

 

 

 

 

 

 

4.74 

4.44 

4.54 

4.75 

4.29 

4.36 

 

 

 

 

 

 

 

 

 

6.96 

5.95 

5.76 

6.78 

5.95 

6.29 

5.06 

3.68 

3.55 

5.12 

4.11 

4.33 

 

3.63 

4.19 

4.58 

3.09 

13.5 

13.72 

12.24 

11.98 

11.63 

14.09 

14.34 

13.33 

13.23 

15.43 

14.65 

15.94 

 

3.24 

3.58 

3.00 

 

 

 

3.43 

3.67 

3.75 

 

1.64 

1.49 

1.69 

2.4 

2.9 

3.04 

1.87 

1.83 

1.89 
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Appendix Table E-13. E-3-S and Ko143 permeability for individual Caco-2 monolayers at pH6.5/6.5. 

E-3-S Papp (x 10
-6
 cm s

-1
) 

Caco-2 (10d) 

E-3-S + Ko143  

Papp (x 10
-6
 cm s

-1
) 

Caco-2 (10d) 

E-3-S Papp (x 10
-6
 cm s

-1
) 

Caco-2 (29d) 

E-3-S + Ko143 

 Papp (x 10
-6
 cm s

-1
) 

Caco-2 (29d) 

A-to-B B-to-A A-to-B B-to-A A-to-B B-to-A A-to-B B-to-A 

3.06 

2.66 

3.34 

2.4 

2.27 

2.16 

2.38 

2.25 

2.09 

 

23.25 

19.49 

20.98 

20.85 

15.98 

16.43 

21.73 

17.99 

16.05 

 

No Data 

Assay not run 

No Data 

Assay not 

run 

1.61 

1.86 

2.32 

1.90 

2.22 

2.09 

4.89 

4.80 

4.22 

3.35 

3.71 

3.51 

15.22 

12.03 

14.00 

23.65 

18.42 

16.86 

16.43 

14.38 

14.29 

18.35 

15.46 

17.27 

2.31 

1.72 

2.32 

4.03 

4.07 

2.61 

4.24 

4.44 

1.96 

1.87 

2.03 

2.06 

2.49 

2.61 

2.00 

1.78 

1.76 

 

Appendix 6 

 

Appendix Figure F-1. E-3-S monolayer content in 10 and 29d Caco-2 cells after incubation with Ko143 and 
montelukast at pH 6.5/7.4. A denotes the 10d and B the 29d monolayers. The A-to-B and B-to-A Papp are 
represented by white & black bars, respectively. The text above the bars is the mean Papp under each condition. 
The values are Mean±SD of a minimum of n=7 filters of N=3 experiments for conditions without montelukast and 
n=3 filters, N=1 experiments with montelukast. 
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Appendix Figure F-2. E-3-S monolayer content in 10 and 29d Caco-2 cells after incubation with Ko143 at pH 
7.4/7.4. A denotes the 10d and B the 29d monolayers. The A-to-B and B-to-A Papp are represented by white 
black bars, respectively. The text above the bars is the mean Papp under each condition. The values are 
Mean±SD of a minimum of n=6 filters of N=2 experiments. 

 

 

Appendix Figure F-3. E-3-S monolayer content in 10 and 29d Caco-2 cells at pH 6.5/6.5. A denotes the 10d and 
B the 29d monolayers. The A-to-B and B-to-A Papp are represented by white black bars, respectively. The text 
above the bars is the mean Papp under each condition. The values are Mean±SD of n=9 filters of N=3 
experiments.  

Due to time constraints, E-3-S incubation with Ko143 in 10d monolayers was not performed.  
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Appendix 7 

Appendix Table G-1. Individual PPIA normalised mRNA gene expression of P-gp, MRP2 and BCRP in Caco-2 cell variants. 

Caco-2 Variants (21d-grown) PPIA Normalised Gene Expression 

 P-gp MRP2 BCRP 

Low passage 0.072, 0.037, 0.034 (n=3) 0.017, 0.015, 0.01 (n=3) 0.035, 0.053, 0.047 (n=3) 

High Passage 0.048, 0.082, 0.055 (n=3) 0.009, 0.009, 0.01 (n=3) 0.008, 0.010, 0.008 (n=3) 

VBL-Selected 0.095, 0.131, 0.069 (n=3) 0.01, 0.012, 0.01 (n=3) 0.004, 0.004, 0.003 (n=3) 

 

 

Appendix Table G-2. Individual Na/K-ATPase abundances in 21 day cultured Caco-2 cells variants quantified at Bertin Pharma. Each data point is n=3 
pooled filters constituting 1 experiment. 

  Na/K-ATPase Abundance (fmol/μg) 

  Caco-2 (21d) Caco-2 (21d) High Passage Caco-2 - VBL (21d) 

  
Total 
Membrane Plasma Membrane 

Total 
Membrane Plasma Membrane 

Total 
Membrane Plasma Membrane 

  52.8 80.9 55.1 68.4 49.6 52.8 

  56.7 60.8 51.8 90.4 37.7 32.2 

  50.7 63.7 50.8 56.6 39.9 53.5 

  51.6           

  56.7           

  65.9           

Mean 55.73 68.47 52.59 71.80 42.39 46.17 

SD 5.57 10.90 2.26 17.19 6.35 12.10 

 

 



| Appendices                                                 Page 256 of 277 

 
 

Appendix Table G-3. Individual P-gp abundances in 21 day cultured Caco-2 cells variants quantified at Bertin Pharma. Each data point is n=3 pooled filters 
constituting 1 experiment. 

  P-gp Abundance (fmol/μg) 

  Caco-2 (21d) Caco-2 (21d) High Passage Caco-2 - VBL (21d) 

  
Total 
Membrane Plasma Membrane 

Total 
Membrane Plasma Membrane 

Total 
Membrane Plasma Membrane 

  0.72 0.82 5.26 5.57 10.55 7.78 

  2.08 1.59 4.30 7.84 9.05 6.66 

  2.89 2.23 4.83 4.93 10.45 7.19 

  1.89           

  2.27           

  2.07           

Mean 1.99 1.54 4.80 6.11 10.02 7.21 

SD 0.71 0.71 0.48 1.53 0.84 0.56 

 

Appendix Table G-4. Individual Caco-2 monolayer variant permeability’s of vinblastine (0.03 µM) with and without verapamil. 

Permeability of Vinblastine with and without verapamil in Caco-2 cell variants (x 10
-6

 cm s
-1

) 

Low Passage Caco-2 High Passage Caco-2 VBL-Selected Caco-2 

A-to-B 

Control 

B-to-A 

Control 

A-to-B 

Verapamil 

B-to-A 

Verapamil 

A-to-B 

Control 

B-to-A 

Control 

A-to-B 

Verapamil 

B-to-A 

Verapamil 

A-to-B 

Control 

B-to-A 

Control 

A-to-B 

Verapamil 

B-to-A 

Verapamil 

7.36 19.78  9.85 12.60 5.49 36.14 8.10 11.35 2.52 24.63 4.26 10.4 

6.77 20.14 9.15 12.24 5.23 30.08 8.11 12.10 2.27 24.02 3.82 9.78 

7.02 20.58  9.76 13.12 5.77 30.49 8.65 12.69 1.82 26.28 4.09 9.66 
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Appendix Table G-5. Kinetic bi-directional permeability data (in triplicate filters) in Caco-2 variants for vinblastine. 
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