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Chemicals, pharmaceuticals, cosmetics and other products are tested for their safety 
before they are allowed on the market. For this safety assessment, different tests are 
performed, including animal experiments. Since animals are not similar to humans, safety 
factors are included for inter- and intra-species differences. The use of animals for these 
tests is expensive, time-consuming and raises ethical issues and, therefore, alternatives 
are being developed and validated. The use of in vitro assays and in silico methods can 
decrease the number of animals needed. It is necessary to optimise these alternative 
methods as much as possible. One aspect that can help is knowledge on exposure and the 
biokinetic behaviour of the test compound in the in vitro assay. An additional problem 
with these alternative methods is that repeated exposure if often not included. The 
research presented in this thesis is dedicated to studying the biokinetics of two 
compounds in different cell assays and including repeated exposure.  

Toxicological risk assessment 

The common practice of the assessment of potential risks of compounds is to perform 
animal testing and extrapolating these data to humans to establish safety standards for 
human exposure. This is done for a range of compounds, including industrial chemicals, 
pharmaceuticals, pesticides, food residues and contaminants. The accepted tests for 
studying different possible effects can be found in the OECD guidelines (OECD 2012). 
These include mainly animal tests, but recent years several in vitro cell assays have been 
included as well.  

In Europe, two legislations that have been introduced in the last 10 years had a large 
impact on the testing strategy: REACH and the Seventh Amendment to the Cosmetics 
Directive. On the first of June 2007, the REACH legislation was installed in the European 
Union (EC 2006). REACH is short for the Registration, Evaluation, Authorisation and 
restriction of Chemical substances. This legislation was introduced to replace the different 
directives and legislations that previously described the regulation of chemicals in Europe. 
REACH puts more responsibilities at the industry producing the chemicals to ensure that 
they manage the risks of their chemicals and that they provide safety information.  

With the introduction of REACH, all chemicals produced or imported in the EU 
needed to be registered, evaluated and authorised. This means that information should be 
provided regarding the physical-chemical properties, toxicity, ecotoxicity and use of the 
chemical (Foth and Hayes 2008). If these complete data sets were not available yet, 
additional experiments should be performed.  

When the EU published the proposal for REACH in 2003, Van der Jagt et al. (2004) 
made an estimation of the animal experiments that were needed for REACH and discussed 
the introduction of alternatives. The testing endpoints within REACH that needed animal 
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experimentation include eye and skin irritation, skin sensitisation, mutagenicity studies, 
acute toxicity (oral/inhalation/dermal), repeated dose toxicity, developmental toxicity, 
two-generation reproductive toxicity, carcinogenicity and for the ecotoxicological 
information studies on aquatic toxicity (short-term and long-term), bioaccumulation in 
aquatic species and effects on terrestrial organisms (Lilienblum et al. 2008, Williams et al. 
2009). Van der Jagt et al. (2004) showed that if no alternatives are implemented, REACH 
will result in approximately 3.9 million additional test animals. With maximum acceptance 
of alternative methods, about 1.9 million test animals could be saved.   

The second EU legislation mentioned previously, the Seventh Amendment on the 
Cosmetics Directive, regulates the use of test animals in the development of cosmetics 
and was adopted in 2003 (EC 2003). In 2009, the use of animals for testing (combinations 
of) ingredients was banned in the EU as well as marketing cosmetic products and their 
ingredients which have been tested on animals by installation of the New Cosmetic 
Products Regulation (EC 2009). This marketing ban applies for all human health effects, 
except repeated-dose toxicity, reproductive toxicity and toxicokinetics. A step-by-step ban 
will be applied to these endpoints as soon as validated alternative methods are available 
(Adler et al. 2011). Therefore, it is essential that development of alternative methods is 
focused on replacing the tests needed to evaluate these human health effects.  

As mentioned earlier for the cosmetic directive, repeated dose toxicity is one of the 
endpoints with expected problems for developing alternatives. Different test can be 
performed to assess repeated dose toxicity (Adler et al. 2011). The OECD has a number of 
guidelines describing these tests for the risk assessment of chemicals. These guidelines 
include sub-acute studies of 28 days (OECD, 1981a, OECD  2008, OECD 2009a), sub-chronic 
studies of 90 days (OECD 1998a, OECD 1981b, OECD 1998b, OECD 2009b) and chronic 
toxicity studies performed for at least 6 months in rodents and for 9 or 12 months in non-
rodents (Prieto et al. 2006, OECD 2009c). In addition, the European Medicines Agency 
published a guideline on repeated dose toxicity (EMEA 2008). The tests are performed to 
characterise the toxicological profile of the compound after repeated exposure. Potential 
target organs for toxicity are identified, exposure-response relationships and the potential 
for reversibility of the toxic effects are studied.  In general, the repeated dose studies are 
performed in two species: a rodent and a non-rodent species. These in vivo repeated dose 
tests present an opportunity to evaluate an integrated response as the interplay between 
different cell types, tissues and organs is studied, making its replacement very difficult 
(Adler et al. 2011).  
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Alternatives to animal experimentation  

As van der Jagt et al. (2004) estimated, potentially almost 4 million test animals might be 
needed for the REACH legislation. Fortunately, the use of non-animal experiments and 
procedures could decrease this high number. Already in the 1950’s, Russel and Burch 
introduced the three R’s to reduce the number of animal tests: the Reduction, Refinement 
and Replacement of animal experiments (Russell and Burch 1959).  With Reduction the 
aim is to minimise the use of animals. This can be either by using fewer animals to obtain 
the same information or to gather more information from the same number of animals. 
For the refinement principle, the welfare of testing animals should be improved by 
minimising pain, suffering, distress and harm (Buchanan-Smith et al. 2005). This includes 
for example the use of non-invasive techniques, improving the animal’s accommodation 
and environment enrichment and the use of proper anaesthetics/analgesics for pain relief. 
The last principle aims to replace the use of test animals. The use of cell lines is an 
example of full replacement of animal experimentation. A distinction between absolute 
and relative replacement was made by Russel and Burch. Absolute replacement describes 
methods that do not require the use of animals at any stage; relative replacement 
describes methods in which animal tissues or for instance invertebrates (e.g. drosophila), 
larval forms of amphibians or fish are used (Balls 1994, de Boo et al. 2005).  

Although full replacement of animal experiments is the ultimate goal, the refinement 
and reduction principles are more easily implemented. Alternative methods need to be 
validated before they are accepted as an alternative for animal experimentation 
(Lilienblum et al. 2008). These validations are carried out under the supervision of the 
European Union Reference Laboratory for Alternatives to Animal Testing (EURL ECVAM) 
and may take up to 6 years per proposed method. Alternative methods have been 
validated and accepted for regulatory use on the following end points: skin irritation and 
corrosion, dermal resorption, phototoxicity, eye irritation and corrosion, prenatal 
development, genotoxicity, mutagenicity and carcinogenicity (Lilienblum et al. 2008). 
Although alternatives have been validated for certain end points, a literature evaluation 
performed by Punt et al. (2011) showed that the focus of in vitro studies should be more 
directed towards the end points that require most test animals (such as reproductive and 
developmental toxicity and carcinogenicity).    

As mentioned earlier, the use of in vitro systems is an example of replacement of 
animal experimentation. Different systems can be used to study test compounds in vitro, 
including primary cells, cell lines and sub-cellular systems such as microsomes and 
mitochondria. Results from in vitro tests can be used as a screening tool to refine or 
reduce the number of animal experiments. In addition to in vitro tests, in silico methods 
are also regarded as an alternative to animal experimentation. Quantitative Structure-
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Activity Relationships (QSARs) are an example of an in silico method used in risk 
assessment. QSARs are based on the assumption that the biological activity of a 
compound is related to its molecular structure or to properties of compounds with similar 
structures that have already been tested (Schultz et al. 2003). QSARs are already used by 
regulatory authorities to predict human health and ecologic effects and environmental 
fate of chemicals and to prioritise compounds for testing (Cronin et al. 2003a, Cronin et al. 
2003b) also aimed at reducing the number of animal tests needed (Madden et al. 2012). 
Recent years, focus has been aimed at Integrated Testing Strategies (ITS) that aim to 
combine different techniques, including in vitro and in silico methods, to assess the risk of 
chemicals while reducing costs and animal tests (JRC 2005). 

In vitro – in vivo extrapolation 

When in vitro assays are performed to assess human risk assessment, quantitative results 
are necessary. These results need to be extrapolated from the in vitro tests to the in vivo 
situation. This is also known as quantitative in vitro - in vivo extrapolation, or QIVIVE.  

To assess the toxic potency of compounds, an important aspect to take into account 
is the absorption, distribution, metabolism and excretion (ADME) of the compound. These 
processes determine which amount of compound is available to exert its effect at the 
target site (Yoon et al. 2012). Especially for the metabolism of compounds, progress has 
been made in extrapolating in vitro data to the in vivo situation (Grime and Riley 2006, De 
Buck and Mackie 2007). In vitro systems that can be used to study metabolism include 
precision-cut liver slices, hepatocytes (primary and cell lines), subcellular fractions and 
recombinant enzymes (Yoon et al. 2012). Different studies have been performed in 
extrapolating in vitro metabolism data to in vivo (Grime and Riley 2006). For instance, Punt 
et al. (2008) combined in vitro metabolic parameters from tissue fractions with partition 
coefficients derived by in silico methods and physiological parameters from literature to 
set-up a Physiologically Based Pharmacokinetic (PBPK) model to predict in vivo 
metabolism of estragole in the rat. A review by Nichols et al. (2006) describes the efforts 
made to extrapolate in vitro fish biotransformation data to intact fish in vivo. Essential 
steps in this extrapolation are the calculation of in vitro intrinsic clearance, applying 
extrapolation factors to calculate the in vivo intrinsic clearance and finally conversion of 
this in vivo intrinsic clearance value into an in vivo hepatic clearance value. 

Besides ADME properties, specific endpoints have also been studied for QIVIVE. One 
example is embryotoxicity. This endpoint can be assessed in vitro with the embryonic stem 
cell test (EST). Verwei et al. (2006) used the EST to measure the embryotoxicity of several 
compounds. They applied an extrapolation model developed by Gülden and Seibert 
(2003a) to determine relevant (unbound) plasma in vitro effect concentrations. These 
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plasma concentrations were extrapolated to dose levels using a PBPK model. The 
extrapolation model used was developed to estimate serum concentrations of chemicals 
equivalent to in vitro effective concentrations and was applied to median cytotoxic 
concentrations (EC50). The model required data on albumin binding, octanol-water 
partition coefficient, albumin concentrations and lipid volume fractions in vitro and in 
serum.  Another example of a specific endpoint for which QIVIVE was assessed is 
neurotoxicity. Forsby and Blaauboer (2007) measured neurotoxicity in vitro and used PBPK 
models to calculate lowest observed effect doses in rat. Comparison of these estimated 
doses to doses found in in vivo studies showed a good correlation.  

In general, one can assume two ways of expressing in vitro data and extrapolating this 
to in vivo: 
1) An effect concentration in the medium. This could be extrapolated to a concentration 

in blood. 
2) An effect concentration at the target site, either in the cell or in the cell membrane. 

The concentration at the target site in vitro can then be assumed to be similar to the 
concentration at the target site in vivo needed to elicit the same toxic effect.  

Concerning the first point, the model described by Gülden and Seibert (2003a) is a very 
good example. In addition, results from the MEIC study, which consisted of in vitro 
cytotoxicity data, were used to determine acute lethal blood concentrations in humans 
(Ekwall 1999). As for the second point, Physiologically Based Biokinetic (PBBK) modelling 
can play an important role in the extrapolation of in vitro to in vivo. With data on the 
concentration at the target site, the exposure concentrations can be estimated that 
correspond to this target concentration (reversed dosimetry). PBBK models can be used to 
determine these effect concentrations. A PBBK model is build up from a set of 
mathematical equations that describe ADME characteristics of a compound within an 
organism. For these equations, the following parameters are needed: physiological 
parameters (tissue volume, blood flow, and cardiac output), physico-chemical parameters 
(partition coefficients) and kinetic parameters (e.g. kinetic constants for metabolic 
reactions) (Krishnan and Anderson 2001). These parameters are also often measured in in 
vitro test systems. 

Examples of extrapolating in vitro effect concentrations to in vivo effect levels include 
work on embryotoxicity (Verwei et al. 2006, Louisse et al. 2010). Furthermore, Wetmore 
et al. (2012) used in vitro assays to measure metabolic clearance and albumin binding. In 
addition they used literature data on effect concentrations measured for compounds in 
different in vitro assays. These in vitro data were used in pharmacokinetic modelling to 
determine the daily human dose needed to produce in vivo blood concentrations 
equivalent to the in vitro 50% effect concentration.  
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When using in vitro data for the assessment of risks to human health, the in vitro 
data needs to be of good quality. Firstly, this means that the concentrations of a chemical 
in the in vitro assay have to be measured. Secondly, the difference in bioavailability 
between in vitro and in vivo needs to be taken into account. Thirdly, the most appropriate 
dose metric to be used has to be considered. Finally, the possible differences between 
effects after single and repeated dose testing have to be taken into account, possibly by 
including repeated dose testing in vitro.  

In vitro biokinetics 

Exposure in vitro 

Differences between results obtained with multiple in vitro assays have been observed. 
These differences can be attributed to cell specific properties; however, studies have 
shown that characteristics of the cell assay set-up can influence the results. An important 
aspect to take into account is the actual exposure (total concentrations) as well as the 
freely available concentration of the test compound (Heringa et al. 2004, Kramer et al. 
2012). Total concentrations may differ from nominal concentrations because a chemical 
may adsorb to the well plastic material (Schirmer et al. 1997, Palmgrén et al. 2006), the 
test compound may evaporate (Riedl and Altenburger 2007, Schreiber et al. 2008) or may 
bind to cell membranes preventing the compound to reach the target site (Gülden et al. 
2001, Margolis and Obach 2003). Freely dissolved concentrations may be lower than total 
concentrations due to sorption of a compound to proteins present in the medium (Gülden 
et al. 2002, Seibert et al. 2002, Gülden et al. 2003b, Kramer et al. 2012). The results 
obtained with in vitro cell assays are also influenced by the amount of cells present in the 
system and the cell-medium ratio (Gülden et al. 2001, Gülden et al. 2010). All these factors 
can influence the actual as well as the free concentration and thus the amount of 
compound to which the cells and respectively the targets within the cells are exposed 
(Figure 1).  
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Figure 1. Representation of the processes that can influence the bioavailability of a compound in an 
in vitro system. Adapted from Heringa et al. (2004) and Kramer et al. (2012). 

Dose metrics in vitro 

Another factor that can play an important role in the interpretation of the results is the 
dose metric that is used (Blaauboer 2010). Often the theoretical or nominal concentration 
is used to express the results found. However, the freely available concentration is likely a 
better alternative. Both the set-up of the in vitro assay and the physico-chemical 
properties influence the behaviour of the compound in the in vitro system, or the in vitro 
biokinetics of the compound.  

Since the compound is often added only once to the test system, it is possible that 
the concentration will change over the exposure time. Knöbel et al. (2012) found a 
decrease in test concentration over time in their in vitro test system. The concentrations 
were measured at the beginning and end of the exposure and LC50 values were calculated 
using the concentration at the beginning and end of the exposure time and with the mean 
of these two. Better correlations with in vivo findings were achieved by using these real 
concentrations in vitro as a dose metric. Furthermore, Reinert et al. (2002) argued that the 
dose metric to be used is also dependent on the mode or mechanism of action of the test 
compound. For irreversible reactions, the peak concentration might be the preferred dose 
metric whereas the area under the curve (AUC) might be better suited for compounds 
having a reversible effect. This was supported by findings of Gülden et al. (2010) who 
argued that the toxic effect they found for H2O2 in C6 glioma cells was best characterised 
by the AUC. In addition, work by Legierse et al. (1999) and Verhaar et al. (1999) used the 
area under the curve to help model critical target concentrations.  
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Figure 2 shows possible scenarios of the compound concentration in the medium. 
When the compound is added to the system, the concentration can remain stable over 
time (A) or decrease over time (B). When the concentration remains stable, the measured 
concentration (either at the beginning or end of the exposure) can be used as a dose 
metric. However, if the concentration decreases over time, the AUC or mean 
concentration might be better alternatives.  

Figure 2. Medium concentrations in in vitro systems over time: (A) stable medium concentration and 
(B) decrease in medium concentration. 

Single and repeated exposure toxicity 

In the development of new chemical entities, the compounds are tested for acute and 
chronic exposure. The repeated dose toxicity studies are performed to assess the safety of 
the compound when used more than once. For most pharmaceuticals, the treatment will 
not be acute but (semi-) chronic. The single dose studies determine the maximum non-
lethal dose in two species and may identify target organ toxicity. For the repeated dose 
experiments, studies are performed in a rodent and a non-rodent species (usually rat and 
dog). Depending on the duration of the clinical study, the duration of the animal 
experiment is determined. The repeated dose toxicity can last from 2 weeks up to 9 
months. Effects are observed in behaviour, general well-being, major organ function, and 
effects on haematological and biochemical markers (Cohen and Posner 2000).  

Acute effects can be assessed using in vitro cell assays, where usually basal 
cytotoxicity is measured. The repeated exposure effects are usually only studied in vivo, 
since cells in in vitro assays tend to lose their function over time. Other limitations in using 
in vitro systems to assess repeated dose toxicity are i) in vitro systems cannot mimic all 
possible interactions that may occur in vivo, ii) cell culture systems are limited in their 
possibilities of accounting for kinetics and biotransformation and iii) it is difficult to derive 
no observed adverse effect levels (NOAELs) from in vitro assays (Prieto et al. 2006). An 
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important aspect in replacing animal experiments therefore lies in the development of 
repeated exposure experiments in vitro.  

With repeated dosing in vivo, different scenarios can occur as shown in Figure 3A for 
oral exposure. When the compound is taken up and the elimination is fast enough, the 
compound will have left the body/blood, before the next dose is given (black line). When 
the elimination is slower than the dosing frequency, the compound will accumulate over 
time until a steady state is reached (grey line) (Klaassen 2001, Brocks and Mehvar 2010).  
With repeated exposure in vitro (Figure 3B), the test compound is added directly in the 
medium. At each medium renewal, the same amount of compound in the medium is 
added to the test system. The concentration in the medium will decrease over time; 
however, eventually a steady state between the amount in the medium and in the cells 
will be reached. In this case, accumulation of the compound inside the cells is possible 
(indicated with the dashed grey line in Figure 3B).  

Figure 3. Repeated dosing in vivo (A) and in vitro (B). Concentration in the blood (A – black line = 
without accumulation, grey line = with accumulation) and cell medium (B –black line) over time is 
shown and every dosing is indicated by an arrow (↑). The dashed grey line in B represents the 
amount in the cells accumulating over time.  

Predict-IV 

The work presented in this thesis is part of the European Seventh Framework Programme 
Predict-IV (ref nr. 202222). The aim of this project is to improve the drug safety 
assessment in the early development / late discovery phase. The goal was to develop a 
strategy for this using non animal-based test systems, cell biology, mechanistic toxicology 
and in silico modelling. The project was split up into different work packages, including a 
work package focused on generating samples for ‘omics’ and kinetics analysis in three 
different organ systems (liver, kidney, central nervous system (CNS)), a work package 
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focused on biokinetics, a work package focused on modelling and one focused on ‘omics’ 
analysis and imaging.  

An important focus of this project was incorporating repeated exposure into in vitro 
assays. Therefore, the in vitro test systems were exposed for longer periods of time with 
repeated addition of the test compound. The test compounds (pharmaceuticals) were 
selected based on their toxic effect (on the selected organ systems) and on the availability 
of in vivo data and relatively simple chemical analysis procedures (http://www.predict-
iv.toxi.uni-wuerzburg.de).  

Figure 4. Scheme of the Predict-IV project set-up (http://www.predict-iv.toxi.uni-wuerzburg.de).  

Table 1. Compounds selected within Predict-IV based on their organ-toxic effects. 

Hepatotoxic Nephrotoxic Neurotoxic 
Acetaminophen Acyclovir Amiodarone 

Amiodarone Adefovir dipivoxil Buflomedil 
Chlorpromazine Cadmiumchloride Carbamazepine 

EMD 335823 Cidofovir Chlorpromazine 
Fenofibrate Cis-platinum Ciprofloxacin 
Ibuprofen Ibandronate Cis-platinum 
Metformin Iopromide Diazepam 

Rosiglitazone Tenofovir Loperaminde 
Troglitazone Vancomycin Nadolol 
Valproic acid Zoledronic acid Ondansetron 

  Propofol 
Cyclosporin A Cyclosporin A Cyclosporin A 
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Part of the work presented in this thesis was generated for the work package on 
biokinetics. Samples from different cell assays were generated and analysed to study the 
biokinetic behaviour of the test compounds in these cell systems. The work presented in 
this thesis is focused on the biokinetic behaviour of chlorpromazine and diazepam in liver 
and CNS cell systems and the oral absorption of CPZ in the Caco-2 cell line.  

Selected test compounds: Chlorpromazine and Diazepam  

Within Predict-IV, a whole range of pharmaceuticals was selected for inclusion in the 
project (Table 1). We were responsible for the analytical work for two of these 
compounds: chlorpromazine hydrochloride and diazepam. As shown in Table 1, 
chlorpromazine was classified as a hepatotoxicant and a neurotoxicant, thus CPZ was 
included in the in vitro assays concerning these target organs. Diazepam is a neurotoxicant 
and was tested in the neurotoxicity in vitro assays. 

Chlorpromazine (CPZ) is an antipsychotic that has been used widely in the treatment 
of schizophrenia. It was first introduced in France in the early fifties of the previous 
century (López-Muñoz et al. 2004). In recent years, it has been largely replaced by 
compounds with fewer side effects. CPZ had been found to be toxic for both the liver 
(Anderson and Borlak 2006, Abboud and Kaplowitz 2007) as the central nervous system 
(Watanabe et al. 1990, Terry jr et al. 2008). The compound is lipophilic and at a 
physiological pH of 7.4, almost all CPZ (98.8%) is positively charged. After oral intake, it has 
a low and variable bioavailability (10-80%) due to a high first pass metabolism. In plasma, 
92-99% of CPZ is bound to proteins (Sawada et al. 1994, Aungst et al. 2000).  

Figure 3. Structural formulas of chlorpromazine hydrochloride (A) and diazepam (B). Adapted from 
The International Pharmacopeia (WHO EMP 2011).  
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Diazepam (DZP), also known as valium, was introduced to the market in 1963 and is 
commonly used to treat anxiety, insomnia, seizures and other diseases/symptoms. It 
belongs to the group of benzodiazepines. Oral intake of DZP results in a high bioavailability 
of 100% (Yazdanian et al. 1998) and 98-99% of DZP is bound to proteins in the plasma 
(Ingum et al. 1994). Diazepam is mainly metabolised by N-demethylation to 
desmethyldiazepam, an active metabolite. The elimination of diazepam is slow, resulting 
in accumulation of both diazepam and desmethyldiazepam in the body (Greenblatt et al. 
1983). Diazepam can cross the blood-brain barrier and the placenta. Toxic effects from 
DZP were found in the central nervous system. In contrast to CPZ, diazepam is a neutral 
compound at a physiological pH (pKa = 3.3).  It is also less hydrophobic than 
chlorpromazine, with an estimated Log Kow of 2.8 (Hanumegowda et al. 2010). 

Outline of this thesis 

Although many in vitro studies are performed, the fate of the test chemical within these in 
vitro assays is often ignored. The objective of our work was to study in vitro biokinetics to 
increase the knowledge on compound behaviour in in vitro systems. The first aim was to 
study the in vitro biokinetics of chlorpromazine (CPZ) and to a lesser extent diazepam 
(DZP), in different in vitro assays. Secondly, in vitro biokinetics were studied after repeated 
exposure in liver cell systems and a neuronal cell system. 

Firstly, a technique was developed to be able to measure the free concentration of 
chlorpromazine in cell medium (Chapter 2). This negligible depletion-solid phase 
microextraction method (nd-SPME) makes use of fibers covered with a polyacrylate 
coating. The method was optimised for the measurements with CPZ in medium. The 
influence of protein binding on the free concentration of CPZ was studied by adding 
albumin to the cell medium.  

The developed nd-SPME method was applied to different cell assays, to determine 
free CPZ concentrations. A cell model for intestinal absorption consisting of Caco-2 cells 
was used to study the biokinetic behaviour of chlorpromazine over time in a transport 
assay (Chapter 3). The influence of adding albumin to this cell system was studied and 
corrections were made for the free CPZ concentration. In addition, the biokinetic 
behaviour of CPZ was modelled. In chapter 4, the role of the in vitro biokinetics of CPZ in 
the cytotoxic effect of this compound was studied in mouse fibroblasts (Balb/c 3T3), 
human intestinal cells (Caco-2) and human liver cells (HepaRG). All compartments of the in 
vitro systems were sampled and measured to determine the distribution of CPZ in the cell 
culture systems. In addition, the influence of using different dose metrics on the sensitivity 
of the different cell types to CPZ was studied.   
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The second aim of adding repeated exposure to in vitro assays and studying the in 
vitro biokinetics over time is described in chapters 5 and 6. In collaboration with different 
partners within the EU FP7 Predict-IV project, repeated exposure in vitro assays were set 
up. The in vitro biokinetics of CPZ in different liver cell systems are described in chapter 5.  
For this study, primary rat and human hepatocytes and the human liver cell line HepaRG 
cells were exposed to CPZ for 14 days. The in vitro biokinetics of CPZ were studied on the 
first and last exposure day to determine the amounts in medium, cells and bound to the 
well plastic. Furthermore, the amounts in medium and cells were modelled to have an 
indication of the in vitro biokinetics in between the first and last exposure days. In chapter 
6, primary neuronal cells cultured in 3D aggregates were exposed to either CPZ or DZP for 
12 days. The biokinetics of these two different compounds in this neuronal in vitro system 
were compared to each other to study the differences in biokinetic behaviour.   

Finally, a summary and general discussion of the studies described in this thesis is 
given in chapter 7.  
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Abstract 

The addition of proteins to in vitro systems influences the free concentration of the test 
compound in the medium. The objective of this study was to set up a negligible depletion-
solid phase microextraction method, coupled to high-performance liquid chromatography 
(nd-SPME – HPLC) to measure the free concentration of chlorpromazine (CPZ) in medium 
containing albumin. The nd-SPME method was optimised for coating thickness 
(polyacrylate coating) and exposure time, and potential effects from the addition of 
bovine serum albumin (BSA) were studied. It was shown that the addition of albumin did 
not cause fouling or influenced the uptake kinetics of CPZ into the fiber. At a realistic in 
vivo albumin concentration of 40 g/L of albumin, 94% of CPZ was protein bound. This is in 
line with findings in vivo, reporting a protein binding for CPZ of 92–99%. The nd-SPME – 
HPLC method described in this study can be used to measure the free concentration of 
chlorpromazine in medium containing proteins. These findings can be used to correct in 
vitro data for protein binding of chlorpromazine and this information is essential for the 
extrapolation to in vivo data. 

Introduction 

During drug development, animal tests are performed to evaluate the pharmacological 
and toxicological effects of new chemical entities. To reduce the number of animal 
experiments, reliable in vitro and in silico techniques are needed that can help predict 
these effects in vivo. 

During drug discovery and development, determining drug binding to plasma 
proteins is an important factor (Kratochwil et al. 2002, Goodman and Gilman 2006). In in 
vivo and in in vitro systems, compounds bind to plasma proteins, with albumin as the most 
important carrier for drugs and other small molecules. By amount, more than 50% of the 
plasma proteins consist of albumin, corresponding with 600 μM (Barre et al. 1988, 
Kratochwil et al. 2002, Quinlan et al. 2005, Trainor 2007). Information about the free 
concentration of drugs is important because only the unbound form of the chemical will 
partition to cells and tissues (Kwong 1985, Goodman and Gilman 2006). 

Several methods are available to measure the free concentration of compounds, 
including equilibrium dialysis, ultrafiltration, gel filtration and fluorescence quenching. 
Although these techniques are certainly useful, they are usually not suitable for more 
hydrophobic chemicals. Complicating factors in these measurements are the possible loss 
of compound by binding to membranes or desorption of compound from the binding 
agent, resulting in a change in the equilibrium between bound and unbound compounds 
(Oravcová et al. 1996, Heringa et al. 2002). Another technique to measure the free 
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concentration of compounds is based on solid phase microextraction (SPME). This 
technique has been developed in the early 1990s by Arthur and Pawliszyn (1990). 
Advantages are that no or less solvent is needed for the extraction and that the extraction 
can also be applied to small sample volumes (Lord and Pawliszyn 2000, Ulrich 2000,  
Heringa et al. 2006, Musteata et al. 2006, Vuckovic et al. 2008, Risticevic et al. 2009). Later 
on, this same SPME device has been applied by Vaes et al. (1996) as a simple method to 
measure freely dissolved concentrations. The most important condition in the application 
of SPME for measuring freely dissolved concentrations is that the depletion of the sample 
is negligible. Vaes et al. (1996) originally proposed a depletion limit of 5% but others have 
used different limits (Górecki and Pawliszyn 1997, Poerschmann et al. 1997). Because of 
the negligible depletion, the equilibrium between bound and unbound drug is not 
disturbed and therefore only the freely dissolved chemical will be available for diffusion 
into the fiber coating. Other important conditions of the nd-SPME method are that the 
matrix (for example proteins) does not bind significantly to the fiber coating (so called 
fouling effect) and that the matrix does not affect the kinetics of the uptake process 
(Heringa and Hermens 2003). Although some studies have reported fouling effects (Poon 
et al. 1999a, Poon et al. 1999b, Ulrich 2000) other publications did not report this (Ramos 
et al. 1998, Holten Lützhøft et al. 2000, Heringa et al. 2002). The presence of a matrix may 
also affect the uptake kinetics of the compound into the fiber, as has been shown in a 
number of studies (Ramos et al. 1998, Ohlenbusch et al. 2000, Oomen et al. 2000, Kramer 
et al. 2007). In these studies, the addition of matrix to the samples resulted in an 
increased uptake of the test compound. Oomen et al. (2000) and Kopinke et al. (2000) 
have suggested that the increased uptake was caused by desorption of the compound 
from the matrix in the unstirred water layer leading to an additional flux from the aqueous 
phase to the fiber coating. The effect of an increased uptake of the compound in the 
presence of matrix can be prevented by measuring at extraction equilibrium, but this can 
result in long sampling times. As an alternative, a kinetic calibration has been developed 
that corrects for the influence of the matrix on the uptake kinetics (Zhou et al. 2008). 

In in vitro test systems, serum is often added to the medium because it contains 
growth factors, which promote cell proliferation, and it has adhesion factors and 
antitrypsin activity, which promote cell attachment (Freshny 2005). Albumin can also be 
added to the in vitro system, where it may play a role as a carrier of lipids, minerals and 
globulins (Freshny 2005). When test compounds are added to the in vitro test system, the 
compound can bind to the proteins in the medium. As a result, the concentration to which 
the cells are exposed may be different than the nominal concentration that was added to 
the medium (Gülden et al. 2002, Heringa et al. 2004). 
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Also in in vivo studies, protein binding will affect the bioavailability to tissues. 
Because the SPME technique enables the measurement of freely dissolved concentrations, 
it becomes more frequently applied in bioanalysis both in in vitro and in in vivo studies 
(Musteata et al. 2006, Vuckovic et al. 2008). In a review by Vuckovic et al. (2010), it is 
emphasised that SPME could be used in the analysis of biological fluids and in living 
organisms. More recently SPME has been applied directly in in vivo studies in rats and fish 
(Musteata et al. 2008, Zhang et al. 2010). For these kinds of in vivo studies, special devices 
and coatings are necessary and the specific requirements for the application of SPME in in 
vivo studies have been discussed by Vuckovic et al. (2010). 

One pharmaceutical that is highly protein bound in vivo (92–99%) is chlorpromazine 
(CPZ) (Sawada et al. 1994, Aungst et al. 2000). This compound is an aliphatic derivative of 
the phenothiazines and has been used the last 50 years as a potent sedative and 
antipsychotic drug (Takács-Novák and Avdeef 1996, Baciocchi et al. 2007). The pKa of 
chlorpromazine is 9.3 and at a neutral pH of 7.4, it is ionised for 98.8%. CPZ is a relatively 
hydrophobic compound with an apparent log PC(n-octanol/water) of 3.16 at pH 7.4 and 
an apparent log P of 5.3 for the uncharged molecule (Sawada et al. 1994, Takács-Novák 
and Avdeef 1996, Barton et al. 1997).  

This study describes the nd-SPME method developed to measure the freely available 
concentration of chlorpromazine in in vitro culture medium containing bovine serum 
albumin (BSA). The nd-SPME method with polyacrylate fibers was optimised with regard 
to the fiber thickness and exposure time. With the optimised nd-SPME method, the 
protein binding of chlorpromazine was measured and an affinity constant of CPZ to BSA 
was calculated. 

Material and methods 

Chemicals and solutions 

Chlorpromazine hydrochloride (CPZ) and bovine serum albumin (BSA) Fraction V were 
obtained from Sigma–Aldrich (Zwijndrecht, The Netherlands). Hanks balanced salt solution 
and HEPES buffer were from Invitrogen (Breda, The Netherlands). Methanol HPLC-grade 
99.9% purity was from Labscan (Dublin, Ireland) and orthophosphoric acid 85% HPLC-
grade from VWR Prolabo (Amsterdam, The Netherlands). Pure deionised water was 
prepared using a Millipore water purification system equipped with an organic free kit 
(Millipore Waters, Amsterdam, The Netherlands). Stock solutions of CPZ were made in 
MilliQ water and test solutions were made in assay medium, which consisted of HBSS + 25 
mM HEPES buffer (pH 7.4). 
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Optimisation of the SPME analysis with polyacrylate fibers: coating thickness, exposure 
time and calibration 

Glass fibers with a core diameter of 108–109 μm and coated with polyacrylate (PA, 34.5 
μm thickness, PA volume 15.4 μL/m) were obtained from Polymicro Technologies 
(Phoenix, Arizona). The 30 μm PA fibers were cut to a length of 2 cm. Glass fibers with a 
core diameter of 108–109 μm and coated with 7.5 μm polyacrylate (PA volume 2.72 μL/m) 
were also from Polymicro technologies. These 7 μm PA fibers were cut into 3 cm pieces.  

For the experiments, the fibers were overnight temperature conditioned in a gas-
tight glass tube connected to the inlet in the oven of a gas chromatograph under helium 
flow at 120 °C and stored in MilliQ water at room temperature, as described by Rico-Rico 
et al. (2009). The SPME measurements were performed in 7 mL amber coloured glass vials 
(Supelco, Sigma–Aldrich, Zwijndrecht, The Netherlands). One fiber was added to 7 mL of a 
100 μM CPZ solution in assay medium (pH 7.4, 98.8% CPZ ionised). Different exposure 
times were tested and the exposure at each time point was performed in triplicate. The 
fibers were exposed on a roller mixer SRT9 (Stuart, Omnilabo, Breda, The Netherlands) at 
40 rpm and at room temperature. After exposure, the fibers were taken out of the vial and 
medium samples were taken as described in ‘Extraction of chlorpromazine from medium 
and fibers’. 

Fiber concentrations (Cf) were calculated with a calibration series and the known 
volume of the fiber (81.6 nL for the 7 μm PA fiber, 308.9 nL for the 30 μm PA fiber). The 
medium concentrations in the vials (Cm,total) were also determined at the end of the 
exposure. 
Uptake curves were generated using the first-order one-compartment model, expressed 
by Eq. (1): 

    Cf=KCm,free �1-e-k2t�                       (1) 

where K is the partition coefficient between medium and the fiber and is equal to k1/k2, k1 
and k2 are the uptake and release constants between the medium and the fiber. Cm,free is 
the free concentration of chlorpromazine in the assay medium (equal to Cm,totalff, where ff 
is the fraction freely dissolved) and t is the time of exposure of the fiber (Holten Lützhøft 
et al. 2000, Heringa et al. 2002). The data were fitted with GraphPad Prism 4.0 (GraphPad 
Software Inc, San Diego, CA). 

The rate constant k2 was used to estimate the time needed to reach 95% equilibrium 
in the system by the following equation: 

   
2

%95
)05.0(ln

k
t

−
=                   (2) 
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The extracted amounts in the fiber at equilibrium were also compared to the amount 
of chlorpromazine present in the medium, to determine the extent of depletion. 

 

Depletion (%) = (100×Vf×K)
Vm

                   (3) 

where Vf is volume of the fiber (μL), K is the partition coefficient between the medium and 
the fiber and Vm is the medium volume (μL) (Rico-Rico et al. 2009). 

The depletion was also calculated directly from the measured concentrations before 
and after adding the fiber using the following equation (Oomen et al. 2000): 

 

                                                           Depletion (%) = 100% 
[X]f,t Vf

[X]m,t=0Vm
                   (4) 

where [X]f,t and [X]m,t = 0 are the concentration of compound in the fiber coating and 
medium at time t, respectively. Vm and Vf are the volume of medium and the volume of 
the fiber coating, respectively. 

This degree of depletion was compared to the estimated one based on Eq. (3). 
Eq. (1) is based on rate constants and is suitable for fitting experimental data. 

However, this equation does not describe the uptake process in detail. The exchange of a 
chemical between the aqueous phase and the fiber coating is based on diffusion processes 
or mass transfer. A description of the uptake into the fiber based on diffusion processes or 
mass transfer is given in several publications (Pawliszyn 1997, Ter Laak et al. 2008, Kramer 
et al. 2007). 

The elimination rate constant k2 in Eq. (2) can be defined in terms of diffusion 
coefficients and mass transfer as was done, for example, by Ter Laak et al. (2008). 

                 
1
k2

 = V δw KSW

A DW
  + V δS

A DS
                        (5) 

If the diffusion in the aqueous phase is rate limiting, only the first part of the 
equation remains, while the second part applies when diffusion in the fiber coating is rate 
limiting.  

In this equation, DW is the diffusion coefficient in water, DS is the diffusion constant in 
the coating and δW and δS are the diffusion layer thickness of the aqueous and 
hydrophobic phase, respectively. KSW is the hydrophobic phase-water partition coefficient, 
A is the transport surface and V is the volume of the hydrophobic phase. Similar equations 
apply also for the uptake rate constant k1. 
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These equations clearly show that the rate constant depends on the surface to 
volume ratio (A/V) of the fiber coating.  

Besides testing different exposure times, assay medium containing different 
concentrations of chlorpromazine were also tested by SPME using both 7 μm and 30 μm 
PA fibers. To determine if the limit of solubility could be shown in the Cf – Cm graph, CPZ 
concentrations above the visible solubility limit were also tested. The exposure conditions 
for the SPME fibers were the same as described above. The fibers were exposed until 
equilibrium was reached. To obtain the fiber–medium partitioning coefficient (K), the data 
was fitted to Eq. (6): 

           Cf =aCm + b, where a = K                             (6) 

Measurement of chlorpromazine protein binding 

A potential effect of the presence of protein on the uptake kinetics and equilibration time 
was studied in a separate experiment. SPME was performed using pre-conditioned 30 μm 
PA fibers in assay medium containing 100 μM CPZ with and without the addition of 600 
μM BSA (which is the in vivo concentration of albumin). Measurements were performed 
with different exposure times of the fibers in the medium, up to 4 days. Extraction of fiber 
and medium was performed as described in ‘Extraction of chlorpromazine from medium 
and fibers’. Uptake curves were generated using Eq. (1). Instead of the free concentration 
of CPZ in the medium (Cm,free) the total concentration (Cm,total) was used in this equation, 
because the Cm,free was unknown. Therefore, instead of the k1, ffk1 was determined, where 
ff is the free fraction of chlorpromazine in assay medium, thus, Cm,free = ffCm,total (Heringa et 
al. 2002). 
 In order to study the protein binding of chlorpromazine, different concentrations 
of BSA (150, 300 and 600 μM) were added to assay medium containing 100 μM CPZ. The 
highest concentration of BSA used in this study is equal to the concentration of albumin 
found in vivo. SPME fibers (30 μm PA, 2 cm, pre-conditioned) were exposed in these 
solutions for 48 h. In the same experiment, different concentrations of CPZ in assay 
medium without BSA were measured by nd-SPME using 30 μm PA fibers. The fiber (Cf) and 
medium (Cm) concentrations were determined and plotted against each other. The 
sorption isotherm was used to calculate the free concentrations of CPZ (Cm,free) in the 
experiment with BSA. The affinity constant of CPZ to BSA (KBSA) was calculated by dividing 
the amount of CPZ per mol BSA by the free concentration of CPZ in the medium. The 
amount of CPZ per mol BSA was calculated as follows: first the amount of free CPZ was 
calculated from the free CPZ concentration in the medium and the volume of medium. 
The same was done for the total CPZ concentration. The free amount of CPZ was 
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subtracted from the total amount of CPZ to obtain the amount of CPZ bound to BSA. In 
addition, the total amount of BSA added to each sample was calculated and the amount of 
CPZ bound was divided by the amount of BSA present in the sample. 
This calculation is based on a mass balance of 100%, which can only be used when the 
amount bound is substantial (>50%), otherwise the estimate of the amount bound 
becomes less precise. The validity of the assumption of a 100% mass balance was tested in 
separate experiments (‘Extraction of chlorpromazine from medium and fibers’). The 
concentration of BSA was plotted against the free fraction. The following equation was 
used to estimate the affinity constant of CPZ to BSA: 

              
BSAionConcentratK1

1
fractionfree

BSA+
=                                        (7) 

To account for saturation in protein binding, the free and protein bound 
concentrations of chlorpromazine were used to construct a sorption curve: 

                   
freed

freebmax
b CK

CC
C

+
=                     (8) 

where Cb (mol/mol BSA) is the bound concentration of CPZ, Cfree (mol/L) is the free 
concentration of CPZ and Kd is the drug protein dissociation constant. Here Kd = 1/KBSA. 

Extraction of chlorpromazine from medium and fibers 

At the end of the fiber exposures, the fiber was removed from the medium. The outside of 
the fiber was cleaned with MilliQ water and a tissue. Then, the fibers were cut into 3 
pieces into a 1.5 mL auto sampler vial (Grace Alltech, Breda, The Netherlands). The 
chlorpromazine was extracted from the polymer phase in 500 μL extraction solution (70% 
methanol, 30% MilliQ water) and left for at least 24 h at −20 °C before analysis. Negligible 
amounts of CPZ were found in repeated fiber extracts (<1%) and based on this information 
we assume that the recovery is close to 100%. SPME fibers were discarded after use. 

After the experiments, medium samples were taken to determine the total 
concentration of chlorpromazine in the medium (Cm,total). To remove the BSA, three 
volumes of cold methanol were added to one volume of medium. Subsequently, this was 
mixed on an IKA MS 1 minishaker (IKA, Staufen, Germany) for 30 s and placed in the 
centrifuge (Beckman Coulter Allegra X12-R, Beckman Coulter, Woerden, The Netherlands) 
for 5 min at 2500 rpm and 4 °C. The supernatant was transferred to a new vial and used 
for HPLC analysis to determine the CPZ concentration in the medium. All samples were 
stored at −20 °C until HPLC analysis. 
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A possible effect of albumin on the total extraction of chlorpromazine was tested in a 
separate experiment in which one concentration of chlorpromazine (in sixfold) was added 
to MilliQ water, assay medium and to assay medium containing 600 μM BSA. 
The recovery of CPZ from assay medium with and without BSA (96% and 102%, 
respectively) was compared to the recovery of CPZ from MilliQ water (=100%). These 
findings indicate that the presence of albumin in the assay medium does not influence the 
total extraction of chlorpromazine from the medium. These data also show that the 
estimates of the amount bound to proteins from the assumption of a complete mass 
balance are valid. 

Chemical analysis 

The analytical method was developed based on several methods as described in the 
literature (Schröder and Surmann 2006, Mercolini et al. 2007, Yamashita et al. 2008). The 
HPLC system consisted of a solvent delivery system (Varian, Middelburg, The 
Netherlands), a C18 column (ID length 4.6 × 150 mm, particle size 5 μm, GraceSmart, 
Breda, The Netherlands), a UV–vis detector and a degasser (Shimadzu, ‘s-Hertogenbosch, 
The Netherlands) and a Basic Marathon auto sampler (Spark Holland, Emmen, The 
Netherlands). 

The mobile phase consisted of 25% phosphate buffer (0.68 mL H3PO4 in 1 L  MilliQ 
water adjusted to pH 3.0 with 1 mM NaOH) and 75% methanol, set at a flow rate of 0.8 
mL/min. The UV detector operated at a wavelength of 254 nm and the analyses were 
performed at room temperature. The total analysis time per sample was 5 min; CPZ had a 
retention time of 3.8 min. The limit of detection was 0.05 μM and the limit of 
quantification was 0.16 μM. 

Results 

Optimisation of the nd-SPME analysis with polyacrylate fibers 

The estimated depletion of chlorpromazine by the polyacrylate fiber calculated by Eq. (3) 
was 0.74% for the 7 μm fiber and 2.81% for the 30 μm PA fiber. When the depletion was 
calculated based on Eq. (4), the depletion was 0.68% for the 7 μm fiber and 3.08% for the 
30 μm fiber. Both values were very close to the ones estimated by Eq. (3). Both equations 
showed that the depletion was below the limit of 5% at which the depletion is considered 
to be significant. 
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The absorption profiles of chlorpromazine in 7 μm and 30 μm PA fibers are shown in 
Fig. 1. The exposures at each time point were performed in triplicate; the mean and SD are 
shown. In several cases the data overlap and, therefore, the error bars are not always 
visible. In Table 1, the corresponding kinetic constants of the absorption of 
chlorpromazine into the 7 μm and 30 μm PA fibers are shown. 

Figure 1. Absorption profiles for 7 μm (■) and 30 μm (▲) PA fibers with 100 μM chlorpromazine 
(mean and SD, not all error bars are visible). 

Table 1. Kinetic constants of the absorption of chlorpromazine into PA fibers. 
 7 μm fiber 30 μm fiber 
K 566.6 628.3 
Std error K 14.0 32.6 
95% Confidence interval K 536.6-596.5 560.4-696.3 
k1

a  (h-1) 528.2 48.7 
Std error k1 (h

-1) 80.6 6.6 
95% Confidence interval k1 367.0-689.4 35.5-61.9 
k2 

b (h-1) 0.93 0.08 
Std. error k2 (h

-1) 0.14 0.01 
95% Confidence interval k2  0.63-1.24 0.05-0.11 
t95 

c
 (h) 3.2 37.4 

n 14 20 
R2 0.93 0.90 

a k1 = uptake rate constant, b k2 = release rate constant, C t95 = time needed to reach 95% equilibrium. 
 

The time to reach equilibrium was 3 h for the 7 μm PA fibers and 37 h for the 30 μm 
PA fibers. The longer equilibration time for the 30 μm PA fibers is related to the lower 
uptake and release rate constants. 



nd-SPME method development to determine free CPZ concentrations 

31 
 

Uptake rate constants are usually proportional to the surface/volume ratio (see Eq. 
(5)). The surface/volume ratio of the 7 μm PA fibers is 4 times higher than the 
surface/volume ratio of the 30 μm PA fibers (142 and 36 μL/mm2, respectively, as 
communicated by supplier). The k1 value found with the 7 μm PA fibers is 10 times higher 
than the k1 value found with the 30 μm PA fibers. It is clear that the surface volume ratio 
affects the uptake rate constant. The difference between the estimated effect (factor 4) 
and experimental data (factor 10) may either be due to the variability in the k1 data or to a 
slight difference in the polymer coating of the 7 μm and 30 μm PA coated fiber. 

Both the 7 μm and 30 μm PA fibers can be used to extract chlorpromazine from assay 
medium. In addition, different concentrations of chlorpromazine were tested. The fiber 
and medium concentrations of CPZ measured by 7 μm and 30 μm PA fibers are shown in 
Fig. 2. Each concentration was performed in triplicate; the mean and standard deviation 
for each concentration are shown in the graph. 

Figure 2. CPZ concentration in 7 μm (■) and 30 μm (▲) PA fibers plotted against the medium 
concentrations (mean and SD, error bars are not always visible). 

The linear part of the curve has correlation coefficients of 0.995 and 0.998 for the 7 
μm and 30 μm fibers, respectively. This linear part can be applied for concentration 
measurements. The fiber medium coefficient (K) was calculated for both fiber thicknesses 
using Eq. (6), and was 717 for the 7 μm PA fibers and 705 for the 30 μm PA fibers. These K 
values are slightly higher than the ones reported in Table 1. A slight difference in the pH 
may be a reason for this difference in K values because a small change in pH will influence 
the concentration of the non-ionised form of CPZ. Therefore, calibration and experiments 
should be performed with the same buffer solution. 

Compounds with high affinity towards the coating (high K) reach equilibrium later, 
because the amount of compound extracted increases (Pawliszyn 1997). K values are 
influenced by temperature, salt, organic solvents and pH (Arthur et al. 1992, Buchholz and 
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Pawliszyn 1994, Pawliszyn 1997, Ulrich 2000, Shinmen et al. 2008). For an ionisable 
compound such as chlorpromazine, the most important factor that may affect the 
sorption coefficient to the SPME fiber is the pH. The neutral form will usually have a higher 
affinity for the SPME fiber (Van Doorn et al. 1998). Holten Lützhøft et al. (2000) showed 
that the neutral form of 4-quinolones had one order of magnitude higher partitioning into 
the SPME fiber than the charged form. For basic compounds such as chlorpromazine, an 
increase in pH leads to higher K values. At a higher pH, less of the compound is ionised and 
the compound is more easily taken up by the fiber (Holten Lützhøft et al. 2000). At pH 7.4 
used in this study, 98.8% of chlorpromazine is ionised, therefore, a low K value was 
expected. However, the K value of 705 (30 μm PA fibers) found in this study is relatively 
high. This either means that also the ionised form can partition to the fiber coating or that 
the affinity of the unionised species of chlorpromazine is very high. 

As Rico-Rico et al. (2009) explained, the free concentration of a compound reaches a 
maximum when the solubility limit is reached. This is also demonstrated in Fig. 2, where 
CPZ concentrations above the solubility limit were tested to determine if the 
concentration of chlorpromazine in the fibers also reaches a maximum. The maximum 
soluble concentration of chlorpromazine in assay medium was estimated. This was done 
by dividing the average CPZ concentration in the fiber at the plateau region by the K value. 
This resulted in a maximum concentration of 1.4 mM chlorpromazine that is soluble in 
assay medium. At higher concentrations, visible inspection showed that the 
chlorpromazine did not dissolve, as the solution became cloudy. The maximum soluble 
concentration estimated in this study is in line with the critical micelle concentrations 
found in the literature (10−5 up to 10−3 M) (Wajnberg et al. 1988). 

Effect of BSA on the absorption profile of chlorpromazine 

The absorption curves of 100 μM CPZ for 30 μm PA fibers with and without 600 μM BSA in 
the medium are shown in Fig. 3. All three data points per exposure time are shown, 
although they are not always visible because of overlap. The addition of BSA does not 
change the shape of the absorption profile, but does affect the maximum concentration of 
chlorpromazine in the fiber. 
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Figure 3. Absorption profile of 100 μM CPZ with (●) and without (▲) 600 μM BSA (individual data 
points of triplicate experiments are shown, but in several cases the replicates overlap). 

The maximum concentration in the fiber depends on the free concentration of 
chlorpromazine in the medium. With the addition of 600 μM BSA to the medium, the free 
concentration of CPZ decreases. Therefore, the maximum concentration of CPZ in the fiber 
is lower when BSA is added to the medium. In Table 2, not the k1 but ffk1 is given, where ff 
is the free fraction of CPZ in the medium. This was done because the free concentration of 
CPZ in the medium was not known. 

Table 2. Kinetic parameters of the absorption of chlorpromazine into 30 μm PA fibers with and 
without BSA in the medium. 

 No BSA 600 μM BSA 
ff*Ka 769.7 53.8 
Std error K*ff 24.0 2.7 
95% Confidence interval K*ff 720.0-819.4 48.3-59.3 
ff*k1 (h

-1)b 50.0 3.2 
Std error ff*k1 (h

-1) 5.61 0.12 
95% Confidence interval ff*k1 38.78-61.22 2.96-3.44 
k2 (h

-1)c 0.065 0.060 
Std. error k2 (h

-1) 0.007 0.011 
95% Confidence interval k2  0.050-0.080 0.038-0.081 
t95 (h)d 46.1 49.9 
n 25 25 
r2 0.95 0.90 

a ff = free fraction. In case of no BSA, ff = 1.0. b k1 = uptake rate constant. c k2 = release rate constant    d t95 = time 
needed to reach 95% equilibrium. 
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In Table 2, the 95% confidence intervals overlap for both k2 and t95, therefore, there 
is no significant difference for the CPZ uptake in the fiber with and without the addition of 
BSA to the medium. This is in contrast to the findings of Kramer et al. (2007) and Heringa 
et al. (2006), who report an increased uptake of compound (pyrene and octylphenol, 
respectively) into the fiber in the presence of albumin and explained this via a facilitated 
transport mechanism in the aqueous diffusion layer surrounding the fiber coating. Yuan 
and Pawliszyn (2001) reported no influence of albumin on the uptake kinetics of their test 
compound (diazepam) into the SPME fiber. 

The reason for the lack of an influence of the presence of albumin on the uptake 
kinetics may be twofold. First, the rate limiting step for the uptake of our test compound 
could be diffusion through the polymer coating instead of diffusion in the aqueous 
diffusion layer. Which of these two diffusion processes is the rate limiting step in the 
uptake to the fiber depends on the hydrophobicity of chemicals as well as the thickness of 
the diffusion layer (Vaes et al. 1996, Kramer et al. 2007). A second reason may be that the 
amount of the protein bound chlorpromazine in the diffusion layer is too low to result in 
an enhanced transport in this layer. Kramer et al. (2007) have developed an algorithm to 
estimate the enhanced transport factor (facilitated transport ratio, FTR) from the 
concentration of protein as well as the binding affinity on the protein as parameters. From 
this algorithm and the parameters in our experiment (concentration BSA = 0.0006 mol/L 
and KBSA = 14,724 L/mol, see ‘Measuring the free concentration of chlorpromazine by nd-
SPME’) a FTR of 1.5 was found. This indicates that, on a theoretical basis, facilitated 
transport will hardly influence the uptake flux to the SPME fiber. 

The kinetic experiments in the presence of BSA clearly show that in our test system, 
fouling does not play a role because fouling will definitively affect the uptake kinetics. 

Measuring the free concentration of chlorpromazine by nd-SPME 

SPME fibers (30 μm PA) were added to assay medium containing different concentrations 
of chlorpromazine. The concentrations in the fiber and the medium were determined and 
plotted (Fig. 4, R2 = 0.999). Experiments were performed in triplicate, and all individual 
data points are shown. 

Eq. (6) was used to fit the data in Fig. 4. The K value was 727, resembling the K values 
found in previous experiments (628, 705 and 770). 
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The isotherm was used to calculate the free concentration of chlorpromazine when 
different concentrations of BSA were added to 100 µM CPZ in assay medium. The free 
fraction of CPZ was calculated by dividing the free concentration by the total 
concentration, and this was plotted against the concentration of BSA present in the 
medium (Fig. 5, R2 = 0.993). All three data points per BSA concentration are shown, but 
they are not visible in the graph because of overlap. 

Figure 4. CPZ concentrations in 30 μm PA fibers plotted against the medium concentrations (No 
BSA). Individual data points of triplicate experiments are shown, but the replicates overlap. 

Figure 5. Calculated free fraction of CPZ with different BSA concentrations. Individual data points 
from triplicate experiments are shown, but not visible because of overlap. 

With the lowest concentration of BSA added to the medium (150 μM), 65% of CPZ is 
bound to the protein; the highest concentration of BSA (600 μM) resulted in a 94% binding 
of CPZ to albumin. Because the percentage of bound chlorpromazine is more than 50% 
and we also have shown that the overall mass balance is 100% (see ‘Extraction of 
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chlorpromazine from medium and fibers’), the mass balance approach is appropriate for 
estimating KBSA. 

The highest albumin concentration tested (600 μM) is similar to the concentration of 
albumin in blood in vivo. Therefore, these experiments indicate that in the in vivo 
situation, 94% of chlorpromazine is bound to proteins. In the literature, protein binding of 
chlorpromazine ranges from 92% to 99% (Sawada et al. 1994, Aungst et al. 2000). Thus, 
the data from our in vitro experiment is in line with data found in vivo. 

The amount of CPZ bound to albumin was calculated and the affinity constant of CPZ 
to BSA was determined for each BSA concentration by dividing the amount of CPZ bound 
to BSA by the free concentration of CPZ in the medium (Table 3). Higher K values are 
found with higher BSA concentrations in the medium, showing that the sorption is non-
linear. 

Table 3. Calculation of the free chlorpromazine concentration in the medium and the partition 
coefficient of CPZ to BSA.  

Concentration 
BSA (mol/L) 

Cfiber 
(mmol/L)a 

Cmedium, free 

(mmol/L)b 
Free 

fraction 
mmol CPZ per 

mol BSA 
KBSA (L/mol)c 

0.00015 37.43 (0.56)  0.043 (0.001) 0.35 (0.01) 548.4 (3.5) 11501 (127) 

0.00030 18.88 (0.09) 0.019 (0.000) 0.16 (0.00) 236.2 (2.3) 12237 (105) 

0.00060 6.52 (0.16) 0.006 (0.000) 0.06 (0.00) 115.1 (1.4) 18355 (212) 
a Cf = Concentration in the fiber. B Cm,free = Free concentration of CPZ in the medium. c KBSA = partition coefficient of 
CPZ to BSA. Mean (SD) are shown from experiments performed in triplicate. 

When Eq. (7) is used for the data in Fig. 5, the estimated KBSA is 14,724 L/mol. In 
principle this equation is not valid for our data because it assumes a constant binding 
affinity. This calculated value is somehow an average value over the whole concentration 
range. 

Albumin is important in binding of acidic and neutral compounds (Kremer et al. 
1988). Chlorpromazine is a basic compound; therefore binding to albumin is expected to 
be moderate. Chlorpromazine can bind to other proteins in the blood, for example α1-acid 
glycoprotein. Verbeeck et al. (1983) explained that phenothiazines have a 100 times lower 
affinity for binding to albumin compared with binding to α1-acid glycoprotein. 
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Figure 6. Sorption isotherm of chlorpromazine to BSA (individual data points of triplicate 
experiments are shown). 

The sorption curve for chlorpromazine to BSA is shown in Fig. 6. The curve suggests 
that there is one binding site for chlorpromazine on each BSA molecule (Cb max is 0.97 ± 
0.049 mmol/mmol BSA). Research has mainly focused on binding of anionic drugs to 
albumin; data about binding of cationic drugs to albumin is more limited. Krieglstein et al. 
(1972) suggested that for phenothiazines only one binding site on albumin exists with high 
affinity. However, they do indicate that previous studies showed that when the 
concentration of phenothiazines was increased, more binding sites with lower binding 
affinities were found. Our data also indicates that chlorpromazine (a phenothiazine) has 
only one binding site on albumin. 

Conclusion 

The nd-SPME method described can be used to accurately measure the free concentration 
of compounds, such as chlorpromazine, in in vitro assay medium containing bovine serum 
albumin. 

The use of 30 μm polyacrylate coated fibers resulted in the most accurate data, but 
also in a longer time to reach equilibrium in comparison with a 7 μm coating. The addition 
of albumin to the medium did not result in fouling and did not influence the uptake 
kinetics of chlorpromazine into the polyacrylate fiber.  

Because the free concentration could explain discrepancies between results found in 
different in vitro assays and between the in vitro and the in vivo situation, the use of the 
free compound concentration in vitro results in more reliable data. 
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Abstract 

The intestinal transport of compounds can be measured in vitro with Caco-2 cell 
monolayers. We took a closer look at the exposure and fate of a chemical in the Caco-2 
cell assay, including the effect of protein binding. Transport of chlorpromazine (CPZ) was 
measured in the absorptive and secretory direction, with and without albumin 
basolaterally. Samples were taken from medium, cells, and well plastic. For the secretory 
transport experiments with albumin, the free CPZ concentration at the start of the 
experiment was measured by negligible depletion-solid phase microextraction (nd-SPME). 
Recovery of CPZ from the medium was low, especially in the absorptive transport 
direction. CPZ was found in the cells (≤20%) and bound to the well plastic (≤25%), and 94% 
of CPZ was bound to albumin. An initial lag phase was observed, which was likely caused 
by partitioning of CPZ between the donor concentration and the Caco-2 cells; after 20 min, 
transport of CPZ to the receiver compartment was linear. The low recovery and the test 
compound found both inside the Caco-2 cells and bound to the well plastic complicate the 
calculation of the fraction transported and render reliable estimates of permeability 
constants impossible. For a chemical like chlorpromazine, which is hydrophobic in its 
neutral form, but in general also for more lipophilic compounds, the Caco-2 cell assay 
might not be straightforward, and a more detailed study into the fate and exposure of the 
test compound might be needed to arrive at meaningful data for transport and 
permeability. 

Introduction 

The absorption of compounds through the intestinal wall is an important aspect of the 
biokinetics of drugs and contaminants in food, as the most common route of exposure is 
orally (Goodman and Gilman 2006). The intestinal absorption of compounds can be 
measured with different in vitro systems, including the Caco-2 cell line. This cell line 
originates from a human colorectal carcinoma (Artursson and Karlsson 1991). In long term 
culture, the Caco-2 cells spontaneously differentiate into cells resembling enterocytes. The 
differentiated cells have microvilli on the apical membrane and tight junctions between 
the cells (Artursson and Karlsson 1991, Sambuy et al. 2005). The Caco-2 cells are grown on 
inserts in a well plate, dividing the system into two compartments: the apical 
compartment (insert) which represents the intestine and the basolateral compartment 
(well) which represents the blood plasma.  

Transport across the cell layer can be measured in two directions: from the apical to 
the basolateral compartment (absorptive direction) and from the basolateral to the apical 
compartment (secretory direction). The latter transport direction can help determine if 
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active transporters are involved (Hubatsch et al. 2007). The rate of transport is expressed 
by the apparent permeability (Papp) value. 

Within the Caco-2 cell permeability assay, several attempts have been made to 
mimic the in vivo situation as much as possible. This has been done by adding albumin to 
the basolateral compartment to mimic the proteins in blood (Yamashita et al. 2000, Saha 
and Kou 2002, Neuhoff et al. 2006) and by adding simulated intestinal fluids to the apical 
compartment to mimic the intestinal environment (Ingels et al. 2002, Ingels et al. 2004). 
When the test compound is capable of binding to proteins, the addition of serum or 
albumin to the culture medium does influence the free concentration of the compound 
(Gülden et al. 2002, Heringa et al. 2004). The addition of proteins to the Caco-2 cell system 
should be considered, particularly for lipophilic compounds with a low recovery in the 
Caco-2 cell transport assay (Hubatsch et al. 2007). 

Several publications have focused on adjusting the apparent permeability calculation 
for protein binding when BSA was present in the medium (Fisher et al. 1999, Neuhoff et al. 
2006, Katneni et al. 2008). In these publications, the free concentration of the test 
compound was measured with micropartition devices (Neuhoff et al. 2006), with 
equilibrium dialysis (Fisher et al. 1999), or was estimated using a reciprocal permeability 
approach based on a micellar association constant (Katneni et al. 2006, Katneni et al. 
2008).  

In our study we have applied solid phase microextraction (SPME) for measuring the 
free CPZ concentration from the test solution at the start of the experiment (t0). SPME is 
an extraction technique developed by Arthur and Pawliszyn (1990) and later on adapted 
by Vaes et al. (1996) for measurement of freely dissolved concentrations and protein 
binding. The advantage of this technique is that it does not disturb the equilibrium 
between bound and unbound compound and that little or no solvent is needed (Heringa 
and Hermens 2003). SPME is increasingly used in bioanalysis in both in vitro and in vivo 
studies (Vuckovic et al. 2010) and this method was recently optimized for chlorpromazine 
(Broeders et al. 2011). 

Permeability coefficients have been published for numerous chemicals. However, the 
Caco-2 cell assay is not always straightforward. In the calculation of the Papp value, 
several conditions have to be met (Hubatsch et al. 2007) while these conditions are not 
always systematically studied. Major assumptions in the calculation of permeabilities from 
the Caco-2 cell system are: 
-  Accumulation on the Caco-2 cells is negligible; 
-  Permeability is independent of donor concentration; 
- There are no substantial losses in the test system due to sorption or degradation; in 
other words the mass balance in the system is close to 100%. 



Chapter 3 

46 
 

The major aim of this study was to get a detailed understanding of the exposure and 
fate of a chemical in a Caco-2 cell system, including the effect of protein binding. Based on 
such an understanding, the interpretation of results of such a permeability study may be 
improved. Because it binds relatively strong to serum proteins, chlorpromazine (CPZ), an 
antipsychotic drug, was used as test compound (Sawada et al. 1994, Aungst et al. 2000). 
CPZ is a highly permeable compound with a low oral bioavailability (ranges between 10 
and 80%) due to extensive first pass metabolism (Whitfield et al. 1978, Yeung et al. 1993, 
Goodman and Gilman 2006). Furthermore it is a known substrate and inhibitor for the 
active efflux transporter P-glycoprotein (Sandström et al. 1998, Boulton et al. 2002). At a 
physiological pH of 7.4, the apparent log PCn-octanol/water is 3.14; the neutral form has an 
apparent log PCn-octanol/water of 5.3 (pKa is 9.3) (Sawada et al. 1994). 

Material and methods 

Chemicals and solutions 

Chlorpromazine hydrochloride (CPZ), Lucifer Yellow CH dipotassium salt (LY) and Bovine 
Serum Albumin (BSA) fraction V were obtained from Sigma-Aldrich (Zwijndrecht, The 
Netherlands). Hanks Balanced Salt Solution (HBSS), HEPES buffer, DMEM (+4.5 g/L D-
glucose, + L-glutamine, +25 mM HEPES, -phenol red, - sodium pyruvate), L-glutamine (200 
mM), Penicillin/Streptomycin (10.000 U/mL Pen, 10.000 μg/mL Strep), MEM Non-Essential 
Amino Acids (NEAA, 100x), sodium pyruvate (100 mM), Trypsin - EDTA (0.05% - 0.2 g/L), 
Phosphate buffered Saline (PBS, 10x) and Fetal Bovine Serum (FBS) were from Invitrogen 
(Breda, The Netherlands). Methanol HPLC-grade 99.9% purity was from Labscan (Dublin, 
Ireland) and orthophosphoric acid 85% HPLC-grade from VWR Prolabo (Amsterdam, The 
Netherlands). A Millipore water purification system with organic free kit (Millipore 
Waters, Amsterdam, The Netherlands) was used to prepare deionised water.  

Caco-2 cell culture 

The parental Caco-2 cell line was purchased from American Type Culture Collection (HTB-
37, Manassas, VA). The Caco-2 cells (passages 49-70) were cultured in DMEM 
supplemented with 10% FBS, 2 mM L-glutamine, 1x NEAA, 1mM sodium pyruvate, 100 
U/mL Penicillin and 100 μg/mL Streptomycin. Cells were cultured in 75 cm2 culture flasks 
and sub-cultured twice a week (1:5) by washing the cells with PBS 1x followed by 
trypsinisation. 

For the transport experiments, the Caco-2 cell monolayer was cultured on filter 
inserts in 12-well plates (0.4 μm pore size, PET filter, translucent, Greiner Bio-One, Alphen 
aan den Rijn, The Netherlands). The cells were seeded at a density of 3*105 cells/insert in 
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0.5 mL of culture medium. Then, 1.5 mL of culture medium was added to the basolateral 
compartments. The cells were cultured on the inserts for 3 weeks and medium was 
refreshed three times a week. The cells were incubated at 37°C, 5% CO2 and 90% 
humidity. 

Transport experiments 

After three weeks of culture, the Caco-2 cell monolayers on the filter inserts were placed 
in transport medium (HBSS + 25 mM HEPES buffer, pH=7.4, warmed to 37°C; 0.5 mL 
apical, 1.5 mL basolateral). The trans epithelial electrical resistance (TEER) was measured 
using a Millicell-ERS (Millipore Waters, Amsterdam, The Netherlands). Cell monolayers 
with a TEER higher than 300 Ω·cm2 were considered confluent and were used for the 
transport experiments, monolayers with a lower TEER were discarded (Saha and Kou 
2002, Troutman and Thakker 2003).  

As a second check for the integrity of the monolayer, transport of Lucifer yellow (a 
paracellular permeability marker) across the Caco-2 cell monolayer was tested. After the 
cells had been exposed to chlorpromazine, they were washed with PBS and transport 
medium containing 0.2 mM Lucifer yellow was added to the apical compartment. After 1 
hour, samples were taken from both compartments and fluorescence was measured using 
a TECAN infinite M200 at 485 nm excitation and 530 nm emission (TECAN Benelux BVBA, 
Giessen, The Netherlands). Transport of Lucifer yellow across the Caco-2 cell monolayer 
was calculated by the following equation: 

% LY passage = RFU(test)-RFU(blank)
RFU(equilibrium)-RFU(blank)

                                  (1) 

where RFU is relative fluorescence units, for HBSS alone (blank), from Caco-2 cells (test) 
and a dilution sample resembling 100% LY passage (equilibrium).  

For the chlorpromazine transport experiments, a stock solution of 2.8 mM 
chlorpromazine in Millipore water was made. Test solutions with a nominal concentration 
of 50, 100 and 150 μM chlorpromazine were made in transport medium.  

Absorptive transport was measured by adding the transport medium containing CPZ 
to the apical compartment and blank transport medium to the basolateral compartment. 
The basolateral medium contained either 0 or 600 μM BSA, the latter reflects the in vivo 
concentration of albumin (Hubatsch et al. 2007). Secretory transport was measured by 
adding the test solution (+/-600 μM BSA) to the basolateral compartment and blank 
transport medium to the apical compartment.  

At the beginning (t0) and end (t60) of the experiment, 100 μL samples were taken 
from the donor compartment. This results in a volume of test solution of 0.4 mL (apical) or 
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1.4 mL (basolateral) at the beginning of the experiment. At t20, t40, and t60 minutes, 
samples were taken from the receiver compartments (0.25 mL apical; 0.75 mL 
basolateral). These volumes were replaced with the same volume of blank transport 
medium. All samples were transferred to amber coloured auto sampler vials. After the 
transport experiment, blank transport medium was added to the wells and the TEER was 
measured again. 

After the second TEER measurement, the wells were washed twice with PBS 1x. Then 
100μL trypsin/EDTA was added to the filter until the cells detached. The cells were 
transferred to auto sampler vials with 1 mL Methanol:Millipore water (3:1).  

Next, the wells were washed once with PBS 1x and methanol was added (0.5 mL 
apical; 1.5 mL basolateral). The plate was covered with parafilm and incubated on a plate 
shaker for 2 hours. Samples taken from both compartments were used to determine the 
plastic binding of chlorpromazine. An additional experiment was performed to determine 
the recovery of CPZ from the plastic. To inserts without cells, 50 μM CPZ was added to the 
apical compartment and blank transport medium (no BSA) to the basolateral 
compartment. After 60 minutes incubation, medium samples were taken from both 
compartments. The well and insert were washed with PBS and methanol was added (0.5 
mL apical; 1.5 mL basolateral). The plate was covered and placed on the shaker for 2 
hours. After incubation, both compartments were sampled (1st plastic extraction) and the 
wells and inserts were washed with PBS. Then, a second extraction with methanol was 
performed with also two-hour incubation.  

All medium, cell and plastic samples were measured by HPLC-UV (see section 
chemical analysis). With the measured concentrations in the medium samples, the 
cumulative fraction transported (F(cum)) was calculated as: 

 F(cum) = ∑
�CR(𝑡k)-fCR�tk-1��×VR

CD × VD
                                                       (2) 

where C is the concentration (μM) and V the volume (ml) of the receiver (R) or donor (D), 
tk  is time point k and f is a sample replacement factor.  

f = �1-
VS

VR
�   

where VS is the volume of the sample (ml). For CD in equation 2, we have applied the 
measured concentration in the donor side at t0 or at t60, thus obtaining two curves and 
two values for Papp. These two numbers can be regarded as a lower and upper bound 
Papp value. Equation 2 is slightly different from the one given in Hubatsch et al. (2007). 
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This difference arises because uncertainty concerning the concentration on the donor side 
during the experiment does not allow for a correction. 

The apparent permeability was calculated as follows: 

   Papp = �∆F(cum)
∆t

� × �1
A
� ×VD                                                           (3) 

where ΔF(cum)/ Δt is the slope of the graph of F(cum) in time (sec), A is the area of the 
filter (cm2) and VD is the volume of the donor compartment (mL). The absolute error in the 
apparent permeability was calculated by multiplying the relative error in the slope of 
F(cum) over time with the calculated Papp-value. 
Recovery was calculated according to the equation given in Hubatsch et al. (2007):   

                                
Recovery (%) = �CD(fin)VD+∑�CS(t)VS(t)+ CR(fin)VR(fin)��100÷�CD(0)VD(0)�                       (4) 

where C is the concentration and V the volume of the donor (D) or receiver (R) at the 
beginning (0), at each sampling time (S(t)) or at the end (fin) of the experiment.  

All experimental test conditions were performed with three technical replicates in 
each experiment and at least in triplicate with newly plated cells (three biological 
replicates). 

Procedures for total extraction and SPME for measuring total and freely dissolved 
concentration of CPZ  

When the secretory transport is measured, the test concentration is added to the 
basolateral compartment. To this compartment, BSA can be added as well, to mimic the 
albumin present in the blood. To measure the free concentration of CPZ in transport 
medium containing 600 μM BSA, nd-SPME was used as described in Broeders et al. (2011). 
In short, polyacrylate coated glass fibers (PA, 34.5 μm thickness from Polymicro 
Technologies, Phoenix, Arizona) were cut to a length of 2 cm and pre-conditioned by 
heating in a GC-oven. One fiber was added to 7 mL of test medium (as added to the 
system at t0) for 48h on a roller mixer SRT 9 (Stuart, Omnilabo, Breda, The Netherlands) at 
40 rpm at room temperature. After exposure, the fiber was cleaned and cut into smaller 
pieces into an auto sampler vial to which 500 μL of extraction solution (75% Methanol, 
25% Millipore water) was added. Because a second extraction of the fiber contained less 
than 1% we assume that the extraction recovery is 100%.  

Samples of the medium were taken and to one volume of sample three volumes of 
cold methanol were added to remove the proteins. This was mixed and centrifuged for 5 
minutes at 2500 rpm at 4°C (Beckman Coulter Allegra X12-R, Beckman Coulter, Woerden, 
The Netherlands). The supernatant was used for the HPLC analysis.  
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A calibration curve was obtained by incubating different concentrations of CPZ in 
medium without proteins. The sorption isotherm was used to calculate the free 
concentration of CPZ in the medium containing BSA. 

Chemical analysis 

All samples taken during the Caco-2 transport experiments were measured by HPLC-UV. 
The albumin was removed from the medium samples before HPLC-UV measurements (see 
previous section). The samples containing the Caco-2 cells were centrifuged as well to 
remove the cells (5 min, 2500 rpm) and until HPLC analysis all samples were stored at         
-20°C. 

The HPLC method used for analysing the samples can be found in Broeders et al. 
(2011). The limit of quantification was 0.16 μM with a linear range to 250 μM CPZ. 
Calibration points with different CPZ concentrations were made in mobile phase and in 
HBSS:methanol (1:3). 

Statistics 

All graphs were made using Graphpad Prism version 5.04 (Graphpad Software Inc, San 
Diego, CA). The slopes of the F(cum) graphs were compared to each other in Graphpad 
using the analysis of covariance (ANCOVA); differences were considered to be significant 
when p<0.05.   

Results 

Absorptive transport of CPZ 

Transport of CPZ across the Caco-2 cell layer in the absorptive direction was measured 
with and without 600 μM BSA in the basolateral compartment at three concentrations of 
CPZ (50, 100 and 150 μM, nominal). Samples of the basolateral compartment were taken 
after 20, 40 and 60 minutes. The TEER-values did not decrease after exposure to these 
three concentrations of CPZ and the addition of BSA basolaterally also did not disturb the 
integrity of the caco-2 cell monolayer (TEER ranged from 300 - 500 Ω·cm2). The goodness 
of the Caco-2 cell monolayer was also tested after exposure of the cells with a Lucifer 
Yellow assay. Less than 1% of the Lucifer Yellow added to the insert was transported 
across the cell monolayer, indicating that the cell layer was still intact after exposure.  
The cumulative fractions transported (F(cum)) are presented in Figure 1 (without BSA) and 
Figure 2 (with BSA) at the three test concentrations. 
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Figure 1. The cumulative fraction transported in the absorptive transport direction without BSA        
(-BSA) at three CPZ concentrations: 50 μM (Fig. 1A), 100 μM (Fig. 1B) and 150 μM (Fig. 1C). The 
donor concentrations at t0 (■) and t60 (▲) were used to calculate the F(cum). The mean and SD are 
shown for three independent replicates. 

Figure 2. The cumulative fraction transported in the absorptive transport direction with BSA (+BSA) 
at three CPZ concentrations: 50 μM (Fig. 2A), 100 μM (Fig. 2B) and 150 μM (Fig. 2C). The donor 
concentrations at t0 (■) and t60 (▲) were used to calculate the F(cum). The mean and SD are shown 
for three independent replicates. 

The fractions were calculated as the mean of three independent experiments. For 
the F(cum) calculations, the donor concentrations on t0 and t60 were used. The increase in 
CPZ test concentration did not influence the F(cum) significantly, neither in the absence 
nor in the presence of BSA (p>0.05). The addition of BSA did significantly increase the 
F(cum) for all tested CPZ concentrations when CD at t60 was used. We did not compare the 
F(cum) values that were calculated with the concentration in the donor at the start of the 
experiment (CD at t0) because we consider these data as not reliable. 

The recovery of CPZ in the absorptive experiments with and without BSA is given in 
Table 1. The recovery of a test compound in the Caco-2 cell system is calculated based on 
the amount of compound found in the medium. For this, the concentrations were 
determined in the donor compartment at the beginning and end of the experiment (t0 and 
t60 min) and in the receiver compartment at t20, t40 and t60 min. 
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Table 1. Recovery for the absorptive transport of CPZ with and without BSA in the basolateral 
compartmenta. The recovery was calculated based on amounts measured in the medium only and 
based on amounts measured in the medium, cells and plastic. 

CPZ 
concentration 

Recovery based on medium (%) Recovery based on medium +  
cells + plastic 

No BSA 600 μM BSA No BSA 600 μM  BSA 

50 μM 42.2 (7.3) 49.0 (5.4) 87.4 (20.5) 82.1 (7.5) 

100 μM 51.6 (9.6) 58.2 (7.2) 90.4 (16.6) 86.6 (8.2) 

150 μM 51.4 (5.4) 64.3 (7.4) 85.4 (8.8) 90.0 (9.4) 
aRecovery: Mean (SD) for three independent replicates. 

The concentration of CPZ as measured in the donor medium at t0 was used as a 
reference of the starting amount of CPZ in the experiment. The concentration in the donor 
at t0 was similar to the concentration in the test solution before addition to the Caco-2 cell 
system. Recovery, based on the amounts in the medium, ranged from 42 to 64%. The 
higher recovery-values were found with higher CPZ test concentrations and with the 
addition of BSA basolaterally.  

The amount present inside the cells and bound to the well plastic were measured as 
well, to get more insight into the fate of CPZ in the Caco-2 cell system. The efficiency of 
our plastic extraction method was measured in a separate experiment (data not shown). 
Of the total amount of CPZ added, 22% was bound to the plastic. The total CPZ recovery 
was 98% and in a second plastic extraction no CPZ was detected. 

Adding the amounts found in the cells and the well plastic to the recovery-equation 
increased the mass balance to between 82 and 90%. The amounts found in the apical 
medium, basolateral medium, cells, plastic and the amount lost were compared to the 
amount of CPZ added to calculate the percentage of CPZ in each of the compartments 
(Figure 3). After 60 minutes, 60-70% of the CPZ added disappeared from the donor 
compartment (apical) and only 8 to 15% of the CPZ added was found in the receiver 
compartment (basolateral). Higher CPZ donor concentrations and the addition of BSA 
basolaterally resulted in lower percentages of CPZ in the cells and bound to the well 
plastic.  
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Figure 3. Distribution of CPZ in the different compartments of the Caco-2 cell system for the 
absorptive transport direction at the end of the experiment (t60). The mean is shown for three 
independent replicates. 

In a separate experiment, recoveries and mass balances were also measured after 
20, 40 and 60 minutes to improve our understanding of losses during the experiment. This 
experiment was performed once (in triplicate wells). The results are presented in Figures 4 
and 5 and in Table 2.  CPZ in the donor compartment (apical medium) decreased most 
quickly in the first part of the experiment.  

Figure 4. Concentration of chlorpromazine in the donor compartment of the Caco-2 cell system over 
time for three CPZ test concentrations (50, 100 and 150 μM). For each data point, standard 
deviations were calculated from the three technical replicates. 

After 20 minutes, more CPZ was found in the receiver compartment (basolateral 
medium). The percentage of CPZ in the Caco-2 cells showed an initial increase followed by 
a decrease over time. The recovery of CPZ remained stable over time. 
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Figure 5. Distribution of CPZ in the different compartments of the Caco-2 cell system for the 
absorptive transport direction without BSA basolaterally at three different time points (t20, t40 and 
t60). Mean is shown for three technical replicates. 

Table 2. Recovery for the absorptive transport of CPZ without BSA basolateral at three time points 
(20, 40 and 60 minutes)a. The recovery was calculated based on the amounts measured in the 
medium only and based on the amounts measured in the medium, cells and plastic.  

CPZ 
concentration 

Recovery based on medium (%) Recovery based on medium +            
cells + plastic 

20 min 40 min 60 min 20 min 40 min 60 min 

50 μM 53.6 (6.3) 44.8 (9.7) 49.3 (8.5) 85.6 (9.7) 86.0 (10.1) 86.8 (10.5) 

100 μM 60.0 (2.3) 53.2 (3.3) 58.0 (9.1) 86.0 (4.9) 90.0 (4.8) 85.0 (7.1) 

150 μM 67.0 (4.6) 55.7 (2.0) 55.8 (2.3) 92.3 (6.3) 89.1 (1.9) 82.8 (2.8) 
aRecovery: Mean (SD). Standard deviations were calculated from the three technical replicates. 

Secretory transport of CPZ 
The secretory transport of CPZ was measured with three different CPZ concentrations and 
with and without the addition of 600 μM BSA basolaterally. Exposure of the cells to CPZ 
with or without BSA basolaterally did not influence the integrity of the Caco-2 cell 
monolayer, as measured by TEER (350-500 Ω·cm2) and Lucifer Yellow (<1% transported).  

The cumulative fractions transported (F(cum)) are presented in Figure 6 (without 
BSA) and Figure 7 (with BSA) at three CPZ test concentrations. Again, the results are 
presented as the mean from three independent experiments and for CD the donor 
concentrations at t0 and t60 were used.  
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 Figure 6. The cumulative fraction transported in the secretory transport direction without BSA         
(-BSA) at three CPZ concentrations: 50 μM (Fig. 6A), 100 μM (Fig. 6B) and 150 μM (Fig. 6C). The 
donor concentrations at t0 (■) and t60 (▲) were used to calculate the F(cum). The mean and SD are 
shown for three independent replicates. 

Figure 7. The cumulative fraction transported in the secretory transport direction with BSA (+BSA) at 
three CPZ concentrations: 50 μM (Fig. 7A), 100 μM (Fig. 7B) and 150 μM (Fig. 7C). The donor 
concentrations at t0 (■) and t60 (▲) were used to calculate the F(cum). The mean and SD are shown 
for three independent replicates. 

No significant influence of the CPZ test concentration on the F(cum) was found 
(p>0.05). The addition of BSA significantly decreased the F(cum) for all tested CPZ 
concentrations with CD at t60. 
In the “secretory transport” experiments, CPZ recovery ranged from 73 to 93%. As shown 
in Table 3 and Figure 8, including the amounts in the cells and bound to plastic resulted in 
an almost complete recovery of CPZ (90-102%). 
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Table 3. Recovery for the secretory transport of CPZ with and without BSA basolaterala. The recovery 
was calculated based on the amounts measured in the medium only and based on the amounts 
measured in the medium, cells and plastic. 

CPZ 
concentration 

Recovery based on medium (%) Recovery based on medium +               
cells + plastic 

No BSA 600 µM BSA No BSA 600 µM BSA 

50 μM  73.4 (6.9) 84.2 (4.9) 90.4 (6.7) 95.9 (5.8) 

100 μM 79.0 (9.0) 90.5 (2.9) 93.1 (8.3) 100.6 (1.9) 

150 μM 80.7 (5.9) 93.4 (3.6) 93.7 (7.3) 102.1 (5.2) 
aMean (SD) for three independent replicates. 

Figure 8. Distribution of CPZ in the different compartments of the Caco-2 cell system for the 
secretory transport direction at the end of the experiment (t60). Mean is shown for three 
independent replicates. 

With nd-SPME, the free concentration of CPZ was determined at t0 in the test 
medium containing 600 μM BSA. These measurements indicated that 94% of CPZ was 
bound to the proteins. The measured free CPZ concentration was used as CD for t0 in 
equation 2 for the calculation of F(cum); for CD at t60, the unbound fraction as found by nd-
SPME in the test solution was used to calculate the free concentration in the t60-medium. 
The results for the F(cum) corrected for protein binding are shown in Figure 9.  
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Figure 9. The cumulative fraction transported in the secretory transport direction with BSA (+BSA) 
for the free concentration of CPZ at the total nominal concentrations of 50 μM (Fig. 9A), 100 μM 
(Fig. 9B) and 150 μM (Fig. 9C). The free donor concentrations at t0 (■) and t60 (▲) were used to 
calculate the F(cum). The mean and SD are shown for three independent replicates. 

The use of the free CPZ concentration in equation 2 increased the F(cum): 10 times 
compared to secretory transport with BSA not corrected for protein binding and 2.5 times 
compared to secretory transport without BSA. Because this increase in F(cum) may be 
only the result of the decrease in the CD, an additional experiment was performed. In this 
experiment, medium with and without BSA (with the same freely dissolved CPZ 
concentration) was added to the Caco-2 cells. The fraction freely dissolved, as measured 
by nd-SPME, was about 6 %. Thus, 6 % of 50, 100 and 150 μM CPZ was added basolaterally 
and transport was measured and compared to transport of 50, 100 and 150 µM with 600 
μM BSA basolaterally. Results as F(cum) are presented in Figure 10. 

Figure 10. The cumulative fraction transported in the secretory transport direction without and with 
BSA with the same freely dissolved concentration of CPZ. Fig. 10A represents the low CPZ 
concentrations (50µM CPZ +BSA (black) and 3µM CPZ –BSA (grey)), Fig. 10B represents the middle 
CPZ concentrations (100µM CPZ +BSA (black) and 6µM CPZ –BSA (grey)) and Fig. 10C represents the 
high CPZ concentrations (150µM CPZ +BSA (black) and 9µM CPZ –BSA (grey)). For each data point, 
standard deviations were calculated from the three technical replicates. 
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Discussion 

Transport of chlorpromazine across a Caco-2 cell monolayer was measured under 
different conditions. The CPZ test concentrations used were 50, 100 and 150 μM CPZ. 
These concentrations were selected based on cytotoxicity assays and the limit of detection 
of the HPLC-method. The highest non-toxic concentrations were used to make sure the 
samples could be measured by HPLC. No in vivo data is available describing the intestinal 
concentration in humans after oral intake of chlorpromazine. Based on dosage regimens 
and stomach content, an intestinal concentration ranging from 70-1277 μM can be 
expected. The selected concentrations for the Caco-2 experiment fall into this range and 
are comparable to concentrations used in previous in vitro transport studies (Aungst et al. 
2000, Brown et al. 2003).  

CPZ recovery and distribution 

A mass balance of at least 80% is needed for an acceptable estimation of the Papp 
(Hubatsch et al. 2007). In this study, recoveries lower than 80% were found for the 
absorptive transport experiments with CPZ. The recovery-values improved with the 
addition of BSA basolaterally, but the values were still too low. The improved recovery-
values in the presence of BSA were probably due to a decrease in the non-specific binding 
of CPZ to the well plastic or to medium components.  

In the secretory transport experiments, the recovery values for medium only were 
around 80% and the addition of BSA basolaterally increased the recovery to 84-93%. By 
including the amount measured in cells and surface of the well plate, recovery increased 
to 90-94% (-BSA) and 96-102% (+BSA). Especially when the recovery is calculated based on 
values found in the medium, the CPZ recovery was higher for the secretory transport 
direction than for the absorptive direction. This phenomenon was also reported by Skolnik 
et al. (2010). Their explanation was a higher retention of the compound inside the cells in 
the absorptive direction because of the greater surface contact between the medium and 
the cells in this direction. This can explain our results, also because when the amount of 
CPZ in the cells and bound to plastic were taken into account, the difference in recovery in 
both directions decreased.    

The presence of protein at the basolateral side resulted in recoveries as well as mass 
balances that are very close to 100 %. Apparently, the addition of BSA to the donor side 
“stabilises” the solution. This makes sense, because about 95 % of the chemical is bound 
and loss processes such as uptake to cells and sorption to the walls of the well plate are 
proportional to the freely dissolved concentration of the compound.  

However, with the addition of the CPZ amounts found in the cells and plastic added 
to the recovery equation, the total CPZ recovery ranged from 82 to 100%. This is higher 
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than the lowest recovery needed for reliable calculations (80%), but it is still not a 
complete recovery. The additional plastic experiment showed that all CPZ was extracted 
from the well plastic with the methanol method used. Palmgrén et al. (2006) showed that 
basic drugs bind substantially to plastic. Chlorpromazine is a basic drug and we found up 
to 28% of the CPZ added bound to the well plastic. The plastic extraction method used in 
these experiments is comparable to the extraction method used by Palmgrén et al. (2006) 
as both methods use incubation with methanol to extract the compounds. In Figure 5 the 
distribution of CPZ over time is shown, indicating that the percentage of CPZ bound to the 
plastic remains constant from 20 to 60 minutes. This implies that binding of CPZ to the 
plastic occurs during the first 20 minutes of the experiment. This resembles the results 
found by Palmgren et al. (2006), who showed that the highest loss of basic compounds to 
plastic occurred during the first 15 minutes of their experiment. 

When not all test compound is recovered from a cell system, biotransformation of 
the compound can play a role. In Caco-2 cells, cytochrome P450 enzymes have been 
reported although at very low levels (Sun et al. 2008). Higher levels were found in the TC7 
clone (Carrière et al. 1994), but in our experiment the parental cell line was used. In the 
metabolism of chlorpromazine, CYP2D6 and CYP3A4 are involved. Because these enzymes 
are not/very low expressed in the Caco-2 cells, metabolism of CPZ is unlikely. 

Another possibility of loss of compound in a test system is evaporation. It is 
possible that the unionised form of CPZ evaporated from the medium, leading to 
incomplete recovery-values and thus will likely be higher if the chemical is added to the 
apical side. 

The distribution data (Figures 3, 5 and 8) show that especially in the absorptive 
transport direction, the cells contribute significantly. The percentage of CPZ inside the 
cells ranged from 10 to 20%. It is known that basic compounds can be retained in the cells, 
for instance for propranolol (Heikkinen et al. 2009). These authors discussed that basic 
compound can sequester in the acidic lysosomes of the cells and that this process can 
saturate. In our experiment there is a trend that with a higher CPZ test concentration a 
lower fraction of CPZ is retained in the Caco-2 cells, however, because of biological 
variation this effect was not significant. Our data does emphasise that the Caco-2 cells are 
a compartment that cannot be ignored. Especially for lipophilic and basic compounds, 
such as chlorpromazine, the amount of compound inside the cells should be taken into 
account. 
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Cumulative fraction transported 

Because not all recovery-values were above the 80%, the cumulative fraction transported 
was calculated instead of the apparent permeability. In the equation reported by 
Hubatsch et al. (2007), the cumulative fraction transported contains a correction for the 
actual donor concentration. The actual donor concentration at a specific time point is then 
calculated from the concentration at the donor side at the previous sampling point and 
the measured concentration at the acceptor side. Such a correction assumes that there 
are no additional losses in the system. Because this assumption is not valid in our 
experiments, the correction in the donor concentration cannot be made and is not 
included in equation 2. 

A separate experiment was performed to have a closer look at the donor 
concentration in the apical compartment over time. This experiment was ended at three 
different time points resulting in data on the donor concentration at t20, t40 and t60. During 
the first 20 minutes, the concentration in the donor (apical) compartment showed the 
highest decrease (Figure 4). After the first 20 minutes, the donor concentration remained 
relatively stable. Therefore, the F(cum) graphs show the data from 20 to 60 minutes only. 
For the calculation of the F(cum), the donor concentrations on t0 and t60 were used. In 
standard Caco-2 experiments, the donor concentration is only measured at the beginning 
and at the end of the experiment. Because the donor concentration decreased the most 
during the first 20 minutes and remained relatively stable after that (20-60 minutes), we 
used the more stable measures for calculating the transport of CPZ. In similar 
experiments, the donor concentration at the end of the experiment can then be used as a 
measure for the donor concentration in the more stable situation.  

The plots of the fraction transported (F(cum) versus time should be linear, because 
the receiver compartment should not contain more than 10% of the donor concentration 
(Hubatsch et al. 2007). However, all plots (see Figures 1, 2, 6, 7 and 9) clearly show some 
kind of lag phase and only after about 20 minutes, the relation between F(cum) and time 
becomes linear. The results of the recovery and mass balance experiments clearly show 
the reason of this nonlinear behaviour at the early time point. All these experimental data 
suggest that the lag phase is related to the partitioning of CPZ into the Caco-2 cells and 
this reaches more or less an equilibrium within the first 20 minutes. The mass balance 
plots from Figure 5 show that the amounts in the cells remain more or less constant after 
20 minutes. Also the concentrations in the donor compartment as presented in Figure 4 
remain more or less constant after 20 minutes. The permeation across the cells will 
become a linear process as soon as the concentration in the cells has reached an 
equilibrium with the concentration in the donor solution under the assumption that only a 
small amount is transported to the receiver side. 
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A theoretical model of the Caco-2 transport system, with the cells as an additional 
compartment is given in the supporting information. Figure S1 shows the concentration 
time profile in the different compartments in the Caco-2 cell system for the absorptive 
transport. The presented simulation shows the same trend of a lag phase in the fraction 
transported versus time when the cells are considered as an additional compartment. The 
theoretical model shows that the amount of compound in the cells reaches a plateau after 
20 minutes, after which the amount slowly decreases. This confirms our statement that 
the permeation of CPZ should be based on the transport after this initial lag phase.   

The F(cum) increased when the donor concentration at t60 was used for the 
calculation. This was because the donor concentration at t60 was lower than the donor 
concentration at t0. The lines in the F(cum) in time data points are (almost) linear; R2 
ranged from 0.9763 to 1.0000. The relative differences in F(cum) between the different 
test conditions remain the same. In addition, a higher variation was found in the F(cum) 
when the t60 donor concentrations were used. At t0, the donor concentrations in the 
different wells are the same because the same test solution was added to these wells. At 
the end of the experiment, differences are seen between the wells caused by biological 
variation, resulting in a higher variation in F(cum).  

No significant differences in F(cum) were seen between the different CPZ test 
concentrations in the absorptive or secretory direction. The addition of BSA to the 
basolateral compartment significantly increased the F(cum) in the absorptive direction. 
The addition of BSA to the basolateral compartment creates an additional sink condition 
comparable to the in vivo situation and reduces the non-specific adsorption (Krishna et al. 
2001, Saha and Kou 2002). In the secretory direction, the addition of BSA significantly 
decreased the F(cum), by decreasing the freely dissolved concentration of CPZ. However, 
when the free CPZ concentration was used for calculation of the F(cum), the secretory 
transport increased. The results in Figure 10 show no difference between transport with 
and without BSA (for the same free CPZ concentration). This indicates that there is no 
facilitated transport by albumin; the increase in F(cum) when the free CPZ concentration 
was used is caused by the lower CPZ donor concentration. 

Apparent permeability 

With the F(cum) data for CD at t0 and t60, the apparent permeability was calculated using 
equation 3. For this calculation, the data was used from 20 to 60 minutes, because after 
20 minutes the transport process becomes linear. The resulting Papp-values can be found 
in Table 4.   
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Table 4. Apparent permeability (Papp) of CPZa. The Papp was calculated for the absorptive and 
secretory transport direction with and without the addition of BSA basolateral. The donor 
concentrations measured at t0 and t60 were used to calculate the Papp.  

  Apparent permeability *10-6 (cm/s) 
Test condition Time CD 50 μM CPZ 100 μM CPZ 150 μM CPZ 

AB –BSA t0 10.2 (1.6) 13.3 (1.5) 15.5 (1.8) 
t60 46.9 (7.3) 33.2 (3.8) 39.4 (4.8) 

AB +BSA t0 19.9 (1.2) 24.3 (1.0) 31.9 (1.0) 
t60 61.5 (5.1) 70.8 (0.2) 81.0 (0.1) 

BA –BSA t0 12.9 (1.9) 17.3 (2.7) 19.9 (2.7) 
t60 18.6 (2.6) 22.6 (3.3) 26.5 (3.7) 

BA +BSA t0 1.6 (0.0) 3.8 (0.2) 3.6 (0.2) 
t60 7.7 (0.4) 7.4 (0.7) 7.6 (0.8) 

BA +BSA 
corrected 

t0 17.3 (0.2) 45.1 (2.8) 42.5 (2.7) 
t60 90.3 (5.1) 82.3 (8.2) 90.3 (9.6) 

   aMean (absolute error) for three independent replicates. 

In our opinion, the Papp calculated with the CD at t60 should be the most reliable. This 
is because at t0, different processes influence the Caco-2 cell system (partitioning into 
cells, binding to plastic) while at t60 the system is more stable. The trends in permeability 
data in the different test conditions differ when using the CD at t0 or at t60. For instance, 
the transport of CPZ without BSA basolaterally seems to be higher in the secretory 
direction compared to the absorptive direction when using the CD at t0. However, when 
using the CD at t60, the opposite is seen.  

The use of the apparent permeability does not clarify the transport of CPZ in the 
Caco-2 cell system. Nonetheless, the Papp calculated with the CD at t0 and t60 may give a 
lower and upper bound Papp-value. In an article by Liu et al. (2010) the concentration in 
the donor at the beginning and at the end of the Caco-2 permeability experiment were 
used to calculate the apparent permeability. The authors state that this led to a range that 
seemed to give a better absorption prediction for the compounds they tested.  

In literature, the CD at t0 is used for the calculation of the Papp for chlorpromazine. 
Papp values were reported for the absorptive transport ranging from 9.1*10-6 cm/s 
without BSA to 31.9*10-6 cm/s in the presence of BSA (Aungst et al. 2000). This is 
comparable to the Papp values we calculated with the CD at t0 (see Table 4). 

In the absorptive transport direction in the presence of BSA, the Papp increased with 
increasing CPZ test concentrations. The same effect was shown for azasetron by Tamai et 
al. (1997). They indicated that the involvement of a specific influx transporter could 
explain this effect. It was shown that both influx and efflux transporters are present in the 
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Caco-2 cell monolayers (Calcagno et al. 2006, Hilgendorf et al. 2007). It is possible that an 
influx transporter is involved in the absorptive transport of chlorpromazine.  

All experiments were performed at pH 7.4 on both sides of the Caco-2 cell system. 
CPZ has a pKa of 9.3 and at a pH of 7.4 the compound is almost completely ionised 
(98.8%).  It is believed that only the neutral form is capable of passing the membrane. 
However, the transport rates found in this study are relatively high. In general, it is 
believed that charged molecules can use the paracellular pathway. However, contribution 
of this pathway is very small, because the pores only represent a very small part of the 
intestinal surface (Schreiber et al. 2007).  

Conclusion 

Our results indicate that transport in a Caco-2 cell system is not always straightforward. 
Different processes can occur once the test compound is added to the system leading to a 
change in concentration in the donor or acceptor compartments in the system. The 
compound can bind to the plastic, to medium components and can remain inside the 
Caco-2 cells. The sorption phenomena are related to physico-chemical properties of the 
test compound and will become more important for lipophilic compounds. In addition to 
sampling the medium, the cells and well plastic should be sampled to obtain a complete 
picture of the behaviour of the compound in the test system.  

In the appendix we showed that even under ideal conditions, the transport process is 
still rather complex. One of the important features is the partition of substances into the 
cells. This causes the increase in the receiver compartment initially to be quadratic over 
time. Formally this implies that the apparent permeability is initially zero. So, another 
recommendation could be to model the experiment and compare experimental results 
with modelling results. However, this requires on the one hand a correct mass balance 
and on the other hand experimental duration that allows for reliable model parameter 
estimation. In conclusion, our data show that especially with lipophilic compounds, 
detailed kinetic information about the actual concentrations in the different 
compartments is necessary for a reliable interpretation of the transport data.  

Abbreviations 

BSA, Bovine Serum Albumin; CPZ, chlorpromazine; DMEM, Dulbecco’s Modified Eagle 
Medium; FBS, Fetal Bovine Serum; F(cum), cumulative fraction transported; HBSS, Hank’s 
Balanced Salt Solution; LY, Lucifer Yellow; nd-SPME, negligible depletion-solid phase 
microextraction; NEAA, Non-Essential Amino Acids; Papp, apparent permeability; PBS, 
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Phosphate Buffered Saline; RFU, relative fluorescence units; TEER, trans epithelial 
electrical resistance.     
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Supporting information 

Theoretical Model 

With the quantities Qa, Qb, Qc (µmol) of CPZ in apical medium, basolateral medium and 
cells, respectively, the mass balances read: 

dQa

dt
= -P × A × (Ca/Ra- Cc/Rc) 

dQc
dt

=P × A × �Ca Ra⁄ - Cc/Rc�-P × A × �Cc Rc - Cb Rb⁄⁄ �                 (1) 

dQb

dt
=P × A × (Cc Rc- Cb Rb⁄⁄ ) 

Here, C’s (µM) (C = Q/V) denote concentrations in the respective compartments, R’s 
partition coefficients, P is the cells membrane permeability (cm/s, assumed to be equal for 
apical and basolateral membrane layer) and A (cm2) is the area of the cell layer.  
 The first line of equation (1) models transfer of CPZ between the apical and cell 
compartments, as does the first term at the right hand side of the second line, the second 
term in that line at the right hand side models CPZ transfer between the cell and 
basolateral compartment.  
 The partition coefficient Ra of the apical compartment models sticking to plastic 
of CPZ, assumed to be proportional to plastic surface area with proportionality σ  (-/cm2): 

Ra=1+ σ × Sa         (2) 

with Sa the plastic surface area (cm2) at the apical side. 
 Likewise, the partition coefficient Rb of the basolateral compartment models 
sticking to plastic of CPZ and, if BSA is added, bound to albumin 

Rb= 1 + σ × Sb+ KBSA × [BSA]    (3) 

The partitioning of CPZ to cells will mainly be caused by lipid:water partitioning due to the 
cell’s lipid fraction and possibly by binding to cell proteins. 
The model equations are solved numerically by the ACSL-package. 
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Model parameters 

The experimental model parameter values used are Va = 0.4 mL, Vb = 1.5 mL and well 
diameter D = 1.2 cm. The resulting plastic surface area at the apical side is about 1.3 cm2 
and at the basolateral side about 6.1 cm2 (inclusive the well bottom, ignoring the grid 
supporting the cell layer) 
Assumed model parameters are P = 1.0 × 10-4 cm/s, σ = 0.15 (-/cm2), cell height H = 1 µm 
and cell:medium partition Rc = 2000. As we will simulate transport without BSA, [BSA] = 0. 

Model results 

Figure S1. Absorptive transport: simulated time course of percentage CPZ in the four compartments. 
Apical medium  ■  ; basolateral medium  ●  ; cell layer - - ; plastic  - - . At t = 0 equilibrium between 
apical medium and plastic is assumed and about 64% CPZ is in apical medium and 16% on plastic, 
together 80% (20% has been lost). At the end, about 40.5% is in the apical compartment, 9.5 % in 
the basolateral compartment, 13% in the cells and 17% on plastic (sum of CPZ on plastic at apical 
and basolateral side). 
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Abstract 

The extrapolation of in vitro to in vivo toxicity data is a challenge. Differences in sensitivity 
between cell systems may be due to intrinsic properties of the cell but also because of 
differences in exposure. In this study, the cytotoxicity and biokinetics of the antipsychotic 
chlorpromazine (CPZ) were studied in in vitro assays using different cell types and 
exposure conditions. Different dose metrics were assessed to express the sensitivity to 
CPZ. The biokinetics of CPZ were measured in cell cultures of Balb/c 3T3, Caco-2 and 
HepaRG cells. Cytotoxicity was measured by Alamar Blue and expressed using different 
dose metrics, including the nominal, measured total and measured free CPZ medium 
concentrations. CPZ was taken up by the cells; the highest amounts in the cell 
compartments were found in the Caco-2 and HepaRG cells. CPZ was highly protein-bound 
in the Caco-2 cell medium containing 10% fetal bovine serum, resulting in lower 
bioavailable exposure concentrations.  Moreover, also uptake into the cells strongly 
influenced the concentration in the medium. The Balb/c 3T3 cells were the most sensitive 
to the toxic effect of CPZ. The use of different dose metrics influenced the cytotoxicity 
results found in the three cell types. The data show that in comparing the sensitivity of the 
tested cell systems, the freely dissolved concentration is a more appropriate dose metric 
than total concentration in the medium. The ranking in sensitivity of the three cell types 
for CPZ was dependent on the dose metric used. 

Introduction 

Within Europe the REACH legislation (Registration, Evaluation and Authorization and 
restriction of CHemicals), installed in 2007, requires additional tests for ‘existing’ and 
‘new’ chemicals that are produced in high volumes (EC 2006). The number of animal tests 
needed to provide full information on the chemicals is estimated to be 2.6 to 3.9 million 
depending on the implementation of alternative testing methods (Van der Jagt et al. 
2004). Besides the REACH legislation, animal experiments are also needed in the pre-
clinical part of the development phase for new chemical entities. Both for REACH as in the 
development of pharmaceuticals, information should be provided on different 
toxicological endpoints, including acute and chronic toxicity, eye and skin irritation, 
kinetics, reproduction toxicity and genotoxicity (Lilienblum et al. 2008). For several of 
these studies in vitro assays are in the testing guidelines of the OECD for regulatory use, 
e.g. 3T3 NRU phototoxicity assay, embryonic stem cell test and whole embryo culture, the 
Ames test and cell transformation assays (Lilienblum et al. 2008, Punt et al. 2011). 
Alternatives for all toxicity end points are not available yet, but improving the already 
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existing ones might reduce the use of laboratory animals (Spielmann et al. 1999, ICCVAM 
2001). 

For acute toxicity studies, in vitro tests can be performed aimed at measuring the 
cytotoxicity (Eisenbrand et al. 2002). Results from these in vitro tests may assist in 
selecting the test concentrations for the in vivo studies (Spielmann et al. 1999, ICCVAM 
2001, Gülden and Seibert 2003). Different cell lines can be used in the in vitro experiments 
aimed at studying multiple toxicity parameters. However, discrepancies are often seen in 
the results obtained with the different cell types (Gülden et al. 2005). Possible reasons for 
these differences are specific cell properties, the use of different end points and the set-
up of the cell assay, including differences in exposure conditions and spiking procedures 
(Gülden et al. 2001, Schirmer 2006, Gülden et al. 2010, Tanneberger et al. 2010, Kramer et 
al. 2012). The differences complicate the interpretation and extrapolation of the results 
found. 

The end point most often used in cytotoxicity assays is basal cytotoxicity often 
expressed by a 50% effect concentration (EC50-value). In most cases, EC50s are based on 
nominal concentrations that are calculated from the amount added to the cell system.  
This nominal concentration might not reflect the concentration of test compound to which 
the cells are actually exposed (Gülden et al. 2002, Heringa et al. 2004). The compound can 
bind to serum proteins in the medium, can bind to the well plastic and can evaporate 
(Heringa et al. 2004).  

Recent studies into the factors influencing the bioavailable amount of compound in 
in vitro assays have shown that the amount of proteins in the medium and the amount of 
cells present in the in vitro system play an important role (Seibert et al. 2002, Gülden et al. 
2010, Kramer et al. 2012).  These factors are not routinely taken into account (Gülden et 
al. 2003a). In a number of studies, however, actual and also freely dissolved 
concentrations are measured (Heringa et al. 2004, Tanneberger et al. 2010, Kramer et al. 
2012). Besides that, also new exposure systems have been developed and applied where 
the concentration in the test system is kept constant (Kramer et al. 2010, Smith et al. 
2010). In addition to these developments in the experimental work itself, exposure 
modelling, in combination with quantitative structure-activity relationships, represents a 
powerful tool to predict the actual exposure in in vitro tests (Vaes et al. 1998, DeBruyn 
and Gobas 2007, Endo and Goss 2011). 

For the determination of EC50s, researchers have often focused on nominal 
concentrations as the dose metric. Not only the topic of nominal concentrations versus 
measured concentrations is an issue in the interpretation of the outcome of an in vitro 
test, but also the selection of a suitable dose metric is an important aspect in analysing 
dose-effect relationships. For example, in a test where the concentration decreases over 
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time, one may select the concentration of the test compound at the beginning of the 
exposure, at the end of the exposure, or the mean of the concentrations at the beginning 
and the end (Knöbel et al. 2012). Other examples of dose metrics are peak concentrations 
or “areas under the curve” (AUC). The selection of a certain dose metric is also related to 
the mode or mechanism of action (Reinert et al. 2002, Gülden et al. 2010, Louisse et al. 
2010).  

In this study, the cytotoxicity and biokinetics of the model compound chlorpromazine 
hydrochloride (CPZ) were studied in cytotoxicity assays with Balb/c 3T3 cells, Caco-2 cells 
and HepaRG cells. CPZ was chosen because it is a lipophilic compound (apparent LogPC(n-

octanol/water) is 3.16 at pH=7.4) that is ionised at a physiological pH (pKa = 9.3) (Sawada et al. 
1994).  It is highly protein bound in vivo (Sawada et al. 1994, Aungst et al. 2000) and in 
vitro (Sawada et al. 1994, Broeders et al. 2012) and for these reasons it is an interesting 
compound to compare the three different cell types with each other. 

The Balb/c 3T3 fibroblasts are often used to determine basal cytotoxicity (ICCVAM 
2001), but these are murine cells and the use of human cell lines (for extrapolation to the 
human situation) is encouraged. Therefore, two human cell lines (Caco-2 cells and HepaRG 
cells) were included as well. The Caco-2 cells represent intestinal cells and the HepaRG 
cells are a human liver cell line. In addition to different cell properties, the medium 
composition (presence of serum) used in the different cell lines played an important role 
in selecting these cells. 

Differences in apparent sensitivity to CPZ within the three cell lines tested can be 
caused by (i) differences in exposure (kinetics), (ii) differences in biotransformation and 
(iii) differences in intrinsic sensitivity (presence of a specific receptor). Differences in 
biotransformation can influence the sensitivity to the test compound in two ways: 
inactivation of the compound decreases the toxic effect; activation into toxic metabolites 
will increase the sensitivity of the cells to the compound. In this study we focus on the 
potential influence of differences in biokinetics and try to identify to what extent 
differences in the actual exposure and the change in exposure over time may explain 
differences in the observed effect concentrations (EC50) in the three cell assays. For that 
reason, besides measuring the cytotoxicity, the exposure in the three cell systems was 
measured in detail by measuring the total and freely dissolved concentrations in the 
medium as well as the amounts accumulated in the cells. Freely dissolved concentrations 
were measured by negligible depletion-solid phase microextraction (Broeders et al. 2011). 
Furthermore, the amount of cells was determined to correct the results for the different 
cell assays. The results show that medium composition, the number of cells and the dose 
parameter used influence the cytotoxicity results. 
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Material and methods 

Chemicals and solutions 

Dulbecco’s Minimum Essential Medium (DMEM), Williams’ E medium, fetal bovine serum 
(FBS), newborn calf serum (NCS), penicillin, streptomycin, sodium pyruvate (100 mM), L-
glutamine (200 mM), MEM non-essential amino acids (NEAA, 100x), phosphate buffered 
saline (PBS, 10x), trypsin-EDTA (0.05% - 0.2g/L), Hank’s Balanced Salt Solution (HBSS), 
HEPES buffer and Alamar Blue were from Invitrogen (Breda, The Netherlands). 
Chlorpromazine hydrochloride, DMSO, hydrocortisone 21-hemisuccinate (10 mM in 
distilled water), bovine serum albumin (BSA, lyophilised powder ≥96%), fluorescamine 
(≥98% TLC), insulin (1 mM in acidified distilled water), formaldehyde solution 37% wt % in 
H2O and calcium chloride (CaCl2, ≥96%) were purchased from Sigma-Aldrich (Zwijndrecht, 
The Netherlands). Methanol HPLC grade 99.9% purity was from Labscan (Dublin, Ireland), 
acetone was from Interchema (Zwolle, The Netherlands) and orthophospohoric acid 85% 
HPLC-grade was from VWR Prolabo (Amsterdam, The Netherlands). Deionised water was 
prepared with a Millipore water purification system with an organic free kit (Millipore 
Water, Amsterdam, The Netherlands). 

Cell culture 

The murine fibroblast cell line Balb/c 3T3 was purchased from American Type Culture 
Collection (ATCC, CCL-163, Manassas, VA). These cells were cultured in DMEM 
supplemented with 10% NCS, 110 mg/L sodium pyruvate, 100 U/mL penicillin and 100 
μg/mL streptomycin. For the cytotoxicity assays, the cells were plated on 12-well plates 
(Greiner Bio-One, Alphen aan den Rijn, The Netherlands) at a seeding density of 1.5*104 
cells/well. The cells were cultured on the plate for 24 hours in the culture medium 
containing 10% NCS (ICCVAM 2006). 

The human intestinal cell line Caco-2 was from ATCC (HTB-37) and was cultured in 
DMEM supplemented with 10% FBS, 2 mM L-glutamine, 1x NEAA, 1mM sodium pyruvate, 
100 U/mL penicillin and 100 μg/mL streptomycin. For the cytotoxicity assays, the Caco-2 
cells were plated on 12-well plates at a seeding density of 2.6*104 cells/well. The cells 
were cultured on the plate for 1 week; culture medium was refreshed twice (Konsoula and 
Barile 2005). 

The human liver cell line HepaRG was purchased from Biopredic International 
(Rennes, France, HPR101002). The HepaRG cells were routinely cultured in Williams’ E 
medium supplemented with 10% FBS, 50 μM hydrocortisone 21-hemisuccinate, 5 μg/mL 
insulin, 100 U/mL penicillin and 100 μg/mL streptomycin. The cells were passaged every 
10 to 14 days and medium was refreshed twice weekly. For the cytotoxicity assays, the 
HepaRG cells were plated on 12-well plates at a seeding density of 1*105 cells/well. The 
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cells were cultured on the plates for 4 weeks and after 2 weeks 2% DMSO was added to 
the medium to induce differentiation of the cells (Jossé et al. 2008). 

Cytotoxicity assays 

The stock solution of CPZ (2.8 mM) was made in Millipore water. For the cytotoxicity 
assays different CPZ test concentrations (1.7 – 405 µM) were prepared in medium. The 
Caco-2 cell assay medium contained 10% FBS, the Balb/c 3T3 cell assay medium contained 
5% NCS (half of the serum used to culture these cells) and the HepaRG cell assay medium 
contained no serum. 

The CPZ test concentrations were added to the cells (2 mL/well) and incubated for 48 
hours (Balb/c 3T3 and Caco-2 cells) or 72 hours (HepaRG cells). Cell viability was measured 
by Alamar Blue (diluted 20x) in medium without any supplements or phenol red (Goegan 
et al. 1995). To each well, 500 μL Alamar Blue medium was added and incubated for 30 to 
60 minutes (dependent on which cell line was used). Fluorescence was measured using a 
TECAN infinite M200 (Männedorf, Switzerland) at 530 nm excitation and 595 nm emission 
and the EC50 was determined using GraphPad Prism 5.04 (GraphPad Software Inc, San 
Diego, CA). Three independent experiments were performed with each cell line to obtain 
three biological replicates. Within each experiment, three technical replicates were 
carried out for each test condition. 

Measurement of exposure concentrations 

Medium samples were taken from the test solution (t0) and from the wells after the 
exposure (tend after 48 or 72h). To remove the proteins, three volumes of cold methanol 
were added to one volume of sample. This was mixed on an IKA MS 1 minishaker (IKA, 
Staufen, Germany) and placed in a centrifuge for 5 minutes at 2500 rpm and 4°C (Beckman 
Coulter Allegra X12-R, Beckman Coulter, Woerden, The Netherlands). The supernatant 
was used for the HPLC analysis. 

After taken the medium samples, the wells were washed with PBS. Next, trypsin-
EDTA was added to the wells and after the cells detached they were transferred to auto 
sampler vials with 25% Millipore water; 75% methanol. The vial was mixed on a vortex and 
put in the centrifuge for 5 minutes at 2500 rpm. The supernatant was transferred to a new 
auto sampler vial. 

After removal of the cells, the wells were washed with PBS and 2 mL/well methanol 
was added. The plate was covered with parafilm and aluminium foil and was incubated on 
a rocking platform (VWR, Amsterdam, The Netherlands) for 1.5 hours. Samples were taken 
to determine the plastic binding of CPZ: to three volumes of sample, one volume of 
Millipore water was added. 
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To determine the amount of protein (cells) present in each of the test systems, a 
fluorescamine assay was performed (Udenfriend et al. 1972). Before and after exposure to 
CPZ, the protein content of the wells was measured. The wells were washed with PBS (2 
mL/well) and washed with 1 mL/well fixative (1 L Millipore water + 6.75 mL formaldehyde 
+ 5 g CaCl2). Then, 0.6 mL/well Millipore water was added and the plates were placed in 
the freezer (-20°C) for at least 1 hour. After freezing, 1.2 mL/well PBS was added and 0.6 
mL/well fluorescamine solution (0.3 mg/mL fluorescamine in acetone). The plates were 
covered with aluminium foil and placed on a rocking platform for 5 minutes. For the 
calibration curve, standards of BSA in Millipore water were made (0-1 mg/mL) and placed 
in a new 12-well plate. To this, PBS (1.2 mL/well) and fluorescamine solution (0.6 mL/well) 
were added and the plate was shaken for 5 minutes. The fluorescence was measured with 
a TECAN infinite M200 at 360 nm excitation and 460 nm emission. These fluorescamine 
measurements were performed with three technical replicates for each test condition and 
three independent biological replicates.  

To derive free concentration values in the in vitro systems, the free CPZ medium 
concentrations were determined in a separate experiment by nd-SPME in HBSS + HEPES 
Buffer (pH 7.4) to which either 5% NCS or 10% FBS was added. The volume of medium in 
the wells was too low to measure the free concentration directly in the cell system itself 
via negligible depletion-solid phase microextraction. More details about this procedure 
can be found in Heringa and Hermens (2003). HBSS was used instead of complete 
medium, because additives present in the medium interfered with the measurements. 
Polyacrylate coated fibers (30 µm, 1.5 cm length, non-conditioned) were added to amber 
coloured vials containing 7 mL of the test solution. The fibers were exposed for 72 hours 
on a roller mixer SRT9 (Stuart, Omnilabo, Breda, The Netherlands) at 40 rpm and room 
temperature. After exposure, chlorpromazine was measured in the medium and the fibers 
(Broeders et al. 2011). The isotherm used to calculate the free concentration was 
performed in HBSS (no serum) with different CPZ concentrations. 

All samples were stored at -20°C until analysis. The HPLC method used to measure 
the samples can be found in Broeders et al. (2011). Calibration points for CPZ were made 
in mobile phase and in 25% medium (no serum); 75% methanol. 
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Results 

Measured exposure concentrations and biokinetics in the three cell systems 

The CPZ concentration in the medium was measured at the beginning (t0) and at the end 
(t48 or t72) of the exposure. The measured concentrations at t0 were higher than the 
nominal concentrations. Figure 1 and Table 1 show that in the Caco-2 and HepaRG cell 
cultures, the concentration in the medium was lower at the end of the exposure 
compared to t0. For the Balb/c 3T3 cell cultures, the concentrations in the medium 
remained relatively constant. Concentrations where significant effects (>25% cell death) 
occurred are marked.  

Figure 1. CPZ concentration in the medium in the three cell systems: nominal and total measured 
concentration at the beginning (t0) and end (t48 or t72) of the exposure. The measured total 
concentrations were obtained with three independent experiments, mean and SD are shown. 
Concentrations with substantial cytotoxicity (cell death >25%) are marked with †.  

Table 1. CPZ concentration in the medium in the three cell systems: nominal and total measured 
concentrations (µM) at the beginning (t0) and end (t48 or t72) of the exposure. 

Nominal 
CPZ concn 

Balb/c 3T3 cells Caco-2 cells HepaRG cells 
t0 t48 t0 t48 t0 t72 

1.7 uM 2.8 (1.0) 2.5 (0.9) - - 3.0 (0.3) 0.8 (0.4) 

5 uM 7.0 (2.2)  6.0 (1.8) † 8.3 (0.7) 3.2 (0.5) 7.2 (1.5) 1.1 (0.3) 

15 uM 18.8 
(4.8)  

17.6   
(4.7) † 

20.7 
(4.0) 

10.6 
(4.3) 

20.0 
(5.7) 

3.6  
(1.5) 

45 uM 60.9 
(2.6)  

53.3 
(12.9) † 

58.3 
(10.7) 

40.7 
(18.2) † 

61.4 
(19.6) 

47.0 
(25.6) † 

135 uM 167.7 
(36.6) 

163.1 
(38.5) † 

171.8 
(47.8) 

147.6 
(20.3) † 

178.9 
(64.4) 

154.7 
(64.8) † 

405 uM - - 496.8 
(144.6) 

421.1 
(99.2) † 

- - 

Mean (SD) are shown for three biological replicates.  
Data where substantial cytotoxicity was observed (cell death >25%) are marked with †. 
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In order to normalise the concentrations that were found in the cells, the amount of 
protein was measured at the start (t0) and end (tend) of the assays and the data are 
presented in Table 2. The highest cell content was found in the Caco-2 cells, followed by 
the HepaRG cells. For the Balb/c 3T3 cells, the cell content could be detected only at three 
CPZ concentrations. The wells did not contain enough cells to obtain protein measures by 
the fluorescamine method. In particular when (partial) cell death occurs, the amount of 
cells (and subsequent protein content) clearly decreased.  

Table 2. Amount of protein present in the different cell cultures (mg protein/well) 
Time −  CPZ 
concentration (µM) 

Balb/c 3T3 
cells 

Caco-2 
cells 

HepaRG 
cells 

t0 – 0 µM <a 1.30 (0.81) 0.62 (0.22) 

tend – 0 µM 0.19 (0.10) 1.06 (0.21) 0.51 (0.08) 

tend – 1.7 µM 0.16 (0.09) n.a. 0.49 (0.07) 

tend – 5 µM 0.15 (0.04)† 0.98 (0.53) 0.57 (0.07) 

tend – 15 µM < † 0.89 (0.36) 0.59 (0.05) 

tend – 45 µM < † 0.53 (0.22)† 0.12 (0.10)† 

tend – 135 µM < † < † 0.12 (0.07)† 

tend – 405 µM n.a.b 0.17 (0.07)† n.a. 

Mean (SD) are shown for 3 biological replicates. 
abelow limit of quantification. 
bnot applicable, concentration not measured in specific cell culture. 
Data where substantial cytotoxicity was observed (cell death >25%) are marked with †. 

The amount of CPZ was measured in the medium at t0 and tend, and the amount in 
the cells and bound to plastic were measured after the exposure. Because the amount 
added to the systems (as measured at t0) was known, the percentage of CPZ in each of the 
compartments (medium, cells, plastic) after the exposure could be calculated. The 
distribution of CPZ in the three cell cultures is shown in Figure 2. For the Balb/c 3T3 cells, 
most of the CPZ added was found in the medium. CPZ measured in the Balb/c 3T3 cell 
compartment decreased from 10 to 1% with increasing CPZ concentrations. For the Caco-2 
cells, 40% of CPZ was found in the medium with non-toxic CPZ concentrations, increasing 
to almost 90% with toxic CPZ concentrations. The percentage found in the Caco-2 cell 
compartment decreased from 50% with non-toxic concentrations to 4% with the highest 
CPZ concentration. The HepaRG cells showed a similar trend: the percentage in the 
medium increased from 20 to 86% with increasing CPZ test concentrations, the 
percentage in the cell compartment decreased from 90 to 11%. Plastic binding was low in 
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all three systems (up to 5% of the CPZ added) and complete mass balances were found 
(97.7±7.3%) for the three cell types. 

Figure 2. Distribution of CPZ at t48 for the Balb/c 3T3 cells and Caco-2 cells and at t72 for the HepaRG 
cells. Mean and SD are shown for 3 independent experiments.  Concentrations with substantial 
cytotoxicity (cell death > 25%) are marked with †. 

The ratio free CPZ concentration versus total concentrations in the test medium was 
measured by nd-SPME in separate experiments. The unbound fractions of CPZ in the 
Balb/c 3T3 cell assay medium and in the Caco-2 cell culture medium are shown in Table 3. 
The free fraction of CPZ was not measured in the HepaRG cell medium and was set at 1.0 
because there is no matrix (proteins) present in the medium that can bind CPZ. In the 
Balb/c 3T3 cell medium (5% NCS), 15-32% of chlorpromazine added to the medium was 
protein bound. For the Caco-2 cells (10% FBS), about 80% of CPZ added to the medium 
was bound to proteins present in the serum. But with the highest CPZ concentration of 
405 µM, the percentage of CPZ bound to proteins decreased to 20%. These fractions 
unbound were applied to estimate the freely dissolved concentrations in the cytotoxicity 
assays. 

Table 3. The unbound fraction of CPZ in Balb/c 3T3, Caco-2 and HepaRG cell medium used in the 
cytotoxicity experiments.  

 Fraction unbound 
Nominal CPZ test 

concentration (µM) 
Balb/c 3T3 cells       

(5% NCS) 
Caco-2 cells       
(10% FBS) 

HepaRG cellsc   
(no serum) 

1.7 n.d.a n.a.b 1.0 

5 n.d. n.d. 1.0 

15 0.68 (0.10) n.d. 1.0 

45 0.85 (0.03) 0.21 (0.02) 1.0 

135 0.79 (0.01) 0.23 (0.03) 1.0 

405 n.a. 0.80 (0.08) n.a. 

Mean (SD) are shown for three technical replicates. 
an.d. = not detectable 
bn.a. = not applicable (concentration not tested in that specific cell system) 
cFree fractions were not measured in this medium, but assumed to be 1. 
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Cytotoxicity of CPZ in three cell types 

The cytotoxicity of chlorpromazine was tested with three different cell lines. The results 
shown in Figure 3 are based on the total measured CPZ medium concentrations at the 
beginning of the exposure (Cm t0). Figure 4 shows the cytotoxicity data for CPZ when using 
the total and the free CPZ concentration in the medium measured at t0. The free 
concentrations displayed in this Figure were estimated from the fractions unbound 
measured in a separate experiment. Mean values for these fractions were used for the 
CPZ concentrations where the free fraction could not be detected (below limit of 
detection): 0.77 for the Balb/c 3T3 cells; 0.22 for the Caco-2 cells. The curve shifts to the 
left when the free concentration is used, since the free CPZ concentration is lower than 
the total CPZ concentration. This shift was also reflected by the EC50-values found for the 
total and free CPZ concentrations.  

Figure 3. The toxicity of chlorpromazine in Balb/c 3T3, Caco-2 and HepaRG cells using the measured 
total medium concentrations at t0 (mean and SD are shown for 3 biological replicates). 

Figure 4. Cytotoxicity of CPZ in Balb/c 3T3 cells and Caco-2 cells based on the total measured CPZ 
concentration at t0 (♦) and the free CPZ concentration at t0 (). Mean and SD are shown for three 
independent experiments. 

EC50-values were calculated based on different dose parameters, including the 
nominal medium concentration (Cm), the measured medium concentration at t0 and at t48 
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or t72, the mean medium concentration (t0-tend) and the freely dissolved concentration at 
t0 (Table 4). All parameters show that the Balb/c 3T3 cells are the most sensitive to 
chlorpromazine, followed by the HepaRG cells and the Caco-2 cells. 

Table 4. EC50-values (µM) for the total and free CPZ concentrations in the three cell systems 
Cell line Nominal 

Cm t0 
Measured Cm 

t0 
Measured Cm 

tend 
Measured mean 

Cm t0-tend 
Measured 
free Cm t0 

Balb/c 3T3 7.9 (1.1) 12.9 (1.1) 11.5 (1.1) 12.2 (1.1) 8.8 (1.1) 

Caco-2 73.9 (1.2) 95.2 (1.2) 71.5 (1.3) 83.6 (1.2) 21.2 (1.3) 

HepaRG 20.1 (10.9) 27.5 (13.4) 10.0 (1.7) 19.7 (2.8) 27.5 (13.4) 

Mean (SD) are shown for n=3. 

Discussion 

Exposure concentrations and biokinetics in the three cell systems 

Concentrations in the medium decreased during the exposure (Fig. 1 and Table 1). Total 
concentrations were higher than nominal concentrations. The higher concentrations 
measured compared to the nominal ones were most likely caused by a too high stock 
concentration, since all concentrations were too high and they were prepared by serial 
dilutions.  

It is obvious that the decrease is related to uptake into the cells as the concentration 
in the medium remained stable at the high CPZ concentrations that caused toxicity and 
hardly any cells were left in the well plate (Table 2). It is also clear from Figure 1 that the 
decrease in the medium concentration was higher in the test systems with the higher cell 
densities (Caco-2 and HepaRG). Because of the higher number of cells in these two assays, 
the amount of CPZ found in the cell compartment was also higher as shown in the mass 
balances (Figure 2). 

The highest percentage of CPZ in the cell compartment was found in the HepaRG cell 
culture. This cell line has the highest seeding density and is cultured for 4 weeks before 
exposure in the cytotoxicity assay. However, fluorescamine measurements showed that 
the Caco-2 cell cultures contained the highest amount of cells. When expressing the 
amount of CPZ measured in the cell compartment per amount of cell, the HepaRG cells 
contained the most CPZ per mg cell (data not shown). This phenomenon is very likely due 
to an effect of protein binding on bioavailability. Although the total concentration in the 
medium at the end of the exposure is higher in the Caco-2 cell assay in comparison to the 
HepaRG cell assay, the unbound fraction is only 20% in the Caco-2 cell system (Table 3) 
while this is 100% in the HepaRG cell system. Thus relatively more compound is available 
for uptake in the HepaRG cell system. 
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Another factor that can play a role is the ionization of chlorpromazine. The pKa of 
CPZ is 9.3, which means that at a physiological pH of 7.4, 98.8% of CPZ is ionised. 
Measurements showed that the pH of the Caco-2 and Balb/c 3T3 cell medium was 7.4, but 
the HepaRG cell medium had a pH of 8.8. At this pH, 76% of CPZ is ionised, which is lower 
than in the other two cell media. The degree of ionization will affect uptake into the cells 
and this may explain the higher uptake into the HepaRG cells. More detailed studies will 
be needed to get more understanding of these differences in uptake. Almost complete 
mass balances (97.7 ± 7.3%) were found for all three cell systems. This was not expected 
for the HepaRG cells, since this is a liver cell line that is known to be capable to metabolise 
(Aninat et al. 2006). No decrease in parent compound was seen and no additional peaks 
were observed in the chromatograms. Chlorpromazine is metabolised by cytochrome 
P450 enzymes, predominantly 3A4 and 2D6. These enzymes have been measured in 
HepaRG cells, although 2D6 at low levels (Aninat et al. 2006, Guillouzo et al. 2007). The 
HepaRG cells are very sensitive to culture conditions for differentiation; therefore, it is 
possible that during culture the cells did not differentiate to their full potential.  

Plastic binding was low and comparable in all three cell systems (≤5% of total CPZ 
added). In the HepaRG cells, no serum is present in the medium in contrast to the medium 
used for the Balb/c 3T3 cells (5% NCS) and the Caco-2 cells (10% FBS). Because no 
differences were found between the three cell systems, the presence of serum in the 
medium does not seem to play a role in binding of CPZ to plastic, while it was expected 
that the addition of serum would stabilise the solution and decrease the plastic binding.  

Cytotoxicity and dose parameters 

The cytotoxic potential of chemicals is usually expressed via EC50-values. Table 4 lists EC50s 
in the three cell systems calculated using a number of dose metrics, including nominal, 
measured total concentrations and measured freely dissolved concentrations. The 
measured total medium concentrations were higher than the nominal concentrations and, 
therefore, the corresponding EC50-values were higher for the measured medium 
concentrations at t0.  Because the concentrations decrease during the test, we also 
calculated EC50s based on measured concentrations at the start (t0), at the end (tend) and 
based on mean concentrations ((t0+tend)/2). Differences in these EC50s are relatively minor 
(less than 25%), except for the HepaRG cells where the differences are more than a factor 
2. It is not possible at this stage to state which dose metric would be the more 
appropriate. Under fluctuating concentrations, one may argue that the highest test 
concentration (the peak concentration) may be the most relevant one. On the other hand, 
also a parameter such as the “area under the curve” (AUC) could be more appropriate. 
Which dose parameter is the most appropriate one also depends on the mode of action 
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(Reinert et al. 2002). For non-specific modes of action, a peak concentration could be 
more relevant, while for irreversible interactions, the AUC is theoretically more suitable 
(Legierse et al. 1999, Verhaar et al. 1999). Overall, the amount of compound that is 
present inside the cells might be the most appropriate parameter, since this is the amount 
that can exert the effect. 

Table 4 also lists the EC50-values based on measured freely dissolved concentrations 
from the start of the experiment. Here we see much larger differences, in particular for 
the Caco-2 cells where the highest protein binding was found and where the EC50 drops 
with 80%.  It is obvious that the differences in EC50s between the three cell systems 
depend on the dose parameter or dose metric that is applied. Based on nominal and 
measured total concentrations, the Caco-2 cells seem much less sensitive than the other 
two cell types (EC50 is 4-9 times higher). This difference in sensitivity is almost completely 
removed when we look at the EC50s that are based on measured freely dissolved 
concentrations. Based on the dose metric “free concentrations”, the HepaRG cells have 
the lowest sensitivity.  

For all dose parameters that are applied, the Balb/c 3T3 cells seem the most 
sensitive. In the cytotoxicity assay with Balb/c 3T3 cells, the cells are still proliferating 
when they are exposed to the test compound. This is in contrast to the other two cell lines 
that have formed a monolayer and have differentiated before they are exposed. The 
lower EC50-values found for the Balb/c 3T3 cells could be explained by a higher sensitivity 
of cells in the proliferation phase. 

The ranking of the three assays from low to high sensitivity (high to low EC50) clearly 
depends on the applied dose metric: 
- Nominal concentration: Caco-2 < HepaRG < Balb/c 3T3 
- Total concentration in the medium at t0: Caco-2 < HepaRG < Balb/c 3T3 
- Freely dissolved concentration in the medium at t0: HepaRG < Caco-2 < Balb/c 3T3 

When comparing the calculated EC50-values in the three cell types, especially based 
on the free CPZ concentrations, it becomes clear that the values are close together. No 
large differences were seen between the three cell types. This indicates that the effect 
caused by CPZ is basal cytotoxicity. This was also reported by Wang et al. (2002) and 
Mingoia et al. (2007) , who reported basal cytotoxicity effects of CPZ in different cell 
systems. 

Sensitivity of an assay is often analysed via the EC50-value. However, one should 
realise that differences in reported EC50s may also be related to differences in exposure 
and the specific dose metric that is applied. Nominal concentrations are often not the 
most appropriate dose parameter. Measured total concentrations of a chemical in the 
medium may be more suitable, but for compounds that are bound to serum proteins, total 
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concentrations may not be the most appropriate dose metric because it does not 
represent the concentration that is bioavailable to the cells. The freely dissolved 
concentration is a more suitable dose metric in those cases.  

In this study, we have measured the exposure in three in vitro assays in detail and 
related the observed cytotoxicity to the measured concentrations by applying several 
different dose metrics. From the presented data, we can formulate a number of 
observations and conclusions that are relevant for the analysis and interpretation of the 
outcome of the in vitro tests: (i) the concentration in the medium may decrease over time 
simply due to uptake into the cells, (ii) the decrease in medium concentration will be 
higher in an in vitro test with a higher cell density, (iii) the decrease in medium 
concentration over time will be lower at dose levels where cytotoxicity occurs, (iiii) 
conclusions about differences in sensitivity between cell systems based on nominal or 
even measured total concentrations often do not represent the differences in intrinsic 
sensitivity. 
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Abstract 

Since drug induced liver injury is difficult to predict in animal models, more representative 
tests are needed to better evaluate these effects in humans. Existing in vitro systems hold 
great potential to detect hepatotoxicity of pharmaceuticals. In this study, the in vitro 
biokinetics of the model hepatotoxicant chlorpromazine (CPZ) were evaluated in three 
different liver cell systems after repeated exposure in order to incorporate repeated-dose 
testing into an in vitro assay. Primary rat and human hepatocytes, cultured in sandwich 
configuration and the human HepaRG cell line were treated daily with CPZ for 14 days. 
Samples were taken from medium, cells and well plastic at specific time points after the 
first and last exposure. The samples were analysed by HPLC-UV. Based on cytotoxicity 
assays, the three models were tested at 1-2 µM CPZ, while the primary rat hepatocytes 
and the HepaRG cell line were in addition exposed to a higher concentration of 15-20 µM. 
Overall, the mass balance of CPZ decreased in the course of 24 h, indicating the 
metabolism of the compound within the cells. The largest decrease in parent compound 
was seen in the primary cultures; in the HepaRG cell cultures the mass balance only 
decreased to 50%. CPZ accumulated in the cells during the 14-day repeated exposure. At 
the 15-20 µM CPZ concentrations, formation of lamellar bodies, typical of 
phospholipidosis was observed. Possible explanations for the accumulation of CPZ are a 
decrease in metabolism over time, inhibition of efflux transporters or binding to 
phospholipids. The biokinetics of CPZ differed between the three liver cell models and 
were influenced by specific cell properties as well as culture conditions. These results 
support the conclusion that in vitro biokinetics data are necessary to better interpret 
chemical-induced cytotoxicity data.  

Introduction 

Liver injury is one of the most frequent causes for withdrawal of approved drugs from the 
market (Lasser et al. 2002, Abboud and Kaplowitz 2007). Drug induced liver injury is 
difficult to predict with existing animal models and only approximately half of the drugs 
that cause human hepatotoxicity can be identified during preclinical testing in rodents, 
dogs and monkeys (Olson et al. 2000). Therefore, new or improved tests are needed that 
can better predict these unwanted effects in humans.  

To determine if a compound has hepatotoxic effects, different in vitro models can be 
used. The most widely used in vitro systems are primary hepatocyte cultures (Farkas and 
Tannenbaum 2005, Guillouzo and Guguen-Guillouzo 2008, Tuschl et al. 2008). Although 
primary human hepatocytes are considered the gold standard model for xenobiotic 
metabolism, drug—drug interactions and drug toxicity (Hewitt et al. 2007, Abadie-Viollon 
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et al. 2010), the limited availability of freshly isolated human hepatocytes has long 
diminished their use. Improvements in cryopreservation processes in recent years enabled 
the use of human hepatocytes retaining the same properties as freshly isolated cells with 
regard to phase I and II enzyme expression (Richert et al. 2006) and activities (Li 2007, 
Alexandre et al. 2012) as well as transporter expression and activities (Bi et al. 2006, 
Richert et al. 2006, De Bruyn et al. 2011).  

Primary hepatocytes contain metabolically active enzymes at their physiological 
levels immediately after isolation, but most liver-specific gene expressions decrease 
during the initial stages of cultivation. The metabolic capacities of primary hepatocytes 
can thereafter be maintained at acceptable levels over time when cultured in a sandwich 
configuration and with appropriate medium, as has been shown for primary rat (Tuschl et 
al. 2009) and human (Hewitt et al. 2007, Mueller et al. 2012) hepatocytes.  

Improvements in the field of immortalised cell lines have also been made. Three 
major immortalised human hepatocyte cell lines have been reported: HepG2, Fa2N-4 and 
HepaRG cells (LeCluyse et al. 2012). The HepaRG cell line, as described by Gripon et al. 
(2002), could be an alternative to primary human hepatocytes. After reaching confluence, 
these cells form hepatocyte-resembling colonies surrounded by biliary epithelial-like cells 
(Guillouzo et al. 2007). The HepaRG cells express different cytochrome P450-dependent 
monooxygenases (CYPs), phase II enzymes and transporters at levels that are comparable 
to cultured primary human hepatocytes and in vivo (Aninat et al. 2006, Le Vee et al. 2006). 
Studies have shown that the patient from whom the HepaRG cells were isolated was 
probably a poor CYP2D6 metaboliser (Aninat et al. 2006, Turpeinen et al. 2009). 

Even though all of these in vitro liver cell systems are useful in the determination of 
drug-induced liver injury, mainly acute in vitro toxicity studies are performed (Zhang et al. 
2011, Gerets et al. 2012). However, drugs are usually taken for a longer period of time, 
which makes it necessary to assess repeated-exposure effects in in vitro systems both for 
animal and human models, with the aim to better predict the effects in humans after 
repeated-dosing. Recent developments in the field of repeated-dose toxicity testing in 
vitro have been made by Jossé et al. (2008) for HepaRG cells. Also some studies report on 
the effects of long-term exposure on primary human (Van Pelt et al. 2003, Mueller et al. 
2012) and rat (Tuschl et al. 2009) hepatocytes.  

Major differences in cytotoxicity profiles between in vitro test systems from human 
origin, i.e. primary hepatocytes, HepaRG and HepG2 cells have been reported (Gerets et 
al. 2012). These differences can be explained by differences in expression of certain liver-
specific functions (Le Vee et al. 2006, Gerets et al. 2012) as well as differences in culture 
conditions such as sandwich culture, medium composition (i.e. presence or absence of 
serum), number of cells and the ratio between medium and cells (LeCluyse et al. 2000, 



Chapter 5 

94 
 

Gülden et al. 2001, Gerets et al. 2012, Kramer et al. 2012). One has to keep in mind that 
the bioavailability of a compound in an in vitro system is dependent on several processes, 
including protein binding, evaporation and sorption to plastic (Seibert et al. 2002, Heringa 
et al. 2004, Kramer et al. 2012, Tanneberger et al. 2013). Too often, these processes are 
not taken into account. Thus, it is not known to which amount of compound the cells are 
actually exposed and how this differs from the exposure of cells in vivo. 

CPZ is indicated for the treatment of psychotic disorders and attained market 
approval in 1953 (López-Muñoz et al. 2005). This drug was chosen as one of the 
compounds to be studied for its in vitro biokinetics in the European Seventh Framework 
Programme Predict-IV (FP7/2007-2013) because of its species-species variability in 
hepatotoxicity (rat versus human). In vivo, CPZ induces cholestasis in rats following three 
weeks repeated-dosing only at high dose levels of 20 mg/kg bodyweight (Tsao et al. 1982), 
while an incidence of 1-2% of cholestasis was reported in patients treated with the 
therapeutic dose of 2 to 5 mg/kg bodyweight (Boelsterli et al. 1987). 

The aim of the present study was to compare the in vitro biokinetics of CPZ after 
daily repeated exposure in two different species: rat and human. Primary rat hepatocytes 
were isolated, seeded and cultured in collagen/collagen sandwich configuration according 
to Tuschl et al. (2009), primary human hepatocytes were isolated according to Alexandre 
and LeCluyse (2010), cryopreserved and thawed according to Alexandre et al. (2012) and 
both fresh and cryopreserved hepatocytes were cultured in a collagen/GeltrexTM sandwich 
configuration with renewal of GeltrexTM every 3 to 4 days. The human HepaRG cell line 
was cultured according to Jossé et al. (2008).  

After the first (day 0/1) and last (day 13/14) exposure to CPZ at non-cytotoxic 
concentrations, samples were taken at specific time points to determine the amount of 
test compound in the different compartments of the three in vitro cell systems. The aim 
was to assess species- and culture system- differences of the in vitro biokinetics and its 
relationship with the sensitivity to CPZ cytotoxicity.  

Material and methods 

Chemicals and solutions  

Parts of culture media and supplements used for the primary rat and human hepatocytes 
and for the HepaRG cell line were purchased from Invitrogen (Darmstadt, Germany; Saint-
Aubin and Illkirch, France). These include Dulbecco’s modified eagle medium/nutrient 
mixture F-12 (DMEM/F12), GlutaMAXTM, Williams’ E medium, sodium pyruvate, insulin-
transferrin-selenium (ITS), gentamycin, GeltrexTM,  glutamine, phosphate-buffered saline 
(PBS) and trypsin/EDTA. 
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Collagenase, insulin, penicillin/streptomycin, dexamethasone, bovine serum albumin 
(BSA), Dimethyl sulfoxide (DMSO), Percoll® and chlorpromazine hydrochloride (CPZ) were 
from Sigma-Aldrich (Munich, Germany; St. Quentin-Fallavier, France; Zwijndrecht, The 
Netherlands). Human hepatocyte maintenance medium (HMM) was purchased from 
Lonza (Verviers, Belgium) and HepaRG cell Williams’ E medium from Laboratoires Eurobio 
(Les Ulis, France), FBS was from Hyclone® UK Ltd (Cramlington, UK) or Perbio (Brebières, 
France) or Invitrogen (Fischer, Illkirch, France) and hydrocortisone hemisuccinate was 
from Upjohn Pharmacia (Guyancourt, France).  

For the isolation of the primary rat hepatocytes, the liver perfusion, liver digest and 
hepatocyte wash buffer were prepared in-house using chemicals purchased from Merck, 
Applichem (Darmstadt, Germany), Roche (Mannheim, Germany) and Sigma (Steinheim, 
Germany).  

For the chemical analysis, methanol HPLC-grade 99.9% purity was from Labscan 
(Dublin, Ireland) and orthophosphoric acid was from VWR Prolabo (Amsterdam, The 
Netherlands).  Pure deionised water was prepared with a Millipore water purification 
system (Millipore Water, Amsterdam, The Netherlands).  

Isolation and culture of cells  

Primary rat hepatocytes 

The primary rat hepatocytes were isolated from male Wistar rats by a two-step liver 
perfusion method (Seglen 1976). The primary rat hepatocytes were seeded at a density of 
1.5*106 cells per well of a 6-well plate and cultured in a collagen/collagen sandwich 
configuration. The collagen solution was prepared as previously described by Tuschl et al. 
(2009) using rat tail collagen type I (Roche). The cell seeding medium consisted of 
DMEM/F12 with 10% FBS, 100 units/mL penicillin; 100 µg/mL streptomycin, 1 mM sodium 
pyruvate and 5 μg/mL human recombinant insulin, while the culture medium consisted of 
DMEM/F12 GlutaMAXTM with penicillin/streptomycin, sodium pyruvate, ITS, 100 nM 
dexamethasone and 0.44 mg/mL bovine serum albumin. Exposure of the cells to CPZ was 
started three days after cell seeding. 

Primary human hepatocytes 

Isolation of primary human hepatocytes 
Human liver tissue was obtained from resections from patients undergoing partial liver 
hepatectomy for therapy of hepatic tumors, with permission of the national ethics 
committees and regulatory authorities (Table 1). Biopsies (20-100 g) were removed from 
the safety margin of the tissue resected near the tumor. Hepatocytes were isolated using 



Chapter 5 

96 
 

a two-step liver perfusion method described by LeCluyse and Alexandre (2010). Only 
preparations with more than 70% viability were used for further experiments. 

Table 1. Donor characteristics 
 Sex Race Age 

Donor 1 Male Caucasian 75 
Donor 2 Male Caucasian 63 
Donor 3 Female Caucasian 59 

Cryopreservation and thawing 
Cells were cryopreserved as described by Alexandre et al. (2012). For the cell thawing, the 
vials were placed in a 37°C water bath. As soon as the content was thawed (60-90 
seconds), the hepatocyte suspension was transferred into a 50 mL centrifuge tube 
containing a pre-warmed Percoll® containing buffer (final concentration 28.8%) and 
centrifuged at 168 g for 20 minutes at room temperature. The resulting pellet was 
resuspended in adequate culture medium and viability was determined by the Trypan blue 
exclusion method. 

Seeding and exposure to CPZ 
The cell suspension was seeded onto collagen I coated 6-well plates (Biocoat®, Dutscher, 
France) at 2*106 viable cells per well in Williams’ E medium supplemented with 10% FBS, 4 
µg/mL insulin, 1 µM dexamethasone and antibiotics (Penicillin/Streptomycin or 
Gentamycin). After overnight culturing, the monolayer was overlayed with 350 µg/mL 
GeltrexTM in seeding medium without FBS for 24 hours. The culture medium consisted of 
Hepatocyte Maintenance Medium (HMM) supplemented with 1% ITS, 100 nM 
dexamethasone and antibiotics. The medium was renewed every day and exposure of the 
cells to CPZ was started at day 2 after seeding. A new overlay with GeltrexTM (350 µg/mL) 
was performed every 3-4 days. 

HepaRG cells 

HepaRG cells were cultured in Williams’ E medium supplemented with 10% FBS, 2 mM 
glutamine, 100 units/mL penicillin, 100 μg/mL streptomycin and 5*10-5 M hydrocortisone 
hemisuccinate according to Jossé et al. (2008). The cells were passaged every two weeks 
by washing with PBS and trypsinization. For the repeated exposure experiments, the cells 
were seeded into 6-well plates at a seeding density of 2.5*105 cells per well. The cells 
were cultured for four weeks and medium was refreshed twice a week. After 14 days of 
culture, 2% DMSO was added to the culture medium to initiate differentiation of the cells. 
After these four weeks of culturing in the well plates, exposure to CPZ was started. 
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Repeated exposure and sampling 

In previous cytotoxicity experiments, the 10% toxic concentration (TC10) of CPZ was 
determined in the three cell systems after 14-day repeated exposure. For the final 
experiments, two test concentrations were used: the TC10 and 1/10th of the TC10. These 
nominal TC10-values differed considerably between the systems. Stock solutions of CPZ 
were made in DMSO: 1 and 10 mM CPZ for the primary rat hepatocytes, 0.05 and 0.5 mM 
CPZ for the primary human hepatocytes and 1.5 and 15 mM CPZ for the HepaRG cells. Test 
solutions for the primary hepatocytes were prepared in corresponding culture medium: 2 
and 20 μM CPZ for the rat hepatocytes, 0.1 and 1 μM for the human hepatocytes. The 
primary rat hepatocyte medium contained a final concentration of 0.44 mg/mL albumin. 
For the HepaRG cells, the test solutions containing 1.5 and 15 μM CPZ were prepared in 
medium containing 1% DMSO and 2% FBS. Samples were taken from the stock and test 
solutions for HPLC analysis and stored at -80°C.  

On day 0 of the experiment, the test solutions were added to the wells (1.5 mL/well 
for the rat hepatocytes and 2 mL/well for the human hepatocytes and the HepaRG cells) 
and test medium was refreshed daily for 14 days. Samples for kinetics analysis were taken 
at five different time points after the first (day 0/1) and last exposure (day 13/14). These 
time points were: 2 minutes, 30 minutes, 1 hour, 3 hours and 24 hours. At these time 
points, the medium was collected from the wells. Next, the wells were washed twice with 
PBS and the cells were collected. For the primary rat and human hepatocytes (cultured in 
a sandwich), the cells were scraped from the well and transferred to a LoBind tube 
(Eppendorf, Hamburg, Germany) or glass vial, respectively, followed by a wash step with 
250 μL methanol which was added to the same vial. After in-probe sonication, the volume 
of the vial was filled up to 1 mL with methanol. For the HepaRG cells, 200 μL PBS was 
added and the cells were scraped and removed from the wells and added to a glass vial 
containing 600 μL methanol. The well was washed with 200 μL PBS and this was also 
added to the vial. The sample was sonicated to homogenise the sample. 

After removal of the cells, the wells were washed twice with PBS. Next, enough 
methanol was added to attain the same height as the culture medium (2 mL/well for all 
three systems). The plate was incubated under gentle shaking for 2 hours at room 
temperature. After incubation, the methanol was sampled to determine plastic binding of 
CPZ. 

All samples were stored at -80°C until completion of the biological replicates and 
HPLC analysis. Experiments with rat hepatocytes and HepaRG cells were performed in 
triplicate and in each experiment each test condition was performed in duplicate. For the 
human hepatocytes, one technical replicate within each experiment and 3 biological 
replicates were performed. 
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Sample preparation and HPLC analysis  

The samples were prepared for analysis by HPLC-UV. The stock solutions were diluted in 
75% methanol: 25% Millipore water. For the test solutions and medium samples, 3 
volumes of cold methanol were added to one volume of sample. This was mixed on an IKA 
MS 1 minishaker (IKA, Staufen, Germany) and subsequently centrifuged for 5 minutes at 
2500 rpm and 4°C (Beckman Coulter Allegra X12-R, Beckman Coulter, Woerden, The 
Netherlands) to precipitate the proteins (96% recovery CPZ). The supernatant was 
transferred into a glass insert and used for analysis. 

For the cell lysate and the samples for the well plastic binding, one volume of 
Millipore water was added to 3 volumes of sample. This was mixed on a vortex and the 
cell lysate samples were centrifuged for 5 minutes at 2500 rpm to remove the cells. All 
samples were stored at -20°C until HPLC analysis. 

The HPLC method used to measure CPZ in the samples has been described previously 
by Broeders et al. (2011). The system consisted of a solvent delivery system (Varian), a C18 
column with an ID length of 4.6x150 mm and a particle size of 5 µm (GraceSmart), a UV-
VIS detector (set at 254 nm), a degasser (Shimadzu) and a Basic Marathon auto sampler 
(Spark Holland). The mobile phase contained 25% phosphate buffer (pH =3) and 75% 
methanol. The limit of detection was 0.05 µM and the limit of quantification was 0.16 µM. 
Calibration standards with CPZ were prepared in mobile phase and in 25% culture 
medium: 75% methanol with concentrations ranging from 0.16 to 117 µM (R2 = 0.999).  

Modelling biokinetic behaviour of CPZ 

ACSL-11.5.2 (Aegis Technologies Group, Huntsville) was used to model the biokinetic 
behaviour of CPZ in the HepaRG cell system during the 14-day repeated exposure to 15 
µM CPZ. The model consists of a medium- and cell- compartment and metabolism of the 
parent compound was included. Moreover, metabolism rate was allowed to decrease 
during the experiment due to cell viability. The model is depicted in Figure 1.  
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Figure 1. Model scheme. Transfer of CPZ between medium and cells is described by an apparent 
permeability, Papp, at the medium-cells interface. Clearance of CPZ, CLc, is from the cells through 
CPZ-metabolism. Medium and cells, with volumes V, contain amounts A (nmol) of CPZ with 
corresponding concentrations C =A / V . The chemical potential of CPZ in cells with respect to 
medium is Cc / Pcm with Pcm the cells-medium partition coefficient. 

The model equations and best fitted parameter values can be found in the 
supplementary material. Although the value for clearance decrease was obtained with a 
large error, the final amount in cells would be 1.6 fold of the nominal amount if clearance 
was assumed to decrease totally and 0.6 fold of the nominal amount if it was assumed to 
be constant. 
The model parameter values for apparent permeability, clearance (initial clearance and 
final clearance as fraction of initial clearance) and cells-medium partition were fitted to 
the experimental data using ACSL-Math and ACSL-Optimize 2.1 (Aegis Technologies Group, 
Huntsville). 
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Results 

Preliminary cytotoxicity results 

To determine concentrations (expressed as a TC10) to be used during the repeated 
exposure treatment, preliminary cytotoxicity studies were performed with the three cell 
systems. After 14 days of repeated daily exposure, the TC10 and 1/10th of the TC10 were 
selected as high and low test concentrations, respectively. For the primary rat 
hepatocytes, the TC10 was 20 µM, for primary human hepatocytes 1 µM and for the 
HepaRG cells 15 µM CPZ.  

In vitro biokinetic assessments were thus performed at comparable (1-2 µM) 
concentrations in the three cell systems: in primary human hepatocytes where it 
corresponded to the TC10 and in primary rat hepatocytes and the human HepaRG cell line 
where it corresponded to 1/10th of TC10. In addition, in vitro biokinetic comparison was 
made at 15-20 µM in the human HepaRG cell line and the primary rat hepatocytes (TC10 in 
both systems).  

Test solutions and medium 

The amount of chlorpromazine was measured in the medium of the primary rat and 
human hepatocytes and the HepaRG cell line at specific time points on the first and last 
exposure day (Figure 2). The low concentration (1/10th of TC10) for the human hepatocytes 
(0.1 µM) was under the limit of quantification of the HPLC method and could therefore 
not be measured.   

In all three test systems, the amount of CPZ in the medium decreased over time. Two 
minutes after the addition of the test medium, the amount of CPZ in the medium 
decreased 15-25% in the primary rat hepatocytes, 13-18% in the primary human 
hepatocytes and 30-40% in the HepaRG cell line. After 24 hours, almost all CPZ had 
disappeared from the medium: 0.5-18% was found back in the primary rat hepatocyte 
cultures exposed to both 2 and 20 µM and 0-14% in the HepaRG cell cultures exposed to 
both 1.5 and 15 µM. No CPZ was detected in the medium samples of the primary human 
hepatocyte cultures after 24 hours of exposure at 1 µM.  
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Figure 2. Amount of CPZ in medium samples on the five time points of the first (□) and last ( ⃝ ) 
exposure day. A: 2 µM CPZ in primary rat hepatocytes, B: 1 µM CPZ in primary human hepatocytes, 
C: 1.5 µM CPZ in HepaRG cells, D: 20 µM CPZ in primary rat hepatocytes and E: 15 µM CPZ in 
HepaRG cells. Mean and SD are shown for 3 biological replicates; amount added to the systems is 
indicated by the dashed lines. Only for the primary human hepatocytes (B) on the last exposure day, 
data from two replicates are shown as single data points.  

No significant differences were found between the first and last exposure day, except for 
the 15 µM CPZ test concentration in the HepaRG cell culture, where the amount in the 
medium decreased faster on the last exposure day.  

Cell lysate 

The amount of CPZ in the primary rat and human hepatocytes and HepaRG cells was 
measured over time (Figure 3). For all three cell types, the amount of CPZ in the cells 
showed an initial increase followed by a decrease over time. After 24 hours, almost all CPZ 
had disappeared from the primary rat (0-3%) and human (0%) hepatocytes. In the HepaRG 
cells, 30-40% of CPZ added was still present in the cells after 24 hours. Furthermore, 
differences were seen between the two sampling days in all three cell systems. In the 
primary rat hepatocytes exposed to 20 µM CPZ, the amounts measured on the last 
sampling day were much higher (6- to 20- fold) than the amounts found for the first 
sampling day. The same observation was made with the 2 µM CPZ concentration (3- to 5- 
fold) for the early sampling points of 30 minutes, 1 hour and 3 hours. In the primary 
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human hepatocytes exposed to 1 µM of CPZ, higher amounts of CPZ were also found on 
the last sampling day for the 30 minutes, 1h and 3h sampling points (2-fold). In the 
HepaRG cell line, higher amounts in the cell lysate on the last sampling day compared to 
the first were found at all sampling time points and for both the 1.5 µM (4- to 8- fold) and 
15 µM (7- to 15- fold) CPZ concentration.  

Figure 3. Amount of CPZ in cell lysate samples taken on the five time points on the first (□) and last   
(⃝) exposure day. A: 2 µM CPZ in primary rat hepatocytes, B: 1 µM CPZ in primary human 
hepatocytes, C: 1.5 µM CPZ in HepaRG cells, D: 20 µM CPZ in primary rat hepatocytes and E: 15 µM 
CPZ in HepaRG cells. Mean an SD are shown for 3 biological replicates; for the primary human 
hepatocytes (B) individual data points are shown for the last exposure day. 

The primary rat and human hepatocytes were cultured in a sandwich configuration 
and with the collection of cell lysate samples, the cells could not be separated from the 
extracellular sandwich material. To determine the sequestration of CPZ in the 
collagen/collagen and collagen/GeltrexTM sandwich, additional experiments were 
performed. Wells containing the gelatinised collagen without cells were exposed to CPZ 
for 14 days and the collagen was sampled after the first and last exposure. Measurements 
showed that GeltrexTM used for the primary human hepatocyte culture did not influence 
the experiment, but the collagen used for the primary rat hepatocyte culture did possibly 
influence the results (data not shown). CPZ accumulated inside the collagen during the 14-
day repeated exposure.  
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Plastic  

No CPZ was found in the well plastic samples of the primary rat and human hepatocyte 
cultures (data not shown), but CPZ was detected in the well plastic samples of the HepaRG 
cell cultures with marked differences between the three biological replicates. The 
percentage of CPZ in the plastic samples ranged from 0 to 25% (data not shown). The 
amount of CPZ in the well plastic samples remained relatively stable over time within the 
three replicates.  

Mass balance and distribution  

The mass balance of the parent compound chlorpromazine was calculated by adding the 
amounts found in the different compartments (supernatant, cell lysate, plastic) and 
comparing this to the amount added (as measured in the test solutions at 0 min, i.e. not 
given to the cells). The mass balance on the first exposure day is shown in Table 2 for all 
three liver in vitro systems and the different CPZ concentrations tested.  

Table 2. Mass balance (%) of chlorpromazine in primary rat and human hepatocyte and HepaRG cell 
cultures on the first exposure day. 

Sampling 
time 

Rat hepatocytes Human hepatocytes HepaRG cells 

2 μM CPZ 20 μM CPZ 1 μM CPZ 1.5 μM CPZ 15 μM CPZ 

2 min 90.8 (76.5) 106.4 (36.9) 102.6 (1.5) 98.3 (14.8) 87.3 (4.5) 

30 min 89.7 (91.2) 76.1 (25.9) 103.9 (4.1) 88.5 (16.0) 77.1 (2.9) 

1h 52.4 (62.6) 41.4 (17.5) 56.8 (36.5) 83.3 (13.5) 79.0 (3.4) 

3h 16.2 (24.5) 18.2 (8.7) 32.2 (4.5) 77.6 (17.8) 73.5 (6.2) 

24h 17.8 (27.7) 2.2 (2.1) <LOD* 49.6 (16.9) 53.6 (9.2) 

Mean (SD) in percentages (%) are shown for n=3. 
*Below limit of detection 

Over time, the amount of the parent compound CPZ decreased in all three cell 
systems. A large variability was found for the primary rat hepatocytes, especially for the 2 
µM CPZ concentration. In the first and third biological replicates, the mass balance ranged 
from 40% after 2 minutes to 0% after 24 hours. This was in contrast to the second 
biological replicate, where the mass balance was much higher: above 100% after 2 
minutes to 50% after 24 hours. In the primary human hepatocytes, the mass balance was 
around 100% after 2 and 30 minutes and decreased over time. After 24 hours, no CPZ was 
found in the primary human hepatocyte cultures. In the HepaRG cell cultures, the mass 
balance decreased to about 50% at 24 hours after addition of CPZ to the cell system. The 
variability in this experiment is in fact too high to draw clear conclusion from these data at 
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these low concentrations (1-2 µM). However we decided to show these data because such 
a high variability can be characteristic for these kinds of experiments. 

Because the amount of CPZ was measured in all compartments of the culture 
systems, the distribution of CPZ could be calculated. The percentage of CPZ in medium, 
cells and well plastic was determined by comparison to the amount added (as measured in 
the test solution). The results for the first exposure day are shown in Figure 4 for the three 
test systems (mean of n=3). A clear decrease was seen in the supernatant (open column) 
over time in all cell systems. The cell lysate (grey) showed an initial increase followed by a 
decrease over time. CPZ in the well plastic samples (black-white blocked) was only found 
in the HepaRG cells. Finally, the percentage of CPZ that was lost/metabolised (black) 
increased over time in all three liver cell systems. A higher variability was seen with the 
primary human hepatocytes exposed to 1 µM CPZ and with the primary rat hepatocytes 
exposed to 2 µM CPZ and we want to emphasise that no clear conclusions can be drawn 
from these data. In both conditions, the amounts of CPZ found were around the limit of 
quantification of the analytical method.  

Figure 4. Distribution of CPZ: Percentage of CPZ added is shown for the medium (    ), cells (    ), 
plastic (     ) and lost/metabolised (    ). Mean and SD are shown for 3 independent experiments. 
A: 2 µM CPZ in primary rat hepatocytes, B: 1 µM CPZ in primary human hepatocytes, C: 1.5 µM CPZ 
in HepaRG cells, D: 20 µM CPZ in primary rat hepatocytes and E: 15 µM CPZ in HepaRG cells. 

Comparable CPZ concentrations were tested in the primary human hepatocytes (1 
µM CPZ, TC10), primary rat hepatocytes (2 µM CPZ, 1/10th TC10) and the HepaRG cell line 
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(1.5 µM CPZ, 1/10th TC10). When looking at these CPZ concentrations, it is clear that in the 
HepaRG cells the fastest decrease in medium and as a consequence the fastest increase in 
the amount of CPZ in the cells was observed. In the HepaRG cells, the percentage of CPZ in 
the cells was the highest and remained high until the 24 hour sampling time. This was in 
contrast to the primary hepatocytes, where the percentage of CPZ in the cells went down 
after 24 hours to below the detection limit in the human cells and to 3% in the rat 
hepatocytes. The mass balance of CPZ was comparable for the three cell systems for the 
first hour after exposure. Thereafter, the mass balance decreased the most for the 
primary human hepatocytes, followed by the rat hepatocytes and lastly the HepaRG cells. 
In this cell line, the mass balance was still around 50% after 24 hours.  

In the primary rat hepatocytes and the HepaRG cells, higher CPZ concentrations were 
tested as well (20 and 15 µM, respectively). For these concentrations, the uptake of CPZ 
from the medium was faster in the rat hepatocytes. In the cell samples, the amount of CPZ 
showed an initial increase followed by a decrease over time, although this decrease was 
smaller in the HepaRG cells. Again, the mass balance remained higher in the HepaRG cells 
compared to the primary rat hepatocytes.  

An additional experiment with the HepaRG cell line was performed by exposing 
cultures to the same two CPZ concentrations (1.5 and 15 µM) for 24 hours in medium that 
did not contain FBS and DMSO. The results for the mass balances are shown in Table 3 and 
for the distribution in Figure 5. This experiment was only performed once (one biological 
replicate), therefore no standard deviations are shown. 

Table 3. Mass balance (%) of CPZ in HepaRG cell cultures after 24 hour exposure in medium without 
FBS and DMSO. 

Sampling time Low CPZ concentration 
(1.5 µM) 

High CPZ concentration 
(15 µM) 

2 min 88.7 90.9 

30 min 93.2 79.0 

1h 80.8 69.5 

3h 49.7 69.8 

24h 26.9 43.7 
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Figure 5. Distribution of CPZ in the HepaRG cells for 1.5 µM (A) and 15 µM (B) CPZ after exposure for 

24 h in medium without FBS and DMSO. Percentage of CPZ added is shown for the medium (    ), 

cells (     ), plastic (     ) and lost/metabolised (    ). The mean from three technical replicates is shown. 

In the absence of serum, slightly higher percentages of CPZ were found in the cells 
and lower percentages in the medium, indicating a possible faster uptake of CPZ into the 
HepaRG cells. The mass balances were comparable for HepaRG cells exposed to CPZ in 
medium with and without 2% FBS, except for the 3 h and 24 h time points, which were 
lower in the exposure without serum. 

Modelling biokinetic behaviour of CPZ  

Experimental data is available for five specific time points on the first and last exposure 
days. ACSL was used to model the days in between these two experimental sampling days. 
The modelled data for the medium and cells for the HepaRG cell line is shown in Figure 6. 
The modelled data specifically showed that the amount of CPZ in the cells accumulated 
over time with repeated exposure. The model indicated that a plateau was not yet 
reached within this 14-day exposure. Compared to the accumulation in cells, the modelled 
uptake of CPZ from the medium remained relatively stable over time in accordance with 
the experimental data. Initially, the amount in medium was better estimated by the model 
and at the final day the amount in cells was better estimated. 
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Figure 6. Comparison of fitted model (line) with data () for the amount in medium (left panel) and 
the amount in HepaRG cells (right panel) for the 14-days (d) repeated exposure to 15 µM CPZ. 

Discussion 

In this study, the in vitro biokinetics of chlorpromazine were studied in repeated exposure 
experiments in primary rat and human hepatocytes and HepaRG cell cultures. This study 
shows that chlorpromazine distributed differently in the three in vitro systems, which 
inevitably will lead to differences in the interpretation of the results in cytotoxicity studies. 

Two different CPZ concentrations were tested: the TC10 for cytotoxicity and 1/10th of 
the TC10. These values were determined in separate repeated exposure cytotoxicity 
assays. The TC10-values differed between the three cell models. The interpretation of 
differences in sensitivity of these three cell systems is not feasible; the TC10-values are all 
based on nominal concentrations. Actual concentrations can be different and also the 
change in concentration over time is different in these assays (this study).  

Another unknown factor that may influence the effect concentrations is the 
bioavailability. The presence of proteins in the medium may affect the bioavailability of 
CPZ as this compound is known to bind to proteins (Sawada et al. 1994, Broeders et al. 
2011). For the HepaRG cell medium, 2% FBS (corresponding to about 0.8 - 0.9 mg/mL 
albumin) was present in the medium. Also in the primary rat hepatocyte exposure 
medium, 0.44 mg/mL albumin was present. CPZ is known to bind to proteins, and 
therefore, the freely available concentration is likely lower than the total medium 
concentration in these two cell systems.  An additional experiment without serum in the 
medium was performed with HepaRG cells.  The results showed that HepaRG cells were 
equally sensitive to CPZ compared to the experiment performed with serum in the 
medium. Accordingly, only small differences in uptake of CPZ were observed. Therefore, it 
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might be concluded that serum in the medium did not markedly influence the biokinetics 
of CPZ. Besides binding to proteins, the bioavailability of CPZ might have been influenced 
by the culture set-up in a sandwich configuration. Although no sequestration of CPZ was 
found in the GeltrexTM used for the primary human hepatocytes sandwich culture, 
sequestration of CPZ in the collagen used for the primary rat hepatocyte culture was 
found (data not shown) and this complicates the interpretation of the amounts found in 
these cell samples. Because the partitioning of CPZ to collagen might be different in the 
presence of cells, it is difficult to correct for the adsorption of CPZ to the collagen.  

Plastic bound CPZ was only found in the HepaRG cell cultures. The variability was 
high between the three biological replicates, possibly because in some samples cell 
remnants may have been present. The presence of collagen or GeltrexTM in the rat and 
human hepatocyte cultures may be responsible for not finding any plastic binding in these 
cell cultures.  

The decreases over time in the amount of CPZ in the medium resulted from uptake 
of the compound into the cells. At treatment concentrations of CPZ in the range of 1-2 
µM, the uptake was fastest in the HepaRG cell line, followed by the primary human and 
rat hepatocytes. The collagen sandwich and collagen/GeltrexTM sandwich used for the 
primary rat and human hepatocyte cultures, respectively, could delay the diffusion of CPZ 
to the cells, while the HepaRG cells were in direct contact with the medium.  

Once inside the cells, CPZ was retained longest in the HepaRG cells. After 24h on the 
first exposure day, 40% of the CPZ added (1.5 and 15 µM) was still present in the cells, in 
the presence or absence of serum in the medium. The lowest relative amounts of CPZ 
were found in the primary rat hepatocytes, while uptake from the medium was 
comparable to the primary human hepatocytes. The variability for this low CPZ 
concentration in these test systems was high, since the concentrations were around the 
limit of detection of the analytical method. The slower disappearance of CPZ from the 
HepaRG cells compared to human hepatocytes could be due to their lower CYP2D6 
expression (Gripon et al. 2002, Aninat et al. 2006) since CYP2D6 is one of the enzymes 
responsible for the metabolism of CPZ in humans (Shin et al. 1999, Yoshi et al. 2000). 

In the cell lysate samples of the HepaRG cells and primary rat hepatocytes a 
significant increase in the amount of CPZ was measured during the 14-day repeated 
exposure: for the CPZ concentration range of 1-2 µM, 3-5 times higher amounts were 
found in the primary rat hepatocytes, 4-8 times for the HepaRG cells and only up to twice 
as high in primary human hepatocytes. For the 15-20 µM CPZ concentrations, 7-15 times 
higher amounts were found in the HepaRG cells and 6-20 times for the primary rat 
hepatocytes. New test medium containing CPZ was added to the cell systems every 24 
hours. If after 24 hours the compound is still inside the cells and new compound is added, 
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the compound slowly accumulates inside the cells. Indeed, the accumulation of CPZ inside 
the cells was relatively important in primary rat hepatocytes exposed to 20 µM CPZ and in 
HepaRG cells exposed to 15 µM CPZ. Chlorpromazine has been shown to induce 
phospholipidosis in vivo (Anderson and Borlak 2006, Tavoloni and Boyer 1980) and to bind 
to lamellar bodies that are formed during phospholipidosis (Joshi et al. 1989). In our 
experiments, lamellar bodies were observed after the 14-day repeated exposure of 
HepaRG cells to 15 µM CPZ (Anthérieu et al. 2013) and of primary rat hepatocytes to 20 
µM of CPZ (not shown). Thus, the accumulation of CPZ seen over the 14-day exposure in 
these two liver cell systems might be related to the formation of lamellar bodies. No such 
effects were seen in the three cell systems exposed to 1-2 µM CPZ.  

Another possible explanation for the accumulation of CPZ in the cells after repeated 
exposure could be due to inhibition of efflux transporters.  CPZ has been reported to be an 
inhibitor of various efflux transporters such as P-glycoprotein (Wang et al. 2006, Feng et 
al. 2008), MDR3, MRP2 and BSEP (Anthérieu et al. 2013), transporters which are impaired 
in human and rat cholestasis (Zollner et al. 2001, Arrese and Trauner 2003). It should be 
pointed out that if inhibition of efflux transporters could participate in the accumulation of 
CPZ in all three repeat-treated cell systems, major differences in the effects on 
transporters and related manifestation of CPZ toxicity occur. CPZ has been reported to 
induce features of cholestasis in HepaRG cells at 50 µM (Anthérieu et al. 2013) and CPZ 
induced features of cholestasis in human hepatocytes at concentrations as low as 1 µM 
(Parmentier et al, personal communication).   

The modelled data shown in Figure 6 closely resembles the experimental data for the 
first and last exposure day. A similar model for repeated exposure in kidney cells was 
described by Wilmes et al. (2012). To have a better fit, additional experiments with 
sampling points on intermediate days are necessary. This model was included to have an 
indication of the trends of the behaviour of our test compound in the cell systems. We 
took the highest CPZ concentration (15 µM) in the HepaRG cell system, since these were 
the most reliable data and in this culture no sandwich layer was present. Similar data are 
expected for the other two cell systems. The model clearly shows a gradual accumulation 
of CPZ in the cells over the 14-day repeated exposure. Possible explanations for this 
accumulation include an inhibition of metabolism over time, inhibition of efflux 
transporters and the formation of lamellar bodies and binding of CPZ. We want to 
emphasise that the estimates of the parameters should probably not be interpreted as 
accurate estimates, because more data are needed for that. Our major aim of the 
modelling exercise was to show that the observed trends (in particular the ongoing 
increase in the amount of CPZ in the cells) may have realistic reasons that could be 
modelled in this way. 
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In conclusion, although the biokinetics of CPZ in the cell systems were influenced by 
specific cell properties, the possible functional changes (alterations) with time in culture, 
the presence of a sandwich configuration and the medium composition, making the 
calculations of actual free CPZ concentrations complicated, they confirm that rat and 
human primary hepatocytes present a different sensitivity to CPZ. Both the rate of 
metabolism as well as the formation of lamellar bodies and possible binding of CPZ to the 
phospholipids influences the results. All this information should be taken into account for 
successful interpretation of cytotoxicity data and extrapolation of in vitro toxicity data to 
the in vivo situation.  
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Supplementary information 

Model description 

The model equations read 

dAm

dt
= -Papp ×S × (Cm- Cc/Pcm);   Am (t=n)= A0, n=0, ….., 13 

dAc

dt
= Papp ×S × (Cm- Cc/Pcm)- CLc × Cc /Pcm 

Here, S denotes the medium-cells interface surface area and A0 the initial amount of CPZ 
in medium at daily refreshing of the medium. Meaning of the other symbols is in the main 
text. The first line shows transfer from medium to cells and the second line shows the 
reverse transport together with clearance from the cells. The right hand side of the first 
line shows the daily refreshing of the medium. Clearance was assumed to linearly 
decrease during the experiment to a fraction f of the initial clearance: 

CLc (t)= �1- 
�1- CLf� ×t

T
�  × CLc,0 

where 𝐶𝐿𝑐,𝑜 is the initial clearance rate, 0 ≤ CLf ≤1 and finally CLc (t=14)= CLf × CLc . 

The fixed model parameters are given in the main text. The fitted model parameters are: 

Papp=8.1 ±2.7 ×10-4 (cm/min); Pcm=870 ±270 

CLc,0=3.5 ±1.7 × 10-3 (mL/min); CLf=0.43 ±0.35 

  
The ACSL computer code reads: 

PROGRAM cells 
  CONSTANT A0=30. ! amount of CPZ applied 
  CONSTANT Papp=0.00081,Pcm=870.,CLc0=0.0035,CLf=0.43 ! cm/min,-,mL/min, - 
  CONSTANT Diam=3.5,Vm=1.5,Vc=0.0123 ! cm, mL, mL 
  CONSTANT day=1440.,Tsimul=20160. ! min, min 
  CONSTANT tSTOP=20160.,cint=2. !min, min 
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  INITIAL 
    Am0=A0; Ac0=0. ! nmol, nmol, initial amounts 
    Am=Am0; Ac=Ac0 ! nmol, nmol, initialisation 
    pi=4.*ATAN(1.); S=pi*(diam**2)/4.D0 ! -, cm^2 ! calculation medium-interface surface 
area 
    dCLc=(1.-CLf)*CLc0/Tsimul; ! mL/min^2   
    admin=A0; waste=0.; ! nmol, nmol, administrated to and withdrawn from medium; 
mass balance purpose 
    Npulse=1.; SCHEDULE refresh.AT.Npulse*day; ! daily refreshing medium 
  END 
 
  DYNAMIC 
    DISCRETE refresh ! daily refreshing medium 
      admin=admin+A0; waste=waste+Am; Am=A0 ! nmol, nmol, nmol  
      Npulse=Npulse+1.; SCHEDULE refresh.AT.Npulse*day 
      CALL RSTART(evolut,0.001) 
    END 
 
    DERIVATIVE evolut 
      ALGORITHM IALG=2 
 
      Cm=Am/Vm; Cc=Ac/Vc ! nmol/mL, nmol/mL, concentrations C=A/V 
 
      CLc=(1.-(1.-CLf)*t/Tsimul)*CLc0 ! mL/min, clearance decreasing in time 
      dAm=-Papp*S*(Cm-Cc/Pcm) ! nmol/min, mass balance medium 
      dAc=Papp*S*(Cm-Cc/Pcm)-CLc*Cc/Pcm ! nmol/min, mass balance cells 
 
      Am=INTEG(dAm,Am0); Ac=INTEG(dAc,Ac0); ! nmol, nmol, differential equations 
integration 
 
      metab=INTEG(CLc*Cc/Pcm,0.) ! nmol, needed for mass balance 
      masbal=100.*(Am+Ac+waste+metab-admin)/admin ! -, mass balance 
 
      TERMT(t.GE.tSTOP) 
    END 
  END 
END  
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Abstract 

Neurotoxic effects of compounds can be tested in vitro using cell systems. One example is 
aggregating rat brain cell cultures. For the extrapolation of in vitro data to the in vivo 
situation, it is important to take the biokinetics of the test compound into account. In 
addition, the exposure in vivo is often for a longer period of time; therefore, it is crucial to 
incorporate this into in vitro assays as well. In this study, aggregating rat brain cell cultures 
were exposed to chlorpromazine (CPZ) and diazepam (DZP) for 12-days with repeated 
exposure. Samples were taken from the stocks, test media, cell culture media and cells at 
specific time points on the first and last exposure day. These samples were analysed by 
HPLC-UV. The amount of CPZ in the medium decreased over time, whereas the amount in 
the cells showed an increase. Accumulation of CPZ in the cells was seen over the 12-day 
repeated exposure. The amount of DZP in the medium remained stable over time and only 
up to 2% of DZP added was found in the cells. Different biokinetic behaviour was found for 
CPZ and DZP. Possible explanations are differences in uptake into the cells or efflux out of 
the cells. The decrease of CPZ in the medium versus the stable amount of DZP results in 
differences in exposure concentrations over time, which should be taken into account 
when interpreting in vitro effect data.  

Introduction 

Guidelines on neurotoxicity testing prescribe in vivo animal tests to determine 
developmental and adult neurotoxic effects, both after acute and chronic exposure (OECD 
1997, Coecke et al. 2006, OECD 2007, Bal-Price et al. 2010). Since these tests are 
expensive, time-consuming and give rise to ethical issues, alternatives are needed. 
Especially with the introduction of REACH, the number of test animals needed was 
expected to show an enormous increase (Van der Jagt et al. 2004). Neurotoxic effects in 
man have been shown for different compounds with the largest groups being metals, 
solvent and pesticides (Grandjean and Landrigan 2006). In addition, about 4% of the 
prescription drugs withdrawn from the market were based on adverse neurological effects 
(Fung et al. 2001).  

The use of in vitro assays has so far been limited to studying mechanisms of toxicity 
and not to assessing the neurotoxic potential of compounds (Bal-Price et al. 2010). The 
complicated structure of the central nervous system hampers the use of in vitro assays in 
this area and studies have been mainly limited to basal cytotoxicity (Harry and Tiffany-
Castiglioni 2005). However, neurotoxic effects tend to occur at lower concentrations than 
basal cytotoxicity and these effects are often missed in in vitro cell assays (Bal-Price et al. 
2010).  
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The in vitro tests that are currently available range from single cell cultures to tissue 
slices and 3D aggregating cultures (Costa 1998, Harry et al. 1998). The latter two contain 
both glial cells and neurons that are cultured in a three-dimensional organization (Harry et 
al. 1998). According to Coecke et al. (2006) a couple of concerns can be raised when 
implementing in vitro assays into neurotoxicological risk assessment: interactions between 
the different cell types present in the central / peripheral nervous system, dosing of the 
compound and the endpoints to be measured. Also information related to the uptake of 
the compound into the nervous system (transport across the blood-brain barrier) should 
be included when setting up a testing strategy.  

Progresses have been made in assessing acute neurotoxicity in the 6th EU Framework 
Programme ACuteTox project, where 86 compounds were tested in different cell assays 
including aggregating rat brain cell cultures (Forsby et al. 2009). These cultures were found 
to be the most sensitive model to detect CNS-specific toxicity. Therefore, this in vitro assay 
was included in this study as part of the European 7th EU Framework Programme Predict-
IV (ref nr. 202222).  

For extrapolation of in vitro data to the in vivo situation, it is important to take 
species-species differences and the biokinetics of the test compound into account (Harry 
et al. 1998, Bal-Price et al. 2010). Information about the actual exposure and distribution 
of a chemical in the in vitro tests, including information about the concentration that can 
reach the target site, which is often the concentration of the unbound chemical in the 
medium, might help in the interpretation of the outcome of in vitro tests and is essential 
in comparison of the sensitivity of different in vitro test systems (Gülden et al. 2002, 
Heringa et al. 2004, Gülden and Seibert 2005, Kramer et al. 2012). Information about 
effect concentration from in vitro tests, both in medium or in the cells, can be combined 
with PBBK modelling to predict in vivo effects from an external dose. In this study we 
looked at the detailed exposure and biokinetics of two test compounds in an in vitro 
model of brain cells.  

 Aggregating rat brain cell cultures were exposed to two compounds: chlorpromazine 
(CPZ) and diazepam (DZP). These compounds were chosen based on their physical-
chemical properties (lipophilicity, pKa) and high permeability through the blood brain 
barrier (Garberg et al. 2005, Jolliet et al. 2007). CPZ has been used as an antipsychotic for 
over 50 years (Ban 2007) and DZP is a benzodiazepine mainly used for treating anxiety and 
insomnia (Ashton 1994). Chlorpromazine is a lipophilic compound (apparent Log Kow =3.16 
at pH=7.4, neutral log Kow = 5.3) and is ionised for 98.8% at a physiological pH (Sawada et 
al. 1994, Takács-Novák and Avdeef 1996). Diazepam has a Log Kow of 2.8 and a pKa of 3.3 
and is neutral at a physiological pH (Hanumegowda et al. 2010).  
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The aggregating rat brain cell cultures were exposed to CPZ and DZP for 12 days with 
fresh test medium every other day, to implement repeated exposure in this in vitro 
system. Within these repeated-exposure experiments, samples were taken from medium 
and cells at different time points to assess the biokinetic behaviour of the two compounds 
in this in vitro cell system. 

Material and methods 

Chemicals and solutions 

DMEM was purchased from Gibco (Life Technologies, Zug, Switzerland); methanol LC-MS 
Chromasolve (Fluka), DMSO, CPZ and DZP were purchased from Sigma-Aldrich (St. Louis, 
MO, USA). 

For the chemical analysis, methanol (HPLC-grade, 99% purity) was purchased from 
Labscan (Dublin, Ireland) and orthophosphoric acid from VWR Prolabo (Amsterdam, The 
Netherlands). A Millipore water purification system (Millipore Water, Amsterdam, The 
Netherlands) was used to prepare deionied water.  

Isolation and culture of cells 

The aggregating rat brain cultures were prepared from 16-day old Sprague-Dawley rat 
embryos (Janvier, St Berthevin, France) as described by Honegger and Zurich (2011). In 
short, the brains of the embryos were dissected and dissociated into a single cell 
suspension by sequential passage through nylon sieves of 200 µm and 100 µm pore sizes 
(Sefar, Heiden, Switzerland). The cells were washed by centrifugation, resuspended in cold 
serum-free culture medium (modified DMEM), and incubated in culture flasks (modified 
Erlenmeyer flasks). The spontaneously generating three-dimensional cultures were 
maintained as suspension culture under constant gyratory agitation (80 rpm) at 37°C, in an 
atmosphere of 10% CO2 and 90% humidified air. Culture media were replenished with 
fresh medium every third day until day 14 by exchanging 5 mL (of a total of 8 mL per 
flask). After 14 days in vitro (DIV), the culture media were replenished every second day. 
The repeated exposure experiments started at DIV 18.  

Repeated exposure and sampling 

The aggregating brain cell cultures were exposed to two concentrations of chlorpromazine 
and diazepam, the 10% toxic concentration (TC10) and 1/5th of the TC10 (as determined in 
previous cytotoxicity assays). The 2000-fold concentrated stock solutions were prepared in 
DMSO and contained 2 and 0.4 mM chlorpromazine and 3 and 0.6 mM diazepam. Samples 
were taken from both the stock solutions and stored at -80°C until HPLC analysis. 
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On the first day of treatment, 4 µL of the respective 2000-fold concentrated stock 
solution were pipetted directly into the culture medium of each replicate culture. The cells 
were exposed for 12 days and medium was renewed every other day as follows; 5 ml of 
medium (of a total of 8 ml) was replaced with fresh pre-warmed medium. After each 
medium replenishment, 2.5 µL of 2000-fold concentrated stock solution were pipetted 
directly into the culture medium of each replicate culture. DMSO was added to the control 
cultures. After the first and last exposure, samples were taken at the following time 
points: 30 min, 1h, 3h, 6h and 24h. For the time-point 0 (test media), flasks containing 
medium but no cells were prepared. At all time points, medium was sampled from the 
flasks and the cells were collected. For this, the cells were washed twice with PBS. After 
removal of all the PBS, 1 mL of methanol was added and the cells were sonicated. The 
medium and cell samples were stored at -80 °C until HPLC analysis to study the biokinetic 
behaviour of both compounds in the culture systems. 

Sample preparation and HPLC analysis 

For analysis by HPLC, the samples were treated to remove proteins and cells: The stock 
solutions were diluted in 75% methanol; 25% Millipore water. For the test media and 
medium samples taken from the cultures, 3 volumes of methanol were added to one 
volume of sample. This was mixed on an IKA MS 1 minishaker (IKA, Staufen, Germany). For 
the cell lysate samples, one volume of Millipore water was added to three volumes of 
sample; this was mixed and placed in the centrifuge for 5 minutes at 2500 rpm (Beckman 
Coulter Allegra X12-R, Beckman Coulter, Woerden, The Netherlands). The supernatant 
was transferred to a glass auto sampler vial and used for HPLC analysis. 

The diazepam samples were measured by a HPLC-UV system that consisted of a 
solvent delivery system (Varian, Middelburg, The Netherlands), a C18 column (ID length 
4.6x150mm, particle size 5 µm, Gracesmart, Breda, The Netherlands), a UV-VIS detector 
and a degasser (Shimadzu, ‘s-Hertogenbosch, the Netherlands) and a Basic Marathon auto 
sampler (Spark Holland, Emmen, The Netherlands). The mobile phase consisted of 30% 
Millipore water and 70% methanol at a flow rate of 0.8 mL/min. The UV detector was set 
at a wavelength of 235 nm, the analysis was performed at room temperature. The total 
analysis time per sample was 5 minutes and the retention time of diazepam was 2.8 
minutes. The limit of detection (LOD) was 0.09 µM and the limit of quantification (LOQ) 
was 0.34 µM.  

The chlorpromazine samples were analysed according to Broeders et al. (2011). In 
short, the mobile phase consisted of 25% phosphate buffer (pH=3.0) and 75% methanol at 
a flow rate of 0.8 mL/min. The UV detector operated at a wavelength of 254 nm. The limit 
of detection was 0.05 µM and the limit of quantification was 0.16 µM.  
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Results 

In vitro biokinetics of chlorpromazine 

The lowest CPZ test concentration of 0.2 µM could not be measured in the medium 
samples because the concentrations in the samples were below the limit of detection 
(LOD). The measured concentrations in the stock solutions were 0.41 ± 0.08 mM for the 
nominal concentration of 0.4 mM and 2.25 ± 0.07 mM for the nominal concentration of 2 
mM. The CPZ concentration in the test medium was 0.82 ± 0.10 µM for the 1.0 µM CPZ 
concentration.  

The results for the medium samples of the 1 µM concentration are shown in Figure 1. 
The amount in the medium decreased over time. After 30 minutes the amount decreased 
by 60% and after 24 hours no CPZ was detected in the sample (data point shown in Figure 
1 is LOQ/2 * volume medium). On the last exposure day, the amount in the medium 
decreased as well and no significant differences were seen between the two sampling 
days, except for the 24h sampling point.  

Figure 1. Amount of chlorpromazine in medium samples taken on the first (□) and last (○) exposure 
day for the TC10 of 1 µM. Mean and SD are shown for 3 biological replicates.  

 The amount of CPZ in the cell lysate samples is shown in Figure 2. For the low CPZ 
test concentration of 0.2 µM, data from two biological replicates is shown (as single data 
points), since in one replicate the amounts were below the LOD. The amount of CPZ in the 
cell samples showed an initial increase followed by a decrease over time on both days. 
Furthermore, the amounts found on the last exposure day were 3 to 6 times higher 
compared to the first exposure day. The amounts found for the high CPZ concentration 
are 5 to 6 times higher than the amounts found for the low test concentration. This 
reflects the difference in nominal concentration added to the culture systems (0.2 versus 1 
µM CPZ).   
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Figure 2. Amount of CPZ in the cell lysate samples from the low (A -1/5th of TC10 = 0.2 µM) and high 

(B – TC10 = 1 µM) CPZ test concentrations on the first (□) and last (○) exposure day. For the low CPZ 
concentration, individual data points from n=2 are shown; for the high CPZ concentration mean and 
SD are shown for n=3.  

 The mass balance of CPZ was calculated by adding the amounts found in the medium 
to the amounts found in the cells and comparing this to the amount added to the system 
(as measured in the test media). The mass balance on the first exposure day is shown in 
Table 1 for the high CPZ test concentration. 

Table 1. Mass balance (%) of chlorpromazine in aggregating brain cell cultures on the first exposure 
day. 

 Nominal concentration 
Sampling time   1.0 µM CPZ  

30 min 108.9 (8.2) % 

1h 119.0 (18.1) % 

3h 107.0 (19.8) % 

6h 88.7 (13.3) % 

24h 62.2 (8.7) % 

Mean (SD) are shown for 3 biological replicates. 

 In addition, the distribution of CPZ over the different compartments (medium, cells, 
lost) was calculated. The results for the high CPZ test concentration on the first exposure 
day are shown in Figure 3. Data for the distribution at the low CPZ test concentration are 
not shown, as the CPZ concentration found in the medium was below the LOQ and 
concentrations at the LOQ level may represent a substantial part of the total amount 
(maximally 80 %).  
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 For the high CPZ test concentration of 1 µM, the percentage found in the medium 
decreased over time, from 60% after 30 minutes to 3% after 24 hours. The percentage of 
CPZ found in the cell lysate samples increased from 52 to 81% and at the last time point 
(24h) decreased again to 59%. Not all CPZ was found back from 3h to 24h after addition of 
CPZ to the system, the percentage lost increased to 38%.  

Figure 3. Distribution of CPZ in the aggregating rat brain cell cultures on the first exposure day. 
Percentage of CPZ in the medium (    ), cells (    ) and the percentage lost (    ) are shown for the high 
CPZ concentration (TC10 = 1µM) based on data from 3 biological replicates.  

In vitro biokinetics of diazepam 

The measured diazepam concentrations in the stock solutions were higher than the 
nominal concentrations: 0.82 ± 0.02 mM for the 0.6 mM concentration and 4.47 ± 0.11 
mM for the 3 mM concentration. As a consequence, the test media also contained higher 
diazepam concentrations: 0.65 ± 0.09 µM for the 0.3 µM concentration and 2.20 ± 0.23 
µM for the 1.5 µM diazepam concentration. The measured DZP amounts in the medium 
samples are shown in Figure 4. For the low concentration of 0.3 µM, DZP could only be 
measured in two biological replicates, therefore, the individual data points are shown in 
the Figure instead of a mean and standard deviation. The amount of DZP in the medium 
remained relatively stable over time for both the low and high DZP test concentrations.  
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Figure 4. Amount of diazepam in medium samples from the low (A – 1/5th of TC10 = 0.3 µM) and high 

(B – TC10 = 1.5 µM) DZP concentration taken on the first (□) and last (○) exposure day. For the low 
DZP concentration, individual data points (n=2) are shown for the high DZP concentration mean and 
SD are shown for n=3.  
  

For the low DZP test concentration of 0.3 µM, the amounts in the cell lysate samples 
were too low to be measured (<LOD). The amounts measured in the high DZP 
concentration of 1.5 µM are shown in Figure 5. The amount found in the cells remained 
stable over time and no significant differences were seen between the two sampling days.  

Figure 5. Amount of DZP in the cell lysate samples from the high DZP test concentration of 1.5 µM. 

Mean and SD are shown for n=3 on the first (□) and last (○) exposure day.  

 The mass balances of diazepam were calculated and the results on the first exposure 
day are shown in Table 2 for the high DZP test concentration. The mass balance of 
diazepam remained stable over time. 
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Table 2. Mass balance (%) of diazepam in aggregating brain cell cultures on the first exposure day. 

 Nominal concentration 
Sampling time 1.5 µM DZP 

30 min 84.9 (27.2) % 

1h 94.4 (23.4) % 

3h 90.7 (27.0) % 

6h 97.4 (27.0) % 

24h 92.9 (29.0) % 

Mean (SD) are shown for 3 biological replicates for the high DZP concentration  

 The results for the distribution of diazepam in the in vitro system are shown in Figure 
6 for the high DZP test concentration. For the low DZP concentration of 0.3 µM, most of 
the diazepam added was found back in the medium (92-99%) and no DZP was found in the 
cells. Because concentrations at the level of the LOQ may represent maximally 50% of the 
total amount in the system, data on mass balance or distribution are not shown. For the 
high DZP concentration of 1.5 µM, 82-95% of the diazepam added was found back in the 
medium. The cells contained only 2% of the DPZ added to the system.  

Figure 6. Distribution of DZP in the aggregating rat brain cell cultures on the first exposure day. 
Percentage of DZP in the medium (    ), cells (    ) and the percentage lost (    ) are shown for the high 
(TC10 = 1.5 µM) DZP concentration based on data from 3 biological replicates.  
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Discussion 

In this study the exposure and biokinetics of chlorpromazine (CPZ) and diazepam (DZP) 
were studied in 12-day repeated exposure experiments performed in aggregating rat brain 
cell cultures. The results show that chlorpromazine decreased in the medium over time by 
uptake into the cells. CPZ accumulated inside the cells during the 12-day repeated 
exposure. In contrast, the amount of diazepam in the medium remained stable over time 
and no accumulation was seen in the cells. 
 The measurements of the high CPZ test concentration of 1 µM in the medium 
showed a decrease over time that was comparable between the first and last exposure 
day. This decrease in the medium was associated with uptake into the cells as shown in 
Figure 2. In contrast, the medium samples of the cultures exposed to diazepam showed a 
stable amount of DZP in the medium over time. This was seen for both the low and high 
DZP test concentrations and no significant differences were seen between the two 
sampling days. The uptake of diazepam from the medium into the cells was lower than for 
chlorpromazine. Of the total amount of DZP added to the system, only up to 2% was 
found back in the cells.  This was markedly lower than for CPZ, where 50 to 80% of the CPZ 
added was found in the cell lysate samples. The distribution data confirm that most of the 
DZP added to the system remained in the medium (82-99%) for both concentrations 
tested.  
 A possible explanation for the differences found in the biokinetic behavior of 
chlorpromazine and diazepam could be the transport of the compound either in or out of 
the cells. More DZP is found in the medium and thus less in the cells. Either the uptake of 
diazepam into the cells is lower than for chlorpromazine or the efflux of diazepam out of 
the cells is higher. Both compounds are most likely transported into cells by diffusion. CPZ 
has a Log Kow  of 3.16 for the ionised form (Log Kow for the non-ionised form is 5.3) and DZP 
has a LogKow of 2.8, indicating that both compounds are lipophilic. The slightly higher 
lipophilicity of chlorpromazine might favour its uptake into the cells compared to 
diazepam. Another physical-chemical property to take into account is the pKa and the 
ionization of the compound. At a physiological pH of 7.4, chlorpromazine is almost 
completely ionised (98.8%), whereas diazepam is neutral (non-ionised). Overall it is 
thought that only the non-ionised compound can be taken up by cells. However, Caco-2 
experiments have shown that both species (non-ionised and ionised) are transported 
across cell layers (Yee 1997, Broeders et al. 2012).   
 Both compounds are substrates for the P-glycoprotein efflux transporter (Saitoh and 
Aungst 1995, Adachi et al. 2001); in addition, CPZ is also a competitive inhibitor of this 
transporter (Wang et al. 2006, Feng et al. 2008). Preliminary results indicate that P-
glycoprotein is present in these cultures, although nothing is known yet about its 
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functionality. Overall, no conclusion can be drawn as to whether the observed biokinetic 
behaviour of CPZ and DZP is caused by differences in either the uptake or the excretion of 
the respective compounds. Possible explanations were discussed and further research is 
needed to clarify this.  
 For both compounds, the mass balances were relatively high. However, for both 
compounds values below 100% were found. The limit of quantification (LOQ) of the 
analytical method likely played a role in this. The concentrations tested were based on 
previous cytotoxicity experiments and were rather low and close to the LOQ. For the low 
CPZ concentration no compound could be measured in the medium and for the low 
diazepam concentration no DZP could be measured in the cells. It is possible that there 
was compound present in these samples but that the amount was too low to be 
measured. Therefore, the mass balances were most likely complete (around 100%) for 
both compounds. Only for chlorpromazine a small decrease in mass balance over time was 
seen for the high concentration. If this was indeed the case, then a possible explanation 
for this could be metabolism. As of now, no published data is available on the metabolic 
competence of these cultures.  
 In the aggregating rat brain cultures, CPZ accumulated over time while the amount of 
DZP remained stable over the 12-day repeated exposure. The uptake of CPZ into the cells 
was already higher than the uptake of DZP on the first exposure day. New compound was 
added to the culture every other day during 12 days and this did not seem to influence the 
uptake of CPZ. This uptake continued and led to an accumulation of CPZ in the cells over 
time.  
 The biokinetics of the two compounds clearly differ in the aggregating rat brain cell 
cultures. In an earlier study with liver cells, we simulated the accumulation of CPZ over 
time (Broeders et al., manuscript in preparation). In this liver cell study, a concentration 
time profile as presented in Figure 7A was observed. The concentrations of CPZ in the 
aggregating rat brain cell show a similar trend. On the contrary, DZP reaches an 
equilibrium after 1 day and no further accumulation was observed (Figure 7B). The 
amount in the medium remained stable over the entire exposure period for DZP, whereas 
the amount of CPZ in the medium fluctuated over time. This will affect the outcome of 
cytotoxicity tests. In general, the concentration that is taken into account is the nominal 
concentration in the medium. Based on that concentration, the 50% toxic or effect 
concentration is calculated. In the case of CPZ, the amount in the medium decreased over 
time (after every addition of test compound to the cell cultures). As a consequence, effect 
concentrations of CPZ will depend on the exposure time, while this may not be the case 
for DZP.   
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Figure 7. An indication of the in vitro biokinetic behaviour of chlorpromazine (7A) and diazepam 
(7B). 

 Overall, differences were found in the biokinetic behavior of chlorpromazine and 
diazepam in the aggregate rat brain cell cultures. CPZ was predominantly found in the 
cells, whereas most of the DZP was found in the medium. The accumulation of CPZ in the 
cells during the repeated exposure leads to higher intracellular concentrations of this 
compound in the cells. This study shows that the biokinetic behavior of test compounds 
should be taken into account when incorporating repeated dosing into in vitro assays and 
when interpreting the results found. 
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Summary 

The potential risk of compounds is commonly assessed with animal experimentation and 
extrapolation of these data to assess human health effects. The use of Integrated Testing 
Strategies combines different methods, including in vitro tests and in silico methods, to 
perform risk assessment with less costs and less animal experiments. Although 
alternatives to animal tests have been developed and validated, research into alternatives 
for certain toxicological endpoints is yet limited. One of these endpoints is systemic 
toxicology after repeated dosing. In addition, difficulties arise when extrapolating in vitro 
data to the in vivo situation. In vitro data can be highly variable and it is difficult to 
compare nominal concentrations in vitro with doses in vivo. One aspect that is often 
missing in in vitro assays is information on exposure concentrations. These exposure 
concentrations are highly influenced by the in vitro biokinetics of the test compound. 
Therefore, the aim of the work presented in this thesis was to study in vitro biokinetics in 
different cell systems. This was done for both single as well as repeated exposure studies 
in vitro.  

In Chapter 2, a technique was developed to be able to measure the free 
concentration of chlorpromazine (CPZ) in medium used for cell assays. A negligible 
depletion-solid phase microextraction (nd-SPME) method coupled to high performance 
liquid chromatography (HPLC) was set up. The fibers used for the nd-SPME consisted of 
glass fibers coated with polyacrylate. The method was optimised with regard to the 
coating thickness and exposure time. Albumin was added to the test medium to 
determine the protein binding of chlorpromazine and to assess possible effects of albumin 
on the nd-SPME technique. A coating of 30 µm polyacrylate was shown to give the most 
reliable results combined with an exposure time of 48 hours to reach equilibrium. The 
addition of albumin to the medium did not result in fouling (binding of the protein to the 
fiber coating) and did not influence the uptake kinetics of CPZ into the fiber. At the 
physiological concentration of albumin in the medium, 94% of CPZ was bound to the 
albumin. This is in line with in vivo findings of CPZ protein binding (92-99%).  

The developed nd-SPME technique described in chapter 2 was applied to different in 
vitro assays. In chapter 3, the in vitro biokinetics of CPZ were studied in a permeability 
assay with Caco-2 cells. In addition to measuring intestinal transport, different factors 
possibly influencing this transport were studied. The addition of albumin to the receiver 
compartment increased the uptake of CPZ, whereas transport in the opposite direction 
(for efflux) was hampered. Correcting the transport of CPZ for its free concentration, as 
measured by nd-SPME, significantly influenced the results. Next to the standard 
measurements of the medium on both sides of the cell layer, the cells themselves and the 
well plastic were sampled. We found large amounts of CPZ inside the cells (≤20%) and 
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bound to the well plastic (≤25%). Over time, the amount in the cell layer showed an initial 
increase followed by a decrease over time. This decrease was linked to an increase of CPZ 
in the receiver compartment. It appears that there is a lag phase in the transport of this 
compound across the Caco-2 cell layer. A theoretical model was applied to the data, 
showing that when the Caco-2 cells were considered as a separate compartment, a 
plateau in the amount of CPZ in the cells was reached after 20 minutes and from that time 
point the amount in the cells decreased. We concluded that when lipophilic compounds 
such as chlorpromazine are used in these Cao-2 cell permeability studies, the amount 
inside the cells and bound to the well plastic should be taken into account in the 
estimation of permeability. 

Chapter 4 of this thesis describes data on the in vitro biokinetics of chlorpromazine in 
three different cell assays used to assess cytotoxicity. The cell lines selected include a 
mouse fibroblast cell line (Balb/c 3T3) and two human cell lines: the intestinal Caco-2 cells 
and liver HepaRG cells. A factor that played a role in the selection of these cell lines was 
the difference in medium composition (presence of serum). The cells were exposed to CPZ 
and cell viability was measured to determine 50% effect concentrations (EC50). For the 
biokinetics, samples were taken from the medium, cells and well plastic and 
concentrations were measured.  The free CPZ concentration in the medium was measured 
by nd-SPME. The Balb/c 3T3 cells were the most sensitive to CPZ followed by the HepaRG 
cells and the Caco-2 cells. Distribution data showed that the Caco-2 and HepaRG cell 
cultures contained high amounts of CPZ in the cells. Different dose metrics were used to 
describe the cytotoxicity data found. The use of the free CPZ medium concentration had 
the largest influence on the results compared to using the nominal medium concentration. 
Because the Caco-2 cell medium contained the highest amount of serum, the free CPZ 
concentration was the lowest. Using the free CPZ concentration to express cytotoxicity, 
the EC50-values came closer together and no significant differences between the three cell 
lines were observed. We concluded that for estimating the cytotoxicity of this type of 
compounds, the free medium concentration might be a better dose metric than the 
nominal concentration.  

Chapters 5 and 6 discuss biokinetics in in vitro systems after repeated exposure. In 
chapter 5, the biokinetic behaviour of chlorpromazine is described in three different in 
vitro liver cell assays and in Chapter 6, the biokinetics of chlorpromazine and diazepam in 
an in vitro neuronal cell system were studied. The liver cell systems as described in 
Chapter 5 include primary rat and human hepatocytes and the human HepaRG cell line. 
CPZ was added to the cell systems daily for a total duration of 14 days. On the first and last 
exposure day, samples were taken from the medium, cells and well plastic after 2 min, 30 
min, 1 h, 3 h and 24 h after addition of CPZ. These samples were measured by HPLC-UV to 
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determine the CPZ content. We found that CPZ was taken up from the medium into the 
cells over time. The mass balance decreased in the three cell systems, indicating 
metabolism. The cell sample results showed an accumulation of CPZ over time: the 
amounts found on the last exposure day were higher than the amounts found on the first 
day. This effect was most pronounced for the highest test concentrations, where 
formation of lamellar bodies was also observed. Possible explanations for the 
accumulation of CPZ in the cells are a decrease in metabolism over time, inhibition of 
efflux transporters and/or binding of CPZ to phospholipids. In addition to the experimental 
data, the kinetic behaviour of CPZ in the medium and cells of the HepaRG cell line during 
the 14-day exposure was modelled. The model showed a gradual accumulation of CPZ in 
these cells. Overall, differences were observed in the in vitro biokinetics of CPZ in the 
three liver cell systems, which influence the interpretation of the cytotoxicity data. 

Chapter 6 shows the in vitro biokinetics of both chlorpromazine as diazepam (DZP) in 
a rat neuronal cell system after repeated exposure. The neuronal cells were isolated from 
foetal rat brain and cultured as aggregates. CPZ and DZP were added to the cultures every 
other day for a total duration of 12 days. Samples for kinetics analysis were taken from 
medium and cells on the first and last exposure day at 30 min, 1 h, 3 h, 6 h and 24 h after 
addition of the test compound. Analysis of these samples showed that CPZ was taken up 
from the medium into the cells, as reflected by a decrease in amount in medium and an 
increase in CPZ in the cell samples. During the 12-day repeated exposure, CPZ 
accumulated inside the cells. Different results were found for DZP: the amount in the 
medium remained stable over time, uptake into the cells was limited (only up to 2% of the 
total amount added) and no differences were found between the two sampling days. 
Possible explanations for these differences in biokinetic behaviour are differences in 
uptake into the cells or efflux out of the cells.  

The work presented in this thesis confirms the added value the study of a 
compounds' in vitro biokinetics can have to the interpretation of the results found, both in 
single and repeated exposure experiments. 
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Discussion 

The data presented in this thesis show that by expressing in vitro data based on a nominal 
concentration one ignores the different processes that can take place in vitro and that 
could influence the actual exposure concentration. By studying the in vitro biokinetics of 
CPZ in different cell systems, we found that the compound distributes over the different 
compartments present in an in vitro system: medium (freely dissolved and protein bound), 
cells and plastic. Although in some cases reasonably good correlations have already been 
found between in vitro and in vivo data (Ekwall 1999, Gülden and Seibert 2005, Kramer, et 
al. 2009), improvements in the in vitro-in vivo extrapolation are still needed. Obtaining 
good quantitative data in vitro by gathering information on compound behaviour and 
including data on exposure concentrations can help in this improvement of quantitative in 
vitro – in vivo extrapolation (QIVIVE). Other factors that can help the implementation of in 
vitro methods in toxicological risk assessment  include repeated dosing and the use of the 
most appropriate dose metric. 

Biokinetics in vitro  

The in vitro biokinetics of chlorpromazine were studied in different cell assays, with both 
single and repeated dosing. The biokinetics of diazepam were only studied in one 
repeated exposure experiment with neuronal cells. After addition of a test compound in 
the medium of a cell culture system, different scenarios are possible. The amount of 
compound in the medium might remain stable over time or it may decrease over time. 
This decrease can be attributed by uptake into the cells, possibly followed by metabolism, 
evaporation into the air, or binding to cell membranes or the well plastic.  

In chapters 3 and 4, single exposure experiments with CPZ were performed in 
different cell systems:  a transport assay with Caco-2 cells and cytotoxicity assays with 
Balb/c 3T3, Caco-2 and HepaRG cell cultures. The CPZ concentrations used in the 
permeability assay were 50, 100 and 150 µM; in the cytotoxicity assays concentrations 
ranging from 1.7 to 405 µM CPZ were used. Overlapping concentrations were tested and, 
therefore, the biokinetic behaviour can be compared. An important difference between 
the two assays is the exposure time:  48-72 h in the cytotoxicity assays, whereas, in the 
permeability assay the Caco-2 cells were only exposed for 60 minutes.  

In both the permeability and the cytotoxicity assay, the amount of CPZ in the 
medium decreased over time. This decrease was similar (± 60% decrease) between the 
permeability assay and for non-toxic CPZ concentrations in the cytotoxicity assay with 
Caco-2 cells. The amount of CPZ in the cells differed between the different cell types, most 
likely because of the size of the total cell compartment. Plastic binding of CPZ was lower in 
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the cytotoxicity assays (≤5% of total CPZ added) compared to the Caco-2 permeability 
assay (≤25% of total CPZ added). A possible explanation for this is the larger plastic surface 
area present in the Caco-2 cell permeability assay because a plastic insert is present within 
the wells.   

Protein binding of CPZ in the medium was measured in both the permeability as the 
cytotoxicity assays; protein binding was higher in the permeability assay (94% vs. 80%). 
This was expected as 600 µM of BSA was added to the medium in the permeability assay 
and in the cytotoxicity assay with Caco-2 cells 10% FBS (66 µM BSA) was added. However, 
it does not resemble the results found in chapter 2. With the nd-SPME method, a protein 
binding of only 40% was expected with 66 µM BSA (figure 5). A possible explanation for 
this is that in the Caco-2 cytotoxicity assay serum was added instead of albumin, which 
contains more proteins that can bind compounds.  

Previous studies have looked at in vitro biokinetics as well, focussing on protein 
binding, evaporation and plastic binding (Hestermann et al. 2000, Heringa et al. 2004, 
Riedl and Altenburger 2007, Kramer et al. 2012). These studies have in common that the 
exposure concentrations of compounds are influenced by culture-specific conditions and 
also depend on the properties of the test compound itself.  This is in line with the results 
described in this thesis, as the lipophilic compound CPZ was bound to proteins and plastic, 
lowering the freely available concentration.   

The in vitro biokinetics of diazepam (DZP) were only studied in repeated exposure 
experiments with aggregating brain cell cultures (chapter 6). The behaviour of DZP was 
different from that of CPZ, the amount in the medium remained stable and the uptake 
into the cells was limited. For future research, it would be very interesting to study the in 
vitro biokinetics of compounds with different physico-chemical properties in both single 
and repeated exposure experiments.   

Repeated exposure in vitro 

The use of in vitro assays for repeated exposure experiments has several limitations: the 
cells tend to lose their function over time, in vitro systems cannot mimic all interactions 
possible in vivo and in vitro systems are limited in their possibilities of accounting for 
kinetics and biotransformation (Prieto et al. 2006). However, within the EU FP7 project 
Predict-IV, an attempt was made to incorporate repeated dosing into in vitro assays and 
studying effects and biokinetics. The in vitro biokinetics are discussed in chapter 5 and 6 
for liver cell systems and a neuronal cell system, respectively.  The cell systems were 
tested for their functionality over time; repeated exposure experiments could be 
performed for 12-14 days without significant changes to basal cell functions.  



Summary and general discussion 

139 
 

For the amount of compound in the medium, repeated dosing did not make any 
difference as for all cell systems the amounts were comparable between the first and last  
exposure day. However, repeated exposure did have a significant effect on the amounts 
found in the cells. In all liver cell systems as well as in the neuronal cell system, the 
amount of CPZ inside the cells increased over the repeated exposure period of 12-14 days.  

These in vitro biokinetics data give a good idea of what happens to a compound in an 
in vitro system when added repeatedly. However, we only have experimental biokinetic 
data on two days: the first and last exposure days. For the HepaRG cells, a model was 
developed to describe the amounts in medium and cells over the 14-day exposure 
(chapter 5). This cell system was used as an example to show the in vitro biokinetics of CPZ 
over time. More data, especially on intermittent days, is necessary to improve the model.  

As mentioned previously, different scenarios are possible when a compound is added 
to an in vitro test system. The total amount of compound in the medium can remain stable 
or decrease over time. This decrease in the amount of compound in the medium can be 
linked to uptake into the cells. With single exposure of the cells to the compound, the 
following three scenarios are possible, as depicted in Figure 1A: 

1. Stable amount of compound in the cells; uptake of the compound into the cells 
until equilibrium is reached. 

2. Decrease in the amount of compound in the medium over time; uptake of the 
compound into the cells until equilibrium is reached. 

3. Fast decrease in the amount of compound in the medium over time; uptake of 
the compound into the cells followed by metabolism and/or efflux of the 
compound/metabolite out of the cells. 

Comparable scenarios can be seen in in vitro test systems after repeated exposure, as 
shown in Figure 1B: 

1.  Stable amount of compound in the cells during repeated exposure; uptake of the 
compound into the cells until equilibrium is reached. 

2. Decrease in the amount of compound in the medium, followed by addition of 
new compound during each exposure; uptake of compound into the cells. The 
amount in the cells accumulates over time.  

3. Fast decrease in the amount of compound in the medium. With repeated 
exposure, the same peak concentration is reached at each addition; the amount 
of compound in the cells shows an initial increase followed by a decrease over 
time following each compound addition to the test system. Slow accumulation of 
the compound in the cells is seen. 
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Figure 1: Different scenarios for the amount of test compound in the medium and cells after single 
(A) and repeated (B) exposure. For the repeated exposure, each addition of test compound is 
indicated by an arrow (↑). 

Dose metrics 

The most relevant dose metric in an in vitro assay would be the concentration at the site 
of action; however, this is difficult to measure. Alternatives for this dose metric are the 
internal concentration, the freely available concentration and the total or nominal 
concentration (Groothuis et al. submitted 2013). The effects found in in vitro assays are 
most often expressed by the nominal concentration of the test compound. The total 
concentration in the medium can be lowered by processes such as plastic binding, 
evaporation and cell binding (Schirmer et al. 1997, Gülden et al. 2001, Margolis and Obach 
2003, Palmgrén et al. 2006, Riedl and Altenburger 2007, Schreiber et al. 2008) and protein 
binding lowers the freely available concentration of a compound (Gülden et al. 2002, 
Seibert et al. 2002, Gülden et al. 2003, Kramer et al. 2012). Therefore, expressing effects 
by a nominal concentration will in many cases not reflect actual exposure concentrations. 
Measured total concentrations take processes like plastic binding, cell binding and 
evaporation into account. The free unbound concentration is considered to be the 
concentration available for uptake and thus available for exerting the effect (Kwong 1985, 



Summary and general discussion 

141 
 

Hervé et al. 1994, Escher and Hermens 2004). When protein binding is expected for a test 
compound, the freely dissolved concentration is probably a better dose metric.  

The subject of dose metrics was addressed in chapters 3 and 4. Both protein binding 
and plastic binding of CPZ were studied in these experiments. The effects found on the 
cells were expressed by nominal concentrations, measured total concentrations (at tstart, 
tend or the mean over time) and measured free concentrations. Protein binding of CPZ was 
significant (20-96 %) and was dependent on the culture medium (amount of serum). The 
use of the free concentration instead of the total concentrations greatly influenced the 
calculated effect concentrations. For the permeability assay with Caco-2 cells, the addition 
of albumin decreased the free CPZ concentration to only 6% of the total CPZ 
concentration. The apparent permeability (Papp) value became twice as high when using 
the free CPZ concentration compared to the Papp calculated with the total concentration. 
For the cytotoxicity assays, the highest protein binding (80%) was found in the medium for 
the Caco-2 cells.  This medium contained the most protein of the media used for the three 
cell types tested in chapter 4. As shown in Table 4, the use of different dose metrics 
influenced the sensitivity results of the three different cell types. Based on total 
concentrations, the Balb/c 3T3 cells were the most sensitive to CPZ followed by HepaRG 
cells and Caco-2 cells. When the EC50 was based on free CPZ concentrations, the values are 
closer together indicating basal cytotoxicity.   

The use of the free concentration instead of a total concentration was proposed 
before (Gülden et al. 2002, Tanneberger et al. 2010, Kramer et al. 2012) and our results 
confirm this hypothesis for compounds known to bind to proteins. In addition, studies 
have discussed using either maximum concentrations or areas under the curve (AUC) to 
express the effects found (Legierse et al. 1999, Verhaar et al. 1999, Reinert et al. 2002, 
Knöbel et al. 2012,). The decision between these two dose metrics is thought to be based 
on the mechanism of action. Reversible effects, considered to be non-specific, would be 
best expressed by the peak concentration; irreversible effects, with cumulative damage, 
would be better expressed by a time-dependent dose metric such as the AUC.            

No definitive preference for a dose metric can be given at this point. The most 
appropriate dose metric will depend on the physico-chemical properties of the test 
compound, its biokinetic behaviour in vitro and its mechanism of toxicity. Groothuis et al. 
(submitted 2013) proposed a flow chart to choose an appropriate dose metric. The most 
important will be a change in mind-set in the interpretation of in vitro data: going from 
not considering in vitro biokinetics to actually measuring or estimating the proper 
exposure concentrations and making a well-considered decision as to which dose metric 
to use. 
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Implications for IVIVE and toxicological risk assessment 

For the quantitative extrapolation of in vitro data to the in vivo situation, quantitatively 
good in vitro data is needed. This means that exposure concentrations should be 
measured and that processes such as protein binding of the test compound should be 
taken into account. In addition, thought should be put into the most appropriate dose 
metric to express the in vitro effect studied.  

One can assume two ways of conducting quantitative in vitro-in vivo extrapolation 
(QIVIVE), as described in chapter 1 of this thesis:  1) an in vitro effect concentration in the 
medium, extrapolated to concentrations in the blood; 2) an effect concentration at the 
target site in vitro which can be assumed to be the same concentration needed to elicit 
the same effect in vivo. The use of PBBK models can help in the extrapolation of effect 
concentrations in vitro towards doses needed to reach that same target concentration in 
vivo. Examples of this way of extrapolation can be found in literature (Verwei et al. 2006, 
Louisse et al. 2010, Wetmore et al. 2012) and one of the goals within the EU FP7 project 
Predict-IV was to be able to set up models to extrapolate the findings in vitro to in vivo. 
This way of using in vitro data to predict doses in vivo has a great potential and needs 
further research to optimise this and make it applicable for different toxicity endpoints.   

Within the toxicological risk assessment, in vitro methods are available for a large 
number of endpoints. Unfortunately, for certain endpoints, validated alternative methods 
are not available yet. These endpoints include repeated-dose toxicity, reproductive 
toxicity and toxicokinetics. As for the first endpoint, the Predict-IV project attempted to 
include repeated exposure into in vitro assays. Cytotoxicity experiments were performed 
and combined with biokinetics, ‘omics’ techniques and PBBK modelling. This way of 
combining different techniques in an integrated testing strategy is the best way of moving 
towards a reduction or even replacement of animal experiments in risk assessment.  

A proposal for how in vitro assays combined with in silico methods could be used in 
toxicological risk assessment is shown in Figure 2. Before setting up the experiments, the 
physico-chemical properties of the test compound should be studied combined with 
QSARs to determine the specific in vitro tests needed for further assessment of the test 
compound. In vitro biokinetics can be studied in the in vitro assays to help the 
interpretation and to determine the most appropriate dose metric.  Next, the in vitro 
results are extrapolated to in vivo values, keeping in mind the most appropriate dose 
metric in vivo as well. These in vivo estimates can then be used to evaluate the risk of the 
test compound.  
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Figure 2: Proposed scheme for incorporating in vitro and in silico methods in the risk assessment of 
compounds. Adapted from (Yoon et al. 2012) and (Blaauboer et al. 2012). 

Future perspective and concluding remarks 

The work presented in this thesis is an example of studying in vitro biokinetics in different 
cell assays and explaining the implications of having these data. The compounds’ 
behaviour in in vitro assays determines the concentration to which the cells are actually 
exposed, or what the concentration at the target site is. This knowledge can help in the 
extrapolation of the results found in vitro to the in vivo situation for risk assessment 
purposes. Another important factor to take into account is selecting the most appropriate 
dose metric to express the results found. 

Up to now, in vitro research was not focussed on these two aspects: biokinetics and 
dose metrics. A change in mind-set is needed to increase the research in this field and 
reduce the number of studies just focussing on nominal concentrations to express results. 
Our research and other published studies have shown the implications of compound 
behaviour (binding to plastic, evaporation, protein binding) on in vitro results.  
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 The use of compound characteristics and QSARs, in vitro assays combined with 
biokinetics data and PBBK modelling in an integrated testing strategy will help in 
establishing new ways of assessing risk assessment. The use of test animals needed for 
this evaluation can be reduced by proper screening and selection of the compounds that 
need further testing. The ultimate goal is of course to totally eliminate animal 
experimentation from the risk assessment process. By optimising the individual 
techniques, and the interplay between the information obtained from these techniques, 
this goal should be within our reach. This will not be achieved within a couple of years, but 
ultimately we will be able to do this as new techniques are being developed and new 
insights are achieved. Another important role is laid down at the government as they 
decide which tests are needed before a compound/product is allowed onto the market. 
Here, a change of mind-set is also needed; going from the heavy reliance on animal data 
for human risk assessment towards the understanding that humans are not animals and 
that alternative methods based on human cells/tissues combined with in silico methods 
may provide a better prediction.  

To conclude, I would like to express my thoughts on replacing animal experiments with 
alternative methods, by one of my favourite quotes: 

“Only those who attempt the absurd can achieve the impossible” - Albert Einstein. 
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Inleiding 

Chemicaliën, medicijnen, cosmetica en andere producten worden getest op hun veiligheid 
voordat ze worden toegelaten. Voor het beoordelen van hun veiligheid moeten 
verschillende testen worden uitgevoerd, inclusief dierproeven.  Omdat dieren niet 
hetzelfde zijn als mensen, wordt hier bij het extrapoleren van de data rekening mee 
gehouden. Het gebruik van proefdieren is de afgelopen jaren toegenomen en dit zal zo 
blijven als er geen goede alternatieven worden ontwikkeld en geaccepteerd. Binnen de EU 
moeten alle stoffen die in grote hoeveelheden (meer dan 1000 kg per jaar) worden 
geproduceerd, opnieuw getest en geëvalueerd worden als gevolg van de wetgeving 
REACH. Dit wordt gedaan omdat er te weinig bekend is over de toxische eigenschappen 
van deze stoffen. Dit betekent een grote toename in het aantal dierproeven, waardoor de 
noodzaak voor alternatieven steeds groter wordt. Ook het verbod op het testen van 
cosmetica op dieren binnen de EU zorgt voor de groeiende behoefte aan goede 
alternatieve testmethoden. 

Alternatieve methoden zijn al ontwikkeld en gevalideerd voor een aantal 
eindpunten, helaas zijn er nog geen goede alternatieven voor alle eindpunten. Dit geldt 
met name voor eindpunten waarin verschillende systemen in een organisme en dus ook 
de interactie tussen deze systemen een rol spelen. Het ontwikkelen van ”integrale test 
strategieën” (ITS) zou een oplossing hiervoor kunnen zijn. In deze opzet worden data van 
verschillende alternatieve methoden gecombineerd en zo wordt geprobeerd de situatie 
voor de mens te voorspellen. Door meerdere testmethoden te combineren kan een 
betere voorspelling worden gedaan voor de mens dan wanneer het gebaseerd zou zijn op 
één test binnen deze ITS. Twee eindpunten waarvoor nog geen goede alternatieve 
methoden zijn, zijn de herhaalde blootstelling en effecten op de voorplanting. 

 Een voorbeeld van een alternatieve methode voor dierproeven is het gebruik van 
celsystemen. Deze technieken worden in vitro methoden genoemd. Cellen worden 
gekweekt in een plastic cultuurplaat en vervolgens blootgesteld aan de teststof. Effecten 
van de teststof op deze cellen worden gemeten en dienen als uitgangspunt voor de 
effecten die bij de mens zouden kunnen optreden. Voor deze testen kunnen naast cellen 
afkomstig van dieren ook cellen afkomstig van de mens gebruikt worden. Helaas is er geen 
directe één op één relatie met de resultaten gevonden in in vitro testen en de situatie in 
de mens.  

Eén manier om met deze verschillen rekening te houden, is door te kijken naar het 
gedrag van de teststof in zo’n in vitro systeem. Dit noemen we de in vitro biokinetiek van 
een stof. De eigenschappen van de teststof zelf en van het kweeksysteem waaraan ze 
worden toegevoegd, bepalen wat er met de stof gebeurt. De stof kan eventueel binden  
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aan het plastic materiaal van het kweeksysteem, de teststof kan verdampen en de stof kan 
binden aan eiwitten die in het testmedium kunnnen zitten. Al deze processen bepalen de 
hoeveelheid teststof waaraan de cellen daadwerkelijk worden blootgesteld oftewel wat 
de vrije beschikbare hoeveelheid van de stof is (Figuur 1).  

Figuur 1. Weergave van de verschillende processen die de biologische beschikbaarheid van een stof 
in een in vitro systeem kunnen beïnvloeden.  

Een ander punt waar rekening mee zou moeten worden gehouden, is de manier 
waarop de gevonden resultaten worden uitgedrukt, oftewel welke parameter zou moeten 
worden gebruikt. Verschillende voorstellen zijn gedaan, zoals de hoogste concentratie 
(Cmax) en de ‘area under the curve’. Deze laatste parameter geeft aan aan welke 
hoeveelheid teststof de cellen zijn blootgesteld gedurende de gehele 
blootstellingsperiode.  

Het werk wat beschreven wordt in dit proefschrift is voortgekomen uit een EU-
project genaamd ‘Predict-IV’. Het doel van dit project was om een “integrale test 
strategie” op te zetten om herhaalde blootstellingstoxiciteit te kunnen voorspellen. Ons 
werk binnen dit project was gericht op de in vitro biokinetiek van een tweetal teststoffen 
in verschillende celsystemen. 

Onze doelstelling was het bestuderen van de in vitro biokinetiek om zo onze kennis 
van het gedrag van teststoffen in celsystemen te vergroten en uiteindelijk te gebruiken in 
de bepaling van de toxiciteit van de stoffen. De kinetiek van twee medicijnen, 
chloorpromazine (CPZ, antipsychoticum) en diazepam (DZP, hypnoticum en anxiolyticum), 
werd bestudeerd in verschillende celsystemen. Tevens werd de kinetiek bestudeerd na 
herhaalde blootstelling aan deze medicijnen in een in vitro systeem bestaande uit 
levercellen of neuronale cellen. 
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Resultaten 

In hoofdstuk 2 wordt een techniek beschreven die gebruikt kan worden om de vrije, niet 
gebonden concentratie van chloorpromazine te meten. Over het algemeen wordt gedacht 
dat alleen deze vrije concentratie beschikbaar is voor opname in de cellen. De negligible 
depletion-solid phase microextraction (nd-SPME) techniek beschreven in dit hoofdstuk 
bestaat uit glasvezelfibers met een coating waarin alleen de vrije (niet aan eiwit of plastic 
gebonden) stof kan worden opgenomen. Door te meten hoeveel er in de coating is 
opgenomen, kan worden berekend wat de vrije concentratie van de testsof in het 
celkweekmedium was. Deze methode is ontwikkeld en geoptimaliseerd voor 
chloorpromazine en wordt toegepast in de volgende twee hoofdstukken van dit 
proefschrift. Bij een hoeveelheid eiwit (albumine) in celkweekmedium die gelijk is aan de 
hoeveelheid in humaan bloed, werd maar 6% vrije chloorpromazine gemeten; dit komt 
overeen met waardes gevonden in bloed (1-8% vrije CPZ). 

In hoofdstuk 3 wordt het transport van chloorpromazine over een humane 
darmcellijn (Caco-2 cellen) beschreven. Deze cellen kunnen gebruikt worden om in een in 
vitro systeem te voorspellen wat de opname van een stof zal zijn in de dunne darm. De 
biokinetiek van CPZ in dit in vitro systeem wordt beschreven, inclusief de gemeten vrije 
concentratie met de nd-SPME techniek uit hoofdstuk 2. Het toevoegen van albumine aan 
het kweeksysteem beïnvloedde het transport van CPZ over de cellen. Traditioneel wordt in 
deze testopzet alleen de stof in het medium (van beide compartimenten) gemeten. Wij 
vonden echter ook CPZ in de cellen en gebonden aan het plastic van de cultuurplaat. Het 
lijkt erop dat CPZ vanuit het medium in het darmcompartiment naar de cellen gaat en 
daar enige tijd in blijft tot er een plateau wordt bereikt. Hierna wordt het vervolgens pas 
getransporteerd naar het medium in het bloedcompartiment. Er is dus sprake van een 
vertragingsfase. De resultaten laten zien dat het belangrijk is de cellen en het plastic mee 
te nemen in de metingen, om goed te weten wat er met de teststof gebeurt, zodat een 
betere interpretatie van de transportmetingen kan worden gegeven. 

In hoofdstuk 4 van dit proefschrift is de cytotoxiciteit van chloorpromazine getest 
met verschillende cellijnen en wordt wederom de vrije CPZ concentratie gemeten met nd-
SPME. Een fibroblastencellijn afkomstig van de miuis, een humane darmcellijn en een 
humane levercellijn werden gedurende 48-72 uur blootgesteld aan verschillende 
concentraties CPZ. Hierna werd gemeten hoeveel cellen nog in leven waren als maat voor 
de toxiciteit van de teststof. CPZ werd gemeten in het medium, de cellen, en gebonden 
aan het plastic van de cultuurplaten. De muize- fibroblast cellijn (Balb/c 3T3 cellen) was 
het gevoeligst voor het toxische effect van CPZ, gevolgd door de lever-cellijn (HepaRG 
cellen) en de darmcellen (Caco-2 cellen). Metingen in de cellen lieten zien dat de 
levercellen de hoogste hoeveelheid CPZ bevatten. Om de gevonden resultaten uit te 
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drukken, zijn verschillende parameters gebruikt: totale concentratie in het medium aan 
het begin of eind van de blootstelling en een gemiddelde concentratie en de vrije CPZ 
concentratie. Het medium gebruikt voor de darmcellen bevatte het meeste eiwit, dus de 
vrije CPZ concentratie was het laagst in dit medium. Door het gebruik van de vrije 
concentratie was er geen verschil in gevoeligheid voor CPZ meer tussen de 3 cellijnen. Het 
uitdrukken van de resultaten op basis van de vrije concentratie is voor dit soort teststoffen 
dus een betere dosis parameter. 

In hoofstukken 5 en 6 wordt de in vitro biokinetiek beschreven na herhaalde 
blootstelling. In hoofdstuk 5 is het gedrag van chloorpromazine bestudeerd na herhaalde 
blootstelling van verschillende lever celsystemen en in hoofdstuk 6 wordt de in vitro 
biokinetiek van chloorpromazine en diazepam beschreven na herhaalde blootstelling van 
een neuronaal celsysteem. De lever celsystemen in hoofdstuk 5 bestaan uit primaire 
ratten en humane hepatocyten en een humane levercellijn (HepaRG cellen). CPZ werd 
dagelijks aan de in vitro systemen toegevoegd gedurende een totale periode van 14 
dagen. Op de eerste en laatste blootstellingsdag werden monsters genomen  op de 
volgende tijdstippen: 2 minuten, 30 minuten, 1 uur, 3 uur en 24 uur na het toevoegen van 
de teststof. Allereerst werd een moster van het medium genomen, vervolgens werden de 
cellen uit de well gehaald om de hoeveelheid CPZ in de cellen te meten. Tot slot werd er 
een oplosmiddel (methanol) in de wells gedaan om het plastic-gebonden chloorpromazine 
van het plastic af te halen en dit te kunnen meten. CPZ werd opgenomen vanuit het 
medium in de cellen. De massabalans van CPZ nam af gedurende de blootstellingstijd in 
alle drie de celsystemen, mogelijk door metabolisme. In de cellen was een opstapeling van 
CPZ te zien, de gemeten hoeveelheid was hoger op de laatste blootstellingsdag in 
vergelijking met de eerste dag. Deze opstapeling was groter bij de hogere CPZ 
testconcentraties, waarbij ook de vorming van lamellar bodies zichtbaar was. Mogelijke 
verklaringen voor deze CPZ opstapeling zijn een afname in metabolisme gedurende de 
tijd, remming van efflux transporters en/of binding van CPZ aan fosfolipiden, bijvoorbeeld 
in de door CPZ veroorzaakte lamellar bodies in de cellen. Het gedrag van CPZ over de 14-
daagse blootstelling is gemodelleerd voor de HepaRG cellijn, waarbij een stapsgewijze 
opstapeling van CPZ in de cellen was te zien. Verschillen in de in vitro biokinetiek zijn 
gevonden in de drie geteste celsystemen, die belangrijk kunnen zijn voor de interpretatie 
van de gevonden cytotoxiciteitsdata.  

Hoofdstuk 6 laat de in vitro biokinetiek van zowel chloorpromazine als diazepam zien 
in een neuronaal celsysteem. Deze cellen werden geïsoleerd uit foetale rattenhersenen en 
werden gekweekt in een 3D-cultuur. Beide teststoffen werden om de dag toegevoegd aan 
de cellen gedurende 12 dagen. Op de eerste en laatste blootstellingsdagen werden 
monsters genomen van het medium en de cellen op de volgende tijdstippen: 30 minuten,  
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1 uur, 3 uur, 6 uur en 24 uur na toevoeging van de teststof. CPZ werd vanuit het medium 
opgenomen in de cellen en een opstapeling in de cellen gedurende de 12-daagse 
bloostelling werd gemeten. Voor DZP werden andere resultaten gevonden: de 
hoeveelheid in het medium bleef constant, er was een zeer lage opname in de cellen en 
DZP stapelde niet op in de cellen. Mogelijke verklaringen voor het verschil in biokinetiek 
van deze twee stoffen zijn verschillen in de opname in de cellen of de efflux uit de cellen. 

In vitro biokinetiek 

In dit proefschrift staat de in vitro biokinetiek beschreven na eenmalige en herhaalde 
blootstelling. Verschillende scenario’s kunnen voorkomen wanneer je teststoffen toevoegt 
aan een in vitro systeem (Figuur 2). Bij eenmalige blootstelling (Fig. 2A) kan de 
hoeveelheid in het medium stabiel blijven of afnemen in de tijd; de hoeveelheid in de 
cellen kan toenemen tot een plateau is bereikt of toenemen en vervolgens weer afnemen 
door metabolisme en/of transport uit de cellen. Bij herhaalde blootstelling (Fig. 2B) kan de 
hoeveelheid in het medium stabiel blijven of afnemen in de loop van de tijd. Bij het 
toevoegen van nieuwe teststof neemt de hoeveelheid in het medium dan weer toe. In de 
cellen kan de hoeveelheid teststof toenemen tot een plateau wordt bereikt al bij de eerste 
bloostelling, of de hoeveelheid neemt toe in de loop van de tijd bij herhaalde toevoeging 
van de teststof.  

 

 

 

 

 

 

 

 

Figuur 2. Verschillende scenario’s voor de hoeveelheid teststof in het medium en de cellen na 
eenmalige (A) en herhaalde (B) blootstelling. Bij de herhaalde blootstelling is iedere toevoeging van 
de teststof aangegeven met een pijltje ( ↑ ). 
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Dosis parameter 

Naast het beschrijven van de in vitro biokinetiek, behandelt dit proefschrift ook het 
onderwerp van welke dosis parameter (dose metric) zou moeten worden gebruikt. De 
meest relevante parameter zou de concentratie op de plaats van toxische werking zijn, 
maar helaas is dit moeilijk te meten. Alternatieven zijn de interne concentratie, de vrije 
concentratie en de totale of nominale concentratie. De totale concentratie in het medium 
kan sterk beïnvloedt worden doordat de teststof verdampt, bindt aan het plastic of bindt 
aan de celmembraan. Eiwitbinding van de teststof verlaagt de vrije concentratie. Dit 
betekent dat het uitdrukken van de resultaten met een totale of nominale concentratie 
vaak niet de echte blootstellingsconcentratie reflecteert. Vooral wanneer eiwitbinding 
verwacht wordt, is de vrije concentratie waarschijnlijk een betere parameter. Geen 
definitieve keuze voor een dosis parameter kan worden gegeven, omdat deze afhangt van 
de fysisch-chemische eigenschappen van de stof, de biokinetiek van de stof en het 
toxische mechanisme. Het is belangrijk om een omschakeling te maken binnen het in vitro 
onderzoek: van niet nadenken over in vitro biokinetiek naar het meten of met modellen 
voorspellen van de echte blootstellingsconcentraties en vervolgens een weloverwogen 
keuze maken wat betreft de te gebruiken dosis parameter. 

In vitro-in vivo extrapolatie en de toxicologische risicobeoordeling 

Om een kwantitatieve extrapolatie te kunnen uitvoeren om van in vitro data naar de in 
vivo situatie te gaan, zijn er kwantitatief goede in vitro data nodig. Hiervoor moeten de 
blootstellingsconcentraties gemeten of gemodelleerd worden en moet eiwitbinding 
worden bepaald. Er zijn twee manieren om in vitro – in vivo extrapolatie uit te voeren: 1) 
een in vitro effect concentratie in het medium extrapoleren naar concentraties in het 
bloed in vivo; 2) een effect concentratie op de plaats van werking in vitro waarbij 
aangenomen kan worden dat in vivo dezelfde concentratie nodig is om hetzelfde effect te 
bewerkstelligen. Het gebruik van fysiologisch gebaseerde biokinetiek (PBBK) modellen 
maakt deze extrapolatie mogelijk. Binnen de risicobeoordeling zijn er al een aantal in vitro 
methoden beschikbaar en geaccepteerd als valide. Helaas is dit nog niet het geval voor 
alle eindpunten; er zijn nog geen gevalideerde methoden beschikbaar voor herhaalde 
blootstellingstoxiciteit en voortplantingstoxiciteit. Binnen het EU-project Predict-IV is 
geprobeerd om voor dat eerste eindpunt een alternatief op te zetten door gebruik te 
maken van in vitro methoden, het bestuderen van de in vitro biokinetiek, ‘omics’ 
technieken en PBBK modellen. In Figuur 3 staat een voorgestelde opzet waarop in vitro en 
in silico methoden kunnen worden gebruikt voor de risicobeoordeling van stoffen.  
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Figuur 3. Voorgesteld schema voor het combineren van in vitro en in silico technieken in de 
risicobeoordeling van stoffen.  

Conclusies 

Tot nu toe is er nog maar weinig aandacht geweest voor de biokinetiek en dosis 
parameters in in vitro tests. Het onderzoek in dit proefschrift laat zien wat de implicaties 
zijn van het gedrag van teststoffen in in vitro systemen voor de interpretatie van de 
gevonden in vitro resultaten.  
Het gebruik van de eigenschappen van de teststof in combinatie met kwantitatieve 
structuur-activiteit relaties (QSARs), in vitro studies met biokinetiek data en PBBK 
modellen in een ”integrale test strategie”, kan helpen in het opzetten van een nieuwe 
manier van het uitvoeren van een risicobeoordeling. Dit zou een afname in het aantal 
benodigde dierproeven betekenen. Het totaal vervangen van alle dierproeven is natuurlijk 
het uiteindelijke doel, het zal alleen nog wel vele jaren duren voordat we zover zijn. Door 
de individuele technieken en de samenhang tussen de informatie verkregen met deze 
technieken te optimaliseren, moet het absoluut mogelijk zijn dierproeven niet meer nodig 
te hebben.  
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Hier is het dan eindelijk, na ruim 4 jaar hard werken: mijn proefschrift!  
Ik moet zeggen dat het een bijzondere omstandigheid is om drie promotoren te mogen 
hebben. Alleerst Bas, bedankt voor je hulp de afgelopen jaren. Je bevlogenheid over het 
onderwerp alternatieven werkt aanstekelijk en het is fijn dat ik heb mogen delen in je 
brede kennis. Joop, jij was mijn dagelijkse begeleider. Ik kon dan ook altijd bij je binnen 
lopen met vragen, nieuwe resultaten, wat dan ook. Dank je wel voor je interesse in het 
onderwerp en bovenal de moeite die je erin hebt gestopt om ook de onderwerpen buiten 
je specifieke vakgebied te kunnen begrijpen. Tot slot Martin, jouw directe betrokkenheid 
was minder maar niettemin aanwezig. Jij hebt me als eerste laten nadenken over de 
precieze opbouw van mijn proefschrift en dat heeft zeker bijgedragen aan de studies die ik 
heb uitgevoerd en die nu uiteindelijk in dit proefschrift staan.  

The work performed within this thesis was part of the European Seventh Framework 
Programme Predict-IV. I would like to thank the EU for funding this research and the 
Doerenkamp-Zbinden Foundation for providing additional financial support.  
I would like to thank all the partners within Predict-IV, especially the people involved in 
work packages 2 and 3 as we had the closest collaboration. I enjoyed working with you all, 
having great annual meetings and hopefully some nice publications. 

Naast de samenwerking binnen het EU-project, heeft ook Jan van Eijkeren van het RIVM 
een belangrijke bijdrage geleverd aan het werk in dit proefschrift. Jan, dank je wel voor je 
hulp in het opzetten van modellen waardoor ik er niet al te lang mee heb moeten 
worstelen.  
Theo, dank je wel voor je hulp met de HPLC. Ondanks dat ik met een oude HPLC aan de 
slag ging, kreeg je hem bij problemen gelukkig steeds weer aan de praat. Voor al het werk 
op het celkweeklab wil ik graag Sandra bedanken voor haar hulp.  

Daarnaast wil ik ook graag mijn studenten Inge en Niels bedanken voor hun enthousiasme 
en harde werken. Ik wens jullie beiden succes in de toekomst.  

Gedurende mijn periode op het IRAS viel ik onder twee groepen: ATX en MTX. Adrianne, 
Chiel, Fang, Floris, Hester, Joris, Niels, Stephan, Steven en Yi, dank jullie wel voor jullie 
interesse en goede commentaren tijdens overleggen. Nynke, het was erg gezellig samen 
op een kamer, zowel op het IRAS als tijdens congressen. Ik vind het echt heel fijn dat je 
een van mijn paranimfen bent! 

Roomies Hester P, Hester H, Marieke, Martje en Harm, het was echt supergezellig om bij 
jullie op de kamer te zitten. Maarke, Kamila, Karin thanks for your wonderful company 
during these four years both at IRAS and beyond! Evelyn, Ingrid, Marijke, Milou, Lydia, 
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Majorie, Fiona, Remco, Ray, Joost, Marianne, Cyrina, Peyman, Arash, Henk, Manon, Laura, 
Rob, Gina, Aart, Ruud, Willem, Hans, Irene, Jolanda, Konrad, Veronica, Elsa, Cozmina, 
Barry, Ans, Elton, Angeles, Laura H. and all other IRAS (ex-) colleagues, thank you all for 
your wonderful company at work, during cookies on Wednesdays, movie & pizza nights, 
outings and parties.  

Het is inmiddels al weer een tijdje geleden dat ik bij het IRAS ben weggegaan en bij het 
Ctgb ben begonnen met werken. Ik wil graag mijn collega’s bij het Ctgb bedanken voor de 
hartelijke ontvangst en de interesse in mijn aio-onderzoek. Met name wil ik de directe 
collega’s binnen tox en residuen bedanken: Marloes, Ingrid, Walter, Esther, Coen, Gerwin, 
Angelique, Carina, Ira, Saskia, Marloes S, Agnieszka, Caroline en Arie.  

Naast het harde werken moet er natuurlijk ook tijd zijn voor wat ontspanning. 
Anouk, je bent geweldig gezelschap en een goede vriendin. Dank je wel voor alle 
gezelligheid de afgelopen jaren zowel in Nederland als daarbuiten. 
Mede-dansers in modern 4 en Merel, Ladies en Michael, dank jullie wel voor alle 
gezelligheid iedere maandag- en dinsdagavond. Het was goed om mijn gedachten totaal te 
kunnen verzetten, in ieder geval twee avonden per week.   

Last but not least, ben ik mijn familie dank verschuldigd. Papa en mama, dank jullie wel 
voor jullie onvoorwaardelijke steun, zonder was ik nooit zover gekomen. Amanda, dank je 
wel dat je mijn paranimf wilt zijn! Jij en Koen wisten altijd alles weer te relativeren. Alleen 
jammer dat het niet over glycosylering gaat, hè . 
Lieve familie, dank jullie wel voor alles!  
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