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The aim of the EU FP7 Predict-IV project was to improve the predictivity of in vitro assays for unwanted
effects of drugs after repeated dosing. The project assessed the added benefit of integrating long-lived
in vitro organotypic cell systems with ‘omics’ technologies and in silico modelling, including systems
biology and pharmacokinetic assessments. RPTEC/TERT1 kidney cells, primary rat and human hepato-
cytes, HepaRG liver cells and 2D and 3D primary brain cultures were dosed daily or every other day
for 14 days to a selection of drugs varying in their mechanism of pharmacological action. Since concen-
tration–effect relationships not only depend on the activity of the drug or the sensitivity of the target, but
also on the distribution of compounds in the in vitro system, the concentration of a selection of drugs in
cells, microtitre plate plastic and medium was measured over time. Results, reviewed in this paper, indi-
cate that lipophilic drugs bind significantly to plastic labware. A few drugs, including less lipophilic drugs,
bind to cell-attachment matrices. Chemicals that reach high concentrations in cells, including cyclosporin
A and amiodarone, significantly accumulate over time after repeated dosing, partly explaining their
increased toxicity after repeated dosing, compared to a single dose.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Many derivatives of a lead compound exhibiting a desired phar-
macological effect are synthesised early on in the development of a
new pharmaceutical entity in order to identify the ones with the
most optimal pharmacological response. In order to assess the
safety of these lead compounds before the ‘first dose in man’, tox-
icity testing of a large number of chemicals on animals is necessary
and a costly endeavour (Sasseville et al., 2004). This testing repre-
sents one of the major bottlenecks in drug development as toxicity
testing in preclinical studies is time consuming and requires large
numbers of animals and considerable amounts of test compound.
In addition, the high costs of toxicity testing are exacerbated by
the high drug attrition rate, where 23% of registered drugs are
retracted due to adverse reactions not predicted in animal models
(Kola, 2008). These adverse reactions are often idiosyncratic and
occur after repeated dosing. Major reasons for the suboptimal
correlation between animal and human toxicity are the inter-
and intra-species differences in pharmacokinetics (Park et al., 2011).

In light of both ethical and financial costs associated with drug
safety testing on animals, human cell-based in vitro assays are
increasingly used to screen drug candidates for human-relevant
pharmacokinetic properties and molecular mechanisms of toxicity
prior to pre-clinical testing in animals. However, the move from
using in vitro assays for hazard identification, i.e. themere potential
of a chemical to cause an effect, to hazard characterization in drug
development, i.e. dose–response assessment, is still in its early
stage of development. It is generally accepted that no single
stand-alone in vitro test sufficiently replaces an animal-based tox-
icity test and thus an integrated strategy is required. Such strategy
calls for a battery of in vitro assays employing long-lived, highly
functional organotypic cell cultures and a mechanistic understand-
ing of the molecular events leading to adverse health effects (Adler
et al., 2011). For such in vitro test battery to be used in a risk assess-
ment procedure, a point of departure needs to be derived from the
set of dose–response relationships obtained from these assays and
translated into a toxicologically equivalent dose in humans. Indeed,
the pharmacokinetics (i.e. the absorption, distribution, metabolism
and excretion from a body) of a drug determines the concentration
over time of the drug (or its toxicologically relevant metabolite) at
the target site, which strongly dictates the drug’s toxicity. These
processes need to be integrated into a meaningful in vitro-based
drug safety testing strategy (Adler et al., 2011).

To improve the predictivity of in vitro systems for unwanted
effects of drugs after repeated dosing, the aim of the EU 7th Frame-
work Project, Predict-IV, was to develop such a testing strategy
integrating in vitro systems with knowledge of cell biology, mech-
anistic toxicology and in silico (pharmacokinetic) modelling. The
project focussed its efforts on developing testing strategies by
using in vitro assays with cells of human origin (whenever possi-
ble) and representing target organs most frequently affected by
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poorly predicted drug toxicity, namely the liver, kidney and central
nervous system. It opted for using primary human hepatocytes,
primary rat hepatocytes and the human hepatoma cell line
HepaRG as its main liver models (Mueller et al., 2015), 2D mouse
and 3D rat primary brain cell models with an in vitro blood brain
barrier (BBB) model to predict neurotoxicity (Culot et al., 2008,
2013; Schultz et al., 2015), and the human renal proximal tubule
cell line RPTEC/TERT1 (Wieser et al., 2008; Aschauer et al.,
2015b) as its model of choice for predicting nephrotoxicity. Culture
conditions were adapted to maintain highly differentiated organ-
otypic cells in culture for 14 days, during which the cells were
exposed daily to a selection of 27 drugs varying in their mechanism
of pharmacological action and known to cause hepatotoxicity,
nephrotoxicity and/or neurotoxicity after repeated use. For a holis-
tic, mechanistic approach, in depth characterization of molecular
perturbations induced by the drugs was performed by integrating
a suite of ‘omics’ technologies (e.g. Wilmes et al., 2013). Moreover,
exposure conditions and changes within the assays over the 14-
day exposure period were monitored and modelled (e.g.
Pomponio et al., 2015a,b; Truisi et al., 2015). Dose response analy-
ses and physiologically based pharmacokinetic (PBPK) models
were developed to relate daily oral exposure to in vitro derived
points of departures (Hamon et al., 2015).
2. Role of in vitro biokinetics in quantitative in vitro–in vivo
extrapolation (QIVIVE) studies

Predict-IV uniquely devoted a separate work package (WP3
‘Non animal-based models for in vitro kinetics and human kinetic
prediction’) to propose and apply a step-wise strategy to measure
and model cell exposure levels over time of a selected number of
drugs in the developed in vitro assays. The aim was to assess
whether and how knowledge of the kinetics of drugs in in vitro
assays helps to explain the variations in observed effects between
drugs, cell types and assay setup, and – in so doing – improve the
predictive value of in vitro observed effect concentrations. The
inclusion of this work package was based on an increasingly
acknowledged problem that the in vitro nominal concentration,
the concentration in medium that is added to the cells in vitro
and traditionally used to express in vitro concentration–effect rela-
tionships, is not necessarily proportional to the biologically effec-
tive dose (BED), the concentration at the target site inside the
cells, across in vitro assays and chemicals, and between in vitro
and in vivo systems (Groothuis et al., 2015). The BED is most clo-
sely related to the initial molecular changes caused by the drug
in the cell and may represent only a fraction of the nominal con-
centration (Escher and Hermens, 2004; Paustenbach, 2000). A drug
added to an in vitro test system may significantly bind to serum
constituents such as albumin and lipids (Seibert et al., 2002), sorb
to the plastic of a microtitre plate (Kramer et al., 2012), or evapo-
rate into the headspace (Knöbel et al., 2012; Tanneberger et al.,
2013). These processes reduce the in vitro bioavailability of the
drug, which determines its concentration at the target site.
Moreover, assays may vary in their assay setup (e.g. medium com-
position) and chemicals may vary in their affinity for in vitro sys-
tem components, explaining differences in target concentrations
across chemicals and assays despite similar concentrations added
to the systems (Armitage et al., 2014; Kramer et al., 2012). As such,
the nominal concentration in medium is not an adequate indicator
of exposure to cells when interpreting and comparing in vitro tox-
icity data for different chemicals and between different in vitro
systems. Indeed, concentration–effect relationships not only
depend on the activity of the drug or the sensitivity of the target,
but also on the distribution of compounds in the in vitro system
(Gülden and Seibert, 2003).

Previous studies have generally focussed on assessing the distri-
bution of chemicals in in vitro systems done after single exposures
in simple, metabolically inactive cytotoxicity assays (Gülden and
Seibert, 2003; Kramer et al., 2012; Stadnicka-Michalak et al.,
2014; Tirelli et al., 2007). It is generally assumed that the test chem-
ical in these assays reaches a chemical equilibrium between the
exposure medium, well plate plastic and cell concentration, from
which the freely available concentration, generally considered
independent of assay setup and more closely related to the BED
than the nominal concentration, can be ascertained (Armitage
et al., 2014; Gülden and Seibert, 2005; Kramer et al., 2012). How-
ever, the assays developed in the Predict-IV project consisted of
highly differentiated cells, differing in their metabolic competence
and expression of transporters, and dosed repeatedly with test
chemicals over a period of 14 days. Simple chemical equilibrium
models described in literature estimating the distribution of the
drugs are unlikely to suffice. Indeed, differences in observed (cyto-
toxic) effects between single and repeated dosing may be attributa-
ble to an accumulation of the chemical (or its metabolites) in the
cells over time, after repeated dosing. In addition, differences in
observed effects between cell types, e.g. in vitro kidney, liver and
brain models, may be attributable to differences in the uptake
and efflux of drugs into cells and its metabolic activation and clear-
ance. By not understanding these differences in distribution of
drugs in the Predict-IV in vitro test battery hampers the extrapola-
tion of the observed effects to the in vivo system, where accumula-
tion in cells over time may vary significantly from the in vitro
situation. To assess the role of the in vitro distribution of drugs in
explaining differences in the toxic potential of drugs across the
assays tested in the Predict-IV project, the distribution of a selected
number of drugs wasmeasured in kidney, liver, brain and intestinal
absorption models (Table 1). The results of these studies are
reviewed in this paper.

3. Extracellular concentrations of drugs over time

3.1. Chemical stability

Chemical stability in solution determines the concentration in
cells and subsequently its potential to perturb molecular pathways
in vitro. The concentration in stock solutions and exposure med-
ium of drugs listed in Table 1 were measured over time. Whereas
most drugs were chemically stable in exposure medium as well
as in the vehicles used to prepare stock solutions, i.e. distilled
water, methanol and DMSO, adefovir dipivoxil hydrolysed signifi-
cantly in exposure medium of RTPEC/TERT1 cells at 37 �C, hamper-
ing the interpretability of their in vitro effect concentrations. Less
than 15% of the parent compound was left in solution, highlighting
the importance of assessing the effect of hydrolysis products in
addition of parent drugs in in vitro toxicity assays (Crean et al.,
2015). Amiodarone significantly hydrolysed in distilled water,
but not in exposure medium, methanol or DMSO. Stock solutions
for amiodarone were therefore only prepared in methanol or
DMSO, which were used to directly spike the exposure medium
(Pomponio et al., 2015a,b). Data from the Predict-IV project high-
light the benefit of measuring the drug concentrations in both
stock and working solutions to avoid aberration in cell treatment.
The nominal concentration differed from the measured concentra-
tion in exposure medium up to 30% for amiodarone and ibuprofen
(Pomponio et al., 2015a; Truisi et al., 2015) and even greater differ-
ences were reported for cyclosporine A in treating neuronal cells
(Bellwon et al., 2015b). As opposed to be being solely attributable
to biological variation, variations in effect concentrations between
replicate experiments may be attributable to inconsistencies
between nominal and measured concentrations of drugs in expo-
sure medium added to in vitro assays.

3.2. Sorption to plastic

Sorption to in vitro system components such as plastic labware
and microtitre plates was shown to significantly reduce the freely
available drug concentration in in vitro assays for a number of lipo-
philic drugs. Up to 60% of amiodarone, one of the most lipophilic
drugs tested in WP3 of the Predict-IV project, with a logD7.4 of
3.4, was found to bind to plastic labware (Pomponio et al.,
2015a). The drug was also found to significantly bind to microtitre
plate plastic in a dose- and time-dependent manner (15–35%),
suggesting plastic binding saturates at higher concentrations of
the drug. The extent of plastic binding was reduced in the presence



Table 1
Drugs and their physicochemical properties tested for their distribution in in vitro systems within the Predict-IV project.

Drug Therapeutic class % bound in human
plasmaa

Experimental
LogPa

Log D7.4
b Assays used for biokinetics analyses (reference)

Chlorpromazine Antipsychotic, neuroleptic 97.8% 5.41 3.39 (basic) Single and repeated dose exposure brain, liver, intestinal models
(Broeders et al., 2012, 2013, 2015a,b)

Amiodarone Antiarrhythmic 99.98% 7.80 5.66 (basic) Single and repeated dose exposure liver, brain models (Pomponio
et al., 2015a,b)

Diazepam Anxiolytic, anticonvulsant,
tranquilizer

99% 2.82 Neutral Repeated dose exposure brain model (Broeders et al., 2015a)

Cyclosporin A Immunosuppressor 90% 2.95 Neutral Repeated dose exposure kidney, liver, brain model (Wilmes et al.,
2013; Bellwon et al., 2015a,b)

Cisplatin Anticancer, antineoplastic 97.5% �2.35 Neutral Repeated dose exposure kidney model (Wilmes et al., 2015)
Colchicine Anti-inflammatory 23% 1.30 Neutral Single and repeated dose exposure BBB model (Fabulas-da Costa

et al., 2013)
Adefovir dipivoxil Anti-viral 4% c 2.45c Neutral Repeated dose kidney model (Crean et al., 2015)
Ibuprofen Anti-inflammatory 99% d 3.97e 0.8 (acidic)e Single and repeated dose exposure liver model (Truisi et al., 2015)

a Unless otherwise stated, drug properties are taken from Fabulas-da Costa et al. (2013).
b Seydel and Wiese (2002).
c Dörwald (2012).
d Paliwal et al. (1993).
e Avdeef et al. (1998).
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of more than 2% foetal bovine serum (FBS) in the exposure medium
because serum constituents and plastic compete for binding the
drug (Pomponio et al., 2015a). Amiodarone’s less lipophilic
metabolite, mono-N-desethyl-amiodarone (MDEA), was found to
adsorb significantly less (5–10%) to plastic (Pomponio et al.,
2015a,b). Indeed, sorption of non-lipophilic chemicals, including
ibuprofen with a log D7.4 of 0.8, adefovir dipivoxil with a log P of
2.45 and cisplatin with a log P of �2.35, did not significantly
reduce the freely available concentration (Crean et al., 2015;
Truisi et al., 2015; Wilmes et al., 2015). These findings are in line
with studies correlating the lipophilicity of neutral organic chemi-
cals with the extent to which the chemical binds to plastic micro-
titre plates and the difference between the nominal and freely
available concentration in serum-free exposure medium
(Armitage et al., 2014; Riedl and Altenburger, 2007; Stadnicka-
Michalak et al., 2014).

In 14-day repeated dose cytotoxicity assays with RTPEC/TERT1
cells in 6-well plates, cyclosporine A, with a log P of 2.95, was
found to bind rapidly to well plate plastic and microporous inserts.
A maximum of 12% was bound to plastic within 24 h after dosing
the medium with 5 lM and 15 lM of the drug (Wilmes et al.,
2013). This percentage did not change over the 14-day exposure
period, indicating that no accumulation to plastic occurred. Similar
behaviour was reported for cyclosporine A in 2D rat brain cultures
in 6-well plates (Bellwon et al., 2015a). The extent of plastic bind-
ing, however was lower peaking at 6.5% of the total amount in the
well at 0.1 lM concentrations and 3.4% at 2 lM concentrations in
serum-free exposure medium. The lower extent of binding to plas-
tic in these neuronal cell assays compared to the kidney cell assays
is likely due to the lack of microporous inserts in the former, reduc-
ing the surface area of plastic to which the chemical can bind.
Indeed, in the absence of cells, effectively exposing greater plastic
surfaces, cyclosporine A bound over 70% to the microporous inserts
and well plate plastic (Bellwon et al., 2015a). The decrease in the
extent of binding at higher medium concentrations of cyclosporine
A in 2D rat brain cultures also suggests that plastic binding of the
chemical is saturable at higher cyclosporine A concentrations in
these assays.

Like amiodarone and cyclosporine A, lipophilic chlorpromazine,
with a log D7.4 of 3.39, also significantly adsorbed to microtitre
plate plastic. In a Caco-2 cell transport assay, up to 25% of chlorpro-
mazine was bound to the plastic of the microporous inserts and
well plate (Broeders et al., 2012). The binding to plastic was found
to be rapid and the extent of binding remained constant over the
60-minute assay. Similar to amiodarone, plastic binding of chlor-
promazine in a Caco-2 transport assay was saturable, as the per-
centage of chlorpromazine bound to plastic decreased with
increasing concentrations in medium. Interestingly, the extent of
plastic binding also depended on the site of application of chlor-
promazine. When dosed apically, the percentage of chlorpro-
mazine bound to plastic was twice that bound to plastic when
dosed basolaterally, which may be explained by the greater surface
area (of plastic) to volume (of medium) ratio in the apical compart-
ment compared to the basolateral compartment (Kramer et al.,
2012). The extent to which chlorpromazine adsorbed to well plate
plastic also depended on the presence of bovine serum albumin
(BSA), the main drug-binding protein in FBS. As previously
described in Kramer et al. (2012) and Schirmer et al. (1997) for
phenanthrene and fluoranthene in basal cytotoxicity assays, the
percentage of chlorpromazine in a Caco-2 transport assay bound
to plastic was insignificant (<10%) in the presence of physiological
(600 lM) levels of BSA as the chemical preferentially associated
with BSA instead (Broeders et al., 2012). On the other hand, lower
concentrations of BSA in exposure medium (e.g. 10 lM BSA corre-
sponding to approximately 2% FBS) did not affect the extent of
plastic binding in a cytotoxicity assay of chlorpromazine with
HepaRG cells in 6-well plates (Broeders et al., 2015b). Moreover,
in cytotoxicity assays with primary rat and human hepatocytes
in 6 well plates, in the presence or absence of low concentrations
of BSA, no plastic binding of chlorpromazine was observed
(Broeders et al., 2015b). It is unclear why plastic binding was up
to 25% in HepaRG cytotoxicity assays and Caco-2 transport assays
and undetectable in primary hepatocyte cytotoxicity assays, but
the presence of cell-attachment matrices (collagen and GeltrexTM)
in the primary hepatocyte cultures may have blocked much of
the surface area of well plate plastic for sorbing chlorpromazine
as well as served as an alternative sorption site.
3.3. Binding to cell-attachment matrices

The relationship between a drug’s lipophilicity and binding to
cell-attachment matrices is not as clear cut as it is for binding to
plastic labware. To maintain hepatocyte functions in culture for
the 14-day repeated dose exposure experiments performed within
the Predict-IV project, primary rat hepatocytes were seeded onto a
collagen I layer in 6-well plates (Bellwon et al., 2015b; Broeders
et al., 2015b; Truisi et al, 2015). Primary human hepatocytes were
also seeded onto a collagen I layer in 6-well plates, but additionally
covered with GeltrexTM, which was renewed every 3–4 days
(Bellwon et al., 2015b; Broeders et al., 2015b; Pomponio et al.,
2015a; Truisi et al, 2015). For ibuprofen, chlorpromazine, cyclos-
porine A and amiodarone, the extent of binding to cell-free colla-
gen and/or GeltrexTM was analytically measured and factored in
when determining cell-associated concentrations of the drugs.
Ibuprofen, a drug with a low lipophilicity and insignificant binding
to well plate plastic, significantly bound to collagen in a time-
dependent manner (Truisi et al., 2015). The time-dependence of
this binding process suggests that ibuprofen accumulates in the
collagen after repeated dosing. Ibuprofen levels in collagen
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increased from 15% of the total amount of ibuprofen added after
the first day of dosing (day 0) to 30% on day 13. The concentration
in exposure medium (10 lM and 100 lM ibuprofen) had no effect
on the percentage of ibuprofen bound to collagen. Interestingly,
ibuprofen did not bind to GeltrexTM. The more lipophilic chlorpro-
mazine and cyclosporine A also did not bind to GeltrexTM, whereas
both bound to a similar extent and time-dependent manner to col-
lagen (Bellwon et al., 2015b; Broeders et al., 2015b). Only amio-
darone was found to bind to GeltrexTM, but this binding was only
measurable after 13 days of daily-repeated dosing and accounted
for only 5–10% of the total dose applied (Pomponio et al., 2015a).
All in all, Predict-IV data suggest that the quantitation of the pos-
sible physical sequestration of drugs, especially during repeated
dosing, is crucial to avoid overestimating cell-associated concen-
trations. Concentrations of drugs associated with cells and concen-
trations associated with cell-attachment material are not easily
discerned in the same assay, as it is difficult to separate the cells
from cell-attachment material.

3.4. Binding to serum constituents

Binding to serum constituents in exposure medium, particularly
binding to serum albumin, has been shown previously to be one of
the most significant contributors to the reduction in the freely
available concentration and hence cell uptake of test chemicals
in in vitro assays, explaining differences between observed effec-
tive concentrations between cell assays with different in vitro set-
ups (Armitage et al., 2014; Groothuis et al., 2015; Gülden and
Seibert, 2005). For neutral organic chemicals, the binding affinity
to albumin is positively correlated with the lipophilicity of the
chemical (Armitage et al., 2014; DeBruyn and Gobas, 2007; Endo
and Goss, 2011). Other properties, like charge and size, also dictate
the extent of plasma binding (Austin et al., 2005; Gülden and
Seibert, 2005; Kratochwil et al., 2004). Anions have a stronger
affinity to albumin than cations, which are known to bind prefer-
entially to serum glycoproteins (Kratochwil et al., 2004). In the
Predict-IV project, a significant number of lipophilic neutral, acidic
and basic drugs, including chlorpromazine, amiodarone, diazepam,
cyclosporin A and ibuprofen, were used as test chemicals and are
known to strongly bind to human plasma constituents (Table 1).
The type and level of serum used in the assays selected for the
Predict-IV project originally varied between assays and from
human plasma. Since this variation could hamper effect concentra-
tion comparisons and toxicity ranking, Predict-IV developed and
used, where feasible, serum-free assays for comparing effect
concentrations. The only serum-containing assay used was the
14-day hepatotoxicity assay with HepaRG, where 2% FBS was
deemed the minimum level of serum necessary to maintain the cell
line’s hepatocyte morphology and function. Yet assuming a one-to-
one binding ratio with albumin, albumin binding was likely to be
near saturation at the test chemical concentrations tested in these
assays and thus the effects on serum constituent binding on the
effect concentrations measured in these assays were considered
negligible. This was confirmed by results obtained with amio-
darone by using different FBS concentrations in HepaRG cells. With
0 and 2% FBS in medium, the extent of cell uptake of 1–5 lM amio-
darone was very similar, whereas at 10% FBS cell uptake of amio-
darone was lower and slower, being reduced by 50% following a
single treatment (Pomponio et al., 2015a). This clearly underlines
that the same nominal concentrations cannot be expected to give
the same toxicological outcome when different FBS concentrations
in the medium are used as FBS alters the bioavailability of the drug.
The nominal concentration is therefore a poor dose metric for
highly serum constituent-bound drugs.

Given that the use of serum-free assays is not always feasible,
developing robustmethods to estimate drug binding to plasma pro-
teins in in vitro toxicity assays is important. Several methods are
commonly used to estimate plasma protein binding affinities,
including equilibrium dialysis, ultrafiltration and ultracentrifuga-
tion. However, these techniques are often unsuitable for testing
the binding affinity of lipophilic drugs, like those used within the
Predict-IV project, because the drugs may strongly bind to mem-
branes and desorb from protein, resulting in a change in the equilib-
rium between bound and unbound drugs (Heringa and Hermens,
2003). One aimwithin the Predict-IV projectwas therefore to assess
the feasibility of solid phase microextraction (SPME) to measure
serum constituent binding of drugs in in vitro exposure medium.
Broeders et al. (2011) describes a negligible depletion (nd)-SPME
method to measure the freely available concentration of chlorpro-
mazine in in vitro exposure medium containing BSA. The optimised
method consists of 2 cm glass fibres coated with 7 lm thick poly-
acrylate, which quickly (within 3 h) sorb less than 5% of the
unbound chlorpromazine in in vitro exposure medium supple-
mented with BSA or serum, thus not disturbing the chemical equi-
librium between bound and unbound chlorpromazine. The
chemical is subsequently extracted from the fibre to analytically
determine its concentration, which is linearly related to the freely
dissolved concentration in the exposure medium up to 1 mM by
the chemical’s fibre–water partition coefficient, 717 L/L. Using the
nd-SPME, an affinity constant for chlorpromazine to BSA of
18,355 L/mol at physiological serum albumin levels was calculated,
indicating that 92% of chlorpromazine in serum is protein-bound.
This is in line with in vivo literature findings (Broeders et al.,
2011). It also illustrates that at serum levels typically found
in vitro (5–20% v/v), less than 50% of the chlorpromazine is
protein-bound. By accounting for the difference in the unbound
fraction of the chemical between in vitro exposure medium and
in vivo plasma, the nd-SPME method allows for a more direct com-
parison of in vitro effect concentration to in vivo plasma concentra-
tions used in PBPKmodels for QIVIVE purposes (Louisse et al., 2010).

Within the Predict-IV project, the nd-SPME method developed
by Broeders et al. (2011) was used to investigate the influence of
albumin binding of chlorpromazine in various in vitro assays,
including the intestinal permeability assay with the commonly
used human colorectal carcinoma cell line, Caco-2 (Broeders
et al., 2012). Albumin is occasionally added to the basolateral com-
partment of the assay to mimic proteins in blood (Hubatsch et al.,
2007). However, the calculation of permeability coefficients
requires the estimation of unbound concentrations of the test com-
pound, as well as negligible accumulation of the compound in cells
and plastics, conditions which are often overlooked (Hubatsch
et al., 2007). In the case of chlorpromazine, 94% was bound to albu-
min when 600 lM BSA was added to the basolateral compartment.
Depending on the level of albumin in the system and the direction
of transport measured, �20% was found in cells and �25% was
bound to plastic (Broeders et al., 2012). The low recovery of free
chlorpromazine in the medium compartments over the exposure
period indicated that the calculation of an apparent permeability
value (Papp) is infeasible. The calculated Papp varied significantly
with in vitro setup (e.g. transport direction, BSA concentration,
time of measurement and chlorpromazine concentration).

Following up on the aforementioned Caco-2 study, Broeders
and co-workers further investigated the influence of serum protein
binding on the apparent sensitivity of Balb/c 3T3, Caco-2 and
HepaRG cells to chlorpromazine cytotoxicity (Broeders et al.,
2013). Cytotoxic concentrations were expressed using different
dose metrics, including the nominal, measured total (accounting
for cell and plastic binding) and measured free (accounting for cell,
plastic and serum protein binding by using nd-SPME) chlorpro-
mazine concentrations in medium. Results indicated that the rank-
ing of sensitivity of the three cell types to chlorpromazine toxicity
was dependent on the dose metric. When ranking the cell types
according to the median effect concentrations (EC50) based on
nominal concentrations, Balb/c 3T3 cells were most sensitive to
chlorpromazine toxicity (EC50 8 lM), followed by HepaRG cells
(EC50 20 lM) and Caco-2 cells (EC50 79 lM). However, when rank-
ing the cell types by EC50 based on freely dissolved medium con-
centrations, Caco-2 cells were more sensitive to chlorpromazine
toxicity than HepaRG cells (21 versus 28 lM) and its EC50 was only
2 instead of 9 times higher than that of Balb/c 3T3. One reason for
this discrepancy in ranking is that typical Caco-2 cytotoxicity
assays contain 10% serum and thus only 20% of the test chemical
is not bound to serum constituents and is available for uptake into
cells, whereas 70% is unbound in a Balb/c 3T3 assay with 5% serum
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in assay medium and 100% is unbound in HepaRG assay medium,
as it does not contain serum. Up to 90% of the chemical added to
the assay was found in HepaRG cells, whereas 50% was found in
Caco-2 cells and 10% was found in Balb/c 3T3 cells at non-
cytotoxic concentrations. A higher free concentration in medium
of the Balb/c 3T3 cytotoxicity assay compared to the Caco-2 assay
would suggest that, if cell numbers are equal, a greater fraction of
the drug would partition into Balb/c 3T3 cells compared to Caco-2
cells. Broeders et al. (2013), however, found the opposite. The
authors attribute this to the fact that the Caco-2 assay contained
6 times the amount of cell protein, a proxy for cell number, than
the Balb/c 3T3 assay at the start of the exposure. The studies within
the Predict-IV projects comparing effects of different drugs in dif-
ferent cell systems effectively illustrate that differences in sensitiv-
ity between cell systems based on nominal or even measured drug
concentrations do not represent the differences in intrinsic sensi-
tivity of the assay. A large part of the aim of the Predict-IV project
was to compare the intrinsic sensitivity of organotypic cell assays
to drugs to discern target organs of drugs. Therefore, one outcome
from the Predict-IV project is that the use of free medium concen-
tration or the cell-associated concentrations of drugs over time
represents a better dose metric for comparing in vitro assays than
the traditionally used nominal concentration.

4. Intracellular concentrations of drugs over time

4.1. Expression and activity of drug transporters and
biotransformation enzymes

To identify specific mechanisms of toxicity and new toxicity
pathways, it is important to distinguish between an increase in
cytotoxic potency of a drug in vitro that is due to higher intracel-
lular concentrations of the drug (i.e. due to differences in kinetics)
and an intrinsic sensitivity of a cell type to a drug (i.e. the drug’s
ability to activate selective toxicity pathways). If a significant frac-
tion of a drug is taken up by cells, repeated dosing of the cells, as
done in the Predict-IV project, could lead to an increase in the total
amount of drug in the system over time and an accumulation of the
chemical in cells specifically. On the other hand, if clearance of
the drug is significant between the dosing steps, accumulation of
the drug (or its metabolites) in cells may be minimal, but the accu-
mulation of the damage can occur. Differences in accumulation
over time (or more generally in kinetics) may explain possible dif-
ference in cytotoxic potency of drugs between single and repeated
dosing, differences in cytotoxic potency between drugs after
repeated dosing and differences in sensitivity between cell types.

For many organic chemicals, the concentration in cells is pro-
portional to the free concentration and is dictated by its lipophilic-
ity, e.g. logP or logD7.4 (Armitage et al., 2014; Austin et al., 2005;
Gülden and Seibert, 2003). One could use and build on existing
quantitative structure–activity relationships (QSARs) and related
equilibrium partition models linking (free) medium concentrations
with cell and tissue concentrations and toxicity (Armitage et al.,
2014; Gülden and Seibert, 2003; Stadnicka-Michalak et al., 2014).
However, a number of drugs, including those tested in the
Predict-IV project, are actively taken-up by or excluded from cells
via selective transporters, or metabolically activated or degraded
by cells (e.g. Broeders et al., 2012; Wilmes et al., 2013). In these
cases, concentrations in cells may not follow predictions of cell
concentration in time based on partitioning. Whether such trans-
port and biotransformation occur is dependent on the drug as well
as the cell systems used. Many cell lines lack transporters and bio-
transformation enzymes, and when they do, they are poor surro-
gates of in vivo toxicity regulated by these transporters and
enzymes (Webborn et al., 2007).

Within the Predict-IV project, the level of expression and activ-
ity of drug transporters and biotransformation enzymes were
assessed over the 14-day exposure period for each liver, kidney
and brain model. Aschauer et al. (2013, 2015a) have shown that
RPTEC/TERT1 cells exhibit phenotypic biomarkers of differentiated
proximal tubule cells. Upon contact inhibition, the cells are charac-
terized by a decreased glycolysis rate, an increased capacity for
oxidative respiration, and an increased expression of proximal
tubule tight junction proteins, cilia associated proteins and drug
transporters, including organic cation transporters (OCT-2, -3 and
-N2), MATE-1 and -2, organic anion transporters (OAT-1, -3 and
-4), and ABC transporters (p-glycoprotein, MRP2, MRP4, BCRP
and ABC-C5). The functionality of the OCTs was demonstrated by
directional transport with fluorescent dye 4-Di-1-ASP. No major
changes in transcriptome occurred over the exposure time. Differ-
entiated RPTEC/TERT1 cells were also found to be less sensitive to
cyclosporine A toxicity than undifferentiated RPTEC/TERT1 cells,
suggesting that P-glycoprotein (PgP) actively extruded the drug
in differentiated cells.

Vichi et al. (2015) report the constitutive expression of cyto-
chrome P450 CYP1A1, CYP2B1/B2, CYP2D4, CYP2E1 and CYP3A iso-
forms at the mRNA and protein levels in astrocytes, neurons and to
a minor extent in oligodendrocytes in the 3D aggregating rat brain
cultures. The expression levels and cell-specific localization of
these cytochrome P450 enzymes, known to metabolize a number
of centrally acting xenobiotics, appear comparable to in vivo rat
brains (Ravindranath and Strobel, 2013). The activity of these
enzymes was further demonstrated by Pomponio et al. (2015a).
The authors report the detection of mono-N-desethylamiodarone
(MDEA), the major oxidative metabolite of amiodarone after
14 days of treatment.

The expression, functionality and inducibility of biotransforma-
tion enzymes and transporters in primary rat and human hepato-
cytes cultured in a sandwich configuration for 14 days have been
well described in literature (Hewitt et al., 2007) and summarised
elsewhere in this special issue (Mueller et al., 2015). Generally,
rat hepatocytes have a fairly constant activity of drug metabolizing
enzymes. Human hepatocytes from different donors exhibit a large
variation in metabolizing enzyme levels. To help interpret varia-
tions in toxicity to human hepatocyte cultures, CYP levels were
determined in control and drug-treated hepatocyte cultures 4
times over the 14-day exposure period. The long-term viability
and organotypic functionality of HepaRG cells over a 14-day exper-
iment have been demonstrated prior to the Predict-IV project
(Anthérieu et al., 2010; Jossé et al., 2008; Lübberstedt et al.,
2011). The cells express most CYPs, phase II enzymes and trans-
porters at levels comparable to cultured primary human hepato-
cytes and in vivo, making them ideally suited for long-term
in vitro clearance and hepatotoxicity studies. Within Predict-IV,
Savary et al. (2015) evaluated the long-term functional stability
of the cell line and their response to drugs after repeated dosing
using a transcriptomic approach. The authors found less than 1%
of the expressed genes to be markedly altered over the 14-day per-
iod. These alterations included a down-regulation of mainly cell
cycle-related genes and an overexpression of genes involved in
xenobiotic and lipid metabolism, which was supported by the
results showing a treatment-unrelated increase in CYP activity
over 14 days (Pomponio et al., 2015a; Truisi et al., 2015).

4.2. Measuring and modelling intracellular concentrations over time

Because metabolism and transporter activity may influence the
accumulation of both lipophilic and non-lipophilic drugs differen-
tially across the liver, kidney and brain models, the concentration
in cells of drugs with increasing lipophilicity (cisplatin, adefovir
dipivoxil, diazepam, cyclosporine A, ibuprofen, chlorpromazine
and amiodarone) was measured in one or more cell models on
day 0 (first day of treatment) and day 13 at five different time points
after dosing, selected on the basis of the drug and cell system char-
acteristics. Cells were dosed repeatedly (i.e. daily for liver and kid-
ney models, every other day for brain models) to two
concentrations of the drug (i.e. approximately 10% viability concen-
tration, EC10, and 1/10 EC10 after 14 days of treatment), in order to
follow the kinetic behaviour of the test compound over time in the
absence of significantly changing cell numbers. Indeed, changing
cell numbers in vitro is known to affect observed effect concentra-
tions (Gülden et al., 2001, 2015). For a selection of drugs, cells were
simultaneously harvested at days 1, 3 and 14 to inspect transcrip-
tomic, proteomic and metabolomic profiles. Since one of the goals
of the Predict-IV project was to also predict potential cellular accu-
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mulation of drugs from the concentration–time profiles after the
first dose (day 0) and link these predictions to omics variations, sev-
eral variants of a three-compartment model were established to
describe the time course of the amounts of drugs (and metabolites)
in medium, on plastic and in cells. The three-compartment model
and model output are reviewed elsewhere in this Special Issue
(Hamon et al., 2015). The sampling strategy used in the Predict-IV
project was an attempt to optimise the balance between the num-
ber of samples generated and the amount of information obtained.
However, once the drug concentrations in the various in vitro com-
partments weremeasured and used as model input, it became clear
that for some drugs (e.g. those showing the potential to accumulate
in cells) the availability of at least one more intermediate sampling
time point between day 0 and day 13 would have been beneficial
and reduced model parameter variation. Similarly, assessing the
kinetics of more than two drug concentrations may have provided
greater mechanistic insights into saturation processes.

A non-lipophilic drug such as ibuprofen was rapidly up-taken
by hepatic cells (Truisi et al., 2015). A dynamic equilibrium reached
within 1 to 2 days. The kinetic profiles for ibuprofen dosed at 10
and 100 lM, the latter roughly corresponding to human therapeu-
tic plasma concentrations, were similar. At any time point, the frac-
tion of ibuprofen measured in cells was negligible compared to the
fraction in the medium. However, higher intracellular concentra-
tions were detected in primary rat hepatocytes than in human
derived cells at steady state, which is likely due to the significantly
lower metabolic clearance rates of ibuprofen in the rat model com-
pared to the human-models. Despite the differences in clearance
rates between the hepatic models tested, the drug was efficiently
metabolized and very rapidly cleared in all models, so no intracel-
lular accumulation of the parent drug was found on day 13.
Twenty-four hours after dosing, no or almost no ibuprofen was
recovered from the medium, plastic and cells. Indeed, mass balance
measurements provided a useful insight into the fate of the drug.
Monitoring the concentration–time profiles in exposure medium
only (which were similar in the three hepatic systems) would
not have picked-up the difference in uptake and metabolic clear-
ance rates between the three models as the decrease in medium
was not quantitatively related to the increase of ibuprofen in the
cell fraction. Thus, although technically demanding, the measure-
ment of the intracellular concentrations and the calculation of
the relative distributions using mass balance values were crucial
parameters to be monitored (Truisi et al., 2015).

Non-lipophilic adefovir dipivoxil showed a similar kinetic profile
as ibuprofen in RPTEC/TERT1 cells (Crean et al., 2015). Under nor-
moxic conditions, the fraction of the drug in cells was very low com-
pared to the fraction in medium, no intracellular accumulation took
place and there were no kinetic differences between the low and
high dosing concentrations. However, under hypoxic conditions,
an increase in intracellular concentrations and a corresponding
increase in toxicity were observed. Given the measured and mod-
elled kinetic data, the authors postulated a mechanism involving
intracellular accumulation of adefovir dipivoxil as a result of
hypoxia dependent down-regulation of efflux transporter proteins.

Like in the study of adefovir dipivoxil by Crean et al. (2015),
measuring and modelling the distribution of the organometallic
drug cisplatin in RPTEC/TERT1 cells also helped to postulate a
new mechanism of toxicity (Wilmes et al., 2015). There was no
change in the kinetics of the drug in the exposure medium over
time. However, the drug significantly accumulated into the cells
over time, with no apparent maximum reached over the 14-day
exposure period. The influx into the cells was ten times slower
basolaterally than apically. The authors postulated that the drug
was taken up basolaterally by the transporter OCT2, transported
to the apical membrane and released via MATE1 facilitated trans-
port and active MRP2 transport.

Lipophilic drugs like amiodarone and chlorpromazine signifi-
cantly accumulated in cells over time at both dosing concentra-
tions in all tested assay types (Table 1). The uptake into cells
occurred quickly, reaching a maximum at 1–3 h after dosing. A
dynamic equilibrium between the concentration in cell and med-
ium after repeated dosing was generally reached around 7 days
after the initial dose. Pomponio et al. (2015a,b) measured amio-
darone concentrations and its major metabolite MDEA in primary
human hepatocytes, HepaRG, 2D mouse and 3D aggregating rat
brain cell cultures. Uptake of amiodarone into hepatocytes was
quicker than in brain cultures, which can be explained by the
metabolism of the drug by the hepatocytes simultaneously occur-
ring during the uptake phase of the drug into cells. More than half
of the total drug added partitioned to the hepatocytes and brain
cells after the first dose. HepaRG cells had a 100-fold higher meta-
bolic clearance than primary hepatocytes, which also increased
over the exposure period. Consequently, the levels of MDEA at
the end of the repeated treatment reached higher values in the
HepaRG cell line. The concentration in both hepatocyte types at
day 0 was similar. However, at day 13, primary human hepatocytes
contained higher levels of amiodarone than MDEA and the oppo-
site was true for HepaRG cells. The higher levels of MDEA accumu-
lated inside the HepaRG cells can explain the induction of
phospholipidosis at the highest tested concentration, not observed
in human hepatocytes (Pomponio et al., 2015a). Accumulation of
amiodarone also occurred in brain cultures, especially 3D aggre-
gated brain cultures (approximately 3-fold increase). The most
striking difference between brain and hepatocyte cultures was
the formation and accumulation of MDEA in hepatocytes (with
approximately a 1000-fold higher cell concentration than medium
concentration). Brain cultures only showed a minor presence of the
metabolite on the last day of exposure at the highest dose tested.

Like amiodarone, more than half of the total chlorpromazine
added partitioned to hepatocytes and brain cells after the first dose
(Broeders et al., 2015a,b). The concentration of chlorpromazine in
cells was 3 to 4 times higher on the last day of exposure than on
the first day. Again similar to amiodarone, uptake of chlorpro-
mazine in brain cells after dosing stabilised quickly, but did not
decrease after a maximum was reached like in hepatocytes. Unlike
amiodarone, however, primary hepatocytes cleared chlorpro-
mazine more quickly than HepaRG cells.

Unlike amiodarone and chlorpromazine, cyclosporine A dis-
played a totally different kinetic behaviour in the different cell sys-
tems: it accumulated in the renal cells at very high levels only at
the highest tested concentrations (15 lM) (Wilmes et al, 2013),
indicating that those cells have a low metabolic capacity and that
the transporter PgP is not able to extrude cyclosporine A at that
concentration (possibly due to possible saturation or inhibition of
the transporter). On the contrary, the drug was efficiently cleared
by the human hepatocytes and HepaRG cells and did not accumu-
late into the cells over time (Bellwon et al., 2015b). In the brain cell
systems, very low intracellular cyclosporine A uptake was mea-
sured (in accordance with in vivo data) and remained near-
constant over the 14 day exposure period. However, the level of
drug in the cells at the end of the treatment was enough to induce
Cyp-B secretion, as a marker of cyclosporine A toxicity (Bellwon
et al., 2015b). The analysis of the transport of cyclosporine A
through different barriers including the blood–brain barrier, indi-
cates that the major route of cyclosporine A uptake in the brain
is via unknown active transporters and is limited by the active
efflux pump PgP.

5. Conclusions: a strategy for future in vitro testing

The aim of the EU FP7 Predict-IV project was to improve the
predictivity of in vitro assays for unwanted effects of drugs after
repeated dosing. The project assessed the added benefit of inte-
grating long-lived in vitro cell systems, representing the liver, the
kidney and the central nervous system, with ‘omics’ technologies
and in silico modelling, including systems biology and pharma-
cokinetic assessments. WP3 studied the distribution over time
(i.e. kinetics) of a selection of drugs, varying in physicochemical
properties and mechanism of action, within each in vitro model
tested. By integrating measured effect data with measured kinetics
data, WP3 provided an approach to assess drug-induced stress over
time and distinguish between kinetics and dynamic effects of the
drug. The work package established a step-wise strategy, whose
critical steps were:
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� The assessment of the chemical stability of the drug over time
in working solutions and in the various in vitro setups.
Nominal concentrations may significantly differ from measured
concentrations over time of drug instable in solution. In case of
significant hydrolysis of the test chemical (i.e. > 10% of the
nominal concentrations), measures to reduce it should be con-
sidered on the basis of the causative factors (i.e. change of the
solvents used for the stock solution) or a correct estimation of
the loss should be taken into account.

� The determination of the extent of drug binding to labware.
The sorption of a drug to labware reduces the concentration of
the drug available to uptake into cells. Depending on the
lipophilicity of the drug, drugs were found to sorb to the plastic
of flasks and well plates, as well as membrane filters on which
cells are seeded. Moreover, physical sequestration of drugs in
cell-attachment matrices was also measured for a few drugs
(e.g. cyclosporine A in collagen I). Measuring the extent of such
sequestration is proposed to avoid overestimating the cell-
associated concentration of drugs. In case more than 10% of a
drug sorbs to labware, plastic devices should be replaced with
non-sorbing labware (e.g. glassware). If replacement is not pos-
sible, it is necessary to quantify the sorption and factor the
amount sorbed into effect concentrations.

� The estimation of the binding potential of drugs to macro-
molecules in exposure medium.
Medium constituents such as serum may significantly reduce
the bioavailable concentration in in vitro assays of highly
plasma bound drugs. Knowledge of the composition of exposure
medium is required. Whenever possible, serum-free media
should be used or serum in medium should be reduced to a
minimum (as was the case for the HepaRG cultures used in
the Predict-IV project).

� The use of cell-associated drug concentration over time to link
in vitro exposure to effect.
The relevance of measuring the cell-associated concentration of
a drug besides the free concentration in medium was demon-
strated in a number of studies within the Predict-IV project
(e.g. Truisi et al., 2015). The drug can accumulate within cells
over time, which may partly explain enhanced toxicity observed
after repeated dosing. The number of cells over time should
remain constant or should be known, since cell number strongly
affects observed effect concentrations.

� The assessment of metabolic and transporter activity in in vitro
models.
The knowledge of the metabolic competence of cells used is
crucial for mechanistically interpreting a decrease over time
in the parent drug concentration recovered from the various
in vitro assay compartments (cells, medium, plastic/collagen
adsorption). The kinetics of the major metabolite of amiodarone
over time has been measured within the Predict-IV project, but
results indicate the usefulness of having kinetic data on the
other metabolites of amiodarone as well. The metabolic charac-
terization of the model has been made available for the liver
and kidney models as well as for the 3D CNS model. Results also
point to the need to characterize the expression and activity of
biotransformation enzymes and transporters from various sin-
gle human donors. Such characterization allows for the assess-
ment of variability among samples in metabolism, as well as the
active uptake into and efflux from cells of drugs.
All in all, studies performed in WP3 of the Predict-IV project
clearly suggest that knowledge of the kinetics of a drug
in vitro provides an explanatory value of the information
obtained from in vitro toxicity assays. Integrating knowledge
of the differences in concentration of drugs in cells in vitro over
time between dosing regimens with knowledge of transporter
and biotransformation enzyme function allows for the develop-
ment of a mechanistic understanding of the observed in vitro
toxicity, as has been illustrated for e.g. cyclosporine A
(Wilmes et al., 2013). The next step is to assess the prediction
of specific organ toxicity after repeated dosing of individual
drugs by comparing human doses extrapolated from in vitro
effect concentrations based on cell concentrations over time
in the different Predict-IV cell models using reverse dosimetry
PBPK modelling, developed in work package 5 of Predict-IV
(Hamon et al., 2015).
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