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General introduction

1.1

Background on new approach methodologies (NAMs)

The development of science-based non-animal testing strategies of chemicals is important in
current human safety testing. In the last decades this research has been boosted by the report
from the US National Research Council (NRC) of the National Academies of Science entitled;
Toxicity testing in the Twenty-first Century: A vision and a Strategy (Krewski et al. 2010).
Also, in the Netherlands the organization ZonMW (ZorgOnderzoek Nederland Medische
Wetenschappen) has stimulated the development of alternatives to animal testing for over 20
years with their program ‘More knowledge with less animals’ (Dutch: Meer Kennis met Minder
Dieren (MKMD) focussing on the 3R fundamental principles of Replacement, Reduction and
Refinement as first described by Russell and Burch in 1959. From 2018 to 2020, MKMD
focussed on supporting the acceleration programme ‘Transition to Animal-free Innovation’
whereafter in 2020 the Ministry of Agriculture, Nature and Food Quality (ANFQ) requested a
prolongation of this programme ((TPI) 2020). As a result, MKMD extended their programme
and wrote a four year plan (2021-2024) on the development and application of new and existing
animal-free innovations with a budget of the ministry of ANFQ of 6.8 million euros where
the ambitious aim is to make the Netherlands the forerunner in the international transition to
animal-free innovation (ZonMw 2020).
Many efforts in this area focus on the development and use of especially in vitro testing strategies
using cells in culture that provide concentration-response curves for selected cellular endpoints.
However, concentration-response curves from in vitro models alone are insufficient for human
risk and safety assessment because risk assessment requires in vivo dose-response curves from
which points of departure (PODs) (commonly expressed in mg/kg body weight per day) like
a Benchmark dose lower confidence limit for 10% effect above background (BMDL10) or a
no observed adverse effect level (NOAEL) can be derived for defining health based guidance
values (HBGVs) like Derived No-Effect Levels (DNELs), occupational exposure limits
(OELs), Acceptable Daily Intakes (ADIs) or Tolerable Daily Intakes (TDIs) (Greim 2018). The
concentration-response curves for effects on cells in culture can at best be used for identification
of possible hazards but do not provide PODs when in risk assessment safe levels of human
exposure need to be defined. As a result, the use of these alternative testing approaches in risk
assessment requires a method to translate the in vitro data to in vivo dose-response data that can
replace the data from animal bioassays. Given that the rat is not the ideal model for human it
would be an improvement when human relevant in vitro assays as well as their dose-response
curves could be used for quantitative human risk assessment.

To bridge the gap between the in vitro and in vivo situation so-called reverse-dosimetry
by physiologically based kinetic (PBK) modelling is of use. Figure 1 illustrates how the
use of PBK modelling-facilitated reverse dosimetry can translate the in vitro based testing
results into in vivo dose-response curves that are required for risk assessment. When the
9
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in vitro and PBK model used relate to humans this concept can even provide doseresponse curves for toxicity in humans (Louisse et al. 2017). Examples of first proofsof-principle that in vivo dose-response curves and PODs for human risk assessment
can be defined based on a combined in vitro-PBK modelling approach can be found in
previous work (Abdullah et al. 2016; Louisse et al. 2015; Louisse et al. 2010; Ning et
al. 2019a; Shi et al. 2020; Strikwold et al. 2013). The predicted endpoints of toxicity
in these proofs-of-principle examples included developmental toxicity, kidney toxicity,
hepatotoxicity and cardiotoxicity. The use of non-animal based approaches such as in
vitro toxicity testing together with PBK-modelling for the hazard and risk assessment of
chemicals is an example of new approach methodologies (NAMs).

Figure 1.
The use of physiologically based kinetic (PBK) modelling to translate in vitro concentration response curves
to in vivo dose response curves as an alternative way for risk assessment.

The rate at which in vitro toxicity data are currently generated is high. For example,
the EPA ToxCast project completed the evaluation of over 2,000 chemicals from a
broad range of sources, including industrial and consumer products, food additives,
and potentially “green” chemicals that could be safer alternatives to existing chemicals
(Richard et al. 2016). These chemicals were tested in over 700 different high-throughput
in vitro screening assays covering a range of endpoints and signalling pathways. To
use these data for risk assessment purposes, the in vitro concentration-response data
should be translated to in vivo dose-response data via PBK modelling-facilitated reverse
dosimetry. In the process of chemical development, this PBK modelling-facilitated
reverse dosimetry approach is useful to select chemicals for which low toxicity is
expected in the in vivo situation (for example to select chemicals for which toxic effects
will be observed at ≥1000 mg/kg bw, which is unlikely to be reached in most real-life
exposure situations). PBK models should be able, ideally with a minimum amount of
10
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effort to generate the required parameter values, to predict whether effect concentrations
obtained in an in vitro assay translate to in vivo relevant doses, that is: whether the in
vivo doses required to reach the effect concentrations in plasma or a target tissue are
above 1000 mg/kg bw, the maximum dose level required in regulatory safety testing,
indicating it is unlikely to be relevant in real life.
Given that the development of a PBK model for each individual compound can be
resource and time consuming, it is obvious that in order to be able to judge the impact
of the in vitro toxicity data for the in vivo situation, efforts have to be directed at the
development of efficient and generic PBK models for large groups of compounds. Such
generic PBK models need to be relevant and efficient to cope with many chemicals.
However, the generic models developed so far may not be applicable (i.e. generate
results that do not correlate with the actual in vivo situation) for compounds with
specific characteristics. This may hold especially for compounds where active transport
is involved in their excretion via the bile or the kidney. So far, excretion processes are
generally ignored and not included in the generic PBK models mainly because for many
compounds their clearance is not dominated by their rate of active excretion and because
adequate in vitro models to characterize and quantify the relevant kinetic parameters for
active excretion are missing.
Aim of the present thesis

The aim of the present thesis is to incorporate excretion via active transport through either
urine or bile in generic physiologically based kinetic (PBK) models based on in vitro
data. To meet this aim, in vitro models for both renal and biliary excretion are needed to
obtain kinetic data on the active transport of different model compounds. Subsequently,
the data are implemented in the PBK model to predict blood concentration time curves
and compare the predictions made to existing in vivo kinetic data. These results are
then compared to predictions made without taking active excretion into account. When
the model is evaluated a follow-up step is made by using it for quantitative in vitro
in vivo extrapolation (QIVIVE) purposes and prediction of the toxicity of the model
compounds by deriving a POD for their risk assessment.

1.2

Physiologically based kinetic modelling

A physiologically based kinetic (PBK) model is a tool, which assumes that a set of
mathematical equations can describe the absorption, distribution, metabolism and
excretion (ADME) characteristics of a compound within an organism (Louisse et
al. 2017). In a PBK model, organs and tissues are defined in separate or combined
compartments, which represent key organs in the ADME or toxicity of the compound
11

1

Chapter 1

of interest e.g. the liver for metabolism, or the lungs as a route of exposure or the heart
as a target organ for adverse effects. Any tissue or organ not directly contributing to
ADME or being relevant for the toxicity of a compound can be included in either
a slowly or richly perfused tissue compartment. A PBK model consists of differential
equations describing the change in the amount of the compound of interest or its
relevant metabolite(s) over time in the various compartments (Rietjens et al. 2011).
To define these differential equations three types of parameters are required, which are
a) physiological and anatomical parameters (e.g., weight of tissues and organs, cardiac
output and blood flow to the tissues), b) physicochemical parameters (e.g., the blood/
tissue partition coefficients) and c) kinetic parameters (e.g. the kinetic constants for
metabolism or active excretion). The physiological and anatomical parameters can be
found in literature (Brown et al. 1997a; Hall et al. 2012) and the physicochemical
parameters can be calculated based on quantitative property-property relationship
(QPPR) approaches (Berezhkovskiy 2004; DeJongh et al. 1997; Poulin and Theil 2000;
Rodgers and Rowland 2006). The kinetic parameters can be obtained from experimental
in vitro work or taken from the literature. With a PBK model physiologically relevant
concentrations of a compound in any target organ of interest can be modelled for a
certain dose, time point and route of administration. Upon validation of the model
against available in vivo data from literature, the PBK model can be used to convert in
vitro concentrations to relevant in vivo exposure levels, by so-called reverse dosimetry. In
this reverse dosimetry approach, unbound in vitro concentrations of the concentrationresponse curve are set equal to unbound plasma or tissue concentrations of the
respective compound in the PBK model, following which the PBK model can calculate
the corresponding in vivo dose level for any given route of administration. Subsequent
benchmark dose (BMD) modelling can be applied on the predicted in vivo doseresponse data, enabling the determination of a POD for risk assessment, like a BMDL10.

1.3

Excretion

The body has a number of routes for the excretion of compounds present in the systemic
circulation or tissues, including excretion via the kidneys into urine, via the stool, via
the liver into bile, via the lungs in exhaled air, or through sweat, saliva, tears, and via
mothers’ milk (Lu 2019). In this thesis, the focus lies on the two most important routes;
excretion via the liver (bile) and the kidney (urine). In particular, the excretion that
involves active (drug) transporters is taken into account.
1.3.1 Active transporters
Virtually all cell membranes contain active transporters that can have an important
role in the kinetics of a compound. In humans approximately 400 transporter-like
12
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genes are expressed and are categorized into two major superfamilies: the ATP-binding
cassette (ABC) transporters and the solute carrier (SLC) transporters where the ABC
transporters are in minority (48 members) compared to the SLC transporters (over
300 members) (Keogh 2012). The superfamilies can be categorized further, based on
similarity of function and/or gene sequence of the transporters. The broad substrate
specificities of the ABC transporters and SLC transporters include, metal ions, bile
salts, sugars, hormones, amino and nucleic acids, small peptides and nucleosides, and
xenobiotics (Keogh 2012). All the ABC and many of the SLC transporters behave as
active transporters. ABC transporters are multimembrane-spanning proteins, which
drive the transport of solutes against an electrochemical gradient, using energy from
ATP hydrolysis (Morrissey et al. 2013; Wilkens 2015). This mode of active transport
is generally referred to as primary active transport since no additional biochemical step
other than ATP hydrolysis is needed (Sherrmann 2008). SLC transporters are integrated
into the membrane and function to move solutes into or out of cells either by facilitated
transport along the electrochemical gradient or by cotransport against an electrochemical
gradient where they use the concentration gradient of another solute (Colas et al. 2016;
Morrissey et al. 2013). This mode of active transport is referred to as secondary active
transport (Sherrmann 2008).
1.3.2 Biliary excretion
The route of biliary excretion is relevant for chemicals, drugs, metabolites and endogenous
compounds such as bile acids and metabolites of hormones. Via the portal venous blood
or hepatic portal blood the compounds reach the sinusoidal side of the hepatocytes.
Upon entering the hepatocytes, compounds can be metabolised, bind non-specifically,
efflux actively or passively back into the hepatic portal blood or towards the hepatic
venous blood or be transported over the canalicular membrane and excreted into the bile
(Yang et al. 2009). Uptake into the hepatocyte can either be through passive diffusion
or via active transport. When the uptake is active, it is facilitated by one or more of the
several organic anion transporting polypeptides (OATPs) (OATP1B1/3; SLCO1B1 and
1B3, OATP2B1; SLCO2B1), organic anion transporters (OATs) (OAT2; SLC22A7) and
organic cation transporters (OCTs) (OCT1; SLC22A1) (Patel et al. 2016). Secretion into
the bile is always facilitated by active transporters with especially P-glycoprotein (Pgp,
or multidrug resistance transporter (MDR-1); ABCB1), multidrug resistance associated
protein 2 (MRP2; ABCC2), breast cancer resistance protein (BCRP; ABCG2) or the
bile salt export pump (BSEP; ABCB11) being involved in the active biliary excretion of
xenobiotics (Jetter and Kullak-Ublick 2020). Subsequently, the xenobiotics are excreted
with the bile into the intestine where they will either be excreted with faeces or can be
reabsorbed, undergoing enterohepatic circulation. Common properties of compounds
and metabolites that are excreted via the bile are that they have a high polarity and
ionisable groups causing them to have low membrane permeability and have a molecular
13
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weight above a cut off of 475 Da (in humans) (400 Da for rats) (Rollins and Klaassen
1979; Yang et al. 2009). Note: throughout the entire introduction a distinction between
human and rat transporters is made by referring to human transporters with all capital
letters and to rat with small letters where only the first letter is in capital.

Figure 2.
Overview of the drug transporters present in the hepatocyte with uptake transporters from blood to cell in
blue, bidirectional transporters in yellow, efflux transporters from cell back to blood in light blue and efflux
transporters from cell to the bile canaliculus in orange.

PBK models incorporating biliary excretion to date

In pharma, research in physiologically based pharmacokinetic (PBPK) models and
their application is ahead of similar research in toxicology especially with respect to
incorporating biliary excretion. This is due to the fact that certain drug classes are known
to make extensive use of the transport proteins present in the hepatocytes such as statins
and angiotensin II receptor antagonists (Hirano et al. 2004; Yamashiro et al. 2006) and
that for these compounds many clinical studies have been performed that are now useful
for PBPK model evaluation. For instance, a study by Watanabe et al. (2009) developed
a rat and human PBK model for pravastatin incorporating in vitro transporter kinetics
for OATP1B1and MRP2 obtained using hepatocytes and canalicular membrane vesicles
together with metabolism data from liver S9 incubations. The PBK model consisted
of a comprehensive liver compartment containing five units of extracellular and
subcellular compartments to fit the hepatic disposition to the dispersion model. In the
14
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same year, Poirier et al. (2009) reported on a human (and rat) PBK model for valsartan
incorporating in vitro transporter kinetics for OATP1B1/1B3 obtained using fresh and
cryopreserved hepatocytes from rat and human and a cell line with overexpression of the
mentioned transporters. Jones et al. (2012) reported on incorporating human in vitro
transport data of seven OATP substrates (pravastatin, cerivastatin, bosentan, fluvastatin,
rosuvastatin, valsartan and repaglinide) using sandwich-cultured hepatocytes to define
the kinetic parameters for the PBK modelling. Furthermore, a study by Jamei et al.
(2014) focussed on the IVIVE of liver in vitro transporter data using rosuvastatin as the
model compound and further predicted the drug-drug interactions with cyclosporine
in human. In 2015, Chapy et al. (2015) reported on incorporating in vitro transporter
data from both hepatocytes and cell systems overexpressing OATP transporters for the
compound irbesartan and developed a human PBK model.
Each of the mentioned studies provided different methods of translating the in vitro
obtained kinetic transport parameters into in vivo transport. As later in this chapter a
whole section is dedicated to scaling methods, the ones used in the mentioned studies
are only briefly summarized here. Hepatocytes obtained transporter kinetic data were
scaled to whole liver using a so-called physiological scaling factor of 1.2 x 108 cells/g
liver (Watanabe et al. 2009) or with multiple factors such as the mg protein/million
hepatocytes and the million hepatocytes/g liver (Poirier et al. 2009). So-called relative
activity factors (RAF) or relative expression factors (REF) were obtained (Chapy et al.
2015; Jamei et al. 2014; Jones et al. 2012) and empirical scaling factors were used
(Jones et al. 2012). A scaling factor for hepatocytes reported by Jamei et al. (2014) was
based on the multiplication of the million hepatocytes/g liver, liver weight, the REF,
and conversion factors such as time and volume to go from in vitro clearance to in vivo
clearance.
1.3.3 Renal excretion
The kidneys are very important excretory organs for the removal of drugs, metabolites
and endogenous waste products. The smallest unit of the kidney is the nephron of
which humans contain around 1 million per kidney (Bertram et al. 2011). The
nephron consists of Bowman’s capsule which contains the glomerulus where filtration
takes place. The filtrate subsequently passes through the different segments of the
nephron (proximal convoluted tubule, loop of Henle and distal convoluted tubule),
and ends at the collecting ducts where the filtrate is led to the bladder to store the
formed urine before it is excreted (Lote 2012). Renal excretion is determined by three
different processes: (1) glomerular filtration, (2) active tubular secretion, (3) active and
passive reabsorption (Yin and Wang 2016). In brief, chemical/drug compounds and
endogenous waste products are transported via the renal arteries to the kidneys, where
the unbound low molecular mass molecules are passively filtered by the glomerulus into
15
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pro-urine, subsequently following the route described earlier. The molecules that are
bound to plasma proteins or are too large to pass the porous glomeruli remain in the
arterioles, which after the glomerulus wrap around the rest of the nephrons and then
are referred to as peritubular capillaries. Via the peritubular capillaries the chemicals
reach the first segment of the nephron where the renal proximal tubular epithelial cells
(RPTEC) are located. Using the active transporters in the basolateral membrane of the
RPTEC and the active transporters in the apical membrane, the chemicals can cross
this cellular barrier and reach the tubular lumen to eventually be excreted. The main
secretory transporter present in the RPTEC for cationic compounds is the organic cation
transporter 2 (OCT2; SLC22A2) on the basolateral membrane and the multidrug and
toxin extrusion proteins MATE1 (SLC47A1) and MATE2K (SLC47A2) on the apical
membrane. The weak acidic compounds are transported over the RPTECs using OAT1
(SLC22A6) and OAT3 (SLC22A8) at the basolateral membrane and MRP2 and MRP4
(ABCC4) at the apical membrane. Furthermore, efflux transporters such as P-gp and
BCRP are present as well.

Figure 3.
Overview of the drug transporters present in the renal proximal tubule epithelial cells with uptake
transporters from blood to cell in green, efflux transporters from cell to renal lumen in pink and bidirectional
transporters with double arrowheads.
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OCT2 transporter

Organic cation transporter 2 (OCT2) is the most abundant cation transporter present in
RPTEC and plays an important role in clearance of chemicals and drugs from the body.
OCT2 translocates usually small and hydrophilic cations from the blood circulation
into the renal tubule cells. Its transport is electrogenic and Na+-independent, and is
facilitated by the inside-negative membrane potential existing in the RPTEC (Yin and
Wang 2016). For example, weak bases with a nitrogen moiety bear a net positive charge
at physiological pH. This results in an electro-statical interaction with the binding sites
of OCT2 (Koepsell 2013; Sherrmann 2008). In the present thesis, the focus lies on
OCT2 for several reasons. 1) OCT2 is expressed predominantly in the kidney rather
than other tissues (in rats exclusively in the S3 segment of the proximal tubule) (Dresser
et al. 2001). 2) OCT2 is the most abundant OCT in the RPTEC basolateral membrane,
it is polyspecific meaning that it transports multiple structurally different substrates
and thus is a relevant transporter to investigate renal excretion of compounds (Koepsell
2013). 3) Transport of organic cations via OCT2 takes place in one direction (from
blood to RPTEC), there is no reabsorption back into the blood, which can be the case
with some organic anion transporters (Wright 2019).

1.4

Kidney models known to date

Over the years, attempts to describe and include renal clearance into mechanistic
(kidney) models have been made. The first attempt on describing such a model was done
by Russel et al. (1987). They incorporated glomerular filtration and a compartment
representing the renal proximal tubular cells for salicyluric acid (a metabolite of
salicylic acid) excretion in dogs and included nonlinear protein binding. The kinetic
parameters were calculated from the plasma concentration time curves and renal
excretion rate-time curves obtained in the dogs and the data points were interpolated.
Other examples are: inclusion of saturable reabsorption of the water-soluble vitamin
riboflavin where linearization of the in vivo experimental data resulted in determination
of an overall Vmax and Km (since in this study it was not yet unravelled that there are
different transporters) (Jusko and Levy 1970), inclusion of reabsorption of four drugs,
sulfanilamide, sulfamethizole, theophylline, and ethanol by using nonlinear least squares
regression analysis with the Gauss-Newton method on the in vivo data (Komiya 1986)
and inclusion of reabsorption via monocarboxylate transporter 1 (MCT1) of a drug of
abuse, γ-hydroxybutyrate (GHB), based on fitting of the kinetic parameters to the in
vivo data (Wang et al. 2008). Until this point in time (circa 2008), no attempts have been
made to include reabsorption or excretion based on in vitro input. Also the prediction of
human renal clearance using PBK-models was usually based on allometric approaches,
which were proven to perform poorly (Fagerholm 2007; Paine et al. 2011). A study in
17
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2010 by Felmlee et al. (2010) reported on the prediction of the urinary excretion of
GHB also focussing on active renal absorption via MCT by estimating the Km by a firstorder conditional estimation method with a so-called ADVAN9 differential equation
solver. This resulted in an estimated Km of 0.46 mg/mL, which was in line with earlier
findings from in vitro uptake studies in MCT1expressing MDA-MB231 cells reporting
a Km amounting to 0.48 mg/mL (Wang et al. 2006). At present, not even a handful of
studies have tried to incorporate in vitro experimental data from active excretion and/
or reabsorption for PBK-model predictions. The study by Worley and Fisher (2015)
reported on a rat PBK-model containing in vitro kinetic data for the organic anion
transporter (Oat) 1 and 3 and the organic anion transporting polypeptide (Oatp) 1a1
for active transport to predict perfluorooctanoic acid urinary excretion. The previously
reported Vmax values of the in vitro obtained kinetic data for perfluorooctanoic acid
from human embryonic kidney (HEK-293) cells or Chinese hamster ovary (CHO)
cells overexpressing the aforementioned transporters were translated to in vivo Vmax
parameters using relevant scaling factors (which will be presented in some more detail
in a later section) (Nakagawa et al. 2008; Weaver et al. 2010). Another study by Huang
and Isoherranen (2018) reported on incorporating in vitro permeability data of 46
compounds consisting of mainly Caco-2 data and a few Madin-Darby Canine Kidney
(MDCK) II data into a PBK-model to predict renal clearance based on filtration and
pH-dependent passive reabsorption. These studies demonstrated the feasibility of the
model to include active excretion of para‐aminohippuric acid (PAH) and cimetidine by
inclusion of in vitro kinetic data for transporters: NTP1, MRP2/4, OAT1/3 OCT2 and
MATE1/2K. The assumption was that the transporter expression level per mg of in vitro
system was equal to the transporter expression level per mg of human kidney and that
a person has 300 grams of kidney. Although the predicted renal clearance data were for
87% of the drugs withing two-fold from the observed data, the PBK-model existed of
35 compartments making it not a very generic model.
1.4.1 Kidney cell lines
To obtain kinetic parameters for renal excretion in an in vitro model, a cell line needs
to be chosen with functional active transporters. This is not as straight forward as it
would seem, because most available kidney cell lines – including for example cells
from the human kidney (HK-2) cell line, the normal rat kidney (NRK-52E) cell line,
the MDCK-II cell line and the porcine kidney (LLC-PK1) cell line – (like cell lines of
other tissues) only reflect the RPTEC in vivo to a certain extent meaning that certain
transporters are not present or the expression (in animal cell lines) shows substantial
variation compared to human (Jenkinson et al. 2012; Lechner et al. 2021; SanchezRomero et al. 2020). Additionally, the use of primary RPTEC cells in culture results
in a rapid loss of expression of transporters and other energy consuming proteins
(Lechner 2014) and show large donor-to-donor variation (Bajaj et al. 2018) making
18
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them inconvenient for transport studies. To overcome this drawback of using these cell
lines to study active renal excretion, two approaches can be followed. The first approach
includes use of transfected cell lines with overexpression of the transporter of interest (in
parallel with a mock transfected cell line for comparison). The gene for the transporter
of interest can be cloned into a common cell type e.g., HEK-293 or CHO cells (usually
uptake transporters) or into membrane vesicles (usually efflux transporters). Generally,
membrane vesicles are prepared from Spodoptira frugiperda (Sf9) insect cells and can be
transfected with genes encoding efflux transporters. Preparation of membrane vesicles
from Sf9 cells results in a percentage that are in an inside-out configuration. This allows
the transporters to shuttle substrates from the buffer and trap them inside the vesicles
(van Staden et al. 2012). Transport studies with these systems (HEK-293 or CHO
cells and membrane vesicles with transfected transporter of interest) result in kinetic
parameter values for the respective transporter without confounding contributions of
other cellular transporters given that these are absent in the original cell lines. However,
such transfected cell models are almost never representative for the tissue of interest
(NB: insect cell membranes). The second approach is to go for a physiologically relevant
cell line. The availability of such cell lines is, however, limited. There is the immortalized
RPTEC/TERT1 cell line where the expression of most relevant transporters was reported
to be stable, except for the OAT1 and OAT3 which were hardly expressed, and detected
only when the cells were cultured in 3D (Secker et al. 2018; Secker et al. 2019). The
same holds true for the conditionally immortalized proximal tubule epithelial cell line
(ciPTEC) (Wilmer et al. 2010). To overcome this, the ciPTEC cells were completed
by transfection of the OAT1 and OAT3 (Nieskens et al. 2016). In the present thesis
we have selected a human kidney cell line (SA7K-clone) developed by the group of
Li et al. (2017c). The SA7K cell line was generated via zinc finger nuclease-mediated
knockout of a cell cycle protein to bypass cellular senescence. This pseudo-immortalized
cell line had extended cell doubling capacity and was characterized in terms of kidneyspecific functional properties, such as response to a limited number of known human
nephrotoxicants, as well as with respect to uptake and efflux transporter activities. Also,
here on mRNA level OAT1 and OAT3 were not detectable, although contrasting results
were shown when uptake of the OAT1 substrate p-aminohippuric acid (PAH) was
inhibited in the presence of probenecid, raising an issue that remains to be elucidated.
For this thesis, however, the presence or absence of the OAT transporters was not of
concern as the OCT2 transporter was the target transporter.

19
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1.5

Scaling in vitro to in vivo

For clinical pharmacokinetic predictions from animal data to human, allometric scaling
is often used and appeared useful for drugs that are eliminated passively (glomerular
filtration). However, allometry does not seem to be a reliable scaling method when
it comes to compounds that are predominantly cleared via a transporter-mediated
process due to species differences in transporter function and expression (Chu et al.
2013a; Mathialagan et al. 2017). Therefore, to extrapolate kinetic data of membrane
transporters from the in vitro to the in vivo situation appropriate scaling factors should
be defined (Choi et al. 2019). Kinetic data of membrane transporters are for a large part
obtained via cell systems or membrane vesicles overexpressing the transporter of interest
(Chan et al. 2019; Hirano et al. 2004). When including these data in a PBK model
the Michaelis-Menten kinetic constant, Km, of the transporter for the compound of
interest is assumed to be the same in vitro and in vivo. However, the Vmax in vitro
(expressed in pmol/min/mg protein) has to be translated to a Vmax in vivo (expressed
in µmol/hr). Factors to take into account for appropriate scaling and in vitro to in vivo
extrapolation are: differences in the amount of protein per gram tissue, differences in
the (negative) membrane potential in vitro in vivo, differences in transporter expression,
and transporter abundance and species differences. Two main approaches often chosen
for extrapolation from cells or vesicles overexpressing a desired transporter to the in
vivo situation are 1) determining the relative activity factor (RAF) or 2) determining
the relative expression factor (REF). With the RAF approach a probe substrate for the
transporter of interest is needed. The activity of the transporter for the probe substrate
is divided by the activity for the compound of interest. For the REF approach, the
abundance of the transporter is quantified in vivo and in vitro providing the basis to
define the REF value as the quotient between these two abundancies. Both approaches
have been used successfully for extrapolation purposes for both liver transporters and
kidney transporters with no significant difference between the REF or the RAF method
(Izumi et al. 2018; Kumar et al. 2020; Kunze et al. 2014; Mathialagan et al. 2017).
Using an in vitro model resembling the physiology of the organ of interest, it means that
direct targeting of one transporter faces more challenges, because more transporters may
be present and involved. In this case acquiring transport data requires transport studies
in the absence and presence of an inhibitor of the transporter of interest.

1.6

Model compounds

To provide proofs-of-principle regarding the stated aim of the thesis, several model
compounds were chosen (Figure 4). For studies including both excretion routes, the
main required characteristic for the model chemicals chosen is that the compound
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should be preferably cleared via transport and not via metabolic conversion and that
the transport process chosen was rate-limiting in the elimination. For biliary excretion it
was important to choose a substrate with a main excretion route via hepatic transporters
to the bile and a negligible clearance through the kidneys. Thereby it is best and easiest
to model following intravenous administration of the compound, as biliary excretion
takes place directly after exposure and bioavailability following oral administration does
not need to be taken into account. For renal excretion the characteristics were that the
chemicals were substrates for the OCT2 transporter facilitating a unilateral excretion
pathway, which eliminates the need for including reabsorption of the chemical, and
that the biliary excretion route was negligible. This resulted in selection of estradiol17β glucuronide (figure 4) for studies on biliary excretion and of mepiquat chloride,
paraquat dichloride and tetrodotoxin (figure 4) for studies on renal clearance.

Figure 4.
Molecular structures of the model compounds used in this thesis, where estradiol-7β-glucuronide is a model
compound for biliary excretion and mepiquat chloride, paraquat dichloride and tetrodotoxin are model
compounds for renal excretion

Estradiol-17β-glucuronide (biliary excretion)

Estradiol-17β-glucuronide (E217βG) is an anionic endogenous oestrogen glucuronide
conjugate well known for its high affinity for active transport in the liver. Elimination
of E217βG proceeds by uptake from the blood (sinusoidal side) via the organic anion
transporting polypeptides (OATP1B1/1B3) into the hepatocytes and subsequent
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excretion into the bile canaliculi via the multidrug resistance associated protein 2
(MRP2). The OATP uptake of E217βG into the hepatocytes is the rate-limiting step for
its elimination via bile (Varma et al. 2012).
Mepiquat chloride (renal excretion)

Mepiquat (MQ) chloride (N,N-dimethyl-piperidinium chloride) is a plant growth
regulator pesticide that is used exclusively on cotton crops (Tung 2020). Use of MQ
will increase cotton yield through inhibition of gibberellic acid synthesis. MQ is a water
soluble cationic quaternary ammonium compound, which is not metabolised and
excreted predominantly in its parent form via the urine (Agency 1997). Animal studies
showed fast urinary excretion of MQ pointing at an active secretory component in
addition to glomerular filtration (BASF, oral communication/ unpublished results). MQ
therefore makes a good substrate for the most abundantly expressed active transporter
in the kidney, the organic cation transporter 2 (OCT2). The role of active transport for
MQ kinetics has not been studied thus far and will be further elucidated aided by PBK
modelling.
Paraquat dichloride (renal excretion)

Paraquat (PQ) dichloride (N,N′-dimethyl-4,4′-bipyridinium dichloride) is a herbicide
belonging to the bipyridylium quaternary ammonium herbicide family. The herbicidal
properties of PQ were first discovered in 1955 at the Jealotts’ Hill international Research
Centre, Bracknell, UK and PQ came on the market 1962 via Plant Protection Division
Ltd of Imperial Chemical Industries (ICI; now Syngenta) (Dinis-Oliveira et al. 2008).
Exposure to too high levels of PQ is accompanied by serious toxicity, especially in
the lungs where PQ will undergo a redox-reaction in the presence of oxygen leading
to production of reactive oxygen species and ultimately leading to lung fibrosis and
respiratory failure (Allen 2019). Other organs affected by PQ intoxication are the
kidneys and the liver (Dinis-Oliveira et al. 2008). Due to its toxicity PQ has been
banned in 2007 for use in the European Union ((EU) 2007). PQ is rapidly absorbed
from the small intestine although the fraction absorbed is low (5%) (Houze et al. 1990).
Furthermore, PQ is hardly metabolized and its predominant route of excretion is in
unmodified form via the kidneys into urine. While glomerular filtration plays a pivotal
role in its elimination, PQ clearance exceeds the glomerular filtration rate, indicating
an active secretion component which was reported to mainly involve OCT2 and the
multidrug and toxic compound extrusion (MATE) transport protein (Chan et al. 1998;
Chen et al. 2009; Chen et al. 2007).
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Tetrodotoxin (renal excretion)

Tetrodotoxin (TTX) is a naturally occurring neurotoxin that can be found in various
marine gastropods and some fish species (Bane et al. 2014; Control and Prevention
1996). TTX is a potent voltage gated sodium channel blocker (Sui et al. 2002) preventing
depolarization and propagation of action potentials in nerve cells, resulting in the loss of
sensation (Bane et al. 2014). The acute exposure to TTX leads to a wide range of acute
adverse effects including skeletal muscle fasciculations, apathy, lethargy, ataxia, paralysis
and even death (Bane et al. 2014). Upon oral exposure, TTX absorption is rapid but
incomplete (around 7%), there is hardly metabolism of TTX in the liver and with its
highly hydrophilic characteristic TTX is predominantly excreted via the urine (Hong
et al. 2017; Hong et al. 2018). Due to the charges on the molecule it is foreseen that
excretion of TTX, next to glomerular filtration, will proceed via active transporters in
the renal proximal tubule epithelial cells, most likely the OCT2 transporter with a lesser
contribution of OCTN1/2, MATE and OATs (Matsumoto et al. 2017). Using PBK
modelling the active transport of TTX will be further unravelled.

1.7

Outline of the thesis

Chapter 1 gives an introduction on the topic of new approach methodologies,
incorporation of active excretion via bile and urine into physiologically based kinetic
models and formulates the aim of the thesis: to incorporate excretion via active transport
through either urine or bile in physiologically based kinetic (PBK) models based on in
vitro data.
Chapter 2 shows a first proof of principle on how to incorporate active biliary
excretion into a PBK model using estradiol-17β-glucuronide (E217βG) as the model
compound. The PBK model kinetic parameters for transport of E217βG via the organic
anion transporting polypeptides (Oatps) in rat were obtained from literature studies
with rat hepatocytes and the scaling factor required to convert the in vitro kinetic data
to the in vivo situation were determined by fitting the predictions made to available in
vivo kinetic data.
Chapter 3 establishes a first proof of principle on how to incorporate active
renal excretion of the model compound mepiquat (MQ) via the organic cation
transporter 2 (OCT2) in a PBK model using in vitro data obtained from the human renal
proximal tubule epithelium cell line (SA7K). Data from this cell line were obtained via
characterisation of the time- and concentration-dependent uptake of MQ in the absence
and presence of the OCT2 inhibitor doxepin. The obtained Vmax and apparent Km
were implemented in a PBK model and blood concentrations in time were predicted. A
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scaling factor was determined and included to link the PBK model predictions to the in
vivo data.
Chapter 4 aims to incorporate OCT2 transport of the model compound
paraquat (PQ) using SA7K cells in to a PBK model and subsequently apply reverse
based dosimetry to determine PODs of PQ. In vitro concentration-response curves
obtained by exposing rat alveolar type II cells (RLE-6tn) to increasing concentration
of PQ to measure cytotoxicity were translated to in vivo dose response curves for the
toxicity of PQ, which were compared to literature data on in vivo PQ toxicity.
Chapter 5 provides a proof of principle for predicting acute neurotoxicity of
the model compound tetrodotoxin (TTX) in rodents using in vitro toxicity data and
PBK modelling. Renal excretion via both glomerular filtration and active excretion were
included in the model for TTX. Gathered in vitro concentration-response curves for
TTX toxicity by the rat MEA assay and mouse neuro-2a cells were translated to in vivo
dose-response curves using the PBK models. PODs were established for both rat and
human and compared to in vivo toxicity data.
Chapter 6 encompasses the general discussion on points that laid beyond the
scope of the individual chapters. The chapter gives more insights in the use of in vitro
models for incorporating transporter kinetics in PBK models and the pros and cons of
using the SA7K cell line as a model to quantify transport kinetics in vitro. Furthermore,
an in-depth discussion is provided on the use of generic PBK-models, the choice of
model compounds, scaling factors for QIVIVE, how this work will contribute to the
3Rs, the importance of taking active excretion into account for a number of chemicals,
future work and next steps.
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Abstract
The aim of the present study was to develop a generic rat physiologically based kinetic
(PBK) model that includes a novel testing strategy where active biliary excretion is
incorporated using estradiol-17β glucuronide (E217βG) as the model substance. A major
challenge was the definition of the scaling factor for the in vitro to in vivo conversion
of the PBK-model parameter Vmax. In vitro values for the Vmax and Km for transport
of E217βG were found in literature in four different studies based on experiments with
primary rat hepatocytes. The required scaling factor was defined based on fitting the
PBK-model based predicted values to reported experimental data on E217βG blood
levels and cumulative biliary E217βG excretion. This resulted in a scaling factor of 129
mg protein/g liver. With this scaling factor the PBK-model predicted the in vivo data for
blood and cumulative biliary E217βG levels with on average less than 1.8-fold deviation.
The study provides a proof of principle on how biliary excretion can be included in a
generic PBK-model using primary hepatocytes to define the kinetic parameters that
describe the biliary excretion.
Keywords: Physiologically based kinetic modelling · Biliary excretion · Primary rat
hepatocytes · Scaling factor
List of abbreviations: ADME (absorption, distribution, metabolism, excretion), E217βG
(estradiol-17β glucuronide ), Oatp, (Organic anion transporting polypeptide), PBK
(Physiologically based kinetic ), QIVIVE (quantitative in vitro – in vivo extrapolation), RAF
(relative activity factor), TE (transporter efficiency)
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2.1

Introduction

The kinetic profile of a substance is of importance when considering human safety
assessment and drug development. Prediction of these kinetic profiles based on
absorption, distribution, metabolism and excretion (ADME) using physiologically
based kinetic (PBK) modelling has been shown of value not only to predict blood
levels of drugs following defined dose levels in forward dosimetry, but also in so-called
reverse dosimetry for quantitative in vitro – in vivo extrapolation (QIVIVE) (Louisse
et al. 2017; Rietjens et al. 2011). QIVIVE aims to contribute to the 3Rs of Russel and
Burch (reduction, replacement and refinement) of animal experiments (Flecknell 2002;
Louisse et al. 2015; Zhang et al. 2018a). Up to now, proofs of principle for human
safety assessment using PBK-model facilitated QIVIVE have been mainly provided for
chemicals that do not depend on active excretion via either kidneys or liver (Fabian et
al. 2019; Louisse et al. 2010; Moxon et al. 2020; Ning et al. 2019b; Punt et al. 2019;
Strikwold et al. 2017b).
In drug development, there already have been studies on QIVIVE using PBK-modelling
focussing on especially excretion of certain drugs via active transport from the liver to
the bile (Chapy et al. 2015; Jamei et al. 2014; Jones et al. 2012). In addition, both
endogenous and exogenous glucuronide conjugates have also been shown to be actively
excreted via this route (Cronholm et al. 1971; Ge et al. 2016; Hjelle and Klaassen
1984). The common properties of the compounds for which this active transport from
liver into bile was shown important are that they have a low membrane permeability,
a molecular weight cut off of 475 Da (400 Da for rats), remain mostly unchanged and
therefore are excreted via active uptake and efflux in and from the liver cells into bile
(Yang et al. 2009).
Given these structural characteristics it can be foreseen that biliary excretion may not
only be relevant for drugs but also for other chemicals, including new chemicals (Choi
et al. 2019). For these substances, active excretion should be included in the PBKmodels to obtain an adequate description of their kinetics and subsequent prediction of
in vivo effective dose levels. However, due to the lack of well-established and validated
in vitro assays to quantify kinetics for active excretion there is a lack of PBK-models
including active biliary and/or renal excretion. When not including active excretion
in QIVIVE, the prediction of the time-dependent blood concentration can deviate
from the in vivo situation resulting in incorrect determination of points of departure
for human safety assessment when based on PBK-model facilitated reverse dosimetry
(Louisse et al. 2017).
To be of value for novel non-animal based testing strategies, parameters required for the
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PBK-models should preferably be defined using in silico and in vitro approaches. When
using in vitro models for biliary excretion, important challenges relate to the type of in
vitro model to be used and the subsequent translation of the in vitro data to the in vivo
situation using adequate scaling factors (Choi et al. 2019). When using for example a
cell model with overexpression of a transporter of interest, proper scaling depends on
the expression level of the transporter in the cell model compared to its expression level
in the organ in vivo. To solve this matter a relative expression factor (REF) can be used
(Chan et al. 2019; Jamei et al. 2014). Moreover, because the activity of the transporter
in the transfected cell can differ from its in vivo activity often a relative activity factor
(RAF) is used as well (Izumi et al. 2018; Poirier et al. 2009). Other factors may further
complicate this in vitro to in vivo scaling, such as the fact that the cell of origin used to
generate the transfected cell model (e.g. human embryonic kidney cells, Chinese hamster
ovaries, Xenopus Laevis oocytes, (Cattori et al. 2001; Eckhardt et al. 1999; van de Steeg
et al. 2013)) may not fully represent the cell type of the designated organ making the in
vitro to in vivo translation more complex. This implies that hepatocytes may provide an
alternative model to define the kinetic parameters for biliary excretion (Cantrill 2017;
Chu et al. 2013b; Yabe et al. 2011). Therefore, the aim of the present study was to
develop a generic rat PBK-model incorporating a novel testing strategy of including
active biliary excretion, focussing on hepatocytes as the in vitro cell model and the scaling
factor to be used to obtain adequate in vitro to in vivo translation. This was done using
estradiol-17β glucuronide (E217βG) (Fig. 1) as the model substance (molecular weight
448.5 g/mole). E217βG is an anionic endogenous estrogen glucuronide conjugate well
known for its high affinity for active transport in the liver where it is taken up from the
blood (sinusoidal side) via the (rat) organic anion transporting polypeptides (Oatps)
into the hepatocytes, to be subsequently excreted into the bile (Kanai et al. 1996). This
uptake of E217βG into the hepatocytes via the Oatps is the rate-limiting step for its
elimination (Varma et al. 2012).

Figure 1.
Chemical structure of estradiol-17β glucuronide
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2.2

Materials and methods

Physiologically based kinetic (PBK) modelling
A conceptual PBK-model was developed for E217βG in rat (Fig 2). The model contained
separate compartments for blood, fat and liver. All other organ tissues were divided in
either a rapidly perfused tissue compartment (brain, heart, lungs, kidneys) or a slowly
perfused tissue compartment (bone, skin, muscle). The gastro-intestinal tract was not
included as a separate compartment since administration of E217βG was intravenously.
Physiological and anatomical parameters such as tissue blood flow and tissue weight were
obtained from Brown et al. (1997a). Tissue:blood partition coefficients were determined
by a mathematical method described by DeJongh et al. (1997) based on the log Kow of
E217βG (2.05 ALOGPS). Table 1 presents a detailed overview of the parameters.

Figure 2.
Schematic overview of the PBK-model for E217βG including biliary excretion

Chapter
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e transport
of E217βG from liver to bile was described by Michaelis-Menten kinetics
using the following formula:
AL = QL × (CB − CVL) − ,Vmax!"#$%& × (+,
𝐶𝐶%/001 = 𝐶𝐶2/3453 × (1 − 𝐻𝐻𝐻𝐻𝐻𝐻)
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where AL is the change in the amount of E217βG in the liver over time (µmol/hr), QL
the blood flow to the liver (L/hr), CB the concentration of E217βG in arterial blood
(µmol/L), CVL the venous concentration of E217βG in the liver (µmol/L), VmaxE217bG
and KmE217bG the maximum rate (µmol/hr) and Michaelis-Menten constant (µmol/L)
for the transport of E217βG. The model equations were encoded and solved using
Berkeley Madonna 8.3.18 (UC Berkeley, CA, USA).
Although it is known that E217βG undergoes enterohepatic circulation, this was not
taken into account in the model because for all the in vivo data included in this study
the bile duct of the rats was cannulated, therefore, enterohepatic circulation could not
take place.
Table 1.
Physiological and physico-chemical parameters used in the model code
Physiological and physico-chemical parameters

Rat

Body weight (kg)

0.250

Tissue volume fraction of the body weigh

a

Fat tissue

0.07

Liver tissue

0.034

Fraction of the blood

0.074

Rapidly perfused tissue

0.098

Slowly perfused tissue

0.724

Cardiac output (L/hr)

15*BW^0.74

Blood flow fraction

a

Fat

0.07

Liver

0.174

Rapidly perfused tissues

0.234

Slowly perfused tissues
Tissue:blood partition coefficients

a

0.522
b

Fat:blood

19.87

Liver:blood

1.33

Rapidly perfused tissue:blood

1.33

Slowly perfused tissue:blood

0.60

Brown et al. (1997a), b DeJongh et al. (1997)
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In vitro kinetic data
The in vitro kinetic data for transport of E217βG into hepatocytes were obtained from
the literature. Four studies, (Brock and Vore 1984; Brouwer et al. 1987; Ishizuka et
al. 1998; Kouzuki et al. 1999) reported Vmax (pmol/min/mg protein) and Km (µM)
values for the transport of E217βG into hepatocytes. Briefly, all studies used freshly
isolated primary hepatocytes from Sprague-Dawley rats and radio-labelled E217βG.
Three studies used a hepatocyte suspension system where concentration dependent
uptake of [3H]-E217βG under linear conditions with respect to time was determined.
At the end of each incubation, a fraction of hepatocyte suspension was removed from
the incubations. This fraction was added to a tube containing silicon oil and 3 M KOH.
The tube was centrifuged and cut at the silicone oil layer. The hepatocyte pellet was
placed in a scintillation vial and radioactivity was measured. The other study cultured
the freshly isolated hepatocytes on collagen-coated dishes. After washing the dishes three
times with either a Krebs-Henseleit buffer or choline buffer, the uptake was initiated
by adding [3H]-E217βG. The uptake was stopped and cells were washed three times
using ice-cold Krebs-Henseleit buffer for both procedures. The cells were solubilised
in 1 N NaOH, distilled water was added and [3H]-E217βG was measured with liquid
scintillation. Protein content in all studies was determined using either the method of
Lowry (Lowry et al. 1951) or the method of Bradford (Bradford 1976) with bovine
serum albumin as a standard. The Vmax and Km values were determined by plotting
the rate of uptake (pmol/min/mg protein) of [3H]-E217βG by the hepatocytes against
the [3H]-E217βG concentration (µM) fitting the curve using the Michaelis-Menten
equation.
Scaling factor
In the present study the scaling factor was determined by fitting the PBK-model based
predicted values for blood concentrations and the cumulative biliary excretion of E217βG
to the data reported for these endpoints in rat experiments found in literature. Table 2
presents an overview of available in vivo studies. They included in vivo rat kinetic data
for the time-dependent plasma concentration of E217βG upon an intravenous dose level
of 81 ng/kg bw (Gotoh et al. 2002; Morikawa et al. 2000) and 23 ng/kg bw (Slikker
et al. 1983) and the time dependent cumulative biliary excretion of E217βG upon an
intravenous dose level 81 ng/kg bw (Gotoh et al. 2002; Morikawa et al. 2000) and 48 ng/
kg bw (Takikawa et al. 1996). Three of these studies used male Sprague-Dawley rats, one
study used female Sprague-Dawley rats (Slikker et al. 1983). All studies quantified [3H]E217βG by liquid scintillation counting. Since the PBK-model predicts whole blood
concentrations and the in vivo data present time-dependent plasma concentrations,
the plasma concentrations were converted to whole blood concentrations using the
following formula:
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𝐶𝐶%/001 = 𝐶𝐶2/3453 × (1 − 𝐻𝐻𝐻𝐻𝐻𝐻) 						(2)

(2)

where Cblood is the concentration of E217βG in whole blood (µmol/L), Cplasma the
67 9:;<0 (,=>
𝐼𝐼𝐼𝐼 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 Vmax of
=E
× SF × Volume
of Liver
× 1000
, 17βG
1 × 60 (µmol/L)
in plasma
and Hct
the rat
haematocrit, which was
concentration
2 #,@@@,@@@
set at 40%, the average of the range published (Probst et al. 2006). (See figure S1 in
supplementary material A for original plasma concentration data).
(4)

SC = (C′ − C)/(P′ − P) × P/C

Table 2.
Overview of in vivo studies reporting time-dependent blood concentration and cumulative biliary excretion
upon intravenously administered E217βG in rats.
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Time-dependent
concentration

plasma

Dose (ng/kg bw)

Time of sample
collection (hr)

Reference

81

0-1

Morikawa et al. (2000)

81

0-1

Gotoh et al. (2002)

0-2

Morikawa et al. (2000)

0-2

Gotoh et al. (2002)

0 – 1.5

Takikawa et al. (1996)

A53B'()" × DAE

𝐴𝐴𝐴𝐴𝐴𝐴 = N𝐺𝐺𝐺𝐺𝐺𝐺 × (𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝐹𝐹𝐹𝐹𝑏𝑏)V
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Cumulative biliary excretion

81

𝐺𝐺𝐺𝐺𝐺𝐺 = 0.0052 ∗ 𝐵𝐵𝐵𝐵 ∗ 60

48
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Slikker et al. (1983)
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Comparison of the time-dependent plasma concentration reported by Morikawa
et al. (2000) and Gotoh et al. (2002) using a similar dose of 81 ng/kg bw, indicated
𝐶𝐶%/001 = 𝐶𝐶2/3453 × (1 − 𝐻𝐻𝐻𝐻𝐻𝐻)
the data point at t = 1 hr reported by Gotoh et al. (2002) to be an outlier (figure S1
supplementary material A),67and
this data point was aligned with that from Morikawa
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time-dependent
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/81).
E:

Combining
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2
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reported in vivo data were graphically illustrated using GraphPad Prism 5 (GraphPad
Software6DK@
Inc., San Diego, CA, USA)
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To define the scaling factor as described above in vitro Vmax values expressed in pmol/
min/mg protein have to be converted to an in vivo Vmax value expressed in µmol/hr/
whole liver. This was done using the following formula :
34
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(2)

1 × 60 × SF × Volume of Liver × 1000

(3)

where the factor 1,000,000 is used to convert pmol to µmol, 60 to convert minutes to
SC = (C′
− P)factor
× P/Cexpressed in mg protein/g liver, multiplied by the
(4) volume
hours,
SF −
is C)/(P′
the scaling
of the liver expressed in kilograms (Table 1), which is multiplied by 1000 to convert
kilograms to grams.
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The full model code is presented in Supplementary material B
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Sensitivity analysis
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of the available rat studies was used, 81 ng/kg bw. The analysis was performed using
the values for Km and Vmax obtained from the rat hepatocyte study with the lowest
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maximum fold difference between the values from the different data sets was not higher
than 11. The resulting transporter efficiencies (TE) vary less than 3.1-fold.
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Table 3.
In vitro kinetic parameter values for active hepatic transport of [3H]-E217βG obtained from literature
Rat hepatocyte
system

Km (µM)

Vmax
(pmol/min/mg protein)

Transporter efficiency
(TE) (Vmax/Km)

Reference

1

4.54±2.5

149±9.5

32.8

Brouwer et al. (1987)

2

6.5±1.6

470±120

72.3

Ishizuka et al. (1998)

3

12.9±1.3

1300±100

100.7

Kouzuki et al. (1999)

4

45.5±11.8

1620±210

35.6

Brock and Vore (1984)

Predicted versus observed time dependent blood levels of E217βG
Using the Vmax and Km values presented in Table 3, PBK-model based predictions for
E217βG levels in blood were calculated optimising the scaling factor to obtain the best
fit between predicted and actually reported experimental data for the three available
in vivo data sets (Table 2). To this end an iterative process varying the scaling factor
within the range of 5 – 500 mg protein/g liver was performed to find the best fit.
For each in vivo data set four optimisations were carried out, one for each of the data
sets for Vmax and Km derived from rat hepatocytes (Table 3). Since the four fitted
predictions thus obtained for each of the three experimentally observed time-dependent
blood concentration of intravenously administered E217βG in rats were similar, only
the predictions for one out of the four data sets are displayed in figure 3 (all twelve
predictions can be found in supplementary material A fig. S3). The scaling factors in mg
protein/g liver for conversion of in vitro hepatocyte protein levels to in vivo liver protein
levels optimised to obtain the predicted curves are presented in Table 4.
The data thus obtained reveal that with all kinetic hepatocyte data adequate fits can
be obtained with scaling factors that differ only to a limited extent for the four kinetic
hepatocyte data sets. The scaling factors for the fits of the 3 different in vivo data sets
for blood levels of E217βG varied here amounting to at most a 6-fold difference when
comparing results within a hepatocyte data set.
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Figure 3.
Predicted and observed blood concentrations (corrected from reported plasma concentrations) of E217βG
in rats upon intravenous administration. Symbols represent rat in vivo data obtained at a dose of (a) 81 ng/
kg bw (squares) (Morikawa et al. 2000), (b) 81 ng/kg bw (triangles) (Gotoh et al. 2002) and (c) 23 ng/kg
bw (dots) (Slikker et al. 1983). Data represent the mean (and the SD where available). Predictions (lines)
are based on the Vmax and Km values for hepatocyte transport of E217βG from rat hepatocyte system 1
obtained from literature and presented in Table 3. The predictions for all four Vmax and Km data sets are
presented in supplementary material A figure S3. The details of the in vivo data sets are presented in Table 2

Predicted versus observed time dependent cumulative biliary excretion
of E217βG
Next to the time-dependent blood concentration, the cumulative biliary excretion was
predicted using the same approach (Fig. 4). Since also for these three data sets on the
time-dependent biliary excretion the predictions obtained using the four Vmax and Km
data sets were similar, only the predictions for one out of the four data sets are displayed
in figure 4. All twelve predictions can be found in supplementary material A fig. S4. The
values for the scaling factor in mg protein/g liver for conversion of in vitro hepatocyte
protein levels to in vivo liver protein levels optimised to obtain the predicted curves are
presented in Table 4.
The data obtained reveal that also for prediction of the cumulative biliary excretion all
kinetic hepatocyte data can provide adequate fits with scaling factors that differ only to a
limited extent for the four kinetic hepatocyte data sets. The scaling factors for the fits of
the 3 different in vivo data sets for blood E217βG varied somewhat more compared with
the scaling factors obtained from the time-dependent blood concentration amounting
from a 6-fold to a 9-fold difference when comparing results within a hepatocyte data set.
Taking all 24 scaling factors together resulted in an average scaling factor of 129 ± 24 mg
protein/g liver (mean ± SEM).
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Figure 4.
Predicted and observed cumulative biliary excretion of E217βG in rats upon intravenous administration
expressed as percentage of the dose (%). Symbols represent rat in vivo data obtained at a dose of (a) 81 ng/
kg bw (squares) (Morikawa et al. 2000), (b) 81 ng/kg bw (triangles) (Gotoh et al. 2002) and (c) 48 ng/kg bw
(diamonds) (Takikawa et al. 1996). Data represent the mean and the SD where available. Predictions (lines)
are based on the Vmax and Km values for hepatocyte transport of E217βG from rat hepatocyte system 1
obtained from literature and presented in Table 3. The predictions for all four Vmax and Km data sets are
presented in supplementary material A figure S4. The details of the in vivo data sets are presented in Table 2

Table 4.
Fitted values for the scaling factor and the resulting average scaling factor (mg protein/g liver)
Morikawa et
al. (2000)
Rat hepatocyte system

Gotoh et al.
(2002)

Slikker et al.
(1983)

Morikawa et
al. (2000)

Gotoh et al.
(2002)

Takikawa et
al. (1996)

Blood concentration

Cumulative biliary excretion

Scaling factor (mg protein /g liver)

Scaling factor (mg protein/g liver)

1

80

200

35

200

65

400

b

2

40

90

15

150

30

200

3c

30

65

11

120

22

200

4

80

180

30

300

60

400

Average
scaling factor
± SEM
(mg protein/g liver)

129 ± 24

a

d

Scaling factors were obtained by fitting the in vivo reported data on blood and cumulative biliary excretion
levels with the PBK-model predictions based on the in vitro kinetic input.
a
1: Km = 4.54 µM, Vmax = 149 pmol/min/mg protein (Brouwer et al. 1987)
b
2: Km = 6.5 µM, Vmax = 470 pmol/min/mg protein (Ishizuka et al. 1998)
c
3: Km = 12.9 µM, Vmax = 1300 pmol.min/mg/protein (Kouzuki et al. 1999)
d
4: Km = 45.5 µM, Vmax = 1620 pmol/min/mg protein (Brock and Vore 1984)

Evaluation of the scaling factor
To further evaluate the scaling factor, the in vivo kinetic data on time-dependent E217βG
blood concentration and cumulative biliary excretion were predicted using this average
value and compared to the experimental data in figure 5 and 6. The results obtained
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reveal that with this average scaling factor all experimental data for blood E217βG levels
were on average predicted with a less than 1.8-fold deviation, while for the data for the
cumulative biliary excretion of E217βG the averaged deviation was less than 1.4-fold.
The largest deviations were observed for the in vivo data on blood E217βG levels of
Slikker et al. (1983) where the model somewhat overpredicted the clearance of E217βG
from the blood (Fig. 5c, f, i, l) ranging from a 4 to 12- fold difference and for the in
vivo data on cumulative biliary excretion reported by Gotoh et al. (2002) that were too,
somewhat overpredicted with a maximum of 6-fold deviation (Fig. 6b, e, h, k).

Figure 5.
Predictions of the blood concentration in time of E217βG in rats upon intravenous administration
using the average value for the scaling factor (129 mg protein/g liver) compared with the observed blood
concentrations. Symbols represent rat in vivo kinetic data obtained at a dose of (a, d, g, j) 81 ng/kg bw
(squares) (Morikawa et al. 2000), (b, e, h, k) 81 ng/kg bw (triangles) (Gotoh et al. 2002) and (c, f, i, l) 23
ng/kg bw (dots) (Slikker et al. 1983). Data represent the mean (and the SD where available). Predictions
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(lines) are based on the Vmax and Km values for hepatocyte transport of E217βG obtained from literature
and presented in Table 3

Figure 6.
Predictions of the cumulative biliary excretion in time of E217βG in rats upon intravenous administration
expressed as percentage of the dose (%) using the average value for the scaling factor (129 mg protein/g
liver) compared with the observed cumulative biliary excretion. Symbols represent rat in vivo kinetic data
obtained at a dose of (a, d, g, j) 81 ng/kg bw (squares) (Morikawa et al. 2000), (b, e, h, k) 81 ng/kg bw
(triangles) (Gotoh et al. 2002) and (c, f, i, l) 48 ng/kg bw (diamonds) (Takikawa et al. 1996). Data represent
the mean (and the SD where available). Predictions (lines) are based on the Vmax and Km values for
hepatocyte transport of E217βG obtained from literature and presented in Table 3

Sensitivity analysis
To further evaluate the influence of the scaling factor on the model predictions and
also elucidate which PBK-model parameters influence the predictions most a sensitivity
analysis was performed. The predicted blood concentration and cumulative biliary
excretion levels of E217βG at a time point of 0.5 hr were used as the basis for this
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analysis. Only parameters with a normalized sensitivity coefficient > 0.1 are presented.
The results reveal that for prediction of both the blood E217βG concentration (Fig.
7a) and the cumulative biliary excretion (Fig. 7b) the blood flow to liver (QLc) is most
influential parameters while for prediction of the cumulative biliary excretion also the
blood flow to the liver (QLc) is influential. At different transporter efficiencies (TE) for
the hepatocyte transport the normalized sensitivity coefficients are somewhat different,
but the parameters that have the largest influence remain the same. The influence of the
scaling factor on both model outcomes shows not to be substantial with a sensitivity
coefficient at the highest and lowest CE of 0.2 and -0.4 for the blood concentration and
0.04 and 0.13 for the cumulative biliary excretion.

Figure 7.
Sensitivity coefficients of the PBK-model parameters for prediction of (a) the E217βG blood concentration
and (b) the cumulative active biliary excretion of E217βG at an intravenous dose of 81 ng/kw bw, t = 0.5
hr with the Vmax and Km that result in the lowest transporter efficiency (TE) (black bars) (Brouwer et
al. 1987) and the Vmax and Km that result in the highest TE (grey bars) (Kouzuki et al. 1999) (see Table
3). VFc = volume fat tissue, VLc = volume liver tissue, VRc = volume of rapidly perfused tissues, VSc =
volume of slowly perfused tissue, QFc = blood flow to fat, QLc = blood flow to liver, QRc = blood flow
to rapidly perfused tissue, QSc = blood flow to slowly perfused tissue, PF = partition coefficient of fat,
PR = partition coefficient of rapidly perfused tissue, PS = partition coefficient of slowly perfused tissue,
Vmax = maximum rate of E217βG transport in hepatocytes, Km = Michaelis-Menten constant of E217βG
transport in hepatocytes, SF = scaling factor

2.4

Discussion

The aim of the present study was to provide a proof of principle for including biliary
excretion into a generic rat PBK-model with a major focus on determining the in vitro
to in vivo scaling factor to be used when defining the kinetics of biliary transport using
primary rat hepatocytes. A scaling factor is required to convert a kinetic value obtained
in the in vitro cellular model, to a value that reflects the same biological function for the
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relevant whole organ. In this study, the scaling factor was needed to translate the in vitro
Vmax value for E217βG transport in hepatocytes expressed in pmol/min/mg protein to
an in vivo rate for E217βG transport by the liver expressed in µmol/hr. The scaling factor
expressed in mg protein/g liver enabled use of the in vitro hepatocyte Vmax value in the
PBK model to enable prediction of in vivo blood and cumulative biliary excretion levels
of intravenously administered E217βG. We used E217βG as a model substance because
the substance is excreted as such, with its active excretion into bile via the activity of the
Oatp transporters in the sinusoidal membrane of hepatocytes being the rate limiting
step for its elimination (Varma et al. 2012). Using the obtained value for the scaling
factor, 129 mg protein/g liver, resulted in PBK-model based predictions of the blood
and cumulative biliary excretion levels of E217βG that were on average within a 1.8fold deviation from reported in vivo data, thus showing the value of the use of primary
hepatocytes as an in vitro system to determine kinetic parameters for describing biliary
excretion.
It is of importance to note that main deviations between predicted and observed in vivo
data could be related to especially differences between reported experimental data at
the same dose level. Even though the in vivo time-dependent blood concentration and
the corresponding cumulative biliary excretion reported by Gotoh et al. (2002) and
Morikawa et al. (2000) were obtained from the same laboratory, the outcomes were
different resulting in different values for the individual scaling factors obtained when
fitting the data. This difference between the experimental data sets might be explained
by the two year time-lap between the two studies and the fact that animal experiments
are depending on an array of guideline protocols and conditions that might have been
slightly changed over the two years influencing the (expected) outcome (Council 2011).
This deviation in reported in vivo data becomes even more apparent when looking at
the in vivo data from Slikker et al. (1983) where at one third of the dose level the data
for E217βG blood levels were overlapping with the data of the two studies using a 3 fold
higher dose level. This discrepancy could be related to the sex of the rats used (female
not male) in the Slikker et al. (1983) study. However, Gotoh et al. (2002) reported in
vivo data on blood levels of E217βG in female Sprague-Dawley rats, and showed that
these levels were comparable to the levels found in the male Sprague-Dawley rats. Other
factors that could play a role in the differences in in vivo data are the vehicle used for the
IV administration, which was distilled water: polyethylene glycol: ethanol (10:4:1 v/v)
in the studies reported by Gotoh et al. (2002) and Morikawa et al. (2000) but saline:
propylene glycol: ethanol (10:4:1 v/v) in the study of Slikker et al. (1983). Use of a
different vehicle may influence the bioavailability, which may have been higher in the
Slikker et al. (1983) study. Furthermore, the type and rate of IV administration, which
for one study was an IV infusion (Takikawa et al. 1996) while for the other three studies
a bolus IV administration was utilized.
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In the present study the apparent deviation shown in the data reported by Slikker et
al. (1983) was corrected for before using the data to define the scaling factor. Without
this correction scaling factors obtained for the Slikker et al. (1983) data set appeared
to amount to a maximum 10 mg protein/g liver, representing values that are not
substantially different from the ones reported in Table 4. This observation corroborates
the results of the sensitivity analysis that revealed that the scaling factor was not an
influential parameter for the PBK-model based predictions.
Until now, not much has been published about the scaling factor expressed in mg
protein/g liver to convert in vitro hepatocyte protein levels to in vivo liver data in rats.
A study by Sohlenius-Sternbeck (2006) reported a protein concentration in rat liver
homogenate of 112 mg/g liver, but did not define how that value relates to primary
hepatocytes, the model system of the present study. However, to further support the
scaling factor now obtained the following theoretical approach could be applied to
approximate the scaling factor by the use of a hepatocellularity number. There are a few
studies that determined and reported this number ranging from 117 to 135·106 cells
(hepatocytes)/ g liver (Bayliss et al. 1999; Houston 1994a; Sohlenius-Sternbeck 2006).
Sohlenius-Sternbeck (2006) also reported on the protein concentration in a hepatocyte
suspension (0.985 mg/106 cells). Together with the weight of the liver (Table 1) these
numbers would result in a scaling factor ranging from of 115 – 132 mg protein/ g liver.
Our modelled and averaged scaling factor based on 24 fitted predictions using in vitro
input data from rat hepatocytes on active uptake of E217βG and in vivo kinetic data is
fully in line with this theoretical estimate.
The predictions made using of the defined scaling factor revealed 1) that the value 129
mg protein/g liver is suitable to translate the in vitro Vmax from hepatocytes to an in
vivo Vmax in liver obtaining predictions that are in line with the in vivo kinetic data for
blood and cumulative biliary excretion levels of E217βG and also 2) that hepatocytes
provide an adequate in vitro model to obtain kinetic parameters Vmax and Km for active
uptake of an Oatp substrate, E217βG in our study. Given the uncertainty in scaling
factors that would be required when using transfected cell models, use of hepatocytes
to describe biliary excretion may be preferred over the use of in vitro systems with an
overexpression of individual transporters. This is also because E217βG has affinity for
more than one Oatp which will all be taken into account when using hepatocytes
known to contain multiple Oatps (e.g. 1a1, 1a5, 361 1b2, 2b1) thus better mimicking
the overall transport in the organ of interest (Hagenbuch and Meier 2003; Richert et
al. 2006). Taking all together it is concluded that freshly isolated hepatocytes provide
an adequate in vitro system to investigate uptake via active transport resulting in kinetic
parameters that are able to include biliary excretion into PBK-models (Harris et al.
2004; Sahi et al. 2010). Use of this model also eliminates the need for the use of REFs
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and RAFs to scale expression and activity of transporters from in vitro systems to a full
organ, diminishing uncertainties.
With this study we demonstrated a proof of principle by introducing a novel testing
strategy for including biliary excretion into a generic PBK-model at the same time
defining the scaling factor for the vitro system (primary rat hepatocytes) used to obtain
adequate in vitro to in vivo translation. We confirmed based on the predictions using the
averaged scaling factor that primary rat hepatocytes can be the gold standard for studies
on biliary transport in addition to their use as the golden standard for many in vitro
(human) hepatic endpoints (e.g. hepatic metabolism, hepatoxicity, induction/inhibition
of cytochrome P450s) (Guguen-Guillouzo and Guillouzo 2010; Zeilinger et al. 2016).
However, known downfalls of the use of primary hepatocytes are the inter individual
differences and their non-high through put character. To what extent such bottlenecks
would affect their use as a model for biliary transport remains to be elucidated. This also
holds for their use to mimic biliary transport of other substrates for Oatps and substrates
for other hepatic transporters (Oat2 and Oct1) involved in biliary excretion. To this end
similar studies with other substrates for Oatps such as statins and ACE inhibitors (Izumi
et al. 2018; Watanabe et al. 2010) or for other hepatic transporters such as antineoplastic
drugs, antivirals. antidiuretics and some alkaloids (Burckhardt 2012; Lozano et al. 2013;
Marada et al. 2015) may be of use. Nevertheless, the proof of principle described in the
present paper provides a first important step towards including biliary excretion in PBKmodels for reverse dosimetry based QIVIVE and alternative testing strategies.
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Figure S1.
Original plasma concentration data (a) of E217βG obtained from three different in vivo data sets at dose
levels of 23 ng/kg bw (Slikker et al. 1983) (circles) and 81 ng/kg bw (Gotoh et al. 2002; Morikawa et al.
2000) (triangles and squares, respectively). Calculated whole blood concentration data (b) with the formula
Cblood = Cplasma x (1-Hct) using 40% as the haematocrit in rat.

Figure S2.
The in vivo data of Slikker et al. (1983) where the plasma to blood converted data (circles) have been
modified 23/81 (squares).
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Figure S3.
Fitted predictions and observed blood concentrations (corrected from reported plasma concentrations) of
E217βG in rats upon intravenous administration. Symbols represent rat in vivo data obtained at a dose of
(a, d, g, j) 81 ng/kg bw (squares) (Morikawa et al. 2000), (b, e, h, k) 81 ng/kg bw (triangles) (Gotoh et al.
2002) and (c, f, i, l) 23 ng/kg bw (dots) (Slikker et al. 1983). Data represent the mean and the SD where
available. Predictions (lines) are based on the Vmax and Km values for hepatocyte transport of E217βG
obtained from literature and presented in table 3
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Figure S4.
Fitted predictions and observed cumulative biliary excretion of E217βG in rats upon intravenous
administration. Symbols represent rat in vivo data obtained at a dose of (a, d, g, j) 81 ng/kg bw (squares)
(Morikawa et al. 2000), (b, e, h, k) 81 ng/kg bw (triangles) (Gotoh et al. 2002) and (c, f, i, l) 48 ng/kg bw
(diamonds) (Takikawa et al. 1996). Data represent the mean and the SD where available. Predictions (lines)
are based on the Vmax and Km values for hepatocyte transport of E217βG obtained from literature and
presented in table 3

47

Chapter 2

Supplementary material B
; Date: January 2019
; Purpose: PBK Model of estradiol-17B-glucuronide (E217G), built with in vitro (from literature) and in
silico derived parameter values
; Species: Rat
; Compiled by: Annelies Noorlander
; Organisation: Wageningen University
;=====================================================================
;Physiological parameters
;=====================================================================
; tissue volumes
BW = 0.250 (Kohane et al.) ; body weight rat (variable, dependent on study)
VFc = 0.07		
; fraction of fat tissue			reference: Brown
Table 21 (1997)
VLc = 0.034
; fraction of liver tissue			reference: Brown
Table 21 (1997)
VBc = 0.074		
; fraction of blood				reference: Brown
Table 21 (1997)
VRc = 0.098		
; fraction of richly perfused tissue 		reference: Brown
Table 21 (1997)
VSc = 0.724		
; fraction of slowly perfused tissue		reference: Brown
Table 21 (1997)
VF = VFc*BW		
VL = VLc*BW		
VB = VBc*BW
VR = VRc*BW
VS = VSc*BW		

{L or Kg}
{L or Kg}
{L or Kg}
{L or Kg}
{L or Kg}

et al.
et al.
et al.
et al.
et al.

; volume of fat tissue (calculated)
; volume of liver tissue (calculated)
; volume of blood (calculated)
; volume of richly perfused tissue (calculated)
; volume of slowly perfused tissue (calculated)

;-------------------------------------------------------------------------------------------------------------------;blood flow rates
QC = 15*(BW)^0.74
QFc = 0.07		
QLc = 0.174		
QRc = 0.234		
QSc = 0.522		
QF = QFc*QC		
QL = QLc*QC		
QS = QSc*QC 		
QR = QRc*QC 		
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{L/hr}

; cardiac output			reference: Brown
p.453 (1997)
; fraction of blood flow to fat			reference: Brown
Table 25 (1997)
; fraction of blood flow to liver			reference: Brown
Table 25 (1997)
; fraction of blood flow to richly perfused tissue	reference: Brown
Table 25 (1997)
; fraction of blood flow to slowly perfused tissue	reference: Brown
Table 25 (1997).
{L/hr}
{L/hr}
{L/hr}
{L/hr}

; blood flow to fat tissue (calculated)
; blood flow to liver tissue (calculated)
; blood flow to slowly perfused tissue (calculated)
; blood flow to richly perfused tissue (calculated)

et al.
et al.
et al.
et al.
et al.
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;=====================================================================
;Physicochemical parameters
;=====================================================================
;partition coefficients --> logP E217G from ALOGPS: 2.05
PF = 19.87452
PL = 1.332858
PR = 1.332858
PS = 0.600644

; fat/blood partition coefficient

	calculated using
(DeJongh, 1997)
; liver/blood partition coefficient		calculated using
(DeJongh, 1997)
; richly perfused tissue/blood partition coefficient	calculated using
(DeJongh, 1997)
; richly perfused tissue/blood partition coefficient	calculated using
(DeJongh, 1997)

QPPR

of:

QPPR

of:

QPPR

of:

QPPR

of:

;=====================================================================
;Kinetic parameters
;=====================================================================
;Transport from needle to blood
kn = 1000000
; injection {/hr}
;-------------------------------------------------------------------------------------------------------------------;Biliary excretion from liver
;based on uptake and elimination of E217G via active transporters in rat hepatocytes (Oatps)
VmaxE217Gc= 149 {pmol/min/mg}			
; data derived from Brouwer et al. 1987
SF = 129 {mg/g liver}				
;Averaged scaling factor
VMaxE217G = (VMaxE217Gc/1000000)*SF*60*VL*1000 {umol/hr}
;E217G uptake and elimination, affinity constants for uptake transporters in rat hepatocytes (Oatps)
(umol/L)
KmE217G = 4.54					
; data derived from Brouwer et al. 1987
;=====================================================================
;Run settings
;=====================================================================
;Molecular weight E217G
MW = 448.512
			
;-------------------------------------------------------------------------------------------------------------------;IV dose
IVDOSEmg = 0.000081 {mg/kg bw}				; IVDOSEmg = given IV dose in
mg/kg bw
IVDOSEumol2 = IVDOSEmg*1E-3/MW*1E6 {umol/kg bw}	; IVDOSEumol2 = given IV dose
recalculated to umol/kg bw
IVDOSEumol=IVDOSEumol2*BW;				; IVDOSEumol = umol given IV
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;time
Starttime = 0
Stoptime = 24

; in hr
; in hr

;=====================================================================
;Model calculations
;=====================================================================
; Model E217G
;needle compartment
;ANe = amount in needle, umol
;ANe’ = Change in amount of E217G in time in the needle, umol/hr
ANe’ = -kn*ANe
Init ANe = IVDOSEumol
;-------------------------------------------------------------------------------------------------------------------;liver compartment
;AL = Amount E217G in liver tissue, umol
;AL’ = Change in amount of E217G in time, umol/hr
AL’ = QL*(CB - CVL) - AME217G’
Init AL = 0
CL = AL/VL
CVL = CL/PL
;AME217G = amount E217G excreted from the liver by biliary excretion over time (umol/L)
AME217G’ = VmaxE217G*CVL/(KmE217G + CVL)
init AME217G = 0
;-------------------------------------------------------------------------------------------------------------------;fat compartment
;AF = Amount E217G in fat tissue (umol)
;AF’ = Change in amount of E217G in time, umol/hr
AF’ = QF*(CB-CVF)
Init AF = 0
CF = AF/VF
CVF = CF/PF
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;-------------------------------------------------------------------------------------------------------------------;tissue compartment richly perfused tissue
;AR = Amount E217G in richly perfused tissue (umol)
;AR’ = Change in amount of E217G in time, umol/hr
AR’ = QR*(CB-CVR)
Init AR = 0
CR = AR/VR
CVR = CR/PR

2

;-------------------------------------------------------------------------------------------------------------------;tissue compartment slowly perfused tissue
;AS = Amount E217G in slowly perfused tissue (umol)
;AS’ = Change in amount of E217G in time, umol/hr
AS’ = QS*(CB-CVS)
Init AS = 0
CS = AS/VS
CVS = CS/PS
;-------------------------------------------------------------------------------------------------------------------; blood compartment
;AB = Amount E217G in blood (umol)
;AB’ = Change in amount of E217G in time, umol/hr
AB’ = (kn*ANe + QF*CVF + QL*CVL + QS*CVS + QR*CVR - QC*CB)
Init AB = 0
CB = AB/VB
;=====================================================================
;Mass balance calculations
;=====================================================================
Total = IVDOSEumol
Calculated = ANe + AL + AME217G + AF + AS + AR + AB
ERROR=((Total-Calculated)/Total+1E-30)*100
MASSBBAL=Total-Calculated + 1
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Abstract
The present study aimed at incorporating active renal excretion via the organic cation
transporter 2 (OCT2) into a generic rat physiologically based kinetic (PBK) model
using an in vitro human renal proximal tubular epithelial cell line (SA7K) and mepiquat
chloride (MQ) as the model compound. The Vmax (10.5 pmol/min/mg protein) and
Km (20.6 µM) of OCT2 transport of MQ were determined by concentration-dependent
uptake in SA7K cells using doxepin as inhibitor. PBK model predictions incorporating
these values in the PBK model were 6.7-8.4-fold different from the reported in vivo
data on the blood concentration of MQ in rat. Applying an overall scaling factor that
also corrects for potential differences in OCT2 activity in the SA7K cells and in vivo
kidney cortex and species differences resulted in adequate predictions for in vivo kinetics
of MQ in rat (2.3-3.2-fold). The results indicate that using SA7K cells to define PBK
parameters for active renal OCT2 mediated excretion with adequate scaling enables
incorporation of renal excretion via the OCT2 transporter in PBK modelling to predict
in vivo kinetics of mepiquat in rat. This study demonstrates a proof-of-principle on how
to include active renal excretion into generic PBK models.
Keywords: Mepiquat, Active renal excretion, Physiologically based kinetic modelling,
Renal proximal tubule epithelial cell line, Organic cation transporter 2, Scaling factor
Abbreviations: ADME (absorption, distribution, metabolism, excretion), BSA (bovine
serum albumin), GFR (glomerular filtration rate), LC-MS/MS (Liquid chromatography
mass spectrometry), MATE (multidrug and toxin extrusion transporter), MQ
(Mepiquat), MRM (multiple reaction monitoring), OCT2 (Organic cation transporter
2), PBK (Physiologically based kinetic ), QIVIVE (quantitative in vitro – in vivo
extrapolation), RPTEC (renal proximal tubule epithelial cell), SA7K (human RPTEC
cell line), TE (transporter efficiency)

54

Including active renal excretion in PBK-modelling

3.1

Introduction

Physiologically based kinetic (PBK) modelling-facilitated reverse dosimetry is a useful
tool for quantitative in vitro-in vivo extrapolation (QIVIVE) to predict in vivo toxicity
(Louisse et al. 2017; Zhang et al. 2018a). Jointly with the results of in vitro methods,
QIVIVE provides an alternative strategy for risk assessment for human safety without
the use of animal experiments, thus contributing to the 3Rs (replacement, reduction
and refinement of animal experiments) in the field of toxicology (Bessems et al. 2015).
Until now, proofs-of-principle for QIVIVE based on PBK modelling facilitated reverse
dosimetry have been provided for a number of adverse outcomes including liver toxicity
(Ning et al. 2019b), kidney toxicity (Abdullah et al. 2016), developmental toxicity
(Louisse et al. 2015; Strikwold et al. 2017b) and cardiotoxicity (Shi et al. 2020). These
examples, however, did not relate to model compounds for which plasma and tissue
concentrations depend on kinetics for excretion.
A few reasons for this lack of including excretion in the PBK models can be identified
and relate to: 1) the assumption that for most compounds excretion is not a rate limiting
step since molecular weights up to 2000 g/mol can easily pass the filter of the glomeruli
(Fagerholm 2007), 2) the fact that following metabolism to more water soluble and
often less toxic metabolites, the role of excretion in determining the physiological
concentrations of the relevant parent compound is often negligible (Fabian et al. 2019),
and 3) the fact that there is a lack of adequate in vitro models for renal excretion due to
its complexity (Bessems et al. 2015).
Renal excretion is the result of three main processes, 1) passive glomerular filtration;
2) active tubular secretion and 3) passive and active tubular reabsorption (Zeidel et al.
2014). This implies that developing in vitro models to predict renal excretion, should
enable adequate description of all three processes which may be a challenge especially
when active transport is involved. A study by Felmlee et al. (2013) has compared
four mechanistic pharmacokinetic models for active secretion and reabsorption and
concluded that especially the Vmax of active transporters in renal proximal tubules plays
a pivotal role in the prediction of renal excretion.
The most abundant active drug transporter present in the renal proximal tubules of
both human and rat is the organic cation transporter 2 (OCT2) located basolaterally
(Motohashi and Inui 2013). OCT2 secretes, together with the H+/organic cation
antiporter multidrug and toxin extrusion (MATE) transporter, cations to the renal
lumen. Since OCT2 is Na+-independent and electrogenic, its transport is driven by the
inside-negative membrane potential that exists within the proximal tubule cells (Yin
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and Wang 2016). Consequently, the route of renal excretion of cations via the OCT2/
MATE complex should be considered when including renal excretion in a PBK model.
The aim of the present study was to develop a proof-of-principle to include active renal
excretion in a rat PBK model using renal proximal tubule epithelial cells (RPTEC) to
obtain kinetic parameters for OCT2 transport. To this end we used the SA7K cell line
described by Li et al. (2017c), which is an RPTEC cell line generated from human
primary kidney proximal tubule epithelial cells by executing a zinc-finger nucleasemediated knockout of a cell cycle protein making the cell line so-called pseudoimmortalized. The group of Li et al. (2017c) was able to generate this cell line with
preserved expression and activity of relevant transporters when cells are in culture, of
which OCT2 was one. As a model compound we selected mepiquat chloride (MQ;
molecular structure of mepiquat cation is shown in Table 1), a positively charged, nonmetabolised compound that is excreted predominantly via the kidneys (Agency 1997).
Implementing the kinetic parameters of MQ transport via OCT2 into a rat PBK model
together with the appropriate scaling factors should provide an improved prediction
of the blood concentration–time curve compared to predictions made by a model that
does not take active renal excretion into account.

3.2

Materials and methods

Chemicals
Doxepin hydrochloride was purchased from Carbosynth (Berkshire, UK). (±)Verapamil
hydrochloride, bovine serum albumin (BSA) and formic acid were purchased from
Sigma-Aldrich (Zwijndrecht, the Netherlands). BASF SE kindly provided mepiquat
chloride (MQ). Dimethyl sulfoxide (DMSO) used for dissolving doxepin and verapamil
was purchased from Merck (Darmstadt, Germany). Acetonitrile was purchased from
Biosolve (Valkenswaard, the Netherlands). Ultrapure water from a system of Arium Pro
VF Sartonius (Rotterdam, the Netherlands) was used to dissolve MQ.
Cell culture
SA7K cells (Sigma-Aldrich, Zwijndrecht, the Netherlands), a human renal proximal tubule
epithelial cell (RPTEC) line containing functional active transporters (Li et al. 2017c)
were cultured in MEMα (Sigma-Aldrich, Zwijndrecht, the Netherlands) supplemented
with RPTEC Complete Supplement (Sigma-Aldrich, Zwijndrecht, the Netherlands), 2.5
mM L-glutamine (Gibco), 30 µg/mL gentamicin and 0.015 µg/mL amphotericin B at
37°C with 5% (v/v) CO2 and 95% (v/v) humidity. For uptake studies cells were seeded in
6-well plates at a density of 1.5 x 106 cells/well and grown for 2 days prior to use with a
medium change after one day. Cells used in this study were between 6 – 22 cell passages.
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OCT2 uptake of MQ
To confirm OCT2 dependent uptake of MQ, SA7K cells were pre-incubated in prewarmed (37°C) uptake buffer (136 NaCl, 5.3 mM KCl, 1.1 mM KH2PO4, 0.8 mM
MgSO4 x 7 H2O, 1.8 mM CaCl2 x 2 H2O, 11 mM D-glucose, 10 mM HEPES, pH 7.4)
within the presence or absence of the OCT2 inhibitors doxepin and verapamil (Hacker
et al. 2015; Li et al. 2017c) (final concentration 10 µM and 100 µM, respectively, added
from 200 times concentrated stock solutions in DMSO as starting concentrations
based on uptake/inhibition studies using the SA7K cell line by Li et al. (2017c)) for 10
minutes at 37°C. After 10 minutes, substrate MQ (final concentration 1 µM and 10 µM
added from 200 times concentrated stock solutions in ultrapure water) was added and
the cells were incubated for 30 and 60 minutes. After incubation medium was removed
and cells were washed twice with ice-cold PBS containing 0.2% (w/v) BSA (to avoid
unspecific binding) and once with ice-cold PBS alone. Cells were lysed with ultrapure
water in a freeze-thaw cycle. Protein was measured using the Pierce BCA protein assay
kit (Thermo Fischer Scientific Bleiswijk, the Netherlands). MQ present in the cell lysate
was quantified using LC-MS.
Time optimisation for OCT2 uptake
SA7K cells were pre-incubated in pre-warmed (37°C) uptake buffer within the presence
or absence of the OCT2 inhibitor doxepin (final concentration 100 µM added from
a 200 times concentrated stock solution in DMSO) for 10 minutes at 37°C. After 10
minutes, substrate MQ (final concentration 10 µM added from a 200 times concentrated
stock solution in ultrapure water) was added and the cells were incubated for 2, 5, 10, 30
and 60 minutes. MQ present in the cell lysate was quantified using LC-MS.
Quantification of OCT2 mediated transport of MQ
Under time-optimised conditions, uptake experiments were continued following the
same approach as described above in the absence and presence of the OCT2 inhibitor
doxepin at 100 µM final concentration to quantify the OCT2 mediated transport of
MQ. After 10 minutes incubation in the presence or absence of doxepin, substrate MQ
(final concentrations 10, 25, 50, 100, 200, 300, 400 and 500 µM added from 200 times
concentrated stock solutions in ultrapure water) was added to the cells. MQ present in
the cell lysate was quantified using LC-MS. OCT2 mediated uptake of MQ was derived
from the difference in transport in the absence and presence of the OCT2 inhibitor.
Liquid chromatography mass spectrometry (LC-MS/MS) analysis
MQ (Table 1) was analysed on an LC-MS/MS system (Shimadzu, Kyoto, Japan), which
contained a Nexera XR LC-20AD SR UPLC system coupled to a triple quadrupole mass
spectrometer LCMS-8045. A Luna Omega polar C18 column (Phenomenex) (100 x 2.1
mm, 1.6 µm particle size) was used for separation. The mobile phase consisted of water
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(A) and acetonitrile (B) both containing 0.1 % (v/v) formic acid (gradient: 0.00 - 6.00
min 25-100% B, 6.00 - 6.50 min 100% B, 6.50 - 7.00 min 100-25% B, 7.00 - 10.50
min 25% B) and was delivered at a flow rate of 0.3 mL/min. The injection volume was
5 µL and the column oven was set at 40°C. Under these conditions the retention time of
MQ was 0.83 min. The parameters used in multiple reaction monitoring (MRM) were as
follows: positive-ion mode, electrospray ionisation source, nebulizer gas flowrate: 2.0 L/
min, heating gas flow rate: 10.0 L/min, interface temperature: 300°C, DL temperature:
250°C, heating block temperature: 400°C, drying gas flow rate: 10.0 L/min, dwell time:
10 ms, and fragments and ESI-S parameters are presented in Table 1.
Table 1.
Molecular structure of mepiquat cation from mepiquat chloride (MQ), fragments and ESI-MS parameters
used in this study
Chemical
MQ

Molecular structure MRM transition

Q1 pre Bias (V)

CE (V)

Q3 Pre bias (V)

114.1 → 98.10

-21.0

-28.0

-19.0

114.1 → 70.10

-20.0

-36.0

-26.0

114.1 → 58.10

-18.0

-26.0

-23.0

114.1 → 42.10

-19.0

-47.0

-15.0

Physiologically based kinetic (PBK) modelling
A physiologically based kinetic model for MQ in rat was developed. The model consists
of separate compartments for GI-tract, liver, fat, blood and kidney (Figure 1). All other
organ tissues were placed under rapidly perfused tissue (brain, lungs, heart) or slowly
perfused tissue (bone, skin, muscle). The physiological and anatomical parameters
including tissue weight and tissue blood flow were obtained from the literature (Brown
et al. 1997a). Tissue:blood partition coefficients were calculated by a quantitative
property-property relationship method described in literature (Rodgers and Rowland
2006) and obtained via the QIVIVE toolbox developed by Punt et al. (2020). Toolbox
input of MQ: LogP = -3.55 (safety data sheet BASF), molecular weight = 149.7 g/mol,
pKa = not applicable, ticked box for the presence of quaternary N atom(s). Since MQ
is hardly metabolised in the body, no equations and kinetic parameters for clearance
were included in the model. For describing active renal excretion of MQ via OCT2,
the kinetic parameters of OCT2 mediated membrane translocation of MQ need to
be included in the model. Each compartment of the model contains its own set of
mathematical equations. The equation to describe the amount of MQ excreted via the
kidney included a term for glomerular filtration (Felmlee et al. 2013) and a term to
describe active renal excretion, and was as follows:
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𝐼𝐼𝐼𝐼 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 Vmax = , #,@@@,@@@ 1 × 60 × SF × Volume of Liver × 1000
A53B
× DAE
𝐴𝐴𝐴𝐴𝐴𝐴 = N𝐺𝐺𝐺𝐺𝐺𝐺 × (𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝐹𝐹𝐹𝐹𝑏𝑏)V + , (E5 '()"
1
'()" - DAE)

(1)

(1)

SC = (C′ − C)/(P′ − P) × P/C
(4)
where AKe is the amount of MQ excreted via the kidney in time (µmol/hr), GFR is the glomerular
= 0.0052
𝐵𝐵𝐵𝐵
∗ 60 CVK the venous concentration of MQ in the
(2) kidneys (µmol/L),
fi𝐺𝐺𝐺𝐺𝐺𝐺
ltration
rate of ∗rat
(L/hr),
VmaxOCT2 and KmOCT2 the maximum rate (µmol/hr) and Michaelis-Menten constant (µmol/L)
for the active transport of MQ by OCT2, and Fub the fraction unbound of MQ in blood, which
was 1 (Neef and Meijer 1984).
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𝐶𝐶%/001 = 𝐶𝐶2/3453 × (1 − 𝐻𝐻𝐻𝐻𝐻𝐻)
The glomerular filtration rate in the model was included as a formula depending on the body
A53B'()" × DAE
(𝐶𝐶𝐶𝐶𝐶𝐶
𝐴𝐴𝐴𝐴𝐴𝐴 =ofN𝐺𝐺𝐺𝐺𝐺𝐺
× the
∙ 𝐹𝐹𝐹𝐹𝑏𝑏)V
+
,(,=>
1 which was reported to be 5.2(1)
weight
rat and
glomerular
filtration
rate in rat,
mL/min/kg
67 9:;<0
(E5'()" - DAE)
𝐼𝐼𝐼𝐼 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 Vmax = , #,@@@,@@@
1 × 60 × SF × (Volume of kidneys) × 1000
bw (Walton et al. 2004). The formula included was the following:
𝑆𝑆𝑆𝑆 = (𝐶𝐶’ − 𝐶𝐶)/(𝑃𝑃’ − 𝑃𝑃) × (𝑃𝑃/𝐶𝐶)
𝐺𝐺𝐺𝐺𝐺𝐺 = 0.0052 ∗ 𝐵𝐵𝐵𝐵 ∗ 60
A53B ×[G]
𝑉𝑉 = E5 -[G]

(2)
(6)

*++

(4)

(5)

(2)

where GFR is the glomerular
filtration rate (L/hr), BW the body weight (kg) and 60 to
[6]
(7)
𝐾𝐾𝐾𝐾322 = 𝐾𝐾𝐾𝐾 ,1 + E: 1
convert
minutes to hours.
𝐶𝐶%/001 = 𝐶𝐶2/3453 × (1 − 𝐻𝐻𝐻𝐻𝐻𝐻)

Besides E5
renal
*++ excretion, a fraction of 10 % of an oral dose given is known to be excreted
𝐾𝐾𝐾𝐾 =
(8)
[-]
I#- J indicted in the model as Fef set at 0.1. Berkeley Madonna software (UC,
via the faeces,
/0
67 9:;<0 (,=>
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
Vmax
= , #,@@@,@@@was1 ×
60 to
× SF
× (Volume
of kidneys) × 1000
Berkeley, 𝐼𝐼𝐼𝐼
CA,
USA
used
solve
the equations.
[G] version 8.3.18)
𝐼𝐼𝐼𝐼50 = 𝐾𝐾𝐾𝐾 ,1 + E51
𝑆𝑆𝑆𝑆 = (𝐶𝐶’ − 𝐶𝐶)/(𝑃𝑃’ − 𝑃𝑃) × (𝑃𝑃/𝐶𝐶)
𝐾𝐾𝐾𝐾 =

𝑉𝑉 =

6DK@

[1]
I#J
/2

A53B ×[G]

E5*++ -[G]
[6]

𝐾𝐾𝐾𝐾322 = 𝐾𝐾𝐾𝐾 ,1 + E: 1
𝐾𝐾𝐾𝐾 =

E5*++
I#-

[-]
J
/0

6DK@

I#-

[1]
J
/2

(10)

(5)

(6)

(7)

(8)
[G]

𝐼𝐼𝐼𝐼50 = 𝐾𝐾𝐾𝐾 ,1 + E51
𝐾𝐾𝐾𝐾 =

(9)

(9)

(10)

Figure 1.
Schematic overview of the conceptual PBK model for MQ including renal excretion.
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Plasma A53B
to whole
blood
'()" × DAE
In the PBK model
the1blood compartment relates (1)
to whole blood. However six out of
'()" - DAE)
the eight rat in vivo kinetic data sets (provided by BASF) for model evaluation on timedependent MQ concentrations were obtained in plasma (the other two data sets were
∗ 𝐵𝐵𝐵𝐵 ∗ 60
(2)
obtained in whole blood). Therefore, the MQ plasma concentrations were converted to
whole blood concentrations assuming that the concentration in plasma is equal to the
concentration in the erythrocytes using the following formula:

× (𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝐹𝐹𝐹𝐹𝑏𝑏)V + , (E5

𝐶𝐶%/001 = 𝐶𝐶2/3453 × (1 − 𝐻𝐻𝐻𝐻𝐻𝐻) 						

(3)

(3)

67 9:;<0
C(,=>
is the concentration of MQ in whole blood (µmol/L),
Cplasma the
blood 1 × 60 × SF × (Volume of kidneys) × 1000
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 Vmax =where
(4)
,

=

#,@@@,@@@
concentration
of MQ in plasma (µmol/L) and Hct the rat haematocrit, which was set at
𝐶𝐶)/(𝑃𝑃’ − 𝑃𝑃)40%,
× (𝑃𝑃/𝐶𝐶)
the average of the range published (Probst et(5)
al. 2006). (See Fig. A.1 and A.2 in
A53B ×[G] supplementary material for original plasma-concentration time data).

(6)

E5*++ -[G]

[6]
𝐾𝐾 ,1 + E: 1 Scaling factor

-]

J

[G]

,1 + E51
]

J

(7)

To convert the in vitro obtained Vmax value for OCT2 uptake of MQ in SA7K cells
expressed in pmol/min/mg protein into an in vivo Vmax expressed in µmol/hr/kidneys
a scaling factor is needed. The scaling
(8) factor used in this study consisted of three parts.
Part one of the scaling factor was applied to convert the activity expressed per mg protein
present in the cells in vitro expressed
(9) in pmol/min/mg cellular protein to the activity
expressed in a unit that represents the activity in the two whole kidneys expressed in
pmol/min/g kidneys. Therefore, we need to know how the amount of protein in the
cells in vitro relates to the amount (10)
of protein present in the kidneys. A study performed
by Kumar et al. (2018) has experimentally quantified how much protein (mg) is present
in 1 mg of kidney resulting in 0.3 mg protein/mg kidney, which equals to 300 mg
protein/g kidney (units appropriate for our conversion). Using this conversion factor
the activity expressed per mg protein in the cells in vitro was converted to the activity
expressed per g kidney in vivo. Part two of the scaling factor was required because
OCT2 might be only expressed in the cortex part of the kidneys and not in the whole
kidneys. This assumption is based on the assumptions also made by Kumar et al. (2018)
indicating that OCT2 is located in the RPTEC cells, which in their turn are located in
the kidney cortex. This means that conversion of the in vitro OCT2 activity in the cells
to an in vivo activity in the kidneys cannot be done based on the total kidney weight, but
needs to take into account that only the cortex, that is 70% of the total kidney weight
will contain OCT2. Thus, to convert the activity in the two whole kidneys expressed in
pmol/min/g kidneys, obtained by applying the first part of the scaling factor, to a Vmax
expressed for the kidneys as a whole in pmol/min/whole kidneys requires multiplication
by 0.7 times the weight of the kidney in grams. Finally, part three is required for the
scaling that accounts for conversion of the expression and activity of OCT2 in SA7K
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3 compared to its expression and activity in the renal tubule cells in the kidney cortex.

This third part includes i) the differences in the level of OCT2 expression, ii) potential
A53B
'()" × DAE
differences
in ∙membrane
potential
between
the relevant cells in vitro
(1) and in vivo and
𝐴𝐴𝐴𝐴𝐴𝐴 = N𝐺𝐺𝐺𝐺𝐺𝐺
× (𝐶𝐶𝐶𝐶𝐶𝐶
𝐹𝐹𝐹𝐹𝑏𝑏)V + , (E5
1
'()" - DAE)
also,
iii) 2given that the SA7K cell line is a human derived cell line and the PBK model
Chapter
relates to rat, interspecies differences between human and rat. The actual size of this
third part
of ∗the
𝐺𝐺𝐺𝐺𝐺𝐺 = 0.0052
∗ 𝐵𝐵𝐵𝐵
60overall scaling factor was quantified by fitting
(2) the PBK model based
'()
(1)
AL = QL × (CB
− CVL) −
× (+, the in vitro
1
predictions
to available
in,Vmax
vivo data,
altering
obtained Vmax in Berkeley
!"#$%&
!"#$%& -'())
Madonna to obtain the best fit. The overall scaling factor was obtained by multiplying
the three factors (see results). The conversion of the Vmax for OCT2 mediated transport
(1 −Vmax
𝐶𝐶%/001 = in
𝐶𝐶2/3453
× the
𝐻𝐻𝐻𝐻𝐻𝐻) for OCT2 mediated transport in vivo could thus
(2) be done
obtained
vitro to
(1
𝐶𝐶
=
𝐶𝐶
×
−
𝐻𝐻𝐻𝐻𝐻𝐻)
using the following%/001
formula2/3453
:
67 9:;<0 (,=>

𝐼𝐼𝐼𝐼 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 Vmax = ,67 9:;<0 (,=>1 × 60 × SF × Volume of Liver × 1000
#,@@@,@@@ 1 × 60 × SF × (Volume of kidneys) × 1000
𝐼𝐼𝐼𝐼 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣 Vmax = , #,@@@,@@@

3
(3)

(4)
(4)

𝑆𝑆𝑆𝑆 = (𝐶𝐶’ − 𝐶𝐶)/(𝑃𝑃’ − 𝑃𝑃) × (𝑃𝑃/𝐶𝐶)
(5)
where
the factor
1,000,000 is used to convert pmol to µmol, 60 to convert (4)
minutes to
SC = A53B
(C′ −×[G]
C)/(P′ − P) × P/C
hours,
1000 to convert kg kidney weight to g kidney weight(6)and SF is the scaling factor
𝑉𝑉 = E5
-[G]
*++

encompassing the three parts mentioned above expressed in mg protein/g kidney.
[6]

(7)

𝐾𝐾𝐾𝐾322 = 𝐾𝐾𝐾𝐾 ,1 + E: 1

The full model code is presented in Appendix B of the supplementary material.
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3 of the PBK model and sensitivity(8)analysis
𝐾𝐾𝐾𝐾 = Evaluation
[-]
I#- J

E5

/0
The
developed PBK model for MQ
was evaluated
by comparing the predicted blood
A53B
× DAE
[G]
(𝐶𝐶𝐶𝐶𝐶𝐶
(1)
𝐴𝐴𝐴𝐴𝐴𝐴
×time
∙ 𝐹𝐹𝐹𝐹𝑏𝑏)V
+available
, (E5 '()"
1
(9)
𝐼𝐼𝐼𝐼50 = concentration
𝐾𝐾𝐾𝐾
,1=+N𝐺𝐺𝐺𝐺𝐺𝐺
1
curve
with
experimental
data on the blood concentration
'()" - DAE)
E5
time curve of MQ in rat (data from BASF). To visualise the effect of including the
urinary excretion in the model the predicted blood concentration time curve was
6DK@
𝐺𝐺𝐺𝐺𝐺𝐺 = 0.0052 ∗ 𝐵𝐵𝐵𝐵 ∗ 60
(2)
𝐾𝐾𝐾𝐾 = compared
(10)curve obtained
with the predicted blood concentration time
without including
[1]
I#J
/2
this
active excretion. In addition, a sensitivity analysis was performed to assess model
parameters that influence the model output maximum blood concentration (Cmax) most.
The sensitivity analysis was performed at dose levels used in the available rat studies
including a low dose (1.2𝐶𝐶%/001
mg/kg
bw)
and a high dose (12 mg/kg bw). Normalised
= 𝐶𝐶
2/3453 × (1 − 𝐻𝐻𝐻𝐻𝐻𝐻)
sensitivity coefficients (SCs) were calculated for the model parameters based on the
method reported in the literature
(Evans and Andersen 2000) as follows:
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1 × 60 × SF × (Volume of kidneys) × 1000

𝑆𝑆𝑆𝑆 = (𝐶𝐶’ − 𝐶𝐶)/(𝑃𝑃’ − 𝑃𝑃) × (𝑃𝑃/𝐶𝐶) 					
𝑉𝑉 =

A53B ×[G]

(5)

(5)

(6)

E5*++ -[G]
were C is the initial
value of the model output, C’ is the modified value of the model
output resulting from[6]an increase in the parameter value. P is the initial parameter value
(7)
𝐾𝐾𝐾𝐾322 = 𝐾𝐾𝐾𝐾 ,1 + E: 1
and P’ is the modified
parameter value after a 5% increase in its value.
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𝐼𝐼𝐼𝐼50 = 𝐾𝐾𝐾𝐾 ,1 +

(8)
[G]

E5

1

(9)

61

(4)

Chapter
𝐶𝐶%/001 = 𝐶𝐶32/3453 × (1 − 𝐻𝐻𝐻𝐻𝐻𝐻)

Chapter
Chapter
𝐶𝐶
=3𝐶𝐶3

(2)

%/001
2/3453 × (1 − 𝐻𝐻𝐻𝐻𝐻𝐻)
A53B
× DAE
𝐴𝐴𝐴𝐴𝐴𝐴 = N𝐺𝐺𝐺𝐺𝐺𝐺 × (𝐶𝐶𝐶𝐶𝐶𝐶
∙ 𝐹𝐹𝐹𝐹𝑏𝑏)V
+ , (E5 '()"
1
67 9:;<0=
(,=>
-𝐻𝐻𝐻𝐻𝐻𝐻)
DAE)
(1
𝐶𝐶
𝐶𝐶
×
−
'()"
%/001
2/3453
A53B
× DAE
𝐼𝐼𝐼𝐼
𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
Vmax
=
×
60
×
SF
×
Volume
of Liver × 1000
,
1
'()"
𝐴𝐴𝐴𝐴𝐴𝐴 = N𝐺𝐺𝐺𝐺𝐺𝐺 × (𝐶𝐶𝐶𝐶𝐶𝐶 ∙ 𝐹𝐹𝐹𝐹𝑏𝑏)V + ,
1
#,@@@,@@@
67 9:;<0 (,=>

(E5'()" - DAE)

(2)
(1)

(3)

(1)

Data
analysis
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Vmax = ,
1 × 60 × SF × Volume of Liver × 1000
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The
apparent
Vmax
of MQ
were determined
𝐼𝐼𝐼𝐼 𝑣𝑣𝑣𝑣𝑣𝑣𝑣𝑣
VmaxKm
=
× OCT2
60 × SFuptake
× (Volume
of kidneys)
× (2)
1000 by non-linear
(4)
, and
1for
𝐺𝐺𝐺𝐺𝐺𝐺
= 0.0052
∗ 𝐵𝐵𝐵𝐵
∗
60
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SC = (C′ −analysis
C)/(P′ −
P)
× P/C Prism version 5.04 using the formula:
(4)
regression
in
GraphPad
𝐺𝐺𝐺𝐺𝐺𝐺 = 0.0052 ∗ 𝐵𝐵𝐵𝐵 ∗ 60
(2)

𝑆𝑆𝑆𝑆 = (𝐶𝐶’ − 𝐶𝐶)/(𝑃𝑃’ − 𝑃𝑃) × (𝑃𝑃/𝐶𝐶)
(5)
SC = (C′ − C)/(P′ − P) × P/C
A53B ×[G]
𝑉𝑉 = E5 -[G] 								
(6)

(4)
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𝐶𝐶%/001
𝐶𝐶2/3453 × (1 protein,
− 𝐻𝐻𝐻𝐻𝐻𝐻)
(7) Vmax the maximum transport
𝐾𝐾𝐾𝐾322 =
𝐾𝐾𝐾𝐾 ,1
1 transport rate
where
V is+ the
in =
pmol/min/mg
E:
(1
𝐶𝐶
=
𝐶𝐶
×
−
𝐻𝐻𝐻𝐻𝐻𝐻)
%/001
2/3453
rate
of MQ
protein,
S the substrate concentration in µmol/L, Km
Chapter
3 in pmol/min/mg
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(10)

where IC50 is the half maximum inhibitory concentration of doxepin in µmol/L, Km the
Michaelis-Menten constant of MPP+ for OCT2 transport in µmol/L and [S] the concentration
of MPP+ in µmol/L.
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I is the ×
concentration
(9)of kidneys)
𝐼𝐼𝐼𝐼50 =Km
𝐾𝐾𝐾𝐾 is
+ Vmax
,1the
1 = , #,@@@,@@@ constant

[G]

(4)

(4)
(4)

Including active renal excretion in PBK-modelling

Using data from Zolk et al. (2009) with: IC50 for doxepin = 13 µmol/L, Km of MPP+
= 19.5 µmol/L and concentration MPP+ S = 10 µmol/L, resulted in a Ki of doxepin for
OCT2 of 8.6 µmol/L applying formula (10). The value for Ki was used to determine the
Km of MQ for OCT2 applying formula (8).

3.3

Results

3

OCT2 mediated uptake of MQ
To ensure that MQ is indeed an OCT2 substrate, the uptake of MQ was measured in
the presence and absence of the OCT2 inhibitors doxepin and verapamil. Fig. 2 shows
that the uptake of MQ at 1 µM (Fig. 2a) and 10 µM (Fig. 2b) by SA7K cells is inhibited
in the presence of doxepin by 34 – 49% and verapamil by 59 – 73%. This confirms
that MQ uses an organic cationic transport system, OCT2, to be taken up from the
medium into the SA7K cells, which represents the first step in its active elimination via
the kidneys.

Figure 2.
Uptake and inhibition of MQ uptake in SA7K cells at 1 µM (a) and 10 µM (b) via OCT2 at 30 minutes
(white bars) and 60 minutes (black bars). Inhibitors used were 10 µM doxepin and 100 µM verapamil. Each
bar represents the mean ± SEM of two biological replicates, each with three technical replicates.

Optimization of uptake time
To effectively determine kinetic parameter values for Vmax and Km, MQ uptake via
OCT2 needed to occur under linear conditions with respect to time. Time-dependent
uptake of MQ was studied in the absence and presence of the inhibitor doxepin at 100
µM. Although verapamil showed a slightly stronger inhibition on the OCT2 uptake of
MQ, inhibition with doxepin was more consistent throughout the whole study. Given
the Ki for doxepin mediated OCT2 inhibition of 8.6 µmol/L (see materials and methods)
63

Chapter 3

a concentration of 100 µM was used to effectively block OCT2 mediated transport. The
total uptake and the uptake remaining in the presence of the inhibitor are displayed in
Fig. 3a. To obtain the net OCT2 mediated active uptake, the uptake remaining in the
presence of the inhibitor was subtracted from the total uptake, demonstrating linearity
of the OCT2 mediated uptake up until 30 minutes (Fig. 3b). Therefore, we chose to
work with 30 minutes as incubation time for the concentration-dependent uptake.

Figure 3.
Time-dependent OCT2 uptake (2, 5, 10, 30 and 60 minutes) of MQ (10 µM) into SA7K cells. (a) The
uptake remaining in the presence of doxepin (100 µM) (squares) was subtracted from the total uptake
(circles) to obtain (b) the net OCT2 mediated uptake of MQ. Each data point represents the mean ± SEM
of three biological replicates, each with three technical replicates.

Kinetic constants for OCT2 mediated uptake of MQ
Under optimised conditions, concentration-dependent OCT2 uptake studies of
MQ were performed. Fig. 4a shows the total uptake and the remaining uptake in
the presence of doxepin of MQ. (A detailed overview of the uptake until 100 µM
is found in Supplementary Fig. A.3). Fig. 4b presents the concentration dependent
OCT2 mediated transport and reveals that the net OCT2-mediated uptake is following
Michaelis-Menten kinetics. Parameter values were obtained following equation (6) with
Vmax = 10.5±3.5 pmol/min/mg protein and Kmapp = 260±193 µM. Using equations (7)
to (10), the calculated Km of MQ for OCT2 transport was 20.6 µM.
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3

Figure 4.
Concentration-dependent OCT2 uptake of MQ into SA7K cells. (a) The uptake remaining in the presence
of doxepin (100 µM) (squares) was subtracted from the total uptake (circles) to obtain (b) the net uptake of
MQ (triangles), which follows Michaelis-Menten kinetics with a Vmax of 10.5 pmol/min/mg protein and
a Kmapp in the presence of inhibitor amounting to 260 µM resulting in a Km of MQ for OCT2 transport
of 20.6 µM. Each data point represents the mean ± SEM of four biological replicates, each with three
technical replicates.

PBK model predictions of blood concentrations
With the input of the in vitro obtained kinetic parameter values, PBK model predictions
were made. For the in vivo data set of 12 mg/kg bw there is no maximal blood concentration
(Cmax) for comparison, so it was decided to predict and compare the concentration
detected at t = 1 hour (Ct=1). Fig. 5a and b show that with the partial scaling factor (for
protein and the cortex fraction of the kidney of 0.7) the PBK model is overpredicting
with the predicted Cmax being 6.7-fold higher than what was reported (Fig. 5a) (Table
2). When in absence of a Cmax using Ct=1, the difference is somewhat bigger amounting
to 8.4-fold (Fig 5b). This indicates that scaling of the in vitro kinetic data from the
SA7K cells with a protein factor and correction for the cortex fraction of the liver alone
does not suffice to predict the excretion-dependent blood concentration in time of
MQ, indicating that additional scaling is needed. To investigate what parameters would
influence the predictions to the highest extent and could be used for this additional
scaling first a sensitivity analysis was performed. This sensitivity analysis should also
reveal whether further scaling of Vmax would likely influence the predictions.
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Figure 5.
Predicted and observed blood concentrations (corrected from reported plasma concentrations) of MQ in
rats upon oral administration using scaling of the in vitro Vmax obtained in SA7K cells for only a protein
factor and correction for the cortex fraction of the kidney. The symbols represent the in vivo data obtained at
a dose of (a) 1.2 mg/kg bw (diamonds) and (b) 12 mg/kg bw (triangles). The lines represent the predictions
based on partial scaling of the Vmax (SF; 300*0.7 mg protein/g kidney). Each data point represents the
mean ± SEM of four replicates of rat studies, each study containing five animals.

Sensitivity analysis
Figure 6 presents the results of the sensitivity analysis. Model parameters with an
absolute value for the normalised sensitivity coefficient of ≥ 0.1 were considered. This
reveals that the absorption rate constant ka and also the kinetic constants Vmax and Km
for the OCT2 mediated transport are influential parameters. This indicates that further
scaling of Vmax can be expected to have an effect on the accuracy of the predictions.
Therefore it was investigated what extra scaling factor would be required to optimise the
predictions, since that scaling factor would be of use in future studies using the SA7K
cells as an in vitro model to define PBK model parameters for taking active OCT2
mediated excretion into account.
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a

69.1

8.2

12 mg/kg bw

Ct = 1a
(µmol/hr)

0.46

2.3

8.4

26.6

Fold difference Predicted

0.75

6.7

Fold difference Predicted

Full scaling

0.67

1.0

3.2

11.2

Fold difference Predicted

0.69

2.3

Fold difference Predicted

Fitted ka

Ct=1 is the concentration MQ at t = 1 hour. In the data set at dose 12 mg/kg bw no actual Cmax is presented.

1.10
Predicted

0.67

Observed

Tmax (hr)

Predicted
6.7

Observed

1.0

1.2 mg/kg bw

Cmax (µmol/hr)

Partial scaling

1.27

7.0

1.4

70.2

Fold difference Predicted

1.00

1.0

Fold difference Predicted

8.5

Fold difference

1.90

7.0

Fold difference

Passive elimination

Table 2 .
Predicted maximum blood concentration (Cmax and Ct = 1a) , and time of maximum blood concentration (Tmax) with the fold difference (predicted/observed) of PBK
model predictions of orally administered MQ in rats.
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Figure 6.
Normalized sensitivity coefficients of PBK model parameters for the predicted Cmax of MQ in blood after
an oral administration of 1.2 mg/kg bw (white bars) and 12 mg/kg bw (black bars). Only model parameters
with normalized sensitivity coefficients with an absolute value higher than 0.1 are shown. VKc = volume of
the kidneys, VSc = volume of the slowly perfused tissues, QKc = fraction of blood flow to the kidneys, PS =
partition coefficient of slowly perfused tissue, ka = absorption rate constant, Vmax = maximum rate of MQ
transport via OCT2, Km = Michaelis-Menten constant of MQ transport via OCT2, SF = scaling factor, Fef
= Fraction excreted to faeces, Fub = fraction unbound.

PBK model predictions of the blood concentrations with further scaling
of Vmax and ka
Given the deviation between observed and predicted plasma levels it was considered that
additional scaling of the Vmax obtained in the SA7K cells when converting it to the
Vmax in vivo was required to account for i) the level of expression of OCT2 in the SA7K
cells as compared to renal tubule cells in vivo, ii) the effect of differences in the negative
membrane potential driving the activity of OCT2 (Kumar et al. 2018) in the SA7K cells
and the in vivo situation and iii) species dependent differences in these factors given that
the SA7K are human derived cells and in vivo data relate to rat. Given the absence of
actual data on these factors the additional scaling factor was determined by defining the
Vmax required to obtain the optimal fit for the PBK model predictions, in terms of Cmax,
the time at which Cmax is obtained (Tmax) and the profile for the time-dependent decrease
in plasma concentrations after the Cmax has been reached. This was achieved by applying
an extra scaling factor of 100 resulting in a Vmax amounting to 1050 pmol/min/mg
protein. Multiplying this additional scaling factor with the factor for protein content
(300 mg protein/g kidney) and the factor 0.7 for cortex content of the kidney results in
an overall scaling factor of 21,000 mg protein/g kidney. In this scaling factor the virtual
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amount of protein exceeds the kidney weight because the substantially lower expression
level of OCT2 in the SA7K cells as compared to kidney tissue requires a virtually large
amount of SA7K protein to equal the amount OCT2/g kidney.
Using this overall scaling factor of 21,000 mg protein/g kidney in the PBK model, new
predictions were made. Fig.7a and b show that the model predictions improve compared
to the reported in vivo kinetic data on the blood concentration of MQ resulting in a
2.3 and a 3.2-fold difference for the Cmax and Ct=1, respectively (Table 2). This confirms
the influence and importance of Vmax on the model outcome as already shown in the
previous section. Furthermore, a full match between the PBK model predictions and the
reported data could be obtained by also fitting the other influential parameter ka, the
absorption rate constant for uptake of MQ from the gastrointestinal tract into the liver.
Fitting the ka (default ka = 1 hr-1, reflecting efficient uptake (Punt et al. 2008)), thereby
reducing the rate of intestinal uptake, appears essential in approaching the shape of the
reported in vivo kinetic concentration response-curve best. Using the optimised scaling
factor and a ka of 0.36 hr-1 the predicted Cmax was predicted 1 on 1 with the in vivo Cmax
and Ct=1 was 1.4-fold different from the in vivo Ct=1, respectively, while in this case the
Tmax of MQ in blood fits one to one (Table 2).

Figure 7.
Predicted and observed blood concentrations (corrected from reported plasma concentrations) of MQ in
rats upon oral administration. The symbols represent the in vivo data obtained at a dose of (a) 1.2 mg/kg
bw (diamonds) and (b) 12 mg/kg bw (triangles). The lines represent the different predictions based on full
scaling of the Vmax (SF; 21,000 mg protein/g kidney) (black lines) and the full scaling plus an added fit of
the absorption constant (ka) (0.36 hr-1) (dotted lines). Each data point represents the mean ± SEM of four
replicates of rat studies, each study containing five animals.

Finally, to further evaluate the importance of active transport in systemic clearance of
MQ, Fig. 8 compares the contribution of glomerular filtration and active excretion via
OCT2 to the total amount of MQ excreted after 24 hours as predicted by the newly
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defined PBK model at different dose levels. It reveals that when a partial scaling factor for
Vmax is applied the contribution of active transport via OCT2 is minimal (1 – 10 %).
This explains directly why the Cmax and Ct=1 were overpredicted by the PBK model and
illustrates the need for further scaling of Vmax. Furthermore, the results presented in
Fig. 8 also reveal that in the final PBK model, including the full scaling factor for Vmax
in combination with the fitted ka, the contribution of OCT2 to the total clearance
of MQ is 85% at a dose of 1.2- and 12 mg/kg bw corroborating that MQ clearance
is predominantly dependent on OCT2 transport rather than glomerular filtration.
Additionally, the model shows that at higher dose, 120 mg/kg bw, the active transport
system may become saturated, resulting in a decrease in the relative contribution of
OCT2 transport to the total clearance to 64%.

Figure 8.
Contribution (%) of glomerular filtration (GF) and OCT2 mediated excretion to the total amount of MQ
excreted after 24 hours as predicted by the PBK model when using different scaling factors. Included are
partial scaling of the Vmax (SF; 300* 0.7 mg protein/g kidney) and full scaling of the Vmax (SF; 21,000
mg protein/g kidney) combined with a fitted ka. The total amount excreted was predicted for the following
doses: 1.2 mg/kg bw, 12 mg/kg bw and 120 mg/kg bw.
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3.4

Discussion

Our study aimed at incorporating renal active excretion into PBK modelling using
the RPTEC cell line SA7K to determine the values of kinetic parameters Vmax and
Km for OCT2 transport of the model compound MQ. The SA7K cell line is a renal
tubular kidney cell line generated with preserved expression and activity of OCT2 (Li
et al. 2017c). This is the uptake transporter of interest in our study since the model
compound chosen, MQ, is a cation that is not cleared from the systemic circulation
by metabolism but predominantly via active excretion via the kidneys (Agency 1997).
MQ was also chosen as the model compound for the present study because for this
compound in vivo kinetic data for PBK model evaluation were available. The SA7K cell
line is a kidney cell line and its use eliminates the need for scaling for differences in tissue
type (Chan et al. 2019; Chapy et al. 2015). Nevertheless, there is still a need to consider
interspecies differences since the SA7K cells represent a human RTPEC cell line, while
the PBK model developed in the present study refers to rat. However, given that no rat
RPTEC cell line with preserved expression and activity of transporters upon cultivation
is available the SA7K cell line was considered the best available in vitro model.
In this SA7K model system MQ was shown to be excreted via active transport involving
the OCT2 transporter since its transport was inhibited by the OCT2 inhibitors doxepin
and verapamil. The Michaelis-Menten kinetic parameter values for Vmax and Km of
OCT2 transport of MQ as determined in our present study amounted to 10.5 pmol/
min/mg protein and 20.6 µM respectively. Implementing these values into the PBK
model together with the partial scaling factor (300 mg protein/g kidney) and correcting
for the fact that only 70% of the kidney volume consists of cortex where the RPTEC are
located (Kumar et al. 2018) resulted in a predicted Cmax that was 6.7-fold higher than
the reported Cmax value and 8.4-fold higher than the Ct=1 from the study where a Cmax
was not observed. This resulted in the understanding that scaling for protein and cortex
volume alone would not allow use of the SA7K cell model data for in vivo predictions.
Further optimisation of the scaling factor by fitting the Vmax to the experimental data
resulted in an overall optimised scaling factor of 21,000 mg protein/g kidney, and model
predictions for Cmax and Ct=1 that deviated from reported values only 2.3 and 3.2-fold,
respectively. The importance of Vmax as an influential parameter in the PBK model
was in line with a previous study reporting that in the compared reabsorption and
secretion models Vmax is critically important in determining renal excretion (Felmlee
et al. 2013). Furthermore, this previous study also reported that when using higher dose
levels the contribution of glomerular filtration to the renal clearance was increased due
to saturation of the active transport system as shown by our model as well. Moreover,
the study indicated that to incorporate in vitro obtained Vmax data for active transport
into PBK models additional scaling is required. Comparison of available in vivo data to
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the predictions by our initial PBK model also indicated that additional scaling of Vmax
was essential.
The reasons potentially underlying the required further optimisation of the scaling
factor are many-fold. First of all the level of expression of OCT2 in the SA7K cells as
compared to renal tubule cells in vivo may be lower (Chan et al. 2019; Jamei et al. 2014).
In addition, also the difference in activity of the OCT2 transporter is important since
gene expression is not equal to activity (Izumi et al. 2018; Poirier et al. 2009; Vogel and
Marcotte 2012). Another factor potentially affecting the difference in OCT2 activity
in the SA7K cells and in vivo renal tubule cells may be related to potential differences
in the negative membrane potential driving the activity of OCT2. Kumar et al. (2018)
for example showed that a twofold factor was applied to correct the plasma membrane
potential of their in vitro systems OCT2-expressing HEK293 and MDCKII cells (35
mV) to human RPTEC cells (70 mV). The third factor is related to species differences
since the SA7K cells are human derived cells and the in vivo data and the PBK model
predictions relate to rat.
A species difference in OCT2 activity may arise from: i) the amino acid identity of
organic cation transporters and their expression. The amino acid identity of human
OCT2 compared with rat OCT2 is 90% (Hayer-Zillgen et al. 2002; Koepsell et al.
2003). However, where humans have only OCT2 abundantly expressed in the RPTEC,
rats also have OCT1 and to a lesser extent OCT3 expressed in the RPTEC (Chu et al.
2013a; Slitt et al. 2002). Since there is a broad overlap of substrates for OCT1-3 there
is a probability that MQ in rats has affinity for and will be transported also by OCT1
and OCT3 (Nies et al. 2011; Volk 2013); ii) the difference in the amount of expression
of OCT2 in human RPTEC compared with rat RPTEC in the kidneys. A study by
Basit et al. (2019) determined the kidney cortex transporters in different species using
quantitative proteomics. According to their results the abundance of OCT2 in human
kidney cortex is 164.2 pmol/gram kidney and in rat kidney cortex 253.5 pmol/gram
kidney, pointing at a 1.5 fold higher expression level in rat than human. Thus, it can
be foreseen that the interspecies differences may account for part of the extra 100-fold
scaling factor.
Furthermore, depending on the compound of interest additional transporters may be
involved in the active elimination. The membranes of the RPTEC (and many other cell
types) contain non-selective cation channels, which transport cations such as Na+, K+
or Ca2+ but also small compounds such as glycine ethyl ester and choline, hence nonselective (Flockerzi 2008). MQ is also a small cationic organic compound and could
potentially be transported by these non-selective cation channels (Koepsell et al. 2003),
and this factor may also contribute to the extra scaling factor.
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A further increase of the scaling factor did reduce the fold difference in predicting the
Cmax but at the same time resulted in deviation from the overall fit of the curve with
Tmax being underpredicted and the clearance at prolonged time points being somewhat
overpredicted. Fitting of the other influential parameter ka, could result in accurate
predictions of the whole dose response curve with Cmax and Ct=1 predicted with a 1.0 and
1.4-fold difference, respectively. With respect to further optimisation of this ka value
the report from the US EPA only qualitatively describes absorption to be rapid with a
bioavailability of 85% at the highest dose tested (12 mg/kg bw) (Agency 1997). Our
data reveal that with an absorption rate of 0.36 hr-1 the in vivo reported data are fitted
best. Whether further support for such a value can be provided has to await further
studies.
This study is one of the few studies attempting on reporting on usage of an in vitro
system with expression of active transporters to incorporate active renal excretion into
generic PBK modelling for a compound of which the plasma and tissue concentration are
known to depend on the kinetics of excretion. In the past, several attempts were made to
include active renal clearance into a PBK model. One of the first models was proposed
by Russel et al. (1987) including overall active tubular secretion of salicyluric acid (a
metabolite of salicylic acid) in a dog PBK model. A more recent study by Huang and
Isoherranen (2018) reported on a mechanistic kidney model to predict renal clearance
with inclusion of active excretion based on literature-available in vitro transporter data
from transfected cell lines and in vitro permeability data from Caco-2 cells. Although the
authors were able to predict the renal clearance within two-fold, their model contained
35 compartments, making it complex rather than generic.
To summarize, we have used an in vitro approach with a fairly novel RPTEC cell line
SA7K to obtain values for kinetic parameters Vmax and Km for renal OCT2 mediated
active excretion of a model compound, MQ, to define the parameters needed to
incorporate active excretion into a rat PBK model that can predict how in vivo plasma
concentrations rely on active renal excretion. The use of this cell line is a step forward in
studying renal transport since most kidney cell lines lose their expression of transporters
when in culture (NRK-52E, Caki-1, IHKE-1 and even primary kidney cells) (Lechner
2014). Although the designers of the SA7K cell line state that their cell line is suitable
for transport studies, we note that even though the cell line is kidney derived, the results
of the present study reveal that there are still a set of challenges to overcome when
translating data obtained in this in vitro model to the in vivo situation. While we were
able to determine parameter values of Vmax and Km suitable for PBK modelling, several
additional factors had to be considered when translating the in vitro OCT2-mediated
MQ uptake measured in the SA7K cell line to kinetic data for in vivo OCT2-mediated
uptake. To find out if the overall scaling factor now obtained of 21,000 mg protein/g
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kidney will allow use of the SA7K model also for prediction of in vivo renal excretion of
other OCT2 substrates requires more QIVIVE studies on OCT2 substrates using this
SA7K cell line. All in all this study demonstrates a proof-of-principle on how to include
active renal excretion into generic PBK models.
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Fig. A.1.
Individual data sets of MQ at dose 1.2 mg/kg bw reported by BASF SE. A, B) Time-dependent concentration
of MQ obtained in whole blood. C, D) Time-dependent concentration of MQ obtained in plasma. Each
data point represents the mean ± SD of five animals.
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Figure A.2.
Individual data sets of MQ at dose 12 mg/kg bw reported by BASF SE. Time-dependent concentration of
MQ obtained in plasma. Each data point represents the mean ± SD of five animals.
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Figure A.3.
Uptake (circles) and inhibited uptake (squares) of MQ at concentrations 10 – 100 µM in the SA7K cells.
Each data point represents the mean ± SEM of four biological replicates, each with three technical replicates.
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Supplementary material B
Model code for PBK-model built in Berkeley Madonna
; Date: May 2019
; Purpose: PBK Model of mepiquat chloride (MQ), built with in vitro and in silico derived parameter values
; Species: Rat
; Compiled by: Annelies Noorlander
; Organisation: Wageningen University
;=====================================================================
;Physiological parameters
;=====================================================================
; tissue volumes
BW = 0.200 (Kohane et al.) ; body weight rat (variable, dependent on study)
VFc = 0.07		
; fraction of fat tissue		reference: Brown
(1997)
VLc = 0.034
; fraction of liver tissue		reference: Brown
(1997)
VKc = 0.007		
; fraction of kidney tissue		reference: Brown
(1997)
VBc = 0.074		
; fraction of blood			reference: Brown
(1997)
VRc = 0.091		
; fraction of richly perfused tissue 	reference: Brown
(1997)
VSc = 0.724		
; fraction of slowly perfused tissue	reference: Brown
(1997)
VF = VFc*BW		
VL = VLc*BW		
VK = VKc*BW		
VB = VBc*BW
VR = VRc*BW
VS = VSc*BW		

{L or Kg}
{L or Kg}
{L or Kg}
{L or Kg}
{L or Kg}
{L or Kg}

et al. Table 21
et al. Table 21
et al. Table 21
et al. Table 21
et al. Table 21
et al. Table 21

; volume of fat tissue (calculated)
; volume of liver tissue (calculated)
; volume of kidney tissue (calculated)
; volume of blood (calculated)
; volume of richly perfused tissue (calculated)
; volume of slowly perfused tissue (calculated)

;-------------------------------------------------------------------------------------------------------------------;blood flow rates
QC = 15*BW^0.74 {L/hr}			; 
cardiac output					
reference: Brown et al. p.453 (1997)
QFc = 0.07				
; fraction of blood flow to fat			
reference: Brown et al. Table 25 (1997)
QLc = 0.174				
; fraction of blood flow to liver			
reference: Brown et al. Table 25 (1997)
QKc = 0.141				
; fraction of blood flow to kidney			
reference: Brown et al. Table 25 (1997)
QRc = 0.093				
; fraction of blood flow to richly perfused tissue
reference: Brown et al. Table 25 (1997)
QSc = 0.522				
; fraction of blood flow to slowly perfused tissue
reference: Brown et al. Table 25 (1997).
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QF = QFc*QC		
QL = QLc*QC		
QK = QKc*QC		
QS = QSc*QC 		
QR = QRc*QC 		

{L/hr}		
{L/hr}		
{L/hr}		
{L/hr}		
{L/hr}		

; blood flow to fat tissue (calculated)
; blood flow to liver tissue (calculated)
; blood flow to kidney tissue (calculated)
; blood flow to slowly perfused tissue (calculated)
; blood flow to richly perfused tissue (calculated)

;=====================================================================
;Physicochemical parameters
;=====================================================================

3

;partition coefficients --> logP MQ Safety data sheet BASF: -3.55
PF = 0.14

; fat/blood partition coefficient 	calculated using
Rowland, 2006)
PL = 0.66 ; liver/blood partition coefficient		calculated using
Rowland, 2006)
PK = 0.69; kidney/blood partition coefficient		calculated using
Rowland, 2006)
PR = 0.66 ; richly perfused tissue/blood partition coefficient	calculated using
Rowland, 2006)
PS = 0.42 ; richly perfused tissue/blood partition coefficient	calculated using
Rowland, 2006)

QPPR of: (Rodgers &
QPPR of: (Rodgers &
QPPR of: (Rodgers &
QPPR of: (Rodgers &
QPPR of: (Rodgers &

;=====================================================================
;Kinetic parameters
;=====================================================================
;Absorption from GI-tract to liver
ka = 0.36
; absorption {/hr}
;-------------------------------------------------------------------------------------------------------------------;Excretion from kidney
;Active uptake is described in first order kinetics where Vmax and Km become one constant number.
VmaxOCT2c = 10.5				;{pmol/min/mg}
VmaxOCT2 = (VmaxOCT2c/1000000)*60*SF*VK*1000 ;{umol/hr}
;300 mg prot./g kidney (Kumar et al. 2018)
;only 70% of whole kidney is cortex --> in cortex tubule cells thus OCT-2s are present (Kumar et al. 2018)
; 300 * 0.7 = 210 mg prot./g kidney
KmOCT2 = 20.6
SF = 210		

; {uM} transport constant of MQ via OCT2
; mg/g protein
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;=====================================================================
;Run settings
;=====================================================================
;Molecular weight MQ
MW = 149.7
			
;-------------------------------------------------------------------------------------------------------------------;Oral dose
ODOSEmg = 1.2 {mg/kg bw}				
; ODOSEmg = given oral dose in mg/kg bw
ODOSEumol2 = ODOSEmg*1E-3/MW*1E6 {umol/kg bw} ; ODOSEumol2 = given oral dose
recalculated to umol/kg bw
ODOSEumol=ODOSEumol2*BW;			
; ODOSEumol = umol given oral
;time
Starttime = 0		
Stoptime = 24
; in hr

; in hr

;=====================================================================
;Model calculations
;=====================================================================
; Model MQC
;-------------------------------------------------------------------------------------------------------------------;stomach compartment
;Ast = amount in stomach, umol
Ast’ = -ka*Ast
Init ASt = ODOSEumol
;-------------------------------------------------------------------------------------------------------------------;liver compartment
;AL = Amount MQ in liver tissue, umol
;AL’ = Amount of MQ in time (umol/hr)
AL’ = ka*Ast + QL*(CB - CVL) - AFae’
Init AL = 0
CL = AL/VL
CVL = CL/PL
;AFae = amount MQ in faeces 10 %
AFae’ = Fef * (ka*ASt)
Fef = 0.10
Init AFae = 0
;-------------------------------------------------------------------------------------------------------------------;kidney compartment
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;AK = Amount of MQ in kidney (umol)
;AK’ = Amount of MQ in time (umol/hr)
AK’ = QK*(CB-CVK)-GF’-AKe’
Init AK = 0
CK = AK/VK
CVK = CK/PK

3

;GFR = glomerular filtration rate {L/hr} ; Walton, et al 2004
;GFR rat = 5.2 			
; mL/min/kg bw
GFR = 0.0052*BW*60		
;L/hr
;GF = glomerular filtration of mepiquat (umol/hr)
GF’ = GFR*(CVK*Fub)
Init GF = 0
;Fub = fraction unbound of MQ
Fub = 1			
;AKe = amount mepiqat actively excreted from the kidney (umol)
;AKe’ = amount mepiqat actively excreted from the kidney in time (umol/hr)
AKe’ = VmaxOCT2*(CVK*Fub)/(KmOCT2 + (CVK*Fub))
Init AKe = 0
;-------------------------------------------------------------------------------------------------------------------;fat compartment
;AF = Amount MQ in fat tissue (umol)
AF’ = QF*(CB-CVF)
Init AF = 0
CF = AF/VF
CVF = CF/PF
;-------------------------------------------------------------------------------------------------------------------;tissue compartment richly perfused tissue
;AR = Amount MQ in richly perfused tissue (umol)
AR’ = QR*(CB-CVR)
Init AR = 0
CR = AR/VR
CVR = CR/PR
;-------------------------------------------------------------------------------------------------------------------;tissue compartment slowly perfused tissue
;AS = Amount MQ in slowly perfused tissue (umol)
AS’ = QS*(CB-CVS)
Init AS = 0
CS = AS/VS
CVS = CS/PS
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;-------------------------------------------------------------------------------------------------------------------; blood compartment
;AB = Amount MQ in blood (umol)
AB’ = (QF*CVF + QL*CVL + QK*CVK + QS*CVS + QR*CVR - QC*CB)
Init AB = 0
CB = AB/VB
;=====================================================================
;Mass balance calculations
;=====================================================================
Total = ODOSEumol
Calculated = ASt + AL + AK + AKe + GF + AF + AS + AR + AB + AFae
ERROR=((Total-Calculated)/Total+1E-30)*100
MASSBBAL=Total-Calculated + 1
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Abstract
The present study aimed at evaluating a new approach methodology (NAM) for predicting
the acute toxicity of paraquat (PQ) based on the development of a physiologically based
kinetic (PBK) model including in vitro kinetic input on the active excretion of PQ via
the organic cation transporter 2 (OCT2). The PBK model was used to apply reverse
dosimetry for quantitative in vitro-in vivo extrapolation (QIVIVE) to predict the acute in
vivo toxicity of PQ. The kinetic parameters Vmax and Km for in vitro OCT2 transport of
PQ were obtained from the literature. Appropriate scaling factors were applied to translate
the in vitro Vmax to an in vivo Vmax. PQ is a pneumotoxicant, so the in vitro toxicity data
used were from cytotoxicity studies performed in alveolar cell lines. Cytotoxicity data for
rats were defined in the RLE-6TN and L2 cell lines and for humans, cytotoxicity data in
the A549 cell line were taken from literature. With the developed PBK model the in vitro
cytotoxicity concentration-response curves were translated to predicted in vivo toxicity
dose-response curves from which the lower and upper bound benchmark dose (BMD)
for 50% lethality (BMDL50 and BMDU50) were derived by applying BMD analysis and
compared to the in vivo reported median lethal dose (LD50) values for rat and human. The
results obtained showed the approach to make a conservative prediction for the in vivo
acute toxicity of PQ with the difference between the predictions and the different reported
data for rat being at best 6.9-fold and those for human being comparable, thus providing
a proof of principle showing how to include active renal excretion in PBK modelling and
how to apply the model for QIVIVE translation to predict the acute in vivo toxicity, using
PQ as the model compound.
Keywords: Acute toxicity, new approach methodologies, Physiologically based kinetic
modelling, reverse dosimetry, paraquat, renal excretion, scaling factor
List of abbreviations: ADME (absorption, distribution, metabolism, excretion), ARfD
(acute reference dose), BMD (Benchmark dose), A549 (Human lung epithelial cell
line), BMDL50 (lowest observed adverse effect level), EFSA (European Food Safety
Authority), FBS (foetal bovine serum), GF (glomerular filtration), HEK293 (human
embryonic kidney cell line), IM (intramuscular), IV (intravenous), LC-MS/MS (Liquid
chromatography mass spectrometry), LD50 (median lethal dose), LOAEL (lowest
observed adverse effect level), L2 (Rat lung epithelial cell line), MATE (multidrug and
toxin extrusion transporter), MRM (multiple reaction monitoring), MQ (mepiquat),
NAM (new approach methodology), NOAEL (no observed adverse effect level), OCT2
(Organic cation transporter 2), PBK (Physiologically based kinetic ), PoD (Point of
departure), PQ (paraquat), QIVIVE (quantitative in vitro – in vivo extrapolation), RAF
(relative activity factor), REF (relative expression factor), RLE-6TN (Rat lung epithelial
cell line), RPTEC (renal proximal tubule epithelial cell), TE (transporter efficiency)
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4.1

Introduction

For some compounds the absorption, distribution, metabolism and excretion (ADME)
characteristics are substantially influenced by active transport in for example the
intestine, kidneys, liver, placenta or the blood-brain-barrier. Incorporating this active
transport into physiologically based kinetic (PBK) models based on in vitro data is still
in a developing stage (Kasteel et al. 2021; Noorlander et al. 2021a; Noorlander et al.
2021b; Noorlander et al. 2022; Poirier et al. 2009; Strikwold et al. 2017b; Worley
and Fisher 2015). The challenges related to incorporation of active transport are for
example the type of in vitro models to be used to quantify the kinetics of the active
transporters involved and the scaling factors needed to translate in vitro obtained data
to the in vivo situation. Recent work by our group (Noorlander et al. 2021b) using
the herbicide mepiquat (MQ) chloride as the model compound showed that an in
vitro model using the renal proximal tubule epithelial cell (RPTEC) line SA7K with
maintained expression of functionally active transporters (Li et al. 2017c) can be useful
to quantify PBK model parameters for active transport via the organic cation transporter
2 (OCT2). The obtained in vitro Michaelis-Menten kinetic parameter values Vmax
and Km for this OCT2 mediated transport in the SA7K cells were scaled to the in
vivo situation and incorporated into a PBK model that was able to adequately predict
the time-dependent blood concentrations of MQ only when taking this active OCT2
mediated transport into account (Noorlander et al. 2021b).
A subsequent step would be to extend this first proof of principle and evaluate the use
of the SA7K cell model and the defined scaling factor to predict the in vivo kinetics of
another OCT2 substrate. The first aim of the present study was to provide this further
proof of principle using paraquat (PQ) dichloride (N,N′-dimethyl-4,4′-bipyridinium
dichloride) (figure 1) as the model compound.
PQ is a herbicide belonging to the bipyridylium quaternary ammonium herbicide
family. The ADME characteristics of PQ include a rapid but incomplete (5%) absorption
from the small intestine followed by its distribution over the tissues and the systemic
circulation (Dinis-Oliveira et al. 2008; Houze et al. 1990). PQ is hardly metabolised and
systemically eliminated unchanged via the kidneys using active transport in addition to
glomerular filtration (Chan et al. 1997; Dinis-Oliveira et al. 2008), making it a suitable
model substrate for the aim of the present study.
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Figure 1.
Molecular structure of paraquat (PQ) dichloride.

Given the cationic nature of PQ the active transporters mainly involved in the renal
excretion of PQ are the uptake transporter OCT2 and the multidrug and toxin
compound extrusion (MATE) efflux transporter (Chen et al. 2007; George et al.
2017). Several studies reported the activity of OCT2 and MATE for PQ transport, but
it remains to be evaluated to what extent OCT2 mediated secretion affects the total
plasma clearance in vivo (Chan et al. 1998; Chen et al. 2009; Chen et al. 2007). This is
also illustrated by the fact that previous PBK models for PQ ignored this active excretion
component deliberately assuming that glomerular filtration of PQ would suffice for the
model predictions (Campbell et al. 2021; Lohitnavy et al. 2017; Stevens et al. 2021).
The use of PQ as a weed killer has been banned in many countries due to its toxic
properties where exposure mainly originates from accidental or intentional ingestion,
or exposure via damaged skin (occupational) or inhalation (Watts 2011) and may lead
to death. The US Environmental Protection Agency (EPA) reported in 2019 on an oral
no observed adverse effect level (NOAEL) of 0.5 mg paraquat ion/kg bw/day based
on the incidence of gross lung lesions, increased lung weight and severity of chronic
pneumonitis in two co-critical subchronic and chronic dog oral toxicity studies (EPA
2019). With the uncertainty factors for inter- and intraspecies variability this NOAEL
resulted in a health based guidance value (HBGV) of 0.005 mg paraquat ion/kg bw/
day. Acute toxicity in rat and human has been reported to result from accumulation
and toxicity of PQ in lung tissue and to occur at mean lethal dose levels (LD50) ranging
between 40 – 200 mg/kg bw and 3 – 60 mg/kg bw, respectively (Dinis-Oliveira et al.
2008; Roberts 2013; Watts 2011).
In the past many (fatal) cases have been reported associated with accidental and particular
intentional ingestion of PQ. The case studies reported provide limited information on
exposure and time of admission to the hospital after ingestion. One study reported
on the ingested PQ dose in grams and several other studies report the dose in terms
of the percentage of PQ in the ingested formula (Houze et al. 1990; Proudfoot et al.
1979; Sawada et al. 1988). Once admitted in the hospital blood samples were taken and
measured regularly until patients died or in some cases survived. Proudfoot et al. (1979)
collected these data of 71 cases and generated a time-dependent blood concentration
survival curve for the first 24 hours following ingestion where all cases with blood levels
reported below this curve would survive the exposure to PQ. This survival curve has
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been extended to days after ingestion by Scherrmann et al. (1987) using a hyperbolic
equation. Defining a dose response curve for PQ acute toxicity in human using a PBK
model based New Approach Methodology (NAM) would support the evaluation of the
hazards and risks of PQ exposure based on external as well as internal dose levels.
Thus, the aim of the present study was to use the developed PBK model and to
evaluate how this PBK model based reverse dosimetry for quantitative in vitro to in
vivo extrapolation of in vitro toxicity data, would perform and how such a NAM could
support the hazard and risk assessment of PQ. To this end, upon evaluation of the
developed PBK model by comparison of predictions made to available in vivo kinetic
data for PQ in rats and human, the PBK model was used for reverse dosimetry to
predict the in vivo acute toxicity of PQ from in vitro data on acute toxicity in cells from
rat lung epithelial cell lines (RLE-6TN and L2) and the human lung epithelial cell line
(A549). Comparison of the predicted dose response curves to available toxicity data was
performed to further evaluate the PBK model and at the same time provide insight into
the role of active renal excretion in the kinetics of PQ and derive a point of departure
(PoD) for evaluation of the acute toxicity of PQ.

4.2

Materials and Methods

Chemicals
Paraquat (PQ) dichloride hydrate, ammonium formate, bovine serum albumin (BSA)
and formic acid were purchased from Sigma-Aldrich (Zwijndrecht, the Netherlands).
Hydrochloride acid (HCl) was purchased from Merck (Darmstadt, Germany).
Doxepin hydrochloride was purchased from Carbosynth (Berkshire, UK). Dimethyl
sulfoxide (DMSO) used for dissolving doxepin was purchased from Merck (Darmstadt,
Germany). Acetonitrile and methanol were purchased from Biosolve (Valkenswaard,
the Netherlands). Ultrapure water was used from a system of Arium Pro VF Sartonius
(Rotterdam, the Netherlands).
Cell culture
Lung cell line

The rat lung epithelial cell line (RLE-6TN) (ATCC® CRL-2300™, Wesel, Germany) was
cultured in Ham’s F12 medium supplemented with 10 µg/mL bovine pituitary extract,
2 mM L-glutamine, 1% penicillin/streptomycin, 30 µg/mL gentamicin (all from
Thermo Fischer Scientific Bleiswijk, the Netherlands), 5 µg/mL insulin (Sigma-Aldrich,
Zwijndrecht, the Netherlands), 1.25 µg/mL transferrin, 10% foetal bovine serum (FBS)
(both from Capricorn, Leusden, the Netherlands), 2.5 ng/mL recombinant rat insulinlike growth factor (BioTechnology, Abingdon, U.K.), 2.5 ng/mL epidermal growth
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factor (Lonza, Breda, the Netherlands) at 37°C with 5% (v/v) CO2 and 95% (v/v)
humidity. Cells used in this study were between 2 – 11 cell passages. In this study all
concentrations and doses of PQ relate to its dichloride salt form.
Kidney cell line

The human renal proximal tubule epithelial cell (RPTEC) line SA7K (Sigma-Aldrich,
Zwijndrecht, the Netherlands) was cultured in MEMα (Sigma-Aldrich, Zwijndrecht,
the Netherlands) supplemented with RPTEC Complete Supplement (Sigma-Aldrich,
Zwijndrecht, the Netherlands), 2.5 mM L-glutamine, 30 µg/mL gentamicin and 0.015
µg/mL amphotericin B (all from Thermo Fischer Scientific Bleiswijk, the Netherlands)
at 37°C with 5% (v/v) CO2 and 95% (v/v) humidity. For uptake studies cells were
seeded in 6-well plates at a density of 5 x 105 – 7.5 x 105 cells/well and grown for 2 days
prior to use with a medium change after one day. Cells used in this study were between
7 – 17 cell passages.
Cytotoxicity of PQ
Experimental

RLE-6TN cells were seeded in 96-well plates at a density of 1 x 104 cells/well and after a
24 hour incubation for cell attachment the cells were exposed to PQ (final concentrations
5, 10, 25, 50, 75, 100, 125, 150, 175 and 200 µM) (added from 200 times concentrated
stock solutions in ultrapure water) for 24 hours. Then 5 µL water soluble tetrazolium-1
(WST-1) was added to each well and the cells were incubated for an hour at 37°C.
Finally, the absorbance was measured at two wavelengths (440 nm; 620 nm) using a
microplate reader (SpectraMax® iD3). Each concentration was tested in sextuplet with a
biological replicate of four times. The data were calculated as percentage of the solvent
control.
Literature

Additional in vitro cytotoxicity data of PQ were collected from the literature. Three more
studies reported on the PQ cytotoxicity in RLE-6TN cells (Wang et al. 2016; Wang et
al. 2018; Zhu et al. 2016). One study reported on PQ cytotoxicity in another rat lung
cell line L2 (Chen et al. 2012). All reported studies exposed the cells for 24 hours.
Furthermore, PQ cytotoxicity data collected in the human cell line A549 were reported
in four studies where three studies exposed the cells for 24 hours and two studies for 48
hours (Kanno et al. 2019; Kim et al. 2011; Wang et al. 2016; Zhu et al. 2016).
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OCT2 uptake of PQ
Experimental work

SA7K cells were pre-incubated in pre-warmed (37°C) uptake buffer (136 mM NaCl,
5.3 mM KCl, 1.1 mM KH2PO4, 0.8 mM MgSO4·7H2O, 1.8 mM CaCl2·2H2O, 11
mM D-glucose, 10 mM HEPES, pH 7.4) within the presence or absence of the OCT2
inhibitor doxepin (Chan et al. 1998; Hacker et al. 2015; Li et al. 2017c; Samai et al.
2008) (final concentration 100 µM added from a 200 times concentrated stock solution
in DMSO) for 10 minutes at 37°C. After 10 minutes, PQ (final concentration 10 µM
added from a 200 times concentrated stock solution in methanol:HCl 0.1 M (1:1))
was added and the cells were incubated for 2, 5, 10, 15, 30 and 60 minutes. Each
experimental condition was measured in a technical triplicate and a biological duplicate.
After incubation, medium was removed and cells were washed twice with ice-cold PBS
containing 0.2% (w/v) BSA and once with ice-cold PBS alone (to eliminate unspecific
binding). Cells were lysed with methanol:HCl 0.1 M (1:1) in a freeze-thaw cycle.
Protein was measured using the Pierce BCA protein assay kit (Thermo Fischer Scientific
Bleiswijk, the Netherlands). PQ present in the cell lysate was quantified using LC-MS/
MS. It is also important and crucial to note that at all times polypropylene/polystyrene
materials were used for PQ, because of its ability to adsorb to glass (Muhamad et al.
2011).
Literature

A literature search was done in PubMed using search terms: paraquat, OCT2 AND/OR,
Vmax AND/OR, Km AND/OR kinetics to collect all the available in vitro kinetic data
on OCT2 transport of PQ reporting the Km and Vmax. This provided two reported
data sets on the OCT2 specific transport of PQ in human embryonic kidney (HEK)
293 cells overexpressing the OCT2 transporters in one study (Chen et al. 2007).
Liquid chromatography mass spectrometry (LC-MS/MS)
For quantification of PQ the protocol described by Pizzutti et al. (2016) was used.
In brief, PQ was quantified on an LC-MS/MS system (Shimadzu, Kyoto, Japan),
containing a Nexera XR LC-20AD SR UPLC system coupled to a triple quadrupole
mass spectrometer LCMS-8040 with a Sielc Obelisc R column (100 x 2.1 mm, 5 µm
particle size). The mobile phase consisted of (A) 20 mM ammonium formate with
formic acid (pH 3.0) and (B) acetonitrile with 0.1 % (v/v) formic acid (gradient: 0.00
- 5.50 min 80-20% B, 5.50 - 8.50 min 20% B, 8.50 - 11.50 min 20-80% B, 11.50 14.00 min 80% B). The flow rate was 0.4 mL/min. The injection volume was 5 µL and
the column oven was set at 40°C. Under these conditions the retention time of PQ was
7.0 min. The mass spectrometer was set in the positive electron spray mode. The MRM
transitions used to determine and quantify PQ were 186.2 à 171.0, 186.2 à 77.0 and
186.2 à 155.0 (m/z for all masses).
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Physiologically based kinetic (PBK) modelling
A physiologically based kinetic model for PQ was developed for rat and human. The
models consisted of separate compartments for GI-tract, kidney, lung, liver, fat and
blood (Figure 2). The rest of the organs/tissues were placed either under rapidly perfused
tissue (brain, heart) or slowly perfused tissue (bone, skin, muscle). The parameters for
tissue weight and tissue blood flow were collected from Brown et al. (1997a). The
QIVIVE toolbox developed by Punt et al. (2020) was used to obtain tissue:blood
partition coefficients based on Rodgers and Rowland (2006). Toolbox input of PQ:
LogP = -4.22, molecular weight = 257.2 g/mol, ticked box for the presence of quaternary
N atom(s) (see supplementary material A table S1 for overview of parameters). Only 5%
of the orally administered PQ crosses the GI-tract into the blood (Houze et al. 1990).
Transport of PQ into the alveolar tissue via the polyamine uptake system is incorporated
in the model via the Michaelis-Menten parameter values Vmax (300 nmol/g tissue/h
for both rat and human) and Km (70 and 40 µM for rat and human, respectively)
derived from a study with lung slices (Dinis-Oliveira et al. 2008). The accumulation
is simulated based on these active uptake parameters with inclusion of a low transport
rate back into the lung blood (ker= 0.003 hr-1) (Lohitnavy et al. 2017). PQ is hardly
metabolised in the body (Lock 2010), therefore no equations and kinetic parameters for
hepatic clearance were included in the model. In the PBK model the clearance of PQ
isChapter
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depending on glomerular filtration and active transport via OCT2 in the
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Rosenbrock-stiff model.
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Figure 2.
Schematic overview of the conceptual PBK model for PQ including renal excretion and active uptake in
lung tissue.

Scaling factor
Conversion of the in vitro obtained Vmax value for OCT2 uptake of PQ in SA7K
cells expressed in pmol/min/mg protein into an in vivo Vmax expressed in µmol/hr/
kidneys is done with a scaling factor, which has been extensively elaborated on in our
previous work (Noorlander et al. 2021b). Briefly, the scaling factor consisted of three
parts. 1) Converting the activity in the cells in vitro expressed in pmol/min/mg cellular
protein to the activity expressed in a unit that represents the activity in the two whole
kidneys expressed in pmol/min/g kidneys. 2) Including only the part of the kidney –
kidney cortex - where OCT2 is expressed. 3) Scaling to account for the fact that the
expression and activity of OCT2 in the in vitro system differs from its expression and
activity in the renal tubule cells in the kidney cortex, which includes: i) the differences
in OCT2 expression levels, ii) potential differences in membrane potential between
the relevant cells in vitro and in vivo and, iii) interspecies differences between human
(SA7K/HEK293 cell line) and rat (the PBK model). Fitting the in vitro obtained Vmax
in Berkeley Madonna to available in vivo data informed on the actual size of this third
part of the scaling factor. The overall scaling factor was acquired by multiplying the three
factors. For conversion of the in vitro Vmax for OCT2 mediated transport of PQ to the
in vivo Vmax for OCT2 mediated transport the following formula was used:
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The full model code is presented in Appendix B of the supplementary material.
Evaluation of the PBK model and sensitivity analysis
The developed PBK model for PQ in rat was evaluated by comparing the predicted
oral blood concentration time curve with available experimental data on the blood
concentration time curve of PQ in rat at non-toxic levels (0.039 mg/kg bw) (Chui
et al. 1988). To quantify the contribution of active renal excretion via OCT2 to the
overall clearance of PQ, the PBK model-predicted blood concentration time curve was
compared with the predicted blood concentration time curve obtained with only passive
glomerular filtration. For human, the focus was on the blood concentration time curves
of the patients who survived the PQ exposure (Proudfoot et al. 1979). However, most
of the literature studies reporting blood-concentration time curves did not quantify the
starting dose. Only Houze et al. (1990) reported on the dose of survivors which was
between 0.5 and 0.8 gram. Translating these doses back to doses in mg/kg bw taking 70
kg as the average bodyweight, survivors took 7.1 to 11.4 mg/kg bw. Blood concentration
time curves were predicted at these doses assuming the model was well validated for rat
and
therefore
suitable for human (see supplementary material A figure S1).
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were C is the initial value of the model output, C’ is the modified value of the model output
resulting from an increase in the parameter value. P is the initial parameter value and P’ is the
modified parameter value after a 5% increase in its value. (See supplementary material A figure
S2)
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Translation of the in vitro cytotoxicity data of PQ to in vivo dose response
data
Determining fraction unbound in vitro

The obtained concentration-response data for the cytotoxicity of PQ in RLE-6TN,
L2 and A549 cells were used to predict the dose levels that are required to reach the
respective effect concentrations of PQ in blood, using PBK modelling-based reverse
dosimetry. Important to realize is that only the free fraction of the compound will exert
the effects, meaning that a correction is required for differences in protein binding in the
in vitro and in vivo situation prior to applying reverse dosimetry. Therefore, the fraction
unbound in vitro (fub in vitro) and the fraction unbound in vivo (fub in vivo) needed to be
determined. Although it has been reported frequently that the fub in vivo of PQ is 1.0 due to
its two quaternary positively charged N-atoms, a thoroughly executed protein binding
assay recently performed by the group of Campbell (Campbell et al. 2021; Stevens et
al. 2021) reported the fub in vivo of PQ to be 0.7 and 0.65 for rat and human, respectively.
To determine the fub in vitro a previously reported method by van Tongeren et al. (2021)
was used where a linear relation between the fraction unbound and the protein content
in a biological matrix was assumed based on the work of Gulden et al. (2002). This
means that the fraction unbound in the absence of protein is 1.0. The protein content
is reported to be 7% in rat plasma and 8% in human plasma (Martinez 2011; Mathew
et al. 2022). However, the PBK model is run for whole blood, therefore the percentages
need to be recalculated. Blood plasma is around 60% of whole blood (Dean 2005) so
a dilution factor of 100/60 = 1.67 is used to calculate a whole blood protein content of
4.2 % for rat and 4.8% for human. The assay medium used in all the cytotoxicity assays
contained 10% FCS and was considered to be a 10% protein content. Based on these
considerations, the fub in vitro for PQ was calculated by linear extrapolation to the 10%
protein content using the fub of 1.0 in the absence of protein and the respective fub in vivo
value from Campbell et al. (2021) and Stevens et al. (2021) of 0.7 and 0.65 for a 4.2%
protein content in rat in vivo blood and an 4.8% protein content in human in vivo
blood, respectively, and found to amount to 0.29 for rat and 0.27 for human.
PBK modelling-based reverse dosimetry

Pneumotoxicity was assumed to depend on the maximum unbound concentration
(Cmax) of PQ reached in the blood and is therefore the chosen dose metric in this study
for reverse dosimetry (Rietjens et al. 2019). To apply reverse dosimetry, first the in vitro
unbound concentration (Cub, in vitro) was set equal to the unbound Cmax in blood (Cub, in
). To estimate the Cub, in vitro and the Cub, in vivo the following equations were used: Cub,
vivo
= Cin vitro × fub, in vitro and Cub, in vivo = Cin vivo × fub, in vivo, respectively, where Cin vitro is the
in vitro
nominal concentration applied in the in vitro assay and fub, in vitro is the fraction unbound
of PQ in the in vitro assay medium as determined in the previously described section
and where Cin vivo is the nominal blood concentration in rat/human and fub, in vivo is the
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fub in rat/human. Then, assuming that for the prediction of in vivo toxicity, the Cub, in
is the same as Cub, in vivo, the nominal blood concentration in rat and human used to
vitro
calculate the corresponding dose level can be described by the following equation: Cin
= (Cin vitro × fub, in vitro)/fub, in vivo. The in vitro concentration-response curve can thus be
vivo
translated into an in vivo dose-response curve by repeating these steps for all in vitro test
concentrations applied.
The same steps were applied to in vitro concentration-response curves obtained for PQ in
RLE-6TN cells, L2 cells and the human A549 cells in previously reported studies (Chen
et al. 2012; Kanno et al. 2019; Kim et al. 2011; Wang et al. 2016; Zhu et al. 2016).
The contribution of including active renal secretion via OCT2 to the PBK model was
evaluated by translating the in vitro concentration-response curves with the PBK model
with or without taking active transport in the kidney into account.
Point of departure for acute toxicity of PQ
For the obtained and literature found in vitro concentration response curves in the
different cell lines EC50 and ED50 values were derived by interpolating the exponential
or sigmoidal function. In this case 50% viability is considered to be reached at the EC50/
ED50. Upon translation using PBK model based reverse dosimetry Benchmark dose
(BMD) analysis was applied on the predicted in vivo dose response curves using the
European Food Safety Authority (EFSA) online BMD software. The lower and upper
bound BMD levels for 50% lethality (BMDL50 and BMDU50) were determined under
the EFSA default settings for Akaike information criterion being 2 and a confidence
interval of 95%. Only BMDL50 and BMDU50 values as a result of model averaging were
taken. The obtained BMDL50-BMDU50 ranges were compared to respectively the in
vivo reported LD50 values collected from the literature for both rat and human.

4.3

Results

Cytotoxicity of PQ
Exposure of the RLE-6TN cells to PQ resulted in a concentration dependent decrease
in cell viability (Fig. 3a; black data) with an EC50 established at 128 µM. Comparing the
results to existing literature data reveals that these results are well in line with reported
EC50 values that range from 79 – 166 µM, (Fig. 3a; red data and blue data, respectively).
The literature data reported by Wang et al. (2018) were not considered and not included
in Fig. 3a as the cell viability did not reach and extend past the 50% cell viability. In
comparison, cytotoxicity data of another rat lung cell line, the L2 cell line, (Fig. 3b)
shows this latter cell line to be less sensitive to PQ with an EC50 of 319 µM.
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Figure 3.
Cell viability after exposure to increasing concentrations of PQ for 24 hours expressed as percentage of the
solvent control for (a) RLE-6TN cells as determined in this study (EC50 128 µM; black). For comparison
the figure also presents previously reported cytotoxicity data reported by Wang et al. (2016) (EC50: 79 µM;
red) and Zhu et al. (2016) (EC50: 166 µM; blue) and (b) L2 cells as reported by Chen et al. (2012) (EC50:
319 µM). Data points represent the mean ± SD; n = 3-4 for all data sets.

The literature reported in vitro data for the human lung cell line A594 resulted in an
EC50 range of 400 – 889 µM when exposed to PQ for 24 hours (Kim et al. 2011; Wang
et al. 2016; Zhu et al. 2016) (Fig. 4a) and a 4- to 12-fold lower EC50 range of 72-97 µM
upon 48 hour PQ exposure (Kanno et al. 2019; Kim et al. 2011) (Fig. 4b).

Figure 4.
Cell viability of A594 cells expressed as percentages of the solvent control after exposure to increasing
concentrations of PQ for (a) 24 hours as reported by Kim et al. (2011) (EC50: 400 µM; black), Wang et al.
(2016) (EC50: 889 µM; red) and Zhu et al. (2016) (EC50: 758 µM; blue) and (b) 48 hours as reported by
Kanno et al. (2019) (EC50: 72 µM; black) and Kim et al. (2011) (EC50: 97 µM; blue). Data points represent
the mean ± SD; n = 3-6 for all data sets.
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Uptake of PQ in the SA7K cells
Figure 5 presents the time dependent uptake of PQ in SA7K cells in the absence and
in the presence of the OCT2 inhibitor doxepin. These data reveal that PQ is taken up
by the SA7K cells (black solid line) with this uptake being inhibited in the presence of
doxepin (grey solid line). The difference between the curves in the absence or presence
of the inhibitor reveals that the OCT2 mediated uptake of PQ (black striped line)
amounts on average to 42% of the total uptake. The data also reveal that uptake does
not increase in time hampering quantification of the rate of uptake (in pmol/min/mg
protein) from a linear part of the concentration-time curve.

Figure 5.
Time dependent uptake of PQ (10 µM) in SA7K cells in the presence of 100 µM doxepin. The uptake
remaining in the presence of the inhibitor (grey solid line) was subtracted from the total uptake (black solid
line) to obtain the net OCT2 mediated uptake of PQ (black striped line). Each data point represents the
mean ± SEM; n = 2

Kinetic data from literature
As the rate of PQ uptake in the SA7K cell line appeared too fast to determine the PQ
concentration dependent rate of transport, Vmax and Km for PQ uptake via OCT2
were obtained from literature. Two data sets were reported by Chen et al. (2007) using
the HEK293 cell line overexpressing the human OCT2 transporter (Km: 95 µM and
114 µM and Vmax: 198 pmol/min/mg protein and 174 pmol/min/mg protein). To
further optimize the PBK model predictions with incorporation of in vitro OCT2
uptake of PQ the data of the HEK293 cells were used and averaged (Km: 104.5 µM and
Vmax: 186 pmol/min/mg protein).
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Evaluation of the model
The PBK model was evaluated based on comparison of predicted Cmax levels for PQ in
rats to Cmax values from in vivo kinetic rat data reported by Chui et al. (1988) at an oral
dose of 0.039 mg/kg bw (Fig. 6) using different subsequent steps. The first step is based
on comparison of the experimental data to the PBK model based predictions including
only passive excretion via glomerular filtration (GF) in the PBK model (dotted line).
The predicted time-dependent concentration curve predicts a Cmax value for PQ that
is 1.5 fold higher than the Cmax derived from the reported in vivo data (open circles)
indicating excretion is somewhat underestimated. In a second step active excretion was
added to the PBK model using the in vitro OCT2 data for PQ transport obtained in
HEK293 cells (solid line). The Vmax value was scaled to the in vivo situation taking
into account the reported mg protein/g kidney (300 mg protein/g kidney (Kumar et al.
2018)) and the fact that OCT2 is located in only the kidney cortex that makes up 70%
of the kidney weight (300 x 70%; 210 mg protein/g kidney). Use of this scaling factor
is further referred to as partially scaled. The predicted Cmax under these conditions
is 1.3 fold higher than the reported in vivo data. Given the fact that the scaling factor
used did not yet account for differences in expression level of OCT2 in the HEK293
cells and the in vivo tubular cells in a third step the optimised scaling factor was defined
fitting the predictions to the in vivo data resulting in an extra scaling factor of 5.5 and
an overall scaling factor of 1,155 mg protein/g kidney (300 mg protein/g kidney x 70%
x 5.5). Use of this scaling factor is further referred to it as fully scaled. As reported by
our previous work (Noorlander et al. 2021b), here too, the virtual amount of protein
exceeds the kidney weight due to the lower expression level of OCT2 in the HEK293
cells as compared to kidney tissue and requires a virtually large amount of HEK293
protein to equal the amount OCT2/g kidney. The predicted time-dependent blood
concentration curve of PQ with the fully scaled scaling factor (striped line) adequately
describes the reported in vivo kinetic data especially within the first phase. A comparison
of the amount of PQ excreted in time reflected by the slope of the glomerular filtration
versus time curve (0.25 nmol/hr) and the slope of PQ excreted in time by only the
scaled active transport (0.7 nmol/hr) showed that the contribution of excretion via
active transport in time was 1.8 fold higher than that via GF. This results in 73% of the
urinary PQ being excreted by active excretion at a dose of 0.039 mg/kg bw (Fig 7). The
PBK model also reveals that the relative contribution of OCT2 decreases when the PQ
dose increases (at 39 and 390 mg/kg bw active excretion is 67% and 34%, respectively)
pointing at saturation of the OCT2 transport. A final comparison was made between
the partial scaling and full scaling indicating that the OCT2 contribution in partial
scaling was at most 33.5% and also decreased with increasing doses.
Based on the evaluation of the rat model it was assumed that the human PBK model
that was developed by the same method and principles would also be adequate. This
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assumption was supported by the observation that the predicted concentrations for the
time dependent blood concentration in human at a non-toxic dose (0.036 mg/kg bw)
were all well below Proudfoot’s survival curve (see supplemental materials A Fig S1).

Figure 6.
Predicted blood concentration time curves in rats upon orally administered PQ at dosage 0.039 mg/kg with a
bioavailability of 5% as reported by Chui et al. (1988) (open circles). The predictions were executed under the
following conditions: 1) with glomerular filtration (GF only) (dotted line), 2) with GF and active excretion,
the latter with partial scaling of the in vitro OCT2 transport data of PQ in HEK293 cells overexpressing
OCT2 reported by Chen et al. (2007) based on the amount of protein/g kidney and fraction of kidney where
OCT2 is located (300 mg/g kidney x 0.7) (solid line) and 3) with GF and active excretion, the latter with
full scaling also correcting for a 5.5 fold difference in OCT2 expression in the HEK293 cells and kidney
cells, resulting in a full scaling factor of 300 mg/g kidney x 0.7 x 5.5 = 1,155 mg protein/g kidney used when
translating the in vitro Vmax to an in vivo Vmax.

Figure 7.
Contribution (%) of glomerular filtration (GF) and OCT2 mediated excretion to the total amount of PQ
excreted as predicted by the PBK model when using different scaling factors. Included are partial scaling
of the Vmax (SF; 300* 0.7 = 210 mg protein/g kidney) and full scaling of the Vmax (SF; 300 x 0.7 x 5.5 =
1.155 mg protein/g kidney). The contributions were predicted at dose levels of 0.039 mg/kg bw, 39 mg/kg
bw and 390 mg/kg bw.
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Applying reverse based dosimetry
Using the developed PBK models for rat and human reverse based dosimetry was
applied to translate the in vitro concentration-response data into in vivo dose-response
curves (Fig.8). For rat, the three in vitro RLE-6TN data sets and the in vitro L2 data set
were converted to in vivo data using the fub in vivo (0.7) and the fub in vitro (0.29), quantified
as described in the materials and methods section, to correct for differences in protein
binding in the in vitro and in vivo situation. The ED50 values for PQ derived from the in
vivo dose response curves obtained range from 9.3 – 17.8 mg/kg bw for the data based
on the RLE-6TN cytotoxicity studies, while the ED50 was predicted at 35.3 mg/kg bw
based on the L2 cytotoxicity data (Fig.8a). For human, all five in vitro data sets obtained
in A594 cells were translated to in vivo data using the fub in vivo (0.65) and the fub in vitro
(0.27) to correct for differences in protein binding in the in vitro and in vivo situation
(Fig. 8b). There are clear differences in the in vitro EC50 values and as a result also in
the predicted ED50 values when based on 24 or 48h exposure duration. Using 24 hour
exposure in vitro data the predicted ED50 values for PQ range from 38.8 – 85.9 mg/kg
bw while based on the in vitro data obtained upon 48 hour exposure the ED50 values are
4 – 12 fold lower ranging from 7.0 – 9.2 mg/kg bw.

Figure 8.
Predicted dose-response curves for PQ obtained using (a) data from in vitro RLE-6TN and L2 cytotoxicity
assays and the rat oral PBK model and (b) data from in vitro A594 cytotoxicity assays and the human PBK
model. The in vitro data used to make the predictions were (a) derived from either the present study (black
striped line; ED50: 13.3 mg/kg bw) or from literature as reported by Wang et al. (2016) (red striped line;
ED50: 9.3 mg/kg bw) and Zhu et al. (2016) (blue striped line; ED50: 17.8 mg/kg bw) and data from an in
vitro L2 cytotoxicity assay reported by Chen et al. (2012) (black solid line; ED50: 35.3 mg/kg bw) and (b)
previously reported by Kanno et al. (2019) (black solid line; ED50: 7.0 mg/kg bw), Kim et al. (2011) (48
hr: red solid line; ED50: 9.22 mg/kg bw and 24 hr: black striped line; ED50: 38.8 mg/kg bw) and Wang et
al. (2016) (red striped line; ED50: 85.9 mg/kg bw) Zhu et al. (2016) (blue striped line; ED50: 80.2 mg/kg
bw). Data points represent the mean ± SD; n = 3-6.
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Predicted point of departure for safety assessment
Based on the predicted acute in vivo toxicity data sets BMDL50 BMDU50 values were
generated to allow a comparison to available in vivo toxicity data. There were data
available on LD50 values especially in rat while some studies reported a human value
(Bailey and White 1965; Clark et al. 1966; Duerden 1994; Kimbrough and Gaines
1970; Mehani 1972; Murray and Gibson 1974; Sharp et al. 1972; Shirasu 1977). As
shown in figure 9 the predicted BMDL50 to BMDU50 ranges based on the rat in vitro
cytotoxicity data are conservative compared to the reported in vivo LD50 data with the
prediction by Chen et al. (2012) using the L2 cell line being 4.1-fold lower and closest
to the average in vivo LD50 values,the latter varying up to 8-fold between the different
in vivo studies.

Figure 9.
Comparison of predicted BMDL50 to BMDU50 values for PQ in rat obtained by PBK model based QIVIVE
of in vitro cytotoxicity data obtained in RLE-6TN and L2 cells (data obtained in this study and reported by
Wang et al. (2016), Zhu et al. (2016) and Chen et al. (2012)) depicted by the chequered bars and literature
reported in vivo rat LD50 values (open bars). F; female, M; male, NS; not specified.

The human A594 cytotoxicity assays in combination with the human PBK model
resulted in predictions for the BMDL50 BMDU50 range in human that were in line with
the limited reported LD50 values for human (figure 10). The predictions overall vary
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between 3.8 and 101 mg/kg bw while the available human in vivo data vary between 3
and 60 mg/kg bw pointing at the suitability of the A594 cell line to predict PQ toxicity.

4

Figure 10.
Comparison of predicted BMDL50 to BMDU50 values for PQ in human obtained by PBK model based
QIVIVE of in vitro cytotoxicity data obtained in A594 cells (data reported by Kanno et al. (2019), Kim
et al. (2011), Wang et al. (2016) and Zhu et al. (2016)) depicted by the dotted bars (exposure 24 hours)
and the chequered bars (exposure 48 hr) and the literature reported in vivo human LD50 values for acute
exposure (open bars).

4.4

Discussion

The present study aimed at evaluating a new approach methodology (NAM) for
predicting the acute toxicity of PQ. The NAM consisted of using PBK models that
included in vitro kinetic data for active renal excretion via the OCT2 transporter and in
vitro cytotoxicity curves obtained in rat and human alveolar cell lines that were translated
to in vivo dose response curves by applying PBK model based reverse dosimetry. From
the predicted in vivo dose-response curves BMDL50 to BMDU50 ranges were derived
and compared to the in vivo reported LD50 values in rat and human.
A secondary aim of the study was to provide a further proof of principle for using the
in vitro cell line SA7K to obtain PBK parameters for transporter kinetics for OCT2
mediated renal excretion using PQ as the model compound. Although in the SA7K
cells there was net cellular uptake via OCT2, an apparent equilibrium was reached
already within a minute, hampering use of the cell line to generate a linear uptake of
PQ in time. As a result, Vmax or Km could not be determined from concentration103
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dependent uptake studies. Whether this fast equilibrium is due to efficient cellular
excretion balancing the OCT2 mediated uptake, possibly via MATE, remains open
for further investigation. Thus the OCT2 mediated transport was included in the PBK
model based on kinetic data reported in literature and obtained in a HEK293 OCT2
transfected model.
The contribution of OCT2 transport to the total renal clearance of PQ as predicted by
the PQ kinetic data appeared to amount to 73% of the total renal excretion achieved via
glomerular filtration and active OCT2 mediated excretion at low dose levels where OCT2
transport was not saturated. The OCT2 contribution to PQ excretion was predicted to
decrease upon higher dose levels when saturation occurs. The derived percentage was
only slightly lower than what was observed for the contribution of OCT2 transport in
our previous reported work on MQ, where active OCT2 mediated excretion amounted
to 85% of the total excretion (Noorlander et al. 2021b).
The Vmax of OCT2 mediated PQ transport in HEK293 cells overexpressing OCT2
was scaled from the in vitro to the in vivo situation in a way similar to what was done
previously for the OCT2 mediated Vmax for transport of MQ in SA7K cells (Noorlander
et al. 2021b). A three step scaling factor was derived including 1) the amount of protein
per gram kidney, 2) a correction for the location of the OCT2 transporter in the kidney
in only the kidney cortex (70% of whole kidney) and 3) the differences between the in
vitro cell system and the in vivo situation including: i) the difference in expression of the
OCT2 transporter in the HEK293 cells overexpressing human OCT2 as compared to
the in vivo expression in rat renal cells (Hayer-Zillgen et al. 2002; Koepsell et al. 2003),
ii) the species differences in transporters involved in the in vitro model and the in vivo
situation being OCT2 in human and OCT1, OCT2 and OCT3 in rat kidney (Chu
et al. 2013a; Slitt et al. 2002), iii) the difference in the negative membrane potential
between in vitro and in vivo known to affect transporter efficiency (Kumar et al. 2018).
The factor of 5.5 defined as extra scaling factor by comparison of predictions based on
the transfected human HEK293 cell line and rat in vivo data accounts for all these three
factors.
Another way to scale from HEK293 cells with overexpression of a transporter of
interest to the in vivo situation is to look at previously reported work where the relative
expression factor (REF) and the relative activity factor (RAF) were defined to use in vitro
transporter kinetic data to model in vivo biliary excretion (Chan et al. 2019; Izumi et al.
2018; Jamei et al. 2014; Kunze et al. 2014; Poirier et al. 2009). More recently, these REF
and RAF values have been successfully applied in renal excretion via OAT (Kumar et
al. 2020; Mathialagan et al. 2017). Defining a REF is based on quantifying the OCT2
transporter protein levels in the HEK293 cells (or SA7K cells) and in rat/human kidney
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cells with proteomics. The difference can be used to define a scaling factor. In addition,
considering that it would be even more accurate to base the comparison on activity
rather than on protein expression levels, the RAF is defined by using a probe substrate
for the transporter of interest in both the in vitro and in vivo situation. However, up
until now for OCT2 no probe substrate has been defined (Burt et al. 2016). As a result
reported RAF values for OCT2 transport result from fitting predictions to experimental
data, just as done for the scaling factor in the present study.
The PBK model predictions for the lethal dose (BMDL50-BMDU50 range) for rats
was conservative and revealed humans to be more sensitive to PQ than rat, which was
also shown by the reported LD50 values. Especially for human the predicted BMDL50BMDU50 for acute toxicity of PQ matched the available LD50 values. For rat the
predictions were on the conservative side, which may in part be due to the relevance of
the in vitro cell model for the in vivo endpoint. The in vivo toxicity of PQ is described
by an adverse outcome pathway where the molecular initiating event starts in the lungs,
therefore an alveolar in vitro model (RLE-6TN and L2) was used to measure cytotoxicity.
Although the acute toxicity of PQ starts in the lung where in the first few hours it
manifests as acute pulmonary oedema and early lung damage through redox cycling
the main cause of death, however, is respiratory failure by pulmonary fibrosis and can
occur up until 7-14 days after PQ ingestion (Roberts 2013). Therefore, a lung fibrotic
in vitro model could have been a better alternative in mimicking the in vivo endpoint.
Fibrotic in vitro models come with high complexity due to the interplay between many
factors that cause fibrosis (Kiener et al. 2021; Martinez et al. 2017; Wolters et al. 2014).
It is therefore that 3D models such as precision cut lung slices and lung on a chip are
preferred over 2D models which are too static forcing fibroblasts to polarize and are
also incapable of replicating the complex gradient nature of soluble cues in vivo and the
different cell-cell and cell-matrix interactions experienced by cells within the normal
lung (Kiener et al. 2021; Sundarakrishnan et al. 2018; Vazquez-Armendariz et al. 2022).
It might be interesting for future research to investigate whether a 3D lung fibrotic
model for rat would result in predictions less sensitive compared to the predictions
based on cytotoxicity corroborating the reported LD50 data.
In this study, the developed PBK model for PQ was capable of predicting the timedependent blood concentration of PQ upon oral administration at a non-toxic dose.
Previously published PBK models on PQ had similar success but were more extensively
parameterized (Campbell et al. 2021; Stevens et al. 2021) or were even less parameterized
(Lohitnavy et al. 2017) and in all cases did not take active renal excretion into account
fitting a model with only glomerular filtration to the reported in vivo data. The present
model was also able to make adequate predictions for the in vivo acute toxicity of PQ
especially in humans. Thus, proof of principle was provided for the developed NAM
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showing how to include in vitro obtained active excretion in PBK modelling and how to
apply the model for QIVIVE translation to predict the acute in vivo toxicity in both rat
and human, using PQ as the model compound.
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Supplementary materials A
Table S1.
Physiological and anatomical parameter values and partition coefficients used for the PBK models
Parameters

Rata

Humana

Body weight (kg)

0.25

70

Fat

0.070

0.214

Liver

0.034

0.026

Kidney

0.007

0.004

Lung

0.005

0.008

Arterial blood

0.0246

0.0263

Venous blood

0.0494

0.0527

Kidney

0.007

0.004

Rapidly perfused tissue

0.086

0.089

Slowly perfused tissue

0.724

0.58

Cardiac outputb

15

15

Fat

0.070

0.052

Liver

0.174

0.227

Kidney

0.141

0.175

Lung

1

1

Rapidly perfused tissue

0.072

0.23

Slowly perfused tissue

0.543

0.316

Fraction of tissue volumes

4

Fraction of blood flow to tissue

Partition coefficients

c

LogPow

-4.5

Fat/blood partition coefficient

0.14

0.14

Liver/blood partition coefficient

0.66

0.66

Kidney/blood partition coefficient

0.69

0.69

Lung/blood partition coefficient

0.58

0.58

Rapid perfused tissue/blood partition coefficient

0.66

0.66

Slowly perfused tissue/blood partition coefficient

0.42

0.42

a Brown et al. (1997a)
b L/hr×kg×bw0.74
c Punt et al. (2020)
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Figure S1.
Predicted blood concentration time curve of orally administered PQ in human (solid line). The dose was
based on the highest reported ingestion leading to survival 11.4 mg/kg bw (Houze et al. 1990). The striped
line represents Proudfoot’s survival curve based on many reported cases on orally ingested PQ (Proudfoot
et al. 1979).

Figure S2.
Normalized sensitivity coefficients of PBK model parameters for the predicted Cmax of PQ in blood after an
oral administration of 39 µg/kg bw. Only model parameters with normalized sensitivity coefficients with
an absolute value higher than 0.1 are shown. VKc = volume of the kidneys, VRc = volume of the rapidly
perfused tissues, VSc = volume of the slowly perfused tissues, QKc = fraction of blood flow to the kidneys,
PS = partition coefficient of slowly perfused tissue, ka = absorption rate constant, SF = scaling factor, Vmax
= maximum rate of PQ transport via OCT2, Km = Michaelis-Menten constant of PQ transport via OCT2,
Fub = fraction unbound.
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Supplementary materials B
PBK-model for rat
; Date: September, 2020
; Purpose: PBK Model of paraquat (PQ), built with in vitro and in silico derived parameter values
; Species: Rat
; Compiled by: Annelies Noorlander
; Organisation: Wageningen University
;=====================================================================
;Physiological parameters
;=====================================================================
; tissue volumes, arterial and venous blood based on Crowell, et al. 2011 33% arterial, 67% venous.
;reference: Brown et al. Table 21 (1997)
BW = 0.250 (Kohane et al.)
VFc = 0.07		
VLc = 0.034
VKc = 0.007		
VLuc = 0.005		
VRc = 0.086		
VSc = 0.724		
VABc = 0.0246		
VVBc = 0.0494		

; body weight rat (variable, dependent on study)
; fraction of fat tissue			
; fraction of liver tissue			
; fraction of kidney tissue		
; fraction of lung				
; fraction of richly perfused tissue
; fraction of slowly perfused tissue
; fraction of arterial blood			
; fraction of venous blood			

VF = VFc*BW		
VL = VLc*BW		
VK = VKc*BW		
VLu = VLuc*BW {L or Kg}
VR = VRc*BW
VS = VSc*BW		
VAB = VABc*BW {L or Kg}
VVB = VVBc*BW {L or Kg}

{L or Kg} ; volume of fat tissue (calculated)
{L or Kg} ; volume of liver tissue (calculated)
{L or Kg} ; volume of kidney tissue (calculated)
; volume of lung tissue (calculated)
{L or Kg} ; volume of richly perfused tissue (calculated)
{L or Kg} ; volume of slowly perfused tissue (calculated)
; volume of arterial blood (calculated)
; volume of venous blood (calculated)

4

;-------------------------------------------------------------------------------------------------------------------;blood flow rates
reference: Brown et al. Table 25 (1997)
QC = 15*BW^0.74 {L/hr}			
QFc = 0.07				
QLc = 0.174				
QKc = 0.141				

; cardiac output reference: Brown et al. p.453 (1997)
; fraction of blood flow to fat			
; fraction of blood flow to liver			
; fraction of blood flow to kidney		

QLuc = 1					
QRc = 0.072				
QSc = 0.543				

; fraction of blood flow to lung			
; fraction of blood flow to richly perfused tissue
; fraction of blood flow to slowly perfused tissue

QF = QFc*QC		
QL = QLc*QC		
QK = QKc*QC		

; blood flow to fat tissue (calculated)
; blood flow to liver tissue (calculated)
; blood flow to kidney tissue (calculated)

{L/hr}		
{L/hr}		
{L/hr}		
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QLu = QLuc*QC		
QS = QSc*QC 		
QR = QRc*QC 		

{L/hr}		
{L/hr}		
{L/hr}		

; blood flow to lung tissue (calculated)
; blood flow to slowly perfused tissue (calculated)
; blood flow to richly perfused tissue (calculated)

;=====================================================================
;Physicochemical parameters
;=====================================================================
;partition coefficients --> logP PQ: -4.5 (https://www.ilo.org/dyn/ics257.25c/showcard.display?p_
version=2&p_card_id=0005)
;using the qivive tool from A. Punt; input --> PQ is inert due to quaternary ammonium atom (considered
neutral), logP -4.5, MW; partition data based on Rodgers and Rowland (2006)
;Tissue partition coefficients in plasma
PF = 0.14 		
; fat/blood partition coefficient
PL = 0.66			
; liver/blood partition coefficient			
PK = 0.69			
; kidney/blood partition coefficient		
PLu = 0.58		
; lung/blood partition coefficient			
PR = 0.66			
; richly perfused tissue/blood partition coefficient
PS = 0.42			
; slowly perfused tissue/blood partition coefficient
;=====================================================================
;Kinetic parameters
;=====================================================================
;Transport from needle to blood
kn = 1000000
; injection {/hr}
;Uptake rate from stomach
ka = 2.3
; absorption {/hr}
;-------------------------------------------------------------------------------------------------------------------;Excretion from kidney
;Active uptake is described in first order kinetics where Vmax and Km become one constant number.
VmaxOCT2c = 198		
;{pmol/min/mg}
VmaxOCT2 = (VmaxOCT2c/1000000)*60*SF*VK*1000 ;{umol/hr}
;300 mg prot./g kidney (Kumar et al. 2018)
;only 70% of whole kidney is cortex --> in cortex tubule cells thus OCT-2s are present (Kumar et al. 2018)
; 300 * 0.7 = 210 mg prot./g kidney
KmOCT2 = 95
SF = 210			

; {uM} transport constant of PQ via OCT2
; mg/g protein

;-------------------------------------------------------------------------------------------------------------------;Accumulation in lung of PQ
VmaxPQLuc = 300		
;{nmol/g tissue/hr}
VmaxPQLu = (VmaxPQLuc/1000)*VLu*1000 ; {umol/hr}
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KmPQLu = 70		

; {uM} transport constant of PQ into the alveolar cells

ker = 0.003		
; lung elimination rate {/hr}
;=====================================================================
;Run settings
;=====================================================================
;Molecular weight PQ
MW = 257.2
;-------------------------------------------------------------------------------------------------------------------;ORAL dose
ODOSEmg = 0.039*0.05 {mg/kg bw}				
ODOSEumol2 = ODOSEmg*1E-3/MW*1E6 {umol/kg bw}		
ODOSEumol=ODOSEumol2*BW;				
;IV dose
IVDOSEmg = 0.039 {mg/kg bw}				
IVDOSEumol2 = IVDOSEmg*1E-3/MW*1E6 {umol/kg bw}
IVDOSEumol=IVDOSEumol2*BW;				
;time
Starttime = 0.1217		
Stoptime = 24
; in hr

; ODOSEmg = given Oral dose in
mg/kg bw
; ODOSEumol2 = given Oral
dose recalculated to umol/kg bw
;
ODOSEumol = umol given
Orally
; IVDOSEmg = given IV dose in
mg/kg bw
; IVDOSEumol2 = given IV dose
recalculated to umol/kg bw
; IVDOSEumol = umol given IV

; in hr

;Lagtime for oral uptake = 0.1217 hr 		
;Chui et al. 1988 Lt = 7.3 min
;=====================================================================
;Model calculations
;=====================================================================
;Intravenous dosing
;needle compartment
;ANe = amount in needle, umol
;ANe’ = Change in amount of PQ in time in the needle, umol/hr
ANe’ = -kn*ANe
Init ANe = IVDOSEumol
;-------------------------------------------------------------------------------------------------------------------;Oral dosing
;Stomach compartment
;ASt = amount in stomach, umol
;ASt’ = Change in amount of PQ in time in the stomach, umol/hr
ASt’ = -ka*ASt
Init ASt = ODOSEumol
;-------------------------------------------------------------------------------------------------------------------;liver compartment
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;AL = Amount PQ in liver tissue, umol
;AL’ = Change in amount of PQ in time in liver (umol/hr)
AL’ = ka*ASt + QL*(CAB - CVL)
Init AL = 0
CL = AL/VL
CVL = CL/PL
;-------------------------------------------------------------------------------------------------------------------;kidney compartment
;AK = Amount of PQ in kidney (umol)
;AK’ = Change in amount of PQ in time in kidney (umol/hr)
AK’ = QK*(CAB-CVK)-GF’-AKe’
Init AK = 0
CK = AK/VK
CVK = CK/PK
;GFR = glomerular filtration rate {L/hr} ; Reference: Walton et al., 2004)
; GFR rat = 5.2 {mL/min/kg bw}
		
GFR = 0.0052 * BW * 60 {L/hr}
;GF = glomerular filtration of paraquat (umol/hr)
GF’ = GFR*(CVK*Fub)
Init GF = 0
;Fub = fraction unbound of PQ
Fub = 0.7			
;AKe = amount paraquat actively excreted from the kidney (umol)
;AKe’ = amount paraquat actively excreted from the kidney in time (umol/hr)
AKe’ = VmaxOCT2*(CVK*Fub)/(KmOCT2 + (CVK*Fub))
Init AKe = 0
;-------------------------------------------------------------------------------------------------------------------;lung compartment
;ALu = Amount PQ in lung tissue (umol)
;ALu’ = Change in amount of PQ in time in lung (umol/hr)
ALu’ = QLu*(CVB-CVLu)-AALu’ + ALue’
Init ALu = 0
CLu = ALu/VLu
CVLu = CLu/PLu
;-------------------------------------------------------------------------------------------------------------------;lung deep tissue compartment (alveolar tissue)
;Accumulation of PQ into the alveolar tissues
;AALu = Amount PQ accumulating in alveolar cells in lung (umol)
;AALu’ = Amount PQ accumulating in alveolar cells in lung in time (umol/hr)
AALu’ = VmaxPQLu *(CVLu*Fub)/ (KmPQLu + (CVLu*Fub))
Init AALu = 0
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;PQ eliminated back into the blood from alveolar tissue.
;ALue = Amount PQ eliminated back into the blood (umol)
;ALue’ = Amount PQ eliminated back into the blood in time (umol/hr)
ALue’ = ker* AALu
Init ALue= AALu
;-------------------------------------------------------------------------------------------------------------------;fat compartment
;AF = Amount PQ in fat tissue (umol)
AF’ = QF*(CAB-CVF)
Init AF = 0
CF = AF/VF
CVF = CF/PF
;-------------------------------------------------------------------------------------------------------------------;tissue compartment richly perfused tissue

4

;AR = Amount PQ in richly perfused tissue (umol)
AR’ = QR*(CAB-CVR)
Init AR = 0
CR = AR/VR
CVR = CR/PR
;-------------------------------------------------------------------------------------------------------------------;tissue compartment slowly perfused tissue
;AS = Amount PQ in slowly perfused tissue (umol)
AS’ = QS*(CAB-CVS)
Init AS = 0
CS = AS/VS
CVS = CS/PS
;-------------------------------------------------------------------------------------------------------------------; blood compartment
; Venous blood
;AVB = Amount PQ in venous blood (umol)
;AVB’ = Change in amount of PQ in time in venous blood (umol/hr)
AVB’ = (kn*ANe + ((QF*CVF) + (QL*CVL) + (QK*CVK) + (QS*CVS) + (QR*CVR)) - (QLu*CVB))
Init AVB = 0
CVB = AVB/VVB
AUCVB’ = CVB
init AUCVB = 0
; Arterial blood
;AAB = Amount PQ in arterial blood (umol)
;AAB’ = Change in amount of PQ in time in arterial blood (umol/hr)
AAB’= (QLu*(CVLu-CAB))
Init AAB = 0
CAB = AAB/VAB
AUCAB’ = CAB
init AUCAB = 0
;=====================================================================
;Mass balance calculations
;=====================================================================
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Total = IVDOSEumol + ODOSEumol
Calculated = ANe + ASt + AL + AK + GF + AKe + ALu + AALu - ALue+ AF + AS + AR + AAB + AVB
ERROR=((Total-Calculated)/Total+1E-30)*100
MASSBBAL=Total-Calculated + 1
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PBK-model for human
; Date: September, 2020
; Purpose: PBK Model of paraquat (PQ), built with in vitro and in silico derived parameter values
; Species: Human
; Compiled by: Annelies Noorlander
; Organisation: Wageningen University
;=====================================================================
;Physiological parameters
;=====================================================================
; tissue volumes, arterial and venous blood based on Crowell, et al. 2011 33% arterial, 67% venous.
;reference: Brown et al. Table 21 (1997)
BW = 70 (Kohane et al.)
VFc = 0.214		
VLc = 0.026
VKc = 0.004		
VLuc = 0.008		
VRc = 0.089		
VSc = 0.580		
VABc = 0.0263		
VVBc = 0.0527		

; body weight human (variable, dependent on study)
; fraction of fat tissue			
; fraction of liver tissue			
; fraction of kidney tissue		
; fraction of lung
; fraction of richly perfused tissue
; fraction of slowly perfused tissue
; fraction of arterial blood			
; fraction of venous blood			

VF = VFc*BW		
VL = VLc*BW		
VK = VKc*BW		
VLu = VLuc*BW		
VR = VRc*BW
VS = VSc*BW		
VAB = VABc*BW		
VVB = VVBc*BW		

{L or Kg}
{L or Kg}
{L or Kg}
{L or Kg}
{L or Kg}
{L or Kg}
{L or Kg}
{L or Kg}

4

; volume of fat tissue (calculated)
; volume of liver tissue (calculated)
; volume of kidney tissue (calculated)
; volume of lung tissue (calculated)
; volume of richly perfused tissue (calculated)
; volume of slowly perfused tissue (calculated)
; volume of arterial blood (calculated)
; volume of venous blood (calculated)

;-------------------------------------------------------------------------------------------------------------------;blood flow rates
reference: Brown et al. Table 27 (1997)
QC = 15*BW^0.74 {L/hr}		
QFc = 0.052			
QLc = 0.227			
QKc = 0.175			
QLuc = 1				
QRc = 0.23			
QSc = 0.316			

; cardiac output
reference: Brown et al. p.453 (1997)
; fraction of blood flow to fat			
; fraction of blood flow to liver			
; fraction of blood flow to kidney
; fraction of blood flow to lung		
; fraction of blood flow to richly perfused tissue
; fraction of blood flow to slowly perfused tissue

QF = QFc*QC		
QL = QLc*QC		
QK = QKc*QC		
QLu = QLuc*QC		
QS = QSc*QC 		

; blood flow to fat tissue (calculated)
; blood flow to liver tissue (calculated)
; blood flow to kidney tissue (calculated)
; blood flow to lung tissue (calculated)
; blood flow to slowly perfused tissue (calculated)

{L/hr}
{L/hr}
{L/hr}
{L/hr}
{L/hr}
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QR = QRc*QC 		

{L/hr}

; blood flow to richly perfused tissue (calculated)

;=====================================================================
;Physicochemical parameters
;=====================================================================
;partition coefficients --> logP PQ: -4.5 (https://www.ilo.org/dyn/ics257.25c/showcard.display?p_
version=2&p_card_id=0005)
;using the qivive tool from A. Punt; input --> PQ is inert due to quaternary ammonium atom (considered
neutral), logP -4.5, MW; partition data based on Rodgers and Rowland (2006)
;Tissue partition coefficients in plasma
PF = 0.14 		
; fat/blood partition coefficient
PL = 0.66			
; liver/blood partition coefficient			
PK = 0.69			
; kidney/blood partition coefficient
PLu = 0.58		
; lung/blood partition coefficient			
PR = 0.66			
; richly perfused tissue/blood partition coefficient
PS = 0.42			
; slowly perfused tissue/blood partition coefficient
;=====================================================================
;Kinetic parameters
;=====================================================================
;Uptake rate from stomach
ka = 2.3
; absorption {/hr}
;-------------------------------------------------------------------------------------------------------------------;Excretion from kidney
;Active uptake is described in first order kinetics where Vmax and Km become one constant number.
VmaxOCT2c = 198		
;{pmol/min/mg}
VmaxOCT2 = (VmaxOCT2c/1000000)*60*SF*VK*1000 ;{umol/hr}
;300 mg prot./g kidney (Kumar et al. 2018)
;only 70% of whole kidney is cortex --> in cortex tubule cells thus OCT-2s are present (Kumar et al. 2018)
; 300 * 0.7 = 210 mg prot./g kidney
KmOCT2 = 95
SF = 210			

; {uM} transport constant of PQ via OCT2
; mg/g protein

;-------------------------------------------------------------------------------------------------------------------;Accumulation in lung of PQ
VmaxPQLuc = 300		
;{nmol/g tissue/hr}
VmaxPQLu = (VmaxPQLuc/1000)*VLu*1000 ; {umol/hr}
KmPQLu = 70		

; {uM} transport constant of PQ into the alveolar cells

ker = 0.003		

; lung elimination rate {/hr}
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;=====================================================================
;Run settings
;=====================================================================
;Molecular weight PQ
MW = 257.2
;-------------------------------------------------------------------------------------------------------------------;ORAL dose
ODOSEmg = 60*0.1 {mg/kg bw}				
ODOSEumol2 = ODOSEmg*1E-3/MW*1E6 {umol/kg bw}		
ODOSEumol=ODOSEumol2*BW;				
Orally
;time
Starttime = 0.1217		
Stoptime = 24
; in hr

; ODOSEmg = given Oral dose in
mg/kg bw
; ODOSEumol2 = given Oral
dose recalculated to umol/kg bw
; ODOSEumol = umol given

; in hr

;Lagtime for oral uptake = 0.1217 hr 		
;Chui et al. 1988 Lt = 7.3 min
;=====================================================================
;Model calculations
;=====================================================================
;Oral dosing
;Stomach compartment
;ASt = amount in stomach, umol
;ASt’ = Change in amount of PQ in time in the stomach, umol/hr
ASt’ = -ka*ASt
Init ASt = ODOSEumol
;-------------------------------------------------------------------------------------------------------------------;liver compartment
;AL = Amount PQ in liver tissue, umol
;AL’ = Change in amount of PQ in time in liver (umol/hr)
AL’ = ka*ASt + QL*(CAB - CVL)
Init AL = 0
CL = AL/VL
CVL = CL/PL
;-------------------------------------------------------------------------------------------------------------------;kidney compartment
;AK = Amount of PQ in kidney (umol)
;AK’ = Change in amount of PQ in time in kidney (umol/hr)
AK’ = QK*(CAB-CVK)-GF’-AKe’
Init AK = 0
CK = AK/VK
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CVK = CK/PK
;GFR = glomerular filtration rate {L/hr} ; Reference: Walton et al., 2004)
; GFR rat = 5.2 {mL/min/kg bw}
		
GFR = 0.0052 * BW * 60 {L/hr}
;GF = glomerular filtration of paraquat (umol/hr)
GF’ = GFR*(CVK*Fub)
Init GF = 0
;Fub = fraction unbound of PQ
Fub = 0.65			
;AKe = amount paraquat actively excreted from the kidney (umol)
;AKe’ = amount paraquat actively excreted from the kidney in time (umol/hr)
AKe’ = VmaxOCT2*(CVK*Fub)/(KmOCT2 + (CVK*Fub))
Init AKe = 0
;-------------------------------------------------------------------------------------------------------------------;lung compartment
;ALu = Amount PQ in lung tissue (umol)
;ALu’ = Change in amount of PQ in time in lung (umol/hr)
ALu’ = QLu*(CVB-CVLu)-AALu’ + ALue’
Init ALu = 0
CLu = ALu/VLu
CVLu = CLu/PLu
;-------------------------------------------------------------------------------------------------------------------;lung deep tissue compartment (alveolar tissue)
;Accumulation of PQ into the alveolar tissues
;AALu = Amount PQ accumulating in alveolar cells in lung (umol)
;AALu’ = Amount PQ accumulating in alveolar cells in lung in time (umol/hr)
AALu’ = VmaxPQLu *(CVLu*Fub)/ (KmPQLu + (CVLu*Fub))
Init AALu = 0
;PQ eliminated back into the blood from alveolar tissue.
;ALue = Amount PQ eliminated back into the blood (umol)
;ALue’ = Amount PQ eliminated back into the blood in time (umol/hr)
ALue’ = ker* AALu
Init ALue= AALu
;-------------------------------------------------------------------------------------------------------------------;fat compartment
;AF = Amount PQ in fat tissue (umol)
AF’ = QF*(CAB-CVF)
Init AF = 0
CF = AF/VF
CVF = CF/PF
;-------------------------------------------------------------------------------------------------------------------;tissue compartment richly perfused tissue
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;AR = Amount PQ in richly perfused tissue (umol)
AR’ = QR*(CAB-CVR)
Init AR = 0
CR = AR/VR
CVR = CR/PR
;-------------------------------------------------------------------------------------------------------------------;tissue compartment slowly perfused tissue
;AS = Amount PQ in slowly perfused tissue (umol)
AS’ = QS*(CAB-CVS)
Init AS = 0
CS = AS/VS
CVS = CS/PS
;-------------------------------------------------------------------------------------------------------------------; blood compartment
; Venous blood
;AVB = Amount PQ in venous blood (umol)
;AVB’ = Change in amount of PQ in time in venous blood (umol/hr)
AVB’ = (QF*CVF) + (QL*CVL) + (QK*CVK) + (QS*CVS) + (QR*CVR) - (QLu*CVB)
Init AVB = 0
CVB = AVB/VVB
AUCVB’ = CVB
init AUCVB = 0

4

; Arterial blood
;AAB = Amount PQ in arterial blood (umol)
;AAB’ = Change in amount of PQ in time in arterial blood (umol/hr)
AAB’= (QLu*(CVLu-CAB))
Init AAB = 0
CAB = AAB/VAB
AUCAB’ = CAB
init AUCAB = 0

;=====================================================================
;Mass balance calculations
;=====================================================================
Total = ODOSEumol
Calculated = ASt + AL + AK + GF + AKe + ALu + AALu - ALue+ AF + AS + AR + AAB + AVB
ERROR=((Total-Calculated)/Total+1E-30)*100
MASSBBAL=Total-Calculated + 1
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Abstract
In the present study the ability of a new in vitro / in silico quantitative in vitro – in vivo
extrapolation (QIVIVE) methodology was assessed to predict the in vivo neurotoxicity of
tetrodotoxin (TTX) in rodents. In vitro concentration-response data of TTX obtained in
a multielectrode array assay with primary rat neonatal cortical cells and in an effect study
with mouse neuro-2a cells were quantitatively extrapolated into in vivo dose-response
data, using newly developed physiologically based kinetic (PBK) models for TTX in rats
and mice. Incorporating a kidney compartment accounting for active renal excretion in
the PBK-models proved to be essential for its performance. To evaluate the predictions,
QIVIVE derived dose-response data were compared to in vivo data on neurotoxicity in
rats and mice upon oral and parenteral dosing. The results revealed that for both rats and
mice the predicted dose-response data matched the data from available in vivo studies
well. It is concluded that PBK modelling-based reserve dosimetry of in vitro TTX effect
data can adequately predict the in vivo neurotoxicity of TTX in rodents, providing a
novel proof-of-principle for this methodology.
Keywords; physiologically based kinetic modelling; reverse dosimetry; tetrodotoxin
(TTX), neurotoxicity; new approach methodology.
List of abbreviations: ADME (absorption, distribution, metabolism, excretion), ARfD
(acute reference dose), BMD (Benchmark dose), BMDL10 (lowest observed adverse effect
level), EFSA (European Food Safety Authority), HEK293 (human embryonic kidney
cell line), IM (intramuscular), IV (intravenous), LC-MS/MS (Liquid chromatography
mass spectrometry), LD50 (median lethal dose), LOAEL (lowest observed adverse effect
level), MATE (multidrug and toxin extrusion transporter), MEA (multielectrode array
assay), MRM (multiple reaction monitoring), NAM (new approach methodology),
NOAEL (no observed adverse effect level), OCT2 (Organic cation transporter 2), PBK
(Physiologically based kinetic ), PoD (Point of departure), QIVIVE (quantitative in vitro
– in vivo extrapolation), RPTEC (renal proximal tubule epithelial cell), TE (transporter
efficiency), TTX (tetrodotoxin)
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5.1

Introduction

Tetrodotoxin (TTX) (fig. 1) is a naturally occurring neurotoxin that can be found in various marine
gastropods and some fish species (Bane et al. 2014; Control and Prevention 1996). There are over
30 structural analogues of TTX (Huang et al. 2008). TTX has potent voltage gated sodium channel
blocker activity (Sui et al. 2002), preventing depolarization and propagation of action potentials in
nerve cells, resulting in the loss of sensation (Bane et al. 2014). The acute exposure to TTX leads
to a wide range of acute adverse effects including skeletal muscle fasciculations, apathy, lethargy,
ataxia, paralysis and even death (Bane et al. 2014).

The European Food Safety Authority (EFSA) established an acute reference dose (ARfD)
for TTX of 0.25 µg/kg bw based on an acute toxicity study with a single intragastric
dose in mice with a no observed adverse effect level (NOAEL) of 75 µg/kg bw choosing
apathy as the critical effect observed at a lowest observed adverse effect level (LOAEL) of
125 µg/kg bw (Abal et al. 2017; EFSA et al. 2017). In this study, lethality was observed
at 250 µg/kg bw with a steep dose-response curve from which a lowest observed adverse
effect level (BMDL10)of 112 µg/kg bw could be derived (EFSA et al. 2017). Because
this BMDL10 value for lethality was considered to be close to the NOAEL for apathy,
the EFSA Panel argued that it cannot be excluded that effects can still occur at 75 µg/
kg bw. Therefore, they established the ARfD based on the next lower test dose (25 µg/
kg bw) using an uncertainty factor of 100 to derive the ARfD of 0.25 µg/kg bw. The
EFSA opinion also provided an overview of the median lethal dose (LD50) data from
mouse studies upon different routes of exposure, indicating toxicity upon oral gavage or
intragastric dosing, with LD50 values amounting to 232 µg/kg bw (Abal et al. 2017) and
532 µg/kg bw (Xu et al. 2003), to be substantially lower than the LD50 values reported
upon intraperitoneal or subcutaneous dosing, for which LD50 values ranged from 9-12.5
µg/kg bw (Kao 1966; Kao and Fuhrman 1963; Marcil et al. 2006; Xu et al. 2003). In
addition, the LD50 in rats upon intramuscular administration was reported to amount
to 10 - 11.1 µg/kg bw (Hong et al. 2017; Marcil et al. 2006), while Finch et al. (2018)
and Hong et al. (2018) reported LD50 values for rats upon oral dosing of 909 µg/kg bw
and 571.43 µg/kg bw, respectively, that were not included in the EFSA overview.
The available TTX data for human are too limited to provide a point of departure (PoD)
for risk assessment, with only a minimum lethal oral dose of 2 mg being mentioned in
literature, which is equivalent to 40 µg/kg bw for a 50 kg Japanese subject (EFSA et al.
2017). Additionally, Kasteel and Westerink (2017) proposed an ARfD of 1.33 µg/kg
bw for human based on a so-called universal mammalian LD50 of 400 µg/kg bw derived
from reported oral LD50 values in mice (334-700 µg/kg bw). They applied a conservative
factor of 10 to go from an LD50 value to a LOAEL value (40 µg/kg bw) and added
another factor of 3 to obtain a NOAEL value (13.3 µg/kg bw). Finally, they took a factor
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of 10 into account for intraspecies differences.
Given the available data sets on acute toxicity of TTX in rodents and the many analogues
of TTX for which experimental toxicity data are lacking, it is of interest to study whether
the acute toxicity of TTX can be adequately predicted by a new approach methodology
(NAM) such as quantitative in vitro in vivo extrapolation (QIVIVE) using physiologically
based kinetic (PBK) modelling with integrated in vitro and in silico data and applying
reverse-based dosimetry. Thus, the present study aimed to evaluate the potential of using
in vitro toxicity data obtained with primary rat neonatal cortical cells on a multielectrode
array (MEA) assay or an effect study in mouse neuro-2a cells combined with PBK model
based-reverse dosimetry to predict the in vivo acute neurotoxicity of TTX in rodents. As
TTX is hardly metabolized, highly hydrophilic and has been identified as a substrate for
organic cation transporters in the kidneys (Matsumoto et al. 2017), active renal transport
can be expected to contribute substantially to the in vivo TTX kinetics and has to be
accounted for in the PBK models to be developed to facilitate the QIVIVE.

Figure 1.
Structural formula of tetrodotoxin.

5.2

Materials and Methods

Materials
Tetrodotoxin ≥ 98% (TTX, CAS 4368-28-9), was purchased from Sigma-Aldrich
(Zwijndrecht, the Netherlands). Dimethyl sulfoxide (DMSO) was purchased from
Acros Organics (Geel, Belgium) and phosphate-buffered saline (PBS) was purchased
from Invitrogen (Breda, the Netherlands). Pooled hepatocytes from male SpragueDawley rats, cryopreserved hepatocyte recovery medium (CHRM, CM7000), and
primary hepatocytes thawing and plating supplements (CM4000) were purchased from
Thermo Fisher (Landsmeer, the Netherlands).

124

Predicting TTX neurotoxicity by QIVIVE

Methods
Clearance of TTX

It was assumed that the in vivo acute toxicity of TTX is induced by the parent compound
as there is no evidence of potential metabolites exerting a similar effect. Therefore, only
the overall hepatic clearance of TTX was included in the PBK model. Primary hepatocytes
from male Sprague-Dawley rats were used to determine the hepatic clearance by the
substrate depletion approach. To this end, pooled primary hepatocytes were thawed in
a 37℃ water bath and transferred to 50 ml cryopreserved hepatocyte recovery medium
(CHRM, CM7000). The cell suspension was centrifuged at 100×g for 15 min at room
temperature, and the supernatant was removed. The collected hepatocytes were dissolved
in 1 ml pre-warmed hepatocyte incubation medium, which contained 4% primary
hepatocyte thawing and plating supplements (CM4000) in Williams’ Medium E1
without phenol red. The density and viability of the hepatocytes were measured using the
Cellometer (Auto T4, Nexcelom Bioscience). Hepatocytes with more than 90% viability
were used for the incubation. The cells were diluted with incubation medium to reach a
density of 1×106 cells/ml. TTX was dissolved in DMSO to obtain a stock solution of 600
µM. 20 µl Stock solution of TTX was added to 1980 µl medium to generate the exposure
medium (final DMSO concentration 1% v/v). The exposure medium was pre-incubated
for 5 min. The incubation was started by adding 100 µl primary hepatocytes into 100 µl
pre-incubated exposure medium, giving a final concentration of 0.5×106 cells/ml and 3
µM TTX (a non-toxic concentration to hepatocytes as shown by the WST-1 assay (data not
shown)) (final DMSO concentration 0.5% v/v). The incubation was done using a shaker
(Titramax 1000, Heidolph, Germany) at 150 rpm in a 5% CO2, 95% air-humidified
incubator. The incubation time points were: 0, 1, 2, 3, 4, 5, 7, 8.5, 10, 15, 30, 45, 60 and
90 min. For each incubation time point a corresponding control was included, consisting
of an incubation performed in the absence of primary hepatocytes. The incubation was
terminated by adding 100 µl cold acetonitrile and the samples were put on ice for 30 min,
then centrifuged at 3500 rpm (1200 g) for 15 min at 4 ℃. Supernatants were collected
and the concentration of TTX was quantified using LC-MS/MS analysis. All incubations
were performed in triplicate in three independent studies. The ratio of the remaining
parent compound concentration in the incubation sample (Ccompound) and in the sample at
time 0 as control (Ccontrol) was calculated for each incubation time (taking the amount of
TTX left in the corresponding control incubations into account) and the depletion curve
of the parent compound (ln(Ccompound/Ccontrol)) against time was derived. The slope of the
linear part of the depletion curve represents the elimination rate constant (k, in 1/min)
of the parent compound. The in vitro clearance (CLint, in vitro) of the parent compound was
calculated using the following equation: CLint, in vitro (ml/min/106 cells) = k (1/min)/ V (106
cells/ml) (Obach 1999; Sjögren et al. 2009). V represents the number of hepatocytes per
ml incubation mixture, (0.5×106 cells/ml). The in vitro CLint of the parent compound was
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scaled to a whole liver using the scaling factor of 135,000 (cell density liver expressed in
106 cells/kg) (Houston 1994b).
Analysis of TTX by LC-MS/MS
LC-MS/MS analysis was performed on a Shimadzu Nexera XR LC-20AD SR UPLC
system coupled with a Shimadzu LCMS-8045 mass spectrometer (Shimadzu Benelux,
‘s Hertogenbosch, the Netherlands). The samples (1µl) were loaded onto a BEH C18
column (1.7 µm, 2.1×100 mm) at a flow rate of 0.3 ml/min. The column temperature
was set to 40°C. The mobile phase consisted of ultrapure water with 0.1% (v/v) formic
acid as mobile phase A and acetonitrile containing 0.1% (v/v) formic acid as mobile
phase B. The initial condition of the eluents was 5% A, then changed to 50% A in 2 min
and subsequently returned to the initial condition in the next 5 min, and was kept at
these starting conditions for another 5 min. The total runtime was 12 min. A Shimadzu
LCMS-8045 triple quadrupole with electrospray ionization (ESI) interface was used to
perform the MS-MS analysis. The instrument was operated in the positive ion mode in
the multiple reaction monitoring (MRM) mode with a spray voltage of 4.5 kV. TTX
was monitored at the [M+H]+ of precursor to product 320.1>302.19, 320.1>162.4
and 320.1>60.2 m/z. The Postrun Analysis function from the LabSolutions software
(Shimadzu, Kyoto, Japan) was used to obtain the peak area of the total ion chromatogram
(TIC).
Development of the PBK model for TTX
The generic PBK model developed in our previous study (Zhang et al. 2019) was used
with minor modifications, defining a PBK model for TTX in both rat and mouse. To
allow model evaluation based on the three available in vivo kinetic data sets, all with
different administration routes, the PBK model was built for oral, intravenous (IV) and
intramuscular (IM) administration (Hong et al. 2017; Hong et al. 2018). For the IM
administration it was assumed that TTX was solely taken up in the blood via the muscle
tissue at the injection site, thereby excluding the role of the subcutaneous and lymph routes.
To distinguish between IM and IV administration the rate of absorption from the IM
injection site was set to a much lower value (50 hr-1) than that for an IV injection (1000,000
hr-1). Given that the study by Hong et al. (2017) concluded that the predominant route
of the elimination of TTX is by urinary excretion, a kidney compartment was included in
the PBK models. The developed PBK model for TTX consisted of eight compartments,
including the site of injection, GI-tract, blood, fat, liver, kidney, rapidly perfused tissue
and slowly perfused tissue. The schematic representation of the PBK model is displayed
in figure 2. A separate compartment for the brain was not included given the inability of
TTX to pass the blood brain barrier (Melnikova et al. 2018). The values for physiological
and anatomical parameters for rat were obtained from Brown et al. (1997b) and for mouse
from Hall et al. (2012). The partition coefficients to describe the distribution of TTX over
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the different tissues were estimated using the quantitative property-property relationship
(QPPR) approach from Rodgers and Rowland (2006) facilitated by a QIVIVE toolbox
(input: zwitterion, pKa1: 8.76, pKa2: 11 logP: -6.2 and molecular weight: 319.27 g/
mol) (Punt et al. 2020). The assumption was made that the distribution of TTX in rat is
the same as in mouse. The glomerular filtration (GF) was added to the model according
to the equation: GF = GFR × (CVK × fubin vivo), where GFR is the glomerular filtration
rate, which is 5.2 ml/min/kg bw for rat and 14 ml/min/kg bw for mouse (Walton et al.
2004), CVK is the concentration of TTX in the kidney compartment and fubin vivo is the
fraction of TTX unbound in the in vivo situation. As mentioned by Matsumoto et al.
(2017), TTX seems to be a substrate for some active transporters in the proximal tubule
cells in the kidney. Since it is unknown which transporter has the highest contribution it
was decided to work with an estimated apparent overall Vmax and Km; one Vmax and
one Km for all transporters involved. After running model predictions including only
glomerular filtration as the excretion pathway, data for the apparent overall Vmax and
Km were estimated based on manual input of Vmax and Km searching for the optimal
transporter efficiency (TE = Vmax/Km in µl/min/mg protein) by fitting to the available
in vivo kinetic data. Matsumoto et al. (2017) reported Papp values for the bidirectional
transport of TTX over an LLC-PK1 kidney cell layer. Future use of such Papp values
to define the in vivo kinetic parameters for urinary excretion of TTX in a PBK model
requires definition of the scaling factor(s) needed to convert these in vitro Papp values
to the kinetic constants for active transport of TTX in the kidney in vivo. This scaling
could be achieved by scaling the model predictions to fit available in vivo data, as done
in the present study for Vmax, as well as in other studies for other transport parameters,
including parameters for renal excretion in PBK models, such as for the PBK model for
perfluorooctanoic acid (PFOA) in rats (Worley and Fisher 2015) and the PBK model
for mepiquat in rats (Noorlander et al. 2021b). The model equations were coded and
numerically integrated in Berkeley Madonna 8.0.1 (UC Berkeley, CA, USA), using the
Rosenbrock’s algorithm for stiff systems (see supplementary materials A for the model
codes).
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Figure 2.
Schematic representation of the rodent PBK model for TTX.

PBK model evaluation
For evaluation of the PBK model, in vivo kinetic data of the TTX blood concentration
in time upon oral, IV or IM dosing were available for rats (Hong et al. 2017; Hong et
al. 2018). It was assumed that evaluation of the model in rats would support its use
for mice as well. It is important to note that the in vivo kinetic data were obtained
in plasma, whereas the PBK model predicts the concentration in whole blood. Thus,
an adjustment of the reported concentrations in plasma to concentrations in blood
was made by multiplying the plasma data with the blood:plasma ratio (0.42; derived
from Hong et al. (2017). For the IM administration kinetic data presented by Hong
et al. (2017) for the dried plasma curve were used since these data were corrected for
the formed tritiated water by the hydrogen-tritium exchange of 11-[3H]TTX in the
plasma possibly interfering with the results. To identify the most influential parameters
of the PBK model on the model prediction of the maximum blood concentration (Cmax)
upon oral and IM administration, a sensitivity analysis was performed (see figure S1 of
supplementary materials B). To this end, an initial input parameter value was increased by
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5% and the sensitivity coefficients (SC) were calculated using the equation SC=(C’-C)/
(P’-P)×(P/C), in which P and P’ represent the initial and modified parameter value
respectively, while C and C’ are the initial and modified model output for Cmax (Evans and
Andersen 2000). Each parameter was analyzed individually by changing one parameter
at a time keeping the other parameters at their original value, while the total blood flow
fraction was kept as 1. The sensitivity analysis was performed for exposure to 6 µg/kg for
the oral and IM routes, representing the dose level actually used in the available in vivo
studies (Hong et al. 2017; Hong et al. 2018).
Translation of the in vitro neurotoxicity data for TTX to in vivo dose
response data
For rat, two in vitro concentration-response data sets were available. Both studies
performed the multielectrode array (MEA) assay using primary rat neonatal cortical cells
for measuring neuronal activity upon exposure to TTX (Kasteel and Westerink 2017;
Nicolas et al. 2014). For mouse, four in vitro concentration-response data sets were
available, where in all studies mouse neuro-2a cells were used to detect the inhibition
by TTX on cellular toxicity (Hamasaki et al. 1996; Kogure et al. 1988; Nicolas et al.
2015; Yamashoji and Isshiki 2001; Yeo et al. 1996). The inhibition is induced by first
exposing the cells to veratridine (sodium channel opener) and ouabain (blocking of
Na+/K+-ATPase) which may result in disturbance of the sodium ion homeostasis in the
cells resulting in cell death (Kogure et al. 1988; Rossini and Hartung 2012). When
the veratridine/ouabain-treated cells are exposed to TTX the sodium channels are
blocked and sodium accumulation in the cells is prevented, counteracting the toxic
effects of veratridine and ouabain thereby leading to cell survival (Kogure et al. 1988).
Throughout the present study this assay is further referred to as the neuro-2a assay.
The available concentration-response data were used to predict the dose levels that
were required to reach the respective effect concentrations of TTX in blood, using
PBK modelling-based reverse dosimetry. It is of importance to realize that only the
free fraction of the compound will exert the effects, which implies that a correction for
protein binding prior to applying reverse dosimetry should be considered. However,
due to the physicochemical characteristics of TTX the fraction unbound in vivo is 1 (see
toolbox Punt et al. (2020)) and therefore, given the excellent water solubility of TTX, it
was assumed that in the in vitro MEA medium and neuro-2a medium containing 10%
fetal bovine serum the fuin vitro of TTX was 1, too. Thus, the in vitro effect concentration
(ECin vitro) of TTX was set equal to an in vivo effect concentration (ECin vivo), without a
need for correction for potential differences in protein binding in the in vitro and in
vivo situation. The Cmax was the chosen dose metric for reverse dosimetry of TTX as the
mode of action of its toxicity, sodium channel blocking, shows to be a concentrationdependent endpoint with a threshold (Rietjens et al. 2019). So, the estimated ECin vitro
was set equal to Cmax of TTX in the PBK model. By repeating these steps for all the in
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vitro test concentrations, the in vitro concentration-response data were converted to
define the corresponding in vivo dose-response data.

Comparing predicted dose-response curves to in vivo toxicity data
After evaluation of the model the predicted in vivo dose-response curves were compared to
the available in vivo TTX toxicity data. For this comparison the most sensitive endpoint
for toxicity was chosen for each route and species as described in the result section. To
quantify the comparison bench mark dose (BMD) responses were generated using the
EFSA online BMD software. The BMD10 and BMDL10 were determined under the
EFSA default settings for Akaike information criterion (AIC) being 2 and a confidence
interval of 95%. Only BMD10 and BMDL10 values as a result of model averaging were
taken. Furthermore, a medium effective dose (and concentration) (ED50 and EC50) was
calculated in Excel using the TREND function as follows: 1) calculate from the dataset
the halfway response: lowest γvalue + (highest γvalue - lowest γvalue) /2 and 2) use the TREND
function, which includes the 2 x-values with corresponding y-values in between where the
halfway response lies to calculate its x-value, also the ED50 (or EC50). EC50 values were used
to compare the in vitro data sets.
Human model
In spite of the limited available human data on TTX kinetics, a human PBK-model
was defined, assuming that the evaluation of the model in rat would support its use
for humans. The physiological and physicochemical parameters for the human model
were taken from the literature in a similar way as for rat (Brown et al. 1997a; Punt et al.
2020) and are presented in Table 1. The kinetic constants were taken from the rat model
and adjusted to human using human scaling factors. For reverse dosimetry one in vitro
data set was available (Kasteel and Westerink 2017) describing a concentration response
curve for the effect of TTX on human-induced pluripotent stem cell (hIPSC)-derived
iCell® neurons in co-culture with hIPSC-derived iCell® astrocytes in the MEA assay.
Using our human PBK-model, this in vitro concentration-response curve was translated
to an in vivo dose-response curve for oral exposure to TTX and a BMD10, BMDL10 and
ED50 were derived that were compared to available (on mouse study based) human data
on TTX toxicity.

5.3

Results

Substrate depletion of TTX
Figure 3 shows the depletion of TTX in incubations with rat hepatocytes. The in vitro
hepatic clearance (CLint) derived from these data amounted to 1.6×10-7±0.01 ml/min/106
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cells converted to an in vivo CLint of 1.1×10-5 L/hr for the rat, indicating that clearance of
TTX via metabolism is limited. It was assumed that the mouse hepatic clearance would
be similarly limited.

5

Figure 3.
Time-dependent substrate depletion of TTX in incubations with primary rat hepatocytes. Symbols
represent the average ln(Ccompound/Ccontrol) at different incubation time points (mean ± SD of 3 independent
experiments). Straight line represents the depletion curve and the dotted line represents zero depletion.

In vitro concentration-response data for TTX in rodent cells
The available in vitro concentration-response data for neurotoxicity of TTX in rat
primary neonatal cortical cells in the MEA assay and for the neurotoxicity of TTX in
the mouse neuro-2a assay are summarized in figure 4. Both the rat MEA data (Fig. 4a)
and the mouse neuro-2a data (Fig. 4b) reported in different studies provide comparable
results, except for the data of Nicolas et al. (2015) for the mouse neuro-2a assay, which
indicate at a somewhat greater sensitivity. Nevertheless, these data together provide a
suitable data set for QIVIVE and conversion into in vivo dose-response curves. Given
the similarity of the concentration-response curves for the TTX induced neurotoxicity
in the neuro-2a assay reported in the studies of Hamasaki et al. (1996), Yamashoji and
Isshiki (2001) and Yeo et al. (1996) these three data sets were used for the mice predictions
by reverse dosimetry. The graphs in figure 4 show that the rat primary neonatal cortical
cells in the MEA assay (EC50 values 0.0035 µM and 0.0055 µM) (Figure 4a) seem to be
only slightly more sensitive than the mouse neuro-2a cells in the neuro-2a assay (EC50
values of the 3 corresponding data sets amounting to 0.0082 µM).
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Figure 4.
In vitro concentration response curves for the effects of TTX on (a) primary rat neonatal cortical cells in
the MEA assay (circles; Kasteel and Westerink (2017) EC50 = 0.0055 mM, squares; Nicolas et al. (2014)
EC50 = 0.0035 mM) and (b) neurotoxicity in mouse neuro-2a cells (squares; Hamasaki et al. (1996) EC50
= 0.0075 mM, inverted triangles; Nicolas et al. (2015), triangles; Yamashoji and Isshiki (2001) EC50 =
0.0053 mM, and circles; Yeo et al. (1996) EC50 = 0.0121 mM). Data points represent mean (± SD/SEM,
where available).

PBK model evaluation
The evaluation of the PBK model using different routes of administration and the
parameter input presented in table 1 is shown in figure 5. Predictions were fitted to the
in vivo data by estimating the rate of absorption for the oral route (ka: 0.18/hr) and IM
route (kb: 50/hr) and optimizing the contribution of active renal excretion based on
the transporter efficiency, which was 90 µl/min/mg protein (Vmax = 180 pmol/min/
mg protein, Km = 2 µM). It appeared important to include this active excretion since
it accounts for a substantial improvement in the predictions (compare figure 5 with
renal excretion, to figure S2 in the supplementary materials B for data without taking
renal excretion into account). For all administration routes, oral (fig. 5a) IM (fig. 5b)
and IV (fig. 5c), the model was able to adequately predict the in vivo data. To enable
subsequent PBK model-based reverse dosimetry for both the oral and the IM mode of
administration a plot of the dose against Cmax was made, which was used to convert the
in vitro concentrations from figure 4 to in vivo dose levels to generate the dose-response
curves. As explained in the materials and methods section, the high water solubility of
TTX eliminated the need for a correction for differences in protein binding with the fub
in vitro and in vivo both being 1.
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5

Figure 5.
Predicted concentration time curves of TTX in whole blood of rat (striped lines) dosed with TTX via (a)
oral (diamonds), (b) IM (squares) and (c) IV (circles) administration. The literature data reported as plasma
concentrations were adjusted to blood concentrations assuming a blood:plasma ratio of 0.42 (Hong et al.
2017). Dosage used: oral 100 µg/kg bw with 6.7% bioavailability, IM and IV 6 µg/kg bw. Data points
represent mean (± SD/SEM, where available).
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Table 1.
Physiological and anatomical parameter values and the partition coefficients used for the PBK models
Parameters

Rata

Mouseb

Humana

Body weight (kg)

0.24

0.03

70

Fat

0.070

0.070

0.214

Liver

0.034

0.055

0.026

Blood

0.074

0.067

0.079

Kidney

0.007

0.017

0.004

Rapidly perfused tissue

0.091

0.137

0.064

Slowly perfused tissue

0.724

0.654

0.613

Cardiac output

15

15.4

151

Fat

0.070

0.070

0.052

Liver

0.174

0.158

0.227

Kidney

0.141

0.114

0.175

Rapidly perfused tissue

0.093

0.516

0.195

Slowly perfused tissue

0.512

0.142

0.351

Fraction of tissue volumes

1

2

Fraction of blood flow to tissue

Partition coefficients

c

LogPow

-6.2d

pKa1

8.76e

pKa2

11e

Fat/blood partition coefficient

0.46

0.46

0.46

Liver/blood partition coefficient

4.29

4.29

4.29

Kidney/blood partition coefficient

4.70

4.70

4.70

Rapid perfused tissue/blood partition coefficient

4.29

4.29

4.29

Slowly perfused tissue/blood partition coefficient

0.95

0.95

0.95

Brown et al. (1997a)
b
Hall et al. (2012)
c
Punt et al. (2020)
d
Hort et al. (2020)
e
Camougis et al. (1967)
1
L/hr×kg×bw0.74
2
L/hr×kg×bw0.75
a
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Literature reported in vivo dose-response data in rodents
Figure 6 summarizes the available in vivo dose-response data for TTX in rodents available
in literature for evaluation of the QIVIVE predictions. It must be noted that although
the reported in vivo data are used for evaluation of the QIVIVE predictions made in the
current study using a NAM, this does not imply that the authors of the present study agree
with the ethics of these animal studies as they involve pain and discomfort to the animals.
Three data sets for rat (fig. 6a) originate from studies reporting on the pharmacological
application of TTX as a morphine-like painkiller (Kohane et al. 2000; Kohane et al. 1998;
Marcil et al. 2006). The dose response curves from these three studies reveal substantial
differences in sensitivity depending on the endpoint used to quantify the effect. The data
reported by Marcil et al. (2006) using the so-called Von Fray hair test to quantify the TTX
induced reduction in mechanical allodynia (pain) showed effects at 16-fold lower dose
levels (fig. 6a left y-axis) than the dose response curves defined based on TTX induced
thermal nociceptive blocking (blocking of the peripheral sensory neurons; nociceptors)
(fig. 6a right y-axis). The route of administration in all three studies was comparable
consisting of subcutaneous/percutaneous injection. The data set reporting mechanical
allodynia, apparently relating to the most sensitive endpoint, was selected for QIVIVEbased predictions. For mouse (fig. 6b), six data sets were identified in the available literature
of which two related to parenteral administration and four to oral administration (Abal et
al. 2017; Finch et al. 2018; Marcil et al. 2006). Here too, the data sets for the parenteral
route differ markedly, as the endpoint ‘time to death’ in minutes requires higher doses to
be affected than the more sensitive endpoint including a so-called writhing test where
the number of contractions of the abdomen was measured after exposure to acetic acid
following increasing concentrations of TTX (both shown on left y-axis of figure 6b).
The latter study was selected for further QIVIVE-based predictions. The data sets for the
oral route show a lower sensitivity to TTX compared to the parenteral route likely related
to the low oral bioavailability of TTX of 6.7% reported by Hong et al. (2018). For the
oral route, dose-response curves for the macroscopically observed neurological symptoms
apathy, numbness, seizures and mortality were available (shown on right y-axis of figure
6b), where apathy was the most sensitive endpoint and therefore selected for the QIVIVEbased predictions.
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Figure 6.
Overview of in vivo dose response data for TTX in rodents found in literature including (a) in vivo data
sets for rat after TTX injection: triangles; Von Frey (g) hair test ;(Marcil et al. 2006) (left y-axis), squares
and circles; duration of the nociceptive block (min) (Kohane et al. (1998) (right y-axis), and Kohane
et al. (2000), respectively) and (b) in vivo data sets for mouse: either upon injection: circles; writhing
test (Marcil et al. 2006), inverted triangles; time to death (min) (Finch et al. 2018) (left y-axis) or after
oral administration: diamonds; apathy (%) (Abal et al. 2017), squares; mortality (%) (Abal et al. 2017),
triangles; numbness and seizures (%) (Abal et al. 2017) (right y-axis). The red data sets present the doseresponse curves for the most sensitive endpoint that were chosen for evaluation of the QIVIVE predictions.
Data points represent mean (± SD/SEM, where available).

QIVIVE to translate in vitro neurotoxicity data for TTX into in vivo dose
response data
The in vitro concentration response curves were translated to in vivo dose response curves
using the PBK models for reverse dosimetry and QIVIVE. This resulted in the predicted
dose response curves presented in figure 7 on the left y-axis. This figure also presents, for
comparison, the reported in vivo dose response curves for the most sensitive endpoint
as taken from figure 6a on the right y-axis. The results thus obtained reveal an adequate
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match between the predicted and actual experimentally obtained dose response curves,
with the predicted ED50 values differing only 1-1.4-fold from the in vivo ED50 value
(Table 2).

5

Figure 7.
Predicted in vivo dose-response curve for TTX in rat upon injection (IM model) on the left y-axis compared
to the in vivo data reported by Marcil et al. (2006) in the Von Frey hair test (blue line and triangles) on the
right y-axis. The predictions were based on the rat MEA assay data reported by Nicolas et al. (2014) (black
circles) or Kasteel and Westerink (2017) (black squares). Data points represent mean (± SD/SEM, where
available).

For mouse, both the IM model and the oral PBK model were used to translate the
respective in vitro concentration-response data into in vivo dose-response data (fig.
8). For the parenteral route, the most sensitive endpoint was the number of visceral
contractions for which the in vivo dose-response curve was provided by Marcil et al.
(2006). Figure 8a presents a comparison of the in vivo experimental data (right y-axis) to
the predicted dose-response curves (left y-axis) for TTX in mice. This comparison reveals
that the predicted dose-response curves based on the in vitro data obtained in the neuro-2a
assay are in line with the observed in vivo dose-response data as the predicted ED50 values
varies 1.8-fold to a maximum of 3-fold from the in vivo ED50 value (Table 2). Apathy was
the most sensitive endpoint for the oral route and therefore chosen for the comparison
to the predicted dose-response curve upon oral administration of TTX (fig. 8b). Here
too, the predicted dose-response curves (left y-axis) appear to be in accordance with the
observed in vivo data (right y-axis) with the predicted ED50 values being at most up to
2.3-fold lower than the observed in vivo ED50 value (Table 3).
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Figure 8.
Predicted in vivo dose-response curves for TTX in mice upon (a) injection (IM model) and (b) oral
administration (oral model). In blue the in vivo endpoints visceral contractions (diamonds; Marcil et al.
(2006)) (fig. 8a) and apathy (inverted triangles; Abal et al. (2017)) (fig 8b) displayed on right y-axes. The
predictions were based on the mouse neuro-2a assay data reported by Hamasaki et al. (1996) (triangles);
Yamashoji and Isshiki (2001) (circles) and Yeo et al. (1996) (squares) displayed on the left y-axes. Data points
represent mean (± SD/SEM, where available).
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Table 2.
Established ED50 values for the predicted in vivo dose-response data and in vivo data for rat and mouse via
parenteral administration. The literature reported ED50 values used for comparison to the predicted ED50
values are printed in bold.
ED50
bw)

(µg/kg

Endpoint

Literature

1

MEA Spike

Kasteel and Westerink (2017)

0.7

MEA Spike

Nicolas et al. (2014)

0.7

Von Frey

Marcil et al. (2006)

10.4

Nociceptive block

Kohane et al. (1998)

2.1

Cytotoxicity inhibition

Hamasaki et al. (1996)

1.5

Cytotoxicity inhibition

Yamashoji and Isshiki (2001)

2.4

Cytotoxicity inhibition

Yeo et al. (1996)

0.84

No. visceral contractions

Marcil et al. (2006)

12

Time to death

Finch et al. (2018)

Injection
Rat
Predicted
In vivo

5

Mice
Predicted

In vivo

Table 3.
Established ED50 values for the predicted in vivo dose-response data and in vivo data for mouse via oral
administration. The literature reported ED50 values used for comparison to the predicted ED50 values are
printed in bold.
ED50
(µg/kg bw)

Endpoint

Literature

61

Cytotoxicity inhibition

Hamasaki et al. (1996)

42

Cytotoxicity inhibition

Yamashoji and Isshiki (2001)

69

Cytotoxicity inhibition

Yeo et al. (1996)

96

Apathy

560

Seizures/Numbness

223

Mortality

Oral
Mice
Predicted

In vivo

Abal et al. (2017)
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Predicting TTX neurotoxicity in human and estimating a tentative point
of departure
Upon evaluation of the rat TTX model the model code was used to define a human oral
PBK-model. For predicting TTX neurotoxicity in human by QIVIVE an in vitro data
set reported by Kasteel and Westerink (2017) was used describing TTX toxicity towards
human IPSC-derived iCell® neurons in co-culture with hIPSC-derived iCell® astrocytes
exposed to TTX in the MEA (multielectrode array assay) (fig. 9a). The dose-response
curve obtained of TTX in this MEA cell model was translated to an in vivo doseresponse curve applying PBK model based reverse- dosimetry with the human PBKmodel resulting in an in vivo dose response curve with an ED50 of 18 µg/kg bw (fig. 9b).
Further BMD analysis on this predicted in vivo dose response curve resulted in a BMD10
of 4.3 µg/kg bw, and a BMDL10 of 1.8 µg/kg bw (See supplementary materials B, Figure
S3 and S4 and Table S1 for details). Taking the BMDL10 as a point of departure for the
risk assessment of TTX and using a factor 10 for interindividual variability would result
in an Acute Reference Dose (ARfD) of 0.18 µg/kg bw. This tentative point of departure
is only 1.4-fold different from the previously established ARfD by EFSA of 0.25 µg/kg
bw based on an acute toxicity study in mice (Abal et al. 2017).

Figure 9.
In vitro concentration response curve of (a) TTX in human IPSC-derived iCell® neurons in co-culture with
hIPSC-derived iCell® astrocytes in the MEA assay (Kasteel and Westerink 2017) and (b) the predicted in
vivo dose-response curve acquired by PBK model facilitated reverse-dosimetry using a human oral model
(b). Data points represent mean ± SEM.
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5.4

Discussion

TTX is an acute neurotoxin, which upon systemic exposure affects both action potential
generation and impulse conduction by extracellular blockade of the voltage gated
sodium channels. The available acute reference dose (ARfD) of TTX (0.25 µg/kg bw), is
derived from a study on mice in which TTX was dosed orally (via gavage) (EFSA et al.
2017). Given the available data sets on acute toxicity of TTX in rodents and the many
analogues of TTX for which experimental toxicity data are lacking, it is of interest to
study whether the acute toxicity of TTX can be adequately predicted by a new approach
methodology (NAM) based on in vitro and in silico data.
PBK modelling based reverse dosimetry has proven to be a promising NAM to derive
quantitative data, which can potentially be used in risk assessment to estimate in vivo
toxicity in rodents and human (Chen et al. 2018; Li et al. 2017a; Louisse et al. 2014;
Ning et al. 2019c; Shi et al. 2020; Strikwold et al. 2017a; Zhang et al. 2018b; Zhang et
al. 2019). The present study aimed to assess the potential of using the PBK modellingbased reverse dosimetry approach as a NAM to predict the neurotoxicity of TTX in
rodents, based on in vitro toxicity data obtained in the MEA assay using primary rat
neonatal cortical cells or data obtained using the mouse neuro-2a assay.
Evaluation of the PBK model performance for TTX demonstrated its adequacy for
predicting kinetic data for different routes of administration. In line with the results
from Hong et al. (2017) who reported that less than 10% of TTX was metabolized, the
results of the present study corroborated that hepatic metabolism does not contribute
substantially to the systemic clearance of TTX (in vitro CLint: 1.6×10-7±0.01 ml/min/106
cells; in vivo CLint: 1.15×10-5 L/hr), while renal excretion plays a major role in TTX
kinetics. Furthermore, the PBK modelling data of the present study revealed that up
to 86% of TTX clearance in the kidney could be ascribed to active transport by the
proximal tubule cells. This active transport of TTX was previously also demonstrated
in the renal proximal tubule cell line LLC-PK1 (Matsumoto et al. 2017). In this in vitro
study, TTX was shown to be primarily transported by the organic cation transporters and
the organic cation/carnitine transporters. To a lesser extent organic anion transporters and
multidrug resistance-associated proteins were involved, too. The PBK model evaluation
of the present study provides insight in the efficiency of this active transport and revealed
that it contributes considerably to TTX clearance. To substantiate the values used in this
paper it would be of interest to perform in vitro transport studies with TTX for the organic
cation transporters in stably transfected cell lines such as the human embryonic kidney cell
line HEK293 and investigate to what extent such in vitro data can provide the kinetic data
defined in the present study by fitting the PBK model to available in vivo data for TTX
kinetics.
141

5

Chapter 5

The results obtained revealed that the NAM used in this study could adequately predict
the dose-response curves for the selected most sensitive endpoints reported in the
available in vivo studies. This, in spite of the fact that the spike rates used as readout in
the MEA assay (Nicolas et al. 2014) and the endpoint quantified in the MTT assay using
the mouse neuroblastoma cell line, both used to generate the in vitro concentrationresponse curves, may detect TTX neurotoxicity based on different endpoints than the
endpoints quantified in the in vivo neurotoxicity studies. This is possible because the
underlying mode of action for all in vivo endpoints relates to the TTX mediated blocking
of sodium channels. The reasons underlying the differential sensitivity of the various in
vivo endpoints may relate to as yet unidentified differences in the toxicodynamics and/
or toxicokinetics of TTX in the target tissue of interest underlying the respective adverse
effects (mechanical allodynia, thermal nociceptive blocking, visceral contractions,
apathy, seizures).
So the question arises as to what extent the endpoints quantified in the MEA assay or
the neuro-2a assay match these in vivo endpoints. Although the mechanism of action
underlying all the in vitro and in vivo endpoints studied for TTX is blocking of the
voltage-gated sodium channels, thereby interfering with the production of action
potentials, it is of interest to consider the different endpoints in some more detail. For
the rat in vivo data, the sensory neurons stimulated in the Von Frey hair test and the
thermal nociceptive blocking test are non-visceral (or somatic) sensory neurons that can
respond to (noxious) events such as mechanical, (extreme) heat/cold or chemical stimuli
(Dubin and Patapoutian 2010; Robinson and Gebhart 2008). In both experiments the
hind paw of the rats was exposed to either mechanical stimuli by Von Frey filaments
or heat stimuli by a hot plate (56°C) until paw withdrawal was observed. Apparently,
enduring the pain of heat (uncomfortable sensation) requires higher doses of TTX
than enduring the pinprick of a Von Frey filament until uncomfortable sensation, and
the type of stimuli (mechanical, heat) and/or the underlying pathway determines how
sodium channel blocking is perceived. Here, the Von Frey hair test seems to be the more
sensitive endpoint than the thermal nociceptive blocking test. The underlying neuronal/
neuromuscular processes to further explain this difference between the different in vivo
endpoints lies beyond the scope of this study (Dubin and Patapoutian 2010).
In the MEA assay primary rat neonatal cortical neurons isolated from cortices form a
network of inhibitory and excitatory cells with different subtypes and amongst them
non-visceral neurons (Masland 2004; Nicolas et al. 2014; Schnitzler et al. 1999). In the
MEA assay the neuronal cells are directly exposed to TTX and show a decrease in activity
compared to baseline with increasing concentrations of TTX. The sodium channel block
is therefore directly measurable, whereas this effect in vivo is only indirectly noticeable via
neuromuscular communication with the central nervous system. Nevertheless, the MEA
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assay provides a very sensitive endpoint, therefore the in vivo endpoint chosen for the
comparison to data predicted based on the in vitro assay should be as sensitive as possible.
A similar evaluation for in vitro endpoints and in vivo endpoints can be performed for
the mouse assays. The in vivo data on mice, generated in the writhing test, are based on
innervation of the visceral sensory neurons by exposure to acetic acid, which via the acidsensing ion channels lead to pain sensation expressed as abdomen contraction together
with twisting and turning of the trunk and arching of the back (Holzer 2011; Marcil et
al. 2006; Robinson and Gebhart 2008). These effects are decreased by increasing TTX
concentrations blocking the sodium channels and preventing signal transduction. This
endpoint appears much more sensitive than measuring the time of death that requires
higher doses of TTX (Finch et al. 2018). Comparing the endpoint of the TTX effect
in the in vivo writhing test -decrease of visceral contractions- to the TTX effect in the
in vitro neuro-2a assay-cell survival- suggests that these endpoints are not exactly the
same in spite of the similar underlying mechanism of action. However, in spite of this
apparent difference, the use of the neuro-2a assay for QIVIVE did provide adequate in
vivo predictions for the writhing test. Similarly, outcomes of the in vitro embryonic stem
cells test (EST) for developmental toxicity, detecting the inhibition of the development
of mouse embryonic ES-D3 stem cells to beating cardiomyocytes, appeared to provide a
suitable in vitro endpoint to predict a wide range of in vivo endpoints for developmental
toxicity including malformations, number of live pups and fetal body weight (Kamelia et
al. 2017; Li et al. 2017b; Strikwold et al. 2013).
With respect to neurotoxicity, previous studies already concluded that for determining
the toxicity of neurotoxins in vitro the two most promising assays are the MEA assay
(using rat primary neonatal cortical cells) and the mouse neuro-2a assay (Bodero et al.
2018; Nicolas et al. 2015; Nicolas et al. 2014). The results of the present study reveal
that these two assays are adequate to define concentration-dependent in vitro toxicity
data for TTX for QIVIVE using PBK model based-reverse dosimetry. Moreover,
using a human IPSC in vitro MEA assay showed to have potential to generate data for
establishing a tentative point of departure (BMDL10) for human TTX toxicity in line
with the previously established ARfD by EFSA. To confirm this with more proof, more
research should be conducted on the kinetics of TTX in human.
To recapitulate, in this study we have successfully built a PBK model for the marine
biotoxin TTX in rodents (rat, mouse) where renal excretion via active transport seems
to play a major role in its kinetics. The results presented provide support for the use of
this NAM for predicting the acute neurotoxicity of TTX (and its analogues). Thereby,
a cautious attempt has been made to predict TTX toxicity in human using only in
vitro and in silico data applying reverse based dosimetry enabled by PBK-modelling and
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shows to have potential.
Funding
This research was supported by BASF SE.

Declaration of conflicting interests
The authors declared no potential conflicts of interest with respect to the research, authorship,
and/or publication of this article.

144

Predicting TTX neurotoxicity by QIVIVE

Supplementary material A
Model code for PBK-model built in Berkeley Madonna for rat
;Date: November 2019
;Species: Rats
;Compound: Tetrodotoxin (TTX)
;Compiled by: Mengying Zhang and Annelies Noorlander
;Organization: Wageningen University
;=====================================================================
;Physiological parameters
;=====================================================================
;tissue volumes 		
>> reference: Brown et al.,1997 Table 21
BW = 0.240		
; body weight rat (from in vivo kinetic study, Hong et al. 2017)
VFc = 0.070		
; fraction of fat tissue		
VLc = 0.034
; fraction of liver tissue		
VKc = 0.007		
; fraction of kidney tissue		
VBc = 0.074		
; fraction of blood			
VRc = 0.091		
; fraction of rapidly perfused tissue
VSc = 0.724		
; fraction of slowly perfused tissue
VF = VFc*BW		
VL = VLc*BW		
VK = VKc*BW		
VB = VBc*BW
VR = VRc*BW
VS = VSc*BW		

;(L or Kg)		
;(L or Kg)		
;(L or Kg)		
;(L or Kg)		
;(L or Kg)		
;(L or Kg)		

5

; volume of fat tissue (calculated)
; volume of liver tissue (calculated)
; volume of kidney tissue (calculated)
; volume of blood (calculated)
; volume of richly perfused tissue (calculated)
; volume of slowly perfused tissue (calculated)

;-------------------------------------------------------------------------------------------------------------------;blood flow rates
>> reference: Brown et al.,1997 Table 25
QC = 15*BW^0.74 ;cardiac output
(L/hr)		
;reference: Brown et al., 1997 p. 453
QFc = 0.070		
; fraction of blood flow to fat			
QLc = 0.174		
; fraction of blood flow to liver			
QKc = 0.141		
; fraction of blood flow to kidney			
QRc = 0.093		
; fraction of blood flow to rapidly perfused tissue
QSc = 0.522		
; fraction of blood flow to slowly perfused tissue
				
QF = QFc*QC		
;(L/hr) ; blood flow to fat tissue (calculated)
QL = QLc*QC		
;(L/hr) ; blood flow to liver tissue (calculated)
QK = QKc*QC		
;(L/hr) ; blood flow to kidney tissue (calculated)
QR = QRc*QC 		
;(L/hr) ; blood flow to rapidly perfused tissue (calculated)
QS = QSc*QC 		
;(L/hr) ; blood flow to slowly perfused tissue (calculated)
;=====================================================================
;Partition Coefficients
;=====================================================================
; Partition coefficients are derived from Rodgers and Rowland using the QIVIVE tool from A. Punt www.
qivivetools.wur.nl
PF = 0.46		

;fat/blood partition coefficient
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PL = 4.29		
PK = 4.70		
PR = 4.29		
PS = 0.95		

;liver/blood partition coefficient
;kidney/blood partition coefficient
;rapidly perfused tissue/blood partition coefficient
;slowly perfused tissue/blood partition coefficient

;=====================================================================
;Kinetic parameters
;=====================================================================
kb = 50				
; (/hr) rate from muscle to blood
ka = 0.18				
; (/hr) uptake rate from stomach
kn = 1000000			
; (/hr) rate needle to blood
;-------------------------------------------------------------------------------------------------------------------;Metabolism liver
;metabolism of TTX, scaled maximum rate of metabolism
CLint = CellDL*VL*(CLintHep*60*1E-3)

;(L/hr)			

;Hepatic clearance

CLintHep = 0.00000016			

;(ml/min/million cells)

;Hepatic
clearance
derived
from
hepatocytes

CellDL = 135*1000				

;(million cells/kg liver)

;Hepatocyte number in rat = 1.35 *10E8 cells/g liver = 135 million cells/g liver = 135*1000 million cells/
kg liver
;reference: (Houston et al., 1994)
;-------------------------------------------------------------------------------------------------------------------;Excretion from kidney
;Active uptake of TTX is based on the OCT2 transporter
VmaxTTXc = 180		
;{pmol/min/mg protein}
VmaxTTX = (VmaxTTXc/1000000)*60*SF*VK*1000
;{umol/hr}
;300 mg prot./g kidney (Kumar et al. 2018)
;only 70% of whole kidney is cortex --> in cortex tubule cells thus OCT-2s are present (Kumar et al. 2018)
; 300 * 0.7 = 210 mg prot./g kidney
Km = 2 		
SF = 210			

; {uM} transport constant of TTX
; mg/g protein

;=====================================================================
;Run settings
;=====================================================================
;Molecular weight
MW = 319.27					
; Molecular weight TTX (PubChem)
			
;Intramuscular dose is 6 ug/kg bw = 0.006 mg/kg bw (Hong et al., 2017)
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IMDOSEmg = 0.006			

; (mg/kg bw)

; IMDOSEmg = given IM dose in

mg/kg bw
IMDOSEumol2 = IMDOSEmg*1E-3/MW*1E6 ;(umol/ kg bw)
;IMDOSEumol2 = given intramuscular dose recalculated to umol/kg bw
IMDOSEumol = IMDOSEumol2*BW		
;IMDOSEumol = umol given IM
;Oral dose is 100 ug/kg bw = 0.1 mg/kg bw (Hong et al., 2018)
;Bioavailability via oral route = 6.7%
ODOSEmg = 0.1*0.067			

; (mg/kg bw)

ODOSEumol2 = ODOSEmg*1E-3/MW*1E6

;(umol/ kg bw)

;ODOSEumol2 = given oral dose recalculated to umol/kg bw
ODOSEumol=ODOSEumol2*BW				

; ODOSEmg = given oral dose in
mg/kg bw

; ODOSEumol = umol given oral

;Intravenous dose is 6 ug/kg bw = 0.006 mg/kg bw (Hong et al., 2018)
IVDOSEmg = 0.006			
mg/kg bw

; (mg/kg bw)

IVDOSEumol2 = IVDOSEmg*1E-3/MW*1E6

;(umol/ kg bw)

;IVDOSEumol2 = given intravenous dose recalculated to umol/kg bw
IVDOSEumol = IVDOSEumol2*BW				

; IVDOSEmg = given IV dose in

;IVDOSEumol = umol given IV

;time
Starttime = 0			
Stoptime = 48			

; in hr
; in hr

DTMIN = 1e-6			
DTMAX = 0.0015			

; minimum integration time (DT)
; maximum integration time (DT)

;=====================================================================
;Model calculations
;=====================================================================
; model of TTX
;-------------------------------------------------------------------------------------------------------------------;ANe = amount in needle, umol
ANe‘ = -kn*ANe				;(umol/hr)
Init ANe = IVDOSEumol
;--------------------------------------------------------------------------------------------------------------------
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;stomach compartment
;Ast = amount in stomach, umol
Ast’ = -ka*Ast				
Init ASt = ODOSEumol

;(umol/hr)

;-------------------------------------------------------------------------------------------------------------------;liver compartment
;AL = Amount TTX in liver tissue, umol
AL’ = ka*ASt + QL*(CB - CVL) - AMint’
Init AL = 0
CL = AL/VL
CVL = CL/PL
;AMint = amount TTX metabolized
AMint’ = CLint*CVL 			
init AMint = 0

;(umol/hr)

;(umol/hr)

;-------------------------------------------------------------------------------------------------------------------; kidney compartment
; AK = Amount of TTX in kidney tissue, umol
AK’ = QK*(CB-CVK) -GF’-AKe’		
Init AK = 0
CK = AK/VK
CVK = CK/PK

;(umol/hr)

;GFR = glomerular filtration rate {L/hr} ; Walton, et al 2004
;GFR rat = 5.2 				
; mL/min/kg bw
GFR = 0.0052*BW*60		
;L/hr
;GF = glomerular filtration of TTX (umol/hr)
GF’ = GFR*(CVK*Fub)
Init GF = 0
;Fub = fraction unbound of TTX
Fub = 1
;AKe = amount TTX actively excreted from the kidney (umol)
;AKe’ = amount TTX actively excreted from the kidney in time (umol/hr)
AKe’ = VmaxTTX*(CVK*Fub)/(Km + (CVK*Fub))
Init AKe = 0
;-------------------------------------------------------------------------------------------------------------------;fat compartment
;AF = Amount TTX in fat tissue (umol)
AF’ = QF*(CB-CVF) 		
;(umol/hr)
Init AF = 0
148

Predicting TTX neurotoxicity by QIVIVE

CF = AF/VF
CVF = CF/PF
;-------------------------------------------------------------------------------------------------------------------;Intramuscular (IM) injection site compartment
;AInj = Amount TTX in IM injection site compartment (umol)
AInj’ = -kb *AInj			
;(umol/hr)
Init AInj = IMDOSEumol
;-------------------------------------------------------------------------------------------------------------------;tissue compartment richly perfused tissue
;AR = Amount TTX in rapidly perfused tissue (umol)
AR’ = QR*(CB-CVR) 		
;(umol/hr)
Init AR = 0
CR = AR/VR
CVR = CR/PR
;-------------------------------------------------------------------------------------------------------------------;tissue compartment slowly perfused tissue
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;AS = Amount TTX in slowly perfused tissue (umol)
AS’ = QS*(CB-CVS) 				
;(umol/hr)
Init AS = 0
CS = AS/VS
CVS = CS/PS
;-------------------------------------------------------------------------------------------------------------------; blood compartment
;AB = Amount TTX in blood (umol)
AB’ = (QF*CVF + QL*CVL + QK*CVK + QS*CVS + QR*CVR + kb*AInj + kn*ANe - QC*CB)
;(umol/hr)
Init AB = 0
CB = AB/VB
;=====================================================================
;Mass balance calculations
;=====================================================================
Total = IMDOSEumol + ODOSEumol + IVDOSEumol
Calculated = ANe + ASt + AL + AMint + AF + AK + AKe + GF + AInj + AS + AR + AB
ERROR=((Total-Calculated)/Total+1E-30)*100
MASSBBAL=Total-Calculated + 1
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Model code for PBK-model built in Berkeley Madonna for mouse
;Date: March 2021
;Species: Mouse
;Compound: Tetrodotoxin (TTX)
;Compiled by: Mengying Zhang and Annelies Noorlander
;Organization: Wageningen University
;=======================================
;Physiological parameters
;=====================================================================
;tissue volumes 		
>> reference: Hall et al., 2012 Table 2
BW = 0.03		
; body weight mouse (kg)
VFc = 0.07		
; fraction of fat tissue			
VLc = 0.055
; fraction of liver tissue			
VKc = 0.017		
; fraction of kidney tissue		
VBc = 0.067		
; fraction of blood			
VRc = 0.137		
; fraction of rapidly perfused tissue
VSc = 0.654		
; fraction of slowly perfused tissue
VF = VFc*BW		
VL = VLc*BW		
VK = VKc*BW		
VB = VBc*BW
VR = VRc*BW
VS = VSc*BW		

;(L or Kg)		
;(L or Kg)		
;(L or Kg)		
;(L or Kg)		
;(L or Kg)		
;(L or Kg)		

; volume of fat tissue (calculated)
; volume of liver tissue (calculated)
; volume of kidney tissue (calculated)
; volume of blood (calculated)
; volume of richly perfused tissue (calculated)
; volume of slowly perfused tissue (calculated)

;-------------------------------------------------------------------------------------------------------------------;blood flow rates 		
>> reference: Hall et al., 2012 Table 4
;Cardiag output (QC) is based on the formula for mice found in Brown et al., 1997: 0.257*BW^0.75 {L/
min}
QC = 15.4*BW^0.75		
QFc = 0.070			
QLc = 0.158			
QKc = 0.114			
QRc = 0.516			
QSc = 0.142			
				
QF = QFc*QC			
QL = QLc*QC			
QK = QKc*QC			
QR = QRc*QC 			
QS = QSc*QC 			

;(L/hr) ; cardiac output				
; fraction of blood flow to fat			
; fraction of blood flow to liver			
; fraction of blood flow to kidney			
; fraction of blood flow to rapidly perfused tissue
; fraction of blood flow to slowly perfused tissue
;(L/hr)
;(L/hr)
;(L/hr)
;(L/hr)
;(L/hr)

; blood flow to fat tissue (calculated)
; blood flow to liver tissue (calculated)
; blood flow to kidney tissue (calculated)
; blood flow to rapidly perfused tissue (calculated)
; blood flow to slowly perfused tissue (calculated)

;=====================================================================
;Partition Coefficients
;=====================================================================
; Partition coefficients are derived from Rodgers and Rowland using the QIVIVE tool from A. Punt www.
qivivetools.wur.nl
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PF = 0.46		
PL = 4.29		
PK = 4.70		
PR = 4.29		
PS = 0.95		

;fat/blood partition coefficient
;liver/blood partition coefficient
;kidney/blood partition coefficient
;rapidly perfused tissue/blood partition coefficient
;slowly perfused tissue/blood partition coefficient

;=====================================================================
;Kinetic parameters
;=====================================================================
kb = 50			
; (/hr) intramuscular uptake rate constant
ka = 0.18 		
; (/hr) uptake rate from stomach
kn = 1000000		
; (/hr) uptake rate from needle

5

;-------------------------------------------------------------------------------------------------------------------;Metabolism liver
;metabolism of TTX, scaled maximum rate of metabolism
CLint = CellDL*VL*(CLintHep*60*1E-6)

;(L/hr)

;Hepatic clearance

CLintHep = 0.00016			

;(ul/min/million cells)

CellDL = 135*1000				

;(million cells/kg liver)

;Hepatic
clearance
derived
from
hepatocytes

;Hepatocyte number in rat = 1.35 *10E8 cells/g liver = 135 million cells/g liver = 135*1000 million cells/
kg liver
;reference: (Sohlenius-Sternbeck., 2006)
;-------------------------------------------------------------------------------------------------------------------;Excretion from kidney
;Active uptake of TTX is based on the OCT2 transporter
VmaxTTXc = 180		
;{pmol/min/mg protein}
VmaxTTX = (VmaxTTXc/1000000)*60*SF*VK*1000
;{umol/hr}
;300 mg prot./g kidney (Kumar et al. 2018)
;only 70% of whole kidney is cortex --> in cortex tubule cells thus OCT-2s are present (Kumar et al. 2018)
; 300 * 0.7 = 210 mg prot./g kidney
Km = 2 			
SF = 210			

; {uM} transport constant of TTX
; mg/g protein

;=====================================================================
;Run settings
;=====================================================================
;Molecular weight
MW = 319.27			
; Molecular weight TTX (PubChem)
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;Intramuscular dose is 6 ug/kg bw = 0.006 mg/kg bw (Hong et al., 2017)
IMDOSEmg = 0.006			
mg/kg bw

; (mg/kg bw)

; IMDOSEmg = given IM dose in

IMDOSEumol2 = IMDOSEmg*1E-3/MW*1E6 ;(umol/ kg bw)
;IMDOSEumol2 = given intramuscular dose recalculated to umol/kg bw
IMDOSEumol = IMDOSEumol2*BW		
;IMDOSEumol = umol given IM
;Oral dose is 100 ug/kg bw = 0.1 mg/kg bw (Hong et al., 2018)
;Bioavailability via oral route = 6.7%
ODOSEmg = 0.1*0.067			
mg/kg bw

; (mg/kg bw)

ODOSEumol2 = ODOSEmg*1E-3/MW*1E6

;(umol/ kg bw)

; ODOSEmg = given oral dose in

;ODOSEumol2 = given oral dose recalculated to umol/kg bw
ODOSEumol=ODOSEumol2*BW		
; ODOSEumol = umol given oral
;Intravenous dose is 6 ug/kg bw = 0.006 mg/kg bw (Hong et al., 2018)
IVDOSEmg = 0.006			
mg/kg bw

; (mg/kg bw)

; IVDOSEmg = given IV dose in

IVDOSEumol2 = IVDOSEmg*1E-3/MW*1E6 ;(umol/ kg bw)
;IVDOSEumol2 = given intravenous dose recalculated to umol/kg bw
IVDOSEumol = IVDOSEumol2*BW		
;IVDOSEumol = umol given IV

;=====================================================================
;Model calculations
;=====================================================================
; model of TTX
;-------------------------------------------------------------------------------------------------------------------;ANe = amount in needle, umol
ANe’ = -kn*ANe		
Init ANe = IVDOSEumol

;(umol/hr)

;-------------------------------------------------------------------------------------------------------------------;stomach compartment
;Ast = amount in stomach, umol
Ast’ = -ka*Ast		
Init ASt = ODOSEumol
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;------------------------------------------------------------------------------------------------------------------;liver compartment
;AL = Amount TTX in liver tissue, umol
AL’ = ka*ASt + QL*(CB - CVL)-AMint’ ;(umol/hr)
Init AL = 0
CL = AL/VL
CVL = CL/PL
;AMint = amount TTX metabolized
AMint’ = CLint*CVL 		
init AMint = 0

;(umol/hr)

;-------------------------------------------------------------------------------------------------------------------; kidney compartment
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; AK = Amount of TTX in kidney tissue, umol
AK’ = QK*(CB-CVK)-GF’-AKe’
Init AK = 0
CK = AK/VK
CVK = CK/PK

;(umol/hr)

;GFR = glomerular filtration of TTX rate (L/hr)		
;GFR in mouse is 14 mL/min/kg BW
GFR = 0.014*BW*60

; reference (Walton et al. 2004)

;{L/hr}

;GF = glomerular filtration of TTX (umol/hr)
GF’= GFR*(CVK*fub)
Init GF = 0
; fub = fraction unbound of TTX				
Fub = 1

; obtained from QSAR/RED exp

;AKe = amount TTX actively excreted from the kidney (umol)
;AKe’ = amount TTX actively excreted from the kidney in time (umol/hr)
AKe’ = VmaxTTX*(CVK*Fub)/(Km + (CVK*Fub))
Init AKe = 0
;-------------------------------------------------------------------------------------------------------------------;fat compartment
;AF = Amount TTX in fat tissue (umol)
AF’ = QF*(CB-CVF)
;(umol/hr)
Init AF = 0
CF = AF/VF
CVF = CF/PF
;-------------------------------------------------------------------------------------------------------------------;Intramuscular (IM) injection site compartment
;AInj = Amount TTX in IM injection site compartment (umol)
AInj’ = -kb *AInj			
;(umol/hr)
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Init AInj = IMDOSEumol
;-------------------------------------------------------------------------------------------------------------------;tissue compartment richly perfused tissue
;AR = Amount TTX in rapidly perfused tissue (umol)
AR’ = QR*(CB-CVR) 		
;(umol/hr)
Init AR = 0
CR = AR/VR
CVR = CR/PR
;-------------------------------------------------------------------------------------------------------------------;tissue compartment slowly perfused tissue
;AS = Amount TTX in slowly perfused tissue (umol)
AS’ = QS*(CB-CVS) 		
;(umol/hr)
Init AS = 0
CS = AS/VS
CVS = CS/PS
;-------------------------------------------------------------------------------------------------------------------; blood compartment
;AB = Amount TTX in blood (umol)
AB’ = (QF*CVF + QL*CVL + QK*CVK + QS*CVS + QR*CVR + kb*AInj +kn*ANe - QC*CB)
;(umol/hr)
Init AB = 0
CB = AB/VB
AUC‘ = CB 		
;umol*hr/L
Init AUC = 0
;=====================================================================
;Mass balance calculations
;=====================================================================
Total = IMDOSEumol + ODOSEumol + IVDOSEumol
Calculated = ANe + ASt + AL + AMint + AF + AK + AKe + GF + AInj + AS + AR + AB
ERROR=((Total-Calculated)/Total+1E-30)*100
MASSBBAL=Total-Calculated + 1
Model code for PBK-model built in Berkeley Madonna for human
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Model code for PBK-model built in Berkeley Madonna for human
;Date: December 2021
;Species: Human
;Compound: Tetrodotoxin (TTX)
;Compiled by: Annelies Noorlander
;Organization: Wageningen University
;=======================================
;Physiological parameters
;=====================================================================
;tissue volumes		
>> reference: Brown et al., 1997 (Table 21)
BW = 70			
VFc = 0.214		
VLc = 0.026
VKc = 0.004		
VBc = 0.079		
VRc = 0.064		
VSc = 0.613		

; body weight human (kg)
; fraction of fat tissue		
; fraction of liver tissue		
; fraction of kidney tissue		
; fraction of blood			
; fraction of rapidly perfused tissue
; fraction of slowly perfused tissue

VF = VFc*BW		
VL = VLc*BW		
VK = VKc*BW		
VB = VBc*BW
VR = VRc*BW

;(L or Kg)			
;(L or Kg)			
;(L or Kg)			
;(L or Kg)			
;(L or Kg)			

VS = VSc*BW		

;(L or Kg)			
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; volume of fat tissue (calculated)
; volume of liver tissue (calculated)
; volume of kidney tissue (calculated)
; volume of blood (calculated)
; volume of
richly perfused tissue
(calculated)
;
volume of
slowly perfused tissue
(calculated)

;-------------------------------------------------------------------------------------------------------------------;blood flow rates
>> reference: Brown et al.,1997 Table 27
;Cardiac output (QC) for human is found in Brown et al., 1997 page 453
QC = 15*BW^0.74 ;(L/hr) ; cardiac output				
QFc = 0.052		
; fraction of blood flow to fat			
QLc = 0.227		
; fraction of blood flow to liver			
QKc = 0.175		
; fraction of blood flow to kidney			
QRc = 0.195		
; fraction of blood flow to rapidly perfused tissue
QSc = 0.351		
; fraction of blood flow to slowly perfused tissue
				
QF = QFc*QC			
;(L/hr) ; blood flow to fat tissue (calculated)
QL = QLc*QC			
;(L/hr) ; blood flow to liver tissue (calculated)
QK = QKc*QC			
;(L/hr) ; blood flow to kidney tissue (calculated)
QR = QRc*QC 			
;(L/hr) ; blood flow to rapidly perfused tissue (calculated)
QS = QSc*QC 			
;(L/hr) ; blood flow to slowly perfused tissue (calculated)
;-------------------------------------------------------------------------------------------------------------------;=====================================================================
;Partition Coefficients
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;=====================================================================
; Partition coefficients are derived from Rodgers and Rowland using the QIVIVE tool from A. Punt www.
qivivetools.wur.nl
PF = 0.46		
PL = 4.29		
PK = 4.70		
PR = 4.29		
PS = 0.95		

;fat/blood partition coefficient
;liver/blood partition coefficient
;kidney/blood partition coefficient
;rapidly perfused tissue/blood partition coefficient
;slowly perfused tissue/blood partition coefficient

;=====================================================================
;Kinetic parameters
;=====================================================================
ka = 0.18 		
; (/hr) uptake rate from stomach
;-------------------------------------------------------------------------------------------------------------------;Metabolism liver
;metabolism of TTX, scaled maximum rate of metabolism
CLint = CellDL*VL*(CLintHep*60*1E-6)

;(L/hr)

;Hepatic clearance

CLintHep = 0.00016			

;(ul/min/million cells)

CellDL = 139*1000				

;(million cells/kg liver)

;Hepatic
clearance
derived
from
hepatocytes

;Hepatocyte number in human = 1.39 *10E8 cells/g liver = 139 million cells/g liver = 139*1000 million
cells/ kg liver
;reference: (Sohlenius-Sternbeck., 2006)
;-------------------------------------------------------------------------------------------------------------------;Excretion from kidney
;Active uptake of TTX is based on the OCT2 transporter
VmaxTTXc = 180		
;{pmol/min/mg protein}
VmaxTTX = (VmaxTTXc/1000000)*60*SF*VK*1000
;{umol/hr}
;300 mg prot./g kidney (Kumar et al. 2018)
;only 70% of whole kidney is cortex --> in cortex tubule cells thus OCT-2s are present (Kumar et al. 2018)
; 300 * 0.7 = 210 mg prot./g kidney
Km = 2 		
SF = 210		

; {uM} transport constant of TTX
; mg/g protein

;=====================================================================
;Run settings
;=====================================================================
;Molecular weight
MW = 319.27			
; Molecular weight TTX (PubChem)
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;Oral dose is 100 ug/kg bw = 0.1 mg/kg bw (Hong et al. 2018)
;Bioavailability via oral route = 6.7%
ODOSEmg = 0.1*0.067		

; (mg/kg bw)

ODOSEumol2 = ODOSEmg*1E-3/MW*1E6

; ODOSEmg = given oral dose in mg/kg bw

;(umol/ kg bw)

;ODOSEumol2 = given oral dose recalculated to umol/kg bw
ODOSEumol=ODOSEumol2*BW		
; ODOSEumol = umol given oral
;=====================================================================
;Model calculations
;=====================================================================
; model of TTX
;-------------------------------------------------------------------------------------------------------------------;stomach compartment
;Ast = amount in stomach, umol
Ast’ = -ka*Ast		
Init ASt = ODOSEumol
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;(umol/hr)

;------------------------------------------------------------------------------------------------------------------;liver compartment
;AL = Amount TTX in liver tissue, umol
AL’ = ka*ASt + QL*(CB - CVL)-AMint’ ;(umol/hr)
Init AL = 0
CL = AL/VL
CVL = CL/PL
;AMint = amount TTX metabolized
AMint’ = CLint*CVL 		
init AMint = 0

;(umol/hr)

;-------------------------------------------------------------------------------------------------------------------; kidney compartment
; AK = Amount of TTX in kidney tissue, umol
AK’ = QK*(CB-CVK)-GF’-AKe’
Init AK = 0
CK = AK/VK
CVK = CK/PK

;(umol/hr)

;GFR = glomerular filtration of TTX rate (L/hr)		
;GFR in human is 1.8 mL/min/kg BW
GFR = 0.0018*BW*60

; reference (Walton et al. 2004)

;{L/hr}

; GF = glomerular filtration of TTX (umol/hr)
GF’= GFR*(CVK*fub)
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Init GF = 0
; fub = fraction unbound of TTX			
Fub = 1

; obtained from QSAR/RED exp

;AKe = amount TTX actively excreted from the kidney (umol)
;AKe’ = amount TTX actively excreted from the kidney in time (umol/hr)
AKe’ = VmaxTTX*(CVK*Fub)/(Km + (CVK*Fub))
Init AKe = 0
;-------------------------------------------------------------------------------------------------------------------;fat compartment
;AF = Amount TTX in fat tissue (umol)
AF’ = QF*(CB-CVF) 		
;(umol/hr)
Init AF = 0
CF = AF/VF
CVF = CF/PF
;-------------------------------------------------------------------------------------------------------------------;tissue compartment richly perfused tissue
;AR = Amount TTX in rapidly perfused tissue (umol)
AR’ = QR*(CB-CVR) 		
;(umol/hr)
Init AR = 0
CR = AR/VR
CVR = CR/PR
;-------------------------------------------------------------------------------------------------------------------;tissue compartment slowly perfused tissue
;AS = Amount TTX in slowly perfused tissue (umol)
AS’ = QS*(CB-CVS) 		
;(umol/hr)
Init AS = 0
CS = AS/VS
CVS = CS/PS
;-------------------------------------------------------------------------------------------------------------------; blood compartment
;AB = Amount TTX in blood (umol)
AB’ = (QF*CVF + QL*CVL + QK*CVK + QS*CVS + QR*CVR +kn*ANe - QC*CB) ;(umol/hr)
Init AB = 0
CB = AB/VB
AUC‘ = CB 			
;umol*hr/L
Init AUC = 0
;=====================================================================
;Mass balance calculations
;=====================================================================
Total = IMDOSEumol + ODOSEumol + IVDOSEumol
Calculated = ANe + ASt + AL + AMint + AF + AK + AKe + GF + AS + AR + AB
ERROR=((Total-Calculated)/Total+1E-30)*100
MASSBBAL=Total-Calculated + 1
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Supplementary material B

Figure S1.
Normalized sensitivity coefficients of PBK model parameters in rats for the predicted Cmax of TTX in
blood after (a) oral administration of 6 µg/kg bw and (b) intramuscular administration of 6 µg/kg bw.
Model parameters with normalized sensitivity coefficients with an absolute value higher than 0.1 are shown.
VKc = volume of the kidneys, QKc = fraction of blood flow to the kidneys, QSc = fraction of blood flow
to the slowly perfused tissues, PS = partition coefficient of slowly perfused tissue, Vmax = maximum rate
of TTX transport via OCT2, Km = Michaelis-Menten constant of TTX transport via OCT2, SF = scaling
factor, ka = absorption rate constant, VBc = volume of the blood, kb = rate of uptake after intramuscular
injection

160

Predicting TTX neurotoxicity by QIVIVE

5

Figure S2.
Predicted concentration time curves of TTX in whole blood of rat (striped lines) dosed TTX via (a) oral
(diamonds), (b) IM (squares) and (c) IV (circles) administration based on passive glomerular filtration.
The literature data reported as plasma concentrations were adjusted to blood concentrations assuming a
blood:plasma ratio of 0.42 (Hong et al. 2017). Dosage used: oral 100 µg/kg bw with 6.7% bioavailability,
IM and IV 6 µg/kg bw with 100% bioavailability. Data points represent mean (± SD/SEM, where available).
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Fitted models
Table S1.
Results BMD modelling of predicted human dose-response data, applying model averaging
Model

converged

loglik

npar

AIC

full model

yes

16.75

5

-23.5

null model

yes

-5.21

2

14.42

Expon. m3-

yes

15.43

4

-22.86

Expon. m5-

yes

16.74

5

-23.48

Hill m3-

yes

15.44

4

-22.88

Hill m5-

yes

16.72

5

-23.44

Inv.Expon. m3-

yes

16.03

4

-24.06

Inv.Expon. m5-

yes

16.49

5

-22.98

LN m3-

yes

15.77

4

-23.54

LN m5-

yes

16.53

5

-23.06

EXP

HILL

INVEXP

LOGN

0.23

0.23

0.31

0.24

Endpoint

Subgroup

BMDL

BMDU

Response

all

0.00178

0.0062

Weights for model averaging

Final BMD values
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Figure S3.
Bootstrap curves based on model averaging for the predicted human TTX dose-response data.
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a

b

c

d

Figure S4.
BMD modelling results of individual models for the predicted human TTX dose-response data. a)
Exponential model 5, b) Hill model 5, c) Inverted exponential model 3, d) Log normal model 3
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6.1

Overview of the main findings

Developing new approach methodologies (NAMs) is inextricably linked to many
challenges. One that is receiving less attention, but equally important is the translation
of in vitro concentrations to in vivo internal concentrations and/or external dose levels
and the prediction of human relevant kinetics and toxicity. The use of physiologically
based kinetic (PBK) models is an essential tool to achieve these goals and explore the
potentials of predicting human toxicity and safety via non-animal based methodologies.
Several proofs of principle of using PBK models as a tool to predict different types of
toxicity for both experimental animals and human have been delivered in the last decade
(Abdullah et al. 2016; Louisse et al. 2014; Ning et al. 2019b; Shi et al. 2020; Strikwold
et al. 2017b; Wang et al. 2021). The PBK models were including mostly (in vitro)
kinetic input parameter values for only the absorption, distribution and metabolism of
the studied compounds in order to predict the time-dependent blood concentration.
The fourth component to kinetics -excretion- has not yet been explored extensively in
PBK modelling. Especially for compounds for which their kinetics is depending on
active transport in the kidneys or liver, resulting in excretion through urine and bile,
excretion this aspect needs to be considered in the PBK model. The limited use of PBK
modelling for compounds that require modelling of active excretion is likely due to
many challenges, for example the type of in vitro assays to be used to define excretion
parameters and the scaling factors needed to translate in vitro obtained kinetic data to
the in vivo situation.
This thesis provides proofs of principle on tackling the challenges regarding incorporation
of active excretion into PBK modelling. It does so by incorporating in vitro active
transporter data for either urinary or biliary excretion in the respective PBK models.
Scaling factors for converting the kinetic data from the in vitro model to the in vivo
situation were obtained by fitting predictions made to literature available in vivo data
and evaluated by estimations based on assumptions about the differences between the
respective in vitro cell system and the organ of interest. The developed PBK models were
in accordance with the corresponding in vivo kinetic data, and their application for
quantitative in vitro in vivo extrapolation (QIVIVE) resulted in adequate predictions of
the acute toxicity of the selected model compounds for both rodents and human.
Chapter 2 provided a PBK model for the prediction of rat biliary excretion of
intravenously administered estradiol-17β glucuronide (E217βG). For this study, freshly
isolated primary hepatocytes were the in vitro model used to define the parameters
needed for incorporating the transport of E217βG via the organic anion transporting
polypeptides (Oatps) into the PBK model. A major challenge was the definition of
the scaling factor for the in vitro to in vivo conversion of the PBK model parameter
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for this transport, Vmax. The in vitro values for the Vmax and Km for transport of
E217βG were found in the literature in four different studies based on three experiments
with primary hepatocytes in suspension and one experiment with plated primary
hepatocytes. For each in vitro data set for the Vmax and Km of the transporter, the PBK
model predictions were fitted to three in vivo data sets on the time-dependent blood
concentration of E217βG and three in vivo data sets on the cumulative biliary excretion
of E217βG by optimising the scaling factor. This resulted in 24 individual predictions
and fitted scaling factors. Averaging the 24 fitted scaling factors resulted in a scaling
factor of 129 mg protein/g liver. This factor appeared to match well within the scaling
factor that can be derived theoretically by using the hepatocellularity number, the
protein concentration in a hepatocyte suspension and the weight of the liver amounting
to 115 to 132 mg protein/g liver. With this scaling factor the PBK model predicted the
in vivo data for blood and cumulative biliary E217βG levels with on average of less than
1.8-fold deviation. The study provided a proof of principle on how biliary excretion can
be included in a PBK model using primary hepatocytes to define the kinetic parameters
that describe the biliary excretion.
In Chapter 3 active renal excretion via the organic cation transporter 2 (OCT2) was
incorporated in a rat PBK model using the in vitro human renal proximal tubular
epithelial cell line (RPTEC) SA7K and mepiquat (MQ) chloride as the model compound.
The SA7K cell line is a physiologically relevant cell line with maintained expression of
functionally active transporters. The Vmax and Km of OCT2 transport of MQ were
determined by quantifying the time-dependent and concentration-dependent uptake
of MQ in SA7K cells using doxepin as OCT2 inhibitor and amounted to 10.5 pmol/
min/mg protein and 20.6 µM, respectively. PBK model predictions incorporated these
values in the PBK model with scaling of the in vitro Vmax to an in vivo Vmax using a
scaling factor consisting of 3 components: 1) the scaling for the amount of protein per
gram kidney (300 mg protein/g kidney), 2) the scaling for the location of the OCT2
transporter in the kidney, which is the kidney cortex making up 70% of the kidney, and
3) a factor to correct for potential differences in OCT2 activity in the SA7K cells and
the in vivo kidney cortex and for species differences (human cell line, rat PBK model).
Application of the first two components of the scaling factor, referred to as partial scaling,
led to PBK model predictions that deviated 6.7–8.4-fold from the reported in vivo data
on the blood concentration of MQ in rat. The inclusion of the third component of the
scaling factor resulted in an overall scaling that provided adequate predictions for the
in vivo blood concentrations of MQ in rat (2.3–3.2-fold difference). As compared to
the previous chapter (Chapter 2), defining a scaling factor for active renal excretion
appeared to come with more complexity than what was required for biliary excretion
by liver hepatocytes scaled to whole liver. The results, however, indicate that the use of
SA7K cells to define PBK model parameters for active renal OCT2 mediated excretion
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combined with adequate scaling, enables incorporation of renal excretion via the OCT2
transporter in PBK modelling to correctly predict in vivo kinetics of MQ in rat.
In further studies on renal excretion, Chapter 4 describes a PBK model for paraquat
(PQ) dichloride, another OCT2 substrate. The first goal of this study was to obtain
the kinetic parameters Vmax and Km for in vitro OCT2 transport of PQ using the
SA7K cells as was shown adequate for defining OCT2 mediated transporter kinetics for
MQ (Chapter 3). However, it appeared that for PQ the transport into the SA7K cells
was hampered by rapid establishment of an equilibrium between uptake and excretion
resulting in a steady state that hampers kinetic experiments on uptake alone. Thus,
the values for transport were taken from the literature where they were determined in
the human embryonic kidney cell line (HEK293) overexpressing OCT2. Appropriate
scaling factors were applied to translate the in vitro Vmax to an in vivo Vmax in a way
comparable to what was done in Chapter 3. The model thus obtained resulted in an
adequate prediction of PQ kinetics. As a second goal, the developed PBK model was
applied for PBK modelling based reverse dosimetry for QIVIVE converting in vitro
concentration response curves for PQ toxicity to predicted dose response curves for acute
in vivo toxicity of PQ in both rats and human. The target organ for PQ toxicity is the
lung, and thus the in vitro toxicity data used were from cytotoxicity studies performed
in alveolar cell lines. For rat, cytotoxicity data were defined in the RLE-6TN and L2
cell lines. For humans, cytotoxicity data were obtained from the A549 cell line. With
the developed PBK model the in vitro cytotoxicity concentration-response curves were
translated to predicted in vivo toxicity dose-response curves whereafter Benchmark dose
(BMD) analysis was applied to derive the BMDL50-BMDU50 ranges from the predicted
dose response curves, which were compared to the in vivo reported mean lethal dose
(LD50) values for rat and human. It became clear from the reported LD50 values that
humans are more sensitive to PQ toxicity than rats. The translated in vitro toxicity data
range from the rat cell lines was underpredicting the in vivo LD50 range by 6.9 – 12.4
-fold difference, with the highest translated BMDU50 being the closest to the lowest
reported LD50 by 1.5-fold. Whereas for human QIVIVE of the A594 cell line data,
adequately predicted the acute toxicity by 1.3 – 1.7-fold. In this study, using PQ as the
model compound, a proof of principle was provided showing how to include in vitro
obtained active excretion in PBK modelling and how to apply the PBK model obtained
for QIVIVE to predict acute in vivo toxicity.
In the last chapter, Chapter 5, another proof of principle for PBK model based QIVIVE
for a compound with a role for active transport in its kinetics was provided. The method
was applied to predict the in vivo neurotoxicity of tetrodotoxin (TTX) in rodents. The
clearance of TTX was shown not to depend on metabolism since substrate depletion in
incubations of TTX with rat liver hepatocytes appeared to be negligible. Clearance of
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TTX was dependent on excretion in the kidneys. Incorporating a kidney compartment
accounting for active renal excretion in the PBK models improved the accuracy and
was shown to be essential for their performance. The incorporation this time was not
based on in vitro input such as in the previous chapters (Chapter 2, 3 and 4), but
was based on fitting of the transporter efficiency (Vmax/Km), to adequately match
available kinetic data. The PBK model was evaluated for three administration routes:
oral, intravenous and intramuscular and for both rats and mice. Once validated the PBK
models were used to translate in vitro concentration–response data of TTX obtained
in a multielectrode array assay with primary rat neonatal cortical cells and in an effect
study with mouse neuro-2a cells, into in vivo dose–response data for rats and mice
respectively. To evaluate the predictions, QIVIVE-derived dose–response data were
compared with in vivo data on neurotoxicity in rats and mice upon oral and parenteral
dosing. The results revealed that for both rats and mice the predicted dose–response data
matched the data from available in vivo studies well. Upon this validation also a human
PBK model for TTX was defined assuming that the model was well-evaluated based on
the rat and mice model outcomes. The human PBK model was used for QIVVE of the
human in vitro concentration-response curve obtained in a multielectrode array assay
using human-induced pluripotent stem cell (hIPSC)-derived iCell neurons in coculture
with hIPSC-derived iCell astrocytes to a predicted human in vivo dose response curve
for TTX toxicity. BMD analysis was applied on the curve and revealed a BMDL10 of
1.8 µg/kg bw that was converted with an uncertainty factor of 10 for interindividual
differences to a health-based guidance value (HBGV) of 0.18 µg/kg bw, a value that was
only 1.4-fold different from the ARfD previously established by EFSA of 0.25 µg/kg bw
based on an acute toxicity study in mice providing a tentative HBGV for TTX human
risk assessment. It is concluded that PBK modelling-based reserve dosimetry of in vitro
TTX effect data can adequately predict the in vivo neurotoxicity of TTX in rodents and
even human, providing a novel proof-of-principle for this methodology.
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6.2

In vitro kinetic models

In this thesis the focus was on implementing active transport into PBK models to be used
in NAMs. The key element when implementing active transport is to base it, preferably,
on kinetic data obtained in in vitro model systems although results obtained in the
present thesis revealed that at the current state-of-the-art in vivo kinetic data are still
required for defining adequate scaling factors and/or evaluating the model performance.
6.2.1 Liver
For biliary excretion (Chapter 2), the in vitro kinetic model used in the present thesis
consisted of freshly isolated primary hepatocytes either cultivated in suspension or in
monolayer (Brock and Vore 1984; Brouwer et al. 1987; Ishizuka et al. 1998; Kouzuki
et al. 1999). This model is well established and widely used to obtain especially
metabolism data but is also frequently applied to obtain transport data (Louisse et al.
2020; Yoshikado et al. 2021). Advantages of using this primary hepatocyte model is that
it is close to the real liver, and still contains all the elements of a hepatocyte including
the expression and functioning of the transporters. Disadvantages of using this model is
the non-high throughput character, the differences from batch to batch, the hepatocytes’
activity in suspension that expires after 4 to 6 hours, and that in suspension only uptake
can be measured, not efflux. Other in vitro systems that have been applied to obtain data
for transporter kinetics are sandwich-cultured hepatocytes, HepaRG cells, HepG2 cells
(Kotani et al. 2012; Le Vee et al. 2006; Le Vee et al. 2013; Swift et al. 2010) and simple
cell lines, such as the Chinese hamster ovaries (CHO) cell line, the human embryonic
kidney cell line (HEK-293) and the Alexander hepatoma cell line with overexpression
of a transporter of interest (Han et al. 2019; Herraez et al. 2017). The in vitro model to
be used to define kinetic transport data, that is to be implemented into PBK models,
should be as concise as possible in terms of translation from the in vitro to the in vivo
situation. This will be discussed in more detail in a later section.
6.2.2 Kidney
In the present thesis, the in vitro kinetic transport data for the renal active transport were
obtained from a cell model that was physiologically as relevant and as close to the in vivo
renal cells as possible (figure 1). There were three cell lines considered, which were all of
human origin, including; 1) the immortalized RPTEC/TERT1 cell line (Secker et al.
2018; Secker et al. 2019), 2) the conditionally immortalized proximal tubule epithelial
cell line (ciPTEC) (Wilmer et al. 2010) and 3) a pseudo-immortalized kidney cell line
(SA7K-clone) developed by the group of Li et al. (2017c). The latter was the model of
choice for the studies in Chapter 3 and 4. As shown from the reported work (Chapter
3) the SA7K cell line appeared capable of generating transport data for the OCT2173
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mediated transport of the model compound MQ. The use of an inhibitor was essential
in generating the data for the transporter of interest, since the OCT2-mediated transport
rate was derived from the difference between uptake into the cells in the absence minus
uptake in the presence of the OCT2 inhibitor. In Chapter 4 the use of the same cell
model and approach to define the time-dependent OCT2 uptake, to establish the
required Vmax and Km for another substrate for the OCT2 transporter, PQ, appeared
hampered by a rapid equilibrium that hampered kinetic uptake experiments during time
frames and at concentrations of PQ that were experimentally feasible. In the SA7K cells
uptake of both compounds was inhibited by doxepin a known inhibitor of the OCT2
transporter (Belzer et al. 2013; Hacker et al. 2015). Use of another known inhibitor of
the OCT2 transporter, cimetidine (Boof et al. 2020; Sprowl et al. 2013) gave similar
results.

Figure 1.
Renal proximal tubule epithelial cells of human and rat with their uptake and efflux transporters. (Adapted
from Lechner (2014))

Similar to liver, also for the kidney use of primary cells could be considered as a suitable
in vitro models to define kinetic transport parameters, such as for example primary
renal proximal tubule epithelial cells that can be harvested and used for transporter
studies. These cells are, however, difficult to isolate from the kidneys (Lechner et al.
2021; Taub 1997; Vessey 200). This is reflected in the pricing of the commercially
available primary RPTEC cells compared to primary hepatocytes, which are about 2
– 3-fold more expensive per 106 cells (ATCC 2022; Lonza 2022). In theory, similar
experiments for the primary RPTEC in suspension can be performed as for the primary
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hepatocytes in suspension, with focus on uptake transporters such as OCT2 (and/or
OCT1 and OCT3 in case of rat) or OATP4C1 (Taghikhani et al. 2019). A more recent
study by Sanchez-Romero reported on a relatively simple and cost-effective method to
isolate and cultivate large numbers of primary RPTEC from human nephrectomies
with high enrichment of RPTEC phenotypic characteristics (Sanchez-Romero et al.
2020). They stress that this cell model could be a powerful tool for future in vitro studies
in renal physiology, pathology, pharmacology, toxicology and regenerative nephrology.
Even though the investigation of appropriate and relevant in vitro kidney cell models
is in upward motion, it remains challenging on how to apply them for in vitro in vivo
extrapolation in PBK models due to issues connected to scaling (section 6.3).
In Chapter 3 the transport kinetics for MQ were based on parameters for OCT2
mediated uptake into the SAK7 cells. This approach assumes that this uptake is the rate
limiting step in the urinary excretion and thus assumes that transporters for allocation
of the compound from the inside of the SA7K cells to the pro-urine may not be rate
limiting. In addition to using data for cellular uptake, one could also consider to actually
define the kinetics for transport across an SA7K cell layer. The uptake studies in SA7K
cells in this thesis (Chapter 3 and Chapter 4) have been performed in normal well
plates, which is a known and often used method to perform uptake studies (Boonnop
2017; George et al. 2021; Li et al. 2017c; More et al. 2010). To study transport SA7K
cells could have been cultured in so-called transwells. The SA7K cells can form good
monolayers and therefore might be a good candidate to use in a transwell formation.
From reported data it appears that the cell line is even used for growing 3D proximal
tubules (Vormann et al. 2018). If such a transwell transport method would be used,
first the SA7K monolayer should be checked for barrier integrity with well-developed
tight junctions by measuring the transepithelial electrical resistance (TEER). Moreover,
polarisation should be characterized. If adequate polarization is established, transport
studies can be performed using substrates and inhibitors to identify transporters
involved. The downside of using a transwell system for a physiologically relevant cell line
is that it becomes more challenging to characterize the contribution of the individual
transporters. Characterization of only uptake will not be sufficient as transport will
reflect the combined effect of uptake and efflux taken together. It is however possible
to extract kinetic parameter values referring to the overall transport as an overall Vmax
and Km of transcellular transport of the relevant compound (Li et al. 2017d). It is
therefore not uncommon to study directional transport with transfected or even double
transfected cell lines using transwells (Lee et al. 2017; Muller et al. 2013; Yin et al.
2016).
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Preferred kidney kinetic model

A favoured and preferred method for obtaining kinetic parameter values Vmax and Km
for uptake or efflux of a compound is the use of a simple cell system with overexpression
of a transporter of interest or membrane vesicles derived from such transfected cells
preferably in combination with radioactively labelled compounds (Hacker et al. 2015;
Izumi et al. 2013). Such methods allow for clean uptake studies (and efflux studies with
inside out membrane vesicles containing the efflux transporter of interest) and there is
no need for using inhibitors, just simply a comparison to uptake in the same cell system
without the transporter of interest in overexpression. Especially, in the case of PQ
(Chapter 4) use of a transfected cell line would most likely have been more successful
in enabling definition of kinetics. This approach would equally well be interesting for
describing the elimination of TTX (Chapter 5) as the contribution of active renal
transport to its clearance is substantiated by its lack of clearance through the liver and
the finding of Matsumoto et al. (2017) of its role as a substrate for different transporters
in the kidney.

6.3

Scaling

Another factor that turned out to be of great importance when including biliary or renal
excretion via active transporters in PBK models was the scaling of the data obtained in
the selected in vitro model to the in vivo situation. In this thesis two different approaches
for scaling have been used. The first approach is a theoretical approach based on scientific
considerations of the differences between the in vitro model and the in vivo situation and
relevant data to quantify these differences. A second approach is to fit the predictions
to the in vivo reported kinetic data thereby defining the most adequate scaling factor.

6.3.1 Scaling to the liver
For incorporation of in vitro obtained kinetic data into a PBK model, scaling factors
are needed for the in vitro to in vivo translation. Scaling factors for conversion of in
vitro data obtained in liver microsomal or S9 incubations to the liver have been well
established and enable conversion of the in vitro Vmax expressed in pmol/min/mg
protein for an enzymatic reaction to an in vivo Vmax expressed in µmol/hr for the whole
liver, thereby scaling from microsomes/S9 to a whole liver (Pelkonen and Turpeinen
2007). Scaling factors have also been defined for data obtained in vitro with subcellular
fractions of other metabolizing tissues such as the intestine, kidneys and lungs (Abdullah
et al. 2016; Wang et al. 2021). However, results of the present thesis revealed that scaling
factors for conversion of kinetic data for active transport obtained in in vitro model
systems to the in vivo situation appear less well defined and often also less straight
forward. Such scaling factors will differ with the different in vitro systems applied. For
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instance, the scaling factor that appeared suitable to translate the in vitro Vmax for the
Oatp transport of E217βG in liver (Chapter 2) could be defined in a way similar to the
definition of the scaling factor for translation of data using the amount of protein/gram
tissue calculated from the hepatocellularity number, the protein concentration in the
hepatocytes and the weight of the liver. So, using the fitting approach in this chapter
resulted in a similar scaling factor thereby corroborating its value. In future research,
generating proofs of principle for other Oatp transported model compounds would
further validate the respective scaling factor for in vitro data obtained using primary
hepatocytes. Since the only component scaled is the amount of protein per gram liver, it
can even be further validated for substrates of other hepatic uptake transporters such as
OCT1, and organic anion transporter (OAT) 1 and 3 (the expression of transporters in
hepatocyte is close to equal to the expression of the transporters in the liver). To facilitate
this further validation of the scaling factors by generating more proofs of principle,
model compounds to be studied should preferably have multiple data sets on in vitro
kinetic transport data using primary hepatocytes and multiple in vivo kinetic data sets
such as data on the blood concentration in time and data on excretion. In the present
thesis a first proof of principle for defining biliary excretion based on scaling of data
obtained in vitro using hepatocytes has been established for rat (Chapter 2). It seems of
interest for future studies to perform similar studies and define a similar scaling factor
for human. Using the data of human primary hepatocytes transporting typical OATP
substrates such as rosuvastatin, fluvastatin, valsartan and irbesartan and available clinical
data would suffice to apply the approach and obtain a scaling factor (Chan et al. 2019;
Chapy et al. 2015; Jamei et al. 2014; Poirier et al. 2009). Overall, it is concluded that
for the liver, primary hepatocytes are the preferred model for generating the PBK model
parameters for biliary excretion, also because scaling the data to the in vivo situation
appears relatively straight forward.
6.3.2 Scaling to the kidney
For the kidney it is quite a different story. Especially, due to the fact that the actual
levels of transporters of interest in the different renal models may vary substantially
(as outlined in the previous section) scaling of the in vitro kinetic data obtained in
these in vitro models to the in vivo kidney becomes challenging. Fitting the PBK model
parameters to available in vivo data appeared to be of help to derive the respective scaling
factors. For instance, fitting PBK model based predicted data for OCT2 transport of the
model compounds excreted via active renal transport used in this thesis (MQ, PQ or
TTX) to available in vivo data revealed that the translation of the in vitro Vmax to the in
vivo Vmax required a scaling factor, based on the amount of protein per gram tissue, the
location of the transporter in the kidney and an extra factor encompassing all differences
between the in vitro system and the in vivo situation.
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The challenge of defining an adequate scaling factor became evident in the studies
described in Chapter 3 and 4 of this thesis when using the RPTEC cell line SA7K and
the HEK293 cell line with OCT2 overexpression. For scaling of the OCT2 transport
of MQ (Chapter 3) a simple scaling for protein content per gram kidney (reported to
be 300 mg protein/g kidney (Kumar et al. 2018)) and location of OCT2) in only 70%
of the overall kidney tissue (resulting in: 300 x 0.7 = 210 mg protein/g kidney), was not
sufficient to translate the in vitro Vmax from SA7K cells to an in vivo Vmax in kidney
as the predicted maximum blood concentration (Cmax) under these conditions differed
6-fold from the reported in vivo data. To solve the discrepancy, an additional component
had to be taken into account when defining the scaling factor. The scaling factor should
encompass everything that is different between the in vitro system used and the in vivo
system described by the PBK model, which for MQ also included:
i) 	The species differences (human cell line, rat PBK model) as human RPTEC
cells only have OCT2, while in rat kidney cells in vivo also OCT1 and OCT3
are present (figure 1) (Chu et al. 2013a; Lechner et al. 2021; Slitt et al. 2002),
which have a broad overlap with OCT2 substrates (Nies et al. 2011; Volk 2013)
and the amino acid identity between rat and human OCT2 is for 90% similar
(Hayer-Zillgen et al. 2002; Koepsell et al. 2003), and there is a difference in
quantitative abundance of OCT2 in rat (253.5 pmol/gram kidney) and in
human (164.2 pmol/gram kidney) (Basit et al. 2019).
ii)
The difference in OCT2 expression in vitro and in vivo.
iii)	The difference in membrane potential in vitro and in vivo given that membrane
potential has been described to influence transporter activity (Kumar et al.
2018), and iv) the possibility that MQ can also be transported by non-specific
membrane channels due to its small size which may be different in the in vitro
model and the in vivo situation (Koepsell et al. 2003).
Given that actual data on all these characteristics and their differences between the in
vitro model and the in vivo situation are unknown defining the scaling factor had to
depend on fitting the PBK model predictions to the available in vivo data. This resulted
in an additional factor of 100 and led to a scaling factor (21,000 mg protein/g kidney)
that exceeded by far the actual amount of protein that can theoretically be present per
gram tissue. Consequently, here a virtual amount of protein per gram tissue was defined
to be used for scaling the in vitro Vmax from SA7K cells to an in vivo Vmax in rat
RPTEC cells. In this factor of 100 especially the difference in abundance/expression of
OCT2 in the in vitro system, which was very low, compared to the in vivo situation, is
included. Elaborating on this, the developers of the SA7K cell line compared the relative
abundance of OCT2 in their newly defined SA7K cell line to that in the human kidney
(HK2) cell line and to early passage primary human donor cells (RPTEC) (Li et al.
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2017c). Compared to the HK2 the relative abundance of OCT2 in SA7K was 5 times
higher, whereas compared to the primary RPTEC cells it was 4 times lower. It is therefore
not surprising that scaling was necessary given that the expression of OCT2 makes up
around a quarter (24%) of all expressed transporters in the RPTEC and transporter
expression is prone to change when cells are dedifferentiated when developed for culture
purposes (Basit et al. 2019; Lechner et al. 2021). For rat this number is around 20% for
OCT1 and OCT2 together. All in all, the different scientific based considerations have
been adequately taken into account.
It would be of use to further validate this scaling factor and investigate whether the
scaling factor defined in Chapter 3 for scaling the in vitro data obtained for MQ in
SA7K cells would also be valid for another OCT2 substrate studied in the SA7K cell
line. To this end, in Chapter 4 PQ was chosen as the model compound. However, for
PQ the SA7K cells appeared not to provide an adequate in vitro model to quantify
OCT2 mediated transport kinetics mainly because cellular uptake via OCT2 transport
appeared to rapidly equal cellular excretion resulting in stable time-dependent cellular
concentrations of PQ from which uptake kinetics could not be derived. With the use of
literature reported HEK-293 cell data for OCT2 transport of PQ a scaling factor could
be defined with a similar approach as described in Chapter 3. Here too, scaling for
protein and transporter location (300 mg protein/g kidney x 70% = 210 mg protein/g
kidney) was not enough to adequately predict the Cmax of the reported in vivo kinetic
data with the PBK model. So, again the scaling factor was fitted to encompass all the
differences between the in vitro HEK293 cells and the in vivo rat RPTEC. In this
case, the difference between the predicted Cmax for PQ to the reported Cmax was
much smaller than for MQ so the final scaling factor was substantially lower (1,155 mg
protein/g kidney) than that defined in Chapter 3 for SA7K cells and MQ (21,000 mg
protein/g kidney). This may in part also due to the probability that the OCT2 expressed
in HEK293 is different (probably higher) than that in the SA7K cells. Therefore, it can
be speculated that if MQ was measured in HEK293 cells, the scaling factor obtained in
Chapter 3 would have been different.
If primary RPTEC cells could be used as a suitable cell model for transport experiments
scaling would have been more straight forward as it would be expected to be similar to the
method shown suitable for scaling data from primary hepatocytes to liver (Chapter 2).
The scaling factor expressed in mg protein/g kidney could again be based on fitting the
PBK model predictions obtained using the RPTEC in vitro transporter kinetic data to
available in vivo data. The scaling factor expressed in mg protein/g kidney thus obtained
would likely be within a more realistic range as no correction would be required for the
expression difference between the in vitro and in vivo situation since it can be assumed
that primary RPTEC have a comparable level of transporter expression as the RPTEC
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in vivo. As compared to the scaling factor for hepatocytes to liver it would be however
more challenging to verify the scaling factor obtained with a theoretical calculated
scaling factor. This because as opposed to liver where hepatocellulartiy numbers (106
hepatocytes/gram liver) have been reported multiple times, for kidney so-called RPTECcellularity numbers (106 RPTEC cells/gram kidney) have not been reported.
6.3.3 Transfected cell lines, relative expression factors and relative
activity factors
In the present thesis, scaling in vitro kinetic transport data to the in vivo situation was
successfully applied for both a non-transfected model (Chapter 3) and a transfected
model (Chapter 4). The latter model has already been used for defining in vitro data
that were extrapolated to in vivo, especially for compounds following biliary excretion
(Chan et al. 2019; Izumi et al. 2018; Jamei et al. 2014; Kunze et al. 2014; Poirier et
al. 2009). Utilizing in vitro transport kinetic data from transfected cell lines, either
relative expression factors (REF) or a relative activity factors (RAF) are used to scale to
the in vivo situation. The definition of a REF is based on quantifying the transporter of
interest in the in vitro system (HEK293, CHO) and in the cells of the relevant tissue
(liver/kidney) and species (human/rat) with proteomics. The difference can be used as
a scaling factor. Where the capability of the REF has been useful for IVIVE, it has not
yet been applied extensively in PBK modelling. One group in particular has reported
on its use, which is the group of James Chan from the National University of Singapore
incorporating REF in models that describe biliary excretion (Chan et al. 2019) and
renal excretion (unpublished data, Society of Toxicology annual meeting 2022 (Thakur
and Chan 2022)). For biliary excretion, Chan et al. (2019) defined a new REF by
multiplying the REF for in vitro OATP1B1 uptake of the compounds rosuvastatin,
fluvastatin and pitavastatin in HEK293 cells in isolated human hepatocytes (scaling
factor 1) by the REF for the isolated human hepatocytes to a human liver (scaling factor
2). With this new REF the PBK model (Simcyp®) predictions for Cmax stayed withing
two-fold from the observed Cmax for single intravenous, single oral and multiple
oral dosing. However, no predictions were made for the cumulative biliary excretion
of the three statins. In another study (unpublished data, Society of Toxicology annual
meeting 2022 (Thakur and Chan 2022)), the model compound used for studies on
renal excretion was the herbicide 2,4-dinitrophenoxyacetic acid (2,4-D), found to be
a strong substrate for OAT1. Concentration dependent uptake studies were performed
with 2,4-D in HEK293 cells overexpressing OAT1 obtaining Vmax and Km values. The
level of OAT1 in HEK293 cells and in human kidney RPTEC was quantified to enable
definition of the scaling factor required to perform in vitro to in vivo extrapolation. The
scaling factor that resulted was implemented in a human PBK model using Simcyp® to
subsequently predict the time-dependent plasma concentration and cumulative renal
excretion of 2,4-D. As 2,4-D is partly prone to metabolism, hepatic clearance data were
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also included in the model. Implementing kinetic parameters for both hepatic clearance
and active renal clearance with the adequate scaling factor in the model resulted in PBK
model predictions closely recapitulating the reported clinical data (Thakur and Chan
2022).
In case of using a RAF, a probe substrate for the transporter of interest is used in both the
in vitro and in vivo situation. The RAF is determined by dividing the in vivo transport
activity by the in vitro transport activity. Probe substrates for which RAF values for
kidney and liver transporters are reported to date include tenofovir (OAT1), acyclovir
and ganciclovir (OAT2), benzylpenicillin and oseltamivir acid (OAT3), estrone sulphate
(OATP1B1) and cholecystokinin octapeptide (OATP1B3) (Izumi et al. 2018; Maeda
2015; Mathialagan et al. 2017). While the RAF value has been used successfully
in extrapolating from in vitro to in vivo, Izumi et al. (2018) reported solely on the
extrapolation from OATP1B1/B3 overexpressed HEK293 cells to human hepatocytes in
suspension, whereas Mathialagan et al. (2017) reported on incorporating the RAF into a
two-compartment mechanistic model extrapolating in vitro renal secretion to the in vivo
situation in human resulting in a model that was further extended for prediction of drug
interactions. A proof of principle for use of RAF values in whole body PBK modelling
remains to be established. Regarding the OCT2 transporter, no probe substrate has
been defined yet (Burt et al. 2016). As a result, so far reported RAF values for OCT2
transport result from fitting predictions to experimental data.
6.3.4 Scaling in future research
The question that remains is how to define scaling factors for new chemicals tested in the
available in vitro transport models when in vivo kinetic data for fitting are not available?
Based on the results of the present thesis and the discussion above on in vitro kinetic
models and scaling the best way forward seems to be the use of transfected cell lines with
an overexpression of the relevant transporter(s). This will result in a definition of the
kinetic parameters for uptake of the new chemical by the transporter(s) of interest without
a need for inhibitors, and without confounding contributions of other transporters. On
the other hand, knowledge on confounding contributions by other transporter could also
be necessary. It could therefore be argued to use primary RPTEC cells and establish the
kinetics of the overall uptake of a new chemical reporting on an overall apparent Vmax
and an overall apparent Km. The scaling factor would then be obtained by quantifying the
level of the transporter of interest in both the in vitro model and the in vivo situation by
proteomics or western blotting obtaining a REF value (Basit et al. 2019; Bay et al. 2022;
Lundquist et al. 2014; Prasad and Unadkat 2014). As described in section 6.3.3 use of
a RAF value could also be considered, although not for all transporters verified probe
substrates are available. The availability of well-established and characterized commercially
available transfected cell lines with well-defined levels of overexpression of transporters
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of interest compared to the in vivo situation would facilitate the further development of
including active transport processes in PBK models. Thereby, information on quantified
levels of transporters in transport-abundant tissues (kidney, liver, intestine, blood-brainbarrier, placenta) from different species should become available such as the data reported
by Basit et al. (2019) (Table 1). To work towards implementation of new approach
methodologies and generating these data when considering ADME characteristics the
mindset of ADME research and especially the field of transporter research needs to
change. The likelihood of this change happening anywhere in the coming ten to twenty
years is low also due to the fact that for around 70% of the chemicals excretion is not the
rate-limiting step in their kinetics. If change would happen, it potentially moves faster
when pharma gets more and more convinced of using NAMs instead of animals to obtain
the ADME of a drug candidate as drug transporters play a large role in pharma due to
potential drug-drug interactions (Keogh 2012).
Table 1.
Quantitative data on the abundance of the different kidney transporters across species adapted from Basit
et al. (2019).
Transporters

Protein abundance (pmol/gram kidney)
Mouse

Rat

Dog

Monkey

Human

SLC22A6 /OAT1

156.2 ± 92.06

308.8 ± 79.24

75.4 ± 43.07

242.5 ± 62.69

107.7 ± 56.83

SLC22A7 /OAT2

120.3 ± 39.3

BLQ

NC

27.3 ± 10.2

19.8 ± 8.36

SLC22A8 /OAT3

NC

NC

NC

124.7 ± 32.57

78.5 ± 37.38

SLC22A11 /OAT4

NC

NC

NC

17.5 ± 6.28

10.6 ± 5.64

SLCO4C1 /OATP4C1*

NC

NC

NC

0.7 ± 0.28

0.3 ± 0.03

SLC22A1 /OCT1*

18 ± 3.96

38.3 ± 6.45

NC

BLQ

BLQ

SLC22A2 /OCT2

429.1 ± 134.67

253.5 ± 70.92

NC

464.8 ± 147.18

164.2 ± 53.27

SLC22A3 /OCT3*

NC

NC

BLQ

BLQ

0.03 ± 0.01

SLC22A4 /OCTN1

NC

NC

NC

19 ± 10.55

27.2 ± 13.44

SLC22A5 /OCTN2

41.4 ± 9.29

96.6 ± 22.51

16 ± 5.84

45 ± 14.35

13.1 ± 5.8

ABCB1 /MDR1

15.5 ± 5.99

39.3 ± 11.76

32.1 ± 9.34

52 ± 9.44

42.3 ± 16.16

SLC47A1 /MATE1

NC

NC

NC

161.2 ± 56.23

105.6 ± 47.52

ABCG2 /BCRP*

3.1 ± 0.88

1.3 ± 0.4

NC

NC

NC

ABCC1 /MRP1*

50 ± 9.68

58.3 ± 11.41

42.2 ± 10.95

54.7 ± 15.7

20.1 ± 4.54

ABCC2 /MRP2

NC

NC

NC

56 ± 13.99

30.1 ± 16.52

ABCC3 /MRP3*

29.4 ± 18.42

108.7 ± 12.66

NC

27.7 ± 9.01

20.1 ± 1.78

ABCC4 /MRP4

8.6 ± 3.94

37.5 ± 7.51

NC

71.3 ± 18.73

19.5 ± 20.58

SLC5A2 /SGLT2

391.7 ± 89.62

395.1 ± 67.87

356.7 ± 84.85

182 ± 49.56

76.4 ± 41.25

ATP1A1 /Na+K+ATPase*

114.9 ± 17.87

119 ± 14.63

70.7 ± 15.19

51.7 ± 10.91

20.1 ± 1.17

*data are presented in relative protein abundance (arbitrary unit)/gram kidney. NC = not conserved peptide,
BLQ = Below limit of quantitation
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6.4

PBK models

The PBK models used in the thesis work were all defined as generic as possible so that
compound specific kinetics were described in detail only for the compartments that
are essential for either the kinetics or dynamics of the compounds of interest. These
PBK models contained the following set of parameters: weight and blood flow for the
included tissues, the blood:tissue partition coefficients, the fraction unbound in blood,
kinetic parameters for metabolism (if substantial) and renal and biliary transport. For all
model compounds studied in the present thesis compound specific kinetic parameters
were derived from in vitro cell models describing PBK models with different active
excretion processes in the different chapters. The models developed in the present thesis
included a PBK model with a liver compartment with biliary excretion (Chapter 2), one
with a kidney compartment with glomerular filtration and active transport (Chapter 3
and 4) and one including both liver metabolism and kidney excretion (Chapter 5).
This thesis described for the first time PBK models for the model compounds MQ and
TTX. For E217βG, a PBK model has been defined previously by Sun et al. (2006) from
a more pharmaceutical perspective fitting parameters to in vivo data. For PQ (Chapter
4) multiple studies have reported on PBK models. For instance, PQ PBK models
have been developed by Lohitnavy et al. (2017) for rat, by Campbell et al. (2021) for
rat, mouse and dog and by Stevens et al. (2021) for non-human primates enabling
extrapolation to humans. A comparison of all these studies reveals that PQ PBK model
kinetic parameters are hard to define. Campbell et al. (2021) performed an in-depth
study on the kinetics of PQ showing that the blood compartment plays a big role in
its distribution as the blood:plasma ratio is changing over time, as does the fraction
unbound in blood and plasma which was thoroughly investigated as well. Moreover,
not touched upon at all by any of the reported PQ models, another study indicated
that the muscles serve as a reservoir for PQ too (Dinis-Oliveira et al. 2008). The main
difference between the model of Lohitnavy et al. (2017) and the other two models is
the inclusion of the lung. Lohitnavy et al. (2017) built an oral PBK model and included
the lung where PQ is taken up from the blood via the polyamine uptake system in the
alveolar cells showing saturating kinetics. The dosage used in this modelling study and
the accompanying in vivo study was higher than for the other two models resulting in
the need of including the lung. Although the authors were able to predict PQ levels in
the lungs well for the first four hours, there was an underprediction at 24 hours. This is
due to the in vivo accumulation of PQ in the lung over time which is not included in the
PBK model, and the subsequent renal failure resulting in reduced PQ clearance. These
long term effects complicate modelling of PQ kinetics upon prolonged exposure and/
or dosing at high toxic levels. This is also the reason why in Campbell et al. (2021), in
Stevens et al. (2021) and also in the study reported in Chapter 4 of this thesis the dosage
used to make predictions and evaluate the model performance was at a non-toxic level.
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6.4.1 Applicability domain for PBK models including active excretion
The present thesis resulted in proofs of principle on incorporating in vitro active hepatic
or active renal excretion into PBK models for the prediction of the blood concentrations
and cumulative biliary excretion of chemicals for which active excretion contributes
to their clearance. Even if the group of chemicals relying on active excretion for their
clearance is not large, this is an important step forward in the field of PBK modelling.
Chemicals chosen to generate the proofs of principle have to rely on active transport
in either liver or kidney for their clearance and are thus preferably not or minimally
(< 10%) cleared via metabolic conversion (as can be shown in appropriate in vitro test
systems such as incubations with liver microsomes and S9 or primary hepatocytes).
Characteristics of chemicals that can be expected to comply with these requirements
are chemicals that have ionizable groups, are above a certain molecular weight, and/
or chemicals that are small, hydrophilic, and have charged groups such as quaternary
ammonium compounds. For new chemicals it will help to estimate a potential role for
active excretion in their clearance that there are tools such as quantitative structureactivity relationships (QSARs) to identify the potential of a chemical to be a substrate
for a transporter (Dave and Morris 2015; Hazai et al. 2013; Sharifi and Ghafourian
2014; Wang et al. 2005).

6.5

Protein binding

In the development of PBK models protein binding in blood (and plasma) is an
important factor to be taken into account for adequate in vitro to in vivo extrapolation.
This is due to the fact that only the free fraction of a compound in blood is able to
undergo kinetic processes such as metabolic clearance or transporter clearance (Schmidt
et al. 2010). Moreover, on a dynamic level only the free fraction of a compound is able
to exert an adverse effect in the target tissues. Most of the hepatic clearance and uptake
studies and all transporter studies performed in the present thesis have used serumfree buffer in the in vitro system. Thereby assuming that when no protein is present,
the fraction unbound in the incubation (fu,inc) equals 1 and a maximum concentration
of compound is available for binding to transporters or for intrinsic clearance (CLint).
However, in in vitro systems nonspecific binding may occur as a consequence of binding
of the compound to the incubation plate (fb, plate), to proteins and lipids of microsomes or
cells (fb, mic/cell) or to proteins in the assay medium (fb, prot) (if it contains any). As a result the
fu,inc no longer equals 1 and the Km values that are obtained from the literature and/or
from the performed transporter studies in this thesis are likely to be an overestimation as
they are based on total substrate concentration rather than free substrate concentration
(Obach 1996). It would have been more precise to have measured the unspecific
binding of the compounds of the present thesis by measuring fb, plate and fb,mic/cell. With
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these results, the fu,inc would in reality be likely lower than 1. Moreover, these binding
studies were also not executed for the literature derived in vitro kinetic data. However, in
the transport studies with the RPTEC cells unspecific binding to the cells was avoided
by washing the cells with PBS containing 0.2 % BSA at the end of the incubation.
For newly to test compounds and incubation conditions the fu,inc for the different ways
of unspecific might be considered, (fb, plate, fb, mic/cell, fb, prot) and can either be determined
in vitro or in silico for example by using rapid equilibrium dialysis for protein and/or
system binding (Waters et al. 2008), by using QSARs (Austin et al. 2002; Austin et al.
2005)and/or by determining the binding to the incubation plate/Eppendorf tubes. For
hepatocytes, such in vitro methods are already described in the literature (Di et al. 2012;
Hallifax and Houston 2006; Kilford et al. 2008). However, for the binding to RPTEC
this is not the case. To determine the fb, mic/cell for RPTEC, the transporters present need
to be inactivated to avoid loss of substrate that is subject to uptake into the RPTEC. An
approach on how to inactivate transporters could be by performing the experiment in
the presence of a cocktail of inhibitors blocking the uptake transporters.
6.5.1 Hepatic transport and protein binding
Although the free fraction theory is widely accepted, there is some evidence of hepatic
uptake directly facilitated by the albumin-compound complex, suggesting compounds
can be taken up in their protein bound form as well (Baker and Bradley 1966; Forker
and Luxon 1981; Forker and Luxon 1983; Tsao et al. 1988; Weisiger and Ma 1987). A
review by Bowman and Benet (2018) has elaborated on the different processes underlying
the protein or albumin facilitated uptake and clearance of compounds but only one of
them will be explained here further. It involves the transporter induced protein binding
shift (TIPBS) where the presence of protein can decrease the Km of a highly protein
bound compound for its transport leading to uptake in the hepatocytes. For the in vitro
to in vivo extrapolation of hepatic uptake via transporters it is known that especially for
the highly bound compounds the IVIVE is the poorest. It has been shown by Bowman
et al. (2019) in a study where substrates for OATP uptake were included of which
two lower protein bound (pravastatin and rosuvastatin) and two highly protein bound
(atorvastatin and pitavastatin) drugs that the presence of protein decreased the Km of
the highly protein bound drugs (Table 2). Uptake studies were performed in serum-free
buffer and in 100% plasma. As is shown in table 2 for the lower protein bound drugs the
medium (buffer or plasma) did not affect the Km or the Cl,int (Vmax/Km). However,
for the highly protein bound drugs the Km decreased substantially in the presence of
100% plasma. The authors explained that the underlying theory for this occurrence is
that in the case of the highly protein bound drugs the affinity for transporter might
be higher than for the albumin thereby it is able to potentially strip off the drug from
protein whereas for the lower bound protein drugs there is already free drug available
and there for stripping off the drug directly is less preferred.
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Table 2.
Measured Km and Vmax in rat hepatocytes of four statins either in buffer (no proteins) or 100% plasma.
(Adapted from Bowman et al. (2019)).
Compound
Pravastatin

Rosuvastatin

Atorvastatin

Pitavastatin

Incubation

Km

Vmax

Clint

µM

pmol/min/10 cells
6

µL/min/106 cells

Buffer

16.5 ± 4.43

208 ± 14.3

12.6 ± 3.50

Plasma

9.66 ± 3.27

97.9 ± 8.84

10.1 ± 3.55

Fold difference

1.71

2.12

1.25

Buffer

4.00 ± 0.962

323 ± 20.2

80.8 ± 20.1

Plasma

0.995 ± 0.148

339 ± 15.6

341 ± 53.0

Fold difference

4.02

0.953

4.22

Buffer

3.61 ± 1.96

1650 ± 203

458 ± 254

Plasma

0.115 ± 0.116

272 ± 65.5

2370 ± 2450

Fold difference

31.4

6.07

5.16

Buffer

8.71 ± 2.12

600 ± 47.0

68.9 ± 17.6

Plasma

0.0812 ± 0.0157

39.9 ± 2.45

491 ± 99.7

Fold difference

107

15.0

7.13

In the case of chapter 2 with model compound E217βG for the Oatp transporter the
phenomenon as described above has not been taken into account. Although it would be
interesting to do so as the protein binding of E217βG is high (≈ 80% (Sun et al. 2006))
thereby the Km of the different reported rat hepatocyte studies used in chapter 2 might
have been overestimated due to the absence of protein in the incubation systems.
6.5.2 Renal transport and protein binding
Taking into account the reported findings of Bowman et al. (2019), the effects of protein
binding can be considered also to be relevant for the transporters in the RPTEC. One
older study has reported on the protein facilitated uptake in isolated rabbit segment 2
proximal tubules where organic anions (p-aminohippurate and methotrexate) and an
organic cation (N1-methylnicotinamide (NMN)) were investigated for their ability to
use proteins as a facilitator for cellular uptake (Besseghir et al. 1989). The experiment was
executed in isolated rabbit segment 2 proximal tubules with increasing concentrations
(0 – 5 g/dl) of bovine serum albumin (BSA) resulting in an increased secretion (uptake +
efflux) of the organic anions p-aminohippurate and methotrexate in the presence of BSA
until 1 g/dl. The presence of BSA, however, did not influence the secretion of the organic
cation NMN which can be explained by the fact that NMN does not bind (well) to
BSA. NMN has, just like MQ and PQ a quaternary N atom in its structure (quaternary
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ammonium cation), hampering protein binding. This observation is substantiated by
the findings of Neef and Meijer (1984) who reported protein binding of 14 quaternary
ammonium cation compounds measured by equilibrium dialysis. The number of carbon
atoms showed to be of importance in the binding of quaternary ammonium cations to
protein where structures up to 13 carbon atoms showed no protein binding. For the
organic cations of the present thesis that are quaternary ammonium compounds and
especially MQ this corroborates the high fraction unbound values of MQ (7 C-atoms)
and PQ (12 C-atoms), where of course PQ is the exception pointing at the thorough
investigation for its protein binding by Campbell et al. (2021) (section 6.4).
When protein binding does occur one could also consider the importance of protein
facilitated uptake. However, based on the findings by Besseghir et al. (1989) and Neef
and Meijer (1984) it is concluded that it is unlikely that protein facilitated uptake or
secretion of organic cations will occur. On the other hand for organic anions it may
be relevant to take the protein binding and the possible protein facilitated uptake into
account when performing uptake studies using for example OATs or OATPs in RPTEC.
6.5.3 Fraction unbound in PBK modelling
The fraction unbound in PBK modelling is a subject of ongoing debate as the
question remains: what is the actual concentration available for uptake or metabolism?
In many cases use of the venous concentration of the target tissue in the MichaelisMenten equation, which is the concentration corrected for the blood:tissue partition
coefficient, is sufficient to take protein and tissue binding into account and describe
the concentration available for metabolism or transport in the PBK model. This is for
example applied in chapter 2. Alternatively one could additionally correct the venous
concentration for protein binding. This approach may be required for compounds that
are highly bound to protein, although this may equally well lead to an overcorrection
of protein and tissue binding of the concentration in the blood/plasma for protein
resulting in underprediction of the unbound concentrations and overprediction of the
corresponding dose levels by the PBK model.

6.6

Quantitative in vitro in vivo extrapolation (QIVIVE)

An ultimate reason to develop PBK models is their use in NAMs as they are capable
of predicting the dose of a chemical that gives rise to the Cmax or AUC thus enabling
the translation of the in vitro data into an in vivo dose response curve and/or predicting
the in vivo relevance of toxic in vitro concentrations. The metric to use for this so-called
PBK model based reverse dosimetry can be a matter for debate (Rietjens et al. 2019).
For compounds for which toxicity is caused by a thresholded mode of action, including
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the toxic endpoints of the model compounds used in the present thesis, Cmax is the
parameter of choice. Thus the PBK model based QIVIVE performed in Chapter 4 and
5 of this thesis was based on Cmax for translation.
6.6.1 QIVIVE requirements
The key to successful QIVIVE depends on three requirements. First, a PBK model
should be developed and its performance evaluated by comparison of predictions made
to available kinetic data. Evaluation may also include a sensitivity analysis to elucidate
parameters that are most influential for the model based predicted outcome of interest.
Second, the in vitro toxicity model of choice used to define the in vitro concentration
response data should meet certain requirements. One of these requirements is that the
in vitro model should adequately reflect the target tissue, mode of action and endpoint
of the in vivo toxicity to be predicted. Lastly, after QIVIVE comparison of the predicted
in vivo dose response curve and/or of the point of departure (PoD) derived from the
predicted in vivo dose response curve to the dose response curve and/or PoD derived
from already available in vivo toxicity data should be made. Evaluation of the PBK
model for PQ and TTX has shown the PBK model to be successful in predicting the
reported Cmax where in the case of TTX it was successful for three administration
routes (oral, intravenous and intramuscular). Choosing the right in vitro model meant
for PQ the lungs as being the target tissue and this was reflected in the chosen in vitro
model, which were alveolar cells in a cytotoxicity assay (Chapter 4). A difference in
sensitivity was shown within the two rat alveolar cell lines with the RLE-6TN cells
being more sensitive (EC50: 79-166 µM) than the L2 cells (EC50: 319 µM). A different
sensitivity upon prolonged exposure duration was shown in the human alveolar cell line
A549 for data sets obtained upon 24 hour exposure (EC50: 400-889 µM) and a 48 hour
exposure (EC50: 72-97 µM). These differences in sensitivity will have an effect on the
final predicted in vivo dose response curve and PoD derived from it after QIVIVE-based
translation. In such cases all predicted values may be used for the subsequent comparison
to available in vivo data, with the latter often also showing inter-study variations. For
TTX where the target tissue is the central nervous system, a MEA assay with cortical
neurons (for rat and human) or a cytotoxicity assay with the neuronal cell line neuro-2a
(for mouse) were the chosen in vitro models (Chapter 5). For all the in vitro models
the sensitivity towards TTX was in similar range (rat; EC50: 3.5-5.5 nM, mice; EC50:
5.3-12.1 nM. human; EC50: 10 nM ), pointing at the potency of TTX to block voltage
gated sodium channels (VGSCs) regardless of the species.
6.6.2 Comparing predictions with reported PoD
The final step in QIVIVE is the comparison of the predicted in vivo toxicity to the reported
in vivo toxicity with subsequent comparison to the available PoDs. For PQ the acute toxicity
and for TTX the acute neurotoxicity were predicted using PBK model based reverse dosimetry
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of available in vitro toxicity data. Predicted PoDs thus obtained were compared to available
PoDs in literature. Reported PoDs for PQ (Chapter 4) were mainly LD50 values, provided in
a large number of studies. However, none of these studies reported full LD50 dose-response
curves, which made it difficult to define for example a predicted BMDL10 for mortality for the
comparisons. Moreover, there is a lack of other, more sensitive endpoints pointing at early onset
of acute PQ toxicity. It was however possible to predict BMDL50 values where it turned out that
in particular in rat the predicted BMDL50-BMDU50 range was in line or underpredicted the
reported LD50 values, with the latter potentially being due to the fact that in vitro cytotoxicity is
not encompassing fully the in vivo endpoint, pulmonary fibrosis, of PQ toxicity (Roberts 2013).
In case of human PQ toxicity, humans are known to be more sensitive to PQ toxicity (LD50:
3-60 mg/kg bw) than rat (LD50: 40-200 mg/kg bw). Together with the two different exposure
times used to generate the in vitro data it was interesting to observe how well the predictions
(LD50: 3.8-101 mg/kg bw) matched the reported LD50 values. In the case of TTX (Chapter 5),
EFSA established certain PoDs to derive HBGVs based on mouse studies (EFSA et al. 2017). In
these studies, different endpoints for acute TTX toxicity were monitored and reported PoDs for
apathy were considered to represent the most sensitive endpoint resulting in a LOAEL of 125
µg/kg bw, and a NOAEL of 75 µg/kg bw, the latter with an uncertainty factor of 100 resulting in
an acute reference dose (ARfD) of 0.25 µg/kg bw. Also a BMDL10 of 112 µg/kg bw for mortality
was derived. With the human in vitro cytotoxicity data and the PBK model it was possible to
predict a BMDL10 that, with the default uncertainty factor of 10 for human interindividual
differences, resulted in a HBGV of 0.18 µg/kg bw that matched the reported ARfD of 0.25 µg/
kg bw, indicating the potential of using non-animal based methods for future risk assessment
purposes.

6.6.3 In vitro and in vivo endpoints TTX
It is also of interest to note that for TTX the in vitro and in vivo endpoints considered were
not identical in spite of the fact that the underlying mode of action was for all endpoints
the blockage of the voltage gated sodium channels. In vitro, the endpoints were either a
decrease in spikes compared to baseline activity in the neonatal cortical cells (MEA rat/
human) or cell survival in the neuro-2a cells (mice) in the presence of veratridine and
ouabain. For the mouse oral toxicity it was possible to use the most sensitive endpoint
(apathy) for comparison of the predicted oral in vivo toxicity based on the mouse in
vitro cytotoxicity data (section 6.6.2). For the parental route for both rat and mice, the
most sensitive endpoints were chosen from the available in vivo toxicity data sets for the
comparison. For rat, the most sensitive endpoint resulted from the in vivo toxicity test of
measuring mechanical allodynia where Von Frey filaments were pushed against the paws
of the rat until paw withdrawal was observed (with increasing concentration of TTX
larger (heavier) filaments could be used before withdrawal occurred). For mouse, the
most sensitive endpoint was a writhing test where visceral contractions upon exposure
to acetic acid were measured. With increasing concentrations of TTX the number of
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visceral contractions was decreasing. These endpoints imply for rat a parameter related
to non-visceral sensory neurons and for mice to visceral sensory neurons. In spite of the
fact that these different in vivo endpoints (apathy, mechanical allodynia, writhing test)
do not seem to fully match the in vitro endpoints, it was possible to predict the acute in
vivo toxicity of TTX in the different species, following different administration routes,
likely because all are based on the same underlying mode of action.

6.7

Perspective on the field and future directions

Good kinetic predictability by PBK modelling is currently possible for around 70% of
the compounds (Ahmad et al. 2020; Punt et al. 2022a; Punt et al. 2022b). For the other
30% of chemicals PBK models are not sufficiently able to correctly predict the kinetics,
pointing towards the limitations of PBK model use and the apparent lack of including
all relevant factors. When still 30% of the chemicals are mostly overpredicted (10x
or more) trust in such models, for regulatory applications will be limited, particularly
for new and data poor chemicals. One key factor explaining the lack of accuracy of
PBK model predictions for at least part of the 30% of chemicals relates to the lack of
including processes of active excretion via bile or urine. The present thesis focussed on
investigating how to include this active excretion via bile and urine in PBK models using
in vitro model systems to define the respective kinetic parameters. This might increase
the applicability domain of PBK modelling and the % of chemicals for which adequate
PBK models can be defined. In light of transitioning from in vivo risk assessment
towards in vitro risk assessment it is essential to achieve this goal based on use of in
vitro kinetic data. The present thesis has clarified that the inclusion of active excretion
for compounds that are not metabolised is needed and that without it predictions are
deviating from what has been reported in vivo. The results also elucidated that at the
present state-of-the-art scaling of the in vitro data to the in vivo situation often still
needs in vivo data to enable fitting of the predictions and the scaling factor to be used
to the in vivo situation to define the adequate scaling. Future work in this field should
be directed at defining in vitro model systems and accompanying methods to define
the respective scaling factors, as well as on increasing the proofs of principle evaluating
in vitro models and corresponding scaling factors for one compound also for related
compounds. In the present thesis this was done for PQ, but results obtained revealed
that the in vitro model and scaling factor shown valid for MQ, did not work for the
related OCT2 substrate PQ. The results, however, also indicated that future work may
better be directed at defining suitable transfected cell lines and their accompanying REF
or RAF values for scaling to the in vivo situation. In addition, it is important that in
silico techniques such as QSARs are developed further so that based on the molecular
structure and the subsequently extracted physico-chemical data processes and even
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PBK model parameters for absorption, distribution, metabolism and excretion can be
predicted. For blood:tissue partition coefficients and absorption constants this appears
to be already feasible, while future work should focus on predicting / QSARs for kinetic
constants for metabolism and transport. Such methods should also enable prediction of
compounds that are resistant to metabolic clearance, since for such compounds active
excretion may play a prominent part in their clearance and kinetics. Alternatively in
vitro techniques might prove of use to define this metabolic resistance as was shown in
the present thesis for TTX shown to be stable in incubations with rat hepatocytes. These
future efforts should also enable making predictions based on the physico-chemical
data, on whether chemicals are likely to be excreted passively and/or actively, via the bile
or the urine and even which transporter is involved. While it is important to continue
developing NAMs it will require a substantial amount of time and money to define and
build these in vitro and in silico models.

6.8

Conclusion

The present thesis demonstrated proofs of principle for taking into account active
excretion via liver and kidney in PBK modelling and showed that it is possible to
incorporate this active excretion using in vitro transporter kinetic data provided that
adequate scaling factors are used to translate the Vmax in vitro to a Vmax in vivo. The
SA7K cell line showed to have some potential as an in vitro model for obtaining in vitro
kinetics for OCT2 mediated transport. The approaches for defining the scaling factors
can either be based on theoretical considerations where the differences between the in
vitro model and the in vivo situation are quantified or can be derived by fitting of the
predictions to the in vivo reported kinetic data. It was also concluded that transfected
cell lines would provide the preferred in vitro model to define kinetic parameters, given
that there is no confounding by other transporters and that a scaling factor can be
defined more easily by quantifying them with proteomics/western blotting in both the
cell line and the in vivo tissue of interest to establish adequate scaling factors to be
used for in vitro to in vivo translation. Moreover, it was shown that the PBK models
obtained enabled the adequate prediction of PoDs and HBGVs by PBK modelling
based QIVIVE of available in vitro toxicity data thereby building more confidence into
using this tool as a NAM aiming at replacement, reduction and refinement (3Rs) of
animal experimentation.
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For a number of compounds the absorption, distribution, metabolism and excretion
(ADME) characteristics are substantially influenced by active transport in for example
the liver, kidneys, intestine, placenta or the blood-brain-barrier. Incorporating this
active transport into physiologically based kinetic (PBK) models based on in vitro data
is challenging due to a lack of adequate in vitro models to quantify the kinetics of the
active transporters involved and the scaling factors needed to translate in vitro obtained
data to the in vivo situation. In the present thesis, it was investigated how to incorporate
active biliary and active renal excretion into PBK models using kinetic parameters
defined in in vitro model systems seemingly suitable for quantification of transporter
kinetics. To do this, model compounds preferably cleared from the systemic circulation
via active transport in either the liver or the kidney were used. The kinetic parameters
Vmax and Km for the active transport were obtained from in vitro models and collected
experimentally or taken from the literature. The major challenge of incorporating the in
vitro obtained kinetic data into the PBK models was the translation of the in vitro Vmax
to an in vivo Vmax as this requires adequate scaling. The methods of scaling provided in
this work were either theoretical and based on scientific considerations of the differences
between the in vitro model and the in vivo situation or based on fitting the predictions
to available literature reported in vivo kinetic data. The PBK models thus obtained
provided proofs of principle for incorporating active excretion into PBK models. Model
evaluation was further extended by using the PBK models obtained for quantitative in
vitro in vivo extrapolation (QIVIVE) via PBK model based reverse dosimetry to predict
toxicity and related points of departure (PoDs) enabling establishment of health based
guidance values (HBGV). In this way the results of the thesis showed proofs of principle
for a new approach methodology (NAM) in the risk and safety assessment of chemicals.
Chapter 1 introduces the background information on NAMs and the aim of the present
thesis which is: to incorporate excretion via active transport through either urine or
bile in generic PBK models based on in vitro data. Furthermore, excretion in liver and
kidney and the involved active transporters are introduced, PBK modelling is explained
as well as the application of PBK model based reverse dosimetry for QIVIVE translating
in vitro concentration response curves to in vivo dose response curves for toxicity. In
addition, an overview is provided on the available in vitro models for biliary and renal
excretion. Also already published PBK models that included biliary or renal excretion
are summarized. Lastly, the model compounds of the thesis are introduced.
In Chapter 2 a proof of principle is shown for how to incorporate active biliary excretion
into a PBK model using estradiol-17β-glucuronide (E217βG) as the model compound.
The kinetic parameters for description of the transport of E217βG via the organic anion
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transporting polypeptides (Oatps) in a PBK model for rat were obtained from literature
studies. In these studies, freshly isolated primary rat hepatocytes were the in vitro model
used to define the kinetic parameters Vmax and Km needed for incorporating the
transport of E217βG via the Oatps in the PBK model. For all four in vitro transporter
kinetic data sets (Vmax, Km), the scaling factor in the PBK model predictions was fitted.
To this end, PBK model predictions for both the time-dependent blood concentration
and the cumulative biliary excretion were fitted to respectively three in vivo data sets on
the time-dependent blood concentration of E217βG and three in vivo data sets on the
cumulative biliary excretion of E217βG. This resulted in 24 individual predictions and
fitted scaling factors. Averaging the 24 fitted scaling factors resulted in a scaling factor
of 129 mg protein/g liver. This scaling factor was in line with the theoretically derived
scaling factor of 115 to 132 mg protein/g liver. With this newly defined scaling factor
predictions were repeated and it was shown that with the obtained scaling factor the
predictions were performed adequately (within 2-fold difference with reported in vivo
data).
Chapter 3 establishes a first proof of principle on how to incorporate active renal excretion
of the model compound mepiquat (MQ) chloride via the organic cation transporter 2
(OCT2) in a rat PBK model. To this end, the human renal proximal tubule epithelium
cell (RPTEC) line (SA7K) was used to obtain the in vitro kinetic parameters Vmax and
Km by executing time-dependent and concentration-dependent uptake of MQ in the
absence and presence of the OCT2 inhibitor doxepin. This resulted in a Vmax of 10.5
pmol/min/mg protein and a Km of 20.6 µM. PBK model predictions incorporated
these values in the PBK model with scaling of the in vitro Vmax to an in vivo Vmax
using a scaling factor consisting of 3 components: 1) the scaling for the amount of
protein per gram kidney (300 mg protein/g kidney), 2) the scaling for the location of
the OCT2 transporter in the kidney, which is the kidney cortex making up 70% of the
kidney, and 3) a factor to correct for potential differences in OCT2 activity in the SA7K
cells and the in vivo kidney cortex, given the differences in expression levels, the effect of
differences in membrane potential on this activity, and the species differences (human
cell line, rat PBK model). Application of the first two components of the scaling factor,
referred to as partial scaling, led to PBK model predictions of the maximum blood
concentration (Cmax) of MQ that deviated 6.7–8.4-fold from the reported in vivo data
on the Cmax. The inclusion of the third component of the scaling factor resulted in an
overall scaling that provided adequate predictions for the in vivo blood concentrations
of MQ in rat (2.3–3.2-fold difference) and showed proof of principle for incorporating
active renal excretion into PBK modelling.
In Chapter 4 the use of the SA7K cells and incorporation of OCT2 transport into PBK
modelling is investigated to a further extent with the model compound and OCT2
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substrate paraquat (PQ) dichloride. It was shown that the SA7K cells were not suitable
to obtain the kinetic parameters Vmax and Km of the OCT2 mediated PQ transport,
so instead kinetic data obtained using the human embryonic kidney cell line (HEK293)
with OCT2 overexpression reported in literature were used. A scaling factor was derived
in a similar way as was done in Chapter 3 to translate the in vitro Vmax to an in
vivo Vmax. The model thus obtained for rat resulted in an adequate prediction of PQ
kinetics. For human a PBK model was defined based on the evaluated model for rat.
Additionally, the rat and human PBK models were used to predict the acute toxicity
of PQ in rat and human by applying PBK model based reverse based dosimetry. The
target tissue of PQ acute toxicity is the lung. For this reason, in vitro concentrationresponse curves were obtained for cytotoxicity in rat alveolar type II cells (RLE-6TN)
exposed to increasing concentrations of PQ. Reported in vitro toxicity data were also
collected from the literature providing concentration response curves for the RLE-6TN
cell line and the rat alveolar cell line L2. Additionally, human in vitro cytotoxicity data
for the alveolar cell line A549 were collected from the literature. With the developed
PBK model the in vitro cytotoxicity concentration-response curves were translated to
predicted in vivo dose-response curves for PQ toxicity whereafter Benchmark dose
(BMD) analysis was applied to derive the BMDL50-BMDU50 ranges from the predicted
dose response curves, which were compared to the in vivo reported mean lethal dose
(LD50) values for rat and human. The translated in vitro toxicity data range from the
rat cell lines was underpredicting the in vivo LD50 range by 6.9 – 12.4 -fold difference,
with the highest translated BMDU50 being the closest to the lowest reported LD50 by
1.5-fold. For human the QIVIVE of the A594 cell line data, adequately predicted the
acute toxicity by 1.3 – 1.7-fold. In this study, using PQ as the model compound, a proof
of principle was provided showing how to include in vitro obtained active excretion in
PBK modelling and how to apply the PBK model obtained for QIVIVE to predict acute
in vivo toxicity.
In Chapter 5, a proof of principle is provided for predicting acute neurotoxicity of the
model compound tetrodotoxin (TTX) in rodents and human using PBK modelling.
The clearance of TTX was shown not to depend on metabolism since substrate depletion
in incubations of TTX with rat liver hepatocytes appeared negligible. Clearance of
TTX was however dependent on excretion in the kidneys. Incorporating a kidney
compartment accounting for active renal excretion in the PBK models improved the
accuracy and was shown to be essential for their performance. The incorporation was
based on fitting of the transporter efficiency (Vmax/Km) to adequately match available
in vivo kinetic data. The PBK model was evaluated for three administration routes: oral,
intravenous and intramuscular and for both rats and mice. Once validated the PBK
models were used to translate in vitro concentration–response data of TTX obtained
in a multielectrode array (MEA) assay with primary rat neonatal cortical cells and in
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an effect study with mouse neuro-2a cells, into in vivo dose–response data for rats and
mice respectively. To evaluate the predictions, QIVIVE-derived dose–response data were
compared with in vivo data on neurotoxicity in rats and mice upon oral and parenteral
dosing. The results revealed that for both rats and mice the predicted dose–response
data matched the data from available in vivo studies well even though the endpoint in
vitro differed from the endpoints in vivo. Upon this validation also a human PBK model
for TTX was defined assuming that the model was well-evaluated based on the rat and
mice model outcomes. The human PBK model was used for QIVVE of the human
in vitro concentration-response curve obtained in a MEA assay using human-induced
pluripotent stem cell (hIPSC)-derived iCell neurons in coculture with hIPSC-derived
iCell astrocytes to generate a predicted human in vivo dose response curve for TTX
toxicity. BMD analysis was applied on the curve and revealed a BMDL10 of 1.8 µg/kg
bw that was converted with an uncertainty factor of 10 for interindividual differences
to a HBGV of 0.18 µg/kg bw, a value that was only 1.4-fold different from the ARfD
previously established by EFSA of 0.25 µg/kg bw based on an acute toxicity study in
mice providing a tentative HBGV for TTX human risk assessment. It is concluded
that PBK modelling-based reverse dosimetry of in vitro TTX effect data can adequately
predict the in vivo neurotoxicity of TTX in rodents and even human, providing a novel
proof of principle for this NAM.
Chapter 6 gives an overview of the main findings in this thesis work and provides a
general discussion on points that were beyond the scope of the individual chapters. The
chapter reveals more insights in the use of in vitro models for incorporating transporter
kinetics in PBK models and the pros and cons of using the SA7K cell line as a model
to quantify transport kinetics in vitro. Moreover, it is discussed what would be the
preferred in vitro model for obtaining kinetic parameters and an in-depth discussion of
the scaling factor was provided. It is concluded that use of a transfected cell line with
overexpression of the transporter of interest would provide the preferred model to define
PBK model parameters for active transport processes involved in excretion. This allows
for the definition of a scaling factor based on quantification of the abundance of the
protein or its activity for transport of a model compound in the in vitro system and the
in vivo tissue. Furthermore, a discussion is provided on the use of generic PBK-models,
how the work of the present thesis contributes to the 3Rs, the importance of taking
active excretion into account, the type of chemicals for which this will be essential, and
the future potentials of in silico work.
Taken together, the results of the present thesis provide proofs of principle for taking
into account active excretion via liver and kidney in PBK modelling and show that it
is possible to incorporate this active excretion using in vitro transporter kinetic data
provided that adequate scaling factors are used to translate the Vmax in vitro to a Vmax
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in vivo. Moreover, it is shown that the PBK models obtained enabled the adequate
prediction of PoDs and HBGVs by PBK modelling based QIVIVE of available in vitro
toxicity data thereby building more confidence into using this tool as a NAM aiming at
replacement, reduction and refinement (3Rs) of animal experimentation.
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Voor een aantal chemische stoffen wordt de absorptie, distributie, metabolisme en
excretie (ADME) aanzienlijk beïnvloed door actief transport in bijvoorbeeld de lever,
nieren, darmen, placenta of de bloed-hersenbarrière. Het opnemen van dit actief
transport in fysiologisch gebaseerde kinetische (PBK) modellen op basis van in vitro
data is een uitdaging vanwege een gebrek aan adequate in vitro modellen. Deze in vitro
modellen genereren kinetisch data van de betrokken actieve transporters, en vervolgens
spelen schalingsfactoren de hoofdrol bij het vertalen van de in vitro verkregen data naar
de in vivo situatie. In dit proefschrift is onderzocht hoe actieve excretie via gal of urine in
PBK-modellen kan worden opgenomen met behulp van kinetische parameters die zijn
gedefinieerd in in vitro modelsystemen die mogelijk geschikt zijn voor kwantificering
van transporterkinetiek. Om dit te doen, werden modelstoffen gebruikt die bij voorkeur
via actief transport in de lever of de nier uit de systemische circulatie worden geklaard.
De kinetische parameters Vmax en Km voor het actieve transport zijn verkregen uit
in vitro modellen en experimenteel verzameld of overgenomen uit de literatuur. De
grootste uitdaging bij het opnemen van de in vitro verkregen kinetische data in de
PBK-modellen was de vertaling van de in vitro Vmax naar een in vivo Vmax, aangezien
hiervoor adequate schalingsfactoren vereist zijn. De schalingsmethoden in dit werk waren
ofwel theoretisch en gebaseerd op wetenschappelijke overwegingen van de verschillen
tussen het in vitro model en de in vivo situatie of gebaseerd op het afstemmen van de
voorspellingen op beschikbare in vivo kinetische data gerapporteerd in de literatuur.
De aldus verkregen schalingsfactoren en PBK-modellen leverden principebewijzen voor
het opnemen van actieve excretie in PBK-modellen. De modelevaluatie werd verder
uitgebreid door de verkregen PBK-modellen te gebruiken voor kwantitatieve in vitro in
vivo extrapolatie (quantitative in vitro in vivo extrapolation) (QIVIVE) via zogeheten
PBK model based reverse dosimetry. Zo kon toxiciteit en gerelateerde uitgangspunten
(points of departure) (PoD’s) voorspeld worden, die gebruikt kunnen worden voor
het vaststellen van veilige blootstellingsgrenzen voor de mens, zogeheten health based
guidance values (HBGV). De resultaten van het proefschrift leveren een principebewijs
voor een nieuwe benaderingsmethodologie (new approach methodology) (NAM) in de
risico- en veiligheidsbeoordeling van chemicaliën.
Hoofdstuk 1 introduceert de achtergrondinformatie over NAMs en het doel van dit
proefschrift, namelijk: het opnemen van excretie via actief transport via urine of gal in
generieke PBK-modellen op basis van in vitro data. Verder worden excretie in de lever
en nieren en de betrokken actieve transporters geïntroduceerd, wordt PBK-modellering
uitgelegd, evenals de toepassing van PBK model based reverse dosimetry voor QIVIVE
die in vitro concentratie-responscurves vertaalt naar in vivo dosis-responscurves voor
toxiciteit. Daarnaast wordt een overzicht gegeven van de beschikbare in vitro modellen
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voor actieve excretie in de lever en de nieren. Ook reeds gepubliceerde PBK-modellen
met excretie via gal en urine worden samengevat. Ten slotte worden de modelstoffen van
het proefschrift geïntroduceerd.
In Hoofdstuk 2 wordt een principebewijs getoond voor het opnemen van actieve
excretie via de gal in een PBK-model voor oestradiol-17β-glucuronide (E217βG) als
de modelstof. De kinetische parameters voor de beschrijving van het transport van
E217βG via de organische anion-transporterende polypeptiden (Oatps) in een PBKmodel voor ratten werden verkregen uit literatuurstudies. In deze studies waren vers
geïsoleerde primaire hepatocyten van ratten het in vitro-model dat werd gebruikt om
de kinetische parameters Vmax en Km te definiëren die nodig zijn voor het opnemen
van het transport van E217βG via de Oatps in het PBK-model. Voor alle vier de in
vitro transporter kinetische datasets (Vmax, Km), werd de schalingsfactor in de PBKmodelvoorspellingen bepaald door na te gaan met welke schalingsfactor de beschikbare
in vivo data het beste werden voorspeld. Hiertoe werden PBK-modelvoorspellingen
voor zowel de tijdsafhankelijke bloedconcentratie als de cumulatieve galexcretie gefit
aan respectievelijk drie in vivo datasets over de tijdsafhankelijke bloedconcentratie
van E217βG en drie in vivo datasets over de cumulatieve galexcretie van E217βG. Dit
resulteerde in 24 individuele voorspellingen en gefitte schalingsfactoren. Het middelen
van de 24 gefitte schaalfactoren resulteerde in een schalingsfactor van 129 mg eiwit/g
lever. Deze schalingsfactor kwam overeen met de theoretisch afgeleide schalingsfactor
van 115 tot 132 mg eiwit/g lever. Met deze nieuw gedefinieerde schalingsfactor werden
voorspellingen herhaald en werd aangetoond dat met de verkregen schalingsfactor de
voorspellingen adequaat werden uitgevoerd (resulterend in een minder dan een 2-voudig
verschil met gerapporteerde in vivo data).
Hoofdstuk 3 levert een eerste principebewijs voor hoe actieve renale excretie van de
modelstof mepiquat (MQ) chloride via de organische kation-transporter 2 (OCT2) in
een PBK-model voor ratten kan worden opgenomen. Hiertoe werd de humane renale
proximale tubulus-epitheelcellijn (RPTEC) SA7K gebruikt om de in vitro kinetische
parameters Vmax en Km te verkrijgen door tijdsafhankelijke en concentratieafhankelijke
opnamestudies van MQ uit te voeren in de aanwezigheid en afwezigheid van de
OCT2 remmer doxepine. Dit resulteerde in een Vmax van 10,5 pmol/min/mg eiwit
en een Km van 20,6 µM. Deze waarden werden opgenomen in het PBK-model voor
modelvoorspellingen met het schalen van de in vitro Vmax naar een in vivo Vmax
met behulp van een schalingsfactor bestaande uit 3 componenten: 1) schalen voor de
hoeveelheid eiwit per gram nier (300 mg eiwit/g nier), 2) schalen voor de locatie van
de OCT2-transporter in de nier, de niercortex die 70% van de nier vormt, en 3) een
factor om te corrigeren voor verschillen in OCT2-activiteit in de SA7K-cellen en de in
vivo niercortex, gezien de verschillen in expressieniveaus, het effect van verschillen in
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activiteit van de membraanpotentiaal, en de soortverschillen (humane cellijn, rat PBKmodel). Toepassing van de eerste twee componenten van de schalingsfactor, de partiële
schalingsfactor genoemd, leidde tot voorspellingen door het PBK-model van de maximale
bloedconcentraties (Cmax) van MQ die 6,7-8,4 keer afweken van de gerapporteerde in
vivo data over de Cmax. De opname van de derde component van de schalingsfactor
resulteerde in een algehele schalingsfactor die adequate voorspellingen opleverde voor
de in vivo bloedconcentraties van MQ bij ratten (2,3-3,2-voudig verschil) en een bewijs
van principe toonde voor het opnemen van actieve renale excretie in PBK-modellering .
In Hoofdstuk 4 wordt het gebruik van de SA7K-cellen en de opname van OCT2transport in PBK-modellering verder onderzocht met de modelstof en OCT2-substraat
paraquat (PQ) dichloride. Er werd aangetoond dat de SA7K-cellen niet geschikt waren
om de kinetische parameters Vmax en Km van het OCT2-gemedieerde PQ-transport
te verkrijgen. Daarom werden in plaats daarvan kinetische data gebruikt gerapporteerd
in de literatuur die werden verkregen met behulp van de humane embryonale niercellijn
(HEK293) met een overexpressie van OCT2. Een schalingsfactor werd afgeleid op
eenzelfde manier als werd gedaan in Hoofdstuk 3 om de in vitro Vmax te vertalen naar
een in vivo Vmax. Het verkregen model voor rat resulteerde in een adequate voorspelling
van de PQ-kinetiek. Het humane PBK-model werd gedefinieerd op basis van het
geëvalueerde model voor ratten. Bovendien werden beide PBK-modellen gebruikt om de
acute toxiciteit van PQ bij ratten en mensen te voorspellen door het toepassing van PBK
model based reverse dosimetry. Het gevoeligste orgaan voor de acute toxiciteit van PQ
is de long. Om deze reden werden in vitro concentratie-responscurven verkregen voor
cytotoxiciteit in alveolaire type II-cellen van ratten (RLE-6TN) die waren blootgesteld aan
toenemende concentraties van PQ. Ook werden gerapporteerde in vitro toxiciteitsdata
verzameld uit de literatuur die concentratieresponscurves verschaften voor de RLE6TN-cellijn en de alveolaire cellijn L2 van ratten. Daarnaast werden ook humane in vitro
cytotoxiciteitsdata voor de alveolaire cellijn A549 verzameld uit de literatuur. Met het
ontwikkelde PBK-model werden de in vitro cytotoxiciteitsconcentratie-responscurven
vertaald naar voorspelde in vivo dosis-responscurven voor PQ-toxiciteit, waarna de
zogenoemde benchmark dose (BMD) analyse werd toegepast om de BMDL50-BMDU50range af te
 leiden uit de voorspelde dosis-responscurven. Deze werden vergeleken met
de in vivo gerapporteerde waarden voor de gemiddelde letale dosis (LD50) voor ratten
en mensen. De range van de vertaalde in vitro toxiciteitsdata van de rattencellijnen
was een onder voorspelling van de in vivo LD50-range met een verschil van 6,9 – 12,4
keer, waarbij de hoogst vertaalde BMDU50 het dichtst bij de laagst gerapporteerde LD50
lag met een factor 1,5 verschil. Voor de mens voorspelde de QIVIVE van de A594cellijndata adequaat de acute toxiciteit met een factor 1,3 – 1,7. Deze studie laat zien
dat met gebruik van de modelstof PQ een principebewijs werd geleverd dat aantoont
hoe in vitro verkregen actieve excretie kan worden opgenomen in PBK-modellering en
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hoe het PBK-model dat is verkregen voor QIVIVE kan worden toegepast om acute in
vivo toxiciteit te voorspellen.
In Hoofdstuk 5 wordt een principebewijs geleverd voor het voorspellen van acute
neurotoxiciteit van de modelstof tetrodotoxine (TTX) bij knaagdieren en mensen
met behulp van PBK-modellering. De klaring van TTX bleek niet af te hangen van
levermetabolisme, aangezien substraatdepletie van TTX in de incubaties met rat
hepatocyten verwaarloosbaar was. De klaring van TTX is afhankelijk van uitscheiding via
de nieren. Het opnemen van een niercompartiment dat verantwoordelijk is voor actieve
renale excretie in de PBK-modellen verbeterde de nauwkeurigheid van de PBK modellen
en bleek essentieel te zijn voor goede voorspellingen. De kinetische parameters voor het
actieve transport in de nieren werden vastgesteld via het aanpassen van de transporter
efficiëntie (Vmax/Km) om de beschikbare in vivo kinetische data adequaat te matchen.
Het PBK-model werd geëvalueerd voor drie toedieningsroutes: oraal, intraveneus en
intramusculair voor zowel ratten als muizen. Na validatie werden de PBK-modellen
gebruikt om in vitro concentratie-responsdata van TTX, verkregen in een multielectrode array (MEA)-assay met primaire neonatale corticale cellen van ratten en in een
effectstudie met neuro-2a-cellen van muizen, te vertalen naar in vivo dosis-respons data
voor respectievelijk ratten en muizen. Om de voorspellingen te evalueren, werden van
QIVIVE afgeleide dosis-responsdata vergeleken met in vivo data over neurotoxiciteit
van TTX bij ratten en muizen na orale en parenterale dosering. De resultaten lieten zien
dat voor zowel ratten als muizen de voorspelde dosis-responsdata goed overeenkwamen
met de data uit beschikbare in vivo onderzoeken, hoewel het eindpunt in vitro verschilde
van de eindpunten in vivo. Na deze validatie werd ook een humaan PBK-model voor
TTX gedefinieerd, ervan uitgaande dat het model goed was geëvalueerd op basis van de
uitkomsten van het rat- en muismodel. Het humane PBK-model werd gebruikt voor
QIVVE van de humane in vitro concentratie-responscurve verkregen in een MEAassay met behulp van humane geïnduceerde pluripotente stamcel (hIPSC)-afgeleide
iCell-neuronen in co-cultuur met hIPSC-afgeleide iCell-astrocyten om een voorspelde

humane in vivo dosis-responscurve voor TTX-toxiciteit te verkrijgen. BMD-analyse
werd toegepast op de curve en resulteerde in een BMDL10 van 1,8 µg/kg bw die, met een
onzekerheidsfactor van 10 voor interindividuele verschillen, resulteerde in een HBGV
van 0,18 µg/kg bw, een waarde die slechts 1,4 keer verschilde van de door de EFSA
eerder vastgestelde ARfD van 0,25 µg/kg bw op basis van een acute toxiciteitsstudie bij
muizen. Dit leverde een voorlopige HBGV op voor TTX-risicobeoordeling bij de mens.
Geconcludeerd wordt dat PBK modelling based reverse dosimetry van in vitro TTXeffectdata de in vivo neurotoxiciteit van TTX bij knaagdieren en zelfs mensen adequaat
kan voorspellen, wat een nieuw principebewijs levert voor deze NAM.
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Hoofdstuk 6 geeft een overzicht van de belangrijkste bevindingen in dit proefschrift
en geeft een algemene discussie over punten die buiten het bestek van de afzonderlijke
hoofdstukken vielen. Dit hoofdstuk onthult meer inzichten in het gebruik van in vitro
modellen voor het opnemen van transportkinetiek in PBK-modellen en de voor- en
nadelen van het gebruik van de SA7K-cellijn als een model om transportkinetiek in
vitro te kwantificeren. Bovendien wordt besproken wat het voorkeursmodel in vitro
zou zijn voor het verkrijgen van kinetische parameters voor actief transport en er werd
een diepgaande bespreking van de schalingfactoren gegeven. Er wordt geconcludeerd
dat het gebruik van een getransfecteerde cellijn met overexpressie van een gewenste
transporter het voorkeursmodel is om PBK-modelparameters te definiëren voor
actieve transportprocessen die betrokken zijn bij uitscheiding. Dit maakt de definitie
mogelijk van een schalingsfactor op basis van kwantificering van de aanwezigheid van
het eiwit of zijn activiteit voor transport van een modelstof in het in vitro systeem en
het in vivo weefsel. Verder wordt een discussie gegeven over het gebruik van generieke
PBK-modellen, hoe het werk van dit proefschrift bijdraagt aan
 de 3V’s (vervanging,
vermindering en verfijning) van dierproeven, het belang om rekening te houden met
actieve excretie, het type stoffen waarvoor dit essentieel zal zijn, en de toekomstige
mogelijkheden van in silico werk.
Samengevat bieden de resultaten van dit proefschrift nieuwe bewijzen voor het belang
van het opnemen van actieve excretie via lever en nier in PBK-modellering en laten
ze zien dat het mogelijk is om deze actieve excretie op te nemen met behulp van in
vitro transporterkinetiek data, op voorwaarde dat adequate schalingsfactoren worden
gebruikt om de Vmax in vitro te vertalen naar een Vmax in vivo. Bovendien is
aangetoond dat de verkregen PBK-modellen de adequate voorspelling van PoD’s en
HBGV’s mogelijk maken via op PBK-modellering gebaseerde QIVIVE van beschikbare
in vitro toxiciteitsdata, waardoor meer vertrouwen wordt gewekt in het gebruik van dit
hulpmiddel als een NAM gericht op vervanging, vermindering en verfijning (3V’s) van
dierproeven.
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