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ARTICLE INFO ABSTRACT

Keywords: In vitro toxicity testing routinely uses nominal treatment concentrations as the driver for measured toxicity
In vitro assays endpoints. However, test compounds can bind to the plastic of culture vessels or interact with culture media
IVIVE components, such as lipids and albumin. Additionally, volatile compounds may partition into the air above

Biokinetics

Toxi culture media. These processes reduce the free concentrations of compound to which cells are exposed.
oxicity

Models predicting the freely dissolved concentrations by accounting for these interactions have been pub-
lished. However, these have only been applied to neutral compounds or assume no differential ionisation of test
compounds between the media and cell cytoplasm. Herein, we describe an in vitro distribution model, based on
the Fick-Nernst Planck equation accounting for differential compound ionisation in culture medium and in-
tracellular water. The model considers permeability of ionised and unionised species and accounts for membrane
potential in the partitioning of ionised moieties. By accounting for lipid and protein binding in culture medium,
binding to cell culture plastic, air-partitioning, and lipid binding in the cell, the model can predict chemical
concentrations (free and total) in medium and cells. The model can improve in vitro in vivo extrapolation of
toxicity endpoint by determining intracellular concentrations for translation to in vivo.

1. Introduction increasing availability and applicability of these technologies, but also
by an increasing societal and legislative impetus to refine, reduce and,

Integrated testing strategies (ITSs), combining in vitro assay systems, ultimately, replace animal testing. The 3Rs principle, applied to the use

in silico methodologies, knowledge-bases, and omics driven mechanistic of animal models, is not solely based on ethical considerations of animal
insights are increasingly replacing the use of animal models in tox- welfare, but also on the increasing acceptance that extrapolation from
icological risk assessment. This has been driven, not only by the preclinical species to humans is not sufficiently robust for risk

Abbreviations: @, membrane potential (mV); AU,,, internal energy of phase change for air to water partitioning; AU, internal energy of phase change for octanol to
water partitioning; [AP-], concentration of acidic phospholipids; C,;, concentration in the air in the headspace; C.ep, total intracellular concentration;
Crnedium, dissolved,u» Unbound, dissolved medium concentration; Cpomina, Nominal test concentration in medium; Cpqgric, concentration bound to plastic; Cellgigm., diameter
of a single cell; CoA, certificate of Analysis; F, Faraday constant; FBS, fetal Bovine Serum; f;,, fractional cellular volume of intracellular water; fys,, fractional cellular
volume of lysosome; fniw, fractional cellular volume of mitochondria; f;, fractional cellular volume of neutral lipid; f,,, fractional cellular volume of neutral
phospholipids; fyrorein, fraction of FBS comprising albumin; f,, rps, fraction of FBS comprised of neutral lipid; f,rozin, fraction of FBS comprising albumin; fier,m, fraction
of culture medium comprised of FBS; fuggs, fraction unbound in FBS; fuggs, i, furss corrected for dilution in complete culture medium; f,; fraction unionised; ITS,
integrated testing strategy; IVIVE, in vitro in vivo extrapolation; K, Kelvin; KaAP, acidic phospholipid association constant; kg, air to water partition coefficient;
Kkcen,u> ratio of total cell concentration to unbound medium concentration; K ey, yuuws ratio of the unbound, unionised concentration in the cell and the culture medium;
kg, Henry's law constant; Kjw, uuu, ratio of the unbound, unionised concentration in the intracellular water cell and the specified organelle; kpjasic 4, plastic to culture
medium partition coefficient; kp.oein, albumin to water partition coefficient; PAH, polycyclic aromatic hydrocarbons; P;, partial pressure of the gas phase of the
compound; P,;, neutral lipid partition coefficient; P,,, neutral phospholipid partition coefficient; P, octanol-water partition coefficient; PSV, partial specific volume;
Py, Olive oil-water partition coefficient; R, universal gas constant; SApcdium plastics Surface area of plastic culture vessel in contact with culture medium (m?);
Systemgiam,, diameter of culture system (mm); TAG, triacylglyceride; T, reference temperature parameters are experimentally determined or predicted; Ty, tem-
perature of the cell culture system; V,;, volume of air in head space above culture medium (L); Vypedium, volume of culture medium (UL); Viota cenl, total volume of
cultured cells (L); Vyey, volume of a culture vessel (uL); Y, concentration ratio of ionised to unionised ionisable compound
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assessment in the 21st century (Gibb, 2008; Holmes et al., 2010).

Cell based in vitro systems can be used to determine the con-
centration dependant response for a range of toxicological endpoints,
from simple cytotoxicity assays, to highly tissue-specific functional or
transcriptomic responses (Godoy et al., 2013; Meek and Lipscomb,
2015). The use of such assays seeks to inform a more mechanistic un-
derstanding of the pathways that mediate adverse outcomes (Leist
et al.,, 2017). In vitro assays are ideally placed to operate in this way
since target-organ, species-specific material can be used in these model
systems, and they are amenable to scaling to high-throughput screening
approaches. The Tox21 project seeks to utilise in vitro assays in such an
approach in order to assess the hazard for a huge number of compounds
for which in vivo data is unavailable and realistically unobtainable (Tice
et al., 2013). Based on the data generated, an in vitro in vivo extra-
polation (IVIVE) approach can then be adopted in assessing human and
animal hazard (Bell et al., 2018).

However, toxicological endpoints quantified in vitro are routinely
correlated to a range of nominal treatment concentrations to establish a
dose-response relationship. Yet, using the nominal treatment con-
centration as the driving concentration for toxicity is inaccurate since it
does not account for the differential distribution of compounds within
the test system that will determine the true free concentration available
for distribution into the cell, and subcellular compartments, and so
determine the driving concentration for toxicity at the target site. In
order to have a more accurate assessment of concentration driven
toxicity, it is necessary to correct the nominal treatment concentration,
accounting for the different factors affecting a compounds distribution.
These include binding to the plastics used in cell culture, exchange at
the interface between culture medium and the air in the headspace, and
binding to components within serum that may be included in culture
medium (e.g. lipids and proteins); the modelling of these processes is
termed biokinetics (Blaauboer, 2010).

A number of steady-state biokinetic models have been published
that account for some or all of the factors listed above. Armitage and
colleagues (Armitage et al., 2014) published a model framework to
predict intracellular concentrations, correcting for some of the dis-
tribution factors in monolayer cell culture. This steady-state framework
assumes instantaneous partitioning between media, headspace, serum-
lipids, serum-proteins, dissolved organic material, and the cultured cell
volume. The steady-state assumption lends itself to the modelling of
non-proliferating cells, at the time of the assay, with minimal metabolic
activity against the test compound. Moreover, a critical assumption of
the Armitage model is that the test compounds are neutral or not sig-
nificantly ionised under the conditions of the in vitro assay. This as-
sumption of neutrality was, to some degree, addressed in the model
developed by Fischer et al (Fischer et al., 2017) where the authors
adopted the same steady-state assumption, but excluded the parti-
tioning of compound into the headspace. The authors incorporated
separate partition constants for both the ionised and unionised fraction
of test compound, determining the fraction ionised assuming a uniform
pH = 7.4 throughout the test system. This neglects the differential io-
nisation potential between the culture media and intracellular water
resulting from their differing pH. Furthermore, the interior of the cell
itself is not a uniform environment with the interior of specific orga-
nelles being maintained at a specific pH critical to their function (i.e.
lysosomes (pH = 4.5), mitochondria (pH = 8), cytosol (pH = 7). In-
deed, the differential ionisation of compounds between organelles and
intracellular water can result in the preferential sequestration of com-
pounds within organelles; a phenomena commonly known by the
misnomer ‘ion-trapping’ (Kazmi et al., 2013). It is also critical to note
that differences in the intrinsic permeability of the unionised/ionised
form are not the only factors determining the distribution of ionised
compound into cells. The potential difference maintained across the cell
membrane, membrane potential (®, mV), can actively promote the
uptake or exclusion of ionised compounds from the cell interior and can
vary significantly between cell types. It is important to remember that
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these models (Armitage et al., 2014; Fischer et al., 2017) are steady-
state approximations of multiple dynamic processes. Critically, they
assume that the loss of test compounds within the in vitro system is
negligible with no loss through metabolic clearance or instability. When
that is not the case, the steady-state assumption may lead to over-
estimation of intracellular concentrations of the parent molecule, par-
ticularly for highly metabolized chemicals. Obviously, this restricts the
applicability of these models and limits their use in the assessment of
ionisable or metabolically cleared compounds. Dynamic (ODE-based)
models that move beyond the steady-state assumptions described have
been published incorporating metabolic clearance and distribution into
mitochondria (Worth et al., 2017; Zaldivar Comenges et al., 2017).
However, these models still assume no significant ionisation of the test
compound.

Here we propose two versions of an improved virtual in vitro in-
tracellular distribution (VIVD) model: the first is a steady-state for-
mulation which relates a molecule's distribution to its ionisation state,
membrane permeability, and volatility. The VIVD model also accounts
for cell membrane potential, pH, and extracellular binding to culture
medium proteins, lipids, and plastics, but metabolism is considered
negligible. The second is a quasi-steady-state dynamic formulation in-
corporating metabolic clearance which can be used when metabolic loss
of compound cannot be considered negligible. The impact of the var-
ious improvements proposed are illustrated through simulations.

2. Materials and methods

The model structure described below assumes monolayer cell cul-
ture in wells (i.e. plate format) or in round dishes; this distinction is
only important in considering test compound binding to plastic culture-
ware and will be discussed below. The parameterization used herein
assumes a monolayer culture of primary human hepatocytes. But the
model can easily be adapted to predict distribution into other cell types
by including cell specific system parameters (see below for further ex-
planation).

The (in vitro) systems parameters for the model described herein,
which are independent of the test compounds, can be subdivided into
two categories; those related to cultured cells and those pertaining to
the culture conditions. Each of these will be described below. Default
units for calculations within the model are litres (L) for volume, metres
(m) for length/area and molar for concentration (M).

2.1. Cell composition

Hepatocytes account for ~60% of the cells in the liver and account
for 80% of the parenchymal volume (Godoy et al., 2013). Here, we
assume that viable isolated human hepatocytes will maintain a com-
parable size and composition with respect to lipids as to hepatocytes
within human liver. The diameter of human hepatocytes has been cited
as being between 20 and 40 um, while mouse hepatocytes have been
reported as being 23.3 + 3.1 pum in diameter (Hoehme et al., 2010;
Schwen et al., 2015). Here we take 30 um to be the diameter of human
hepatocytes in 2D culture, Celliq, (um). Assuming that cells cultured in
a 2D-monolayers take a dome-like shape (half-spheres) on the culture
surface, and knowing the number of cells at the time of the assay, we
can calculate the total volume of cells, Vioui cen, using Eq. (1).

%7{ (Cellgigm.+0.5¢7°)3

2

Viotat cett (L) = Neent <103

®

2.2. Culture conditions

The formats available for cell culture are diverse. However, the
adoption of high-throughput and automated methods has necessitated a
degree of standardisation across these formats. In most cases high-
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throughput assays are conducted in plate formats comprising cylind-
rical wells. The model assumes a hermetically sealed, cylindrical cul-
ture system corresponding to an individual well of a culture plate or a
single culture dish. Based on this assumption, the model can be easily
parameterised to reflect the diverse range of culture plate formats that
are commercially available. Four culture condition parameters are re-
quired to define the system that is being used: diameter of a single
culture vessel (Systemgiqm.; mm), volume of the culture system (Ve
uL), the volume of medium (Vy,egium; UL) and the fraction of medium (v/
v) comprising fetal bovine serum (FBS) (fierum)- More specialised culture
mediums, where serum is pretreated (e.g. delipidized), or serum free
systems where specific concentrations of lipid or albumin are added can
also be simulated.

The volume of air (V,; L), above the medium can be calculated
using Eq. (2) and is subsequently used to calculate the concentration of
test compound partitioned into the headspace at steady state.

Vair = 1076(‘/well — Vinedium) — Viotalcell 2

To calculate the binding of test compound to plastic it is necessary
to calculate the surface area of plastic in direct contact with the
medium, SApmedium plastic (m?), Eq. (3). Here we assume a round well
culture system and so the only variables will be the diameter of the well
and the volume of medium.

Visodium 1070
SAmedium plastic = 27rr( ‘medium )

7T (systemy,,,, +0.5¢=3)?

3)

We assume that the cell monolayer cultured on the bottom of the
well prevents any contact of the media with the plastic of the well
bottom. This assumes 100% cell confluence; in dividing cell-lines this
can result in contact inhibition of growth.

2.3. Binding to serum

FBS is routinely included in cell culture medium to supply growth
factors, hormones and other factors that support cell growth and im-
prove viability (Gstraunthaler, 2003). Specialist FBS preparations are
also available that modify the composition of FBS. For example, char-
coal stripped FBS containing no lipid. The major protein in FBS is al-
bumin (> 60% total protein) and this is routinely measured and de-
tailed in the certificate of analysis (CoA) (Zheng et al., 2006). FBS also
contains neutral lipids and free fatty acids unless specially treated; the
plethora of lipids within FBS is not routinely quantified, but tria-
cylglyceride (TAG) content is reported in the CoA. It is necessary to
account for the binding of test compounds to these major serum com-
ponents in order to determine the true-free concentration in the in vitro
system. Where the fraction unbound in serum, fugps is determined ex-
perimentally, it can be used directly in the model. Alternatively, fuggs
can be predicted using Eq. (4).

1

u =
Supps Palful FBS

+
XFBS

1+ Kprotein

protein

(€3]

Where fyrotein (v/V) is the fraction of FBS comprised of protein, Kprorein is
the albumin:water partition coefficient, P,; is the neutral lipid partition
coefficient (defined below), f, rss is the fraction of FBS comprised of
neutral lipid and Xpps is an ionisation term (Table 1), assuming that
binding to neutral lipids is limited to unionised species.

Assuming that the fraction of albumin in the FBS is representative of
the total protein fraction responsible for protein binding in the FBS, this
can be calculated from the mass of albumin reported in the CoA for a
batch of FBS using Eq. (5).

_ mass albumin«PSVy,
1000

fprotein ~ alb,FBS

)

Where PSV pymin is the partial specific volume of albumin (0.73 mL/g
(Kupke et al., 1972)); it should be noted that Eq. (5) does not in fact
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Table 1
Calculation of Y and X ionisation terms using Henderson Hasselbalch
(Berezhkovskiy, 2011).

Compound Type Y X

X=1
X=1+YV+Y,
X=1+Y,+Y,
X=1+Y, +Y,

Neutral
Monoprotic acid
Monoprotic base
Diprotic acid

Y1=Y,=0

Y, = 10°PH7PK y, = 0

Y, = 10°% PRy, = 0

Y, = lopH—pKal + loprpKaz’

Y, = 102pH—(pKa1 +pKa2)

Y, = 10PKal—PH 1OpKa27pH’

Y, = 10(p1<a1 +pKa2) — 2pH

Yie = 10pH—pKa1, Yip = 10pKa27pH,
Y, = 10PKa2—pKal

Diprotic base X=14+Y,+7Y,

Ampholyte X=1+Yia+Yp+ Y

Tonisation terms are calculated for the FBS, culture medium, intracellular water,
mitochondria and lysosome; for ampholytes, pKal corresponds to acidic group
and pKa2 to the basic group.

yield a true fraction, but the volume of albumin in litres. Here we as-
sume one litre of FBS for the prediction of fuggs, and so calculation of
the volume specific serum components in litres is equivalent to (v/v)
fractions. The albumin to water partition coefficient, Kyowin, can be
determined experimentally or can be calculated as previously described
(Endo and Goss, 2011) in Eq. (6); in this work the calculation approach
has been used.
if logP,,, < 4.5

log Kprotein = 1.08+10g By, eys — 0.7
if logPoy,= 4.5
lOngrotein = 0'37'1081%“,’“},& + 2.56 (6)

In much the same way, Eq. (7) can be used to calculate a re-
presentative (v/v) fraction of neutral lipid in FBS, using TAG as a sur-
rogate for neutral lipid content. TAG concentration is routinely de-
termined using an enzymatic assay and so reported as a molar
concentration.

[TAG] +1073MWiag *PSVinc
1000

Juirps ® Jrac =

)

Where PSVpsc is the partial specific volume of TAG (1.09 mL/g
(Deckelbaum et al., 1984)) and the molecular weight of TAG is taken to
be 885.453 g/mol; specifically, this corresponds to the molecular
weight of trioleate, a TAG molecule comprising a glycerol backbone and
three oleic acid residues.

Irrespective of whether fupgs is determined experimentally or is
predicted, its value represents the binding in serum alone. However,
serum routinely only comprises a fraction of the complete medium.
Consequently, it is necessary to correct the predicted or experimentally
determined value to account for the dilution of serum in total culture
medium. Firstly, a dilution factor is calculated based on the fraction of
serum, fieqm, in complete medium Eq. (8) and then an fupgs value
corrected for dilution, fupgs 4, calculated Eq. (9).

p=_1_
fsemm (8)
Sulpgs
Jugps g =
™ %'(1 — fugpg) + fupgs 9)

Iffserum = O’ then quBS,dilu =1.
2.4. Partitioning to plastics

In addition to binding to serum components, test compounds may
also bind to the plastic of the culture vessel. Here we employ a linear
correlation between the plastic to media partition coefficient, Kpastic,
and the octanol to water partition coefficient, Poy, established by
(Kramer, 2010) and later used by (Zaldivar Comenges et al., 2017). It
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should be noted, that this relationship was established for polycyclic
aromatic hydrocarbons (PAHs) and so may not hold true for all classes
of compound. In the approach outlined here it is assumed that both
unionised and ionised fractions of solubilised compound can bind to
culture plastics Eq. (10). It should also be noted that binding to serum
components can be considered to be of greater significance than
binding to plastics. Indeed, it has been demonstrated that the sig-
nificance of binding to plastics is reduced with increasing supple-
mentation of FBS in culture media (Kramer et al., 2012).

Chlastic
Kplustic,u = Le = 100'971031)“” 7'»?)/576'94

mediumunbound

(10)

It is important to note that Kyasc, unlike other partition coefficients
used herein, is not dimensionless and has units of metres (m).

2.5. Partitioning into headspace air

Cells are routinely cultured in humidified incubators to help limit
the evaporation of medium. The plate formats utilised in high-
throughput assays do not routinely seal individual wells on the plate;
lids either cover the entire plate, limiting evaporation, or are handled
uncovered due to the use of automated fluidic systems. This means that
the volume of air into which compounds solubilised in the media may
distribute is poorly defined. The model described here does not take
into account the mixing of air above a whole culture plate, or the
possible cross-contamination between wells that may occur if multiple
volatile compounds or test concentrations are being tested across a
single unsealed plate. Here we assume that each well of a plate format
exists as an independent, hermetically sealed system.

The exchange of compound between the atmosphere and water is
already an established concept in environmental toxicology
(Schwarzenbach et al., 2004). At dilute concentrations in pure water,
the distribution of neutral compounds between the air and the water is
described by the Henry's law constant, Kz Eq. (11).

k

Ky =

C an

watelynbound

Where P; is the partial pressure of the gas phase of the compound
(atmLmol ™ 1) and Cyarer unbound iS the molar concentration in water.
Here, it is more convenient to redefine the Henry's law constant of
compounds as a dimensionless partition coefficient, Kg;,, (Eq. (12); also
defined as Kg,,).

Ku

RT (12)

Where R is the universal gas constant and T is the reference temperature
in Kelvin (normally 25 °C = 298.15K). It is important to note that the
terms, and therefore the units, in which Henry's law constants are re-
ported are inconsistent and can lead to confusion. In Eq. (12) it is es-
sential that the universal gas constant is expressed in units consistent
with those of the Henry's law constant (i.e. if Ky is expressed in SI units
of Pa m®mol ™! then R = 8.314Pam®K ™! mol ™?; if K}, is expressed in
units of atm L mol ! then R = 0.08206 L atm mol ~1).

Besides databases listing experimentally determined Henry's law
constant values, a number of tools are available for predicting this
parameter (Dearden and Schuurmann, 2003; Katritzky et al., 1998).
The HenryWin tool gives users a prediction of Ky in SI units, but also as
the dimensionless Kg; = Kgir,, partition coefficient (Dearden and
Schuurmann, 2003).

As already stated above, the Henry's law constant describes the air-
water distribution ratio of neutral compounds in non-saturated and
pure water, single solute systems. As such, its use here is an approx-
imation of the behaviour in a ‘real’ aqueous solution containing mul-
tiple chemical species. However, to limit the assumptions being made,
Kair,y is only applied to the unionised fraction, f,;, of solubilised com-
pound.

45

Toxicology in Vitro 58 (2019) 42-50

logK,,

AUy, 1 1
Experimental, and predicted values, of Henry's law constant are
reported at a reference temperature (T, of 25 °C, while the tempera-
ture cell culture systems (Ty,) is routinely maintained at 37 °C. It is
therefore necessary to correct the values used in the model to the re-
levant system temperature using Eq. (13), where AU, (J mol 1) is the
internal energy of phase change for air to water partitioning.

13)

2.6. Partitioning in cells

Using an adapted form of the Rodgers and Rowland approach
(Rodgers et al., 2005; Rodgers and Rowland, 2007) we describe the
partitioning of test compound into cells. This approach adopts a more
mechanistic description of intracellular lipid binding and is based on
the pH-partition hypothesis. It assumes that only the unionised fraction
can partition across tissue membranes. Therefore, at steady-state, the
concentration of unbound, unionised compound between the in-
tracellular and extracellular water is equal Eq. (14).

unbound,unionised
intracellular

Keett uuuu = (Cwnbound.unionised -
extracellular

a4

The unionised concentrations are defined by the Henderson-
Hasselbalch equation based on compound type and the local pH
(Table 1). In predicting the partitioning of neutral or weak acids/bases,
the pH-partition is valid since the compound is unionised or the fraction
of ionised compound is negligible and so makes no significant con-
tribution to partitioning across membranes. However, as noted above
the negative potential difference maintained across most cell mem-
branes promotes the partitioning of cations into the cell and limits the
partitioning of anions.

Using the Fick-Nernst-Planck equation, models for passive cell
permeability accounting for differential ionisation (Henderson-
Hasselbalch equation), passive permeation of neutral molecules (Fick's
law), and passive permeation of ionised molecules (Nernst-Planck
equation) across the cell membranes have been published previously
(Ghosh et al., 2014a; Ghosh et al., 2014b; Trapp et al., 2008).

Here we adapt the existing Rodgers and Rowland approach in-
corporating the Fick-Nernst-Planck equation to describe the passive
penetration of electrolytes across cell membrane, together with the
passive penetration of neutral molecules. Keey yyuu is introduced and
derived from the steady-state Fick-Nernst-Planck equation Egs. (15) and
(16), (Table 2) and further used to predict the cell to media partition
coefficient (K¢, Eq. (17)).

Kcell uu,uu

punbound,ionised 1 M punbound,ionised 2

N2
I+ punbound,unionised (N1 _ 1 YIEW + punbound,unionised (N2 _ 1 szEW

Punbound,ionised 1

Punbound,ionixed 2

M~ PRI N2 N
1 punbound,unionised gNI _ | MY + punbound,unionised ,N2 _ 1 e Yw
(15)
Table 2
Nernst-Planck calculations.
Compound type N
Neutral N;=0,N,=0
ic aci @F
Monoprotic acid N = -ef, Ny=0
Monoprotic base Ny = %: L Ny=0
iprotic aci @F oF
Diprotic acid M= -2, N, = -2
Diprotic base = 2F _ @F
M= N =37
oF oF z@F
Ampholyte Niacid = T Nobase = E’Nz = Rr (z=0)
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uu,uu
organelle

punbound,ionised 1 M
1+ punbound,unionised ,N1 _ | YiJW
punbound, ionised 1 N N
1+ e 1Yi,orguzmzlle +

punbound,unionised pN1 _ 1

punbound,onised 2 N, Y,
punbound,unionised ZN2 _ 1 * 2IW
T,
punbound,unionised (N2 _ | 2,organelle

(16)

Where P is the permeability coefficient of either the ionised or union-
ised moiety. Using a ratio of the permeability coefficient between the
unionised and ionised species we can describe the differential perme-
ability of the two molecular forms. It has previously been assumed that
the permeability coefficient of the ionised species is 3-4 log units lower
than that of the neutral form (Trapp et al., 2008). Here we assume io-
nised, unionised permeability coefficient ratios of 2.3 and 3.3 log units
for the monoprotic cation and monoprotic anion, respectively; for both
diprotic cations and anions we assume a ratio of 10 log units; for am-
pholytes we assume a ratio of 2 log units.

Ccell

Keety =
Cm‘fdiaunbound

(1 _f +f ) fl:w)(iw + Pnlf;,[ + P”Pf;zp
lyso+ mito _
+Kaap [AP7] (Y0 + Ya,m)
_ f finlyso + Pnf nl + P”Pf;tp-'_ K
o KaAP [AP_](Yi,lysD + YZ,Iyso)

uu,uu
iwlyso

Kcell uu,uu
ew

ﬁmem’ + P”llfnl + P”Pf;tp-'—
K uuuu
Kaap [AP7] (Yi,mim + Yz,mim) iw mito

+ fmito (

a7)

Eq. (17) is adapted from the original Rodgers and Rowland (Rodgers
et al., 2005; Rodgers and Rowland, 2007) approach incorporating K.
uuu Where fi, fiysos fmitos fa» fap denote the fractional cellular volumes of
the intracellular water, lysosomes, mitochondria, neutral lipids, and
neutral phospholipids, respectively. P,; and Py, describe the partitioning
of the compound between intracellular water and neutral lipids and
neutral phospholipids, respectively. Where the olive oil to water (P,,.,)
and octanol to water (P,.,) partition coefficients are used as surrogates,
respectively. KaAP (uM~?) is the acidic phospholipid association con-
stant and [AP "] is the intracellular acidic phospholipid concentration.
This may be determined experimentally for individual compounds or
estimated from the blood to plasma (B:P) ratio using Eq. (18) (per
Rodgers and Rowland (Rodgers et al., 2005; Rodgers and Rowland,
2007)).

haem —1+B: P
haem

Ju

Xplasma

Kaar = = (ke *Xiw.rBc + Bu*fuy rec

KRBC uu,uu

1
[AP~ g (Vi rBe + YarBC)

+ Bip *fp.rec)
(18)

As with Henry's law constant, experimentally determined P, va-
lues, and predicted values, are reported at a reference temperature of
25°C and these too must be corrected to correspond to the relevant
system temperature before being used in as model inputs, Eq. (19);
where AU,,, (Jmol ') is the internal energy of phase change for octanol
to water partitioning.

AUn (1 _ 1

n10eR \Tys Ty
As well as the incorporation of Keeyy yu,uus EQ. (17) has two further
modifications beyond the original Rodgers and Rowland approach.
Firstly, there is no longer a need to incorporate the fraction of extra-
cellular water in tissues or binding to extracellular proteins present in
the extracellular water since this fraction will be absent in 2D cell

culture systems. Secondly, the equation is adapted so that two sub-
cellular organelle compartments (lysosome and mitochondria) are

lOg};w,Tsys = lOgB)w -
(19
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considered.

While Eq. (17) allows the calculation of total intracellular con-
centrations, it is necessary to determine separate cellular compartment
to medium ratios to be able to calculate the concentration within re-
spective cellular compartment; for details see the supplementary mate-
rial.

2.7. Apparent in vitro volume of distribution at steady-state

Using the partitioning coefficients, serum-binding and system
parameters described above, we can predict the apparent in vitro vo-
lume of distribution at steady-state, Eq. (20), thus generating a pre-
diction of the unbound, freely dissolved media concentration.

Crominal 'quBS,dilu * Vmedium
Vmedium + Kairf;”' Vair + Kcell V;otalcell + KplasticSAmedia +103
(20)

Subsequently, the steady-state concentration in each compartment
of the model can be predicted based on the respective partition coef-
ficient and the unbound, freely dissolved media concentration Egs.
(21), (22) and (23).

Cair = Kair,u' ui ®

Cmedium,disxolved,u =

‘medium,dissolved,u

if Vair = 0, Coir = 0 (21)
Cplastic = Koplastic,u * “medium,dissolved,u +103 (22)
Ceen = Keettu® ‘medium,dissolved,u (23)

2.8. Quasi steady-state dynamic modelling

The partition model presented defines the system at steady-state. To
test the potential impact of the steady-state assumption, we formulated
a dynamic variant of the model incorporating the instantaneous rate of
metabolism or loss from the system by the following differential
equation, Eq. (24).

AQume: (1)

dt = Neell 'CLim,met *Ceell (t)

(24)
Where Qe (t) is the quantity metabolized in moles up to time t, CLin,mer
(Lmin~Y) is the intrinsic metabolic clearance per cell, and ny is the
number of cells in the cultured monolayer. The total quantity of parent
chemical remaining in the system at time t, Qu(t), can then be cal-
culated, Eq. (25).

Qrotat (1) = Crominal*Vinedia = Qmer (£)

In Eq. (24), C.eu(t) is computed using Egs. (20) and (23), replacing
Crominal DY Q’L;_([) at each integration time step; Egs. (21) to (23) apply
without chargglg. This quasi-steady-state differential formulation is
flexible and could be easily modified to describe nonlinear metabolism
or other in vitro elimination processes if needed. In its current linear
form, its analytical solution is known and could be used. However, for
the simulation results presented in the following we numerically in-
tegrated the differential equation above.

(25)

2.9. Code and simulations

The static model equations have been coded in R (R Core Team,
2018), and GNU MCSim (Bois, 2009) for the dynamic model.

3. Results
3.1. Steady-state model

We performed representative simulations of the steady-state dis-
tribution of 1194 compounds with diverse physicochemical properties



C. Fisher, et al.

Toxicology in Vitro 58 (2019) 42-50

1e-03

VIVD Model

Armitage et al. (2014)

1e-06

(o)
5 O ®o 9

[e]
o

o (o)

intracellular Concentration. (M)
1e-09

1e-12

1e-15

________ IS . s O g ey g s e S R R S ey
@ 0® @O ) o

Fig. 1. Comparative simulations of steady-
state distribution in vitro with the pre-
viously published (9) (grey) and VIVD
model (black) assuming neutrality; simula-
tions represent primary human hepatocytes
cultured in 10% FBS containing 24 and 1.9
gL”! of albumin and TAG, respectively
treated with 1 nM (red dotted line) of each
test compound individually.
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in an adherent monolayer of primary human hepatocytes cultured in
10% FBS assuming a 1 nM nominal treatment concentration similar to
Armitage and colleagues (Armitage et al., 2014). Firstly, steady-state
distribution was simulated assuming no significant ionisation of test
compounds; under this assumption the VIVD model shows largely
comparable predictions of total intracellular concentration to that
previously published (Armitage et al., 2014) (Fig. 1).

This is to be expected given the underlying assumptions of the re-
spective models; here we describe the distribution into cells based on
the partitioning into the intracellular water as well as the binding to
cellular neutral lipids and phospholipids. Although our model does
account for binding to cellular acidic phospholipids, as we assume that
this is only relevant for significantly ionised basic compounds and so
does not contribute to the intracellular binding of neutral compounds.
The Armitage model (Armitage et al., 2014) defines partitioning into
cells based on the fraction of the cell comprised of lipids, fjyig, and the
octanol to water partition coefficient Eq. (26).
Keen = flipz'd Bw (26)
The total fraction of the cell comprised of neutral lipids and phospho-
lipids in our model is very similar to that in simulations with the Ar-
mitage model (0.06 versus 0.05, respectively) and so for neutral com-
pounds we would expect comparable predictions. However, like the
model recently published by Fischer et al (Fischer et al., 2017), our
VIVD model also incorporates the partitioning of test compound be-
tween the medium water and intracellular water and so predicts higher
intracellular concentrations at logP,,, < 1.

Simulating the same cell culture system, but incorporating simu-
lated, randomly assigned, differential ionisation of test compounds,
rather than the assumption of neutrality, we see significant differences
in the predicted total intracellular concentrations (Fig. 2). Moderate to
strong bases (pKa = 7) show significantly higher partitioning into cells
than would be predicted assuming neutrality. In part this is attributable
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to the differential ionisation of basic compounds between the culture
medium (pH = 7.4) and the intracellular water (pH = 7.0). The frac-
tion ionised in the intracellular water exceeds that in the culture
medium, with this fraction having reduced membrane permeability,
relative to the neutral fraction, resulting in an increased proportion of
the free dose entering and remaining within the cells. Additionally,
while the ionised fraction of compound within the culture media has
reduced membrane permeability, the negative membrane across the
hepatocyte cell membrane (& = -70mV) increases the apparent per-
meability of ionised (cationic) bases. Conversely, significantly ionised
acids show reduced predicted partitioning into cells when ion perme-
ability and the impact of membrane potential are considered within the
model, due to ionisation in the culture media and the limiting effect of
the negative membrane potential on the ionised (anionic) fraction. The
total intracellular concentrations predicted under the two different
model assumptions can differ by many orders of magnitude and so
could significantly impact the in vitro to in vivo extrapolation of toxicity
endpoints quantified in vitro.

The prediction of binding to components within serum is pre-
dominantly driven by logP,., even with accounting for ionisation
within the model framework. Binding to serum albumin is the most
significant contributor to fupgs and, since the model assumes that io-
nisation does not impact a compound's ability to bind to albumin, the
assumption that only the unionised fraction of test compound binds to
serum triglycerides has a minimal effect on overall serum binding in our
simulations (Fig. 3). Although the prediction of fupgs accounts for io-
nisation, it does not differentiate between ionised species (i.e. acids vs
bases).

3.2. Quasi steady-state dynamic dynamic model

For 612 of the 1194 chemicals considered (Armitage et al., 2014),
we have used hepatic metabolic clearance estimates reported in the R
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Fig. 2. Comparative simulations of steady-state dis-
tribution in vitro with the VIVD model assuming
neutrality (x-axis) and accounting for ionisation (y-
axis); simulations represent primary human hepato-
cytes cultured in 10% FBS containing 24 and 1.9
gL~ ! of albumin and TAG, respectively treated with
1nM (red dotted line) of each test compound in-
dividually; acids (red), bases (blue), ampholytes
(orange). The black dotted line represents unity, blue
dotted lines represent 10-fold, compounds with
fraction unionised < 0.1 (pH = 7) plotted as solid
data points.
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package httk (Wambaugh et al., 2018) (v1.7). Those estimates were
corrected for the fraction unbound in medium by Wambaugh
(Wambaugh et al., 2018) and colleagues, but not for the partitioning
into cells (i.e. for the partition coefficient Kc.;,) so we divided the va-
lues given in httk by that parameter, correcting units as required. For
those 612 chemicals, using our dynamic model, we performed simula-
tions of the time courses over 48 h for the quantity of parent chemical
remaining in the system and for the intracellular cellular concentration,
following a single treatment at a nominal concentration of 1 nM, Fig. 4.
For the majority of the 612 chemicals, metabolism has an impact; 283
have been > 90% metabolized and 165 of them have been between 10
and 90% metabolized. Under the quasi-steady-state assumptions, the
concentrations in cells, and other in vitro compartments are affected to
the same proportion. This demonstrates that the steady-state model
would over-predict intracellular exposure in metabolically competent in
vitro cell systems for the majority of the 612 subset of compounds.
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4. Discussion

Here we present a pragmatic modelling approach for predicting the
distribution of test compounds in in vitro cell culture systems. The aim is
to predict the intracellular concentration accounting for binding to
serum components, culture plastics, and accounting for distribution
into the air in the headspace above the culture medium, and binding to
cellular lipids. The approach detailed above expands on previously
published approaches (Armitage et al., 2014; Fischer et al., 2017;
Zaldivar Comenges et al., 2017) by incorporating differential ionisation
of test compounds between the intracellular water and the aqueous
culture media, ion-permeability across cell membranes, and the effect
of membrane potential. Our results show that predicted intracellular
concentrations differ considerably dependent on whether the model
used disregards the impact of compound ionisation (i.e. all compounds
are neutral) or accounts for compound ionisation. While the

0
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n

fui
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Fig. 3. Predicted fraction unbound in fetal bovine; serum containing 24 and 1.9 gL.~ " of albumin and TAG, respectively (left), serum containing 0 and 1.9 gL~ " of

albumin and TAG, respectively (right).
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Fig. 4. Predictions of the quantity-time profile of parent chemical in the assay system (left) and of its intracellular concentration-time profile (right); predictions
assuming no metabolism (red line) and incorporating metabolism (grey lines) for 612 chemicals.

partitioning of compound between culture medium and cells in our
model is based upon the previously published work of Rodgers and
Rowland (Rodgers et al., 2005; Rodgers and Rowland, 2007), we revise
a fundamental assumption incorporating the permeability of the ionised
species, rather than assuming that only the unionised form will parti-
tion across the membrane.

With the exception of toxicities mediated through targets presented
at the cell surface, the unbound intracellular concentration is the most
directly relevant operating concentration driving toxicological end-
points observed in vitro, and therefore the most translatable to in vivo
scenarios. Previous publications have sought to improve on the IVIVE of
concentration-dependent toxicity by correcting for binding to serum-
supplemented culture medium, so translating the unbound effect con-
centration in vitro to the unbound plasma concentration in vivo (Gulden
and Seibert, 2003). External in vivo doses required to achieve the un-
bound effect-concentration, determined in vitro can then be predicted
based upon reverse-dosimetry using physiologically-based pharmaco-
kinetic (PBPK) models. However, while representative at many levels of
their tissue of origin, isolated primary cells or immortalised/trans-
formed cell lines are very different to in vivo tissues lacking key struc-
tural elements (e.g. interstitial fluid). As such, the most translatable
operating concentration from in vitro is the intracellular concentration,
which can inform a reverse-dosimetry approach using PBPK models
describing the distribution of compounds into tissues, incorporating
extracellular water and tissue blood flow.

A balance must be struck between the pragmatic approach pre-
sented here, and more complex models (Zaldivar Comenges et al.,
2017). The model presented here predicts in vitro distribution at steady-
state; while this is an acceptable approximation for predictions in non-
proliferating cell systems with low metabolic capacity or stable com-
pounds, it could be misleading if these model assumptions are in con-
flict with the reality of the cell culture system being used. This would be
important for example if trying to predict intracellular concentrations
in 3D culture systems, hanging droplet or spheroid systems, or organ on
a chip/micro-physiological systems. We demonstrate the impact of
metabolic clearance on predictions relative to the steady-state model
with a quasi-steady-state dynamic version of the model that is applic-
able in metabolically competent cellular systems, such as primary
human hepatocytes. The subset of 612 chemicals used for the dynamic
system simulations cannot be taken as a representative sample of all
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chemicals. However, it demonstrates that in a metabolically competent
assay system, metabolism can have a large impact on intracellular ex-
posure. In that case, the dynamic version of the model should be used to
obtain more accurate estimates of effective dose. As noted above, the
quasi-steady-state differential formulation is flexible and could describe
other in vitro elimination processes if needed. Such an adaption should
be considered when simulating the distribution of highly volatile
compounds in in vitro assays. In a non-hermetically sealed system, the
loss of compound to the air represents a clearance mechanism that
would lead to over-prediction of intracellular concentrations by the
model under steady-state assumptions. Outputs from the steady-state
model showing significant distribution of test compound into the
headspace, will identify the need for users to consider whether the
model assumptions are fit for purpose or necessitate revision. It may
also identify the need for further considerations in laboratory safety
when performing assays, and so may inform protocol design.

5. Conclusion

In vitro toxicity assays are increasingly being used to identify che-
mical hazards to human and animal health and inform risk assessment.
Consequently, these systems must be well characterised and the kinetics
understood in order to extract the correct parameters and better in-
terpret the toxicity markers monitored in vitro. Ultimately, such an
approach will better inform quantitative in vitro to in vivo extrapolation
and elucidate mechanistic insight as part of a systems toxicology ap-
proach (Hartung et al., 2017). While only limited verification of such
models has been published to date, and further experimental work are
warranted (Bellwon et al., 2015; Kramer et al., 2012), model develop-
ment and verification will need to be performed in tandem to the de-
velopment of increasingly sophisticated in vitro systems in order to as-
sess the impact of in vitro distribution and facilitate the robust IVIVE of
chemical hazard (Pamies and Hartung, 2017).
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