
 
 

 

 

 

Novel approaches in predicting chemical toxicity using 
computational methods. 

Doctoral thesis for obtaining the academic  

degree Doctor of natural sciences 

(Dr.rer.nat) 

 

Submitted by 

Kisitu, Jaffar  

 

at the  

 

 

 

Faculty of Sciences 

Department of Biology 

 

 

 

Konstanz, 2020 

 
 
 

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-1knkwi4ct73yp1



i 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 

Printed with support from the German Academic exchange service 



ii 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Date of the oral examination: 16th/October/2020 

1. Reviewer: Prof.Dr. Marcel Leist 

2. Reviewer: Prof.Dr. Daniel Dietrich 

 
 
 



iii 
 

Table of Contents 
Abstract ...................................................................................................................................... v 

Zusammenfassung..................................................................................................................... vi 

Abbreviations ......................................................................................................................... viii 

1. Introduction ........................................................................................................................ 1 

1.1. In vitro substitutes for in vivo animal data in chemical risk assessment .................... 1 

1.2. Computational toxicology ........................................................................................... 6 

1.3. Quantitative structure-activity relationship (QSAR) models .................................... 11 

1.4. Physiologically based pharmacokinetic modelling ................................................... 14 

1.5. Read-across ............................................................................................................... 17 

2. Aims of the thesis ............................................................................................................. 23 

3. Results .............................................................................................................................. 24 

3.1. Manuscript #1: Chemical concentrations in cell culture compartments (C5): 
concentration definitions .......................................................................................................... 24 

3.1.1. Summary ................................................................................................................ 24 

3.1.2. Concentrations do matter- don’t they? .................................................................. 25 

3.1.3. Key questions indicating the complexity of concentrations .................................. 26 

3.1.4. Defining concentration and dose ........................................................................... 27 

3.1.5. Conclusion and outlook ......................................................................................... 34 

3.2. Manuscript #2: Chemical concentrations in cell culture compartments (C5): free 
concentrations .......................................................................................................................... 36 

3.2.1. Summary ................................................................................................................ 36 

3.2.2. Concentrations then and now ................................................................................ 36 

3.2.3. Predicting free compound fraction (fu) in vitro..................................................... 46 

3.2.4. Example use of the biokinetics equation ............................................................... 47 

3.2.5. Conclusions and outlook ....................................................................................... 58 

3.2.6. Supplementary material ......................................................................................... 59 

3.3. Manuscript #3: Cross system testing of 19 potential toxicants in a broad EU-ToxRisk 
battery of cell-based assays and zebrafish. .............................................................................. 81 

3.3.1. Summary ................................................................................................................ 81 

3.3.2. Introduction ........................................................................................................... 82 

3.3.3. Materials and methods ........................................................................................... 84 

3.3.4. Results and discussion ........................................................................................... 89 

3.3.5. Conclusions ......................................................................................................... 114 

3.3.6. Supplementary material ....................................................................................... 114 

4. Overarching discussion................................................................................................... 135 



iv 
 

4.1. Delineating concentration and dose ........................................................................ 135 

4.1.1. Interchanging between concentration and dose ............................................... 135 

4.1.2. Total concentration or nominal concentration in vivo/ in vitro ....................... 136 

4.2. Loss of compound in vitro and in vivo ................................................................... 137 

4.2.1. In vitro versus in vivo barriers to toxicant exposure........................................ 138 

4.2.2. Uncertainty in accounting for exposure ........................................................... 139 

4.3. Constituting an ideal in vitro test battery ................................................................ 140 

4.3.1. General cytotoxicity versus functional cytotoxicity endpoints ........................ 140 

4.3.2. Cell lines as target organ surrogates ................................................................ 142 

5. Conclusion and outlook .................................................................................................. 146 

List of publications ................................................................................................................ 148 

Record of contributions.......................................................................................................... 148 

Acknowledgements ................................................................................................................ 150 

References .............................................................................................................................. 152 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



v 
 

Abstract  

In toxicology, there is currently a shift towards the use of in vitro assays and in silico 

approaches, together coined “new approach methodologies (NAMs)”. This change of concept 

also requires that key terms and ontologies are defined in a way that they are understood and 

used the same way for traditional animal studies and emerging NAM. One key task in 

toxicology has always been to define the amount (dose and concentration) of a test substance 

that triggers a toxicological effect. The relatively simple measure of “dose” in vivo now needs 

to be related to the more complicated term “concentration” in the context of NAM. This 

requires extensive background knowledge on the composition of the medium in terms of 

biomolecules, the characteristics of the cell systems and the exposure schemes. Since primary 

data need to be extensively processed, also the data processing, management and association 

with metadata needs more focus than for traditional approaches. Here we identified and defined 

several of the above issues and devised guidance on how to define concentration and dose in 

the in vitro sense. Also, recommendations on good data handling and presentation practices are 

given. We progressed to derive an equation for predicting the test compound free in vitro 

fraction and the calculation of the free concentration and we provided a step-by-step instruction 

that can be used by any bench scientist. Sufficient background is given for a clear understanding 

of the underlying assumptions and limitations of the approach. An example use of the equation 

was demonstrated with a sizable number of diverse drugs and industrial chemicals. The 

influence of in vitro system biomolecular composition on free fractions was demonstrated. 

Finally, this knowledge was applied to an in vitro test battery assembly consisting of 23 human 

and a zebrafish test method(s) with 42 endpoints using a set of 19 diverse chemical compounds. 

The performance of the test methods was compared using the in vitro unbound points of 

departure (PoDs) in terms of the number of compounds that elicit a response. Effects in organ 

associated cell lines were compared to the in vivo effects by comparing the free plasma 

concentrations at which such effects are reported, to the in vitro free concentrations. Unbound 

in vitro effect concentrations (PoDs) were used in a reverse dosimetry approach to predict the 

oral administered doses. These were then compared to in vivo animal and human therapeutic, 

toxic and lethal doses. In this approach, we tested for the suitability and readiness of NAM for 

risk assessment. In summary, this work contributed to building a bridge between the fields of 

toxicokinetics/ toxicodynamics, NAMs (with their threshold toxicity concentrations) and 

humans/animals for which oral equivalent doses were predicted.  
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Zusammenfassung  

In der Toxikologie ist gegenwärtig eine verstärkte Verlagerung hinsichtlich der Verwendung 

von in vitro Tests und in silico Methoden zu beobachten, die zur Formulierung des Begriffes 

der „New Approach Methodologies (NAMs)“ geführt haben. Dieser Paradigmenwechsel 

erfordert, dass Schlüsselbegriffe und Strukturen so definiert werden, dass sie sowohl im 

Rahmen klassischer Tierstudien als auch im Bereich der neuen NAMs in gleicher Weise 

verstanden und verwendet werden. Eine wesentliche Aufgabe der Toxikologie bestand jeher in 

der Definition der Menge (Dosis und Konzentration) einer Testsubstanz, die einen 

toxikologischen Effekt hervorruft. Die relativ einfach zu bestimmende Größe der „Dosis“ im 

in vivo Modell muss nun in Relation gesetzt werden zum Begriff der „Konzentration“ welche 

im Zusammenhang mit NAMs eine Rolle spielt. Dies verlangt intensives Hintergrundwissen 

hinsichtlich der Zusammensetzung des Mediums, der spezifischen Charakteristika des 

verwendeten Zellmodells und der Exposition dieses Systems. Da Primärdaten eine intensive 

Prozessierung durchlaufen, kommen Aspekte wie die Datenverarbeitung, dem 

Datenmanagement und der Einbeziehung von Metadaten eine weitaus größere Rolle zu als dies 

im Rahmen der traditionellen Ansätze der Fall ist. 

In der vorliegenden Arbeit haben wir mehrere der oben genannten Aspekte identifiziert und 

definiert und sprechen Empfehlungen darüber aus, wie Konzentrationen und Dosen im 

Zusammenhang mit in vitro Modellen zu definieren sind. Desweiteren werden Empfehlungen 

zur sachgerechten Handhabung von Daten und ihrer Präsentation gegeben. In einem nächsten 

Schritt wurde eine Gleichung abgeleitet, die eine Vorhersage über die freie Konzentration einer 

Testsubstanz in einem in vitro System, sowie die Berechnung der freien Konzentration erlaubt. 

In der vorgelegten Arbeit wird hierzu eine Schritt für Schritt Anleitung beschrieben die eine 

einfache Anwendung im Alltag zulässt. Ein umfangreiches Hintergrundwissen für ein klares 

Verständnis der dabei zugrundeliegenden Annahmen und Limitationen des hier vorgestellten 

Ansatzes wird in der Arbeit dargelegt. Eine exemplarische Anwendung der Gleichung wurde 

mit einer größeren Anzahl von Pharmazeutika und Industriechemikalien durchgeführt. Der 

Einfluss von verschiedenen Komponenten der verwendeten in vitro Medien auf die Fraktion 

der ungebundenen Substanz wurde gezeigt. Im letzten Schritt wurde dieses Wissen auf eine in 

vitro Testbatterie angewandt, die aus 23 humanen und einer zebrafisch basierten Testmethode 

besteht. Es wurden 42 Endpunkte analysiert und 19 verschiedene Chemikalien getestet. Die 

Aussagekraft dieser Testmethoden wurde auf Grundlage der „points of departure (PoDs)“ 

verglichen, indem die Anzahl aktiver und inaktiver Substanzen in der jeweiligen Methode 
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bestimmt wurden. Effekte in organspezifischen Zelllinien wurden mit in vivo Effekten 

verglichen. Hierzu wurde die freie Plasmakonzentration, bei der ein schädigender Effekt 

berichtet wurde mit der in vitro freien Konzentration gegenüber gestellt. Die Konzentrationen 

des ungebundenen Stoffes in vitro wurden in einem reverse Dosimetrie Ansatz verwendet um 

die oral verabreichte Menge vorherzusagen. Diese wurden in einem nächsten Schritt mit in 

vivo Daten aus Mensch und Tier verglichen, welche therapeutische, toxische und letale Dosen 

umfassen. In diesem Zusammenhang wurde untersucht inwieweit NAMs in der 

Risikobewertung eingesetzt werden können. Zusammenfassend, hat die vorliegende Arbeit 

eine Brücke zwischen den Bereichen der Toxikokinetik und Toxikodynamik geschlagen, dabei 

lag ein besonderer Fokus auf  NAMs. Die Bestimmung von Schwellenkonzentrationen der 

Toxizität mit Hilfe von NAMs wurde hierbei genutzt um eine orale Äquivalentdosis für 

Mensch und Tier vorherzusagen. 
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1. Introduction  

1.1.  In vitro substitutes for in vivo animal data in chemical risk assessment 

Chemical risk assessment refers to the quantification of a potential adverse effect to man and 

other living creatures present in the environment, following exposure to a chemical substance 

(Pawar et al. 2019). The conventional use of animal studies in chemical risk assessment has 

over the years been slowly been replaced by predictive toxicology approach. Predictive 

toxicology refers to a prospective approach that intends to predict the toxicity of a chemical-

based on the knowledge of the underlying biological and chemical properties and molecular 

initiating events (Carney & Settivari, 2013). This differs from the conventional toxicology 

approaches such as in vivo animal studies, which rely on empirical science based upon the 

observation of adverse effects after they have occurred.  Predictive toxicology refers to both in 

silico and in vitro approaches that constitute the integrated approach to chemical risk 

assessment.  

The trend in the evolution of toxicity assessment, shifting from the use of animal models to in 

vitro and in silico approach registered its first most striking step in early 2008 after the US 

Nation academy of science made changes to its vision and strategy (Hartung & Leist, 2008). 

This was proceeded by several other agencies proposing the shift from primarily using in vivo 

animal to in vitro assays and in vivo assays of lower organisms. The bottom-up approach 

proposed a start with in vitro screening to precede targeted limited testing in animal models in 

the hazard characterisation process (Leist et al. 2008). 

 

1.1.1. The success rate of in vitro systems as risk assessment substitutes 

In vitro predictive toxicology tries as much as possible to replace animal testing with human 

cells in vitro or lower organisms in an attempt to enhance human relevance (Hengstler et al. 

2012; Hunt et al. 2020). Currently, efforts are underway for in vitro predictive toxicology to 

integrate some missing aspects to garner a complete interpretation. In the conventional 

toxicology approaches, an animal model is a highly integrated biological system with 

networked physiological systems such as the nervous, homeostatic systems and toxicokinetics 

(Carney & Settivari, 2013).  In the recent past, in vitro predictive toxicology relied on separate 

assays (deriving mechanistic data) which on their own are of little value. Addressing this 

challenge has been through the increasing integration of biological systems with bioinformatics 

and statistical approaches (Leist et al. 2012b; Zhang* et al. 2014). Through its member 

countries, the OECD has for long made strides in expanding the use of alternative methods 
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such as in vitro systems in chemical risk assessment. This has been through the development 

of guidance documents and tools for alternative methods such as (Q)SAR, read-across and 

Adverse Outcome Pathways (AOPs) (OECD, 2017). This is all part of the Integrated Approach 

to Testing and Assessment (IATA). IATA is based on the fact different alternative methods 

have their own pros and cons with regards to predicting chemical toxicity especially for the 

most complex endpoints and the best approach has been to use them in combination. A 

conceptual frameworks incorporating either 2D or 3D cell models has already been proposed 

for the use of in vitro methods in the IATA perspective (Leist et al. 2012b).  

To ensure proper use of in vitro assays in generating quality data and their ultimate use in risk 

assessment, there have been efforts to offer guidance and streamline on the proper and 

recommended procedures in what has been termed Good Cell Culture Practices (GCCP) 

(Pamies et al. 2017). This aspect relates to quality assurance in in vitro culture systems covering 

the diversity of practices in research, product development and manufacturing among other 

products in cell-based medicines. There are also documented efforts to validate in vitro assays 

to generate reliable results amenable to regulatory needs (Leist et al. 2012b; Bal-Price et al. 

2018; Hartung et al. 2019). This process entails the conformation that a proposed method is 

above a certain threshold in terms of quality, transferability and predictivity.  Another 

significant positive manifestations in the success of alternative methods in chemical risk 

assessment is the adoption of the use adverse outcome pathway concept in targeted testing. 

This is discussed under section 1.5.4. Figure 1 shows some of the outstanding achievements 

registered in the replacement of in vivo animal studies with in vitro toxicology test methods. 

 

In recent years, several frameworks for the integration of in vitro systems and / or in vitro assay 

data in the risk assessment process were proposed. In one, there was advocacy for a strong 

focus on the identification of biomarkers of toxicity able to distinguish between adverse and 

adaptive changes within the cells (Blaauboer et al. 2012). In this framework, the place for in 

vitro systems in the context of data on exposure and toxicokinetic and toxicodynamic 

modelling was explicitly stated. A similar framework with more elaborate singled out case 

example in vitro assays for specific endpoints in risk assessment was presented by Leist et 

al.(2012b) and also demonstrated how in vitro assays can be integrated into the existing 

approaches in the entire framework of risk assessment. The extension to this would be the 

consideration of systems toxicology/ mechanistic biological data whose callout to supplement 

traditional risk assessment to cover the shortfalls in the former are deafening (Sauer et al. 
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2015). Data from mechanistic approaches is usually discussed but less implemented in 

chemical risk exposure assessment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 showing some of the major achievements in the course of replacing in vivo animal testing with in vitro 
based test methods. AOP adverse outcome pathway, NAS National academy of science, NAMs New approach 
methodologies, GCCP Good cell culture practice, IATA Integrated approach to testing and assessment  

 

 

Publically available documents show that there have been front and back discussions between 

regulators and innovators of various in vitro assays destined as in vivo substitutes of gap-fillers 

for complex endpoints such developmental neurotoxicity (Fritsche et al. 2017). There are also 

big flagship projects with custom-designed case studies aimed to act as springboards to 

document how alternative methods (in vitro and in silico) that have recently been coined as 

new approach methodologies (NAMs) can be used as substitutes for in vivo animal studies in 

risk assessment (Grapel et al. 2019). A guideline document on how best to document cell-based 

toxicological methods to ensure that data generated using such methods pass the regulatory 

filters of fitness for purpose in the evaluation of chemical toxicity is currently in place with the 

awareness of some regulators (Krebs et al. 2019).  
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1.1.2. Hazard data from in vitro assays 

With the current amount of publically available in vitro bioassay data, it is possible to text 

mine, assemble, score and rank biological data endpoints to establish toxicity profile of 

chemicals and even further combine such profiles with structure-activity approaches to predict 

the toxicity of new untested chemicals (Sipes et al. 2011; Zhang et al. 2014). The fact is that 

the available combinations of in vitro assays in what has become to be known as a test battery 

allows studying the systematic perturbation of many biological systems to generate 

prioritisation in a reduced in vivo animal toxicity assessment (Judson et al. 2010; Blaauboer et 

al. 2012).  

In vitro assays go a long way to substantiate and augment approaches like in silico models. 

Activity cliffs encountered in in silico predictive models using in vivo animal data and formerly 

not clearly addressed are another area NAMs data can swiftly address/ alert of (Escher et al. 

2019). This phenomenon is a common limitation of successful read-across and QSAR models 

in that few compounds have in vivo data and yet these may not be sufficiently similar to the 

target compound. The evolution of NAMs has come in handy and it is currently possible to 

perform and generate reliable data amenable to regulatory guidelines (Bal-Price et al. 2018; 

Hartung et al. 2019). This possibility has been demonstrated even for the most complex 

endpoints such as developmental and reproductive toxicity were specific in vitro assays are 

correlatable to known in vivo animal endpoints in general (Dreser et al. 2020) or in a species-

specific trend (Sipes et al. 2011;). This approach involves the use of both cell-based and cell-

free in vitro assays to allow for the identifications of unique correlations and synergistic 

reporting between in vitro endpoints.  Using NAMs, endpoints such drug-induced liver injury 

poorly predicted by in vivo animal models yet one of the major cause of drug recall from the 

market can now be characterised with relatively acceptable certainty based on the oral doses 

and blood concentrations of that target compound (Albrecht et al. 2019). There is currently in 

place in vitro assays for modelling the outer epithelia of the human body such as the skin, lungs 

and the intestines and these have found valid application in both research and industry (Gordon 

et al. 2015).  

The European Union recently collaborated with the cosmetic industry in the SEURAT-1 

project to develop in vitro and in silico alternatives for in vivo repeated-dose testing (Hengstler 

et al. 2012). Custom-designed case studies for a whole range of toxicity endpoints are near 

completion between industry players, academia and regulators to devise ways in how 

efficiently high throughput NAM data can cover existing gaps in risk assessment (Grapel et al. 
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2019). Toxicokinetic properties such as hepatic clearance, plasma free fractions and blood: 

plasma distribution properties of chemical substances are measured, in vitro and extrapolated 

to in vivo as a measure of compound similarity in a read-across setting with nearly full 

understanding of underlying assumptions (Escher et al. 2019). The rather simple but strong 

augment for a shift towards human-relevant in vitro assays pitted against the traditional in vivo 

animal studies is the fact that humans are not 70 Kg mice (Leist & Hartung, 2013). 

1.1.3. Linking in vitro concentration to in vivo doses 

Efforts with obvious success have been registered in the use of nominal effect concentrations 

generated in vitro to predict in vivo plasma equivalent concentrations (Gulden & Seibert, 2003) 

or even oral equivalent doses (Pearce et al. 2017). It is possible to estimate free concentrations 

present in vitro culture systems based on artefacts introduced by the presence of biomolecules 

such as proteins, lipids and organic matter (Kramer et al. 2012; Armitage et al. 2014; Fischer 

et al. 2018). The possibility of extrapolating in vitro effect concentrations to in vivo equivalent 

concentrations/ doses can be achieved using commercially available software such as Simcyp 

or publically available tools such as the httk package in the R software (Pearce et al. 2017). 

Figure 2 shows a simplistic representation of key consideration for reverse dosimetry.  

 

 

 

 

 

 

 

Figure 2 showing a simplistic illustration of extrapolating an in vitro nominal effect concentration (Cnominal) to a 
free concentration (Cfree) and finally to an oral equivalent dose (OED) 

The approach entails first estimating the free effective concentration from a measured in vitro 

nominal effect concentration. This then is, extrapolated to an in vivo plasma effect 

concentration or a steady-state plasma concentration using Bayesian analyses such as Monte 

Carlo simulations indicative of repeated dosing (Wambaugh et al. 2019).  
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1.2. Computational toxicology  

In silico predictive toxicology as a discipline has evolved along different lines starting from 

the simplest applications such as structural alerts to more complex applications such 

quantitative structural activity relationships (QSAR), molecular dynamics and docking (Zhang 

et al. 2013; Trisciuzzi et al. 2018; Parthasarathi & Dhawan, 2018) and now read-across. The 

unique advantage of a computational toxicology model like QSAR is that the toxicity potential 

of a chemical can be, evaluated, even before it is synthesised. Structure-activity relationships 

(SAR) allow the flagging for potential toxicity that is associated with certain structural groups. 

In general, SARs are some of the major contributors to the phenomenon of the activity 

landscape. This refers to a representation mostly graphical that takes in to account the 

relationships between structural similarity and potency information among compounds that 

share a specific activity (Wassermann et al. 2010). This concept underscores the importance of 

an explicit definition of structural similarity in landscape generation and analysis as one is 

likely to encounter SAR discontinuities usually referred to as activity cliffs i.e. where highly 

structurally similar compounds/ analogues have large differences in potencies (Stumpfe & 

Bajorath, 2012; Stumpfe et al. 2019).  

1.2.1. Choice and caution  

Computational/ in silico approaches are most often simpler to apply in hazard identification 

rather than risk prediction.  This is simply because in many cases, unlike the latter, hazard 

identification would not factor in the exposure information and would thus be independent of 

the dose (Steger-Hartmann, 2015). At best, a computational toxicology tool such as QSAR will 

provide a semi-quantitative estimate of relative risk between compounds i.e. weak or strong 

effects.  

However even in its simplest form of application, in silico predictive toxicology must be 

applied with caution and rational and where possible proper validation (Fontana et al. 2009; 

Stepan et al. 2011; Hewit et al. 2013). As an example, unjustifiable use of structural alerts in 

drug development as a way of de-prioritisation of compounds envisaged to have high toxicity 

properties may limit the chemical space of possible drug candidates (Liu et al. 2015; Alves et 

al. 2016). This is so because many of the current oral drugs on the market bear some of the 

known and reported structural alerts for toxicity (Stepan et al. 2011).   Additionally, just like 

in other fields of science and art, predictive toxicology tools such in silico approaches are not 

purely objective as the applied models often have underlying assumptions and inherent 

approximations that are applicable within narrow domains and may be hard to understand and 
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interpret or evaluate. In this, what is often agreed upon is that we can only model phenomena 

whose physicochemical and biological foundation we understand even though the performed 

modelling is reproducible because in many cases, reproducibility is not objectivity (Wasserman 

et al. 2010). This is a fundamental challenge in biological modelling, as often for new 

compounds, the underlying mode of action is not known (Elena & Worth, 2010) or some 

endpoints are too complex and might be multifaceted (Rusyn et al. 2012). 

Due to the complexity underlying many biological adverse outcomes, quite a few in silico tools 

can predict a large number of biological endpoints with acceptable certainty. The improvement 

along this line will be through improving upon data quality, access to more databases and 

enhanced validation of in vitro and in silico approaches (Leist et al. 2012a; Suter-Dick & 

Pfannkuch, 2014). Predictive toxicology approaches more specifically QSAR are supported by 

the emergency of the so-called big data arising from high throughput in vitro screening, in vivo 

studies, omics data and computational chemistry. Big data refers to structured or unstructured 

datasets, so large, are multifaceted and multiply at a rate so fast that they are ordinarily 

impossible to treat using personal computers or traditional computational approaches 

(Gandomi & Haider. 2015). Figure 3 shows some of the driving factors that have spurred the 

growth of computational toxicology approaches in recent times.  

Several countries and interstate co-operations have formulated laws, regulations and guidelines 

on how toxicity studies are to be conducted.  It should, however, be noted that a large part of 

these guidelines requires the use in vivo animal studies as the gold standard for toxicity 

assessment. Some have questioned the sustainability of the rigorous, expensive and time 

demanding use of in vivo animal experiments arguing that the rate of reporting may not be 

amenable to that at which new chemicals are coming into commerce or entering the 

environment (Hartung, 2010, Busquet et al. 2020). 
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Figure 3 showing some of the factors that have contributed to the growing use of computational toxicology 
approaches  

Computational approaches as part of predictive toxicology have reached maturity to the extent 

of being incorporated into international regulatory guidelines for some endpoints (OECD, 

2014; Zhang* et al. 2014; ECHA, 2017; Gomez-Jimenez et al. 2018). As shown in figure 4, 

they best serve as a first-pass filter in cases where there are many compounds intended for 

further screening and investigation.  In this, computational methods would overall focus on 

minimizing false positives with more lenience towards false negatives, left for elimination in 

the next stage of the risk assessment framework.   
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Figure 4 illustrating one of the basic 
applications of computational approaches in 
risk assessment of chemicals. They act as 
filters for de-prioritisation of chemicals for 
further consideration.  

 

 

 
 

 
1.2.2. Access to data  

In computational predictive approaches, the major barrier for successful toxicological 

prediction of in vivo effects is not necessarily the lack of statistical procedures or shortcomings 

in computational power but the availability and access to data (Steger-Hartmann, 2015). This 

comes with other inherent challenges especially for in vivo data in the form of data structure 

and the comparability between endpoints arising from non-standardised procedures. 

As shown in figure 3 above, the availability of bioassay data generated at unprecedented scale 

and rates, especially through high throughput screening in vitro assay, is one of the major 

factors that have supported computational toxicology more precisely the so-called big data 

approaches (Schadt et al. 2011; Hartung, 2016; Luechtefeld et al. 2018).  PubChem is the 

largest known source for publically available biological data comprised of thousands of 

bioassay endpoints for millions of compounds (Wang et al. 2009). This data has aided the 

development of several in silico tools for both pharmaceutical application and risk assessment 

(Schierz, 2009; Chem and Wild, 2010; Xie X-Q, 2010).  

Besides PubChem, other well-known databases such as ISSSTY, ToxNet-US, Leadscope and 

the natural products database serve as sources of toxicological data for predictive toxicology 
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approaches providing both biological and chemical information (Gomez-Jimenez et al. 2018). 

Recently, the in vivo animal data submitted in fulfilment of the European REACH was 

converted into a machine-readable format for use in computational toxicology modelling 

(Luechtefeld et al. 2017). Even though many are not publically known or famous, there are 

more than 900 databases available that provide access to chemistry, toxicological, ADMET, 

drug discovery, clinical trial, biological, omics, protein-protein interactions, pathway and in 

vitro data encompassing several aspects supportive of read-across and QSAR (Pawar et al. 

2019) 

Promising progress has also been reported in availing free online chemical in vitro- in vivo 

profiler tools for the extraction and incorporation of in vitro-in vivo data from publically 

available databases such as PubChem using cheminformatics algorithms to generate relevant 

in vitro data for target compounds for use in a read-across (Russo et al. 2017). This is an add-

on foreseen as a leeway to deal with data imbalances and missing data.  

 

1.2.3. Data curation and flagging 

There are several challenges associated with the availability and quality of data in 

computational toxicology. First, pharmaceutical data is not readily available to the academic 

community and although efforts are underway, much of the data in public databases is not well 

curated (Schierz, 2009). In many cases, the data is unbalanced with a low prevalence of positive 

hits (Bradley, 2008). A fundamental requirement in the building of dependable computational 

toxicology models like (Q)SAR, read-across and molecular docking/dynamics is the 

availability of reliable data (Cronin, 2005; Perkins et al. 2012; Gomez-Jimenez et al. 2018). 

Data flagging arises from among other factors its granularity and level of curation especially 

for data destined to databases (Steger-Hartmann, 2015). Whereas the former refers to the level 

of detail or depth of the data, curation is more about the harmonisation of ontologies and a 

description of observations and major findings. Users of the largest database PubChem have 

always alluded to the much-needed effort to improve upon the data through extensive curation 

(Zhang et al. 2014). Hartung et al argue that poor reporting of even good finding is a waste of 

resources and advocates for standard reporting of data especially for seemingly new areas such 

as in vitro research. The overall aim is to ease data retrieval and trust for major users such 

computational toxicology and/ or artificial intelligence Hartung et al (2019). 

Computational models are increasingly being used to predict properties of chemicals in hazard 

identification and characterisation either individually or in integration and / or in the absence 
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or presence of some starting data (Benfenati et al. 2019). The major challenge, however, 

remains the lack of a framework for the integration of such methods as their unguided adoption 

could lead either to increased uncertainty or to contradictions especially in the face of differing 

predictions for the same compound. This exacerbates further due to the narrow applicability 

domain associated with most in silico models in that, predictions for a diverse chemical group 

would require the use of several QSAR models. EFSA recently proposed criteria for assessing, 

weighing and combining different lines of evidence in a weight of evidence approach based on 

the relevance, consistency and adequacy of the evidence (Hardy et al. 2017) 

1.3.  Quantitative structure-activity relationship (QSAR) models 

In silico approaches derive their predictive power by exploiting the information about a 

chemical’s structure and trustworthy data, to infer an interaction between the chemical 

structure, the compound’s physicochemical properties and biological processes (Suter-Dick & 

Pfannkuch, 2014). Using QSAR models, one can identify chemical substructures that influence 

toxicity (Alves et al. 2016). Through this approach, it is possible to demonstrate that the mere 

presence of structure alerts only serves as an alarm for possible toxicity and that the identified 

alerts must be statistically significant in influencing toxicity.  

1.3.1. Use of QSAR models in toxicity screening 

Quantitative structure-activity relationship (QSAR) models play a front line role in the 

prediction and classifying of the biological activities of untested chemicals. Toxicologists 

deploy QSAR models in risk assessment to aid in the prioritisation of chemical testing (figure 

4). This premises on the assumption that variation in the physicochemical and structural 

properties of a compound series is the driving factor in the observed differences in the 

biological activity and that QSAR models, can be used at one stage in lieu of the labour-

intensive and time-consuming processes of synthesizing and testing a new compound (Perkins 

et al. 2012). The advantage of using QSAR models is they offer predictions beyond the current 

knowledge (Kostal, 2016). Many of the currently adopted QSAR approaches accurately and 

reliably predict the toxicity of many chemicals. However, the lack of transparency and 

interpretability has hampered their use especially in regulatory toxicology (Alves et al. 2016).  

Rather than being a replacement for in vitro and in vivo approaches, computational / in-silico, 

tools as part of predictive toxicology are complementary to existing standard approaches 

(Steger-Hartmann, 2015). There is a belief that traditional QSAR does relate to the biological 
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activity or property intended but may not be ideal for toxicological risk assessment. Proponents 

of such believe that the incorporation of especially in vitro data in QSAR modelling to have 

hybrid descriptors leading to the so-called quantitative structure in vitro-in vivo relationships 

(QSIIR) improves the predictivity for new compounds not existing in the training data (Zhu, 

2013). Such hybrid QSAR-like models have improved accuracy and enhanced interpretation 

of the most predictive features (Rusyn et al. 2012). Figure 5 shows an example of an application 

of QSAR based clustering for limited testing in vitro for a group of 1,2,3-triazoles tested for 

neural toxicity in the due process of screening for their anticancer properties (Souza-Fagundes 

et al. 2018).  

 

 

 

 

 

 

 

 

 

Figure 5 shows the application of QSAR for limited testing in vitro. The 1,2,3- triazoles were tested for effect on 
the nervous system using an established neurite outgrowth assay. RDKit molecular descriptors were used in 
generating the plot. Congeners 6 – 17 are quaternary at N3 while the rest are tertiary. However, upon screening of 
a subset of these congeners, it is was observed that only those with quaternary N3 but with R1 equal to ten carbon 
atoms caused a specific effect on the neurites of the immortalized dopaminergic neurons. 

In building QSAR models, the quality of the models is strongly dependent on the molecular 

descriptors and the modelling approaches employed (Perkins et al. 2012; Solimeo et al. 2012). 

Although many QSAR models may involve a single algorithm for the necessary predictions, 

there are thoughts that orthogonal approaches should be deployed premised on the fact that it 

may be hard to find a single learning algorithm that is optimum for all modelling problems 

(Schierz, 2009; Liew et al. 2011; Solimeo et al. 2012). This approach literally referred to as 

Combinatorial-QSAR (Combi-QSAR) uses different molecular descriptors and modelling 

approaches (Solimeo et al. 2012).  
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However, the large number of compounds required in building a QSAR model limits their 

applicability in toxicity assessment as this may lead to the model having a limited applicability 

domain, overfitting or activity cliffs (Ciallella & Zhu, 2019). QSAR models may also be 

classified depending on whether they include a single class of compounds (local QSAR) or a 

varied number of different classes of compounds (global QSAR) (Basant et al. 2016).  Building 

a QSAR models takes several stages as shown in figure 6.  

In building a QSAR model (figure 6), the first stage in the conventional approach is to define 

the chemical structures of the model compounds usually as smile structures followed by the 

calculation of molecular descriptors. Prior to this, the model compounds presented as smile 

structures undergo curation involving among several steps the desalting of structures and the 

removal of inorganic counter ions, removal of inorganic compounds, removal of structural 

duplicates and removal of chemicals containing metals which pose a challenge in calculating 

molecular descriptors (Trisciuzzi et al. 2018). 

The choice of molecular descriptors is very informative of the quality of the expected 

predictions. Different molecular descriptors are known to correlate well with certain biological 

effects (Parthasarathi & Dhawan, 2018). There is not a standard choice or guideline on how 

many folds of cross-validation should be performed. This perhaps depends on the case-by-case 

basis depending on among others the number of compounds and the embedded structural 

diversity.  

According to the regulatory guidelines on the use of QSAR and grouping approaches in 

chemical risk assessment, an ideal model principally ought to have a defined endpoint, the use 

of an unambiguous algorithm, a defined applicability domain, an appropriate validation 

strategy and where possible a mechanistic interpretation (OECD, 2014). 
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Figure 6 showing the stages of building a QSAR models shown in a clockwise scheme (a) - (e) starting with the 
identification of molecular structure  

1.4.  Physiologically based pharmacokinetic modelling 

Obtaining pharmacokinetic information is one of the key bottlenecks in drug and toxicological 

studies of new substances. Physiologically based pharmacokinetic/toxicokinetic (PBPK/T) 

models provide a way of assessing the pharmacokinetics of compounds using existing 

information about systems with adjustable assumptions.  However, whole-body PBPK/T is 

quite data demanding and usually not much is available and later on the time and amount of 

investment to make (Rodger et al. 2004). In this line, usually simpler but restrictive models 

like the one-compartment model (gut lumen plus the whole body as a primary compartment) 

or three-compartment model (gut tissue, liver tissue plus the rest of the body) are used in many 

circumstances (Pearce et al. 2017). Commercial software such as Simcyp have found much use 

in this respect since they contain a whole lot more information for several compounds and 

drugs (Jamei et al. 2013). However, free tools such as the httk package in r software, allow for 

some predictions to be made for some substances already included in the package. 
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1.4.1. Parameters that can be measured in vitro 

PBPK/T models are a much more reliable study of compound kinetics in vivo. However, the 

biggest drawback of their use is the amount of data for a large number of considered organs. 

The greatest among them being the tissue affinities, characterised either, by the steady-state 

tissue to plasma concentration ratio or the tissue to plasma water ratio (Rodger et al. 2004). In 

using the httk package, the greatest input that fulfils the prediction of the kinetics of the 

compound is in many cases the intrinsic hepatic clearance value. There are currently no QSAR 

models for reliable predictions of this parameter. Existing tools such as OPERA 

(https://ice.ntp.niehs.nih.gov/Tools) have a dismal performance for the prediction of this 

parameter. The best option, therefore, remains to estimate this parameter experimentally. With 

intrinsic clearance, several other parameters such as hepatic extraction, hepatic bioavailability 

and the scaling to whole liver clearance can be estimated.  

The other parameter is the plasma free fraction. There are in vitro QSAR models for the 

prediction of free fractions in culture compartments and these take into account binding to 

biomolecules such as protein, lipids, free organic matter but also the binding to culture wells 

(Kramer et al. 2012; Armitage et al. 2014; Fischer et al. 2018). Wambaugh et al proposed a 

way of correcting the free concentrations measured/ estimated in vitro to the in vivo free plasma 

fraction (Wambaugh et al. 2019). The distribution of a substance in plasma is always between 

blood and plasma leading to plasma and blood-free fractions. The blood to plasma ratio is 

another experimentally determined parameter but experimental values for a large number of 

compounds have been shown to lie in a range such that 0.55 ≤ r ≤ 2.5, where r is the blood to 

plasma ratio (Berezhkovsky et al. 2011). The interrelations of compound properties that can be 

derived from in vitro data is shown in the schematic below in figure 7.  

 



16 
 

 

Figure 7 showing the interrelations that are derived from the in vitro measurement of intrinsic hepatic clearance 
(µLmin-110 -6 cells) (. Extrapolation to whole liver takes into account the number of hepatocytes per gram liver 
(HPGL) and the liver weight. The corrected well-stirred model equation (Berezhkovskiy, 2010) for calculating 
whole liver clearance accounts for the non-ionised fractions in both plasma and the intracellular tissue water (IW). 
Hepatic extraction (Choi et al. 2019) of highly cleared substances is the ratio of liver clearance to the hepatic 
blood flow. Otherwise, it derived from the hepatic bioavailability (Rowland et al. 2011). 

1.4.2. Variable predicted from physicochemical and molecular descriptors 

Some of the variables required for PBPK/T can be predicted from a combination of the 

compound’s physicochemical parameters as shown in figure 8. Such toxicokinetic parameters 

include in vitro free fraction, plasma free fraction, plasma-to-tissue distribution, fraction 

absorbed, effective membrane permeability, membrane potential, hepatic free fraction and the 

volume of distribution. These parameters are predicted using derived pharmacokinetic 

equations that in some cases take into account established in vivo tissue parameters such as the 

pH of intracellular water, plasma pH, tissue fraction of  neutral and phospholipids, tissue 

protein fraction, blood flow, glomerular filtration rate, blood haematocrit, body temperature 

and tissue volume. 
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Figure 8. Toxicokinetic parameters that can be predicted from physicochemical and molecular descriptors 

1.5.  Read-across  

Read-across defines a process, in which assessment of a property of one chemical anchors on 

the observation of the same property in one or several different chemicals considered similar 

to it in a given context (Ball et al. 2016; Kostal, 2016). 

 

1.5.1. Chemical similarity in a read-across context    

Predictive in silico approaches such as SAR, QSAR and read-across all share the same 

assumption that structurally similar molecules will exhibit similar activity and that, differences 

and similarities are quantifiable (Kostal, 2016). The major differences between QSAR models 

and read-across for toxicity prediction lie somewhere in the underlying procedure. Perhaps the 

most outstanding differences are the level of subjectivity, the relevance of and need to assess 

the similarity between study compounds (Kostal, 2016; Benfenati et al. 2019). Whereas in a 

read-across scenario, similarity (often-using structural features alone) assessment is between 

the source(s) and target compound(s), in a QSAR, the target chemical is compared to the entire 

population of the model chemicals and this ultimately defines the applicability domain of the 

model. Chemical similarity is defined by the chemical structure taking into account the sub-

structural fragments or molecular descriptors. However, rule-based SAR models would in 

many cases not be different from read-across, as similarity in the former is dependent on the 
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presence of structural alerts (Benfenati et al. 2019). Once used, structural alerts can aid in 

flagging compounds for potential hazard and thereby helping in generating read-across 

categories (Alves et al. 2016).  Figure 9 shows the various considerations proposed for the 

assessment of chemical similarity in a read-across context.  

Biological similarity is informed by among other measures the shared omics fingerprints 

between source and target (Suter-Dick & Pfannkuch, 2014). Other such measures would 

include experimental or predicted information about receptor binding, the toxicokinetic volume 

of distribution, membrane permeability and free fractions in biological compartments. Many 

of such parameters or properties can be predicted using QSAR models. It is also possible to 

use the visualisation tools available in many QSAR models (most used for assessing the 

reliability of the models) to help in similarity assessment in a read-across scenario (Benfenati 

et al. 2019). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 9 showing some of the considerations in the assessment of similarity between source(s) and target(s) 
chemicals in a read-across scenario. 
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1.5.2. Applications and innovations in read-across 

It is possible to combine in silico models (SAR and QSAR) and read-across in risk assessment. 

Price & Chaudhry (2014) looked at the migration of chemicals from food packaging material 

and identified structural features that influence the toxicity of migratory chemicals and the 

physicochemical properties that drive the migration. The combined use (Q)SAR and read-

across proved to be the most pragmatic way of assessing the migration variability within the 

studied chemicals.  In silico toxicology tools especially those that offer a qualitative response 

like structure alerts and chemical read-across have been incorporated in many expert systems 

such as the OECD QSAR Toolbox (Alves et al. 2016). Read-across currently is considered for 

use across new front lines such as the petroleum industry for the study of the environmental 

health and safety of petroleum derivatives, the fragrance industry, cosmetic products and 

nanomaterials. This comes with good prospects but also new challenges bearing in mind that 

some of these industries have products that are mixtures or are unknown or variable 

composition complex reaction products and biological materials (UVCBs) (Rovida et al. 2020) 

 

There are proposals that predictive toxicology should take a two-tier approach, with the first 

levels focusing on toxicity characterisation through in vitro assays. The second tier could then 

work towards translation into regulation through development of grouping methods such as 

read-across (Reif, 2014; Ball et al. 2016). However, the most pragmatic scheme in the next 

generation risk assessment proposes the use of in silico predictions and high throughput 

predictions of the molecular initiating event to precede risk characterisation by in vitro assays 

in the risk assessment framework (Luijten, 2020). The use of chemical descriptor data 

augmented by biological data for robust (chemical-biological) read-across is one of the new 

approaches being fronted to improve upon the accuracy in traditional read-across based purely 

on chemical structures (Low et al. 2013). In this approach, biological data such as gene 

expression profiling and cytotoxicity effects are used as molecular descriptors in a format 

similar to QSAR models to generate spatial clusters from which the toxicity of an untested 

chemical can be calculated taking into account the relative similarity to its neighbours. The 

approach comes with improved interpretability, especially due to the possibility of identifying 

chemical and biological features that drive the prediction of the target toxicological endpoint.  

 

In addition to the read-across assessment framework published by the European Chemical 

Agency (ECHA, 2017), the EU-ToxRisk project (Escher et al. 2019; Rovida et al. 2020) has 

proposed a framework on the approach to read-across as shown in figure 10. The six-step 
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framework starts with the definition of the level of acceptable uncertainty during the problem 

formulation stage following by a full characterisation of the target compound to allow the 

possibility of identifying the unique structural features to guide the selection of the most 

suitable source compounds. The next series of steps (A) to (C) are iterative involving the 

redefinition of the read-across hypothesis, source compound identification and evaluation and 

the generation of the most suitable supporting data using NAMs. In this framework, the 

assessment of uncertainty takes into account the uncertainty associated with the 

characterisation of the target compound and that associated with the extrapolation of the 

toxicity of the target based on the assembled information about the source compounds. The 

success of the read-across process culminates with the derivation of a point of departure 

(NOEL, LOEL) for the target compound(s) based on the closest set of source compound(s).  

 

 

 

 

 

 

 

 

 

Figure 10 showing the proposed read-across framework developed with the EU-ToxRisk horizon 2020 project. 

There is an increasing urge to include pharmacological approaches (toxicokinetics (TK) & 

toxicodynamics (TD)) in read-across approaches. A read-across built taking into consideration 

biological mechanism-based models premised on relevant physiological parameters provides a 

means to translate in vitro, in silico and in vivo data into knowledge that is relevant to the 

human situation (Walz et al. 2014; Escher et al. 2019). Taking on board pharmacological 

approaches helps to alleviate a fundamental challenge of using only in vitro cell-based assays 

in risk assessment. It would allow the integration of exposure levels and their relevance to in 

vivo situations, the consideration of compound concentration, binding to biomolecules and 

exposure time in culture in relation to the expected toxic effect in vivo at the organ and 

organismal level (Suter-Dick & Pfannkuch, 2014).  

 

1) Problem formulation  
A) Initial RAx hypothesis 
3) Source compound 
identification  
4) Source compound 
evaluation  

2) Characterise target compound  

B) Overarching RAx 
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6) Gap filling; derive NOEL 
C) Generation of NAM data  
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1.5.3. Combining evidence from different sources in a read-across 

The other new approach in the overall context of read-across is the combination of outcomes 

from test batteries or in silico models in predicting the toxicity of the target compound(s). The 

most common approach is the consensus approach where the weight of evidence is generated 

based on the number of test methods/assays or in silico models that predict outcome “A” 

against those that predict outcome “B”. In this, the overall argument is that, the different assays 

or models offer some kind of orthogonality in assessing and predicting toxicity and that they 

all nearly have the same or a sufficient level of reliability.  

For QSAR/ in silico models, the ensemble approach is usually applied to combine evidence 

from different models. An ensemble is a collection of classifiers i.e. is an algorithm trained 

with the results of several models, which is then used to make predictions (Benfenati et al. 

2019). There are simple mathematic equations used in evaluating the diversity of such 

classifiers that constitute an ensemble to ensure the degree of orthogonality and/ or 

independence. Figure eleven (11) shows two approaches for consideration and combining 

evidence from different sources.  

 

 

 

 

 

 

 

 

Figure 11 showing the consideration and combination of evidence based on (a) how many sources support a 
specific outcome (weight of evidence) or (b) the evaluation of the reliability and of the individual sources of 
evidence to assess the degree of belief, and plausibility of the expected outcomes are. A high weight of evidence 
can be highly plausible and believable or vice versa. 

In the Dempster-Shafer approach (Kohlas & Monney, 1994), each source of evidence is taken 

to have a certain degree of reliability and this is taken into account in assessing the weight of 

evidence from each source. Here, the probability of both outcomes “A” and “B” are taken into 

account along with the degrees of reliability of the evidence source supportive of each of the 

a b 
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outcomes to calculate two measure, the Belief and plausibility of each. These represent the 

lower and upper bounds of the probability of each outcome and account for the uncertainty of 

considering one over the other.  

1.5.4. The AOP concept in hypothesis-based testing  

The concept of adverse outcome pathway (AOP) analysis emerged during a search for 

alternatives to animal testing and the purely descriptive classical toxicological study designs 

(Steger-Hartmann, 2015). The original idea of the AOP was to dichotomise the observed 

adverse effect into segments, each of which, is then, assigned to a specific mechanistic event. 

Each segment is then hyphenated to a clearly understood and/or established alternative 

approach be it in vitro assay or in silico (Ball et al. 2016). This is ideal especially in a read-

across scenario involving compounds with a known or suspected mode of action and were 

suitably chosen in vitro models can guide testing. The concept, however, allows for educated 

testing.  

In educated testing, the sequence leading to an adverse outcome starts with a molecular 

initiating event through a series of key events and key event relationships leading to cellular 

and organismal responses and the final manifestation of the adverse outcome (Leist et al. 

2017a). This, however, is complicated by uncertainties arising from metabolism, competing 

key events or if there are more than one molecular initiating events (Steger-Hartmann, 2015; 

Leist et al. 2017a). It is hoped that mechanistic data from AOPs can be used to identify activity 

cliffs instead of relying on toxicological effect patterns (Escher et al. 2019). Information of a 

whole number of AOPs is assembled and accessible for download from the AOP-wiki website 

(Ankley, 2013). 
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2. Aims of the thesis  

With the advent of shift from the use of in vivo animal studies in risk assessment to new 

approach methodologies, proper definition of the main elements expected to the main drivers 

of hazard observed in vitro test methods ought to be done. Often times, different laboratories 

and research groups partner in large toxicology projects and front their expertise and test 

methods to constitute project test batteries. However, what is evident from the onset is test 

methods even for the same endpoints have some dissimilarities and that the some experimental 

conditions have to be synchronised. Such include the studies on test compound solubility, 

volatility and the amount of organic dissolution solvent usually DMSO to be used. Despite 

such interventions, test methods in general remain different especially in the test system 

composition.  Another silent questions is how many test methods shall be needed, how to 

choose an ideal subset and the results and observations thereafter related to the attributed 

toxicity of the target compounds in man.  

The objectives of this study can be simply stated as: 

I. To define an effective measure of exposure in vitro by delineating the difference 

between concentration and dose.  

II. To define and demonstrate from first principles a simpler, low demanding approach to 

predicting free concentrations in vitro. This should ideally be adaptable to any bench 

scientist.  

III. To demonstrate an approach of converting hazards observed in vitro to the expected  
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3. Results     

The more specific we are, the more universal something can become. Life is in the details. If 

you generalize, it doesn't resonate. The specificity of it is what resonates.  

- Jacqueline Woodson 

3.1. Manuscript #1: Chemical concentrations in cell culture 

compartments (C5): concentration definitions 

Jaffar Kisitu1,2, Susanne Hougaard Bennekou3, Marcel Leist1,2,4 

1 In vitro Toxicology and Biomedicine, Dept inaugurated by the Doerenkamp-Zbinden foundation, University of 
Konstanz, 78457 Konstanz, Germany, 2Konstanz Research School Chemical Biology (KoRS-CB), 3National Food 
Institute, Technical University of Denmark, Lyngby, Denmark, 4CAAT-Europe, University of Konstanz, 78457 
Konstanz, Germany  

 

3.1.1. Summary 

Some laboratory issues are taken for granted as they seem to be simple, and not worth much 

thought about. This applies to ‘concentrations of a chemical tested for bioactivity/toxicity’. 

Can there be any issue about weighing a compound, diluting it in culture medium and 

calculating the final mass (or particle number)-to-volume ratio? We discuss here some basic 

concepts about concentrations and their units, addressing also differences between ‘dose’ and 

‘concentration’. The problem of calculated nominal concentrations not necessarily 

corresponding to local concentrations (relevant for biological effects of a chemical) is 

highlighted. We present and exemplify different concentration measures, for instance, those 

relying on weight, volume or particle number of the test compound in a given volume; we also 

include normalizations to the mass, protein content or cell number of the reference system. 

Interconversion is discussed as a major, often unresolved, issue. We put this into the context 

of the overall objective of defining concentrations: i.e. the determination of threshold values of 

bioactivity (e.g. an EC50). As a standard approach for data display, the negative decadic 

logarithm of the molar concentrations (-log(M) is recommended here, but arguments are also 

presented for exceptions from such a rule. These basic definitions are meant as a foundation 

for follow-up articles, that examine the concepts of nominal, free and intracellular 

concentrations to guide on how to relate in vitro concentrations to in vivo doses by in vitro-to-

in vivo extrapolation (IVIVE). This is intended to advance the use of new approach methods 

(NAM) in regulatory decision making. 
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3.1.2. Concentrations do matter- don’t they? 

Many pharmacology and toxicology books start with the famous Paracelsus quote from the 16th 

century that ‘All things are poisons, for there is nothing without poisonous qualities. It is only 

the dose which makes a thing poison’. In more modern terms, referring to in vitro methods, 

this quote may be modified to: ‘all chemicals are toxic, for there is nothing that does not 

disrupt cell function if its concentration is high enough. It is only the concentration which 

makes a thing a toxicant’. Is this really so? Yes, indeed: water will kill cells, kitchen salt 

(NaCl) will kill cells, and also sugar will kill cells, if concentrations are chosen high enough. 

On the other hand, cells can live, proliferate and function happily in the presence of cyanide, 

anthrax or botulinum toxins, strychnine, tetrodotoxin (TTX), methylmercury or E605 

(parathion) and VX (one of the dual-component war gases), i.e. some of the most deadly 

poisons known. Viability will remain unaffected, if the concentrations are below the toxic 

threshold (Krebs et al. 2018). Thus, concentrations do matter, and this seems to be a self-

evident, apparently trivial fact. In practice, it is therefore astonishing, how many problems are 

found in the scientific literature concerning the concentration concept. Of particular 

pharmacological-toxicological interest are the following three areas: 

3.1.2.1. (Area 1) How do concentrations affect specificity? 

This topic will not be addressed here, but it is of eminent general importance. Compounds are 

quoted as being hepatotoxicants, neurotoxicants, reproductive toxicants, but this apparent 

specificity applies only to certain concentrations (frequently with less than an order of 

magnitude between specific target organ and other effects, or specific effects only due to 

unequal distribution within the body). Similarly, compounds are classified as specific receptor 

antagonists, apoptosis inducers, antioxidants or triggers of other biological functions (Gerhardt 

et al. 2001, Hansson et al. 2000, Latta et al. 2000), although only a few chemical show ≥ two 

orders of magnitude between specific and unspecific effects. Nevertheless, a screen of the 

literature shows that drugs, pesticides and environmental agents are used not infrequently at 

concentrations > 2 orders of magnitude beyond their specificity threshold, or the threshold 

known to trigger human effects. 

 

3.1.2.2. (Area 2) How is general information derived from concentration-response 

data? 

In a large number of experiments, information is not sought for one particular concentration. 

Instead, the question is more about defining a threshold concentration in a way that e.g. 
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concentrations above are considered toxic or bioactive, while concentrations below are 

considered inactive. Such threshold data can then have far-reaching implications, such as their 

use to eventually define safe work conditions or food safety. Such threshold values are 

compound-specific, and they can span at least 6 orders of magnitude. Note that pM 

concentrations of botulinum neurotoxin can be toxic, while high µM concentrations of TTX are 

tolerated by nearly all cells (however, some cell functions may be incapacitated by nM 

concentrations of the same compound!); some compounds, such as DMSO or mannitol, can 

even be beneficial for some cells in the mM range, while many other chemicals would kill in 

this concentration range. Therefore, concentration thresholds have to be carefully derived for 

each given chemical. To set up reliable methods for this, there needs to be basic agreement on 

the definition of concentrations as such (see area 3), and on the interconversion of such 

information from one system (e.g. animals or cell cultures) to another (man). Moreover, 

analytical measures to quantify concentrations need to be established and validated (a topic not 

covered here).  

3.1.2.3.  (Area 3) How are concentrations defined? 

This last question is at the core of this article (and an essential basis for areas 1 and 2, not 

covered here explicitly), and we will approach it stepwise: 

3.1.3. Key questions indicating the complexity of concentrations  

We claim that the handling and definition of concentrations is less trivial than it often appears, 

even if issues of specificity and problems of deriving threshold values are left aside. The 

complexity of the concentration concept becomes obvious if we try to answer the three 

following questions: 

1. How can one define, interconvert and compare concentrations in a tissue (cell 

aggregate), body fluid and a cell culture medium? 

2. Is it the dose (amount of compound per cell culture compartment), the cell dose (the 

amount of compound available per cell) or the concentration (amount of compound per 

volume unit) that determines the toxicity threshold? 

3. Is the nominal concentration of a compound a meaningful measure at all?   

Note that we have to assume (without usually verifying this) that the compound has 

been pure and intact before stocks were made, that it was stable in stocks and cell 

cultures, that it distributes evenly, and that it does not bind to cell culture constituents? 
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Below, and in follow-up articles, we will discuss some of these questions, without aspirations 

to cover the topic comprehensively. Many excellent papers have dealt with these topics, and 

only few can be mentioned here (Gülden et al. 2001; Gülden et al. 2002; Kramer et al. 2012; 

Bessems et al. 2014; Bosgra & Westerhout, 2014; Armitage et al. 2014; Doskey et al. 2015; 

Kramer et al. 2015; Groothuis et al. 2015; Fischer et al. 2017; Wambaugh et al. 2018; Casey 

et al. 2018; Bell et al. 2018). We attempt here to make the topic accessible for a non-specialist 

community. This series of C5 articles is intended to provide some basic insight as well as a few 

handy tools that may be used immediately, without further prior knowledge, and not requiring 

extensive training. 

3.1.4. Defining concentration and dose 

The terms concentration and dose would in the eyes of many look to be interchangeably the 
same.  

3.1.4.1. What is concentration  

There are some basic issues about concentrations that require consideration for a transparent 

description of methods and data (Fritsche et al. 2015, Bal-Price et al. 2018, Leist et al. 2018). 

The most fundamental question is the physical quantity chosen to define a concentration. 

Different disciplines have their traditions and conventions, and little thought is given in the 

standard literature to these divergent approaches and the problems of interconversion. In all 

fields, a ‘concentration’ is considered to be the ratio of (i) chemical and (ii) the surrounding 

system. The chemical may be expressed in terms of its volume, its mass, the number of its 

molecules/particles or in terms of physical or biological properties such as its radioactivity. 

The system may be expressed as weight or volume. Alternatively, it may be quantified by the 

number or mass of certain molecules in the system (e.g. water, water-free substance, protein, 

DNA or lipid). Thus, there are more than 10 common ways to define the term 

‘concentration’. The interconversion of these measures is not self-evident, and it often 

requires both background knowledge and additional information. For instance, if a 

concentration is given in ppm (parts per million), background information is required on what 

is meant by parts (molecules, weight or volume) and what method is used to quantify such 

measures (for the system this is mostly not an analytical method, but an assumption/historical 

value). Even more complicated are typical measures of tissue concentrations in vivo (applying 

also to in vitro microphysiological systems) (Hartung et al. 2008; Alepee et al. 2014; Gordon 

et al. 2015; Marx et al. 2016): they may be given ‘per g wet weight’, ‘per g dry weight’, ‘per 

protein content’, ‘per lipid content’, etc. For interconversion of such measures to e.g. 
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molarity, background information is required on the protein concentration (for ‘per protein 

content’) or the water-free mass per volume unit (for ‘per g dry weight). Many in vivo studies 

(but also in vitro experiments) are performed with radioactively-labelled compounds. In such 

cases, the chemical is quantified in terms of radiation released, and concentrations may be 

given in ‘radioactivity per gram wet weight’ (using a unit of Bq/g). Here, at least background 

information on the specific activity of the labelled chemical is required. Notably, this 

knowledge is often not sufficient, as metabolism of the chemical may occur (and radioactivity 

may end up in the breakdown products), or the time-point of measurement may play a role (for 

short-lived activities). Such complexities are not unique for radioactivity, but they essentially 

apply to all cases, where a chemical is quantified indirectly based on an ‘activity’ (e.g. 

hormones, cytokines, enzymes, toxins, etc.) 

3.1.4.2. What is a dose? 

From the above, it is clear that comparability of concentrations is not a trivial issue, and that it 

is essential to define such issues for multi-partner projects, collaborative activities. It certainly 

is also beneficial in terms of scientific communication in general. In this context, some 

fundamental decisions need to be taken on whether ‘amounts of chemical’ in a system are to 

be expressed as concentrations at all. Is there an alternative to this? Yes, there is, and it is very 

important to be aware of this to avoid confusion and mistakes. Instead of characterizing the 

chemical quantity as a ratio of chemical and system (relative measure), the rationing may be 

omitted (absolute measure). The latter approach leads to the concept of ‘a dose’. A dose is a 

measured quantity of a chemical delivered to a system. The greater the quantity delivered, 

the larger the dose. This concept is easiest understood for medicine. The unit is the human 

body, and the dose is the amount (usually weight) of chemical delivered. A typical dose is 

packaged in a tablet. For instance, 500 mg of aspirin is taken as a dose (for headache), or 10 

mg zolpidem is taken as a dose (to promote sleep). The same applies to animals. For instance, 

a dose of 50 mg praziquantel may be given to a dog to eliminate parasites. Notably, a dose is 

the total amount delivered. However, doses can also be normalized to the size or the weight of 

the unit. For instance, normalized doses can be indicated as the amount of chemical per kg 

body weight. In the case of dog parasites, one could specify 5 mg praziquantel per 1 kg of 

weight of the dog. In pharmacological and toxicological research, normalized doses are 

common, to make results better comparable across individuals, and across species. This 

strategy is applied to human patients to a relatively small extent in daily praxis (patients ranging 

from 50-150 kg more or less taking the same medication for blood pressure or asthma). To 
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some extent dose normalization is also practiced in human medicine, e.g. when drugs are given 

to children vs adults, or for drugs with a narrow therapeutic index (anti-cancer drugs, some 

anti-epileptics, etc.). However, the normalization to body weight is a relatively coarse approach 

with multiple shortcomings, and other normalizations are also common (e.g. ‘per body surface 

area’, or ‘per lean body mass’). Notably, normalized doses, are not to be confused with 

concentrations.  

Concentrations and normalized doses sound like related concepts. If they are only different 

modes of describing similar experimental conditions (physical measures), then the 

interconversion should be relatively easy. However, neither are the concepts overlapping, nor 

is the interconversion of the measures trivial. It is in fact virtually impossible to convert doses 

to concentrations (and vice versa for that matter) unless a large amount of background 

information is available, and several assumptions on experimental conditions are made. Some 

approximation methods to predict concentrations from normalized doses will be discussed later 

in this series.  

For the application of non-animal approaches, the concept of dose needs to be translated to cell 

cultures. In this case, there is no clear (generally accepted) definition, of what the reference 

unit is. The two most common ones are ‘a cell’, and ‘a cell culture dish’. Thus, the dose may 

relate to the amount of chemical added to a cell culture dish. As the conditions in such a 

dish are highly defined, the normalized dose appears similar to a concentration, and the term 

‘in vitro concentration-response curve’ is frequently found in the literature. Is there a real 

meaningful difference between dose and concentration in cell cultures? Some examples can 

best clarify this:  

(1) If 1000 cells are placed in a cell culture dish in 1 ml of medium, and 1 mg chemical 

is added, then the dose is 1 mg/dish or 1µg/cell; the concentration is 1 mg/ml. If the 

same cells are cultured in 2 ml medium, and the same amount of compound is added (1 

mg) then the dose is still 1 mg/dish and 1 µg/cell; however, the concentration is 0.5 

mg/ml.  

(2) Imagine an experiment to investigate nanoparticle (NP) toxicity: one laboratory uses 

1000 cells in 0.1 ml of medium; another laboratory has a different test format, culturing 

the 1000 cells in 1 ml of medium. They both agree to use a NP concentration of 100,000 

NP/ml. In the first lab, the cells will be exposed to 10 NP/cell. In the second lab, cells 

will face 100 NP/cell. 
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The examples show that concentrations and normalized doses are different concepts. But they 

also indicate that the interconversion of a relative dose to a concentration is straightforward 

and uncomplicated in vitro (relative to the large problems in vivo). In most cases, in which the 

term dose-response is used for New Approach Methods (NAMs), it is strictly speaking wrong, 

as concentration responses are meant, and interconversions are relatively easy. Nonetheless, 

the distinction is meaningful and relevant for the interpretation of data. 

3.1.4.3.  Are cells killed by concentrations or by doses? 

The goal of many experiments in quantitative biology (biochemistry, physiology, 

pharmacology, toxicology, etc.) is to define a threshold ‘amount’ of chemical that leads to a 

biological effect. Such effects may be cell death, activation of a signaling pathway, or e.g. 

labelling of a certain structure. Back to the above issue: is the right measure of the quantity of 

chemical rather a concentration, or rather a dose? Unfortunately, there is no generally correct 

answer. It depends….. 

In the larger number of cases, concentrations are the more relevant physical quantity and 

it is most common to define the biological effects of chemicals in vitro in terms of 

concentrations triggering the effect. The situation is different in vivo. Here, threshold effects 

are usually given in categories of doses or normalized doses. The reason is that the dose is 

usually easy to measure or to define, while concentrations in vivo are an extremely complicated 

concept and the data vary continuously with time and space (location coordinates within a 

body). The different ease of access and knowledge to the physical quantities dose vs 

concentration, and the resultant different use of these quantities is at the basis of the 

fundamental problem of converting reference values from in vivo to in vitro, and vice versa. 

3.1.4.4. Why are concentrations the most relevant measure in vitro?  

Most effects of chemicals are assumed to be mediated by an interaction of a chemical with a 

biological target (for instance a receptor or a stretch of DNA). Many chemical-target 

interactions are non-covalent/reversible, and they can be described by the law of mass action. 

This law is based, contrary to what may be deduced from its ancient name, on concentrations 

of chemicals. Thus, in very many cases, the mathematical description of the bioactivities of a 

chemical is best based on concentrations. 

When is this not the case? From the above, one may deduce that problems may arise, when 

reactions are irreversible, or when a target gets saturated, so that equilibrium conditions are not 

possible. Problems with the concentration concept may also be found in situations where a 
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chemical does not evenly distribute in a cell culture dish (and thus the average nominal 

concentration is not representative of the target concentration). Adsorption to plastic or 

accumulation in cell compartments may play a role here. Another non-equilibrium condition 

that provides problems for the concept of concentrations is the instability of a chemical, so that 

the time (not considered in the law of mass action) plays a role. The following examples show 

cases, where the dose of a chemical needs to be considered to describe in vitro effects: 

1. In many cell cultures, hydrogen peroxide (H2O2) is eliminated rapidly by the cellular 

catalase. If there are more cells (more catalase), H2O2 has a shorter half-life and thus 

cells are exposed for a shorter time to toxic concentrations. At higher doses (but similar 

concentrations), the elimination of H2O2 takes longer, and thus makes a given 

concentration appear more toxic. Therefore, it has been suggested to indicate H2O2 

toxicity in terms of cell dose (e.g. µmoles H2O2 per thousand cells) (Gülden et al. 2010). 

2. Dopaminergic neurons have a high capacity to import the neurotoxicant methyl-

phenylpyridinium (MPP+). The same is observed in the dopaminergic cell line 

LUHMES (Schildknecht et al. 2009; 2015; 2017; Efremova et al. 2015). The import of 

the toxicant through the dopamine transporter is so efficient, that a large portion of the 

cell culture medium is cleared of MPP+, and this can lead to a limitation of the toxicity, 

if the overall amount (dose in the cell culture dish) is not sufficient to fill all cells with 

sufficient toxicant to affect cellular respiration (Pöltl et al. 2012, Terron et al. 2018). 

Thus, the overall dose of MPP+ can play a role, in addition to its concentration.  

3. The same (as for MPP+) applies to other toxicants that are strongly accumulated in 

cells, be it by active mechanisms (transporter-dependent, membrane potential-

dependent) or by passive mechanisms (high-affinity binding to cellular structures; 

accumulation in lipophilic compartments; covalent interactions). A typical example is 

methylmercury chloride. This lipophilic compound accumulates in cells. Besides, it 

may bind covalently to sulfhydryl groups. Therefore, cellular concentrations can be 100 

times higher than the medium concentration (Zimmer et al. 2011a; 2014; Aschner et al. 

2017). Taxol is an example compound of cellular accumulation due to high-affinity 

binding (to cellular microtubules) (Volbracht et al. 1999; 2001). For highly 

hydrophobic compounds, such dieldrin, accumulation on cell culture surfaces and in 

cellular membranes may play an important role. Accumulation, and thus depletion from 

the cell culture medium may also play a role for some dyes (DNA intercalators, 
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membrane stains), toxins, and compounds trapped by intracellular metabolism 

(acetoxymethyl esters). 

At present, there is no clear solution to the issue that for some compounds, their nominal 

concentration correlates well with their bioactivity, while for others, this correlation is poor, 

and dose plays an additional (or sometimes even pivotal) role. The most established procedure 

is to generally refer to concentrations, and a majority of chemicals dissolving well in cell 

culture media will be described sufficiently correct in this way. The overall usefulness of using 

nominal concentrations to characterize bioactivities is reflected by the many 

toxicological/pharmacological parameters that refer to concentrations. They include the IC50 

(median inhibitory concentration), the EC50 (concentration evoking 50% of the maximal 

effect), the HNCC (highest non-cytotoxic concentration), Cmax (peak plasma concentration), 

AUC (integral of the concentration-time curve), KD (dissociation constant for a reversible 

binding process, indicated in concentration units), or the MAC (minimum alveolar 

concentration required for inhalation anaesthesia), and many more. 

Upon a more detailed analysis of the concentration concept (discussed in a later part of this 

series), it will become evident that so-called nominal concentrations (mathematically-

determined, theoretical average concentrations in a cell culture dish) do not reflect the target 

site concentrations. If methods are applied to better define the real concentrations, they correct 

for some of the distribution problems mentioned above, and the approach to refer to doses 

becomes less necessary to define thresholds at which chemicals affect biological functions and 

structures. 

3.1.4.5.  Suitable measures of concentrations 

If, and when, concentrations are measured to derive important summary and threshold data, 

then important practical questions arise: what is the most useful quantity definition, i.e. which 

type of unit is to be used? The first type of consideration is not on the unit as such (µM vs mM, 

etc.) but the type of unit, i.e. the decision on the preferred physical measure, such as fractions 

(ppm), weight per volume (mg/ml), or molarities (= particles per volume; mM). In toxicology 

and pharmacology, there is a strong case for using molarity, as this has a clear definition (as 

opposed to ppm), does not require additional background knowledge/information, and allows 

direct comparison of numbers (as opposed to weight/volume units).  

a) Consider, e.g. testing the effect of lithium ions. In a test reacting specifically to Li+, the 

threshold molarity would be the same for the chloride, mesylate, or iodide salts, and it 
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would be independent on whether the crystals contain two or six water molecules per 

unit. If the threshold value is given in µg/ml, it will be different for all these ways to 

bring lithium ions into solution.  

b) If one compares the toxicity of polychlorinated biphenyls in weight/volume units, then 

the highly chlorinated (high molecular weight) congeners will always appear to be less 

toxic, while expression of the EC50 in molarity compares the same numbers of 

molecules, and thus is scientifically more appropriate (Nyffeler et al. 2018).  

c) For screening, often an upper level (the highest screened concentration) is defined 

(Nyffeler et al. 2017; Delp et al. 2018a). For instance, all compounds are screened up 

to a concentration of 50 µM or up to 50 µg/ml. In the latter case (50 µg/ml) one would 

screen low molecular weight compounds at much higher molar concentrations than high 

molecular weight compounds. This would lead to a misrepresentation of the 

bioactivities.  

So, what are the reasons to still use weight/volume measures? For most applications, there 

is no good reason besides tradition and practical convenience. Convenience refers to the issue 

that preparation of weight/volume stock solutions is always possible, without the need to know 

the molecular need, and the purity of a compound. Thus, such approaches are well justified for 

undefined extracts, mixtures of compounds, substances of unknown molecular weight etc. 

They are employed in such cases, in which molar concentrations cannot be calculated. It is hard 

to understand why this approach would be transferred to areas where exact information on the 

molecular weight and compound purity is available, and thus molarities can be calculated. 

In some fields, an alternative to the use of molarities is the use of unitless fractions (%, ppm, 

ppb etc.). This may be useful for non-aqueous systems, for which the use of molarities is 

uncommon. Indeed, such a physical measure is common for mixtures of gases or solvents, 

contaminants in metals and chemicals within solid feed (used for feeding studies in toxicology). 

The big practical problem here is that it is not clear as such, whether the ratios refer to volumes, 

weights or particle numbers, and different fields do use different rules and definitions. It is 

clear that for most experimental systems (the combination of a chemical with its background 

substance) a volume percentage will not be the same as a weight percentage, and thus, these 

units cannot be uses unambiguously, without additional background information.  

In biologically very complex situations (mostly referring to endogenous metabolites, such 

NADH, enzymes or RNA molecules), yet another approach is taken: concentrations are not 
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given as absolute measures, but only as relative changes compared to a control/normal situation 

(Kuegler et al. 2010, Zimmer et al. 2011b, Effremova et al. 2015, Nyffeler et al. 2018) 

If one has indeed decided on the use of molarities to characterize the activity of chemicals, is 

there any guidance on the use of the unit (e.g. µM, nM, mM)? There is no scientific reason 

to prefer one over the other. However, there may be practical issues, e.g. related to data display. 

For instance, if compounds act in the µM range, indicating the numbers in mM is inconvenient, 

as many zero digits need to be included, and the same applies vice versa. If a larger range of 

values is covered, logarithmic scaling may be useful. For instance, if all values are given in log 

molarity (log(M)), then large ranges can be covered (Krebs et al. 2018), and this approach 

allows for keeping numbers in an easy (convenience for human users) format with one pre-

comma digit. However, all numbers will be negative (one µM will be -6, one mM will be -3). 

It may be inconvenient to use negative numbers throughout. For this reason, the use of –log(M) 

is common for large chemical screens in the pharmaceutical industry. The latter could be a 

universal data format to be used for most applications. The only disadvantage is that the 

graphical data display usually follows the convention that small numbers are on the left side of 

the x-axis, and large numbers are right. To follow this tradition, one has to accept that 9 

(referring to 1 nM) is a smaller number than 3. Moreover, one has to use a data display program 

that can deal with this condition. Alternatively, one has to get accustomed to curves looking 

different from what the usual text-book display is (horizontal mirroring).  

In summary, the following example compiles the above discussion: in a given cell culture 

system, the toxicity (EC50) of the three toxicants A, B, and C may be 6.0 (given in –log(M)). 

This means that a nominal concentration of one micromolar (1 µM) kills or impairs 50% of the 

cells. If the compounds had molecular weights of 100, 500 and 2500 Dalton, then the toxicity 

expressed in µg/ml would differ by factors of 5 and 25. Another potential difference may be 

that the toxicity of compound A and B may be 6.0, independent of the plate format and cell 

number used, while the toxicity of C may be 4.0 in another culture dish with higher cell 

numbers.  

3.1.5. Conclusion and outlook 

Three further issues need a future dedicated discussion: (i) the nominal concentration of a 

chemical may not correlate with its free bioactive concentration in cell culture medium 

(Blaauboer et al. 2012; Westerhout et al. 2011); (ii) the concentration of a toxicant in a cell, 

where the chemical’s target is located, may not correlate with its free medium concentration; 

(iii) the threshold concentration determined in vitro may need to be converted to the respective 
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in vivo concentration, or possibly to a dose resulting in such a concentration. The procedure to 

predict such measures from in vitro concentrations is called in vitro-to-in vivo extrapolation 

(Wetmore et al. 2014; 2015; van Vliett et al. 2014; Bell et al. 2018; Casey et al. 2018; Leist et 

al. 2010), and it is ‘the wizards stone’ to make data from NAM useful for toxicology and 

pharmacology as disciplines to quantitatively predict chemical effects in man (Leist et al. 

2014). 
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3.2.1. Summary  
In biological systems (cell culture media, cells, body fluids) drugs/toxicants are usually not 

freely dissolved, but they are partially bound to biomolecules; only a fraction of the chemical 

is free/unbound (fu). To predict pharmacological effects and toxicity, it is important that the fu 

of the drug is known. As the differences between free and nominal concentrations are 

determined by test system parameters (e.g. the protein and lipid content, and the type of surface 

material), comparison of nominal concentrations between two different new approach methods 

(NAM) may lead to faulty assumptions. The same problem exists, when in vitro concentrations 

are compared to those in human subjects. Therefore, the respective fu of a chemical in different 

test systems needs to be determined for in vitro-to-in vivo extrapolations (IVIVE). Besides 

direct measurements, prediction models can help to obtain fu. We describe here a simplified 

approach to approximate fu, and we provide background information on the underlying 

assumptions. Comparative predictions and measurements of fu of various drugs are shown to 

exemplify the approach. Basic input data, like protein and lipid concentrations, have also been 

compiled here. Beyond such test systems data, the only chemical-specific inputs required are 

the lipophilicity of the candidate drug, and its ionization state, as determined by the dissociation 

constants of its acidic or basic groups. This overview is intended to be used by any lab scientist 

without specific toxicokinetics training to obtain an estimate of fu in a given cell culture 

medium. 

3.2.2. Concentrations then and now 

Many textbooks of pharmacology and toxicology start with Paracelsus’ 500-year-old wisdom 

that only the dose makes the poison. This introduced the concept of quantification of chemicals. 

Concentrations result from the normalization of a chemical’s amount to a volume, and they are 

the fundamental input measure for all laws of pharmacology and toxicology that deal with 

reversible macromolecular interactions. Notably, time is an important additional parameter for 
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non-reversible reactions, like tissue damage. The wisdom on the fundamental role of 

concentrations (or, in general: normalized amounts) is on first sight not so obvious in one of 

the fundamental axioms of toxicology: “risk is a function of hazard and exposure”. For most 

toxicologists, it is clear that hazard is a function of the concentration of the compound (or of 

its normalized dose). This implies that the level of hazard can be above and below a certain 

threshold value and that the concentration (or normalized dose) corresponding to this threshold 

value may be defined as threshold concentration for the onset of hazard. Exposure to a chemical 

leads to an internal exposure, which is the concentration reached in various body compartments 

over time. 

Especially in the field of in vitro toxicology, the concepts of hazard and exposure are not strictly 

separate as suggested by Paracelsus’ rule; they rather “collapse upon one another” or they can 

be seen as aspects of a comprehensive systems description. In in vitro tests, or so-called new 

approach methods (NAM), exposure is the concentration of the test compound, and hazard is 

the concentration-dependent function describing adverse effects (or biomarkers thereof; 

Blaauboer et al. 2012) in an in vitro system. Thus, concentrations and concentration-dependent 

effects are at the heart of in vitro toxicology. It is important to understand that concentrations 

are volume-normalized doses. This means that they are not doses (see supplementary Box 1 

for definitions). In most (> 99%) cases, in vitro toxicology deals with concentration-response 

relationships, while dose-response considerations only rarely have a rational and sound 

scientific basis (Kisitu et al. 2019). For this reason, UNDERSTANDING of chemical 

concentrations in cell culture compartments is essential. 

The role of concentrations vs doses is easily understandable from the example that transferring 

a cytotoxicity test from a 6-well format to a 384-well format reduces the dose in each well 

about 16-fold when concentrations are maintained constant. Cells will usually react to the 

concentration of a test compound, not the dose. The few exceptions, where the absolute amount 

of a chemical in a culture well plays a major role are mostly explained by irreversible reactions, 

like the covalent binding of a chemical to a cell target (mercury ions), or oxidative destruction 

of cell targets (hydrogen peroxide). In these cases, the targets are eliminated and therefore, the 

number of toxicant molecules, relative to the number of targets in the dish (drug/target molar 

ratio) plays a role.  
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3.2.2.1. Compartmentalized concentrations 

A concentration, i.e. a certain number of molecules per unit volume seems to be a simple 

concept, and efforts required to understand it have often been underestimated. One reason for 

the complexity is the compartmentalization of concentrations in space, time and “micro space”. 

What do these three aspects mean? 

1. Local concentrations 

The concentrations of a chemical are not the same within the different fluid volumes in man 

(or animals): concentrations in blood, interstitial fluid, intracellular aqueous space and 

extracellular liquids (bile, gastric juice, pancreatic secretions, primary urine, etc.) may differ. 

Moreover, it may differ between the intracellular spaces of the brain, the liver and muscles or 

between mother and foetus. One of the many reasons for this are membrane-bound transport 

proteins, some of which use chemical or electrical energy to move compounds against 

concentration gradients. Besides, there are non-watery spaces that dissolve chemicals, like lipid 

droplets and cell membranes. Moreover, there are watery spaces with large pH differences 

(lysosomes and mitochondria in cells or liquid spaces in the digestive and renal systems) that 

affect the distribution of chemical species. As it is always the local concentration close to a 

target that determines pharmacological or toxicological effects, the understanding of local 

concentrations is essential background information for mechanistic toxicology and rational 

pharmacology. The complexities of spatially heterogeneous concentrations are in part also 

relevant to NAM, where concentrations may differ between cells and medium, and within 

different cell types. This is particularly relevant for organoids and microphysiological systems 

(Alépée et al. 2014; Gordon et al. 2015; Marx et al. 2016; Pamies et al. 2017; Pamies et al. 

2018; Groothuis et al. 2015; Kramer et al. 2015; Punt et al. 2020; Marx et al. 2020).  

2. Time-dependent changes in concentrations 

After oral dosing, the drug/toxicant concentration increases in plasma until a peak is reached 

(Cmax). After this peak time (tmax), the concentrations fall again. In simple cases, this behaviour 

may be described by the Bateman function (i.e. a combination of two exponential functions for 

absorption and elimination). However, the drug may distribute through different 

compartments, and be eliminated from different compartments (e.g. liver and kidney), and this 

may result in very complex time courses. Thus, referring to an “in vivo concentration” is not 

trivial, and in most cases, there is not a single in vivo concentration. For most in vitro systems, 

the situation is less complex, and often the concentration of a test compound may be constant 

over 24 h. The reason is that in such relatively simple systems, a compound will redistribute 
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and achieve steady-state quickly. If the system does not have elimination mechanisms. Then 

the steady state can be held over long time periods. 

However, also in NAM, particularly the more advanced and complex models, there may be 

drug metabolism (elimination) and slow drug re-distribution. In such cases, concentrations 

change with time (usually decreasing).  

3. Concentrations at a macromolecular level 

Even within a given cell culture medium (without cells), the definition of concentration is not 

as simple as it appears. The concentrations indicated in most publications and databases are 

usually not based on analytical data; they are rather the result of theoretical reasoning. The 

underlying assumption for this theoretical definition of concentrations is that the amount of 

compound added dissolves completely and homogeneously and thus knowledge of amount 

(number of molecules) and volume allows the calculation of the nominal concentration 

(Cnom). The underlying assumptions may be wrong, as part of the chemical may evaporate, be 

absorbed into or adsorbed to the plastic or be degraded (Figure. 1A). In the absence of the 

above three processes, the Cnom may differ from the free concentration (concentration of 

unbound drug; Cu) due to binding/adsorption to dissolved lipid or protein in the cell culture 

medium. Thus, in each tiny volume unit (e.g. at the femtoliter (fl) level) some of the chemical 

compound is truly dissolved, and the other part is bound to biomolecules. Thus, there is a 

fraction that is unbound (fu). This fu determines the free concentration (Cu) of the chemical 

(Cu = Cnom x fu) (Figure. 1B). The part of the nominal chemical concentration (Cnom) that is 

bound is not readily available for target interaction or other phenomena depending on the free 

concentration (e.g. for diffusion, osmosis, etc.). It should be noted however, that the free 

concentration in cell culture media does not necessarily equal to the free intracellular or target 

site concentrations (Fischer et al. 2019; Doskey et al. 2015).  

3.2.2.2. Comparison of concentrations and extrapolations to dose 

Why is it so important to look into concentrations in much detail? There are several reasons: 

An important argument in biomedical research is that we draw many conclusions from the 

assumption that nominal concentrations are the “real concentrations”, although there are 

countless examples (Table 1) of drug and toxicant concentrations being affected by all 

processes visualized in Figure 1. 
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Figure 1_1 shows the major processes affecting the fate of a test chemical in a cell culture dish. The processes 
include those associated with the loss of the compound (evaporation, adsorption and degradation) which 
substantially eliminate any interactions between the intended intact chemical with the cells in the dish. The other 
processes (lipid and protein binding) arise from the equilibration and ultimate redistribution of the study chemical 
into the different phases within the medium. It is assumed that only the truly dissolved fraction of a chemical 
interacts with cells/targets. However, in a dynamic, real-life biological system, the interaction of a chemical with 
lipid and protein may sometimes only slow (but not permanently prevent) the interactions with cells 

For toxicology, one important argument is that it is necessary to compare and extrapolate 

concentrations between systems (supplementary Box 1). And the factors that modify the free 

concentration are different between the systems. To understand this issue, one may approach 

it through three levels of complexity: 

 (i) In the simplest case, one may want to compare results between different NAM. In each 

system, there may be a different loss of test compound due to adsorption (and/or degradation). 

Besides, the systems may have different concentrations of albumin and lipids in their medium, 

so that the free concentration in all systems might strongly differ, even at a given (equal) 

nominal concentration (Krebs et al. 2020). 

(ii) The next level of complexity is the comparison of a NAM with human (or animal) plasma 

concentrations. Each of these systems contains different amounts of lipid and protein/albumin. 

i.e. the biomolecules reducing the free fraction of chemical (Table 2). Thus, at similar nominal 

concentrations, the effective free concentrations may differ a lot. For several drugs, the fu in 

plasma may be as low as 1-3% (Table 3), for some even lower (Umehara & Cemenish, 2012; 

Wishart et al. 2006). Vice versa, the same free concentrations in plasma and a NAM may relate 
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to very different total concentrations. A simple comparison of nominal (or total) concentrations 

seems therefore in many cases to lead to erroneous results. This does not take into account that 

the plasma concentration often is not constant, but undergoes strong changes over time. In 

pharmacology, often, the highest recorded plasma concentration following compound 

administration can be determined and it is used as benchmark for subsequent comparisons. In 

toxicology, there is often a limited knowledge on plasma concentrations, and tissue 

concentrations are known in far less than 1% of all cases. 

Table 1: Examples for deviations of nominal concentrations and ‘relevant/actual’ 
concentrations. 

Compound Reason Comments / Literature 

Polychlorinated biphenyls 
(PCBs) 

Paclitaxel, verapamil & 
digoxin 

  

 

 Fluoranthene  

Adsorption to 
plastic or 

culture plates 

Up to 30% can stick to plastic  [1] 

 

 10 -75 % adsorbed onto conventional polystyrene, plastic 
microplates, polypropylene microplates or glass vials  [2] 

  

60 -70 % bound to polystyrene plastic in the absence of FBS  [3] 

Cyclosporine A,  
methylmercury 

Accumulation 
in cells 

100-fold and higher accumulation  [4,5] 

Cisplatin 

  

 Dacarbazine  

 

 Retinoic acid 

Degradation/ 
activation 

(hydrolysis, 
photo-

oxidation) 

Sevenfold decrease in cytotoxic potency on storage in culture 
medium at room temperature  [6] 

In vitro activation by light and hepatic microsomes increases 
cytotoxic potential  [7] 

Rapid degradation in serum-free medium or serum-containing 
media maintained in the darkness and manipulated under yellow 
light  [8] 

Dopamine 

 

 

H2O2 

 

Ascorbate  

Degradation 

(autoxidation) 

Autoxidation in culture medium to generate hydrogen peroxide 
and quinones/semi-quinones. Catalase and reduced glutathione 
offer protection from the cytotoxicity of degradation products  [9] 

Degraded by exposure to light or through interaction with 
transitional metal ions [10]  

Unstable in common culture medium  and just like other  

polyphenolic compounds, it degrades to hydrogen peroxide in 
culture medium [11] 

Methanol, formaldehyde 

Phenanthrene  
Evaporation 

Many organic solvents 

An eightfold decrease in cytotoxic potency due to evaporation [12] 
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N, N-dimethylaniline  6%  evaporated from culture medium [13]  

Aldehydes  

 

 

 

Mercurials  

Adduct 
formation 

Aldehydes  form adducts with DNA and proteins [14] 

Reactive aldehydes are subject to Michael addition reactions with 
side chains of lysine, cysteine and histidine residues (protein 
carbonylation)  [15]  

Covalent interaction of mercurial compounds with cysteine 
residues [16]  

Valproic acid 

 

Arginine  

Deprotonation 
& protonation 

With a pKa of 4.8, valproic acid will exist in the deprotonated form 
at physiological pH [17]  

The guanidinium side chain of arginine is protonated even at 
physiological pH and pH values as high as 10 [18,19]  

Arsenic oxides 

 

 

Metal oxides nanoparticle 
(ZnO, CuO, CoO, Mn2O3, 
Co3O4, Ni2O3, and Cr2O3) 

Hydration 

Arsenous acid, arsenite ions and arsenic acid have been reported in 
water to which arsenic oxides have been added [20] 

 

Growth inhibitory effects of metal oxides nanoparticles in human 
and E.coli cells have been reported to increase as the hydration 
enthalpies of their oxides become less negative. [21] 

 

ZnOZinc (II) oxide, CuO Copper (II) oxide, CoOCobolt (II) oxide, Mn2O3Manganese (III) oxide, Co3O4Cobolt (II, III) 
oxide, Ni2O3Nickel (III) oxide and Cr2O3

 Chromium (III) oxide. H2O2Hydrogen peroxide. 

(1) Nyffeler et al. 2017; (2) Fukazawa et al. 2010; (3) Schirmer et al. 1996; (4) Zimmer et al. 2011; (5) Wilmes 
et al. 2012; (6) Schuldes et al. 1997; (7) Metelman and Von Hoff, 1983; (8) Sharow et al. 2012; (9) Clement et al. 
2002; (10) Halliwell et al. 2000; (11) Halliwell, 2003; (12) Halling-Serensen et al.1996; (13) Zhang et al. 2006; 
(14) Wang & He,  2018; (15) Grimsrud et al. 2008; (16) Bläser et al. 1992; (17) Manallack, 2007; (18) Fitch et 
al. 2015; (19)Xu et al. 2017; (20)US-NRC, 1977; (21) Kaweeteerawat et al. 2015 

(iii) The third level of complexity refers to the approaches used for in vitro-to-in vivo 

extrapolation (IVIVE) or reverse dosimetry. In this process, the effective concentration from a 

NAM (e.g. the threshold of toxicity, also called the point-of-departure (PoD)) is translated to a 

dose or a certain exposure situation. This process is the sine qua non of the applicability of in 

vitro toxicology (Leist et al. 2014; Basketter 2012; Paini et al. 2019; Wambaugh et al. 2018). 

The steps are the following: The concentration of a PoD in a NAM needs to be translated to a  
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Table 2: Typical concentrations of albumin and lipid 

 

 

 

 

Medium 
Average 

serum albumin 
[mg/ml] 

Albumin 
(µM) 

Protein fraction 
[Pf x 1000] 

Lipid /(average 
TG) [mg/ml] 

Average 
cholesterol 

[mg/ml] 

Average lipid fraction 
[Lf x 1000] 

Human serum  40
a,b 

47.3
c
 

600
a 

 

710
c
 

30 (3%) 
 
34 (3.4%) 

6.1
d,r 

 

1.5
e,d

 

  

1.85
d,f

 
6.0(0.6%)

a,r
 

1.70(0.17%)
s 
 

1.80 (0.18%)
w

 

Calf serum (Foetal) 23
g
 300 17 (1.7%) 2.3

i,h,I,r 

 

0.87
i
 

  

 0.35
g,i

 
2.4 (0.24%) 

r
 

0.95 (0.095%)
s  

0.30 (0.03%)
w

 
Rat serum 31

j,k,l,m
 440j 

 
460 

21 (2.1%) 
 
23 (2.3%) 

3.1
q,r 

 

1.45
n,o,p,q

 

  

1.01
n,o,p,q

 
3.20 (0.32%)

r
 

1.50 (0.15%)
s
 

0.98 (0.98%)
w  

RPMI + 10% FCS 2.3 30 2 (0.2%) 0.3
t 

 

0.087
t
 

0.033
t
 0.30 (0.03%)

r  

0.095 (0.0095%)
s
 

0.0033(0.0003%)
w

 
UKN4V (or UKN2 
(Neuritox/cMINC 
assays) 

0.39 W  (0.37 W) 5.8x (5.6x) 0.28 (0.028%) 0.0029z  0.0032 (0.0003%)
r
 

0.0032 (0.0003%)
s
 

UKN5 V 

(PeriTox assay)  
 

3.3 W 50x 2.4 (0.24%) 0.025z  0.027 (0.0027%)
r 

0.027 (0.0027%)
s
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TGTriglycerides, PSV Partial specific volume, FCSFeotal Calf serum, Lf Lipid volume fraction, Pf protein-albumin 
volume fraction. 
Albumin and lipid values (mg/ml) were collected as average values for rats older than 3 weeks. 
For cases where total medium lipid was given, the volume fraction was calculated using PSVLipids (the average 
value for all lipids forms combined) 
The lipid concentration in FCS (3 mg/ml) was assumed to be 50% of the human serum concentration (6 mg/ml), 
a similar ratio of the protein content: 600 µM:300 µM)  
Human serum_albumin (35 -50a,b), Human serum_TG (0.7-2.6e ,1.24d), human serum _cholesterol (1.8f,1.89d),  
Calf serum_cheloesterol (0.3g, 0.32 -0.4i), Calf serum_lipid (3h,r, 1.6i,r,s), Calf serum_TG (0.75-0.99i),  
Rat serum_albumin (29j,32k,26l,36m), Rat serum_TG (1.5n, .00o,1.5p, 0.8q), Rat serum_cheloesterol (1.5 -2.2n, 0.9o, 
1.14p, 2q) 
UKN4 and UKN2 (wtotal protein in medium), (xassuming albumin molecular weight of 66500 g/mol), (ztotal lipid 
in medium) 
rVolume fraction of total lipid,  svolume fraction of triglycerides, wvolume fraction of cholesterol 
hsuggested value for calculations (scaled Vs related protein count of human serum and FCS) 
rspecified in literature as total lipid in medium, svalue derived from plausible assumptions,  
tvalue extrapolated based on assumed composition of FBS i.e a 10% of the value reported for FBS.  
PSV = PSVTG (1.093 ml/g)u, PSVCholes (0.968 ml/g)u, PSVCholes.esters (1.044 ml/g)u, PSVphospholipids (0.97 ml/g)u, 
PSVLipids (1.02 ml/g), PSValbumin (0.73 ml/g)u  
Pf (protein-albumin volume fraction): =[P (mg/ml)]x PSValb/1000 
Lf (Lipid volume fraction): = [L (mg/ml)] x PSVTG/chole/lipid/1000 
Cholesterol molecular weight = 386.654 g/mol 
aGülden & Seibert (2003), bAnderson & Anderson, 2002, cFischer et al. 2017, dPatterson  et al. 1988, ePownall et 
al.1999, fPhilips, 1960, gLindl, T, 2002, iGülden et al.2002, jSchreiber et al. 1971, kMorgan & Theodre, 1971, 
lZaias et al.2008, mRose & Klemck, 2015, nIkeda et al. 1993, oAnderson et al. 1993, pYaqoob et al. 1995, qMiura 
et al. 1989, uRedgrave & Calson, 1979, VKrebs et al. 2020 
 

plasma concentration (conversion based on the calculated free fractions). Then, the plasma 

concentration has to be converted to a dose leading to this concentration. One (simplified) 

approach to this is to use a drug distribution model (accounting for the different local 

concentrations in the body) to calculate an inner dose (total amount of drug in the body). Then, 

one may use a model of drug uptake (bioavailability) and elimination to translate the inner dose 

to the external dose (e.g. by oral intake) that would lead to the inner dose (Rostami-Hodjegan, 

2012; Zhang et al. 2018; Bell et al. 2018; Jaroch et al. 2018; Brinkmann et al. 2017; Coecke et 

al. 2013). Finally, one may compare such an external dose to exposure scenarios, e.g. uptake 

of a potential toxicant via the daily diet. All large scale NAM based projects, e.g. SEURAT1, 

Tox21 and EU-ToxRisk (Gocht et al. 2015; Berggren et al. 2017; Wetmore et al. 2014; Sipes 

et al. 2017; Siméon et al. 2020; Escher et al. 2019; Krebs et al. 2020; Daneshian et al. 2016; 

Busquet & Hartung, 2017; Judson et al. 2014; Cote et al. 2014; Kavlock et al. 2018; Graepel 

et al. 2019) have incorporated an IVIVE procedure to convert free concentrations from NAM 

to a corresponding external dose. Very sophisticated software has been developed for such 

purposes. Packages like SimCyp (Jamei et al. 2013) allow for multiple compartments, and 

incorporate a large body of background knowledge, e.g. on transport processes and 

metabolism. Some software for such predictions like the httk R package has been developed 

even for high throughput applications (Pearce et al. 2017).  
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Table 3: Examples for the prediction of free drug fractions (fu) in human and rat 
plasma 

Drug Statea pKa1b pKa2b 
logPow 

b 

fu human (%) fu rate (%) 

Predictedc In vivod  Predictedc In vivoe  
Propranolol  basic 9.42   3.48 3 4-15 4 15 

Quinidine basic 8.56   2.88 12 12-20 15 30 

Verapamil basic 8.92   3.79 1.4 6-14 0.5 6 

Cyclosporine A neutral      2.92 10 7 13 6 

Pravastatin acidic 4.2   2.18 43 52-57 50 64 

Valsartan diprotic acid 4.35 5.86 1.50f 2.6 5 3.3 3 

Digoxin neutral      1.26 87 75 90 61 

Furosemide acid 4.25   2.03 52 2.3-4 58 13 

Ciprofloxacin ampholyte 6.09 8.74 1.55f 79 60-80 82 70 

 

aState refers to the form that relates to the physiological charge or the major micro-species of the drug at 
physiological pH 7.4. e.g. a diprotic acid will have a physiological charge of -2 resulting from ionisation of two 
acidic groups. 
b logPow and pKa values were obtained from PubChem. 
CThe predicted free fraction of drug in human and rat plasma based on biokinetics equation presented here (see 
supplementary information). 
dTaken from Drugbank (Wishart  et al. 2006); refers to the free fraction of drug in human plasma. 
eTaken from Umehara & Cemenish, 2012; refers to the free fraction of drug in rat plasma. 
flogPow predicted using ChemAxon. 
 

3.2.2.3.  Free concentrations 

As outlined in the above introduction, the determination of free concentrations is an essential 

basis of mechanistic, predictive toxicology, and an absolute requirement of systems toxicology 

models (Leist et al. 2012; Leist et al. 2014). This does not only apply to in vitro toxicology. 

Also, the interpretation and extrapolation of animal data require an understanding of the 

underlying concentrations. Unfortunately, the measurement of free concentrations is difficult 

in this context, requiring a lot of resources, specialized equipment and experience, and it is also 

linked to large uncertainties. For in vitro systems, some measurement systems are available. 

They function well for some matrices, but only limited experimental data are available from 

rapid equilibrium dialysis (Ferguson et al. 2019; Buscher et al. 2014) or miniaturized solid-

phase extraction (SPE) (Kramer et al. 2012). Alternatively, affinity chromatography has been 

applied for the same cause (Groothuis et al. 2019). As an indirect approach, it is also possible 
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to measure an activity, dependent on the free concentration (e.g. receptor activation, enzyme 

inhibition or cell death induction) and then to extrapolate free concentrations from nominal 

concentrations in the same assay (Gülden et al. 2003; Gülden et al. 2005). 

An alternative approach is the prediction of free concentrations or the respective free fraction 

of a chemical using a mathematical model. This has required a lot of background thoughts, 

experimental verifications and fine adjustments, as described in the extensive background 

literature (Gülden et al. 2005; Armitage et al. 2014; Kramer et al. 2012; Kramer et al. 2015; 

Fischer et al. 2018; Fischer et al. 2019). The overall outcome is an equation (see below and in 

the supplementary information – equations 12 + 13) that delivers useful predictions (tables 3, 

4). Working with this equation is a relatively simple procedure accessible to any experimental 

scientist with very basic school mathematics training. In the context of the work of Fischer et 

al. (2019) it has also been implemented as a piece of software. As the issue of concentrations 

is of utmost importance to the field, it should not be handled only by a small group of 

specialists. We rather suggest here that the basic knowledge and its application should be 

routine for all those involved in experimental planning and data evaluation. For this reason, the 

approach has been detailed below for non-specialists. Moreover, any potential problems and 

pitfalls are highlighted at the end of this article. 

3.2.3. Predicting free compound fraction (fu) in vitro. 

The free concentration (Cf), also called the unbound concentration (Cu= Cf), can be derived 

from the nominal concentration (Cnom) by multiplying Cnom with the fraction unbound (fu), i.e. 

the fraction of the Cnom that is not bound to lipid or protein. This has been derived in earlier 

excellent publications (Gülden et al. (2002, 2003), Kramer et al. 2012, Armitage et al. 2014, 

Kramer et al. 2015 and Fischer et al. 2018, Fischer et al. 2019). 

The equation for the prediction of the free compound fraction (fu) that is used and explained 

here is given below:  

               𝑓 =
 ×  × . 

 

(Corresponding to equation 13 in the supplementary material) 
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The terms in this equation are as follows: 

Kalb: albumin-water partition coefficient of a compound 

falb: the volume fraction of albumin in the culture medium 

fNL: the volume fraction of neutral lipids in the culture medium (sometimes neutral lipids (NL) are 
also called three-acyl glycerides (TAG)) 

Dvow: the olive oil-water partition coefficient of the non-ionized form of the compound at pH 7.56 
- 7.4. See supplementary material for the proper calculation and use of this term. 

Y: the ratio of the concentration of the ionized to the non-ionized drug/ compound species in the 
test system  

This equation looks difficult to apply, as the five terms determining fu are not readily known. 

However, following the instructions we give here (and explained in the supplementary material 

for those interested in more background), all this information can be derived from readily 

available material. The only knowledge required is the constitution of the test system, and two 

physicochemical determinants of the drug.  

The test system parameters that need to be known are the lipid and the protein content. This 

should be part of any test method description, as defined e.g. by the ToxTemp (Krebs et al. 

2019). The chemical descriptors required are the protonation/dissociation constant (pKa) and 

the lipophilicity descriptor logPow. The latter is the decadic logarithm of the octanol-water 

partition coefficient, Kow. A high logPow (> 2) stands for hydrophobic drugs (cyclosporine ~ 

3, hexamethylbenzene ~ 4.5). A small or negative logPow stands for hydrophilic drugs (e.g. 

mannitol ~ -3, ascorbic acid ~ -1.5, caffeine ~ 0, doxorubicin ~1.3). Such data can be obtained 

from databases, such as PubChem, Drugbank, EpiSuite or DDBST (http://www.ddbst.com/prp-

estimate.html). The data bases also indicate whether the data are experimental or based on 

computational models. 

3.2.4. Example use of the biokinetics equation  

The use of the equation is best illustrated by a practical example. We chose here valproic acid 

(VPA) and amphetamine as drugs, and UKN5 as test method (see details in Krebs et al. 2020). 

The test system does not use any serum supplements, but the medium still contains protein and 

lipid (supplementary box 2). 

From this, we can already determine two of the missing values: falb and fNL. falb is the volume 

fraction of albumin, i.e. the part of the medium volume covered by albumin. FNL is the fraction 

of the medium taken by neutral lipids. These two fractions are considered here, as proteins and 

lipids are the dominant drug-binding biomolecules present in cell cultures.  
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Table 4: Comparing predicted to measured free fractions (fu) in vitro 

Compound  Measured fub  Predicted fuc 
Isoniazid 100.0 99.9 
Amphetamine 90.3 95.0 
Amitriptyline 34.0 1.5 
Diazepam 41.0 45.0 
Tramadol 87.3 92.0 
β-estradiol 15.7 14.5 
Testosterone 35.2 31.0 
Phenanthrene 1.5 2.5 
bisphenol A 25.0 31.0 
pyrene 0.2 1.4 
BAC6 80.0 99.9 
BAC8 47.0 99.3 
BAC10 30.4 93.0 
BAC12 40.1 54.0 
BAC14 12.4 9.3 
BAC16 7.6 1.4 
BAC18 4.6 0.6 

Tributyltin chloride 0.6a 1.0d 

2,3-Dinitrotoluene 0.9a 1.0d 

4-Nonylphenol 0.1a 0.0d 

p,p'-DDT 0.0a 0.0d 

Dieldrin 0.3a 0.2d 

p,p'-DDE 0.0a 0.0d 

2,4,5-Trichlorophenol 0.3a 0.4d 

Paraquat 1.0a 1.0d 

4-Chlorophenol 0.9a 0.9d 

2,4-Dichlorophenol 0.8a 0.7d 

Phenol 1.0a 1.0d 

Nicotine 1.0a 1.0d 

Isopropyl alcohol 1.0a 1.0d 

Ethanol 1.0a 1.0d 

Methanol 1.0a 1.0d 

Ethylene glycol 1.0a 1.0d 
aGülden & Seibert,  2005 & Gülden  et al. 2003. 
 bGroothuis et al. 2019; measured at 60 µM albumin, using affinity chromatography. 
cPredicted free fraction of compound using equation (13) taking an in vitro system with 60 µM albumin, but 
without lipids.  
dpredicted free fraction of compound using equation (13) taking an in vitro system with 5% FCS (18 µM or 1.2 
mg/ml albumin and 0.3 mg/ml lipids). 
BACbenzalkonium derivatives. 
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The third term, Kalb, refers to the distribution of compound between albumin and the aqueous 

phase i.e. the albumin-water partition coefficient. There are several experimental methods to 

determine such equilibrium binding constants (Groothuis et al. 2019). The disadvantage is that 

an analytical method needs to be available for each drug considered. Moreover, methods of 

phase separation (bound vs unbound drug) are difficult for low-affinity binding processes. 

Additionally, the definition of “albumin” is not trivial, as it may refer to human or rat albumin 

or mixed serum proteins or other protein fractions. In view of these problems, it seems justified 

to use a modelling approach instead of experimental measurements. One frequently used model 

(Endo and Goss, 2011) assumes that the albumin binding can be predicted from logPow. The 

equation(s) for the conversion of logPow to Kalb are given in the supplementary information. 

Example values for two compounds for the step-by-step derived terms are demonstrated in 

supplementary box 2.  

The fourth term, Dvow, can be addressed relatively simply. The olive oil – water distribution 

coefficient is used in the equation, as this partitioning better reflects binding to neutral lipids 

than the logPow. Conversion equations and example use have been worked out (see 

supplementary information equation 11 & box 2).  

The final (fifth) term to be addressed is Y. In some simplifications of the equation, this is 

missing altogether (Y=0). If the drug was not VPA (2-propyl-pentanoic acid), but rather 2-

propyl-pentanol or trichloroethylene, then the Y would be negligible (set to zero). So, why is 

this correction term required for some drugs? Y takes account of the fact that some fraction of 

VPA is in the acid form and the other is in the carboxylate (negatively charged) form, and that 

the ionized and the non-ionized form bind to lipid in different ways. Here, the simplifying 

assumption is that only the neutral form binds to neutral lipids, and Y indicates the ratio of the 

ionized to the non-ionized drug at the given pH (7.4). Notably, the acid form of VPA is non-

charged (neutral), while the base form (carboxylate) is negatively charged.  

Using the test system information for the UKN5 and fitting the five terms (supplementary box 

2) into equation 13, we obtain for VPA an fu prediction of 0.69; i.e. about 70% would be free 

(available for uptake or target interactions) and 30% is bound to protein and lipid in the 

medium. For amphetamine, the fu prediction would be 0.96, i.e. only 4% of the drug would be 

bound. 
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3.2.4.1.  Protein binding 

Culture medium may contain lipids, proteins, sugars, inorganic ions, hormones, vitamins, and 

heparin to mention but a few. Most models of free concentrations consider only the interaction 

of the test substance with medium lipids and proteins. This is largely justified by the fact that 

these two classes of biomolecules constitute the largest fraction of extracellular potential 

binding partners in the test system. In special cases, it needs to be considered that other medium 

components, like complex carbohydrates, polynucleotides, detergents or artificial substances 

added to confer certain test system properties may also bind test chemicals (Armitage et al. 

2014). All considerations for cell culture media apply to test media in general, i.e. also buffers 

for pharmacological test systems or biochemical assays. For standard medium, and for the 

majority of test compounds, the most dominant role for adsorption is taken by protein.  

In human serum, albumin is by far the major protein fraction (50 g/l, Anderson & Anderson, 

2002; Zhang et al. 2012). However, other proteins may contribute. The immunoglobulins are 

another large fraction. Fibrinogen is an important protein of blood plasma, as is e.g. alpha-1-

acid glycoprotein, which binds a number of drugs (e.g. propranolol) (Hill et al. 1989). Some 

proteins in serum are specialized to bind endogenous hormones (Bartalena, 2004; Hammond, 

1995; Bartalena & Piantanida, 2019) or vitamins (Vahlquist et al. 1979) and they may therefore 

also bind test chemicals that are structurally related to e.g. thyroxin or retinol. A further 

consideration for very detailed studies is that the serum protein composition may change, e.g. 

by acute phase proteins or by alterations in lipoprotein fractions. For example, human serum, 

calf serum and rat serum contain different fractions of proteins and lipids (see table 2). The 

need to consider the heterogeneity of constituents applies even more to cell culture media with 

artificial compositions. They may contain proteins from different species, partial protein lysates 

or e.g. transferrin either fully bound to iron or emptied of iron (holo-transferrin). To assume 

that all protein behaves like albumin is thus a rough approximation. It works well in many 

cases, and it can be clearly shown that the albumin content plays a major role in determining 

the free drug fraction (table 5). In this context, it is important to highlight again that serum has 

a much higher albumin content than any cell culture medium, and this needs to be taken into 

account for IVIVE. It is also a good occasion to remind the reader of the biokinetics equation 

discussed above, and that it assumes similar protein binding for all forms of a drug (ionized 

and non-ionized). This assumption may not always be fulfilled. To exemplify this, we 

assembled a few examples where the predictions were poor (table 6). In all these cases, the 

explanations are not trivial, and more thinking would be needed.  
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We discussed here mainly protein binding, as this is in most cases the dominant component of 

the biokinetics equation. Over this, it should not be forgotten that there are special media, or 

test situations (e.g. considering milk as test medium), in which lipids may take a large role. In 

this context, hybrid structures of lipids and proteins, like chylomicrons or lipoproteins are of 

importance. Some well-known drugs/toxicants such as cyclosporine A and polychlorinated 

biphenyls (PCBs) are reported to bind and interact with lipoproteins (Wishart et al. 2006; 

Brown and Lawton, 1984). Here we take the occasion to remind again of the fact that only the 

neutral form of a chemical is considered to bind to triglycerides. This is done with the aim of 

reducing the number of test substance species to account for (Caron et al. 2007). 

Table 5: Dependence of the fraction unbound (fu) in vitro on the albumin 
concentration 

Compound  fua 
18 µM albumin 600 µM albumin 

Hexachlorophene 0.67 1 
Mercuric chloride 80 10 
Thioridazine HCl 77 9 
Potassium cyanide 93 28 
Pentachlorophenol 5 0 
Amitriptyline HCl 88 18 
Malathion 88 23 
Lindane 54 13 
Dextropropoxyphene HCl 97 49 
Warfarin 90 21 
2,4-Dichlorophenoxy acetic acid 90 24 
Acetylsalicylic acid 95 39 

afree fraction estimated through in vitro experimentation by Gülden & Seibert, 2005 &  
Gülden et al. 2003 in the presence of either 18 µM or 600 µM albumin 

 

3.2.4.2.  Typical assumptions in in vitro biokinetics 

The famous statistician G. Box said: “all models are wrong, some are useful”. This applies also 

to the biokinetics equation predicting free concentrations. So, when is this model useful? It is 

when we do not have anything better available. It also is, when we understand that the basic 

assumptions underlying the model are met. Thus, we need to recapitulate briefly some of the 

basic assumptions (see detailed application in supporting information). 
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Table 6: Free plasma fractions (in %) for different systems  

Compound  logPow 
 

statea 

fu 

EC50 (µM) b Measured in 
vitrob 

 
Predictedc 

Human plasmad 

Amitriptyline HCl 4.81 226 basic 18 0.16 5 
Acetylsalicylic acid 1.18 4630 acid 39 90 > 98 
Dextropropoxyphene 
HCl 

4.18 332 basic 49 0.50 24e 

astate refers to the form of drug or the major micro-species of the drug at physiological pH 7.4. e.g a diprotic acid 
will have a physiological charge of -2 resulting from ionisation of two acidic groups. It would be labelled a di-
acid/ diprotic acid. A drug like acetylsalicylic acid (monoprotic acid) would have a major species with a charge 
of -1. it is therefore labelled as an acid. 
bfree fraction and EC50 values estimated through in vitro experimentation (using cytotoxicity as endpoint) by 
Gülden & Seibert,  2005 & Gülden et al. 2003 in the presence of 600 µM albumin. Notably the concentrations 
considered here differ from the known human plasma concentrations (therapeutic Cmax for these compounds are 
in the range 0.18 -1.1 µM (0.05-0.3 µg/ml), 111- 1110 µM (20 -200 µg/ml), 0.15 - 0.9 µM (0.05 -0.3 µg/ml) for 
amitriptyline, acetylsalicylic acid and dextropropoxyphene). 
cpredicted free fraction using the equation (12) of the supplementary information and assuming an albumin 
concentration of 600 µM and lipid of 0.3 mg/ml (much lower than in plasma). 
dfree fraction of drug in human plasma (Wishart et al. 2006); Amitriptyline binds to alpha1-acid glycoprotein. If 
the in vitro system accounts only for binding to albumin the experiment is flawed.This could all be corrected for 
in more complex models, and with teh respective background knowledge. 
eGiacomini et al. 1978.  
 

One common assumption of steady state models, as described here, is that a distribution 

equilibrium between the in vitro system phases is reached, and that this process is not saturable. 

The fraction of albumin binding sites occupied by the toxicant are considered negligible 

compared to the total protein concentration and the toxicant is assumed to bind to one or more 

sites with the same binding affinity (Seibert et al. 2002). This also implies that the models do 

not account for time dependent-processes (N.B.: dynamic models, taking time into account 

have also been developed). This may be true, especially when interactions with cells are 

considered. It is also important to note that the model assumes that the concentrations achieved 

at equilibrium are constant throughout the entire period of toxicant exposure (Gülden et al. 

2001).  

These steady state assumptions are not fulfilled in the case of irreversible interactions. It may 

also not be fulfilled for some competitive, non-covalent interactions, when this interaction is 

coupled to a downstream reaction that proceeds at a slow time-scale. One example is, if the 

free fraction of a drug is transported (e.g. into a cell), or when it is catalytically removed, or 

when it binds to a high-affinity partner in another compartment. This would over time change 

the free concentration of the compound in the medium. Similarly, the free concentration may 

change when the amount of albumin or lipid changes (e.g. by cellular uptake) of the 
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biomolecules. In such cases, other concentration measures and more complex (dynamic) 

models may be more appropriate. 

 

Figure 2 comparing the trend in variation of the measured versus predicted free fractions of drugs. In figure 2(A), 
the measured human plasma free fractions of 285 drugs and chemical substances are plotted against the 
compounds’ logPow. The measured human plasma free fractions are taken from the publications and databases 
of Varma et al. 2010, Wishart et al. 2006, Houzé et al. 1990 and the US-EPA chemicals dashboard 
(https://comptox.epa.gov/dashboard/). The measured values represent clinical data, patient data, and box labels 
by regulators/manufactures. Figure 2(B) represents the variation in the predicted (using equation 13) fu with a 
changing logPow. The logPow values were obtained from the EpiSuite database or otherwise predicted using 
ChemAxon software version 17.1.23.0. In these plots, a few compounds of interest depicting an outlying trend 
are selected and labelled. In (A), cefepime, risedronate, vancomycin, amphotericin B, ceftriaxone, cefazolin, 
encainide, chloroquine and phencyclidine are pointed out while adefovir and valsartan are singled out in (B). (See 
supplementary table 2 for more details). 

The logPow is considered a major predictor of adsorption to protein and/or lipid. As a rule of 

thumb, compounds with a logPow > 4 are fully adsorbed (fu < 5%) and chemicals with logPow 

< 0 are considered to be mostly free (fu > 95%). The strongest changes occur in the range of 

logPow = 2 (Figure. 2B). In practice, this relationship is not perfect (Figure. 2A), as e.g. some 

compounds may bind specifically to certain proteins (different from albumin). A smaller group 

shows a significant free fraction although they are very hydrophobic. 

Another assumption made here is that there are no major losses of chemical due to plastic 

adsorption or evaporation. These may occur (Figure. 1A), and they may be accounted for in 

more complex models (Kramer et al. 2010; Fisher et al. 2019). An alternative is to define 

conditions under which the most simple model (presented here) would still be applicable. For 

example, thresholding can be done by comparing the logPow to other equilibrium constants 

such as the air-water partition coefficients (KAW) to determine whether evaporation from 

culture medium is a significant factor in reducing the nominal amounts of the toxicant under 
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consideration (Fischer et al. 2017). For instance, colchicine has a logPow of 1.3 and a logKAW 

of -15 (Henry constant of 1.82 x10-12 Pa-m3/mole). It can therefore be considered to undergo 

no significant evaporation from the culture system.  

For most compounds, the water – polymer (cell culture plastic) binding constant is much lower 

than the corresponding lipid (logPow) and protein binding constants (Armitage et al. 2014), 

and for most compounds with good solubility in cell cultures, plastic binding plays a minor 

role. However, there are important exceptions one needs to be careful about. If there is clear 

evidence on plastic binding e.g. experimental data that 30% of total PCB concentration is 

bound (Nyffeler, et al. 2018), then this amount may be subtracted from the total concentration.  

Other assumptions include the non- consideration of compound degradation or transformation 

in any of the in vitro system phases, which may not be true as reported for some compounds 

(table 1).  

3.2.4.3.  Acid-base equilibria and their effect on chemical charges 

Many drugs are either weak acids or bases. If dissolved in media of about neutral pH, they 

would be partially dissociated. The protonated form of bases would be positively charged 

(cationic form), while the deprotonated forms of acids would be negatively charged (anionic 

form). This needs to be taken into account for protein binding. Of the many proteins present in 

human plasma, only three account for the majority of drug binding (Zhang et al. 2012). 

Albumin mainly carries anionic drugs, some cations and neutral drugs. The α1-acid 

glycoprotein carries cationic and neutral drugs while lipoproteins carry cationic and neutral 

drugs. An acid is a species which at a pH above its pKa will dissociate into the anionic form 

and a proton while a basic species will accept a proton at a pH below its pKa value to generate 

the cationic species (Manallack et al. 2014). Some compounds may be at the same time acids 

and bases (e.g. amino acids). At their isoelectric point, they have no charge (neutral), even if 

the molecule contains proton donor and acceptor groups. Therefore, the presence of ionizable 

groups and what is defined as physiological pH will drive the behaviour of a compound under 

experimental conditions. Notably, many groups different from carboxylic groups and primary 

amines also have acid/base characteristics. Common structural groups associated with acidity 

include sulfonamides, hydroxamates, phenols, some phosphates, sulfates, tetrazoles, 

hydrazides, imides, thiols, carbamates and alcohols; basic groups comprise aliphatic amines, 

guanidines and amidines. Other groups such as heterocyclic nitrogen atoms, anilines and basic 

amides have the possibility of being acidic or basic (Mallack et al. 2014; Martin, 2005; 
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Gleeson, 2008). Some compounds such as acids with pKa values around zero and bases with 

pKa values below 12 are always ionized. One such example is the guanidinium side chain of 

arginine (Fitch et al. 2015; Xu et al. 2017).  

In complex cases, the prediction of the ionization (protonation) state of a drug-substance can 

be performed using cheminformatics software such as ChemAxon. They take into 

consideration the different pKa of all ionizable groups and determine the major form 

(microspecies) at the defined physiological pH. 

3.2.4.4.  The contribution of cells 

All the above considerations apply to homogeneous medium. They may be directly applied to 

e.g. enzymatic assays. However, in many cases, the medium will be on top of cells, and a major 

question is, whether the basic assumptions are then still fulfilled. We will not deal with 

predictions of cellular uptake here, but we will only focus on the medium. Some thoughts are 

useful to decide whether the above considerations are still valid in medium on top of cells. 

More details on medium-cell equilibria of test compounds can be found in published reports 

(Doskey et al. 2015; Fischer et al. 2019) and explanations are being prepared as next part of 

this article series.  

One initial key question is, how much the cells do contribute to the overall test system 

(volume). For this, we need to know the volume of a cell, which is on average 1.9 picolitres 

i.e. 1.9 µl per one million cells (Figure. 3, Suppl. Table 1). If we consider a well in a 96-well 

plate, it may contain up to 50,000 cells. All these cells together have a volume of 100 nl (= 0.1 

µl). Compared to the typical medium volume of 100 µl, the cell volume is 0.1%. This suggests 

that the total cell volume may be neglected, compared to the volume of the medium. However, 

one may go one step further and ask for the contribution of the cells to culture proteins and 

lipids. Cells mainly consist of water, but about 20% (15 -35%) of their volume is protein 

(Brown, 1991). On a weight basis, proteins contribute 15 -25% (Srivastava & Bernhard, 1986) 

of the total cell weight (see Fig. 4). This means that 50,000 average size cells contain about 16 

µg protein and 3-5 µg lipid (Fig. 4, supplementary table.1).  
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Figure 3. Overview of typical cell 
volumes. The volumes of cells are 
shown (for details also see 
Supplementary table 1). Each dot 
represents a literature value for a cell 
volume or a cell volume calculated 
from the cell diameter referenced in the 
literature. The average cell volume is 
1.9 picolitres (pl: 10-12 l = 10-6 µl), based 
on the data presented here. This 
corresponds to a diameter of 15 µm for 
spherical cells and may be taken as 
default value in the absence of other 
data. 

 

 

 

If cells are kept in serum-containing medium (table 2), the cell protein is a small fraction 

(<10%) of the total protein in a culture well, and it may therefore be neglected for the 

calculation of the free drug fraction. This is even more true, if one considers that some of the 

cell lipid and protein may not be accessible to chemicals. The situation may be different, when 

the medium contains hardly any protein, but the cells contain a large fraction of highly 

hydrophobic, test-compound-binding proteins. An important pitfall to be considered is that 

there may be some cell proteins that bind test chemical with high affinity (e.g. microtubules 

binding taxol or colchicine; glutamate receptors binding domoic acid, etc.). Other phenomena 

not discussed here, like the membrane potential could as well affect the uptake of compounds 

into cells from the vast medium and thus affect the fu (Fischer et al. 2019). This is for instance 

know for the toxicant MPP+, or mitochondrial probes like ethidium bromide (Schildknecht et 

al. 2015). Also, ion trapping due to pH gradients across cell membranes can lead to large 

chemical shifts from the medium to the cell. This is used e.g. to target molecules like 

chloroquine to lysosomes or to load cells with calcium indicators or viability stains like calcein. 

In the absence of such effects, one simplified default approach is to assume free accessibility 

of cell constituents and to add the amount of cell protein/lipid to the amount determined to be 

present in the medium.  
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Figure 4. Overview of typical cell compositions. 
The plot shows the relative contribution of 
protein, lipids and water to cell weight. Each dot 
represents a value reported in the literature. The 
average fractions for cell proteins, lipids and 
water relative to total cell weight are 0.16, 0.03 
and 0.82 respectively. (about 0.23 mg lipids per 
mg protein). These values may be taken as 
default value in the absence of other data.  

 

 

 

 

 

 

3.2.4.5.  Special cases and novel solutions 

All considerations of this article mainly refer to small molecules that are reasonably water-

soluble, and for which exposure occurs from the liquid phase to cells submerged in medium. 

Many other situations are possible –and are of toxicological and pharmacological relevance. 

For instance, the test compounds may not be small dissolved molecules, but colloids or 

aggregates. A large emerging field deals with larger particles (nanoparticles, microplastic, fine 

dust particles) and they need special treatment, and particular ways of dose/concentration 

normalization ( Lee et al. 2009; Hussain et al. 2005; Espinosa et al. 2018; Heinrich & 

Braunbeck, 2019; Jeong & Choi, 2019).  

Another major field is exposure to airborne particles and aerosols, often being performed with 

cells cultured on an air-liquid interphase (Upadhyay & Palmberg, 2018; Ji et al. 2019; Thimraj 

et al. 2019). Also here the dose metrics and standardizations are a speciality area.  

Finally, we would like to mention here that a large fraction of the small molecule chemical 

universe is not water-soluble (low solubility in cell culture media). Such compounds will 

eventually need to be assessed in NAM, and approaches need to be worked out and 

standardized. One particular problem of hydrophobic compounds is that they may accumulate 

strongly in the biological test system (e.g. cells or zebrafish larvae) (Zimmer et al. 2011; 

Wilmes et al. 2012; Armitage et al. 2017; Bittner et al. 2019) and therefore, concentrations in 
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the medium may change strongly. One emerging approach to this is “passive dosing” (Smith 

et al. 2010; Butler et al. 2013; Seiler et al. 2014) (see suppl. Box 3). The underlying principle 

is that a hydrophobic solid e.g. Polydimethylsiloxane (PDMS) or liquid (e.g. silicone oil) 

material is loaded with the test compound (e.g. polycyclic aromatic hydrocarbons (Seiler et al. 

2014)). A pre-condition is that this matrix can store a large amount of test compound (compared 

to the amount present in the aqueous medium). Incubations are then carried out in a way that 

the culture medium is in continuous contact with the hydrophobic matrix. This way, the test 

compound can continuously leach out to the test medium, in a way that the compound is 

continuously present at its aqueous solubility limit (also if it is taken up by the test system).  

In summary, passive dosing ensures a constant exposure level, corresponding to the solubility 

limit of the test compound in a cell culture medium. In this case, the solubility limit refers to 

the free fraction. If the medium contains lipid and protein, these may also bind test chemical, 

so that the total concentration is much higher than the free concentration. Passive dosing in 

medium containing protein/lipid can be very complex and needs more exploration. The main 

use up to now has been in ecotoxicology testing, using water as the medium. 

3.2.5. Conclusions and outlook 

As discussed in the last chapter, the presence of cells can make biokinetics considerations very 

complex, especially if predictions are not only made for chemical concentrations in the cell 

culture medium but for cellular compartments. This will be dealt with in the follow-up articles. 

Approaches will be presented to predict the average cellular concentration of chemicals, and 

the potential subcellular, heterogeneous distribution will be discussed. In such follow-up 

considerations, metabolism is initially assumed to be absent. Moreover, the cell number, cell 

surface area and properties are considered constant (Armitage et al. 2014), and that the 

partitioning of toxicant is assumed to be similar in both living and dying cells. Predictions will 

become more challenging for compounds not easily permeable through the cell membrane in 

their ionized form, but permeable in their neutral form. Recent publications have addressed this 

(Fischer et al. 2019). Even more complex situations may arise, when active transport is to be 

considered. Further sophistication steps are the considerations of cell growth during the 

exposure time and metabolism of the test compounds. This brief outlook serves to make clear 

that simplified predictions of medium free concentrations can be extremely helpful in many 

cases, but there will be experimental conditions, under which intracellular concentrations can 

be largely different from medium concentrations (Zimmer et al. 2011; Wilmes et al. 2012). 

This is not just an issue for in vitro systems, but also for in vivo studies. The question of local 
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concentrations, as compared to plasma concentrations is highly complex – but also very 

important for the understanding of drug/toxicant effects. 
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3.2.6.1. Supplementary box 1: Concentrations then and now 

Dose: The concept of dose has been defined extensively before (Kisitu et al. 2019). It describes 

an absolute amount per experimental system (e.g. per mouse, or per human patient). When the 

concept is applied to NAM, it describes the amount of chemical per cell culture well. Example, 

if a chemical concentration is 1 mM and the well contains 1 ml of medium, then the dose is 1 

µmole; if the same well contains 2 ml medium, then the concentration is the same, but the dose 

doubles. 

Weight-normalized doses: Already at Paracelsus’ time it must have been clear that the dose 

tolerated by a big and heavy adult may be lethal to a small child. This made clear that 

normalization to overall weight or volume is an important concept. Often normalized doses are 

expressed in dose per kg body weight (see Kisitu et al. 2019). 

Nominal concentration: If a dose in an in vitro system is normalized to the volume of the 

system, then a nominal concentration is obtained. This measure indicates what the 

drug/toxicant concentration would be if all chemical was freely dissolved, and no losses would 

occur. 

Free concentration: Relative to the nominal concentration, chemical molecules may be lost 

(e.g. by evaporation). Also, some chemical may be adsorbed to biomolecules. Only a fraction 

of the drug/toxicant will then be freely dissolved (free concentration). Free drug theory assumes 

that only the free fraction (fu) of test compound is available for reversible interactions with 

“receptors”. 
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Receptors: Following many books of general pharmacology, we use here the term “receptor” 

in a wide sense, describing a biomolecule or biological structure (protein, DNA, carbohydrate) 

that shows affinity to a test chemical, and does usually bind it reversibly (irreversible 

interactions may also occur, see below). The concept does not differ between intentional targets 

and off-targets; It also does not consider what the result of the chemical-receptor interaction is 

(simple binding, triggering of a biological effect, transport of the chemical or metabolism of 

the chemical (if the “receptor” is an enzyme). 

Macromolecular interactions: The concept that compounds only have a pharmacological or 

toxicological effect, when they interact with a biomolecule (= a “receptor” in the above broad 

sense) goes back to Paul Ehrlich’s side chain theory. This provides the basis for the law of mass 

actions that is used to define equilibrium constants. The concentrations of test compound and 

its receptor, together with the affinity constant, determine the effect – and this is why the 

considerations of concentrations are of such extreme importance. 

Total concentrations and their effect: Concerning the total concentration, different 

definitions are possible. Some see it as equivalent to the nominal concentration. A very 

practical approach is to define it empirically, as the concentration that can be measures in a 

body fluid, not taking into account which part was free or bound. We suggest here for NAM to 

define the total concentration as the amount (in moles) of chemical in a dish (in medium and/or 

in cells), divided by the medium volume. Sometimes, the effect of a test chemical can be related 

to the total concentration (rather than to the free concentration). For biological effects to be 

dependent on the total concentration, the underlying processes should be slow, compared to 

the binding/unbinding of chemical to protein/lipid. For instance, if test compound is 

metabolized, or transported into cells, then more and more of the compound initially bound to 

biomolecules will be released (following physicochemical laws) and can therefore become 

available to transport or metabolism. Similarly, if a chemical triggers cytotoxicity by oxidizing 

cell constituents (and it is therebay “used-up”), then some of the bound chemical will shift to 

the free fraction and become available to maintain the irreversible reactions linked to 

cytotoxicity. 

Concentrations in vivo: In a standard pharmacological or toxicological situation (oral, 

pulmonary or dermal exposure; bioavailability of the test compound > 0), there is an uptake 

phase and an overlapping elimination phase. This often leads to a concentration time course of 

the compound in blood that first increases, then reaches a peak (Cmax) and later decreases. For 
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one given exposure situation. Such time courses can differ between body compartments, and 

there can even be pronounced differences between blood (which consists of about 42% cells) 

and plasma (cell-free part of blood). When scientists speak of “in vivo concentrations”, they 

may mean Cmax in plasma. However, this is not universally-defined. Ideally, the time point and 

body compartment referred to should be indicated. Instead of Cmax, sometimes other measures 

are used (e.g. the average concentration (Cavg) over a defined time period). For many bioactive 

compounds, it is not known whether the in vivo effect is most related to the Cmax, to the Cavg or 

some other, time-dependent concentration measure. This time- and compartment-dependency 

of in vivo concentrations adds to the complexity of free vs total concentrations and makes in 

vivo to in vitro comparisons challenging. 

Irreversible effects of chemicals: The law of mass actions assumes reversible interactions 

between drug/toxicant and its various receptors. However, in some cases, such interactions may 

be irreversible. For instance: the drug deprenyl interacts covalently with its target monoamine 

oxidase; the thrombin receptor on platelets is irreversibly modified by its ligand (proteolytic 

cleavage); biomolecules are oxidatively modified by hydrogen oxide (which is consumed by 

this process). In such reactions, not just the concentration, but also time plays a role (time is 

not a factor in the law of mass action, after the equilibrium has been reached). For the field of 

toxicology, it was recognized about 100 years ago (Haber’s rule) that the damage is 

proportional to the concentration of the agent x time of exposure to the agent. 

Hazard as quality or quantity: For reversible interactions, hazard is a function of the 

compound concentration. This is universally accepted in toxicological research. However, the 

relationship needs not necessarily be monotonic. In the regulatory toxicology field, hazard is 

often used with a different connotation. Here it is meant to describe a theoretical propensity of 

a compound to trigger a certain type of damage. Often, such effects are seen at very high 

concentrations/doses only. The observation is accepted as true if it occurs in at least one of the 

test concentrations/doses/exposure situations. This approach has been met with critique, as it 

neglects concentrations (doses). When animals were the only experimental systems used, there 

was at least some limitation of the concentrations that could be reached, as they are limited in 

animals by several factors (e.g. solubility in the dosing vehicle). The concept should not be 

transferred to NAM, without giving consideration to the upper limits of the concentrations 

considered and without diligent controls for unspecific effects (e.g. cell death). 

 



62 
 

3.2.6.2.  Derivation of the “extracellular biokinetics” formula 

The concentration of a chemical in a culture dish is a theoretical construct, as explained earlier 

(Kisitu et al. 2019). It is obtained by dividing the amount of chemical added by the volume of 

medium in the dish (or by the volume of buffer in any type of vessel). More practically, it is 

derived from the nominal concentration of a chemical in a stock solution, divided by the 

dilution factor of stock in the medium. Both measures do not necessarily reflect the real free 

concentration of a chemical in the medium. One aspect may be that a chemical is taken up by 

cells, but this will not be considered here. For the present manuscript, only cell-free conditions 

will be considered. Fischer et al. (2019) derived an equation for predicting the free fraction in 

an in vitro test system, and this will be illustrated here for non-specialists. The free 

concentration of a chemical can be calculated from equation 12 (below). Accordingly, the free 

fraction can be calculated from equation 13.  

Several different processes affect the free concentration, i.e. the concentration of molecules 

truly in solution and not bound (or lost) elsewhere (Fig. 1). These factors need to be taken into 

account to calculate the free concentration (Cf). For most biochemical or cell biological 

processes, the Cf is the relevant physical quantity (= physical measure). For instance, it is 

relevant in the interaction with a receptor, an enzyme, a transporter or another target with which 

there is a non-covalent interaction. The fraction of chemical that is not free (e.g. bound to 

plastic) is normally considered to not interact with a toxicological or pharmacological target. 

  

These assumptions allow defining by the following equation: 

𝐶  = 𝐾 × 𝐶 × [𝐵]                                                                                                                            (1)  

 

Assumptions (1)  

 Chemicals bind reversibly to other medium components (B). The law of mass action applies. 
 The concentration of B ([B]) is very high (compared to chemical C): no binding process is not 

saturated.  
 The equilibrium constant K/Pow of the reversible binding (i.e. the interaction constant  between 

the chemical and e.g. protein (albumin), lipids, culture well surface, medium-air ) is the ratio of 
adducts (B x Cf) and product (the bound concentration Cb) 

 The tested concentrations are within the aqueous solubility range of the test compounds in the 
culture medium 
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Considering the binding to several components within the in vitro system, the nominal 

concentration is defined as the sum of the individual binding processes and the free 

concentration. 

 𝐶 = 𝐶 + { [𝑏𝑜𝑢𝑛𝑑 𝑡𝑜 𝑝𝑟𝑜𝑡𝑒𝑖𝑛] + [𝑏𝑜𝑢𝑛𝑑 𝑡𝑜 𝑙𝑖𝑝𝑖𝑑𝑠] + [𝑏𝑜𝑢𝑛𝑑 𝑡𝑜 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑤𝑒𝑙𝑙 𝑝𝑙𝑎𝑠𝑡𝑖𝑐] + [𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑] 

(2a) 

For a nominal concentration Ct, a chemical’s free concentration (Cf) is: 

        𝐶 = 𝐶 − 𝐶b                                                                                                                        (2b) 

Simply expanded as 

𝐶 = 𝐶 − { [𝑏𝑜𝑢𝑛𝑑 𝑡𝑜 𝑝𝑟𝑜𝑡𝑒𝑖𝑛] + [𝑏𝑜𝑢𝑛𝑑 𝑡𝑜 𝑙𝑖𝑝𝑖𝑑𝑠] + [𝑏𝑜𝑢𝑛𝑑 𝑡𝑜 𝑐𝑢𝑙𝑡𝑢𝑟𝑒 𝑤𝑒𝑙𝑙 𝑝𝑙𝑎𝑠𝑡𝑖𝑐] + [𝑒𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑] }  

(2c) 

Or simply put in terms of Cb in equation (1) and defining the interaction terms for proteins, 

lipids, plastic and the headspace: 

𝐶 = 𝐶 − 𝐾 × 𝐶 × [𝑃] + 𝑃 × 𝐶 × [𝐿] + [𝐵𝑜𝑢𝑛𝑑 𝑡𝑜 𝑝𝑙𝑎𝑠𝑡𝑖𝑐] + [𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑒𝑑]                    (2d) 

 

 

 

 

 

 

 

Considering assumptions 2 and equation (1), equation (2d) then becomes: 

 𝐶 = 𝐶 − {𝐾 × 𝐶 × [𝑃] + 𝑃 × 𝐶 × [𝐿]}  

With the latter two terms standing for the concentration bound to protein and the concentration 
bound to lipid. 

And this can further be transformed to 

𝐶 =
𝐶𝑡

1 + 𝐾 × [𝑃] + 𝑃 × [𝐿]
                                                       (3) 

 

Assumptions (2) 

 Binding to albumin and lipid in complete culture media, are the only significant processes 

limiting the availability of test compound for distribution into the treated cells. 

 Loss of compound due to volatility, or the binding to the plastics used in cell culture are not 

accounted for here. It is assumed that logPow >>>>>Kaw & Kplastic (the air-water and water-

plastic distribution equilibria constants). 

 Lipid is a little defined term. It may be the triglyceride fraction (TG), or the cholesterol fraction 

(Chol) or a combined fraction, or whatever measure is available. 



64 
 

Where: 

Kprot = protein binding constant 

[P] = concentration of protein present in the medium 

Pow: octanol-water partition coefficient 

[L] = concentration of lipids present in the medium 

Medium is often supplemented with serum or a serum substitute (FCS), which acts as a source 
of protein and lipids. Notably, the extracellular matrix may also act as a binding target. In 
human plasma, the predominant drug-binding protein is albumin. Amongst plasma lipids, 
triacylglycerides (TG) form the major lipid component of lipoproteins (Nichols, 1969).  

 

 

 

 

 

The total concentration of protein in the medium [P] is given by: 

[P] =
  

 .  
 , this translates to: =

.

 .  
   , or simply : 

[P] =  𝑓 × 𝐷                                            (4a) 

Where;  

fprotein is the volume fraction of proteins in the medium. Vprotein is the protein volume 

and Dprotein  is the protein density  

Strictly speaking, albumin is not the only relevant protein. Within the bulk of the overall protein 

phase, the relative concentration of albumin is related to that of other proteins by its partial 

specific volume (PSValb).  

The concentration of albumin, [Alb], as a component of total protein, is given by: 

[Alb] = 𝑓 × 𝐷 × 𝑃𝑆𝑉   

If albumin is the dominant protein in the medium, then,  𝐷 ~𝐷  , and 𝑓 ~𝑓   .  

[Alb] = 𝑓 × 𝐷 × 𝑃𝑆𝑉                                                                (4b)                                        

Assumptions (3) 
 Binding in the protein phase is predominantly to albumin while that in the lipid phase is to 

neutral lipids (TG) 
 The binding to the neutral lipids is considered only for the non-ionised form of the chemical 
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By substituting 𝐷𝑎𝑙𝑏 = 1
𝑃𝑆𝑉𝑎𝑙𝑏

       in (4b) above, the concentration of albumin in the medium 

can thus be taken to be directly proportional or represented by its volume fraction;  

[Alb] ∝ 𝑓                                                                                                 (5) 

Where; 

 falb is the volume fraction of albumin in the culture medium 

 

The neutral lipid concentration is similarly derived from the total lipid concentration as 

follows: 

[L]    =
  

 .  
 

           [L] =
.

 .  
    , or simply: ≈ 𝑓 × 𝐷  

Where, [L], fL and DL are the total lipids concentration, the volume fraction and density of 
lipids in the culture medium respectively.  

The concentration of neutral lipids in the bulk lipid phase is related to the total lipid 
concentration by the PSVNL. 

[𝐿] =  𝑓 × 𝐷 × 𝑃𝑆𝑉   

If neutral lipids are assumed to dominate over other lipids, such that; 

𝐷 ≈ 𝐷  𝑎𝑛𝑑 𝑓 ≈ 𝑓  then  

[𝐿] ≈ 𝑓 × 𝑃𝑆𝑉 × 𝐷  𝑂𝑅 𝑓 × 𝑃𝑆𝑉 ×  , from which 

[𝐿] ∝ 𝑓                                                                                        (6) 

Note:  

1). the specific volume of a solution/ mixture is the ratio of its volume to the mass of the mixture/ 

solution. i.e. specific volume is inversely proportional to density.  

2). the specific volume is the sum of the partial specific volumes of the components of the mixture or 

solution 

Assumptions (4) 

 Chemicals bind only to neutral lipids ([L]NL) 
 Neutral lipids are assumed to constitute the majority of the lipid phase in the medium (others 

to be neglected) 
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Where;  

VL: is the volume of lipids in medium 
DL and DNL are the densities of lipids and neutral lipids in the medium 
PSVNL is the partial specific volume of neutral lipids in ml/g 
FL and FNL is the volume fraction of total lipids and neutral lipids in the culture medium 

 

Fitting the new parameters derived in equations (4 – 6) into equation (3), the free concentration 

is predicted by the following equation: 

𝐶 =
 ×  ×

                                                            (7) 

Correcting for Kow; 

The terms octanol-water distribution constant (Pow) and the volume fraction of neutral lipids 

(fNL) need further consideration and modification (Fisher et al. 2019). First, fNL will be 

addressed by considering that: 

a) the binding to neutral lipids is limited to the non-ionized species. Thus the distribution 

coefficient (Pow) needs to be corrected for to account only for the non-ionized form of 

the chemical that is present at a certain pH.   

b) the ratio (Y) of the ionized species and non-ionized species can be calculated by the 

Henderson Hasselbalch equation. 

For a monoprotic acid: 

𝑌  = 
[  ]

[  ]
= 10( ) 

For other compound types, 

𝑌 = 0        𝑌  =  10( )      

For a diprotic acid/ base and ampholyte, Y is the summation of the sub-fractions (Y1 and Y2) 

from the ionizing species (Berezhkovskiy, 2011) 

𝑌  : Y1 =  10( ) + 10( ) and Y2 =  10  ( ) 

 𝑌  : Y1 = 10( ) + 10( ) and  Y2 =  10( )  

For ampholytes or zwitterions (i.e. considering one site to be acidic and the other basic), Y is 

defined as: 
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𝑌 : Y1a = 10( ) , Y1b = 10( ) and Y2 = 10( )  

In this case, pKa1 and pKa2 correspond to the acidic and basic groups respectively.  

Here, we exemplify further steps with a monoprotic acid (e.g valproic acid) 

    
[  ]

[  ]
= 10( ) 

NB; the ratio of the concentration of ionized species to the non-ionized species is the same as 

the ratio of the fraction ionized (l) to the non-ionized fraction (Ni) 

Then, 𝑙 = 𝑁  × 10  

But also, 𝑙 = 1 – Ni 

Therefore, 

                      1 – Ni = 𝑁  × 10  

                                   𝑁 =   

From which  

                            𝑁 =                                                                       (8) 

The distribution coefficient, expressed as DpH, is a pH-dependent simple descriptor for 

ionizable solutes and results from the weighted contributions of all electrical forms/spp present 

at this pH, as illustrated by the following equation (Caron et al. 2007): 

𝐷 = 𝑃  × 𝐹 + ∑ 𝑃 ×  𝐹                                                                                              

Where: 

PN and Pi are the respective partition coefficients for the neutral and ionized spp. PN 
would be the same as the Pow 

FN and Fi are the respective molar fractions of the neutral and ionized forms 
 

Here, we come back to the assumption that the binding to neutral lipids is only for the non-

ionized component of the compound.  

Based on this assumption, the equation by (Caron et al. 2007) can be reduced to; 

              𝐷 = 𝑃  × 𝐹     
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From equation (8), FN can be defined to be:    𝐹 =                      

From which,    𝐷 = 𝑃 ×   OR simply 𝐷 = 𝑃 ×                              (9) 

Substituting the correction for Pow in equation (9) into equation (7), the free concentration in 

the medium is given by: 

𝐶 =
×  × 

                                                                                 (10) 

A further correction for Kow is necessary as octanol is not an ideal representative of cellular 

membranes and lipids. Olive oil was been proposed to be a better surrogate for neutral lipids 

than n-octanol, and a way of obtaining an olive oil corrected value of Pow was reported by 

Poulin and Theil (2002) to be of the following relationship: 

                   𝑙𝑜𝑔𝐷 = 1.115 × 𝑙𝑜𝑔𝑃 − 1.35                                                       (11) 

Where  

Pow: n-octanol: water partition coefficient of non-ionized species at pH 7.4 

Dvow: tthe olive oil-water partition coefficient of the non-ionized species at pH 7.56 - 
7.4. It is used in the derived equation as an anti-log of log D vow. Since we consider here the 
binding of the non-ionized form of the compound to be restricted to the neutral lipids, log D 
vow can be referred to as the neutral lipid partition coefficient. .  

Therefore, the free concentration in the complete culture medium can be calculated as: 

𝐶 =
 × 

 ×                                                                               (12) 

   

The Dvow required for equation (12) can be derived from logPow values (easier to find in 

databases) from equation (11). 

Equation (12) can be further transformed to give the in vitro free fraction (fu) of the compound: 

         𝑓 =       or =   
×  × .                                                                (13) 

 

The culture media can have negligible amounts of lipids or protein. In this case, the equation 

can be simplified as follows: 

Only proteins in the medium: 
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𝑓 =
 × 

                                                                                                  (14) 

Only lipids in the medium:  

𝑓 =  ×                                                                                                   (15) 

Deriving albumin (falb) and lipid (fNL) fractions 

falb and fNL are calculated using the experimentally determined partial specific volume values 

of these biomolecules i.e. 

FNL: the volumetric fraction of medium comprised of neutral lipids as triglycerides (TG) 

The total volume (V) of cell culture medium at constant temperature (T) and pressure (P) can 

be expressed using the partial specific volumes (PSV in units of ml/g) of the number of 

component biomolecules (n) and their masses in grams (g) (Durchschlag, 1986).   

𝑉 = 𝑃𝑆𝑉  × 

→

𝑔                                                                                                       (16) 

Where PSVi.gi represents the volume contribution of a specific component i in the system.  

The change in volume attribute to the addition of component i can thus be expressed as 

𝑃𝑆𝑉 =
∆

∆
             Or simply ∆𝑉 = 𝑃𝑆𝑉  × ∆𝑔                                    (17) 

 

  

 

𝑉 =
 × 

                                                                                       (18) 

Taking neutral lipids to be represented mainly by triglycerides (TGs) in the culture medium, 

the volume fraction of neutral lipids is defined here as:  

                                    𝑓 ≈ 𝑓 =
[ ]×                                                                 (19) 

Assumptions (5) 

 To take into account the total volume of the system, we hereby express the mass of the 

component i as a concentration (C in mg/ml) 

 To further simplify the equation for we define the volume fraction (Vf) of a specific component 

biomolecule as; (the term 1000 being a conversion factor between mg and g.) 
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falb: the volumetric fraction of medium comprised of protein, mainly being present as albumin 

is defined as:   

                      𝑓 =
[𝑎𝑙𝑏𝑢𝑚𝑖𝑛] × 𝑃𝑆𝑉

1000
                                                                       (20)   

Where; 

PSVTAG is 1.093 ml/g 

[TAG] is expressed in mg/ml 

PSValbumin is 0.73 ml/g   

[albumin] is expressed in mg/ml 

The binding strength of a compound to albumin is described as it albumin binding affinity. In 

this equation, since we are working with the volumetric fractions of proteins (albumin), we 

here express the binding of a compound to albumin as an albumin-water partition coefficient 

in the aqueous environment of an in vitro culture system. The binding affinity and albumin-

water partition coefficient can be interconverted based on the assumptions considered here that 

the concentration of compound bound albumin is far much less than the total albumin 

concentration. Thus, taking Kalb, as an albumin-water partition coefficient, it is, derived from 

the octanol-water partition coefficient (logPow) as reported by Endo and Goss (2011) such 

that:   

If  𝑙𝑜𝑔𝑃  < 4.5, then;  𝑙𝑜𝑔𝑘 = 1.08 × 𝑙𝑜𝑔𝑃 − 0.7                            (21) 

If 𝑙𝑜𝑔𝑃 ≥ 4.5, then;  𝑙𝑜𝑔𝑘 = 0.37 × 𝑙𝑜𝑔𝑃 + 2.56                            (22) 

3.2.6.3. Supplementary box 2: Example use of equation (13) with an acidic and 
basic drug. 

Test method terms Compound related terms 
 Valproic acid Amphetamine  

UKN5 test method logPow 2.75 1.76 
Protein  3.3 mg/ml pKa 4.8 10 
Lipid  0.025 mg/ml Kalb 186 16 
falb 2.43 x10-3 D vow 52 4.1 
fNL 2.73 x 10-5 y 398 398 
  Predicted fu 0.69 0.96 

 

The terms falb and fNL can be derived from the concentrations of protein and lipid (see equations 

(5) and (6) in the supplementary material). To convert the concentrations (standard test system 

information) to the volume fractions, one needs to have information on the density of the 

biomolecules. More specifically, one uses the partial specific volume (PSV) values as shown 
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in equations 19 & 20 (supplementary material). For all test systems and situations, the same 

fixed, experimentally determined values (Durchschlag, 1986; Redgrave & Calson, 1979; Fisher 

et al. 2019) can be used, i.e. PSVTAG = 1.093 ml/g (lipid density) and PSValbumin = 0.73 ml/g 

(protein density). More data and background information is given in table 2 and Fischer et al. 

2019. Using this calculation approach, falb of the UKN5 test is 2.43 x 10-3 (with a protein content 

of 3.3 mg per ml of the medium). This means that within 1 ml of medium, albumin (protein) 

occupies a volume of 2.43 µl. Similarly, FNL can be calculated to be 2.73 x 10-5. Thus, the 

volume attribute to neutral lipids in 1 ml medium would be only 0.027 µl (with a lipid content 

in UKN5 medium of 0.025 mg/ml). 

Taking an example of 1 mM VPA, with Y (Y = 10(pH-pKa)) at pH = 7.4, this would mean that 

0.9974 mM is ionized and 0.0026 mM is in the non-ionized form. Or, for 50 µM VPA, this 

would mean that there is 49.87 µM negatively charged drug and 0.13 µM in the neutral form. 

Only the unionized fraction binds to lipids. If one returns to equation 13, you appreciate that 

the correction term Y is only linked to the lipid-binding part of the equations, but not to the 

protein binding part. The explanation is that the equation assumes that proteins (albumin) bind 

both the ionized and non-ionized forms of a drug.  

If we choose amphetamine as a drug, the fu prediction would be 0.96, i.e. only 4% of the drug 
would be bound. In this we note that: 

a) amphetamine (logPow 1.76) is less hydrophobic than VPA, with a smaller Dvow (olive 

oil-water distribution)  

b) the drug contains a basic amino group. At pH 7.4, most of the amino group would be 

protonated (positively charged ammonium group). Here Y is calculated as Y= (10(pKa-

pH)). From the table above, this means that only a 400th part of the dissolved 

amphetamine is available for lipid binding.  

It needs to be noted that this is a simplified model. It may apply to cell culture media 

that contain mainly neutral lipids. In the presence of cells, bases may actually bind 

extensively to negatively-charged phospholipids. 

 

 

 

 

 



72 
 

3.2.6.4. Supplementary table 1: Cell composition data essential for biokinetics 

calculations 

Cell type Cell weight 
[ng/cell] 

Cell 
volume 

[pl] 

Cell Protein 
[pg/cell] 

Cell Lipid 
[pg/cell] 

Cell_ 
Lipid s 

[pg/cell] 

Cell water (pL) 
[% of cell 
weight] 

Hek 293Tcells 7.40a 7.30q 450a  130a  104 6.60a  [89] 

Hek 293Hcells 3.00a 3.00q 170a 150a 39 2.50a  [83] 

HepG2  3.00a  3.00q 210a 180a 48 2.70a [90] 

HCT116 2.60a 2.60q 220a 184a 51 2.30a [88] 

Me-180 4.00a 4.00q 290a 135a 67 3.30a   [83] 

MDA-MB231 3.24o  2.70b  415b    95 2.70 n 

A549 2.88o  2.38b  659b    152 2.36 n 

MIA Paca-2  3.12o  2.6b  757b   174 2.56 n  

HepG2  3.36o 2.83b 1192b   274 2.76n 

HepaRGTM 1.80c 1.67c 480c 22c 110 1.30c [72] 

Cardiomyocytes 
(ICellTM)  15.6c 7.85c 4180c 187c 961 11.0c  [71] 

Sperm cells     9   2   

Balb/c 3T3 cells  
2.53p 

3.14p 
 

370e 

460f 

85e,r 

106f,r  

85 

106 

2.10n 

2.60n 

RTgill-Wi 1.43p   210f 48f, r 48 1.43n 

LUHMES 2.00g 1.4 -1.6g 70g   16 1.64n 

IMA 3.96o 3.3h        3.3n 

Oct3-IMA 2.76o 2.3h        2.3n 

HL-60  0.77o 0.32m 170i   39 0.63n 

U-937 1.1o 0.47m 110i   25 0.90n 

MCF-7 2.04o 0.85m 404i   93 1.67n 

MCF-7-p51 2.2o 0.92m  625i   144 1.80n 

MIA-Paca-2 2.4o 1.01m 730i   168 1.97n 
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PC-3 3.48o 1.45m 724i   167 2.85n 

Neuroepithelial cells 3.35 1.75h        2.75n 

Astrocytes (cat) 0.7o 0.57j/0.32k        0.57 n 

Normal mononuclear 
cells 0.23o 0.19l    0.19n 

Normal T cells 0.22o 0.18l    0.18n 

Normal B cells 0.23o 0.19l    0.19n 

Normal monocytes  0.49o 0.41l    0.41n 

Reactive lymph nodes 0.23o 0.19l    0.19n 

Chronic lymphocytic 
leukaemia 0.20o 0.17l    0.17n 

Acute lymphocytic 
leukaemia 0.30o 0.24l    0.24n 

Burkttis lymphoma 0.48o 0.40l    0.40n 

Hairy cell leukaemia  0.48o 0.40l    0.40n 

MDA-MB231 Human mammary adenocarcinoma, A549Adenocarcinoma alveolar epithelial, MIA PaCa-2 

Human pancreatic carcinoma, RTgill-Wi gill epithelial cells, HL-60 Human promyelocytic leukaemia, U-937 

Human histiocytic leukaemia, MCF-7 Mammary adenocarcinoma, MCF-7-p51 Mammary adenocarcinoma: GPx4 

overexpressor, MIA-Paca-2 Pancreatic carcinoma, PC-3 prostate adenocarcinoma, HCT116 Human colon 

carcinoma cell line, Me-180 Human cervical cancer cells. IMA immortalised mouse astrocytes, oct3-IMA 

immortalized mouse astrocytes with an introduced organic cation transporter 3, pLPicolitres, pg Picograms. 

aFischer et al. 2017; bDoskey et al. 2015; cWorth et al. 2017; dGulden et al. 2001; eGulden et al. 2002; 
f
Kramer 

et al. 2012; 
g
Delp et al. 2018b; 

h
Own data; iWagner et al. 2011; 

j,k
 Williams et al. 1980; 

l
Chapman et al. 1981 

hOwn data; the cell volume was estimated by taking a million cells in an eppendorf and filling up a parallel 
eppendorf with an equal volume of medium. The volume of medium was then equated to be the volume of a 
million cells.  
 jtotal cell volume of soma plus processes, kcell volume of soma 
Cell density was assumed to be the same as that of water (1 g/ml or 1 ng/pL) 
mCell volume calculated assuming the cell in 2D cultures take up a dome shape (half-sphere) = (4/3πr3) x 0.5; 
cell diameter was obtained from the corresponding publication.  

nWater content by weight was found to average at ≈ 82% of the cell weight. Cell water volume was calculated 
from the given cell weight as a 0.82 fraction by weight and a water density of 1 g/ml or 1 ng/pL. 

oCell weight (in cases not reported; it was taken to be 82% of total cell weight) was derived from cell volume and 
water density (V x ρ); total cell weight was then scaled to 100% by multiplying by 1.2 = (100/82). In calculating 
the cell weight from cell volume, the cell volume is taken for a full sphere. 

p
Cell weight derived from the fraction of cell lipid + protein ≈ 18% 
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q
Cell volume calculated as the sum of cell lipid, cell protein and cell water volumes 

rLipid content in the Balb/c 3T3 cells and RTgill-W1 was calculated as assumed by both Gulden et al. 2002 and 
Kramer et al. 2012 that there is 0.23 mg lipid/mg protein in the cells.  

sCell_ Lipid- lipid content extrapolated from cellular protein 

3.2.6.5. Supplementary table 2: Measured and predicted human plasma fu values 

Drug CAS logPow Predicted fu Measured fu Literature source 

Acebutolol 37517-30-9 1.53 0.79 0.74 Varma et al. 2010 

Acyclovir 59277-89-3 -1 1.00 0.91 Varma et al. 2010 

Adefovir 106941-25-7 -4.5 0.81 0.96 Varma et al. 2010 

Adinazolam 37115-32-5 2.24 0.38 0.31 Varma et al. 2010 

Alfentanil 71195-58-9 2.81 0.13 0.09 Varma et al. 2010 

Allopurinol 000315-30-0 0.031 0.99 0.97 Varma et al. 2010 

Alprazolam 28981-97-7 2.37 0.31 0.29 Varma et al. 2010 

Alprenolol 13655-52-2 2.69 0.18 0.18 Varma et al. 2010 

Amantadinea 768-94-5 2.44 0.28 0.33 Varma et al. 2010 

Amiodarone 1951-25-3 7.64 7E-05 0.0002 Varma et al. 2010 

Amisulpride 71675-85-9 0.25 0.99 0.84 Varma et al. 2010 

Amitriptyline 50-48-6 4.81 0.002 0.07 Varma et al. 2010 

Amlodipinea 88150-42-9 3 0.090 0.005 Varma et al. 2010 

Amoxicillin 26787-78-0 -2.3 1.00 0.85 Varma et al. 2010 

Amphotericin B 1397-89-3 -2.3 1.00 0.04 Varma et al. 2010 

Ampicillin 69-53-4 -2 1.00 0.85 Varma et al. 2010 

Antipyrine 000060-80-0 1.22 0.89 0.93 Varma et al. 2010 

Atenolol 29122-68-7 0.43 0.98 0.94 Varma et al. 2010 

Atomoxetine 83015-26-3 3.81 0.013 0.02 Varma et al. 2010 

Atovaquone 95233-18-4 5 0.001 0.001 Varma et al. 2010 

Atropine 51-55-8 1.57 0.78 0.61 Varma et al. 2010 

Azithromycin 83905-01-5 2.44 0.28 0.71 Wishart et al. 2006 

Aztreonam 78110-38-0 -0.68 1.00 0.44 Wishart et al. 2006 

Betaxolol 63659-18-7 2.54 0.24 0.4 Varma et al. 2010 

Biperiden 514-65-8 3.54 0.025 0.097 Varma et al. 2010 

Bisoprolol 66722-44-9 2.2 0.42 0.66 Varma et al. 2010 

Bromazepam 1812-30-2 2.54 0.23 0.3 Wishart et al. 2006 

Bromfenac 91714-94-2 3.66 0.019 0.11 Varma et al. 2010 

Budesonide 51333-22-3 2.73 0.15 0.13 Varma et al. 2010 

Buflomedil 55837-25-7 1.88 0.62 0.4 Varma et al. 2010 

Bufuralo 54340-62-4 2.99 0.092 0.19 Varma et al. 2010 

Bumetanide 28395-03-1 2.57 0.22 0.031 Varma et al. 2010 

Bupivacaine 2180-92-9 4.52 0.002 0.056 Varma et al. 2010 

Busulphan 55-98-1 -0.76 1.00 1 Varma et al. 2010 

Caffeine 58-08-2 -0.55 1.00 0.64 Varma et al. 2010 

Captopril 62571-86-2 0.73 0.97 0.73 Varma et al. 2010 
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Carbaryl 63-25-2 2.5 0.24 0.69 CompTox 

Carboplatin 41575-94-4 0 0.99 1 Varma et al. 2010 

Carvedilol 72956-09-3 3.42 0.034 0.05 Wishart et al. 2006 

Cefadroxil 50370-12-2 -0.6 1.00 0.79 Wishart et al. 2006 

Cefatrizine 51627-14-6 -0.07 1.00 0.4 Varma et al. 2010 

Cefazolina 25953-19-9 -0.58 1.00 0.18 Varma et al. 2010 

Cefepime 88040-23-7 -4.3 1.00 0.78 Varma et al. 2010 

Cefetamet 65052-63-3 -0.65 1.00 0.78 Varma et al. 2010 

Cefiximea 79350-37-1 -0.4 1.00 0.35 Wishart et al. 2006 

Ceftriaxonea 073384-59-5 -1.7 1.00 0.054 Varma et al. 2010 

Cefuroximea 55268-75-2 -0.16 1.00 0.5 Wishart et al. 2006 

Cephalexin 15686-71-2 -2.1 1.00 0.9 Wishart et al. 2006 

Cephradine 38821-53-3 -2.4 1.00 0.95 Varma et al. 2010 

Cerivastatina 145599-86-6 3.4 0.035 0.01 Varma et al. 2010 

Chlorambucil 305-03-3 3.94 0.009 0.01 Varma et al. 2010 

Chloramphenicola 56-75-7 1.14 0.91 0.5 Wishart et al. 2006 

Chlordiazepoxide 58-25-3 5.5 0.0006 0.056 Varma et al. 2010 

Chloroquinea 54-05-7 4.63 0.002 0.26 Wishart et al. 2006 

Chlorpheniraminea 132-22-9 3.38 0.04 0.28 Wishart et al. 2006 

Chlorpromazinea 50-53-3 5.41 0.001 0.056 Varma et al. 2010 

Chlorpropamidea 94-20-2 2.27 0.38 0.03 Varma et al. 2010 

Chlorthalidone 77-36-1 1.77 0.67 0.25 Wishart et al. 2006 

Cibenzoline 53267-01-9  3 0.09 0.5 Varma et al. 2010 

Cidofovira 113852-37-2 -3.9 1.00 1 Varma et al. 2010 

Cilomilast 153259-65-5 3.9 0.010 0.006 Varma et al. 2010 

Cimetidinea 051481-61-9 0.4 0.98 0.85 Wishart et al. 2006 

Ciprofloxacin 85721-33-1 1.55 0.78 0.8 Wishart et al. 2006 

Citaloprama 59729-33-8 3.76 0.015 0.2 Varma et al. 2010 

Clarithromycina 81103-11-9 3.16 0.062 0.23 Varma et al. 2010 

Clavulanic Acida 58001-44-8 -2.3 1.00 0.91 Varma et al. 2010 

Clinafloxacin 105956-97-6 -0.42 1.00 0.96 Varma et al. 2010 

Clindamycina 18323-44-9 2.16 0.44 0.4 Wishart et al. 2006 

Clofibrate 637-07-0 3 0.085 0.05 CompTox 

Clonazepama 1622-61-3 2.41 0.29 0.18 Wishart et al. 2006 

Clozapinea 5786-21-0 3.23 0.051 0.055 Varma et al. 2010 

Colchicine 64-86-8 1.46 0.81 0.66 Wishart et al. 2006 

Conivaptan 210101-16-9 6.3 0.0002 0.01 Varma et al. 2010 

Cyclophosphamidea 000050-18-0 0.8 0.96 0.87 Varma et al. 2010 

Cyclosporine A 59865-13-3 2.92 0.10 0.068 Wishart et al. 2006 

Dapsonea 80-08-0 1.31 0.86 0.3 Wishart et al. 2006 

Desipramine 50-47-5 3.64 0.004 0.08 Wishart et al. 2006 

Dexamethasonea 50-02-2 1.83 0.63 0.32 Varma et al. 2010 

Dexloxiglumide 119817-90-2 3.37 0.038 0.024 Varma et al. 2010 

Diazepam 439-14-5 3.08 0.071 0.023 Varma et al. 2010 
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Diazoxidea 364-98-7 1.81 0.65 0.1 Wishart et al. 2006 

Diclofenaca 15307-86-5 4.51 0.002 0.005 Varma et al. 2010 

Dicloxacillina 3116-76-5 2.91 0.11 0.033 Varma et al. 2010 

Didanosinea 69655-05-6 -1.24 1.00 0.95 Varma et al. 2010 

Digoxin 20830-75-5 1.26 0.88 0.75 Wishart et al. 2006 

Diltiazema 33286-22-5 2.8 0.14 0.18 Varma et al. 2010 

Disopyramidea 05/09/3737 2.58 0.22 0.16 Varma et al. 2010 

Domperidonea 57808-66-9 3.9 0.010 0.082 Varma et al. 2010 

Doxifluridine 05/09/3094 0.07 0.99 0.61 Varma et al. 2010 

Doxorubicina 23214-92-8 1.27 0.88 0.28 Varma et al. 2010 

Doxycyclinea 564-25-0 0.63 0.97 0.12 Varma et al. 2010 

Drotaverine 14009-24-6 3.54 0.024 0.12 Varma et al. 2010 

Enalaprilat 76420-72-9 1.73 0.70 0.62 Varma et al. 2010 

Encainide 66778-36-7 4 0.0082 0.26 Varma et al. 2010 

Entacaponea 130929-57-6 2.8 0.14 0.02 Varma et al. 2010 

Epristeride 119169-78-7 3.93 0.0097 0.03 Varma et al. 2010 

Eprosartan 133040-01-4 3.9 0.01 0.017 Varma et al. 2010 

Erythromycina 114-07-8 2.6 0.21 0.2 Wishart et al. 2006 

Etilefrine 709-55-7 0.23 0.99 0.77 Varma et al. 2010 

Etoposide 33419-42-0 0.67 0.97 0.12 Varma et al. 2010 

Felodipinea 72509-76-3 3.86 0.01 0.0036 Varma et al. 2010 

Finasteridea 98319-26-7 3.03 0.08 0.095 Varma et al. 2010 

Flecainide 54143-55-4 2.8 0.14 0.52 Varma et al. 2010 

Fleroxacina 79660-72-3 0.24 0.99 0.73 Varma et al. 2010 

Fluconazolea 86386-73-4 0.5 0.98 0.89 Varma et al. 2010 

Flucytosinea 2022-85-7 -1.1 1.00 1 Varma et al. 2010 

Flumazenila 78755-81-4 1 0.93 0.58 Varma et al. 2010 

Flupirtine 56995-20-1 2.67 0.18 0.15 Varma et al. 2010 

Fluvastatina 93957-54-1 4.5 0.002 0.0079 Varma et al. 2010 

Folinic acid 1492-18-8 -1.31 1.00 0.87 Varma et al. 2010 

Foscarnet 63585-09-1 -2.1 1.00 0.85 Varma et al. 2010 

Fosfomycina 23155-02-4 -1.6 1.00 1 Varma et al. 2010 

Frovatriptana 158747-02-5 0.9 0.95 0.85 Varma et al. 2010 

Furosemide 54-31-9 2.03 0.52 0.04 Wishart et al. 2006 

Gabapentina 60142-96-3 1.25 0.88 0.97 Varma et al. 2010 

Ganciclovira 82410-32-0 -1.66 1.00 0.99 Varma et al. 2010 

Gatifloxacin 160738-57-8 1.73 0.70 0.8 Varma et al. 2010 

Gentamicina 1405-41-0 -3.1 1.00 1 Varma et al. 2010 

Glimepiridea 93479-97-1 3.12 0.068 0.005 Varma et al. 2010 

Glipizide 29094-61-9 3.35 0.040 0.02 Varma et al. 2010 

Glyburidea 10238-21-8 3.754 0.015 0.021 Varma et al. 2010 

Granisetrona 109889-09-0 2.6 0.21 0.35 Varma et al. 2010 

Guanfacine 29110-47-2 1.89 0.60 0.28 Varma et al. 2010 

Haloperidola 52-86-8 4.3 0.0038 0.08 Varma et al. 2010 
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Hexachlorophenea 70-30-4 7.54 0.0001 0.08 Wishart et al. 2006 

Hydroxyureaa 127-07-1 -1.8 1.00 1 Varma et al. 2010 

Ibuprofen 15687-27-1 3.8 0.013 0.01 Wishart et al. 2006 

Ifosfamidea 3778-73-2 0.86 0.95 1 Varma et al. 2010 

Imipenem 64221-86-9 -3.9 1.00 0.86 Varma et al. 2010 

Indomethacina 53-86-1 4.27 0.0042 0.01 Varma et al. 2010 

Isosorbide-5-
Mononitratea 

16051-77-7 -0.15 1.00 1 Varma et al. 2010 

Isoxicama 34552-84-6 2.83 0.13 0.035 Varma et al. 2010 

Itraconazolea 84625-61-6 5.66 0.0005 0.002 Varma et al. 2010 

Ketanserin 74050-98-9 3.61 0.021 0.055 Varma et al. 2010 

Ketoprofena 22071-15-4 3.12 0.068 0.008 Varma et al. 2010 

Ketorolaca 74103-06-3 2.1 0.48 0.0068 Varma et al. 2010 

Lamivudinea 134678-17-4 -1.4 1.00 0.94 Varma et al. 2010 

Lansoprazole 103577-45-3 3.03 0.079 0.021 Varma et al. 2010 

Letrozolea 112809-51-5 2.5 0.24 0.41 Varma et al. 2010 

Levofloxacin 100986-85-4 2.1 0.48 0.62 Wishart et al. 2006 

Linezolid 165800-03-3 0.9 0.95 0.69 Varma et al. 2010 

Lisinopril 76547-98-3 -1.01 1.00 1 Varma et al. 2010 

Lorazepama 846-49-1 2.39 0.30 0.25 Wishart et al. 2006 

Lorcainidea 59729-31-6 4.85 0.002 0.15 Varma et al. 2010 

Lormetazepam 848-75-9 3.26 0.05 0.12 Varma et al. 2010 

Losartan 114798-26-4 5.32 0.001 0.01 Varma et al. 2010 

Lovastatina 075330-75-5 4.08 0.006 0.043 Varma et al. 2010 

Mebendazolea 31431-39-7 2.83 0.12 0.086 Varma et al. 2010 

Melagatran 159776-70-2 -1.3 1.00 0.93 Varma et al. 2010 

Meloxicama 71125-38-7 3.43 0.033 0.01 Wishart et al. 2006 

Metformina 657-24-9 -2.6 1.00 1 Varma et al. 2010 

Methadonea 76-99-3 3.93 0.010 0.1 Wishart et al. 2006 

Methotrexate 59-05-2 0.17 0.99 0.53 Wishart et al. 2006 

Methyldopaa 555-30-6 -1.7 1.00 0.85 Varma et al. 2010 

Metoclopramide 364-62-5 1.09 0.92 0.7 Wishart et al. 2006 

Metolazone 17560-51-9 2.92 0.10 0.05 Varma et al. 2010 

Metoprolol 37350-58-6 1.49 0.81 0.88 Varma et al. 2010 

Metronidazolea 000443-48-1 -0.02 0.99 0.96 Varma et al. 2010 

Midazolam 59467-70-8 3.33 0.04 0.03 Wishart et al. 2006 

Miglitola 72432-03-2 -2.7 1.00 1 Varma et al. 2010 

Milrinone 78415-72-2 1.17 0.90 0.35 Varma et al. 2010 

Mirtazapinea 61337-67-5 2.9 0.11 0.15 Varma et al. 2010 

Moclobemide 71320-77-9 1.1 0.91 0.77 Varma et al. 2010 

Montelukasta 158966-92-8 7.9 0.0001 0.002 Varma et al. 2010 

Moxifloxacin 354812-41-2 1.85 0.63 0.6 Varma et al. 2010 

Moxonidine 75438-57-2 1.54 0.78 0.9 Wishart et al. 2006 

MPP+a  -2.28 1.00   
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Nadolola 42200-33-9 0.81 0.96 0.7 Wishart et al. 2006 

Naratriptana 121679-13-8 1.6 0.76 0.72 Wishart et al. 2006 

Nateglinide 105816-04-4 3.91 0.01 0.02 Wishart et al. 2006 

Nefazodone 83366-66-9 4.7 0.0016 0.01 Varma et al. 2010 

Nevirapine 129618-40-2 2.5 0.24 0.32 Varma et al. 2010 

Nicardipine 55985-32-5 3.82 0.013 0.01 Varma et al. 2010 

Nicotinea 54-11-5 1.17 0.90 0.95 Varma et al. 2010 

Nifedipinea 21829-25-4 2.2 0.41 0.08 Wishart et al. 2006 

Nimodipinea 66085-59-4 3.05 0.08 0.05 Wishart et al. 2006 

Nisoldipinea 63675-72-9 3.26 0.05 0.01 Wishart et al. 2006 

Nitrazepam 146-22-5 2.25 0.38 0.13 Varma et al. 2010 

Nizatidine 76963-41-2 1.1 0.91 0.65 Varma et al. 2010 

Nomifensine 24526-64-5 2.62 0.20 0.4 Varma et al. 2010 

Nortriptylinea 894-71-3 3.9 0.01 0.07 Wishart et al. 2006 

Ofloxacin 82419-36-1 1.51 0.80 0.75 Varma et al. 2010 

Omeprazolea 73590-58-6 2.23 0.39 0.05 Varma et al. 2010 

Ondansetrona 99614-02-5 2.4 0.30 0.27 Varma et al. 2010 

Oseltamivir acid 187227-45-8 -1.8 1.00 0.97 Varma et al. 2010 

Oxazepam 604-75-1 2.98 0.09 0.11 Wishart et al. 2006 

Pantoprazolea 102625-70-7 2.05 0.50 0.38 Varma et al. 2010 

Papaverine 58-74-2 3 0.09 0.073 Varma et al. 2010 

Paracetamol 103-90-2 1.1 0.91 0.9 Wishart et al. 2006 

Paraquat 1910-42-5 -4.22 1.00 1 Hauze et al.1990 

Paricalcitola 131918-61-1 4.5 0.002 0.0016 Varma et al. 2010 

Pefloxacina 70458-92-3 0.27 0.99 0.8 Wishart et al. 2006 

Penciclovira 39809-25-1 -1.1 1.00 0.84 Varma et al. 2010 

Phencyclidinea 77-10-1 4.69 0.002 0.35 Varma et al. 2010 

Phenobarbital 50-06-6 1.56 0.78 0.8 Wishart et al. 2006 

Phenoxymethylpenicillin 000087-08-1 2.09 0.49 0.45 Varma et al. 2010 

Pindolola 13523-86-9 1.75 0.69 0.6 Wishart et al. 2006 

Pirmenol 61447-94-9 3.93 0.010 0.13 Varma et al. 2010 

Practolola 6673-35-4 0.79 0.96 0.01 Varma et al. 2010 

Pravastatin 81093-37-0 2.18 0.43 0.52 Wishart et al. 2006 

Prazosin 19216-56-9 1.45 0.82 0.06 Varma et al. 2010 

Prednisolone 50-24-8 1.62 0.74 0.35 Wishart et al. 2006 

Prednisone 53-03-2 2.21 0.40 0.5 Wishart et al. 2006 

Probenecida 57-66-9 3.21 0.06 0.05 Wishart et al. 2006 

Procainamidea 51-06-9 0.88 0.95 0.84 Varma et al. 2010 

propranolol 525-66-6 3.48 0.029 0.04 Wishart et al. 2006 

Propylthiouracil 51-52-5 1.14 0.91 0.18 Varma et al. 2010 

Pyridostigmine 155-97-5 -3.16 1.00 1 Varma et al. 2010 

Quinaprilat 82768-85-2 3.16 0.06 0.32 Varma et al. 2010 

Quinidine 56-54-2 2.88 0.12 0.12 Wishart et al. 2006 

Quinine 130-95-0 2.32 0.35 0.3 Varma et al. 2010 
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Rabeprazole 117976-89-3 2.99 0.09 0.037 Varma et al. 2010 

Ranitidine 66357-35-5 0.88 0.95 0.95 Varma et al. 2010 

Reboxetinea 98769-81-4 3.1 0.07 0.019 Varma et al. 2010 

Remoxipride 80125-14-0 2.1 0.48 0.16 Varma et al. 2010 

Repaglinide 135062-02-1 5.04 0.001 0.015 Varma et al. 2010 

Rifabutin 72559-06-9 3.58 0.022 0.15 Wishart et al. 2006 

Rifampin 13292-46-1 2.7 0.17 0.2 Varma et al. 2010 

Risedronatea 105462-24-6 -3.3 1.00 0.76 Varma et al. 2010 

Risperidonea 106266-06-2 2.63 0.20 0.1 Varma et al. 2010 

Rosiglitazone 122320-73-4 3.13 0.066 0.002 Varma et al. 2010 

Rosuvastatin 287714-41-4 2.05 0.51 0.12 Varma et al. 2010 

Rotenonea 83-79-4 4.01 0.0075 0.02 CompTox 

salbutamol 18559-94-9 0.61 0.97 0.92 Varma et al. 2010 

Saquinavira 127779-20-8 3.8 0.013 0.028 Varma et al. 2010 

Selegilinea 14611-52-0 2.7 0.17 0.13 Varma et al. 2010 

Sematilide 101526-62-9 0.11 0.99 0.96 Varma et al. 2010 

Sildenafila 139755-83-2 2.75 0.15 0.04 Varma et al. 2010 

Sitafloxacin 127254-12-0 2.18 0.43 0.51 Varma et al. 2010 

Sitagliptina 790712-60-6 1.5 0.80 0.62 Varma et al. 2010 

Solifenacin 242478-38-2 3.98 0.009 0.02 Varma et al. 2010 

Sotalol 3930-20-9 0.16 0.99 1 Wishart et al. 2006 

Sparfloxacin 110871-86-8 2.4 0.31 0.55 Wishart et al. 2006 

Sufentanil 56030-54-7 3.17 0.06 0.075 Varma et al. 2010 

Sulfadiazine 68-35-9 0.37 0.99 0.44 Varma et al. 2010 

Sulfamethoxazole 723-46-6 1.04 0.93 0.3 Wishart et al. 2006 

Sulfinpyrazone 57-96-5 3.3 0.04 0.02 Wishart et al. 2006 

Sulfisoxazolea 127-69-5 1.01 0.93 0.079 Varma et al. 2010 

Sulpiridea 15676-16-1 0.57 0.98 0.72 Varma et al. 2010 

Sumatriptana 103628-46-2 0.93 0.94 0.83 Varma et al. 2010 

Suprofen 40828-46-4 3.28 0.05 0.006 Varma et al. 2010 

Suramin 145-63-1 3.48 0.03 0.003 Varma et al. 2010 

Tacrolimusa 104987-11-3 3.3 0.04 0.01 Varma et al. 2010 

Talinolol 57460-41-0 2.8 0.14 0.39 Varma et al. 2010 

Tamsulosin 106133-20-4 2.47 0.27 0.01 Varma et al. 2010 

Taxol 33069-62-4 3.3 0.042 0.02 Wishart et al. 2006 

Tebuconazole 80443-41-0 3.3 0.042 0.07 CompTox 

Tegaserod 145158-71-0 3.81 0.01 0.02 Varma et al. 2010 

Telmisartana 144701-48-4 7.7 0.0001 0.004 Varma et al. 2010 

Tenoxicam 59804-37-4 2.4 0.29 0.01 Wishart et al. 2006 

Terazosin 60-87-7 1.47 0.81 0.1 Wishart et al. 2006 

Terbutaline 23031-25-6 1.16 0.91 0.75 Varma et al. 2010 

Terodiline 15793-40-5 5.01 0.0013 0.08 Varma et al. 2010 

Tesaglitazar 251565-85-2 3.05 0.08 0.0011 Varma et al. 2010 
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Tetracycline 60-54-8 -1.3 1.00 0.78 Varma et al. 2010 

Theophyllinea 58-55-9 -0.02 0.99 0.61 Varma et al. 2010 

Tiagabine 115103-54-3 5.28 0.001 0.04 Varma et al. 2010 

Tilidine 20380-58-9 3.35 0.04 0.21 Varma et al. 2010 

Timolol 26839-75-8 1.17 0.90 0.9 Varma et al. 2010 

Tinidazole 19387-91-8 -0.64 1.00 0.88 Wishart et al. 2006 

Tizanidinea 51322-75-9 1.72 0.70 0.7 Wishart et al. 2006 

Tocainidea 41708-72-9 0.76 0.96 0.9 Wishart et al. 2006 

Tolbutamide 64-77-7 2.3 0.36 0.05 Wishart et al. 2006 

Tolterodinea 124937-51-5 5.6 0.0008 0.03 Wishart et al. 2006 

Torsemidea 56211-40-6 3.356 0.04 0.01 Wishart et al. 2006 

Tramadola 27203-92-5 1.34 0.86 0.8 Wishart et al. 2006 

Triazolam 28911-01-5 3.31 0.04 0.1 Varma et al. 2010 

Trimethoprim 738-70-5 1.05 0.92 0.56 Wishart et al. 2006 

Triphenylphosphate 115-86-6 5.6 0.0006 0.01 CompTox 

Trovafloxacin 146836-84-2 2.69 0.18 0.24 Wishart et al. 2006 

Valproic acid 99-66-1 2.75 0.16 0.2 Wishart et al. 2006 

Valsartan 137862-53-4 1.499 0.026 0.05 Wishart et al. 2006 

Vancomycin 123409-00-7 -2.27 1.00 0.7 Varma et al. 2010 

Vardenafil 224785-90-4 2.96 0.09 0.05 Varma et al. 2010 

Venlafaxine 93413-69-5 2.25 0.39 0.73 Varma et al. 2010 

Verapamil 52-53-9 3.79 0.014 0.06 Wishart et al. 2006 

Vinblastinea 865-21-4 3.7 0.02 0.014 Varma et al. 2010 

Warfarin 81-81-2 2.7 0.17 0.015 Varma et al. 2010 

Xamoterol 81801-12-9 -0.82 1.00 0.97 Varma et al. 2010 

Zaleplon 151319-34-5 1.59 0.76 0.4 Varma et al. 2010 

Zanamivira 139110-80-8 -3 1.00 0.86 Varma et al. 2010 

Ziprasidonea 146939-27-7 3.8 0.01 0.0012 Varma et al. 2010 

Zolmitriptana 139264-17-8 1.792 0.67 0.75 Varma et al. 2010 

Zolpidema 82626-48-0 3.02 0.08 0.08 Varma et al. 2010 

Zopiclone 43200-80-2 1.54 0.78 0.55 Wishart et al. 2006 
 

aCompound logPow taken from EpiSuite database V.4.1; CompToxhttps://comptox.epa.gov/dashboard/ 

Predictions are as detailed in equation 13 above. A graphical display is shown in figure. 2 
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3.3. Manuscript #3: Cross system testing of 19 potential toxicants in a 

broad EU-ToxRisk battery of cell-based assays and zebrafish. 

Jaffar Kisitu1,2, Alice Krebs1,2, Wiebke Albrecht4, Jan Boei5, Thomas Braunbeck7, Tim 
Brecklinghaus4, Andras Dinnyes9, Xenia Dolde1,2, Ciarán Fisher10, Anna Forsby12,20, Jan Hengstler4, 
Anna-Katharina Holzer1,2, Zofia Janstova9, Paul Jennings13, Julianna Kobolak9, Manoj Kumar14, 
Alice Limonciel13, Jessica Lundqvist12, Balázs Mihalik9, Wolfgang Moritz11, Andrea Paola Cediel 
Ulloa12, Costanza Rovida8, Johannes P Schimming17, Regina Stöber4, Bob van de Water17, Anja 
Wilmes13, Catherine Verfaille14, Rebecca von Hellfeld6, Harry Vrieling5, Nanette G. Vrijenhoek17 
and Marcel Leist1, 

 
1 In vitro Toxicology and Biomedicine, Dept inaugurated by the Doerenkamp-Zbinden foundation, University 
of Konstanz, 78457 Konstanz, Germany, 2 Konstanz Research School Chemical Biology, University of 
Konstanz, 78457 Konstanz, Germany, 3 BioDetection Systems BV, Science Park 406, 1098XH, Amsterdam, 
The Netherlands, 4 Leibniz-Institut für Arbeitsforschung an der TU Dortmund, Leibniz Research Centre for 
Working Environment and Human Factors, Ardeystraße 67, 44139 Dortmund, Germany, 5 Leiden University 
Medical Center, Postalzone S4-P, P.O. Box 9600, 2300 RC Leiden, Netherlands, 6 Edelweiss Connect GmbH, 
Technology Park Basel, Hochbergerstrasse 60C, CH-4057 Basel, Switzerland, 7 Aquatic Ecology and 
Toxicology Group, Centre for Organismal Studies, University of Heidelberg, Im Neuenheimer Feld 504, 
69120 Heidelberg, Germany, 8 CAAT Europe, University of Konstanz, 78457 Konstanz, Germany, Steinbeis 
SU-1866, 9 BioTalentum Ltd., Aulich Lajos str. 26, 2100 Gödöllő, Hungary, 10 Certara UK Limited, Simcyp 
Division, Level 2-Acero, 1 Concourse Way, Sheffield, S1 2BJ, United Kingdom, 11 InSphero AG, 
Wagistrasse 27, 8952 Schlieren, Switzerland, 12 Swedish Toxicology Sciences Research Center (Swetox), 
Unit of Toxicology Sciences, Karolinska Institutet, Forskargatan 20, 151 36 Södertälje, Sweden, 13 Division 
of Molecular and Computational Toxicology, Department of Chemistry and Pharmaceutical Sciences, Vrije 
Universiteit Amsterdam, De Boelelaan 1108, 1081HZ Amsterdam, Netherlands, 14 Stem Cell Institute 
Leuven, Dept. of Development and Regeneration, KU Leuven, Stem Cell Biology and Embryology, KU 
Leuven, O&N IV Herestraat 49, 3000 Leuven, Belgium, 15 Research Programme on Biomedical Informatics 
(GRIB), Institut Hospital del Mar d'Investigacions Mèdiques (IMIM), Dept. of Experimental and Health 
Sciences, Universitat Pompeu Fabra, 08003 Barcelona, Spain, 16 European Molecular Biology Laboratory, 
European Bioinformatics Institute (EMBL-EBI), Wellcome Genome Campus, Cambridge, UK, 17 Leiden 
Academic Centre for Drug Research, LACDR/Toxicology, Leiden University, PO Box 9500, 2300 RA 
Leiden, Netherlands, 18 Switch Laboratory, VIB‐KU Leuven Center for Brain & Disease Research, 
Department of Cellular and Molecular Medicine, KU Leuven, Herestraat 49, 3000 Leuven, Belgium, 19 

trenzyme GmbH, Byk-Gulden-Str. 2 DE-78467 Konstanz, Germany, 20 Stockholm University, Department 
of Biochemistry and Biophysics, 10691 Stockholm, Sweden 

 

3.3.1. Summary  

A comparative analysis of 23 in vitro test methods included in several work packages of the 

EU-ToxRisk project has been carried out. The in vitro test methods assessed specific organ- 

and system-toxicity, such as neuro-, nephro-, pneumo- and hepatotoxicity, as well as 

developmental and reproductive toxicity (DART). The test methods used 2D and 3D culture 

systems, with some endpoints addressing general cytotoxicity damage, potential 

developmental toxicity to immature differentiating cells and others probed signalling pathways 

based on reporter constructs in transgenic cells. These test methods have been characterized in 
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the first phase of the EU-ToxRisk project to test a common set of 19 substances (acrylamide, 

sulfisoxazole, taxol, ibuprofen, paraquat, valproic acid, clofibrate, hexachlorophene, rotenone, 

triphenyl phosphate, colchicine, tebuconazole, tolbutamide, rifampicin, carbaryl, MPP+, 

PCB180, paracetamol). These were tested in a broad concentration range spanning from 

nanomolar to millimolar. To allow for equitable comparison of the effects in the different test 

systems, we adopted the use of the unbound effect concentration (unbound (PoD) as a cross-

system measure. We found that in many cases, functional endpoints were more sensitive than 

general cytotoxicity measures. Moreover, pronounced differences in sensitivity to toxicants 

were observed between test methods. A hit scoring approach was devised by comparing the 

derived in vitro unbound PoDs to the human plasma free therapeutic, toxicity or lethal 

concentrations. The nervous system endpoints picked up more toxicant than those associated 

with the lungs and liver. Most compounds showed a wide variation in activity targeting more 

than one organ associated cell lines. The unbound in vitro PoDs were further extrapolated into 

oral equivalent doses (AEDs) and compared to known in vivo human or animal therapeutic, 

toxic or lethal doses associated with organ toxicity. For therapeutic drugs, the in vivo doses 

were lower than the predicted AEDs with only a handful of industrial chemicals having a lower 

AED that the known in vivo effect dose.   

Key words: point of departure (PoD), benchmark concentration (BMC), benchmark concentration 

lower limit (BMCL), benchmark concentration upper limit (BMCU), developmental and reproductive 

toxicity (DART), acrylamide (Acy), carbaryl (Carb), colchicine (Col), clofibrate (CF), hexachlorophene 

(Hex), ibuprofen (Ibu), MPP+ (MPP), paracetamol (AAP), paraquat (PQ), PCB180 (PCB), rifampicin 

(Rif), rotenone (Rot), sulfisoxazole (Sux), taxol (Tax), tebuconazole (Teb), tolbutamide (Tol), 

triphenylphosphate (TPP), valproic acid (VPA), mercury (II) chloride (HgCl2). 

3.3.2. Introduction  

There are several guidelines for the in vivo study of the toxicity of chemicals based on the target 

system/ organ be it liver, the kidney, the nervous system (OECD 1997), inhalation toxicity 

(OECD, 2009), developmental toxicity (OECD 2007) to mention but a few.  However, the 

current rate of production of new chemicals is not amenable to the low throughput in risk 

assessment that is known with traditional in vivo toxicity studies (Hartung, 2010, Busquet et 

al. 2020). The latter aspect, plus the reported apparent high rates of false negatives and false 

positives have led to technological and economic loses and the associated risk of endangering 

human health (Leist and Hartung 2013; Luechtefeld et al. 2018; Albrecht et al. 2019). This has 

spurred the increased reliance on in vitro methods not only in academia and industry but also 

catching the eye of regulators (Fritsche et al. 2017; Grapel et al. 2019; Krebs et al. 2019).  
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 The development of novel new approach methodologies, which include both cell-based and 

computational approaches as the default in chemical safety evaluation replacing animal studies 

stemmed from ethical, political and technological pressure, coupled with the dire need to 

address the potential hazards from thousands of untested chemicals in commerce and the 

environment (Hartung & Leist, 2008; National Research Council, 2007). In vitro approaches 

are highly regarded better substitutes for animal experiments, with a clearly defined role in the 

predictive toxicology approach as a tier with much clear focus on toxicity characterization 

(Reif, 2014; Ball et al. 2016).  

Several local and international groups have collaborated on coming up with criteria for the 

assessment of the readiness of new approach methodologies as alternatives to the in vivo 

animal-based hazard evaluation (Bal-Price et al. 2018; Krebs et al. 2019). Several aspects have 

been proposed to jump-start the successful use of NAMs data for regulatory purposes. Earlier 

efforts included the formulation of guidelines on the use of NAMs in risk assessment 

(Blaauboer et al. 2012), the integration of the in vitro assays in the overall testing strategy 

(Leist et al. 2012b) or the adverse outcome pathway framework (Steger-Hartmann, 2015). 

Others included the definition of what can be termed good cell culture practice (Pamies et al. 

2017), formulation guidelines for the validation of in vitro assay to generate toxicological 

results that are fit for purpose (Leist et al. 2012b; Bal-Price et al. 2016) and the proper 

documentation of cell-based methods (Krebs et al. 2019). The recent efforts in this line have 

included the guidance on enhanced test method description, transparent data processing and 

storage, adequate documentation of the intended test compounds and the generation of test data 

in a form and manner that allows its use in the context of the integrated approach to testing and 

assessment (IATA) (Krebs et al. 2020).  The end-goal will be if the IATA approach can enable 

the data to be used for in vitro to in vivo extrapolations to generate information about the 

compound’s plasma concentration and an oral equivalent doses that can be used to assess the 

acceptable safety levels of exposure. To this end, the EU-ToxRisk project work package 7 

(WP7) has been coordinating the testing of a subset of chemicals with the intension of giving 

an exemplary approach to the use of in vitro data in hazard identification and characterization 

and also demonstrated how a testing strategy can be formulated. In the first phase of the EU-

ToxRisk project, a unified strategy for collaborative testing and delivery of regulatorily valid 

data has been developed (Krebs et al. 2020). Databases for test method documentation and 

resulting data have been set up. This phase included the compilation and evaluation of 23 

mostly human cell-based test methods to assess repeat dose organ/ system and developmental 

toxicity.  
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The selected test methods include neuronal, hepatic, lung and kidney cell-based systems and a 

fish embryotoxicity test. Cell-based systems comprised established immortalized cell lines 

(e.g. LUHMES cells, SH-SY5Y cells, HepG2 cells), stem-cell-derived cells (e.g. hiPSC-

derived neuronal cells, pluripotent stem cell-derived hepatocytes), primary cells (primary 

human hepatocytes) and 3D cell models (human liver microtissues composed of multi-donor 

PHH and non-parenchymal cells). Nephrotoxicity was assessed using the kidney epithelial cell 

line RPTEC-TERT and iPSC-derived proximal tubule-like cells while primary bronchial 

epithelial cells maintained under submerged and air-exposed culture conditions were included 

to assess pneumotoxicity. Two other cell lines (HEK 293 and U-2 OS) were included to serve 

as unspecific controls. The endpoints were also diversified to assess cell-type-specific 

functions beyond cell viability and to evaluate tissue-specific toxicity. 

In this study, a test set of 19 chemicals was selected to consist of ten established drug-like 

compounds (clofibrate, colchicine, hexachlorophene, ibuprofen, paracetamol, rifampicin, 

sulfisoxazole, taxol, tolbutamide and valproic acid) with a subset being considered as negative 

controls (clofibrate, ibuprofen, tolbutamide and sulfisoxazole) due to their high daily dose 

intake. The nine other chemicals were pesticides (carbaryl, paraquat, rotenone and 

tebuconazole) and industrial chemicals (acrylamide, mercury chloride, PCB 180 and triphenyl 

phosphate). Only one chemical (MPP+) was out of the above categories, but it is a well-

documented neurotoxicant linked to Parkinson’s disease. With the test battery and compound 

selection, this paper aimed at evaluating whether cells derived from certain target organs (liver, 

brain, lung, and kidney) would show a response pattern similar to what is expected in vivo. To 

this end, we also hoped to compare the sensitivity and specificity of the test methods and to 

further, learn about the predictivity of the selected assays. We report here the outcome of this 

comparative analysis and draws conclusions from the main findings. 

3.3.3. Materials and methods 
3.3.3.1. Test compounds and test methods 

Test compounds were handled as described by Krebs et al. 2020. Briefly, test compounds were 

distributed among the project partners by the Joint Research Centre (JRC). Shipping and 

storage was according to the manufacturers’ instructions. Compound stock solutions were 

prepared by the individual partners in dimethyl sulfoxide (DMSO), phosphate buffer saline 

(PBS), water or culture medium, according to centralized instructions. Detailed information 

about the compound supplier and the catalogue number is provided in Supplementary figure 

S1_3. Compound aliquots were stored at -80°C until use. The final DMSO concentration was 

0.1 % under all test conditions (any compound at any concentration). Features of all compounds 
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used in EU-ToxRisk case studies, including physicochemical properties and links to various 

databases, are well documented on the EU-ToxRisk Knowledge Sharing Platform (in 

preparation for public disclosure). 

The test methods have been executed as described in Krebs et al. 2020. Detailed SOPs have 

been deposited at DB-ALM (https://ecvam-dbalm.jrc.ec.europa.eu/methods-and-protocols), 

and test method descriptions can be accessed at EU-ToxRisk knowledge database (https://eu-

toxrisk.douglasconnect.com/public/).  

3.3.3.2.  Determination of in vitro PoDs 

In this study, for most test method the BMC15 (i.e. the decrease of the normalized endpoint to 

85%) was defined as the onset of toxicity. This is further referred to here as the point of 

departure (PoD). The BMC15 and the associated confidence intervals of the respective test 

methods were calculated using the BMCeasy tool (Krebs et al. 2019). Data points have been 

re-normalized before as described in Krebs et al. (2018). In short, the four-parameter log-

logistic model was fitted to the re-normalized concentration-response data obtained in multiple 

runs of the experiment (i.e. biological replicates), according to 

                     𝑦 =  𝑐 +  
  

  ( ( ( )  ( ))) 
                                 Eqn (1) 

Where:  b = slope around e; c = lower asymptote; d = upper asymptote (=100 %); e = inflection 

point. 

Some reporter assays included in the test battery had a different option of deriving the PoD. In 

this case, the BMCeasy tool was not applicable, as they had increasing readouts and the tool is 

only applicable for descending curves. These included the control assay determining the cell 

viability in the U-2 OS cells (as part of the CALUX reporter assays), where the PoD was 

defined as PC20, which is the concentration where the activity of a compound equals 20% of 

the maximum activity of the reference compound. The reference compound was tributyltin 

acetate. The readout of this assay is constitutive luciferase expression. The other assays having 

a different PoD were the HepG2 BAC-GFP reporter assays (HepG2-SRXN1, HepG2-P21, and 

HepG2-CHOP) reflecting the activation of oxidative stress, DNA damage and unfolded 

protein/ER stress respectively. GFP was expressed upon pathway activation and quantified by 

image analysis. The concentration-response analysis was based on a non-mechanistic 

regression analysis with a natural spline regression model. A line is fitted through the data and 
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based on the variance of the data points a curve is fitted and upper and lower intervals are 

calculated. 

Throughout the text henceforth, the term PoD is used to denote the BMC15 or PC20. 

3.3.3.3.  Prediction of unbound PoD concentrations in vitro 

The unbound fraction of a chemical in any test system was predicted as in Kisitu et al. 2020. 

In brief, compound binding was assumed to depend strictly and only on protein and lipid 

content of the test system. Information about lipid and protein content of the cell culture test 

system was extracted from the project’s test method description. The free fraction of a 

compound in a test system was predicted using the equation below:  

                                 𝑓 =  
 ×   ×  

                           Eqn (2) 

Where falb and fNl are the volume fractions of albumin/protein and neutral lipid in the cell 

culture medium respectively. K vow = is the corrected lipid-binding term encompassing 

correction for strict binding of only the neutral form of the test compound to neutral lipids and 

olive oil being a better surrogate for lipids compared to the usual representation by octanol.  

The free compound concentration (Cu) in any test system was then calculated by multiplying 

the nominal PoD by the respective free fraction as shown below:  

                  𝐶 =  𝐶 × 𝑓                                     Eqn (3) 

Where, fu = fraction unbound and Ct = the nominal in vitro concentration.  

The nominal PoD concentrations and the unbound fractions of each test methods are given in 

Supplementary information.  

3.3.3.4.  Unbound fractions in human plasma (PoDunbound) 

Threshold blood or plasma concentrations of compounds were extracted from literature 

(supplementary information). The values of the protein binding for drugs (colchicine, 

clofibrate, hexachlorophene, ibuprofen, paracetamol, rifampicin, taxol, tolbutamide and 

valproic acid) were extracted from the DrugBank database (Wishart et al. 2006). The unbound 

fraction of acrylamide, carbaryl, rotenone, tebuconazole and triphenyl phosphate were 

extracted from the chemistry dashboard of the US environmental protection agency (EPA) 

(https://comptox.epa.gov/dashboard/). The value for the plasma-unbound fraction of 

sulfisoxazole was taken from the drugs.com database 

(https://www.drugs.com/pro/erythromycin-and-sulfisoxazole.html). All values were 

experimentally determined, except for acrylamide which was a predicted value. The value for 
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mercuric chloride was taken from the book of Nordlind (1990), while that of polychlorinated 

biphenyl 180 (PCB 180) was reported by Brown and Lawton (1984). For paraquat, the unbound 

plasma fraction was taken from a forensic report (Houze et al. 1990).  

3.3.3.5.  Thresholding of in vivo plasma concentrations 

One of the goals of this study was to evaluate the performance of the test method performance. 

This required a performance classification criteria and a way to threshold and define the onset 

of toxicity. As we did not want to take results of animal studies as a gold standard/benchmark 

for the in vitro assays, we investigated human blood and /or plasma concentrations and oral 

doses that were shown to be associated with the onset of toxicity. Here, we give a brief account 

of this process. A detailed description of the individual compounds is found in the 

supplementary material.  

i. Test compounds with known toxicity 

Compounds were categorized as either drug-like, pesticide or industrial chemicals.  When the 

compound was a drug-like, the highest reported human in vivo blood or plasma concentration 

of the therapeutic range (Cmax) was considered as toxicity threshold, assuming concentrations 

lower than this to be safe. Higher concentrations were assumed to be associated with adverse 

effects. This applies to colchicine, hexachlorophene, paracetamol, rifampicin, taxol and 

valproic acid.  

For pesticides, industrial chemicals and other compounds (acrylamide, carbaryl, mercury (II) 

chloride, MPP+, paraquat, rotenone, tebuconazole and triphenyl phosphate), therapeutic levels 

are not applicable. Therefore, the reported (minimum) plasma concentration associated with 

adverse effects or lethality in vivo were taken as the toxicity threshold. For most compounds, 

in vivo refers to human data. Only the plasma concentration of MPP+ and tebuconazole have 

been derived from animal data for lack of human data. Where different sources reported 

dissenting Cmax values, a conservative approach was taken and the lower concentration 

reported was chosen.   

ii. Negative control compounds 
Negative control compounds were clofibrate, ibuprofen, sulfisoxazole, tolbutamide, 

paracetamol and valproic acid. All of them are drugs, so the maximum therapeutic blood 

plasma concentration was taken as the toxicity threshold. When different sources reported 

dissenting values, the higher concentration reported as safe was chosen.   

The in vivo PoDunbound were calculated as follows:  

                                              𝑃𝑜𝐷 = 𝑃𝑜𝐷 ×  𝑓              Eqn (4) 
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PoDunbound = free/unbound plasma concenctration; PoDplasma = the threshold plasma 

concenctration; fu = the plasma fraction unbound.  

3.3.3.6.  In vivo administered doses 

The reference administered doses were text mined from literature. Preferably, they are reported 

as the dose at which an adverse outcome was reported following human exposure to the 

substance. They include the customary therapeutic doses, toxic doses and lethal doses. In case 

human data was not available, animal data was used. The respective animal dose was converted 

into a human equivalent dose (HED) using the FDA recommended allometric scaling (CDER, 

2005).  

Extrapolation of in vitro PoDs to administered equivalent doses 

The input data required for these predictions was outsourced differently. The compound 

molecular weight, polar surface area (PSA) and the number of hydrogen bond counts (HBD) 

were predicted using ChemAxon software version 17.1.23.0. In the settings for these 

predictions, sulphur, phosphorous and halogen atoms covalently attached to the parent 

compound were included as contributing to the PSA. No halogens were included for MPP+ 

and paraquat. The HBD was predicted for any species and not only the major microspecies 

present at physiological pH. logP values were taken from the EpiSuite® database. The values 

for the intrinsic hepatic clearance and blood: plasma ratios measured in vitro were extracted 

from the httk R package (Pearce et al. 2017). The other input parameters for the prediction of 

the AEDs and the equations used are shown in the supplementary information. 

3.3.3.7.  Gap filling for untested endpoints 

Some of the study compounds were not tested for the target endpoints for one reason or the 

other. These included mercury (II) chloride which was not tested for the endpoints under three 

test methods i.e. the fish embryo toxicity assay (FET), RPTEC and iPSC renal. 

Hexachlorophene and PCB180 were not tested for the latter two while rifampicin and 

triphenylphosphate were not tested for endpoints under the last test method (iPSC renal).  

Values were imputed to fill up for these endpoints for the data to be used for the selection of 

the minimum battery of endpoints that would give the same toxicity prediction as all endpoints. 

The missing values were imputed using the entire data matrix for all tested compounds by 

multiplying the column mean by the row mean and dividing by the overall column mean of the 

entire dataset (see supplementary material).   
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3.3.4. Results and discussion  

3.3.4.1.  Testing strategy, target organs and endpoints 

The strategy applied in testing as partly outlined in the material and methods was that each 

partner was entrusted with the task of finding the appropriate test concentration range premised 

on the fact that they each understood their test methods best. Further analysis and comparison 

of the effects concentrations (BMC15) was on the basis that we lurk and use the free in vitro 

free concentration having had sufficient information about the biomolecular composition of all 

test methods. The study compounds could for simplicity be grouped into drug like compounds, 

pesticides, industrial chemicals and drugs that were enlisted as negative controls (figure 1_3). 

The test battery had both general cytotoxicity and functional endpoints and the data was plotted 

using the hill function to generate the in vitro PoDs. The in vitro unbound PoDs that were 

subsequently calculated were then used to generate secondary benchmarks for toxicity 

assessment based on the known literature mined plasma free concentration and the predicted 

oral equivalent doses. The “TH” in each of the break-away side compartments of the follow 

diagrame at the “|<” junction represent a thresholding.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1_3 shows the testing and analytical strategy employed in this study. The bottom line was to generated 
secondary points of departure that could be compared to known literature in vivo reference values.  

The thresholding is shown here in abbreviated form not taking the data uncertainties into 

account. I practice, “|<” can mean “atleast two folds lower than” or “upto five times higher 
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than” depending on how much uncertainty buffer is desired and depending on whether hits are 

negative or positive. Further deliberations on this are discussed in subsequent sections.  

3.3.4.2.  Nominal versus actual (free) concentrations  

The nominal effect concentrations here referred to as PoD were the BMC15 at which a 

reduction in the measured biological property decreased by 15% (Supplementary information).  

Testing of the 19 compounds was performed within the laboratories of the project partners. All 

compounds were centrally purchased, and distributed among the project partners. However, 

the choice of the highest tested concentration was left to the project partners bearing in mind 

that they knew best their test methods and could estimate potential effect concentration ranges. 

This was more so since hitting a good concentration-response range was more important to 

than an agreed test concentration range. A brief description of the test methods and the cell 

systems is given in supplementary table S1_3. All compounds were tested with at least three 

biological replicates per test method except for a few where testing was not possible or the data 

had to be flagged. These included mercury (II) chloride not tested in the zebrafish (FET) test 

method. Test methods such as the RPTEC and iPSC renal assessing kidney damage were 

lacking data for mercury (II) chloride, PCB 180, hexachlorophene, rifampicin and triphenyl 

phosphate, as the laboratory was relocated during the testing phase with the test method being 

continued with a changed protocol in the new laboratory. This data was flagged and omitted 

due to changes in the test method. In the PBEC, lung test method, colchicine and tebuconazole 

interfered with the viability readout returning invalid data, so these data points were omitted. 

The cases where compounds were not tested (ND) are shown in the data table within the 

supplementary information. When a compound did not elicit an effect i.e. PoD not reached 

(which is mostly the BMC15) within the tested concentration range, the highest tested 

concentration was indicated (‘e.g. < 4 [-log(M)] or >100 [µM] if the highest concentration 

tested was 100 µM). The complete and incomplete (BMC not reached) nominal PoDs were 

used to calculate the in vitro free fraction (unbound PoD). The free fractions and respective 

free concentrations of the individual compounds are shown in the supplementary information.  

3.3.4.3.  Comparison of in vitro free fraction and in vivo free fraction 

The free fractions of the study compounds varied between test methods due to the varying 

compositions of the test systems as shown in figure 2_3. For some compounds such as 

acrylamide, colchicine, mercury (II) chloride, MPP+, paracetamol, paraquat and others, there 

were very infinitesimal differences if any between free fractions in different test methods. For 



91 
 

others such as hexachlorophene, PCB180, ibuprofen, rotenone, tebuconazole and triphenyl 

phosphate, there were huge variations in the free fractions between test methods based on the 

applied prediction model, exacerbated by the absence of or very minimal binding biomolecules 

mainly protein and lipids in some test systems like the FET, primary human hepatocytes (PHH) 

and the lung PBEC and PBEC-ALI (Krebs et al. 2020).  

 

Figure 2_3 showing the variation in the compound free fraction across the in vitro systems that constituted the 
test battery in this study (a). In (b), the corresponding range of the human plasma free fraction in vivo of the 
respective compound.  

Comparing the in vitro to the in vivo free fractions, it was only paraquat that had the same free 

fraction in all in vitro assays as in the in vivo human plasma. Other compounds such as triphenyl 

phosphate, PCB180, hexachlorophene, acrylamide and valproic acid had their in vitro median 

free fractions in a range comparable to the in vivo free fractions. For other like sulfisoxazole, 

tolbutamide, rifampicin and mercury (II) chloride, there was a large offset between the in vivo 

and in vitro free fractions. The discrepancy between in vitro and in vivo free fractions could be 

in part be due to the reported variation that occurs for some compounds with a change in 

biomolecule concentration as has been seen for some compounds such mercury (Kisitu et al. 

2020). The fractions of biomolecules that are present in most of these in vitro systems and are 

known to bind the test compounds are very low compared to the plasma fractions of the 

corresponding biomolecules (figure 2_3, in vitro, supplementary table S2_3). Additionally, 

some compounds bind to lipoproteins, accumulate in membrane lipids, red blood cells all not 

accounted for by the model used to predict the free fractions (Wishart et al. 2006).  
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3.3.4.4.  General response of different endpoints systems to chemicals  

In this section, the response of different endpoints to the effects of different compounds was 

evaluated based on the functional endpoints or otherwise the general cytotoxicity damage for 

test method without one. Among the liver associated endpoints, they were less sensitive to 

paracetamol, MPP+, clofibrate, valproic acid and acrylamide. This trend was more so for the 

functional endpoints. For the general cytotoxicity endpoints, there was low sensitivity to 

valproic acid, paracetamol and at times carbaryl or tolbutamide (figure 3_3 a-h). The functional 

endpoints associated with nephrotoxicity were less sensitive to valproic acid, triphenyl 

phosphate, ibuprofen and paracetamol (figure 4_3 a-b).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3_3 showing the sensitivity of liver associated endpoints to the functional (a-f) and general cytotoxicity 
damage (g-k) of the study compounds. The lower the PoD, the higher the sensitivity of the endpoint to the 
compound.  
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The functional endpoints indicative of lung toxicity were less sensitive to the effects of valproic 

acid, acrylamide, paracetamol, triphenyl phosphate, and sulfisoxazole (figure 5_3 a-c). The 

FET assay included here to assess developmental toxicity had lower sensitivity to MPP+, 

acrylamide, paraquat and sulfisoxazole (figure 6_3).  

 

 

 

 

 

 

Figure 4_3 (a- b) showing the sensitivity of the kidney associated endpoints to the 19 study compounds. The (*) 
above the compound name refer to the absence of the test data under the circumstances explained in materials and 
methods. 

 

 

 

 

 

 

Figure 5_3 (a-c) shows the sensitivity of the lung associated functional endpoints to the study compounds.  

As regards the toxic effects of the study compound to the nervous system, there was lower 

sensitivity to most valproic acid, acrylamide, paracetamol and sulfisoxazole (figure 7_3a-g). 

This literal translation, however, requires further insight in terms of which compounds target 

the peripheral or central nervous system. This is explored in the following sections.  

Overall, what is evident from this comparison is that compounds such as VPA, acrylamide and 

paracetamol are less active as their observed in vitro PoDs are much higher and thus most 

endpoints appear to be less sensitive to them. 

 

a b c 

a b 
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Figure 6_3 showing the sensitivity of the FET test method to the study compounds. This test method has several 
endpoints ranging from skeletal, general cytotoxicity, organ damage and embryolethality. For this test method, 
only HgCl2 had missing data.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7_3 (a – i) shows the sensitivity of the nervous system associated endpoints to the study compounds. These 
test methods covered both (general) cytotoxicity and functional damage.  
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3.3.4.5.  Compound effects on the endpoints (relative magnitudes of the BMCs) 

The relative response of the test systems constituting the test battery to the individual 

compounds was assessed by the magnitude of the in vitro PoD. Irrespective of the ad libitum 

in choosing the test concentration range for the individual compounds in the test systems, some 

of the selected nominal ranges were similar among the project partners. In this study, the 

unbound PoD was chosen as a better measure of the relative response of a given compound in 

the different test systems.  

Figure 8_3 (a-e) showing the individual in vitro unbound PoDs for the compounds PCB180, hexachlorophene, 
taxol, rotenone and mercury (II) chloride across the test methods. The reported endpoints here are the functional 
endpoints for those test methods that assessed both general cytotoxicity and functional damage. SHSY5Y (a= 
basal Ca2+; b = intracellular Ca2+), HepG2_ (a=protein expression, b = protein localisation), PBEC (a= cell 
replication, b = cell proliferation/count) 

In most instances, the endpoints associated with the assessment of the nervous system damage 

had the lowest test concentrations and hence the lowest PoDs. Compounds such as PCB180, 

hexachlorophene, taxol, rotenone and mercury (II) chloride had lower PoDs as shown in figures 

8_3a-e. Other compounds such as triphenyl phosphate, carbaryl, tebuconazole, tolbutamide, 

colchicine and rifampicin had a mix of low and high test concentrations and thus the resulting 

PoDs (figure 9_3a-f). This variation should, however, be interpreted in light of the differences 

in test system compositions leading to the free fractions as discussed above. The rest of the 

compounds were tested at relatively high concentrations (figure 10_3a-h). This subset also 

included compounds selected as negative controls for this study i.e. clofibrate, sulfisoxazole 

and ibuprofen.  

a b c 
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Figure 9_3 (a-f) shows the variation of the in vitro unbound PoDs for a subset of compounds. This set was tested 

in a wide range of concentrations across test method endpoints.  

 

 

 

 

 

 

Figure 10_3 (a-h) shows the in vitro PoDs of a subset of the study compounds that were tested at appreciably high 
concentrations.  
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The above comparison of the PoDs is however not conclusive based on the fact that for some 

compounds, the benchmark concentration that was selected for comparison (BMC15) was not 

reached. It is therefore likely that compounds could cross upwards to the higher test 

concentration group if extrapolation was done to attain a complete BMC.  

3.3.4.6.  Ranking the cytotoxicity potency of the compounds 

As a getaway from the comparison of reached and non-reached BMCs (in vitro PoDs), we 

explored the comparison of the cytotoxic potency of compounds by ranking the respective 

BMCs in descending order as shown in figure 11_3. This comparison was based on the general 

cytotoxicity endpoints using the unbound in vitro PoDs. Not all compounds were tested for 

these endpoints and so the non-tested compounds are represented by clear white boxes. Overall, 

compounds such as taxol, mercury (II) chloride, rotenone, hexachlorophene and colchicine had 

the lowest BMCs or were tested at slightly lower concentrations. It is important to point out 

that this ranking is not skewed by the in vitro free fraction since the first two compounds taxol 

and mercury (II) chloride had appreciably high in vitro free fractions than many compounds 

that rank below them. Paracetamol, acrylamide and valproic acid always occupied the lower 

ranks as these compounds for nearly all endpoints were tested at slightly higher concentrations 

besides (with exception of valproic acid) having very minimal in vitro binding to biomolecules. 

 

 

 

Figure 11_3 shows a 
heatmap based on the 
ranking of the PoDs at 
which the compounds 
caused general cytotoxicity 
damage. The higher the 
rank, the more potent was 
the compound.  
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3.3.4.7.  In vitro organ-specific effects (cytotoxicity Vs functional endpoints) 

The diversity reflected in the structures of the study chemicals is enough to signal to the fact 

that they would affect different organs in the human body. The information about the known 

toxicity associated with each compound was assembled through literature and database text 

mining from studies on human and experimental animals. Table 1_3 and supplementary table 

S2_3 show the breakdown of this toxicity. The target organs/ systems considered in this case 

study was the repeat dose toxicity (RDT) of the lungs, the liver, the kidney, the nervous system 

and developmental and reproductive toxicity (DART). Some compounds like acrylamide and 

paraquat have other known toxicity targets such as the gastrointestinal tract while tebuconazole 

causes toxicity damage to the spleen. Not all compounds have readily available in vivo toxicity 

data for comparison. This is more so for non-therapeutic substances and others such as PCB 

which are usually evaluated for synergistic toxicity effects following exposure to several 

congeners.  

Table cc 1_3 showing the human in vivo target organs for the study compounds. 

 

 

 

 

 

 

 

 

 

 

Save for the negative controls which are mostly taken not to have any associated target organ, 

and taxol, paracetamol and carbaryl which we presume to have effects on a single organ or 

system, most of the other compounds have more than one target organ. Based on the reported 

variability in organ sensitivity discussed above for the different endpoints, it likely that that 

effect doses for the different organs for the same compounds are likely to be different. This 



99 
 

difference in organ response is summarised for some compounds in the supplementary 

information for cases were in vivo data for the organ toxicity doses could be retrieved.  

In the assembled test battery, specific or functional toxicity damage can be differentiated from 

general toxicity damage especially using those test methods that have both general and 

functional endpoints. Here, we attempted to exemplify this by comparing the PoDs of the 

functional endpoints to those of the general cytotoxicity endpoints. In general, the functional 

endpoints are more sensitive than general cytotoxicity endpoints for many compounds.  

Figure 12_3 (a-f) shows a comparison of the functional and cytotoxic PoDs of compounds for liver associated 
endpoints. The PoDs are expressed as –log (M).  

From a comparison of these endpoints in the cell lines associated with liver toxicity, the 

compounds acrylamide, valproic acid, colchicine, triphenylphosphate, tebuconazole, MPP+ 

and taxol can be inferred to as having a specific effect based on the relative magnitudes of the 

PoDs for the functional versus the general cytotoxicity endpoints (figure 12_3 a-f). Among the 

a b 

c d 

e f 
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cell lines associated with the assessment of lung damage, the compounds colchicine, valproic 

acid and tebuconazole and the pyridinium group containing compounds (MPP+ and paraquat) 

would be deemed as having a specific effect on the lungs if functional toxicity was assessed 

either through the inhibition of cell proliferation or damage on the lung tissue integrity (figure 

13_3 a & c). Additionally, all compounds save for taxol, sulfisoxazole and clofibrate would 

have an effect on the lungs if the functional effects are assessed through the inhibition of cell 

replication (figure 13_3 b).  

     

Figure 13_3 shows the variation in the unbound PoDs of the 

study compound for the general cytotoxicity and functional 

endpoints.  

 

 

Among the kidney associated cell lines, just like observed for some test methods for the same 

endpoint, there is some variability in the response, whereby the compounds rifampicin, 

acrylamide, paracetamol, paraquat and MPP+ would have specific effects in the RPTEC assay 

while only the latter compound would reproduce the same specificity in the renal iPSC test 

method (figure 14_3 a-b). Paraquat, a bipyridium group containing analogue of MPP+ and 

tebuconazole another nitrogen-rich molecule would show very unspecific effects in the latter 

test method.  
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Figure 14_3 (a-b) shows the variation of the unbound in vitro PoD for the functional and general cytotoxicity 
endpoints in the kidney associated cell lines/ test systems.  

In the comparison of the nervous system associated endpoints, one must be more elaborate as 

to specifically state the effects observed either on the central or peripheral nervous system. 

There was some overlap of acrylamide and tebuconazole among the compounds observed to 

have specific effects on the peripheral nervous system in the UKN5 and the SYSH5Y test 

methods (figure 15_3 a-c). In the UKN5, colchicine, rotenone, taxol, paraquat, acrylamide and 

tebuconazole would have a semblance of specific effects, while paracetamol, clofibrate, 

rifampicin and carbaryl or sulfisoxazole, tebuconazole, acrylamide, paracetamol, clofibrate and 

carbaryl in the SHSY5Y taking basal Ca2+ or the influx of intracellular Ca2+ as the functional 

endpoints respectively.  

 

 

 

 

 

 

  

Figure 15_3 (a-c) shows the variation in the unbound in vitro 

PoDs for the functional and general cytotoxicity endpoints for 

peripheral neural toxicity associated cell lines.  
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c 
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PCB180 and rotenone show a non-specific effect for both basal and intracellular Ca2+ influx. 

Rotenone, paraquat and colchicine which have a specific effect in the UKN5 have a non-

specific effect in the SHSY5Y. The difference in response could due be to the variation in the 

age of the neurons in the two test methods.   

Among the endpoints associated with the central nervous system damage (figure 16_3 a-c), 

taxol and rotenone show a specific effect in both mature (UKN3) and immature neurons 

(UKN4) following both short (UKN3b) and long term (UKN3a) exposure. Carbaryl had the 

same effect on both types of neurons after short term exposure with both test methods differing 

in their response to MPP+ (UKN4) and tebuconazole and triphenylphosphate (UKN3b). 

Additionally, acrylamide, paraquat, taxol, PCB180 and rotenone would have specific 

developmental effects in the UKN2, an observation in some cases being synonymous with the 

in vivo reported effects for some of these compounds as shown in supplementary table S3_3. 

What is clear in the comparison of these specific observations for the endpoints and/ or test 

methods is the appreciable degree of orthogonality especially for the nervous system endpoints. 

What is however not defined here is the fold onto which to threshold in comparing a functional 

effect to general cytotoxicity to define an effect as being specific or not.  

Figure 16_3 (a-c) shows the variation of unbound in vitro PoDs for the functional and general cytotoxicity 
endpoints for the cell lines associated with central nervous system damage. The cell lines vary in age having 
immature neurons (UKN4) and mature neurons (UKN3 a & b). The other variation in the test method is the 
exposure duration being short for UKN3b and longer for UKN3a. 

 

a b 

c d 
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3.3.4.8.  Cell type-specific patterns among the test compounds  

The activity of a compound was assessed by comparing the free in vitro PoD to twice the free 

in vivo PoD (x2 in vivo PoD = PoD*). A compound was deemed to be active to a specific 

endpoint if the in vitro PoD was less than PoD*.  It should, however, be made clear that it was 

thought prudent to compare only those endpoints for which a complete BMC was reached. The 

data assembly for the illustration of which endpoint BMCs were reached for each compound 

is shown in the supplementary information. The plasma and or blood therapeutic, toxic and 

lethal concentrations of the study compounds are shown in figure 17_3 and more detailed in 

supplementary box 1.  

In this test battery, the endpoints or test methods that are associated with the nervous system 

were the most sensitive responding to at least nine (11) of the 19 compounds. These endpoints 

are indicated for central or the peripheral nervous system and/ or mature or immature neurons. 

The lung and liver endpoints/ test methods each picked up seven (7) compounds while only 

four (4) compounds were indicated for kidney damage.  It should, however, be made clear that 

some compounds were selected for known lack of significant toxicity and so it is also prudent 

to assess the test method for specificity.   Such compounds in this study deemed as negative 

controls and included sulfisoxazole, ibuprofen, clofibrate and tolbutamide.  

 

 

 

 

 

 

 

 

 

 

 

Figure 17_3 shows the plasma therapeutic, toxic and lethal concentrations of the study compounds. The data is 
assembled from literature studies in man and experimental animals.  
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The endpoints for the cell lines associated with the nervous system had the closest pick up of 

compounds with the UKN3a (neurite outgrowth); 8, SHSY5Y (Ca2+ influx) reacting to seven 

(7) compounds, compounds, UKN3a (cytotoxicity); 7 compounds, UKN5 (neurite area), 

UKN4 (neurite area), SH-SY5Y (basal Ca2+) and the SHSY5Y (proliferation); 6 compounds 

(figure 18_3). The two functional endpoints assessing cell replication and cell proliferation of 

the test method PBEC associated with lung system picked up 7 and 2 compounds respectively. 

For the liver-associated cell lines, the three test methods assessing general cytotoxicity, iPSC 

hepatocytes, HepG2 and Insphero_14D picked up two, four and four compounds respectively 

while the functional endpoints for the REPTEC test method associated with kidney toxicity 

picked up three compounds, the fourth compound causing nephrotoxicity being picked up by 

the iPSC renal general cytotoxicity endpoint.  

Three of the four compounds (MPP+, rifampicin and tebuconazole) that hit the kidney 

associated cell lines have either a triazole or pyridinium ring in their structures. Among these 

compounds, apart from MPP+, the other two have only the kidney as their target without 

causing damage to the nervous system, which seemed to have the most sensitive cell line 

endpoints. Apart from MPP+ and rotenone which are known to target the mainly the nervous 

system, all other compounds that hit the kidney associated cell lines are known to have the 

same effects in vivo (table 1_3).  

From this comparison, at least many compounds hit endpoints in the in vitro test battery indicative of 

the reported effects in vivo (table 1_3 & supplementary table S3_3). The only compounds that did not 

hit any of the endpoints associated with their known in vivo targets were mercury (II) chloride, PCB 

180 and paraquat. Other compounds registered hits in cell lines for which the associated in vivo organ 

is either not a known direct target or due to lack of evidence to that effect. Such compounds included 

taxol, rotenone, paracetamol (AAP) and carbaryl on the lung cell lines and AAP on the nervous system.  

3.3.4.9.  Chemical class or functional-group specific activity similarities. 

The amide functional group containing compounds carbaryl and acrylamide are active within 

the neuronal and lung cell system. The latter is also active in the liver cell system causing 

functional damage (HepG2 SRXN1) related to protein localisation while the former causes 

damage in a system (FET) indicated for DART (figure 18_3, 19_3 & supplementary table 

S3_3). In the lung cell system, both compounds affect a functional endpoint of lung-cell 

replication (PBEC, cell count) while causing functional effects in both the peripheral and 

central nervous system. Regarding the central nervous system, acrylamide, unlike carbaryl, will 
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cause functional effects on the neurites of mature neurons (>DoD 5) after slightly prolonged 

exposure (UKN-3a).  

 

 

Figure 18_3 shows the compound hits for the test method endpoints. Positive hits are indicated darkred, negative 
hits (light blue) and white for those compounds for which the in vitro PoD was not reached.  

 

Carbaryl additionally causes functional effects on immature neurons following acute (24 hrs) 

exposure (UKN-4). In the peripheral nervous system, carbaryl causes both general cytotoxicity 

and functional effects to the immature/ developing neurons with acrylamide causing functional 

effects related to neurite interconnectivity. However, the effective concentration (BMC) 

required for this pattern of events for acrylamide is several folds higher compared to carbaryl. 

The other close structural similar is paracetamol with an amide group attached to a phenol ring. 

Based on this comparison, paracetamol would cause general and functional damage to the CNS 

after prolonged and short exposure respectively in the UKN test method endpoints and 

functional damage to the peripheral nervous system after prolonged exposure as seen for the 

SH-SY5 neuronal cell lines. Additionally, it would cause general damage to the liver (Insphero 

14D) and functional damage to the lungs after prolonged exposure. The endpoint shared among 

this subset of compounds is their effects on the functional endpoint of the lung-associated cell 

lines (PBEC) and the varying degrees of effect on the nervous system and the liver. The PoD*s 
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for this subset are in the order paracetamol > acrylamide >> carbaryl. Another amide group 

containing compound, colchicine and is discussed below.  

Valproic acid and ibuprofen are the other two compounds with a carboxyl functional group, 

with the former having a much simpler structure. Valproic acid causes general damage and 

functional effects in the cell lines associated to the peripheral nervous system (SH-SY5 

neuronal cell lines), a DART associated endpoint (FET), general damage in the liver and 

functional effects related to cell replication and proliferation in the lungs (PBEC). Ibuprofen 

on the other hand is not picked up by any cell lines for any form of toxicity. However, it needs 

to be made clear that the exposure concentration of VPA is higher (>200 fold) compared to 

ibuprofen in these cell systems.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 19_3 showing the chemical dichotomy based on functional groups and their in vitro observed associated 
target organs. The identified target organs are based on the cell lines in which the compounds exhibited PoDs 
below their in vivo plasma PoDs*.  

MPP+ and paraquat are the other sub-set of compounds that share a structure composed of 

pyridinium and bipyridinium groups respectively. MPP+ causes functional damage affecting 

neurite interconnectivity in cell lines associated with immature central nervous system 

following acute (UKN-4, 24 hrs) exposure and general to functional damage to the mature CNS 

cell lines following prolonged exposure (UKN3a, 72 hrs). It also caused functional damage 

linked to mitochondria in cell lines associated with the kidneys (RPTEC) following a prolonged 
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exposure (5days). Paraquat on the other hand did not elicit any activity going by this 

comparison approach in any of the assessed endpoints. It should however be noted that the 

PoD* of paraquat was more than 10 fold lower than that of MPP+.  

Hexachlorophene and PCB180 are another group of compounds which share some common 

structural groups. The former has a methylene bridge between the two benzene rings in addition 

to the ortho hydroxyl groups. Both compounds are lined with at least six chlorine atoms 

occupying different positions in the two rings of the compounds’ structures. Hexachlorophene 

caused general and functional damage in all cell lines associated to the nervous system, DART, 

general and functional damage in the liver-associated cell lines and functional damage related 

to cell replication in the lungs. The compound was not tested for kidney toxicity. PCB180 on 

the other hand was not associated with toxicity in any of the endpoints assessed in the test 

battery. One point to not here however is the difference in effect concentrations between the 

two compounds. The PoD* of hexachlorophene is several fold (>1000) that of PCB180.  

Taxol, rotenone, rifampicin and colchicine are a subset that constitute what can be referred to 

as polycyclic compounds. The unique compound among them on this basis would colchicine 

which has purely C-C bonds within its ring structure and can thus be called homo polycyclic. 

The other compounds have other atoms such as oxygen and nitrogen and can thus be referred 

to as hetero polycyclic with rifampicin being the most diverse of all. The PoD* values of these 

compound are in the order rotenone << colchicine < taxol < rifampicin.  

Rotenone caused functional damage to the immature peripheral and central nervous system 

associated neurons following short term exposure. It also caused functional damage to the CNS 

neurons and general cytotoxic damage to the PNS neurons after slightly prolonged exposure. 

Rotenone additionally caused functional and general damage to the kidney and lung associated 

cell lines (RPTEC), general damage in the FET and to the liver associated cell lines. Colchicine 

causes general and functional damage after prolonged exposure in cell lines associated with the 

central and peripheral nervous system and DART (UKN2). Following short-term exposure (24 

hrs), only functional neurotoxicity can be observed in the developing neurons (UKN5 and 

UKN4). Taxol causes damage to cell associated with the nervous system and the lungs. In the 

nervous system, it causes both general and functional damage to both the central and peripheral 

nervous system. However, functional damage to the central nervous system (UKN3a) is 

observed after prolonged exposure. In the immature peripheral neurons, only functional 

damage is observed after short-term exposure (UKN5).  In the cells associated to the lungs, 
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taxol causes both general and functional damage (related to cell proliferation and replication, 

PBEC). Toxicity that can be attributed to rifampicin is picked up by cells associated with the 

kidneys causing only functional damage related to the mitochondrial (RPTEC).  

Tolbutamide and sulfisoxazole contain a benzene sulphonamide group with sulfisoxazole being 

an aminobenzene sulphonamide. Sulfisoxazole in the concentration range at which it was tested 

did not attain the benchmark response (BMC15) for many of the endpoints. It attained complete 

in vitro PoDs for three endpoints i.e. the SH-SY5Y neuronal functional endpoint (intracellular 

Ca2+ influx), the HepG2 cytotoxicity endpoint and the lung PBEC cell count (proliferation) 

endpoint. None of the PoDs for these endpoints is less than the PoD*. What can be loosely said 

here is that the compound caused toxicity above its expected normal therapeutic plasma 

concentration. Similarly, tolbutamide only reached full benchmark response for three endpoints 

i.e. the FET, cytotoxicity to the primary human hepatocytes  (PHH) and functional toxicity to 

the lungs affecting cell proliferation (PBEC, cell count). In none of these endpoints was the 

PoD less than the PoD*. Just like sulfisoxazole this compound cause damage as captured in 

these endpoints because the compound was tested beyond its intended therapeutic use.  One 

interesting aspect between these two compounds is their target organ in cases of extreme 

exposure. Both compounds target the liver and the lungs and perhaps the nervous system. Both 

compounds were enlisted as negative controls in this study.  

The other compounds in this test battery have minor structural substituent similarities such as 

phenyl ring of clofibrate being similar to that of tebuconazole. The extended ring structure is 

also similar to both tolbutamide and tebuconazole although with varying atomic composition.  

Triphenyl phosphate, on the other hand, has a structure not so similar to many others with the 

benzene rings connected through O-P bonds. In terms of activity based on the comparison of 

PoDs, the toxicity of clofibrate is picked up by cells associated with the peripheral nervous 

system causing functional damage (SH-SY5Y) and general damage to some of the liver-

associated cell. Tebuconazole is only picked up in one of the endpoints (iPSC renal) associated 

with kidney damage while triphenyl phosphate is picked up for endpoints associated with 

functional central nervous system damage after short term exposure of both immature and 

mature neurons (UKN4 and UKN3b), general and functional damage after slightly long 

exposure to CNS neurons (UKN3a), general cytotoxicity damage to peripheral neurons 

(SHSY5Y (proliferation)), cytotoxicity in the FET assay, and general cytotoxicity and 

functional damage in cell lines associated with the liver (HepG2, Insphero 14D, HepG2 CHOP, 
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HepG2SRXN1).  In this rather extended subset, the PoD* are of the order clofibrate (103 µM) 

> TPP (20 µM) > tebuconazole (0.14 µM).  

Mercuric (II) chloride is the only inorganic compound present in the test set and is therefore 

not similar to any other.  This compound is not picked by cell lines under any of the endpoints 

for which it was tested despite having a lower PoD*. This is so despite the lower in vitro 

binding compared to the free fraction in vivo, pointing to the possibility of lack of the usual 

targets such as the thiol dependent enzymes, receptors and transporters in test battery cell lines. 

Alternatively, it could be that the cells lack the necessary systems to methylate it to the organic 

toxic form.  

This section underscores how best and to what extent structural activity relationships can be 

explored in complex in vitro/ biological system endpoints, points towards the potential sources 

of the underlying uncertainty and the consideration of exposure concentration in predicting a 

likely toxicity outcome. In most cases, it provides a basis for the consideration of sensitivity 

over specificity in the preliminary stages of risk identification and characterisation.  

3.3.4.10. Comparison of in vivo and in vitro toxicity target organs 

The toxic effects observed for the individual compounds in the in vitro test battery were 

compared to the reported literature toxicity target organs in man and experimental animals. In 

table 1_3 and supplementary table S1_3, acrylamide was indicated in vivo to cause damage to 

the nervous system and have DART effects. In the comparison of PoDs described above, 

acrylamide is hit to the nervous system, the liver and the lungs. Carbaryl in the above 

comparison is a hit in the nervous system, the lungs and DART while it is indicated for nervous 

system damage in the in vivo studies. Colchicine is known to cause nervous systems damage 

and DART effects in vivo and was a hit for the nervous system and the UKN2 test methods 

indicated here for assessing DART in the test battery.  

In this study, clofibrate, ibuprofen, tolbutamide and sulfisoxazole were enlisted as negative 

controls. In the comparison of PoDs, clofibrate was a hit in the nervous system and liver while 

ibuprofen, tolbutamide and sulfisoxazole were negative for all endpoints in the test battery. 

Hexachlorophene was the most active compound hitting many endpoints causing damage to 

the nervous system, liver, DART associated test methods (UKN2 and FET) and the lung 

associated cell lines. In in vivo man and animal studies, hexachlorophene is known to cause 

DART and have effects on the nervous system. Rifampicin and tebuconazole are known to 

cause liver and kidney damage and DART effects for the later in vivo. In this comparison, both 
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compounds were only hits to the endpoints associated with kidney damage. Taxol was a hit to 

endpoints associated with the nervous system and lung system and is also known to cause 

nervous system-related effects in vivo.  

Valproic acid is associated with liver and DART effects in man and experimental animals. In 

this test battery, valproic acid was a hit for the endpoints associated with the nervous system, 

DART (FET), the liver and the lungs. Mercuric (II) chloride was the only inorganic compound 

included in the test battery and is known to cause nervous system and kidney-related effects in 

vivo. In the test battery, based on the comparison of PoDs, this compound was not a hit for any 

of the endpoints. Some known in vivo active compounds such as paraquat causing nervous 

system, lung and kidney damage and PCB180 causing DART effects were not hits for any of 

the endpoints in the test battery.  

3.3.4.11. Correlation between endpoints  

The data set used in this analysis was had gaps for some compounds such as mercury (II) 

chloride, hexachlorophene and rifampicin. For this analysis, these endpoint values were left as 

missing values. Two endpoints/ cell-(Hek 293 and U2-OS) line data were omitted having been 

included in the test battery as control assays. The data set was imported and analysed in R 

programing language and analysed using the basic R correlations analysis functions with the 

analysis set for only between pairwise complete observations. In this analysis, the in vitro PoDs 

that were not reached were taken to be absolute values. Figure 19_3 shows the correlation plot 

indicating the degree of resemblance and orthogonality among the endpoints in the 

concentration ranges at which they pick up toxicants in the test battery. The correlation matrix 

is shown in the supplementary information.  

Among the UKN test methods endpoints, the correlation is above an average value of 0.5. The 

central nervous system neuronal endpoints are highly correlated (0.63 ≥ r ≤ 0.99), with the 

lowest observed correlation being between the functional endpoints of the UKN3a and 3b test 

methods indicating the importance of time variation in the exposure schema of the two 

methods. The correlation between endpoints associated with the assessment of peripheral 

nervous system toxicity is variable being good between some test methods .i.e.UKN5 (general 

cytotoxicity) and SHSY5Y (proliferation) and hiPSC-neuro (r > 0.9) to being poor i.e. UKN5 

and the SHSY5Y-neuronal being least between the functional endpoints (0.23 ≥ r ≤ .38). The 

latter method endpoints are equally poorly correlated with other peripheral nervous system 

associated endpoints (r < 0.5). 
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Figure 20_3 showing a correlation plot between the test battery endpoints. The presented correlation is a Pearson 
correlation with a maximum value of one (1) for the highly correctly, zero (0) for no correlation and negative 
value for high orthogonality of the compared endpoints.  

The two DART test methods i.e. UKN2 and FET are negatively correlated implying a 

significant degree of orthogonality between their endpoints. However, the FET test method 

endpoint was generally poorly correlated to all nervous system associated endpoints. For the 

endpoints associated with kidney toxicity, the general cytotoxicity endpoint for the RPTEC test 

method was more correlated to either endpoint of the iPSC-renal test method (r > 0.9) than to 

its functional endpoint. The iPSC renal test method endpoints had an above-average but lower 

correlation (r <0.63) to the RPTEC functional endpoint. The PBEC-ALI and PBEC test 

methods as endpoints assessing lung damage had above average correlation between their 

cytotoxicity endpoints (r > 0.6). The correlation was poor between general cytotoxicity and 

functional endpoint and so was that between functional endpoints (0.18 < r < 0.38).  

The correlation between 2D liver models and the endpoint for the test method that uses primary 

human hepatocytes for the assessment of cytotoxicity was generally below average. The latter 

endpoint was however sufficiently correlated with the 3D liver endpoint models (Insphero 3D 

and 14D) with r > 0.95. The 3D endpoints were equally sufficiently correlated between 
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themselves. On the other hand, the 2D models were sufficiently correlated between themselves 

but had an average, poor or negative correlation with the 3D models (-0.06 ≥ r ≤ 0.68).  

The correlations generally between endpoints across the target organs considered in this study 

varied tremendously for some being sufficiently above average to being poor for some 

endpoints.  

3.3.4.12. Comparison of in vivo doses and administered equivalent doses 

In the dataset used in the reverse dosimetry calculation of the administered oral equivalent 

doses (AEDs), the in vitro PoDs that were not reached were considered here as absolute values 

i.e. complete BMCs. The equations used in the prediction of AEDs are shown in supplementary 

box 2. The information about the in vivo oral administered or exposure amount as therapeutic 

or toxic doses is available in the supplementary material (table S.4_3). In the prediction of the 

AEDs, there were huge variations among the individual compound’s predicted values across 

endpoints reflective of the initial variation in the in vitro PoDs. For the negative control 

compounds (ibuprofen, sulfisoxazole, clofibrate ..) and some drugs which were generally tested 

at high concentrations within the test battery, the median values of the combined individual 

compound predicted AEDs were significantly higher than the range of the known human 

therapeutic dose (figure 21_3(a)). This may imply that the in vitro cell systems were exposed 

to higher than normally expected doses in a therapeutic setting.   

For other drug-like compounds like colchicine, taxol and rifampicin the in vivo reference doses 

are based on the therapeutic dose while others like hexachlorophene and MPP+ are based on 

the toxic dose. For compounds in figure 21_3 (b), of the predicted AEDs of all endpoints in the 

test battery, only the median AED of hexachlorophene was less than the in vivo human toxic 

dose implying that the compound caused toxicity at a concentration it would normally have in 

an in vivo human situation. It is worth mentioning here that hexachlorophene had the most hit 

for the endpoints in the test battery. Compounds like colchicine, taxol and rifampicin were 

largely tested at higher concentrations than would be expected in a human exposure scenario 

according to this analysis. The remaining sub-group (figure 21_3 (c)) is constituted by 

industrial chemicals and pesticides. In this subgroup, it was only the median AED of PCB180 

that was lower than the in vivo toxic dose. 

However, it is worth stating that a lot of assumptions were made in deriving the AEDs. For 

some compounds, the in vitro hepatocyte stability data was not available and so were not 

considered for hepatic clearance. These compounds were considered to be cleared renally by 
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considering the free fraction as being more susceptible to glomerular filtration and subsequent 

elimination. 

 

  

Figure 21_3 shows the box plots of the AEDs of the study 
compounds predicted from reverse dosimetry. The AEDs 
were derived from the unbound in vitro PoDs. The median 
AED of each compound is compared to the in vivo 
therapeutic, toxic or lethal dose (see supplementary 
information). Carb (a), Acy (b), Rot (c), HgCl2 (d), Teb 
(e), PCB (f), PQ (g), TPP (h), Col (i), Hex (j), MPP (k), 
Tax (l), Rif (m), CF (n), Tol (o), Ibu (p), AAP (q), VPA (r), 
Sux (s). 

 

 

 

For no compound was renal and hepatic clearance simultaneously considered. It was either-or, 

with the overall intension of avoiding to underestimate the risk of exposure as the consideration 

of both would result in higher AEDs. Other input parameters such as the blood to plasma ratio, 

bioavailability were either assumed or predicted an approach that further propagates the 

uncertainty in the predictions. For the in vivo dose benchmark values especially from animal 

studies, there is inherent uncertainty in the generation and interconversion of such doses to 

human equivalent doses first based on the study species and then the approach used (CDER, 

2005).  

c 

a b 
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3.3.5. Conclusions  

The comparison of the effects seen in the different endpoints associated with human organs 

and systems points to the nervous system as the most sensitive. The test battery included both 

cell systems for mature and immature neurons, central and peripheral neurons and some 

compounds had broad activity across the nervous system while others were specific to a 

specific dichotomy. The lung, liver and kidney associated endpoints followed up in order of 

increasing sensitivity, although some compounds were seen to have cross system effects. Many 

compounds induced effects beyond their known in vivo targets while others such as mercuric 

chloride fell short of hitting any based on the approached used here. The concentrations 

required by an individual compound to induce effects was noted to be different across cell lines 

associated to the target organs in this study.  

The use of free concentrations as a measure of comparison across cell systems ameliorated the 

inherent differences between test systems based on biomolecular composition.  This approach 

proved to be a better compromise since the requirements of cell systems will differ with some 

not being completely xeno- free. For nearly all test methods, the functional endpoints were 

found to be a more sensitive measure of compound effects than the general cytotoxicity 

endpoints. However, for some compounds such as paraquat, this trend was reversed for some 

endpoints (figures 14_3 & 15_3). The correlation between endpoints was variable with some 

test methods such as the neuronal UKN having average to good correlations while the zebrafish 

fish model stood out as clearly non-human test method with poor correlation with other 

endpoints.  

Finally, this study demonstrated an approach for the use of in vitro data for hazard identification 

and characterisation in risk assessment. PoDs generated in vitro were not only compared to 

human plasma effect concentrations but also converted into oral equivalent doses, an approach 

foreseen to replace the use of animals in safety assessment. Steps to adopt in cases of missing 

data for this extrapolation were suggested as a means of lessening the underestimating the risk 

associated with the exposure to a particular compound.  

3.3.6. Supplementary material  

Some of the supporting information for this manuscript consists of wide tables not appropriate 

to be presented in a word document. They are however present in the attached soft copy at the 

back of this document. The following sections are part of the supplementary information that 

was fit to this document.  
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Supplementary table S1_3. Test battery test methods and cell systems in the EU-
ToxRisk database. 

 

No.  Test Method 
abbreviation Test System Exposure 

time [h] Readout Database Name 
1 UKN5 peripheral neurons 24 Cal,  NA 

UKN5_DART_iDRG_24h 
2 UKN4 LUHMES cell line  

(ATCC® CRL-2927™)  
24 Cal,  NA 

UKN4a_DART_LUH_neurite_24h 
3 UKN3b LUHMES cell line  

(ATCC® CRL-2927™)  
24 Cal,  NA 

UKN3b_NeuroTox_LUH_neurite_24h_d5 
DB_ALM No. 196 

4 UKN3a LUHMES cell line  
(ATCC® CRL-2927™)  

72 Cal,  NA 
UKN3a_NeuroTox_LUH_neurite_72h_d5 

5 hiPSC neuro hiPSC-derived TD21  
neuronal cells 

72 ATP BIOT2a_Neuro_iPSN_Viab_72h 
6 SH SY5Y prolif human neuroblastoma cell  

line (ATCC® CRL-2266™)  
72 ATP BIOT1a_Neuro_SH_Viab_72h 

7 SH SY5Y neuro human neuroblastoma cell  
line, institutional subclone 

72 ATP,  Ca
2+

 
Swetox1a_Neuro_SH-SY5Y_Diff_3D_ATP_Exp72h 

Swetox2_Neuro_SH-SY5Y_Diff_3D_calcium_Exp72h 
8 PBEC primary bronchial  

epithelial cells 
72 LDH, EdU LUMC1_Lung_PBEC_Sub_72h 

9 PBEC-ALI primary bronchial epithelial  
cells air-exposed culture 

conditions 
72 LDH, TEER LUMC2_Lung_PBEC_ALI_72h 

10 InSphero 3d human liver microtissues  
composed of multi-donor PHH 
and NPCs (non-parenchymal 

cells)  

72 ATP IS1_Liver_LiMT_Tox_3D 

11 InSphero 14d human liver microtissues  
composed of multi-donor PHH 
and NPCs (non-parenchymal 

cells)  

336 ATP IS1_Liver_LiMT_Tox_14D 

12 PHH primary human hepatocytes 
isolated from three different 

donors 
48 Res, GE, Morph 

IFADO2a_Liver_PHH_Cytotox_CTB_48h 

13 HepG2 HepG2 hepatocellular  
carcinoma cell line  
(ATCC® HB-8065™) 

48 Res, GE, Morph 
IFADO1a_Liver_HepG2_Cytotox_CTB_48h 

14 HepG2-CHOP HepG2 BAC-GFP stress  
reporter cell line 

24 , 48  
and 72 

Cell count,  PI, GFP 
UL2_ERstress_HepG2_BAC-GFP_CHOP_24hTP 
UL3_ERstress_HepG2_BAC-GFP_CHOP_48hTP 
UL4_ERstress_HepG2_BAC-GFP_CHOP_72hTP 

15 HepG2-P21 HepG2 BAC-GFP stress  
reporter cell line 

24, 48  
and 72 

Cell count,  PI, GFP 
UL6_DNAdamage_HepG2_BAC-GFP_P21_24TP 

UL7_DNAdamage_HepG2_BAC-GFP_P21_48hTP 
UL8_DNAdamage_HepG2_BAC-GFP_P21_72hTP 

16 HepG2 SRXN1 HepG2 BAC-GFP stress  
reporter cell line 

24, 48  
and 72 

Cell count,  PI, GFP 
UL10_OXstress_HepG2_BAC-GFP_SRXN1_24hTP 
UL11_OXstress_HepG2_BAC-GFP_SRXN1_48hTP 
UL12_OXstress_HepG2_BAC-GFP_SRXN1_72hTP 

17 iPSC-Hep pluripotent stem cell- 
derived 6x hepatocytes 

24 Res, LDH 

 

18 HEK 293 human embryonic  
kidney cell line  

(ATCC® CRL-1573™)  
24 Res,  LDH 

UKN6a_control_HEK_viability_24h 

19 U-2 OS human bone osteosarcoma cell 
line (ATCC® HTB-96™) 

24 LUX BDS22a_Tox_RGA_cytotox_act_24h 
20 RPTEC RPTEC/TERT1 cell line  

(ATCC® CRL-4031™)  
24 Cal, Res,  Lac 

MUI1_Renal_RT_96w_RCL_24hb 
VU1a_MitoTox_RT_lactate_24h 

VU1_MitoTox_RT_resazurin_24h 
21 iPSC ren iPSC-derived proximal  

tubule-like cells 
24 Cal, Res,  Lac 

 

22 FET zebrafish embryos 96 Morph,  Dev 
UHEI1_DART_FET_120h 

23 UKN2 neural crest cells (NCC)  
derived from iPSC 

24 Cal,  Migr 
UKN2a_DART_NC_cMIGR_24h 

24 hiPSC neuro hiPSC-derived TD42 neuronal 
cells 

72 ATP BIOT3a_Neuro_iPSN_Viab_72h 
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Supplementary table S2_3 fraction unbound in the test battery in vitro cell systems 
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Supplementary table S3_3. The in vivo effects of the study compounds 

Compound  
Use  

 
Toxicity evidence/ target organ or tissue 

            Liver  
In vitro         in vivo 

           Lung  
In vitro         in vivo 

      Neuronal  
In vitro        in vivo 

          Kidney 
In vitro       in vivo 

           DART 
In vitro        in vivo 

Acrylamide industrial chemical   
                       

(2)                (1) 
                      (3 - 4) 

                      (73-74) 

                    (74 -75) 

Carbaryl pesticide                            (5) 
                          (6) 

  

Clofibrate drug-like       

Colchicine             
  

drug-like                       (64 -68)                     (69 -72) 

Hexachlorophene  drug-like    
                     (1) 
                     (7) 
                     (8) 

                          (8) 

Ibuprofen            
   

drug-like       

Mercury chloride pesticide                          (9)                  (10)  

MPP
+
 drug-like    

(12)                 (11) 
(18)  

(13  -17) 
                  (19) 

  

Paracetamol            drug-like  
                  (20 -22) 

                                      
    

Paraquat pesticide                          (28)                     (23 -26)                       (27) 
                      (28) 

 

PCB 180 industrial chemical                        (29- 39) 

Rifampicin drug-like  
                        (1) 

                    (40-44) 
                  (43-45)  

Rotenone Pesticide     (51)      (46 -50) 
    (3)             (52) 

  

Sulfisoxazole  drug-like       

Taxol drug-like    (3)          (53-55)   

Tebuconazole  pesticide                          (58)                   (57-58) 
Tolbutamide  drug-like       

Triphenyl phosphate industrial chemical   (60)                                             (60-61)           (59) 
Valproic acid drug-like                            (62)                            (63) 

 

(1)Poisindex system; (2) Calleman et al. 1994;(3) Hoetling et al. 2016; (4) Forsby et al. 2007; (5) Lee et al. 2015; 
(6) US.EPA, 2016; (7) Wishart et al. 2006; (8) Kimbrough, 1973; (9) Akyildiz et al. 2012; (10) Dargan et al. 
(2003); (11) Langston et al.1983; (12) Schildknecht et al. 2015; (13) Parker et al. 1998; (14) Schapira et al. 1990a; 
(15) Schapira et al. 1990b; (16) Schapira, 1994; (17) Cunha et al. 2017; (18) Delp et al. 2018a; (19) Breckenridge 
et al.2013; (20) Dolley,1993; (21) Yoon et al. 2016; (22) Sebate et al. 2011; (23) Brooks et al.1999; (24) 
McCormack et al. 2002; (25) Jiao et al. 2012; (26) Czerniczyniec et al. 2011; (27) Asl & Dadashzadeh, 2016; 
(28) Weng et al. 2017; (29) Huisman et al. 1995; (30) Koopman-Esseboem et al. 1996; (31) Patandin et al. 1998; 
(32) Patandin et al. 1999; (33) Fein et al. 1984; (34) Rogan et al 1986; (35) Rogan et al. 1987; (36) Gladen et al. 
1991; (37) Gladen et al.1988; (38) Stewart et al. 2000; (39) Pessah et al.2019; (40) Kun et al. 2017; (41) Bao et 
al. 2018; (42) Ramappa et al. 2013; (43) Covic et al. 1998; (44) Muthukumar et al. 2002; (45) Beebe et al. 2015; 
(46) EFSA, 2017; (47) Betarbet et al. 2000; (48) Betarbet et al. 2006; (49) Barrientos & Moraes, 1999; (50) Okun 
et al. 1999; (51) Krug et al. 2014; (52) Tanner et al. 2011; (53) Valasco & Bruna, 2015; (54) Scripture et al. 2006; 
(55) Cavaleth et al. 1995; (56) Wing et  al. 2017; (57) EFSA, 2014; (58) Moser et al. 2001; (59) Quevedo et al. 
2019; (60) Sirenko et al. 2019; (61) Nyffeler et al. 2017; (62) Chen et al. 2016; (63) Blottere et al. (2019); (64) 
Seiden, 1973; (65) Kuncl et al. 2003; (66) Dasheiff & Ramirez, 1985; (67) Kuncl et al. 1987; (68) Kuncl, 1988; 
(69) Wyrobek & Bruce, 1975; (70) Bruce & Heddle, 1979; (71) Petit & Isaacson, 1976; (72) Finkelstein et al. 
2010; (73) Kolman & clemedson, 2013; (74) Manson et al. 2005; (75) Field et al. 1990 
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Supplementary box 1  

Information about toxicity doses, clinical and/ or toxicity concentration ranges and free 

concentration ranges for the study compounds 

For each study compound, the clinical (as Cmax) and/ or minimal toxicity concentrations were text 

mined from literature and databases. These were defined as the PoD nominal (total drug concentration 

in plasma/ blood). The study compounds were assumed to have a blood to plasma ratio of 1:1. The free 

concentration range (PoD unbound) was then calculated based on the plasma protein binding value of 

the respective compound. In cases where human data was not available, especially for non-therapeutic 

substances, in vivo animal data, data from PBPK modelling, and in vitro toxicity data used to derive the 

relevant PoD. 

 

ACRYLAMIDE 

 

MW: 71.08 g/mol Cas No: 79-06-1 PoD nominal: 315  PoD unbound: 275 µM 

 

The lethal oral dose is in the range 50-500 mg/kg in an adult human with one person reported to have 

committed suicide by ingestion of 400 mg/kg of acrylamide (Calleman, 1996). Plasma concentrations 

have been reported to be up to 3.5 µM (5.46 –log(M)) in 41 workers heavily exposed to acrylamide in 

China (Calleman et al. 1994). Neurotoxic effects in vitro are observed at 250 µM (72 h exposure) or 1 

mM concentrations (24 h exposure) (Hoelting et al .2016).  

In the European setting, the National toxicology program expert panel estimates an occupational 

exposure of an adult 70 Kg person working in an environment processing acrylamide to be 1.4–18.6 

µg/kg bw/day (Manson et al. 2005). Distribution of acrylamide into the foetus from the maternal system 

had been reported in experimental animals (Ikeda et al. 1985). A documented case of human poisoning 

following acrylamide exposure is that of a 48 Kg woman who ingested 18 g (375 mg/Kg.bw) and 

developed CNS effects particularly peripheral neuropathies (Manson et al. 2005). The woman 

developed extra symptoms such as respiratory distress, seizures, gastrointestinal bleeding and liver 

toxicity.  A two-year drinking study in rats reported the NOAEL and LOAEL for neurotoxicity to be 

0.5 and 2 mg/kg.bw/day respectively (HED: 0.08 & 0.32 mg/Kg.bw/day) (Johnson et al. 1986). In a 

developmental toxicity study (rats) reviewed by Manson et al. (2005) pups borne to dams exposure to 

acrylamide at doses as high as 3.82 mg/Kg.bw/day (HED: 0.62 mg/Kg.bw/day) did not present with 

any teratogenic effects at weaning (post-natal day 21) following histopathological examination. In this 

same review, another study was identified to have indicated developmental toxicity of acrylamide to 

pup based on the evidence of reduced body weight. The expert panel of Manson et al. (2005) selected 

a developmental LOAEL of 1.9 mg/Kg.bw/day (HED: 0.3 mg/Kg.bw/day).  In a mouse study by Field 

et al. (1990), litters of exposed dam had significant tissue resorption at a dose of 15 mg/ Kg.bw/day.  
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Excellent predictions of in vivo toxicity from in vitro data in animal studies have shown that there is a 

time-wise increase in the LOEL during a 10, 30, and 90-day studies (Forsby et al. 2007). For comparison 

of a 90-day study with 24 h exposure, we assumed here 90-fold higher PoDs. Therefore, a blood plasma 

concentration of 315 µM (3.50 –log(M)) is considered as nominal PoD for toxicity. The unbound 

fraction in human plasma was predicted to be 0.9 (US-EPA- CompTox) 

 

CARBARYL 

 

MW: 201.22 g/mol Cas No: 63-25-2 

 

PoD nominal: 25.12 µM PoD unbound: 17.33 µM 

 

The Acceptable Daily Intake (ADI) of carbaryl is 0.0075 mg/kg.bw per day (0.525 mg; based on a 70 

Kg person), the Acceptable Operator Exposure Level (AOEL) is 0.01 mg/kg bw per day (0.7 mg; based 

on a 70 Kg person) (EU pesticides database). The toxic plasma concentration in humans has been 

reported to be 25 µM (4.6 –log(M)) (Schulz et al. 2012). A study in rats found that a dose of 30 mg/kg 

(HED: 4.84 mg/Kg.bw/day)  carbaryl resulted in a plasma concentration of approx. 1.5 – 3.5 µg/ml (7.5 

– 17.4 µM; 5.12 – 4.76 –log(M)) 40 min after oral gavage, A study in four humans found that after oral 

administration of 1 mg/kg carbaryl, the mean peak plasma concentration was 0.26 ± 0.14 μg/ml (0.6 – 

2 µM; 6.22 – 5.7 –log(M)) at 30 minutes after exposure (May et al. 1992; US-EPA, 2016). In the rivm 

report (Baars et al. 2001) that evaluated the human toxicological maximum permissible risk levels, 

carbaryl was referenced in animal sub-chronic and chronic studies and reported to have kidney effects 

in dogs with a NOAEL of 1.8 mg/Kg.bw/day (HED: 1 mg/Kg.bw/day) and 2 mg/Kg.bw/day (HED: 

0.32 mg/Kg.bw/day) in rats for thyroid and reproductive toxicity following a one year study in both 

males and females. In a rat developmental toxicity study, a NOAEL of 2 mg/kg.bw/day was reported 

with a maternal LOAEL of 5 mg/kg.bw/day (HED: 0.81 mg/Kg.bw/day). The same reports a controlled 

single dose human trial with 2.8 mg/Kg.bw carbaryl as having resulted in moderate symptoms on 

cholinesterase inhibition while a six week trial with 0.13 mg/Kg.bw/day  resulted in a an increased 

ration of amino acid nitrogen to creatinine in urine although the effect was reversible. No effects were 

recorded at a dose of 0.06 mg/Kg.bw/day in this trial.  

The threshold for toxicity considered here is a PoD nominal of 25 µM (4.6 –log(M)). The threshold 

dose is considered as 0.01 mg/kg.bw/day. 

The unbound fraction of carbaryl in human plasma is 0.69 (US-EPA-CompTox) 
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COLCHICINE 

MW: 399.4 g/mol Cas No: 64-86-8 

 

PoD nominal: 0.006 µM PoD unbound: 0.0028 µM 

The therapeutic daily oral doses of colchicine for acute gouty arthritis are between 0.5-2 mg (Dollery, 

1993) (resulting in a maximum dose of 0.03 mg/kg.bw/day based on a 70 Kg person). It is lethal at 

doses of 8-11 mg (0.11 – 0.16 mg/Kg) (POISINDEX)  

An extensive review of the literature points to no clear distinction between therapeutic, toxic and lethal 

doses (Finkelstein et al. 2010). The customary adult oral doses for familial Mediterranean fever is 1.2–

2.4 mg/day; 1.2 mg/day for acute gout and 0.5–0.6 mg/day for gout prophylaxis all taken three to four 

times a week. In this review, high fatality rates were noted after acute ingestions exceeding 0.5 mg/kg 

with a dose range of 7–26 mg being the lowest reported lethal doses of oral colchicine. 

The maximum therapeutic blood concentration has been reported to be 0.006 µM (8.20 –log(M)) 

(Schulz et al. 2012). This concentration is considered as non-toxic here, as well as a dosage of 0.034 

mg/kg.bw/day. In Sprague-Dawley male rats, an i.p dose of 0.4 or 0.8 mg/kg/day, daily for 2 to 22 days 

(HED: 0.065 – 0.13 mg/Kg.bw/day) resulted in mild to no toxic effects at the lower dose while the 

higher dose induced severe toxic effects (Seiden (1973). This is supported by another study that reports 

chronic weakness and muscular changes at a dose of 0.4 mg/kg/day i.p for 4 weeks (Kuncl et al. 2003). 

A treatment dose of 1.4 to 1.6 mg/kg.bw/day (HED: 0.23 – 0.26 mg/Kg.bw/day), i.p was found to be 

lethal in rats (Markand & D’Agostino, 1971). 

Developmental effects of colchicine on sperm shape have been reported in animal studies such as mice 

at a dose level of 0.6 and 0.75 mg/kg/day, i.p. (HED: 0.05 & 0.06 mg/Kg.bw/day) colchicine over 5 

days. (Wyrobek and Bruce, 1975; Bruce and Heddle, 1979). Similarly, developmental effects in 

progeny are reported when pregnant rats injected with 0.4 mg/kg/day of colchicine on embryonic days 

18, 19, and 20 (Petit & Isaacson, 1976). 

Taking a conservative approach, we assume that any concentration beyond the Cmax may be toxic. 

This is supported by the low therapeutic index of 4. Therefore, a PoD of 6 nM (nominal plasma 

concentration) is assumed. Colchicine has an unbound fraction of 0.44 in human plasma (Wishart et al. 

(2006). 

HEXACHLOROPHENE 

MW: 406.9 g/mol Cas No: 70-30-4 

 

PoD nominal: 2.20 µM PoD unbound: 0.18 µM 

 

The estimated lethal dose in an adult is 2 - 10 g (2 g are equivalent to 28 mg/kg). The minimum lethal 

dose is not well established. In the documented cases of human exposure to hexachlorophene, several 

cases have been singled out and reported (Kimbrough, 1973). Among them is case involving 100 

patients orally exposed to 20 mg/Kg.bw/day of hexachlorophene for different days i.e. 60 patients (OD), 

32 patients (BID), 8 patients (TID). At all these dosages, 66% of patients developed GIT related 
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complications while 7 of the 60 and 32 and all the 8 dosage group patients developed peripheral 

neurotoxic symptoms. 13 of the 60 and 32 and 1 of the 8 dosage group patients developed CNS 

symptoms. In the same summary article, it is reported that an oral dose of 1.1 -2.3 mg/Kgbw/day (HED: 

0.18 - 0.37 mg/Kg.bw/day) did not affect reproduction in rats but a two generational study at a dose of 

5.5 mg/Kg.bw/ day (HED: 0.89 mg/Kg.bw/day) was caused developmental effects.  

The data concerning lethal blood concentrations in adults after acute poisoning are sparse; some 

concentrations in poisoned children are available (Wikipedia). In one fatal poisoning case in an adult, 

blood serum concentration at autopsy was 35 mg/l (86 µM) (DiMaio et al. 1973; Winek et al. 2001).  

However, survival in cases of poisoning has been reported in adults with plasma levels between 23 mg/l 

(56.5 µM or 4.2 -log(M)) and 74mg/l (182 µM or 3.7 -log(M)) (Ellenhorn & Barceloux, 1988). The 

maximum therapeutic blood concentration has been reported as 1.6 µM (5.80 –log(M)) (Schulz et al. 

2012). This concentration is hereby considered to be the no observed effect level (NOEL) and a dose 

of 28 mg/kg is considered toxic. Although reported to have low blood-brain barrier passage (Ekwall et 

al. 1998), in newborns, neurotoxicity may occur following exposure to hexachlorophene because of an 

imperfect BBB. In the newborns, the ranges in blood concentrations are between 0.5µg/ml (1µM or 6 -

log(M)) and 1.6 µg/ml (3.9 µM or 5.4 -log(M)).  Pronounced brain lesions in rats were observed at 

plasma concentrations of 8.5 µg/ml (21 µM or 4.7 -log(M)) (Kimbrough, 1973).  We assume here a 

PoD of 1 µg/ml (2.2 µM or 5.7-log(M)) for neurotoxicity in premature infants. The free fraction of 

hexachlorophene in human plasma is 0.08 (Wishart et al. 2006). 

MERCURY (II) CHLORIDE 

 

MW: 271.52 g/mol Cas No: 7487-94-7 

 

PoD nominal: 0.8 µM  PoD unbound: 0.008 µM 

 

Fatalities arising from exposure to mercury have occurred at doses as low as 0.5 g (7.1 mg/Kgbw/day) 

(POISINDEX®; Ekwall et al. 1998). The blood concentrations of inorganic mercury that have been 

reported to cause death in humans are in the range of 0.4-22 µg/ml (1.5 – 80 µM) (Winek, 1994). The 

mean lethal concentration, based on the data from several handbooks, is 2.6 µg/ml (9.6 µM = 5.02 –

log(M)) (Ekwall et al. 1998). The estimated lethal dose of mercury chloride in a 70 kg adult is 1 to 2 g 

or 14.3 - 28.6 mg/kg.bw. In a review evaluating mercury exposure (Byeong-Jin et al. 2016), they state 

that the ratio of the hair-to-blood mercury concentration set by the WHO is 250–300: 1. Similarly, the 

limit set for the hair mercury by the WHO is recommended to be less than 1 mg/kg although generally, 

hair mercury concentration may not exceed 10 mg/kg. In moderate mercury poisoning, the levels in hair 

range between 200 and 800 mg/kg, while in severe intoxication it may go up to 2400 mg/kg. For 

biomonitoring in case of pregnant mothers, WHO recommends that methylmercury levels in the hair of 

such persons should not exceed 10 ppm (10 mg/Kg) as higher amounts can increase the risk of fetal 
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neurological defects. A PoD for acute lethality would thus be 1.5 µM (corresponds to 0.4 µg/ml; 5.83 -

log(M)). A blood concentration range of 0.05-0.2 µg/ml (0.2 -0.8 µM; 6.7-6.1 log(M)) has been reported 

in a compilation list to be associated with cases of toxicity (Schulz et al. 2012). (Dargan et al. 2003). 

Some studies have proposed that the blood mercury levels that warrant clinical intervention are those 

at or above 0.04 µg/ml (Brodkin et al. 2007). Others recommend clinical intervention in cases of 

symptomatic patients presenting blood mercury levels of 0.1 µg/ml or asymptomatic patients with 0.2 

µg/ml blood mercury (Watson, 2002).  The US federal biological exposure index (BEI) is currently set 

at 0.05 µg/ml urine (Bernhoft, 2012).  

We hereby propose a value of 0.8 µM as the PoD for chronic toxicity bearing in mind the above 

background that there could be asymptomatic cases with this blood concentration (Watson, 2002) but 

also the case of a discharged patient with high blood mercury (Dargan et al. 2003).   

The unbound fraction in human plasma is hereby considered to be 0.01 (Nordlind, 1990).  It needs to 

be noted that mercury binds irreversibly to some biomolecules. This makes determinations of free 

concentrations problematic and it also is a challenge for correlating target site/tissue concentrations, 

plasma concentrations and toxicological potency. 

 

1-METHYL-4-PHENYLPYRIDINIUM (MPP+)  

MW: 297.13 g/mol Cas No: 36913-39-0 

 

PoD nominal: 5µM   PoD unbound: 5µM 

 

To our knowledge, concentrations in human cerebrospinal fluid are not known. Studies in rodents 

showed that after a single dose of MPTP (sufficient to trigger toxicity in mice), the concentration in the 

brain was approx. 5µM (5.29 –log(M)) (Thomas et al. 2012). Chronic exposure of rats (20–30 mg/kg 

infusion, HED: 3.2 – 4.84 mg/Kg.bw/day) lead to MPP+ concentrations of 12 - 47 µM (4.92 – 4.33 

log(M)) in the brains (Thomas et al. 2012; Betarbet et al. 2000 & 2006; Fornai et al. 2005). 

Concentration data on MPP+ in body fluids is problematic as the compound is highly accumulated in 

cells due to transport and metabolism (Schildknecht et al. 2015). A concentration of 5.2 µM (5.29 –

log(M)) and a dosage of 20 mg/kg (depending on data from rodents) was considered toxic here (PoD 

nominal).  This agrees well with the toxicity threshold for human or mouse dopaminergic neuronal 

cultures (Schildknecht et al. 2015). Since there is no information on the free fraction of MPP+ in human 

plasma, the free fraction was predicted to be 1.0, taking the standard plasma volume fractions of albumin 

and neutral lipids (Kisitu et al. 2020). 

PARACETAMOL 

MW: 151.2 g/mol Cas No: 103-90-2 

 

PoD nominal: 660 µM  

  

PoD unbound: 495 µM 

The maximal therapeutic dose of acetaminophen in adults is 4 g/day (57 mg/kg.bw/day based on a 70 

Kg person). The minimum lethal dose in adults is 5-15 g (71 -210 mg/Kgbw); the acute lethal dose 
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ranges from 13 to 25 g (190 -360 mg/Kgbw) (Winek, 1994). Liver injury is associated with a dose as 

low as 107 mg/kg or 7.5 grams (Dollery, 1993). The maximum therapeutic blood concentration is 130 

µM (3.88 –log(M)) (Sabaté et al. 2011). Another source reports a maximum therapeutic plasma 

concentration of 165µM (3.78 –log(M)) (Schulz et al. 2012). A concentration of 132 µM, as well as a 

dosage of 57 mg/kg, is considered safe here. Plasma concentrations associated with toxic effects have 

been reported to be 660 µM (3.2 –log(M) or higher (Schulz et al. 2012). Lethal plasma concentrations 

have been reported to be 1050 µM (2.98 -log(M)) (Schulz et al. 2012; Winek, 1994).  The plasma free 

fraction of acetaminophen is in the range of 0.75 -0.90 (Wishart et al. (2006). We take the nominal PoD 

of acetaminophen in this study to be 660 µM.  

PARAQUAT 

MW: 257.16 g/mol Cas No: 1910-42-5 

 

PoD nominal: 0.27 µM 

   

PoD unbound: 0.27µM 

 

Neurotoxicity in vivo has been reported in mice administered paraquat i.p, as three divided doses of 5 

mg/kg body weight for three weeks with a one-week interval between doses (i.e. 0.71mg/Kgbw/day or 

HED: 0.06 mg/Kg.bw/day). (Brooks et al. 1999). Other studies have reported a similar finding for the 

same species at the same dosage or slightly lower (1 mg/Kg body weight) (McCormack et al. 2002). 

Neurotoxicity effects in rats have been reported following i.p administration of 10 mg/Kg body 

paraquat, weekly for one month i.e. 1.43 mg/Kgbw/day or HED: 0.23 mg/Kg.bw/day (Czerniczyniec et 

al. 2011).  

Paraquat ion at a dose of 20-40 mg/kg.bw in humans results in death in most cases while doses lower 

than this have organ effects but in most cases followed by recovery (POISINDEX®). The mean lethal 

dose considered based on data from several sources is 2.5 g or 36 mg/Kg.bw based on a 70 Kg person 

(Ekwall et al. 1998). Kidney and lung damage is associated with blood concentrations in the range of 

4.6 - 4.9 µg/ml (18 and 19 µM) (Weng et al. 2017). However, a review article by Baselt et al. (1995) 

reported that plasma concentrations exceeding 0.2 µg/ml (0.78 µM) are usually associated with 

unfavourable prognosis A compilation of forensic data by Winek et al. (2001) reports paraquat to be 

toxic at blood concentrations in the range 0.6 - 3.2 µg/ml (3.2 – 17.2 µM; 5.5- 4.8 -log(M)). Blood 

concentrations as high as 55 -58.3 µM are associated with a lethal outcome (Baselt et al. 1995; Winek 

et al. 2001; Vaziri et al. 1979). The review study by Schulz et al. (2012) suggests a paraquat blood 

concentration of 0.27 µM (6.6 –log(M)) as toxic and 0.64 µM (6.2 –log(M)) as lethal while toxic brain 

concentrations are in the range 3-10 µM (Ockleford et al. 2017). Taking a conservative approach, we 

define a blood concentration of 0.27 µM (6.6 –log(M)) as well as a dosage of 20 mg/kg as the toxicity 

threshold. Paraquat has been reported not to be bound to plasma proteins (Houzé et al.  1990; Ekwall 

et al. 1998) and the fraction considered to be free here is 1.0. 
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PCB 180 

MW: 395.32 g/mol Cas No: 35065-29-3 

 

PoD nominal: 0.008 µM 

   

PoD unbound: 0.08 nM 

 

In the 1980s, the US mean total PCB blood levels were generally between 4 - 8 ng/ml (11 – 22 nM, 

taking an average molecular weight of 356.85 g/mol), with 95% of the individuals having levels below 

20 ng/ml (56 nM) (Kreiss, (1985). A study by the German Environment Agency (Umweltbundesamt, 

UBA) found plasma concentrations of PCB 180 of 0.08 – 0.52 µg/l (0.2 – 1.3 nM; 9.7 – 8.9 –log(M)) 

measured between 1995 and 2010 in students (https://www.umweltprobenbank.de).   

A 1990’s study in the Netherlands in pregnant mothers found a mean PCB (PCB congeners 118, 138, 

153, and 180) maternal blood concentration of 2.25 ng/ml (6.3 nM = 8.2 –log(M)) (Huisman et al. 1995; 

Koopman-Esseboom et al. 1996).  Lower birth weight is reported in infants exposed to cord plasma 

concentrations of 0.80 µg/l (2.2nM = 8.65 –log(M)) compared to 0.20 µg/l (0.56 nM = 9.25 –log(M)) 

of PCB levels (Patandin et al. 1998). 

Differences in IQ have been observed between infants exposed to high maternal plasma PCBs (PCB 

congeners 118, 138, 153, and 180) of > 3 µg/l (8.4 nM = 8.1 –log(M)) compared to those exposed to < 

1.5 µg/l (< 4.2 nM = < 8.4 –log(M)) (Patandin et al. 1999).  

In a developmental study in rats (Lilienthal et al. 2011), dam (and pup) exposed to a dose of 250 

mg/Kg.bw/day had reduced body weight at PND0. There was also an increased neonatal mortality at 

doses of 75 and 250 mg/Kg.bw/day (HED: 12 & 40 mg Kg.bw/day) and although developmental 

markers were not affected, there was a delay in sexual development. Effects on the auditory system 

were also observed in the females at the 250 mg/Kg.bw/day dose group (HED: 40 mg Kg.bw/day). In 

a follow-up study published by Viluksela et al. (2012), the observed neurobehavioural effects included 

altered open field behaviour in adult females, impaired auditory function in male and female offspring 

and altered sexually dimorphic behaviour in female offspring. 

We chose here a threshold concentration of 8.7 –log(M) based on the study of Patandin et al. (1999). It 

needs to be considered, that average maternal plasma concentrations, here 8 nM,  of such a hydrophobic 

compound only gives a rough orientation on target site data i.e. target site concentration in a membrane 

or other hydrophobic tissue might be slightly higher. The plasma free fraction of PCB180 considered 

in this study is 0.01 (Brown& Lawton, 1984).  

RIFAMPICIN 

MW: 822.94 g/mol Cas No: 13292-46-1 

 

PoD nominal: 12.0 µM 

  

PoD unbound: 1.34 µM 

 

An acute overdose of 10 g (143 mg/kg.bw, taking a 70 Kg person) rifampicin in adults will usually 

cause adverse effects (POISINDEX®).  The typical average therapeutic rifampicin oral dose for adults 
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is 600 mg once daily (8.6 mg/Kg.bw/day) while following a single (10 mg/kg) dose, the peak plasma 

levels range from 7 to 12µg/ml (8.5 µM – 14.6 µM). In a reported case of overdose with 12 g rifampicin 

by an adult, the plasma level was 400 µg/ml (490 µM) at 12hrs after ingestion of (Dollery, 1993). 

Plasma concentrations of 12 µM (4.92 –log(M)) and 67 µM (4.2 –log(M)) has been reported to be the 

maximum therapeutic blood concentration and concentration associated with acute toxic effects 

respectively (Schulz et al. 2012). 

A nominal PoD of 12 µM is used here assuming that normal use of the drug can lead to organ toxicity, 

at least in sensitive subjects (e.g. alcohol abuse and certain genetic variants). The free plasma fraction 

of rifampicin is hereby considered to be 0.11 (Wishart et al. 2006). 

ROTENONE 

MW: 394.42 g/mol Cas No: 83-79-4 

 

PoD nominal: 1.5 µM  PoD unbound: 30 nM 

 

To our knowledge, the concentrations of rotenone have been only analyzed in one case, where it was 

detected at 4 ng/ml (8.0 –log (M)) in the blood and 0.55 ng/ml (8.86 –log (M)) in the plasma in 

antemortem samples (Patel et al. 2011). A dose of 143 mg/kg has been reported to be lethal in a child 

(WHO, 1992) while another source reports mean lethal doses of 300 - 500 mg/kg (Gosselin et al. 1984). 

Rotenone at a dose (2 mg/Kgbw/day subcutaneously; HED: 0.32 mg/kgbw/day) not assumed to cause 

cell death in rats results in transcriptional changes some of the changes being idiosyncratic to 

dopaminergic neurons (Meurers et al. 2009). Effects on TH+ neurones in the substantia nigra per 

compacta in mice have been reported at doses > 5 mg/Kgbw/day (HED: 0.41 mg/Kgbw/day) 

with neurotoxic effects being obvious at a dose of 10 mg/Kgbw/day (HED: 0.82 mg/Kgbw/day) 

(Inden et al. 2007). Here, a dose of 5 mg/Kgbw/day (HED: 0.41 mg/Kgbw/day) may be taken 

to be a NOAEL.  

Rotenone brain concentrations of 20–30 nM (7.70 – 7.52 –log (M)), have been reported following a 2 

days exposure of rats to 2 mg/kg. (EFSA, 2017; Betarbet et al. 2000). We select here 7.5 –log (M) as 

toxicity threshold (assuming it as the PoD unbound). The respective nominal plasma PoD of 1.5 µM 

was reverse calculated from this cerebrospinal fluid free concentration. The concentration correlates 

with the developmental toxic concentration of 40 nM in an insect model (Bergmann et al. 2019). The 

unbound fraction of rotenone in human plasma is considered to be 0.02 (US-EPA-CompTox). 

TAXOL 

MW: 853.92 g/mol Cas No: 33069-62-4 

 

PoD nominal: 1.17 µM

  

PoD unbound: 0.02 µM 

 

Taxol is usually administered intravenously at doses of 175 mg/m2 (roughly 331 mg total dose or 4.73 

mg/Kgbw). An average Cmax of 1.2 µM (5.93 –log (M)) is reported in the plasma of cancer patients 
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undergoing treatment (Schulz et al. 2012). This plasma concentration is considered non-toxic, as well 

as the dose of 4.73 mg/kg. Only 2 % of taxol exits as an unbound drug in plasma (Wishart et al. 2006). 

Toxicity to the nervous system is reported in the concentration range of 10 – 100 nM range (Hoelting 

et al. 2016; Wing et al. 2017. Here a free concentration of 20 nM, (twice the minimal concentration 

causing neurotoxicity) corresponding to about 1 µM plasma concentrations is assumed as toxicity 

threshold.  

TEBUCONAZOLE 

MW: 307.82 g/mol Cas No: 107534-96-3 

 

PoD nominal: 3 µM  PoD unbound: 0.21 µM 

 

 

According to the classification, labelling and harmonisation report (CLH Report, 2008), tebuconazole 

should be classified as Acute Tox Category 4 (practically non-toxic and not an irritant) because the 

LD50 (Acute Toxicity Estimate (ATE)) is 300 < ATE ≤ 2000 (oral, mg/kg.bw). In the same report, 

according to regulation 67/548/EEC, tebuconazole should be classified as Xn (R22, harmful if 

swallowed) because the oral LD50 (for rats: 1400 mg/kg.bw) is 200 < LD50 ≤ 2000 mg/kg.bw. 

According to EFSA (2014), tebuconazole is suspected causing damage to the unborn child based on 

developmental toxicity NOAELs of 10, 30 and 100 mg/kg.bw per day in rats, rabbits and mice 

respectively (maternal) while for pups, the developmental NOAELs are 30 (HED: 4.34) and 10 (HED: 

3.2) mg/Kg.bw per day for rats and rabbits with the LOAEL in mice being 10 mg/Kg.bw per day (HED: 

0.81mg/Kg.bw per day)   

In a rat two-generational study (Moser et al. 2001), a maternal dose of 60 mg/kg.bw/day (HED: 9.7 

mg/Kgbw/day) administered from gestational day 14 to postnatal day (PND) 7 (for 2 weeks), resulted 

in a plasma concentration of 1.0 µg/ml (3.3 μM; 5.5 -log (M)) with some developmental effects in the 

pups. We assume here that the concentration in pups leading to adverse effects was similar to the 

maternal plasma concentration (3 µM). 

According to a report by the Danish EPA, the mean intake of tebuconazole among fruit and vegetable 

consumers in Denmark is 0.013 μg/ kg.bw/day (Petersen et al. 2013). Exposure of consumers that eat 

more than 550 g/day of fruit and vegetable is assumed to be the double of the exposure of an average 

consumer according to the report i.e. 0.026 μg/kg.bw/day. According to a PBTK model by Jonsdottir et 

al. (2016), this would result in the amount of tebuconazole in the body to be about 0.001 μmol after 9 

days of repeated exposure and the simulated blood concentration would be lower than 0.01 nM. The 

same study suggested, that a dietary dose equal to the ADI of tebuconazole (i.e., 0.03 mg/kg.bw/day) 

resulted in a peak level of tebuconazole in the body of 1.0 μmol after 20 days of repeated exposure. 

This level would in most cases result in a blood level slightly lower than the concentration leading to 

developmental neurotoxicity, but no other toxicities. Based on the rat study, and the assumptions linked 

to it (maternal –foetal distribution of the drug), we suggest here a PoD of 3 µM. 

The fraction of tebuconazole unbound in human plasma is reported to be 0.07 (US-EPA-CompTox). 
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TRIPHENYL PHOSPHATE 

MW: 326.28 g/mol Cas No: 115-86-6 

 

PoD nominal: 2000 µM

  

PoD unbound: 20 µM 

 

 

A study in which 99 non-occupationally exposed adults were examined for blood triphenylphosphate 

in China reported average plasma concentrations of 9.5 nM (8.02 -log (M)) (Ya et al. 2019).  As 

available human data are sparse and no reliable dose is described, risk assessment relies on animal 

studies. From animal studies, the oral LD50 of TPP has been estimated to be >6.4 g/kg in rats (HED: > 

1032 mg/Kg.bw/day) and >2.0 g/kg in chicken. TPP doses ranging from 0.5 to 2 g/kg were well 

tolerated by rabbits (HED: 160 – 645 mg/Kg.bw/day) after intramuscular injection and by chicken after 

oral administration. In this study, chicken fed 5 g/kg TPP (HED: 806 mg/kg.bw/day) for 35-days 

exhibited toxicity of the liver (Sutton et al. 1960).  However, no teratogenic effects were reported in 

rats at doses up to 690 mg/kg body weight TPP.  No regulatory reproduction studies have been reported 

[1].  

In the aquatic environment, zebrafish embryotoxicity is reported for concentrations of TPP > 60 µM   

(Quevedo et al. 2019) but fish were hypoactive at concentrations of TPP in water as low as 1 µM. A 

study examining effects on the Ca2+ oscillations in human microsphere found effects at 15 µM (Sirenko 

et al. 2019). An in vitro study focusing on neural toxicity did not report effects at concentrations up to 

20 µM (Delp et al. 2018a), but another which looked at the migration of neural crest cells reported 

disturbed migration at concentrations as low as 10 µM, with clear effects observed at 20 µM (Nyffeler 

et al. 2017). Altogether, these data suggest that TPP is non-toxic up to concentrations of 10 µM. 

Concentrations of 10 – 100 µM may be associated with developmental and neurotoxicity, as observed 

for several other flame retardants. Here, a threshold concentration (unbound drug) of 20 µM is assumed, 

with toxicity targets mainly in the neuronal system and during development. The free plasma fraction 

of TPP has been reported to be 0.01 (US-EPA-CompTox).  

VALPROIC ACID 

MW: 166.19 g/mol Cas No: 1069-66-5 

 

PoD nominal: 600 µM PoD unbound: 493 µM 

 

 

Dosages of VPA up to 60 mg/kg/day are usually tolerated (AHFS, 2013) and considered non-toxic here. 

Some reviews have indicated the Cmax for clinical doses to be around 603 µM (3.22 –log (M)) (Winek 

et al. 2001) others have raised it to 903 µM (3.04 –log (M) (Schulz et al. 2012).  A plasma concentration 

of 600 µM is considered here as toxic.  The human plasma free fraction of VPA is reported as 0.82 

(Wishart et al. (2006). 
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CLOFIBRATE 

MW: 242.7 g/mol Cas No: 637-07-0 

 

PoD nominal: 1030.08 µM PoD unbound: 51.50 µM 

 

 

The usual dose for clofibrate in adults is 2 g per day (28 mg/kg taking a 70 kg person). One review 

source has indicated the Cmax for clinical doses to be 1030 µM (2.99 –log (M)) (Schulz et al. 2012) 

while another (Winek et al. 2001) reports 500 µM (3.33 –log (M)) A blood plasma concentration of 

1030 µM (2.99 –log (M)) was considered here to be non-toxic, as well as a dosage of 28 mg/kg.bw/day. 

The unbound fraction of clofibrate in human plasma has been indicated to be 0.05 (Wishart et al. (2006). 

IBUPROFEN 

MW: 206.29 g/mol Cas No: 15687-27-1 

 

PoD nominal: 237 µM  PoD unbound: 2.40 µM 

 

 

Ibuprofen is generally well-tolerated at doses of 400 mg, but also at higher (800 mg) doses. Maximum 

dose in adults is 3200 mg/day upon prescription (equivalent to 45 mg/kg.bw/day, based on a 70 Kg 

person). The Cmax for the normal clinical dose is 237 µM (3.62 –log (M)) (Winek et al. 2001). A 

published review article (Schulz et al. 2012) has reported that toxic effect may occur at 1000 µM (3.0 -

log (M)) and fatality at 1700 µM (2.77 -log (M)). Here a plasma concentration of ≤ 237 µM (≤ 3.62 –

log (M) is considered safe, as well as a dose of 45 mg/kg.bw/day. The unbound fraction of ibuprofen in 

human plasma is reported to be 0.01 (Wishart et al. 2006). 

 

SULFISOXAZOLE 

MW: 267.3 g/mol Cas No: 127-69-5 

 

PoD nominal: 374.11 µM

  

PoD unbound: 56.12 µM 

 

 

Sulfisoxazole is generally well tolerated at the adult dose of 8 g/day, taken for days up to months (114 

mg/kg/day for a 70 Kg person). The Cmax for the normal clinical dose is 374 µM (3.43 –log (M)) 

(Schulz et al. 2012; Winek et al. 2001). Here, a plasma concentration of 374 µM is considered to be 

non-toxic, as well as a dosage of 114mg/kg.bw/day. The fraction unbound for sulfisoxazole in human 

plasma is 0.15 (Drug.com).  

TOLBUTAMIDE 

MW: 270.35 g/mol Cas No: 64-77-7 

 

PoD nominal: 370 µM   PoD unbound: 18.5 µM 

 

 

Tolbutamide has a maximum dose for adults of 3 g per day (equivalent to 42.9 mg/kg/day for a 70 Kg 

person). The Cmax for the normal clinical dose is 370 µM (3.43 –log (M)) (Schulz et al. 2012). Even 
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concentrations > 400 µM might be safe, but data on this are lacking. The unbound fraction in human 

plasma is 5 % (0.05) (Wishart et al. 2006).  The lethal blood plasma concentration has been reported to 

be 2.3 mM (2.63 –log (M)) (Winek et al. 2001). A concentration of 3.43 –log (M) is considered here as 

safe and non-toxic, corresponding to a dose of about 43 mg/kg.bw/day.  

 

Supplementary table S4_3. In vivo therapeutic and toxic doses of the study compounds  

Compound 
In vivo dose 

(mg/Kgbw.day) 
Type  Comment  

Acy 0.3 LOAEL HED derived from a rat study (Manson et al. 2005) 

Carb 0.06 NOAEL 
Derived from a human trial of carbaryl toxicity 

(Baars et al. 2001) 

CF 28 Therapeutic Human therapeutic dose 

Col 0.034 Therapeutic Human therapeutic dose (Dolley, 1993) 

Hex 0.89 LOAEL  
HED derived form rat DART study (Kimbrough, 

1973) 

HgCl2 7.1 Fatal Human fatal dose (POISINDEX, 2005) 

Ibu 45 Therapeutic Human therapeutic dose 

MPP 3.2 Toxic dose 
HED derived from rat study (Thomas et al.. 1998; 

Baterbet et al. 2000) 

AAP 57 Therapeutic Human therapeutic dose (Winek, 1994) 

PQ 20 Lethal dose Human lethal dose (POISINDEX, 2005) 

PCB 12 LOAEL HED derived from rat study (Lilienthal et al. 2011) 

Rif 8.6 Therapeutic  Human therapeutic dose (POISINDEX, 2005) 

Rot 0.82 Toxic dose 
HED derived from mouse neurotoxicity  study 

(Inden et al. 2007) 

Sux 114 Therapeutic Human therapeutic dose 

Tax 4.73 Therapeutic  Human therapeutic dose 

Teb 9.7 LOAEL 
HED derived from a 2 generation rat DART study 

(Moser et al.2001) 

Tol 43 Therapeutic  Human therapeutic dose 

TPP 645 NOAEL HED derived from rabbit study (Sutton et al. 1960) 

VPA 60 Therapeutic  Human therapeutic dose (AHFS, 2013) 
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Supplementary box 2 

Equations used for reverse dosimetry  

The models for the following toxicokinetic predictions were built using R programming 

language v3.6.2. 

Definition of terms and Units 

CLint,in vitro - In vitro hepatocyte stability; µl/min/106 heps 
fu,hep – fraction unbound in hepatocyte in vitro incubation 

Liver weight – LW; g 

HPGL – million hepatocytes per gram liver 

CLint,hep – intrinsic hepatic clearance; L/h 

CLH,b – total hepatic clearance in whole blood; L/h 

CLH,p – total hepatic clearance in plasma; L/h 

QH – total hepatic blood flow; L/h 

fu,b – fraction unbound in whole blood; dimensionless 

fu – fraction unbound in human plasma; dimensionless (if value unavailable predicted using 
model in Simcyp PBPK simulator) 

BP – blood to plasma ratio; dimensionless (if value unavailable predicted using model in 
Simcyp PBPK simulator) 

Css – steady-state plasma concentration; µM 

Cu,in vitro – effective unbound concentration in vitro; µM 

F – oral bioavailability; dimensionless 

fa – fraction oral dose absorbed; dimensionless 

Fg – fraction absorbed dose surviving first-pass metabolism in the gut enterocyte 

FH – fraction surviving first-pass metabolism in the liver 

τ – dosing interval; h (assumed to be 24 h here) 

CL – systemic clearance in plasma; L/h 

ke – first-order elimination rate constant; h-1 

ka - first-order absorption rate constant; h-1 

Vss – steady-state volume of distribution; L/kg (predicted using method 3 (Fisher et al, 2019) 
in Simcyp v18r2) 

BW – body weight; kg (taken as 81 kg; population representative BW in Simcyp v18r2) 

GFR – glomerular filtration rate (scaled to L/h based on Simcyp v18r2). 
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Compound identification and input information for the prediction of oral equivalent doses 

 

Compound CAS No.  MW PSA HBD ka fa BP Vss CLint_hep fu_hep CLHp FH CLR CL fu Species  

Acy 79-06-1 71.08 43.09 1 2.19861 0.993397 0.71 0.46 0 0 
 

1 7.8822 7.8822 0.87 human 

Carb 63-25-2  201.22 38.33 1 2.480323 0.995767 0.85 9.31 27.27 0.8525 61.41555 0.200384 6.2514 61.41555 0.69 human 

CF 637-07-0  242.7 35.53 0 5.050195 0.999813 0.56 2.29 868 0.6353 49.27304 0.038233 0.453 49.27304 0.05 human 

Col 64-86-8  399.44 83.09 1 0.798267 0.895477 0.8685 0.6 0.698 0.9316 3.846571 0.949326 3.9864 3.846571 0.44 human 

Hex 70-30-4 406.9 40.46 1 2.350056 0.994819 0.81 32177.15 0 0.117 0 1 0.7248 0.7248 0.08 human 

HgCl2 7487-94-7  271.5 0 0 12.42047 0.999999 0.61 0.17 0 0 
 

1 1.1778 1.1778 0.13 human 

Ibu 15687-27-1  206.28 37.3 1 2.545881 0.996169 0.55 0.095 9.517 0.499 2.234483 0.916557 0.0906 2.234483 0.01 human 

MPP 36913-39-0 297.13 3.88 0 11.25792 0.999998 0.62 0.5 0 0 
 

1 9.06 9.06 1 human 

AAP 103-90-2 151.16 49.33 2 0.989711 0.933237 1 0.75 1.014 0.9491 8.881929 0.900412 6.795 8.881929 0.75 human 

PQ 1910-42-5 257.16 7.76 0 10.20418 0.999996 0.55 0.49 0 0  1 9.06 9.06 1 human 

PCB 35065-29-3 395.32 0 0 12.42047 0.999999 6.04 23154.3 0 0  1 0.0906 0.0906 0.01 rat 

Rif 13292-46-1 822.94 220.15 6 0.00101 0.003367 0.7096 1.55 0 0.6524 0 1 0.9966 0.9966 0.11 human 

Rot 83-79-4 394.42 63.22 0 2.504484 0.995921 0.6402 0.44 20.92 0.45 9.567709 0.702836 0.1812 9.567709 0.02 human 

Sux 127-69-5  267.3 106.6 1 0.440087 0.736523 0.55 0.12 0 0  1 1.359 1.359 0.15 human 

Tax 33069-62-4 853.92 221.29 4 0.003531 0.011711 0.7 1.92 0 0  1 0.1812 0.1812 0.02 human 

Teb 107534-96-3  307.82 50.94 1 1.80218 0.986995 0.6738 6.44 5.278 0.5641 7.115861 0.815831 0.6342 7.115861 0.07 human 

Tol 64-77-7 270.35 83.65 1 0.787024 0.892591 0.6402 0.11 20.92 0.45 19.29324 0.48614 0.453 19.29324 0.05 human 

TPP 115-86-6  326.28 54.57 0 3.117943 0.998301 0.6178 239.13 26.44 0.2435 10.0967 0.534773 0.083352 10.0967 0.0092 human 

VPA 1069-66-5  166.19 37.3 1 2.545881 0.996169 0.55 0.28 0 0 
 

1 7.4292 7.4292 0.82 human 
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Intrinsic hepatic clearance  

The first step here was to scale the in vitro hepatic stability to the full liver extraction using equation 

(1) below:  

                    𝐶𝐿 , = ,  

,
× 𝐿𝑊 × 𝐻𝑃𝐺𝐿 × 10 × 60                     Eqn (1) 

The values of CLint, in vitro, fu, hep, LW and HPGL were extracted from the httk R package. This 

information was available for nine of the study compounds (see table above). The values for 

LW and HPGL used were 1561g and 1.1 X108 cell/g liver respectively. In this approach, the 

rate of compound exchange (uptake and release) by the hepatocytes is assumed to be due to 

passive diffusion and that only free (unbound) compound can be metabolised. In equation (1), 

the value for the uptake term is assumed to be 1. 

The other terms 10-6 and 60 in the equation are included to convert the µl/minute to L/h, the 

units of CLint, hep.  

Total hepatic clearance in plasma; (CLH,p in L/h) 

Total clearance that can be attributed to the liver was predicted using the well-stirred model equation 

enlisted here as equation (2).  

                                 𝐶𝐿 , =
∙ , ∙ ,

, ∙ ,
                                         Eqn (2) 

The unbound fraction of compound in blood is related to the plasma free fraction by the 

blood: plasma ratio i.e.                                𝑓 , =  

 

Such that the total clearance from plasma can be calcuated as shown in equation (3) below: 

                                          𝐶𝐿 , = 𝐶𝐿 , ∙ 𝐵𝑃                                                            Eqn (3) 

Systemic clearance in plasma; (CL, L/h) 

The data on the hepatic clearance of the compounds was not available for all compounds. A decision 

criteria was taken not to underestimate the toxicity risk especially in the calculation of oral equivalent 

doses. For compounds with in vitro hepatocyte stability data and the total hepatic clearance could 

therefore be predicted, the total clearance was assumed to equal to the total hepatic clearance. For 

compounds without in vitro hepatocyte stability data, the total clearance was predicted from the 

glomerula filtration rate and the plasma free fraction (Ballard et al. 2012) using equation (4) below:  

                                                   𝑖𝑓 𝐶𝐿 , ≠ 0, 𝐶𝐿 = 𝐶𝐿 ,  

𝑒𝑙𝑠𝑒  

                                                    𝐶𝐿 = 𝐺𝐹𝑅 ∙ 𝑓                                                             Eqn (4) 
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Administered oral equivalent dose (AED) 

The in vitro free concentration of the tested compounds was used to derive an in vivo oral equivalent 

dose, assuming the exposure of such a compound. We adopted here a less conservative approach by 

assuming the effective in vitro benchmark free concentration (BMC15, Cu, in vitro) to be equivalent to the 

in vivo plasma steady state concentration (Css). The oral equivalent dose was back-calculated from the 

plasma steady state concentration by re-arranging equation (5), with the necessary assumptions as 

shown in equation (6): 

                                          𝐶 =
∙

∙
                                Eqn (5) 

𝐶 =  𝐶 ,   

Normalising the steady state concentration to the plasma free freaction (fu) to insinuate the 

original total concentration of compound, the oral equivalent dose (in micromoles) following 

a single dose on a particular day (τ = 24 hrs) can be predicted as: 

  

                                            𝐷 =
,  ∙ ∙

                                               Eqn (6) 

 

The biovailability of a compound (F) following oral adminsitration is dependent on whether a 

compound is absorbed into the gut wall (fa), escaped metabolism while in the gut walls (Fg) 

and is not completely metabolised by the liver (FH). 

𝐹 = 𝑓 ∙ 𝐹 ∙ 𝐹  

In this study, we assumed absence of gut wall metabolism (Fg =1). The fraction of oral (Fa) 

substance absorbed was calculated as proposed by Yu and Amidon (1999) using the equation 

below; 

                                  𝐹 = 1 − (1 + 0.54𝑃 )                                          Eqn. (7) 

Where; 

P eff: the effective membrane permeability. This was predicted as proposed by 

Winwater et al. (1998) using the equation below; 

 
                         𝐿𝑜𝑔𝑃 = −2.607 − 0.011𝑃𝑆𝐴 − 0.287𝐻𝐵𝐷              Eqn. (8) 

The compound parameters of polar surface area (PSA) and the number of hydrogen bond 

donors (HBD) were predicted using ChemAxon software v17.1.23.0, considering all atoms 

present in the molecule as contributing to the polar surface area (PSA).  
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The values for the hepatic bioavailability (FH) were predicted as proposed by Rowland et al. 
(2011) as shown below; 

         𝐹 =
,

                                                                Eqn. (9) 

 

The predicted AED (D) in micromoles were converted to the mg dose and normalized to a standard 

adult body weight of 70 Kg as to generate daily equivalent doses in mg/Kg.bw/day.  
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4. Overarching discussion  

4.1.  Delineating concentration and dose 

In this study, we tried to distinguish between dose and concentration whereby we referred 

to the former as the total amount of substance added to a system usually expressed as weight 

in milligrams. We defined concentration as the amount normalised to the system with 

common units such as mg/litter, moles/ litre. From the second chapter (Kisitu et al. 2019, 

manuscript #1), it was emphasised that for the unambiguous definition of concentration, 

system information to which a substance is added must be provided.  In most cases in vitro, 

concentration and dose cannot be interchanged.  

4.1.1. Interchanging between concentration and dose 

In the in vivo situation following administration of a substance, the plasma concentration will 

rise and the maximum concentration reported i.e. the Cmax can be used to derive many other 

pharmacokinetic properties of the substance. However, over time, this concentration decreases 

as the drug distributes throughout the body and ultimately achieves a steady-state between the 

central compartment (blood) and the peripheral compartments. This depends on the extent and 

tissue types where a drug distributes. For compounds that distribute in tissues such as those 

with a high-fat content or those compounds that bind specific biomolecules, their amounts 

when measured are expressed as normalised doses such mg per gram fat. The accumulation of 

some compounds such as lead or mercury or cadmium in fingernails and human hair (Michalak 

et al. 2014; Fergusson et al. 1981; Akyildiz et al. 2012; Hayashi et al. 1993) makes their bodily 

assessment based on the concentration in blood or other body fluids uncertain. Similarly, 

certain substances such as cyclosporine and methylmercury accumulate several folds into cells 

(Zimmer et al. 2011; Wilmes et al. 2012) and could be expressed as µmoles per milligram cell 

(Doskey et al. 2015). This phenomenon represents a transition from a dose to a concentration 

and back to a dose. In reverse dosimetry, the unbound effect concentration of a substance in 

vitro. (taken to be the bioavailable concentration) is considered to be equivalent to the unbound 

steady-state plasma concentration of the same substance in vivo. (Wambaugh et al. 2018). This 

approach was applied in this study to extrapolate the in vitro. PoDs from the test battery after 

testing 19 compounds to an administered oral equivalent dose. In the in vitro. situation, any 

attempts to determine the amount of substance that is absorbed into or adsorbed onto the culture 

plate involves the re-extraction of the substance into an organic solvent to determine the 

concentration present in the extract and ultimately extrapolate it back to the culture plate in 

which case the amount may be expressed as normalised to the surface area of the plate or the 
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mass of the material e.g.  mgKg-1
polystyrene (Gavara et al. 1996; Jenke et al. 1991; Fischer et al. 

2018). The analogy of this is the expression of the dose for chemotherapeutic agents in amounts 

per body tissue surface area (mg/m2). The American FDA proposed an approach for the 

interconversion between doses in mg/m2 to mg/Kg of body weight and vice versa (CDER, 

2005). The phenomenon of interconverting between concentration in vitro is also demonstrated 

when one tries to determine the amount of volatile organic substance that evaporated from the 

in vitro culture system. Once determined, the substance will be expressed to be present in the 

headspace using units such as parts per million (ppm) or parts per billion (ppb), a unit that can 

be shared by both concentration and a normalised dose (Sponring et al. 2010; manuscript #1). 

4.1.2. Total concentration or nominal concentration in vivo/ in vitro 

As discussed above, the accumulation of certain substances in the body warrants that the 

determination of their total body burden is not restricted to blood and other body fluids. Drugs 

and chemicals will accumulate in the fat-rich tissues, in bony tissue, hair and nails. Regarding 

blood as the common matrix in which the body burden of the active substance is presumed to 

be stationed, a chemical of interest will distribute between the red blood cells, bind hormones 

and other proteins in addition to binding to the traditional plasma drug biding proteins albumin, 

alpha-1-acid glycoprotein and lipoproteins (Zhang et al. 2012). There is a clear distinction in 

the distribution of substances between blood and plasma and this is normally referred to as the 

blood to plasma ratio of the substance (Uchimura et al. 2010; Berezhkovskiy et al. 2011). 

Perhaps the term nominal concentration may not be appropriate for use in the in vivo. situation 

but rather total concentration to reflect the amount present in all body fluids or total body 

amount to include the proportions present in all tissues including the fatty tissue, bone, hair and 

nails. Expressing concentration in the body may be further complicated by the lack of adequate 

understanding of the complete distribution of a particular substance within the body organs/ 

compartments.  

The situation in vitro is much simpler mainly due to the presumed absence of significant 

drug/substance biding biomolecules. Some in vitro test systems have no known compound 

biding biomolecules (see supplementary table S2_3, manuscript 3) and so the nominal 

concentration is the same as the in vitro free concentration. Off course (as discussed in 

manuscript 2) this is premised on the assumption of minimal to no compound distribution into 

the culture system headspace, culture plate walls or degradation in any of the phases present in 

the system (Scheme 1).   
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Scheme 1 shows an exemplification of the distribution of a substance between the different phases in an in 
vitro test system.  

However, the situation in the in vitro system may be complicated if there is confirmed 

degradation of test substance through processes such as metabolism. Such processes disturb 

the usual rapid dynamic equilibrium known to be established in simple in vitro systems. In the 

in vitro system, the nominal concentration refers to the added amount normalised to the system 

such as a volume of the medium. Here nominal and total concentration would in most cases be 

used interchangeably to refer to the amount of substance present in all phases of the system.  

4.2.  Loss of compound in vitro and in vivo 

The exposure of cells to toxic and therapeutic substances to elicit a biological reaction and or 

effect requires that the substance reaches the target in an amount above a certain threshold. The 

intended effect or biological reaction may vary due to natural variation in response between 

individuals in vivo and the homogeneity and sensitivity of cells in vitro. The different processes 

that may reduce the exposure of the toxicant in an in vitro systems are demonstrated in scheme 

1 above. There is also a lot that goes unnoticed in the in vitro culture system that enhances or 

impedes the exposure of the cells to the target substance (table 1_2, manuscript 2). Although 

these processes are documented mostly in the simple in vitro system, their occurrence in vivo 

cannot be ruled out exclusively.  



138 
 

4.2.1. In vitro versus in vivo barriers to toxicant exposure 

Following administration of a substance in vivo, several barriers naturally impede the exposure 

of the body cells to such xenobiotics (scheme 2). This to some extent depends on the route of 

administration as intravenous drugs will have nearly 100% bioavailability. For orally 

administered substances, their exposure is limited by poor bioavailability resulting from low 

absorption from the gut, metabolism in the gut walls and first-pass metabolism by the liver.  

Scheme 2 showing the processes and barriers to exposure of target cells in vivo and in vitro following 
administration of a chemical compound.  

In manuscript 3, for the calculation of oral administered equivalent doses from in vitro. PoDs, 

we assumed complete absorption in the gut and no metabolism by the gut walls. Compound 

metabolism is then limited to the liver as the main metabolising organ and that there is no 

significant metabolism and degradation in the peripheral tissue compartments. For renally 

cleared drugs/ substances, elimination from the plasma as a central compartment is mostly for 

the unbound fraction of compound and the sufficiently hydrophilic substances. In an in vitro 

system, the solubility and purity of a compound, adsorption and absorption into the culture 

plate walls, metabolic and thermal degradation, loss through evaporation and unintended 

chemical reactions within the culture medium are some of the barriers that prevent the direct 

interaction of a substance to its target. Advances in vitro models like the 3D insphero3D and 

14D used in this study to assessed liver toxicity (manuscript 3) present an ideal physiological 

and anatomical representation close to the true in vivo architecture of a tissue. However, some 

3D non-scaffold based spheres of certain sizes have cellular and physiological gradients that 

may limit the exposure of cells in the innermost core from being accessed by the chemical 

under assessment (Langhans, 2018). The biggest drawback, however, is to do with the 
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handling, scaling up for high throughput screening and other technical limitations. Some of the 

scaffolds used in 3D cultures contain groups such as Calix (n) which bind DNA in addition to 

having a possibility of destabilisation of cell membranes with the negative potential of the non-

specific aggression by the negatively charged DNA which may confound the true effects 

arising from the exposure to a compound under assessment (Kim et al. 2019). 

4.2.2. Uncertainty in accounting for exposure 

One of the biggest sources of uncertainty in accounting for exposure both in vivo and in vitro 

arises from the way the uncertainty its self is propagated in the process of predicting the extent 

of exposure. The process of predicting exposure involves several other sub-prediction steps for 

parameters that serve as inputs for the final predictions. Many required input variable for the 

prediction of pharmacokinetic parameters are primarily QSAR based for which the level of 

uncertainty may not be established for lack of alternative approaches.  

The prediction of free in vitro concentrations used in manuscript 2 and 3 require knowledge of 

the logP, pKa and physiological status of the compound. For some compounds, experimental 

data, especially for the logP, may be available but not for many new compounds which 

constitute the real essence of exposure and risk assessment. As discussed in previous sections 

and chapters, several underlying assumptions need to be severally revisited to evaluate their 

situational application and (dis)qualification. These have been discussed for both the in vivo 

and in vitro situation as in which processes to threshold and/ or ignore to minimise complexity 

in the prediction of exposure. Figures 7 and 8 in chapter one and scheme 3 below show some 

of the pharmacokinetic parameters required for IVIVE and from which physicochemical and 

molecular descriptors they can be predicted. In building pharmacokinetic models, one key issue 

that has been pointed out is the natural variability in sources of tissues for deriving cell lines 

used for in vitro Studies especially for cross-cutting endpoints such as in vitro hepatocyte 

stability (Wambaugh et al. 2018). The EU-ToxRisk test method description requires that the 

cell line gender, the acceptance criteria for using a cell population for toxicity assessment and 

the variability and troubleshooting in handling the source cells be made clear in the test method 

description. Further clarification steps include the transparency in data handling and accounting 

for variability in the results especially for replicate analysis and whether the technical replicates 

are processed individually or the way about in handling biological replicates (Krebs et al. 

2020).   
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Scheme 3 shows an interrelation of physicochemical parameters and assumptions in deriving pharmacokinetic 
properties and risk assessment of a compound of interest.  

As has been laid down by Escher et al. (2019), there are several other sources of uncertainty 

related to the NAMs data including the readiness and validation status of the test methods, the 

reliability of the data provider and relevance of the observed effects to the in vivo endpoints. 

Some studies have pointed out that toxic effects in 2D models are exaggerated compared to 

what is observed in 3D models (Kim et al. 2019). 3D in vitro models are said to be able to 

recapitulate the solid tissue complexity and key disease/ toxic effect hallmarks (Monteiro et al. 

2020). However, many scaffold-free 3D models have been noted not to recapitulate the tissue 

- extracellular matrix component at the initial development stage and therefore fall short of 

correctly representing the in vivo tissue setup in assessing effects such as developmental 

toxicity (Monteiro et al. 2020).   

4.3.  Constituting an ideal in vitro test battery  

Several factors could serve as the basis for the selection of certain test methods as part of a test 

battery. Ideally, compared to the cost involved, a test battery should not house redundancy by 

incorporating test methods and endpoints that do not improve upon its predictive power.  

4.3.1. General cytotoxicity versus functional cytotoxicity endpoints 

The exposure of in vitro cell systems to toxicant at high concentrations will in most cases result 

in cytotoxicity damage that cannot be attributed to the breakdown of a specific system within 

a cell. Such damage in most cases will be assessed as general cell viability through the 

measurement of the number of intact nuclei within a culture, LDH release, ATP levels, 
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resazurin reduction and many other analytical approaches (Schmidt et al. 2016). Functional 

cytotoxicity endpoints, on the other hand, represent a more sensitive measure for the 

assessment of cell damage premised on the assumption that such endpoints are affected much 

earlier before visible cell damage.  

However, it should be spelt out clearly that sensitive endpoints such as changes in the gene 

expression pattern may not give a clear dichotomy of the nature of toxicant or their mode of 

action. Advancement to this would be if the functional endpoint would be phenotypic such as 

the destruction of the cytoskeleton like a reduction of neurite area and/ or destruction of neurite 

integrity or rosette formation inhibition (Delp et al. 2018a; Dreser et al. 2020). Depending on 

the power of the analytical method being employed, there is a thin line between true functional 

endpoints and morphological endpoints. In manuscript #3, several functional endpoints were 

used such as the calcium signalling, cell proliferation and replication, cell lactate release, gene 

expression changes, biomolecule (protein) localisation, changes in neurite area and cell 

migration. As has been discussed, the sensitivity of these endpoints varies even for cell lines 

associated with the same organ (extended figure 1) perhaps reflecting underlying biological 

differences.  

For viability endpoints such as LDH release and resazurin reduction, the results may be hard 

to interpret especially in the presence of mixed cultures and LDH release may further not be 

suitable for long term cultures and situations that require medium change. It was a requirement 

for all partners in the EU-ToxRisk project to give a detailed description of the cells used in 

each test method and their qualification for further use in toxicological studies (Grapel et al. 

2019; Krebs et al. 2020). For functional endpoints, measurements such as the neurite outgrowth 

may not be suitable for repeat dose toxicity while Ca2+ flux and cell migration in some 

situations may seem difficult to interpret (Schmidt et al. 2016). In manuscript #3, figures 14_3 

& 15_3, the out of trend in the comparison of viability and functional endpoints was compound 

selective. It was only compounds like PCB 180 and rotenone that presented the strange scenario 

of having a viability measure being more sensitive than a functional Ca2+ flux measurement. 

Paraquat and tebuconazole were another subset of compounds where lactate release was less 
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sensitive than general cell viability probably because the former is a better measure of cell 

stress than being a functional endpoint.  

Extended figure 1 showing the relative variation in sensitivity of viability as a measure of general cell cytotoxicity 
and specific biochemical and phenotypic endpoints representing functional cell damage. The data used to generate 
the figure is available in the supplementary information manuscript #3.  

4.3.2. Cell lines as target organ surrogates 

In vitro assays have gained momentum in the recent past to be adopted and used in risk 

assessment for several reasons including the difficulty in extrapolating animal toxicity studies 

to humans and the fact that the number of untested and data-poor substances is so high 

compared to the in vivo animal testing capabilities. Recent trends have adopted the use of cell 

lines of close human relation and relevance.  

In manuscript #3, we selected 23 cell lines to represent human organs in the assessment of 

toxicity. For most of the times, we used more than one cell line to represent the same human 

organ.  It is important to remember how the different in vitro cell lines are derived and from 

which kind of starting material. Cell lines such as HepG2, U2OS etcetera are cancerous cells 

which would be ideally different from normal human cells in many ways ranging from gene 

expression and regulation, cell cycle regulation and the general response to different stimuli be 

it internal or external to the cells (Rodriguez-Antona et al. 2002).  
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Depending on the test system one chooses to translate toxicological effects to humans, there 

are pros and cons as has been excellently summarised by Schmidt et al. (2016). For primary 

cells like the dissociated brain cells from rodent embryos, they have the advantage of forming 

functional neural circuits within a short time though their population is heterogeneous and new 

animals are needed for each experiment. Primary astrocytes have variable quality and 

characterisation while immortalised cell lines like the LUHMEs, RPTEC are easily expandable 

but also easily physiologically altered by oncogenes. Neoplasm isolated cell lines are easy to 

expand and be further differentiated into other phenotypes but their physiology may be altered 

in the process and over time accrue various chromosomal aberrations. iPSCs have the 

possibility of self–renewal, form complex structures and model different human genetic 

backgrounds. However, they may show line –to- line variations due to differences arising either 

from human genetic variability or how colonies are selected during culturing. All such 

understanding much be factored in the interpretation of toxicological findings when 

interpreting toxicity effects from a screening study.  

It has also long been known that most cell lines commonly used in certain mammalian 

toxicological fields such as genotoxicity do not possess the necessary full complement of 

enzymes. These enzymes may be relevant to the metabolic activation of specific classes of 

genotoxic carcinogens (Tweats et al. 2007). Though efforts have been undertaken through the 

use of liver S9 fraction and other hepatic cell lines for studying metabolic stability of 

compounds in vitro, the level of variability reported from different donors may make such 

estimation to be limited by the high level of associated uncertainty (Wambaugh et al. 2018) in 

addition to the activation not being reflective of the normal human metabolism. However, 

promising findings were earlier reported with a carcinoma cell line, the human hepatocellular 

HepaRG which was shown to retain the expression ability of several cytochrome enzymes and 

phase II enzymes replicative of the normal human liver cell line (Aninat, 2005).  

4.3.3. Prediction power of a subset test battery 

In setting up an in vitro test battery, it is ideal that the intended target organs are represented 

by potential test methods of sufficient validation level, sensitivity and specificity. An ideal in 

vitro test method should have a test system, an exposure scheme, a target endpoint and a 

prediction model (Schmidt et al. 2016). However not all test methods have a prediction model 

as this requires a specific set of control compounds to be identified through repeated testing. 

In manuscript #3, clofibrate, sulfisoxazole, ibuprofen and tolbutamide were enlisted as negative 

controls but some had toxic effects in at least one of the cell lines. For some test methods such 
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as the HepG2-P21 functional endpoint measuring protein localisation, all BMCs for the test 

compounds were not reached. There was variation in the number of BMCs not reached even 

for cell lines representing the same organs. This perhaps may point to the fact that not all test 

methods in the battery have the same detection power and that some test methods could be left 

out and their scope be covered by an existing test method. With data generated from in vitro 

experiments, it is possible to build QSAR prediction models aimed at coming up with a subset 

of an optimal test battery having a small number of endpoints/ test methods compared to the 

original test battery. Scheme 4 shows an example approach starting with the selection of test 

compounds. An ideal approach would be to have a large number of compounds of known 

toxicity.  

 

Scheme 4 shows the approach for downsizing a large in vitro test battery to an optimal test battery having a smaller 
number of endpoints/ test methods but with equal prediction power as the original.  

Knowledge of the toxicity categories of the study compounds is necessary to define active and 

inactive compounds at the basis for the evaluation of the test method performance in terms of 

compound classification and further steps in the validation and building a prediction model. 

The assembly of the in vitro test battery data are the PoDs for the endpoint constituting the test 

battery. The challenge, however, is the varying activity of a specific compound across target 

organs and may impede the clear definition of positives and negatives in a data assembly. 

Furthermore, there could be the existing data gaps for which an imputation approach must be 

devised despite the uncertainty it carries into the predictions. This uncertainty could also be 

exacerbated by having non-reached BMCs for which the clear range of active concentrations 

was not established during the in vitro screening stage. This was a clear manifestation for a 

large number of endpoints in manuscript #3 (see supplementary information).  

In this approach, the most iterative step is the dimension reduction where the number test 

endpoints is reduced to a subset without compromising upon the prediction power of the parent 

test battery. Several approaches are ripe for this but perhaps one of the clear approaches is the 
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use of linear discriminant analysis (LDA) which has a classification and predictions function. 

In this approach, test method data serving as model variables would be sequentially selected 

and iterated until there is no further improvement in the separation power. The relative 

influence and effect of the endpoints on the classification and separation of the category 

centroids in classification graph is assessed by the change in the Wilk’s lambda statistics, a 

MANOVA test statistics used to test the significance of the discriminant functions.  Using the 

greedy-Wilks function in the klaR package in R programming language, a stepwise forward 

variable selection can be performed to identify those variables that strongly improved the 

separation power of the discriminant functions to separate the instances into their respective 

categories. In this approach, an initial model with an endpoint that separates the categories 

most is extended by including further variables following the Wilk’s lambda criterion (Mardia 

et al. 1979). 
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5. Conclusion and outlook 

This thesis consists of closely linked sections with a wide range of embedded topics (especially 

chapter one) including principles in cell culture, (Quantitative) structure activity relationships 

(QSAR) and physiologically based pharmacokinetic modelling. From a distance reading, some 

of these areas may not seem to be present in the many chapters more so the elements of QSAR. 

However QSAR models for the basis for the prediction of physicochemical parameters used in 

the prediction of free in vitro concentrations used in manuscript #2 and #3 and the subsequent 

background calculations and predictions in manuscript#3. The data and approaches as 

demonstrated in the second and third manuscripts are valuable in predictive toxicology an 

introduction of which is given in the first chapter of the thesis under the subsection of read-

across.  

The first section of the results (manuscript #1) laid the foundation for the second section 

(manuscript #2) buy providing the necessary background for concentration definitions. Clear 

differences between dose and concentration were laid out and why it is better to stick to the use 

of concentration when referring to effects in vitro. The term dose was mainly recommended 

for use in the in vivo situation and for selected cases in vitro. The equation derived in 

manuscript #2 has background assumptions that ought to be reevaluated in the face of 

experimental data for some of the in vitro phases such as plastic binding, compound 

evaporation and degradation/ metabolism. One of the main aims of the equation for the 

prediction of free in vitro concentration was to make it attractive to all bench scientists even 

non-experts in the fields to have a do-it-yourself. A follow-up along this line will be the 

prediction of intracellular concentrations or an approach for their measurement thereof. The 

overarching goal is that as the trend shifts towards the use of in vitro approaches as a 

replacement for animal experiments, definitions of the basic concepts should be as clear as 

possible, and one such definition being the exposure amount (dose or concentration) and the 

right measure of it i.e the free concentration.  

This becomes more important especially as the idea of using test batteries become riper. This 

has dragged along with it the need for a clear approach of comparing the effects observed in 

the individual test methods presumed to be resulting from the test compound. As demonstrated 

in manuscript #3, in vitro test systems are variously composed with different medium 

constituents required for proper cell functioning. In these in vitro systems, we assume to run 

univariate experiments and that any effects are due to the test chemical added to the system. 

The definition of the cross-system effect concentration/ dose requires an excellent measure that 



147 
 

allows the inter-comparison of test methods, the understanding of sensitivity, the absence of 

effects and the extrapolation of in vitro active concentrations to human plasma in vivo 

concentrations and ultimately into an administered dose. This sequence is demonstrated in 

manuscript #3. In this manuscript, we have demonstrated the feasibility of comparing in vitro 

active concentrations to clinical and animal study plasma effect concentrations. The also 

showed the atmost impotance of comparing (compound) toxicological effects in different test 

methods using the unbound in vitro concentrations given the known variation in test medium 

composition. We have underscore the need to have test methods that can assess both general 

cytotoxicity and functional endpoints given that the latter is usually a more sensitive alarm for 

toxicity. Correlations and orthogonality of the test methods is demonstrated and oral 

administered equivalent doses are derived from in vitro effect concentrations and compared to 

therapeutic effect doses and toxic/ lethal doses in humans and animal studies.  The 

improvements in this line will focus on improved definition of negative control compounds, 

characterization of cell system biomolecular composition relevant for the prediction of the free 

concentration and the selection of endpoints that are suitable for repeat dose toxicity.  
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