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Membrane transporters (MTP) are key
determinants of drug and chemical ki-
netics.

MTP studies are recommended during
drug development.

MTP data is an essential puzzle piece for
kinetics-based chemical risk assess-
ment.

Integrated in vitro-in silico methods in-
crease confidence in animal-free MTP
data.
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key element to consider. Membrane transporters affect the kinetic processes of absorption, distribution, metab-
olism and excretion (ADME) of various compounds, such as drugs or environmental chemicals. Therefore, phar-
maceutical scientists have intensively studied transporters impacting drug efficacy and safety. Besides
pharmacokinetics, transporters are considered as major determinant of toxicokinetics, potentially representing
an essential piece of information in chemical risk assessment. To capture the applicability of transporter data
for kinetic-based risk assessment in non-pharmaceutical sectors, the EU Reference Laboratory for Alternatives
to Animal Testing (EURL ECVAM) created a survey with a view of identifying the improvements needed when
using in vitro and in silico methods.

Seventy-three participants, from different sectors and with various kinds of expertise, completed the survey. The
results revealed that transporters are investigated mainly during drug development, but also for risk assessment
purposes of food and feed contaminants, industrial chemicals, cosmetics, nanomaterials and in the context of en-
vironmental toxicology, by applying both in vitro and in silico tools. However, to rely only on alternative methods
for chemical risk assessment, it is critical that the data generated by in vitro and in silico methods are scientific
integer, reproducible and of high quality so that they are trusted by decision makers and used by industry. In
line, the respondents identified various challenges related to the interpretation and use of transporter data
from non-animal methods. Overall, it was determined that a combined mechanistically-anchored in vitro-in silico
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approach, validated against available human data, would gain confidence in using transporter data within an
animal-free risk assessment paradigm. Finally, respondents involved primarily in fundamental research
expressed lower confidence in non-animal studies to unravel complex transporter mechanisms.

© 2018 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Humans and ecosystems are continuously exposed to various envi-
ronmental chemicals, such as pesticides, manufactured chemicals, cos-
metics ingredients or food contaminants. Their potential toxicity is of
public concern. However, clinical trials are not conducted for pollutants,
as compared to drugs, depriving the toxicologists of human in vivo data
to rely on. Currently, the safety assessment of environmental chemicals
for regulatory purposes mainly involves animal testing. However, costs,
scientific and ethical concerns have created the need to develop reliable,
relevant and economically feasible tools based on alternative (non-ani-
mal) approaches. In 2010 the EU adopted Directive 2010/63/EU which
updated the 1986 Directive 86/609/EEC on the protection of animals
used for scientific purposes. The aim of the new directive is to anchor
in EU legislation the principle of the Three Rs: Replace, Reduce and Re-
fine the use of animals for scientific purposes. Under this Directive, the
EURL ECVAM was established to contribute to the development, valida-
tion, and international recognition of alternative methods. In 2015 EURL
ECVAM published a toxicokinetic (TK) strategy proposing kinetics as the
cornerstone in an integrative in vitro-in silico risk assessment (Bessems
et al,, 2015). Kinetics determine what amount of an external exposure
dose of a compound reaches the systemic circulation and the target
organ(s) by providing essential information on the ADME processes
(Coecke et al., 2013; Tsaioun et al., 2016). TK here defines kinetics of en-
vironmental toxicants in contrast to pharmacokinetics related to drugs.
Despite the usefulness of TK information, there are only few legal re-
quirements in EU chemicals legislation for the generation of TK data.
However, the use of TK data to support the assessment of systemic tox-
icity is widely recommended in regulatory guidance and various scien-
tific opinions (Bessems et al., 2015). TK data are proposed for use to
evaluate cross-species differences, to waive specific in vivo studies
when applicable, and to support the development of novel approaches
in chemical safety assessment (Corvi et al., 2013; Prieto et al., 2014;
Casati et al., 2013; Bessems et al., 2014; ECHA, 2011; EFSA, 2014). More-
over, TK data are valuable for the development of mathematical models,
such as physiologically based kinetic (PBK) models and could increase
the accuracy of in vitro fate models (Armitage et al., 2014; Fischer
et al., 2017; Comenges et al., 2017).

Membrane transporters are well-recognized key determinants of ki-
netics, affecting the ADME processes of various endogenous and exoge-
nous compounds (Klaassen and Aleksunes, 2010; “The Transporter
Book”, 2017). The in vivo importance of transporters is demonstrated
in several animal species, including knockout or mutated mice, as well
as by genetic variants (polymorphisms) in humans (Klaassen and
Hong, 2008). Furthermore, clinical data, -omics studies and non-
invasive imaging on healthy volunteers or patients provide considerable
information on the in vivo role of many transporters (Yee et al., 2010;
Kusuhara, 2013). Besides in vivo studies, a plethora of in vitro methods
exist to measure active transport. The most widely used are either
membrane-based assays (including ATPase and vesicular transport as-
says) or cell-based systems such as cell lines, polarized and/or
transfected with one or multiple transporters, providing information
on specific transporter(s) interaction as well as animal or human pri-
mary cells representing rather holistic barrier models as their
transportome profile is more similar to that found in vivo (reviewed in
“The Transporter Book” 2017). Furthermore, hepatocytes, either
suspended, plated or sandwich-cultured, are arguably one of the most
valuable tools available to study drug metabolism and transport (Riley
etal., 2016). Recently, more complex in vitro systems, such as organoids,

3D or co-culture are also exploited by transporter scientists (Zhang
et al,, 2017). In combination to experimental studies, several computa-
tional models are applied to gain deeper insight into transporter-
substrate interaction or to integrate transport data at a systemic level.
In silico models of transporters and transport processes range from
quantitative  structure-activity related relationship (QSAR),
pharmacophore modelling and docking to PBK models and integrative
platforms such as SimCyp, PKSim or GastroPlus, among others, as well
as machine learning tools (Pajeva and Globisch, 2009; Ekins et al.,
2015; You et al., 2015; Ekins, 2016; Kim et al., 2017). In recent decades,
the pharmaceutical field has placed considerable effort to study trans-
porters affecting drug disposition, therapeutic efficacy and adverse out-
comes. Besides identification of substrates, inhibitors and inducers of
transporters, drug-drug interaction (DDI) mediated by transporters
are also intensively studied as they are a major cause of modulation of
drug efficacy and toxicity. In 2010, an International Transporter Consor-
tium (ITC) was formed (i) to identify transporters of clinical importance
often called “drug transporters” and (ii) to discuss the appropriate
methodologies to characterize drug-transporter interactions
(Giacomini et al., 2010; Zamek-Gliszczynski et al., 2013; Brouwer
et al., 2013). The ITC presented seven consensus transporters of clinical
relevance, referred as the “ITC7”: MDR1, BCRP, OATP1B1-1B3, OAT1-3
and OCT2 (Giacomini et al., 2010). Then MATEs, Bsep and MRPs have
been highlighted as additional transporters of emerging importance
(Hillgren et al.,, 2013). The ITC recommendations have led several drug
regulatory agencies to publish guidance documents on the evaluations
of transporter implications in ADME processes and in DDI when devel-
oping new drug, in particular the European Medicines Agency (EMA)
(EMA, 2012), the US Food and Drug Administration (FDA) (US FDA,
2012) and the Japanese Ministry of Health, Labour and Welfare
(MHLW) (MHLW, 2014). Revised guidelines were released last year
(2017) by the FDA including principally new in vitro guidance and
adding MATE1 and MATE2-K transporters as well as time dependence
of transporter inhibition studies in the requirements (US FDA, 2017).
Not all transporters have to be investigated in all cases. The choice of ex-
periments to be performed largely depends on the pharmacokinetic
properties of the compound. To support scientists with the choice of rel-
evant transporter studies, decision trees represent a central part of the
regulatory recommendations.

With an increased focus on TK, it has been shown more recently that
besides pharmaceutical compounds, membrane transporters also inter-
act with various environmental contaminants, such as pesticides,
manufactured chemicals, food contaminants and metals (Leslie et al.,
2005; Tachampa et al., 2008; Van Herwaarden and Schinkel, 2006;
Epel et al., 2008; Fardel et al., 2012; Wilks and Tsatsakis, 2014; Chedik
et al., 2018a, 2018b). Expressed at key physiological barriers of the
body, uptake and efflux transporters may modulate the systemic and in-
tracellular concentrations of chemicals and hence directly impact their
degree of toxicity (Leslie et al.,, 2005; Fardel et al.,, 2012). Furthermore,
transporter-mediated interactions, polymorphisms or disease-related
change in transporter function could cause a significant alteration in
the intracellular concentration and consequent toxicity (Schuetz et al.,
2014). These aspects have been discussed in several international work-
shops and conferences, that brought toxicologists, biologists and com-
putational modelling experts together, and the role of active transport
has been highlighted as a critical puzzle-piece of information for chem-
ical risk assessment (Bessems et al., 2014; Paini et al., 2017a; Paini et al.,
2017b). In this context, EURL ECVAM created and disseminated a survey
entitled ‘Use of membrane transporter data and knowledge for chemical
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safety assessment and biomedical research’ to capture the applicability of
using the important amount of available data and knowledge on trans-
porters beyond the drug discovery field. The survey was designed with a
specific interest to identify in vitro and in silico methods that are cur-
rently in use for transporter studies. The overall survey results, with a
focus on the challenges and future areas of improvement pointed out
by transporter experts to gain greater confidence in using transporter
data for animal-free risk assessment, are reported and discussed here.
Additionally, the methodologies to investigate membrane transporters
in the context of fundamental sciences and the difficulties of moving
away from animal studies to unravel transporter biology in basic re-
search are also presented here.

2. Methodology

The survey was created by the European Commission - Joint Re-
search Centre (JRC), EURL ECVAM (https://eurl-ecvam.jrc.ec.europa.
eu/) as an online questionnaire using the public European tool EU sur-
vey (https://ec.europa.eu/eusurvey/home/welcome). The survey was
available for the participants from the 24th of January until the 16th of
March 2018.

2.1. Target group and dissemination

The survey was circulated to a target group of experts in membrane
transporters from the academic, industrial, enterprises and regulatory
communities, starting with EURL ECVAM collaborators, and selected sci-
entists having publications on transporters (the survey was sent to
around 250 contacts). The survey was also circulated to the members
of the European Society of Toxicology In Vitro (ESTIV) (http://www.
estiv.org/), the European Partnership for Alternative Approaches to An-
imal Testing (EPAA) (https://ec.europa.eu/growth/sectors/chemicals/
epaa_en), the Virtual Physiological Human institute (VPHi) via their
newsletter (http://www.vph-institute.org/), the EU-TOX-Risk consor-
tium (http://www.eu-toxrisk.eu/). Furthermore, the recipients were
encouraged to share the survey with their own network of experts.
The goal was to reach as many scientists in the transporter field as pos-
sible. The exact number of recipients of the survey is therefore not
known.

2.2. Structure of the survey

The survey contained a total of 20 questions including Yes/No, mul-
tiple choice, and free-text answers type questions. In most of the cases,
the respondents could specify their answers in a free-text format. For
multiple choice questions, participants could select one or multiple an-
swers. The survey was divided into 4 sections: (1) respondent's profile
(country, professional sector and expertise), (2) use of transporter
data and knowledge (fields and applications of transporter studies as
well as mechanisms, organs/barriers and individual transporters
under study), (3) tools and methods used to study transporters (deci-
sion-support tools and experimental methods: in vivo, in vitro and in
silico) and (4) opinions on the availability and applicability of the non-
animal methods to study transporters, especially for chemical risk as-
sessment and biomedical research. The full questionnaire is available
in the Supplementary material. Responses were aggregated for statisti-
cal analysis and individual responses were kept anonymous.

2.3. Mapping and analysing the results

The answers collected by the EU Survey tool were exported to a
Microsoft Excel file for analysis and interpretation. Data analysis and
graphical representation was conducted using Microsoft Excel 2010
(Microsoft Corporation, Redmond, WA, USA) and via http://eulerr.co/
for the Venn diagrams. Geographical distribution of the survey re-
sponses was elaborated by means of an interactive infographic using

graphical mapping built on Google Chart API as a HTML5 and JavaScript
web app by Klimeto (http://klimeto.com/). This visualisation approach
was chosen as it allows for a simplified and clear illustration of the
spread in demographics of the survey participants while keeping their
identities and contact information anonymous.

3. Results
3.1. Country, professional sector and expertise of the participants

A total of 73 participants completed the online survey from 21 coun-
tries: Austria, Belgium, Canada, Croatia, Denmark, Finland, France,
Germany, Greece, Hungary, Ireland, Italy, Netherlands, Norway,
Portugal, Singapore, Spain, Sweden, Switzerland, United Kingdom, and
United States of America (Fig. 1).

Survey participants comprised experts with representation from a
variety of communities: academia (59%, N = 43), industry (18%, N =
14), governmental organisations (12%, N = 9), small medium enter-
prises (SME) (8%, N = 6), contract research laboratory (CRL) (8%, N
= 6), and regulatory agencies (3%, N = 2) (Fig. 2A). The academia sector
includes clinical research. Two academics reported to work in parallel
for a non-profit organization. Three academics worked also in industry
and one in a SME. Two respondents declared working in both SME
and CRL. From the industrial sector, more than half of the participants
were from the pharmaceutical industry. The others were spread evenly
between the agrochemical, chemical and cosmetics sectors. Some recip-
ients from regulatory agencies declared not having the expertise in-
house thus could not fill in the survey and were not counted among
the respondents.

Nearly half of the survey participants declared multiple kinds of ex-
pertise. The overall span of professional expertise of the respondents is
summarized in Fig. 2B. Analysing the expertise by professional sectors,
academics indicated expertise mainly in laboratory science (67%, N =
29 out of 43 academics) and research and development (R&D) (63%, N
= 27), followed by risk assessment (14%, N = 6) and mathematical
model development (5%, N = 2). Respondents from industry, SME
and CRL all declared expertise in R&D (100%, N = 24), then in laboratory
science, risk assessment and mathematical model development (29%
each, N = 7), followed by expertise in products and services (21%, N
= 5) and finally in statistical analysis (13%, N = 3). Experts from gov-
ernmental organisations or regulatory agencies reported expertise in
risk assessment, mathematical model development and research and
development (55% each, N = 6 out of 11) and one in statistical analysis.

3.2. Use of transporters data and knowledge

3.2.1. Fields and applications of transporter studies

The results revealed that transporters are studied primarily for drug
development of human and veterinary medicine (63%, N = 46),
followed by risk assessment purposes on food and feed contaminants
(such as pesticides) (32%, N = 23), industrial chemicals (28%, N =
20), cosmetics (21%, N = 15) and nanomaterials (10%, N = 7)
(Fig. 3A). Comment from a respondent working in a CRL specialised in
offering products and services to study transporters confirmed this dy-
namic: “Major clients are from the pharma but requests come also from
food and chemical industry”. Furthermore, 10 participants declared
studying transporters in environmental species such as aquatic organ-
isms or bees (Fig. 3A). Overall, the participants declared interest in in-
ternal exposure assessment (29%, N = 21), effects of combined
exposures (mixtures) (22%, N = 16) or endocrine disruptors (20%, N
= 14). When studying environmental species, most respondents de-
clared investigating the impact of mixtures of pollutants on transporters
(N = 7 out of 10). Finally, 40% of the total respondents declared study-
ing transporters specifically for fundamental science purposes (N = 30)
to improve the pharmacology and toxicology fields as well as to estab-
lish basic knowledge on transporter biology and on transporter-
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Fig. 1. Geographic distribution of the survey participants: 73 respondents from 21 countries. Each country is labelled with the ISO 3166 International Standard Country Code, two letters,
followed by the number of responses received per country in brackets. The results by individual country can be accessed at http://apps.klimeto.com/imt/ by selecting a country. The colour

scale represents the lowest number of replies (dark grey) to the highest number (light grey).

related diseases. These results allowed, (i) to compare the use of trans-
porter data for drug development versus for chemical risk assessment
purposes; (ii) to capture the specific methodologies currently used to
study transporters in fundamental research.

When questioned about the applications of transporter studies, ex-
cept for four academics interested in disease development and treat-
ment only, all participants studied transporters for toxicity predictions
of which 48% studied for risk assessment purposes (N = 36) and 40%

A Professional sector

Academia
59%

for screening and prioritising (N = 29). Furthermore, 37% studied trans-
porters also for efficacy prediction (N = 27) and around 10% following
customer requirements (N = 7) (Fig. 3B). When asked to specify the
precise applications within toxicity/risk evaluations, participants men-
tioned studying transporters mainly to support in vitro to in vivo extrap-
olation (IVIVE) (70%, N = 51), to characterize and support design of
in vitro assays (53%, N = 39), to evaluate species differences (49%, N
= 36), to consider sensitive population (polymorphism, age, sex, diet,

B Expertise

assessmenty

Laboratory

science
45%

Math. model

Fig. 2. Overall professional sector (A) and expertise (B) of the survey participants. Small medium enterprises (SME), contract research laboratories (CRL), governmental organisations
(GO), regulatory agencies (RA), research and development (R&D), Mathematical model development (Math. model), Statistical analysis (Stat.), Products and Services (Prod.).
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Fig. 3. Fields of transporter studies as number of replies, showing overlap of the answers as respondents could select more than one answer (A). The different fields of study encompassed
in “Others” are detailed on the right side. Applications of transporter studies as percentage of total replies (B) and specific toxicity-related applications as number of replies (C). Drug: Drug

development, IVIVE: in vitro to in vivo extrapolation.

diseases) (37%, N = 27), to fill data gaps (26%, N = 19) and to support
substances grouping and read across (16%, N = 12) (Fig. 3C). Some re-
spondents also mentioned investigating transporters for submission of
regulatory dossiers or opinions (N = 16 and 7, respectively).

3.2.2. Mechanisms, physiological barriers and transporters currently
studied

Participants were proposed to state whether they conduct studies to
identify (i) substrates or (ii) inhibitors of transport proteins, (iii)
transporter-mediated interactions or (iv) inducers of transporter ex-
pression. Almost all respondents declared investigating substrates
(90%, N = 66), followed by inhibitors (75%, N = 55) and transporter-
mediated interactions (56%, N = 41). Finally, induction studies were
part of the work plan for less than half of the participants (N = 36). Sev-
eral experts further specified that transporter induction is too poorly
studied. Around 40% of participants declared investigating all mecha-
nisms. The mechanisms were investigated in the same proportions
whether for drug development or for chemical risk assessment or toxic-
ity prediction purposes (Fig. 4A).

Transporters are expressed at the external barriers (intestinal, der-
mal and lungs) and major blood-tissue barriers (brain, placenta, testes)
as well as at the hepatic and renal excretory organs. There, transporters
affect the ADME processes of various compounds. Whether for drugs or
for chemicals, intestinal, hepatic, renal and blood-brain barriers were
predominantly considered by participants as shown in Fig. 4B. In this
survey, brain and lungs were mentioned to be investigated more for
drugs, while skin, placenta and testes more for chemicals (Fig. 4B).
Some participants also mentioned working on the cardiovascular sys-
tem, eyes, adipose tissues and on fish gills and embryos. Altogether,
the participants rank-ordered the impact of transporters first on absorp-
tion, then on excretion, followed by distribution, and to a lesser extent
on metabolism.

Related to transporters of interest, the participants could choose be-
tween the main “drug transporters” namely (with gene name): MDR1
also called P-gp (ABCB1), BCRP (ABCG2), OATPs (SLCOs), OATs
(SLC22A), OCTs (SLC22A), MATEs (SLC47), Bsep (ABCB11) and MRPs
(ABCCs). Their relative investigations among participants are repre-
sented in Fig. 5. Uptake and efflux transporters were equally considered.
Besides, participants mentioned studying various supplementary ATP-
binding cassette (ABC) and solute carrier (SLC) members; such as cho-
lesterol efflux transporter (ABCA1), ABCA7 transporter, excitatory
amino acid transporter (EAATs, SLC1A), amino acid transporters
(SLC7), sodium-taurocholate cotransporting polypeptide (NTCP,
SLC10A1), monocarboxylate transporters (MCTs, SCL16), vesicular glu-
tamate transporters (VGLUTSs, SLC17A), vesicular monoamine trans-
porter (VMAT2, SLC18A2), reduced folate carriers (RFCs, SLC19A) urate
transporters (URATs, SLC22A2), concentrative nucleoside transporters
(CNTs, SLC28A) and equilibrative nucleoside transporters (ENTS,
SLC29A).

3.3. Tools and methods used to study transporters

3.3.1. Decision-support tools

Survey participants decided to investigate active transport based on
literature (70%, N = 51), in house knowledge (61%, N = 44), in vitro to
in vivo discrepancies (48%, N = 35), PBK models (42%, N = 31) or reg-
ulatory requirements (33%, N = 24), and also following biotech com-
pany guidelines/decision trees (11%, N = 8) or related to a specific
research question to establish basic knowledge, as stated by some aca-
demics (N = 5). To identify which methodologies would be appropriate
for their project, experts relied on in house experiences (70%, N = 51),
literature (65%, N = 47), regulatory guidance and requirements (32%, N
= 23) and biotech company advices/decision trees (10%, N = 7). For
22% of all respondents, financial considerations were also taken into
consideration to select the method(s) (N = 16). For several academics,
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Fig. 4. Transporter mechanisms (A) and physiological barriers (B) currently investigated by survey participants. The bars represent the replies in percentage from respondents working
either in the drug development field (Drug, N = 26) or carrying out risk assessment of food and feed contaminants, industrial chemicals, cosmetics, nanomaterials on both humans
and environmental species (Chemical, N = 24). In the survey, the respondents could select more than one answer. Replies from respondents declaring working in both drug
development and chemical risk assessment were not considered here, nor the replies from participants working in fundamental sciences only.

the methodology will depend on the research question. One respondent
also based his choice on availability of the assays for screening. Finally,
around 36% of the respondents followed guidelines or guidance docu-
ments to set up their transporter work plan, mainly the ones from
FDA (92%, N = 24) and EMA (69%, N = 18), but also from MHLW (8%,
N = 2) and others (N = 4) (not specified).

3.3.2. Experimental methods
Among survey participants, transporters were investigated primar-
ily via in vitro (82%, N = 60), then in silico (41%, N = 30) and in vivo

Transporter(s) under study
Drug

MDR1

BCRP

MATEs

Bsep

MRPs

OATPs

OATs

OCTs

Others

(38%, N = 28) methods, either as stand-alone method or in combination
as shown in Fig. 6A. The survey was designed so that the respondents
replied only to the questions related to the methods they mentioned
working with: in vivo, in vitro or in silico.

All the scientists working in vivo (N = 28) declared working also
with in vitro and/or in silico methods (except for one participant who
worked only with data from healthy volunteers) (Fig. 6A). Among the
participants carrying out animal studies (N = 23 respondents), most
of them performed those in the context of fundamental sciences (N
= 19), followed by pharmaceutical drug development (N = 6). The

Chemical

[ T 1 T

80 60 40 20

B efflux

0 20 40 60

P I

80(%)

uptake

Fig. 5. Transporters currently studied by the survey participants. The bars represent the replies from respondents (number of replies presented in percentage) working either for drug
development (Drug) or for risk assessment of food and feed contaminants industrial chemicals, cosmetics, nanomaterials on both humans and environmental species (Chemical). The
respondents could select more than one answer. Replies from respondents declaring working in both drug development and chemical risk assessment were not considered here, nor

the replies from participants working in fundamental sciences only.
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Fig. 6. Overview of the overall experimental methods used by survey participants as number of replies showing the overlaps in the answers (A). Number of replies describing the in vivo
models and methods (B-C), in vitro methods (D), and computational methods and sources of input parameters for in silico model development (E-F) used by the survey participants. The
respondents could select more than one answer. Epid. data: epidemiological data, FACS: fluorescent activated cell sorting, Phar.: pharmacophore modelling.

participants reported working with one or multiple in vivo models
among those proposed in the questionnaire: knockout/mutated or
“humanised” animal models (N = 16 and 8 replies respectively), intact
organs (N = 15), healthy volunteers (N = 13) or patients (sick or pre-
senting transporter polymorphisms) (N = 7) (Fig. 6B). The animals
under study here were specified as mice, rats, dogs, lactating cattle's,
zebrafish (adults and embryos) and sea urchins. Additionally, fungi
were also mentioned, as well as meta-analysis of in vivo data from the
literature. The in vivo analytical methods proposed as multiple choice
answer and used among participants ranged from imaging (microscopy
and positron emission tomography mainly) (N = 10 replies), -omics ap-
proaches (N = 10) and specific functional methods (N = 23) (Fig. 6C).
Analysis of human clinical data (N = 15) were also reported. One addi-
tionally mentioned using fluorescent activated cell-sorting and another
epidemiological data. Finally, among the respondents working in vivo,
thirteen (13) of them declared being interested in sharing their in vivo
data in public databases.

Participants who mentioned working in vitro (N = 60) could report
the use of one or multiple experimental systems (questionnaire pro-
vided in Supplementary material). The methods reported were primar-
ily cell-based (N = 137 out of 176 replies), followed by membrane-
based (N = 35) and few cases of Xenopus oocytes (N = 3). The
membrane-based methods referenced here included ATPase and vesic-
ular transport methods, both reported to be used with equal prevalence
(Fig. 6D). Cell systems proposed and reported were polarized and
transporter-transfected cell lines (N = 35 each), animal and human pri-
mary cells (N = 24 and 34, respectively) as well as stem cells (N = 9)
(Fig. 6D). Two participants also mentioned working with fish cell
lines. Furthermore, participants could report whether working with
plated (N = 22), suspension (N = 18) and/or sandwich-cultured hepa-
tocytes (N = 18) (not shown). More complex systems were also re-
ported to be used here such as co-culture (N = 19), 3D culture (N =
17) and organoids (N = 9) (not shown). Finally, more than half of the
in vitro respondents expressed interest in sharing their experimental
data into public databases (N = 36 out of 60). Furthermore, the same
proportion of experts also agreed to share their protocols to explore

standardization of these methods to draft international guidance
documents.

Then the computational models, proposed as a multiple choice an-
swer, were reported by the in silico respondents (N = 30, accounting
for 82 replies) as primarily physiologically-based kinetic (PBK) models
and quantitative structure-activity related relationship (QSAR) (N =
20 replies each), then integrative platforms (N = 15), followed by
pharmacophore modelling and docking (N = 9 each), machine/deep
learning (N = 4) and finally static models and in vitro fate models (N
= 2 each). Individual participants also mentioned biologically-based
dose-response and network models. The sources of parameters for the
in silico models related to transporters as reported in this survey (101
replies) were distributed between existing data, found in literature (N
= 23) or in databases (N = 17), and data generated through new stud-
ies, including experimental in vitro data (N = 26), in silico predictions (N
= 21) as well as in vivo data (N = 14). Finally, about half of the
modellers showed interest in sharing their in silico data in public data-
bases (N = 13).

3.4. Availability and applicability of in vitro-in silico methods to study
transporters in the context of an animal-free chemical risk assessment
strategy

3.4.1. Gap-analysis of available transporter in vitro methods and database
information to support animal-free chemical risk assessment

In line with previous results section, the respondents identified
some missing appropriate in vitro methods to generate transporters
data without animal studies. Here are summarized the replies that
were reported in a free-text format. First, transporter induction assess-
ment is understudied and remains a big challenge as already stated. Fur-
ther in vitro systems need to be developed to gain greater insight into
mechanisms and signals inducing transporter expression. Then with re-
gard to barrier models, it was mentioned by several respondents that
holistic in vitro models are not fully developed yet and that improve-
ment of current methods are needed. Particularly, it was mentioned a
need for quantifiable and reproducible kidney and blood-brain barrier


Image of Fig. 6

104 L.-A. Clerbaux et al. / Science of the Total Environment 645 (2018) 97-108

models and additional methods to study placental transport. For indi-
vidual transporter, methods for all species and polymorphisms were
stated as lacking. Furthermore, it was mentioned that most of the data
are on MDR1 (Pg-p), other transporter methods are available mainly
as vesicles and this tool is not appropriate for permeable compound. It
was also said that reliable high-throughput methods to assess trans-
porter functionality are needed in association with a necessary under-
standing for data interpretation. Besides, some mentioned that non-
animal methods to study transporters are highly costly and time con-
suming, suggesting that economically feasible methods are missing. Fi-
nally, it was reported that standardised protocols are lacking for these
methods.

When questioned about the available information in transporter da-
tabases in the context of chemical risk assessment, around 80% of the re-
spondents declared that important data are currently missing and
specified which in free-text format. First, several respondents
highlighted the need of databases based on environmental chemical
datasets (pesticides, industrials, cosmetics, excipients...) and not only
with respect to pharmaceuticals as it is mostly the case currently. Be-
sides, the need of publicly accessible databases was also raised. Then,
quantitative data on kinetics and on transporters abundance were par-
ticularly cited. This latter encompasses transporter expression and func-
tionality in the various cell lines used compared to tissues, in different
species and in specific diseases. It was stated by many that it would ben-
efit the community to make available the raw in vitro, in silico and in vivo
data and to report the negative results. Ideally supplemented with the
methods or protocols used to ensure high quality of the data. Finally,
non-mammalian data, in vitro-in vivo scaling factors, substrates specific-
ity, mechanistic data, effects of co-exposure on the internal concentra-
tions and toxicity were also mentioned.

3.4.2. Challenges and future needs in the applicability of in vitro-in silico
transporter data to support animal-free chemical risk assessment

Respondents were proposed via multiple choice answers to identify
and rank various challenges in the interpretation and use of transporter
data generated by in vitro methods. Results highlighted complex inter-
play with metabolic enzymes and other transporters (70%, N = 51 re-
plies), species differences (54%, N = 39), lack of specific transporter
substrates and inhibitors (33-47%, N = 24-34 respectively), loss of
cell polarity (22%, N = 16), lack of negative controls (11%, N = 8). Fi-
nally more than half of the respondents clearly acknowledged problems
of inter-laboratory variability (51%, N = 37) and lack of standardised
protocols (54%, N = 40) (Fig. 7A). In regards to the last two points, sev-
eral experimental parameters affecting transporter activity in the
in vitro systems were brought up by experts (Fig. 7B). First, the culture
medium is a concern for almost all of the survey participants. Moreover,
80% acknowledged and shared equally the concern of the differences in
transporter expression and function depending on the origin/provider
(for cell lines) or the inter-individual variability (for primary cells), con-
centration of the compound and culture timing, while 75% cited cell
density. Matrices, cofactors, temperature and oxygen levels were also
identified as affecting parameters. Furthermore, the contribution of pas-
sive diffusion and the in vitro artefacts such as plastic binding or evapo-
ration was additionally mentioned by several respondents, as well as
the issue of relevant IVIVE regarding transporter abundance differences
in cell systems compared to tissues.

The challenges in the interpretation and use of in silico transporter
data to support chemical risk assessment proposed in a multiple choice
format and acknowledged by the participants were the lack of mecha-
nistic understanding (77%, N = 40), the robustness of the models
(58%, N = 30), the broad substrate specificity of transporters (54%, N
= 28), the accuracy or size of the initial input data set (50%, N = 26),
uncertainty (40%, N = 21), lack of metabolites libraries (21%, N = 11),
divergent membrane topologies (9%, N = 7) and low levels of sequence
identity (6%, N = 3) (Fig. 7C). Again the quantitative difference of trans-
porters in cell lines versus tissues, that should be implemented as a

correction factor in computational models, was raised. Finally, respon-
dents remarked that small changes in the inputs or parameters may
have large effects on predictions and emphasized that it is essential to
understand what models can be used for what purpose.

Finally, when questioned about the need for further guidelines and
guidance documents to conduct studies on transporters, half of the par-
ticipants said yes while 12% (all from academia) thought that it is not
necessary for fundamental sciences (Fig. 7D). The others did not have
an opinion on this question. When asked to specify in a free-text format
about the content of these recommendations, experts replied: to know
the right controls and standardised protocols, to inform on risk assess-
ment and PBK model development for industrial chemicals, to provide
an overview of the options (tools and methodologies) to study trans-
porters and to guide on which transporters are relevant to study. Sev-
eral respondents also mentioned the need for harmonization across
geographical regions.

To the final question on how to gain greater confidence in describing
transporter kinetics in the absence of in vivo data, the participants
strongly acknowledged a better understanding of the mechanisms
(80%), the development of new uncertainty assessment (21%) and a
combined in vitro-in silico approach (65%) as key elements. However,
with the aim of using transporter data for animal-free risk assessment,
respondents from the regulatory sector specified that they would only
gain confidence in the predictions if they are shown to match in vivo
data, at least in some cases such as with known compounds or with lit-
erature data. Similarly, another respondent proposed to first obtain
transporter TK data via in vitro and in silico tools to parametrise PBK
models and then use available human data to evaluate the model per-
formance and further refine the PBK parameters obtained from initial
in vitro/in silico methods. This resounds to other comments stating
that “because we do not know how to use the in vitro data for further
use in kinetic models, it may limit the end value of the data and there-
fore, it will be difficult to gain confidence in describing transporter TK
in the absence of in vivo data” and “that guidance as to how much
in vitro data is good enough to parameterize a transporter function in
silico would be important to characterize at an earlier stage so that the
transporter-specific parameters do not end up becoming fudge-factors
say in a PBK model”. Additionally, a quantitative understanding of inter-
species and in vitro-in vivo differences in transporter expressions and
activities is very important for the development of PBK models and for
risk assessment as already stated in this paper.

Ultimately, the confidence in unravelling transporter (patho)-phys-
iology without animal studies is low for basic researchers. It was recur-
rently mentioned that in vitro and in silico models have limited in vivo
relevance in that context and cannot mimic complex pathways, such
as enterohepatic circulation. Lack of funding of alternative-based pro-
jects was also expressed as a barrier to encourage scientists to move to-
ward studies not requiring animals.

4. Discussion

Several international workshops and conferences identified active
transport as representing essential TK information for chemical risk as-
sessment (Bessems et al., 2014, 2015; Paini et al., 2017a; Paini et al.,
2017b). As such, the EURL ECVAM released a survey entitled ‘Use of
membrane transporter data and knowledge for chemical safety assess-
ment and biomedical research’ to gather the current state of science in
this matter. The survey was designed with a view of identifying the
availability, applicability and future areas of improvement to generate
and use transporter data using non-animal methods within a TK in-
formed risk assessment strategy.

Thanks to the 73 respondents from different working sectors and
with various kinds of expertise, the results reported that transporters
are investigated during drug development first, but also for human
and environmental risk assessment purposes and in fundamental re-
search. With the exception of few working on basic science, all
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Fig. 7. Bars showing the challenges when using and interpreting in vitro transporter data as percentages of replies (A) and experimental elements affecting transporter expression and
activity in vitro as percentages of replies (B). Bars representing the challenges when using and interpreting transporters in silico data as percentage of replies (C). The respondents
could select more than one answer. Replies to the question of the need for further guidelines or guidance documents as percentage of the total answers (D). mech.: mechanistic.

participants studied transporters for toxicity predictions mainly to sup-
port IVIVE, considering species differences and sensitive population as
well as real internal exposure, but also to characterize and design
in vitro methods used in toxicology or pharmacology, to support screen-
ing and prioritising and to support substances grouping and read across.
These results are in line with recent recommendations of how TK data
can be used in regulatory decision making (Corvi et al., 2013; Prieto
et al,, 2014; Casati et al,, 2013; Bessems et al.,, 2014; ECHA, 2011; EFSA,
2014). However, recipients from some regulatory agencies declared
not having transporter expertise in house, supporting that transport
TK data are not sufficiently considered so far within a regulatory
context.

Whether a compound is a substrate or an inhibitor of transporters
are the primary focus of active transport studies for drugs as for
chemicals. Then, transporters are notably implicated in DDI resulting
in adverse effects. Similarly, transporters could be involved in the dele-
terious effects of chemical-drug or chemical-chemical interactions
(Fardel et al., 2012). Therefore impacts of transporters on TK of pollut-
ants or on pharmacokinetics of drugs due to exposure to chemicals
should be likewise carefully characterized in humans as well as in envi-
ronmental species. In bees or aquatic organisms for example, efflux
transporters represent protective mechanisms against toxins. The im-
pact of interaction of several environmental chemicals on transporters
could threaten the sustainability of a population (Hawthorne and
Dively, 2011; Epel et al., 2008; Luckenbach et al., 2014). Finally, in
both the toxicology and pharmacology fields, transporter induction is

understudied by lack of consideration and of adequate experimental
systems. Though, systemic inducers may be absent in vitro; such as hor-
mones resulting in loss of sex-specific expression of transporters in the
experimental systems. Furthermore hormones, and more generally
chemicals, can modulate transporter levels not only by inducing tran-
scriptional activation but also by repressing it (Aleksunes et al., 2012;
Jigorel et al., 2006; Bucher et al., 2013). Considering transporter induc-
tion or repression is therefore of particular importance for environmen-
tal chemicals as no human in vivo data are available to evaluate them in
contrast to existing clinical data in pharmacology. Furthermore, study-
ing transporter expression regulation could be particularly relevant for
chronic exposure of environmental chemicals. So even if, so far, clini-
cally relevant transporter-mediated DDI seem to be linked to transport
activity inhibition and not to altered expression (Konig et al., 2013;
Chedik et al., 2018a, 2018b), the mechanisms regulating transporter ex-
pression clearly deserve more attention and research for chemical risk
assessment purposes.

During drug development, particular attention is paid on trans-
porters expressed at the intestinal, hepatic, renal and blood-brain bar-
riers considered as pivotal for pharmacokinetics (Giacomini et al.,
2010). Similarly, these barriers are predominantly investigated for TK
in the context of estimating the internal concentration that corresponds
to the external exposure levels to environmental chemicals. In this sur-
vey, brain was particularly considered for drugs, probably because
brain-to-blood efflux represent a major obstacle in drug penetration
and efficacy (Loscher and Potschka, 2005; Kalvass et al., 2013). While
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the prevalence of skin studies for chemicals compared to drugs may be
related to the European cosmetics regulations that banned animal test-
ing in the field of cosmetics in March 2013, promoting alternative
methods. Finally, placental and testes barriers are of importance for re-
productive and developmental toxicology and for the evaluation of win-
dow of sensitivity for exposure-based adverse effects in reproductive
life-stages. The individual transporters studied for drugs as for
chemicals reflect the recommendations of drug regulatory agencies
(EMA, 2012; US FDA, 2017). Interestingly, while MRPs are not required
but should only be eventually considered, more than half of the respon-
dents declared studying them. It is important to note that the list of
known drug transporters listed here is neither exhaustive nor complete
as the transporter field is rapidly advancing. Literature on additional
membrane transporters of clinical and toxicological relevance is contin-
uously emerging. This is notably reflected by the additional transporters
cited by the participants and detailed in the results section. Further-
more, there exists the possibility for some transporters to be more rele-
vant for chemicals than for drugs. This should be kept in mind when
assessing relevant transporters for chemical risk assessment. However,
considering first the intensively studied transporters offer extensive
data and knowledge to start our assessments with.

Regarding experimental methods, all respondents performing ani-
mal studies declared working also with in vitro and/or in silico tools.
This already reflects a shift toward the use of alternative methods in
the transporter field. However, several challenges and future needs
have been raised in this survey to gain scientific and regulatory confi-
dence in the use of transporter data to support animal-free risk assess-
ment purposes. First, improvements of some experimental methods
are needed including induction assessment, holistic barrier models, spe-
cific species- and polymorphic-transporter methods, while considering
the economical, quantifiable, reproducible and high-throughput capac-
ity aspects of the methods. Secondly, standardization of methods should
be the next priority to ensure high-quality data that would be consistent
across laboratories. In this regard, the various experimental parameters
that should be taken into account when developing, validating or using
a given transporter experimental method have been identified in this
survey. And several respondents stated their willingness to share their
protocols in support of development of new guidance documents.
Thirdly, irrespective of the type of computational models used, their un-
certainties have to be systematically characterized and documented.
Earlier reports have highlighted the very need and have begun to ad-
dress the issue of standardization in uncertainty characterization for
computational models (Barton et al., 2007; Loizou et al., 2008; Project
and No, 2010); however, such systematic evaluation and documenta-
tion is yet to become common practice. Finally, several large-scale ef-
forts have been already implemented to systematically gather the
important amount of transporter data into databases (summarized in
Table 1). However, datasets were constituted by drugs in most of
these databases and not by environmental chemicals. Going in this di-
rection, Sedykh et al. assembled a large human intestinal transporter
database constituted half by drugs and half by chemicals (Sedykh
etal., 2013). This database was used to develop QSAR models predicting
transport and inhibition of transporters with drug candidates but also
with environmental chemicals (Sedykh et al., 2013).

Additionally, it was particularly emphasized here the need to report
transporter abundance in cell lines versus tissues and between species in
order to address a major gap in the ability to mathematically describe
the fate of a chemical within the tissue. Besides, abundance data repre-
sents an essential characterization of the biological system used to gen-
erate in vitro data. The need for phenotypic characterization of
toxicological test systems by in vitro method developers has been raised
already in a guidance document on Good Cell Culture Practices by
Coecke et al. (2005). Current work at OECD is ongoing to issue a Guid-
ance Document on Good Method In Vitro Method Practices (GIVIMP)
where this aspect is stressed (http://www.oecd.org/chemicalsafety/
testing/draft-guidance-review-documents-monographs.htm). In line,

Table 1

Transporter databases.
Name Link References
TP-Search www.tp-search.jp (Ozawa et al., 2004)

TransporterDB (2.0)

WWW.

(Ren et al., 2007,

membranetransport. Elbourne et al., 2017)
org

UCSF pharmacogenetics database ~ www. (Giacomini et al.,
pharmacogenetics.  2010)
ucsf.edu

U Washington DDI WWW. (Hachad et al., 2010)
druginteractioninfo.
org

FDA Transporter Database www.transportal. (Morrissey et al.,

compbio.ucsf.edu 2012)

TCDB www.tcdb.org (Saier et al., 2014;
2016)
TrSSP: The Transporter Substrate  www.bioinfo.noble.  (Mishra et al., 2014)

Specificity Prediction Server
SwissADME

org/TrSSP
www.swissadme.ch  (Daina et al., 2017)

several respondents acknowledged that it would be beneficial to share
the raw data and many declared being in favour of sharing them.

Overall, to gain scientific and regulatory acceptance of non-animal
transporter data, the approach should be integrative and iterative simi-
larly to Integrated Approaches to Testing and Assessment (IATA)
(Worth and Patlewicz, 2016). First, computational models combined
with decision trees and/or public databases could be used to determine
if a chemical would interact with a transporter and with which trans-
porter(s). This first step would help to guide experimental work to
focus on the appropriate in vitro methods related to the transporter of
interest and it will also specify what confidence there may be in the pre-
dictions that lack any active transport kinetics. Then the data generated
by specific human in vitro methods could be implemented into PBK
models, built on mechanistic understanding from literature. The
in vivo predictions obtained could then be evaluated with human bio-
monitoring or volunteer study based data when available. The PBK
model equations and parameters as well as the initial in vitro or in silico
generated data and models could then be adjusted accordingly to obtain
matching with in vivo data. Through iterative calibration, the model pre-
dictions would gradually describe the human data better, increasing
confidence in predictions from alternative methods. Importantly, the
focus of the study here was active transport. However, passive as well
as facilitated diffusion via membrane channels or via binding to
human serum albumin, have to be taken into consideration (Cheng
and Ng, 2017), especially for lipophilic contaminants, as most of the in-
dustrial chemicals are.

Finally animal studies were primarily performed in the context of
fundamental research by the survey participants. Conversely, half of re-
spondents declaring fundamental sciences as their field of interest,
mentioned working with non-animal approaches. However, the transi-
tion away from animals seems to be less engaged in basic research than
in the application-centric toxicological field. Considering the widely rec-
ognized inter-species differences in transporter expression and activity,
human cell-based data implemented into computational model describ-
ing human physiology and validated with human biomonitoring data
may be more relevant than animal studies. Several researchers pointed
out that in vitro methods will never be able to replace in vivo studies, es-
pecially not to unravel complex pathways involving multi-transporters
or transporter-metabolic enzyme interplay. In this context, the other Rs
of the Directive 2010/63/EU could still be considered, namely the Re-
duction and Refinement of the use of animals for scientific purposes.
In vitro and in silico TK data as well as imaging can allow to (i) reduce
the number of animals used to obtain the same information or with
the same number of animals expand the information collected, (ii) re-
fine animal experimentation by moving from severe to mild suffering
by favouring non-invasive approaches as an example (Ricketts et al.,
2011; Kramer and Font, 2015). Besides, the most commonly used
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in vitro models are often reproached to lose their tissue-specific physiol-
ogy including their transportome profile. The recent fields of 3D cultures
and organs-on-chips are proposed by some to have promising potential
to improve these issues by offering more complex systems notably with
co-cultures (van der Meer and van den Berg, 2012; van Der Helm et al.,
2016). In addition to the role of transporters in TK, they can also play a
role in toxicodynamics. This could be more extensively captured in the
context of adverse outcome pathways (AOPs), which provide a simpli-
fied organizational construct linking molecular initiating events and
early key events at lower levels of biological organization to disease out-
comes. Transporters may be part of molecular initiating events or key
events, such as in the AOP:27 describing cholestatic liver injury induced
by inhibition of Bsep transporter (AOP Wiki https://aopwiki.org). As
such, AOPs could facilitate the compilation of information to increase
mechanistic understanding of human (patho)physiological pathways
(Bal-Price and Meek, 2017) that involve the role of transporters. Ulti-
mately, better funding of alternative-based projects would encourage
basic researchers to replace, reduce and refine animal studies and ap-
plied researchers to adopt more standardised non-animal methods in
toxicity testing and regulatory decision-making.

5. Conclusion

This paper reported the current state-of-play and challenges in the
application of non-animal (in vitro and in silico) methods to study trans-
porters for chemical risk assessment purposes and in biomedical re-
search. The results provide insights into the future improvements
needed to gain regulatory and scientific acceptance, including in vitro
methods amelioration and standardization, missing database informa-
tion as well as uncertainty characterization at the different steps. Future
guidelines or guidance documents should as a priority contain
standardised protocols preceded by an overview of in vitro and in silico
tools available and relevant to evaluate active transport. Overall, the ex-
tensive existing knowledge on drug transporters from the historical in-
terest of the pharmaceutical sector could provide essential pieces of
information to support chemical risk assessment and to gain greater
confidence in the predictive value of non-animal data.
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