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1. Preclinical toxicology for the 
prediction of human safety

Before a new drug candidate 

can be administered to human 

for the first time, the compound 

has to undergo preclinical toxico-

logical assessment. Cornerstones 

of this evaluation are two re-

peated toxicity studies, which are 

required by law, e. g. in Europe 

by Directive 2001/83/EC and its 

respective national laws. Re-

peated dose toxicity tests shall be 

carried out in two mammal spe-

cies, one of which must be a 

non-rodent (in most cases in 

dogs, but sometimes other spe-

cies such as cynomolgus monkeys 

or mini-pigs can be used as they 

are biologically more relevant). 

The rodent species for such tests 

is usually rat.

The results of the two studies 

determine whether the risk-bene-

fit profile of a new drug candidate 

is acceptable for the first use in 

humans. In addition, these studies 

are used to derive the safe start-

ing dose in the first clinical trial 

and to identify parameters and 

biomarkers which need monitor-

ing during the clinical phase.

The results of these systemic 

toxicity studies take a back seat 

shortly after the clinical phase 

simply because human data are 

considered more relevant than an-

imal data. Only in the case of un-

expected adverse events in hu-

mans, the toxicologist is con-

fronted with the question “why 

the finding did not occur in the 

animal study“ or “why a finding 

was not considered relevant for 

humans“.

2. How predictive are  
animal studies?

The above described situation of 

an animal–human mismatch is often 

cited in the lay press, and sometimes 

in the scientific literature, to reject 

animal models as useful tool in bio-

medical research. For example, 

Shanks et al. (2009) conclude in 

their philosophical-ethical analysis 

work, that “… animal models (…) 

fall short of being able to predict 

human responses“. In contrast to 

this statement, a group of toxicolo-

gists led by Harry Olson published in 

the year 2000 (Olson et al. 2000) a 

large retrospective analysis with 

data from 150 drug development 

programs from 12 pharmaceutical 

companies. The authors investi-

gated the concordance of animal 

toxicity with human findings and 

came to the conclusion that in 71% 

of the cases, where a human toxicity 

was observed, the corresponding 

effect was also seen in comparable 

target organs in the preceding ani-

mal toxicity studies. The authors 

also observed that some toxicities, 

such as hematological, gastrointes-

tinal or cardiovascular findings, cor-

related better than others. A weak 

correlation for example was ob-

served for skin lesions.

This pivotal and often quoted 

“Olson et al. study“ was a strenu-

ous organizational effort, since 

neither the preclinical data nor the 

clinical data were easily accessible 

through databases and had to be 

compiled from numerous individ-

ual studies. This situation has not 

changed much since that time.

While the required toxicological 

studies have to be performed un-

der Good Laboratory Practice 

(GLP) and as such have to be ar-

chived and retrievable for at least 

12 years, a statistical analysis of 

correlation with clinical data 
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across compound classes and indi-

cations of these reports strong of 

up to 400 pages is only possible, if 

the data are electronically availa-

ble. Some large pharma compa-

nies undertook endeavors to 

transfer their reports into internal 

databases, but uniform database 

standards or commercial data base 

solutions have not yet come into 

sight.

Besides an in-depth correlation 

analysis ‘à la Olson’ the value of 

such a preclinical database would 

also lie in the following aspects:

 – Toxicological effects which are 

rare, would not only reside in 

the memory of an individual 

pathologist diagnosing the 

finding, but could be easily 

retrieved in the database for 

comparative purposes.

 –  For a specific toxicological 

endpoint, the data collection 

could eventually lead to the 

establishment of structure-activ-

ity (toxicity) relationship, similar 

to what has been done over the 

last two decades for the muta-

genicity endpoints. Such predic-

tive systems could then be ap - 

 plied to optimize the structure 

of a lead compound in the early 

phases before even starting in 

vivo studies.

 –  Comparisons on the basis of 

chemical structure or searches 

for effects on similar targets 

could help to raise hypotheses 

on target organs and for better 

differentiation between on-tar-

get und off-target effects.

 –  If relevant data are available in 

the database for similar targets 

or structures, animal studies 

could be better designed or 

even avoided, if necessary 

conclusions can already be 

drawn from previously acquired, 

so-called legacy data.

The biggest value of such a data-

base would certainly emerge if it 

not only contained the data of an 

individual pharma company but 

would rather allow access to study 

results from other researching 

pharmaceutical companies. But is 

this a realistic vision given the com-

petition between companies, i.e., 

can the un-sharable be shared?

3. eTOX – the development of a 
preclinical toxicity database

In order to explore, whether 

such a vision could be imple-

mented, thirteen pharmaceutical 

companies, eleven academic part-

ners and six small and medium-sized 

enterprises (SMEs) of the bioinfor-

matics sector joined forces in the 

eTOX project (“electronic toxic-

ity“) which started in January 

2010 under the umbrella of the 

European “Innovative Medicines 

Initiative“ (IMI) (http://www.

etoxproject.eu). The budget of 

the project amounted to 17.9 mil-

lion, where 7 million was provided 

as funding to the beneficiaries 

(SMEs and academia). The bigger 

part of the budget was provided 

by the pharmaceutical companies 

as in-kind or cash contributions. 

The objective of the project was 

not only to develop a database, 

but also to explore the prerequi-

sites for data sharing in the con-

text of patent and intellectual 

property protection. Further-

more, procedures for efficient 

data extraction from the paper or 

pdf reports as well as strategies 

for building predictive tools based 

on the extracted data were devel-

oped (see figure 1).

 The biggest challenge experi-

enced in the starting phase of the 

project was the mutual access to 

proprietary data. Whereas the tox-

icologists involved in the project 

were convinced of the necessity of 

data sharing to achieve the goals 

of eTOX, there was significant res-

ervation among the patent and 

research departments against the 

idea of exchanging structures and 

biological data previously not re-

trievable in the public domain. The 

arguments of losing competitive 

advantage, of having data poten-

tially re-interpreted and in the 

worst case, opening possibilities 

for unlawful liability suits or litiga-

tions, weighed heavily and had to 

be refuted. This is of particular 

concern because once shared, a 

later withdrawal of data from joint 

database is a barely traceable is-

sue.

A key step in the resolution of this 

challenge was the nomination of an 

independent data broker (“honest 

broker“; Lhasa Ltd., Leeds, UK), re-

sponsible for the IT security aspects, 

for setting up a legal framework of 

data sharing with all partners of the 
Figure 1: eTOX workflow: from data collection and extraction to data sharing and development of new 

in silico prediction systems.
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project as well as for the governance 

of data access. In addition, it was 

agreed to leave it to the discretion of 

each pharmaceutical company to de-

cide what data will be shared with all 

partners (“non-confidential data“) 

and what should be available only to 

selected partners (e.g. experts in 

model building) after agreeing on 

additional secrecy clauses (“confiden-

tial data“) or which was to be kept 

accessible only for the contributing 

company (“private data“). Besides 

the proprietary data from companies 

it was also decided to collect and in-

tegrate selected sources of compli-

mentary public data (see figure 2).

A second challenge was the de-

velopment of standardized termi-

nologies, which was not only a pre-

requisite for a database search but 

was also a necessary prior condition 

for data analysis for model build-

ing. Even though the conduct of the 

toxicological studies is highly har-

monized by international guide-

lines (ICH, OECD), the terminolo-

gies for the measured parameters 

and findings were far from being 

standardized.

The development of a controlled 

and harmonized vocabulary for some 

parameters such as clinical chemistry 

represented a manageable task. For 

example the measurement of the ac-

tivity of a specific liver transaminase 

can be reported in the original study 

as “alanine aminotransferase“, 

“ALAT“, “ALT“; “glutamate-pyruvate 

transaminase“, “GPT“ or “serum glu-

tamate pyruvate transaminase“, SGPT, 

and needed to be converted in the 

database to one harmonized term.

However, the issue was less easily 

resolved for the field of pathology. 

Assigning just synonyms would not 

suffice for a search for liver toxicity 

which should also bring back find-

ings in “liver lobe“, “hepatobiliary 

system“, “intrahepatic bile duct“ 

and other related tissues and struc-

tures. To overcome this problem a 

logical combination of the anatom-

ical relationship, a so-called ontol-

ogy, had to be implemented in the 

database in order to find also the 

related terms both in a horizontal 

as well as in a vertical way. The tool 

developed in the course of the pro-

ject to align the different terms was 

called ontobrowser (Ravagli et al. 

2016) and is depicted in figure 3.

 During the course of the eTOX 

project the necessity of a standard-

ized preclinical vocabulary was also 

identified by regulatory agencies as 

a prerequisite for an in-depth data 

analysis. The FDA developed over 

the past years the “Standards of Ex-

change for Nonclinical Data“ (SEND), 

Figure 2: Concept of data sharing and access to the eTOX database.

Figure 3: Screenshot of an ontobrowser section displaying how different anatomical and histological findings are logically linked to the target organ “liver“.  

The ontobrowser was developed in the eTOX project and can be downloaded under http://www.etoxproject.eu/.
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which is mandatory from December 

2016 onwards for any new systemic 

toxicity study intended for a drug 

approval submission as set forth in 

the FDA Guidance for Industry “Pro-

viding Regulatory Submissions In 

Electronic Format – Standardized 

Study Data“ published in December 

2014.  As a consequence, the devel-

oped eTOX terminologies were ei-

ther provided to SEND or harmo-

nized with this standard.

4. Content 
of the eTOX 
database

Since the start 

of the project 

the consortium 

has collected 

the results of more than 8,000 sys-

temic toxicity studies for more of 

1,900 different chemical structures, 

which are now accessible as non- 

confidential data to the project 

partners for their searches.

Figure 4 shows an overview of the 

collected study types analyzed for 

species distribution, duration of 

the study and frequency of routes 

of administration. As expected the 

most commonly used species is the 

rat followed by dog and monkey. 

The majority of the studies lasted 

over 2 weeks (usually so-called 

screening studies) followed by 

4-week studies (31 %, usually GLP 

studies). By far, the most frequent 

route of administration is oral, since 

in most cases this is also the route 

intended for the clinical applica-

tion. Second most frequent admin-

istration is the intravenous route.

  An analysis of the distribution of 

effects amongst organs and tissues 

shows that liver is the most fre-

quently affected organ (see figure 5). 

Whereas this observation was not 

unexpected given the high doses 

administered in these studies, which 

pass through this organ and are me-

tabolized, it came as a surprise that 

the second most affected organ was 

the thymus. It was postulated that 

the observed thymus effects are ac-

tually secondary effects resulting as 

generalized stress response from or-

gan damage and subsequent in-

flammatory processes at high toxic 

doses – a hypothesis which needs 

further examination.

 Simple and immediate visual data 

extraction as for figure 6A can already 

give precious information about over-

all frequency of events and specific 

sensitivity of species. Figure 6B illus-

trates that rat would be particularly 

prone to liver metabolic enzyme in-

duction leading to hepatocyte hyper-

trophy, while the overall health status 

of the dog would be reflected through 

Figure 4: Distribution of the eTOX database content according to animal 

species, study duration in days (d) and route of administration.

Route of administration

Study duration

Animal species
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Number of structures
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Figure 5: List of the 10 most frequent organs for which any toxicological findings were reported, with 

the number of compounds that have hits (positive structures – green) and compounds that have no 

hits (negative structures – blue) for these organs.
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thymus atrophy (figure 6C). The X axis showing the num-

ber of drug-induced relevant events, also indicates that 

the database is richer for rat data than for dog.

5. Coverage of the eTOX database

A user of the eTOX database might raise the question 

in how far the data are representative for the chemical 

space of marketed drugs or whether it represents only 

subsets of the chemical space. 

To answer this question, a statistical analysis (Princi-

pal Component Analysis: PCA) was performed, where 

the 1,400 eTOX chemicals were compared to the drugs 

listed in the World Drug Index (WDI).  In this PCA build 

out of 19 different physico-chemical parameters, the 

two main principal components show a dense core and 

a more spread space for the WDI drugs (figure 7).

 The eTOX compounds follow the same pattern, al-

lowing meta-analysis of the data within a relevant 

chemical space for drug development. Since the eTOX 

database comprises data from several marketed 

drugs, some of these dots are common to both data-

bases. Furthermore, it is possible to directly identify 

within the eTOX database, which compounds have 

been marketed drugs and which of these have been 

withdrawn from the market for safety issues. Overall, 

one can conclude that the compounds in the eTOX 

database are covering the general “drugable” space 

as represented by WDI chemical structures of drugs 

that have ever been marketed.

6.  Application of the eTOX database

6.1. Search for structural similar compounds

As shown above the analysis of the data already 

provides interesting insights, but the true value for 

early drug development lies in the knowledge dis-

covery hidden in the database. One straightforward 
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Figure 7: Principle Component Analysis (PCA) of the chemical space of eTOX and 

WDI (World Drug Index). Each red spot represents an eTOX chemical structure and 

smaller grey diamonds represent the whole druggable chemical space from the 

(WDI). The eTOX data shows a good overlap with the chemical space of the WDI.

A. All species

B. For rat only

Top 10 Organ-findings

C. For dog only

Figure 6: List of the 10 most frequent organs for which a specific histopatho-

logical finding was reported, for all species (A), for rat only (B) and for dog 

only (C).
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approach lies in the comparison of 

new drug candidate structures 

with the collected data. The graph-

ical user interface developed by 

the partner Molecular Networks 

(Nuremberg, Germany) of the da-

tabase allows for three search 

strategies (see figure 8), one for 

structural similarity, a second for 

pharmacological target and mode 

of action and a third for similar tox-

icological effects, which can be 

combined for complex queries.

At Bayer, a process has recently 

been established where all new 

drug candidates for which a lead 

structure has been identified are 

searched for structural similar 

compounds in the database. Re-

sults of this search can be used to 

trigger an inclusion of an organ or 

tissue already in a screening study 

if there is evidence from legacy 

data that structurally closely re-

lated compounds cause effects to 

this organ. A recent example shall 

illustrate this application:

P2Xn receptors are a family of 

cation-permeable ligand gated 

ion channels belonging to the pu-

rinoreceptor family. Due to the 

fact that representatives of this 

receptor family play a prominent 

Figure 8: Screenshots of the graphical user interface: the system allows for chemistry-based (structure, substructure, trivial names, or  IUPAC [International Union 

of Pure and Applied Chemistry] codes), pharmacology-related (targets, mode of action), or effect-based (organs, tissues, biomarkers) searches (lower picture).
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role in nociception, Bayer cur-

rently investigates antagonists 

for specific receptors within said 

family. Searching the database 

for structurally similar com-

pounds resulted inter alia in the 

retrieval of Fluopyram, a fungi-

cide. Reported compound-re-

lated organ effects included liver 

(hypertrophy) in the mid-dose 

and thyroid (hypertrophy) in the 

high dose. The effects of the fun-

gicide Fluopyram and similar 

compounds on liver and thyroid 

are mechanistically well charac-

terized and considered to be ro-

dent-specific without relevance 

for human safety (activation of 

hepatic CAR/PXR receptor; Rou-

quie et al. 2015). It was therefore 

decided to include investigations 

of the thyroid already in the early 

screening studies with rats. Find-

ings in thyroid and liver would 

then trigger additional mechanis-

tic studies similar to those per-

formed for Fluopyram, which 

could proof similar underlying 

mechanisms and thus confirm the 

lack of human relevance. By these 

means we were able to de-risk 

the candidate in an early project 

phase.

6.2. Application of in silico 

prediction systems

Complementary to the search 

capabilities in the collected leg-

acy data, the public partners in 

the eTOX project developed pre-

diction models for numerous bio-

logical processes or properties. 

The models are available through 

the same system, i.e., compounds 

for which the database search re-

sulted in evidence for liver toxic-

ity can be directly subjected to 

the models for drug-induced liver 

toxicity (DILI) or transporter inhi-

bition.

The system currently contains 

202 different in silico models 

(“predictive tools”). The majority 

of them relate to the predictions 

of pharmacological predictions, 

followed by organ toxicity predic-

tion models ad pharmacokinetic 

properties (figure 9).

  Figure 10 illustrates, how such 

models can be applied during 

early drug development in order 

to develop hypotheses regarding 

the chemical substituents respon-

sible for an observed or predicted 

effect. Based on the characterized 

chemical space for a specific phar-

macological property of a drug 

candidate, the medicinal chemist 

can modify the chemistry of the 

candidate in order to obtain opti-

mal properties.

6.3. Search for identical or similar 

pharmacological targets

Another use case for the data-

base is the search for pharmaco-

logical targets. This information 

is currently not yet available for 

all studies or structures because 

some pharma companies consid-

ered this information as particu-

larly sensitive. Despite the incom-

plete coverage it was interesting 

to observe for the Bayer early 

drug development projects that 

in 17% of the queries, toxicologi-

cal legacy data were available for 

the same target in the database. 

This indicates that the target was 

or currently is already under in-

vestigation by competitors. In 

further 17% of the searches simi-

lar or related targets were found 

(agonists vs. antagonists, down-

stream targets of the original tar-

get). The retrieved structure cor-

responding to the studies some-

times shows structural similarities 

to the in-house hits. In other 

cases they belong to a completely 

different chemical space. Very of-

ten the activities of the competi-

tors are known to the in-house 

pharmacologists from patent 

searches, congress reports or 

publications. However, the toxi-

cological data are rarely pub-

lished in detail. The eTOX data-

base therefore allows for a com-

parative safety assessment of 

such compounds. A result of such 

a comparison can be that specific 

toxicity findings which were ob-

served for the own compound, 

are also found for the same tar-

get in the database. If the com-

pounds for this target differ in 

their structural class, then the ob-

servation of overlapping findings 

points towards a target-related 

toxicity, i.e. it will be difficult to 

influence the target without trig-

gering certain toxicities.

Furthermore the onset and the 

time course as well as the severity 

of the findings can be compared 

between the own candidate and 

competitor compounds. In the 

past, in some projects significant 

effort was spent to synthesize the 

competitor structure for perform-

ing own comparative pharma-

co-toxicological studies. Using the 

eTOX data, it can be envisaged 

that synthetic capacity and ani-

mal studies can be avoided in 

some cases.

If toxicities are found for the 

own candidate but competitor 

structures for the same target are 

devoid of such effects, the conclu-

Figure 9: Distribution chart of the different in silico model category, which are currently implemented in 

eTOXsys (ADME: adsorption, distribution, metabolism & excretion).
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sion may be drawn that the toxic-

ity is not target-related, which 

then leaves room for the struc-

tural optimization of the in-house 

compound.

6.4. Assessment of species-specifi-

city of toxicological findings

As mentioned above the sys-

temic toxicity studies in two spe-

cies are a prerequisite for the 

first-in-man trial. In many cases, 

the findings and the severity of 

effects in one species does not 

concur with the observation in 

the other species. The toxicologist 

thus faces the question which 

species is more predictive for the 

human. It is not always the most 

sensitive species, which best pre-

dicts the human effects, as has 

already been discussed above for 

certain thyroid effects in rats, 

which are known to be of low rel-

evance for man. Toxicology text 

books describe numerous exam-

ples of species-specific toxicities, 

but for rare findings the toxicolo-

gist lacks a solid database for an 

assessment.

Toxicologists at Sanofi have re-

cently presented an eTOX data 

mining approach for the assess-

Figure 10: Illustrative example of the theoretical application of the in silico tools: The bile salt export pump (BSEP/ABCB11) is involved in bile acid-dependent 

and -independent bile secretion, respectively. It has been reported that bosentan, a marketed endothelin receptor antagonist, inhibits BSEP, which may lead 

to cholestatic liver injury due to the intracellular accumulation of bile salts. The effect is predicted by an in silico tool in eTOXsys developed by the University 

of Vienna (upper screenshot). The tool could be used to modify the structure (e.g., by eliminating the benzylic side chain) in order to obtain a structure which 

results in a negative prediction (lower screenshot). Such tools could help the medicinal chemist to develop hypotheses on possible structural modifications 

of candidate compounds.
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ment of species-specificity of a 

kidney finding, namely “renal 

papillary necrosis” (Drewe et al. 

2016). Their analysis of the eTOX 

data showed that this finding oc-

curred more frequently in rat 

compared to dog studies. The tox-

icologists furthermore found an 

association between the occur-

rence of this finding and com-

pounds acting as inhibitors of the 

targets EGF or VEGF receptor. 

These results show that the rat is 

evidently more sensitive than the 

dog, but it does not immediately 

answer the question, which of the 

two species is the more predictive 

for humans. Today, the eTOX data-

base cannot yet provide responses 

because the corresponding hu-

man data lacks for comparison. 

On the other hand, the results of 

such preclinical sensitivity analysis 

can lead to further hypotheses, 

e.g., is the higher sensitivity of the 

rat due to the higher glomerular 

filtration rate (GFR) compared to 

dog?  A higher GFR may lead to 

higher local drug levels in the kid-

ney of these animals. Based on 

this assumption, mechanistic stud-

ies can be designed. In case these 

studies confirm the hypothesis, it 

can be concluded that for this spe-

cific finding the dog is more rele-

vant to humans than the rat, since 

GFR in humans is closer to dogs 

than to rats.

7. Access to the eTOX database

The eTOX database is currently 

fully accessible only to the part-

ners of the eTOX consortium. 

However, since all IMI projects are 

public-private partnerships it was 

planned from the beginning of 

eTOX to provide access to exter-

nal parties. During the course of 

the project a data access strategy 

was developed (Cases et al. 2014) 

which allowed other European 

research collaborations to re-

trieve and re-use data sets for 

their purpose.

In addition, a smaller subset of 

the data base was made available 

as a demo database to illustrate 

the capabilities of the system and 

the level of detail to a broader au-

dience. This demo database is ac-

cessible via the link https://etox-

sys.eu.

In order to maintain the data-

base after the end of the project a 

sustainability plan was developed. 

Key component of this plan is a 

business broker, who will assure 

that the modular aspects of the 

project, i.e., the database, the de-

veloped ontologies, the user in-

terface and the different models 

will be managed as a single com-

mercial entity. The business bro-

ker will continue to act as an hon-

est broker for the data but no 

data dump into the public domain 

is intended.

The business broker assisted by 

a User Board will determine the 

fees for future customers based 

on fair and reasonable grounds, 

i.e., the access and maintenance 

fees will consider aspects such as 

new data contribution (in-kind 

contribution), the number of us-

ers per institution, the role of the 

institution (commercial vs. aca-

demia/regulatory) and, if com-

mercial, the turn-over of the com-

pany. The commercialization of 

the database is intended immedi-

ately after the end of the project, 

i.e., for the first quarter 2017.

8. Outlook

The above described example 

for the analysis of animal to hu-

man translation shows, that an 

important part is still missing in 

the big data puzzle, namely a 

well-structured collection of clini-

cal data. To be able to answer such 

translational questions, i.e., the 

transferability of the preclinical 

findings to humans, access to clin-

ical data is key. The challenge is 

similar to the one Harry Olson and 

collaborators encountered, ex-

cept that large preclinical data 

sets are today available through 

eTOX. For the clinical data the het-

erogeneity is, however, by far 

larger. A correlation analysis should 

not only include the clinical data 

acquired during drug develop-

ment (phases I-III), but also 

post-marketing studies as well as 

reports in the frame of pharma-

covigilance. In contrast to the 

eTOX data collection, the privacy 

of patient data would prevent the 

sharing of some clinical data 

through a single big consolidated 

database, i.e., alternative ap-

proaches are required.

Based on the success of eTOX 

and the remaining open ques-

tions, another project under Inno-

vative Medicines Initiative 2 will 

try to resolve these issues with the 

help of intelligent interfaces to ex-

isting clinical databases of differ-

ent origins. The interfaces shall 

protect patient data privacy but 

allow for statistical translational 

analyses. In a few years from now, 

it should thus be possible to deter-

mine the predictivity of a preclini-

cal finding in a specific species for 

the human situation within a few 

minutes time.

The new IMI project called 

“eTransafe” is intended to start in 

the second quarter of 2017.
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