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Mode of action information is one of the key components for chemical risk assessment as mechanistic insight
leads to better understanding of potential adverse health effects of a chemical. This insight greatly facilitates
assessment of human relevance and enhances the use of non-animal methods for risk assessment, as it ultimately
enables extrapolation from initiating events to adverse effects. Recently, we reported an in vitro toxicogenomics

Liver . . . . . PR, .
Pharmaceuticals comparison approach to categorize (non-)genotoxic carcinogens according to similarities in their proposed
Transcriptomics modes of action. The present study aimed to make this comparison approach generally applicable, allowing

comparison of outcomes across different studies. The resulting further developed comparison approach was
evaluated through application to toxicogenomics data on 18 liver toxicants in human and rat primary hepato-
cytes from the Open TG-GATEs database. The results showed sensible matches between compounds with
(partial) overlap in mode of action, whilst matches for compounds with different modes of action were absent.
Comparison of the results across species revealed pronounced and relevant differences between primary rat and
human hepatocytes, underpinning that information on mode of action enhances assessment of human relevance.
Thus, we demonstrate that the comparison approach now is generally applicable, facilitating its use as tool in

mechanism-based risk assessment.

1. Introduction

Insight into the mode of action (MOA) of a chemical leads to better
understanding of its potential adverse health effects, thereby facil-
itating assessment of the relevance of effects to humans. In addition,
MOA information greatly enhances the use of non-animal methods for
risk assessment, as it will ultimately enable extrapolation from in-
itiating events to adverse effects. Acceptation and implementation of
approaches that predict adverse health effects based on earlier key
events will be strongly facilitated through the implementation of a
framework for organizing mechanistic information in a consistent and
transparent manner. Both the MOA/human relevance concept (Meek
et al. 2003, 2014; Sonich-Mullin et al., 2001) and the Adverse Outcome
Pathway (AOP) concept (Ankley et al., 2010) offer such a framework.

A chemical class for which a mechanism-based risk assessment
process would be especially useful is the class of non-genotoxic

carcinogens (NGTXCs). NGTXCs act through secondary mechanisms
that do not involve direct interaction with DNA. Instead, these com-
pounds act through a large and diverse variety of well-known me-
chanisms including immune suppression, and inflammatory responses
(Hanahan and Weinberg 2000, 2011; Hernandez et al., 2009; Jacobs
et al., 2016; Williams, 2001). Recently, we presented an in vitro tox-
icogenomics comparison approach to categorize (non-)genotoxic car-
cinogens according to similarities in their proposed MOA(s) (Schaap
et al. 2012, 2015). This comparison approach addresses the need to
obtain detailed knowledge about the MOA(s) of a chemical of interest
and its concept is universally applicable to environmental and phar-
maceutical chemicals.

The aim of the present study was to make the comparison approach
generally applicable allowing comparison of outcomes across different
studies. This will facilitate its use as a tool in chemical risk assessment.
For this, we used data from the publicly available Toxicogenomics
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Project-Genomics Assisted Toxicity Evaluation System database (Open
TG-GATESs; http://toxico.nibiohn.go.jp/english (Igarashi et al., 2015)).
The Open TG-GATEs database comprises toxicogenomics data for a
large number of different substances (170), generated with in vitro
studies using human and rat primary hepatocytes as well as in vivo
studies in rat. In addition, the availability of data from several time
points and dosages as well as the inclusion of three biological replicates
rendered Open TG-GATEs the database of choice. Using this database,
we were able to improve several aspects of the comparison approach
while leaving its concept unchanged. We evaluated the further devel-
oped approach through application to a selected set of substances that
are all known to affect the liver, covering several modes of action and
pathological outcomes. We focused on data obtained from human and
rat primary hepatocytes. By comparing the results for substances with
similar and different MOAs, also across species, we demonstrate the
applicability and the usefulness of the comparison approach as a tool in
mechanism-based risk assessment.

2. Materials and methods
2.1. Compound selection

For the study presented here, a subset of 18 compounds was selected
from the Open TG-GATEs database. Details including dosages used are
given in Table 1. This subset was assembled by including known human
and rodent hepato-carcinogens as well as non-carcinogenic hepato-
toxicants with varying primary MOAs and (in vivo) pathological out-
comes. This dataset consisted of three concentrations (low, mid, high)
for all compounds in both in vitro models, except for ETH, ETP, FFB and
IBU where data from primary human hepatocytes for the low con-
centration was missing. Information on possible toxic MOAs in human
and rodent liver has been collected through literature searches using
the PubMed database and, where applicable, the AOPWiki (http://
www.aopkb.org).

2.2. General data analysis

Raw data for compound exposures and corresponding controls were
downloaded as CEL files from Open TG-GATEs (http://toxico.nibiohn.
go.jp/english; (Igarashi et al., 2015)). Normalized expression values
were calculated using the robust multi-chip average (RMA) algorithm
(Affy package, version 1.48.0) (Irizarry et al., 2003) using the standard
Affymetrix probe set information for the Rat Genome 230 2.0 Array (for
rat primary hepatocyte data) and the Human Genome U133 Plus 2.0
Array (for human primary hepatocyte data). To remove gene re-
dundancy, probe sets were collapsed to their corresponding Entrez gene
ID provided in the rat2302. db (rat, version 3.3.2) and hgul33plus2. db
(human, version 3.2.2) R packages, respectively (Carlson et al., 2016).
This resulted in a table with 14,416 genes for rat and 20,546 genes for
human. Subsequent to normalization, using density plots, boxplots, and
principal component analysis, the data was visualized as a check for
statistical testing. Differential gene expression between the experi-
mental groups and the control group were determined using the Limma
package (version 3.26.9; (Phipson et al., 2016)) in R statistical software
version 3.3.1 (http://cran.r-project.org). Per compound and per con-
centration, the top 1000 most significantly regulated genes (according
to their absolute T-statistic, referred as |T|) were mapped against the
Kyoto Encyclopedia of Genes and Genomes (KEGG) database (http://
www.kegg.jp/) using the KEGGREST package (version 1.10.1; http://
bioconductor.org/packages/KEGGREST/). Overlapping genes were
identified according to their ENTREZ gene ID. P-values were calculated
using a hypergeometric test.
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3. Results
3.1. Method development

The starting point for this study was the comparison approach as
previously described (Schaap et al., 2015). In short, this method starts
with selecting the 50 (n in following formulas) most differentially ex-
pressed genes based on their T-statistics, ranking the resulting gene sets
followed by determining mutual overlap between compound exposures,
and combining the T-statistics for these genes into a score per gene,
which are then combined into an overall score. For an overview of this
approach please see the publication by Schaap and co-workers (Schaap
et al., 2015).

For the further development of the comparison approach (see
below) we explored various scoring methods. First, to make the com-
parison approach general applicable and to respect the gene expression
proportions, we tested re-scaling the |T| to a value within a predefined
range, yet that is based on the distribution of |T|, which led to the re-
scaled score S for gene i being calculated as:

— |T|i —_ ITlmin
|T|max - |T|min

This turned out to introduce artefacts. For example, a compound
with low and relatively constant |T| values may get higher scores than a
compound where the top |T| values are high, followed by a rapid de-
cline in |T|. Moreover, |T| scores are to some extent dependent on the
experimental setup, e.g. the number of replicates used. To ensure
general applicability of our method, we opted for using reverse rank-
based gene scores (i.e. S; = n — (i — 1)) as indicated in Fig. 1.

Another question that arose in relation to calculating rank-based
gene scores was whether this should be done per compound or over
compounds, i.e. by jointly comparing data for two compounds.
Assigning scores by ranking the |T| within each compound in a com-
parison appeared more straightforward and thus better suited for a
generally applicable approach as the ranking could be automated for
each compound separately. However, when ranking the |T| per com-
pound, the 50 highest ranking |T| values for a compound with low
value |T| get weighed as important as the 50 highest |T| for a com-
pound with high |T| (see example in Supplemental Figure 1). This
especially creates artefacts for compound comparisons where the
magnitude of the top 50 responses is considerably different. The need to
avoid such artefacts in compound comparisons led us to the method of
linear ranking |T| values over the two compounds in a comparison.

For combining these (reverse) rank-based scores into a score per
gene, we explored two methods that are sufficiently generically ap-
plicable, namely summation as well as multiplication of the two reverse
rank scores. From a mathematical point of view, multiplication would
yield larger scores if the overlap among hits would extend to those with
the higher gene scores, thus potentially creating additional accuracy
and resolution for our method. On the other hand, genes for which one
of the reverse rank scores are zero would get an overall zero score with
a multiplication, thus erasing possible subtle effects. Upon evaluation,
we observed that for different doses of a compound summation of gene
scores resulted in a slightly higher resolution than multiplication.

Finally, we tested the use of different numbers of top-ranking |T|
values as input for the comparison approach, by comparing a top 30,
50, 75 and 100. For less than 50 genes, the sensitivity for detecting the
same MOA across multiple doses of a compound was poor; using over
100 genes appeared to reduce the specificity as several compounds with
dissimilar MOAs showed overlap in their top-ranking genes (data not
shown). Therefore, we opted for using the top 50 genes.

i

3.2. Flowchart with method description

The workflow of the resulting refined comparison approach de-
picted in Fig. 1 is described here in more detail, using data for
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Table 1 (continued)

References

MOA

Dose R (uM) Dose H

Pharmaceutical
classification

CAS RN

Abbreviations

Compound

(um)

(Kullak-Ublick and Becker, 2003; Ramappa and Aithal, 2013;

Staudinger et al., 2013)

PXR activation leading to sustained activation of CYP and phase II

enzymes, induction of oxidative stress response and lipid

2.8
14

2.8
14
70

13292-46-1 Anti-tuberculosis

RIF

Rifampicin

peroxidation leading to steatohepatitis; Altered activity of hepatocyte
transporters leading to interference with canalicular excretion of bile

salts leading to cholestasis

70

(Foufelle and Fromenty, 2016; Malhi and Kaufman, 2011)

Sustained ER stress leading to activation of the unfolded protein
response leading to apoptosis; Sustained ER stress leading to

0.4

11089-65-9 Antibiotic

TUN

Tunicamycin

10
50

imbalance between FA uptake, de novo lipogenesis, FA oxidation,
and lipid efflux leading to increased hepatic FA and triglyceride

levels leading to steatosis

10

(Angrish et al., 2016; Begriche et al., 2011; Lampen et al.,

2001)

Inhibition of mitochondrial FA oxidation leading to imbalance

200

400

99-66-1 Antiepileptic

VPA

Valproic Acid

between FA uptake, de novo lipogenesis, FA oxidation, and lipid

1000
5000

2000

efflux leading to increased hepatic FA and triglyceride levels leading
to steatosis

10000

(Corton et al., 2014)

Sustained PPARa signalling leading to perturbation of cell growth

and survival leading to liver tumors in rodents

50892-23-4 Antilipidemic

WYy

WY-14,643

30

40

150

200
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rifampicin (RIF, medium dose) and cyclophosphamide (CPA, high dose)
as an example. Data supporting this example are given in supplemental
file 1. As a first step, differentially expressed genes are ranked ac-
cording to their |T|. Per compound, the 50 genes with the highest |T|
are selected for the analysis (A, Fig. 1; Supplemental file 1, Table B). In
step B, the selected genes are ranked according to their |T| over both
compounds. A score from 50 to 1 is assigned to the 50 genes with the
highest |T| (B, Fig. 1; Supplemental file 1, Table B). Subsequently, the
intersection of genes is determined. Only overlapping genes regulated
in the same direction are taken into account for analysis (C, Fig. 1;
Supplemental file 1, Table B, green and red coloured ENTREZ gene IDs).
Non-overlapping genes or overlapping genes with opposite regulation
are omitted (D, Fig. 1; Supplemental file 1, Table B, grey coloured
ENTREZ gene IDs). For the overlapping genes (further referred to as
'hits"), the assigned scores for both compounds are summed, resulting in
a total score per hit (Supplemental file 1, Table E). These scores are
summed for all hits, resulting in a match score per compound com-
parison (E, Fig. 1; Supplemental file 1, Table E). In case data for mul-
tiple concentrations or doses per compound are available, multiple
match scores are calculated. In the final step the maximum score across
doses/concentrations is determined (F, yellow marked cell, Fig. 1;
Supplemental file 1, Table F).

3.3. Application of methodology

Next, the further developed approach was evaluated through ap-
plication to the toxicogenomics data obtained in human and rat pri-
mary hepatocytes following 24 h exposure to the selected compounds
listed in Table 1. The resulting scores are displayed in Table 2A for
primary rat hepatocytes and in Table 2B for primary human hepato-
cytes. A match between compounds was considered relevant when the
number of hits (directionally overlapping genes) out of the top 50 (C in
Fig. 1) and the maximum score value across concentrations was larger
than 10 and 500, respectively (E in Fig. 1; Table 2A and 2B, matches
marked green). A match was considered weak but potentially relevant
when the number of hits was larger than 10 but the maximum score
across concentrations did not reach 500 (Table 2A and 2B, matches
marked yellow). Among the 18 compounds, amiodarone (AM) did not
display a relevant match according to the cut-off values set, neither for
human nor for rat. This is probably due to a very weak gene expression
response for all concentrations of AM tested, which is reflected by the
absence of differentially expressed genes for both rat and human he-
patocytes (data not shown). Nevertheless, pathway analysis based on
the top 1000 regulated genes according to T-statistics revealed a (low)
number of significantly enriched relevant pathways (p < 0.001; Sup-
plemental file 3) in the primary rat hepatocytes but not in the human
primary hepatocytes (Supplemental file 4). However, these pathways,
involved in steroid biosynthesis and fatty acid metabolism/degradation,
were only observed for the highest concentration tested (7 puM) in-
dicating that the concentration range used in this study (i.e. 0.28-7 uM)
was probably too low to induce an effect. This is in line with literature
data where the most sensitive effect (phospholipidosis) in vitro has
been reported from 3 uM onwards (see e.g. (van de Water et al., 2011)).

For the primary rat hepatocytes (Table 2A), the major findings
consisted of a consistent match between the PPARalpha agonists WY,
FFB and CFB with the NSAIDs DFNa and IBU as well as with VPA
(Table 2A). Additionally, the comparison approach yielded matches
between PH, AZP and CPZ, as well as between RIF, ETP, CSA and IBU.
The compounds APAP, CBZ, ETH and TUN did not have a relevant
match with any of the 18 compounds studied.

Analogous to the results for rat cells, we observed for primary
human hepatocytes a clear match between the PPARalpha agonists
(WY, FFB, CFB) and the NSAIDs (DFNa and IBU) (Table 2B). However,
the additional match with VPA observed in rat cells, was missing in
human cells. Other relevant matches observed were between WY, CPA
and RIF as well as between ETP, CSA, DFNa and TUN. VPA and ETH
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Test compound 2

Select top 50 genes
based on T-statistics

Assign gene scores by
ranking selected genes
over compounds

geneNames

connective tissue growth factor

guanylate cyclase activator 28 (uroguanyin)
ADP-nbosylation factor-like 14

Ras-related associated with diabetes
CYP3IAT-CYP3AS1P readthrough

tsukushi, small leucine nich proteoglycan

Determine
directional overlap

=

H

-
i

RFL _RFM _RFH
TPAL ] i1 28
cPAM 41 672 516

CPAH 814 839 T

\,

2 cytochrome P450, family 3, subfamily A, polypeptide 4

0 a cytochrome P450. family 3, subfamily A. polypeotid= ~

0 38 5-aminolevulinate synthase 1 —0e §

2% 61 b ———Zhamily C, polypeptide 9

0 36 - =]

0 33 P450 (cytochrome) oxidoreductase

2 63 cytochrome P450, family 2, subfamily B, polypeptide 6

0 21 ABCC2 ATP-binding cassette, sub-family C (CFTRMRP), memt

0 19 DIO1 deiodinase, iodothyronine, type |

6 6 D2 methylenetetrahydrofolate dehydrogenase (NADP+ depe

2 28 LOC100507389 uncharactenzed LOC100507389

Calculate match score: sum

Match Score 839

overlapping gene scores

Determine maximum
match score

Fig. 1. Flowchart of workflow for the new generic applicable, further developed comparison approach. For explanation of the labels A - F, see paragraph 3.2.

gave only weak matches (see Table 2B), all of which were absent in rat.
4. Discussion

We developed an improved version of the previously reported
comparison approach and tested its generic applicability through ap-
plication to data from the Open TG-GATEs database. All 18 compounds
used for the evaluation were selected based on their potential to induce
hepatotoxicity with a range of, partially overlapping, MOAs. Pathway

Table 2A

analyses were conducted to aid interpretation (Supplemental files 3 and
4). These analyses revealed the virtual absence of significantly regu-
lated pathways for AM, for which also no convincing match was ob-
served. For other compounds without a convincing match, e.g. ethio-
namide (ETH), many strongly regulated pathways were identified,
which illustrated absence of overlap in MOA with the other compounds.
MOAs detected include DNA damage, p53-mediated pathways, en-
doplasmic reticulum stress, activation of nuclear receptors, oxidative
stress, and PPAR signalling. Below, a selection of matches observed (or

Maximum scores obtained across concentrations in the rat primary hepatocyte dataset.

AM APAP AZP CBZ CFB CPA CcpPz
IBU: FFB: CPZ: ETP: PH:
314 114 310 429 420
FFB: CFB: CPZ: PH: CPZ: AZP:
292 112 367 260 225 367
WY: VPA: CSA: ETP: CBZ: CSA:
266 111 349 244 212 337
CFB: IBU: ETP: CPA: CSA: CBZ:
232 102 166 212 208 310
VPA: WY: DFNa: ETH: DFNa: CPA:
213 96 147 199 132 225
CPZ: DFNa: | TUN: RIF: AM: PH: ETP: DFNa: | CSA: AM: VPA: AM: RIF: IBU: CPZ: VPA: ETP: AM:
121 94 139 127 232 107 216 283 283 103 259 292 352 192 161 123 259 266
ETH: ETH: RIF: DFNa: | APAP: RIF: DFNa: IBU: ETP: CPZ: CBZ: | APAP: AM: ETP: AZP: CPZ: AM: APAP:
103 89 133 122 112 83 163 275 280 90 244 114 314 172 133 98 213 96
DFNa: | CSA: IBU: CSA: TUN: ETH: RIF: CPA: RIF: APAP: | CPZ: PH: ETP: RIF: CBZ: CBZ: CSA: ETP:
95 76 101 112 49 71 161 208 258 89 216 87 300 163 127 70 153 44
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Table 2B
Maximum scores obtained across concentrations in the human primary hepatocyte dataset.
AM APAP AZP CBz CFB CPA CcpPz CSA DFNa ETH ETP FFB I1BU PH RIF TUN VPA Wy
CPZ: ETP: ETH:
199 348 326
CBZ: AZP: DFNa: WY: CBZ: CBZ:
198 479 332 410 416 296
CPA: ETP: APAP: IBU: CPA: VPA: CFB: CPA: DFNa: RIF:
166 469 479 346 447 326 346 185 433 291
RIF: CSA: CSA: WY: VPA: WY: AZP: CSA: VPA: DFNa: AZP: APAP: CFB:
166 335 433 463 266 382 433 303 152 144 183 290 266
DFNa: TUN: TUN: PH: DFNa: CPZ: RIF: APAP: APAP: | APAP: RIF: AZP: DFNa: CPZ: AZP: ETP: CBZ:
128 290 286 416 188 447 302 335 274 469 106 127 146 302 286 238 463
WY: ETH: ETH: VPA: AZP: VPA: AM: ETH: AZP: ETH: AZP: VPA: APAP: VPA: VPA: CPA: IBU:
127 274 223 296 137 237 199 303 223 348 95 105 143 291 228 237 410
PH: VPA: VPA: DFNa: RIF: ETH: DFNa: VPA: TUN: TUN: VPA: ETH: CPA: TUN: | APAP: ETH: TUN: CPZ:
96 213 208 277 108 208 181 198 433 223 238 94 96 104 181 223 228 382
VPA: CBZ: CPA: APAP: ETH: APAP: ETH: PH: ETH: CPA: CPA: CPA: ETP: AM: AM: WY: DFNa: | DFNa:
78 204 185 204 92 192 147 94 332 208 118 66 88 96 166 125 225 313

lack thereof) in primary human and rat hepatocytes is discussed based
on overlapping MOAs.

4.1. DNA damage

An example of an expected but missing match is a match between
etoposide (ETP), a well-known topoisomerase II inhibitor and
Cyclophosphamide (CPA). Topoisomerase II inhibitors such as ETP,
induce DNA double stranded breaks leading to apoptosis through
transient stabilization of the topoisomeriase IIa-DNA complex
(Choudhury et al., 2004). Also CPA induces DNA strand breaks, how-
ever single stranded, through the formation of DNA-DNA crosslinks,
leading to inhibition of DNA synthesis and cell apoptosis (Kawabata
et al., 1990; Murata et al., 2004). Based on their large overlap in MOA,
a match between these two compounds would be expected. Such a
match, however, was absent in primary human hepatocytes and only
present to a limited extent in primary rat hepatocytes (score 429, < 10
hits). The limited capability of detecting genotoxic modes of action in
primary hepatocytes was also apparent in our previous study, which
involved primary mouse hepatocytes and mouse embryonic stem cells
(Schaap et al., 2015). Although the absence of a match can be explained
by the post-mitotic state of the primary hepatocytes used, pathway
analysis (Supplemental File 3 and 4) still showed a number of sig-
nificantly regulated pathways related to DNA replication and DNA re-
pair as well as cell cycle regulation and cellular senescence in both rat
and human. This clearly indicates that at least part of the MOA is de-
tected despite the apparent limitations of the model system.

4.2. P53-mediated pathways

In primary human hepatocytes, a match between ETP and cyclos-
porine A (CSA; score 842), diclofenac (DFNa; score 690), azathioprine
(AZP; score 675) and tunicamycin (TUN; score 531) was identified.
Although pathway analysis (Supplemental file 4) indicated that all
matches observed for ETP converge on a p53-dependent MOA, different
underlying mechanisms can be identified indicative of only partially
overlapping MOAs. As an example, the match between ETP and AZP is
based on the observation that ETP exposure induces apoptosis through
a p53-dependent pathway involving mitochondrial stress and the re-
lease of mitochondrial Cytochrome C (Choudhury et al, 2004;
Karpinich et al., 2002). Azathioprine (AZP) on the other hand causes
reactive oxygen species (ROS)-induced DNA- and mitochondrial da-
mage leading to (p53-dependent) cell-cycle arrest and apoptosis
(Karran, 2006). This occurs through the formation of oxidation-prone
and immunosuppressive  6-thioguanine  metabolites  (6-TG)
(Sahasranaman et al., 2008). The observation that the toxicity of both

ETP and AZP relies on DNA-related mechanisms is illustrated by the
presence of significantly enriched pathways predominantly related to
DNA repair mechanisms, DNA replication and cell cycle (Supplemental
file 4).

4.3. Endoplasmic reticulum-stress

Partial overlap with a different MOA is underlying the match be-
tween ETP and both CSA and TUN. For CSA, in vitro as well as in vivo
studies have demonstrated induction of apoptosis via sustained en-
doplasmic reticulum (ER) stress, activation of the unfolded-protein re-
sponse (UPR) and mitochondrial dysfunction (Korolczuk et al., 2016;
Szalowska et al., 2013). Comparably, TUN exposure is known to induce
ER-stress and UPR, though depending on downregulation of pathways
involved in lipid synthesis and inhibition of metabolic pathways (Malhi
and Kaufman, 2011). ER-stress- and UPR-related cell death in hepato-
cytes has been shown to depend on mitochondrial pathways regulated
via the B cell lymphoma 2 (BCL-2) protein family and the closely
connected p53 (Hemann and Lowe, 2006; Hetz, 2012).

Indeed, pathway analysis for CSA, TUN and ETP showed con-
vergence on pathways involved in p53-associated mechanisms in-
cluding cell cycle regulation and several DNA repair mechanisms.
Additionally, both CSA and TUN showed significantly enriched path-
ways involved in ER-stress such as protein export and protein proces-
sing in endoplasmic reticulum for both TUN and CSA. These pathways
are absent for ETP (Supplemental file 4). The observation of a com-
parable, though much weaker, match between ETP and CSA in rat he-
patocytes (score 386 versus 842; Table 2A; 2B) indicates a difference in
species sensitivity for these mechanisms (Supplemental file 3).

4.4. Nuclear receptors and species differences

The match between ETP and DFNa in primary human hepatocytes is
based on overlap in p53-related cell cycle regulation and metabolic
pathways at the high doses of DFNa and ETP (Supplemental file 2). In
contrast to pharmaceutical (non-toxic) doses of DFNa (Sinz et al., 2006;
Tang, 2003), high doses of DFNa may saturate normal elimination
routes and result in radical-prone metabolism by peroxidases disrupting
the mitochondrial respiratory chain causing p53-mediated apoptotic or
necrotic cell death (Boelsterli, 2003; Nouri et al., 2017). Our pathway
analysis indeed displays an overlap between ETP and DFNa based on
p53-related cell cycle regulation and metabolic pathways. However, the
emergence of additional significantly enriched pathways related to
RXR-related pathways, drug metabolism as well as mitochondrial dys-
function and programmed cell death in the human data with DFNa. as
opposed to the DNA damage- and repair-related pathways observed

120



H.J. Heusinkveld et al.

with ETP, illustrates that the overlap in MOAs between ETP and DFNa is
only partial (Supplemental files 3 and 4).

In rat primary hepatocytes, a strong match between ETP and DFNa
is absent (max score 280; Table 2A). This is in line with findings by
Lauer and co-workers who demonstrated a comparable mechanism in
rat and human hepatocytes, but report a higher sensitivity for human-
compared to rat hepatocytes (Lauer et al., 2009). This difference in
sensitivity could be explained by the induction of metabolism via
binding of DFNa to the Pregnane X Receptor (PXR) in human hepato-
cytes, which does not occur in rat (LeCluyse, 2001; Tirona et al., 2004).
This species difference is also apparent in our pathway analysis where
human data does include significant enrichment of RXR-related path-
ways (Supplemental file 4) whereas rat data shows no regulation of PXR
or RXR-related pathways (Supplemental file 3).

Comparably, RIF has been shown to activate human PXR, but not rat
PXR (LeCluyse, 2001; Tirona et al., 2004). This is reflected in the ob-
servation that RIF matched with CPA, WY-14,643 (WY), carbamazepine
(CBZ) and DFNa in human hepatocytes, converging on PXR-related
pathways (Supplemental file 4) whereas these pathways were absent in
the matches observed in rat hepatocytes (ETP and CSA; Supplemental
file 3). In general, PXR activation leads to upregulated expression of
phase I and II drug metabolizing enzymes, such as cytochrome P450
enzymes (CYPs), glutathione S-transferases (GSTs), N-acetyl trans-
ferases (NATs) and transporters (involved in phase III) (Mackowiak and
Wang, 2016; Willson and Kliewer, 2002). This is in turn related to in-
duction of the production of excessive reactive oxygen species (ROS)
leading to lipid peroxidation and cell death.

4.5. Oxidative stress

Activation of Nrf2, a widely recognized master regulator of cellular
redox homeostasis, counteracts the increased ROS production in mi-
tochondria (Liu et al., 2013). However, recent studies suggest re-
ciprocal regulation of the Nrf2 and PPARy signalling pathways to re-
inforce the oxidative stress response (Huang et al., 2010; Lee, 2017).
Herein, PPARY, a target gene of Nrf2 (Huang et al., 2010), has been
identified as negative regulator of oxidative stress-induced inflamma-
tion (Lee, 2017). The induction of oxidative stress and subsequent ac-
tivation of the Nrf2 and PPARy signalling pathways thus likely explains
the matches between RIF, CPA, CBZ and DFNa in human hepatocytes
(Algahtani and Mahmoud, 2016; Herpers et al., 2016; Higuchi et al.,
2012; Jamis-Dow et al., 1997; Kim et al., 2017; Li and Chiang, 2006;
Nakajima et al., 2011; Ramappa and Aithal, 2013; Wang et al., 2016;
Zhou et al., 2006). The resulting pro-apoptotic signalling induced by
pro-inflammatory cytokines is reflected in pathways such as TNF sig-
nalling, MAPK signalling, NF-kB signalling and apoptosis (Supple-
mental Files 3 and 4).

4.6. PPAR signalling

As expected, PPARa agonists WY, CFB and FFB grouped robustly in
both primary rat hepatocytes and primary human hepatocytes
(Table 2A and 2B) converging on activation of PPAR signalling, as il-
lustrated by significant enrichment of several pathways related to PPAR
signalling, peroxisome activation and fatty acid turnover (Supplemental
file 3 and 4). Additional grouping with IBU, DFNa and VPA, was ob-
served in rat cells (Table 2A). In human cells however, only weak
matches were observed between the PPARa agonists, IBU and DFNa
while the match with VPA was absent (Table 2B). The observed match
between PPAR alpha agonists and IBU (Table 2A and 2B) can be ex-
plained by the observation that NSAIDs, such as IBU, may act as PPARy
agonist (Lehmann et al., 1997; Puhl et al., 2015). Considering the close
ties between the different PPAR signalling pathways and COX-inhibi-
tion, which is the primary mode of action of NSAIDs, this provides a
rationale for the grouping of NSAIDs with PPARa agonists. Indeed,
pathway analysis for IBU in both rat and human displays significant
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regulation of PPAR signalling-related pathways comparable to the
PPARa agonists although much stronger in rat compared to human.
Also for DFNa, a clear match is observed with the PPARa agonists based
on regulation of PPAR-signalling pathways, though only in rat
(Table 2A and 2B). Comparably, VPA showed a consistent strong match
with PPARa agonists as well as IBU and DFNa in rat, but not in human,
converging on PPAR signalling, peroxisome activation and fatty acid
turnover.

Although PPAR agonism is detected in both human and rat primary
hepatocytes, species differences lead to a far lower responsiveness to
PPAR agonists in test systems based on human cells compared to rat
(Corton et al., 2014; Liss and Finck, 2017; Okyere et al., 2014). In the
TG-GATEs dataset, this lower responsiveness is likely reflected in the far
lower number of differential expressed genes in response to PPARa
agonist exposure observed in human primary hepatocytes (data not
shown).

The basis for the match between RIF and WY in human hepatocytes
is their effect on lipid peroxidation. WY is a typical PPARa agonist,
which is known to transcriptionally activate genes that participate in
peroxisomal, microsomal, and mitochondrial fatty acid oxidation. RIF
exposure on the other hand, leads to increased lipid peroxidation
through the activation of PXR and induction of ROS (Begriche et al.,
2011; Lee et al., 2003). This MOA was reflected in the enrichment of
pathways such as PPAR signalling, peroxisome, and fatty acid de-
gradation (Supplemental file 4). Additionally, both compounds affect
bile acid formation via nuclear receptor signalling cascades in turn af-
fecting the transcription of hepatocyte transporter genes critical for bile
formation, e.g. the bile salt export pump (Chen et al., 2014; Guo et al.,
2015; Kullak-Ublick and Becker, 2003; Pineda Torra et al., 2003;
Staudinger et al., 2013; Wang et al., 2014).

4.7. Overall performance

For the dataset studied, we demonstrated that further development
of the comparison approach rendered general applicability, while it is
still capable of recognizing presence or absence of overlaps in MOA.
The various examples discussed above show that also a partial overlap
in MOA is detected. Nevertheless, a few issues remain that need to be
resolved. Above all, the current version of the comparison approach
produces best matches across the concentrations or doses tested, but
possible concentration-response relationships need to be checked
manually. Automated generation of this information would be highly
valuable, as it would strongly facilitate interpretation of results. This
also applies to the analysis of differentially regulated pathways since
the examples of matches discussed indicate that the output of the
comparison approach cannot be interpreted correctly solely based on
matches at the gene level.

Besides the comparison approach itself, test conditions, including
selection of the test concentrations, exposure duration and choice of
model(s), remain highly important. This is illustrated here by AM, for
which the absence of matches appears related to choice of test con-
centrations, as well as the differential outcomes from human and rat
cells. Also, to what extent intrinsic aspects of the cell model such as
genetic background and sex play a role requires further investigation.
Based on the outcomes of the present and previous studies, we propose
to employ multiple in vitro testing systems that complement each other
in their characteristics, e.g. biotransformation capacity, cell type, pro-
liferation etc. Ultimately, an optimal combination of robust test systems
needs to produce reliable outcomes that are, without exceptions, re-
levant to human health risk assessment. While searching for this com-
bination, the use of cell systems from different species could be of
added value. Including test systems derived from different species will
inform on the one hand on the usefulness of a particular test system
(results are consistent with those obtained from other test systems)
whilst on the other hand species-specific results will indicate which test
system produces results that are relevant to human health risk



H.J. Heusinkveld et al.

assessment.
5. Conclusion

Taken together, we demonstrated that the new version of the
comparison approach is an unbiased approach to inform on the MOA(s)
of a chemical of interest. We consider this approach complementary to
other data sources, such as the ToxCast database (Judson et al., 2010;
Richard et al., 2016; Tice et al., 2013). Where High-Throughput
Screening approaches such as ToxCast mainly inform on molecular
initiating events, the comparison approach takes a broader perspective
and provides a more complex understanding of the MOA with in-
formation on key events, which may support the development of AOPs.
This renders the comparison approach a useful tool for mechanism-
based risk assessment.
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