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Abstract

Drug-induced liver injury is a prominent reason for premarketing and postmarketing drug
withdrawal and can be manifested in a number of ways, such as cholestasis, steatosis and fibrosis.
The mechanisms driving these toxicological processes have been well characterized and have been
emdedded in adverse outcome pathway frameworks in recent years. This paper reviews these
constructs and simultaneously illustrates their use in the preclinical testing of drug-induced liver
injury.
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1. Introduction

Drug-induced liver injury (DILI) is of high clinical concern, as it is the leading cause of
acute liver failure.1:2 Indeed, DILI accounts for about half of the cases of acute liver failure
in the US and in the UK.1:3-6 Furthermore, DILI is also of clear relevance to pharmaceutical
industry, since it underlies the withdrawal of a considerable number of drugs during
premarketing and postmarketing phases of drug development.” DILI can be predictable or
unpredictable, designated as intrinsic or idiosyncratic hepatotoxicity, respectively. The
former depends on the dose and becomes manifested within a few days. It mainly results
from direct toxicity of a drug or its metabolites and can be reproduced in animal models.
Idiosyncratic hepatotoxicity, which on its turn is subdivided into immune idiosyncrasy and
metabolic idiosyncrasy, does not necessarily depend on the dose and occurs with variable
latency.5:8-12 |diosyncratic hepatotoxicity occurs in 1 in 10.000 to 100.000
individuals.13:46.10.13-15 mmunoallergic drug reactions are seen in about 25% to 30% of all
DILI patients.16

Predictive toxicology, based upon mechanistic information, has become a critical aspect in
the safety evaluation of drugs in the last decade. A major tool introduced in this regard is the
adverse outcome pathway (AOP) framework, which refers to a conceptual construct that
portrays existing knowledge concerning the linkage between a direct molecular initiating
event (MIE) and an adverse outcome via a number of key events (KEs) at a biological level
of organization relevant to risk assessment.17-21 AOPs have yet been designed for several
human-relevant toxicological endpoints. In response to the increasing use of AOPs, the
Organization for Economic Cooperation and Development together with the US
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Environmental Protection Agency, the US Army Engineer Research and Development
Center and the European Joint Research Center has initiated a project to facilitate the use of
AOPs in assessing the safety of chemicals, called the AOP Knowledge Base. The AOP
Knowledge Base consists of four modules, namely the AOP Xplorer, Effectopedia, the
Intermediate Effects Database and the AOP Wiki. The latter provides an open-source
interface for rapid, widely accessible and collaborative sharing of established AOPs and
building new AOPs.21 The AOP Wiki was launched in 2014 and thus far contains as much
as fifty AOPs for diverse types of toxicity, including hepatotoxicity. Among those, a number
are of clear relevance to the DILI field and will be scrutinized in this paper. Particular focus
will be put on how these AOPs can form the basis for preclinical DILI testing.

2. Established AOPs on DILI

2.1. Liver fibrosis

Liver fibrosis is a reversible wound healing response to either acute or chronic cellular
injury that reflects a balance between liver repair and scar formation. It can be activated by a
number of drugs, such as methotrexate. A central event in liver fibrosis is the activation of
hepatic stellate cells, which occurs in two phases, namely the initiation stage and the
perpetuation stage.20:22-27 |n the initiation phase, quiescent hepatic stellate cells become
responsive to growth factors. This may be triggered by a variety of signals, including
reactive oxygen species and apoptotic bodies originating from dying hepatocytes. In the
perpetuation phase, the primed hepatic stellate cells undergo several changes related to
proliferation, contractility, fibrogenesis, chemotaxis, extracellular matrix degradation and
retinoid loss, whereby they adopt a myofibroblast-like phenotype. Hepatic stellate cell
activation may be counteracted in a resolution phase through apoptosis, senescence or
reversion to the quiescent phenotype.20:25:26 Protein alkylation is considered as the MIE in
an established AOP on liver fibrosis, whereas the obvious adverse outcome at the organ
level is liver fibrosis (Figure 1). Different KEs at the cellular and tissue level have been
defined, including hepatocyte injury and cell death, activation of Kupffer cells, expression of
transforming growth factor beta 1, activation of hepatic stellate cells, oxidative stress and
chronic inflammation, collagen accumulation and changes in hepatic extracellular matrix
composition,20-23.28

2.2. Liver steatosis

Steatosis is a prototypical type of drug-induced liver injury that refers to the process of
abnormal retention of lipids, mainly triglycerides, within hepatocytes. It reflects the
impairment of normal synthesis and elimination of triglycerides, and is triggered by a
plethora of drugs, such as valproic acid.20:22.23.27 Steatosis can develop further into non-
alcoholic steatohepatitis, which is characterized by hepatocellular injury and
inflammation.20:29:30 |_jver steatosis may occur in a microvesicular or in a macrovesicular
pattern. In microvesicular steatosis, numerous small lipid droplets are present in the
hepatocyte cytoplasm, which do not displace the cell nucleus. By contrast, large droplets
that move the hepatocyte nucleus to the periphery are observed in macrovesicular
steatosis.20:27:31-33 Since interaction of drugs with nuclear receptors is a frequent mechanism
observed in liver steatosis, it has been considered as the main MIE in an established liver
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steatosis AOP (Figure 2). In particular, activation of the liver X receptor induces an array of
effects, such as enhanced transcription of genes encoding mediators of cholesterol and lipid
metabolism. This leads to the increased influx of fatty acids from peripheral tissues into the
liver and equally drives do novo synthesis of fatty acids. Consequently, triglycerides tend to
accumulate in hepatocytes, which is considered as a KE in this AOP. At the organelle level,
hepatocellular lipid accumulation may provoke cytoplasm displacement, nucleus distortion,
mitochondrial toxicity and endoplasmic reticulum stress. All together, these effects underlie
the acquisition of the typical fatty liver cell phenotype, which in turn causes a clinically
relevant increase in liver weight.20-23.34

2.3. Cholestasis

Cholestasis accounts for 47% of all reported DILI cases3® and can be caused by drugs such
as bosentan. In the established cholestasis AOP, the MIE is the direct cis-inhibition of the
bile salt export pump (Figure 3). As a result of this, toxic bile acids accumulate into
hepatocytes or bile canaliculi. These bile salts trigger a direct deteriorative response and an
adaptive response.20:27 At the cellular level, the deteriorative response is accompanied by
the formation of the mitochondrial permeability pore, which leads to mitochondrial
impairment, inflammation, the production of reactive oxygen species and ultimately to the
onset of cell death by both apoptotic and necrotic mechanisms.20:36:37 Because of the latter,
cytosolic enzymes start to leak from hepatocytes and cholangiocytes, and become
measurable in the serum.20:38:39 A hallmark of cholestasis at the cellular level includes the
induction of an adaptive response, which is aimed at counteracting bile accumulation and
thus cholestatic liver injury. Accordingly, a complex machinery of transcriptionally
coordinated mechanisms involving nuclear receptors is activated by bile acids, which
collectively decrease the uptake and increase the export of bile acids and bilirubin into and
from hepatocytes, respectively. Simultaneously, detoxification of bile acids is enhanced,
while their synthesis becomes downregulated.20:40-42 The increased effort of cholestastic
hepatocytes to remove bilirubin causes bilirubinuria and hyperbilirubinemia. As a result,
yellowish pigmentation of the skin and the conjunctival membranes over the sclera becomes
visible, known as jaundice. Furthermore, the elevated presence of bile acids in the serum is
thought to account for the typical skin itching in cholestasis patients.20:38:39:42 proposed
KEs are the accumulation of bile, the induction of oxidative stress and inflammation, and the
activation of nuclear receptors. Furthermore, the AOP distinguishes direct adverse and
indirect adaptive effects, and takes a number of alternative MIEs mechanisms into
account,20.21.43

3. Applications of AOPs and DILI testing

3.1. Read-across and chemical grouping

The term read-across refers to the process of reading information from a set of
toxicologically well-characterized chemicals and presuming that a compound with unknown
adverse properties will show similar effects because of its structural or mechanistic
similarity to those chemicals.#44> This inherently necessitates the establishment of chemical
categories, such as based on structural alerts. This can be accomplished by addressing
several in silico tools, including expert systems, relying on human expert knowledge, and
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statistical systems, using automated algorithms.*6 Among those are quantitative structure-
activity relationships, and using this approach, it has been demonstrated that chemicals with
an ester bound to a carbon atom of a heterocyclic group or carbocyclic systems with a least
one aromatic ring positively contribute to bile salt export pump inhibition, being the MIE in
the AOP on drug-induced cholestasis, while the presence of hydroxyl groups bound to
aliphatic carbon atoms has a negative contribution.4”48 |n silico modeling further showed
the role of hydroxyl groups in the interaction of chemicals with the bile salt export pump.4°
Twodimensional and tridimensional quantitative structure-activity relationships studies have
also been performed on ligands of the liver X receptor, which constitutes the MIE in the
AOP on drug-induced steatosis. By doing so, a number of chemical features, such as the
presence of phenyl rings, chloro groups and methyl moieties, have been identified as
determinants of liver X receptor binding and activity.>? While such approaches typically
start from toxicological mechanisms and then search for chemical structures that can trigger
them, other strategies may work the other way around. For instance, using a dataset of over
nine hundred drugs, sixteen structural alerts for hepatotoxicity in humans have been
developed and a mechanistic rationale has been proposed to hypothesize MIEs leading to
DILLI. This kind of alerts have the potential to be used in the hepatotoxicity screening of drug
candidates, while the chemical categories as such are important in applying read-across
approaches.®! Thus, specific MIEs, in casu related to DILI AOPs, can be related to these
chemical classes and may assist in predicting toxicity. However, it should be kept in mind
that the ability to participate in a chemistry-dependent MIE does not lead to a toxicological
outcome per se4

3.2. Integrated approaches to testing and assessment

Integrated approaches to testing and assessment (IATA) are structured concepts used for
hazard identification (i.e. potential), hazard characterization (i.e. potency) and/or safety
assessment (i.e. potential/potency and exposure) of a chemical or group of chemicals, which
strategically integrate and weight all relevant data required for regulatory decision-making,
while reducing reliance on animal testing.4>2 IATA is considered a generic approach and
may encompass integrated testing strategies and weight-of-evidence considerations.>2 An
integrated testing strategy for candidate pharmaceuticals has been proposed.>3 AOPs can be
envisaged as the mechanistic backbone of IATA. In fact, IATA typically focus on different
information blocks of AOPs, such as the MIE and selected KEs.*> AOP-driven IATA not
only consist of non-testing (i.e. in silico) approaches, but also of in chemico, in vitro and in
vivo testing elements.>2 In chemico assays aid in the characterization of the intrinsic
reactivity of chemicals to a specific biological target embodied by MIEs and differ from in
vitro and in vivo testing in that they usually do not involve cellular systems. The majority of
in chemico tests that intend to predict toxicity study the interaction of an electrophilic
molecule (i.e. the toxicant) with a model nucleophile that represents the biological target.>*
A plethora of in vitro tests can be used to test MIEs and/or specific KEs.?2 Their testing
principle and nature can be diverse, and hence these in vitro tests should be selected on a
case-by-case basis. DILI in vitro tests typically rely on the use of liver-based testing
platforms, which can range from acellular systems, such as microsomes, to artificial liver
bioreactors.>> An obvious yet challenging prerequisite to be implemented in IATA is that
the addressed liver-based in vitro model should reproduce the MIE or KE of interest at an in
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vivo-like level. This specifically holds true when studying liver fibrosis, whereby in vitro
settings consisting of hepatic stellate cells, hepatocytes and Kupffer cells should be used in
order to appropriately simulate activation of the former.20-24-27 Furthermore, IATA can also
make use of limited in vivo testing, such as on Zebrafish embryos.52 In some cases,
predictivity of these models is higher than in vitro systems, given that they accommodate the
complexity of a whole organism.>® State-of-the-art technologies can be used in all these
testing approaches, including high-throughput screening methodologies, such as receptor
binding and cellular reporter assays, as well as toxicogenomics strategies, in particular
transcriptomics, proteomics and metabonomics.>2 Basically, a drug candidate should be run
through this battery of in silico, in chemico, in vitro and in vivo approaches, each which test
the MIE and one or more KEs of a specific DILI AOP. This may be embedded in a tiered
testing approach based on prioritization of AOP information blocks. This can be combined
with weigh-of-evidence evaluation of testing results and can be anticipated to yield a reliable
outcome eligible for regulatory purposes. Obviously, such proposed strategy inherently
raises the question how many AOPs should be tested in order to ensure decisive results and
thus to avoid false negatives while running toxicity assays.

4. Conclusions and perspectives

Because of its unique function and localization in the body, the liver is a primary target of
toxicity induced by drugs. DILI can be manifested in a number of prominent ways, such as
cholestasis, steatosis and fibrosis, and is a major reason for discontinuation of drug
development or withdrawal of drugs from the market.” Nevertheless, it still remains
challenging to detect DILI. Indeed, standard animal studies conducted during routine drug
development usually pick up about half of all human hepatotoxic compounds’->758, whilst
human-based in vitro testing identifies up to 60% of the in vivo human hepatotoxic drugs.>®
AOPs are promising tools in this respect, as they may allow to predict DILI in a more
accurate and mechanistically-anchored way. In fact, AOPs can not only be applied in such
bottom-up approach, targeted towards predicting an adverse outcome after determination of
a MIE and downstream KEs, but equally in a top-down scenario, which aims at explaining
an adverse outcome in terms of a MIE and KEs.>? Despite the well-recognized and broad
potential of AOPs for the safety evaluation of chemicals in general and although guidance
on AOP development and evaluation has been introduced by the Organization for Economic
Cooperation and Development®0, this area is still in its infancy and will greatly benefit from
fine-tuning in the upcoming years. A criticism on AOPs nowadays still is their simplicity
and thus their poor reflection of complex toxicological processes, including adaptive
responses and homeostatic modifications. AOPs are indeed presented as stand-alone linear
events, yet the reality is likely to be much less straightforward, as parallel cascades and
crossing of pathways may be involved. Furthermore, AOPs are to be considered as open and
flexible structures that should be continuously refined by feeding in old and new data.
During such iterative refinement exercises, particular attention should be paid to
quantification of AOPs, which is an absolute conditio sine qua non for their implementation
into regulatory risk assessment. This can be achieved in several ways, such as by
establishing dose/concentration-effect relationships for the MIE and/or KEs.
Simultaneously, kinetic features should be included in AOPs, which may be critical for
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determining overall exposure and KE relationships. Another aspect that deserves further
scrutiny relates to the introduction of uncertainty factors in AOPs. Several worldwide efforts
are currently ongoing to tackle these challenges, including at the level of the Organization
for Economic Cooperation and Development?1:60, the US Hamner Institutes of Health®1, the
US Center for Alternatives to Animal Testing®2 and the European research program called
Safety Evaluation Ultimately Replacing Animal Testing.53:64 Such projects are expected to
produce robust and reliable AOP tools that can be used for a variety of purposes pertinent to
toxicology and risk assessment, including the prediction of DILI during early drug
development.
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Figure 1. AOP for drug-induced liver fibrosis
The MIE (blue) is considered protein alkylation and covalent protein binding in the liver.

This serves as a trigger to provoke hepatocyte injury, including apoptosis, which in turn
activates Kupffer cells. As a result, transforming growth factor beta 1 (TGF-$1) expression
is induced, which is a key factor for stellate cell activation. The latter goes hand in hand with
the occurrence of inflammation and oxidative stress. The different KEs at the cellular level
(green) are interconnected in several ways. The overall end result is accumulation of
collagen and changes in the extracellular matrix composition in the liver (orange), which
becomes clinically manifested as the adverse outcome, namely liver fibrosis (red)
(reproduced with permission from20),
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Figure 2. AOP for drug-induced liver steatosis
Activation of the liver X receptor (LXR), which is the MIE (blue), induces a number of

transcriptional changes, including activation of the expression of carbohydrate response
element binding protein (ChREBP), sterol response element binding protein 1c (SREBP-1c),
fatty acid synthase (FAS) and stearoyl-coenzyme A desaturase 1 (SCD1). As a result, de
novo synthesis of fatty acids is enhanced in the liver. At the same time, fatty acid translocase
(CD36) production is upregulated, which mediates increased hepatic influx of fatty acids
from peripheral tissues. All together, these steps drive the accumulation of triglycerides,
which is considered a KE (dark green). At the organelle level, this evokes cytoplasm
displacement, distortion of the nucleus and mitochondrial disruption. This ultimately
burgeons into the appearance of fatty liver cells (orange) and further into the clinical
diagnosis of liver steatosis (red) (reproduced with permission from20).
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Figure 3. AOP for drug-induced cholestasis
The response matrix between the MIE (dark blue) and adverse outcome (red), the inhibition

of the bile salt export pump (BSEP) and cholestasis, respectively, spans over the cellular and
organ levels. Identified KEs (dark green) include the accumulation of bile, the induction of
oxidative stress and inflammation, and the activation of the nuclear receptors pregnane X
receptor (PXR), farnesoid X receptor (FXR) and constitutive androstane receptor (CAR).
Together with a number of other steps, these KEs drive both a deteriorative cellular response

(yellow), which underlies directly caused cholestatic injury, and an adaptive cellular
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response (purple), which is aimed at counteracting the primary cholestatic insults. Direct
inducing and inhibiting effects are indicated with green and red arrows, respectively.
Secondary inducing and inhibiting effects of oxidative stress and/or inflammation are
indicated with blue and orange arrows, respectively (5’-NT, 5’-nucleotidase; ALP, alkaline
phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
CYP2B10/3A4/7AL, cytochrome P450 2B10/3A4/7A1; GGT, gamma-glutamyl
transpeptidase; MPP, mitochondrial permeability pore; MRP2/3, multidrug resistance-
associated protein 2/3; NTCP, sodium/taurocholate cotransporter; OATP1B1, organic anion
transporter 1B1; OSTa/B organic solute transporter a/f; SHP, small heterodimeric partner;
SULT2AL, dehydroepiandrosterone sulfotransferase; UGT2B4, uridine 5'-diphosphate-
glucuronosyltransferase 2B4) (reproduced with permission from29).
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