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Chapter 1 - Introduction

1 Introduction
The main objective of the pharmaceutical industry is to develop drugs that are not only
effective but also have little side effects and are therefore safe to the broad population.
However, adverse drug reactions (ADRs) are a serious problem for public health and
an alerting number of medicinal products have been withdrawn from the market due to
post-marketing occurrence of drug toxicities (ONAKPOYA et al., 2016). Generally,
drug safety concerns have become the major bottleneck in the efficient provision of
medicines to patients (WATKINS, 2011). This is also the reason why ADRs are a major
issue in the drug development process. As a consequence, a signiﬁcant amount of
time and money is expended in the effort to predict the risk of adverse reactions in
order to eliminate drug candidates likely to cause these reactions before they enter the
market.
Despite the close-meshed drug safety assessment in drug development, a large
number of drug-induced human toxicities are not identified during the development
process and detected only when a high number of patients is exposed to the drug
(KAPLOWITZ, 2004). The most prominent organ toxicities are the hepatic and cardiac
toxicity (LEE, 2003a; STEVENS and BAKER, 2009). Hereby, drug-induced liver injury
(DILI) represents the single most frequent cause for safety-related terminations of
clinical drug development programs, modifications of use and warnings after drug
approval, as well as market withdrawals during the past 50 years (ASSIS and
NAVARRO, 2009; STEVENS and BAKER, 2009; LICATA, 2016). Alarming is that DILI
comprises more than 50% of all cases of acute liver failure (ALF) (LEE, 2003a; PANDIT
et al., 2012). Of these, 40% result from an acetaminophen overdosing and up to 17%
result from the rare, but particularly severe, idiosyncratic form of DILI (OSTAPOWICZ
et al., 2002; LEE, 2003a). Acetaminophen is known to trigger the intrinsic form of DILI,
which occurs dose-dependently and is predictable from non-clinical drug toxicity
studies (JAESCHKE, 2015). However, from a drug development perspective,
idiosyncratic DILI is the type of DILI that has the greatest negative impact for the
pharmaceutical industry because the prediction of idiosyncratic hepatocellular injury
during the non-clinical and clinical phases of drug development is not possible so far.

1

Chapter 1 - Introduction

The main reason for that is the poor correlation of DILI with animal toxicity tests in nonclinical studies (OLSON et al., 2000) and the elusive characteristics of idiosyncratic
DILI. These include, amongst others, a low incidence, a dose-independent nature, and
variable times in onset (ROTH and GANEY, 2010). When these characteristics add to
the generally low predictability of DILI, a prediction of this rare disease before the drug
enters the market becomes a major challenge. Therefore, predictive liver models are
urgently needed, especially since the prognosis for patients suffering from idiosyncratic
DILI is very poor, ranging from 60 to 70% mortality without liver transplantation
(HOOFNAGLE et al., 1995).
The failure to detect drugs that induce idiosyncratic DILI in the current non-clinical
testing paradigm is predominantly owed by our lack of understanding the mechanism
of these reactions. Although there have been many hypothesis with different
mechanistic backgrounds established that aim to explain the origin of idiosyncratic
DILI, the basis of these reactions remains poorly understood. One theory is that an
independently and sporadically occurring event during the running drug therapy can
trigger the susceptibility of a patient to liver injury, because in this case, the low
incidence as well as the erratic occurrence of idiosyncratic DILI would be explained
(ROTH et al., 2003; ROTH and GANEY, 2010). So far, it is not known what event this
might be (UETRECHT, 2008; LI and UETRECHT, 2010; SHAW et al., 2010), but the
occurrence of inflammatory stress is the most frequently discussed approach in this
context. ROTH et al. postulated in 2003 that an inflammatory episode of sufficient
magnitude during the course of drug therapy might lower the threshold for
hepatotoxicity, resulting in an idiosyncratic response at an otherwise safe dose of the
drug. The intercellular communication of hepatocytes with pro-inflammatory immune
cells, such as liver resident macrophages or infiltrating monocytes (ROBERTS et al.,
2007; ADAMS et al., 2010), is necessary to reflect this scenario. For this reason, in
vitro or ex vivo liver models involving the relevant cell types would improve the ability
to predict idiosyncratic hepatotoxicity in the early non-clinical screening process of drug
candidates. Furthermore, our knowledge for idiosyncratic DILI would be deepened by
understanding how the communication of the different cell types contributes to
hepatotoxicity.
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Currently, widespread used non-clinical liver models are mostly based on the
parenchymal cell itself and lack the multicellular complexity and three-dimensional
architecture of the target organ (GODOY et al., 2013; SOLDATOW et al., 2013). Such
models do not adequately depict multicellular processes such as hepatotoxicity. Thus,
there is an urgent need for the development of in vitro and ex vivo liver models that
provide all relevant features for the prediction of idiosyncratic hepatotoxicity.

1.1 Adverse drug reactions
Adverse drug reactions (ADRs) are a common clinical problem and represent a major
issue in public health (PIRMOHAMED et al., 1998). The diagnosis is performed on the
basis of the temporal link between the duration of the drug treatment and the time of
on- and offset of the observed reaction. Any compound that can induce a therapeutic
effect in an organism can also produce unwanted or adverse effects (EDWARDS and
ARONSON, 2000).
Definition
The World Health Organization (WHO) defines an ADR as “a response to a drug that
is noxious and unintended and occurs at doses normally used in man for the
prophylaxis, diagnosis or therapy of disease, or for modification of physiological
function” (WHO, 1972). Therefore, an ADR is any unintentional effect of a drug that is
beyond its intended therapeutic effect in clinical use. It is also referred to as a side
effect.
Significance of ADRs
Because pre-marketing trials typically cover only 1,000 to 3,000 subjects for a new
drug application (VAN NORMAN, 2016), little is known about the safety of the drug that
is exposed to a lot more patients post-approval during clinical use. Consequently,
ADRs are a major cause of morbidity and mortality and are responsible for more than
6% of hospital admissions and 10 to 20% cases in hospital inpatients (BATES et al.,
1995; PIRMOHAMED et al., 1998, 2004; SULTANA et al., 2013). They diminish the
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patient’s quality of life, cause patients to lose confidence in their doctors, increase the
costs of patients care and hinder the use of drugs in most patients, although they may
occur in only a few patients (PIRMOHAMED et al., 1998). Furthermore, they can mimic
diseases that do not exist, resulting in unnecessary investigations and delay in
treatment.
Target organs of ADRs
Available studies suggest that cardiac and hepatic toxicity are the major safety
concerns that result in the termination of clinical drug development programs and the
withdrawal of approved drugs from the markets (Fig. 1). Of 221 clinical ADRs reported,
hepatic, cardiac and neurological toxicity caused 66% of the terminations during
clinical testing (OLSON et al., 2000) (Fig. 1 (a)). And among 47 drugs that were
withdrawn from the market, STEVENS and BAKER (2009) identified 15 drugs that
were terminated for hepatotoxicity and 21 for cardiac safety (77% of drug withdrawals)
(Fig. 1 (b)). As a consequence, the reduction of the two primary causes of toxicity
(hepatic and cardiac) would have the highest impact on attenuating the risk during
clinical trials and post-approval.
(a)

(b)

Figure 1: ADRs resulting in (a) the termination of the clinical drug development in
phases I-III or (b) the withdrawal of the drug from the market. Data are based on 79 drug
candidates for which the clinical development was stopped (OLSON et al., 2000) and 47
withdrawn drugs (STEVENS and BAKER, 2009). BM: Bone marrow; GI: Gastrointestinal.
(Graph adapted from WATKINS, 2011)
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Types of ADRs
ADRs can be divided into two main types according to their pharmacologic action
(ROYER, 1997; PIRMOHAMED et al., 1998): Type A is based on the primary
pharmacology of the drug and describes an augmentation of the drug's therapeutic
effect and type B is based on a secondary pharmacologic effect of the drug, that is, a
different action from the drug's therapeutic action. Type A ADRs are dose-dependent
and are reversible when reducing or terminating the drug exposure. In contrast, type
B ADRs are bizarre, show no clear dose-response relationship, and cannot be
predicted from the known pharmacology of the drug (PIRMOHAMED et al., 1998).
Type B ADRs are less common than pharmacological adverse reactions, but they are
unpredictable and often life threatening. They are responsible for only 6 to 10% of all
ADRs (ADKINSON et al., 2002; UETRECHT and NAISBITT, 2013).

1.2 Drug-induced liver injury (DILI)
1.2.1 General aspects
1.2.1.1 Types of liver injury
Drug-induced liver injury (DILI) is a broad term that describes any liver injury caused
by prescribed medications, herbs, dietary supplements, or other xenobiotics, leading
to a variety of different liver manifestations that cover asymptotic liver enzyme
elevations to acute liver failure (ALF) (SUK and KIM, 2012; LEISE et al., 2014).
Since DILI represents one of the forms of ADRs, the first step in describing DILI is to
differentiate type A DILI from type B DILI. Type A DILI is frequently associated with the
term “intrinsic”, while type B DILI is commonly referred to as “idiosyncratic” (ROTH and
GANEY, 2010; LEISE et al., 2014). The two terms and the characteristics of the
different DILI types are described in chapter 1.2.2.
The second step in describing DILI can be made on the basis of the induced pattern
of liver injury. According to the Councils for International Organizations of Medical
Sciences (CIOMS) (BENICHOU, 1990; DANAN and BENICHOU, 1993), DILI can be
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categorized as hepatocellular, cholestatic, or mixed on the basis of the relative rise in
liver biochemical parameters that are routinely assessed in clinical trials for more than
four decades: alanine aminotransferase (ALT), aspartate aminotransferase (AST),
alkaline phosphatase (ALP), and bilirubin (WATKINS, 2011). DILI can be
hepatocellular with a predominant rise in ALT, cholestatic with a predominant rise in
ALP or mixed if neither of them is increased predominantly but rather proportionately
(HUSSAINI and FARRINGTON, 2007). In addition, according to “Hy’s rule” a patient is
at high risk of fatal (or severe) DILI when the serum ALT is > 3 times the upper limit of
normal (ULN) with a serum bilirubin > 2 times the ULN in the presence of jaundice but
in the absence of biliary obstruction (ZIMMERMAN, 1999).
Although liver enzyme elevations are a sensitive biomarker of hepatocellular injury
(GIANNINI et al., 2005), these clinical biomarkers show some limitations with respect
to liver safety. For instance, frequent and relatively high elevations in serum ALT and
AST can be associated with drug exposures that do not demonstrate other liver safety
risks (WATKINS et al., 1994; WATKINS, 2011). Heparins are one example that are
known to cause frequent ALT and AST elevations but do not cause clinically important
liver injury (CARLSON et al., 2001). In addition, the diagnosis of DILI is mainly based
on circumstantial evidence, and although a number of scoring systems have been
proposed (TAJIRI and SHIMIZU, 2008), there is no gold standard for diagnosing DILI.
The decision making whether an observed effect is DILI or not is thus difficult and may
not be representative among experts.
1.2.1.2 Epidemiology
The true incidence of DILI is difficult to define because of the limited reporting of
adverse events due to insufficient surveillance systems, the lack of standardized
criteria for its diagnosis, the limited consensus on what biomarker abnormalities
constitute DILI, the unknown number of individuals receiving a drug and the difficulty
in determining which drug amongst many prescribed medicines causes the adverse
effect (HUSSAINI and FARRINGTON, 2007; BELL and CHALASANI, 2009).
For non-fatal DILI, DE ABAJO et al. (2004) reported an incidence rate of 2.4 cases per
100,000 individuals per year in a large retrospective study of the General Practice
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Research Database (GPRD) in the United Kingdom. Two studies from the years 2002
and 2013 helped to define the incidence of idiosyncratic DILI by prospectively
examining population-based cohorts in France and Iceland (SGRO et al., 2002;
BJÖRNSSON et al., 2013). In France the crude annual incidence was found to be 13.9
cases per 100,000 inhabitants, while the Icelandic study reported a slightly higher
annual incidence of 19.1 cases per 100,000 inhabitants. Since underestimation is an
issue in defining the DILI incidence, SGRO et al. (2002) calculated that the number of
hepatic ADRs in the French population would be 16 times greater than the number
reported spontaneously to the French regulatory authorities. When extrapolating these
data to the population of the United States (US) there may be about 44,000 cases of
idiosyncratic DILI annually, resulting in a minimum of 2700 deaths (ANDRADE et al.,
2007). However, in the US, the Drug Induced Liver Injury Network (DILIN) reported on
300 idiosyncratic DILI cases, which were identified by the National Institute of Health
by prospectively collecting information on these cases at five academic medical
centers (CHALASANI et al., 2008).
1.2.1.3 Pathogenesis, Outcome and Prognosis
Pathogenesis
In clinical practice, DILI presents itself in various types of drug-induced liver diseases
with ranging severity degrees (ANDRADE et al., 2007). These include acute dosedependent liver damage, acute fatty infiltration, cholestatic jaundice, liver granulomas,
active chronic hepatitis, liver cirrhosis and liver tumors (PANDIT et al., 2012). The main
event leading to liver injury is hepatocyte death (KAPLOWITZ, 2002a/b), although
sinusoidal endothelial cells (DELEVE et al., 1996) and bile duct epithelial cells (ODIN
et al., 2001) may also be targets. Both, drug-induced hepatocyte death and the
activation of immune cells by a drug treatment can result in the clinical manifestation
of hepatitis (KAPLOWITZ, 2002a). Thus, one of the most prominent clinical
presentations of DILI is the particularly severe acute icteric hepatitis (KAPLOWITZ,
2004), which often has a mortality rate of 10% (KAPLOWITZ, 2001, 2002a).

7

Chapter 1 - Introduction

Outcome
Despite its low incidence in the general population, DILI is reported to be the leading
cause of acute liver failure (ALF), accounting for more than 50% of all cases of ALF
(LEE, 2003a; PANDIT et al., 2012). In a prospective study of ALF in the US, 39% of
ALF cases resulted from an acetaminophen overdosing and 13% where thought to be
caused by idiosyncratic DILI (OSTAPOWICZ et al., 2002). Between 1990 and 2002,
270 patients in the US underwent liver transplantation, 49% of these resulting from
acetaminophen toxicity and 51% from idiosyncratic drugs (RUSSO et al., 2004).
Furthermore, 5 to 10% of patients hospitalized for jaundice were reported to show
acute drug-induced hepatic injury (BJØRNEBOE et al., 1967; MALCHOW-MØLLER et
al., 1981; WHITEHEAD et al., 2001; BJÖRNSSON et al., 2003) and approximately
10% of all cases of acute hepatitis were related to a drug treatment (PANDIT et al.,
2012).
Prognosis
For the vast majority of DILI cases, full recovery is expected when the drug treatment
is terminated. Patients suffering from jaundice may need one month for a total recover
and patients with severe cholestasis up to one year. In general, the hepatocellular DILI
pattern has a worse prognosis than the cholestatic or mixed patterns (LEISE et al.,
2014). According to Hy’s rule (ZIMMERMAN, 1999) the risk of death is approximately
10% for patients suffering from severe DILI. The prognosis for patients suffering from
idiosyncratic DILI is even worse, ranging from 60 to 70% mortality without liver
transplantation (O’GRADY et al., 1989; HOOFNAGLE et al., 1995).
1.2.1.4 Drugs accounting for DILI
Overview
An estimated 1000 drugs, toxins, and herbs have been reported to cause liver injury
at therapeutic dose levels on more than one occasion (PANDIT et al., 2012). Almost
any class of drug can be involved in DILI. A prospective cohort study from LICATA et
al. (2013) identified non-steroidal anti-inflammatory drugs (NSAIDs) (39%), followed
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by antibiotics (20%), immunosuppressants, anti-platelet agents, anti-diabetic drugs,
and statins as most frequently involved drugs in DILI (Fig. 2).

Figure 2: Drugs commonly involved in the development of DILI. Data are based on a
prospective cohort study (since 2000) based on 157 patients (54% women) (LICATA et al.,
2013). (Graph adapted from LICATA, 2016)

In 4 out of 6 DILI studies, the most common drug causing DILI was found to be
amoxicillin/clavulanate, while isoniazid and NSAIDs were also one of the top three
candidates (LEISE et al., 2014). In addition, antibiotics and antimicrobial agents were
the most common drugs associated with idiosyncratic DILI in the Drug-Induced Liver
Injury Network (DILIN) cohort from the United States (CHALASANI et al., 2008, 2014).
In the past, DILI has led to the withdrawal of a number of drugs from the markets, Food
and Drug Administration (FDA)-demanded Black Box warnings and/or warnings and
precautions (KAPLOWITZ, 2005; GOLDKIND and LAINE, 2006; LEWIS, 2007)
(Tab. 1). Generally, idiosyncratic DILI is the most common cause for the non-approval
of a drug or its withdrawal from the market (BALLET, 1997; TEMPLE and HIMMEL,
2002; KAPLOWITZ, 2005, 2006).
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Table 1: Regulatory actions due to drug-induced hepatotoxicity (examples from the last
century). ARB: Angiotensin receptor blocker; CNS: Central nervous system; COMT: CatecholO-methyl transferase; DILI: (Intrinsic) drug-induced liver injury; EU: European Union; FR:
France; iDILI: Idiosyncratic drug-induced liver injury; IR: Ireland; MAOI: Monoamine oxidase
inhibitor; NSAID: Non-steroidal anti-inflammatory drug; PT: Portugal. (Based on TEMPLE,
2001; LI, 2002; KAPLOWITZ, 2005; WALGREN et al., 2005)
Drug
Benoxaprofen
Bromfenac
Iproniazid
Ticrynafen
Troglitazone
Trovafloxacin
Dilevalol
Ibufenac
Perhexiline
Felbamate
Pemoline
Tolcapone
Ketoconazole
Leflunomide
Nefazodone
Nevirapine
Valproic acid
Isoniazid
Acetaminophen
Diclofenac
Fluconazole
Pyrazinamide
Rifampin
Terbinafine
Zafirlukast

Use
NSAID
NSAID
MAOI
Diuretic
Anti-diabetic
Antibiotic
Anti-hypertensive
NSAID
Anti-anginal
Anticonvulsant
CNS stimulant
COMT-Inhibitor
Anti-fungal
Immunosuppressant
Anti-depressant
Anti-viral
Anti-epileptic
Anti-tuberculosis
Non-opioid analgesic
NSAID
Anti-fungal
Anti-mycobacterial
Anti-mycobacterial
Anti-fungal
Anti-asthmatic

Regulatory action
Withdrawn
Withdrawn
Withdrawn
Withdrawn
Withdrawn
Withdrawn (EU)
Non-Approval (PT, IR)
Non-Approval (EU)
Non-Approval (FR)
Restricted use
Restricted use
Restricted use
Black Box Warning
Black Box Warning
Black Box Warning
Black Box Warning
Black Box Warning
Black Box Warning
Warnings and Precautions
Warnings and Precautions
Warnings and Precautions
Warnings and Precautions
Warnings and Precautions
Warnings and Precautions
Warnings and Precautions

DILI

iDILI
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x
x

x
x
x
x
x
x
x

Model compounds of intrinsic and idiosyncratic DILI used in the two present studies
Manuscript I
The reference substances chosen in manuscript I are drugs that are known for their
potential to induce idiosyncratic DILI (compare Tab. 1). Drugs chosen were:
1) Troglitazone, an antidiabetic drug that was withdrawn in 2000 due to severe cases
of hepatotoxicity and liver failure (GRAHAM et al., 2003; GALE, 2006; JAESCHKE,
2007); 2) Trovafloxacin, an antibiotic drug that was withdrawn from the European
market in 1999 and is under strong restriction in the US due to significant morbidity
and death because of liver toxicity (BERTINO and FISH, 2000; MANDELL and
TILLOTSON, 2002); 3) Diclofenac, a NSAID that is in current use, but the FDA labeled
it with warnings and precautions due to rare but severe cases of liver injury (PURCELL
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et al., 1991; BOELSTERLI, 2003a; LAINE et al., 2009); 4) Ketoconazole, an antifungal
agent for which the FDA demanded black box warnings due to the risk of serious liver
damage (LEWIS et al., 1984; GIROIS et al., 2006; GREENBLATT and GREENBLATT,
2014; FDA DRUG SAFETY COMMUNICATION, 2016).
The mechanisms in how these four drugs induce idiosyncratic hepatotoxicity are
unknown, but several potential toxic mechanisms and alterations in signaling pathways
that might contribute to hepatic injury can be associated with the selected compounds.
For example, all four drugs induce mitochondrial (RODRIGUEZ and ACOSTA, 1996;
BOELSTERLI, 2003a; SMITH, 2003; HSIAO et al., 2010) and oxidative stress
(BOELSTERLI, 2003a; SHISHIDO et al., 2003; LIGUORI et al., 2008; PERIASAMY et
al., 2016). And in addition, troglitazone, trovafloxacin and ketoconazole are reported
to activate c-Jun N-terminal protein kinase (JNK) (BAE and SONG, 2003; LIN et al.,
2009; BEGGS et al., 2014) and diclofenac is reported to induce nuclear factor-erythroid
2-related factor 2 (Nrf2) and to repress the expression of nuclear factor kappa B
(NF-κB) (FREDRIKSSON et al., 2011).
To exclude substance class specific effects in testing the idiosyncratic drugs in
manuscript I, partner compounds from the same substance class were chosen that
have no potential to induce idiosyncratic DILI. These were rosiglitazone, levofloxacin,
acetylsalicylic acid and fluconazole.
Manuscript II
The chosen compound in manuscript II was acetaminophen (APAP), an anti-pyretic
and analgesic drug commonly and regularly consumed worldwide. APAP, which is the
lead substance of intrinsic DILI and a safe drug at therapeutic dose levels, can cause
dose-dependent hepatotoxicity, resulting in severe liver injury and ALF when
overdosed (JAESCHKE, 2015). Overdosing of this drug is the leading worldwide cause
of ALF and it was shown that 29% of patients with ALF secondary to APAP toxicity
needed a liver transplantation, and that these cases were associated with a mortality
rate of 28% (BUNCHORNTAVAKUL and REDDY, 2013; JAESCHKE, 2015). Because
of its clinical importance, APAP has become the most studied compound that causes
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intrinsic hepatotoxicity (ROTH and GANEY, 2010) and has been frequently used as a
model compound for mimicking DILI in vivo and in vitro during the last 40 years.
The hepatotoxic mechanism of APAP is well defined (JAMES et al., 2003; YOON et
al., 2016). In the liver, the majority of the parent compound is detoxified by
glucuronidation and sulfation via UDP-glucuronosyl transferases (UGT) and
sulfotransferases (SULT), so that the water-soluble conjugates can be excreted from
the body with the urine. About 10% of APAP is metabolically activated by phase I
oxidizing cytochrome P450 enzymes (mainly by CYP 2E1) to the toxic metabolite
N-acetyl-p-benzoquinone imine (NAPQI). This highly reactive metabolite can be
detoxified by glutathione (GSH) to form non-toxic mercaptate and cysteine
compounds, which can also be excreted via the urine. In case of an overdose, the
detoxification via UGT and SULT is saturated and more APAP is available for the
oxidation process to NAPQI. The resulting excessive production of NAPQI cannot be
compensated after exhaustion of the hepatocellular GSH stores, leading to an
accumulation of the reactive metabolite in the hepatocytes. The highly electrophilic
metabolite binds covalently to cysteine groups on proteins, resulting in the formation
of toxic APAP-protein adducts. Especially adducts with mitochondrial proteins are toxic
for the cells because native anti-oxidant functions are reduced and the mitochondrial
adenosine triphosphate (ATP)-synthase a-subunit can be altered, leading to a rapid
ATP depletion and cell death (JAESCHKE and MCGILL, 2015).

1.2.2 Intrinsic versus idiosyncratic DILI
Definition of ‘intrinsic’ and ‘idiosyncratic’
According to the Oxford Dictionaries, the term intrinsic refers to the essence or nature
of a thing. Translated to drug toxicities, this means that the induced effect of an
intrinsically acting drug affects all individuals because the toxic mechanism is defined
by the drug itself, e.g. by the chemical drug structure.
The term idiosyncratic means specific to an individual. Therefore, the toxic
mechanism is not defined by the drug itself but by host factors and individual
susceptibilities (BOELSTERLI, 2003b; SENIOR, 2008). Idiosyncrasy signifies the
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uniqueness of an individual and refers to individual differences in responses to stimuli.
Thus, an idiosyncratic adverse drug reaction (IADR) does not occur in the majority of
people exposed to a drug within the therapeutic dose range but rather in individuals
possessing a specific condition. The known pharmacological effects of the drug is
hereby often excluded (UETRECHT, 2007).
Differences between intrinsic and idiosyncratic DILI
Intrinsic DILI is a predictable type of ADR that can be reproduced in animals and
humans in the non-clinical and clinical testing procedure and shows consistent
characteristics within and across species (ROTH and GANEY, 2010) (Tab. 2). It has a
short latency period, occurs in a dose-dependent manner, and is the most common
form of DILI observed. The toxic mechanism of intrinsically acting drugs is mostly
determined by their chemical drug structure. Very few drugs associated with
predictable dose-related liver toxicity are currently in clinical use, but the most common
example of a drug causing this type of DILI is APAP (see chapter 1.2.1.4).
On the contrary, idiosyncratic DILI is unpredictable, is discussed to have a doseindependent nature, occurs at a low frequency, and shows longer latency periods with
variable times of onset (WARING and ANDERSON, 2005; UETRECHT, 2007;
SENIOR, 2008; ROTH and GANEY, 2010) (Tab. 2). Thus, some patients develop signs
of liver injury soon after the onset of drug administration, whereas other show reactions
not until after a month or more on maintenance therapy. Due to their extremely low
incidence, IADRs are not predictable in routine animal testing and during pre-marketing
trials with limited subject numbers. As a consequence, they are often not identified until
post-approval. Finally, there is a wide range in the severity of reactions and the clinical
presentation of the liver injury depends on the drug and the affected individual (SHAW
et al., 2010). In this context, the classification of idiosyncratic DILI in allergic or nonallergic reactions plays also a role (KAPLOWITZ, 2005; UETRECHT, 2008).
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Table 2: Differences between the two types of DILI. (Based on UETRECHT, 2007; SENIOR,
2008; ROTH and GANEY, 2010)
Intrinsic (Type A)
Affects all individuals from a certain dose
High incidence
Consistent characteristics within and across
species
Reproducible in (healthy) animals (non-clinic)
and humans (clinic)
Identification during drug development process
via routine animal testing
Clearly dose-dependent at sublethal doses
Chemical drug structure determines toxic
mechanism
Adverse effects at doses higher than therapeutic
doses
Prevention possible
 Predictable

Idiosyncratic (Type B)
Affects only susceptible individuals
Low incidence
Variable time of onset and liver pathology
Not reproducible in either animals or humans
Not predictable in routine animal testing;
Identification often not until post-approval
No clear dose-response relationship
Toxic mechanism unclear
Adverse effects at therapeutic doses
No prevention possible
 Unpredictable

Allergic idiosyncratic reactions involve an adaptive immune response and comprise
the presence of fever, rash, eosinophilia, a relatively short latency period, the presence
of autoantibodies (e.g. antinuclear antibodies), and the rapid recurrence of
hepatotoxicity when re-exposed to the drug (LEE, 2003b; GUNAWAN and
KAPLOWITZ, 2004). Non-allergic idiosyncratic reactions do not show these features
of hypersensitivity and have longer latency periods (KAPLOWITZ, 2005). For example,
patients can have normal liver test results for half a year and then suddenly develop
hepatotoxicity, indicating that some event or factor might render an individual
susceptible to develop liver injury during the running drug therapy (KAPLOWITZ, 2001;
GUNAWAN and KAPLOWITZ, 2004; ROTH and GANEY, 2010).
The assumption that a susceptibility factor might be the cause for the development of
idiosyncratic DILI would also explain the inconclusive relation of these reactions to
dose. It is likely that such an additional factor shifts the dose-response curve for liver
toxicity from doses higher than the lethal dose into the therapeutic dose window,
rendering the liver to a target organ for drugs that cause idiosyncratic DILI (ROTH and
GANEY, 2010) (Fig. 3). What factor(s) this might be is the major focus of discussion
of recent years and is addressed in the following chapters.

14

Chapter 1 - Introduction

Figure 3: Dose-response perspective of the development of (a) intrinsic and (b)
idiosyncratic DILI. Drugs that cause intrinsic hepatotoxicity show a therapeutic window in
which the pharmacologic effect is predominant and a dose-dependent increase in liver injury
until liver failure and death upon overdosing. Because the dose-response curve of drugs that
induce the idiosyncratic form of DILI lies to the right of the lethal drug dose, hepatotoxicity in
the bulk of patients is not seen. However, the dose-response curve may be shifted to the left
to cause liver injury at therapeutic dose levels by an additional susceptibility factor. (Graph
adapted from ROTH and GANEY, 2010)

1.2.3 Current understanding of idiosyncratic DILI
The elusive characteristics of idiosyncratic DILI and the hypothesis of ROTH and
GANEY (2010) suggest that the occurrence of an IADR is governed by susceptibility
factor(s) within individuals. The key question on this matter is, ‘what factor or factors
account for the uniqueness of the adversely affected individual’? In this context,
different risk factors and hypotheses are discussed, which aim to explain what might
be responsible for the development of idiosyncratic DILI.
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1.2.3.1 Risk factors
There is a multitude of risk factors described that are likely to predispose individuals to
idiosyncratic DILI. It is discussed to arise from a complex interaction between drugdependent, non-genetic host susceptibility, genetic and environmental risk factors
(CHALASANI and BJÖRNSSON, 2010; LEISE et al., 2014) (Tab. 3). The main factors
belonging to these groups and possible mechanisms underlying these will be briefly
elucidated in the following.
Table 3: Risk factors that may predispose individuals to idiosyncratic DILI. BSEP: Bile
salt export pump; GST: Glutathion-S-Transferase; HIV: Human immunodeficiency virus; HLA:
Human leukocyte antigen; iDILI: Idiosyncratic DILI; NAT2: N-Acetyltransferase 2. (Based on
LI, 2002; KAPLOWITZ, 2005; ABBOUD and KAPLOWITZ, 2007; ANDRADE et al., 2007;
LUCENA et al., 2009; CHALASANI and BJÖRNSSON, 2010; CHALASANI et al., 2014; LEISE
et al., 2014)
Risk factor
Comments
Drug-dependent/ Chemical factors
Daily dose
Higher risk for iDILI at drug doses > 10-50 mg per day
High hepatic metabolism, formation of reactive metabolites: higher
Metabolism profile
risk
Some drugs can increase the risk for hepatotoxicity from other
Drug interactions
drugs
Non-genetic host susceptibility factors
Not in general; only for specific drugs;
Age
True for younger and advanced ages;
Hepatocellular: younger patients; Cholestatic type: elderly patients
Sex
Women: higher risk
HIV, hepatitis B and C, obesity and diabetes mellitus might increase
Disease status
the susceptibility to iDILI
Genetic predisposition
Phase I (CYPs): Higher risk discussed, no strong evidence
Genes in drug metabolism
Phase II: Examples for higher risk in patients with NAT2, GST and
BSEP polymorphisms
Specific HLA haplotypes and cytokine variants might enhance the
Genes in immune response
risk for iDILI
Environmental factors
Alcohol
Unclear if susceptibility to iDILI is enhanced
In vivo and in vitro studies give evidence that the risk for iDILI is
Inflammagens
enhanced

The group of drug-dependent factors includes the daily dose, the metabolism profile
and possible drug interactions. Although idiosyncratic DILI is traditionally considered
to be dose-independent and prediction based on dose appears impossible
(ZIMMERMAN, 1999), drugs at doses lower than 10 to 50 mg per day are very rarely
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associated with idiosyncratic DILI (UETRECHT, 2007; LAMMERT et al., 2008) and a
plasma cmax,total > 1 µM are reported to show a good correlation with an increased
likelihood of idiosyncratic DILI (SHAH et al., 2015). The formation of toxic reactive
metabolites during hepatic metabolism is believed to be the main pathogenic
mechanism for idiosyncratic DILI (PESSAYRE, 1995; UETRECHT, 1999; KNOWLES
et al., 2000). For example, a study in the US identified that compounds with 50% or
greater hepatic metabolism caused significantly higher frequencies of liver failure, liver
transplantation, and fatal DILI, while compounds without hepatic metabolism showed
no such effects (LAMMERT et al., 2010). Furthermore, reactive metabolites have been
identified for almost all substances that trigger IADRs (LI, 2002). Moreover, the
combination of two or more hepatotoxic drugs may increase the risk of developing DILI
by a factor of six (DE ABAJO et al., 2004). The induction of CYPs and the enhanced
formation of reactive hepatotoxic metabolites are hereby discussed to be involved (LI,
2002).
The group of non-genetic host susceptibility factors includes age, sex, and disease
status. The reason why age affects DILI phenotypes is unclear. However, the risk of
hepatotoxicity from isoniazid is reported to increase significantly with age (FOUTAIN
et al., 2005) and children receiving valproate and erythromycin estolate are also
associated with an increased frequency in DILI (MADDREY, 2005). In addition, several
studies give evidence that women are at higher risk for idiosyncratic DILI than men
(ANDRADE, 2005; BJÖRNSSON and OLSSON, 2005; CHALASANI et al., 2008; BELL
and CHALASANI, 2009). There is a controversy as to whether chronic liver disease
can increase the risk of DILI in patients (LEWIS, 2002; RUSSO and WATKINS, 2004).
For example, viral hepatitis B and C are reported to present risk factors for the
development of hepatotoxicity during anti-tuberculosis treatment with e.g. isoniazid
(WONG et al., 2000; PATEL and VOIGT, 2002; LEE et al., 2005). However, this was
not reproducible in other studies (HWANG et al., 1997). Furthermore, obesity and
diabetes mellitus are discussed to be risk factors for methotrexate-induced
hepatotoxicity (MALATJALIAN et al., 1996; ROSENBERG et al., 2007) and infectious
mononucleosis or human immunodeficiency virus (HIV) seem to be risk factors for

17

Chapter 1 - Introduction

patients treated with sulfonamides and other antibiotics (PULLEN et al., 1967; FISCHL
et al., 1988).
The group of genetic predispositions includes genes in drug metabolism and the
immune response. It is known that mutations or polymorphisms in genes encoding
drug-metabolizing enzymes, proteins in anti-oxidative defense, or the immune system
can significantly alter the response of an individual to a drug (WILLIAMS and PARK,
2003). Although idiosyncratic DILI reactions are considered to have a strong genetic
basis, as suspected by their rarity and unpredictability, only few compounds show a
significant association between a certain genetic trait and idiosyncratic DILI (WILKE et
al., 2007; ANDRADE et al., 2009; DALY and DAY, 2009; RUSSMANN et al., 2009).
Hepatotoxicity may arise when a drug is metabolized by an enzyme with altered
functions due to a polymorphism. The accumulation of a toxic metabolite or the
formation of other reactive metabolites rather than detoxifying the compound by an
alternative enzyme isoform could be the result (AMACHER, 2012). Examples for
phase I metabolizing enzymes are CYP 2E1 and CYP 2C8 for which different variants
were identified enhancing the risk for isoniazid- (VUILLEUMIER et al., 2006) and
diclofenac-induced hepatotoxicity (DALY et al., 2007). An example for phase II
metabolizing enzymes is the N-acetyltransferase 2 (NAT2), for which variants resulting
in slow rates of acetylation have been associated with an increased risk for
hepatotoxicity from sulfonamides and isoniazid (RIEDER et al., 1991; HUANG et al.,
2002; HUANG, 2014). Moreover, the bile salt export pump (BSEP) is an example for a
phase III excretion protein involved in the development of cholestatic liver injury by
sulindac, flucloxacillin and bosentan, whose drug-induced inhibition leads to the
hepatotoxic response (FATTINGER et al., 2001; LAKEHAL et al., 2001). In addition,
several studies have shown a relationship between genetic polymorphisms that
influence immune functions and the risk of idiosyncratic DILI (ANDRADE et al., 2009;
DALY and DAY, 2009; RUSSMANN et al., 2009). One example are polymorphisms in
human
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antigen
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amoxicillin/clavulanate-induced hepatitis is associated
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The group of environmental factors includes alcohol consumption and inflammatory
factors (e.g. cytokines and lipopolysaccharides (LPS)) present during drug exposure.
Although some studies associate alcohol intake with an enhanced risk for idiosyncratic
DILI (ZIMMERMAN, 1999), prospective registries did not find a significant association
between alcohol consumption and the severity or chronicity of DILI (ANDRADE et al.,
2006, 2007). ROTH et al. (2003) found that the co-treatment of animals with LPS and
drugs, such as ranitidine, causes hepatic damage. He proposed that we are commonly
exposed to inflammagens and that it is the combination of drug and inflammatory
background that leads to hepatic damage. This was confirmed in several in vivo studies
with other idiosyncratic drugs (WARING et al., 2006; SHAW et al., 2007; ZOU et al.,
2009a; RAMM and MALLY, 2013).
1.2.3.2 Modes of action
The modes of action (MOAs) underlying idiosyncratic DILI are incompletely
understood, but several reasonable hypotheses have arisen in the past years,
reflecting in part the mentioned risk factors that might enhance a patient’s susceptibility
for this rare disease. None of these hypotheses has been proven or disproven and it
is possible that a combination of MOAs may be involved, even with a single
idiosyncratically acting drug. The fundamental concepts and the relevance of the
hypotheses in the development of idiosyncratic DILI are briefly described below
(LIGUORI and WARING, 2006; UETRECHT, 2008; LI and UETRECHT, 2010; SHAW
et al., 2010).
Reactive Intermediate Hypothesis
One theory is that in some patients an enhanced oxidizing (bioactivating) phase I or a
diminished detoxifying (bioinactivating) phase II or III metabolism is the reason for the
development of an IADR. Susceptible individuals might be co-treated with two drugs
one of which is responsible for a CYP induction, causing an enhanced activation of the
other drug, or might have polymorphisms in relevant metabolizing enzymes, resulting
in the accumulation of reactive (toxic) metabolites in the liver. Hepatic cell death can
be triggered by their potential to covalently bind to cellular proteins (e.g. mitochondrial
proteins), to reduce the membrane integrity, or to interfere with homeostatic signaling
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pathways (KAPLOWITZ et al., 1986). The infrequent occurrence of enzyme
polymorphisms or a co-treatment with two relevant drugs could explain why
idiosyncratic DILI is so rare. However, a causal link between reactive metabolite
generation and idiosyncratic hepatotoxicity is not proven (SHAW et al., 2010). Thus,
the formation of reactive metabolites may be involved in the development of
idiosyncratic DILI but is insufficient to be the sole trigger.
Genetic Polymorphism Hypothesis
The next hypothesis involves a potential mechanism from the previous one. It states
that genetic polymorphisms might be responsible for differences in the toxic responses
to drugs. In this context, polymorphisms in drug-metabolizing enzymes and
cytoprotective factors may contribute to idiosyncratic DILI (SHAW et al., 2010).
Variants in metabolizing enzymes (Phase I (CYPs), phase II (conjugating enzymes),
and phase III (membrane transporters)) could lead to the accumulation of toxic
metabolites and an altered functionality of anti-inflammatory cytokines or anti-apoptotic
proteins could lower the threshold for hepatotoxicity in individuals for some drugs. To
account for the low incidence of idiosyncratic DILI, the polymorphic variants in patients
exposed to a drug would have to be as infrequent as the idiosyncratic reactions itself
or result from a combination of more common polymorphisms. As described in chapter
1.2.3.1, an association between idiosyncratic DILI and genetic polymorphisms exists
for some drugs. However, the idiosyncratic nature cannot be fully explained by these
rare observations, since the described correlations are rather weak (UETRECHT,
2008; SHAW et al., 2010). Whether other interacting factors are required in addition to
a polymorphism remains to be clarified.
Hapten Hypothesis
Some idiosyncratic reactions are associated with the clinical characteristics of a
delayed onset of the ADR, an uncertain relationship between drug dose and adverse
response, and the occurrence of eosinophilia, skin rash, and the formation of
autoantibodies (UETRECHT, 2003). This suggests that idiosyncratic DILI reactions are
mediated by an adaptive immune response. It is widely accepted that this immune
response might result from an altered self-protein, a so-called hapten, which is formed
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when a chemically reactive drug or a reactive metabolite binds to an endogenous
protein (JU, 2005; UETRECHT, 2008; LI and UETRECHT, 2010). This hapten then
appears as a foreign antigen that initiates immunological recognition and the formation
of autoantibodies, which induce an auto-immune mediated toxicity by targeting
adducted proteins upon pro-longed or repeated exposure to the drug (PARK et al.,
1987; LI, 2002). However, only few patients with IADRs show the typical symptoms of
hypersensitivity (UETRECHT, 2008). And although autoantibodies were found in
patients treated with the idiosyncratic drugs diclofenac, troglitazone, halothane, and
tienilic acid (OBERMAYER-STRAUB et al., 2000; AITHAL et al., 2004) supporting the
hapten hypothesis, autoantibodies were also found in patients who developed no liver
injury after diclofenac or halothane treatment (KITTERINGHAM et al., 1995; AITHAL
et al., 2004).
Danger Hypothesis
The danger hypothesis extents the hapten hypothesis in claiming that an additional
stimulus, a so-called ‘danger signal’, to the formation of a hapten is required for the
activation of the immune system and the induction of a toxic immune response
(UETRECHT, 1999; PIRMOHAMED

et al., 2002; OPPENHEIM et al., 2007;

UETRECHT, 2007). MATZINGER proposed in 1994 that the immune system does not
care about self and non-self and that the detection of danger determines whether an
immune response will occur or not. It remains to be elucidated whether the danger
signal must come from the tissue that is stressed or damaged by the drug, microbial
or viral inflammagens during an infection, surgery or other environmental factors (LI
and UETRECHT, 2010; SHAW et al., 2010).
Mitochondrial Dysfunction Hypothesis
Another hypothesis to explain idiosyncratic DILI is that dysfunctional mitochondria
might render individuals sensitive to develop hepatotoxicity during a running drug
therapy (WARING and ANDERSON, 2005; BOELSTERLI and LIM, 2007).
Mitochondrial dysfunction may result from drug-induced mitochondrial toxicity, an
exogenously imposed mitochondrial disease or a polymorphism. The variable times of
onset in idiosyncratic DILI might be explained by differences in rates of accumulated
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dysfunctional mitochondria among patients (BOELSTERLI and LIM, 2007). This
hypothesis is supported by the fact that a lot of drugs associated with idiosyncratic DILI
(e.g. troglitazone, diclofenac, isoniazid) are known to induce mitochondrial damage or
stress (BOELSTERLI and LIM, 2007). Since mitochondrial dysfunction can be caused
by several independent factors, it is likely that alterations in mitochondrial function may
also be involved in other hypothesized MOAs of idiosyncratic DILI (SHAW et al., 2010).
Failure-to-adapt Hypothesis
It was shown in the case of halothane anesthesia that only a small fraction of people
who developed a slight liver injury progressed to a potentially fatal halothane hepatitis,
while other patients recovered from the mild liver damage they developed after surgery
(MUSHIN et al., 1971). It is possible that these patients failed to adapt to the mild liver
injury they experienced and that this failure appears as an idiosyncratic reaction
(WATKINS, 2005). So far, it is not known what makes the difference between
individuals who have the potential to adapt to a mild injury and the ones who have not.
The inability to adapt could involve either environmental or genetic factors or both.
Multiple Determinant Hypothesis
Finally, the multiple determinant hypothesis, which is consistent with the most
described hypotheses, proposes that the occurrence of more than one factor or
process is responsible for the development of IADRs (LI, 2002). Hereby, the low
incidence of idiosyncratic DILI can be explained. Moreover, the hypothesis underlines
the assumption that underlying factors (see chapter 1.2.3.1) lower the threshold for
hepatotoxicity, rendering a normally therapeutic dose toxic.

1.2.4 Inflammatory Stress Hypothesis
Besides the hypotheses mentioned in chapter 1.2.3.2, the inflammatory stress
hypothesis is the most frequently discussed and studied approach to explain the origin
of idiosyncratic DILI. Conclusive evidence from recent studies suggest that a coexisting inflammation during a drug therapy can markedly enhance hepatotoxic
responses and may be an important determinant of individual susceptibility (GANEY
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et al., 2004; ZOU et al., 2009a; LIGUORI et al., 2010; SHAW et al., 2010; RAMM and
MALLY, 2013; BONZO et al., 2015).
1.2.4.1 Postulated mechanism
In line with the multiple determinant hypothesis and the danger hypothesis,
inflammatory stress could be one possible factor that might serve as a danger signal
and thus can render an individual sensitive to an otherwise non-toxic dose of a drug.
Inflammatory episodes in humans are commonplace, leading to the exposure of one
or more organs to pro-inflammatory stimuli (GANEY and ROTH, 2001). The most
common inducers of inflammation are a number of exogenous (environmental) factors,
such as an infection, an intestinal microbial disturbance, alcohol abuse, as well as a
surgery and several endogenous (danger) signals induced by e.g. drug-induced cell
death (Fig. 4 (a)) (GANEY et al., 2004). According to the inflammatory stress
hypothesis, moderate (acute) episodes of inflammatory stress can interact with a
concurrent drug therapy, resulting in an idiosyncratic hepatotoxic response (ROTH et
al., 2003). In this context, a modest inflammatory stress would decrease the threshold
for hepatotoxicity by sensitizing the hepatocytes via inflammatory and stress-related
factors (Fig. 4 (b)). As already mentioned in chapter 1.2.2, for most drugs that cause
idiosyncratic DILI the liver is no target organ and consequently, they induce no
hepatotoxicity at therapeutic dose levels. However, an inflammatory stress is
discussed to increase the sensitivity of the hepatocytes, so that the dose-response
curve for hepatotoxicity is shifted to the left. If this shift is pronounced enough, the liver
would become a target organ and liver injury would thus occur in the therapeutic dose
range (ROTH and GANEY, 2010). Conversely, the drug itself could enhance an
existing inflammatory stress by inducing stress (danger) signals from the damaged
hepatocytes that in turn can activate inflammatory immune cells (SHAW et al., 2010).
Furthermore, inflammatory episodes can explain the elusive characteristics of
idiosyncratic DILI. For example, the low frequency, the variations in the time of onset
and in the severity of observed reactions can be explained by the infrequent and erratic
occurrence of inflammatory episodes and by the different degree with which they occur
during the lifespan of an individual. The inconsistent relationship between the drug
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dose and the occurrence of liver damage might be explained by the shifting back and
forth of the dose-response curve over time due to the sporadic occurrence of
inflammatory episodes (ROTH and GANEY, 2010).

Figure 4: Co-exposure of a drug to inflammagens or other stress-related factors as a
trigger for drug-induced idiosyncratic (toxic) responses. (a) Initiators of inflammatory
episodes and cellular stress, resulting in the increase of pathogen-associated molecular
patterns (PAMPs) and damage-associated molecular patterns (DAMPs) of varying magnitude
in the patient’s plasma. (b) Hypothetically, the threshold of toxicity is inversely proportional to
the plasma PAMP/DAMP concentration in the patient’s plasma. A patient would experience
an idiosyncratic hepatotoxic response if the threshold of toxicity is lowered in such an extent,
that it reaches the plasma concentration of the drug. (Graph adapted from ROTH et al., 2003)

It is important to mention that inflammatory stress is unlikely to be an exclusive MOA
and therefore might be one of various mechanisms responsible for the development of
idiosyncratic DILI. Notably, the inflammatory stress hypothesis fits well with the other
proposed hypotheses described in chapter 1.2.3.2 (SHAW et al., 2010). Inflammatory
stress could, for example, alter the metabolism of drugs and result in the formation of

24

Chapter 1 - Introduction

reactive intermediates that appear only in the presence of inflammation (SUN et al.,
2007). It can furthermore act as an environmental factor in the multiple determinant
hypothesis or may be critical for an adaptive immune response to a hapten to become
damaging to the liver. It is possible that polymorphisms in anti- or pro-inflammatory
cytokines could render individuals more susceptible to idiosyncratic DILI (AITHAL et
al., 2004) or that inflammatory stress may prevent adaptation that would normally occur
to hepatic stress imposed by a drug treatment (SHAW et al., 2010). Regarding the
mitochondrial dysfunction hypothesis, several pro-inflammatory cytokines such as
tumor necrosis factor alpha (TNF) and interferon gamma (IFNγ) are known to cause
mitochondrial stress in several cell types, which might render individuals susceptible
to develop idiosyncratic DILI (WATANABE et al., 2003; MARIAPPAN et al., 2009).
1.2.4.2 The two underlying trigger
The inflammatory stress hypothesis is built around two possible mechanisms that
involve the innate immune system. Firstly, a drug-only hepatotoxicity could be
enhanced by a secondary response of activated immune cells (resulting in a ‘sterile’
inflammation) (Trigger 1, Fig. 5) and secondly, a drug could increase an already
existing, but otherwise harmless, inflammatory stress, thereby rendering it injurious to
the liver (Trigger 2, Fig. 6) (GANEY and ROTH, 2001; ROTH et al., 2003; DENG et
al., 2009; SHAW et al., 2010).
Both mechanisms are based on stress-related signals derived from tissue that is
stressed or damaged by a drug or its metabolite or from environmental factors. These
signals can activate liver resident macrophages, the so-called Kupffer cells, or
monocytes that are recruited upon acute liver injury (ROBERTS et al., 2007). It is well
known that in particular Kupffer cells have a central function in hepatotoxicity by
initiating and assembling local and systemic responses to liver injury and, together with
recruited monocytes, rule the complex process of inflammation (ROBERTS et al.,
2007; ADAMS et al., 2010; Dixon et al., 2013; LEWIS and MCGEE, 1992). Direct
activation of Kupffer cells and monocytes by environmental factors or indirect activation
by xenobiotics both result in the release of different inflammatory mediators (e.g.
cytokines), growth factors, toxic proteases and reactive oxygen species (ARBOUR et
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al., 2000; BEUTLER, 2000), which appear to modulate the hepatic response to
hepatotoxic agents (KOLIOS et al., 2006; ROBERTS et al., 2007; DENG et al., 2009).
These released factors appear to sensitize hepatocytes to toxic substances and can
lower the threshold for hepatotoxicity as discussed previously (GANEY and ROTH,
2001; GANEY et al., 2004).

Figure 5: Trigger 1 - Indirect activation of immune cells via druginduced DAMP-release from hepatocytes as a determinant of
idiosyncratic DILI. A drug-only toxicity can induce the secretion of
DAMPs from damaged hepatocytes. These DAMPs can be recognized
by macrophages and monocytes resulting in a secondary response that
can enhance the initial hepatic insult by the drug.

Indirect activation (Fig. 5) of immune cells can be induced by damage-associated
molecular patterns (DAMPs) that are cell-derived and initiate a ‘sterile’ inflammatory
immune response (inflammation in the absence of an infection) to, amongst others,
drug-induced tissue damage and cell death (CHEN et al., 2007; KONO and ROCK,
2008). Several inflammatory DAMPs have been suggested to play a role in the
development of liver injury. Ribonucleic acids, HMGB1, HSPs and pro-inflammatory
cytokines are the most common ones (KONO and ROCK, 2008; ANTOINE et al., 2012;
KACZMAREK et al., 2013) and are recognized by pattern recognition receptors (PRRs)
located on the involved immune cells (TAKEUCHI and AKIRA, 2010). The
inflammatory response is orchestrated by pro-inflammatory cytokines such as TNF,
interleukin (IL)-1, and IL-6. These cytokines regulate the cell death of inflamed tissue,
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modulate the vascular endothelial permeability and recruit immune cells (e.g.
neutrophils) to the site of action (ANTOINE et al., 2012). It is also possible that the drug
itself can activate the immune cells leading to a pro-inflammatory response that
sensitizes the liver cells to an otherwise non-toxic drug exposure.

Figure 6: Trigger 2 - Direct activation of immune cells via PAMPs
during hepatic drug exposure as a determinant of idiosyncratic
DILI. PAMP-activated macrophages and monocytes secrete a variety of
inflammatory mediators that can act on the hepatocytes, thereby
sensitizing them to a concurrent, otherwise non-toxic, drug exposure.

Direct activation (Fig. 6) is most likely induced by pathogen-associated molecular
patterns (PAMPs), which are derived from microorganisms as well as viruses and
recognized by cells of the innate immune system by PRRs, such as Toll-like receptors
(TLRs) (TANG et al., 2012). The endotoxin LPS is one example of a PAMP recognized
by the TLR4 (POLTORAK et al., 1998) and is furthermore frequently used
experimentally to induce inflammation (HAMESCH et al., 2015). LPS translocates from
the gastrointestinal (GI) lumen into the blood and reaches the liver via the portal vein.
Except in extreme circumstances, such as sepsis, the exposure of the liver to LPS or
other inflammagens does not induce liver damage by itself but precipitates a mild
inflammatory response in the tissue, which can influence tissue responses (GANEY
and ROTH, 2001).
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1.3 Non-clinical liver models
1.3.1 Relevance
The non-clinical testing procedure for ADRs is based both on in vivo experiments in
rodents plus non-rodents and in vitro testing strategies. The gold standard in
toxicological testing for evaluating the risk of chemicals are in vivo studies. However,
due to animal welfare concerns, the principles of RUSSELL and BURCH (1959), time
and cost constraints, and the increasing number of chemicals that need to be tested,
the development of predictive and reliable in vitro culture systems has become a
priority in the toxicology community (SOLDATOW et al., 2013).
In vitro systems in toxicity testing have the advantages that they decrease animal
numbers, only need small quantities of chemicals for testing, are easy to handle and
increase the throughput of experiments by the possibility of testing multiple compounds
simultaneously (DELRASO, 1993). Moreover, in vitro testing provides the opportunity
to elucidate mechanistic and toxicity pathways as well as modes and mechanisms of
action to an extent that would not be possible in in vivo experiments (COUNCIL, 2007).
Another benefit is their usefulness for the screening of drug candidates for their
potential to cause ADRs during an early phase of the drug development process. On
this basis, risky candidates can be excluded from further development, enhancing the
safety of newly marketed drugs.
The most important limitation of in vivo models in regard of the prediction of DILI, and
especially the rare idiosyncratic form of DILI, is their low predictive accuracy for human
adverse health effects (OLSON et al., 2000). To overcome the low predictability of in
vivo models several in vitro liver models, ranging from (recombinant) isolated enzymes
to the intact perfused liver, were developed. Table 4 lists the strengths and limitations
of commonly used liver models in the non-clinical hepatotoxicity testing regime.
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Table 4: Strengths and limitations of non-clinical liver models in hepatotoxicity testing.
(Based on GUILLOUZO, 1998; GRONEBERG et al., 2002; BOESS et al., 2003; BRANDON et
al., 2003; WESTERINK and SCHOONEN, 2007; OLINGA et al., 2008; TUSCHL, 2008; DE
GRAAF et al., 2010; ROTH and GANEY, 2011; GODOY et al., 2013; SOLDATOW et al., 2013;
GOLDRING et al., 2015)
Liver model
In vivo animal
models

Strengths
Whole organism (systemic responses)
All relevant cell types and interactions
Optimal liver function
Long-term studies
ADME (Absorption, Distribution,
Metabolism, Excretion)

Isolated
perfused liver

Close in vivo organ approximation
Lobular structure preserved
Functional bile canaliculi
Collection of bile possible
Short-term kinetic studies
All relevant cell types

3D bioreactors

Close approximation to liver in situ
In vivo like milieu incl. perfusion
Bile canaliculi present
Long-term maintenance of phase I and
phase II enzymes and hepatic functions
In vivo liver cell architecture
All relevant cell types
Cell-cell and cell-matrix interaction
Stable gene expression profile
Relatively stable metabolic enzymes
(Phase I and II), transporters and bile
canaliculi during incubation
Good CYP inducibility
Zone-specific metabolism
Medium throughput
Cryopreservation possible
Human tissue possible
High number of readouts possible
Well-established and characterized
system (gold standard)
High throughput
Differentiation degree higher than for
cell lines
Longer-term maintenance up to several
weeks possible
Metabolic enzymes, transporter and bile
canaliculi present depending on the
culture model
Cryopreservation possible
Good in vivo-in vitro correlation
Human cells possible
One or more human enzymes
expressed
Available mainly for CYPs
Unlimited cell number

Ex vivo liver
slices

Primary
hepatocytes

Expression
systems
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Limitations
Low number of replicates
Low throughput
Animal welfare
Time and cost intensive
Interspecies differences
High quantity of chemical needed
Poor in vivo-in vitro correlation
Short-term viability (2-3h)
Low throughput
Bile excretion decreased after 1-3h
Studies on human liver not possible
Suitable only for liver of small animals
Reduction of animal numbers not
significant
Requires further development
Large number of cells required
Technically challenging

Hepatic functions preserved for not
longer than 24h
High sensitivity to hypoxia leading to
necrotic tissue cores
Laboratory preparation and cultivation
Incomplete penetration of test
compound
Presence of necrotic cells might affect
the performance of the culture
Variety of culture protocols prevents
routine use and leads to a poor
comparability
Interdonor variability
Time and cost intensive isolation
Survival, differentiation degree and
functions dependent on the culture
model (dry-collagen coated dishes,
sandwich-culture, 3D-culture)
No proliferation
Interdonor variability
Only one cell type at a time

Use for specific purposes only
No physiologic levels of enzymes
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In vitro
immortalized
liver cell lines

Liver
microsomes

Unlimited cell count
Some liver-specific functions maintained
in part
Extremely high throughput possible
Easy to use
Variety of human cell lines available
Controlled, reproducible conditions
Phase I activity
Production of metabolites for structural
studies

Poor phase I and II metabolism
No in vivo phenotype
Unstable genotype
Only one cell type at a time

No phase II activity
Inadequate representation of liver
functions

1.3.2 Liver models for the prediction of idiosyncratic DILI
Because of the elusive characteristics of idiosyncratic DILI, this reaction cannot be
depicted in liver models using healthy animals or standard in vitro screening systems.
Therefore, great effort has been put in the development of liver models that provide
the environment in which idiosyncratic hepatotoxic reactions can be mimicked. The
majority of liver models that aim to predict idiosyncratic DILI were developed on the
basis of the already discussed inflammatory stress hypothesis (ROTH et al., 2013). As
mentioned in chapter 1.2.4.2, this hypothesis is based on two possible mechanisms.
The first involving a ‘sterile’ inflammation by activating the immune cells by the drug
itself or pro-inflammatory factors released from hepatocytes that are damaged by the
drug and the second including a pro-inflammatory activation of liver resident or
infiltrating immune cells by mainly exogenous inflammagens, such as microbial or viral
components.
Existing in vivo and ex vivo models involve a co-exposure to a drug that is known for
its potential to induce idiosyncratic DILI and different pro-inflammatory stimuli, such as
LPS, polyinosinic:polycytidylic acid (Poly I:C), or TNF, which are used to induce a mild
inflammatory background during drug exposure, mimicking an microbial or viral
infection or inflammatory episodes in general (compare Tab. 5). Thereby, the second
of the two mentioned mechanisms can be studied.
Recently developed in vitro models are either based on the parenchymal cell itself
and a pro-inflammatory episode during drug exposure is mimicked by co-exposing the
cultures to the idiosyncratic drug and pro-inflammatory factors, ranging from complex
cytokine mixtures to only LPS or TNF, or on co-cultures of liver with immune cells
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(monocytes and macrophages) which are in some cases activated by LPS (Tab. 5).
Both, immortalized and primary systems are represented. In the primary systems
isolated hepatocytes and Kupffer cells are co-cultured in direct contact on the bottom
of the cell culture plate (TUKOV et al., 2006; ROSE et al. 2013; BONZO et al., 2015).
In the immortalized systems, liver cells and immune cells are separated by a porous
membrane (EDLING et al., 2009; WEWERING et al., 2016), which resembles the in
vivo situation more closely, because macrophages and hepatocytes are usually
separated by sinusoidal endothelial cells and the space of Dissé (SASSE et al., 1992;
DIXON et al., 2013). In these membrane model systems, liver cells and immune cells
can be evaluated separately. This gives the opportunity to study both of the abovementioned mechanisms underlying the inflammatory stress hypothesis.
Table 5: Recent non-clinical liver models used for the prediction of idiosyncratic DILI
and to study the mechanistic background of this disease. BSO: Buthionine sulfoximine;
ER: Endoplasmic reticulum; GSH: Glutathione; IL: Interleukin; JNK: Janus kinase; LPS:
Lipopolysaccharides; MAPK: Mitogen-activated protein kinase; Nf-κB: Nuklear factor kappa B;
NK: Natural killer cells; Nrf2: Nuclear factor-erythroid 2 (NF-E2)-related factor 2; PCLiS:
Precision-cut
liver
slices;
PMNs:
Polymorphonuclear
leukocytes;
Poly
I:C:
Polyinosinic:polycytidylic acid; rHepas: Primary rat hepatocytes; rKC: Rat Kupffer cells; TNF:
Tumor necrosis factor.
Compounds
tested
In vivo models
Mouse
Trovafloxacin
Rat

Coexposure

Rat

Model

Finding

References

LPS
TNF

Liver injury in co-exposed animals
TNF plasma levels ↑
Neutrophil accumulation

Diclofenac

LPS
Poly I:C
BSO

Rat

Sulindac

LPS

Mouse

Halothane

Poly I:C

Sod2+/mice

Troglitazone

-

Liver injury in animals co-exposed
with LPS
Activation of Nf-κB and MAPK
Inflammatory response ↑
PMNs play a role in the
pathogenesis of the co-exposureinduced liver injury
Liver injury in co-exposed animals
TNF plasma levels ↑
Co-exposure: Liver injury ↑
Apoptosis as possible mediator
Kupffer and NK cell activation
Liver injury only in Sod2+/- mice
Mitochondrial activity ↓
Mitochondrial oxidant stress ↑

WARING et al.,
2006
SHAW et al., 2007
LIGUORI et al.,
2010
DENG et al., 2006
RAMM and
MALLY, 2013
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Ex vivo models
Human
Ketoconazole
PCLiS
Clozapine
Diclofenac
Carbamazepine
Troglitazone
In vitro models
Monoculture
HepG2
Ranitidine
rHepas
Trovafloxacin
Nefazodone
Nimesulide
Clarithromycin
Telithromycin
HepG2
Diclofenac
Carbamazepine

LPS

Co-exposure: Toxicity for
ketoconazole and clozapine ↑
For these two drugs:
GSH levels ↓, TNF release ↑

HADI et al., 2013

Mixture of
LPS,
TNF,
IFNγ,
IL-1α,
IL-6
TNF

Enhanced toxicity for all drugs
when co-exposed to the
inflammatory mixture

COSGROVE et al.,
2009

Co-exposure: Toxicity ↑
Two major involved pathways:
ER-stress and Nrf2
Co-exposure: Toxicity ↑
Prolonged JNK-activation
Identification of BMS-PTX-265 as
a possible biomarker for iDILI
Enhanced toxicity only in coexposure with TNF and BSO

FREDRIKSSON et
al., 2014

HepG2

Trovafloxacin

TNF

SV40

20 drugs

-

HepG2

Diclofenac

LPS, TNF
Poly I:C
BSO

rHepas

23 drugs

-

Identification of troglitazone,
benzbromarone, flutamide, and
amiodarone as high risk drugs for
severe liver injury as indicated by
the inhibition of the bile canaliculi
network formation

TAKEMURA et al.,
2016

-

In co-culture: Toxicity in HepG2
cells ↑; Expression of proinflammatory mediators and
stress-related genes ↑
In LPS-activated co-cultures:
Toxicity in rHepas ↑; IL-6
production ↓; CYP3A activity ↑
In co-culture: Nrf2-mediated
stress response and CXCL8
pathway ↑
CXCL8, TNF, CCL3 ↑
Acetaminophen: LPS-induced
TNF-secretion ↑
Chlorpromazine: TNF secretion ↑
Allyl alcohol: Prostaglandin E2
production ↑

EDLING et al.,
2009

Co-culture
HepG2
Troglitazone
+ THP-1

rHepas
+ rKCs

Trovafloxacin

LPS

HepG2
+ THP-1

Ketoconazole

-

rHepas
+ rKCs

Acetaminophen
Chlorpromazine
Allyl alcohol
Monocrotaline

LPS

BEGGS et al., 2014
GAO et al., 2004
RAMM and
MALLY, 2013

ROSE et al. 2013
BONZO et al., 2015
WEWERING et al.,
2016

TUKOV et al., 2006

Generally, all models listed in table 5 provide evidence for the inflammatory stress
hypothesis and substantiate that inflammation and the involved immune cells play a
role in the development of idiosyncratic DILI. It is assumed, that the up-regulation of
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pro-inflammatory cytokines, such as TNF, and a chemokine-induced migration of
polymorphonuclear leukocytes (PMNs) (e.g. neutrophils) into the liver might sensitize
the liver cells to a drug toxicity (DENG et al., 2006; BEGGS et al., 2014;
FREDRIKSSON et al., 2014). However, most published studies are limited to one drug
or one exposure scenario, which limits the possibilities in unscrambling which or if both
of the possible mechanisms underlying the inflammatory stress hypothesis are
involved in the development of idiosyncratic DILI. Only a broader testing strategy
including several exposure scenarios is suitable for evaluating both mechanisms and
the establishment of a general idiosyncratic DILI testing approach that is applicable to
structurally and mechanistically diverse idiosyncratic compounds.
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2 Objectives
The predictability of currently available non-clinical screening models for the detection
of drug candidates that induce hepatotoxicity is insufficient. Especially for the
idiosyncratic form of drug-induced liver injury (DILI) no predictive liver models are
available. Recent studies suggest that inflammatory episodes and the intercellular
communication of parenchymal hepatocytes with non-parenchymal cells, such as liver
resident macrophages and infiltrating monocytes, play a predominant role in the
development of idiosyncratic DILI (ROTH et al., 2003; ROBERTS et al., 2007; ADAMS
et al., 2010; ROTH and GANEY, 2010). In vitro and ex vivo liver models that allow
intercellular communication between liver and immune cells would strongly improve
the early screening process for both, intrinsic and idiosyncratic DILI. The elucidation of
the interplay between these cell types would furthermore deepen our understanding
for this disease.
The primary aim of this doctoral thesis was therefore to develop in vitro and ex vivo
liver models that possess all relevant features necessary for the reflection of DILI, and
especially idiosyncratic DILI, in a non-clinical testing approach. To this end, two highly
relevant liver models were established. Firstly, an in vitro liver co-culture system
between human hepatoma (HepG2) and monocytic or macrophage-like THP-1 cells
that are separated by a porous membrane, allowing cellular communication via
secreted and released factors. Monocytes were added to mimic the infiltration of
immune cells during liver injury and inflammation and the macrophage-like cells as a
surrogate for Kupffer cells. And secondly, ex vivo precision-cut liver slices (PCLiS) from
the rat were established, which have the advantage that they retain their original liver
architecture and all naturally occurring cell types.
With the co-culture model we furthermore aimed to identify, whether the addition of
immune cells and/or an additional pro-inflammatory environment to liver cell cultures
improves the detection of drugs that are known to induce idiosyncratic DILI. The
parallel testing of partner compounds from the same substance class that do not
induce idiosyncratic DILI has been performed to clarify whether the liver model system
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is able to distinguish between drugs with or without the potential to induce idiosyncratic
DILI. By comparing different exposure scenarios that resemble typical in vivo
situations, such as a drug exposure in an inflammatory environment during infection or
a ‘sterile’ inflammation, the contribution of the crosstalk between liver cells and
(activated) immune cells was elucidated. In this context, it should be clarified whether
an additional pro-inflammatory stimulus is needed to sensitize the liver cells to a drug
toxicity or whether the sole addition of immune cells is sufficient to induce an enhanced
toxicity of the drug in HepG2 cells. Thereby the contribution of the two discussed
mechanisms (trigger) underlying the inflammatory stress hypothesis was investigated.
PCLiS, the second liver model established, mirror to a great extent the in vivo situation
in the liver and therefore might help in finding a more reliable liver model to predict
human (idiosyncratic) DILI, which is reliant on intercellular communication. Because
the management of PCLiS among laboratories varies to a great extent, hindering the
routine use of this model and affecting the performance of the cultured liver tissue, the
first step was to establish a simple and easily accessible culture setup, system and
protocol for the optimal maintenance of PCLiS during 24h culture and to characterize
extensively the incubated liver slices. To this end, the liver of the most studied animal,
the rat, was used and ten readouts, covering viability and clinical parameters as well
as histomorphology, were assessed. This basis should ensure that PCLiS studies lead
to reliable, representative, and conclusive results that help in taking a step forward in
standardizing the PCLiS technique. In a second step, the exposure of the slices to the
known intrinsic hepatotoxicant acetaminophen clarified which of the ten studied
readouts are most sensitive to monitor drug-induced hepatotoxicity in rat PCLiS and
thus have the highest significance in the evaluation of hepatotoxic responses in the
described liver model.
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Supplementary Methods 1
THP-1 differentiation
For the differentiation of THP-1 cells on the membrane of Falcon Cell Culture Inserts,
1.5 mL growth medium with 50 nM PMA were transferred into the lower compartment
of the system and 0.5 mL cell suspension with a total of 7.5 x 104 cells also containing
50 nM PMA were transferred into the upper compartment (insert) and directly onto the
membrane (0.4 µm pore size; 1 cm2). For the differentiation of THP-1 cells in cell
culture flasks, 15 mL cell suspension with a total of 5.6 x 10 6 cells containing 50 nM
PMA were transferred into the cell culture flask (75 cm 2) at the same cell number per
cm2 growth area as in the case of the membranes. The concentration of 50 nM PMA
was chosen because (i) it has previously been shown to efficiently differentiate THP-1
cells (Lund et al., 2016); (ii) lower concentrations can lead to the detachment of cells
during the resting period (Spano et al., 2013); (iii) higher concentrations can mask
reactions of weak stimuli (Park et al., 2007) and (iv) at PMA concentrations ≥ 50 nM
cells secrete significantly higher levels of pro-inflammatory cytokines after LPS
stimulation than cells differentiated with lower concentrations (Lund et al., 2016). The
morphology of the cells in the different cell culture containers and during the different
differentiation steps are shown in Supplementary Figure 5.
Supplementary Methods 2
Cytokine measurement
The pro-inflammatory cytokine IL-8 was measured in the supernatant of the
monocultures of each cell type after a 24h exposure to the indicated concentrations of
the respective pro-inflammatory factor (LPS or TNF). The supernatant of THP-1
monocyte cultures (3 x 105 cells for LPS treatment or 5 x 105 cells for TNF treatment in
0.5 mL in a 48-well plate) was collected by centrifugation at 800 rpm for 5 min at 4°C.
The supernatant of THP-1 macrophage cultures (7.5 x 104 cells) was collected from
the lower compartment, which contains the cytokine fraction that reaches the HepG2
cells at the bottom of the cell culture container during co-culture. The supernatant of
HepG2 cells (7.5 x 105 cells) was collected directly from the cells. IL-8 was measured
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by performing an Enzyme Linked Immunosorbent Assay (ELISA). Samples were
diluted up to 6-fold when necessary and measured with the Epoch Microplate
Spectrophotometer (BioTek, VT, USA) at 450 nm. The limit of detection was
31.25 pg/mL.
Supplementary Results 1
Effect of the immune cell exposure on HepG2 cell viability in the control situation
To evaluate the effect of the two immune cell types on the HepG2 cell viability during
the co-culture, HepG2 cells were exposed to 3–5 x 105 monocytes or 7.5 x 104
macrophages for 24-48h (Supplementary Figure 3). When compared to the HepG2
monoculture, the addition of 5 x 105 monocytes had an impact on the metabolic activity
of the liver cells after 24h. Co-cultures with 3 x 105 monocytes decreased the metabolic
activity of the liver cells after 48h. In both cases only a mild preceding damage of about
20% was induced. The presence of THP-1 macrophages had no effect on the
metabolic activity of HepG2 cells.
Supplementary Results 2
Concentration selection of pro-inflammatory factors for the optimal cell stimulation
Cells were exposed to increasing concentrations of the respective pro-inflammatory
factor for 24h, and the IL-8 concentration was determined in the cell culture
supernatant (Supplementary Figure 4). The functionality of the immune cells as well
as that of HepG2 cells was corroborated by a dose-dependent increase of the IL-8
secretion when stimulating them with the mentioned factors. THP-1 macrophages, as
mature immune cells, showed the highest basal level of IL-8. Generally, stimulation of
THP-1 macrophages resulted in higher IL-8 secretion levels per cell than in the case
of THP-1 monocytes or HepG2 cells. Concentration selection for co-exposure
experiments was done by identifying a concentration for both factors that was located
in the linear range of the stimulation curve of most cell types and resulted in a sufficient
stimulation. Concentrations of 1 µg/mL and 10 ng/mL were chosen in the case of LPS
and TNF, respectively. Both concentrations induced an IL-8 secretion in THP-1
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macrophages in the range of the plateau of the stimulation curve. Lower concentrations
in the linear range of the stimulation curves of THP-1 macrophages resulted in an
insufficient stimulation of all other cell types, wherefore the selected concentrations
were not adapted. Stimulation of HepG2 cells with 10 ng/mL TNF resulted in significant
higher IL-8 levels than in the case of THP-1 monocytes. All tested LPS and TNF
concentrations did not lead to any cytotoxicity in single-cultures of HepG2 as well as
immune cells (Supplementary Figure 6).
Supplementary Figures

Supplementary Figure 1. Morphological alterations of HepG2 cells treated with TVX or
DcL and co-exposed with TNF, which are a clear indication of hepatocellular injury.
Monocultures of HepG2 cells were exposed to 25 µM TVX or 125 µM with or without coexposure to 10 ng/mL TNF or the corresponding vehicle control for 24h. Note that coexposure scenarios lead to a strong hepatocellular injury, as evidenced by an accumulation
of dead cells.
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Supplementary Figure 2. Dose-dependent cytotoxicity of four non-iDILI drugs. HepG2
cells and THP-1 monocytes were exposed to increasing concentrations of the respective
drug (A = RGZ; B = LVX; C = ASS; D = FC) or the vehicle for 24h. DMSO concentration
never exceeded 0.56%. Thereafter, the metabolic activity of the cells was assessed by
performing the WST-1 assay. Data are expressed as % of vehicle control activity and are
depicted in an overlay for better comparison. All data (n = 3-4) are presented as mean ±
SD.
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Supplementary Figure 3. Metabolic activity of HepG2 cells co-cultured with different
numbers of immune cells. The metabolic activity was assessed by performing the WST-1
assay after 24h or 48h exposure of HepG2 to monocytic or macrophage-like THP-1 cells.
Data are presented as absolute OD at 450 nm and mean ± SD. The number of experiments
were 66 (no cells, 24h), 20 (no cells, 48h), 18/20 (3 x 105 monocytes, 24/48h), 27 (5 x 105
monocytes, 24h) and 21 (macrophages, 24h). One-way ANOVA with Tukey post hoc test
revealed significances in comparison to the monoculture of HepG2 cells at 24h, denoted as
*** (p < 0.001), and at 48h, denoted as ### (p < 0.001).

Supplementary Figure 4. IL-8 secretion by HepG2, monocytic and macrophage-like
THP-1 cells stimulated with increasing concentrations of (A) LPS or (B) TNF. The
supernatant of the various cell types was harvested for ELISA analysis after a 24h
stimulation. The blue bar shows the concentration used in all further experiments. Data
(n = 3-4) are presented as mean ± SD. Statistical analysis was performed using a one-way
ANOVA and the Tukey post hoc test. * indicates the level of significance compared to
THP-1 macrophages. # indicates the level of significance compared to unstimulated control
cells. p < 0.05*/#; p < 0.01**/##; p < 0.001***/###.
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Supplementary Figure 5. Morphology of THP-1 monocytes and PMA-differentiated
THP-1 macrophages cultured in either cell culture flasks or on membrane inserts. Pictures
were taken at different time points during the differentiation process. Note that THP-1
macrophages cultured in cell culture flasks show a different morphologic appearance
compared to THP-1 macrophages cultured on membrane inserts.
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Supplementary Figure 6. Metabolic activity of (A) HepG2 cells, (B) THP-1 monocytes and
(C) THP-1 macrophages treated with increasing concentrations of pro-inflammatory stimuli
(1 = LPS and 2 = TNF). Concentrations used are the same as for the stimulation
experiments. The metabolic activity of the cells was assessed by performing the WST-1
assay. Data are expressed as % of vehicle control activity and are depicted in an overlay
for better comparison. All data (n = 3-4) are presented as mean ± SD.

Fig. 2. Dose responsive cytotoxicity of the four iDILI drugs used in this study. HepG2 cells and THP1 monocytes were exposed to increasing concentrations of the respective drug (A = TGZ; B = TVX;
C = DcL; D = KC) or the vehicle for 24h. DMSO concentration never exceeded 0.56%. Thereafter,
as a measure for viability, the metabolic activity of the cells was assessed via WST-1 assay. Data
are expressed as % vehicle control and are depicted in an overlay for better comparison. Red lines
indicate the concentrations at which a moderate toxicity of 20% (EC80) was observed; Blue lines
indicate the viability of each cell type at the concentration used for the co-culture experiments. All
59
data (n = 3-4) are presented as mean ± SD.

Fig. 2. Dose responsive cytotoxicity of the four iDILI drugs used in this study. HepG2 cells and THP-
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Supplementary Figure 1. Schematic presentation of the time schedule of the PCLiS preparation, culture and gassing regime. The
grey arrow indicates the time line for the slice preparation and culture; the blue arrows indicate at which point in time during the slice
preparation and culture KH-buffer or culture medium with or without slices are gassed with carbogen in or outside the incubator.
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Supplementary Results 1
To further characterize our culture setup, we wanted to verify whether gas transport
into the culture medium was achieved, resulting in a sufficient exposure of the
submerged PCLiS to oxygen. To this end, we used an indicator reaction with carbon
dioxide (CO2), which, when transported into and dissolved in the culture medium, shifts
the equilibrium of the sodium bicarbonate buffer system to the carbonic acid side and
turns the medium acidic (Sato & Kan, 2001). As a result of this medium acidification,
phenol red, a pH indicator present in the medium, induces a color change from red to
yellow. With this simple reaction we proved an extensive gas transport into the culture
medium. After gassing the culture boxes with 100% CO2 (4 NL/min) for only 5 min, the
culture medium (6 mL) in the Erlenmeyer flasks showed a rapid and complete color
change from red to bright yellow (Supplementary Figure 2). Therefore, the 10 min
flooding of the boxes with carbogen should suffice to saturate the culture medium with
oxygen. Importantly, the dissolved CO2 was released very slowly from the culture
medium at ambient air and RT.

Supplementary Figure 2. An indicator reaction with carbon dioxide (CO2) to visualize the
gas transport into the medium. Erlenmeyer flasks with 6 mL medium were exposed to CO2
via the same route carbogen gassing during PCLiS culture took place (including the
intercalated gas washing bottle). The exposure was performed under the same conditions
(37°C, 90% humidity, 80 rpm shaking) the PCLiS were cultured. Note that the medium
showed a rapid and complete color change from red to bright yellow after only 5 min
gassing with CO2 and that the gas is released very slowly from the medium.

Sato JD and Kan M (2001). Media for culture of mammalian cells. Curr Protoc Cell
Biol, Chapter 1, Unit 1.2.
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Supplementary Table 1. Literature search on studies using the PCLiS technique. The selected publications (31) comprise a vast period of time
(1987-2016) with a focus on recent studies and are based on different scientific backgrounds. Selection was carried out randomly, in order to give
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5 Discussion
In this thesis, two non-clinical liver models were established with the aim to improve
the prediction of drug-induced hepatotoxicity in the early phases of drug development.
With the cell line-based in vitro co-culture model, consisting of human HepG2 cells and
monocytic or macrophage-like THP-1 cells, different human exposure scenarios were
reflected. These included a drug exposure in an inflammatory environment during
infection or a ‘sterile’ inflammation. Both are possible triggers for an idiosyncratic
response, as postulated by the inflammatory stress hypothesis. By applying these
exposure scenarios, it was possible to distinguish between drugs that are known to
induce idiosyncratic DILI and those that do not. Thus, this model gives the opportunity
to screen for drug candidates that are likely to induce this rare disease and to eliminate
these candidates from the drug development before they enter the market. With the
establishment of a culture protocol that ensures the best possible performance of rat
precision-cut liver slices (PCLiS) during 24h culture and the identification of sensitive
and clinical relevant readouts to monitor hepatotoxic responses, an additional highly
relevant liver model was provided that has the potential to improve the detection of
both, the intrinsic and the idiosyncratic form of DILI.

5.1 Relevance of non-clinical liver models in predicting
idiosyncratic DILI
The development of new non-clinical liver models that are predictive for both forms of
DILI is of great interest since DILI in general has the poorest correlation with animal
toxicity tests (OLSON et al., 2000) and especially the idiosyncratic form of DILI cannot
be predicted from non-clinical as well as clinical tests in the drug development process
so far.
Although the patients in clinical trials reflect a high diversity and thus host and
susceptibility factors that might be involved in the development of idiosyncratic DILI,
the low frequency of idiosyncratic reactions hinders the prediction in the most relevant
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model, the human (LARREY, 2002; BELL and CHALASANI, 2009). Responsible are
the small subject numbers typically examined in clinical trials. In addition, commonly
used clinical biomarkers (e.g. ALT, AST, ALP, and bilirubin) are inadequate to monitor
hepatotoxicity in patients and contribute to the low predictability in clinical trials (US
FOOD AND DRUG ADMINISTRATION, 2009). In this context, the FDA reported that
slight abnormalities of up to 3xULN are common in untreated and placebo-treated
subjects and that they are no requirement for the development of severe DILI. The
most reliable indicator that a drug causes severe DILI is the true presence of a Hy's
Law case. However, as soon as a patient is identified as such a case, the chance to
develop an ALF is high, even if the drug treatment is stopped immediately. This
underlines the need for reliable liver models able to reflect severe, idiosyncratic
reactions in the early non-clinical phase of the drug development process and the
relevance of this thesis.
The lacking predictive power of regulatory required animal toxicity tests for
idiosyncratic reactions can most likely be explained by two factors. Firstly, the limited
number of animals the studies are based on and, secondly, the use of healthy animals,
exhibiting only a small phenotypic diversity. Based on the low incidence of idiosyncratic
reactions, an extremely high number of animals would be needed to enhance the
chance of detecting a rare idiosyncratic reaction. Assuming that humans and animals
have a similar incidence for an IADR and that animals respond in the same way as
humans, a toxicity test would require 30,000 animals per drug to detect its idiosyncratic
potential (LEE, 2003b; HOLT and JU, 2006). Such animal numbers are not ethically
justifiable and the workload would be untenable. Moreover, the lack of heterogeneity
of the exposed animals, e.g. in terms of sex, age, predispositions and comorbidities,
impedes the reflection of idiosyncratic responses, which rely on host factors and
individual susceptibilities (KACEW and FESTING, 1996; LEISE et al., 2014). Added to
this, species differences and unrealistic exposure scenarios, lacking e.g. co-exposures
(RIETJENS and ALINK, 2006), hinder predictability in animal models.
Another important factor that discourages the prediction of idiosyncratic DILI in animal
models is the complexity of interactions in a whole organism, which include systemic

87

Chapter 5 – Discussion

responses and the crosstalk with other organs. The observed data is difficult to
interpret and the discrimination of a primary effect on the liver induced by a compound
and a secondary effect resultant from organ interactions poses a challenge. The
retracing of primary effects that are responsible for the development of IADRs is,
however, crucial in understanding these reactions and forms the basis for developing
more predictive liver models. This limitation of animal toxicity studies is simultaneously
the key strengths of ex vivo/in vitro models. Ex vivo/in vitro models, although less
complex and no complete replicate of the in vivo organ, are robust, stable and are
predestined for the use in mechanistic studies (HARTUNG and DASTON, 2009).
These features enable them to provide insights in the MOA of e.g. idiosyncratic
reactions. The ultimate goal of drug safety science is to understand the underlying
mechanisms and MOAs of ADRs and to use this knowledge in developing improved
and more predictive models and biomarkers. The developed in vitro liver co-culture
model was established on the basis of this approach and reflects the environment
necessary to depict an idiosyncratic DILI reaction according to the MOA described by
the inflammatory stress hypothesis. Manuscript I demonstrates that this model is
capable of detecting drugs known for their potential to induce idiosyncratic DILI.
Furthermore, it was possible to unscramble the involvement of immune cells and proinflammatory factors in the development of the idiosyncratic response. Since this
model is based on human cells, interspecies differences are avoided and the relevance
of the data is enhanced in this regard. Generally, these findings provide evidence that
the relevance of non-clinical liver models, especially when based on the MOA of IADRs
and human material, is exceptionally higher than for regulatory required animal testing
or clinical trials.

5.2 Strengths and limitations of the liver models used
Structural composition and design
Most currently used liver models are based on the parenchymal cell, the hepatocyte
itself. However, it is well-known that there is more than one cell type involved in
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hepatotoxin-induced liver damage (ROBERTS et al., 2007; ADAMS et al., 2010;
GODOY et al., 2013). It is thus questionable whether hepatotoxicity can be sufficiently
predicted by analyzing only one cell type. This is the reason why both liver models
established in this thesis are based on more than one cell type and cover all relevant
cell types necessary to reflect the multicellular MOA proposed by the inflammatory
stress hypothesis. In addition to this commonality, the two models show great
differences in their structural composition and design, representing distinct advantages
and disadvantages in studying the mechanism of (idiosyncratic) DILI.
In vitro co-cultures in general are highly relevant for the drug screening process
because they represent the in vivo tissue more closely than single cell cultures, allow
a relatively high throughput and in-depth monitoring of drug effects on cells interacting
with other cells (GOERS et al., 2014). In contrast to single cell cultures, co-cultures are
able to mimic or predict more complex MOAs (LECLUYSE et al., 2012), such as
present in idiosyncratic DILI. This also applies to PCLiS, which represent thin tissue
slices of the intact liver and retain all naturally occurring cell types. Co-culture models
based on Transwell-inserts offer the advantage that the various cell types can be
evaluated separately. In the present co-culture model, human HepG2 cells are located
on the bottom of the cell culture plate and monocytic or macrophage-like THP-1 cells
are located in the Transwell-insert above the liver cells. By comparing the different coculture scenarios with the monoculture of HepG2 cells, it is possible to study the
influence of the two (activated) immune cell types on the sensitivity of the liver cells to
a drug toxicity. This is not possible for PCLiS because the cells are present in their
natural cell-cell and cell-matrix arrangement (DE GRAAF et al., 2010) and thus allow
no separation of the cell types. This limitation is at the same time a great strength of
the PCLiS model. By retaining the original in vivo liver architecture, PCLiS resemble
the in vivo situation more closely than co-cultures and therefore represent an ideal
system to investigate multicellular and –facetted phenomena, such as hepatotoxicity.
For instance, unlike co-cultures, they allow the assessment of zone-specific damages,
which is also an important mechanism of DILI (KLEINER et al., 2014). Consequently,
PCLiS represent a better surrogate to depict the tissue structure in vivo than cocultures. Their thin tissue structure, however, entail a labor-intensive preparation and
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cultivation and a difficult handling, which limit the throughput of experiments to
moderate levels. In addition, it must be considered that the test substance might not
penetrate the tissue slices completely, despite their small thickness of approximately
250 µm.
Underlying cell types
Even though care was taken that the present in vitro liver co-culture model exhibits the
in vivo relation between liver cells and macrophages, enhancing the relevance of this
model, the cells used are less relevant than the primary cells present in the PCLiS.
The primary hepatocytes in PCLiS show relatively stable metabolic enzyme (Phase I
and II) and transporter levels as well as bile canaliculi during incubation (HASHEMI et
al., 1999; BOESS et al. 2003). In addition, PCLiS are reported to be most comparable
to intact liver when drug-induced toxicity gene expression patterns from in vivo rat liver,
ex vivo rat PCLiS and different isolated and cultured cells were compared (BOESS et
al. 2003). It was also demonstrated that the non-parenchymal cells in the liver slices
remain viable and can be stimulated by pro-inflammatory factors (e.g. LPS) for 24h
(OLINGA et al., 2001). Their high in vivo resemblance regarding cell characteristics
can be explained by the three-dimensional architecture of PCLiS. This ensures cellular
interactions with the surrounding extracellular matrix, which have an important
influence on the maintenance of normal hepatic structures and functions in vitro
(ICHIHARA, 1991; MARTINEZ-HERNANDEZ and AMENTA, 1995; LECLUYSE et al.,
2012). However, the relatively high complexity of the model is also responsible for
higher variances between independent experiments as compared to cell culture
experiments.
The in vitro liver co-culture model is based on immortalized cell lines (HepG2 and
THP-1). Immortalized cell lines have the advantages that an unlimited number of cells
is available from human source and that these help in replacing animal studies
according to the 3 R’s (Replace, Reduce and Refine; RUSSELL and BURCH, 1959).
Moreover, they show a high robustness and good experimental reproducibility because
of the non-existent donor variations. Their key limitation, however, is the poor

90

Chapter 5 – Discussion

differentiation degree. Although being the most frequently used and best-characterized
human hepatoma cell line worldwide (CASTELL et al., 2006; GERETS et al., 2012),
HepG2 cells show a low and only partial expression of drug metabolizing enzymes
compared to primary hepatocytes or human liver (OLSAVSKY et al., 2007; GERETS
et al., 2010). Therefore, they represent no ideal surrogate system for human
hepatocytes and allow no extensive evaluation of metabolite-induced toxicity or the
assessment of an immune response to metabolite-protein adducts (haptens) in the coculture model. However, GERETS et al. (2012) identified that a high metabolic capacity
in liver cell lines does not necessarily correlate with a high sensitivity for the detection
of hepatotoxic drugs. And although being the ‘gold standard’ in liver toxicity testing
(LECLUYSE, 2001; GOMEZ-LECHÓN et al., 2010), the use of cultured human primary
hepatocytes is associated with major complications, such as a variable attachment of
the cells and a rapid deterioration of the histotypic architecture, the cellular polarity and
the functionality (LECLUYSE et al., 1996). Moreover, they are only available to a
limited extent and show strong donor-to-donor variations (GODOY et al., 2013). The
second cell line used in the present co-culture model is the THP-1 cell line, which is
commonly used to study immune responses and is reported to resemble primary
monocytes and macrophages in morphology and differentiation properties quite well
(QIN, 2012). In addition, the phorbol 12-myristate 13-acetate (PMA)-differentiated
THP-1 cells used here behave more like native monocyte-derived macrophages than
other human myeloid cell lines (AUWERX, 1991). Advantages of the use of the THP1 cell line over peripheral blood mononuclear cell (PBMC)-derived monocytes or
macrophages are their high availability, their homogeneous genetic background and
the absent contamination with other blood components (CHANPUT et al., 2014). In
addition, immortalized THP-1-derived macrophages have no risk to be unintentionally
activated like primary isolated macrophages during the isolation process (CHEN and
NUNEZ, 2010).
Finally, one of the major differences between the two liver models is their handling.
There are a variety of culture protocols available for PCLiS preventing their routine use
and leading to a poor comparability of results between laboratories, which is not case
for cell cultures. With establishing an easily available culture setup, system and
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protocol for the optimal maintenance of (rat) PCLiS during 24h culture, it was proven
that rat PCLiS, just like cell cultures, can be used under standardized conditions for
routine ex vivo toxicity studies (manuscript II).

5.3 Value of precision-cut liver slices in hepatotoxicity testing
PCLiS remain viable and functional for 24h
The major restriction related to the PCLiS model is their relatively short viability (2448h) and inadequacy for the use in long-term exposures (LERCHE-LANGRAND and
TOUTAIN, 2000; DE GRAAF et al., 2010). This is mainly due to their high sensitivity to
hypoxia leading to necrotic tissue cores with increasing cultivation period, as reported
in many studies (e.g. HASHEMI et al., 1999; DE GRAAF et al., 2010; SOLDATOW et
al., 2013). Furthermore, it was reported that the PCLiS form an outer cell lining after
72h culture and that extensive tissue remodeling towards fibrotic structures takes place
(STAROKOZHKO et al., 2015). Both are critical factors impeding the use of PCLiS in
long-term studies and especially in toxicity studies, which require viable and functional
tissue in order to reflect in vivo outcomes (DE GRAAF et al., 2010; STAROKOZHKO
et al., 2015; WESTRA et al., 2016). Non-viable and -functional liver slices do not
resemble the physiological properties necessary to mimic crucial tissue dynamics
in vitro, thereby losing their relevance. As demonstrated in manuscript II, the use of
high quality PCLiS in toxicity testing can be ensured for 24h when cultured under the
conditions described therein. During this limited culture period the liver slice ATP levels
remained nearly constant (83 ± 10% of the initial average ATP content of fresh slices),
the lactate dehydrogenase (LDH) leakage was minimal (7.3 ± 0.77% of the total LDH),
the AST and glutamate dehydrogenase (GLDH) levels were only moderately enhanced
(22 ± 7% and 17 ± 4% of the total enzyme content, respectively), the liver tissue
retained the ability to synthesize urea as well as albumin and the liver tissue structures
were well preserved. In conclusion, rat PCLiS cultured under the conditions described
in manuscript II provide the basic requirements for a successful reflection of
hepatotoxic responses.
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PCLiS offer highly relevant readouts
Currently used readouts in standard in vitro models often lack sufficient sensitivity to
record the hepatotoxic potential of candidate drugs (WILL et al., 2016). Considering
the multiple cellular and molecular events initiating DILI, it would be more realistic to
use a battery of assays and readouts that will capture the potential toxic mechanism
more precisely and would thus allow a more informed decision about the risk of a drug
for DILI and a more meaningful a priori risk assessment. In this regard, the ex vivo
PCLiS model represents a valuable alternative. PCLiS offer a variety of readouts that
have in addition clinical importance. Besides the common biochemical readouts (ATP
content, LDH leakage and protein content), the PCLiS model gives the opportunity to
determine the release of clinical biomarkers in the tissue culture supernatant (liver
enzymes) and the secretion of functional liver products, as well as to assess the
histomorphology of the exposed tissue. Cell culture models in general cannot provide
such a comprehensive selection of readouts. Although we show that the liver enzymes
do not respond in the same way as they would do in a patient, as shown in manuscript II
by the dose-dependent decrease rather than a typical increase in liver enzyme levels
in APAP-induced liver tissue injury, they are still useful and can indicate possible
clinical outcomes. The most sensitive readouts in monitoring APAP-induced
hepatotoxicity in rat PCLiS were identified in manuscript II as the ATP content, the
albumin production, and the histomorphology. The opportunity to evaluate the
histomorphology of the cultured tissue slices after drug exposure represents an
additional major advantage over standard cell culture experiments. For example, the
hormetic response observed in rat PCLiS by increased ATP levels at low
concentrations of APAP was confirmed at the histomorphological level. Here, an
increased proliferation of the smooth endoplasmic reticulum (HASCHEK et al., 2013)
(see manuscript II) could be attributed to an adaptive response to the APAP-induced
stress. By this additional readout, valuable mechanistic insights allow a more
comprehensive assessment of the DILI-risk for a certain drug candidate than it would
be possible by cell culture experiments only.
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5.4 Value of the co-culture model in hepatotoxicity testing
As already mentioned, one key strength of the established in vitro liver co-culture
model was the opportunity to study different exposure scenarios by treating the
different cell types individually or in co-culture. This property was exploited to clarify
the involvement of unstimulated immune cells, LPS- or TNF-stimulated immune cells
or a pro-inflammatory factor (LPS or TNF) alone in the development of a drug-induced
idiosyncratic response in liver cells. Following, the detection of four idiosyncratic drugs
based on the different exposure scenarios is discussed. All results are listed as an
overview in Tab. 6.
Identification of idiosyncratic drugs according to trigger 1
Trigger 1 is the first mechanism underlying the inflammatory stress hypothesis that was
examined in manuscript I. It is based on a ‘sterile’ inflammation scenario, in which the
sole presence of immune cells is discussed to be sufficient to enhance drug toxicity.
Three out of four tested drugs, namely troglitazone, ketoconazole, and diclofenac,
induced an idiosyncratic response in HepG2 cells co-cultured with unstimulated
immune cells, no matter if co-cultured with monocytes or macrophages. Thus, these
drugs must be able to evoke a stress signal that initiates a secondary (inflammatory)
response, which in turn can lower the threshold for hepatotoxicity in the HepG2 cells.
Troglitazone caused an increased cytotoxicity in the co-culture scenario when
compared to the moderate toxic effect the drug exhibits in the monoculture of HepG2.
In contrast, ketoconazole and diclofenac induced an increased metabolic activity in
HepG2 cells, indicating a hormetic stress response. Thus, not only an enhanced
cytotoxicity indicated an idiosyncratic reaction but also a stress-induced adaptive
increase in metabolic activity of the liver cells. Importantly, the corresponding partner
compounds, which are from the same substance class but have no potential to induce
idiosyncratic DILI, did not reveal any such effects. Therefore, this simple co-culture
model without an additional stimulus successfully distinguished between a drug that
has the potential to induce idiosyncratic DILI and a drug that has not in three out of
four cases. In comparison to the literature, only EDLING et al. (2009) detected
troglitazone as idiosyncratic drug under similar conditions, furthermore reporting, that
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the sole presence of monocytes is the initiator for the idiosyncratic response. In
manuscript I further substances known to induce idiosyncratic DILI were detected
under these conditions and trigger 1 was thus identified as a likely mechanism to be
involved in the development of idiosyncratic DILI.
Identification of idiosyncratic drugs according to trigger 2
Trigger 2 underlying the inflammatory stress hypothesis is based on an additional
stimulus that activates the immune cells, resulting in a pro-inflammatory environment.
When stimulating the co-cultures with LPS, ketoconazole induced an idiosyncratic
response in co-cultures with monocytes, and trovafloxacin and diclofenac in cocultures with macrophages. All three drugs induced a significant increase in cytotoxicity
when compared to the toxic effect they have on the monoculture of HepG2 cells. Thus,
trovafloxacin, which was not detected by trigger 1 and unstimulated monocytes or
macrophages, was now detected by trigger 2 and stimulated macrophages. In addition,
ketoconazole and diclofenac, which showed a hormetic response in the exposure
scenario based on trigger 1 rather than an increased cytotoxicity, do now show an
increased cytotoxicity. Consequently, not only the presence of immune cells was
sufficient to induce an increased cytotoxicity but the LPS-activated immune cells set
up the required environment that enables the detection of the idiosyncratic drugs.
According to this, the pro-inflammatory environment induced by the LPS-activated
immune cells sensitizes the HepG2 cells to the drug toxicity. This is exactly what the
inflammatory stress hypothesis suggests. Also in these cases, the corresponding
partner compounds showed no effect. In literature, only trovafloxacin was reported to
be detected in vitro under similar conditions (BONZO et al., 2015), demonstrating that
LPS-activated Kupffer cells were necessary to induce the idiosyncratic response in
primary hepatocytes. HADI et al. (2013) showed an idiosyncratic response for
ketoconazole in human PCLiS stimulated with LPS. Due to the liver model used, which
does not allow to evaluate the cell types separately, it was not clarified whether the
LPS-activated Kupffer cells in the liver slices present the initiating event. Diclofenac
was only detected as idiosyncratic positive in an animal model, which used LPS to
induce an inflammatory stress during drug exposure (RAMM and MALLY, 2013).
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These findings support our results, however, we demonstrate that these idiosyncratic
reactions are reproducible in a much simpler and feasible model using less substance
and allowing a higher throughput for a possible application during drug screening.
Overall, trigger 2 was also confirmed to play a role in the development of idiosyncratic
DILI.
Identification of idiosyncratic drugs via co-exposure with TNF
The co-exposure of HepG2 monocultures to the four selected idiosyncratic drugs and
the pro-inflammatory factor TNF demonstrated a highly feasible approach to screen
drug candidates for their potential to induce idiosyncratic DILI. All tested idiosyncratic
drugs induced a significant increase in cytotoxicity in HepG2 cells when co-exposed to
TNF, while their corresponding partner compounds showed no effect. Therefore, it
might be sufficient to predict idiosyncratic DILI by simply co-exposing a drug candidate
to TNF in the HepG2 monoculture for 24h and to measure the metabolic activity with
the help of a standard cytotoxicity assay, such as the water soluble tetrazolium
(WST)-1 assay used here. The finding that trovafloxacin, diclofenac and ketoconazole
show an increased toxicity in HepG2 cells when co-exposed to TNF was already shown
by few other working groups (BEGGS et al., 2014; FREDRIKSSON et al., 2014; ROSE
et al. 2016). However, these studies mostly focus on only one drug and often do not
compare the results to a partner compound from the same substance class without
known idiosyncratic DILI risk. It was furthermore demonstrated that complex cytokine
mixtures, as used by COSGROVE et al. (2009), are not necessary to detect
idiosyncratic drugs.
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(b) Co-culture with THP-1 macrophages

(a) Co-culture with THP-1 monocytes

Table 6: Mono- and co-culture experiments of HepG2 cells with human (a) monocytic or (b) macrophage-like (THP-1)
cells. Cells were exposed to known iDILI substances and their corresponding non-iDILI partner compound. Results are based
on the assessment of the viability of the HepG2 cells after 24h or 48h exposure to 32 µM troglitazone/rosiglitazone, 25 µM
trovafloxacin/levofloxacin, 125 µM diclofenac/acetylsalicylic acid or 20 µM ketoconazole/fluconazole with or without a co-exposure
to a pro-inflammatory stimulus (LPS, 1 µg/mL, or TNF, 10 ng/mL) compared to the vehicle control. Green check marks (√) indicate
synergistic effects (increased cytotoxicity) between the drug and the co-cultured cells and/or the pro-inflammatory factor; Violet
arrows (↗) indicate an increased metabolic activity of the HepG2 cells; Black crosses (X) indicate no effect and (./.) indicates not
performed experiments. For significance levels see manuscript I. iDILI = Idiosyncratic DILI; Mono = Monoculture of HepG2; Co =
Co-culture of HepG2 with the indicated THP-1 cell type.
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5.5 The toxic drug/TNF crosstalk as a possible mechanism of
idiosyncratic DILI
Taken together, the results discussed in chapter 5.4 point out to the pro-inflammatory
factor TNF being the initiating event leading to the development of idiosyncratic DILI
during inflammatory episodes. Supporting this hypothesis, most research groups that
reported a synergistic effect of a drug with LPS in their corresponding model showed
that the synergistic effect was always accompanied by an elevated TNF level (SHAW
et al., 2007; BONZO et al., 2013; HADI et al., 2013; RAMM and MALLY, 2013). It is
thus likely that the induction of perturbing signaling pathways by a drug, albeit to a
small extent, might lead to an interaction and a crosstalk with the TNF signaling
pathway, thereby resulting in a severe outcome like cell death (Fig. 7).
TNF, the major cytokine to be secreted by activated macrophages due to an infection
(inflammation) or in response to hepatocyte damage (‘sterile’ inflammation) (WAJANT
et al., 2003; ROBERTS et al., 2007), has been identified as a mediator of hepatocyte
death, amongst others, following injury by hepatotoxins (LEIST et al., 1997; BRADHAM
et al., 1998; YIN et al., 1999; JOSEPHS et al., 2000). The association with DILI is
based on the double-edged functions of TNF. On the one hand, it is needed in liver
homeostasis, where TNF is required for normal hepatocyte proliferation and liver
regeneration and, on the other hand, it mediates inflammation as well as hepatotoxicity
due to its important role in the regulation of apoptosis (BRADHAM et al., 1998;
SCHWABE and BRENNER, 2006). Healthy hepatocytes as well as HepG2 cells are
normally resistant to TNF toxicity (LEIST et al., 1994), so it is natural to assume that
the hepatotoxicants sensitize hepatocytes to TNF-mediated cell death by disturbing
intracellular biochemical processes, which are required for the normal liver cell
homeostasis, or by inducing various perturbing stress signaling or toxicity pathways.
TNF signaling through tumor necrosis factor receptor 1 (TNFR1)-stimulation (via
soluble TNF secreted by e.g. immune cells) leads to the activation of either pro-survival
pathways or effectors of cell death (WAJANT et al., 2003). TNF-mediated apoptosis is
induced by the direct activation of caspase-8/10 via the TRADD-FADD axis or the
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activation of the JNK pathway via a caspase-dependent or independent way. The latter
is based on the TNF-mediated ROS activation of the JNK cascade (WAJANT et al.,
2003; SCHWABE and BRENNER, 2006; PAPA et al., 2009). Activation of NF-κB, the
master regulator of TNF susceptibility, mediates resistance to TNF toxicity and survival
by the down-regulation of JNK and the up-regulation of protective anti-apoptotic genes,
which inhibit the cellular death network of TNF (BAKER and REDDY, 1998; WAJANT
et al., 2003; WANG et al., 2006). Consequently, if the NF-κB survival pathway is
compromised or even blocked by a toxic crosstalk with a drug (Fig. 7 (a)), it cannot
counteract the TNF-induced JNK and caspase-8/10 activation anymore and the result
is hepatocyte death. A drug might also induce a pronounced NF-κB-mediated
inflammatory response that leads to the extensive recruitment of neutrophils to the liver
(Fig. 7 (b)). These neutrophils are reported to contribute to hepatocyte damage by
producing ROS and releasing, amongst others, toxic proteases and Fas ligand (FasL)
(JAESCHKE et al., 1999; DENG et al., 2006; WARING et al., 2006; SHAW et al., 2010;
PERIASAMY et al., 2016). Other possible targets of drugs in the TNF-mediated
signaling pathway are mainly located on the TRADD-FADD death signaling axis. For
example, a drug can augment the death signaling axis by inducing a prolonged
activation of JNK via the production of reactive oxygen species (ROS) and the
activation of ASK1 (WAJANT et al., 2003) (Fig. 7 (c)) or a direct interaction with the
JNK-protein (Fig. 7 (d)). Drug-induced ROS furthermore blocks NF-κB activation
(KABE et al., 2005), thereby sensitizing the liver cells to TNF-mediated apoptosis. It is
also likely that a drug directly activates executive caspases (Fig. 7 (e)) or induces
mitochondrial stress resulting in cytochrome c (Cyt C) release and apoptosis (Fig. 7
(f)). All these interferences shift the TNF signaling to the side of the death signaling
axis so that the NF-κB counterregulation is no longer able to protect the cell from this
overactivation.
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Figure 7: Possible targets of drugs that induce idiosyncratic DILI for a toxic crosstalk
with the TNF-mediated pathway, resulting in hepatocyte death and thus liver injury. To
sensitize liver cells to TNF-mediated apoptosis it is likely that a drug suppresses the activation
of NF-κB (a), enhances an NF-κB-induced inflammatory response (b), induces ROS (c),
prolongs JNK activation (d), activates executive caspases (e), or induces mitochondrial stress
(f).

As already mentioned in chapter 1.2.1.4 all idiosyncratic drugs tested induce
mitochondrial and oxidative stress, while several of them additionally activate JNK or
repress NF-κB. This supports the hypothesis that drug-induced pathways, which impair
or even block the protective NF-κB pathway or lead to an overactivation of JNK and
caspases during TNF-TNFR1 signaling, sensitize hepatocytes to TNF-mediated cell
death.
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5.6 Conclusion
In conclusion, two valuable non-clinical liver models are available that allow to screen
drug candidates for the induction of DILI and especially idiosyncratic DILI. The in vitro
co-culture model enables to study different exposure scenarios relevant in the
development of inflammation-associated idiosyncratic DILI and, importantly, to detect
drugs that induce this rare disease. In addition, a predominant role of the proinflammatory cytokine TNF in the development of idiosyncratic DILI was proven.
Moreover, the use of viable and functional rat PCLiS during 24h incubation allows a
comprehensive evaluation of hepatotoxic responses by means of a variety of highly
relevant biochemical, clinical and histomorphological readouts. By applying optimal
and standardized culture conditions, rat PCLiS give reproducible and comparable
results. Finally, both models improve the early screening process for drug candidates
that trigger both intrinsic and idiosyncratic DILI and thus may increase the safety of
newly marketed drugs.
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6 Summary
Anne Granitzny
In vitro/ex vivo liver models for the prediction of idiosyncratic drug-induced liver
injury
Drug-induced liver injury (DILI) is the most common cause for the non-approval of a
drug or its withdrawal from the market. Especially the rare, but particularly severe,
idiosyncratic form represents a major issue in drug development because there are no
liver models available that are capable of reflecting the elusive characteristics of
idiosyncratic responses in vivo and in vitro. This is why they are often not detected until
post-approval. Thus, a prediction of these often fatal adverse side reactions is currently
not possible. Consequently, there is an urgent need for liver models that allow to
screen drug candidates for their potential to induce idiosyncratic DILI in the early nonclinical drug development process and to eliminate drug candidates that are likely to
induce these severe adverse side reactions before they enter the market.
According to the inflammatory stress hypothesis, interactions between parenchymal
hepatocytes with non-parenchymal cells, such as liver resident macrophages and
infiltrating monocytes, as well as inflammatory episodes play a critical role in the
alteration of an individual’s susceptibility to idiosyncratic DILI. Liver models that
possess all relevant cell types, and thereby allow to study the communication between
the different cell types, would improve the prediction of idiosyncratic DILI and our
understanding for this disease. To face this need, two highly relevant liver models were
established in this thesis. On the one hand, an in vitro liver co-culture model based on
immortalized liver and immune cells separated by a porous membrane and, on the
other hand, ex vivo precision-cut liver slices (PCLiS) from the rat that retain their
original liver architecture with all naturally occurring cell types.
The co-culture model, combining human hepatoma HepG2 cells with either human
monocytic or macrophage-like THP-1 cells, was treated with four drug pairs, each
consistent of a drug that is known to induce idiosyncratic DILI (troglitazone,
trovafloxacin, diclofenac, ketoconazole) and partner compound from the same
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substance class that has no potential to induce idiosyncratic DILI (rosiglitazone,
levofloxacin, acetylsalicylic acid, fluconazole). The drugs were tested in HepG2 monoor co-culture and in the presence or absence of a pro-inflammatory background
(induced by LPS or TNF) for comparison, resulting in nine different exposure
scenarios. By determining the liver cell viability after 24-48h exposure via the WST-1
assay, drugs with the risk of inducing idiosyncratic DILI were identified. Three out of
four idiosyncratic drugs (troglitazone, diclofenac and ketoconazole) were detected in
HepG2 cells by the sole addition of either monocytes or macrophages. Troglitazone
showed an increased cytotoxicity in HepG2 cells when compared to the control
scenario, diclofenac and ketoconazole a hormetic stress response. In addition, three
out of four idiosyncratic drugs (diclofenac, trovafloxacin and ketoconazole) were
detectable in HepG2 cells by an increased cytotoxicity when co-cultured with LPSstimulated monocytes or macrophages. And finally, all drugs were identified as
idiosyncratic positive in HepG2 monocultures when co-exposed to the proinflammatory cytokine TNF. Importantly, all described idiosyncratic responses were not
observed with the corresponding partner compounds. These findings confirm that the
sole addition of immune cells and especially an inflammatory environment can
increase the sensitivity of liver cells towards compounds that have the potential to
induce idiosyncratic DILI. Drugs that induced an idiosyncratic response in HepG2 cells
by the sole addition of immune cells must be able to induce a secondary response by
the immune cells that sensitizes the liver cells to the drug toxicity. Since all idiosyncratic
drugs were detectable in the co-exposure scenario with the pro-inflammatory factor
TNF, the results moreover point to a predominant role of this cytokine as an initiator of
this rare disease.
The characteristics of the second model, the PCLiS, make them to an ideal model to
reflect multicellular phenomena such as (idiosyncratic) hepatotoxicity. However, the
management of the slices varies considerably between laboratories impeding the
routine use of this valuable model, as well as the comparability of results, in the nonclinical testing procedure. Hence, an easily accessible culture setup, system and
protocol, which together ensure optimal slice viability and functionality, in order to
accurately reproduce in vivo outcomes, were established in this thesis. The quality of
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the incubated rat PCLiS was assessed during a 24h culture period using ten readouts,
which covered viability (LDH, AST and GLDH leakage as well as ATP content) and
functionality parameters (urea and albumin production) as well as histomorphology and
other descriptive characteristics (protein content, wet weight and slice thickness). A
high overall slice viability and maintenance of liver-specific functions was ensured
during this limited incubation period. By exposing the liver slices to increasing
concentrations of the known hepatotoxicant acetaminophen, the ATP content, the
albumin production and the histomorphology were identified as the most sensitive
parameters to monitor hepatotoxic responses in rat PCLiS. The results confirm that
PCLiS can be used under standardized conditions for ex vivo toxicity tests of liver
toxicants and represent a valuable alternative to standard cell culture models.
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7 Zusammenfassung
Anne Granitzny
In vitro/ex vivo Modelle der Leber zur Prädiktion der idiosynkratischen
arzneimittelinduzierten Hepatotoxizität
Arzneimittelinduzierte Leberschädigung (engl.: drug-induced liver injury (DILI)) ist die
häufigste Ursache für die Zulassungsverweigerung eines Medikaments oder dessen
Rücknahme vom Markt. Hierbei stellt die seltene, aber äußerst schwerwiegende,
idiosynkratische Form ein Hauptproblem in der Arzneimittelentwicklung dar. Grund
hierfür ist das Fehlen von Lebermodellen, welche in der Lage sind die schwer
fassbaren Eigenschaften von idiosynkratischen Reaktionen in vivo und in vitro
widerzuspiegeln. Eine Vorhersage dieser oft tödlichen Nebenwirkungen ist daher
zurzeit nicht möglich und führt dazu, dass diese häufig erst nach der Zulassung erkannt
werden. Demzufolge besteht ein dringender Bedarf an Lebermodellen, die es
ermöglichen in den frühen nicht-klinischen Phasen der Arzneimittelentwicklung
festzustellen, ob ein Arzneimittelkandidat idiosynkratische DILI auslösen kann. Nur
dann

können

risikobehaftete

Kandidaten

von

einer

weiteren

Entwicklung

ausgeschlossen werden bevor sie auf den Markt gelangen.
Entsprechend der ‚Inflammatorischen Stress Hypothese‘ (engl.: Inflammatory Stress
Hypothesis) spielen Wechselwirkungen zwischen parenchymalen Hepatozyten mit
nicht-parenchymalen Zellen, wie leberständigen Makrophagen und infiltrierenden
Monozyten, sowie Entzündungsepisoden eine entscheidende Rolle bei der Modulation
der individuellen Anfälligkeit gegenüber idiosynkratischer DILI. Lebermodelle, die alle
relevanten Zelltypen aufweisen und dadurch die Kommunikation zwischen den
verschiedenen Zelltypen ermöglichen, würden die Vorhersage von idiosynkratischer
DILI und unser Verständnis für diese Krankheit verbessern. Um diesem Bedarf gerecht
zu werden, wurden in dieser Arbeit zwei hochrelevante Lebermodelle etabliert. Zum
einen ein in vitro Ko-Kultur Modell auf der Grundlage immortalisierter Leber- und
Immunzellen, die durch eine poröse Membran getrennt werden, und zum anderen ex
vivo Leberdünnschnitte (engl.: precision cut liver slices (PCLiS)) der Ratte, die ihre
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ursprüngliche

Leberarchitektur

mit

allen

natürlich

vorkommenden

Zelltypen

beibehalten.
Das Ko-Kultur Modell, welches humane Hepatomzellen (HepG2) mit humanen
monozytären oder Makrophagen-ähnlichen THP-1-Zellen kombiniert, wurde mit vier
Arzneimittelpaaren behandelt. Diese bestanden jeweils aus einem Arzneimittel,
welches idiosynkratische DILI auslöst (Troglitazone, Trovafloxacin, Diclofenac,
Ketoconazole) und einer Partner-Verbindung aus der gleichen Substanzklasse, die
kein Potential hat idiosynkratische DILI auszulösen (Rosiglitazone, Levofloxacin,
Acetylsalicylsäure, Fluconazole). Die Arzneimittel wurden zum Vergleich in der HepG2
Mono- oder Ko-Kultur in Gegenwart oder Abwesenheit eines pro-inflammatorischen
Hintergrundes getestet (induziert durch LPS oder TNF). Somit wurden neun
verschiedenen

Expositionsszenarien

pro Medikament

untersucht.

Durch die

Bestimmung der Viabilität der HepG2-Zellen anhand des WST-1 Assays nach 24-48h
Exposition war es möglich Arzneimittel zu identifizieren, die eine Gefahr für das
Auslösen einer idiosynkratischen DILI darstellen. Drei von vier „idiosynkratischen
Arzneimitteln“ (Troglitazone, Diclofenac und Ketoconazole) wurden in HepG2-Zellen
durch das alleinige Hinzufügen von entweder Monozyten oder Makrophagen
nachgewiesen. Hierbei zeigte Troglitazone eine erhöhte Zytotoxizität in HepG2-Zellen
im Vergleich zum Kontroll-Szenario, Diclofenac und Ketoconazole eine hormetische
Stressantwort. Außerdem waren drei von vier „idiosynkratischen“ Arzneimitteln
(Diclofenac, Trovafloxacin und Ketoconazole) in HepG2-Zellen durch eine erhöhte
Zytotoxizität

nachweisbar,

wenn

sie

mit

LPS-stimulierten

Monozyten

oder

Makrophagen ko-kultiviert wurden. Zu guter Letzt waren alle Arzneimittel in HepG2Monokulturen durch die Ko-exposition mit dem pro-inflammatorischen Zytokin TNF
nachweisbar. Wichtig ist, dass alle beschriebenen idiosynkratischen Reaktionen mit
den

entsprechenden

Partnerverbindungen

nicht

beobachtet

wurden.

Diese

Ergebnisse bestätigen, dass das alleinige Hinzufügen von Immunzellen, und
insbesondere das Vorliegen einer entzündlichen Umgebung, die Empfindlichkeit von
Leberzellen gegenüber Verbindungen, die das Potential haben eine idiosynkratische
DILI auszulösen, erhöhen. Medikamente, die eine idiosynkratische Reaktion in
HepG2-Zellen durch das alleinige Hinzufügen von Immunzellen induzieren, müssen
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zudem in der Lage sein eine sekundäre Reaktion der Immunzellen auszulösen, welche
die

Leberzellen

gegenüber

einer

Arzneimitteltoxizität

sensibilisiert.

Da

alle

„idiosynkratischen Arzneimittel“ in dem Ko-Expositionsszenario mit dem proinflammatorischen Faktor TNF nachweisbar waren, deuten die Ergebnisse darüber
hinaus auf eine vorherrschende Rolle dieses Zytokins bei der Auslösung der
idiosynkratischen DILI hin.
Die Eigenschaften des zweiten Modells, die Leberdünnschnitte, machen dieses zu
einem idealen System um multizelluläre Phänomene, wie die (idiosynkratische)
Hepatotoxizität, abzubilden. Die Handhabung der Schnitte variiert jedoch beträchtlich
zwischen den Labors, sodass die Routineanwendung dieses wertvollen Modells, und
damit auch die Vergleichbarkeit der Ergebnisse, in der nicht-klinischen Testung
erschwert werden. In dieser Arbeit wurden deshalb ein leicht zugänglicher KulturAufbau, sowie ein Kultur-System und ein Protokoll entwickelt, welche zusammen
genommen die optimale Viabilität und Funktionalität der Leberdünnschnitte
gewährleisten und zusätzlich ermöglichen spezifische in vivo Endpunkte zu
reproduzieren. Die Qualität der inkubierten Rattenleberdünnschnitte wurde während
einer 24-stündigen Kulturperiode unter Verwendung von zehn Messparametern
beurteilt. Diese umfassten Viabilitäts- (LDH-, AST- und GLDH-Freisetzung sowie ATPGehalt) und Funktionalitätsparameter (Harnstoff- und Albuminproduktion) sowie die
Histomorphologie und andere deskriptive Parameter (Proteingehalt, Nassgewicht und
Schnittdicke). Während der begrenzten Inkubationszeit von 24h wurden eine hohe
Viabilität und die Aufrechterhaltung der leberspezifischen Funktionen sichergestellt.
Anhand der Exposition von Leberdünnschnitten mit ansteigenden Konzentrationen
des

bekannten

Hepatotoxins

Acetaminophen

wurden

der

ATP-Gehalt,

die

Albuminproduktion und die Histomorphologie als die empfindlichsten Parameter zur
Überwachung

von

hepatotoxischen

Reaktionen

in

Rattenleberdünnschnitten

identifiziert. Die Ergebnisse bestätigen, dass Leberdünnschnitte unter standardisierten
Bedingungen für Toxizitätsstudien eingesetzt werden können und eine wertvolle
Alternative aber auch Ergänzung zu herkömmlichen Zellkulturmodellen darstellen.
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