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Abstract Current key challenges and controversies encountered in the identification
of potentially hepatotoxic drugs and the assessment of drug-induced liver
injury (DILI) are covered in this article.

There is substantial debate over the classification of DILI itself, including
the definition and validity of terms such as ‘intrinsic’ and ‘idiosyncratic’. So-called
idiosyncratic DILI is typically rare and requires one or more susceptibility
factors in individuals. Consequently, it has been difficult to reproduce in
animal models, which has limited the understanding of its underlying mech-
anisms despite numerous hypotheses. Advances in predictive models would
also help to enable preclinical elimination of drug candidates and develop-
ment of novel biomarkers.

A small number of liver laboratory tests have been routinely used to help
identify DILI, but their interpretation can be limited and confounded by
multiple factors. Improved preclinical and clinical biomarkers are therefore
needed to accurately detect early signals of liver injury, distinguish drug
hepatotoxicity from other forms of liver injury, and differentiate mild from
clinically important liver injury. A range of potentially useful biomarkers are
emerging, although so far most have only been used preclinically, with only a
few validated and used in the clinic for specific circumstances. Advances in
the development of genomic biomarkers will improve the prediction and de-
tection of hepatic injury in future.

Establishing a definitive clinical diagnosis of DILI can be difficult, since it
is based on circumstantial evidence by excluding other aetiologies and, when
possible, identifying a drug-specific signature. DILI signals based on standard
liver test abnormalities may be affected by underlying diseases such as hepa-
titis B and C, HIV and cancer, as well as the concomitant use of hepatotoxic
drugs to treat some of these conditions. Therefore, a modified approach to
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DILI assessment is justified in these special populations and a suggested
framework is presented that takes into account underlying disease when
evaluating DILI signals in individuals.

Detection of idiosyncratic DILI should, in some respects, be easier in the
postmarketing setting compared with the clinical development programme,
since there is a much larger and more varied patient population exposure over
longer timeframes. However, postmarketing safety surveillance is currently
limited by the quantity and quality of information available to make an ac-
curate diagnosis, the lack of a control group and the rarity of cases. The
pooling of multiple healthcare databases, which could potentially contain
different types of patient data, is advised to address some of these deficiencies.

Drug-induced liver injury (DILI) is the most
frequent cause of acute liver failure (ALF) and
transplantation in Western countries.!'! Hepato-
toxicity associated with most drugs is considered
idiosyncratic,’”! and typically develops in only a
small proportion of subjects exposed to a drug in
therapeutic doses.*# The risk of ALF associated
with idiosyncratic hepatotoxicants is usually less
than 1 in 10000 exposed patients.>7]

However, almost half of the cases reported by
doctors as being caused by drug hepatotoxicity
are unrelated to the suspected drug, and the lack
of a reliable and widely applicable method to as-
sess DILI may result in a severely under- or over-
estimated incidence.!® More than 1000 drugs and
herbal products have been associated with idio-
syncratic hepatotoxicity, with the most common
in clinical practice being antibacterial agents,
NSAIDs and anticonvulsants.[-*1 Often, a drug’s
hepatotoxic potential can only be recognized post-
marketing. Consequently, DILI has been the most
frequent single reason for withdrawing drugs from
the market or for severe reduction of use and
modification of drug labelling, e.g. isoniazid, ni-
mesulide and tolcapone.[-10-11]

An international DILI Expert Working Group
has recently published their recommendations on
uniform criteria to define, characterize, diagnose
and classify the full spectrum of clinical syndromes
that constitute drug-induced hepatotoxicity.['?

This article discusses challenges that are en-
countered by clinicians, researchers and the phar-
maceutical industry in the prediction, assessment
and risk mitigation of idiosyncratic DILI.
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1. Definition of Drug-Induced Liver
Injury (DILI)

DILI is often subdivided into ‘intrinsic’ and
‘idiosyncratic’; however, the value and validity of
this classification remains controversial. There is
no conclusive evidence that intrinsic and idio-
syncratic DILI occur through different mecha-
nisms.[31 A given DILI may fall within a spectrum
ranging from clear intrinsic hepatotoxicity, to
that determined by individual susceptibilities.[!*]

Intrinsic drug reactions result from drug- or
metabolite-induced direct hepatocyte damage.
They occur with short latency (within a few days)
and affect the majority of the population at a
large enough dose. These reactions are usually
not associated with hypersensitivity manifesta-
tions, so rechallenge does not lead to earlier re-
currence. Drugs that cause intrinsic DILI are
usually detected in preclinical testing during de-
velopment, prompting early termination with
limited clinical impact.

Idiosyncratic drug reactions only occur in a
minority of susceptible individuals. The reactions
have variable and prolonged latency (several
weeks to 1 year) and are generally unexpected on
the basis of the pharmacological action of the
drug. A common misconception of idiosyncratic
DILI is that it is not related to drug dose.!3!
In fact, recent data suggest that drugs given in
daily doses of >50mg and undergoing exten-
sive hepatic metabolism appear to have a greater
risk of inducing idiosyncratic DILI than lower
doses.[16:17]
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The infrequent occurrence of idiosyncratic
DILI and its dependence on individual sensitivity
factors make it difficult to detect these reactions
during current preclinical testing or clinical trials.
Therefore, idiosyncratic DILI presents a major
issue for pharmaceutical development as well as
for patient care. In order to effectively deal with
idiosyncratic DILI, it is imperative to better under-
stand the underlying mechanisms and to identify
individual genetic and/or environmental suscep-
tibility determinants.

2. Limitations of Current Models for DILI

Considering the large number of drugs asso-
ciated with idiosyncratic DILI in humans, there
are currently relatively few animal models in
which these drugs cause overt liver injury. There
are even fewer that mimic the pronounced degree
of injury induced by some drugs in humans. In
some models, liver injury only occurs in a small
minority of treated animals and requires pro-
longed drug exposure, whilst others suffer from a
requirement for very stringent exposure condi-
tions to obtain liver injury.

These characteristics are consistent with human
idiosyncrasy, but increase markedly the numbers
of animals and amounts of drug needed for test-
ing. Other problems encountered include species
differences in genetic make-up and in the metab-
olism of drugs, variability in animal responses
among experiments, underlying assumptions that
the mode of action in the animal model is similar
to human DILI, and the use of animals that are
impractical for widespread application.

Better predictive models for idiosyncratic DILI
would enable the preclinical elimination of drug
candidates with idiosyncrasy liability, through the
development of mechanism-based, in vitro and high-
throughput tests. Any predictive model (in silico,
cell-based or in vivo) might be useful, but animal
models are more likely to represent the complexity
of idiosyncratic reactions. In addition, reproducing
these reactions in an animal model could provide
evidence for a mode of action and thereby guide
the identification of risk factors, improve clinical
diagnosis and result in the identification of new
biomarkers.
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Despite the issues in developing and utilizing
animal models of idiosyncratic DILI, there has
been some progress (see table I) and further models
should emerge in the near future.[*”) Empirical
in vivo or in vitro models in which endpoints cor-
relate with human DILI responses could provide
improvements in prediction compared with what
is currently available. Although human mechan-
isms are not yet fully understood, there are sev-
eral known mechanisms or proposed hypotheses
for idiosyncratic DILI.

2.1 Metabolic Activation

Metabolic activation is a known mechanism of
DILI. Although the use of in vitro tools, such as
human liver microsomes, human hepatocytes, liver
slices and recombinant enzymes aid in the assess-
ment of human drug metabolism, these alone can-
not predict and replicate the variable processes of
pharmacokinetic and toxicologic variations in vivo.

A confounding factor in the development of
reproducible animal models is the marked species
differences between humans and other animals in
response to, and in the metabolism of, xenobio-
tics. This is seen in the expression and activity of a
number of drug-metabolizing enzymes.>°-33 The
inter-individual differences of these enzyme activ-
ities in humans are often greater than differences
between humans and laboratory animals.> In ad-
dition, sex-related variations in drug metabolism in
animals may make it harder to interpret findings.l>!

As a result of these difficulties, there has been
limited success in the use of murine animal mod-
els, based on genetic deletions in specific isoforms
of cytochrome P450 (CYP) drug-metabolizing
enzymes, in chemical toxicity and carcinogenicity
studies.>® However, CYP2E!1 knockout mice have
been shown to be markedly resistant to toxicity
from paracetamol (acetaminophen),’>”-381 which is
metabolized by CYP2EI to its reactive metabolite,
resulting in a cascade of events leading to hepatic
injury.

The generation of transgenic mice expressing
a variety of human CYP and nuclear receptor
transgenes!>-%? may help to overcome the problems
encountered from genetic differences of drug metab-
olizing enzymes in humans and mice. Furthermore,
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Table 1. Examples of animal models associated with different mechanisms of idiosyncratic drug-induced liver injury

Idiosyncratic DILI Species (strain)  Drugs® Damage References
hypothesis
Metabolic activation Rat Paracetamol Increased serum ALT, histological 18-20
(acetaminophen) hepatotoxicity, severe necrosis
Diclofenac
Flutamide
Halothane
Rifampicin +isoniazid
Guinea pig Halothane Mild to severe necrosis 21-26
Mitochondrial dysfunction =~ Woodchuck Fialuridine Increased serum AST activity 27
Mouse Troglitazone Mild injury, increased number of apoptotic 28-31
(Sod2+/-) Nimesulide hepatocytes
Flutamide
Rabbit Panadiplon Modest increase in serum ALT/AST activities, 32
necrosis
Mouse Valproic acid Small increases in serum ALT/ALP activities, 33
(jvs+/-) modest histopathological changes
Inflammatory stress Rat Amiodarone Moderate to severe necrosis, increases in ALT ~ 34-39
Chloropromazine activity
Diclofenac
Trovafloxacin
Sulindac
Ranitidine
Mouse Trovafloxacin Increased hepatocyte apoptosis, severe 40-46
Halothane necrosis, increases in ALT activity
Multiple determinants Mouse Halothane Mild to severe necrosis, increases in ALT 47,48

activity

a Listing of a drug in a particular category of idiosyncratic DILI hypothesis does not exclude the possibility that it may fit with other categories
as well. Also, this is not an exhaustive list, and attempts to replicate the liver injury seen in some of these models have been unsuccessful.

ALP =alkaline phosphatase; ALT=alanine aminotransferase; AST=aspartate aminotransferase; DILI=drug-induced liver injury; jvs=

juvenile visceral steatosis; Sod = superoxide dismutase.

chimeric mice with humanized livers, via trans-
plantation of human hepatocytes, have been gen-
erated.l% Such models may provide another
approach to the in vivo evaluation of human genetic
polymorphisms although, unlike transgenic ani-
mals, they cannot be maintained by breeding.[®”]

Interplay between the organic anion transport-
ing polypeptides, Oatpla/lb, and the sinusoidal
export pump Abcc3, has been demonstrated in
a Slcolallb; Abce3™~ murine model. Abcc3 was
shown to secrete bilirubin conjugates into the blood,
while Oatpla/lb transporters mediated their
hepatic reuptake. This shuttle mechanism may
have implications for modelling human idiosyn-
cratic DILI, since the identified full-deficiency
alleles of the SLCOIBI and SLCOIB3 genes
may contribute to various idiosyncratic drug
hypersensitivities.[®0]

Adis © 2012 Springer International Publishing AG. All rights reserved.

Despite some progress, these approaches have
not resulted in models in which hepatotoxicity
arises from exposure to drugs that cause idio-
syncratic DILI in humans. It seems likely that a
drug metabolism polymorphism is often a neces-
sary but insufficient condition for idiosyncratic
DILI, so that either other cofactors or more than
one polymorphism are required to result in injury.
Hence, the combination of polymorphisms of a
drug-metabolizing enzyme and another individual
susceptibility factor may yield an animal model of
DILI.

2.2 Mitochondrial Dysfunction

Mitochondrial dysfunction interrupts energy
production and can eventually cause cell death
and possible liver failure. It is often found in cases

Drug Saf 2012; 35 (12)
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of DILI, and mechanisms of drug-induced mi-
tochondrial dysfunction (recently reviewed by
Begriche et al.l®7l) can be triggered not only by
reactive metabolites but also by the parent drug.
Despite several studies demonstrating that
numerous drugs associated with DILI can affect
mitochondria in vitro,'°%7! animal models linking
DILI to mitochondrial dysfunction are relatively
few. They include hepatotoxicity of fialuridine
in woodchucks,?”-%3 panadiplon in rabbits,3%
valproic acid in heterozygous juvenile visceral
steatosis (jvs+/-) mice*?33 and troglitazone, nime-
sulide and flutamide in heterozygous mitochon-
drial superoxide dismutase (Sod2+/-) mice.[?3:30]
However, drawbacks to these models include
lack of reproducibility, species not conducive
to preclinical testing, production of only modest
liver injury and necessary prolonged drug ex-
posure. Nonetheless, the idea that drug-induced
mitochondrial toxicity accumulates during ther-

apy to trigger overt hepatotoxicity is attractive,
and additional effort to develop animal models
could prove fruitful.

2.3 Inflammmatory Stress Hypothesis

It has been proposed that a modest inflammatory
episode, such as the result of a concurrent bacterial
or viral infection, can interact with a drug synergis-
tically to precipitate idiosyncratic DILI.[!372] Ex-
posure to an inflammagen or other stress factor
may result in a shift of the dose-response curve to
the left, and thus a hepatotoxic response at ther-
apeutic doses (figure 1). This hypothesis may also
explain an apparent lack of correlation of
idiosyncratic DILI with drug dose, as intermittent
manifestations of the stress factor could lead to
continuous alterations of the dose-response curve.

Models have been developed for several
drugs that cause human DILI in association with
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Fig. 1. Proposed dose-response curves for intrinsic and idiosyncratic drug-induced liver injury. (a) Susceptibility to intrinsic hepatotoxicity
depends on dose, with injury occurring at smaller than lethal doses. Substantial differences in individual sensitivity to the toxic effects of the
drug can occur, e.g. through stresses such as inflammation, which cause a leftward shift in the dose-response curve for hepatotoxicity. (b) For
idiosyncratic hepatotoxicity, the dose-response curve may lie to the right of the lethal dose of a drug, so that hepatotoxicity is not seen.
However, stresses may shift the dose-response curve to the left to expose hepatotoxicity within the therapeutic dose range (reproduced from

Roth and Ganey,!"3! with permission).

Adis © 2012 Springer International Publishing AG. All rights reserved.

Drug Saf 2012; 35 (12)



1104

Corsini et al.

an inflammatory response (e.g. diclofenac, su-
lindac).37-47.73.741 Co-treating rats or mice with
these drugs and a non-hepatotoxic dose of an
inflammagen such as lipopolysaccharide has re-
sulted in pronounced liver injury. In a few cases,
the approach has been able to distinguish drugs
that have DILI liability from others in the same
pharmacologic class that do not.

Dosing and timing of inflammagen exposure
that provokes liver injury vary considerably from
drug to drug, rendering current models unwieldy
for preclinical safety evaluation. Nevertheless, their
potential for enhancing understanding of idiosyn-
cratic DILI-related mechanisms is considerable,
and could lead to in vitro assays adaptable to high-
throughput screening for drug candidates with
DILI risk.[38’43’46’75'77]

2.4 Multiple Determinants Hypothesis

Some progress has been made in the de-
velopment of animal models that incorporate the
hypothesis that idiosyncratic DILI requires the
combination of multiple determinants. Halothane
is one of the more widely-studied drugs caus-
ing idiosyncratic DILI. A mouse model imitating
severe halothane hepatitis has been developed
that incorporates several human risk factors for
DILI, including female sex, adult age, genetics,
fasting and inflammatory stress.[47-48]

Further exploration of this type of model, which
potentially best represents the complexity of idio-
syncratic reactions, could increase our understand-
ing of idiosyncratic DILI. However, this animal
model may have limited feasibility until risk fac-
tors for other drugs that cause DILI are better
identified.

2.5 Other Mechanisms that Currently Lack
Successful Animal Models

Impaired hepatic excretory function can cause
cholestasis and/or jaundice. Drugs impair this
function of liver through a number of different
mechanisms. There are currently no successful
animal models replicating idiosyncratic DILI due
to impaired hepatic excretory function, although
there are animals serving as pharmacokinetic

Adis © 2012 Springer International Publishing AG. All rights reserved.

models, such as studies to investigate the effects
of Gilbert’s syndrome on drug metabolism.!”®

A longstanding view is that DILI can arise in
some instances from an adaptive immune response
to cellular proteins, which are altered by covalent
binding of a reactive drug metabolite. Efforts to
develop animal models of liver injury consistent
with the involvement of adaptive immunity (i.e.
requiring sensitization and challenge and the adap-
tive immune system) have not yet been successful.

Finally, the ‘failure to adapt’ hypothesis sug-
gests that mild liver injury is commonplace as a
result of drug therapy but, in most people, the
liver adapts to the insult so that no clinically sig-
nificant injury occurs. Only susceptible individuals,
whose livers fail to adapt, develop idiosyncratic
DILI. Thus far, no animal models based on this
hypothesis have appeared using drugs that cause
human idiosyncratic DILI. However, as noted
above, mice given halothane under certain con-
ditions develop modest liver injury that progresses
to pronounced liver damage in the presence of a
coexisting inflammatory stimulus, which can be
viewed as a failure to adapt to the modest, ha-
lothane-induced injury.[4047]

In total, the current models that have been
discussed do represent progress and hold promise
for increasing the prediction and understanding
of human DILI in future.

3. Limitations of Current DILI Biomarkers

Besides mechanistic animal models, additional,
sensitive and specific biomarkers are needed to
allow the early and improved prediction of human
liver toxicity in both the clinic and preclinical
studies. High specificity is particularly important
for detecting rare events without a high burden of
false-positive test results.

The most common currently used biomarkers
are alanine aminotransferase (ALT), aspartate
aminotransferase (AST), serum total bilirubin (TBL)
and alkaline phosphatase (ALP).['%1479 The dis-
tinction between injury and function is important,
because it is mainly when function is impaired
that symptoms and clinically significant disease
follow. Hepatocellular injury is generally detected
by elevations in serum aminotransferase (AT)

Drug Saf 2012; 35 (12)
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activity, whereas serum concentrations of TBL or
conjugated bilirubin are a measure of the excre-
tory function of the liver.

Because the liver has a large excess of biliru-
bin-excreting capacity, hepatocyte injury must be
extensive to affect the liver’s ability to move bi-
lirubin from plasma into bile. When this occurs,
serum concentrations of both conjugated and, to
some extent, unconjugated bilirubin are elevated
with a peak that either coincides with or lags after
(but does not precede) the peak of AT levels.

This represents an extent of liver damage so great
that recovery may not be possible in some patients.
Hence, the detection of substantially increased
AT and bilirubin in the absence of cholestasis, a
Hy’s Law case, has become a strong predictor of
whether a drug has severe DILI potential. How-
ever, there is still some debate over the most suit-
able Hy’s Law definition, particularly the most
appropriate indicator of cholestasis (table II).

The US FDA guidance on premarketing clinical
evaluation of DILI states that ALP should not be
substantially elevated, to rule out an obstructive
basis for the elevated bilirubin. It suggests a thres-
hold of ALP <2 xupper limit of normal (ULN) to
exclude cholestasis when defining possible Hy’s
Law cases in new drug application (NDA) and
biologics license application (BLA) submissions.['"!

This is because it is the general prevailing,
though unconfirmed, view that cholestatic liver

Table Il. Conditions required for a Hy’s Law case

injury is associated with a lower risk of ALF than
hepatocellular injury. Although an elevated ALP
>2x ULN has generally been used as a chemical
indicator of liver injury,'>801 the ALT : ALP
ratio (R) appears to be the most appropriate cri-
terion to characterize the clinical presentation of
DILI with a value <2 being consistent with a
cholestatic pattern of the injury.l'277-80:81]

Data from both the Spanish DILI and the
DILI Network (DILIN) registries have con-
sistently shown that ALP >2xULN occurs in
one-third of Hy’s Law cases and it is rarely
greater than 5x ULN.2 However, it was found
that R =5 (hepatocellular pattern) with a TBL
>2 x ULN at the time of ALT peak predicted the
great majority of the cases leading to ALF with a
fatal outcome or requiring liver transplant. More-
over, a mixed pattern of hepatocellular and cho-
lestatic injury (R between 2 and 5) was also rarely
associated with ALF and so could be considered
like the cholestatic presentation with respect to
Hy’s Law risk.

Hence, Hy’s Law could be best defined by
using R to identify the hepatocellular type of injury
associated with the highest risk of severe ALF.
Possible criticisms of this conclusion may be that
these registries do not provide sufficient data to
corroborate the finding and that these data are
derived from well-characterized postmarketing
cases, and hence not necessarily representative of

Component Comment

1 Elevated ALT or AST >3x ULN

Many drugs show this signal without conferring a risk of severe injury, indicating low

specificity for an excess of AT elevations alone

2 Elevated serum TBL >2 x ULN without
initial findings of cholestasis

Although US FDA guidance on DILI premarketing clinical evaluation suggested ALP
>2xULN as an indicator of cholestasis, an ALT : ALP ratio value =5 has been proposed as

consistent with hepatocellular injury and may be the most appropriate discriminatory

criterionl12.77.80.81]

The TBL peak should coincide with or lag after the AT peak; however, in practice, serum
sampling timepoints may well miss peak values

3 No other explanation for the combined
increase in AT and TBL

For example:

viral hepatitis (A, B or C)

pre-existing or acute liver disease
alcoholic or autoimmune hepatitis

biliary tract disorders

congestive heart failure
another drug capable of causing the injury

ALP =alkaline phosphatase; ALT=alanine aminotransferase; AST=aspartate aminotransferase; AT=aminotransferase; DILI=drug-

induced liver injury; TBL =total bilirubin; ULN =upper limit of normal.
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a clinical trial setting. However, we believe that
the peak of ALT, which approximates the time of
maximum injury for assessing the R value, should
be readily identifiable in clinical trials where mon-
itoring is conducted more frequently and regularly
than in the real-world setting.

Another important consideration when assessing
the risk of severe DILI in a premarketing clinical
programme is that Hy’s Law cases almost invariably
arise on a background of an increased incidence of
more modest signs of hepatocellular injury.?!

There are some disadvantages to the commonly
used biomarkers. AST is found not only in hepa-
tocytes but also in skeletal muscle and heart,®¥ so
that damage to these tissues could give rise to a non-
specific signal. Although ALT is commonly viewed
as being more specific for hepatocellular injury than
AST, it also occurs in many tissues.®!

A major increase in ALT suggests cell damage,
albeit ALT levels can increase without a histo-
pathological or functional correlate.®® More-
over, ALT only detects hepatic injury after it has
occurred and, therefore, cannot be considered a
true predictor. Aminotransferase measurement
may also be influenced by compounds that affect
the pyridoxal-5-phosphate (form of vitamin B6)
pathway in vivo, resulting in artificially lowered
ALT and AST levels.[86-8]

Elevations in serum bilirubin are most com-
monly due to hepatobiliary obstruction or inflam-
mation (predominantly direct bilirubin) or to
Gilbert’s Syndrome, a condition of decreased ac-
tivity of the uridine diphosphate glucuronosyl
transferase 1A 1 enzyme responsible for bilirubin
glucuronidation and, therefore, characterized by
indirect hyperbilirubinaemia. Likewise, indirect
hyperbilirubinaemia might occur with drugs that
inhibit unconjugated bilirubin transport or bilir-
ubin conjugation in susceptible subjects or that
cause haemolysis.

Nonetheless, ALT and TBL taken together
become a reasonably sensitive and highly specific
marker of liver injury.

3.1 Other Conventional Biomarkers

A number of enzymes associated with liver injury
are measured in humans and/or other species,

Adis © 2012 Springer International Publishing AG. All rights reserved.

and have achieved a degree of acceptance based
on scientific knowledge and empirical data.l’?l
For these biomarkers there is a weight of evidence
supporting their relation with certain aspects of
liver toxicity. For many of them, validated assays
are available and some are also used in the clinic
under specific circumstances, although they have
limitations. These include glutathione S-transferase
o (GSTa), gamma-glutamyltransferase (GGT),
5'-nucleotidase (5'ND), sorbitol dehydrogenase,
lactate dehydrogenase, glutamate dehydrogenase
and bile acids (table I11).

The more recently identified paraoxonase-1,
purine-nucleoside phosphorylase and malate de-
hydrogenase are putative liver injury markers in
the rat,'>! and some studies highlight their
possible use in the clinic (table III). For these
putative biomarkers, additional data are needed
to support or refute their suitability in terms of
specificity, sensitivity and translational use.

3.2 Genomic Biomarkers

A genomic biomarker is a measurable DNA
and/or RNA characteristic, which provides an
indicator for a normal biologic process, patho-
genic process and/or response to a therapeutic or
other intervention of interest.['2¢]

Transcriptional fingerprints in liver tissue can
be correlated with hepatotoxicity, but are not amen-
able to clinical practice due to the need for fresh
liver tissue. Transcriptional biomarkers have, how-
ever, proven useful endpoints for in vitro systems
as well as predictors of hepatotoxic outcome in the
preclinical setting. Also, transcriptional changes
may precede the histopathological manifestation of
damage so that gene expression profiling may po-
tentially allow shorter treatment periods in animal
studies and thus speed up the drug development
process, e.g. in the field of hepatocarcinogenesis.!'?”]

Circulating microRNAs have been described
as putative biomarkers for disease and toxicity,
including hepatic injury in animals and man. Their
non-invasive accessibility and relative stability make
them attractive as potential biomarkers, and re-
search in this area is advancing rapidly.[12%128-130]

Certain genotypes may also be considered
as biomarkers if they have a strong impact on

Drug Saf 2012; 35 (12)
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responses to hepatotoxicants. The identification
of specific genetic polymorphisms may highlight
human subpopulations susceptible to DILI for
an individual drug, and thus indicate to which
patients the drug can be safely administered.[!3!]

These non-conventional molecular biomarkers
combined with improved model systems may better
predict idiosyncratic hepatotoxicity and be used as
a tool to address cell type, organ and organelle-
specific events.

4. Assessing DILI in Disease States with
Higher Risk of Liver Disorders

The FDA guidance for industry in the pre-
marketing clinical evaluation of DILI is the most
specific regulatory guidance currently available
on this matter.'% It provides general recommend-
ations on the interpretation and monitoring of
DILI signals and has been useful in setting stan-
dards for the great majority of clinical indications
involving subjects with a low risk of liver disorders.

On the other hand, the FDA has acknowl-
edged that these recommendations may not be
suitable for all situations, and a modified ap-
proach would be justified for special populations,
such as people with pre-existing liver disease or
malignancies, where a higher number of confounded
DILI signals due to multiple factors could be
observed.

In patients with underlying liver disease, drug
pharmacokinetics is generally impaired. The ef-
fects for an individual drug are unpredictable and
do not correlate well with the type of liver damage,
its severity or liver laboratory test results.[3?]
Thus, there are no universal rules applicable across
different drugs for modifying dosing regimens in
patients with liver disease.[!3?]

The purpose of this section is to remark upon
possible variations to the FDA general recommen-
dations in circumstances where a DILI signal could
be confounded by underlying diseases or con-
comitant drug regimens.

4.1 Viral Hepatitis

The risk of DILI and recommendations for
using potentially hepatotoxic agents in patients

Adis © 2012 Springer International Publishing AG. All rights reserved.

with liver disease have been comprehensively dis-
cussed in a recent review of published data on the
use of hepatotoxic drugs in chronic liver disease.['34

Chronic liver diseases such as hepatitis Band C
infection may result in AT levels that vary consi-
derably over the course of the disease. For example,
chronic hepatitis C typically results in fluctuating
ALT,[1351361 and hepatitis B virus clearance is
commonly associated with hepatitis symptoms
and AT flares exceeding 3 x ULN,[!37] which can
be confused with DILI. Moreover, treatment reg-
imens for chronic hepatitis C that include riba-
virin can lead to indirect hyperbilirubinaemia
secondary to haemolysis. Therefore, interpreta-
tion of a potential DILI signal must take into
account the time course of the background dis-
ease and/or drug regimens that highly confound
DILI signals.

4.2 HIV

The diagnosis of DILI in patients with HIV
can be unusually challenging, because multiple
potentially hepatotoxic drugs (including reverse
transcriptase inhibitors and protease inhibitors)
are used as a cocktail. Additionally, HIV patients
have a high incidence of underlying liver disease,
including chronic hepatitis B or C, liver injury
due to ethanol and illicit drug abuse, steatohe-
patitis due to insulin resistance, and dyslipidae-
mia resulting from some HIV medications.

The reported incidence of liver toxicity in HIV
patients after initiating highly active antiretroviral
therapy (HAART) ranges from 2% to 18%.[138
Liver toxicity, especially severe toxicity, is gen-
erally asymptomatic and clearly more frequent in
hepatitis B and/or C co-infected individuals treated
with HAART.[138-1411 Prolonged exposure to any
antiretroviral drug, co-infection with hepatitis B
or C, antiretroviral therapy-naive patients under-
going their first HAART regimen, and abnormal
baseline levels of ALT are all associated with a
higher risk of asymptomatic hepatotoxicity.['3%14%
The ‘immune reconstitution’ that can result from
anti-HIV treatment can also cause a flare of liver
injury due to a bolstered immune attack on he-
patocytes chronically infected with viral hepatitis.
Risk minimization is also challenging since it is

Drug Saf 2012; 35 (12)
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not appropriate to discontinue a single agent
empirically, as this may lead to rapid development
of HIV resistance.

4.3 Cancer

Mild elevations of serum AT are common
among sick, febrile oncology patients taking nu-
merous drugs. Jaundice or symptoms such as mal-
aise, nausea, anorexia or pain also often have other
causes, e.g. primary or metastatic liver carcinoma,
changes in metabolic state, other treatments, mal-
nutrition or dehydration.['*3] However, patients
with rapidly rising or high serum AT, or with AT
elevations accompanied by jaundice, require ur-
gent evaluation to find treatable causes of hepa-
tocellular necrosis, although the underlying liver
injury which led to jaundice may not be readily
reversible irrespective of aetiology.!'44

Chemotherapy often consists of a cocktail of
drugs, many of which can rapidly cause hepato-
toxicity, particularly in patients with pre-existing
liver impairment.'*! Drug-metabolizing enzymes
and drug transporters are key determinants of the
pharmacokinetics and pharmacodynamics of many
antineoplastic agents, and variant metabolic path-
ways can significantly alter the likelihood of a toxic
reaction.'* Liver injury caused by anti-cancer drug
therapies is almost always a consideration when a
patient’s serum AT rises following therapy, but only
certain drugs and combination drug regimens are
common causes of severe hepatocellular injury.

4.4 Other Disease States

Characteristics of certain other disease states
may lead to a higher risk of liver disorders. For
example, treatment with several non-biologic and
biologic disease-modifying anti-rheumatic drugs
(DMARD:s) for rheumatoid arthritis often results
in elevated ALT levels. AT abnormalities are more
commonly associated with methotrexate-based regi-
mens. However, no direct effect of DM ARDs has
been observed on bilirubin as a marker of liver
excretory dysfunction.

In conclusion, the underlying disease states or
associated drug regimens discussed above may lead
to increased numbers of potential liver injury signals
that are unrelated to the drug under investigation.

Adis © 2012 Springer International Publishing AG. All rights reserved.

It is important to be able to distinguish true DILI
signals for a drug from background ‘noise,” and the
FDA guidance acknowledges that variations in ap-
proach may be required in certain circumstances.['%!

Therefore, depending on baseline conditions,
disease development and standard drug regimens,
modified sensitivity thresholds for a signal alert
may be appropriate for certain disease populations.
Other variations may include increasing AT thresh-
olds for clinical trial exclusion criteria, expressing
AT levels as multiples of a baseline measurement
rather than of ULN for prompting closer monitor-
ing and study drug discontinuation, and tailoring
monitoring around the timing of treatment cycles.

This approach is consistent with the clinical
chemistry threshold criteria recommended by the
DILI Expert Working Group.['?l Modifications
to the general FDA recommendations, including
a customized definition of the Hy’s Law case,
should be discussed and agreed with health autho-
rities as appropriate before they are implemented.
Moreover, it is crucial when designing clinical trials
in these confounded settings to consider control
arms that are appropriately sized, to achieve suffi-
cient power in all arms for detecting liver injury
signals.

A distinction should be made between assess-
ment of population-based signals, where a drug
used in the context of underlying clinical hepatic
disorder may have hepatotoxic potential masked,
and the assessment of an individual clinical case
where there is the propensity for underlying liver
disease. In such cases, particular clinical vigilance
is needed, with attention to clear clinical and di-
agnostic principles, and it is probably safer, if se-
rious hepatotoxicity is suspected, to discontinue
the suspected drug.

Potential drug-drug interactions (DDIs) are
also an important consideration, particularly in the
treatment of older patients who may have multiple
chronic conditions requiring concomitant therapies.
DDIs can alter a drug’s toxicity profile and there-
fore potentially increase the risk of hepatotoxicity.
The detailed assessment of drug metabolism and
transport, therefore, is critical to characterize the
pharmacological profile of a given drug and subse-
quently to manage its potential risk of liver injury in
susceptible patients.
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Figure 2 shows an example of a treatment al-
gorithm with differential interpretation based on
the above considerations. This type of approach
could be useful to address the range and complexity
of patients encountered in daily clinical practice.

5. Challenges in Identifying and
Evaluating DILI in the Postmarketing
Setting

Pre-approval clinical programmes are generally
unable to detect rare adverse drug reactions, such
as idiosyncratic hepatotoxicity, because of the
limited size of the patient population studied, the

strictly selected patients, and the short duration of
clinical testing.

However, most recent experiences of serious
DILI detected postmarketing indicate that signs
of less severe liver damage (e.g. increased incidence
of elevated AT) were already observed in the clinical
development programme.l'#-148] Hence, particular
attention must be paid to such laboratory abnor-
malities when a drug is evaluated for approval.

Moreover, clinical trial data from products
withdrawn because of DILI could be utilized to
conduct more research in an attempt to understand
the sensitivity/specificity and predictive values of
current and new biomarkers. This will require the

Patient with
potential DILI

v
Patient history
Consider symptoms and also risk factors, e.g.
¢ underlying disease
e genetic susceptibility
* combination drug therapy

v
Drug history
From drug label and/or other sources:
» postmarketing safety data (if launched)
o clinical safety data
o pre-clinical safety data

o class effects

v

Liver test monitoring

e Standard testing of ALT, AST, TBL, ALP
» Consider testing of other available biomarkers
o Testing performed ad hoc or (for example, in clinical trials) routinely

A

A

Interpretation

Standard approach for most patients

e ALT or AST >3 x ULN indicates
potential hepatocellular damage and
requires further investigation

» Potential Hy’s Law cases require rapid
evaluation/specialist consultation

drug regimens

Patients with HBV, HCV, HIV
* Take into account time course of
variable background disease and/or

o Consider close monitoring if ALT or
AST >3 xBaseline (or >2 x Baseline if
entry AT >5xULN)

Patients with cancer

* Does the patient have hepatocellular
carcinoma or metastatic liver disease?

o |s the patient taking chemotherapy with
DILI potential?

« If so, consider close monitoring if ALT or
AST >3 xBaseline

A

A

If liver test levels are elevated

Further investigation

¢ Repeat testing of ALT, AST, TBL, ALP

¢ Initiate close monitoring if abnormalities
are confirmed/persist

Discontinuation (if appropriate)

 Discontinue drug immediately or as a result of further
investigation where appropriate

* Take into account the impact of underlying disease (e.g.
potential effect on test values) in the decision to discontinue

Fig. 2. Assessment of an individual clinical case for potential drug-induced liver injury. Particular clinical vigilance is needed in the assess-
ment of individual patients with potential drug-induced liver injury where there is the propensity for underlying liver disease. This flowchart leads
to a recommendation for the management of individual clinical cases, taking into consideration standard liver test results and medical
background. ALP=alkaline phosphatase; ALT=alanine aminotransferase; AST=aspartate aminotransferase; AT=aminotransferase;
DILI=drug-induced liver injury; HBV =hepatitis B virus; HCV = hepatitis C virus; TBL =total bilirubin; ULN = upper limit of normal.

Adis © 2012 Springer International Publishing AG. All rights reserved.

Drug Saf 2012; 35 (12)



1112

Corsini et al.

cooperation of multiple pharmaceutical companies
who may be reluctant to participate due to impli-
cations about protection of patient and company
data. This concern could be assuaged by ano-
nymized data sets, although it would reduce the
types of analyses that can be performed.

An additional challenge is that liver safety data
have not been stored in standardized databases,
sometimes making retrieval and cross-company
comparisons difficult. Going forward, it may make
sense for the industry to adopt standard tools for
managing and storing liver safety data, such as the
eDISH format encouraged by the FDA.[14]

In comparison to a clinical development pro-
gramme, the much larger number of patients
taking a drug in the postmarketing setting (many
of whom would not have been selected for parti-
cipation in premarketing clinical trials due to
stringent pre-defined inclusion/exclusion criteria),
should in theory allow for easier detection of rare
events such as DILI. Unfortunately, major lim-
itations to postmarketing safety surveillance are
the depth of information available to make an
accurate diagnosis, which is often incomplete, the
variable proportion of events reported by health-
care professionals and the lack of a control group.
Another challenge is that there is no current reg-
ulatory guidance on identifying and evaluating
DILI in the postmarketing setting.

Therefore, it would be wise to apply the gen-
eral approach to DILI evaluation recommended
in the FDA guidance for premarketing clinical
trials!'” also for postmarketing trials conducted
in the first few years following a drug’s market
entry in a new indication.

Methods to identify patients with DILI in-
clude patient registries that enrol identified DILI
cases, with retrospective or prospective data col-
lection (e.g. the DILIN). There are also efforts to
identify adverse drug events in large population-
based cohorts based on networks of healthcare
databases (e.g. through medical billing claims or
electronic health records).

However, a limitation for these approaches is
incomplete or missing longitudinal follow-up data
on factors needed to make an accurate DILI diag-
nosis. Such variables include patient risk factors for
alternative causes of liver injury (e.g. hepatitis B or

Adis © 2012 Springer International Publishing AG. All rights reserved.

C), co-morbidities, medications and laboratory test
results. Additionally, although there is a diagnosis
code for DILI, its presence may result in over- or
under-diagnosis.

The lack of a commonly agreed definition of
DILI makes it difficult to identify patients when
screening population-based cohorts. Even with
these larger patient cohorts, DILI is so infrequent
that there may be the additional need for pooling
multiple health databases with different sources
of data (e.g. inpatient, outpatient, laboratory test
results, electronic health records).

6. Conclusions

Differing interpretations of terms such as ‘idio-
syncratic’ and ‘intrinsic’ DILI have led to ambi-
guity and limited their value. We consider that an
appropriate description of idiosyncratic DILI is
drug reactions that are unexpected on the basis of
the pharmacological action of the drug and only
occur in a minority of susceptible individuals,
compared with intrinsic DILI that results from
direct toxicity of the drug, is typically secondary
to drug overdose and in which most people re-
spond in the same way.

Despite a recent proliferation of mechanisms
and hypotheses on the underlying bases for idio-
syncratic reactions, there are still many chal-
lenges in the prediction of hepatotoxic drugs and
the assessment of DILI. There are currently few
models that emulate the severe idiosyncratic he-
patic injury induced by drugs in humans. Further
research is needed to overcome species differ-
ences and develop models that can integrate en-
vironmental, metabolic and genetic determinants
to improve understanding of DILI mechanisms
and better predict which drugs will cause DILI.
The current lack of a highly-specific biochemical,
histologic, genetic or other type of biomarker
continues to hamper the assessment of DILI and
the assignment of causality to a particular agent.

A modified approach is needed for the inter-
pretation of DILI signals for a drug under investi-
gation in special populations with diseases having a
higher risk of liver disorders or treated with hepa-
totoxic drug regimens. Clinical awareness and judg-
ement in the correct diagnosis and management
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of individual cases of DILI is critical, particularly
when potentially confounded by underlying dis-
eases such as hepatitis B and C, HIV and cancer.
Finally, the quality, quantity and consistency
of available postmarketing patient data need to
improve to enhance the detection of DILI.

Addressing these challenges would facilitate
the earlier identification of drugs with DILI po-
tential and the effective management of risk, both
during drug development and later in the clinic.
This would ultimately lead to better outcomes for
the pharmaceutical industry, for clinicians and,
most importantly, for patients, whilst permitting
medically useful drugs with underlying hepato-
toxic potential to remain available.

Acknowledgements

This work was supported financially by F. Hoffmann-La
Roche Ltd.

A. Corsini has consultancy agreements with and has re-
ceived research funding from F. Hoffman-La Roche, NiCox,
Novartis, Merck, Kowa, Regeneron and Recordati, and has
also received travel funds. C. Ju has received a research grant
from Pfizer, Inc., to develop mouse models of DILI; consult-
ing fees from F. Hoffman La Roche for providing advice on
DILI and content for associated documents, including her
contribution to this manuscript. N. Kaplowitz has consulting
agreements with F. Hoffman-La Roche, GSK, Novartis, BMS,
JNJ, Otsuka, Daiichi-Sankyo, Merck, Sanofi, Takeda, Hepre-
gen, ISIS and Enanta. R. Roth has consulting agreements with
pharmaceutical companies including F. Hoffman-La Roche. D.
Pessayre has been a consultant for several other pharmaceutical
companies, including recent advices to F. Hoffman-La Roche,
Novartis, Pfizer and Astellas. P.B. Watkins has received con-
sulting fees from F. Hoffman-La Roche, Abbott, Actelion,
AstraZeneca, Biogen Idec, Bristol Myers Squibb, Cempra,
Conatus, Genzyme, Genentech, Gilead, GlaxoSmithKline,
Infinity, Merck, Momenta, Janssen & Janssen/McNeil,
Novartis, Pfizer, Sanofi-Aventis, UCB and YM Biosciences.
M. Albassam, B. Liu, S. Stancic, L. Suter and M. Bortolini are
full-time employees of F. Hoffmann-La Roche. P. Ganey has
no potential conflicts of interest relevant to the contents of this
article.

We thank Dr Stephen Mayall, Dr Ruth Case and Dr Anjan
Banerjee of Pope Woodhead & Associates Ltd for providing
editorial support.

References
1. Russmann S, Kullak-Ublick GA, Grattagliano I. Current
concepts of mechanisms in drug-induced hepatotoxicity.
Curr Med Chem 2009; 16 (23): 3041-53

2. Kaplowitz N. Idiosyncratic drug hepatotoxicity. Nat Rev
Drug Discov 2005; 4 (6): 489-99

Adis © 2012 Springer International Publishing AG. All rights reserved.

10.

16.

17.

18.

20.

. de Abajo FJ, Montero D, Madurga M, et al. Acute and

clinically relevant drug-induced liver injury: a population
based case-control study. Br J Clin Pharmacol 2004; 58
(1): 71-80

. Sgro C, Clinard F, Ouazir K, et al. Incidence of drug-induced

hepatic injuries: a French population based study. Hepa-
tology 2002; 36 (2): 451-55

. Kaplowitz N. Drug-induced liver disorders: introduction

and overview. In: Kaplowitz N, DeLeve L, editors. Drug-
induced liver disease. 2nd ed. New York: Marcel Dekker,
2007: 1-11

. Verma S, Kaplowitz N. Diagnosis, management and preven-

tion of drug-induced liver injury. Gut 2009; 58 (11): 1555-64

. Jain S, Kaplowitz N. Clinical considerations of drug-induced

hepatotoxicity. In: McQueen CA, editor. Comprehensive
toxicology. 2nd ed. New York: Elsevier Science and Tech-
nology, 2010: 369-81

. Shapiro MA, Lewis JH. Causality assessment of drug-

induced hepatotoxicity: promises and pitfalls. Clin Liver
Dis 2007; 11 (3): 477-505

. Andrade RJ, Robles M, Ulzurrun E, et al. Drug-induced

liver injury: insights from genetic studies. Pharmacoge-
nomics 2009; 10 (9): 1467-87

Food and Drug Administration. Guidance for industry.
Drug-induced liver injury: Premarketing clinical evaluation.
2009 [online]. Available from URL: http://www.fda.gov/
downloads/Drugs/GuidanceComplianceRegulatoryInforma
tion/Guidances/UCM174090.pdf [Accessed 2011 Sept 20]

. Temple RJ, Himmel MH. Safety of newly approved drugs:

implications for prescribing. JAMA 2002; 287 (17): 2273-5

. Aithal GP, Watkins PB, Andrade RJ, et al. Case definition

and phenotype standardization in drug-induced liver injury.
Clin Pharmacol Ther 2011; 89 (6): 806-15

. Roth RA, Ganey PE. Intrinsic versus idiosyncratic drug-

induced hepatotoxicity: two villains or one? J Pharmacol
Exp Ther 2010; 332 (3): 692-7

. Zimmerman H. Drug-induced liver disease. In: Zimmer-

man H, editor. Hepatotoxicity, the adverse effects of
drugs and other chemicals on the liver. 2nd ed. Philadel-
phia (PA): Lippincott Williams & Wilkins; 1999: 428-33

. Uetrecht J. Idiosyncratic drug reactions: current under-

standing. Annu Rev Pharmacol Toxicol 2007; 47: 513-39

Lammert C, Einarsson S, Saha C, et al. Relationship be-
tween daily dose of oral medications and idiosyncratic
drug-induced liver injury: search for signals. Hepatology
2008; 47 (6): 2003-9

Lammert C, Bjornsson E, Niklasson A, et al. Oral medi-
cations with significant hepatic metabolism at higher risk
for hepatic adverse events. Hepatology 2010; 51 (2): 615-20

Morita M, Akai S, Hosomi H, et al. Drug-induced hepa-
totoxicity test using gamma-glutamylcysteine synthetase
knockdown rat. Toxicol Lett 2009; 189 (2): 159-65

. Plummer JL, Hall PD, Jenner MA, et al. Hepatic effects of

repeated halothane anesthetics in the hypoxic rat model.
Anesthesiology 1987; 67 (3): 355-60

Tasduq SA, Kaiser P, Sharma SC, et al. Potentiation of
isoniazid-induced liver toxicity by rifampicin in a combi-
national therapy of antitubercular drugs (rifampicin, iso-
niazid and pyrazinamide) in Wistar rats: a toxicity profile
study. Hepatol Res 2007; 37 (10): 845-53

Drug Saf 2012; 35 (12)


http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM174090.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM174090.pdf
http://www.fda.gov/downloads/Drugs/GuidanceComplianceRegulatoryInformation/Guidances/UCM174090.pdf

1114

Corsini et al.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Bourdi M, Amouzadeh HR, Rushmore TH, et al. Ha-
lothane-induced liver injury in outbred guinea pigs: role of
trifluoroacetylated protein adducts in animal susceptibil-
ity. Chem Res Toxicol 2001; 14 (4): 362-70

Frost L, Mahoney J, Field J, et al. Impaired bile flow and
disordered hepatic calcium homeostasis are early features
of halothane-induced liver injury in guinea pigs. Hepa-
tology 1996; 23 (1): 80-6

Lind RC, Gandolfi AJ, Hall PM. Glutathione depletion
enhances subanesthetic halothane hepatotoxicity in gui-
nea pigs. Anesthesiology 1992; 77 (4): 721-7

Lind RC, Gandolfi AJ, Hall PD. Subanesthetic halothane
is hepatotoxic in the guinea pig. Anesth Analg 1992; 74
(4): 559-63

Lind RC, Gandolfi AJ, Hall PM. A model for fatal ha-
lothane hepatitis in the guinea pig. Anesthesiology 1994;
81 (2): 478-87

Lind RC, Gandolfi AJ. Late dimethyl sulfoxide adminis-
tration provides a protective action against chemically
induced injury in both the liver and the kidney. Toxicol
Appl Pharmacol 1997; 142 (1): 201-7

Tennant BC, Baldwin BH, Graham LA, et al. Antiviral
activity and toxicity of fialuridine in the woodchuck
model of hepatitis B virus infection. Hepatology 1998; 28
(1): 179-91

Kashimshetty R, Desai VG, Kale VM, et al. Underly-
ing mitochondrial dysfunction triggers flutamide-induced
oxidative liver injury in a mouse model of idiosyncratic
drug toxicity. Toxicol Appl Pharmacol 2009; 238 (2):
150-9

Lee YH, Chung MC, Lin Q, et al. Troglitazone-induced
hepatic mitochondrial proteome expression dynamics in
heterozygous Sod2(+/-) mice: two-stage oxidative injury.
Toxicol Appl Pharmacol 2008; 231 (1): 43-51

Ong MM, Wang AS, Leow KY, et al. Nimesulide-induced
hepatic mitochondrial injury in heterozygous Sod2(+/-)
mice. Free Radic Biol Med 2006; 40 (3): 420-9

Ong MM, Latchoumycandane C, Boelsterli UA. Troglita-
zone-induced hepatic necrosis in an animal model of silent
genetic mitochondrial abnormalities. Toxicol Sci 2007; 97
(1): 205-13

Ulrich RG, Bacon JA, Branstetter DG, et al. Induction of a
hepatic toxic syndrome in the Dutch-belted rabbit by
a quinoxalinone anxiolytic. Toxicology 1995; 98 (1-3):
187-98

Knapp AC, Todesco L, Beier K, et al. Toxicity of valproic
acid in mice with decreased plasma and tissue carnitine
stores. J Pharmacol Exp Ther 2008; 324 (2): 568-75

Buchweitz JP, Ganey PE, Bursian SJ, et al. Underlying
endotoxemia augments toxic responses to chlorproma-
zine: is there a relationship to drug idiosyncrasy? J Phar-
macol Exp Ther 2002; 300 (2): 460-7

Deng X, Stachlewitz RF, Liguori MJ, et al. Modest in-
flammation enhances diclofenac hepatotoxicity in rats:
role of neutrophils and bacterial translocation. J Phar-
macol Exp Ther 2006; 319 (3): 1191-9

Waring JF, Liguori MJ, Luyendyk JP, et al. Microarray
analysis of lipopolysaccharide potentiation of trova-
floxacin-induced liver injury in rats suggests a role for

Adis © 2012 Springer International Publishing AG. All rights reserved.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

S1.

proinflammatory chemokines and neutrophils. J Phar-
macol Exp Ther 2006; 316 (3): 1080-7

Zou W, Beggs KM, Sparkenbaugh EM, et al. Sulindac
metabolism and synergy with tumor necrosis factor-
alpha in a drug-inflammation interaction model of idio-
syncratic liver injury. J Pharmacol Exp Ther 2009; 331 (1):
114-21

Zou W, Devi SS, Sparkenbaugh E, et al. Hepatotoxic
interaction of sulindac with lipopolysaccharide: role of the
hemostatic system. Toxicol Sci 2009; 108 (1): 184-93

LuL, Jones AD, Harkema JR, et al. Amiodarone exposure
during modest inflammation induces idiosyncrasy-like liver
injury in rats: role of tumor necrosis factor-alpha. Toxicol
Sci 2012; 125 (1): 126-33

Cheng L, You Q, Yin H, et al. Effect of polyl:C cotreat-
ment on halothane-induced liver injury in mice. Hepatol-
ogy 2009; 49 (1): 215-26

Shaw PJ, Hopfensperger MJ, Ganey PE, et al. Lipopoly-
saccharide and trovafloxacin coexposure in mice causes
idiosyncrasy-like liver injury dependent on tumor necrosis
factor-alpha. Toxicol Sci 2007; 100 (1): 259-66

Shaw PJ, Fullerton AM, Scott MA, et al. The role of the
hemostatic system in murine liver injury induced by co-
exposure to lipopolysaccharide and trovafloxacin, a drug
with idiosyncratic liability. Toxicol Appl Pharmacol 2009;
236 (3): 293-300

Shaw PJ, Beggs KM, Sparkenbaugh EM, et al. Trova-
floxacin enhances TNF-induced inflammatory stress and
cell death signaling and reduces TNF clearance in a mur-
ine model of idiosyncratic hepatotoxicity. Toxicol Sci
2009; 111 (2): 288-301

Shaw PJ, Ganey PE, Roth RA. Trovafloxacin enhances the
inflammatory response to a Gram-negative or a Gram-
positive bacterial stimulus, resulting in neutrophil-
dependent liver injury in mice. J Pharmacol Exp Ther
2009; 330 (1): 72-8

Shaw PJ, Ditewig AC, Waring JF, et al. Coexposure of
mice to trovafloxacin and lipopolysaccharide, a model of
idiosyncratic hepatotoxicity, results in a unique gene ex-
pression profile and interferon gamma-dependent liver
injury. Toxicol Sci 2009; 107 (1): 270-80

Shaw PJ, Ganey PE, Roth RA. Tumor necrosis factor alpha
is a proximal mediator of synergistic hepatotoxicity from
trovafloxacin/lipopolysaccharide coexposure. J Pharma-
col Exp Ther 2009; 328 (1): 62-8

Dugan CM, MacDonald AE, Roth RA, et al. A mouse
model of severe halothane hepatitis based on human risk
factors. J Pharmacol Exp Ther 2010; 333 (2): 364-72

You Q, Cheng L, Reilly TP, et al. Role of neutrophils in a
mouse model of halothane-induced liver injury. Hepatol-
ogy 2006; 44 (6): 1421-31

Shenton JM, Chen J, Uetrecht JP. Animal models of
idiosyncratic drug reactions. Chem Biol Interact 2004; 150
(1): 53-70

Caldwell J. The current status of attempts to predict species
differences in drug metabolism. Drug Metab Rev 1981; 12
(2): 221-37

Choudhury AT, Chahal S, Bell AR, et al. Species differences
in peroxisome proliferation; mechanisms and relevance.
Mutat Res 2000; 448 (2): 201-12

Drug Saf 2012; 35 (12)



Current Challenges and Controversies in DILI

1115

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Guengerich FP. Comparisons of catalytic selectivity of cy-
tochrome P450 subfamily enzymes from different species.
Chem Biol Interact 1997; 106 (3): 161-82

Martignoni M, Groothuis GM, de Kanter R. Species dif-
ferences between mouse, rat, dog, monkey and human
CYP-mediated drug metabolism, inhibition and induc-
tion. Expert Opin Drug Metab Toxicol 2006; 2 (6): 875-94

Nebert DW, Dalton TP, Stuart GW, et al. “Gene-swap
knock-in” cassette in mice to study allelic differences in
human genes. Ann N Y Acad Sci 2000; 919: 148-70

Tomlinson ES, Maggs JL, Park BK, et al. Dexamethasone
metabolism in vitro: species differences. J Steroid Bio-
chem Mol Biol 1997; 62 (4): 345-52

Gonzalez FJ. Role of gene knockout and transgenic mice in
the study of xenobiotic metabolism. Drug Metab Rev
2003; 35 (4): 319-35

Lee SS, Buters JT, Pineau T, et al. Role of CYP2EI in the
hepatotoxicity of acetaminophen. J Biol Chem 1996; 271
(20): 12063-7

Zaher H, Buters JT, Ward JM, et al. Protection against
acetaminophen toxicity in CYPIA2 and CYP2EI double-
null mice. Toxicol Appl Pharmacol 1998; 152 (1): 193-9

Cheung C, Yu AM, Ward JM, et al. The cyp2el-human-
ized transgenic mouse: role of cyp2el in acetaminophen
hepatotoxicity. Drug Metab Dispos 2005; 33 (3): 449-57

Cheung C, Gonzalez FJ. Humanized mouse lines and their
application for prediction of human drug metabolism and
toxicological risk assessment. J Pharmacol Exp Ther
2008; 327 (2): 288-99

Corchero J, Granvil CP, Akiyama TE, et al. The CYP2D6
humanized mouse: effect of the human CYP2D6 trans-
gene and HNF4alpha on the disposition of debrisoquine
in the mouse. Mol Pharmacol 2001; 60 (6): 1260-7

Gonzalez FJ, Yu AM. Cytochrome P450 and xenobiotic
receptor humanized mice. Annu Rev Pharmacol Toxicol
2006; 46: 41-64

Dandri M, Burda MR, Torok E, et al. Repopulation of
mouse liver with human hepatocytes and in vivo infection
with hepatitis B virus. Hepatology 2001; 33 (4): 981-8

Locke JE, Sun Z, Warren DS, et al. Generation of human-
ized animal livers using embryoid body-derived stem cell
transplant. Ann Surg 2008; 248 (3): 487-93

Muruganandan S, Sinal CJ. Mice as clinically relevant
models for the study of cytochrome P450-dependent me-
tabolism. Clin Pharmacol Ther 2008; 83 (6): 818-28

van de Steeg E, Stranecky V, Hartmannova H, et al.
Complete OATPIB1 and OATP1B3 deficiency causes hu-
man Rotor syndrome by interrupting conjugated bilirubin
reuptake into the liver. J Clin Invest 2012; 122 (2): 519-28

Begriche K, Massart J, Robin MA, et al. Drug-induced
toxicity on mitochondria and lipid metabolism: Mechan-
istic diversity and deleterious consequences for the liver.
J Hepatol 2011; 54 (4): 773-94

Lim PL, Liu J, Go ML, et al. The mitochondrial super-
oxide/thioredoxin-2/Ask1 signaling pathway is critically
involved in troglitazone-induced cell injury to human he-
patocytes. Toxicol Sci 2008; 101 (2): 341-9

Masubuchi Y. Metabolic and non-metabolic factors de-
termining troglitazone hepatotoxicity: a review. Drug
Metab Pharmacokinet 2006; 21 (5): 347-56

Adis © 2012 Springer International Publishing AG. All rights reserved.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

Santos NA, Medina WS, Martins NM, et al. Aromatic
antiepileptic drugs and mitochondrial toxicity: effects on
mitochondria isolated from rat liver. Toxicol In Vitro
2008; 22 (5): 1143-52

Tay VK, Wang AS, Leow KY, et al. Mitochondrial per-
meability transition as a source of superoxide anion in-
duced by the nitroaromatic drug nimesulide in vitro. Free
Radic Biol Med 2005; 39 (7): 949-59

Ganey PE, Luyendyk JP, Maddox JF, et al. Adverse hepatic
drug reactions: inflammatory episodes as consequence and
contributor. Chem Biol Interact 2004; 150 (1): 35-51

Deng X, Luyendyk JP, Ganey PE, et al. Inflammatory
stress and idiosyncratic hepatotoxicity: hints from animal
models. Pharmacol Rev 2009; 61 (3): 262-82

Shaw PJ, Ganey PE, Roth RA. Idiosyncratic drug-induced
liver injury and the role of inflammatory stress with an
emphasis on an animal model of trovafloxacin hepato-
toxicity. Toxicol Sci 2010; 118 (1): 7-18

Cosgrove BD, King BM, Hasan MA, et al. Synergistic
drug-cytokine induction of hepatocellular death as an in
vitro approach for the study of inflammation-associated
idiosyncratic drug hepatotoxicity. Toxicol Appl Pharma-
col 2009; 237 (3): 317-30

Tukov FF, Maddox JF, Amacher DE, et al. Modeling in-
flammation-drug interactions in vitro: a rat Kupffer cell-
hepatocyte coculture system. Toxicol In Vitro 2006; 20
(8): 1488-99

Navarro V, Nomenclature Subcommittee Drug Hepato-
toxicity Steering Committee. Hepatic adverse event no-
menclature document. Jan 2005. Available from URL:
http://www.fda.gov/downloads/Drugs/ScienceResearch/
.../ucm080365.ppt [Accessed 2011 Sept 20]

Cai H, Nguyen N, Peterkin V, et al. A humanized UGT]
mouse model expressing the UGTIA1*28 allele for as-
sessing drug clearance by UGTI1Al-dependent glucur-
onidation. Drug Metab Dispos 2010; 38 (5): 879-86

Zimmerman HJ. Drug-induced liver disease. Drugs 1978;
16 (1): 25-45

Benichou C. Criteria of drug-induced liver disorders. Re-
port of an international consensus meeting. J Hepatol
1990; 11 (2): 272-6

Watkins PB. Idiosyncratic liver injury: challenges and ap-
proaches. Toxicol Pathol 2005; 33 (1): 1-5

Kaplowitz N. Does elevated alkaline phosphatase exclude
Hy’s Law? Drug-induced liver injury: getting the medicine
and science together. Mar 2010 Available from URL:
http://www.aasld.org/conferences/educationtraining/Pag
es/2010HepatotoxicitySpeciallnterestGroupMeeting.aspx
[Accessed 2012 Feb 14]

Temple R. Hy’s law: predicting serious hepatotoxicity.
Pharmacoepidemiol Drug Saf 2006; 15 (4): 241-3

Hunt CM, Papay JI, Edwards RI, et al. Monitoring liver
safety in drug development: the GSK experience. Regul
Toxicol Pharmacol 2007; 49 (2): 90-100

Green RM, Flamm S. AGA technical review on the eval-
uation of liver chemistry tests. Gastroenterology 2002;
123 (4): 1367-84

Marrer E, Dieterle F. Impact of biomarker development on
drug safety assessment. Toxicol Appl Pharmacol 2010;
243 (2): 167-79

Drug Saf 2012; 35 (12)


http://www.fda.gov/downloads/Drugs/ScienceResearch/.../ucm080365.ppt
http://www.fda.gov/downloads/Drugs/ScienceResearch/.../ucm080365.ppt
http://www.aasld.org/conferences/educationtraining/Pages/2010HepatotoxicitySpecialInterestGroupMeeting.aspx
http://www.aasld.org/conferences/educationtraining/Pages/2010HepatotoxicitySpecialInterestGroupMeeting.aspx

1116

Corsini et al.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

104.

Ozer JS, Chetty R, Kenna G, et al. Enhancing the utility of
alanine aminotransferase as a reference standard bio-
marker for drug-induced liver injury. Regul Toxicol
Pharmacol 2010; 56 (3): 237-46

Vanderlinde RE. Review of pyridoxal phosphate and the
transaminases in liver disease. Ann Clin Lab Sci 1986; 16
(2): 79-93

Hall RL. Principles of clinical pathology for toxicology
studies. In: Wallace Hayes A, editor. Principles and methods
of toxicology. 4th ed. Philadelphia: Taylor & Francis, 2001:
1001-38

Antoine DJ, Mercer AE, Williams DP, et al. Mechanism-
based bioanalysis and biomarkers for hepatic chemical
stress. Xenobiotica 2009; 39 (8): 565-77

Giffen PS, Pick CR, Price MA, et al. Alpha-glutathione
S-transferase in the assessment of hepatotoxicity—its diag-
nostic utility in comparison with other recognized mar-
kers in the Wistar Han rat. Toxicol Pathol 2002; 30 (3):
365-72

Harrison DJ, Kharbanda R, Cunningham DS, et al. Dis-
tribution of glutathione S-transferase isoenzymes in hu-
man kidney: basis for possible markers of renal injury.
J Clin Pathol 1989; 42 (6): 624-8

Goldberg DM. Structural, functional, and clinical aspects
of gamma-glutamyltransferase. CRC Crit Rev Clin Lab
Sci 1980; 12 (1): 1-58

Keeffe EB, Sunderland MC, Gabourel JD. Serum gamma-
glutamyl transpeptidase activity in patients receiving chronic
phenytoin therapy. Dig Dis Sci 1986; 31 (10): 1056-61

Lum G, Gambino SR. Serum gamma-glutamyl transpep-
tidase activity as an indicator of disease of liver, pancreas,
or bone. Clin Chem 1972; 18 (4): 358-62

Belfield A, Goldberg DM. Normal ranges and diagnostic
value of serum S’nucleotidase and alkaline phosphatase
activities in infancy. Arch Dis Child 1971; 46 (250): 842-6

Hill PG, Sammons HG. An assessment of 5’-nucleotidase
as a liver-function test. Q J Med 1967; 36 (144): 457-68

Seitanidis B, Moss DW. Serum alkaline phosphatase and
5’-nucleotidase levels during normal pregnancy. Clin Chim
Acta 1969; 25 (1): 183-4

Asada M, Galambos JT. Liver disease, hepatic alcohol
dehydrogenase activity, and alcohol metabolism in the
human. Gastroenterology 1963; 45: 67-72

Wiesner IS, Rawnsley HM, Brooks FP, et al. Sorbitol de-
hydrogenase in the diagnosis of liver disease. Am J Dig
Dis 1965; 10: 147-51

Brohult J, Fridell E, Sundblad L. Studies on alkaline
phosphatase isoenzymes. Relation to gamma-glutamyl-
transferase and lactate dehydrogenase isoenzymes. Clin
Chim Acta 1977; 76 (2): 205-11

Wroblewski F, Ladue JS. Serum glutamic pyruvic trans-
aminase in cardiac with hepatic disease. Proc Soc Exp Biol
Med 1956; 91 (4): 569-71

3. Wroblewski F. The clinical significance of transaminase

activities of serum. Am J Med 1959; 27: 911-23

Jung K, Pergande M, Rej R, et al. Mitochondrial enzymes
in human serum: comparative determinations of gluta-
mate dehydrogenase and mitochondrial aspartate amino-
transferase in healthy persons and patients with chronic
liver diseases. Clin Chem 1985; 31 (2): 239-43

Adis © 2012 Springer International Publishing AG. All rights reserved.

105.

106.

107.

108.

109.

110.

I11.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

Berk PD, Javitt NB. Hyperbilirubinemia and cholestasis.
Am J Med 1978; 64 (2): 311-26

Erlinger S. Secretion of bile. In: Schiff L, Schiff ER, editors.
Diseases of the liver. 7th ed. Philadelphia: J. B. Lippin-
cott; 1993: 85-107

Friedman LS, Martin P, Munoz SJ. Liver function tests
and the objective evaluation of the patient with liver dis-
ease. In: Zakin D, Boyer TD, editors. Hepatology: a
textbook of liver disease. 3rd ed. Philadelphia: W.B.
Saunders; 1996: 791-833

Adler M, Hoffmann D, Ellinger-Ziegelbauer H, et al. As-
sessment of candidate biomarkers of drug-induced hepa-
tobiliary injury in preclinical toxicity studies. Toxicol Lett
2010; 196 (1): 1-11

Camps J, Marsillach J, Joven J. Measurement of serum
paraoxonase-1 activity in the evaluation of liver function.
World J Gastroenterol 2009; 15 (16): 1929-33

Ferre N, Camps J, Prats E, et al. Serum paraoxonase ac-
tivity: a new additional test for the improved evaluation of
chronic liver damage. Clin Chem 2002; 48 (2): 261-8

Rodrigo L, Hernandez AF, Lopez-Caballero JJ, et al.
Immunohistochemical evidence for the expression and
induction of paraoxonase in rat liver, kidney, lung and
brain tissue. Implications for its physiological role. Chem
Biol Interact 2001; 137 (2): 123-37

Mochida S, Arai M, Ohno A, et al. Deranged blood co-
agulation equilibrium as a factor of massive liver necrosis
following endotoxin administration in partially hepa-
tectomized rats. Hepatology 1999; 29 (5): 1532-40

Misra MK, Khanna AK, Sharma R, et al. Serum malate
dehydrogenase (MDH) in portal hypertension—its value as
a diagnostic and prognostic indicator. Indian J Med Sci
1991; 45 (2): 31-4

Ozer J, Ratner M, Shaw M, et al. The current state of serum
biomarkers of hepatotoxicity. Toxicology 2008; 245 (3):
194-205

Bu DX, Hemdahl AL, Gabrielsen A, et al. Induction of
neutrophil gelatinase-associated lipocalin in vascular in-
jury via activation of nuclear factor-kappaB. Am J Pathol
2006; 169 (6): 2245-53

Jayaraman A, Roberts KA, Yoon J, et al. Identification of
neutrophil gelatinase-associated lipocalin (NGAL) as a
discriminatory marker of the hepatocyte-secreted protein
response to IL-1beta: a proteomic analysis. Biotechnol
Bioeng 2005; 91 (4): 502-15

Mori K, Nakao K. Neutrophil gelatinase-associated lipo-
calin as the real-time indicator of active kidney damage.
Kidney Int 2007; 71 (10): 967-70

Dieterle F, Perentes E, Cordier A, et al. Urinary clusterin,
cystatin C, beta2-microglobulin and total protein as
markers to detect drug-induced kidney injury. Nat Bio-
technol 2010; 28 (5): 463-9

Rosenberg ME, Silkensen J. Clusterin: physiologic and
pathophysiologic considerations. Int J Biochem Cell Biol
1995; 27 (7): 633-45

Zidek N, Hellmann J, Kramer PJ, et al. Acute hepato-
toxicity: a predictive model based on focused illumina
microarrays. Toxicol Sci 2007; 99 (1): 289-302

Tarantino G, Colao A, Capone D, et al. Circulating levels of
cytochrome C, gamma-glutamyl transferase, triglycerides

Drug Saf 2012; 35 (12)



Current Challenges and Controversies in DILI

1117

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

and unconjugated bilirubin in overweight/obese patients
with non-alcoholic fatty liver disease. J Biol Regul Homeost
Agents 2011; 25 (1): 47-56

Starkey Lewis PJ, Dear J, Platt V, et al. Circulating mi-
croRNAs as potential markers of human drug-induced
liver injury. Hepatology 2011; 54 (5): 1767-76

Antoine DJ, Williams DP, Kipar A, et al. High-mobility
group box-1 protein and keratin-18, circulating serum
proteins informative of acetaminophen-induced necrosis
and apoptosis in vivo. Toxicol Sci 2009; 112 (2): 521-31

Antoine DJ, Williams DP, Kipar A, et al. Diet restriction
inhibits apoptosis and HMGBI oxidation and promotes
inflammatory cell recruitment during acetaminophen
hepatotoxicity. Mol Med 2010; 16 (11-12): 479-90

Amacher DE, Adler R, Herath A, et al. Use of proteomic
methods to identify serum biomarkers associated with rat
liver toxicity or hypertrophy. Clin Chem 2005; 51 (10):
1796-803

European Medicines Agency. ICH Topic E15. Definitions
for genomic biomarkers, pharmacogenomics, pharmaco-
genetics, genomic data and sample coding categories.
[EMEA/CHMP/ICH/437986/2006] Available from URL:
http://www.ema.europa.eu/docs/en_GB/document_library/
Scientific_guideline/2009/09/WC500002880.pdf [Accessed
2011 Sept 20]

Fielden MR, Nie A, McMillian M, et al. Interlaboratory
evaluation of genomic signatures for predicting carcino-
genicity in the rat. Toxicol Sci 2008; 103 (1): 28-34

Wang K, Zhang S, Marzolf B, et al. Circulating micro-
RNAs, potential biomarkers for drug-induced liver in-
jury. Proc Natl Acad Sci U S A 2009; 106 (11): 4402-7

Laterza OF, Lim L, Garrett-Engele PW, et al. Plasma Mi-
croRNAs as sensitive and specific biomarkers of tissue
injury. Clin Chem 2009; 55 (11): 1977-83

Sukata T, Sumida K, Kushida M, et al. Circulating mi-
croRNAs, possible indicators of progress of rat hepato-
carcinogenesis from early stages. Toxicol Lett 2011; 200
(1-2): 46-52

Wolf CR, Smith G. Pharmacogenetics. Br Med Bull 1999;
55 (2): 366-86

Tarantino G, Conca P, Basile V, et al. A prospective study
of acute drug-induced liver injury in patients suffering
from non-alcoholic fatty liver disease. Hepatol Res 2007;
37 (6): 410-5

Verbeeck RK. Pharmacokinetics and dosage adjustment in
patients with hepatic dysfunction. Eur J Clin Pharmacol
2008; 64 (12): 1147-61

Gupta NK, Lewis JH. Review article: The use of poten-
tially hepatotoxic drugs in patients with liver disease.
Aliment Pharmacol Ther 2008; 28 (9): 1021-41

Hadziyannis SJ, Sette Jr H, Morgan TR, et al. Peginterferon-
alpha2a and ribavirin combination therapy in chronic he-

Adis © 2012 Springer International Publishing AG. All rights reserved.

136.

137.
138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

patitis C: a randomized study of treatment duration and
ribavirin dose. Ann Intern Med 2004; 140 (5): 346-55

Zeuzem S, Hultcrantz R, Bourliere M, et al. Peginterferon
alfa-2b plus ribavirin for treatment of chronic hepatitis C
in previously untreated patients infected with HCV gen-
otypes 2 or 3. J Hepatol 2004; 40 (6): 993-9

Thomas HC. Hepatitis B and D. Medicine 2002; 30: 34-6

Nunez M. Hepatotoxicity of antiretrovirals: incidence,
mechanisms and management. J Hepatol 2006; 44 (1
Suppl.): S132-9

Dieterich DT, Robinson PA, Love J, et al. Drug-induced
liver injury associated with the use of nonnucleoside re-
verse-transcriptase inhibitors. Clin Infect Dis 2004; 38
Suppl. 2: S80-9

Inductivo-Yu I, Bonacini M. Highly active antiretroviral
therapy-induced liver injury. Curr Drug Saf 2008; 3 (1): 4-13

Ogedegbe AO, Sulkowski MS. Antiretroviral-associated
liver injury. Clin Liver Dis 2003; 7 (2): 475-99

Wit FW, Weverling GJ, Weel J, et al. Incidence of and risk
factors for severe hepatotoxicity associated with antire-
troviral combination therapy. J Infect Dis 2002; 186 (1):
23-31

King PD, Perry MC. Hepatotoxicity of chemotherapeutic
and oncologic agents. Gastroenterol Clin North Am 1995;
24 (4): 969-90

McDonald GB, Frieze D. A problem-oriented approach to
liver disease in oncology patients. Gut 2008; 57 (7): 987-1003

Rodriguez-Frias EA, Lee WM. Cancer chemotherapy I: he-
patocellular injury. Clin Liver Dis 2007; 11 (3): 641-62, viii
Goldkind L, Laine L. A systematic review of NSAIDs
withdrawn from the market due to hepatotoxicity: lessons
learned from the bromfenac experience. Pharmacoepide-

miol Drug Saf 2006; 15 (4): 213-20

Llanos L, Moreu R, Ortin T, et al. The existence of a re-
lationship between increased serum alanine aminotrans-
ferase levels detected in premarketing clinical trials and
postmarketing published hepatotoxicity case reports.
Aliment Pharmacol Ther 2010; 31 (12): 1337-45

Watkins PB, Whitcomb RW. Hepatic dysfunction associated
with troglitazone. N Engl J Med 1998; 338 (13): 916-7

Watkins PB, Desai M, Berkowitz SD, et al. Evaluation of
drug-induced serious hepatotoxicity (eDISH): application
of this data organization approach to phase III clinical
trials of rivaroxaban after total hip or knee replacement
surgery. Drug Saf 2011; 34 (3): 243-52

Correspondence: Dr Michele Bortolini, F. Hoffmann-La
Roche Ltd, PDS — Safety Risk Management, 663/2028, 4070
Basel, Switzerland.

E-mail: michele.bortolini@roche.com

Drug Saf 2012; 35 (12)


http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500002880.pdf
http://www.ema.europa.eu/docs/en_GB/document_library/Scientific_guideline/2009/09/WC500002880.pdf
mailto:michele.bortolini@roche.com

	Current Challenges and Controversies in Drug-Induced Liver Injury
	Abstract
	1. Definition of Drug-Induced Liver Injury (DILI)
	2. Limitations of Current Models for DILI
	2.1 Metabolic Activation
	2.2 Mitochondrial Dysfunction
	2.3 Inflammatory Stress Hypothesis
	2.4 Multiple Determinants Hypothesis
	2.5 Other Mechanisms that Currently Lack Successful Animal Models

	3. Limitations of Current DILI Biomarkers
	3.1 Other Conventional Biomarkers
	3.2 Genomic Biomarkers

	4. Assessing DILI in Disease States with Higher Risk of Liver Disorders
	4.1 Viral Hepatitis
	4.2 HIV
	4.3 Cancer
	4.4 Other Disease States

	5. Challenges in Identifying and Evaluating DILI in the Postmarketing Setting
	6. Conclusions
	Acknowledgements
	References


