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Abstract

Drug induced liver injury (DILI) is a relatively rare hepatic condition in response to the use of medications, illegal drugs,
herbal products or dietary supplements. It occurs in susceptible individuals through a combination of genetic and environ-
mental risk factors believed to modify drug metabolism and/or excretion leading to a cascade of cellular events, including
oxidative stress formation, apoptosis/necrosis, haptenization, immune response activation and a failure to adapt. The resultant
liver damage can present with an array of phenotypes, which mimic almost every other liver disorder, and varies in severity
from asymptomatic elevation of liver tests to fulminant hepatic failure. Despite recent research efforts specific biomark-
ers are not still available for routine use in clinical practice, which makes the diagnosis of DILI uncertain and relying on a
high degree of awareness of this condition and the exclusion of other causes of liver disease. Diagnostic scales such as the
CIOMS/RUCAM can support the causality assessment of a DILI suspicion, but need refinement as some criteria are not
evidence-based. Prospective collection of well-vetted DILI cases in established DILI registries has allowed the identification
and validation of a number of clinical variables, and to predict a more severe DILI outcome. DILI is also in need of properly
designed clinical trials to evaluate the efficacy of new DILI treatments as well as older drugs such as ursodeoxycholic acid
traditionally used to ameliorate cholestasis or corticosteroids now widely tried in the oncology field to manage the emergent
type of hepatotoxicity related to immune checkpoint inhibitors.
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Introduction

The liver is central to biotransformation (metabolism) of
xenobiotics entering the gastrointestinal tract and, conse-
quently, is susceptible to the harmful effect of many drugs,
herbs and dietary supplements that can damage hepatocytes
or other liver cells. Drug-induced liver injury (DILI) remains
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a leading cause of drug development termination and post-
marketing warnings and restriction of use. Hepatotoxicity is
a major reason for acute liver failure (ALF) in Western coun-
tries (Hillman et al. 2016) and accounted for 32% of drug
withdrawals in the period 1975-2007 (Stevens and Baker
2009). Main stakeholders became more aware of DILI fol-
lowing the publication of “FDA Guidance for Industry on
DILI Premarketing Clinical Evaluation” (FDA et al. 2009) in
2009 and no postmarketing drug withdrawal due to hepato-
toxicity has been reported in the USA since then. Neverthe-
less, a comprehensive understanding of a drug liver safety
profile needs the exposure of many thousand patients to the
compound in the postmarketing setting.

Although many drugs in common use have been related to
DILI (NIDDK 2017) the relative risk varies widely between
agents. Categorization of the risk has been proposed based
on published reports (Bjornsson and Hoofnagle 2016), but
this method is not without limitations. For instance, statins,
which have been associated with hepatotoxicity in various
case reports and case series (Perdices et al. 2014; Russo
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et al. 2014) have a very low hepatotoxic potential, estimated
as < 11in 50,000 treated patients considering the large num-
ber of individuals exposed to these agents (Bjornsson et al.
2012).

The pathogenesis of idiosyncratic DILI is complex and
scarcely known, and probably differs even among subjects
for a given drug, which might explain the range of pheno-
typic signatures of this adverse hepatic reaction both in clini-
cal expression and severity. Indeed, DILI is one of the most
challenging diagnoses that clinicians face, because of the
large number of medications, but also herbs and dietary sup-
plements that have been related to hepatotoxicity, its relative
rarity, its varied clinical and histopathological presentation
and, most importantly, the absence of specific biomarkers.
All these factors complicate DILI assessment, which diag-
nosis still relies on a high degree of suspicion and careful
exclusion of alternative etiologies of liver damage. In this
review we address current concepts and gaps in DILI epi-
demiology, pathogenesis, clinical presentation, diagnosis,
prognosis and management.

Types of drug-induced liver injury

Drugs or chemicals that cause direct and predictable toxicity
in liver cells can produce a variety of hepatotoxicity that is
typically dose-dependent occurring shortly once a threshold
dose or exposure, which can be different among individuals,
is reached. This category of liver injury is called intrinsic
and with the exception of paracetamol is nowadays seldom
seen in clinical practice.

The bulk of drugs causing DILI, however, induce liver
injury very rarely, in an unpredictable fashion. This cat-
egory is termed idiosyncratic, as it is associated with
unique host characteristics. Idiosyncratic DILI refers to a
hepatic reaction to drugs that usually occurs in < 1 of every
10,000 exposed individuals, has a longer latency period
(from a few days to several weeks) and is unexpected from
the pharmacological mechanism of action of the agent. Idi-
osyncratic DILI is believed to be a multifactorial process,
which is precipitated in an individual by the interplay of
several critical factors including toxicological drug prop-
erties as well as host-related factors and environmental
conditions (Chen et al. 2015).

In an attempt to overcome the fact that this hepatotox-
icity categorization has been considered overly simplis-
tic (Corsini et al. 2012) a third “indirect” category was
recently proposed to distinguish a type of liver damage
that is caused by “what the drug does rather than what the
drug is” (Hoofnagle and Bjornsson 2019). This category
encompasses a group of drugs such as immune checkpoint
inhibitors, which alter the immune system and can lead to
immune-mediated hepatotoxicity, or agents that exacerbate
an underlying liver condition (hepatitis B or fatty liver)
(Table 1) (Hoofnagle and Bjornsson 2019). However, this
concept is controversial as it is obvious that the indirect
damage is not predictable at the light of the current knowl-
edge. Indeed, drugs that cause DILI by this mechanism
do it in generally a small fraction of individual exposed.

Table 1 Types of drug-induced liver injury ( modified from Hoofnagle and Bjornsson 2019)

Characteristics Direct (intrinsic) Idiosyncratic Indirect

Dose-related Yes No (threshold dose maybe requerided) No (in general)

Latency Short (few days) Variable (days to months), may occur ~ Typically delayed (weeks to months)
after treatment discontinuation

Rate of occurrence High Low Intermediate

Predictable Yes No Occasionally

Clinico-pathologi-
cal phenotypes

Acute (centrozonal necrosis), acute
fatty liver, vascular injury (sinudoidal
obstruction, NRH)

Implicated drugs
acid, aspirin, cocaine, cancer chemo-
therapy, amiodarone, methrotexate
(intravenous), plants containing pyr-
rolizidine alkaloids

Mechanism Intrinsic hepatotoxicity

Acute hepatocellular, cholestatic or
mixed injury, chronic hepatitis, bland
cholestasis

Acetaminophen(paracetamol), nicotinic Isoniazid, amoxicillin- clavulanate,

macrolide antibiotics, fluoroquinolo-

nes, statins

Metabolic (mitochondrial) damage or
immune-mediated damage

Acute (immune mediated hepatitis), fatty
liver, chronic hepatitis

IV bolus corticosteroids, antineoplas-
tic agents (immune check points
inhibitors, protein kinase inhibitors),
monoclonal antobodies (anti TNF, anti
CD20 rituximab), daclixumab, anti
PSCKO (hipercholesterolemia)

Drug effect (regulating immune response
or reducing cholesterol levels) pro-
vokes undesirable effects on the liver
(i.e. immune-mediated hepatitis, fatty
liver)
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Epidemiology

The true incidence of idiosyncratic DILI is difficult to
estimate. A major hurdle is that a DILI diagnosis remains
challenging and is often delayed or left unrecognized and
therefore underreported. Furthermore, differences in DILI
case qualification and diagnostic criteria used, variations
in use of drugs, herbal and dietary supplements (HDS) and
prescription patterns, which may vary across the world,
may account for notable differences reported in the litera-
ture (Table 2).

Data on DILI epidemiology has mainly been provided
by retrospective database studies from the pharmaceutical

Table 2 Epidemiology data in drug-induced liver injury

industry, pharmacovigilance centers and general practice,
which typically have collected information on the spec-
trum of associated drugs as well as the clinical presen-
tation and outcome of hepatotoxicity. The retrospective
design of these studies is an important drawback as miss-
ing information in many instances precludes an accurate
diagnosis of DILI events.

A retrospective study from the General Practice Research
database (GPRD) in the UK with data obtained from 1982
to 1986 found differences in DILI incidence for prescribed
drugs. Ampicillin, methyldopa and NSAIDs were found
responsible for 1 case per 100,000 prescriptions while
erythromycin was responsible for 14 cases per 100,000 pre-
scriptions. The use of more than two drugs was found to

Rate of DILI cases

Most frequent implicated drugs

Retrospective

Pérez Gutthann and Garcia GPRD (UK)
Rodriguez (1993)

Garcia Rodriguez et al. (1997) GPRD (UK)

deAbajo et al. (2004) GPRD (UK)

Duh et al. (1999) Massachusetts (USA)

De Valle et al. (2006) Sweden
Population-based studies

Sgro et al. (2002) France
Bjornsson et al. (2013) Iceland

Vega et al. (2017) Delaware (USA)

Hospitalized patients

1-14 cases per 100,000 prescriptions

< 10 to > 100/100,000 prescriptions
2.4 per 100,000 persons-year

13.9 per 100,000 persons/year
19.1 per 100,000 inhabitants

2.7 cases 100,000 adult residents

Erythromycin

Chlorpromazine and isoniazid

Chlorpromazine, amoxicillin clavulanic
acid and flucloxacillin

40.6 cases per 100 000 inhabitants
2.3 cases per 100,000 persons and year

Antibiotics and NSAIDs

NSAIDs, anti-infectious, psychotropic and
hypolipidemic agents

Amoxicillin-clavulanate, diclofenac and
azathioprine

Antibiotics and herbal and dietary supple-
ments

Bagheri et al. (2000)
Suk et al. (2012)

Meier et al. (2005)
Cano-Paniagua et al. (2019)

Jaundiced patients
Bjornson et al. (2003)

Vuppalanchi et al. (2007)

ALF
Ostapowicz et al. (2002)

Reuben et al. (2010)
Wei et al. (2007)

Goldberg et al. (2015)

Toulouse (France)
Korea

Switzerland

Colombia

Sweden

USA

USA

USA
Sweden

California (USA)

6.6 per 1000 inpatients/week

hospitalization due to DILI was 12 per
100,000 persons/year

1 in 100 patients develops DILI during
hospitalization

6% among adult hospitalized patients with
altered liver profile

2.3% of patients with severe jaundice were
found to have DILI

New onset of jaundice of non-alcoholic
aetiologies was 4%

39% out of ALF due to paracetamol, 13%
idiosyncratic DILI

11% out of ALF due to idiosyncratic DILI

42% of ALF due to paracetamol and 15%
due to other drugs

52% of ALF due to DILI

Herbal medications
Antineoplastic and tuberculostatics agents

Anti-infectives and anticonvulsants

Most cases attributable to paracetamol an
idiosyncratic DILI represented 0.7%

Antimicrobials

Acetaminophen, herbs and antimicrobials

GPRD General Practice Research database, ALF acute liver failure, DILI drug-induced liver injury, NSAIDs nonsteroidal anti-inflammatory

drugs
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provide increased risk for DILI (Pérez Gutthann and Garcia
Rodriguez 1993). A review of epidemiological research also
using the GPRD showed the greatest incidence of DILI in
patients who took chlorpromazine and isoniazid (greater
than 100/100,000 prescriptions), a moderate incidence
for patients taking amoxicillin-clavulanate and cimeti-
dine (greater than 10/100,000) and an incidence less than
10/100,000 for those who were prescribed NSAIDs, ome-
prazole, amoxicillin and ranitidine (Garcia Rodriguez et al.
1997). A later study from the GRPD found a DILI incidence
of 2.4 per 100.000 person-year with the highest incidence
rates for chlorpromazine, amoxicillin clavulanic acid and
flucloxacillin (approximately 1 per 1000 users) (de Abajo
et al. 2004).

A different approach using a database of medical and
laboratory records in Massachusetts estimated the incidence
of DILI in the general population to be 40.6 cases per 100
000 inhabitants (Duh et al. 1999). Similarly, a Swedish ret-
rospective study using an outpatient database estimated a
DILI incidence of 2.3 cases per 100,000 persons and year
(De Valle et al. 2006).

In general, population-based studies have reported higher
incidences of DILI than those of retrospective studies. Up
to date three prospective population-based studies have
been published. A study carried out in France over a 3-year
period found an annual incidence rate of 13.9 per 100,000
inhabitants. The most frequent implicated drugs were
NSAIDs, anti-infectious, psychotropic and hypolipidemic
agents (Sgro et al. 2002). In Iceland, a 2-year period study
found a DILI incidence of 19.1 per 100,000 inhabitants,
with amoxicillin-clavulanate, diclofenac and azathioprine
being the most frequent causative agents. In this study the
quantitative risk of DILI associated with different causative
drugs was evaluated. The risk of DILI due to amoxicillin-
clavulanate, the most commonly implicated agent, was found
to be 1 in 2,350 users, whereas the highest risk of hepato-
toxicity was associated with azathioprine, 1 in 133 users
(Bjornsson et al. 2013). More recently, in Delaware (US),
a 2-year study found an incidence of 2.7 cases of DILI per
100,000 adult residents, 36% due to antibiotics and 43% to
HDS (Vega et al. 2017). In this study a higher cut off for
alanine aminotransferase (ALT) values (> 5 X upper limit
of normal (ULN) in two separate occasions) was used for
case definition than in the French (>2 X ULN) and Icelandic
(>3 xULN) studies, and could account at least in part for
the lower incidence.

Other epidemiological approaches have explored the
frequency of hospitalization due to DILI. As expected, the
incidence is higher in hospitalized patients. In a prospec-
tive study performed in 1997 among hospitalized patients,
using the University Hospital of Toulouse (France) labora-
tory database), the incidence of DILI was estimated as 6.6
per 1000 inpatients/week. Case qualification criteria were

@ Springer

ALT >2xULN or alkaline phosphatase (ALP) > 1.5 X ULN
if associated with an increase in ALT, gamma-glutamyl
transferase (GGT) or total bilirubin (TBL) (Bagheri et al.
2000). In a nation-based prospective study performed in
Korea from 2005 to 2007, the estimated incidence of hos-
pitalization due to DILI was 12 per 100,000 persons/year
with herbal medications predominating among the culprit
agents (Suk et al. 2012). A study using a Swiss database
of hospitalized patients found that 1 in 100 patients devel-
oped DILI during hospitalization with the highest incidence
for antineoplastic and tuberculostatic agents (Meier et al.
2005). A recent single-center, 1 year, prospective Colom-
bian study reported that among hospitalized patients with
elevated liver tests 6% had DILI. Case qualifications were
ALT >3 x ULN and/or ALP > 2 x ULN. Anti-infectives (iso-
niazid, rifampicin, nitrofurantoin) and anticonvulsants (phe-
nytoin, and valproic acid) were the most frequent implicated
drugs (Cano-Paniagua et al. 2019).

The prevalence of DILI among jaundiced patients has
been addressed in other studies. In Sweden, 2.3% of patients
with severe jaundice were found to have DILI (Bjornsson
et al. 2003), while in United States the incidence of DILI in
patients with new onset jaundice of non-alcoholic aetiolo-
gies was 4%. However, most cases were attributed to par-
acetamol and idiosyncratic DILI represented only 0.7% of
the cases (Vuppalanchi et al. 2007).

The prevalence of DILI among patients with ALF has
also been reported in a number of studies. In a classic study
in USA paracetamol overdose was the cause of ALF in 39%
of cases, whereas 13% of cases were attributed to idiosyn-
cratic DILI (Ostapowicz et al. 2002). Similar prevalence was
found in a later North American multicentre study with 11%
of ALF cases due to idiosyncratic DILI, with antimicrobials
being the most frequently implicated agents (Reuben et al.
2010). In Sweden, DILI was overall the most important
cause of ALF, with 42% due to paracetamol and 15% due to
other drugs (Wei et al. 2007). A retrospective cohort study
in California identified DILI as the most frequent cause of
ALF, ranking paracetamol as the first etiology followed by
herbs and antimicrobials (Goldberg et al. 2015).

Prospective studies provide more reliable data on DILI
causative agents, clinical presentation and outcome. A pro-
spective single-center cohort study undertaken in India
showed antituberculosis drugs as the first cause of DILI in
this country. Prospective national and international DILI
Registries have been set-up in Spain, USA, Europe, Latin
American, Japan, China among other countries to collect
phenotypic data and biological samples to undertake stud-
ies on clinical characteristics, risk factors and outcome
of DILI as well as to describe the most frequently impli-
cated agents. More detailed description of each registry
can be found in the recently launched CIOMS consen-
sus document on DILI (CIOMS 2020). Antimicrobials
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(mainly amoxicillin-clavulanate) have been the most fre-
quent agents involved in DILI in the Spanish DILI Regis-
try (Andrade et al. 2005) and in the Drug-Induced Liver
Injury Network (DILIN) (Chalasani et al. 2008).

The largest cohort of DILI patients analyzed to date
comprises 25.927 cases and was retrospectively collected
in Mainland China over a 3-year period. In this study, tra-
ditional Chinese medicines and HDS were the most fre-
quent causes of DILI (Shen et al. 2019).

Efforts to establish prospective DILI registries are in
progress in China and India. This is particularly important
as the spectrum of culprit agents and probably also other
contributing factors, such as genetics and environmental
factors, in Eastern countries are likely to differ from those
identified in Western countries. Hence, continuing efforts
across the world are crucial for advancing the knowledge
of DILI.

Pathogenesis

Idiosyncratic DILI is a complex condition which molecu-
lar mechanism is not yet fully elucidated. It is believed that
the combination of various host, drug and environmental
factors determines DILI susceptibility and phenotypic
expression (Chen et al. 2015). The implication of being a
multifactorial condition is reflected in the lack of a gen-
eral animal model to study the underlying mechanism of
DILI. Nevertheless, substantial progress has been made
in the form of animal models that demonstrate suscepti-
bility to liver injury caused by specific drug treatments.
However, the clinical relevance of such models may be
compromised as they are typically dependent on pre-treat-
ments or genetic alterations designed to predispose the
animal to injury (McGill and Jaeschke 2019). Hepatic cell
line models have also been applied to DILI studies (Kuna
et al. 2018). Inherent differences in drug metabolism, par-
ticularly cytochrome P450 (CYP)-mediated metabolism,
between cell lines and humans must be kept in mind when
working with these models as drug metabolism is believed
to be a vital process in DILI development. Furthermore,
the phenotype of cultured cells can differ from hepatic
cells in vivo due to variations in microRNA-mediated gene
expressions (Lauschke et al. 2016).

The idiosyncratic nature of DILI speaks in favor of an
important role for genetic variations, which have been a focal
point in DILI studies over several decades. Based on studies
performed to date it is unlikely that a single genetic variation
would be accountable for DILI. A number of genetic varia-
tions are most likely required, resulting in a specific cellular
environment that when exposed to the impact of a drug and
other environmental factors can lead to DILI development.

Drug-induced cell damage

The current understanding of the molecular mechanism of
idiosyncratic DILI is to a large extent based on findings from
acetaminophen-based studies. Increasing evidence points
towards acetaminophen-mediated hepatotoxicity being an
active process involving death signaling pathways, rather
than a passive process of overwhelming biochemical injury
(Han et al. 2013). Idiosyncratic DILI, however, is believed
to differ from intrinsic DILI in that both non-immune- and
immune-mediated mechanisms are required for hepatic
injury to occur (Fig. 1). Hepatocyte exposure to increased
cellular stress is assumed to be the initial step in DILI devel-
opment with drug metabolism being a potential source
through the formation of chemically reactive drug metabo-
lites. Drug metabolism is principally undertaken in the liver
to produce a more soluble compound through CYP-mediated
reactions (Phase I) and conjugation reactions (Phase II) to
facilitate drug excretion usually via hepatic transporters
(Phase III). This often leads to formation of reactive metabo-
lites, i.e. electrophilic species able to conjugate with cellular
proteins and other macromolecules. The extent of reactive
metabolite formation and subsequent cellular stress varies
depending on drug properties, the host’s drug metabolism
capacity as well as the level of protective mechanisms in
the liver. Activation of nuclear factor erythroid 2-relatd fac-
tor 2 (Nrf2) is a major defense mechanism against oxida-
tive stress. This transcription factor is bound to Kelch-like
ECH-associated protein 1 (Keapl) in the cytoplasm under
physiological conditions. Under conditions of increased
oxidative stress Nrf2 is released from Keapl, translocates
to the nucleus and binds to the antioxidant response ele-
ment (ARE) in the target gene promoter to induce defense
gene expression (Nguyen et al. 2009). Recent findings have
demonstrated that various phytochemicals have high binding
affinity for Keapl and subsequently activates Nrf2, suggest-
ing that the diet can influence redox homeostasis (Li et al.
2019).

Cellular stress reaching a critical threshold can lead to
activation of c-Jun N-terminal kinase (JNK) signaling path-
ways and mitochondrial damage. Some drugs, for example
nucleoside reverse transcriptase inhibitors and valproic acid,
have also been demonstrated to provide hepatocyte stress by
direct mitochondrial disruption (Pessayre et al. 2012).

Drugs can also aggravate cellular stress through second-
ary functions, such as bile salt export pump (BSEP) trans-
porter inhibition, which can cause accumulation of bile salts,
which are toxic due to their detergent-like nature. BSEP
inhibition has been hypothesized to play a role in, among
others, troglitazone hepatotoxicity (Funk et al. 2001). How-
ever, recent findings suggest that troglitazone also inhibits
bile acid amidation that leads to accumulation of nonami-
dated bile acids. This can have a profound effect on bile acid

@ Springer



3386

Archives of Toxicology (2020) 94:3381-3407

Microbiota

Immune system

Haptenization —
Neoantigen formation

PRRs

Drug
Drug metabolism
Reactive
metabolites Covalent binding Liver
Cellular stress \
ROS
DAMPs !
(e.g. HSP, HMGB1) 1GSH

HLA presentation Direct HLA binding v

1 Nrf2
1 Mitochondrial }— .
damage 1 Mitophagy

+ BSEP inhibition

| Innate immune system | KTJNK /
w‘ines

Immune tolerance —|

Adaptive immune
response

Adaptation / Defective adaptation

| Mild liver injury |

v

DILI

Fig. 1 Mechanistic view of idiosyncratic drug-induced liver injury
(DILI). Hepatocyte exposure to increased cellular stress is assumed to
be the initial step in DILI development with drug metabolism being
a potential source through the formation of chemically reactive drug
metabolites. The inability to detoxify reactive drug metabolites can
cause oxidative stress and mitochondrial damage and subsequently
activate signaling pathways. Reactive metabolites can also function as
haptens and form neoantigens, which when presented on HLA mol-
ecules, or bind directly in a non-covalent fashion to HLA molecules,
may lead to T-cell activation and an adaptive immune response. The
liver, however, has a predisposition towards immune tolerance that
must be interrupted to produce an adaptive immune response and
clinically relevant liver injury. This process is dependent on various

homeostasis and subsequently amplify the level of stress
imposed on the hepatocyte (Ogimura et al. 2017). Drug
transporters, especially efflux transporters, have also been
targeted in DILI studies, however limited evidence are avail-
able to date to support that these proteins have a prominent
role in DILI development.

The liver is, however, relatively resistant to drug-induced
stress and readily adapts even to prolonged drug treatments.
Additional factors are therefore likely required to amplify
the cellular insult in order for overt liver injury to occur.
The immune system is currently believed to be an additional
factor implicated in the underlying mechanism of idiosyn-
cratic DILIL

Immune system

In addition to producing cellular stress, reactive metabo-
lites can also function as haptens and bind to endogenous
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factors such as the innate immune system, cytokine environment, rec-
ognition of DAMPs from broken cells and/or PAMPs from concur-
rent infections or microbiota-derived components by PRRs (such as
Toll-like receptors). Ability to repair tissue damage and regenerate
new tissue will further differentiate between individuals with clini-
cal adaptation (mild liver injury) and defective adaptation (clinically
significant DILI). BSEP bile salt export pump, DAMPs damage-asso-
ciated molecular patterns, GSH glutathione, HMGBI high-mobility
group 1, HSP, heat shock protein, JNK c-Jun N-terminal kinase,
NRF?2 nuclear factor erythroid 2-related factor 2, PAMPs pathogen-
associated molecular pattern, LPS lipopolysaccharide, PRR pattern
recognition receptor, ROS reactive oxygen species

proteins. Such hapten-carrier adducts can form neoanti-
gens that when presented on specific human leukocyte
antigen (HLA) molecules potentially elicit an adaptive
immune response. Alternatively, certain drugs or reac-
tive metabolites may directly bind non-covalently to HLA
alleles and consequently activate the immune system.
These theories, in the context of DILI, are supported by
findings of specific HLA alleles being associated with
DILI ascribed to specific causative agents (Stephens and
Andrade 2020). Furthermore, idiosyncratic DILI often
have delayed onset of clinical symptoms, which is con-
sistent with the participation of drug-specific T cells. In
fact, drug-responsive CD4+ and CD8+ T cells have been
identified and characterized using peripheral blood sam-
ples from patients with flucloxacillin and amoxicillin-
clavulanate hepatotoxicity (Monshi et al. 2013; Kim et al.
2015), which specific HLA risk alleles have been identified
(flucloxacillin: HLA-B*57:01; amoxicillin-clavulanate:
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HLA-A*02:01, DRB1*15:01 and DQB1*06:02) (Daly
et al. 2009; Lucena et al. 2011).

Due to its biological role, however, the liver is constantly
exposed to foreign antigens and therefore has a predisposi-
tion towards immune tolerance to avoid excessive inflam-
matory reactions and subsequent tissue damage. To activate
an adaptive immune response the inherent state of immune
tolerance needs to be broken. The liver’s ability to maintain
immune tolerance or provide an immune response after drug
intake has been put forward in the adaptation hypothesis to
explain the rareness of DILI. Most people with HLA alleles
favoring an immunogenic response to a specific drug do
not develop liver injury or only mild transient liver profile
elevations that resolve with continued drug exposure (clini-
cal adaptation). Only a small amount of patients develop
persistent liver injury and clinically significant DILI due to
defective adaptation (failure to dampen the initiating mecha-
nism of injury because of diminished adaptive responses)
(Dara et al. 2016).

Hepatic immune tolerance is to a large extent depend-
ent on autocrine and paracrine effects of cytokines (Kubes
and Jenne 2018). In addition, recent findings suggest that
constitutively released hepatocyte-derived exosomes could
likewise play a role in maintaining normal liver immune tol-
erance (Holman et al. 2019). Stress due to infection, inflam-
mation or altered redox balance can also alter the cytokine
milieu and may co-stimulate the immune response as well
as elicit immune-mediated hepatic cell death (Iorga et al.
2017). Concurrent cell damage leading to the release of dan-
ger-associated molecular pattern molecules (DAMPs), for
example heat-shock proteins and high-mobility group box1
(HMGB1) protein, can initiate and perpetuate a non-infec-
tious inflammatory response. The implication of immune
checkpoints in maintaining hepatic immune tolerance is
becoming apparent with new cancer immunotherapies, for
example ipilimumab, pembrolizumab and nivolumab, which
specifically target immune checkpoints, such as programmed
cell death-1 (PD-1) and cytotoxic T-lymphocyte associated
antigen 4 (CTLA-4), to produce active immune responses
towards cancer cells. Several cases of DILI due to immune
checkpoint inhibitor-based treatments have been reported
(De Martin et al. 2018; Jennings et al. 2019; Miller et al.
2020).

Microbiota

The microbiota is unique to each individual and its com-
position depends on both genetic and environmental fac-
tors including diet, geographical location, toxin exposure
and hormones. The microbiota plays an important role in
immune system maturation that starts at an early age with
continued fine-tuning across the lifespan. Hence, the micro-
biota educates the immune system to properly distinguish

between commensal and pathogenic microbes. Emerging
evidence points towards a role for the intestinal microbiota
in various hepatic conditions, such as alcoholic liver disease,
non-alcoholic fatty liver conditions and cholestatic liver dis-
eases (Adolph et al. 2018). It has also been postulated that
the microbiota could be a factor in the underlying mecha-
nism of idiosyncratic DILI (Fontana 2014), but confirmatory
evidence is still lacking. The proposed role of the microbiota
in DILI is to a large extent based on its effect on immunity
and drug metabolism. The gastrointestinal tract and the liver
have a close relationship. On one hand, bile produced in the
liver flows to the gut and directly influences the resident
microbial environment. On the other hand, venous blood car-
rying products of the microbiota and the host’s immunologi-
cal responses to these organisms travels from the gut to the
liver via the portal vein. These bacterial translocations occur
normally in small amounts and are counteracted by liver
immune cells that respond with immune tolerance against
commensal microbiota components. However, alterations
in the number and composition of the intestinal microbiota
(dysbiosis) can lead to increased intestinal permeability and
consequently increased microbial translocation to the liver as
well as exposure of exogenous antigens to hepatic immune
cells resulting in protective immune responses. Microbial
elements detected by toll-like receptors expressed by hepatic
immune cells can affect immune homeostasis indirectly by
modulating cytokine profiles or directly by affecting immune
cell proliferation. Hence, dysbiosis may subsequently aid
the breakdown of hepatic immune tolerance, which in
patients on drug treatments that form a drug-related neo-
antigen, could promote an adaptive immune response and
DILI development. Regulation of hepatic immune functions,
such as T cell regulation, by intestinal microbiota compo-
nents has also been proposed as an underlying mechanism in
autoimmune hepatitis (AIH) (Czaja 2016). Interestingly, ani-
mal studies have demonstrated that the intestinal microbiota
composition may also influence gender bias for autoimmune
diseases in genetically susceptible subjects, such as females
being more prone to develop AIH (Markle et al. 2013). This
raises the question of a potential role for the microbiota in
gender biased severity in DILI, with women being more
likely to develop drug-induce ALF than men. Furthermore,
liver regeneration has been demonstrated to cause fluctuat-
ing changes in the microbiota (Bao et al. 2020). Thus, the
efficiency of hepatic tissue repair and regeneration is at
least partly controlled by each individual’s microbiota com-
position. More efficient tissue repair may be achieved by
manipulation of the microbiota leading to enhanced meta-
bolic responses in liver regeneration.

It is now evident that the microbiota also can influence
drug metabolism, both directly and indirectly. The most
important drug biotransformations performed by intesti-
nal bacteria involve reductive metabolism and hydrolytic
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reactions, but also demethylations, deaminations, dehydrox-
ylations, deacylations, decarboylations and oxidations are
known occur and could have an impact on drug metabolism
(Wilson and Nicholson 2017). This may result in altered
level of reactive metabolites and subsequently affect DILI
susceptibility. The intestinal microbiota may also affect drug
metabolism by altering the expression of drug metabolizing
genes, as demonstrated for CYP3A in mice liver (Toda et al.
2009). In fact, comparing mRNA transcriptomes from livers
of germ-free and conventional mice Selwyn et al. have dem-
onstrated that the intestinal microbiota markedly impacts the
ontogeny of various hepatic drug metabolizing genes in a
gender-specific manner (Selwyn et al. 2015).

Susceptibility factors

As DILI is assumed to be a multifactorial condition, its sus-
ceptibility is likely affected by various risk factors associated
with the causative agent, the host and the environment. The
impact of these risk factors may vary between individuals
and may not have the same influence on all forms of DILI,
but could at times be limited to specific causative agents.
Drug dose was initially thought to be of little importance in
idiosyncratic DILI, however it is now becoming evident that
a higher dose is more likely to cause DILI. A higher dose
has the potential to induce more cellular stress, although
the extent and subsequent level of cell damage may vary
from person to person depending on differences in compen-
satory mechanisms between individuals. The existence of
an individual drug threshold dose is supported by reports
of DILI appearing first after a dose increase is required for
better pharmacological effect in patients that have tolerated
the same drug at a lower dose (Carrascosa et al. 2015). It is
tempting to conclude that the high dose generally prescribed
for many antibiotics could be a reason for that these drugs
are commonly seen as DILI causative agents in many large
DILI cohorts. However, no mechanistic evidence is cur-
rently available to confirm this. Physiochemical properties
will also affect a drug’s hepatotoxicity potential in addition
to its pharmacological effect and potency. Drug development
is therefore often a fine balance between achieving enhanced
drug qualities and reduced risk of adverse drug reactions.
Lipophilicity is an important drug property that affects drug
uptake and metabolism. It has also been proposed as a poten-
tial risk factor for DILI together with drug dose, whereby
drugs associated with high lipophilicity (LogP >3) and a
recommended daily dose of > 100 mg were found to have
a higher risk of DILI (Chen et al. 2013). In addition, high
lipophilicity has been found as one of several drug proper-
ties more prevalent in drugs with age-biased DILI reporting
frequency (George et al. 2018; Hunt et al. 2014). Other drug
properties suggested to affect DILI susceptibility include the
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ability to form reactive metabolites, mitochondrial liability
and hepatic transporter inhibition. It should be pointed out
that while reactive metabolites appear to play an important
role in DILI development, drugs unknown to form reactive
metabolites can also cause DILI. For example, ambrisentan,
flecainide, maraviroc and bosentan are drugs with black box
warnings for hepatotoxicity despite the absence of structural
alerts in their chemical structure and no reports on reactive
metabolite formation (Stepan et al. 2011). Bosentan, how-
ever, is a strong inhibitor of BSEP, which could be a more
important risk factor associated with this drug (Rodrigues
et al. 2018). Although, the interpretation and predictive
value of in vitro BSEP inhibition assay results as a reflection
of increased DILI potential for a specific drug is currently
debated (Kenna et al. 2018; Chan and Benet 2018).

With regards to host factors, genetic variations have
long been considered of crucial importance in DILI. Early
candidate gene studies in this area focused mainly on drug
metabolizing genes and several variances were found to be
associated with different forms of DILI, but none of these
have been confirmed in more recent genome-wide associa-
tion (GWA) studies (Urban et al. 2012). Most genetic risk
factors in DILI with genome-wide significance identified
to date are located in the HLA region on chromosome
6 and are specific to DILI caused by distinct causative
agents (Stephens and Andrade 2020). All of these HLA
risk alleles share the fact that they have a low positive
predictive value, which limits their use for genetic screen-
ing prior to prescription to prevent DILI development.
On the other hand, the relatively high negative predic-
tive values associated with these HLA risk alleles can be
of diagnostic value when the patient has taken multiple
drugs prior to the DILI episode. HLA genotyping in this
situation can help determine the most likely causative
agent, provided that HLA risk alleles are identified for
the suspected medications. Likewise, it has been postu-
lated that HLA screening could be useful in distinguishing
DILI from AIH (Kaliyaperumal et al. 2018). In contrast
to identified HLA risk alleles that appear to be specific
for the causative agents, a variant (rs2476601) in the pro-
tein tyrosine phosphatase non-receptor type 22 (PTPN22)
gene is the first general genetic risk factor in DILI identi-
fied in a GWA study. Carrier of the minor allele resulting
in an amino acid change from arginine to tryptophan at
codon 620 of this gene were found to have a higher risk
of developing DILI (OR =1.44) caused by multiple drugs
(Cirulli et al. 2019). Interestingly, PTPN22 is believed to
be involved in T cell response regulation and polymor-
phisms in this gene have previously been associated with
increased risk of various autoimmune conditions, which
further supports the implication of immune alterations in
the underlying mechanism of DILI (Brownlie et al. 2018).
In search for common genetic risk factors across various
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liver conditions, 13 single nucleotide polymorphisms pre-
viously determined as being associated with non-alcoholic
fatty liver disease (NAFLD) and other liver conditions
were tested in 832 Caucasian DILI cases. However, none
of the tested variants were significantly associated with
DILI development, severity or outcome, suggesting that
the pathogenesis of DILI differs from those of other liver
conditions (Bonkovsky et al. 2019).

Lifestyle and comorbidities have also been postulated
as potential risk factors for DILI. However, conclusive
evidence is still lacking. Obesity, which is an established
risk factor for NAFLD, is known to increase the activ-
ity of various CYP isoforms and reduce the level of glu-
tathione. This could potentially increase reactive metabolite
formation, while reducing the detoxification capacity and
subsequently lead to increased risk of DILI development
(Fromenty 2013). Nevertheless, this would not increase the
risk of all forms of DILI, but be limited to DILI caused by
drugs that are metabolized by the affected CYPs. Obesity
often entails additional comorbidities with corresponding
drug treatments, which could also lead to increased risk of
drug-drug interactions. Drug—drug interactions are a reason
behind many adverse drug reactions, although the role in
DILI is not yet elucidated.

The effect of underlying hepatic conditions on DILI is
similarly relatively unidentified. Based on reports from DILI
registries, the proportion of DILI patients with underlying
hepatic conditions do not exceed that of the general popula-
tion (Chalasani et al. 2015). This suggests that the effect of
having additional liver conditions is limited with regards to
risk of DILI development. Specific liver conditions, how-
ever, may have a more profound effect on DILI due to dis-
tinct causative agents. For example, chronic viral hepatitis B
and C have been reported as risk factors for DILI caused by
anti-TBC treatments (Lomtadze et al. 2013; Sun et al. 2016),
although contradicting findings are also available (Noored-
invand et al. 2015; Saha et al. 2016). Despite the absence
of convincing evidence that underlying hepatic conditions
increases the risk of DILI development, DILI patients with
pre-existing liver diseases seem to have an increased risk of
a more severe outcome. In 843 Spanish DILI patients, 7.5%
of the patients with underlying hepatic conditions (n=53)
died due to liver-related problems, while only 3.7% of those
without underlying conditions suffered the same fate or
underwent a liver transplantation (Spanish DILI Registry:
unpublished data). Hence, the presence of an underlying
hepatic condition may diminish the liver’s capacity to recu-
perate from a DILI episode. North American DILI patients
with underlying hepatic conditions have also been reported
to have a higher proportion of deadly outcomes, although
the proportion of liver-related deaths was not found to be
significantly different from that of DILI patients without pre-
existing liver conditions (Chalasani et al. 2015).

Case characterization, clinical features
and phenotypes

Drugs, herbs and dietary supplements can induce any type
of acute or chronic liver damage, depending on the sever-
ity of the injury and the affected liver cell types. Most
of these adverse reactions are asymptomatic or produce
mild unspecific symptoms that resolve after withdrawal
of the culprit drug. Hence, DILI is generally detected by
increases in liver enzymes with or without signs or symp-
toms of liver disease. In 2011, a consensus group proposed
for acute DILI case qualification that the subject should
exceed a given threshold in serum liver enzyme activities:
ALT>5%XULN; ALP>2 X ULN; or ALT >3 X ULN com-
bined with TBL > 2 X ULN (Aithal et al. 2011).

Occasionally, severe DILI manifestations, progression
to acute liver failure or chronic liver disease may occur.
The severity of liver injury is not determined by the degree
of elevation of liver enzymes, but must take into account
clinical features and other analytical values. The Interna-
tional DILI Expert Working Group graded severity as fol-
lows (Aithal et al. 2011) (a) Mild DILI cases have elevated
ALT or ALP values reaching criteria for DILI, without
increases of total bilirubin values (TBL <2 X ULN); (b)
Moderate DILI if elevated ALT/ALP values reaching cri-
teria for DILI are associated with increased bilirubin val-
ues (TBL >2 X ULN), or hepatitis symptoms; (c) Severe
DILI when the previous values of ALT/ALP and biliru-
bin increases are associated with one of the following:
International normalized ratio (INR) > 1.5, ascites and/or
encephalopathy, disease duration <26 weeks, and absence
of underlying cirrhosis or other organ failure considered to
be due to DILI; and finally, fatal/transplantation is defined
as death or liver transplantation due to DILI. Similarly,
the US DILIN (Fontana et al. 2010) proposed a severity
classification with 5 grades (mild, moderate, moderate-
severe, severe and fatal). In this classification, moderate-
severe grade includes patients who need hospitalization.
Hospitalization criteria, however, can be different across
hospitals and countries, and this classification is therefore
less generalizable.

In those cases in which DILI cause symptoms, the typi-
cal presentation is an acute “hepatitis-like” syndrome,
with nausea, fatigue, jaundice, and abdominal discomfort
(Andrade et al. 2007). In cholestatic cases, pruritus and
asthenia can be prominent and may limit the patient’s
quality of life. Other associated manifestations, classically
referred to as immunoallergic features include fever, rash,
arthralgia, or lymph node enlargement, and can be present
in a quarter of DILI patients (Andrade et al. 2005; Devarb-
havi and Raj, 2019). Skin reactions can accompany DILI
related to certain drugs, and range from unspecific rashes,
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drug reaction with eosinophilia and systemic symptoms
(DRESYS) to severe cutaneous adverse reactions such as
Stevens-Johnson syndrome (SJS) or toxic epidermal necro-
sis (TEN), (Medina-Caliz et al. 2017; Devarbhavi et al.
2016). DILI with skin reactions seems to have severe out-
comes including acute liver failure, multiorgan failure,
liver transplant, or death more frequently, with a mortality
ranging from 36 to 44% of cases. (Devarbhavi et al. 2016;
Chalasani et al. 2015).

Besides, DILI can manifest with a wide variety of clinical
presentations such as cholestasis, chronic hepatitis, steatosis,
veno-occlusive disease and even neoplasms (Zimmerman
1999; EASL 2019) (Table 3). As liver biopsy is not routinely
performed in clinical practice for DILI diagnosis, suspected
DILI cases are not generally characterized according to his-
topathological features. Instead, liver biochemistry is used to
define the type of liver damage, which is calculated by the R
(ratio) value, where R =(ALT subject/ULN)/(ALP subject/
ULN). The resultant pattern is classified as hepatocellular
(R>5), cholestatic (R <2) and mixed cases (R>2 and < 5).
To calculate the R value, the first blood test available after
DILI initiation should be used, because the type of injury
could change over time, with a tendency towards lower R
values as the episode progresses (Andrade et al. 2006). The

international consensus also recommended that aspartate
aminotransferase (AST) can substitute ALT when the latter
is unavailable (Aithal et al. 2011). This recommendation
has been validated by authors from the Spanish DILI Reg-
istry who undertook an analysis in a large DILI cohort that
demonstrated that values of AST can reliably replace those
of ALT, whereas GGT is less reliably as an ALP substitute
(Robles-Diaz et al. 2015). The Spanish DILI group also pro-
posed a newR (nR) to define Hy’s Law for ALF prediction.
This proposal is based on the finding that the AST level
is independently associated with the development of ALF/
liver transplantation at all-time points, but is most predictive
at DILI recognition compared with the other time points
(Robles-Diaz et al. 2014).

There are a number of special phenotypes of DILI with
some differential characteristics that do not fit the biochem-
ical definitions stated above (EASL, 2019; Andrade et al.
2019). Drug-induced autoimmune hepatitis (DI-AIH) is
characterized by a hepatocellular pattern of liver damage,
with serological (detectable titers of autoantibodies, high
serum IgG levels) and/or histological features of idiopathic
AIH (interface hepatitis), making the differential diagnosis
between idiopathic and drug-induced hepatitis troublesome
in the majority of cases. Features than can further support

Table 3 Classification of patterns of liver injury, special phenotypes and DILI syndromes

Hepatocellular DILI Cholestatic/mixed DILI Liver tumors Vascular liver disease
Hepatocellular DILI: Cholestatic: Hepatocellular Nodular regenerative
ALT >5%x ULNorR>5 ALP>2xULNorR<?2 adenoma/carci- hyperplasia
Diclofenac Pure cholestasis (bland or canalicular) noma: Sinusoidal obstruc-
Flutamide Acute cholestasis or hepatocanalicular hepatitis ~ Estrogens tion syndrome
Isoniazid Mixed DILI: Anabolic andro- Azathioprine
Nimesulide Rof >2to<5 genic steroids Oxaliplatin
Amoxicilline clavulanate Thioguanine
Estrogens Mercaptopurine
Flucloxacillin Antiretroviral agents

azythromycin

Special syndromes

Drug-Induced autoimmune hepatitis:

Methyldopa, minocycline, nitrofurantoin,
diclofenac, biological agents, and statins

Immune mediated Liver injury:

Immune checkpoint inhibitors

Fatty liver disease

Microvesicular: amiodarone, cocaine, glucocor-
ticoids, nucleoside reverse transcriptase inhibi-
tors, tetracycline and tamoxifen

Macrovesicular: Amiodarone,
5-fluorouracil,glucocorticoids, methotrexate and
tamoxifen

Acute fatty liver: Aspirin, amiodarone, valproate,
and nucleoside analogs

venlafaxine

Peliosis hepatis
Anabolic steroids
Oral contraceptives
tamoxifen
Thiopurines

Vanishing bile duct syndrome: Ductopenia
Chlorpromazine, amoxicillin, carbamazepine,
azathioprine, meropenem and flucloxacillin
Secondary sclerosing cholangitis:
Amiodarone, amoxicillin-clavulanate, ator-
vastatin, infliximab, 6-mercaptopurine and
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the diagnosis of this entity are the absence of cirrhosis in
liver biopsy and the low recurrence rate once steroids are
tapered (Bjornsson et al. 2010; Bjornsson et al. 2017). Drugs
that have been associated with this phenotype are methyl-
dopa, minocycline, nitrofurantoin, diclofenac (deLemos
et al. 2014), biological agents (Rodrigues et al. 2015) and
statins (Perdices et al. 2014).

A new special DILI phenotype is the one related to
immune checkpoint inhibitors (ICIs), which can cause
immune-mediated hepatitis. These antitumor drugs act
by blocking immune checkpoint receptors, specifically
cytotoxic-T lymphocyte A-4, CTLA-4 (ipilimumab) and
programmed cell death-1, PD-1 (pembrolizumab and
nivolumab) as well as programmed cell death ligand 1,
PD-L1 (avelumab, atezolizumab and durvalumab). The fre-
quency of liver injury related to ICIs ranges from 2 to 30%
of patients, with the hepatocellular pattern being the most
frequent (albeit not exclusive) type of liver injury (EASL
2019). Anti-CTLA-4 therapy is more hepatotoxic than Anti-
PD-1 and PD-L1 treatments (Darvin et al. 2018) with the
ipilimumab and nivolumab combination having the highest
hepatotoxicity potential (Larkin et al. 2015). Steroid therapy
is indicated in certain cases, however it is recommended to
consult hepatologists prior to such treatments (EASL 2019).

Drug-induced fatty liver disease is another special pheno-
type of DILI characterized by variable degrees of accumula-
tion of lipids in hepatocytes. Two types of histological injury
are described: microvesicular and macrovesicular. The
first pattern is associated with drugs such as amiodarone,
cocaine, glucocorticoids, nucleoside reverse transcriptase
inhibitors, tetracycline and valproic acid. A particularly
serious liver steatosic syndrome is acute fatty liver charac-
terized by mitochondrial dysfunction that produces lactic
acidosis, acute microvesicular steatosis and hepatic dysfunc-
tion. A classic example is Reye syndrome linked to aspirin
that usually occurs in children after a viral illness. Drugs
capable of causing Reye-like syndrome, include amiodarone,
valproate, and nucleoside analogs (LiverTox: Clinical and
Research Information on Drug-Induced Liver Injury 2012).
The drug-related macrovesicular steatosis pattern has been
described in association with amiodarone, 5-fluorouracil,
glucocorticoids, methotrexate and tamoxifen (Fisher et al.
2015; Ramachandran and Kakar 2009; Dash et al. 2017).
Furthermore, steatosis associated with other patterns of
injury is frequently found in liver biopsies of DILI patients,
reaching up to 65% of cases in a study from the DILIN group
(Kleiner et al. 2014).

Drugs can also cause several types of biliary insult and
as a consequence the injury can progress to gradual loss of
intrahepatic bile ducts that when affects more than 50% of
portal tracts is called ductopenia and vanishing bile duct
syndrome, which often result in biliary cirrhosis. The drugs
most commonly associated are chlorpromazine, amoxicillin,

carbamazepine, azathioprine, meropenem and flucloxacil-
lin (Sundaram and Bjornsson 2017). Besides, secondary
sclerosing cholangitis, characterized by an acute DILI with
primary sclerosing cholangitis features on liver biopsy or
magnetic resonance imaging has also been described in
association with drugs or herbs. Amiodarone, amoxicil-
lin—clavulanate, atorvastatin, infliximab, 6-mercaptopurine
and venlafaxine are the agents more frequently related to
sclerosing cholangitis (Gudnason et al. 2015).

The endothelial sinusoidal cell is a potential target for
reactive metabolites generated by some drugs and herbal
products (pyrrolizidine alkaloids) and hepatotoxicity can
consequently manifes with a phenotype similar to various
vascular liver disorders. These include nodular regenera-
tive hyperplasia, characterized by the development of dif-
fuse nodularity without advanced fibrosis leading to non-
cirrhotic portal hypertension and sinusoidal obstruction
syndrome (SOS) that occurs when the portal venules are
affected resulting in obstruction or dropout of smaller radi-
cles. Typical agents that cause these phenotypes of DILI
include azathioprine, oxaliplatin, thioguanine, mercaptopu-
rine, antiretroviral agents and possibly methotrexate (Hartleb
et al. 2011). Another vascular liver disease related to drugs
is peliosis hepatis, where blood-filled cavities are found in
liver histopathological examination. Drugs related to this
particular phenotype are anabolic steroids, oral contracep-
tives, tamoxifen and thiopurines (Crocetti et al. 2015).

Hepatocellular adenoma and carcinoma have also been
associated with drug therapy. Long term oral contraceptive
use, is linked to hepatocellular adenoma and androgenic
steroids to hepatocellular carcinoma. Regression or disap-
pearance of adenomas after drug discontinuation has been
described (Rooks et al. 1979; Velazquez and Alter 2004).

Diagnosis

An early and reliable diagnosis of DILI is essential. This
is firstly, because the main therapeutic measure for hepa-
totoxicity is withdrawal of the culprit drug to limit further
damage; secondly, to confidently rule out DILI (i.e. identify
an incompatible temporal sequence) facilitates a correct
diagnosis of other causes of liver injury; thirdly, identifica-
tion and reporting of DILI cases can aid regulatory deci-
sions including warnings and withdrawals of drugs from the
market. However, the absence of specific tests makes the
diagnosis of idiosyncratic DILI troublesome in the majority
of cases. Thus, the DILI diagnosis relies heavily on clinical
suspicion, temporal compatibility, and exclusion of alterna-
tive causes of liver damage. Bearing in mind that a hepatic
adverse drug reaction might explain the patient’s symptoms,
clinicians should search for a rapid improvement of liver
tests after withdrawal of the culprit drug or “dechallenge”,
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the presence of drug-related special features, compatible
histological findings, reappearance of the injury after unin-
tentional re-exposure to the substance, referred to as “rechal-
lenge”, as well as the presence of extrahepatic manifesta-
tions such as immunoalergic features (Andrade et al. 2004)
(Fig. 2).

Stepwise approach to diagnosis

The diagnostic process can be improved by making a step-
wise approach, which starts with the suspicion of DILI when
facing any liver disorder, either de novo or a worsening of a
known hepatic disease, and is followed by a systematic clini-
cal, laboratory and imaging evaluation intended to retrieve
all the necessary information for DILI diagnosis (Fig. 2)
(Andrade et al. 2004). This step by step diagnostic approach
has become the standard method for evaluation of suspected
DILI (EASL 2019).

1. Physician awareness and pharmacological history
Physicians and health care providers should keep in mind
the possibility of an adverse hepatic reaction when evaluat-

ing patients with a new onset of liver injury or worsening
of a pre-existing liver disorder (i.e. acute on chronic liver

Liver injury

Suspicion of DILI |

U

Clinical and pharmacological history
(including HDS and OTC treatments)

U

Evaluate temporal relationship, hepatotoxicity
potential and signature

Withdrawal of any suspected drug or HDS

U

Exclusion of other causes of liver injury |

U

Clinical assessment

Response to dechallenge

Suggestive clinical and liver biopsy features
Evaluate positive rechallenge or previous DILI
Causality assessment tools

Biomarkers

Fig.2 Step-by-step approach to DILI diagnosis. Modified from
Andrade et al. (2004)
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disease). Therefore, a necessary step when liver injury is
detected is a thorough investigation of prescribed and over-
the-counter drugs, illegal products or HDS, taking into
consideration doses, duration of treatment, the relationship
between start/stop dates and the appearance of symptoms or
laboratory abnormalities (Kullak-Ublick et al. 2017).

2. Temporal eligibility

Evaluating the temporal relationship between drug intake
and the start of liver symptoms, signs, or laboratory tests,
whichever comes first, is essential. This latency period var-
ies widely among different drugs and patients. The major-
ity of idiosyncratic DILI reactions occur within the first
3 months after initiating therapy. However, DILI associated
with some drugs such as amoxicillin-clavulanate can present
with a delay after discontinuation of the drug (Kullak-Ublick
et al. 2017).

3. Hepatotoxicity information and phenotypes associated
with drugs and HDS

Once a given drug or botanical compound is suspected,
their hepatotoxic potential and liver injury signature must
be assessed. Nevertheless, data on a drug’s DILI potential
is not always available (Bjornsson and Hoofnagle 2016).
The information included in the summary of product char-
acteristics of the drug may be incomplete for DILI, since
it mostly includes data of transaminase elevations during
clinical trials, but description of severe DILI cases that more
frequently occur in the post-marketing phase is typically
missing (EMA 2015). Published information about DILI
can be found in different research sources. Although data
from these resources can be helpful in cases of frequent or
severe DILI, useful information in rare cases is more difficult
to find (Bjornsson and Hoofnagle 2016).

In order to collect and update information about hepa-
totoxic potential and features of drugs and HDS, a number
of databases and apps have been developed. “LiverTox” is
an open access website created by the National Institutes of
Health that provides information on liver injury induced by
medicines and HDS based on a rigorous literature research
including all published DILI cases from the previous
50 years (NIDDK 2017). Based on LiverTox, a categori-
zation of the drug DILI potential has been proposed, with
the development of a “likelihood score” according to the
probability of the association of a certain drug with DILI
(Bjornsson and Hoofnagle 2016). This seven-point categori-
zation is based on the number of DILI cases published in the
literature, thus it is more accurate for drugs that have been
extensively used for a prolonged period and less for recently
approved medications or for drugs and HDS that have been
scarcely used (Bjornsson and Hoofnagle, 2016). However,



Archives of Toxicology (2020) 94:3381-3407

3393

classification of drugs hepatotoxic potentials based on num-
ber of published case reports can be misleading as the num-
ber of publications may not accurately capture all elements
of DILI risks (i.e., frequency, severity and causality) and
regulatory actions taken on the drugs.

Other resources of DILI information are UpToDate (https
:/[www.uptodate.com), Liver Toxicity Knowledge Base and
DILIrank Dataset (https://www.fda.gov/ScienceResearch
/BioinformaticsTools/default.htm), Toxicogenomics Pro-
ject-Genomic Assisted Toxicity Evaluation System (https://
toxico.nibiohn.go.jp/english), Natural Medicines Compre-
hensive Database (https://naturalmedicines.therapeuticrese
arch.com), Toxicology Data Network (https://toxnet.nlm.nih.
gov), or MedWatch (https://www.fda.gov/safety/medwatch)
(Isaacson and Babich 2020).

4. Exclusion of other causes of liver injury: clinical, labora-
tory and complementary tests

The exclusion of alternative causes is mandatory in DILI
adjudication. These include viral hepatitis, autoimmune
liver diseases, metabolic hepatic diseases, alcoholic hepa-
titis, vascular disease, biliary obstruction, bacterial hepati-
tis, or tumors depending on the clinical context (Table 4).
Indeed, a history of liver related risk factors such as alcohol
intake, risk behaviors for transmission of infections or car-
diovascular disorders could suggest other etiologies of liver
disease. Blood test including blood count, coagulation, and
liver biochemistry are necessary for the diagnosis and phe-
notyping of liver damage, along with metabolic status for
the diagnosis of non-alcoholic steatohepatitis, ceruloplasmin

and urine copper levels for the diagnosis of Wilson disease,
autoantibodies and immunoglobulin levels for the exclusion
of autoimmune disorders, viral serology for hepatitis A, B, C
and E (including RNA-VHE and RNA-VHC), and abdominal
imaging test (i.e. ultrasonography) are of help in the exclu-
sion of the main causes of liver disease. The phenotype of
the liver injury can further guide complementary diagnostic
tests such as magnetic resonance cholangiopancreatography
or endoscopic ultrasound in the evaluation of cholestatic
damage to exclude biliopancreatic pathology (EASL 2019).

5. Dechallenge

Withdrawal of the suspected causative agent is gener-
ally followed by a clinical and laboratory improvement over
the next days or weeks in the majority of DILI cases. For
acute hepatocellular or cholestatic injury the expected time
to resolution is 2—6 months, with cholestatic damage gener-
ally taking longer time to resolve than hepatocellular dam-
age (Lewis and Kleiner 2006). Although a rapid decline of
aminotransferases after drug discontinuation supports the
diagnosis, in some cases liver injury continues to progress
leading to ALF.

6. Rechallenge

A positive re-challenge is defined as the reappearance of
a liver damage after re-administration of a drug previously
involved in a DILI episode. Although generally inadvertent,
it can be considered the nearest to a gold standard in the

Table 4 Exclusion of other

causes of liver injury Viral hepatitis A,B,C.E

CMYV, HSV, EBYV infection
Alcoholic hepatitis
Autoimmune hepatitis

Non-alcoholic steatohepatitis
Hypoxic/ischaemic hepatitis
Bilary tract disease

Wilson disease

Hemochromatosis
Alpha-1-antitrypsin deficiency

IgM anti-HAV

HBsAg, IgM anti-HBc, HBV DNA
Anti- HCV, HCV RNA

IgM, IgG anti- HEV, HEV RNA

IgM and IgG anti-CMYV, IgM and IgG anti HSV, IgM and IgG anti-EBV
Ethanol history, AST > ALT, GGT, MCV

Autoantibodies: ANA, ASMA, anti LKM1 titres
Gamma-globulines

Total: IgM, IgG, IgE, IgA

Ultrasound or MRI

CAP score

Medical history: acute or chronic congestive heart failure, hypotension,
hypoxia, hepatic venous occlusion
Ultrasound or MRI

Ultrasound, MRC and/or EUS
Ceruloplasmin, 24 h urine cupper levels
Ferrititin, transferrin saturation

Alpha-1-antitrypsin

CMYV citomegalorivus, HSV herpes simplex virus, EBV epstein barr virus, MCV median corpuscular volu-
men, MRI magnetic resonance imaging, CAP controlled attenuation parameter, MRC magnetic resonance
cholangiography, EUS endoscopic ultrasound
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diagnosis of DILI (Andrade et al. 2009). Classically, a posi-
tive rechallenge has been defined as doubling of ALT or ALP
in hepatocellular or cholestatic/mixed type of liver injury,
respectively (Benichou 1990). More recently, an increase in
the cutoff for rechallenge in ALT values to>3 X ULN has
been proposed based on antineoplastic and antituberculosis
clinical studies (Hunt et al. 2017).

A number of host factors (HLA polymorphisms) and
drug properties such as higher drug daily dose, production
of reactive metabolites, mitochondrial dysfunction, BSEP
inhibition, and more frequent ALT increases during clini-
cal trials, have been related to the development of posi-
tive rechallenge (Hunt et al. 2017). Drugs most commonly
associated with rechallenge are halothane (51%), lapatinib
(55%), tolvaptan (55%), pazopanib (38%), tacrine (33%)
and the antituberculous combination of isoniazid/rifampin/
pyrazinamide (11-24%) (Hunt et al. 2017).

Given the risk of severe DILI development upon rechal-
lenge, it has been classically considered as a dangerous prac-
tice (Mushin et al. 1971). Therefore, intentional re-exposure
is not allowed as a diagnostic tool for evident ethical reasons.
Besides, interpretation of such reactions can be difficult and
potentially lead to erroneous assumptions (Andrade et al.
2007).

Hence, rechallenge is only justified in cases where
essential and non-replaceable drugs for the treatment of
life-threatening diseases are needed, as it is the case for
antituberculous and oncological therapies (EASL 2019).
Two prospective controlled clinical trials showed a variable
rate (0-24%) of positive rechallenge to antituberculous drugs
(Tahaoglu et al. 2001; Sharma et al. 2010).

In oncology, rechallenge is increasingly tried both in
clinical trials and daily practice, especially regarding new
antitumor-targeted drugs with known DILI potential. An
analysis of pazopanib phase II and III studies showed 5%
of DILI development and 38% of rechallenged patients had
ALT elevations recurrence but no patients developed severe
liver injury (Powles et al. 2015).

Scarce information on rechallenge is available in clini-
cal practice. An analysis of the Spanish DILI Registry
yielded a 6% rechallenge rate, mostly inadvertent and with
antibiotics being the most frequently involved agents. In

this cohort, cases with a positive rechallenge had more fre-
quently hepatocellular type of liver injury, a shorter time
to onset than the initial episode, and a higher proportion
of fatal cases (Fernandez-Castaifier et al. 2008).

7. Extrahepatic manifestations

In rare instances, involvement of other organs aside
from the liver can occur and constitute a strong clue for
DILI diagnosis. These include pancreas, kidney and skin
(Kardaun et al. 2007; Bastuji-Garin et al. 1993; Devarb-
havi et al. 2016). In addition, any of the following hyper-
sensitivity features such as fever, rash, lymphadenopathy,
periorbital oedema, arthralgia, blood eosinophilia, and/
or decreased lymphocyte count can be present in approxi-
mately 25% of idiosyncratic DILI patients, which suggest
an immunologic-allergic idiosyncrasy operating in these
cases (Andrade et al. 2005; Devarbhavi and Raj 2019).
Drugs more frequently associated with immunological
manifestations are dapsone, carbamazepine, or phenytoin
(Devarbhavi et al. 2011, 2016, 2017; Sanabria-Cabrera
et al. 2019).

8. Liver biopsy

Liver biopsy is seldom useful for DILI diagnosis as his-
tological findings are often unspecific and not conclusive.
Thus it should only be considered when withdrawal of the
suspected drug or HDS is followed by incomplete improve-
ment or worsening of liver damage, in acute or chronic atyp-
ical presentation (i.e. non-alcoholic fatty liver disease, liver
vascular disorders, chronic hepatitis with fibrosis), or when
the case presents with features suggestive of AIH (EASL
2019). Although no pathognomonic findings for idiosyn-
cratic hepatotoxicity exist, some histological features such as
the presence of severe acute hepatitis, submassive or massive
necrosis, zonal necrosis, cholestatic hepatitis, eosinophils,
granulomatous hepatitis, microvesicular steatosis, or fea-
tures of sinusoidal obstruction syndrome can be of help in
hepatotoxicity diagnosis (Kleiner 2018). The key points to
have in mind to make a proper diagnosis of DILI are listed
in Table 5

Table 5 Key points in the diagnosis of idiosyncratic drug-induced liver injury

Temporal association between drug, herbal or dietary supplements intake and the appearance of the liver disease

Reasonable exclusion of alternative causes of liver disease according to clinical context

Positive dechallenge: improvement of liver damage after withdrawal of the culprit drug

Drug related special features (HLA associations)

Histopathological findings consistent with a specific drug (i.e. granulomas and allopurinol, oxaliplatin and sinusoidal obstruction syndrome,

calcium carbimide and ground-glass inclusion bodies in the hepatocytes)

Rechallenge, reapperance of the liver injury after inadvernt readministration of the drug

Extrahepatic manifestations: presence of rash, immunoallergic features
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Causality assessment methods

The diagnostic process described above, can be further
strengthened by the use of causality assessment methods
(Garcia-Cortés et al. 2011) defined as structured and objec-
tive processes of evaluation of suspected DILI cases. Differ-
ent tools for the evaluation of adverse drug reactions have
been developed with the aim of conferring more objectiv-
ity and reproducibility to hepatotoxicity diagnosis. These
methods can be classified into general or liver specific tools,
and furthermore based on the type of tool into probabilistic
methods, algorithms or scales, and expert opinion based sys-
tems (Arimone et al. 2006). The criteria generally included
in these tools are the temporal relationship between drug
and injury, known drug toxicity potential, exclusion of an
alternative explanation for the liver disorder, improvement
after withdrawal of the offending drug, or a positive rechal-
lenge. Non-liver specific methods, such as the Naranjo
adverse drug reaction scale (Naranjo et al. 1981), have not
shown to have sufficient validity to assess DILI, thus it is no
longer recommended in hepatotoxicity causality assessment
(Garcia-Cortés et al. 2008).

DILI specific causality assessment scales

In 1987, the Council for International Medical Sciences
sponsored by the Roussel Uclaf pharmaceutical company
coordinated several consensus meetings with a panel of
experts on DILI, including hepatologists, members from
the French Drug Surveillance Network, and from the Inter-
national Drug Surveillance Department of Roussel Uclaf.
The objectives of these meetings were to develop standard-
ized definitions of DILI, define clinical and chronological
criteria, and to describe the causes of liver injury to be
excluded (Danan 1988). These meetings led to the publica-
tion of the CIOMS/RUCAM causality assessment criteria
and the development of a scale (Benichou 1990; Danan
and Benichou 1993). This method is based on a weighted
scoring system according to 7 distinct domains. The sum
of the individual scores is translated into different catego-
ries of probability. The reproducibility of the scale was
evaluated by applying the method to 50 cases of suspected
DILI by four experts. Agreement between 2 experts was
99%, 74% among three experts, and 37% of agreement was
found when 4 experts evaluated the cases (Danan and Ben-
ichou 1993). The scale was validated using a cohort of 49
published DILI cases with positive re-challenge, as well as
28 non-DILI controls. The results from this study showed
a sensitivity of 86%, a specificity of 89%, a positive pre-
dictive value of 93%, and a negative predictive value of
78% (Benichou et al. 1993).

In 1997, the doctors Maria and Victorino, published a
less complex liver specific causality assessment scale called
the Clinical Diagnostic Scale (CDS), also named the Maria
and Victorino (M&V) scale (Maria and Victorino 1997).
Unlike the CIOMS/RUCAM scale, this method does not
differentiate between types of liver injury in the evaluation
of chronological relationship, and does not include risk fac-
tors or concomitant medication. However, the CDS takes
into consideration extrahepatic manifestations such as rash,
fever, arthralgia, and haematologic immunoallergic features
(Garcia-Cortés et al. 2011). The sum of the results of each
criterion is translated into five DILI probability categories:
definite, probable, possible, unlikely, and excluded. This
method was evaluated in cases of immunoallergic DILI,
and was compared with experts’ opinion as gold standard
reaching full agreement in 84% of cases, and 86% of agree-
ment between raters. In spite of high validity and inter-rater
reliability, the authors point out some limitations of the CDS
such as a poorer reliability in cases with chronic evolution or
long latency period (Maria and Victorino 1997).

Later on, the Digestive Disease Week-Japan (DDW-J)
scale, a modified CIOMS/RUCAM scale, was proposed in
Japan (Takikawa et al. 2003). Changes were made in the item
concerning chronological criteria, removing “unrelated”
when the reaction occurred more than 15 or 30 days after
stopping the drug in the hepatocellular and cholestatic/mixed
type, respectively. Besides, the domain of concomitant drugs
was removed, and a domain of extrahepatic manifestations
was included, where cases with positive drug-induced
lymphocyte stimulation test (DLST), or eosinophilia score
positive. The DDW-J scale has been shown to accurately
diagnose DILI and was superior to the Maria and Victorino
scale (Watanabe and Shibuya 2004). However, the DDW-J
scale has not been generalized outside the country of origin
because the drug-induced lymphocyte stimulation test is not
available or standardized elsewhere.

In 2013, Cheetham et al. published an electronic version
of the CIOMS/RUCAM scale named eRUCAM, which
showed good concordance with the classic scale (Cheetham
et al. 2014). More recently, an updated CIOMS/RUCAM
was developed to overcome the limitations of the origi-
nal scale. Modifications included new additional criteria,
clarification of some ambiguous items, incorporation of
herbal-induced liver injury (HILI) special features, and
updating the exclusion criteria (Danan and Teschke 2016).
However, a prospective validation of this scale has yet to
be carried out. Finally, another CIOMS/RUCAM method
variant was developed in the pharmacovigilance setting, the
PV-RUCAM (Scalfaro et al. 2017). This scale was specially
created for cases with incomplete information included in
pharmacovigilance datasets and showed excellent sensitivity
and negative predictive value, 91% specificity, good correla-
tion with expert opinion, and high inter-rater agreement, but
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a low positive predictive value (25%). Although promising,
prospective validation of these results is pending.

Expert opinion based methods

Expert opinion refers to the assessment of a DILI case by
clinical experts based on available data. Experts should
have experience in managing patients with liver disease
and also understand the concept of DILI. Expert opinion
is mainly used to assess causality when a significant DILI
signal appears during clinical drug development. The key
advantages of this approach over scales and algorithms
are that experts may (1) have insights into the differential
diagnosis of liver injuries that occur in study subjects, (2)
take into account different or unusual DILI phenotypes and
pathological mechanisms in their analysis; and (3) weight
and synthesize relevant pre-clinical, treatment population
and individual case-level data to provide a full picture of
risk assessment. Furthermore, experts may have access
to updated DILI information, which can improve causal-
ity assessment, especially with recently marketed drugs
(Hayashi 2016).

Nevertheless, the main limitation of expert opinion based
tools is subjectivity. As DILI clinical signatures vary consid-
erably and no specific biomarkers are currently available, the
inter rater variability among experts on a specific case may
be noticeable (Arimone et al. 2006). To overcome this limi-
tation, the DILIN group developed a structured expert opin-
ion process for the assessment of suspected hepatotoxicity
cases recorded in the DILIN registry. It consists in a method
where expert hepatologists evaluate prospectively collected
clinical and laboratory data from cases of suspected DILI.
The likelihood of an event being DILI is described using
both a percentage associated with a descriptive legal termi-
nology (Rockey et al. 2010), classifying events as “definite”
with a likelihood of DILI of more than 95% when the evi-
dence for the drug causing the injury is beyond reasonable
doubt; “highly likely” with a likelihood of an ADR between
75 and 95%, with evidence for the drug causing the injury
being clear and convincing but not definite; “probable” with
a likelihood from 50 to 74%, where the preponderance of
the evidence supports the link between the drug and the
liver injury; “possible” with a probability of 25% to 49%,
with present but equivocal evidence of DILI; “unlikely”
with a probability of ADR of less than 25% with evidence
that alternative causes other than drugs caused the liver
damage; and “not determinable” in the case of missing key
data (Rockey et al. 2010; Hayashi 2016). Afterwards, three
experts evaluate the cases, and if complete concordance is
reached the results are accepted. However, if no agreement
is reached, the causality assessment results are reviewed in
monthly conference calls in an attempt to solve discrepan-
cies. If there is still no accord reached, the full causality

@ Springer

committee vote, and the majority vote is accepted as the final
score (Rockey et al. 2010). While this approach may work
for investigational purposes, it cannot be brought for obvious
reasons to daily clinical practice.

Comparative studies between different causality
assessment methods

Since the development of the above mentioned scales and
the expert opinion method, different comparative studies
have been carried out. Two studies evaluated the perfor-
mance of the CDS compared with the International Con-
sensus Criteria (Aithal et al. 2000) and with the CIOMS/
RUCAM scale (Lucena et al. 2001). The earlier concluded
that the CDS scoring correlates well with the International
Consensus classification, and found that a cut-off score of
9 points in the CDS scale reliably identifies if liver injury
is DILI related (Aithal et al. 2000). Lucena et al. evaluated
reliability and validity of CDS compared with the CIOMS/
RUCAM scale in 185 cases included in the Spanish DILI
Registry previously evaluated by three DILI experts (Lucena
et al. 2001). This study yielded poor agreement between the
scales, especially in cholestatic cases and in cases with fatal
outcome. The CIOMS/RUCAM scale demonstrated better
discriminative power and more agreement with expert opin-
ion than the CDS scale (Lucena et al. 2001).

The DILIN group also studied the reproducibility of
the CIOMS/RUCAM using DILI cases included in the
DILIN Registry (Rochon et al. 2008). The test-retest com-
plete agreement was reached in only 26% of cases, with an
inter-rater reliability of 0.45. This group concluded that the
CIOMS/RUCAM has a “mediocre” reliability of DILI cau-
sality assessment. To improve the diagnosis of hepatotox-
icity the DILIN suggested that the CIOMS/RUCAM scale
should be modified, new drug-specific instruments should be
developed or that the causality assessment should be based
on expert opinion (Rochon et al. 2008). After developing the
DILIN expert opinion process, the authors compared this
method with the CIOMS/RUCAM scale reaching a modest
agreement between the two methods (r=0.42). Complete
inter-rater agreement was found in only 27% of cases with
expert opinion and in 19% with CIOMS/RUCAM. Although
an important inter-observer variability was demonstrated
with both methods, the expert opinion process produced
higher inter-rater agreement and likelihood score (Rockey
et al. 2010).

In conclusion, diagnostic scales serve to translate the cli-
nician’s suspicion into a quantitative score and are designed
for supporting and less for excluding causality. Further-
more, the objectives of causality assessment methods are to
add consistency to the diagnostic process, to reduce inter-
observer discrepancies, and to provide a guidance of the
main features and information required for the evaluation
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of suspected hepatic adverse reactions. Among the scales,
the CIOMS/RUCAM scale has demonstrated to be supe-
rior to other general or liver-specific methods such as the
Naranjo scale, or the CDS (Garcia-Cortés et al. 2008;
Lucena et al. 2001). Advantages of the CIOMS/RUCAM
scale are increased validity and that can remind physicians
of the essential information to be retrieved, and therefore can
act as a guide in the assessment of DILI cases (Agarwal et al.
2010; Kaplowitz 2001). Besides, this method is the most
commonly used causality assessment scale in the majority of
studies, and published literature. Even more, the American
College of Gastroenterology Guidance, the European Asso-
ciation for the Study of the Liver (EASL) Clinical Practice
Guidelines, and the Chinese Clinical practice guidelines,
recommend this method for causality assessment in DILI
(Chalasani et al. 2014; EASL 2019; Xiao et al. 2019).

However, the CIOMS/RUCAM scale was developed more
than 25 years ago based on expert opinion and is not a per-
fect tool for DILI evaluation, since there is poor inter-rater
reliability (Rochon et al. 2008). The reasons for discrepan-
cies among raters are diverse (Roytman et al. 2018). Besides,
there are some situations with special features that make
evaluation by CIOMS/RUCAM more difficult such as fatal
or chronic cases with negative dechallenge, atypical presen-
tation, HDS-induced liver injury, or patients with underlying
liver disease (Garcia-Cortés et al. 2011; Suk et al. 2012). On
the other hand, The DILIN expert opinion process has dem-
onstrated more reproducibility than the CIOMS/RUCAM
scale, especially in DILI induced by new marketed drugs
without previous history of DILI (Rockey et al. 2010; Regev
et al. 2014; EASL 2019). Nevertheless, limitations of the
DILIN expert opinion process include absence of external
validation, lack of expert panels in routine clinical practice
(time consuming and costly), and the fact that the assess-
ment is done retrospectively (Caines and Moonka 2020).

Briefly, to improve the CIOMS/RUCAM scale an interna-
tional prospective collaboration has been set up to establish
evidence-based cut-offs, to improve clarity, reliability and
validity (Hoofnagle 2004; Molokhia and McKeigue 2006;
Bjornsson and Olsson 2005; Matheis et al. 2011; Slim et al.
2016). Refinement of the CIOMS/RUCAM scale is feasible
using current cohorts of DILI cases collected in prospective
Registries that would allow developing a more objective,
evidence-based tool, simple to score, able to identify DILI
across a range of DILI likelihood categories, and potentially
an online application.

New biomarkers

Biomarkers in DILI can be classified according their con-
text of use into predictive or susceptibility biomarkers
(genetic) and monitoring/safety, mechanistic and prognostic

biomarkers (soluble proteins). In addition, some in vitro tests
are being used for supporting DILI causality assessment.

Genetic markers

In the last years the availability of bioinformatics and array
platforms have made it feasible to undertake GWA stud-
ies in search of genetic variations, which have long been
considered of crucial importance in DILI. GWA studie
have identified some significant links to hepatotoxicity in
the HLA region on chromosome 6 (e.g. haplotypes HLA-
DRB1*15:01- DQB1*06:02 for amoxicillin-clavulanate,
HLA-B*57:01 for flucloxacillin, and HLA_B*33:01 for
terbinafine and fenofibrate) (Lucena et al. 2011; Nicoletti
et al. 2017) as well as a polymorphism in the PTPN22 gene,
the only genetic marker indicating a general risk for DILI
regardless drugs (Cirulli et al. 2019). Genetic markers are
primarily predictive. As for most polygenic disorders, the
positive predictive value of individual associations is very
low and of limited use in preventing idiosyncratic DILI.
However, the high negative predictive values (>95%) of
most identified HLA alleles associated with DILI can be
useful in case assessment (e.g. when the subject does not
harbor the genetic risk allele an alternative etiology should
be considered) (Andrade and Robles-Diaz 2020).

Soluble biomarkers

Current standard serum liver tests ALT, AST, ALP and bili-
rubin, although not specific for hepatotoxicity, have been
used to identify and monitor DILI since the 1950s both in
clinical practice and in drug development. However, the
discovery and validation of more satisfactory liver safety
biomarkers is clearly an unmet need that is further high-
lighted in the new therapeutic scenario with drugs such as
checkpoint inhibitors, associated with a high hepatotoxicity
risk, as well as for the increasing number of patients with
underlying liver disease exposed to drugs.

Improved biomarkers compared with current standard
serum liver tests should have any of the following advan-
tages: (a) more specific for liver injury than ALT; (b) more
sensitive in detecting hepatocellular function than TBL; (c)
Be more informative on the mechanisms of DILI; (d) more
accurate in predicting prognosis than currently available ana-
lytes for clinical outcomes in DILI patients. Recently, inter-
national collaborative efforts have been set-up to identify
and validate new biomarkers able to address this improved
performance (Church et al. 2019). More liver specific bio-
markers include microRNA-122 (miR-122), which, never-
theless, in healthy volunteers showed substantial inter- and
intra-subject variability in circulating levels (Church et al.
2019). This is possibly related to the fact that miR122 can
be released from healthy liver cells and have physiological
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effects in other tissues (Chai et al. 2017). This may limit
is future applicability. Another potential biomarker with
liver specificity is glutamate dehydrogenase (GLDH) an
enzyme present in the mitochondrial matrix and abundant
in the liver. It had lower inter- and intra-subject variation
than miR122 in healthy volunteers (Church et al. 2019).
Elevation in GLDH levels can point to mitochondrial tox-
icity as a mechanism of DILI. In addition to this enzyme,
other biomarkers that can provide additional insights into the
mechanisms of liver injury include full-length cytokeratin
(CK) 18 (Jaeschke and McGill 2013), (indicating necrosis),
caspase cleaved CK 18 (a marker of apoptosis), macrophage
colony stimulating factor receptor 1 (MCSFR1) (a receptor
for a cytokine that controls the proliferation, differentiation,
and function of macrophages indicating immune activa-
tion) and high-mobility group box 1 (HMGB1), (a nuclear
protein that is released during necrosis of most cell types
and can act as a DAMP to activate innate immune cells) a
potential marker of “danger signals” involved in the initia-
tion of DILI events. From the list of candidate biomarkers
those that were found to have prognostic ability in a recent
international collaborative study were osteopontin (OPN),
CK18, and MCSFR1 (Church et al. 2019). Although INR
had the highest predictive performance for liver failure, OPN
(an extracellular matrix protein widely expressed in immune
cells that contribute to inflammation) ranked first among
candidate biomarkers, exceeding the predictive capacity
of total bilirubin. In this study other candidate biomarkers
(full-length CK 18 and MCSFR1) when incorporated were
found to improve specificity of the Model of End-stage Liver
Disease (MELD) to predict liver failure (Church et al. 2019).

Mechanistic and prognostic biomarkers although not
yet fully qualified are further explored in the Translational
Safety Biomarker Pipeline, TransBioLine consortium under
the umbrella of the EU’s Innovative Medicines Initiative
(https://transbioline.com/project/). Indeed, the new biomark-
ers are meant to complement the standard liver tests, which
provide information only across two dimensions, i.e. injury
(ALT, AST, ALP), and function (bilirubin, INR, albumin),
shedding light onto the injury phenotype, mechanism of
liver damage and risk of progression. Hopefully, these will
be an important new addition to the interpretation of liver
safety signals in clinical trials and for case assessment in
the near future.

Biomarkers for causality assessment

In addition to measurement of soluble biomarkers, use of
dedicated ex vivo or in vitro tests may help DILI causality
assessment in specific cases.

Lymphocyte transformation test (LTT) was developed in
the 1960s in Japan and uses in vitro proliferation of T-cells
from DILI patients exposed to the suspected drug. Although
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it has been reported to have good sensitivity and specificity,
the test is hardly reproducible: A modified version (mLTT)
recently tested was similarly found to be unreliable for the
diagnosis of DILI (Whritenour et al. 2017). Hence, neither
the LTT nor the mLTT are currently recommended for rou-
tine application in DILI causality assessment.

The MetaHepsTM test is based on the culture of hepat-
ocyte-like cells derived from monocytes of suspected DILI
subjects. These are exposed in vitro to the suspicious agent,
and release of lactate dehydrogenase was used to assess
cytotoxicity. MetaHepsTM was compared with RUCAM and
was able to diagnose DILI correctly in 29 of 31 patients in a
study published by the inventors (Benesic et al. 2016). The
assay will undergo further validation in the TransBioLine
consortium.

Prognosis

DILI typically resolves upon discontinuation of the offend-
ing drug. However, in some cases DILI progress to ALF
with fatal outcome or requiring liver transplantation. In addi-
tion, some episodes do not fully resolve resulting in chronic
liver damage. Clinical features such as jaundice, ascites and
encephalopathy but also more unspecific symptoms such as
fatigue, vomiting or pruritus are associated with a poorer
outcome (Agal et al. 2005).

Acute liver failure defined as an alteration in liver func-
tion with jaundice, coagulopathy and encephalopathy in
patients without underlying chronic liver disease (Bernal
and Wendon 2013) carries a mortality rate of 60% to 90%
without liver transplantation depending on the etiology and
center experience (Yantorno et al. 2007) with the poorer
prognosis for idiosyncratic DILI patients (Ostapowicz et al.
2002). Different scoring systems for predicting prognosis
(serious outcome with ALF) in DILI have been proposed
(Table 6). In the 1960s, Hyman Zimmerman observed
that patients with hepatocellular DILI and jaundice had an
increased risk (10-50%) of acute liver failure (before liver
transplantations were performed) (Zimmerman 1968). This
observation was referred to as Hy’s law, an later defined as
ALT >3 xULN and TBL > 2 X ULN in DILI patients exclud-
ing other causes of liver injury. The FDA currently uses this
law for identifying drugs that can potential induce severe
liver injury during drug development (FDA et al. 2009).
Hy’s law was validated in cases from the Spanish DILI Reg-
istry (Andrade et al. 2005), Swedish Adverse Drug Reac-
tions Advisory Committee retrospective database (Bjornsson
and Olsson 2005) and DILIN (Chalasani et al. 2008) with
11.7%, 9.2% and 15% of death/liver transplantations, respec-
tively, in patients who met Hy’s law criteria.

An analysis of 771 DILI patients included in the Spanish
DILI Registry led to a reformulation of Hy s law. This group
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Table 6 Prognostic scores used in drug-induced liver injury

Prognostic scores proposed in DILI

Parameters needed for calculation

References

Hy’s law ALT and TBL

New Hy’s Law
TBL

New composite algorithm AST, TBL and ALT

DrlLTox ALF score Platelet and TBL
Model for End-stage Liver Disease (MELD) TBL, INR and serum creatinine
Score

King’s college criteria (KCC) score

AST or ALT (which ever higher), ALP and

Paracetamol induced acute liver failure

FDA (2009), Hayashi et al. (2017), Robles-Diaz
et al. (2014), Lo Re et al. (2015)

Robles-Diaz et al. (2014), Hayashi et al. (2017)

Robles-Diaz et al. (2014)
Lo Reetal. (2015)

Lo Re et al. (2015), Jeong et al. (2015), Rathi
et al. (2017), Hayashi et al. (2017), Devarb-
havi et al. (2017)

Devarbhavi et al. (2017)

Arterial pH, INR, creatinine, encephalopathy

grade

Non-paracetamol acute liver failure
INR, age, TBL, time from onset of jaundice to
the development of coma, drug toxicity

Acute Liver Failure Study Group (ALFSG)

index M30 value

Coma grade, INR, TBL and phosphorus, and ~ Devarbhavi et al. (2017)

ALT alanine aminotransferase, AST aspartate aminotransferase, DrlLTox ALF Score drug-induced liver toxicity acute liver failure score, INR

International normalized ratio, TBL total bilirubin level

proposed the “new Hy’s Law” based on the definition of
hepatocellular cases having new Ratio (nR)>5 (nR=AST
or ALT in ULN (whichever highest)/(ALP in ULN) and
TBL >2 X ULN. This new Hys law demonstrated similar
sensitivity but higher specificity and area under the receiver
operating characteristic (AUROC) than the traditional Hy’s
law (Robles-Diaz et al. 2014). The new Hy’s law was later
validated in an independent cohort from DILIN (Hayashi
et al. 2017). In addition, the Spanish DILI Registry also
developed a detection algorithm for predicting prognosis
by establishing cut-off points of various liver parameters
(AST, TBL and AST/ALT ratio) that were independently
associated with risk of ALF in a logistic regression model.
This algorithm showed slightly lower sensitivity but better
specificity and AUROC in predicting ALF compared with
traditional Hy s law and nHy s law (AUROC 0.80, 0.67 and
0.77, respectively) (Robles-Diaz et al. 2014).

The reported rate of liver-related death/liver transplanta-
tion in DILI patients varies across studies, in part probably
due to methodological issues and differences in inclusion
criteria. The reported rate in the Spanish DILI Registry
was 4% (Robles-Diaz et al. 2014), 6% in DILIN (Hayashi
et al. 2017), while being reported as 14% in an Indian study
(Devarbhavi et al. 2018), 15% in a Korean center (Jeong
et al. 2015) and only 0.2% in a study undertaken in Califor-
nia (Lo Re et al. 2015).

Other scores for predicting severity in DILI have been
proposed (Table 6). In a study encompassing 15,353 DILI
cases identified from the Kaiser Permanente database in
California the authors constructed a model including TBL
and platelets, whereby higher TBL values and lower platelet

counts were predictors of worse outcome (Lo Re et al. 2015).
The performance of MELD score, King’s college criteria
(KCC) score and Acute Liver Failure Study Group (ALFSG)
index (scores used for predicting ALF, regardless the cause
of liver injury) have also been evaluated in DILI popula-
tions (Lo Re et al. 2015; Jeong et al. 2015; Rathi et al. 2017,
Hayashi et al. 2017; Devarbhavi et al. 2018). In a cohort of
1089 DILI patients with 107 deaths/liver transplantations
from the DILIN registry MELD (cutoff 19) demonstrated
better accuracy for predicting death compared to nHy’s law
and Hy’s law with C statistics of 0.83, 0.73 and 0.60, respec-
tively (Hayashi et al. 2017). A study from India compared
the utility of MELD, KCC score and ALFSG index in pre-
dicting ALF in a cohort of 905 DILI patients of whom 128
developed ALF. The MELD and ALFSG index had higher
AUROC values than KCC with 0.76 for the former two vs
0.51 for KCC (Devarbhavi et al. 2018). Since these stud-
ies have different design and case definition criteria direct
comparison between them to determine the best predictive
score is not possible. Hence, prospective studies comparing
all of these methods in the same DILI cohort are needed to
achieve this aim.

The influence of pre-existing liver disease in DILI out-
come was addressed by DILIN in 89 out of 899 patients
enrolled in this prospective cohort. Higher mortality was
observed in the group of subjects with underlying liver
disease, but interestingly the liver-related mortality did
not differ between the two groups (Chalasani et al. 2015).
An analysis integrating comorbidity burden (estimated
by the Charlson’s score) into the prediction of death risk
at 6 months after DILI onset was recently reported by the
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DILIN group, using a discovery cohort from a single center
comprising of 306 patients and a validation cohort including
247 patients from another center. Significant comorbidity,
MELD and albumin were all independently associated with
6-month mortality. A model based on these 3 variables iden-
tified patients who died within 6 months with a C-statistic
value of 0.89 (Ghabril et al. 2019).

In some instances, liver injury caused by medicinal
agents or HDS does not fully resolve despite an initial
improvement. The issue of chronicity in DILI is a matter
of debate and the time of abnormal liver tests required to
define chronic liver injury is still controversial. In the first
international consensus meeting on DILI, in 1990, chronic
DILI was defined as persistent liver damage after 3 months
of DILI onset (Benichou 1990). In a later study from the
Spanish DILI Registry (2006), chronic DILI was considered
when liver damage did not resolve within 3 months from
onset in hepatocellular cases and 6 months in cholestatic
cases (Andrade et al. 2006). The DILIN however defined
chronic DILI as persistent liver damage after 6 months from
DILI onset regardless of the type of liver damage (Chalasani
et al. 2008; Fontana et al. 2009). More recently, the Span-
ish DILI Registry undertook a 3-year prospective study and
determined that 1 year after DILI onset is the best cut-off
point for establishing chronicity in both hepatocellular and
cholestatic/mixed cases (Medina-Caliz et al. 2016).

A number of studies using different definitions have
reported on chronic DILI outcome. For example, in a ret-
rospective study from the UK, 11 out of 33 patients who
underwent a liver biopsy showed evidence of persistent
liver damage with a minimum follow-up of 1-year after
DILI onset (Aithal and Day 1999). In a Swedish database, 8
patients out of 685 were found to develop liver cirrhosis after
a DILI episode in a mean follow-up of ten years (Bjornsson
and Davidsdottir 2009). The Spanish DILI Registry showed
that in a cohort of 298 DILI patients, 8% met criteria for
chronicity (Medina-Caliz et al. 2016).

Several drugs have been implicated in DILI chronicity.
These include statins, fenofibrate, oral contraceptives, isoni-
azid, sulphonamides and trimethoprim, nitrofurantoin, ebro-
tidine, amoxicillin-clavulanate, methotrexate and terbinafine
among others (Bessone et al. 2019). In addition, risk factors
for chronicity identified across studies include older age,
female gender, cholestatic damage, dyslipidemia and diabe-
tes (Aithal and Day, 1999; Andrade et al. 2006; Bjornsson
et al. 2007; Fontana et al. 2015; Medina-Caliz et al. 2016).

Management
The most important step in DILI management is stopping the

offending drug. However, DILI is sometimes not suspected
in the initial assessment and the culprit drug is therefore
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not immediately withdrawn, which can result in worsening
of the liver injury leading to liver failure or chronic dam-
age (Medina-Caliz et al. 2016). Hence, clinicians facing any
patient with new onset liver injury should keep in mind that
DILI is always a potential etiology (EASL 2019).

Once the drug is identified and stopped, clinical and bio-
chemical alterations usually improve over the next several
days or weeks. However, in some cases liver function can
deteriorate and the affected patients require close moni-
toring. The need for hospitalization or prolonged hospi-
talization depends on the liver function of each individual.
Patients with jaundice need strict monitoring and probably
hospitalization, particularly in conjunction with a hepatocel-
lular phenotype, which is more prone to progress to ALF
(EASL 2019). If the patient develops coagulopathy that
might precede impending liver failure, referral to a liver
transplant center is mandatory.

The treatment of idiosyncratic DILI is mainly supportive.
Scientific evidence for use of specific medications in DILI
is in general weak, as well powered and conducted rand-
omized clinical trials are lacking in this area (EASL 2019).
However, there are a few examples of medications advocated
in DILI associated with specific drugs. Such is the case of
cholestyramine (a bile-acid resin), which is recommended
for DILI associated with the use of leflunomide under the
rationale of accelerating the clearance of this agent that
undergoes enterohepatic circulation and has a long-half-life
(EASL 2019). Cholestyramine has also been tried to amelio-
rate cholestasis induced by terbinafine (EASL 2019; Mallat
et al. 1997). Carnitine is an antidote for valproate-induced
liver injury presumably because its ability to counteract the
impairment in mitochondrial B-oxidation by up-regulating
mitochondrial acetyl-CoA levels, which leads to enhanced
fatty acid uptake by the mitochondria (Lheureux et al. 2005;
Lheureux and Hantson 2009; Ohtani et al. 1982; Bohan et al.
2001).

Ursodeoxycholic acid has long been used in cholestatic
DILI to shorten the time to resolution based on published
anecdotal reports (Piotrowicz et al. 1995; Katsinelos et al.
2000; Studniarz et al. 2012; Agca et al. 2004) as well as
in retrospective and prospective cohort studies (Wree et al.
2011; Lang et al. 2019; Asgarshirazi et al. 2015), although
with important methodological limitations that preclude a
generalization of the results. Recently, in a phase II con-
trolled clinical trial magnesium isoglycyrrhizinate, a com-
pound with antioxidant properties, was shown to signifi-
cantly increase the rate of ALT normalization in patients
with idiosyncratic DILI compared to trioponin, a standard
therapy for DILI in China (Wang et al. 2019).

Corticosteroids are empirically used by many clini-
cians to treat drug-induced liver injury and, indeed, recent
knowledge on the pathogenesis of DILI with the recog-
nition of the importance of the immune system (Dara
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et al. 2016) gives further support to the use of immu-
nosuppressant drugs. A study performed by the ALFSG
evaluated the effects of corticosteroids on survival in 361
ALF patients divided into three groups according to liver
damage etiology: autoimmune hepatitis, DILI and inde-
terminate ALF. The use of steroids did not demonstrated
benefits in survival in any of the groups. In fact, steroid
use was associated with increased mortality in patients
with worse liver function (higher MELD) (Karkhanis et al.
2014). Corticosteroids have also been used for DI-AIH.
In a study performed in the Mayo Clinic on 261 patients
(24 DI-AIH compared with 237 AIH) demonstrated that
the response to steroids in DI-AIH was similar to that of
classical AIH, but with no relapse after discontinuation
of immunosuppression (Bjornsson et al. 2010). Corticos-
teroids are widely used in the oncology area and recom-
mended by experts to manage frequent liver injury caused
by immune checkpoint inhibitors. However, the criteria
for using immunosuppression in these patients, as well as
the appropriate dose and duration of steroid therapy, has
yet to be determined (De Martin et al. 2018; EASL 2019;
Andrade and Robles-Diaz 2019).

N-Acetylcysteine has demonstrated benefits in trans-
plant-free survival in subjects with non-acetaminophen
ALF of varied etiology, including DILI but only in the
subgroup of subjects with earlier stages of encephalopathy
(Lee et al. 2009). Supporting detoxification system such
as molecular adsorbents recirculation system or plasma
exchange used in patients waiting for liver transplanta-
tion, has not demonstrated increased survival (Stine and
Lewis 2016). Finally, drug-induced ALF is an established
indication for liver transplantation, the rate of survival at
1 year after liver transplantation is around 80% (Fontana
and Bari 2017).

It is clear that to make progress in the management of
DILI there is an urgent need for well-designed randomized
clinical trials evaluating the effectiveness of some mar-
keted drugs with known potential benefits as well as for
the proper clinical development of new molecules.
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