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Abstract | Drug-induced liver injury (DILI) is an adverse reaction to drugs or other xenobiotics
that occurs either as a predictable event when an individual is exposed to toxic doses of some
compounds or as an unpredictable event with many drugs in common use. Drugs can be harmful
to the liver in susceptible individuals owing to genetic and environmental risk factors. These risk
factors modify hepatic metabolism and excretion of the DILI-causative agent leading to cellular
stress, cell death, activation of an adaptive immune response and a failure to adapt, with progression
to overt liver injury. Idiosyncratic DILI is a relative rare hepatic disorder but can be severe and,

in some cases, fatal, presenting with a variety of phenotypes, which mimic other hepatic diseases.
The diagnosis of DILI relies on the exclusion of other aetiologies of liver disease as specific
biomarkers are still lacking. Clinical scales such as CIOMS/RUCAM can support the diagnostic
process but need refinement. A number of clinical variables, validated in prospective cohorts,
can be used to predict a more severe DILI outcome. Although no pharmacological therapy has
been adequately tested in randomized clinical trials, corticosteroids can be useful, particularly in
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Drug-induced liver injury (DILI) is a term used to des-
cribe the unexpected harm that drugs in common use
can cause to the liver, including damage to hepatocytes
and other liver cells. The main reason explaining the sus-
ceptibility of the liver to adverse drug reactions is prob-
ably its central role in biotransformation (metabolism) of
xenobiotics entering the gastrointestinal tract.

Liver toxicity related to drugs has been classically
divided into two varieties based on the presumed mecha-
nism of action of the chemical compound: intrinsic and
idiosyncratic. The intrinsic (direct or predictable) type
is dose-related and occurs shortly after exposure (hours
to days) in most individuals exposed to the drug, which
is toxic at a given threshold level. By contrast, the idio-
syncratic (indirect or unpredictable) variety of DILI is
determined by the interaction of environmental and
host factors with the drug', usually occurs in <1 of every
10,000 exposed individuals, and has a longer latency
period (from a few days to several months)’. However,
clinical observations in the past decades have blurred the
lines that distinguish these two types of hepatotoxicity.
Unless stated otherwise, the term DILI is used for both
intrinsic and idiosyncratic injury in this Primer.

The main example of intrinsic DILI is acetaminophen
(also known as paracetamol or APAP) hepatotoxicity,
which accounts for ~50% of acute liver failure (ALF)
cases in the USA and some European countries™’.
Interestingly, in a substantial proportion of patients,

the emergent form of DILI related to immune-checkpoint inhibitors in patients with cancer.

acetaminophen hepatotoxicity occurs unintentionally
at doses slightly above the maximum recommended
daily dose of 4 g, which has been called ‘therapeutic mis-
adventure”. Noticeably as well, in healthy volunteers ala-
nine aminotransferase (ALT) increases frequently occur
with repeated high therapeutic doses*®. Supposedly,
a number of factors including fasting, alcohol abuse,
concomitant use of other drugs and coexisting diseases
can decrease the toxic acetaminophen threshold.
Idiosyncratic DILI occurs more frequently with doses
of >50-100mg per day’. Hence, a minimum dose, which
probably varies among individuals, also seems to be neces-
sary to trigger the cellular cascade of events leading to idio-
syncratic liver damage. Importantly, idiosyncratic DILI
can be severe and, in some cases, fatal. It accounted for
11% of ALF cases in the USA in 2013 (REF?), and represents
a substantial concern for physicians, patients and drug
companies. Because of this, idiosyncratic DILI remains
a leading reason for terminating further drug develop-
ment in investigational programmes, and for restric-
tions of use once a drug is on the market; indeed, 32%
of drug withdrawals during 1975-2007 were attributed to
hepatoxicity®. Interestingly, since publication by the US
FDA in 2009 of the industry guidance document ‘Drug-
Induced Liver Injury: Premarketing Clinical Evaluation’
and an increased awareness of DILI among the main
stakeholders, no drug withdrawal notice has been issued
in the USA because of post-marketing hepatotoxicity’.
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However, complete determination of the liver safety
profile of a given drug requires considerable time after
drug development, usually necessitating the exposure
of hundreds of thousands patients to the compound.

Many drugs in common use have been associated
with hepatotoxicity events'’, although the relative
risk varies widely between drugs. Drugs used in anti-
tuberculosis therapy, in particular isoniazid, are the pro-
totypical example of hepatotoxic drugs, and cause overt
liver injury in 0.1-1% of individuals''. On the other end
of the spectrum are drugs such as statins that are used to
treat hypercholesterolaemia, which have been associated
with hepatotoxicity in case reports and case series'>"’.
However, considering the large number of individu-
als exposed to these drugs, their hepatotoxic potential
is very low: DILI has been estimated to occur in <1 in
50,000 treated patients'".

The severity of DILI varies among patients, and
depends on the drug type and several patient factors.
Diagnosis requires a detailed clinical history, together
with liver biochemistry, imaging and in some cases, liver
biopsy. On the basis of results from liver biochemical
tests, DILI is classified according to the pattern of liver
injury, as hepatocellular, cholestatic or mixed. In gen-
eral, most patients make a full recovery, although some
develop ALF and may require liver transplantation,
whereas others may develop chronic DILI. Although
research has provided new data on DILI epidemiology
and has led to a better understanding of its pathogenesis,
substantial gaps still remain, particularly in the field of
DILI prediction, diagnosis and therapy.

This Primer discusses the epidemiology, mechanisms,
diagnosis, screening, prevention and management of

DILI, including aspects of quality of life (QOL) and the
outlook, highlighting areas for future research.

Epidemiology

Determining the true incidence of DILI worldwide is
difficult given the diverse cultures, traditions, health-
care systems and lack of consistent reporting systems
and definitions. No studies have specifically analysed
trends in the incidence of DILI over time. Although
two on-going prospective studies in Spain and in the
USA have not demonstrated any major differences in
the prevalence of DILI over time,'>'® these studies are
not population-based and, therefore, do not enable analy-
sis of the changes in the incidence over time. However,
in follow-up studies, the proportion of patients in
whom DILI was caused by herbal and dietary supple-
ments has been increasing'”'*. Furthermore, increased
use of biological agents such as infliximab has been
associated with an increasing frequency of DILI that
is associated with these agents'’.

Asia
The only prospective nationwide study of DILI in Asia
was undertaken in South Korea over a 2-year period
in 17 referral university hospitals. This study reported
an extrapolated incidence of hospitalization because of
DILI of 12 cases per 100,000 persons per year', the most
common causes of which were traditional and herbal
medicines, which were implicated in >72% of cases."
A retrospective study in China found an estimated
annual incidence of 23.80 cases per 100,000 persons
in the general population, which is much higher than
that reported in western countries.”” Traditional medi-
cines are often integrated into the health-care systems
of technologically well-advanced countries in Asia, such
as South Korea and Singapore”'. In Japan, although tra-
ditional and herbal medicines are less integrated into
the health-care system, the incidence and proportion of
DILI caused by traditional medicines is increasing®. The
proportion of DILI caused by traditional medicines and
dietary supplements varies substantially across countries
in Asia, with 15% in Japan®, ~27% in China* and 71% in
Singapore*. In both China and India, the incidence of
DILI caused by traditional medicines is increasing™*.
In India and China, anti-tuberculosis drugs are the
most common and the second most common causes of
DILI**?, respectively. Indeed, in India, DILI caused by
anti-tuberculosis drugs is a leading cause of ALE which is
not surprising given that 22.7% of individuals with tuber-
culosis worldwide live in India*, and given the hepatotoxic
potential of three of the four first-line anti-tuberculosis
drugs (isoniazid, rifampicin and pyrazinamide).”

Europe

The annual incidence of non-fatal DILI was 2.4 cases per
100,000 persons in a retrospective study of the General
Practice Research Database (GPRD) in the UK™, In this
study, 1,636,792 individuals registered in the GPRD data-
base were followed for 5,404,705 person-years, and 128
patients were subsequently deemed to have developed
definite DILI based on retrospective causality assessment
of their medical records™. In a retrospective analysis of
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1,164 patients with liver disease at an outpatient hepa-
tology clinic in Sweden, 6.6% had at least possible DILI’'.
These data were extrapolated to estimate a crude inci-
dence of DILI of 2.3 per 100,000 individuals per year,
with a main cause of antibiotics®'. An annual crude inci-
dence of ~14 cases per 100,000 inhabitants was reported
in a population-based, prospective study of >81,000 indi-
viduals in France®. By comparison, the annual incidence
of DILI was 19 cases per 100,000 inhabitants in a more-
recent prospective, population-based study in Iceland"’.
Similar to other cohort studies in Europe'®*, antibiotics
were the most common drug class and amoxicillin-
clavulanate was the most common single agent to
cause DILL; 1 in 2,350 users of amoxicillin—clavulanate
were affected in the Icelandic study”’.

USA

In a study investigating the incidence of idiosyncratic
DILI in the USA based on individuals presenting with
suspected DILI to gastroenterologists in Delaware,
20 individuals met the definition of DILI in 2014, which
yielded an annual incidence of 2.7 cases per 100,000
adults™. In 14 individuals who were further charac-
terized, DILI was attributed to the use of prescription
medications in 8 individuals (57%; antibiotics in 36%)
and to the use of herbal and dietary supplements in
6 individuals (43%)*. Another study investigated the
population-representative incidence of drug-induced
ALF in Kaiser Permanente (an integrated health-
care system) in northern California®. Although aceta-
minophen was the most common cause of drug-induced
ALF (56% of cases) in this study, the incidence of ALF
caused by idiosyncratic DILI was 1.02 (95% CI 0.6-1.6)
cases per 1,000,000 person-years. Herbal and dietary
supplements were a more common cause of ALF than
prescription medicines in this study.

Other regions

In 2011, a multinational prospective Latin American arm
of the US DILI Network (DILIN) was set up, bringing
together hepatologists from ten countries. This initiative
follows the same structured protocol and adjudication
criteria as the Spanish DILI Registry. In this network,
amoxicillin-clavulanate was the most common cause
of DILI among the 330 patients with well-phenotyped
DILI, 60% of whom had hepatocellular injury, which
is similar to findings from other prospective DILI reg-
istries. However, nitrofurantoin and cyproterone ace-
tate were also common causes of DILI, reflecting the
differences in pharmaceutical policies and patterns of
drug use across countries™. In sub-Saharan Africa and
other resource-limited regions, traditional remedies
are the main source of pharmacological care, but data
on hepatotoxicity are scarce and are mainly related to
anti-tuberculosis drugs in patients with HIV infection”.

Mechanisms/pathophysiology

Normal drug metabolism and transport

The liver is an important target for drug toxicity
because of its important role in removing drugs, espe-
cially lipophilic agents, from the circulation. The pro-
cess of drug uptake into hepatocytes, drug metabolism
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and elimination is controlled by large families of pro-
teins the individual expression and functions of which
are controlled by genetic and environmental factors,
including drug-drug interactions and concomitant dis-
ease, which collectively influence the accumulation of
(exposure to) drugs and their metabolites and lead to
stress-promoting effects of drugs in the liver**. Drugs
are taken up into hepatocytes passively or by an array
of transport proteins located in the basolateral plasma
membrane (FIC. 1). These transport proteins include
members of the solute carrier (SLC) family, the organic
anion transporting polypeptide (OATP) superfamily *,
the organic anion transporter (OAT) family*’ and the
organic cation transporter (OCT) family.

After uptake by hepatocytes, drugs are metabolized
by phase I and phase II enzymatic reactions. After
phase I reactions, the metabolites usually have only
minor structural differences from the parent drug
but can have very different pharmacological actions.
Phase IT metabolism involves the conjugation of a drug
or metabolite with endogenous molecules such as glu-
curonic acid, sulfate or glutathione resulting in a more
polar product that usually does not have pharmacolo-
gical activity. Drugs and metabolites efflux from hepato-
cytes into the bile or back into the sinusoidal blood for
subsequent renal excretion, which is mediated mainly
by ATP-binding cassette (ABC) transporters such as
multidrug resistance protein 1 (MDR1), also called
P-glycoprotein, which is encoded by ABCBI, and anion
exchange mechanisms.

Hepatotoxic substrates and metabolism

Human hepatocytes express the transporters OATP1B1
(encoded by SLCO1B1), OATP1B3 (encoded by SLCO1B3)
and OATP2BI (encoded by SLCO2BI1)"'. Statins are poten-
tially hepatotoxic substrates and plasma statin levels —
arisk factor for statin-induced myopathy — increase in the
presence of OATP1B1 inhibitors such as cyclosporine A
(an immunosuppressant) or gemfibrozil (a lipid-lowering
agent)*>*’. The main consequence of drug-induced inhi-
bition of an uptake transporter is the effect on the phar-
macokinetics of other drugs that are taken up by the
same transporter, the plasma levels of which can increase
due to delayed hepatic clearance. Several tyrosine kinase
inhibitors (TKIs, which are small molecules used to treat
various forms of cancer) confer a risk for hepatotoxicity.
One example is the TKI pazopanib, which has a box
warning for hepatotoxicity from the FDA. Pazopanib,
like other TKIs", is a strong inhibitor of OATP1B1 but
is taken up into hepatocytes by OCT1 (encoded by
SLC22A1)*. Whereas inhibition of drug efflux trans-
porters can lead to the accumulation of potentially
toxic metabolites within hepatocytes, inhibition of
basolateral uptake transporters would not be expected
to be a mechanism of hepatotoxicity. The FDA provi-
des further guidance on in vitro metabolism-mediated
and transporter-mediated drug-drug interaction studies
with investigational drugs (see REF*°).

One possible mechanism of DILI is the formation of
reactive metabolites during phase I and II reactions®.
Indeed, the covalent binding of reactive metabolites to
cellular proteins can lead to alteration of the function
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Fig. 1 | Hepatocyte transporters and cellular mechanisms of DILI. Blood plasma enters the perisinusoidal Space
of Disse through the fenestrated liver sinusoidal endothelium and is in direct contact with the basolateral surface of
hepatocytes. Drugs are taken up from sinusoidal blood into hepatocytes via transporters located in the basolateral
membrane. These transporters include members of the organic anion transporting polypeptide (OATP), organic anion
transporter (OAT) and organic cation transporter (OCT) families. The process of drug metabolism and elimination in

hepatocytes occurs in three phases. During phase | reactions,

drugs are metabolized by cytochrome P450 enzymes,

a process that can generate reactive oxidative metabolites that are potentially toxic to the cell through covalently
binding to cellular proteins (forming a drug—protein adduct), thereby inhibiting the function of the protein, or by causing
cell stress. Drug metabolites are conjugated to endogenous molecules (phase Il), following which, they are eliminated
from the cell via ATP-dependent efflux pumps such as the multidrug resistance gene product (MDR), this efflux process
representing phase lll of drug metabolism. Cell injury releases drug—protein adducts that can act as neoantigens,
triggering an immune response in susceptible individuals. Drug metabolites can also inhibit the hepatocyte canalicular
efflux transporters such as bile salt export pump (BSEP), causing an increase in intracellular bile acid concentrations
that damage mitochondria and lead to hepatocyte death. Bile acid-induced stress can also lead to increased targeting
of death receptors (such as tumour necrosis factor receptor (TNF-R) and FasR) to the plasma membrane and sensitize the
cell to ligand (such as TNF or FasL)-induced apoptosis or necrosis, or can induce ligand-independent activation of death
receptors. Drug-induced liver injury (DILI) can be frequently caused by a combination of intrinsic mechanisms such as
inhibition of BSEP and mitochondrial toxicity, with subsequent immune damage to hepatocytes. APC, antigen-presenting
cell; BCRP, breast cancer resistance protein; CNT, concentrative nucleoside transporter; ENT, equilibrative nucleoside
transporter; ER, endoplasmic reticulum; MATE, multidrug and toxin extrusion transporter; MHC, major histocompatibility
complex; MRP, multidrug resistance-associated protein; NTCP, sodium/bile acid cotransporter; OST, organic solute
transporter; TCR, T cell receptor; TNF-RI, TNF receptor 1; TRAIL-R, TRAIL receptor.

or location of the target protein, or to the formation of
immunogenic haptens, which can trigger an immune
response’® (FIC. 1). For example, the NSAID diclofenac
can cause severe hepatotoxicity and has been shown to
form reactive quinone imines and acyl glucuronides
during phase I metabolism®. In addition, lumiracoxib
and troglitazone, both of which caused fatal hepato-
toxicity that led to market withdrawal, form reactive
quinine metabolites’". In general, drugs metabolized by
the cytochrome P450 enzymes CYP2C9, CYP1A2 and
CYP3A4 have a higher likelihood of forming reactive

metabolites and inducing hepatotoxicity than drugs that
are not metabolized by these enzymes™.

Another possible mechanism of DILI is inhibition of
the bile salt export pump (BSEP, encoded by ABCB11)*,
which leads to increased intracellular concentrations
of bile salts that can damage mitochondria™, leading to
cytotoxicity and liver injury”. Potent BSEP inhibitors
include bosentan (which is used to treat pulmonary
hypertension and has a box warning for hepatotoxicity)
and cyclosporine A, which can lead to drug-induced
cholestasis®**. In addition, the major metabolite of
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the diabetes hepatotoxic drug troglitazone — that is,
troglitazone sulfate — competitively inhibits BSEP and
accumulates in hepatocytes, leading to an increase in
intracellular bile salt concentrations and mitochondrial
damage”. Some evidence suggests that drugs that inhibit
BSEP are potentially more likely to cause idiosyncratic
DILI than drugs that do not inhibit BSEP. This finding
has led to the hypothesis that the retention of bile acids in
hepatocytes can induce cellular stress. Furthermore, bile
acids can induce hepatocyte apoptosis through increased
plasma membrane targeting of death receptors, which
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Fig. 2 | Molecular mechanisms of idiosyncratic and intrinsic DILI. Drug-induced liver
injury (DILI) is most often caused by lipophilic drugs, which are converted to reactive
metabolites that have the potential to covalently bind to proteins, leading to cellular
organelle stress. The reactive metabolite might target mitochondrial or endoplasmic
reticulum (ER) proteins and induce mitochondrial or ER stress, which promotes organelle-
specific adaptive responses to increase chaperone proteins that protect against
misfolding in organelles or antioxidant response through gene regulatory programmes
triggered by redox-activated transcription factors (such as Nrf2). When the adaptive
responses are inadequate, hepatocyte death occurs mediated either by collapse of
mitochondrial function (mitochondrial membrane transition pore) and necrosis, or

by activation of regulated cell-death pathways. The regulated cell-death pathways
involve permeabilization of the outer mitochondrial membrane due to activation of
pore-forming proteins such as Bax, Bak and Bid, leading to release of cytochrome c,
caspase activation and apoptosis. Other programmed cell necrosis mechanisms might,
in theory, contribute to DILI, such as necroptosis or pyroptosis, which permeabilize the
cellmembrane, or ferroptosis, but remain unproven. Organelle stress can release damage-
associated molecular patterns (DAMPs) such as high mobility group box 1 protein
(HMGB1) or DNA, which activate Toll-like receptors and lead to pro-inflammatory
cytokine or chemokine release. The inflammatory response amplifying cell death in
intrinsic DILI, depending on the acuity and severity of injury, may promote resolution.
By contrast, the innate immune response might provide danger signals to amplify
adaptive immunity in idiosyncratic DILI. The key is that polymorphisms in HLA (encoding
the major histocompatibility complex (MHC) proteins), which favour the presentation
of drug-adducted peptides, can be HLA-restricted so that individuals carrying the HLA
variant are mainly susceptible to developing an adaptive immune response, typically
leading to a T cell response directed at hepatocytes and usually involving cytotoxic
CDB8T cells that target the peptide drug exposed on MHC class | molecules on the
hepatocytes. However, this process can sometimes lead to antibody-dependent
cytotoxicity. It is proposed that most patients who have a genetic HLA predisposition
do not experience significant injury because most develop immune tolerance.

Thus, progression to overt DILI is speculated to be due to impaired immune tolerance.
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can cause apoptosis via ligand-independent activation or
ligand-dependent (mediated by tumour necrosis factor
(TNF), FasL and TRAIL) mechanisms®. As conjugated
anionic drug metabolites are substrates of multidrug
resistance-associated protein 2 (MRP2)®', genetic variants
of this transporter have been associated with DILI*»*>%,
In addition, genetic variants of ABCG2 are associated
with hepatotoxicity induced by the TKI sunitinib;
these variations lead to reduced transport activity of
ABCG?2, thereby leading to intracellular accumulation
of sunitinib®.

Dysfunction of the multidrug resistance gene pro-
duct 3 (MDR3, encoded by ABCB4), which translocates
phosphatidylcholine from the inner to the outer leaflet
of the lipid bilayer, is associated with various forms of
cholestasis®. Phospholipids are an essential lipid compo-
nent of bile that solubilize cholesterol in phospholipid—
cholesterol vesicles. In addition, phospholipids are
believed to protect cholangiocytes from bile acids by
keeping them in micelles, and the ‘naked’ bile acids are
believed to damage cholangiocytes and cause choles-
tatic or mixed injuries. MDR3 is inhibited by the anti-
fungal agent itraconazole, among other drugs, resulting
in reduced phospholipid output into bile®*. Damage to
cholangiocytes and small bile ducts can impair bile flow,
leading to hepatocellular retention of cholephilic com-
pounds and cholestatic liver injury. Antifungal azoles
also inhibit BSEP and the combined inhibition of MDR3
and BSEP represents a dual mechanism by which azoles
cause DILI in susceptible patients.

Adaptation and injury progression

Most of the insights into mechanisms of cell death in
DILI are based on rodent and human hepatocyte cul-
ture studies, as well as in vivo studies in animal models,
and focus on the pathogenesis of intrinsic DILI. Human
studies mainly involve biomarkers and genetic influences
on susceptibility to DILI.

Intrinsic DILI generally refers to direct toxic stress
leading to cell death of hepatocytes (sometimes sinu-
soidal endothelial cells are the principal target) that
is mediated by a reactive metabolite or a parent drug
interfering with specific cell functions. This toxicity
can be mediated by increased oxidative or redox stress,
mitochondrial dysfunction, endoplasmic reticulum (ER)
stress or DNA damage>™*%%, As these processes progress
unchecked, cell death occurs (FIC. 2). Innate immune
responses that are initiated by damage-associated mole-
cular patterns (DAMPs) released from stressed or dying
hepatocytes, lead to activation of resident liver Kupffer
cells, natural killer and natural killer T cells, which pro-
duce cytokines and chemokines including TNE, IL-1p,
IL-8, IL-6 and CXCL10 that infiltrate leukocytes. This
process may add further injury to the liver>*. However,
there is considerable controversy about the role of the
innate immune system in acute DILI in animal mod-
els, which may be due to the rapid progression of injury
seen in these models in comparison to humans in whom
injury progresses more slowly”>’".

The hepatocyte toxicity in DILI is considered to be a
result of mainly regulated modes of cell death, predomi-
nantly necrosis and apoptosis’. A final pathway leads to
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complete collapse of mitochondria by increased perme-
ability of the inner and outer membranes. The mitochon-
drial membrane transition pore complex is dysregulated
by stress signal transduction (via MAP kinase), which
amplifies the direct effects of toxic metabolites in
mitochondria (such as acetaminophen toxicity)®.
Alternatively, the intrinsic stress can activate initiator
caspases (such as caspase 8) and Bcl family (such as
Bid or Bax) proteins, which selectively permeabilize the
outer mitochondrial membrane, releasing cytochrome ¢
that activates executioner caspases (such as caspase
3 and caspase 7)%. Furthermore, DAMPs released from
injured hepatocytes activate innate immune responses,
including cytokines such as TNF and FasL, and TRAIL-
expressing natural killer or natural killer T cells and
neutrophils, which can activate death receptors such
as TNF-R, FasR and DR5. Aside from acetaminophen
toxicity, which is largely mediated by necrosis, the rela-
tive contribution of necrosis and apoptosis is largely
undetermined for other drugs that can cause intrinsic
DILIL Alternative mechanisms of regulated necrosis have
emerged in recent years, such as necroptosis, pyroptosis
and ferroptosis, although whether these are relevant to
acute or chronic DILI is unknown, but they might be
important in nonalcoholic steatohepatitis (NASH) or
alcoholic steatohepatitis(ASH) and autoimmune hepa-
titis (ATH)". In acute DILI, the weight of evidence indi-
cates that necroptosis (RIPK3/MLKL-dependent cell
death) has no or only a minimal role, probably because
RIPK3 is not expressed under basal conditions®.

Another potential factor in the pathogenesis of DILI is
the influence of the gut microbiome, which could influ-
ence the enterohepatic circulation of drug metabolites
or the status of drug metabolism through effects on the
susceptibility to DILI or effects on the innate immune
system. Although understanding the influence of the
microbiome in DILI is in its infancy, two animal studies
have illustrated the potential importance. Indeed, one
study showed that tacrine hepatotoxicity is enhanced by
deconjugation of tacrine glucuronide, leading to reab-
sorption of the parent drug, thereby exposing the liver
to more tacrine through enhanced enterohepatic cycling
of the parent drug’™. In addition, the other study demon-
strated that the diurnal variation of the gut microbiome
determines diurnal susceptibility to acetaminophen
hepatotoxicity, possibly by distinct exposure of the liver
to bacterial metabolites”. Although these studies have
focused on intrinsic DILI, the influence of the micro-
biome on idiosyncratic DILI is unexplored and is of
great interest.

In contrast to intrinsic DILI, idiosyncratic DILI
occurs in a small proportion of patients exposed to a
drug, reflecting the important contribution of host
genetic and environmental factors. The preponderance
of evidence is that idiosyncratic DILI is usually depend-
ent on the adaptive immune response of the individual,
which is determined by HLA polymorphisms and other
contributing factors that determine neoantigen (hapten
peptide) presentation’””. However, although unique
HLA types seem to be important determinants of the
immune response to reactive metabolites or parent drugs
in some cases, most people with a specific drug-related

risk HLA haplotype are unaffected by exposure to
the drug, suggesting that other factors are involved. The
identity of the other factors is not well defined. However,
the extent of underlying drug-related toxic cellular and
subcellular stress may be upstream (co-activator) of the
development of an adaptive immune response.

As previously mentioned, idiosyncratic DILI has its
onset after a variable but sometimes long latency (gener-
ally <6 months) and is not dose-independent but mainly
occurs with doses of drugs >50-100 mg per day’®. This
feature probably reflects the fact that there is a threshold
for activation of the immune system. High daily doses
of a drug, and its metabolism in the liver are key factors
in achieving a sufficient toxic exposure of hepatocytes to
the drug, which is a prerequisite for most DILI cases. The
adaptive immune system has a major role in the patho-
genesis of idiosyncratic DILI. The adaptive immune
system can be activated by haptens leading to restricted
presentation of a peptide adduct by the major histocom-
patibility complex (MHC) proteins encoded by HLA.
In rare cases, a drug might directly bind to certain MHC
molecules or T cell receptors and activate an immune
response (FIG. 1). Alternatively, in some instances a drug
or metabolite may alter the MHC binding groove leading
to misdirected peptide presentation.

A potential unifying aspect of both intrinsic and idio-
syncratic DILI has been demonstrated using in vitro
systems”’. These test systems have been used to iden-
tify toxic stress in the absence of immune activation,
and have indicated that hepatocyte stress and covalent
binding of drug metabolites to proteins promotes neo-
antigen (hapten) formation and/or generates signals that
co-activate the immune response.

One important modulating factor in idiosyncratic
DILI is the interaction between the onset of immune
activation and the participation of immune tolerance.
Several examples of the importance of immune tolerance
have been demonstrated in recent mouse studies in which
the inhibition of several of the key mediators of immune
tolerance have unmasked liver injury, as well as actu-
ally worsening DILI from its onset***'. The proof of this
mechanism in humans is lacking but it probably exists.
Drugs that are used to break immune tolerance for cancer
treatment can lead to an autoimmune-like acute injury to
the liver by eliminating the immune privilege, which is
characteristic of the liver. Thus, the near universal stress
in the liver from parent or metabolized drugs given at or
above the dose threshold, could be speculated to cause
liver injury that is either below the threshold for detection
or associated with mild ALT increases that disappear with
continued exposure to the drug. Thus, adaptive responses,
which dampen the initial toxic stress, or the development
of immune tolerance might inhibit progression to overt
liver injury. In theory, this adaptation could begin before
any sign of liver injury appears (such as increases in ALT
levels) or after the initial immune-mediated liver injury
is detected (delayed asymptomatic increases in ALT levels
that resolve despite continued treatment with the offend-
ing drug), referred to as clinical adaptation. Accordingly,
overt liver injury could be a failure of immune toler-
ance®'. Though somewhat speculative, this hypothesis is
plausible and provides a framework for future studies.
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Interaction between drugs and patient factors
Specific drug properties, such as high daily recom-
mended doses, BSEP inhibition, reactive metabolite
formation, mitochondrial toxicity and induction of oxi-
dative stress, have been associated with drugs that have
hepatotoxic potential in humans'. In addition, patient
factors can predispose to DILI, including older age,
multiple drug use and genetic variants'***%*. However,
each of the elements alone does not accurately dictate the
risk of DILI in humans, corroborating the multifactorial
nature of this disease. As detailed in the above sections,
mechanisms involved in DILI are multiphasic. Early
phases (up to the initiation of cellular damage) are more
drug-specific and are primarily influenced by drug expo-
sure (for example, dose or duration) and certain drug
properties. By contrast, later phases are defined by how
the patient responds to toxic stress and induces orches-
trated cellular adaptation, immune responses and tissue
repair processes. Drugs and patient factors influence
multiple mechanisms and, therefore, probably interact
at different levels, defining DILI risks, clinical pheno-
types and outcomes in a sophisticated manner’ (TABLE 1).
One notable example of drug-patient interactions is with
acetaminophen. Fasting and alcohol intake, among other
factors, can lower the toxic dose of acetaminophen by
increasing the generation of reactive drug metabolites
via CYP2E1 and/or by depleting the hepatic glutathione
concentration, which is the main detoxification pathway
for acetaminophen toxic intermediates’.

Few experiments have investigated the drug-patient
interaction in DILI. Sex differences have long been
recognized at the biochemical and cellular levels®.
Cryopreserved primary hepatocytes derived from men
and women respond differently to various toxic com-
pounds, suggesting a drug-sex interaction at the cellu-
lar level*’. Another study using freshly isolated primary
human hepatocytes did not show sex differences in
ALT elevation following acetaminophen exposure
although the study suffered greater inter-individual
variance probably due to the diverse clinical conditions
of the donors (for example, metastatic colon cancer,
head injury, stroke, drug overdose and cardiac arrest),
a wide range of donor ages and the lack of consideration
for menopausal status.* In addition, in animal studies,
sex differences in susceptibility to DILI depend on the
model used: a male dominance in liver injury induced by
acetaminophen®* and cocaine (only after the onset of
puberty) has been observed*”, with female dominance
with halothane’’~* and in another immune-mediated
DILI model®”. In humans, age, sex and a proxy for meno-
pausal status in women(50 years of age) significantly
influence drug-specific reporting frequencies of liver
events in the WHO VigiBase™ database’”, and influ-
ence clinical and histological phenotypes of DILI**”.
Drugs associated with sex-biased or age-biased report-
ing frequencies of liver events show distinct properties™.
For example, drug properties such as an association with
mitochondrial toxicity, reactive metabolite formation
and BSEP inhibition are more prevalent among drugs
with women-biased reporting frequencies™. High lipo-
philicity, biliary excretion, higher transporter inhibi-
tions, a higher C_, (the maximum serum concentration

max
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that a drug achieves) and plasma protein binding, yet
shorter plasma elimination time are more prevalent
among drugs with age-biased reporting frequencies™””.
In addition, drug properties, patient factors and their
specific interactions can influence the likelihood of
delayed onset of DILI'".

Despite the scarcity of the data, emerging evidence
suggests the significance of considering both drug and
patient together in assessing DILI risk. Future methodo-
logical implementation to cope with the complexity in
DILI mechanisms and new human data sources that pro-
vide sufficient size and statistical power to address drug-
specific DILI risk factors and drug-patient interaction
(such as big data analysis) are needed.

Diagnosis, screening and prevention

Clinical phenotypes and case characterization

The clinical manifestations of DILI are heterogeneous.
Indeed, DILI can mimic acute and chronic liver diseases
of various aetiologies, and symptoms can include fever,
nausea, vomiting, jaundice, dark urine, itching and
right upper quadrant pain. Certain drugs have signature
injury patterns (such as acetaminophen, amiodarone,
diclofenac and isoniazid for hepatocellular injury, and
anabolic steroids, captopril and erythromycin for chole-
static injury) but others, such as atorvastatin, allopuri-
nol and amoxicillin—-clavulanate, have various DILI
manifestations (TABLE 2)'°". Histological phenotypes of
DILI are summarized in BOX 1. This demonstrates that
a wide range of pathobiological processes are triggered
by drugs and DILI may resemble a number of both acute
and chronic liver diseases. In addition, adverse reactions
from a single drug can present with different severities
in different individuals, varying from asymptomatic liver
biochemical test abnormalities to acute and subacute
hepatic liver failure.

Although genome-wide association studies in DILI
have indicated a major role for adaptive immunity in
disease pathogenesis'”, the majority of DILI episodes
do not demonstrate immunological features. Clinical
features of immune-mediated or hypersensitivity drug
reactions are not universally present but can be observed
in one-quarter of patients, and include few or many of
the following features: fever, cutaneous rash, facial
periorbital oedema, lymphadenopathy, eosinophilia,
lymphocytosis or the presence of reactive lymphocytes,
and arthralgia'®. For example, the anticonvulsants car-
bamazepine and phenytoin can cause liver injury that
is most commonly associated with cutaneous hyper-
sensitivity features'”, and liver injury caused by the
antibiotic dapsone is associated with cutaneous hyper-
sensitivity features in 90% of patients'®. The skin rashes
can vary from nonspecific morbiliform rashes to severe
lesions such as erythema multiforme, drug reaction
with eosinophilia and systemic symptoms (DRESS) syn-
drome or Stevens-Johnson syndrome/toxic epidermal
necrolysis (SJS/TEN)'**!,

Some other drugs such as a-methyldopa, nitrofuran-
toin and minocycline are associated with features that
are indistinguishable from AIH, including the presence
of anti-nuclear antibodies, hypergammaglobulinae-
mia and liver biopsy features compatible with ATH'*.
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Autoimmune-like hepatitis associated with nitrofuran-
toin and minocycline are characterized by a prolonged
latency to detection of >1 year'.

A step-wise approach to clinical diagnosis. The majority of
individuals with suspected DILI show increased levels
of aminotransferase (such as aspartate aminotransferase
(AST) or ALT) and/or alkaline phosphatase (ALP) above
a certain threshold, sometimes accompanied by raised
total bilirubin (TBIL) values detected during an investi-
gation for nonspecific symptoms or during a diagnostic

work-up for an acute viral hepatitis-like syndrome
(BOX 2; FIG. 3). The latter does not usually point to a drug
aetiology'® unless associated skin or other systemic fea-
tures are present that can reinforce the suspicion of drug
toxicity'”. Notably, the extent of increased liver enzymes
alone is not sufficient to reflect the severity of DILI''*'";
the development of ascites, coagulopathy and/or enceph-
alopathy indicates severe disease''’. Asymptomatic
increases in transaminase levels that occur following
exposure to a medication and that either resolve with
continuation of the drug or following a decrease in dose

Table 1 | Drug-patient interaction in DILI

Drug factors
Drug exposure of hepatocytes

* High daily recommended dose
¢ Longer administration

Patient factors

* Bioavailability
* Transporter activities
* Drug-metabolizing enzyme activities

Toxic effects on cellular homeostasis

High potency of drug toxicity

Reactive metabolite formation

Mitochondrial toxicity

Oxidative stress induction

BSEP inhibition

e Cellular senescence
¢ Impaired cellular adaptation

Increased activity of drug-metabolizing
enzymes

Lysosomal dysfunction

* Mitochondrial dysfunction
¢ Older age

Impaired mitophagy
Reduced antioxidants

* Female sex
* Oestrogens (e.g., antioxidant effect)

* Older age (e.g., age-related decline
in cellular energy homeostasis)

* Reduced activities of other bile acid
transporters (such as MRP2, MRP3
and MRP4)

Immune response, inflammation and tissue injury

Anti-inflammatory drugs (such as
NSAIDs), immunosuppressants
(such as anti-TNF) and
immunomodulatory drugs (such
as antihistamines, statins and
adrenergic antagonists)"'?*%’

Tissue repair

Drugs impairing tissue repair
(e.g., histone acetylase inhibitors
or sympathetic stimulants),
drugs augmenting tissue repair
(such as angiotensin-converting
enzyme inhibitor/angiotensin |

antagonists, statins and adrenergic

blockers; reviewed in REFS!%%1%7)

* HLA genotypes

* PTPN22 (REF'®)

* Sex

* Sex hormones (such as oestradiol,
progesterone and testosterone
receptors inimmune cells)

* Gut microbiota (discussed in REF.')

e X-linked immune-associated genes

* Immune senescence (such as ageing,

198

premature senescence in HIV or chronic

obstructive pulmonary disease)**’

¢ Older age

* Premature senescence of hepatocytes

e Altered FXR

e Cirrhosis

* Sex

* Sex hormones (discussed in REF.")

¢ Telomere shortening (such in
non-alcoholic fatty liver disease)’””

Effect on DILI risk

Increased exposure of hepatocytes to
the drug increases the likelihood of
inducing the toxic effects of the drug

The toxic effect of the drug exceeding
the patient’s coping mechanisms leads
to an increased likelihood of cellular
dysfunction or death

Increased reactive metabolite
formation

Impaired functions to maintain cellular
homeostasis

Enhanced mitochondrial damage

Impaired functions to maintain
mitochondrial homeostasis

Increased cellular damage due
to oxidative stress

Protective against cellular oxidative
stress

Enhanced bile acid accumulation in
hepatocytes leads to cellular damage

Intensified or dysregulated immune
response augments inflammation and
tissue injury

Impaired tissue repair augments tissue
damage, leading to a serious outcome

BSEP bile salt export pump; DILI, drug-induced liver injury; FXR, farnesoid X receptor; MRP multidrug resistance-associated protein;
PTPN22, protein tyrosine phosphatase non-receptor type 22; TNF, tumour necrosis factor.
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Table 2 | Case definitions and phenotypes of DILI
Case definition
Hepatocellular pattern of DILI

ALT (or AST) alone is increased >5-fold above ULN
or aratio of >5

Cholestatic pattern of DILI

ALP alone is increased >2-fold above ULN or ratio <2

Mixed pattern of DILI

Ratio of >2 to <5

Autoimmune-like hepatitis

Presenting features of acute or chronic DILI with serological
and/or histological markers of idiopathic autoimmune
hepatitis

Liver injury related to immune-checkpoint inhibitors

Acute hepatitis can be severe; histological patterns include
granulomas and central endotheliitis (caused by anti-
CTLA-4 therapy) or lobular hepatitis (caused by anti-PD-1
or anti PD-L1 therapy)

Drug reaction with eosinophilia and systemic symptoms

Drug-induced hypersensitivity reaction involving the skin
with internal organ involvement

Drug-associated fatty liver disease

Non-alcoholic fatty liver disease attributable to exposure to
specific medications

Acute fatty liver (microvesicular steatosis)

Rapid liver involvement with extensive microvesicular
steatosis

Nodular regenerative hyperplasia

Diffuse nodularity within the liver with wide and narrow
sheets of hepatocytes at the centre and periphery,
respectively, of nodules without advanced fibrosis leading
to non-cirrhotic portal hypertension

Vanishing bile duct (ductopenic) syndrome

Cholestasis associated with gradual loss of intrahepatic bile
ducts

Secondary sclerosing cholangitis

Acute DILI with histological and/or features similar
to those of primary sclerosing cholangitis on MRI

Peliosis hepatis
Characterized by randomly distributed blood-filled cavities
Hepatocellular adenoma or carcinoma

Characteristics of hepatocellular adenoma or carcinoma
based on imaging studies or histology

Drugs associated with phenotypes

Acetaminophen, diclofenac, disulfiram, efavirenz,
fenofibrate, isoniazid, lamotrigine, minocycline,
nevirapine, nitrofurantoin, pyrazinamide, rifampicin
and sulfonamide

Amoxicillin—clavulanate, androgens, cephalosporins,
chlorpromazine, erythromycin, flucloxacillin, oral
contraceptives, penicillins, sulfonamide and terbinafine

Carbamazepine, lamotrigine, phenytoin and
sulfonamides

Adalimumab, a-methyldopa, diclofenac, herbal
supplements, infliximab, minocycline, nitrofurantoin
and statins

Darvolumab?, ipilimumab?®, nivolumab?® and
pembrolizumab?®

Allopurinol, carbamazepine, dapsone, lamotrigine,
nevirapine, phenobarbitone, phenytoin and sulfonamide

Amiodarone, 5-fluorouracil, irinotecan, methotrexate
and tamoxifen

Amiodarone, didanosine and stavudine

Azathioprine, bleomycin, busulfan, oxaliplatin
and 6-thioguanine

Amoxicillin—clavulanate, azathioprine, carbamazepine,
chlorpromazine, co-trimoxazole, erythromycin,
flucloxacillin, phenytoin and terbinafine

Amiodarone, amoxicillin—clavulanate, atorvastatin,
infliximab, 6-mercaptopurine and venlafaxine

Anabolic steroids, oral contraceptives and vitamin A

Contraceptive steroids, danazol and androgens

In most patients with acute drug-induced liver injury (DILI) in clinical practice, the DILI is characterized based on liver biochemistry
as hepatocellular, cholestatic or mixed pattern. As the pattern of elevated liver enzymes can change over time'", classification of
DILI is based on the first set of laboratory tests available in relation to the clinical event’. Ratio (R value) of alanine aminotransferase
(ALT) (or aspartate aminotransferase (AST)) activity expressed as fold elevation over its upper limit of normal (ULN) laboratory range
to alkaline phosphatase (ALP) activity is used to define patterns of DILI. The pattern of liver injury has implications for prioritizing
immediate investigations that are essential to exclude alternative causes of the injury as well as outcome. In patients with the
hepatocellular pattern, DILI is more likely to resolve rapidly, but is associated with higher hazard ratio for fatality’**'**. Other patterns
of DILI should be characterized according to imaging or histological findings. CTLA-4, cytotoxic T lymphocyte antigen 4;

DILI, drug-induced liver injury; PD-1, programmed cell death 1; PD-L1, programmed cell death 1 ligand 1; ULN, upper limit of

normal. *Anti-PD-1/anti-PD-L1. *Anti-CTLA-4.
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Box 1 | Histological phenotypes of DILI

The histological phenotypes of drug-induced liver injury (DILI) can be stratified into

12 patterns. The most prevalent five phenotypes (acute and chronic hepatitis, acute and
chronic cholestasis, and cholestatic hepatitis) accounted for 83% of 249 cases in a large
series.''’ The correlation between histological findings and biochemical patterns is not
perfect. Histological assessment is generally more accurate in assessing the extent and
severity of damage than is reflected in biochemical testing'*. Common drugs associated
with histological phenotypes are listed below.

Acute hepatitis: fluoroquinolones, isoniazid, lamotrigine, a-methyldopa, minocycline,
pyrazinamide and sulfonamides

Chronic hepatitis: carbamazepine, methyldopa, minocycline, nitrofurantoin, phenytoin
and sulfonamides

Acute cholestasis: amoxicillin—clavulanate, chlorpromazine, erythromycin and
flucloxacillin

Chronic cholestasis: anabolic steroids, cyclosporine and oestrogens

Cholestatic hepatitis: amoxicillin—clavulanate, azathioprine, carbamazepine,
chlorpromazine, macrolides, sulfonamides and terbinafine

Granulomatous inflammation: allopurinol, carbamazepine, phenytoin and
sulfonamides

Microvesicular steatosis: amiodarone, didanosine, stavudine, tetracycline and valproate
Macrovesicular steatosis: methotrexate and tamoxifen

Steatohepatitis: amiodarone, methotrexate and tamoxifen

Zonal necrosis: acetaminophen and halothane

Massive or submassive necrosis: isoniazid, phenytoin, pyrazinamide and sulfonamides

Nodular regenerative hyperplasia: azathioprine, bleomycin, busulfan and oxaliplatin
and 6-thioguanine

are characteristic of anti-tuberculosis drugs or statins''’.

In most patients with suspected DILI, the DILI is classi-
fied as hepatocellular, cholestatic or mixed based on the
results of liver biochemical tests (TABLE 2).

The first prerequisite for a diagnosis of DILI is a high
degree of suspicion, so the physician should carefully
enquire about exposure to prescription medication
and over-the-counter drugs (such as acetaminophen),
recording start and stop dates, as well as exposure to
herbal and dietary supplements (which are often over-
looked)™. Information on latency, course of reaction
upon pharmacological therapy discontinuation, and time
to resolution is needed to establish a compatible tempo-
ral relationship with the suspected causative agent. The
time to onset of DILI varies considerably; most patients
experience DILI within the first 3 months of therapy,
although in some instances (such as amoxicillin-
clavulanate-related DILI) symptoms can present with a
considerable delay after treatment cessation™.

The diagnosis of DILI currently relies on the exclu-
sion of alternative causes (TABLE 3). This process encom-
passes a medical history to exclude alcohol abuse, sepsis
and congestive heart failure, a search for recent epi-
sodes of syncope or hypotension (which would indicate
ischaemic hepatitis), assessment of comorbidities and
the individual’s risk of acquisition of viral hepatitis
and assessment of the local burden of infectious diseases
that might involve the liver™. The pattern of injury pro-
vides guidance on additional investigations required. For
example, a cholestatic anicteric pattern of injury requires
the exclusion of primary biliary cholangitis and primary
sclerosing cholangitis, whereas jaundice requires assess-
ment for benign or malignant obstruction of the biliary

tract. Liver imaging is routinely used in the evaluation of
patients with liver injury, and all patients with suspected
DILI should undergo abdominal ultrasonography to
exclude biliary obstruction and focal lesions. In those
with a cholestatic type of liver injury or in those with
associated abdominal pain, additional imaging, such as
magnetic resonance cholangiography or CT, might be
required despite normal abdominal ultrasonography.

Screening for viral hepatitis A (detection of anti-
hepatitis A virus IgM), B (detection of anti-hepatitis B
virus core protein IgM or hepatitis B surface antigen)
and C (detection of anti-hepatitis virus C antibodies)
is mandatory in individuals with suspected DILI, except
for those with a pure cholestatic pattern (TABLE 3). In addi-
tion, assessing for hepatitis C virus RNA (RNA-HCV),
which has been found to be present in 1.3% of patients
with initial suspicion of DILI'”, is also required.
Hepatitis B virus DNA should be tested in hepatitis B
virus surface antigen carriers to exclude chronic hepa-
titis B virus reactivation. Hepatitis E virus (HEV) is an
emergent disease in western countries and is increas-
ingly diagnosed in patients being evaluated for inclusion
in DILI registries, in whom anti-HEV IgM seropreva-
lence ranges from 3% to 8%''*'"*. However, isolated
detection of anti-HEV IgM is not reliable enough to
diagnose HEV infection''. Accordingly, all patients
with suspected DILI should be tested for HEV through
detection of HEV RNA and anti-HEV IgM or IgG anti-
bodies. Patients with a hepatocellular pattern of injury
should also be assessed for ATH, including assessment
for anti-nuclear autoantibodies and anti-smooth mus-
cle autoantibodies and serum IgG levels. Nevertheless,
the typical laboratory feature of AIH is a characteris-
tic signature of several drugs including nitrofurantoin,
minocycline, anti-TNF and statins, which makes the
differential diagnosis between this particular pheno-
type of DILI and classic AIH a challenge®’. Indeed,
a liver biopsy — which is not generally required for the
evaluation of a patient with suspected DILI — is justified
when autoimmune features are present, as it can pro-
vide important diagnostic clues. For example, in a small
study, hepatocellular cholestasis and portal neutrophils
were indicative of DILI, whereas the presence of fibro-
sis suggested ATH'". In another study using immuno-
histochemistry of liver biopsies, portal infiltrates in
DILI were formed predominantly by cytotoxic (CD8")
T cells, whereas infiltrates in AIH had prominent mature
B cells (CD20%)"®. Moreover, in contrast to patients
with ‘idiopathic’ ATH, patients with DILI tend to show
complete normalization (positive dechallenge) of serum
aminotransferases over time.

In addition to its use for detecting AIH, liver biopsy
can also be used in the assessment of patients with sus-
pected DILI as incomplete normalization of liver bio-
chemistry following drug discontinuation (negative
dechallenge) raises the possibility of an alternative aeti-
ology (such as veno-occlusive disease) or an atypical DILI
phenotype. Liver biopsy can assist in these cases. Biopsy
findings can also have prognostic value. In a systematic
review of liver biopsies from 249 patients with DILI
in a prospective observational cohort, higher degrees
of necrosis, fibrosis stage, microvesicular steatosis and
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ductular reaction were found to be indicative of a poorer
prognosis, whereas eosinophils and granulomas were
found more often in those with milder DILI'”. Similarly,
pathological assessment of patients with DILI who
mainly presented with a cholestatic pattern showed that
bile duct loss is predictive of the development of vanish-
ing bile duct syndrome causing progressive cholestasis
and leading to liver failure requiring transplantation or
to death'®.

Serial aminotransferase measurements until com-
plete normalization is also crucial for diagnostic reas-
surance in DILI. A steady decline in aminotransferase
levels upon dechallenge supports the diagnosis, whereas
worsening, persistence or incomplete resolution of lab-
oratory abnormalities suggest a competing aetiology’.
Nevertheless, clinicians should bear in mind that in a
fraction of patients, DILI can evolve to ALF or become
chronic despite stopping the drug, which is a further
challenge in the diagnosis. Besides this, occasionally
and upon careful questioning, the patient might recall
similar symptoms after prior exposure to the agent
and inadvertent drug rechallenge can be identified'?'.
Overall, clinical symptoms can be informative in iden-
tifying drug signatures, establishing alternative causes
and predicting outcome.

Causality assessment tools

A number of clinical scales to quantify the strength
of association — the proof of causality, which is the
Achilles’ heel of adverse drugs reactions — have been
proposed for DILI. Indeed, a valid structured and objec-
tive approach for identifying DILI is needed for research
studies and to add consistency to clinical judgment by

Box 2 | DILI criteria

Clinical chemistry criteria

An international expert panel recommended that drug-induced liver injury (DILI)
should be considered when any one of the following thresholds is met, even in the
absence of symptoms:

® ALT or AST increase to >5-fold the ULN
e ALP increases to >2-fold the ULN

¢ TBIL concentration increases >2-fold the ULN associated with ALT or AST increases
to >3-fold the ULN"°.

Hy’s law, for the detection of DILI in clinical trials

e Key signals for potential DILI are imbalances in aminotransferase increases across
treatment groups in relation to control groups and, as an indicator of more serious
injury, the combination of aminotransferase and bilirubin increases fulfilling so-called
Hy’s law — which identifies individuals with hepatocellular jaundice — consisting of
three components: aminotransferase increases to >3-fold the ULN more frequently
than in (nonhepatotoxic) control or placebo groups.

¢ Individuals showing ALT or AST level >3-fold the ULN, combined with increases in
serum TBIL to >2-fold the ULN, without initial findings of cholestasis, indicated by
increased ALP.

* Absence of any alternative likely cause explaining the liver test abnormalities**’.

Hy’s law is a reasonably sensitive and specific predictor of the potential of a drug to
cause serious hepatotoxicity'*, indicating hepatocellular injury that is severe enough
to impair hepatic function’'**, and it is the US FDA’s key marker to screen for the liver
toxicity risk of a drug'*.

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase;
TBIL, total bilirubin; ULN, upper limit of normal.
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providing a framework that systematizes the features to
be addressed in patients with suspected hepatotoxicity'*.

The general Naranjo Adverse Drug Reactions Prob-
ability Scale is a simple and easy to apply scale that is
based on ten questions related to common evaluation
criteria. However, this scale has demonstrated low sensi-
tivity and reproducibility in a registry study owing to
the presence of confusing questions and questions of
no relevance to idiosyncratic DILI and is, therefore,
not recommended for use'”. Currently, the CIOMS/
RUCAM scale is the only validated liver-specific scale
used by regulators, the pharmaceutical industry and
clinicians, and has been recommended by experts for
causality assessment in DILT''*'2*-126,

The CIOMS/RUCAM scale is composed of the fol-
lowing seven criteria: a temporal association between
drug exposure and DILI recognition, rate of improve-
ment with drug cessation, risk factors for DILI, exclu-
sion of all other relevant causes of liver disorders, known
drug hepatotoxic potential, recurrence of liver injury
on drug re-exposure, and the potential influence of
associated medications. This scale categorizes DILI as
‘definite] ‘highly probable] ‘probable, ‘possible; ‘unlikely’
or ‘excluded: Once a clinician has determined that liver
injury could be drug-related, applying the CIOMS/
RUCAM scale can further standardize and support the
assessment. However, blind application of this scale is
not a proof of causality and can lead to biased conclu-
sions, particularly in poorly documented cases. Indeed,
the CIOMS/RUCAM scale is mainly for supporting
rather than excluding causality in DILI, and does not
substitute for clinical judgment.

Despite the positive clinical uses of the CIOMS/
RUCAM scale, it has several limitations. The scale is
complex, includes ambiguous definitions, lacks data
to support the selection and weighting of component
domains, has a strong dependence on rechallenge
data'”?, and cannot obtain high categories of probability
in some cases as dechallenge data are not included'*.
Patients with underlying liver disease can obtain lower
scores owing to liver test fluctuations'®. These short-
comings can explain the inter-observer variability and
inconsistent test-retest reliability, even when this scale is
used by expert raters'”’. In addition, the use of this scale
is complicated in patients with DILI caused by herbal
and dietary supplements, as there might be inaccuracies
in the identification of the ingredients, pharmaceutical
adulterants, chemical or botanical contaminations,
lack of information on dose and duration of product
consumption, and the potential for use of various com-
plex formulations of plants or extracts. Differences in
herbal terminology and limited product label infor-
mation, if any, further contribute to the complexities
in assigning causality in this context'®'*. In addition,
the CIOMS/RUCAM scale was developed in the early
1990s and, therefore, did not foresee the particular
characteristics of new pharmacological agents for
which new DILI mechanisms have been identified and
for which DILI might present with a prolonged time to
onset after drug withdrawal'”.

The DILIN uses a structured expert consensus
opinion-based approach to assess causality, that has
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( Unexplained worsening of CLD or ACLF )

( Acute liver injury ) ( Unexplained chronic hepatitis )
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Suspected DILI
Detailed history of prescription, and complementary and alternative medications use

¢

Initiate work-up for competing aetiologies
e Testing for acute viral hepatitis

e Testing for worsening of underlying CLD
e Right upper quadrant imaging

e Testing for autoimmune hepatitis

e Evaluate vascular abnormalities

e Consider congestive heart failure

e Consider sepsis

Timing
and type
of testing

as clinically
appropriate

)

In patients with moderate to severe injury,
hold the suspected agents whilst work-up for
competing aetiologies is ongoing

( Competing aetiologies are excluded )
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( Stop the suspected agent(s) )

( Frequent clinical and biochemical monitoring )

N

( Competing aetiology is confirmed )

( Drug can be restarted, depending on clinical grounds )
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( Clinical and/or laboratory worsening )
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( Referral to a specialist centre )

N

( Follow for 12 months to evaluate for chronic DILI )

Fig. 3 | Proposed algorithm to suspect, diagnose and manage idiosyncratic DILI. Drug-induced liver injury (DILI)
should be suspected in any individual presenting with acute liver injury, unexplained chronic hepatitis or unexplained
worsening of chronic liver disease (CLD) or acute-on-chronic liver failure (ACLF). In such instances, a careful history of

prescription, over-the-counter, and complementary and alternative medications should be obtained. In general, it is good
practice to withdraw the suspected agent(s) while the work-up for competing aetiologies is undertaken. The work-up

for competing aetiologies should be tailored according to the clinical presentation, but generally consists of testing for
acute viral hepatitis, hepatobiliary imaging, and autoimmune serologies. If the competing aetiologies are excluded, the
implicated drug should be permanently discontinued unless it is very important for clinical management. In patients with
DILI and evidence of acute liver failure, prompt referral to a liver transplant centre should be considered. As some patients
with DILI might develop chronic liver injury, it is important to follow up patients for 12 months to ascertain normalization

of liver biochemistries and liver function.

shown higher agreement rates and likelihood scores
than CIOMS/RUCAM, although the inter-observer
variability is high with both instruments'*. The scor-
ing criteria of the DILIN instrument categorize DILI
likelihood as ‘definite] ‘very likely, ‘probable; ‘possible’
or ‘unlikely’***!. The lack of reproducibility with this
instrument might be due to the absence of numerical
scores for each of the items evaluated. Indeed, opinions
between evaluators are highly dependent on the exam-
iner’s prior knowledge or information provided. In addi-
tion, expert opinion can weight the assessment of clinical
signatures for DILI that are characteristic of specific
drugs. Nonetheless, the reliability of this instrument in
daily clinical practice is unknown'*.

Another important limitation of the CIOMS/RUCAM
scale is that it cannot discriminate between concomitant
hepatotoxic drugs with the same temporal sequence.
In an attempt to try to circumvent this limitation, the
liver-specific Digestive Disease Week Japan (DDW-])
scale, which was modified from the CIOMS/RUCAM

scale, includes an in vitro drug lymphocyte transfor-
mation test (LTT), which assesses whether the DILI
reaction is mediated by a T cell response against the drug
in its evaluation criteria'”’. However, the lack of stan-
dardization among laboratories of the LT T has prevented
its generalization. Indeed, a modified LTT measuring
granzyme B and cytokine production could not reliably
establish causality'*. In a further attempt to improve
diagnostic capability, a hepatotoxicity assay using
monocyte-derived hepatocyte-like cells from patients
with idiosyncratic acute liver injury has been developed,
and has shown promising results. This in vitro test awaits
external validation, and takes several weeks to carry out,
reducing its potential use in the clinic'*. An updated
CIOMS/RUCAM scale, which incorporates an expanded
list of alternative causes to be excluded and a new defini-
tion of rechallenge, has been proposed, but its perfor-
mance needs to be tested in large cohorts of patients with
well-characterized DILI'*. A collaborative international
working group led by DILIN has been set up to develop
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Table 3 | Laboratory, imaging and histological assessment in DILI diagnosis

Assessment
Liver Tests

Elevated aminotransferases (ALT and AST)
Elevated creatine kinase

Elevated total bilirubin

High ALP

Elevated y-glutamyl transferase

Low albumin, high INR

Laboratory work-up
Serology for hepatitis A, B, C and E virus
Serology for CMV, HSV and EBV

Anti-nuclear and anti-smooth muscle IgG

Ceruloplasmin levels, transferring
saturation and al-antitrypsin levels

Imaging and histology
Ultrasonography

MRI

Liver biopsy

Diagnostic value

¢ Indicate hepatocellular damage
e Substantially increased values suggest hypoxic damage to the liver

In association with elevated AST that is increased more than ALT, indicates
muscle injury rather than liver damage

e Useful to detect impaired hepatic uptake, conjugation or excretion;
biliary obstruction; and/or haemolysis

¢ Isolated elevation even of the conjugated fraction does not mean DILI

* Of diagnostic and prognostic value when associated with an increase
in ALT (Hy’s law)

Cholestasis if bone disease can be excluded; also elevated in biliary
obstruction and infiltrative diseases

Indicates cholestasis when associated with an increase in ALP, isolated
elevation is not indicative of liver injury. Concomitant elevation of mean
corpuscular volume suggests alcoholic liver disease

* Can indicate impaired hepatocellular function
e |s altered in cirrhosis of any cause

Can detect viral hepatitis

* Should be carried out in those with systemic symptoms
¢ Includes anti-CMV IgM and IgG, anti-HSV IgM and IgG and anti-EBV IgM
and IgG

Autoimmune hepatitis (can be drug-induced)

Wilson disease, haemochromatosis (in anicteric hepatocellular damage)
and al-antitrypsin deficiency, respectively

* Normal in DILI

¢ |s mandatory to exclude focal lesions and biliary tract disease

¢ No additional imaging techniques are required in individuals with ‘viral
hepatitis-like’ syndrome

* Necessary in those with suspected cholestasis and/or accompanying
abdominal pain

e Biliary tract disease (benign or malignant) might require endoscopic
retrograde cholangiopancreatography in addition to MRI

e Can also help to exclude non-alcoholic fatty liver disease, focal lesions
or ischaemic injury

Can be useful in those with:

¢ Autoimmune hepatitis phenotype

e Liver injury related to immune-checkpoint inhibitors

e Suspected atypical DILI presentations (such as sinusoidal obstruction
syndrome, peliosis hepatis or microvesicular steatosis)

* Negative or incomplete dechallenge (for assessing severity and/or
competing aetiologies)

ALP, alkaline phosphatase; ALT, alanine aminotransferase; AST, aspartate aminotransferase; CMA, cytomegalovirus; DILI, drug-
induced liver injury; EBV, Epstein—Barr virus; HSV, herpes simplex virus; Ig, immunoglobulin; INR, international normalized ratio;

TNF, tumour necrosis factor.

an objective, online computer program with a simpli-
fied scoring system, evidence-based criteria and refined
weighting for wider applicability in the clinical setting.

New biomarkers
The shortcomings of the traditional DILI biomarkers in
terms of liver specificity, prediction of DILI outcome and
mechanistic insights has led to international collaborative
efforts to identify and validate new biomarkers'” (FIC. 4).
Both microRNA-122 (miR-122) and glutamate dehydro-
genase (GLDH) have been supported by the FDA for
further exploration as liver-specific biomarkers in the
clinic'**. Approximately 70% of the miRNA content in

the liver is miR-122 (REF.'*"). Although miR-122 levels
are more specific for liver injury than ALT or AST levels,
substantial inter-individual and intra-individual vari-
ability has been reported in circulating levels in healthy
adults'’. This variation might be due to the release of
miR-122 from healthy hepatocytes, which can influence
physiology in remote tissues'*"'*>; however, the relevance
of this variation for using miRNA as a biomarker for
DILI is not clear, as relevant studies have not used simi-
lar methods'”. GLDH is a mitochondrial protein'*’. In a
large study of healthy volunteers'*’, GLDH had a lower
inter-individual and intra-individual variation than
miR-122, and is released into the circulation during
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Fig. 4 | Traditional and investigational biomarkers of DILI. One active area of research is the identification of
biomarkers that could detect the initiation of each of the pathophysiological steps of DILI, in view of the poor
specificity of the traditional biomarkers, such as alanine aminotransferase (ALT), aspartate aminotransferase (AST),
total bilirubin levels (TBIL) and international normalized ratio (INR). During hepatocyte necrosis, microRNA (miR)-122,
glutamate dehydrogenase (GLDH) and full-length cytokeratin 18 (keratin 18-FL) are released. Accordingly, GLDH
levels have been proposed as an approach to the identification of mitochondrial toxicity as a mechanism of DILI***.

In addition, the serum ratio of caspase-cleaved cytokeratin 18 to full-length cytokeratin 18 (ccK18/K18) has been
proposed as an estimate of the ratio of apoptosis to necrosis during DILI. High mobility group box 1 protein (HMGB1),
miR-122 and DNA are among the multiple damage-associated molecular patterns (DAMPs) that are released from
dysfunctional hepatocytes and activate innate immune cells, which in turn release macrophage colony-stimulating
factor receptor 1 (MCSFR1). Osteopontin is involved in the migration and infiltration of inflammatory cells and seems
to promote hepatocyte regeneration. l[dentifying biomarkers of innate immune cell activation in the liver is ongoing.
Acetylated HMGB1 has been proposed as a biomarker to address this, but the integrity of at least one of the key

studies has been questioned'*.

necrosis or mitochondrial dysfunction by hepatocytes,
supporting its role as a biomarker for DILI. Other ten-
tative biomarkers for DILI include high mobility group
protein B1 (HMGBI) and the ratio of cleaved cyto-
keratin 18 to full-length cytokeratin (FIC. 4). HMGBI1
is a nuclear protein that is released during necrosis of
most cell types and can act asa DAMP to activate innate
immune cells.

Other potential biomarkers for DILI include mark-
ers of the immune response. Macrophage colony-
stimulating factor receptor (MCSFR) is found on
macrophages and monocytes as the receptor for colony-
stimulating factor, a cytokine that controls the prolifer-
ation, differentiation and function of macrophages. The
levels of MCSEFR in blood could reflect activation of
innate immune cells (such as inflammation), although
the specificity of this marker for idiosyncratic DILI
remains to be established in the ongoing biomarker
consortium TransBioLine, funded by the Innovative
Medicines Initiative of the European Union. In addition,
osteopontin, which has a role in the migration and infil-
tration of inflammatory cells into the liver, is considered
a candidate biomarker for DILL

In one international collaboration, biomarkers were
quantified in serum samples collected from patients with
DILI within 2 weeks of DILI onset'*’. Although the inter-
national normalized ratio (INR, a measure of the ability

of blood to clot) was the best single biomarker for pre-
dicting which patients with DILI would progress to liver
failure, osteopontin had the best performance of the candi-
date biomarkers in predicting liver failure, exceeding
that of the traditional liver safety biomarkers, including
TBIL. This study also addressed whether adding any
of the newer biomarkers would improve the predictive
ability of the Model of End-stage Liver Disease (MELD),
which is based on traditional blood biomarkers and
is used to prioritize patients for liver transplantation.
In this study, incorporating total keratin 18 (K18) and
MCSER levels'’ improved prediction of which patients
with DILI would progress to liver failure. In addition,
serum levels of miR-122 have been suggested to predict
liver failure outcome from DILI'#, although these find-
ings require further validation. Finally, low blood levels
of some cytokines (along with albumin) were predictive
of death within 6 months of hepatotoxicity onset'*.

Prognosis

The prognosis of patients with DILI is related to many
different factors. Patients diagnosed in population-based
studies'>* generally have a more favourable progno-
sis than patients recruited in tertiary referral centres”.
In population-based cohorts, only ~30% of patients with
DILI present with jaundice, whereas this feature is present
in 60-70% of patients seen in tertiary referral centres''.
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The so-called ‘Hy’s law), named after the late Hyman
Zimmerman, is still widely used to predict outcomes
in patients with DILI''!' (BOX 2). Hy’s law was based on
the observation that, in patients with isoniazid-induced
hepatocellular jaundice'”, the fatality rate from liver
failure or the need for liver transplantation is >10%'"".
A fatality rate of 10% has subsequently been observed
for many other drugs and is now used by the FDA to
predict the risk of hepatotoxicity of drugs'**'*. If more
than one patient meets the criteria for Hy’s law in a clini-
cal trial, the implicated drug is unlikely to be marketed
as it is likely to have a post-marketing hepatotoxicity
problem'’~1%,

The validity of Hy’s law has been confirmed in sev-
eral studies'®**>'"*. Patients with hepatocellular jaun-
dice (fulfilling Hy’s law) had the worst prognosis in
two studies, with a fatality rate of 7-13%'%*, whereas
patients with cholestatic jaundice had the highest fatal-
ity rate in the first report from the DILIN cohort of
14%'". This value was higher than that in the Swedish
and the Spanish DILI cohorts, which had fatality rates
of ~5-8%'%*. However, jaundice induced by different
drugs can have different prognoses. For example, in
one study of patients with jaundice due to idiosyncratic
DILI, the mortality rate varied from 40% for halothane
to 0% for erythromycin™. Researchers from the Spanish
hepatotoxicity network have tried to optimize the defini-
tion of Hy’s law and develop a model for predicting ALF
in patients with DILI'®". These researchers have devel-
oped a prognostic algorithm that has been found to be
more reliable than Hy’s law, in particular in identifying
patients who will not develop ALF"*".

Other biochemical, histological and clinical features
can also affect prognosis in patients with DILI. Indeed,
the occurrence of peripheral and hepatic eosinophilia in
patients with DILI is associated with a favourable prog-
nosis in patients with disulfiram-induced liver injury"
and in patients with liver injury from many other drugs
with well-documented hepatotoxicity'**'*>. Although
SJS/TEN rarely accompany DILI, when they do they
are associated with a high fatality rate, particularly in
individuals with jaundice'”. In patients with SJS/TEN,
mortality is higher in those with severe hepatic dysfunc-
tion'”, although it is unclear whether this is due to the
effects of the idiosyncratic drug reaction in the liver or
if those more severely affected by SJS/TEN develop liver
dysfunction secondary to sepsis.

The majority of patients with DILI recover com-
pletely, and only a small minority experience chronic
DILI, which is defined as the persistence of liver bio-
chemical or imaging abnormalities after 1 year. Only 8%
of 292 patients in a prospective Spanish DILI registry
developed chronic DILI, including liver cirrhosis and
ductal lesions, with no pattern of DILI associated with
progression to chronic DILI'*. Old age, dyslipidaemia
and the severity of the acute episode were risk factors
for chronic DILI. Anti-infective drugs and statins were
implicated in 50% of patients'*’. In another large cohort
study, ~10% of 1,089 patients with DILI died within
2 years; of those in whom DILI was the primary cause of
death, 74% had acute, 13% chronic, 7% acute on chronic,

and 6% acute cholestatic failure'>*.

PRIMER

Clinical trials and post-marketing

DILI is one of the major reasons for late-stage attrition in
drug development>*>'*%, and non-negligible safety risks
during clinical trials. Careful patient selection, thorough
monitoring of clinical symptoms and standard liver
chemistries, defined rules for stopping drug adminis-
tration and systematic signal detection and assessment
remain the core elements of DILI risk management.

The FDA industry guidance document ‘Drug-
Induced Liver Injury: Premarketing Clinical Evalu-
ation’”’” laid the foundation for the systematic and
standardized diagnosis, assessment and management
of DILI in clinical studies. To minimize the risks of
DILI during early phase clinical trials, in line with the
FDA DILI guidance, healthy individuals and patients
are usually included only if liver chemistry findings are
normal at baseline. However, for later stage trials, once
the initial assessment of the safety profile of the drug
is considered satisfactory, the inclusion of patients with
mild underlying liver abnormalities is encouraged by the
FDA to better reflect real-life conditions expected after
marketing of the drug.

Owing to the absence of more advanced, fully quali-
fied, sensitive and specific biomarkers for DILI, moni-
toring of liver safety relies on the standard battery of liver
chemistry tests: ALT, AST, ALP and TBIL (BOX 2)"°%'%°.
Monitoring intervals are adapted to the development
stage, and preferably to the number of patients exposed
to the drug and previously observed liver safety profiles.
Typically, liver chemistry is measured twice weekly dur-
ing phase I studies, and down to once per month during
later stage trials, provided no liver safety signal has been
observed in earlier studies'®.

If liver chemistry abnormalities suggest DILI dur-
ing clinical trials, treatment interruption is the most
important measure to avoid progression to more seri-
ous injury"””'*", The FDA DILI guidance offers a set of
rules for determining when administration of a drug that
is suspected to have caused acute liver injury should be
stopped'”’, the first of which recommends discontinu-
ing the drug if ALT or AST levels exceed eight times the
upper limits of normal (ULNS) on treatment. However, in
practice, drug administration is mostly stopped at lower
increases in aminotransferase levels to minimize risk®'%.
Although this conservative approach is taken in the pre-
sumed interest of patient safety, premature treatment
stoppage diminishes the opportunity to see adaptation
to effects on the liver, if this occurs>'®’. Provided close
patient observation is ensured, untimely discontinuation
of drug administration should be avoided to minimize
signals falsely suggesting serious toxicity*'*"'®*. For sig-
nal assessment, in addition to standard statistical analy-
sis, a systematic workflow using data visualization that
is based and expanding upon the Evaluation of Drug-
Induced Serious Hepatotoxicity (eDISH) process of the
FDA'**'*  an interactive visual approach to the assess-
ment of hepatotoxicity potential, has been suggested to
optimize the use of available data and to support proper
interpretation of the liver safety profile of a drug'®°.

For drugs that have received regulatory approval
despite a pre-marketing signal for potential liver toxi-
city, regulators will mandate the inclusion of respective
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safety information and risk mitigation measures in the
product label. Depending on the severity of the signal,
this information might include the mention of hepato-
toxicity in the adverse reactions section, in the warn-
ings and precautions section, or even in a dedicated box
warning section, along with stipulation of monitoring
intervals for liver chemistry tests. A key problem in
the post-marketing setting is that monitoring intervals
specified on the label are not always strictly followed,
potentially increasing the risk of liver toxicity'®-'®".
If liver safety of a new drug cannot be fully established
in pre-marketing trials, further studies might be required
after regulatory approval of the drug to assess potential
hepatotoxicity (BOX 3).

Management

In many patients, DILI can spontaneously improve with-
out the need for active treatment. The key steps in the
management of DILI are timely recognition and with-
drawal of the offending medication(s), timely referral of
individuals with drug-induced ALF to a liver transplanta-
tion centre and pharmacotherapy (FIG. 3). A delay in timely
identification and immediate withdrawal of isoniazid and
other anti-tuberculosis medications is one of the risk fac-
tors for a worse outcome, such as liver transplantation or
death'’. Rechallenge with a suspected agent is strongly
discouraged unless it is clinically imperative; in such
instances, frequent biochemical monitoring is advised'”’

Pharmacological therapy

Therapeutic options for hepatocellular DILI are limited.
Corticosteroids are frequently administered to patients
with significant DILI (such as that associated with liver
dysfunction) in an empirical manner, but there is no evi-
dence to support their use except in patients in whom
acute AIH cannot be excluded or to treat hepatotoxicity
due to immune-checkpoint inhibitors (ICIs). Currently,
the mainstay in the treatment of hepatotoxicity due to
ICIs is prednisone, with an additional or alternative
immunosuppressant such as mycophenolate mofetil'”’,

Box 3 | Post-marketing pharmacovigilance

As drug-induced liver injury (DILI), in particular idiosyncratic forms, is a rare yet serious
adverse drug reaction, the likelihood of detecting a robust signal before marketing
authorization, even given increasingly large trials in drug development programmes,

is low. Thus, in the absence of cases clearly fulfilling Hy's law, there is a genuine risk that
asignal is observed only after launch of a drug**’'**, during post-marketing surveillance
studies, from specific DILI registries or from spontaneous reporting. Although dedicated
post-marketing surveillance studies and registries help generate high-quality data
and structured output, unsolicited spontaneous reports often lack adequate quality and
completeness to support timely post-marketing detection and causality assessment of
suspected DILI. In addition to a widespread lack of awareness of DILI in clinical practice,
other challenges include the following:

* Missing baseline liver chemistry values

e Lack of adherence to recommended monitoring intervals, even with products that
carry a box warning for DILI**"-*%

* Treatment with multiple drugs, including self-medication with, for example, herbal
remedies and dietary supplements

To address these challenges and overcome respective deficiencies, more in-depth

training on the background, detection and management of DILI for physicians in

hospital and clinical practice would be helpful.

although the evidence to support this therapy is incon-
clusive at best. In one study'”” in patients who had at
least grade 3 hepatotoxicity according to Common
Terminology Criteria for Adverse Events, version 4.03
(that is, ALT >5-fold the ULN) from IClISs, corticosteroid
administration to 67 patients led to a response in all but
three. However, the decision to start corticosteroid ther-
apy in this population remains controversial. In another
study, the management of patients with ICI-induced
liver injury was tailored according to biochemical (TBIL
>2.5mg per dl and/or INR >1.5) and histological mark-
ers of severity. Using these pre-established guidelines,
6 of 16 patients (38%) with ICI-induced liver damage
who did not receive corticosteroids showed spontane-
ous improvement'”. In another cohort of 128 patients
with melanoma treated with ICIs, five of ten with DILI
received steroids, but DILI resolved in all patients in a
median time of 4.7 weeks in those receiving no steroids,
compared with 8.6 weeks in those who received corti-
costeroids'”. A suggested algorithm to detect and man-
age hepatotoxicity due to ICIs in patients with cancer
who are considered for ICI therapy in accordance with
current practice is shown in FIGC. 5.

Cholestyramine, a bile acid resin, can be administered
to patients with acute liver injury caused by leflunomide,
an immunomodulatory agent used for the treatment of
rheumatic arthritis and psoriatic arthritis, to accelerate
elimination of this drug'’. N-Acetylcysteine (NAC), an
antidote agent for acetaminophen toxicity, was investi-
gated in a randomized placebo-controlled trial for
non-acetaminophen-induced ALF that included DILI
as one of the subgroups'”. In this study, the transplant-
free survival of individuals with non-acetaminophen-
induced ALF who received NAC was significantly higher
than those who did not receive NAC (58% versus 27%,
P<0.05). Individuals with cholestatic DILI with severe
itching might benefit from treatment with an antihista-
mine (such as diphenhydramine or hydroxyzine) or a
bile acid resin (such as cholestyramine). It is not uncom-
mon for clinicians to try ursodeoxycholic acid in indi-
viduals with significant cholestatic DILL; indeed, 30%
of patients in the DILIN prospective study were given
ursodeoxycholic acid'”’, but there are no data to support
its use in this indication.

Liver transplantation

Although there are no strict criteria regarding when to
refer patients with DILI for liver transplantation, a gen-
eral rule is when ALF develops as evidenced by coagu-
lopathy, when early mental status changes or when renal
dysfunction occurs. In individuals with hepatocellular
DILI, progressive worsening of jaundice should also
prompt the clinician to consider initiating a referral to a
nearby liver transplant centre.

Quality of life

After experiencing a severe adverse drug reaction, many
patients develop fear and anxiety towards medications'”®
including worries about recurrence, re-exposure to the
drug, effect on their fertility, or developing adverse drug
reactions to other drugs. Such a negative perception
of medications can adversely affect their QOL and can
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Fig. 5 | Proposed detection and management of hepatotoxicity due to ICls in patients with cancer. Patients with
malignancies who are considered for immune-checkpoint inhibitor (ICl) therapy should undergo a baseline evaluation

of liver biochemistries and liver function tests, viral hepatitis serology and autoimmune markers. ICl therapy might not be
suitable in those with underlying liver dysfunction unless the underlying liver dysfunction is related to the malignancy.

In patients without serious underlying liver disease, ICl therapy can be initiated with serial liver biochemistry monitoring
every 1-3 weeks, depending on local practice. The emergence of elevated liver biochemistries should lead to management
according to their levels. In patients with alanine aminotransferase (ALT) levels >1 but <3-fold the upper limit of normal
(ULN) or total bilirubin (TBIL) elevation up to 1.5 mg per d, ICls can be continued but the patients should be considered for
accelerated liver biochemistry monitoring. In patients with incident ALT levels >3 to <5-fold the ULN or TBIL 1.5-3 mg per d|,
temporary discontinuation of the ICls whilst initiating a work-up for competing aetiologies should be considered, together
with considering initiation of therapy with prednisone. If there is not a rapid response, additional immunosuppressive
therapy with mycophenolate mofetil or an increased prednisone dose should be considered. In patients who develop
ALT >5-fold ULN or TBIL >3 mg per dl, ICls should be permanently discontinued and therapy with prednisone should

be initiated.

affect treatment adherence, and might increase the like-
lihood of discontinuation of needed therapy'”’. The
most widely accepted questionnaire to measure QOL is
the short-form-36 (SF-36)'7%, a standardized tool that
is used to assess patient health across eight dimensions.
An alternative method is the Beliefs about Medicine
Questionnaire (BMQ)'”.

As observed in cutaneous adverse drug reactions'”,
patients who have had DILI could develop fear, anxiety,
disbelief towards medicines and discomfort, all of which
can lead to deterioration in their QOL. Indeed, one
study in South Korea demonstrated higher indexes of
anxiety and depression in patients with DILI induced by
herbal and dietary supplements than in healthy individ-
uals and in patients with DILI with other aetiologies'®.
Interestingly, the DILIN group reported that patients
with persistent liver enzyme elevation 12 months after
DILI onset had significantly poorer SF-36 physical sum-
mary scores at DILI onset and throughout follow-up
than those in whom liver enzyme levels resolved'®'.

Acetaminophen overdose is the most common
cause of drug-induced ALF in the USA'®. Whereas
only 25% of patients with idiosyncratic drug-induced
ALF have spontaneous recovery, the rate is >65% in
patients with acetaminophen-induced ALF'®”. Despite
the better short-term orthotopic liver transplantation
(OLT)-free survival in patients with acetaminophen-
induced ALF, patients with spontaneous recovery after
acetaminophen-induced ALF have lower scores for
general health, a longer duration of impaired mental
and physical health, and a longer duration of activity
limitations due to poor health, pain, depression and
anxiety than those with spontaneous recovery from
non-acetaminophen ALF and OLT (of different aeti-
ologies including idiosyncratic DILI)'*’. However, this
finding could be explained by the fact that survivors of
acetaminophen-induced ALF have significantly higher
rates of psychiatric and substance abuse disorders'®.

Taken together, although the evidence is limited,
patients seem to have poor physical and psychological
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status and low QOL after certain types of DILI presen-
tation, such as persistent liver enzyme elevation and
ALF with or without OLT. Otherwise, we lack studies of
QOL in those with specific DILI phenotypes, and studies
assessing the beliefs, attitudes and expectations after an
episode of hepatotoxicity for both patients and physi-
cians. Indeed, the effect of idiosyncratic DILI on QOL
remains a neglected area of research and requires further
study. Interestingly, a survey in 2014 found that primary
care physicians express several liver safety concerns
regarding prescription of statins despite their safety and
efficacy, leading to their underutilization'**. An integra-
tive model that includes diverse phenotypic expressions,
psychological attitudes and outcomes imposed by DILI
and its effect on patient health should encourage the
evaluation of QOL. Thus, it would be essential to con-
duct a QOL survey with each patient during and after
the acute phase of a DILI episode.

Outlook

The prediction of DILI risk with preclinical cell-based
and organelle-based assays and the chemical properties
of drugs promises to enable selection of the most favour-
able characteristics among a group of compounds to
advance to in vivo testing in drug development. Several
issues need to be further investigated in the future, such
as how the identification of drug-induced cellular alter-
ations are involved in the pathogenesis of idiosyncratic
DILI, and if these stressors are necessary for idiosyn-
cratic DILI development or if they are surrogates for
hepatic exposure to and metabolism of lipophilic drugs.
In addition, whether the fitness of adaptive responses
to these stressors, mitochondrial quality control, anti-
oxidant defence, induction of alternative routes of
transport or detoxification of bile acids or drug metab-
olites dampens the progression from minimal to severe
liver injury remains to be established (for example, the
unfolded protein response in the ER or the mitochondria
could generate organelle-specific protective responses).
Furthermore, elucidation of the role of immune toler-
ance as a mechanism of adaptation to reduce DILI pro-
gression could potentially lead to novel approaches to
the prevention of severe liver injury. Recent attempts
to integrate mechanisms and patient risk factors using
quantitative systems toxicology modelling are showing
promise towards predicting DILI risk'®.

Another important area for research is the sup-
pression of cholestasis and cell death, as well as innate
immune responses, as approaches to the treatment of
established acute liver injury. Thus, the role of various
cell death pathways and cholestatic injury mechanisms
in DILI needs to be identified to exploit new therapies to
suppress overt liver injury as it reaches certain thresholds
that predict progression of the injury, perhaps informed
by early identification of predictive biomarkers.

It is unrealistic to expect drugs to be free from adverse
effects; thus, discovery and development of diagnostic,
prognostic and mechanistic biomarkers that enhance
the safe use of drugs are integral for precision medicine.
In addition to blood-based biomarkers (see Diagnosis,
screening and prevention, above), technologies such as
mass cytometry, single cell genetics and next-generation

sequencing would permit in-depth immunopheno-
typing of circulating and infiltrating immune cells
as well as microRNA profiling to potentially identify
changes that are unique to DILI. With discovery science
informed by recent advances in the understanding of the
pathogenesis, the use of advanced analytical methods
and tools such as deep machine learning would bring
about a step change in the application of a combina-
tion of biomarkers in an individual clinical scenario to
support decision-making.

Genome-wide association studies led by international
consortia have identified a number of genetic risk factors
for DILIL. HLA genotypes and haplotypes have been asso-
ciated with hepatic adverse reactions to >20 drugs. HLA
genotyping is widely accessible and affordable, and can
assist diagnosis in selected clinical scenarios'*. Indeed,
high negative predictive values (>95%) of these alleles
can be used to rule out a particular drug as a causative
agent when the pre-test probability of DILI is low and
an alternative competing diagnosis exists. In addition,
carriage of a specific HLA allele favours attribution of
liver injury to a particular drug when, because of expo-
sure to a combination of drugs, definite conclusions
cannot be drawn. HLA typing could be an adjunct in
the differential diagnosis of DILI versus AIH, as with
international AIH diagnostic criteria which attribute
additional scores for carriage of HLA-DRB1*0301 and
DRB1*0401 (REF.'*"). The performance characteristics
of HLA alleles used as a test in patients with DILI are
comparable to those of autoantibodies and the immuno-
globulin profile that are performed routinely in the
investigation of acute liver injury'®.

In addition, HLA alleles that are associated with a
variety of adverse reactions including DILI, cutaneous
hypersensitivity and drug-induced pancreatitis have
substantial overlap. Thus, one potential consideration is
to treat all relevant HLA genotypes as one panel covering
different forms of adverse drug reactions such as cutane-
ous hypersensitivity (related to carbamazepine, abacavir
and dapsone) and drug-induced pancreatitis (attributed
to thiopurine immunosuppressants) in addition to DILI,
thereby improving their clinical application'®. More
recently, genome-wide association studies have revealed
non-HLA genetic variants that are associated with DILI
secondary to the therapeutic use of interferon-p'* as
well as DILI in general'®. In addition, ~30-40% of func-
tional variability in pharmacogenes is estimated to be
attributed to rare variants requiring sequencing-based
approaches for discovery'®.

As with most polygenic disorders, genetic tests have
not been used so far to risk-stratify individuals prior to
drug prescription with the intention to prevent DILI.
With the aim of introducing polygenic risk prediction
into clinical care, investigators recently developed and
validated genome-wide polygenic scores for five common
diseases'”". Truly individualized medicine would be avail-
able when a similar polygenic score related to adverse
drug reactions is developed ready for clinical application.

From a therapeutic standpoint, idiosyncratic DILI is
still an orphan disease. This is the consequence of a num-
ber of factors. First, the incomplete understanding of
DILI pathogenesis and the complexity of its underlying
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mechanisms have hampered efforts to develop animal
models relevant to human idiosyncratic DILI. Despite
the efforts to establish a better approach to human
DILI, such as inhibiting normally tolerogenic immune
pathways to render mice susceptible to DILI'?, there
is no widely accepted animal model and none of the
existing in vitro and in silico models of hepatotoxicity
are approved by the regulatory agencies for preclinical
drug development. On the other hand, the discovery of
mechanistic biomarkers and genetic information brings
hope for improving the detection of DILI in clinical trials.
The current absence of diagnostic DILI biomarkers
impairs the accurate DILI case qualification process,
which is crucial to the correct enrolment of patients in
trials to assess older or new molecules in the treatment of
this condition. Presumably; international efforts already
in place (Translational Safety Biomarker Pipeline,

PRIMER

TransBioLine) to further discover and validate specific
DILI biomarkers will change the landscape over the next
years. Finally, the relative rarity of the disease along with
the myriad of phenotypic presentations, which further
reduce the potential randomization of eligible patients,
precludes the undertaking of clinical trials with adequate
statistical power. Nevertheless, the potential benefit from
older agents used empirically in DILI, such as urso-
deoxycholic acid and steroids, is worthy of evaluation
in well-designed clinical trials. This is now feasible by
taking advantage of international consortia that pros-
pectively recruit patients with DILI. Indeed, prospec-
tive DILI registries will remain an invaluable resource
for testing diagnostic biomarkers and promoting new
therapeutic strategies in the near future.
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