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INTRODUCTION 

Idiosyncratic drug-induced liver injury (DILI) is an adverse 
drug reaction in the liver that is differentiated from intrinsic 
DILI by not showing simple dose-dependency. Idiosyncratic 
DILI has become a major clinical challenge because of its high 
morbidity, mortality, unpredictable nature, frequent hospital-
ization, and need for liver transplantation.1 Given the low inci-
dence of idiosyncratic DILI, it cannot be detected in preclinical 
testing or clinical trials.

Prospective population-based epidemiological studies re-
ported an annual crude incidence of 13.9 cases per 100,000 in-
habitants in France in 1997-2000,2 12 cases per 100,000 inhabit-
ants in Korea in 2005-2007,3 and 19.1 cases per 100,000 inhabit-
ants in Iceland in 2010-2011.4 Antibiotics, nonsteroidal anti-in-
flammatory drugs, and isoniazid are the most common medi-
cations associated with idiosyncratic DILI. In Asian countries, 

herbal medications are the principal cause of DILI.3 A retro-
spective population-based study in the UK estimated the inci-
dence of DILI as 2.4 per 100,000 inhabitants,5 showing 6 times 
lower incidence in the prospective study of DILI. 

Based on the ratio of abnormalities in liver function (R ratio, a 
ratio of the alanine aminotransferease [ALT] to alkaline phos-
phatase [ALP] relative to their respective upper limits of normal 
[ULN]), DILI can be categorized as hepatocellular (R>5), cho-
lestatic (R<2), or mixed type (2<R<5) of liver injury.6 It can be 
applied to classify DILI into endotypes for genetic association 
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studies. 
Risk factors for DILI are complex; however, host genetic, im-

munological, and metabolic factors play an important role. 
DILI is more likely to occur in the elderly,7 females,4 and pa-
tients with underlying chronic liver disease.8 Several character-
istics of a drug, such as medication dose, drug lipophilicity, and 
extent of hepatic metabolism, also play a role. Environmental 
factors, such as alcohol intake, pre-existing disease, and viral 
infections, are important patient characteristics. Genetic factors 
are associated with genes that influence drug metabolism and/
or immunological reactions to the drug. The frequency, severi-
ty, and clinical manifestations vary according to the drug, the 
underlying disease, and ethnicity of the patient.

Although mechanisms for idiosyncratic DILI remain unclear, 
the delayed onset of the reaction and genetic associations be-
tween the expression of particular HLA molecules and suscep-
tibility to drug-induced liver injury9-12 are indicative of an im-
munogenetic basis.

The present review focuses on current pharmacogenomics, 
recent advances in mechanistic studies, and newly identified 
biomarkers for idiosyncratic DILI.

Genetic predisposition to idiosyncratic DILI
Genetic association studies on DILI remain challenging be-

cause of the relative rarity of this condition, phenotypic diversi-
ty in DILI cohorts, ethnic diversity, and complex culprit drugs. 
The limitations are magnified when performing genome-wide 
association studies on DILI because it requires sufficient study 
subjects to reach a genome-wide level of significance, as well as 
a replication study cohort based on different populations to ex-
clude frequently occurring false-positive associations. To over-
come these limitations, international multicenter research net-
works have been established in accordance with case definition 
and phenotype standardization as well as with regard to grad-
ing the severity of DILI.13 Multicenter research networks for 
studying idiosyncratic DILI have been established in the USA 
(DILIN),14 UK (DILIGEN),10 Europe (EUDRAGENE),15 Spain 
(Spain DILI registry),16 Canada (CPNDS),17 and the internation-
al Severe Adverse Event consortium (SAE).18

An association between a specific human leukocyte antigen 
(HLA) allele with idiosyncratic DILI has been reported for 
several drugs (e.g., flucloxacillin [B*57:01],10 ximelagatran 
[DRB1*07:01 and HLA-DQA1*02],9 co-amoxiclave [DRB1*15: 
01],12,19,20 lumiracoxib [DRB1*15:01],11 lapatinib [HLA-DRB1* 
0701-DQA1*0202/DQB1*0203],21 antituberculosis drugs [HLA-
DQB1*0502],22 and isoniazid [HLA-DRB1*03], rifampin [HLA-
DQA1*0102], and ethambutol [HLA-DQB1*0201]23). 

Recently, in silico analysis of HLA alleles associated with DILI 
revealed a link between different HLA alleles.24 DILI caused by 
several chemically unrelated drugs, such as ticlopidine, lumira-
coxib, and co-amoxiclav, resides on similar haplotypes, namely, 
DQB1*0604-DQA1*0102 and DQB1*0602-DQA1*0102. Given 

the same peptide binding capability between DQB1*0604 and 
DQB1*0602, common causal alleles within the major histo-
compatibility complex (MHC) class II may be genetic predis-
posing factors for DILI. However, further genotyping is required 
using next-generation sequencing techniques. 

New insights from GWAS can provide good clinical utility by 
avoiding the use of potentially harmful drugs in susceptible pa-
tients having an HLA risk allele.25,26 For example, avoidance of 
carbamazepine therapy in HLA-B*1502-positive patients has 
reduced the incidence of a potentially severe cutaneous hyper-
sensitivity, such as Stevens-Johnson syndrome (SJS) and toxic 
epidermal necrolysis (TEN) in Taiwan.25 HLA-B*5701 testing 
significantly reduces the incidence of abacavir-induced hyper-
sensitivity.26 The food and drug administration (FDA) recom-
mended pretreatment HLA screening for abacavir and carbam-
azepine therapies and this has been helpful for the manage-
ment of adverse events. Furthermore, a validation study of 
HLA-DRB1*0701 using a prospective, randomized, placebo-
controlled clinical trial of lapatinib monotherapy in early-stage 
breast cancer demonstrated good clinical utility for HLA-
DRB1*0701 typing for the management of patients experienc-
ing hepatotoxicity during lapatinib treatment.27 HLA-DRB1 
*0701 allele carriers show increased ALT above background lev-
els in the placebo treatment, which supports a previous finding 
of HLA-DRB1*0701 as a predictive risk factor for lapatinib-in-
duced liver injury. 

However, recent studies on predictive genetic testing for DILI 
demonstrated a low positive predictive value of 0.12%, even in 
the strongest association of HLA-B*5701 with flucloxacillin-in-
duced DILI.28 Therefore, a multidisciplinary approach that re-
lates immune responses to clinical outcomes is required to im-
prove predictability by combining biomarkers with HLA typing 
tests. The association between particular HLA alleles and sus-
ceptibility to DILI drives studies on how small drugs can induce 
drug-specific T cell responses, which are restricted by the host 
HLA allele. 

Predisposition to immunological drug reactions
The association of a specific HLA allele with DILI gives rise to 

several major questions: (1) how are small drugs antigenic (i.e., 
interact with MHC proteins to activate T lymphocytes); (2) how 
and why do drug-specific T cell responses arise in a small por-
tion of patients; and (3) how is a specific immune response re-
stricted by host HLA alleles? 

T lymphocytes are thought to be involved in the pathogenesis 
of certain immune-mediated adverse drug reactions, indirectly 
causing tissue damage through the action of cytokines or di-
rectly by the secretion of cytolytic molecules (e.g., perforin, gra-
nulysin, and FAS ligand). To stimulate a T-cell response, a drug 
must act as an antigen and ligate specific T-cell receptors that 
ultimately results in the activation of specific T cells. 

Hapten theory―originating from the studies of Landsteiner 
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and Jacobs in the 1930s relating skin sensitization potential to 
protein reactivity 29―states that a drug must bind irreversibly to 
self-protein to break immune tolerance. T cells are subsequent-
ly stimulated by peptides liberated from the modified protein 
following antigen processing. Drugs have also been shown to 
be associated directly with peptides embedded in the MHC to 
stimulate a T-cell response.30-37 Despite this, very few studies 
have attempted to define drug-protein antigens in patients and 
hence relate the chemistry of antigen formation to the immune 
response.

Drug antigenicity 

Traditionally, drugs were thought to be too small to interact 
directly with MHC molecules. For this reason, hapten forma-
tion is believed to be an important step in the generation of 
drug-specific immune responses. With reference to T cell-me-
diated reactions, the protein conjugate is broken down or “pro-
cessed” by antigen-presenting cells, liberating antigenic pep-
tides that are associated with MHC molecules prior to presen-
tation to T cells. For β-lactam antibiotics, the β-lactam ring is 
targeted directly by nucleophilic lysine residues on proteins, 
leading to ring opening and binding of the penicilloyl group.38-40 

Most of the other drug classes associated with a high incidence 
of immunological reactions are chemically inert; however, 
through normal processes of drug metabolism, protein-reac-
tive intermediates may be generated.41-43 Using advanced tech-
nologies, such as mass spectrometry, it is possible to define the 
chemistry of drug-protein conjugation in patients and the na-
ture of the drug-derived epitopes, which can function as an an-
tigen to stimulate T cells.44-48 

There is another mechanism underlying drug-specific T-cell 
activation. This concept, referred to as the “pharmacological in-
teraction of drugs with immune receptors (p-i concept),” states 
that drugs by themselves act as antigens interacting in a revers-
ible fashion with immunological receptors.49 By characterizing 
T-cell clones from patients with immunological drug reactions, 
the pharmacophore of several drugs, including sulfamethoxa-
zole,30,34,50 carbamazepine,51,52 abacavir,53 and penicillin,54 have 
been shown to interact with MHC molecules directly and pro-
vide a sufficiently strong signal to stimulate T cells. 

Recently, new in vitro assays using cells from healthy volun-
teers have been designed to study drug antigenicity.55 Several 
key elements are required for the initiation of drug-specific T-
cell responses, and each must be incorporated into an in vitro 
assay: (1) drug delivery in an appropriate antigenic form, (2) 
the provision of maturation signals for professional antigen-
presenting cells, and (3) appropriate co-stimulatory/co-inhibi-
tory receptor ligand interactions. Furthermore, one must con-
sider the phenotype and functionality of antigen-specific T 
cells, appropriateness of the T-cell readout, and the genetic 
background of the volunteer. This recently developed assay re-
lies on the isolation and culture of highly pure T-cell and anti-

gen presenting-cell populations. Immature monocyte-derived 
dendritic cells and naive T cells are used as antigen presenting 
cells and responder cells, respectively. After a 10-day culture 
period, T cells are re-exposed to the drug antigen and dendritic 
cells, and antigen specificity is measured shortly thereafter. In 
addition to classical readouts for proliferation, cytokine secre-
tion, and cytotoxicity, a change in phenotype from naive to 
memory can be quantified using flow cytometry.

Drug immunogenicity 

Not all carriers of the risk allele develop pathogenic immuno-
logical drug reactions. To initiate an immune response, 2 path-
ways must be triggered, namely, the antigenic signal, sensed by 
specific T-cell receptors, and the maturation signal, sensed by 
dendritic cells, which subsequently provide co-stimulatory sig-
nals to T cells upon activation. The latter is thought to function 
as a “danger signal” regarding the “drug-inflammation interac-
tion,” suggesting that a modest inflammation can enhance 
some drug-induced immunogenicity and potentially predis-
pose an individual to hepatotoxicity.56 Our understanding of 
drug-dendritic cell interactions and the role of bystander cells 
in the provision of dendritic-cell maturation signaling is limit-
ed.57-59 By establishing an HLA-typed cell bank24 and the avail-
ability of a novel assay to detect the stimulation of naïve T cells 
with drugs, it is beginning to become possible to define wheth-
er an environment rich in dendritic-cell maturation signals 
contributes to the conversion of antigenic signals into an im-
mune response.  

For T cells to exert a cytotoxic response in a particular organ, 
they must be recruited from the circulation. The expression of 
specific chemokines and their subsequent interaction with 
chemokine receptors on the surface of lymphocytes is known 
to promote T-cell migration through the endothelium and into 
tissues. T cells infiltrating skin express high levels of cutaneous 
lymphocyte-associated antigen (CLA) and the chemokine re-
ceptors CCR4 and CCR10, and drug-specific T cells from pa-
tients with cutaneous drug hypersensitivity reactions express 
high levels of these receptors.52,60-62 Although the expression of 
chemokine receptors on liver homing T cells is less defined, 
CXCR3, CCR5, CCR9, and CXCR6 have been found on T cells 
isolated from patients with various forms of liver disease.63 
Lymphocytes from a patient with trimethoprim-induced liver 
injury express high levels of CXCR3 and CCR9, but only low lev-
els of skin-homing receptors.64 Thus, it may be possible to mon-
itor chemokine receptor expression profiles to define the role of 
drug-specific T cells in hepatic (CXCR3, CXCR6, CCR5, and 
CCR9) and cutaneous (CCR4 and CCR10) side-effects of im-
munological drug reactions.63

HLA allele-specific immune response

Several studies suggest that the hapten/pro-hapten immuno-
genic complex may be restricted to a specific HLA allotype.65 
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First, a haptenated peptide with a drug occupies an anchor 
pocket in a specific HLA molecule. Second, incorporation of 
the drug or metabolite into an anchor pocket of the associated 
HLA molecule can alter its peptide-binding groove and gener-
ate a shift in the peptide repertoire it can subsequently bind. 
Third, a modification of a peptide that specifically binds a par-
ticular HLA allotype by solvent-exposed side chains of the drug. 
Using affinity chromatography via immobilized monoclonal 
antibodies specific for the HLA allotypes, cell-surface HLA-pep-
tide complexes can be isolated, and peptide ligand can be dis-
sociated from HLA proteins. The peptide can be identified us-
ing tandem mass spectrometry and then used to detect the spe-
cific interaction with the HLA molecule based on peptide-bind-
ing assays.66,67 However, to date the identity of naturally eluted 
T-cell stimulatory hapten-peptide complexes is not known for 
drugs associated with a high incidence of idiosyncratic DILI.

Immunologic basis for the pathogenesis of DILI
The presence of drug-responsive T lymphocytes in blood and 

liver biopsies of patients with DILI supports their involvement 
in disease pathogenesis. In 1997, Maria and Victorino demon-
strated lymphocyte responses to drugs in over 50% of patients 
with DILI. The detection of drug-specific lymphocyte respons-
es in certain patients with liver injury suggests that drug reac-
tions are immune-mediated. Histological examination of in-
flamed liver tissue from a patient with a sulfasalazine-induced 
drug reaction with eosinophilia and systemic symptoms 
(DRESS) syndrome revealed infiltration of granzyme B secret-
ing T lymphocytes.69 This finding supports a direct role of drug-
responsive T lymphocytes in the pathogenesis of DILI.

The characterization of the phenotype and function of drug-
responsive T lymphocytes has been reported in patients with 
trimethoprim-induced liver injury.64 The proliferation of CD4+ 
and CD8+ T cells against trimethoprim is reported, and the pro-
liferative response is associated with enhanced IFN-γ and IL-13 
secretion. 

Recent studies on flucloxacillin-induced liver injury70,71 sug-
gest 2 distinct immunological mechanisms based on hapten 
and p-i concepts. Monshi et al.70 reported that flucloxacillin-re-
sponsive T cells stimulate IFN-γ secretion from peripheral 
blood mononuclear cells (PBMC) isolated from DILI patients 
as well as healthy volunteers expressing HLA-B*5701. Covalent 
binding of flucloxacilin to specific lysine residues on albumin is 
also observed using mass spectrometric analysis. The level of 
drug binding showed a significant correlation with the prolifer-
ative response of T-cell clones against flucloxacillin. The T-cell 
response is dependent on antigen processing, which suggests 
that T cells may be activated by peptides derived from the hap-
tenated protein. Furthermore, naïve T cells isolated from 
healthy volunteers expressing HLA-B*5701 are found to be acti-
vated by flucloxacillin. The drug-specific T-cell response is de-
pendent on the presence of antigen-presenting cells expressing 

HLA-B*5701.
Wuillemin et al.71 suggested that HLA haplotypes determine 

distinct immunologic mechanisms, hapten- or p-i, based T-cell 
reactivity toward flucloxacillin. They used T-cell assays with 
PBMC from healthy human donors to evaluate mechanisms of 
drug antigen presentation by characterizing 3 aspects: (1) sta-
ble or labile presentation of flucloxacillin by antigen presenting 
cells, (2) dependency on proteasomal processing, and (3) acti-
vation kinetics of T-cell clones on the stimulation of flucloxacil-
lin in solution. In healthy volunteers expressing HLA-B*5701, 
flucloxacillin is presented in a labile manner, independent of 
antigen processing, and restricted by the host HLA allele, HLA-
B*5701. Thus, p-i based T-cell reactivity is found in HLA-B*5701 
carriers. On the other hand, in healthy volunteers expressing 
other HLA-B alleles, T-cell reactivity against flucloxacillin is de-
pendent on antigen processing, suggestive of a hapten mecha-
nism. However, Yassen et al.72 demonstrated preferential T-cell 
responses to flucloxacillin-hapten in patients with liver injury 
expressing HLA-B*5701 via a hapten mechanism. This finding 
suggested promiscuous T-cell responses to flucloxacillin and 
flucloxacillin-hapten may co-exist and predominant T-cell re-
sponse may be affected by individual immunological factors.  
Furthermore, the infiltration of cytotoxic CD8+ T lymphocytes is 
found in the liver biopsies of a patient with flucloxacillin-in-
duced liver injury,73 where cytotoxic T-cells could kill hepato-
cytes in a perforin/granzyme B-dependent manner. Moreover, 
bystander killing caused by FasL could lead to exacerbation of 
liver injury caused by flucloxacillin.73 

An alternative hypothesis has been suggested as a mecha-
nism behind interactions between drug and HLA molecules in 
abacavir-induced hypersensitivity.74-76 Abacavir can bind inside 
the peptide-binding groove of HLA-B*5701, changing the 
shape, finally leading to the alteration in the repertoire of pep-
tide that can bind HLA-B*5701. However, there has been no ex-
perimental evidence supporting this hypothesis as a mecha-
nism for DILI. In particular, Norcross et al.76 reported that anti-
gen presenting cell exposure to flucloxacillin does not alter the 
repertoire of HLA-B*5701 binding peptides displayed on the 
cell surface. 

In our most recent study, we compared/contrasted β-lactam 
and β-lactam hapten-specific T-cell responses, but importantly 
focused on cells from patients with DILI and healthy donors. 
Soluble drugs activate T cells from healthy donors in an HLA-
allele-unrestricted fashion that does not occur in patients. In 
contrast, T cells from patients with DILI are activated via a hap-
ten mechanism. The drug hapten-specific T-cell response is 
HLA-allele-restricted.72

Strong evidence of an immune-mediated mechanism of DILI 
has recently been reported in isoniazid (INH)-induced liver in-
jury.77 Anti-INH antibody and anti-CYP autoantibodies are de-
tected in patients with liver failure, but not in patients with mild 
injury or no. Impaired immune tolerance in severe cases of 
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INH-induced liver injury has also been suggested, while mild 
cases can resolve with immune tolerance. 

It is likely that complex mechanisms can occur together in 
DILI patients, although the predominant mechanism under 
various conditions remains unclear. Several aspects of these 
mechanisms require further studies. First, protein modification 
with the drug is likely to occur, even in tolerant patients.44 The 
formation of the drug-protein complex may be an important 
initiator to induce allergic reactions, but it does not ensure T-
cell activation. Additional signals to convert an antigenic signal 
into an aberrant T-cell response may exist in patients with DILI. 
Second, the high generation rate of flucloxacillin-responsive T 
cells from HLA-B*5701+ healthy donors in vitro does not match 
with the low incidence of DILI in a general population. Only 1 
to 1,000 individuals carrying the HLA-B*5701 allele will develop 
liver injury when treated with flucloxacillin. Third, the activa-
tion of flucloxacillin-responsive T cells requires a high concen-
tration of drug, which exceeds the therapeutic dose in clinics. 
This may favor the expansion of drug-responsive T cells unre-
stricted by the HLA allele. Fourth, other manifestations, such as 
DRESS, may coexist with DILI, which could mask an alternative 
activation mechanism. 

In a recent meeting of drug hypersensitivity researchers in 
Bern, the drug-responsive T cells are also reported to be detect-
ed in patients with co-amoxiclave (amoxicillin-clavulanate)- 
and antituberculosis drug-induced liver injuries. Amoxicillin- 
or clavulanic acid-responsive T-cell clones isolated from pa-
tients with DILI show drug-specific T-cell proliferation in a 
dose- and antigen processing-dependent manner, suggesting a 
hapten mechanism for antigen presentation.78 The proliferative 
response of amoxicillin-specific CD4+ T-cell clones is restricted 
by MHC class II, especially the DR molecule.78 This finding is 
consistent with the previous identification of HLA-DRB1*1501 
as a risk genotype for co-amoxiclave-induced liver injury.12,19,20,79 
In patients with antituberculosis drug-induced liver injury, en-
hanced proliferation and IFN-γ secretion are found in PBMC 
against isoniazid, but not rifampicin, pyrazinamide, or etham-
butol. Antituberculosis drugs may be the next target for immu-
nological studies on DILI. 

Animal model of idiosyncratic DILI
In vitro studies with human PBMC provide knowledge of the 

nature of the immune response and the signals that are specific 
for DILI; however, little information can be acquired regarding 
the pathways that are activated when the immune response de-
velops and/or the ability of T cells to damage an intact liver. 
Thus, an animal model that mimics the human condition (de-
layed onset, similar pathogenesis) would greatly assist the study 
of mechanisms of idiosyncratic DILI. To date, however, at-
tempts to develop such models have been largely unsuccessful. 
This is because of difficulties in mimicking human drug expo-
sure and the absence of relevant human HLA alleles. Moreover, 

the co-stimulatory/co-inhibitory signals that occur during a 
pathogenic immune response have not yet been defined and 
are therefore almost impossible to model. 

In 2003, Shenton et al.80 described a rat model of nevirapine-
induced tissue injury. Rats developed a mild-moderate skin 
rash following drug exposure. The reaction has a delayed onset 
(2-3 weeks), is dose-dependent, is strain-specific, and is only 
detected in a portion of animals. Furthermore, rechallenge with 
nevirapine results in the development of clinical symptoms 
much more rapidly. Each of these phenomena is indicative of 
an immune-mediated reaction against the drug, and indeed 
depletion of CD4+ T-cells was found to decrease the incidence 
of skin rash. Importantly, rats do not develop DILI, which is ob-
served in several nevirapine-exposed human patients. 

To investigate whether the absence of DILI involves an ac-
quired tolerance against the drug-derived antigen, Metushi et 
al.81,82 administered the hepatotoxin amodiaquine and anti- cy-
totoxic T-lymphocyte-associated protein 4 (CTLA4) antibodies 
to programmed cell death-1 (PD-1) knockout mice. Both 
CTLA4 and PD-1 are known to be negative regulators of anti-
gen-specific T-cell responses. Interestingly, mice exposed to 
amodiaquine develop liver injury with a delayed onset. In sub-
sequent experiments, it will be interesting to see whether simi-
lar observations are detected with other DILI drugs, including 
those that cause reactions in human patients expressing specif-
ic HLA alleles.

Predictive biomarkers of DILI
Clinicians and drug manufacturers recognize 2 different types 

of DILI. Dose-dependent intrinsic DILI can be detected during 
the early stages of drug development, while idiosyncratic DILI 
not showing simple dose-dependency cannot be predicted. 
Over 1,000 approved drugs have been associated with DILI. 

The most common serum biomarkers for the detection of liv-
er injury are serum total bilirubin and the enzyme activity of 
ALT, ALP, and aspartate aminotransferase (AST). Increased en-
zyme activities and total bilirubin may represent liver injury 
and declining liver function.83 The enzyme activity of ALT in se-
rum has been considered the gold standard to predict hepato-
cellular damage;84 however, the elevated activity is actually as-
ymptomatic and not specific for liver injury. ALT activity can 
also increase from other extrahepatic injuries, such as skeletal 
muscle injury due to inflammation.85 Serum alkaline phospha-
tase is not liver- specific and can be increased in other disease 
states.84 Total bilirubin is an insensitive marker of liver disease. 

A considerable effort to identify novel biomarkers of DILI has 
been made by the international research consortia of clinicians 
and scientists, such as the Safer and Faster Evidence-based 
Translation (SAFE-T) and the Mechanism Based Integrated 
Systems for the Prediction of Drug Induced Liver Injury (MIP-
DILI). The main purpose is to identify a more specific, reliable, 
non-invasive biomarker for early prediction, treatment, or pre-
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vention of DILI. In advanced technologies on “-omics” plat-
form fields, a few promising biomarkers have been identified to 
date.86 Circulating glutamate dehydrogenase representing mi-
tochondrial leakage may be used as a DILI biomarker since it is 
released during hepatocellular necrosis.83 High-mobility group 
box 1 has been identified as an early serum indicator of hepato-
cellular necrosis in acute liver injury.87 Liver-enriched microR-
NA, miR-122, may be a promising biomarker for the prediction 
of DILI because it is highly restricted to the liver, detected dur-
ing the early stages of hepatocellular damage, and well-corre-
lated with histopathologic features.88 It is a more sensitive bio-
marker compared to currently used clinical chemistry parame-
ters for acute and chronic drug-induced liver injury.89,90 

Future perspectives
The mechanism involved in the development of DILI is com-

plicated, and the hypotheses that exist today are likely to be 
only a portion of the mechanisms involved in DILI. A better un-
derstanding of underlying diseases could lead to improved pre-
clinical tests to detect whether a new drug candidate has the 
potential to cause DILI as well as the form of DILI. Further-
more, the development of diagnostic tests based on the drug-
specific immune response may lead to the prediction of DILI in 
the early stages of a reaction and identification of a culprit drug 
in a patient taking multiple drugs. 

HLA genotypes serve as biomarkers of DILI as well as other 
genotypes, such as those of drug-metabolizing enzymes and 
transporters, and the use of more genetic markers could be ef-
fective in preventing idiosyncratic DILI. The next challenge will 
be to identify rare variants that confer the susceptibility of DILI 
using next generation sequencing and to understand how the 
pattern of genetic variants predicts disease susceptibility. 

Recent studies have attempted to develop an in vitro model 
system based on differentiated hepatocyte-like cells (HLCs) 
from human-induced pluripotent stem cells (hiPSC) to study 
and screen for idiosyncratic DILI.91 In addition, hiPSC-derived 
HLCs from individuals suffering from idiosyncratic DILI could 
be used for mechanistic studies on the pathophysiology of idio-
syncratic DILI. However, further efforts to refine the differentia-
tion and characterization of HLCs in vitro will be applicable for 
safety pharmacology and toxicology assessment.

New developments in the fields of bioinformatics, genomics, 
and proteomics will expedite the identification of predictive 
biomarkers of DILI. These studies can be used to improve early 
diagnosis and generate novel therapies for DILI. 

REFERENCES 

1.  Vuppalanchi R, Liangpunsakul S, Chalasani N. Etiology of new-on-
set jaundice: how often is it caused by idiosyncratic drug-induced 
liver injury in the United States? Am J Gastroenterol 2007;102:558-62.

2.  Sgro C, Clinard F, Ouazir K, Chanay H, Allard C, Guilleminet C, et 

al. Incidence of drug-induced hepatic injuries: a French popula-
tion-based study. Hepatology 2002;36:451-5.

3.  Suk KT, Kim DJ, Kim CH, Park SH, Yoon JH, Kim YS, et al. A pro-
spective nationwide study of drug-induced liver injury in Korea. 
Am J Gastroenterol 2012;107:1380-7.

4.  Björnsson ES, Bergmann OM, Björnsson HK, Kvaran RB, Olafsson 
S. Incidence, presentation, and outcomes in patients with drug-in-
duced liver injury in the general population of Iceland. Gastroen-
terology 2013;144:1419-25, 1425.e1-3.

5.  de Abajo FJ, Montero D, Madurga M, García Rodríguez LA. Acute 
and clinically relevant drug-induced liver injury: a population 
based case-control study. Br J Clin Pharmacol 2004;58:71-80.

6.  Danan G, Benichou C. Causality assessment of adverse reactions 
to drugs--I. A novel method based on the conclusions of interna-
tional consensus meetings: application to drug-induced liver inju-
ries. J Clin Epidemiol 1993;46:1323-30.

7.  Abboud G, Kaplowitz N. Drug-induced liver injury. Drug Saf 2007; 
30:277-94.

8.  Kaplowitz N. Drug-induced liver injury. Clin Infect Dis 2004;38 
Suppl 2:S44-8.

9.  Kindmark A, Jawaid A, Harbron CG, Barratt BJ, Bengtsson OF, An-
dersson TB, et al. Genome-wide pharmacogenetic investigation of 
a hepatic adverse event without clinical signs of immunopathology 
suggests an underlying immune pathogenesis. Pharmacogenom-
ics J 2008;8:186-95.

10.  Daly AK, Donaldson PT, Bhatnagar P, Shen Y, Pe’er I, Floratos A, et 
al. HLA-B*5701 genotype is a major determinant of drug-induced 
liver injury due to flucloxacillin. Nat Genet 2009;41:816-9.

11.  Singer JB, Lewitzky S, Leroy E, Yang F, Zhao X, Klickstein L, et al. A 
genome-wide study identifies HLA alleles associated with lumira-
coxib-related liver injury. Nat Genet 2010;42:711-4.

12.  Lucena MI, Molokhia M, Shen Y, Urban TJ, Aithal GP, Andrade RJ, 
et al. Susceptibility to amoxicillin-clavulanate-induced liver injury 
is influenced by multiple HLA class I and II alleles. Gastroenterolo-
gy 2011;141:338-47.

13.  Aithal GP, Watkins PB, Andrade RJ, Larrey D, Molokhia M, Takika-
wa H, et al. Case definition and phenotype standardization in 
drug-induced liver injury. Clin Pharmacol Ther 2011;89:806-15.

14.  Fontana RJ, Watkins PB, Bonkovsky HL, Chalasani N, Davern T, 
Serrano J, et al. Drug-Induced Liver Injury Network (DILIN) pro-
spective study: rationale, design and conduct. Drug Saf 2009;32:55-
68.

15.  Molokhia M, McKeigue P. EUDRAGENE: European collaboration 
to establish a case-control DNA collection for studying the genetic 
basis of adverse drug reactions. Pharmacogenomics 2006;7:633-8.

16.  Andrade RJ, Lucena MI, Fernández MC, Pelaez G, Pachkoria K, 
García-Ruiz E, et al. Drug-induced liver injury: an analysis of 461 
incidences submitted to the Spanish registry over a 10-year period. 
Gastroenterology 2005;129:512-21.

17.  Ross CJ, Visscher H, Sistonen J, Brunham LR, Pussegoda K, Loo TT, 
et al. The Canadian Pharmacogenomics Network for Drug Safety: 
a model for safety pharmacology. Thyroid 2010;20:681-7.

18.  Pirmohamed M, Aithal GP, Behr E, Daly A, Roden D. The pheno-
type standardization project: improving pharmacogenetic studies 
of serious adverse drug reactions. Clin Pharmacol Ther 2011;89: 
784-5.

19.  O’Donohue J, Oien KA, Donaldson P, Underhill J, Clare M, Mac-
Sween RN, et al. Co-amoxiclav jaundice: clinical and histological 
features and HLA class II association. Gut 2000;47:717-20.



Idiosyncratic Drug-Induced Liver Injury

Allergy Asthma Immunol Res. 2016 January;8(1):3-11. http://dx.doi.org/10.4168/aair.2016.8.1.3

AAIR

http://e-aair.org  9

20.  Donaldson PT, Daly AK, Henderson J, Graham J, Pirmohamed M, 
Bernal W, et al. Human leucocyte antigen class II genotype in sus-
ceptibility and resistance to co-amoxiclav-induced liver injury. J 
Hepatol 2010;53:1049-53.

21.  Spraggs CF, Budde LR, Briley LP, Bing N, Cox CJ, King KS, et al. 
HLA-DQA1*02:01 is a major risk factor for lapatinib-induced hepa-
totoxicity in women with advanced breast cancer. J Clin Oncol 
2011;29:667-73.

22.  Chen R, Zhang Y, Tang S, Lv X, Wu S, Sun F, et al. The association 
between HLA-DQB1 polymorphism and antituberculosis drug-in-
duced liver injury: a case-control study. J Clin Pharm Ther 2015; 
40:110-5.

23.  Sharma SK, Balamurugan A, Saha PK, Pandey RM, Mehra NK. 
Evaluation of clinical and immunogenetic risk factors for the de-
velopment of hepatotoxicity during antituberculosis treatment. 
Am J Respir Crit Care Med 2002;166:916-9.

24.  Alfirevic A, Gonzalez-Galarza F, Bell C, Martinsson K, Platt V, Bret-
land G, et al. In silico analysis of HLA associations with drug-in-
duced liver injury: use of a HLA-genotyped DNA archive from 
healthy volunteers. Genome Med 2012;4:51.

25.  Chen P, Lin JJ, Lu CS, Ong CT, Hsieh PF, Yang CC, et al. Carbamaze-
pine-induced toxic effects and HLA-B*1502 screening in Taiwan. N 
Engl J Med 2011;364:1126-33.

26.  Cargnin S, Jommi C, Canonico PL, Genazzani AA, Terrazzino S. Di-
agnostic accuracy of HLA-B*57:01 screening for the prediction of 
abacavir hypersensitivity and clinical utility of the test: a meta-ana-
lytic review. Pharmacogenomics 2014;15:963-76.

27.  Schaid DJ, Spraggs CF, McDonnell SK, Parham LR, Cox CJ, 
Ejlertsen B, et al. Prospective validation of HLA-DRB1*07:01 allele 
carriage as a predictive risk factor for lapatinib-induced liver inju-
ry. J Clin Oncol 2014;32:2296-303.

28.  Alfirevic A, Pirmohamed M. Predictive genetic testing for drug-in-
duced liver injury: considerations of clinical utility. Clin Pharmacol 
Ther 2012;92:376-80.

29.  Landsteiner K, Jacobs J. Studies on the sensitization of animals 
with simple chemical compounds. J Exp Med 1935;61:643-56.

30.  Castrejon JL, Berry N, El-Ghaiesh S, Gerber B, Pichler WJ, Park BK, 
et al. Stimulation of human T cells with sulfonamides and sulfon-
amide metabolites. J Allergy Clin Immunol 2010;125:411-8.e4.

31.  Keller M, Lerch M, Britschgi M, Tâche V, Gerber BO, Lüthi M, et al. 
Processing-dependent and -independent pathways for recogni-
tion of iodinated contrast media by specific human T cells. Clin 
Exp Allergy 2010;40:257-68.

32.  Pichler WJ. Direct T-cell stimulations by drugs--bypassing the in-
nate immune system. Toxicology 2005;209:95-100.

33.  Burkhart C, von Greyerz S, Depta JP, Naisbitt DJ, Britschgi M, Park 
KB, et al. Influence of reduced glutathione on the proliferative re-
sponse of sulfamethoxazole-specific and sulfamethoxazole-me-
tabolite-specific human CD4+ T-cells. Br J Pharmacol 2001;132: 
623-30.

34.  Schnyder B, Burkhart C, Schnyder-Frutig K, von Greyerz S, Naisbitt 
DJ, Pirmohamed M, et al. Recognition of sulfamethoxazole and its 
reactive metabolites by drug-specific CD4+ T cells from allergic in-
dividuals. J Immunol 2000;164:6647-54.

35.  von Greyerz S, Zanni MP, Frutig K, Schnyder B, Burkhart C, Pichler 
WJ. Interaction of sulfonamide derivatives with the TCR of sulfa-
methoxazole-specific human alpha beta+ T cell clones. J Immunol 
1999;162:595-602.

36.  Schnyder B, Mauri-Hellweg D, Zanni M, Bettens F, Pichler WJ. Di-

rect, MHC-dependent presentation of the drug sulfamethoxazole 
to human alphabeta T cell clones. J Clin Invest 1997;100:136-41.

37.  Zanni MP, von Greyerz S, Schnyder B, Brander KA, Frutig K, Hari Y, 
et al. HLA-restricted, processing- and metabolism-independent 
pathway of drug recognition by human alpha beta T lymphocytes. 
J Clin Invest 1998;102:1591-8.

38.  Batchelor FR, Dewdney JM, Gazzard D. Penicillin allergy: the for-
mation of the penicilloyl determinant. Nature 1965;206:362-4.

39.  Levine BB, Ovary Z. Studies on the mechanism of the formation of 
the penicillin antigen. III. The N-(D-alpha-benzylpenicilloyl) 
group as an antigenic determinant responsible for hypersensitivity 
to penicillin G. J Exp Med 1961;114:875-904.

40.  Levine BB. Studies on the mechanism of the formation of the peni-
cillin antigen. I. Delayed allergic cross-reactions among penicillin 
G and its degradation products. J Exp Med 1960;112:1131-56.

41.  Pearce RE, Uetrecht JP, Leeder JS. Pathways of carbamazepine bio-
activation in vitro: II. The role of human cytochrome P450 enzymes 
in the formation of 2-hydroxyiminostilbene. Drug Metab Dispos 
2005;33:1819-26.

42.  Chen J, Mannargudi BM, Xu L, Uetrecht J. Demonstration of the 
metabolic pathway responsible for nevirapine-induced skin rash. 
Chem Res Toxicol 2008;21:1862-70.

43.  Gill HJ, Tjia JF, Kitteringham NR, Pirmohamed M, Back DJ, Park 
BK. The effect of genetic polymorphisms in CYP2C9 on sulpha-
methoxazole N-hydroxylation. Pharmacogenetics 1999;9:43-53.

44.  Jenkins RE, Meng X, Elliott VL, Kitteringham NR, Pirmohamed M, 
Park BK. Characterisation of flucloxacillin and 5-hydroxymethyl 
flucloxacillin haptenated HSA in vitro and in vivo. Proteomics Clin 
Appl 2009;3:720-9.

45.  Whitaker P, Meng X, Lavergne SN, El-Ghaiesh S, Monshi M, Earn-
shaw C, et al. Mass spectrometric characterization of circulating 
and functional antigens derived from piperacillin in patients with 
cystic fibrosis. J Immunol 2011;187:200-11.

46.  Callan HE, Jenkins RE, Maggs JL, Lavergne SN, Clarke SE, Naisbitt 
DJ, et al. Multiple adduction reactions of nitroso sulfamethoxazole 
with cysteinyl residues of peptides and proteins: implications for 
hapten formation. Chem Res Toxicol 2009;22:937-48.

47.  Jenkinson C, Jenkins RE, Maggs JL, Kitteringham NR, Aleksic M, 
Park BK, et al. A mechanistic investigation into the irreversible pro-
tein binding and antigenicity of p-phenylenediamine. Chem Res 
Toxicol 2009;22:1172-80.

48.  Jenkinson C, Jenkins RE, Aleksic M, Pirmohamed M, Naisbitt DJ, 
Park BK. Characterization of p-phenylenediamine-albumin bind-
ing sites and T-cell responses to hapten-modified protein. J Invest 
Dermatol 2010;130:732-42.

49.  Pichler WJ. Delayed drug hypersensitivity reactions. Ann Intern 
Med 2003;139:683-93.

50.  Nassif A, Bensussan A, Dorothée G, Mami-Chouaib F, Bachot N, 
Bagot M, et al. Drug specific cytotoxic T-cells in the skin lesions of a 
patient with toxic epidermal necrolysis. J Invest Dermatol 2002; 
118:728-33.

51.  Wu Y, Sanderson JP, Farrell J, Drummond NS, Hanson A, Bowkett E, 
et al. Activation of T cells by carbamazepine and carbamazepine 
metabolites. J Allergy Clin Immunol 2006;118:233-41.

52.  Wu Y, Farrell J, Pirmohamed M, Park BK, Naisbitt DJ. Generation 
and characterization of antigen-specific CD4+, CD8+, and 
CD4+CD8+ T-cell clones from patients with carbamazepine hyper-
sensitivity. J Allergy Clin Immunol 2007;119:973-81.

53.  Chessman D, Kostenko L, Lethborg T, Purcell AW, Williamson NA, 



Kim et al.

Allergy Asthma Immunol Res. 2016 January;8(1):3-11. http://dx.doi.org/10.4168/aair.2016.8.1.3

Volume 8, Number 1, January 2016

10  http://e-aair.org

Chen Z, et al. Human leukocyte antigen class I-restricted activation 
of CD8+ T cells provides the immunogenetic basis of a systemic 
drug hypersensitivity. Immunity 2008;28:822-32.

54.  Brander C, Mauri-Hellweg D, Bettens F, Rolli H, Goldman M, Pi-
chler WJ. Heterogeneous T cell responses to beta-lactam-modified 
self-structures are observed in penicillin-allergic individuals. J Im-
munol 1995;155:2670-8.

55.  Martin SF, Esser PR, Schmucker S, Dietz L, Naisbitt DJ, Park BK, et 
al. T-cell recognition of chemicals, protein allergens and drugs: to-
wards the development of in vitro assays. Cell Mol Life Sci 2010;67: 
4171-84.

56.  Shaw PJ, Hopfensperger MJ, Ganey PE, Roth RA. Lipopolysaccha-
ride and trovafloxacin coexposure in mice causes idiosyncrasy-like 
liver injury dependent on tumor necrosis factor-alpha. Toxicol Sci 
2007;100:259-66.

57.  Sanderson JP, Naisbitt DJ, Farrell J, Ashby CA, Tucker MJ, Rieder 
MJ, et al. Sulfamethoxazole and its metabolite nitroso sulfamethox-
azole stimulate dendritic cell costimulatory signaling. J Immunol 
2007;178:5533-42.

58.  Rodriguez-Pena R, Lopez S, Mayorga C, Antunez C, Fernandez TD, 
Torres MJ, et al. Potential involvement of dendritic cells in delayed-
type hypersensitivity reactions to beta-lactams. J Allergy Clin Im-
munol 2006;118:949-56.

59.  Martin AM, Almeida CA, Cameron P, Purcell AW, Nolan D, James I, 
et al. Immune responses to abacavir in antigen-presenting cells 
from hypersensitive patients. AIDS 2007;21:1233-44.

60.  Leyva L, Torres MJ, Posadas S, Blanca M, Besso G, O’Valle F, et al. 
Anticonvulsant-induced toxic epidermal necrolysis: monitoring the 
immunologic response. J Allergy Clin Immunol 2000;105:157-65.

61.  Blanca M, Posadas S, Torres MJ, Leyva L, Mayorga C, Gonzalez L, 
et al. Expression of the skin-homing receptor in peripheral blood 
lymphocytes from subjects with nonimmediate cutaneous allergic 
drug reactions. Allergy 2000;55:998-1004.

62.  Naisbitt DJ, Farrell J, Wong G, Depta JP, Dodd CC, Hopkins JE, et al. 
Characterization of drug-specific T cells in lamotrigine hypersensi-
tivity. J Allergy Clin Immunol 2003;111:1393-403.

63.  Borchers AT, Shimoda S, Bowlus C, Keen CL, Gershwin ME. Lym-
phocyte recruitment and homing to the liver in primary biliary cir-
rhosis and primary sclerosing cholangitis. Semin Immunopathol 
2009;31:309-22.

64.  El-Ghaiesh S, Sanderson JP, Farrell J, Lavergne SN, Syn WK, Pirmo-
hamed M, et al. Characterization of drug-specific lymphocyte re-
sponses in a patient with drug-induced liver injury. J Allergy Clin 
Immunol 2011;128:680-3.

65.  Bharadwaj M, Illing P, Theodossis A, Purcell AW, Rossjohn J, Mc-
Cluskey J. Drug hypersensitivity and human leukocyte antigens of 
the major histocompatibility complex. Annu Rev Pharmacol Toxi-
col 2012;52:401-31.

66.  Wei CY, Chung WH, Huang HW, Chen YT, Hung SI. Direct interac-
tion between HLA-B and carbamazepine activates T cells in pa-
tients with Stevens-Johnson syndrome. J Allergy Clin Immunol 
2012;129:1562-9.e5.

67.  Yang CW, Hung SI, Juo CG, Lin YP, Fang WH, Lu IH, et al. HLA-
B*1502-bound peptides: implications for the pathogenesis of car-
bamazepine-induced Stevens-Johnson syndrome. J Allergy Clin 
Immunol 2007;120:870-7.

68.  Maria VA, Victorino RM. Diagnostic value of specific T cell reactivi-
ty to drugs in 95 cases of drug induced liver injury. Gut 1997;41: 
534-40.

69.  Mennicke M, Zawodniak A, Keller M, Wilkens L, Yawalkar N, Stick-
el F, et al. Fulminant liver failure after vancomycin in a sulfasala-
zine-induced DRESS syndrome: fatal recurrence after liver trans-
plantation. Am J Transplant 2009;9:2197-202.

70.  Monshi MM, Faulkner L, Gibson A, Jenkins RE, Farrell J, Earnshaw 
CJ, et al. Human leukocyte antigen (HLA)-B*57:01-restricted acti-
vation of drug-specific T cells provides the immunological basis for 
flucloxacillin-induced liver injury. Hepatology 2013;57:727-39.

71.  Wuillemin N, Adam J, Fontana S, Krähenbühl S, Pichler WJ, Yerly D. 
HLA haplotype determines hapten or p-i T cell reactivity to fluclox-
acillin. J Immunol 2013;190:4956-64.

72.  Yaseen FS, Saide K, Kim SH, Monshi M, Tailor A, Wood S, et al. Pro-
miscuous T-cell responses to drugs and drug-haptens. J Allergy 
Clin Immunol. Forthcoming 2015.

73.  Wuillemin N, Terracciano L, Beltraminelli H, Schlapbach C, Fon-
tana S, Krähenbühl S, et al. T cells infiltrate the liver and kill hepa-
tocytes in HLA-B(*)57:01-associated floxacillin-induced liver inju-
ry. Am J Pathol 2014;184:1677-82.

74.  Ostrov DA, Grant BJ, Pompeu YA, Sidney J, Harndahl M, South-
wood S, et al. Drug hypersensitivity caused by alteration of the 
MHC-presented self-peptide repertoire. Proc Natl Acad Sci U S A 
2012;109:9959-64.

75.  Illing PT, Vivian JP, Dudek NL, Kostenko L, Chen Z, Bharadwaj M, 
et al. Immune self-reactivity triggered by drug-modified HLA-pep-
tide repertoire. Nature 2012;486:554-8.

76.  Norcross MA, Luo S, Lu L, Boyne MT, Gomarteli M, Rennels AD, et 
al. Abacavir induces loading of novel self-peptides into HLA-B*57: 
01: an autoimmune model for HLA-associated drug hypersensitiv-
ity. AIDS 2012;26:F21-9.

77.  Metushi IG, Sanders C; Acute Liver Study Group, Lee WM, Uet-
recht J. Detection of anti-isoniazid and anti-cytochrome P450 anti-
bodies in patients with isoniazid-induced liver failure. Hepatology 
2014;59:1084-93.

78.  Kim SH, Saide K, Farrell J, Faulkner L, Tailor A, Ogese M, et al. 
Characterization of amoxicillin- and clavulanic acid-specific T-
cells in patients with amoxicillin-clavulanate-induced liver injury. 
Hepatology. Forthcoming 2015.

79.  Stephens C, López-Nevot MÁ, Ruiz-Cabello F, Ulzurrun E, Soriano 
G, Romero-Gómez M, et al. HLA alleles influence the clinical sig-
nature of amoxicillin-clavulanate hepatotoxicity. PLoS One 2013; 
8:e68111.

80.  Shenton JM, Teranishi M, Abu-Asab MS, Yager JA, Uetrecht JP. 
Characterization of a potential animal model of an idiosyncratic 
drug reaction: nevirapine-induced skin rash in the rat. Chem Res 
Toxicol 2003;16:1078-89.

81.  Metushi IG, Cai P, Dervovic D, Liu F, Lobach A, Nakagawa T, et al. 
Development of a novel mouse model of amodiaquine-induced 
liver injury with a delayed onset. J Immunotoxicol 2015;12:247-60.

82.  Metushi IG, Hayes MA, Uetrecht J. Treatment of PD-1(-/-) mice 
with amodiaquine and anti-CTLA4 leads to liver injury similar to 
idiosyncratic liver injury in patients. Hepatology 2015;61:1332-42.

83.  Antoine DJ, Mercer AE, Williams DP, Park BK. Mechanism-based 
bioanalysis and biomarkers for hepatic chemical stress. Xenobioti-
ca 2009;39:565-77.

84.  Ozer J, Ratner M, Shaw M, Bailey W, Schomaker S. The current 
state of serum biomarkers of hepatotoxicity. Toxicology 2008;245: 
194-205.

85.  Nathwani RA, Pais S, Reynolds TB, Kaplowitz N. Serum alanine 
aminotransferase in skeletal muscle diseases. Hepatology 2005; 



Idiosyncratic Drug-Induced Liver Injury

Allergy Asthma Immunol Res. 2016 January;8(1):3-11. http://dx.doi.org/10.4168/aair.2016.8.1.3

AAIR

http://e-aair.org  11

41:380-2.
86.  Schomaker S, Warner R, Bock J, Johnson K, Potter D, Van Winkle J, 

et al. Assessment of emerging biomarkers of liver injury in human 
subjects. Toxicol Sci 2013;132:276-83.

87.  Antoine DJ, Williams DP, Kipar A, Jenkins RE, Regan SL, Sathish JG, 
et al. High-mobility group box-1 protein and keratin-18, circulating 
serum proteins informative of acetaminophen-induced necrosis 
and apoptosis in vivo. Toxicol Sci 2009;112:521-31.

88.  Zhang Y, Jia Y, Zheng R, Guo Y, Wang Y, Guo H, et al. Plasma mi-
croRNA-122 as a biomarker for viral-, alcohol-, and chemical-relat-
ed hepatic diseases. Clin Chem 2010;56:1830-8.

89.  Dear JW, Antoine DJ, Starkey-Lewis P, Goldring CE, Park BK. Early 
detection of paracetamol toxicity using circulating liver microRNA 
and markers of cell necrosis. Br J Clin Pharmacol 2014;77:904-5.

90.  Antoine DJ, Dear JW, Lewis PS, Platt V, Coyle J, Masson M, et al. 
Mechanistic biomarkers provide early and sensitive detection of 
acetaminophen-induced acute liver injury at first presentation to 
hospital. Hepatology 2013;58:777-87.

91.  Kia R, Sison RL, Heslop J, Kitteringham NR, Hanley N, Mills JS, et 
al. Stem cell-derived hepatocytes as a predictive model for drug-
induced liver injury: are we there yet? Br J Clin Pharmacol 2013;75: 
885-96.


