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A B S T R A C T   

In the current article the aims for a constructive way forward in Drug-Induced Liver Injury (DILI) are to highlight 
the most important priorities in research and clinical science, therefore supporting a more informed, focused, and 
better funded future for European DILI research. This Roadmap aims to identify key challenges, define a shared 
vision across all stakeholders for the opportunities to overcome these challenges and propose a high-quality 
research program to achieve progress on the prediction, prevention, diagnosis and management of this condi-
tion and impact on healthcare practice in the field of DILI. This will involve 1. Creation of a database encom-
passing optimised case report form for prospectively identified DILI cases with well-characterised controls with 
competing diagnoses, biological samples, and imaging data; 2. Establishing of preclinical models to improve the 
assessment and prediction of hepatotoxicity in humans to guide future drug safety testing; 3. Emphasis on 
implementation science and 4. Enhanced collaboration between drug-developers, clinicians and regulatory 
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scientists. This proposed operational framework will advance DILI research and may bring together basic, 
applied, translational and clinical research in DILI.   

1. Introduction 

The vast majority of adverse clinical hepatic reactions to drugs are 
idiosyncratic which occur at therapeutic doses. Idiosyncratic drug- 
induced liver injury (DILI) is an unexpected, multifaceted, host- 
dependent, and potentially serious adverse reaction to the use of con-
ventional medicines, herbal products, or dietary supplements (HDS). 
This occurs in only a small proportion of exposed individuals, jeopar-
dizes patient safety and represents one of the most difficult liver disor-
ders to predict, diagnose and treat [1]. Globally, 1 to 1.5 million people 
suffer from the clinical consequences of hepatotoxicity each year, based 
on extrapolation of data from a population-based study from Iceland [2]. 
It is estimated that drugs are responsible for 2–5% of hospitalisations for 
jaundice [3], 10% of cases of hepatitis in adults, and 13–17% of cases of 
fulminant hepatitis [4,5]. In 23% of cases of clinically overt hepato-
toxicity, hospitalisation is required and in about 8–10% of cases, 
elevated liver enzymes do not resolve after withdrawal of the offending 
drug. The pharmacological groups most frequently involved in DILI in 
Western countries are antimicrobials, antineoplastic/ immunomodula-
tory agents, cardiovascular and musculoskeletal and anti-inflammatory 
drugs; while herbal compounds and dietary supplements including those 
containing androgenic anabolic agents are responsible for an increasing 
number of cases of hepatotoxicity [6,7]. 

The absence of a consistent drug signature with a wide range of 
presentation of DILI and the lack of specific biomarkers challenge the 
diagnosis of this entity. The complexity of underlying mechanisms 
coupled with species differences in drug biotransformation and immune 
responses has hampered efforts to develop reproducible animal models 
of DILI. Therefore, conventional preclinical toxicological testing has 
limited translational potential in predicting adverse hepatic reactions in 
humans [8]. 

Undoubtedly, adverse liver reactions and their monitoring place a 
burden on patients and health services. Attrition of the drugs during the 
development and their withdrawal post-marketing raises the cost of 
drug development. Patient safety during clinical trials and in clinical 
practice are an important challenge for clinicians, the pharmaceutical 
industry, and regulatory agencies worldwide. 

The Prospective European Drug-Induced Liver Injury Network Cost 
Action 17–112 (www.proeurodilinet.eu), comprising 27 European 
countries, was initiated in 2018 to highlight and start to address these 
multi-faceted challenges. This consortium has addressed both state-of- 
the-art advances in preclinical human-relevant models and clinical 
DILI [1,9–11], and in collaboration with international organizations 
provided a blueprint for clinical and pharmacovigilance practice 
guidelines [12,13]. Through a series of systematic reviews [14–17] this 
network has identified translational gaps as well as areas where 
high-quality evidence is lacking. Furthermore, an International 
Consensus Conference on Drug-Induced Autoimmune-like Hepatitis was 
jointly held with the International Autoimmune Hepatitis Group to 
agree on terminology, harmonization of criteria, diagnosis, and man-
agement of this important clinical issue [18]. Similarly, collaboration 
with liver patient groups has been established to highlight the impor-
tance of the patient perspective on DILI, paving the way for an infor-
mation day on DILI to explain in layman’s terms what DILI is. 

In parallel, ProEuroDILINet has secured partnership with an 
ongoing, major European IMI scientific project TransBioLine (Trans-
lational Safety Biomarker Pipeline). This important initiative was 
conceived to overcome well-recognized and substantial gaps [19] in 
biomarker discovery. This partnership is addressing the development, 
validation, regulatory qualification, and application of safety bio-
markers, with the goal of generating a fundamental change in the way 
hepatic drug safety is assessed in clinical trials and how toxicity is 
diagnosed and managed in clinical practice. Promising first steps of the 
collaboration have led to the identification of candidate serum protein 
biomarkers of DILI in humans through tandem mass tag-based quanti-
tative proteomic profiling [20]. 

We propose a DILI roadmap that aims to highlight the most impor-
tant priorities for research in preclinical and clinical safety science. The 
roadmap will be developed and set out along four strategic lines: 

2. Creation of database and optimised case report form for 
prospective identification of DILI cases and well-characterised 
controls, biological samples, and imaging data 

2.1. Creation of a prospective and integrative database of DILI patients: 
the ID-DILI 

Currently, prospective registries are the most valuable source of data 
for idiosyncratic DILI research. These provide high-quality information 
from a large number of deeply phenotyped patients enrolled using a 
standardized protocol [6,21–23]. However, very few have controls with 
an established alternative diagnosis prospectively enrolled and evalu-
ated with similar rigour [24]. In addition, comparability between reg-
istries is to some extent limited due to differences in data collection, case 
definition, or causality assessment [6,25]. Thus, in the context of a 
relatively low incident condition such as DILI, the creation of a pro-
spective and integrative database has great interest. 

To do so, the first step is to map the databases related to idiosyncratic 
acute DILI to enable interoperability, data integration and homogeni-
zation from several different databases, which would allow for more 
comprehensive analyses. 

However, information in these resources may lack standard criteria, 
such as metadata. 

Once this list of metadata is detailed, information from mapped 
databases could be collected and integrated in the proposed prospective 
database. Information to be included may comprise standard prospec-
tive registry information (demographics, clinical data), linked omics- 
related data, and highly informative digital imaging tests from DILI 
patients. This database will lead to an operational framework to foster 
DILI research and may drive a paradigm shift towards a holistic 
approach to the disease. 

2.2. Challenges in the establishment of causality assessment 

While awaiting the development of specific biomarkers for DILI the 
diagnosis relies on the establishment of a temporal relationship and the 
exclusion of alternative liver disorders. The current liver-specific 
RUCAM/CIOMS scoring system to aid in the diagnosis of DILI, 
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developed more than 30 years ago, was never evidence-based and suf-
fered from poor inter-rater reliability [26]. Using data from two large 
prospective DILI registries, a revised electronic version, RECAM (htt 
p://dilirecam.com/), was developed as a more objective, user-friendly, 
reliable and validated scoring system [27]. However, it is not designed 
for cases with more than a single suspect drug or for HDS cases, and 
further refinements with long half-life agents such as monoclonal anti-
bodies or in cases of drug-induced autoimmune-like hepatitis and vali-
dation in other cohorts are needed to answer open questions such as 
whether it should replace RUCAM scoring or whether the expert opinion 
model is still the plan for the future in clinical drug development. 

2.3. Prospective identification and characterization of atypical DILI 
phenotypes 

The creation of the ID-DILI will foster the prospective identification 
and characterization of specific and atypical DILI phenotypes, a topic of 
great importance to create new knowledge in DILI research. Immune 
checkpoint (ICP) inhibitors have changed the paradigm in oncology, 
resulting in improved survival in patients with advanced cancer, but at 
the expense of immune-mediated adverse events, including a new 
phenotype of DILI [28,29]. In addition, another emerging clinical 
phenotype is drug-induced autoimmune-like hepatitis (DI-ALH) [18]. 
The available evidence on DI-ALH consists exclusively of retrospective 
analysis of prospective DILI cohorts [30–32]. Notably, in addition to 
conventional medications, SARS CoV-2 vaccines have been identified 
leading to a DI-ALH phenotype [33]. Nonetheless, despite sustained 
efforts in describing the clinical characteristics of this atypical DILI 
phenotype, there is still a lack of information derived from biological 
samples from these patients. Such information would be helpful in the 
discovery of prognostic biomarkers that predict the need for immuno-
suppression in these patients. Study of the mechanisms of immune 
related liver injury with ICP inhibitors, acute hepatitis after SARS-CoV2 
vaccination and DI-ALH will improve our understanding of the under-
lying pathways in diseases which diagnosis relies on the exclusion of 
other liver disorders and have a genetic background. Further in-
vestigations focused on DI-ALH might shed light on both “idiopathic” 
autoimmune hepatitis (AIH) and DILI. Biologic DILI (BILI) is a very 
important new area, especially with the explosion of monoclonal anti-
bodies to treat many diseases and the occurrence of BILI independent of 
the generation of haptenizing metabolites. This problem needs to be 
better understood and mitigated. 

In addition, DILI in children is under-researched. Paediatric acute 
liver failure is a serious and sometimes life-threatening entity, requiring 
liver transplantation, in which drugs are one of the main known etiol-
ogies [34,35]. Recent progress in the understanding of genetics and 
particularly pharmacogenomics makes it possible to perform further 
studies in children who experience hepatotoxicity [36]. Indeed, phar-
macogenomic testing for particular genes has been shown to be of value 
in children with epilepsy who need treatment with lamotrigine [37]. 
However, studies focused on DILI in the paediatric population are still 
scarce [38], and treatment of the condition in this population is merely 
extrapolated from adults [17]. Therefore, the existing gap in knowledge 
about DILI in this vulnerable population requires urgent attention. 

DILI due to HDS represents a growing concern due to the increasing 
proportion of HDS- related cases in registries [39,40]. An increasing 
proportion of patients with drug-induced acute liver failure have HDS as 
the etiology [41], and Asians appear to be at increased risk of developing 
HDS-induced acute liver failure, although the mechanisms underlying 
ethnicity as a risk factor remain to be investigated [42,43]. Nonetheless, 
much progress has occurred in the understanding of the pathophysi-
ology of liver injury associated with HDS. For instance, Polygonum 
Multiforum and green tea extract is among the most well-documented 
HDS leading to predominantly hepatocellular liver injury, with a very 
well-defined biochemical phenotype and strong genetic HLA association 
[44–46]. Furthermore, new agents such as Tinospora Cordifola, turmeric 

and Kratom have recently been identified as causes of liver injury [47]. 
The use of these nonprescription and accessible products that can be 
directly purchased online, calls for urgent action. 

Finally, chronic DILI following acute DILI ranges from 3.4% to 39%, 
6 to 12 months after discontinuation of the offending agent [48]. Vari-
ability may depend on the criteria used and the characteristics of the 
patient because there is usually little information about confounding 
factors such as preexisting steatotic liver disease [49]. Aside from van-
ishing bile duct syndrome, whose unfavorable prognosis is 
well-established [50], more research is needed into long-term adverse 
outcomes of chronic DILI patients. 

In this sense, the ID-DILI will aid in characterizing the clinical pre-
sentation of liver damage caused by conventional medications and HDS, 
while the collection of biological samples will both increase knowledge 
of the underlying hepatic mechanisms of these products in the liver – 
and increase opportunities for biomarker discovery. 

2.4. Development of an adaptive and optimized case report form to 
capture real-world information in DILI patients 

DILI is a complex condition in which both host and drug factors 
interplay and contribute to the susceptibility and presentation of liver 
damage [51]. Although the existing prospective registries include a 
substantial amount of valuable information for the study of DILI, there is 
a need to explore new tools that collect further information to provide a 
more holistic picture of the condition. 

In this regard, the exposome provides a better understanding of the 
cumulative effects of environmental exposures and biological responses 
from conception onwards [52]. Currently, recent advances show that 
evidence of exposome-wide association studies in liver diseases are 
scarce and limited to conditions other than DILI [53]. For future 
research into complex liver diseases, the exposome provides novel, 
additional insights into innovative study designs to test novel mecha-
nistic hypotheses in DILI. Exposome features can be measured in two 
ways - either through: i) A bottom-up approach, i.e., focusing on each 
category of external exposure that would be summed up to estimate 
individual exposomes; or ii) A top-down approach, that uses untargeted 
omics methods to measure features of the exposome in biological fluids 
[54]. Thus, the decision on which approach is more appropriate will 
depend on the study hypothesis. For instance, the top-down strategy 
may help in discovering new mechanistic pathological pathways of the 
disease, whilst the bottom-up perspective is appealing when conducting 
an analysis of external determinants of the condition and planning 
intervention and prevention actions [55]. Although there are no studies 
addressing the study of the exposome in DILI, exposome-wide associa-
tion studies in other liver diseases have been recently published. To 
detect environmental chemicals and endogenous metabolites in patients 
with primary biliary cholangitis and primary sclerosing cholangitis, 
Walker et al. developed both individual and integrated exposomic- and 
metabolomic-wide association analyses [53]. Therefore, the study of the 
exposome in DILI will require a new optimized and standardized data 
questionnaire that needs to be extensive, to capture all endogenous and 
exogenous exposures of interest, and adaptive, i.e., to allow its use in a 
broad array of studies and populations, along with the serial recollection 
of biological samples that may allow to test novel and complex mech-
anistic hypotheses. 

Importantly, new case report forms should include patient liver 
histology data for prospective registries. The importance of liver biopsy 
in the differential diagnosis of DILI has been reported in previous 
studies. Suzuki et al. studied DILI and AIH biopsies where histological 
findings may overlap [56]. Indeed, prominent intra-acinar lymphocyte 
infiltrate and canalicular cholestasis, without the presence of AIH fea-
tures (portal inflammation, rosettes, plasma infiltrates), suggests DILI. 
More recently, in a re-assessment of 50 cases included in the DILIN 
study, liver histology information was deemed helpful in confirming the 
diagnosis of DILI [57]. Currently, the information obtained from liver 

M.I. Lucena et al.                                                                                                                                                                                                                               

http://dilirecam.com/
http://dilirecam.com/


Pharmacological Research 200 (2024) 107046

4

biopsies is a redacted clinical narrative, which makes analysis difficult 
due to the different terminology used by different pathologists. Thus, 
evolving case report forms should include digitized liver histo-
logy/biopsies along with the development of text-processing machine 
learning models to extract structured information from narrative de-
scriptions to promote the use of highly informative histological infor-
mation for future DILI research. Ideally, centralized reading of biopsies 
by an experienced pathologist in DILI should be included in prospective 
cohort studies. 

3. Preclinical models in DILI to improve the assessment and 
prediction of hepatotoxicity to guide future drug safety testing 

As a major cause of acute liver failure and attrition of drug devel-
opment, it is crucial to elucidate the mechanisms and idiosyncrasy of 
DILI. To this end we propose a multidisciplinary approach using patient- 
derived preclinical models with real-time, non-invasive imaging and 
integrative multi-omics analyses, complemented with conceptual 
frameworks (Adverse Outcome Pathway, AOP), liver-chip and other 
emerging 3D–4D multicellular in vitro platforms and humanized animal 
models to delineate mechanisms of relevance to human DILI. The 
emerging role of hepatic extracellular vesicles (EVs) in DILI positions 
them as a promising preclinical tool for the exploration of novel bio-
markers and potential therapeutic agents (Fig. 1). 

3.1. Advanced in vitro approaches to move forward personalized 
medicine in DILI 

3.1.1. Patient-derived pluripotent stem cells 
Despite their popularity as in vitro models in DILI research, 

hepatocyte-derived carcinoma cell lines do not faithfully reproduce 
primary hepatocyte metabolic functions and hence their use blur the 

findings of relevance for human DILI research. In addition, although 
primary human hepatocytes (PHH) are highly relevant for human DILI 
research, culture of PHH has shortcomings that preclude their routine 
use for drug screening, most importantly the short-time maintenance of 
maturation phenotype leading to low expression of cytochrome P450s 
during culture, which limits and misrepresents drug metabolism [58]. 

Human induced Pluripotent stem cells (iPSCs) have been increas-
ingly used to generate human in vitro systems, for experiments evalu-
ating human liver physiology and pathobiology. They have extensive 
proliferation, genetic stability, and the capacity to differentiate to 
different liver cell types [59]. iPSCs show great potential for personal-
ized medicine and to evaluate individual response to drugs as they can 
be generated from patients with DILI or from patients’ populations 
presenting specific susceptibility. Moreover, genomic traits can be easily 
introduced given the flexibility to genetically manipulate them. Poly-
genic architecture reflected by hepatocyte like cells derived from iPSCs 
have been shown to be important to recapitulate multiple pathways 
implicated in hepatoxicity [60,61]. Genetic modification of 
patient-derived PSCs further represents a major advantage of this system 
to model DILI [62]. On the other hand, a multicellular system with the 
same genetic background would offer the possibility to link the toxic 
response to the other pathogenic mechanisms of the disease [63]. In this 
regard, iPSC-derived multicellular liver organoids have shown good 
predictive value as a platform for DILI risk assessment [64,65]. Thus, 
differentiation of iPSCs into hepatocyte-like cells [63,66], as well as 
non-parenchymal cells (NPCs) [67–69] such as tissue-resident macro-
phages [70] and hepatic stellate cells [71] has been an intense area of 
research to improve the maturation of hepatocyte-like cells and their use 
to predict drug hepatotoxicity and human DILI. 

3.1.2. Complex cell culture configurations 
Despite their low cost and easy to use, two-dimensional (2D) cultures 

Fig. 1. Potential future steps in preclinical DILI research. The interplay of host- and drug-specific factors in DILI makes the use of patient-derived cells and complex in 
vitro cell models a critical need. Among in vivo model approaches, humanised mouse models are the most promising, although the EU is taking tangible steps towards 
the future goal of complete replacement of all animals used for scientific purposes. Finally, the future strategy for DILI research should include computational 
approaches to integrate data generated by both in vitro and in vivo assays in combination with genetic, epigenetic, and clinical information obtained from 
DILI patients. 
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do not mimic the cellular microenvironment and complex architecture 
of in vivo models. This shortcoming limits the predictive power and 
potential of these in vitro models for assessing the toxicity of xenobiotics 
[72]. 

Novel 3D models are presented as alternative systems due to their 
ability to replicate both biological and mechanical cues of the native 
liver niche, namely cell-to cell, cell-to-ECM, oxygen/nutrients/paracrine 
gradients and biological fluxes [73–76]. 3D systems include spheroid 
cultures, organoids, bioprinting (3D and 4D), microphysiological (MPS) 
and organ-on-a-chip (OoC) systems. These systems vary in their 
complexity and monitoring, allow control of the flow of fluids and nu-
trients, gradients of compounds and gas exchange, and can also be 
adapted for high-throughput screening (HTS) and a larger scale of pro-
duction [73–77]. 

Spheroids are based on the cells’ ability to self-aggregate into 
spheroids, while liver organoids correspond to self-organizing, organ- 
specific multicellular structures that mimic the structure and function of 
the human liver when cultured under specific media and matrix condi-
tions [74]. Recently, co-differentiation strategies in 3D culture systems 
have been described to obtain functional hepatic organoids [78], which 
have been already used to test the hepatotoxicity of currently available 
drugs in the clinic [79]. 

The 3D printing technology constitutes a novel fabrication technique 
that resorts to bioinks (cell-laden biomaterials) and involves layer-by- 
layer deposition of cell-embedded polymers guided by a computer- 
aided design (CAD) software, for the creation of complex structures 
on-demand. The 4D bioprinting adds to the 3D printing the use of smart 
materials able to reshape themselves in response to different stimuli, e. 
g., temperature, pH, and light, to closely mimic the dynamic responses 
of tissues in vivo [80]. Thus, 4D bioprinting technology is expected to 
enable the production of bioprinted human liver tissues containing both 
human liver cells and immunocompetent cells within a defined archi-
tecture, with the aim of detecting DILI during the non-clinical phase. 

Finally, OoC and MPS have the advantage to integrate different 
human cell lines while incorporating complex structures, such as 
vasculature and barrier function, thereby replicating the organ’s archi-
tecture more closely. Moreover, the integration of impedance sensing in 
OoC models could provide a real-time non-invasive means to monitor 
critical barrier functions, such as the endothelial barrier in liver models. 
This would allow for continuous evaluation of organ-level response to 
drug exposure and capture the impact of DILI progression on other or-
gans in the context of interconnected OoC models, e.g., liver-kidney-gut 
model. These complex in vitro models could improve the success of drug 
candidate translation into the clinic as well as non-clinical safety testing. 
This opens up new opportunities for the pharmaceutical industry to 
incorporate microphysiological systems, including organ-on-chip model 
technologies, into drug development to predict drug-induced liver 
injury. 

In terms of imaging, advanced in vitro models lend themselves well 
to longitudinal live imaging and progress is made towards their 
compatibility with high-content screening (HCS), enabling researchers 
to track dynamic cellular and subcellular events over time. The inte-
gration of novel imaging techniques could capture cellular (multi-
photon), intracellular (lipid imaging with quantitative phase 
tomography) and mechanical changes (Brillouin microscopy, optical 
coherence elastography) in response to DILI progression. 

3.2. Humanized mouse models: a game-changer in DILI research 

While useful for first-step strategies such as large drug screening 
platforms, in vitro approaches lack the integrative complexity of in vivo 
models. To circumvent this shortage, humanized mouse models have 
been developed to increase the relevance of the findings of DILI research 
to the clinical arena [10]; while ongoing improvements in genetic en-
gineering and cellular reprogramming technologies will likely enhance 
the fidelity of these models in the years to come expanding greatly their 

utility for DILI research. 
Several mouse lines with humanized liver have been generated to 

date, all of which require an immunosuppressive environment in order 
to allow for efficient engraftment of the xenotransplanted human he-
patocytes, which gradually are expected to repopulate the murine liver 
as the endogenous mouse hepatocytes die. Among these models, the 
FRGN mice model, a triple (Il2rg-/-/Rag2-/-/Fah-/-) knockout line in the 
NOD background, has several advantages compared to other humanized 
models, e.g. TK-NOG, or uPA/SCID, including the possibility to generate 
double chimeras with humanized adult hepatocytes and hematopoietic 
cells [81], as well as the deletion of mouse NADPH-cytochrome P450 
oxidoreductase gene (POR) to unmask the metabolism of drugs through 
the activities of human CYPs. In this regard, the parallel xeno-
transplantation of human hepatocytes and human stem CD34 + cells 
would allow the reconstruction of a murine liver endowed with both 
human hepatocytes and hematopoietic cells, whose interplay mimics a 
scenario of greater relevance for the human disease”. 

In addition, humanized mice can be genetically modified to study 
specific pathways. For example, the overexpression of STARD1, illus-
trates the potential of this model to study acetaminophen and alcohol 
hepatotoxicity with features similar to human subjects, including zonal- 
dependent injury coinciding with the predominant expression of 
StARD1 in perivenous zone [82,83]. Recent findings reported the 
improvement of humanized models with the repopulation of mouse liver 
with human hepatocytes and NPCs, including human immune, endo-
thelial and stellate cells. The implementation of this model should be 
useful for studying signaling pathways involved in DILI and its modu-
lation by NPCs [84]. 

3.3. Mode of liver injury and impact of metabolic liver disease on DILI 

An important limitation towards improving the prediction, and 
diagnosis of DILI is to understand the mode of liver injury by drug 
exposure. Liver damage in response to drugs reflect mainly a hepato-
cellular or cholestatic injury, which exhibit different biochemical and 
morphological characteristics underlying distinct modes of cell death 
[85]. Thus, understanding the mode of cell death in DILI is a key step for 
the identification of putative targets of intervention. While discrimina-
tion of the type of cell death in DILI may be drug-specific, drug-induced 
cell damage involves multiple pathways relying on intracellular com-
partments, particularly endoplasmic reticulum (ER) and mitochondria, 
whose cross-talk determines whether and how cell death ensues. Hence, 
discerning whether chronic ER stress through different signaling path-
ways (e.g. IRE1, PERK and ATF6), and/or mitochondrial-dependent 
oxidative stress via hyperactivation of stress kinases (e.g. JNK) by an 
amplification loop involving JNK1/2 and SAB mediates drug-induced 
cell death and liver injury may be crucial to identify potential targets 
for the treatment of DILI [86–88]. 

In addition to liver injury, drugs can also disrupt metabolic pathways 
leading to drug-induced fatty liver disease (DIFLD), a condition of 
particular concern in the elderly due to the polypharmacy of this pop-
ulation. Not only drugs can elicit DIFLD but existing metabolic alter-
ations, such as metabolic-associated steatotic liver disease (MASLD), the 
most common cause of chronic liver disease associated with obesity and 
type 2 diabetes, can disrupt hepatic drug metabolism and/or sensitize to 
liver injury. Higher risk of DILI in obesity is related not only to increased 
activity of several cytochromes P450, such as CYP2E1, which is 
accountable for the generation of toxic intermediates like NAPQI in the 
case of APAP, but also, MASLD-mediated disruption of mitochondrial 
function and impairment of antioxidant defense can contribute to the 
sensitization of drugs like APAP in obese individuals. As the type rather 
than the amount of fat is a critical determinant of progression of MASLD 
towards advanced stages [89], appropriate models of diet-induced 
steatosis may be useful to elucidate the contribution of specific lipid 
species in DILI susceptibility. This premise has been best illustrated in 
the role of cholesterol accumulation, particularly in mitochondria, in 
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APAP sensitization and a combination of the above mentioned models 
including human-based liver on-a-chip, precision-cut liver slices and 3D 
cell structures exposed to lipid loaded conditions (e.g. fatty acids, car-
bohydrates, glucose-derived metabolites, cholesterol) may be useful to 
screen the impact of steatosis into the pattern of drug metabolizing 
enzyme and drug hepatotoxicity, findings that should be validated in in 
vivo models of MASLD [90–96]. 

3.4. Zebrafish model: simplicity to get effectiveness 

Among the simplest in vivo models, zebrafish (Danio rerio) offers an 
effective and cost-efficient alternative for DILI studies [97]. With their 
transparent embryos, zebrafish allow direct visualization of internal 
structures and processes, facilitating the study of drug effects on liver 
morphology and function. Conservation of liver functions as well as 
major enzymes makes zebrafish larvae an advantageous model for 
studying drug metabolism and liver injury [98]. 

In the context of HCS, zebrafish are particularly attractive due to 
their high fecundity, small size, compatibility with microtiter plates and 
automated imaging via the ease of direct immersion in media containing 
drugs. These, together with the availability of a multitude of mutant, 
CRISPR and/or transgenic strains for zebrafish genes that exhibit 
conserved functional similarities with their corresponding mammalian 
orthologs, make this species a high-potential tool for large-scale DILI 
studies [97]. 

However, there is still a need for identifying common and divergent 
mechanisms between zebrafish and humans, which shall be done via 
comparative studies. Transgenic lines that will report expression of DILI 
biomarker genes can be developed to conduct screens for DILI response 
in a simple preclinical setting. In addition, zebrafish xenograft models, 
enabling transplantation and survival of human cancer cells including 
those of the liver in vivo, have already gained popularity to test differ-
ential effects of drugs, genotypes, as well as microenvironments [99]. 
Xenografts of patient-derived hepatocyte-like cells into zebrafish larvae 
for drug screening can further help translate the preclinical model 
repertoire of DILI to the clinic. 

3.5. Computational approaches for integrating multi-scale data in DILI 
research 

In silico models have reduced the cost of DILI risk assessment due to 
their ability to screen a large number of chemical compounds in a short 
time, even before they are isolated or synthesized [100]. In a further 
step, mechanism-driven modelling, such as the AOP, has substantially 
advanced the field of chemical hepatotoxicity [101,102] by allowing a 
multi-scale data integration of different non-animal tests. 

However, due to the sheer amount of data currently generated in 
omics-based clinical and in vitro studies (genomics, transcriptomics, 
proteomics, metabolomics), more effective and powerful data-analysis 
tools are needed. Machine learning and artificial intelligence are 
increasingly being applied in system biology approaches for funda-
mental understanding of cellular network dynamics [103] and their 
application for data integration and analyses in DILI research [104]. 

Moreover, DILIsym, a quantitative systems pharmacology (QST) 
model of drug-induced liver injury, is one of the few in silico models that 
combines statistical approaches with clinical data from patients and 
mechanistic in vitro systems designed to test bile acid transporter inhi-
bition, mitochondrial dysfunction and oxidative stress. DILIsym is a 
platform created as part of the DILIsym Initiative, a public-private 
partnership involving scientists from industry, academia and the Food 
and Drug Administration (FDA), to predict idiosyncratic DILI events in 
humans. The software simulates the mechanistic interactions and events 
from drug administration through the progression of liver injury and 
regeneration [105]. DILIsym has already been used to model idiosyn-
cratic DILI events associated with troglitazone [106], tolvaptan [107] 
and cannabidiol and valproate [108]. Both metabolic adaptation and 

immune tolerance are likely to be important contributors to the sus-
ceptibility and/or severity of DILI, but are not well demonstrated. 
Incorporating these mechanisms into DILI models seems challenging 
and needs to be understood. 

These advanced computational approaches will facilitate the iden-
tification of key characteristics in the different pleiotropic forms of DILI, 
which will assist in the development of improved in vitro models for DILI 
risk prediction [65] and the identification of efficacious biomarkers 
[10]. 

3.6. Perspectives of extracellular vesicles (EVs) in DILI 

Both in vivo and in vitro investigations provide evidence supporting 
the notion that hepatocyte-derived EVs are significantly influenced by 
drug metabolism, altering composition, morphology, and abundance of 
their protein cargo [109]. Hepatotoxic drugs can affect the incorpora-
tion of liver-specific mRNA (e.g., ALB gene) [110], miRNA (e.g., 
miR-122) [111], and proteins (e.g., CPS1, MAT1, COMT) into the EVs 
released by hepatocytes [112,113], and perhaps event alterations of the 
lipid composition of the membrane bilayer. Notably, EVs have been 
found to carry proteins covalently modified with amoxicillin, fluclox-
acillin, and nitroso-sulfamethoxazole, among others. Subsequently, 
these EVs can be captured by monocytes, and it has been demonstrated 
that they possess the capability to activate naïve T cells from human 
donors [114]. This is relevant as evidence suggests that most idiosyn-
cratic DILI cases are mediated by the adaptive immune system [115, 
116]. However, the definitive triggering stimulus responsible for these 
cases remains unidentified. EVs are hypothesized to fulfil a significant 
role, not only as antigen presenters but also as carriers of reactive me-
tabolites capable of inducing oxidative stress [117,118] or activate cy-
tochromes [119]. Besides their potential contribution to the onset of 
DILI, released EVs in plasma may serve as putative biomarkers for 
idiosyncratic DILI. 

Nanotechnological interventions have emerged in the last few years 
as promising approaches for the prevention and treatment of different 
diseases. Indeed, nanoparticles possess a range of characteristics that 
would make them particularly intriguing for the treatment of DILI in the 
near future such as their propensity to accumulate in the liver, ability to 
pass through the fenestrations of the liver sinusoid and their high 
loading capacity and biocompatibility [120]. 

4. Clinical research and healthcare system implementation 

4.1. DILI as a rare disease and possibility of family studies 

The European definition of a rare disease, as defined by the European 
Union Regulation on Orphan Medicinal Products from 1999, is a disease 
that affects no more than 1 person in 2000 in the European population. 
Since exposure to a specific drug causing DILI is needed to trigger the 
disease, this requirement is met for some forms of DILI only since esti-
mates for frequency of a specific form of DILI range from 1 in 20 for 

Table 1 
Incidence of selected forms of DILI.  

Causative Drug Frequency in those exposed to drug Reference 

Amoxicillin-clavulanate 1 in 2350 [2] 
Amoxicillin-clavulanate 1 in 641 [123] 
Azathioprine 1 in 133 [2] 
Diclofenac 1 in 9148 [2] 
Flucloxacillin 1 in 7065 [124] 
Isoniazid 1 in 19 [121] 
Isoniazid 1 in 71 [2] 
Infliximab 1 in 148 [2] 
Nitrofurantoin 1 in 1369 [2] 

Data are from predominantly European and Chinese studies but frequencies may 
differ for other ethnicities. 
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those prescribed isoniazid to 1 in 9148 for diclofenac (Table 1) [2,121]. 
While DILI may have been considered to be a rare disease based on 
population estimates, including 13.9 cases per 100,000 people in France 
[122], the fact that drug exposure is a crucial step in disease develop-
ment is important, with recent detailed population studies facilitating a 
better understanding of disease frequency [2,123,124]. In addition, the 
various published epidemiological surveys on DILI all suggest that the 
data reported is likely to be an underestimate of true frequency [2,121, 
122]. 

Some forms of drug-induced toxicities are listed by the rare disease 
inventory, ORPHANET (https://www.orpha.net/consor/cgi-bin/index. 
php), including drug-induced autoimmune hemolytic anemia, drug- 
induced localized lipodystrophy, drug-induced lupus erythematosus 
and drug-induced vasculitis but, importantly, DILI is not listed. This is 
probably because the incidence is higher than the formal definition of a 
rare disease when exposure data based on particular drugs is considered. 
However, it is also clear that DILI does not meet the normal re-
quirements for being a common disease but that the approaches used to 
study rare diseases may also be applied to DILI, especially for drug- 
specific DILI and DI-ALH, to improve our knowledge and understanding. 

While nearly all genetic diseases are rare diseases, not all rare dis-
eases are genetic diseases, with environmental factors often making a 
crucial additional contribution. Rare diseases are not always due to a 
single gene (monogenic) and may involve several different genetic risk 
factors. In terms of frequency, DILI may best fall into a "grey area" that is 
neither a rare disease nor common disease. It also meets the definition 
for being a complex or multifactorial disease. This contrasts with “sim-
ple” genetic diseases that are caused more directly by mutations in a 
single gene. The data collected to date on genetic risk factors for DILI 
seem most consistent with it being a complex disease, but with relatively 
fewer risk alleles compared with typical complex polygenic diseases 
which usually involve a large number of risk alleles, often with a small 
contribution to risk from each. Examples of such diseases include type II 
diabetes, coronary heart disease and a range of common cancers. 

DILI has several characteristics of a monogenic disease, especially 
the forms observed with certain commonly prescribed causative drugs. 
DILI due to flucloxacillin has a strong genetic predisposition; 85% of 
patients with DILI carry HLA-B* 57:01 while its population prevalence is 
about 5% [125,126]. Therefore, family studies as an alternative to 
case-control studies involving unrelated individuals might be a useful 
means of obtaining new insights into genetic risk factors. It is extremely 
challenging to perform such studies on DILI because of the need for more 
than one family member to be exposed to the causative agent. However, 
since certain drugs causing DILI are very widely prescribed, it seems 
likely that several members of families will, or have been exposed to 
these drugs over their lifetime. There are a few studies in the literature 
consistent with familial clustering in relation to several different drug 
causes of DILI. The oldest of these concerned phenytoin hepatotoxicity 
and involved studies on toxic metabolites in lymphocytes [127]. Lym-
phocytes from patients with phenytoin DILI showed dose-dependent 
toxicity as did cells from parents and a sibling of some patients. A 
further study using a similar approach followed up another large family 
where three siblings had suffered hepatitis and other adverse drug re-
actions following phenytoin prescription [128]. Again, lymphocytes 
from some but not all siblings naive to phenytoin showed similar toxicity 
to the drug-exposed individuals. A broadly similar approach was taken 
independently in studies on another hepatotoxic drug amineptine [129]. 
This approach could be readopted with the inclusion of updated in vitro 
methods for the study of DILI including use of T-cells and has the 
advantage that drug exposure in other family members is not required as 
responses in vitro can often be detected in T-cells from unexposed in-
dividuals [130]. The studies summarized above did not involve any 
genetic analyses, but this reflects the fact that they were performed prior 
to the 1990s. 

Two additional case reports involving DILI in families are more 
recent and provide accounts of siblings showing DILI after amoxicillin 

and mercaptopurine treatment, respectively [131,132]. These are 
purely descriptive reports and did not involve any in vitro or genetic 
analyses but are useful in confirming susceptibility within families. 

As a way forward, genome sequencing studies on families with more 
than one affected member could be helpful in confirming data collected 
from case-control studies and in establishing the contribution to DILI 
susceptibility from rare genetic variants not detected in population 
studies. 

4.2. DILI risk stratification and prognostic biomarkers including 
pharmacogenetic studies 

As reviewed recently, international case-control studies have already 
provided important insights into genetic risk factors for DILI [133]. Until 
genome-wide association studies (GWAS) were applied to risk, the major 
contribution of HLA genotype to DILI susceptibility was underappreci-
ated. GWAS on other diseases typically uses large numbers of cases and 
controls but in general most progress on identifying genetic risk factors 
for DILI to date has involved hundreds of cases; not the thousands that 
are generally included in GWAS. While there has been some success, 
particularly in relation to finding HLA associations, there is also evi-
dence that other genetic risk factors are involved albeit with a smaller 
contribution and therefore more difficult to detect without studying 
large numbers of cases [61]. There is also still uncertainty on whether 
these additional risk factors are drug-specific, or for DILI generally. 
While one study has suggested that different DILI phenotypes may have 
common genetic risk factors regardless of causative drug, this has not yet 
been confirmed independently and the data used to make this conclu-
sion was obtained from a relatively small population [61]. Ideally, we 
need larger studies on DILI generally and on specific drug causes of DILI. 
The largest GWAS published to date on DILI generally includes just over 
2000 cases [134]. Larger studies may well identify additional risk fac-
tors, depending on the extent of their individual contributions, which 
could be helpful in developing approaches for risk stratification such as 
polygenic risk scores. Up to the present, we have two different published 
polygenic risk scores for DILI [61]. Both suffer from specific limitations 
that need further investigation; in one case, the score seems to be one 
that is general for certain DILI phenotypes independent of causative 
drug but is very complex involving approximately 25,000 different 
variants [61], whereas the second is simple but applies only to one cause 
of DILI, amoxicillin-clavulanate [135]. Further studies are needed to 
confirm and further develop these findings. 

A systematic review has highlighted the need for biomarkers that 
distinguish DILI from acute liver injury related to alternative etiology, as 
well as those with a potential to identify serious adverse outcomes from 
acute DILI [19]. 

Biomarkers are urgently required for DILI detection during drug 
development, monitoring during clinical trials, early diagnosis in clin-
ical practice and stratification of individuals whose disease will progress 
to acute liver failure or chronic liver disease. MicroRNAs (miRNAs) are 
small non-coding RNA molecules with promising properties as candidate 
circulatory biomarkers. They remain remarkably stable in biofluids, 
including plasma, and their circulatory profile can often be linked to 
tissue-specific expression [136]. The traditional biomarkers for DILI are 
similar to those used for diagnosis of other liver diseases, i.e., trans-
aminases, alkaline phosphatase and bilirubin. Since these can be 
measured quickly and accurately in a clinical situation, they offer 
certain advantages over other biomarkers. A recent study evaluated a 
range of candidate DILI biomarkers in serum or plasma samples from 
both DILI cases and controls [137]. The biomarkers investigated were 
mainly proteins, but the microRNA miR-122 was also included. Gluta-
mate dehydrogenase was found to be a useful biomarker for DILI iden-
tification but for prediction of progression to acute liver failure, 
keratin-18, osteopontin and macrophage colony stimulating factor re-
ceptor appeared most promising. A limitation of this study is that only 
approximately 250 DILI cases were studied with not all assays 
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performed on all samples, detailed follow-up on outcomes was not al-
ways available and there was considerable heterogeneity in DILI phe-
notypes and causative drugs. To overcome these limitations, a larger 
study on biomarker identification and qualification for DILI (TransBio-
Line) is currently in progress [24]. Finally, the effect of underlying 
disease (e.g. cancer, cardiopulmonary disease, etc. as well implicated 
drugs on the "fitness" of liver and underlying metabolic or pharmaco-
logic stress (to mitochondria, ER, etc.) and their contribution to both 
mild or severe liver injury needs more understanding with respect to 
biomarkers and pathogenesis. 

4.3. Artificial intelligence-based integrative research 

Artificial intelligence can be defined as mathematical computer- 
based processes to design algorithms to support human decisions. 
Notably, the use of AI strategies to develop diagnostic/prognostic 
models in DILI is not a novelty. Back in 2014, Chen et al. reviewed the 
methodologies and limitations in the construction of models able to 
predict DILI risk in humans [138]. In this work, the authors foresaw 
some advances in DILI research that, nowadays, with a better under-
standing of the pathophysiology of DILI and improved bioinformatics 
capabilities, allow to partially deal with some of the listed shortcomings. 

AI modelling is founded on the design of algorithms that need to be 
fed with data. In this manner, the rapid advances in the field of omics, a 
broad term that encompasses the genome, transcriptome, metabolome, 
proteome, and microbiome, have contributed to foster the development 
of analytical big data methodologies aimed to identify, as mentioned 
above, genetic markers of susceptibility to DILI, or unveil new mecha-
nistic pathways of the disease [139]. Furthermore, the growing avail-
ability of real-world data, i.e., robust clinical information retrieved from 
the electronic health records or digital health devices [140] (digitized 
histology – mentioned above), yields an opportunity to integrate both 
omics and non-omics data to provide a holistic perspective of such a 
complex condition as DILI [141]. This is an appealing approach to be 
developed in the upcoming years that will lead to the improvement of 
patient risk stratification through the use of powerful analytical meth-
odologies able to process massive amounts of data, and the imple-
mentation of tools in clinical practice to boost the transition towards 
precision personalized medicine. 

5. Networking and regulatory aspects 

5.1. EASL DHILI Consortium 

Considering the low population prevalence of DILI with a large 
number of causative agents, international collaboration involving in-
vestigators from diverse disciplines is crucial for the conduct and de-
livery of definitive research studies. The Prospective European Drug- 
Induced Liver Injury Network (ProEuroDILINet) enabled establishment 
of a European ‘leading expert network’ on DILI. This initiative brings 
together researchers from different fields providing outreach to other 
European scientific societies and groups to promote collaboration on 
areas of common interest in DILI. Building on this multidisciplinary 
collaborative approach of ProEuroDILINet, the Drug and Herbal & Di-
etary Supplement-Induced Liver Injury” (DHILI) consortium has been 
established. This has been endorsed by EASL (European Association for 
the Study of the Liver) and will ensure the continuity of a robust DILI 
network. Here we aim to facilitate, amongst others, events, educational 
activities, involvement in EASL International Liver Conference pro-
gramming, and the proposal of an EASL Monothematic Conferences on 
DHILI (https://easldhiliconsortium.eu/). The framework created by the 
Consortium is the ideal environment to facilitate interaction between 
industry, academia, basic scientists, clinicians, and regulatory author-
ities and to encourage joint scientific meetings. Adoption of consistent 
and evidence-based policies by regulatory authorities will increase 
public assurance of drug safety, as well as in herbal and dietary 

supplements. The International Consortium for Innovation and Quality 
in Pharmaceutical Development, the IQ DILI Initiative, is catalyzing new 
collaborations to build consensus and propose best practice on issues 
encompassing DILI [14,142]. Harmonization of terminology for DILI in 
general and for liver injury attributed to HDS is essential to gain further 
knowledge about DILI across countries and continents. Indeed, the DILI 
case definition and severity grading developed by DILI experts has been 
used in most DILI studies for over a decade [143]. 

In the absence of prognostic biomarkers, the pharmaceutical in-
dustry relies heavily on the original Zimmerman definition of hepato-
cellular jaundice (aka Hy’s Law) to predict DILI fatality risk in drug 
development. However, Zimmerman’s observation was solely based on 
retrospective analysis of post-marketing cases [144], whilst an accept-
able alkaline phosphatase level to identify hepatocellular injury is not 
clearly defined by Zimmerman or regulatory guidance [145]. An 
example of multilateral collaboration is the proposal to test the perfor-
mance of the new R based Hy’s law, which is intended to minimize 
confusion about cholestatic vs hepatocellular DILI by testing objective 
liver enzyme cut-off values (new R value based on ALT or AST which-
ever higher) [146,147]. The new R was also developed in the 
post-marketing setting but could prove useful in drug development, as a 
more objective and uniform criterion, outperform classic Hy’s law 
criteria, which has never been validated in the pre-market or preclinical 
setting but is still recommended in the current FDA Guidance. 

This would also be the case if effective biomarkers were to be 
developed to properly characterize DI-ALH cases that occur during 
clinical development, as this diagnosis may imply long-term monitoring 
strategies. To achieve this goal, a public-private partnership and the 
sharing of clinical and biological samples by partner companies would 
be required [18]. 

Furthermore, there is a need for developing strategies to involve 
patients who have suffered DILI and to provide public education to 
prioritize research questions in the DILI field, identify gaps in clinical 
service relevant to DILI subjects and improve public awareness. 

5.2. Criteria to appoint centers as networks of excellence 

A milestone for the DHILI Consortium will be the creation of EASL 
Clinical Centres of Excellence in DHILI, in line with its mission to 
improve the quality of life and reduce morbidity and mortality for as 
many people as possible by improving liver health. In general, to be 
designated as an EASL Centre of Excellence in DHILI, centers should 
provide hepatobiliary services, including: Pathway for Acute Liver/ 
Biliary Injury, Pathway for Jaundice and regular clinical pathology 
conferences. It should also have access to the investigations necessary to 
assess suspected DHILI, research interests, projects, and publications in 
the field of DHILI, and teaching and training programs in hepatobiliary 
medicine. Finally, these centres would contribute to substantial influ-
ence on professional societies, regulatory agencies, and policy makers. 

5.3. Proof of concept, mechanistic, targeted oriented Clinical Trials in 
DILI 

While DILI carries significant morbidity and mortality, there is no 
available treatment with demonstrated efficacy other than withdrawing 
the suspected offending chemical agent and providing supportive care 
[15,148]. Therefore, identifying an effective therapy for DILI is a high 
clinical priority. In daily clinical practice, clinicians occasionally pre-
scribe steroids to treat DILI and accompanying extrahepatic manifesta-
tions, but systematic studies evaluating corticosteroid use in patients 
with suspected idiosyncratic DILI have not been carried out so far. 
Recently, in a propensity score-matched analysis, corticosteroid 
administration was associated with a greater rate of normalization of 
liver enzymes in patients with serious DILI [149]. This study provides a 
robust rationale for further investigating the use of corticosteroids in 
DILI. There is also an urgent need to establish relevant endpoints to 
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assess the efficacy of novel interventions or to explore novel biomarkers 
to advance the approach to precision medicine in DILI [150]. In parallel, 
it will enable the study of DILI pathogenesis, the mechanisms involved in 
response to therapy and potentially the identification of new 
patient-specific druggable targets. 

6. Summary 

This proposed operational framework will pave the way for the 
advancement of DILI research and may lead to a paradigm shift towards 
a more holistic approach that integrates basic, applied, translational and 
clinical research into the disease. The Roadmap’s objectives are to 
identify key challenges, define a shared vision across all stakeholders, 
and provide opportunities to overcome basic and translational gaps 
through implementation of high-quality research programs to achieve 
progress and impact on healthcare practice in the field of DILI. 
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A. Gerbes, S. Weber, G. Stirnimann, G. Kullak-Ublick, H. Cortez-Pinto, J.I. Grove, 
M.I. Lucena, R.J. Andrade, G.P. Aithal, A new framework for advancing in drug- 
induced liver injury research. The prospective European DILI registry, Liver Int 
43 (1) (2023) 115–126, https://doi.org/10.1111/liv.15378. 

[8] H. Olson, G. Betton, D. Robinson, K. Thomas, A. Monro, G. Kolaja, P. Lilly, 
J. Sanders, G. Sipes, W. Bracken, M. Dorato, K. Van Deun, P. Smith, B. Berger, 
A. Heller, Concordance of the toxicity of pharmaceuticals in humans and in 
animals, Regul. Toxicol. Pharmacol. 32 (1) (2000) 56–67, https://doi.org/ 
10.1006/rtph.2000.1399. 

[9] G.A. Kullak-Ublick, R.J. Andrade, M. Merz, P. End, A. Benesic, A.L. Gerbes, G. 
P. Aithal, Drug-induced liver injury: recent advances in diagnosis and risk 
assessment, Gut 66 (6) (2017) 1154–1164, https://doi.org/10.1136/gutjnl-2016- 
313369. 

[10] J.C. Fernández-Checa, P. Bagnaninchi, H. Ye, P. Sancho-Bru, J.M. Falcon-Perez, 
F. Royo, C. Garcia-Ruiz, O. Konu, J. Miranda, O. Lunov, A. Dejneka, A. Elfick, 
A. McDonald, G.J. Sullivan, G.P. Aithal, M.I. Lucena, R.J. Andrade, B. Fromenty, 
M. Kranendonk, F.J. Cubero, L.J. Nelson, Advanced preclinical models for 
evaluation of drug-induced liver injury - consensus statement by the European 
Drug-induced liver injury network (ProEuroDILI Net), J. Hepatol. 75 (4) (2021) 
935–959, https://doi.org/10.1016/j.jhep.2021.06.021. 

[11] A. Segovia-Zafra, M. Villanueva-Paz, A. Serras, G. Matilla-Cabello, A. Bodoque- 
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M. Calvo, A. Bosch, G. Martin, C. Enrich, C. García-Ruiz, J.C. Fernández-Checa, 
Zonal expression of StARD1 and oxidative stress in alcoholic-related liver disease, 
J. Lipid Res. 64 (8) (2023) 100413, https://doi.org/10.1016/j.jlr.2023.100413. 

[84] E. Kaffe, M. Roulis, J. Zhao, R. Qu, E. Sefik, H. Mirza, J. Zhou, Y. Zheng, 
G. Charkoftaki, V. Vasiliou, D.F. Vatner, W.Z. Mehal, K. Yuval, R.A. Flavell, 
Humanized mouse liver reveals endothelial control of essential hepatic metabolic 
functions, Cell 186 (18) (2023) 3793–3809, https://doi.org/10.1016/j. 
cell.2023.07.017. 

[85] A. Lorga, L. Dara, Cell death in drug-induced liver injury, Adv. Pharmacol. 85 
(2019) 31–74, https://doi.org/10.1016/bs.apha.2019.01.006. 

[86] C. Cai, H. Ma, J. Peng, X. Shen, X. Zhen, C. Yu, P. Zhang, F. Ji, J. Wang, USP25 
regulates KEAP1-NRF2 anti-oxidation axis and its inactivation protects 
acetaminophen-induced liver injury in male mice, Nat. Commun. 14 (1) (2023) 
3648, https://doi.org/10.1038/s41467-023-39412-6. 

[87] F.J. Cubero, M.E. Zoubek, W. Hu, J. Peng, G. Zhao, Y.A. Nevzorova, M. Al 
Masaoudi, L.P. Bechmann, M.V. Boekschoten, M. Muller, C. Preisinger, N. Gassler, 
A.E. Canbay, T. Luedde, R.J. Davis, C. Liedtke, C. Trautwein, Combined activities 
of JNK1 and JNK2 in hepatocytes protect against toxic liver injury, 
Gastroenterology 150 (4) (2016) 968–981, https://doi.org/10.1053/j. 
gastro.2015.12.019. 

[88] S. Win, T.A. Than, N. Kaplowitz, The regulation of JNK signaling pathways in cell 
death through the interplay with mitochondrial SAB and upstream post- 
translational effects, Int. J. Mol. Sci. 19 (11) (2018), https://doi.org/10.3390/ 
ijms19113657. 

[89] M. Marí, F. Caballero, A. Colell, A. Morales, J. Caballeria, A. Fernandez, C. Enrich, 
J.C. Fernández-Checa, C. García-Ruiz, Mitochondrial free cholesterol loading 
sensitizes to TNF- and Fas-mediated steatohepatitis, Cell Metab. 4 (3) (2006) 
185–198, https://doi.org/10.1016/j.cmet.2006.07.006. 

[90] J. Allard, D. Le Guillou, K. Begriche, B. Fromenty, Drug-induced liver injury in 
obesity and nonalcoholic fatty liver disease, Adv. Pharmacol. 85 (2019) 75–107, 
https://doi.org/10.1016/bs.apha.2019.01.003. 

[91] S. Hassan, S. Sebastian, S. Maharjan, A. Lesha, A.M. Carpenter, X. Liu, X. Xie, 
C. Livermore, Y.S. Zhang, A. Zarrinpar, Liver-on-a-Chip models of fatty liver 
disease, Hepatology 71 (2) (2020) 733–740, https://doi.org/10.1002/hep.31106. 

[92] M. Pelecha, E. Villanueva-Badenas, E. Timor-Lopez, M.T. Donato, L. Tolosa, Cell 
models and omics techniques for the study of nonalcoholic fatty liver disease: 
Focusing on stem cell-derived cell models, Antioxidants 11 (1) (2021), https:// 
doi.org/10.3390/antiox11010086. 

[93] M.J. Ramos, L. Bandiera, F. Menolascina, J.A. Fallowfield, In vitro models for 
non-alcoholic fatty liver disease: emerging platforms and their applications, 
iScience 25 (1) (2022) 103549, https://doi.org/10.1016/j.isci.2021.103549. 

[94] M.C. Sinton, J. Meseguer-Ripolles, B. Lucendo-Villarin, S. Wernig-Zorc, J. 
P. Thomson, R.N. Carter, M.J. Lyall, P.D. Walker, A. Thakker, R.R. Meehan, G. 
G. Lavery, N.M. Morton, C. Ludwig, D.A. Tennant, D.C. Hay, A.J. Drake, A human 
pluripotent stem cell model for the analysis of metabolic dysfunction in hepatic 
steatosis, iScience 24 (1) (2021) 101931, https://doi.org/10.1016/j. 
isci.2020.101931. 

M.I. Lucena et al.                                                                                                                                                                                                                               

https://doi.org/10.1002/hep4.1871
https://doi.org/10.1002/hep4.1871
https://doi.org/10.1289/ehp.1104387
https://doi.org/10.1038/jes.2010.50
https://doi.org/10.1002/hep.24481
https://doi.org/10.1002/hep.24481
https://doi.org/10.1016/j.jhep.2021.12.043
https://doi.org/10.1242/dmm.018234
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1016/j.cell.2007.11.019
https://doi.org/10.1146/annurev-pharmtox-010611-134743
https://doi.org/10.1038/s41591-020-1023-0
https://doi.org/10.1038/s41591-020-1023-0
https://doi.org/10.1038/nrd.2016.245
https://doi.org/10.1038/nrd.2016.245
https://doi.org/10.1007/978-1-62703-348-0_11
https://doi.org/10.1007/978-1-62703-348-0_11
https://doi.org/10.1053/j.gastro.2020.10.002
https://doi.org/10.1016/j.jhep.2023.01.019
https://doi.org/10.1016/j.diff.2019.02.004
https://doi.org/10.1016/j.diff.2019.02.004
https://doi.org/10.1038/s41467-020-15058-6
https://doi.org/10.1038/s41467-020-15058-6
https://doi.org/10.3390/biomedicines10020268
https://doi.org/10.3390/biomedicines10020268
https://doi.org/10.1016/j.isci.2022.105503
https://doi.org/10.1016/j.isci.2022.105503
https://doi.org/10.1016/j.biomaterials.2018.11.016
https://doi.org/10.1038/s41596-021-00509-1
https://doi.org/10.1080/17425255.2022.2122810
https://doi.org/10.1080/10408444.2020.1756219
https://doi.org/10.1080/10408444.2020.1756219
https://doi.org/10.3389/fcell.2021.626805
https://doi.org/10.3389/fcell.2021.626805
https://doi.org/10.1016/j.jhep.2022.06.022
https://doi.org/10.1016/j.crmeth.2023.100432
https://doi.org/10.1016/j.apsb.2021.11.013
https://doi.org/10.1016/j.apsb.2021.11.013
https://doi.org/10.1016/j.cmet.2019.05.007
https://doi.org/10.1007/s00204-016-1756-1
https://doi.org/10.1039/d1lc01141c
https://doi.org/10.1016/j.scr.2014.08.006
https://doi.org/10.1016/j.scr.2014.08.006
https://doi.org/10.1053/j.gastro.2019.04.023
https://doi.org/10.1016/j.jlr.2023.100413
https://doi.org/10.1016/j.cell.2023.07.017
https://doi.org/10.1016/j.cell.2023.07.017
https://doi.org/10.1016/bs.apha.2019.01.006
https://doi.org/10.1038/s41467-023-39412-6
https://doi.org/10.1053/j.gastro.2015.12.019
https://doi.org/10.1053/j.gastro.2015.12.019
https://doi.org/10.3390/ijms19113657
https://doi.org/10.3390/ijms19113657
https://doi.org/10.1016/j.cmet.2006.07.006
https://doi.org/10.1016/bs.apha.2019.01.003
https://doi.org/10.1002/hep.31106
https://doi.org/10.3390/antiox11010086
https://doi.org/10.3390/antiox11010086
https://doi.org/10.1016/j.isci.2021.103549
https://doi.org/10.1016/j.isci.2020.101931
https://doi.org/10.1016/j.isci.2020.101931


Pharmacological Research 200 (2024) 107046

12

[95] P.A. Soret, J. Magusto, C. Housset, J. Gautheron, In vitro and in vivo models of 
non-alcoholic fatty liver disease: a critical appraisal, J. Clin. Med. 10 (1) (2020), 
https://doi.org/10.3390/jcm10010036. 

[96] J. Todoric, G. Di Caro, S. Reibe, D.C. Henstridge, C.R. Green, A. Vrbanac, 
F. Ceteci, C. Conche, R. McNulty, S. Shalapour, K. Taniguchi, P.J. Meikle, J. 
D. Watrous, R. Moranchel, M. Najhawan, M. Jain, X. Liu, T. Kisseleva, M.T. Diaz- 
Meco, J. Moscat, R. Knight, F.R. Greten, L.F. Lau, C.M. Metallo, M.A. Febbraio, 
M. Karin, Fructose stimulated de novo lipogenesis is promoted by inflammation, 
Nat. Metab. 2 (10) (2020) 1034–1045, https://doi.org/10.1038/s42255-020- 
0261-2. 

[97] G. Cakan-Akdogan, A.M. Aftab, M.C. Cinar, K.A. Abdelhalim, O. Konu, Zebrafish 
as a model for drug induced liver injury: state of the art and beyond, Explor. Dig. 
Dis. 2 (2) (2023) 44–55, https://doi.org/10.37349/edd.2023.00017. 

[98] A.D. Vliegenthart, C.S. Tucker, J. Del Pozo, J.W. Dear, Zebrafish as model 
organisms for studying drug-induced liver injury, Br. J. Clin. Pharmacol. 78 (6) 
(2014) 1217–1227, https://doi.org/10.1111/bcp.12408. 

[99] S. Targen, O. Konu, Zebrafish xenotransplantation models for studying gene 
function and drug treatment in hepatocellular carcinoma, J. Gastrointest. Cancer 
52 (4) (2021) 1248–1265, https://doi.org/10.1007/s12029-021-00782-z. 

[100] X. Li, Y. Chen, X. Song, Y. Zhang, H. Li, Y. Zhao, The development and application 
of in silico models for drug induced liver injury, RSC Adv. 8 (15) (2018) 
8101–8111, https://doi.org/10.1039/C7RA12957B. 

[101] E. Arnesdotter, N. Spinu, J. Firman, D. Ebbrell, M.T.D. Cronin, T. Vanhaecke, 
M. Vinken, Derivation, characterisation and analysis of an adverse outcome 
pathway network for human hepatotoxicity, Toxicology 459 (2021) 152856, 
https://doi.org/10.1016/j.tox.2021.152856. 

[102] X. Jia, X. Wen, D.P. Russo, L.M. Aleksunes, H. Zhu, Mechanism-driven modeling 
of chemical hepatotoxicity using structural alerts and an in vitro screening assay, 
J. Hazard. Mater. 436 (2022) 129193, https://doi.org/10.1016/j. 
jhazmat.2022.129193. 

[103] C.V. Theodoris, L. Xiao, A. Chopra, M.D. Chaffin, Z.R. Al Sayed, M.C. Hill, 
H. Mantineo, E.M. Brydon, Z. Zeng, X.S. Liu, P.T. Ellinor, Transfer learning 
enables predictions in network biology, Nature 618 (7965) (2023) 616–624, 
https://doi.org/10.1038/s41586-023-06139-9. 

[104] M. Rao, V. Nassiri, C. Alhambra, J. Snoeys, F. Van-Goethem, O. Irrechukwu, M. 
D. Aleo, H. Geys, K. Mitra, Y. Will, AI/ML models to predict the severity of drug- 
induced liver injury for small molecules, Chem. Res. Toxicol. 36 (7) (2023) 
1129–1139, https://doi.org/10.1021/acs.chemrestox.3c00098. 

[105] L.K.M. Shoda, J.L. Woodhead, S.Q. Siler, P.B. Watkins, B.A. Howell, Linking 
physiology to toxicity using DILIsym, a mechanistic mathematical model of drug- 
induced liver injury, Biopharm. Drug Dispos. 35 (1) (2014) 33–49, https://doi. 
org/10.1002/bdd.1878. 

[106] K. Yang, J.L. Woodhead, P.B. Watkins, B.A. Howell, K.L. Brouwer, Systems 
pharmacology modeling predicts delayed presentation and species differences in 
bile acid-mediated troglitazone hepatotoxicity, Clin. Pharmacol. Ther. 96 (5) 
(2014) 589–598, https://doi.org/10.1038/clpt.2014.158. 

[107] J.J. Beaudoin, W.J. Brock, P.B. Watkins, K.L.R. Brouwer, Quantitative systems 
toxicology modeling predicts that reduced biliary efflux contributes to tolvaptan 
hepatotoxicity, Clin. Pharmacol. Ther. 109 (2) (2021) 433–442, https://doi.org/ 
10.1002/cpt.2007. 

[108] V.V. Lakhani, G. Generaux, B.A. Howell, D.M. Longo, P.B. Watkins, Assessing liver 
effects of cannabidiol and valproate alone and in combination using quantitative 
systems toxicology, Clin. Pharmacol. Ther. 114 (5) (2023) 1006–1014, https:// 
doi.org/10.1002/cpt.3004. 

[109] N.S. Holman, M. Mosedale, K.K. Wolf, E.L. LeCluyse, P.B. Watkins, Subtoxic 
alterations in hepatocyte-derived exosomes: an early step in drug-induced liver 
injury? Toxicol. Sci. 151 (2) (2016) 365–375, https://doi.org/10.1093/toxsci/ 
kfw047. 

[110] F. Royo, K. Schlangen, L. Palomo, E. Gonzalez, J. Conde-Vancells, A. Berisa, A. 
M. Aransay, J.M. Falcon-Perez, Transcriptome of extracellular vesicles released by 
hepatocytes, PLoS One 8 (7) (2013) e68693, https://doi.org/10.1371/journal. 
pone.0068693. 

[111] S. Bala, J. Petrasek, S. Mundkur, D. Catalano, I. Levin, J. Ward, H. Alao, K. Kodys, 
G. Szabo, Circulating microRNAs in exosomes indicate hepatocyte injury and 
inflammation in alcoholic, drug-induced, and inflammatory liver diseases, 
Hepatology 56 (5) (2012) 1946–1957, https://doi.org/10.1002/hep.25873. 

[112] E. Rodriguez-Suarez, E. Gonzalez, C. Hughes, J. Conde-Vancells, A. Rudella, 
F. Royo, L. Palomo, F. Elortza, S.C. Lu, J.M. Mato, J.P. Vissers, J.M. Falcon-Perez, 
Quantitative proteomic analysis of hepatocyte-secreted extracellular vesicles 
reveals candidate markers for liver toxicity, J. Proteom. 103 (2014) 227–240, 
https://doi.org/10.1016/j.jprot.2014.04.008. 

[113] Y.E. Cho, E.J. Im, P.G. Moon, E. Mezey, B.J. Song, M.C. Baek, Increased liver- 
specific proteins in circulating extracellular vesicles as potential biomarkers for 
drug- and alcohol-induced liver injury, PLoS One 12 (2) (2017) e0172463, 
https://doi.org/10.1371/journal.pone.0172463. 

[114] M.O. Ogese, R.E. Jenkins, K. Adair, A. Tailor, X. Meng, L. Faulkner, B. 
O. Enyindah, A. Schofield, R. Diaz-Nieto, L. Ressel, G.L. Eagle, N.R. Kitteringham, 
C.E. Goldring, B.K. Park, D.J. Naisbitt, C. Betts, Exosomal transport of hepatocyte- 
derived drug-modified proteins to the immune system, Hepatology 70 (5) (2019) 
1732–1749, https://doi.org/10.1002/hep.30701. 

[115] J. Uetrecht, Mechanistic studies of idiosyncratic DILI: clinical implications, Front. 
Pharmacol. 10 (2019) 837, https://doi.org/10.3389/fphar.2019.00837. 

[116] D. Dragoi, A. Benesic, G. Pichler, N.A. Kulak, H.S. Bartsch, A.L. Gerbes, 
Proteomics analysis of monocyte-derived hepatocyte-like cells identifies integrin 
beta 3 as a specific biomarker for drug-induced liver injury by diclofenac, Front. 
Pharmacol. 9 (2018) 699, https://doi.org/10.3389/fphar.2018.00699. 

[117] N. van-Meteren, D. Lagadic-Gossmann, N. Podechard, D. Gobart, I. Gallais, 
M. Chevanne, A. Collin, A. Burel, A. Dupont, L. Rault, S. Chevance, F. Gauffre, 
E. Le Ferrec, O. Sergent, Extracellular vesicles released by polycyclic aromatic 
hydrocarbons-treated hepatocytes trigger oxidative stress in recipient hepatocytes 
by delivering iron, Free Radic. Biol. Med. 160 (2020) 246–262, https://doi.org/ 
10.1016/j.freeradbiomed.2020.08.001. 

[118] C. Yarana, D.K. St-Clair, Chemotherapy-induced tissue injury: an insight into the 
role of extracellular vesicles-mediated oxidative stress responses, Antioxidants 6 
(4) (2017), https://doi.org/10.3390/antiox6040075. 

[119] L. Palomo, J.E. Mleczko, M. Azkargorta, J. Conde-Vancells, E. Gonzalez, 
F. Elortza, F. Royo, J.M. Falcon-Perez, Abundance of cytochromes in hepatic 
extracellular vesicles is altered by drugs related with drug-induced liver injury, 
Hepatol. Commun. 2 (9) (2018) 1064–1079, https://doi.org/10.1002/hep4.1210. 

[120] M. Li, Q. Luo, Y. Tao, X. Sun, C. Liu, Pharmacotherapies for drug-induced liver 
injury: a current literature review, Front. Pharmacol. 12 (2021) 806249, https:// 
doi.org/10.3389/fphar.2021.806249. 

[121] F. Jiang, H. Yan, L. Liang, J. Du, S. Jin, S. Yang, H. Wang, T. Hu, Y. Zhu, G. Wang, 
Y. Hu, T. Cai, G.P. Aithal, Incidence and risk factors of anti-tuberculosis drug 
induced liver injury (DILI): large cohort study involving 4652 Chinese adult 
tuberculosis patients, Liver Int 41 (7) (2021) 1565–1575, https://doi.org/ 
10.1111/liv.14896. 

[122] C. Sgro, F. Clinard, K. Ouazir, H. Chanay, C. Allard, C. Guilleminet, C. Lenoir, 
A. Lemoine, P. Hillon, Incidence of drug-induced hepatic injuries: a French 
population-based study, Hepatology 36 (2) (2002) 451–455, https://doi.org/ 
10.1053/jhep.2002.34857. 

[123] A. Suzuki, H.L. Tillmann, J. Williams, R.G. Hauser, J. Frund, M. Suzuki, F. Prior, 
G.P. Aithal, M.I. Lucena, R.J. Andrade, W. Tong, C.M. Hunt, Assessment of the 
frequency, phenotypes and outcomes of acute liver injury associated with 
amoxicillin/clavulanate in 1.4 million patients in the veterans health 
administration, Drug Saf. 46 (2) (2023) 129–143, https://doi.org/10.1007/ 
s40264-022-01255-3. 

[124] K. Wing, K. Bhaskaran, L. Pealing, A. Root, L. Smeeth, T.P. van Staa, O.H. Klungel, 
R.F. Reynolds, I. Douglas, Quantification of the risk of liver injury associated with 
flucloxacillin: a UK population-based cohort study, J. Antimicrob. Chemother. 72 
(9) (2017) 2636–2646, https://doi.org/10.1093/jac/dkx183. 

[125] A.K. Daly, P.T. Donaldson, P. Bhatnagar, Y. Shen, I. Pe’er, A. Floratos, M.J. Daly, 
D.B. Goldstein, S. John, M.R. Nelson, J. Graham, B.K. Park, J.F. Dillon, W. Bernal, 
H.J. Cordell, M. Pirmohamed, G.P. Aithal, C.P. Day, HLA-B*5701 genotype is a 
major determinant of drug-induced liver injury due to flucloxacillin, Nat. Genet. 
41 (7) (2009) 816–819, https://doi.org/10.1038/ng.379. 

[126] P. Nicoletti, G.P. Aithal, T.C. Chamberlain, S. Coulthard, M. Alshabeeb, J.I. Grove, 
R.J. Andrade, E. Bjornsson, J.F. Dillon, P. Hallberg, M.I. Lucena, A.H. Maitland- 
van der Zee, J.H. Martin, M. Molokhia, M. Pirmohamed, M. Wadelius, Y. Shen, M. 
R. Nelson, A.K. Daly, Drug-induced liver injury due to flucloxacillin: relevance of 
multiple human leukocyte antigen alleles, Clin. Pharmacol. Ther. 106 (1) (2019) 
245–253, https://doi.org/10.1002/cpt.1375. 

[127] S.P. Spielberg, G.B. Gordon, D.A. Blake, D.A. Goldstein, H.F. Herlong, 
Predisposition to phenytoin hepatotoxicity assessed in vitro, N. Engl. J. Med. 305 
(13) (1981) 722–727, https://doi.org/10.1056/nejm198109243051302. 

[128] M.A. Gennis, R. Vemuri, E.A. Burns, J.V. Hill, M.A. Miller, S.P. Spielberg, Familial 
occurrence of hypersensitivity to phenytoin, Am. J. Med. 91 (6) (1991) 631–634, 
https://doi.org/10.1016/0002-9343(91)90216-k. 

[129] D. Larrey, A. Berson, F. Habersetzer, M. Tinel, A. Castot, G. Babany, P. Lettéron, 
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