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ABSTRACT

Drug-induced liver injury (DILI) remains one of the most challenging complications in drug development and
clinical pharmacotherapy. It is a leading cause of drug attrition during preclinical development and a common reason
for post-marketing drug withdrawals. DILI can manifest in a spectrum of hepatic injuries, from asymptomatic
enzyme elevations to fulminant hepatic failure. This comprehensive review explores current advances in the
identification of predictive biomarkers, development of novel in vitro models, and strategies for mitigating DILI
risk. Emphasis is placed on the role of genomic, proteomic, and metabolomic markers in early detection, along with
emerging technologies such as organoids, microphysiological systems, and 8D liver co-cultures. Risk mitigation
strategies including improved drug screening protocols, patient stratification, regulatory frameworks, and
pharmacovigilance systems are also discussed. The integration of predictive science and translational research is
critical to reducing the burden of DILI and ensuring drug safety across the therapeutic lifecycle.
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INTRODUCTION
Drug-induced liver injury (DILI) is a complex and potentially severe adverse event resulting from exposure to
pharmaceutical agents [17. It accounts for a substantial proportion of acute liver failure cases and poses significant
challenges in both drug development and post-market surveillance. While DILI may be predictable and dose-
dependent (intrinsic), as seen with acetaminophen overdose, it is more often idiosyncratic—occurring unpredictably
and independent of dose in susceptible individuals [27]. The multifactorial nature of DILI involves direct
hepatotoxicity, immune-mediated mechanisms, metabolic activation of drugs into reactive intermediates, and host
genetic predisposition [37]. Because DILI is difficult to predict and diagnose, it remains a leading cause of late-stage
drug attrition, drug withdrawals, and regulatory black box warnings [47]. Traditional biomarkers such as serum
alanine aminotransferase (ALT) and bilirubin are neither specific nor sensitive enough to provide early or definitive
diagnosis [57]. The growing complexity of drug metabolism, increased polypharmacy, and aging populations with
underlying liver conditions have further underscored the urgency of improving DILI prediction. This review
synthesizes emerging approaches to improving the prediction and management of DILI. It highlights key
developments in predictive biomarkers, advancements in human-relevant in vitro models, and strategic approaches
to risk reduction across the drug lifecycle. A more robust understanding of DILI pathophysiology and personalized
patient profiles can significantly enhance therapeutic safety.
Predictive Biomarkers for DILI

The need for specific and sensitive biomarkers to detect early liver injury is paramount [57. Current liver function
tests (LFTs) such as ALT, aspartate aminotransferase (AST), alkaline phosphatase (ALP), and total bilirubin are
widely used but have limited diagnostic utility in distinguishing DILI from other causes of liver damage [67].
Moreover, they do not reliably reflect the extent or type of liver injury. Emerging biomarkers aim to overcome these
limitations by improving specificity, sensitivity, and temporal accuracy. Recent research has focused on the
identification and validation of novel biomarkers with better predictive value. Key candidates include: Glutamate
dehydrogenase (GLDH) is a mitochondrial enzyme released during hepatocyte necrosis [7]]. Unlike ALT, GLDH
is not present in skeletal muscle, making it more specific for hepatic injury. GLDH can be used to detect early
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hepatocellular damage before the onset of clinical symptoms [87]. MicroRNA-122 (miR-122) is the most abundant
liver-specific microRNA and has emerged as a sensitive early marker of hepatocyte injury [97. It is released into the
bloodstream in response to hepatocellular stress and is detectable prior to ALT elevation [107. High mobility group
box 1 (HMGB1) is a nuclear protein that is released by necrotic cells and secreted by activated immune cells. It
provides insight into the mode of cell death and helps differentiate between apoptosis and necrosis, offering
mechanistic information [117. Keratin-18 (K18) and its caspase-cleaved fragment (ccK18) serve as complementary
markers for apoptosis and necrosis [(127]. Elevations in these biomarkers correlate with the severity of liver damage
and may assist in stratifying patients based on injury type [127]. Bile acid profiles, particularly alterations in serum
total bile acids and individual conjugated bile acids, can be used to detect cholestatic and mixed injury types. Shifts
in bile acid homeostasis often precede conventional LE'T changes and reflect early bile canalicular dysfunction [137.
Omics technologies have enabled the integration of genomic, proteomic, and metabolomic data to identify
susceptibility markers and mechanistic signatures. IFor example, HLA genotyping has revealed associations between
specific alleles such as HLA-B*57:01 and HLA-A*33:01 and increased risk of DILI from drugs like flucloxacillin
and fenofibrate, respectively [147. These findings underscore the potential of personalized genomics in guiding

therapy.

In Vitro Models for DILI Assessment
Traditional in vitro liver models using primary human hepatocytes or immortalized cell lines have limited predictive
capacity due to loss of hepatic phenotype and metabolic function over time [157. Emerging in vitro platforms aim
to replicate the physiological architecture and function of the human liver more accurately, providing greater
translational value and ethical alternatives to animal models [167]. Three-dimensional (8D) spheroid cultures
maintain hepatocyte polarity, bile canalicular networks, and liver-specific gene expression for several weeks [177].
HepaRG and primary hepatocyte spheroids respond to known hepatotoxins with clinically relevant dose responses,
making them suitable for chronic toxicity assessments [187. Liver organoids derived from pluripotent stem cells
recapitulate aspects of hepatic development and can be genetically engineered to model patient-specific risk [197.
These self-organizing structures allow for long-term studies of DILI mechanisms, particularly when combined with
CRISPR gene editing [207]. Microphysiological systems (MPS), also referred to as liver-on-chip devices, incorporate
flow dynamics, extracellular matrix components, and co-cultures of hepatocytes with Kupffer, endothelial, and
stellate cells [217]. These models simulate zonal differences in hepatic metabolism and inflammation, providing a
powerful tool for evaluating immune-mediated and fibrotic DILI. Advanced co-culture systems that integrate
multiple liver cell types in a spatially defined architecture enable the study of cell-cell interactions and paracrine
signaling [227. These platforms are particularly valuable for assessing drug-drug interactions and complex injury
phenotypes. Taken together, these innovations provide enhanced systems for mechanistic investigation, safety
screening, and regulatory decision-making. The adoption of standardized protocols and validation benchmarks is
critical to ensure reproducibility and cross-platform comparability.
Risk Mitigation Strategies
Effective risk mitigation for DILI involves actions throughout the drug development pipeline and clinical use. At
the preclinical stage, incorporation of hepatotoxicity assessments in lead optimization and candidate selection can
identify compounds with favorable safety profiles. This includes use of high-content imaging, in silico modeling, and
cytotoxicity assays in human-derived cells [237. Clinical strategies include personalized dosing regimens based on
pharmacokinetic modeling and early withdrawal of agents upon detection of liver enzyme elevations [247. Genetic
screening for high-risk alleles such as HLA-B\*57:01 can guide drug choice and inform consent processes for
patients [257]. Formulation optimization to reduce hepatic exposure, use of prodrugs, and co-administration with
hepatoprotective agents are emerging strategies to mitigate liver injury [277]. For example, the co-formulation of
isoniazid with pyridoxine has reduced hepatotoxicity in tuberculosis therapy [287. Monitoring guidelines have
evolved to include periodic liver function testing during drug administration, particularly for drugs with known
hepatotoxic risk. Algorithms integrating dynamic biomarker thresholds and clinical features can support decision-
making for drug discontinuation or re-challenge [297]. Post-marketing pharmacovigilance systems, including the
FDA Adverse Event Reporting System (FAERS), EudraVigilance, and VigiBase, play an essential role in detecting
emerging safety signals [807]. These systems rely on voluntary reporting and signal detection algorithms but
require clinician awareness and patient cooperation to be effective [317]. Collaboration between regulatory agencies
and industry stakeholders has led to the development of Drug-Induced Liver Injury Network (DILIN) and similar
consortia that facilitate data sharing and mechanistic research [327. Risk management plans and risk evaluation and
mitigation strategies (REMS) are increasingly used to balance therapeutic benefit with potential hepatotoxicity.
Future Directions

The future of DILI prediction and prevention lies in integrating multi-dimensional data sources into predictive
frameworks. Machine learning and artificial intelligence are being applied to mine electronic health records and
clinical trial databases for DILI signatures, enabling dynamic risk assessment tools that evolve with accumulating
evidence. Systems toxicology approaches combining in vitro, in vivo, and computational data allow for
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comprehensive modeling of DILI pathways. This facilitates the development of adverse outcome pathways (AOPs)
that can predict hepatotoxicity from molecular initiating events through clinical outcomes. Biobank-linked cohort
studies offer opportunities to correlate genetic variants, metabolomic profiles, and real-world drug responses. These
studies provide population-level insights into DILI susceptibility and support precision medicine initiatives.
Development of point-of-care diagnostic platforms for DILI biomarkers could enable early detection in outpatient
and primary care settings. Portable biosensors and multiplex assays are in development for rapid testing of
biomarkers such as miR-122 and GLDH. Regulatory science is evolving to accommodate novel tools and approaches.
The FDA and EMA have begun qualifying biomarkers and in vitro systems for specific DILI contexts, paving the
way for their use in regulatory submissions. Continued harmonization of safety assessment standards across
jurisdictions will facilitate global drug development.
CONCLUSION
Drug-induced liver injury represents a significant challenge in drug safety and patient care. Advances in predictive
biomarkers, in vitro liver models, and comprehensive risk mitigation strategies are reshaping the approach to DILI
management. From bench to bedside, the integration of mechanistic insights, human-relevant models, and robust
regulatory frameworks holds promise for reducing DILI incidence and improving patient outcomes. Collaborative
efforts among researchers, clinicians, regulators, and industry stakeholders are essential to translate these
innovations into improved safety and outcomes for patients.
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