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Identification of cAMP/CREB signaling pathway as a potential biomarker and

i SC i H therapeutic target for drug-induced liver injury
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Drug-induced liver injury (DILI), a commonly recognized cause of acute liver injury, is one of the
main reasons for drug failure in the development phase and the withdrawal of drugs from the
market. Despite efforts for DILI prediction, it remains a worrisome and tough issue because at least
6 mechanisms are involved in DILI, including cell injury/death, oxidative stress, mitochondrial
dysfunction, and accumulation of fatty acids, most of which are specific, unpredictable, and
dose-independent according to the pharmacological effects of drugs. Conventional animal studies
for the assessment of human hepatotoxicity have obstacles such as cross-species extrapolation,
resulting in low concordance and poor prediction of human hepatotoxicity. Therefore, there is a
pressing need for finding reliable biomarkers and targets to improve the accuracy of in vitro
methods for DILI prediction and clinical therapy efficacy, thereby reducing the cost of preclinical
drug development and improving the safety of clinical medication. In this study, CREB was
identified as a potential marker for DILI, and its prediction robustness and treatment utility were
further validated. The research content will be discussed across three chapters.

Chapter 1. Toxicogenomic analysis for identification of transcription factors associated with
drug-induced liver injury

Toxicogenomics (TGx), aimed at applying comprehensive technologies to investigate the adverse
effects of environmental and pharmaceutical chemicals on human health, provides an
unprecedented opportunity for the clarification of toxicity mechanisms and biomarker discovery in
drug risk assessment. However, transcriptome assays, key TGx approaches, are not ideal for the
screening of large numbers of exploratory compounds in early drug discovery. Since changes in
gene expression are primarily related to the activity of transcription factors (TFs), this study aimed
to identify the DILI-relevant TFs from the TGx data in the Open TG-GATEs dataset by using the
gene set enrichment analysis (GSEA). It focuses on gene sets, which are defined as groups of genes
that share common biological functions or regulations based on prior biological knowledge.
Results showed that the R-value of each gene for each of the four treatment conditions was not
strongly suggestive of an association with DILI. While GSEA of preranked gene lists based on R
values highlighted four DILI-relevant TFs, including CREB, NRF2, ELK-1, and E2F.

Chapter 2. Assessment of transcription factors for DILI prediction markers in reporter gene
assay

The usefulness of the TFs identified in Chapter 1 as a DILI prediction marker was experimentally
validated in the reporter gene assay which is most commonly used for monitoring the dynamics of
gene expression and regulation. The assay provides high sensitivity, robustness, wide linearity, and
the ability to rapidly screen a large number of samples on multi-well plates. Using ten drugs with
already assigned DILI risks, reporter gene assays were conducted in HepG2 cells in the presence of
the S9 mix. Weak correlations were observed between NRF2 activity and DILI risk, whereas strong
correlations were noted between CREB activity and DILI risk. Moreover, CREB activation
associated with three Withdrawn/Black box Warning drugs was reversed by pretreatment with a
PKA inhibitor. In addition, a stable cell line with a CREB reporter was developed for efficient
screening. Further validation using three top-ranking drugs detected by RUCAM-based DILI assay




(ritonavir, atorvastatin, and diclofenac) showed strong responses in CREB activation. Therefore, the
developed stable cell line exhibited a stable and robust response, characterized by elevated CREB
activity, to extracellular toxic stimuli.

Chapter 3. Suppression of atorvastatin-induced hepatotoxicity by activating cAMP/CREB
signaling pathway

Atorvastatin (ATO) is a commonly prescribed and widely used 3-hydroxy-3-methylglutaryl-CoA
reductase inhibitor for treating hypercholesterolemia. It is also one of the most frequently indicated
statins, known to carry a higher risk of drug-induced liver injury. However, the underlying
mechanisms of atorvastatin-induced liver injury are complex, poorly understood, resulting in
limited options for treatment. The present study used a CYPs-UGT1A1 KI-HepG2 cell line for the
atorvastatin-induced liver injury research. Compared with the wild-type HepG2 cells, it has been
proven more sensitive to DILI in in vitro research. Atorvastatin caused lower cell viability in the
CYPs-UHT1A1 KI-HepG2 cells compare with the wild-type. It also strongly increased caspase-3
activity. Subsequent investigation showed that an adenylyl cyclase activator, forskolin partially
reversed the cytotoxicity induced by atorvastatin, being in good agreement with the fact that
elevation of cAMP protects hepatocytes against various harmful stimuli.

Collectively, CREB might be a sensitive biomarker for DILI prediction, and its response to stress
induced by high DILI-risk drugs might be primarily regulated by the PKA/CREB signaling
pathway. The utility of the stable cell line with a CREB reporter was also validated to be a
promising tool for rapid screening in the pre-clinical drug development phase. Atorvastatin induces
cytotoxicity in the HepG2 cells with introduced major drug metabolizing enzymes while activation
of adenylyl cyclase protects against atorvastatin-induced liver injury.
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