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Prediction of the potential for drug-induced liver injury (DILI) in the early stages of drug development 
is important. We developed an organoid-based and functional endpoint method for accurate prediction 
of DILI. To this end, hepatic organoids (HOs) derived from human pluripotent stem cells (hPSCs) were 
cocultured with hepatic stellate cells (HSCs) and THP-1 macrophages in Matrigel domes to mimic the 
cellular and physiological environment of the human liver. To validate our hepatotoxicity prediction 
model, we selected 12 hepatotoxic reference compounds. As indicators, we used factors related to 
mechanisms of hepatotoxicity and markers thereof, including factors related to oxidative stress and 
proinflammatory cytokines. We plotted radar graphs and calculated the relative areas of polygons 
to analyze the effects of drugs with different degrees of hepatotoxicity. The drugs in the severe DILI 
group significantly increased the levels of factors related to oxidative stress (ROS, GSSH, and catalase) 
compared to those in the no and mild DILI groups. The drugs in the severe group significantly increased 
the levels of inflammation-related factors (IL-1, IL-6, and IL-10). The drugs in the mild and severe 
groups highly significantly increased the activities of ALT and AST and the level of ALB compared to 
those in the no DILI group. In summary, the drugs in the severe DILI group had significantly greater 
effects on the factors analyzed than those in the no DILI group. Therefore, our hepatotoxicity 
evaluation method is suitable for predicting DILI in the early stages of drug development.
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It is known that approximately 20% of developed drugs have been withdrawn from the market due to drug-
induced liver injury (DILI), so predicting hepatotoxicity is important in drug development1. There is a marked 
difference between nonclinical and clinical findings related to DILI. Therefore, predicting the toxicity of a drug 
in the early stages of development is important to reduce this failure rate2. Recent large-scale DILI registries 
have provided valuable insights into the epidemiology, risk factors, and clinical outcomes of drug-induced 
liver injury across different populations. The Spanish DILI Registry3, US DILI Network4, Latin American DILI 
Network5, and the Indian Network for DILI6 have contributed to the global understanding of DILI, identifying 
key hepatotoxic drugs and patient-specific risk factors.

DILI can be categorized into intrinsic and idiosyncratic types. Intrinsic DILI is dose-dependent and 
predictable, whereas idiosyncratic DILI (iDILI) is unpredictable, occurring only in a subset of individuals 
despite therapeutic drug doses7,8. The present study focuses on iDILI, which is multifactorial in nature, involving 
complex interactions between host- and drug-related factors, such as genetic predisposition, environmental 
influences, immune system responses, and specific drug properties. Reactive oxygen species (ROS) initiated by 
nitric oxide (NO) play a critical role in iDILI by inducing oxidative stress, damaging liver cells, and disrupting 
cellular homeostasis9. The cellular damage associated with lipid peroxidation and nucleic acid alterations due 
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to oxidative stress is a major cause of hepatotoxicity10. Additionally, Kupffer cells exposed to oxidative stress 
release cytokines, promoting inflammation and apoptosis, thereby exacerbating liver injury11. Hepatocytes are 
particularly sensitive to oxidative stress compared to other non-mesenchymal cells12, and Kupffer cells, upon 
activation, release pro-inflammatory cytokines and chemokines that accelerate liver damage13. Hepatotoxicants 
are known to induce iDILI by causing cytokine imbalances14. In addition to Kupffer cells, hepatic stellate cells 
(HSCs) also play a critical role in hepatotoxicity. HSCs are involved in liver fibrosis progression by producing 
extracellular matrix components and pro-fibrotic cytokines in response to liver injury. Upon activation, HSCs 
can exacerbate liver damage by promoting inflammation and fibrosis, which can ultimately lead to chronic liver 
disease15. Recent studies have highlighted the interplay between Kupffer cells and HSCs in the pathogenesis of 
iDILI, with activated HSCs contributing to the fibrotic response and worsening the severity of liver injury16. 
Furthermore, increased serum levels of IL-6 and IL-10 have been associated with the severity of liver injury, 
particularly in cases of drug-induced liver injury caused by anti-tuberculosis drugs17.

In vitro cell and in vivo animal models have been developed to predict hepatotoxicity during drug development. 
Hepatic-derived cell line such as HepG2, HepaRG and Huh have been used to predict hepatotoxicity in the 
early stages of drug development18. However, these immortalized cell lines have low hepatic function and drug-
metabolic-enzyme activity compared to human tissue, and so cannot reflect the complex metabolic effects of 
drugs in vivo19. Primary human hepatocytes (PHHs) are the gold standard in vitro model for evaluating drug 
metabolism and toxicity20. However, they have a short lifespan, show donor-derived variability, and are associated 
with high costs21. Animal models (e.g., mouse, rat, and dog) are used to evaluate drug-induced hepatotoxicity in 
the late stages of drug development. However, they cannot accurately recapitulate the human metabolic response 
to drugs because of the considerable interspecies differences in CYP-mediated drug metabolism. In addition, the 
use of animal models is hampered by ethics issues22.

As a result of their high availability, stem cells have been used in regenerative medicine, safety pharmacology, 
and toxicology. Human embryonic stem cells (hESCs) and human induced pluripotent system cells (hiPSCs) 
have been used to generate hepatocyte-like cells. More than 90% of hepatocytes differentiated from hESCs/
hiPSCs are positive for albumin23. Moreover, hESC-derived hepatocytes have similar patterns of gene expression 
and hepatotoxicity profiles to primary cultured hepatocytes24. However, there is no standard method for 
inducing the differentiation of hESCs and hiPSCs into hepatocytes25. Models based on iPSCs typically have 
little ability to predict hepatotoxicity because of their lesser functionality than other in vitro hepatocellular 
models26. Three-dimensional (3D) cultures such as spheroids or organoids have superior differentiation abilities 
and metabolic functions compared to two-dimensional (2D) cultures of stem cells2. Organoids are in vitro 3D 
culture systems in which cells self-organize to recapitulate tissue structure and function27. Several differentiation 
methods have been developed to induce liver organoids that are morphologically, functionally, and genetically 
similar to those of liver tissue28. The levels of several markers of hepatic function (e.g., albumin, α1-antitrypsin, 
and cytochrome P450 enzymes) are increased in hepatic organoids (HOs) cultured in differentiation medium. 
Efforts to overcome the above limitations have focused on developing a more physiologically relevant in vitro 
hepatic model using HOs. In this study, we developed a highly efficient method for evaluating drug-induced 
hepatotoxicity based on factors related to oxidative stress, inflammation, and liver function.

Methodology
Culture of HOs
HOs were cultured according to the instructions of previously reported protocol29. Organoid fractions were 
homogeneously suspended in Matrigel (Corning; 33342) and solidified as domes on cell culture plates for 15 min 
at 37 °C in a humidified chamber in an atmosphere of 5% CO2. Domes were submerged in Advanced DMEM 
(Gibco) containing 1× N2 Supplement (Gibco), 1× B27 Supplement w/Vit A (Gibco), 100 units/mL penicillin-
streptomycin (Hyclone), 1% Glutamax (Gibco), 10 mM HEPES, 1% insulin-transferrin-selenium (Gibco), 
50 ng/mL human EGF (Peprotech), 25 ng/mL human HGF (Peprotech), 25 ng/mL human FGF (Peprotech), 
10 ng/mL oncostatin M (R&D Systems), 5 µM A83–01 (Tocris), 10.5 µM forskolin (Sigma-Aldrich), 1 mM 
N-acetylcysteine (Sigma-Aldrich), 10 nM [Leu15]-gastrin 1 human (Sigma-Aldrich), 10 mM nicotinamide 
(Sigma-Aldrich), and 100 nM dexamethasone (Sigma-Aldrich). The medium was replaced every 3 days. After 7 
days, the organoids were washed three times with cold medium by pipetting to remove Matrigel. The organoids 
were collected and fractionalized using 500 µL Gentle Cell Dissociation Reagent (Stemcell™ Technologies) 
by pipetting approximately 15 times. The organoid fractions were washed three times with cold medium to 
eliminate Gentle Cell Dissociation Reagent and passaged at a 1: 3 ratio.

Culture of nonparenchymal cells
THP-1 (ATCC) human macrophages were obtained from the Korea Cell Line Bank (Seoul, South Korea) and 
were cultured in RPMI medium supplemented with 10% FBS and 100 units/mL penicillin-streptomycin solution 
(Hyclone). To differentiate THP-1 cells into macrophage-like cells, they were treated with 200 nM phorbol 
12-myristate 13-acetate (PMA, Sigma-Aldrich) for 72, followed by a 24 h recovery period in PMA-free medium 
before use in co-culture30. HSC stellate cells (ScienCell, #5300) were maintained in SteCM (ScienCell, #5301) 
medium and were cultured in dishes coated with poly L-lysine according to the manufacturer’s instructions.

Coculture of HOs with nonparenchymal cells
HOs were collected by washing three times with cold medium to remove Matrigel, followed by centrifugation. 
The HOs were treated with 0.05% Trypsin-EDTA and incubated at 37  °C for 5 min to dissociate into single 
cells, with gentle pipetting to achieve a homogeneous suspension. Next, they (5 × 105 cells) were mixed with 
THP-1 cells (1.5 × 105) and HSCs (0.5 × 105) and harvested after centrifugation. The mixture of cell types was 
homogenously suspended in 1 mL Matrigel and 10 µL aliquots were dispensed into 96-well U-bottom plates. The 
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plates were incubated at 37 °C for 15 min for dome formation, and 200 µL hepatic medium was gently dispensed 
into each well.

Treatment with hepatotoxic compounds and sampling
All compounds used in the experiment were prepared at a concentration of 20 mM using DMSO. When applied 
at the final test concentration, the DMSO concentration in the culture medium was maintained at 0.01%. A 
0.01% DMSO-treated group was used as the control (Ctrl). On the third day after cell seeding, 100 µL of medium 
was removed from each well of a 96-well plate, and 100 µL of the test compound, diluted to 40 µM (twice the final 
concentration), was added to each well. After the plate was incubated for 9 h, 150 µL of medium was removed 
from each well for oxidative stress analysis. The compounds were then diluted to 20 µM in hepatic medium, and 
150 µL was added to each well. After an additional 39 h of incubation, reaching a total of 48 h post-treatment, 
the collected medium was used for the analysis of cytokine levels and hepatic function markers. Time flow chart 
of experimental scheme was shown in Fig. S1.

Cell viability
Cell viability was analyzed using the CellTiter-Glo 3D Cell Viability Assay (Promega, #G9681) according to 
the manufacturer’s instructions. Cells cultured for 2 days in 96-well plates were incubated with 3D reagent for 
30  min. The mixtures were added to a 96-well white-bottom plate and luminescence was measured using a 
microplate reader.

Analysis of mitochondrial function
Mitochondrial function was measured using the Mitochondrial ToxGlo™ Assay (Promega, #G8000) according to 
the manufacturer’s instructions. Cells cultured in 96-well plates for 72 h were incubated with the test compounds 
for 30 min. Fluorescence was measured at excitation and emission wavelengths of 485 and 520 nm, respectively, 
using a microplate reader. Next, ATP detection buffer was added, the mixtures were stirred for 2–3 min, and 
luminescence was measured using a microplate reader.

Reverse transcription-quantitative polymerase chain reaction (RT-qPCR)
Total RNA was extracted from mono- and cocultured HOs using TRIzol™ reagent (Invitrogen). mRNA levels 
were measured using a NanoDrop spectrophotometer (Thermo). RT-qPCR was performed with SYBR Green 
Real-Time PCR Master Mix (TOYOBO) in a MicroAmp™ Fast Optical 96-Well Reaction Plate sealed with 
MicroAmp™ Optical Adhesive Film (Life Technologies). The primer pairs were as follows: CYP1A2, forward 
5′-​A​G​C​A​G​T​C​C​C​T​C​C​A​C​A-3′ and reverse 5′-​C​A​T​A​G​A​C​A​C​A​G​A​A​A​G​T​A​G-3′; CYP2C9, forward 5′-​A​G​G​A​A​
A​A​C​G​G​A​T​T​T​G​T​G​T​G​G-3′ and reverse 5′-​G​G​C​C​A​T​C​T​G​C​T​C​T​T​C​T​T​C​A​G-3′; CYP2C19, forward 5′-​G​G​A​T​
T​G​T​A​A​G​C​A​C​C​C​C​C​T​G-3′ and reverse 5′-​T​A​A​A​G​T​C​C​C​G​A​G​G​G​T​T​G​T​T​G-3′; CYP2D6, forward 5′-​T​G​T​G​C​
C​C​A​T​C​A​C​C​C​A​G​A​T-3′ and reverse 5′-​A​A​G​G​T​G​G​A​G​A​C​G​G​A​G​A​A​G​C-3′; CYP3A4, forward 5′-​T​A​C​A​C​A​A​
A​A​G​C​A​C​C​G​A​G​T​G​G-3′ and reverse 5′-​T​G​C​A​G​T​T​T​C​T​G​C​T​G​G​A​C​A​T​C-3′; ALB, forward 5′-​G​C​A​A​G​A​G​A​T​
G​C​C​C​T​A​C​A​T​G​G​A-3′ and reverse 5′-​G​G​G​C​A​C​G​A​G​G​G​T​G​A​T​G​A​A-3′; ALB, forward 5′-​A​A​C​A​T​G​T​G​T​T​G​C​
T​A​T​C​C​T​G​A​A-3′ and reverse 5′-​C​C​T​C​T​A​C​C​G​A​A​G​T​G​G​A​A​T​A​A​G-3′; AAT9, forward 5′-​A​C​T​G​T​C​A​A​C​T​T​C​
G​G​G​G​A​C​A​C-3′ and reverse 5′-​C​A​T​G​C​C​T​A​A​A​C​G​C​T​T​C​A​T​C​A-3′; and β-actin forward 5′-​G​G​A​C​T​T​C​G​A​G​C​
A​A​G​A​G​A​T​G​G-3′ and reverse 5′-​A​G​C​A​C​T​G​T​G​T​T​G​G​C​G​T​A​C​A​G-3′. RT-qPCR was performed using Verso™ 
SYBR Green One-Step qRT-PCR Low ROX Mix (Thermo Scientific, Waltham, MA) on a 7500 Fast Real-Time 
PCR System (Applied Biosystems, Foster City, CA). mRNA levels were analyzed using the ΔΔCT method and 
the results were normalized to β-actin.

Measurement of ROS levels
The levels of ROS were measured using a DCFDA-based assay. Cell culture media were collected 9  h after 
treatment with the cytotoxic compounds, and 100 µL was transferred to Eppendorf tubes. DCFDA was added to 
the tubes to a final concentration of 1 µM. Next, 50 µL of the mixture was transferred to a black 384-well plate, 
and fluorescence was measured using excitation and emission wavelengths of 493 and 530 nm, respectively, in 
a microplate reader.

Measurement of catalase activity
Catalase inhibition was measured using the Catalase Activity Assay Kit (Abcam, #ab83464) according to the 
manufacturer’s instructions. Cell supernatants after treatment with the hepatotoxic compounds for 9  h was 
collected and diluted fivefold with assay buffer. Test wells were assigned to the positive control, sample, and 
sample high control groups. Diluted cell supernatants (40 µL) were added to the wells, followed by 6 µL H2O2 
solution. Before treatment with H2O2, 5 µL stop solution was added to each well. The plate was incubated at 
room temperature for 30 min, and 5 µL stop solution was added to the positive control and sample groups. Next, 
5 µL developer mix was added to each well, and the plate was incubated for 10 min. Assay buffer, OxiRed probe, 
and HRP solution were mixed as the developer solution. Fluorescence was measured using a microplate reader 
at excitation and emission wavelengths of 535 and 587 nm, respectively.

Evaluation of the GSH/GSSG ratio
The GSH/GSSG ratio was measured using the GSH/GSSG Ratio Detection Assay Kit II (Abcam, #ab205811) 
according to the manufacturer’s instructions. Briefly, after treatment with the hepatotoxic compounds for 9 h, 
cell supernatants were diluted 1:10 with assay buffer. Next, 25 µL diluted supernatants were added in triplicate 
to the wells of a 96-well plate. The plate was incubated at room temperature for 60 min protected from light. 
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Fluorescence was monitored using a microplate reader in kinetic mode at excitation and emission wavelengths 
of 490 and 520 nm, respectively, for 10 min.

Quantification of cytokine levels
The levels of IL-1β, IL-6, and IL-10 were measured using the Human IL-1β ELISA Kit (Abcam, #ab214025), 
Human IL-6 ELISA Kit (Abcam, #ab178013), and Human IL-10 ELISA Kit (Abcam, #ab46034), respectively, 
according to the manufacturers’ instructions. All of the wells of a 96-well microtiter plate were coated with 
antibodies against IL-1β, IL-6, and IL-10. Absorbance at 450 nm was measured using a microplate reader.

Measurement of ALT activity
The activity of ALT was measured using the Alanine Transaminase Activity Assay Kit (Abcam, #ab105134) 
according to the manufacturer’s instructions. Cell culture media were collected and mixed 1:1 with assay buffer. 
Four microliters of the mixtures was added to the wells of a 384-well plate, followed by 16 µL enzyme mixture. 
Fluorescence was measured at excitation and emission wavelengths of 535 and 587 nm, respectively; the 535/587 
nm ratio was calculated to obtain the zero-time value. The plate was incubated for 40 min and fluorescence was 
measured as described above.

Measurement of AST activity
The activity of AST was quantified using the Aspartate Aminotransferase Activity Assay Kit (Abcam, #ab105135) 
according to the manufacturer’s instructions. After adding 25 µL cell culture media to half of the wells of a 96-
well plate, 50 µL enzyme mixture was added to each well. Absorbance was measured at a wavelength of 540 nm. 
The plate was incubated for 60 min and absorbance was measured as described above.

 Measurement of albumin level
The level of albumin was measured using the Human Albumin ELISA Kit (Abcam, #ab108788) according to the 
manufacturer’s instructions. Briefly, 100 µL cell supernatant was collected after treatment with the hepatotoxic 
compounds for 48 h, added to a collagen-coated 96-well plate, and incubated overnight at 4℃. The wells were 
washed three times with 200 µL wash buffer. Biotin conjugate was added to each well, and the plate was incubated 
for 1 h at room temperature, followed by three washes with 200 µL wash buffer. The plate was incubated with 
gentle shaking for 45 min after adding 100 µL streptavidin-HRP solution. After washing four times with wash 
buffer, 100 µL TMB solution was added to each well and the plate was incubated for 30 min protected from light. 
Stop solution (50 µL) was added, and the absorbance at 540 nm was measured.

Statistics
Each experiment was performed with a minimum of three biological replicates (n = 3 ~ 5), with three technical 
replicate per condition. Data are presented as means ± standard errors of the mean (SEM). P values were 
calculated using the nonparametric unpaired t-test with Prism 8 v.8.4.3 software (GraphPad Software, CA). 
Statistical significance was set at 0.05 and 0.001 (*p ≤ 0.05, **p ≤ 0.01, and ***p ≤ 0.001). Radar plots were 
generated by normalizing the drug-induced changes in each factor relative to the untreated control using Excel 
(Microsoft, Redmond, WA, USA). The axes of the radar plots, based on the normalized values, were set to the 
same scale across all compounds. The relative polygon areas serve as a quantitative measure of the cumulative 
hepatotoxic impact of each compound, increasing with the potential severity of hepatotoxicity. This allows for 
the differentiation between groups with no hepatotoxicity, mild hepatotoxicity, and severe hepatotoxicity. Each 
polygon generated by the radar plot was converted into an image, and the relative areas of these polygons were 
analyzed using ImageJ software (National Institutes of Health, Bethesda, MD, USA). To facilitate a comparative 
assessment of the hepatotoxicity of each compound, the relative polygon areas were presented as bar graphs 
using Prism 8 v.8.4.3 software.

Results
Comparison of HO monoculture and HO/HHSteC/THP-1 coculture
Activation of hepatic nonparenchymal cells such as endothelial cells and HSCs, and inflammatory cell infiltration, 
are implicated in DILI. To develop an HO culture system suitable for predicting hepatotoxicity, THP-1 cells and 
HSCs were cocultured with HO. The mRNA levels of liver-specific genes were examined via real-time PCR. 
The mRNA levels of markers of liver function—ALB and AAT (11-antitrypsin), and CYP enzymes except 
CYP2C19 and CYP2E1—were significantly higher in HO/HSC/THP-1 coculture than in monoculture (Fig. 1a). 
In coculture, the CYP1A2, CYP3A4, and albumin levels were increased 3.8-, 5.5-, and 5-fold, respectively. The 
protein levels of hepatic function-related factors were measured in cell lysate and culture medium. The ALT, 
AST, and urea levels did not differ between coculture and monoculture (Fig. 1b). Oxidative stress affects cell 
membranes, proteins, and DNA, leading to cell death, ultimately causing liver dysfunction. Because the liver is 
vulnerable to oxidative stress, it has been suggested that continuous oxidative stress is important in the onset 
and progression of liver diseases. Changes in factors associated with oxidative stress and inflammation were 
compared in HO monoculture and coculture of HO/HSCs/THP-1. In coculture, GSSG and catalase activities 
were significantly decreased and increased, respectively (Fig. 1c). Therefore, homeostasis of factors related to 
oxidative stress may be changed in HO/HSC/THP-1 coculture. In addition, the levels of IL-6 and IL-10 were 
significantly increased in coculture (Fig. 1d). Therefore, inflammation-related factors are functional in THP-1 
cells in coculture. We used HO/HSC/THP-1 coculture in subsequent experiments to establish a hepatotoxicity-
evaluation method based on HOs.
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Mitochondrial function and cell viability
As shown in Table  1, we used 12 compounds to verify the hepatotoxicity-evaluation model. The liver is the 
most important organ involved in maintaining energy homeostasis, controlling the storage and metabolism 
of nutrients, and detoxifying blood. The mitochondria of hepatocytes, which are the most common hepatic 
cell type, play key roles in these biochemical processes and mitochondrial dysfunction is a mechanism of 
DILI. Cocultured HO/HSC/THP-1 cells were treated with the reference compounds at 20 µM for 9  h, and 
mitochondrial dysfunction was analyzed. The concentration of 20 µM was selected based on previous studies 
using 3D hepatic models to ensure standardized conditions for evaluating hepatotoxicity26. Interestingly, only 

Category Compounds Target disease

No DILI

Ambrisentan (AMB)31 Pulmonary hypertension

Buspirone (BUSP)32 Anxiety disorder

Flumazenil (FMZ)33 Antiseizure

Orphenadrine (ORP)34 Anticholinergic drug

High DILI

Azathioprine (AZA)35 Immunosuppressant

Clozapine (CZ)36 Antipsychotic agent

Imipramine (IMI)37 Antidepressant

Ticlopidine (TP)38 Antiplatelet drug

Severe DILI

Amiodarone (AMIO)39 Arrhythmia

Ketoconazole (KET)40 Antifungal

Nefazodone (NEF)41 Anti-depressant

Troglitazone (TZ)42 Type II diabetes

Table 1.  Drugs used for the evaluation of hepatotoxicity prediction model.

 

Fig. 1.  Levels of factors in mono- and coculture systems. (a) mRNA levels of CYP enzymes and hepatocyte 
function-related factors. (b) Protein levels of factors related to hepatic function in culture medium. (c) Levels 
of markers of oxidative stress. (d) Levels of cytokines. Data were expressed as the means ± standard error 
(n = 3). The statistical significance was assessed using the nonparametric unpaired t-test (*p < 0.05, **p < 0.01, 
and ***p < 0.001).
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amiodarone significantly decreased mitochondrial function (Fig. 2a). Because mitochondria generate ATP, their 
activity in hepatocytes is directly related to cell survival. FMZ and ORP decreased mitochondrial activity by 
20% in the no DILI group; CZ, IMI, and TP decreased it by 20–30% in the mild DILI group; and KET and NEF 
decreased mitochondrial activity by 30% in the severe DILI group (Fig. 2b). Amiodarone inhibited cell viability 
by approximately 80%. In addition, it had the greatest inhibitory effect on mitochondrial dysfunction, which 
may explain its effect on cell survival. However, the effects of the other compounds suggested a weak correlation 
between mitochondrial dysfunction and cell viability. These results suggest that predicting the hepatotoxicity of 
drugs based solely on mitochondrial toxicity or inhibition of cell viability is not feasible. Cytotoxicity is caused 
by oxidative stress, and pharmaceutical-related liver disease involves a severe inflammatory response together 
with oxidative stress.

The selection of reference compounds was based on previously established hepatotoxicity classifications 
in the literature. The compounds were chosen to represent a diverse range of pharmacological classes and 
hepatotoxicity severity levels. Positive and negative controls were selected to validate the model’s predictive 
capability, and future studies will incorporate additional reference compounds to further strengthen model 
validation.

Levels of factors related to oxidative stress
Measurement of the levels of factors related to oxidative stress can provide insight into hepatotoxicity and 
enable the early detection and prevention of liver damage. Thus, we measured the levels of such factors 9 h after 
treatment with the hepatotoxic compounds. All compounds significantly increased ROS levels by more than 
twofold compared to controls (Fig.  3a). The activity of catalase, which converts H2O2, an agent of oxidative 
stress, to water and oxygen, was decreased by the compounds, particularly ORP, IMI, and TP (> 60% decrease in 
ROS level). Among the four hepatotoxic compounds in the severe DILI group, KET, NEF, and TZ significantly 
altered ROS levels, as shown in Fig. 3b. The degrees of inhibition of catalase activity significantly differed among 
the 12 hepatotoxic compounds. Finally, we measured the levels of GSSG, a critical component of cellular redox 
balance, which is generated by the reaction between GSH and ROS under oxidative stress. Its levels significantly 
differed according to the compound used, particularly in the severe group (Fig. 3c). To evaluate the effects of 
oxidative stress induced by hepatotoxic compounds, we plotted radar graphs and compared the relative areas 
of the polygons among the DILI groups (Fig. 3d). The relative areas of the compounds in the severe group were 
significantly greater than those in the no and high DILI groups (Fig. 3e, f). Therefore, DILI-causing drugs are 
associated with oxidative stress and their toxicity can be predicted based on parameters related to oxidative 
stress.

Levels of inflammatory cytokines
Hepatotoxicants induce a cytokine imbalance. Treatment with the 12 hepatotoxic compounds increased the 
levels of IL-1β, IL-6, and IL-10 compared to the vehicle control, and the increases caused by IMI, KET, NET, 
and TZ were particularly notable (Fig. 4a). The level of IL-6 was significantly increased by treatment with CZ, 
IMI, KET, and TZ (Fig. 4b). The level of IL-10 was significantly increased 2.36- and 3.43-fold by amiodarone 
and NEF, respectively, compared to the vehicle control (Fig. 4c). The levels of inflammation-related cytokines 
were significantly increased by several of the drugs in the mild and severe DILI groups but none of those in the 
no DILI group. A radar graph showed that the polygons formed by drugs in the severe DILI group were skewed 
towards IL-1β and IL-10 (Fig.  4d). Furthermore, the drugs in the severe DILI group exhibited significantly 
larger polygon areas than those in the no DILI and mild DILI groups (Fig. 4e, f). Therefore, analysis of the above 
inflammatory factors enables the identification of drugs with the potential to cause severe DILI.

Fig. 2.  Cell viability and mitochondrial dysfunction. (a) Cell viability rates in liver organoids and 
nonparenchymal cell coculture. (b) Mitochondrial dysfunction in liver organoids and nonparenchymal cell 
coculture. Data were expressed as the means ± standard error (n = 5). The statistical significance was assessed 
using the nonparametric unpaired t-test (*p < 0.05, **p < 0.01, and ***p < 0.001).
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Levels of markers of hepatic function
Hepatic toxicity results in elevations of the levels of ALT, AST, alkaline phosphatase (ALP), and total bilirubin. 
These, together with albumin, triglycerides, cholesterol, and urea, are used as indicators of hepatic function. The 
activity of ALT was significantly increased by the hepatotoxic compounds in the mild and severe DILI groups 
but not those in the no DILI group (Fig. 5a). The activity of AST was unaffected by the hepatotoxic compounds 
in the no DILI group, except for ORP. However, more than half of the hepatotoxic compounds in the mild and 

Fig. 4.  Levels of pro-inflammatory cytokines. (a) IL-1β. (b) IL-6. (c) IL-10. (d) Radar graph of ratios to the 
untreated control. (e) Relative area ratios of polygons to that of the untreated control calculated using ImageJ 
software. (f) Statistical analysis of area ratios. Data were expressed as the means ± standard error (n = 3 ~ 5). 
The statistical significance was assessed using the nonparametric unpaired t-test (*p < 0.05, **p < 0.01, and 
***p < 0.001).

 

Fig. 3.  Levels of factors related to oxidative stress. (a) ROS levels. (b) Catalase activity. (c) GSSG levels. 
(d) Radar graph of ratios to the untreated control. (e) Relative areas of polygons relative to the untreated 
control calculated using ImageJ software. (f) Statistical analysis of area ratios. Data were expressed as the 
means ± standard error (n = 3 ~ 5). The statistical significance was assessed using the nonparametric unpaired 
t-test (*p < 0.05 and ***p < 0.001).
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severe DILI groups significantly increased AST activity, particularly AMIO, KET, and NEF in the severe DILI 
group (Fig. 5b). The hepatotoxic compounds in the no DILI group did not significantly affect the albumin level. 
However, IMI (mild DILI group) and AMIO and NEF (severe DILI group) significantly decreased the albumin 
level (Fig. 5c). We generated radar graphs and measured polygon areas (Fig. 5d); the results indicated that the 
hepatotoxic compounds significantly altered the levels of markers of hepatic function, suggesting their utility for 
assessing hepatotoxicity (Fig. 5e, f).

Prediction of hepatotoxicity
We generated a polygon graph of the effects of the hepatotoxic compounds on oxidative stress, immune-related 
factors, and liver function markers. Most compounds increased the levels of factors related to oxidative stress 
(Fig. 6a). The polygon areas were calculated as a ratio to that of the untreated control (Fig. 6b). The polygon areas 

Fig. 6.  Summary. (a) Radar graph of ratios compared to the untreated control. (b) Relative polygon area 
ratios to that of the untreated control calculated using ImageJ software. (c) Statistical analysis of area ratios. 
Data were expressed as the means ± standard error (n = 3). The statistical significance was assessed using the 
nonparametric unpaired t-test (*p < 0.05 and ***p < 0.001).

 

Fig. 5.  Levels of factors related to liver function. (a) ALT activity. (b) AST activity. (c) Albumin levels. 
(d) Radar graph of ratios to the untreated control. (e) Relative polygon area ratios to that of the untreated 
control calculated using ImageJ software. (f) Statistical analysis of area ratios. Data were expressed as the 
means ± standard error (n = 3 ~ 5). The statistical significance was assessed using the nonparametric unpaired 
t-test (*p < 0.05, **p < 0.01, and ***p < 0.001).
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of all hepatotoxic compounds, irrespective of their hepatotoxicity class, were greater than the untreated control; 
the compounds in the mild and severe DILI groups had more than twofold greater polygon areas. There were 
no significant differences in the polygon areas of the hepatotoxic compounds in the no and mild DILI groups 
(Fig. 6c). However, the compounds in the severe DILI group had significantly greater polygon areas than those in 
the no and mild DILI groups. These results are in agreement with those related to oxidative stress, inflammatory, 
and hepatic function factors. Therefore, our multifactor hepatotoxicity prediction method shows potential for 
predicting hepatotoxicity.

Discussion and conclusion
Predicting the toxicity of drug candidates in the early stages of drug development is important. Developing 
methods to accurately predict the toxicity of potential drug candidates can reduce costs by preventing the 
withdrawal of drugs from the market, the leading cause of which is hepatotoxicity. Therefore, accurate prediction 
of hepatotoxicity is a vital part of drug development. Primary human hepatocytes are the gold standard for 
drug metabolism and toxicity studies but have a short lifespan, high variability, and limited availability43. For 
these reasons, animal models, murine hepatocytes, hepatoma cell lines, and immortalized hepatocytes have been 
used to predict drug hepatotoxicity44,45. However, animal models or models using animal-derived hepatocytes 
do not accurately recapitulate human liver physiology. Cell-based in vitro models typically used to evaluate 
hepatotoxicity are based on monocultures of HepG2 and HepaRG cells. However, HepaRG cells maintain a 
stable metabolic phenotype but have little expression of the genes encoding CYP2E1 and glutathione transferase 
A1. These monoculture models also have a limited experimental window due to rapid loss of metabolic activity, 
typically within 48 h of drug treatment, a crucial period for accurate prediction of hepatotoxicity.

The use of alternative sources of human hepatocytes, such as hPSC-derived hepatocytes, has potential for 
toxicology testing in drug development. We developed a method for differentiating HOs from hPSCs, and the 
organoids exhibited high liver functionality29. We developed a system for accurately predicting drug-induced 
hepatotoxicity in the early stages of drug development using hPSC-derived HOs. The hPSC-derived hepatocytes 
used in this study have limitations for simulating the biological and physical environment of the human liver 
due to the absence of Kupffer cells, hepatic stellate cells, and sinusoidal endothelial cells. According to previous 
research results, it has been shown that these cells in liver tissue play a significant role in the process of DILI46. 
Therefore, we designed a system to enhance drug-induced inflammation and recapitulate the liver-disease 
environment based on coculture of THP-1 macrophages and HSC cells with HOs. Interestingly, the mRNA levels 
of most of the factors related to metabolism and liver function were significantly higher in coculture. However, 
the protein levels of liver function-related factors were not increased in coculture.

While the HO/HSC/THP-1 coculture model improves the physiological relevance of hepatotoxicity 
screening, it has certain limitations. The absence of liver sinusoidal endothelial cells (LSECs) and biliary 
epithelial cells restricts the model’s ability to fully mimic the in vivo liver microenvironment. Additionally, 
while hepatic organoids exhibit key liver-specific functions, their metabolic activity and enzyme expression 
may not fully match those of primary hepatocytes, leading to potential differences in drug metabolism. The 
activation state of HSCs and THP-1 macrophages may also not completely reflect the dynamic progression 
of liver fibrosis and inflammation. Furthermore, variability in organoid size, matrix composition, and culture 
conditions introduces challenges in standardization and reproducibility. The model effectively captures oxidative 
stress-related hepatotoxicity but may have limitations in predicting toxicity mechanisms primarily mediated 
by mitochondrial dysfunction or direct hepatocellular damage. Inflammatory markers, such as IL-6 and IL-10, 
were significantly elevated only for specific hepatotoxicants, suggesting that inflammation alone may not be 
a universal predictor of DILI. Despite these limitations, the coculture model provides valuable insights into 
inflammation-driven liver injury and can be further optimized by incorporating additional liver cell types and 
metabolic activity assessments. Additionally, our model has limitations related to the short-term nature of the 
experiments, which may not fully capture chronic hepatotoxicity or delayed toxic responses. Another critical 
limitation is the inter-donor variability of hPSC-derived hepatocytes, which can influence drug metabolism and 
toxicity outcomes. Furthermore, batch-to-batch variability in organoid differentiation presents a challenge for 
reproducibility, potentially affecting the consistency of hepatotoxicity predictions. Future studies should focus 
on optimizing differentiation protocols and extending experimental timelines to enhance the reliability and 
predictive power of our model.

It is important to assess CYP enzyme activity in addition to mRNA expression levels when predicting 
hepatotoxicity. Other studies reported a strong correlation between CYP mRNA expression and enzymatic 
activity in hPSC-derived hepatic organoids24,26. These studies have shown that the mRNA expression of CYP 
enzymes is a reliable indicator of their enzymatic function, which can play a crucial role in drug metabolism 
and hepatotoxicity assessment. Our previous study measured not only the mRNA levels of key CYP isoforms, 
including CYP3A4, but also their enzymatic activity, confirming that CYP3A4 activity was higher in HOs 
than in 2D-differentiated mature hepatocytes29. In future studies, we plan to further validate and refine our 
hepatotoxicity prediction model by incorporating direct enzymatic assays to enhance its accuracy and strengthen 
its applicability in early-stage drug development for hepatotoxicity screening.

The liver is the most important organ in maintaining energy homeostasis, controlling the storage and 
metabolism of nutrients, and performing detoxification of blood. Previous studies provided information on their 
relevance to liver disease and their potential use in the prediction and monitoring of hepatotoxicity47. It had been 
known that the mitochondria of hepatocyte, the highest proportion of cell species in the liver, play key roles in 
each of these biochemical events48 and mitochondrial dysfunction is known to be one of the major mechanisms 
of DILI49. Mitochondrial dysfunction was used for the evaluation of drug-induced hepatotoxicity50. We measured 
the effects of reference compounds on mitochondrial function and cell viability (Fig. 2). Mitochondrial function 
was unsuitable for predicting the hepatotoxicity of the 12 compounds (except AMIO) based on the absence 
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of significant effects. Many of the compounds significantly modulated cell viability, including those in the no 
and mild DILI groups. TZ (severe DILI group) did not significantly decrease cell viability, suggesting that this 
parameter is unsuitable for predicting hepatotoxicity, particularly for highly hepatotoxic drugs.

In addition, the other studies have shown that liver toxicity is caused by oxidative stress, and pharmaceutical 
liver disease in particular is known to cause a significant inflammatory response along with oxidative stress51. 
Since the liver is very vulnerable to oxidative stress, it has been suggested that continuous oxidative stress plays 
an important role in the onset and progression of liver diseases52. Measuring oxidative stress-related factors can 
provide insight into potential hepatotoxicity and help in the early detection and prevention of liver damage. 
Therefore, in this study, we developed a multifactor hepatotoxicity prediction method based on coculture and 
measurement of the levels of several oxidative stress and inflammatory response-related factors associated with 
the mechanisms of drug-induced hepatotoxicity. In coculture, the level of GSSG significantly decreased and the 
catalase activity significantly increased, suggesting the utility of coculture for evaluating hepatotoxicity. These 
results indicate that co-culturing hepatic organoids with other cell types has a clear impact on various factors. 
Therefore, we concluded that coculture conditions would be advantageous for evaluating hepatotoxicity using 
various factors and used this system in the study.

Oxidative stress is associated with drug-induced hepatotoxicity and causes oxidative damage by inhibiting 
the antioxidant defense system, leading to inflammation, cell damage, and in severe cases, cell death. All of the 
hepatotoxic compounds increased ROS levels more than twofold 9 h after treatment (Fig. 3). In previous studies, 
IL-1 and IL-6 were used as biomarkers for acute or chronic hepatotoxicity, and mediate the hepatic response 
to xenobiotics such as acetaminophen and phenobarbitone53. It has been also reported that hepatotoxicants 
induce cytokine imbalance in response to the innate immune system14. Use of IL-10, an anti-inflammatory 
cytokine, for hepatotoxicity prediction may be controversial. However, high levels of IL-10 in the plasma of 
patients with hepatitis-related hepatocellular carcinoma have been reported54. Therefore, IL-10 was chosen as an 
inflammatory factor in this study, as it is believed to be useful as a biomarker for inflammation related to hepatitis 
or liver diseases. The 12 hepatotoxic compounds had different effects on the levels of cytokines; the levels of IL-
1β and IL-10 were significantly increased by NEF (severe DILI group). However, we acknowledge that the levels 
of inflammatory factors were notably elevated only in response to NEF, while other compounds did not induce a 
comparable increase (Fig. 4e). This variability may be attributed to differences in the mechanisms of hepatotoxicity 
among drugs. While some hepatotoxicants induce inflammation-mediated liver injury, others may primarily 
exert toxicity through oxidative stress, mitochondrial dysfunction, or direct hepatocellular damage. Therefore, 
our results suggest that inflammatory markers alone may not be sufficient to comprehensively predict severe 
DILI but should be considered in conjunction with other hepatotoxicity indicators. The compounds used in this 
study represent a range of hepatotoxic mechanisms, which is crucial for validating the predictive power of our 
model. AMIO and TZ are known to cause mitochondrial dysfunction, leading to hepatocellular injury. KET and 
NEF inhibit bile acid transporters, contributing to cholestatic liver injury. AZA and CZ induce hepatotoxicity 
through immune-mediated mechanisms, leading to liver inflammation and idiosyncratic DILI. In contrast, IMI 
and TP are associated with reactive metabolite formation and oxidative stress, further contributing to hepatocyte 
damage. The inclusion of these mechanistically diverse compounds strengthens our model by ensuring its 
applicability to various forms of hepatotoxicity. However, while our model effectively captures inflammation- 
and oxidative stress-driven toxicity, its ability to predict cholestatic or purely metabolic injury requires further 
validation. Future studies should incorporate additional compounds with well-defined hepatotoxic pathways to 
enhance mechanistic coverage.

It is important to note that while drugs classified under the “No DILI” category, such as buspirone and 
flumazenil, have been generally considered non-hepatotoxic, rare cases of hepatotoxicity have been reported55. 
This highlights the complexity of DILI classification and the potential influence of genetic, environmental, and 
metabolic factors on individual susceptibility to drug-induced hepatotoxicity. These findings emphasize the need 
for continuous refinement of hepatotoxicity prediction models using expanded reference compound datasets. 
The hepatotoxic compounds in the severe DILI group significantly increased the levels of the three cytokines 
compared to those in the no and mild DILI groups (Fig.  4f), suggesting that the levels of proinflammatory 
cytokines can be used to identify drugs that cause severe DILI.

Hepatic toxicity is characterized by ALT, AST, and alkaline phosphatase (ALP), total bilirubin (TBILI), 
these are most basic and widely used markers to evaluate liver function56. Several biomarkers like albumin, 
triglycerides, cholesterol and urea is considered to be supplemental indicators of hepatic function57. Based on 
previous in vitro tests, we aimed to quantify hepatic function markers to predict hepatotoxicity58. Interestingly, 
the activities of ALT and AST were significantly increased by the hepatotoxic compounds in the severe DILI 
group. Therefore, our model accurately predicts drug hepatotoxicity. hPSC-derived hepatocytes are abundant, 
facilitating large-scale hepatotoxicity testing. Furthermore, use of hepatocytes derived from PSCs enables the 
establishment of patient-specific models. In conclusion, our hepatotoxicity prediction model represents a 
paradigm shift in in vitro drug hepatotoxicity screening, particularly when combined with high-throughput or 
high-efficiency screening systems, and will promote the development of next-generation therapies. Furthermore, 
our hepatotoxicity prediction model may contribute to bridging the gap between preclinical and clinical 
assessments of DILI. The integration of data from global DILI registries, such as the Spanish DILI Registry3 and 
the US DILI Network4, with our organoid-based screening platform could enhance its predictive accuracy and 
clinical relevance. Future studies should aim to validate our model against known hepatotoxicants identified in 
these registries.

Data availability
The data that support the findings of this study are available on request from the corresponding author. The data 
are not publicly available due to privacy or ethical restrictions.
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