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A B S T R A C T

New approach methodologies (NAMs), including microphysiological systems (MPS), are emerging as alternatives 
to animal testing. In the liver, chronic hepatocellular damage can progress to fibrosis, which has been described 
by an Adverse Outcome Pathway (AOP). However, standardized in vitro models that capture and quantify key 
AOP events and cell-cell interactions are lacking. We developed a scalable liver fibrosis model using the 384-well 
Akura™ Twin microplate featuring 168 interconnected well pairs. We studied fibrosis progression by seeding 
HepaRG microtissues (MTs), with or without THP-1 cells in alpha wells and hepatic stellate cell (hTERT-HSC) 
MTs in beta wells. Cell health and metabolic activity were monitored via specific sensors that detect glucose and 
lactate levels. Transforming growth factor beta 1 (TGF-β1), methotrexate (MTX) and acetaminophen (APAP) 
reduced albumin production, indicating hepatocellular injury. TGF-β1 activated THP-1, increasing ALOX5AP, 
TREM2, and TGF-β1 mRNA expression. PAI-1 protein levels increased following treatment with TGF-β1, 
particularly in HepaRG-THP-1 co-cultures. In hTERT-HSCs, TGF-β1 also induced expression of fibrosis markers 
(ACTA2, COL1A1, COL3A1 and FN1) and increased stress fibers and fibronectin expression. Extracellular matrix 
remodeling was confirmed by elevated Pro-Collagen 1A1 and CTGF protein levels upon TGF-β1 treatment. The 
Akura™ Twin platform enables high-throughput modeling of liver fibrosis, mimicking the key events of the liver 
fibrosis AOP. This model, combining a high-throughput MPS with established cell lines, offers a promising tool to 
investigate fibrosis mechanisms and advancing quantitative AOP development. Journal: Toxicology (Special 
Issue: Hepatotoxicity: mechanisms and animal-free prediction models).

1. Introduction

New approach methodologies (NAMs) are increasingly being 
recognized by regulatory authorities such as the European Medicines 
Agency (EMA) and the U.S. Food and Drug Administration (FDA) as 
alternatives to traditional animal testing (Edwards et al., 2025; Ingber, 
2022). These NAMs include in vitro models such as microphysiological 
systems (MPS) and organ-on-chip (OOC) platforms, as well as in silico 
models (Roberts, 2024; Vinken, 2024). The FDA Modernization Act of 
2021 has paved the way for the incorporation of NAMs in drug devel
opment, driven by ethical concerns and species-species differences 
affecting safety and efficacy assessments. MPS, including OOCs, incor
porate biomimetic strategies like microfluidics (e.g. shear stress, 
continuous nutrient supply), extracellular matrices that mimic tissue 
structures (e.g. stiffness, tissue-tissue interactions) and mechanical cues 

(e.g. mechanical loading to improve bone tissue mineralization) to 
enhance physiological relevance (Ingber, 2022; Scheinpflug et al., 
2023). Mechanistic information for the development of NAMs is often 
derived from Adverse Outcome Pathways (AOPs), which describe the 
molecular and cellular mechanisms leading to adverse effects in 
response to a chemical or pharmaceutical stressor (Vinken, 2024). AOPs 
are initiated by a molecular initiation event (MIE) that triggers a cascade 
of key events (KEs), ultimately resulting in an adverse outcome at the 
organ level (Horvat et al., 2017). Developed as toxicological knowledge 
frameworks, AOPs aim to aid in the risk assessments of chemicals and 
pharmaceuticals. The organization for Economic Cooperation and 
Development (OECD) has established test guidelines based on AOPs that 
promote in vitro and in silico methods, such as OECD Guideline No. 497, 
which outlines defined approaches for skin sensitization testing (Casati 
et al., 2022). However, standardized guidelines and in vitro models for 
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assessing systemic toxicity, particularly in the liver, remain limited 
(Vinken, 2024).

Liver toxicity is a major concern in drug development. Since 1969, at 
least 20 drugs have been withdrawn from the market due to hepato
toxicity, making it the most frequent cause for safety-related drug re
tractions (Babai et al., 2021; Kullak-Ublick et al., 2017). Among the 
various forms of liver damage, liver fibrosis represents a critical, pro
gressive condition, characterized by excessive scarring and loss of liver 
function. If untreated, fibrosis can advance to cirrhosis, hepatocellular 
carcinoma, or liver failure (Pellicoro et al., 2014). The severity of 
fibrosis is closely correlated with liver-related outcomes and overall 
mortality (Angulo et al., 2015). A better understanding of the processes 
leading to fibrosis is therefore essential to improve our current in vitro 
models.

The pathology of liver fibrosis has been described in the liver fibrosis 
AOP No. 38 (Horvat et al., 2017). Protein alkylation (MIE) induced by 
drugs or viral infections, causes hepatocellular death or injury (KE1). 
Damaged hepatocytes activate Kupffer cells (KCs), the liver’s resident 
macrophages, through the release of reactive oxygen species, cytokines 
and damage-associated molecular patterns (KE2). Upon activation, KCs 
become the primary source of transforming growth factor beta 1 
(TGF-β1), the most pro-fibrogenic cytokine, and other inflammatory 
cytokines (KE3). Excessive release of TGF-β1 stimulates the activation of 
hepatic stellate cells (HSCs), which transition from a quiescent vitamin 
A-storing phenotype to a proliferative, contractile myofibroblast-like 
phenotype (KE4). Activated HSC secret extracellular matrix (ECM) 
components, including collagen type I and fibronectin, driving fibrosis 
progression. Excessive accumulation of collagen and other ECM com
ponents leads to the replacement of liver tissue by connective tissue and 
marks key event 5 (KE5), which ultimately leads to the adverse event, 
liver fibrosis (Horvat et al., 2017).

While advanced MPS models exist for studying fibrosis, they are not 
designed to specifically address the key events described in the AOP. 
This limits their usefulness for the development of quantitative AOPs 
and makes it difficult to define and measure parameters for in silico 
modelling (Kanabekova et al., 2022; Kostrzewski et al., 2021). 
Furthermore, existing MPS models often employ direct cell-cell contact 
between the different cell types, which hinders the analysis of individual 
cellular responses (Bircsak et al., 2021; Cho et al., 2021). Although 
techniques, such as single-cell sequencing can be used to investigate 
cell-type specific responses, they are costly and often require 
outsourcing. In addition, many MPS rely on complex fabrication 
methods, external tubing and pumps, which complicate scalability, 
throughput and introduce potential issues regarding drug adsorption 
(Dalsbecker et al., 2022). To address these challenges, we developed a 
simplified in vitro liver fibrosis model using the commercially available 
Akura™ Twin platform. The Akura™ Twin platform is a specially 
designed 384-well microplate with interconnected wells. The wells can 
host 3D-cultures such as spheroids or organoids (microtissues: MTs) and 
the platform allows gravity-driven flow between MTs without the need 
for external pumps or tubing. This design minimizes compound 
adsorption and enables simultaneous testing of 168 conditions, making 
it a suitable tool for high-throughput studies.

To model liver fibrosis, we incorporated the three key cell types 
described in the AOP: hepatocytes, Kupffer cells, and hepatic stellate 
cells (Horvat et al., 2017). HepaRG cells were chosen as hepatocyte 
surrogates due to their metabolic similarity to primary hepatocytes, 
while THP-1 monocyte-derived macrophages served as Kupffer cell 
surrogates, and hTERT-immortalized primary HSCs were used as hepatic 
stellate cell surrogates (Prestigiacomo et al., 2017; Rubin et al., 2015; 
Schnabl et al., 2002; Wu et al., 2016). Human cell lines were chosen to 
establish a robust and reproducible model, since primary cells often 
exhibit significant donor-to-donor variation (Josse et al., 2012) and may 
be difficult to obtain for high-throughput studies.

Striking a balance between physiological relevance and experi
mental complexity, we tested two experimental setups. The first 

consisted of HepaRG MTs connected by shared medium with HSC MTs, 
forming the baseline fibrosis model. The second setup incorporated 
immune cells by co-culturing THP-1 monocyte-derived macrophages 
within the HepaRG MTs while maintaining contact with HSC MTs. Liver 
cells were challenged with TGF-β1, methotrexate (MTX) or acetamino
phen (APAP). TGF-β1, a well-established pro-fibrotic factor, was used as 
a positive control (Bonanini et al., 2025). MTX, an anti-rheumatic drug 
reported to induce liver fibrosis in some patients and in vitro, was tested 
as a fibrotic test compound (Cheng & Rademaker, 2018; Lertnawapan 
et al., 2023; MacDonald & Burden, 2005; Mikkelsen et al., 2011). 
Finally, APAP, a well-characterized hepatotoxic compound, was 
included to model acute hepatotoxicity that is not associated with sub
sequent fibrosis in the clinic (Jaeschke et al., 2020; Yoon et al., 2016).

Here, we successfully developed a scalable in vitro liver fibrosis 
model capable of studying the key events involved in hepatic fibrosis. By 
implementing the Akura™ Twin platform and combining several rele
vant human liver cell types, we could link the five key events defined in 
the liver AOP to specific and quantifiable markers. Hence, this model 
represents a valuable tool for studying liver fibrosis and to generate 
quantitative AOP data that can be used for dose-response and time- 
course predictions supporting regulatory decision-making.

2. Materials and methods

2.1. Cell culture

All procedures were performed under sterile conditions following 
standard laboratory procedures. Cells were cultured at 37◦C with 5 % 
CO₂ in a humidified incubator.

HepaRG cells (Biopredic International, Saint Grégoire, France, 
HPR101) were seeded at 1 × 10⁵ undifferentiated cells/cm² in basal 
medium (Biopredic International, Saint Grégoire, France, MIL700C) 
supplemented with growth factors (Biopredic International, Saint 
Grégoire, France, ADD710C). After 14 days, the growth medium was 
replaced with a 50:50 mix of growth and differentiation supplements 
(Biopredic International, Saint Grégoire, France, ADD720C) for four 
days, followed by differentiation medium alone for an additional 10 
days. HepaRG cells were used at passages below 20 and passaged with 
Trypsin-EDTA (Sigma, Taufkirchen, Germany, 59417C-mL).

hTERT-HSC cells were kindly provided by Dr. Bernd Schnabl (UC, 
San Diego, CA 92103, USA) and cultured in Dulbecco’s Modified Eagle’s 
Medium (DMEM) High Glucose (Fisher Scientific, Reinach, Switzerland, 
41965062), supplemented with 10 % fetal bovine serum (FBS, Fisher 
Scientific, Reinach, Switzerland, 10270–106) and 1 % penicillin and 
streptomycin (P/S, Sigma, Taufkirchen, Germany, P4333–mL). To pre
vent spontaneous activation, hTERT-HSC cells were used at low passages 
(<12) and passaged using Trypsin-EDTA.

THP-1 cells (CLS, Eppelheim, Germany, 300356) were maintained in 
suspension at 1.5–10 × 10⁵ cells/mL in Roswell Park Memorial Institute 
1640 medium (RPMI, Bioconcept, Allschwil, Switzerland, 1–41F50-I), 
supplemented with 10 % FBS and 1 % P/S. The culture was passaged by 
diluting the suspension or replacing the complete medium every other 
day.

2.2. Microtissue preparation

THP-1 cells were differentiated into monocyte-derived macrophages 
by seeding 8 × 10⁴ cells/cm² in a T25 flask with RPMI medium sup
plemented with 10 % FBS, 1 % P/S, and 100 ng/mL phorbol 12-myris
tate 13-acetate (PMA, Fisher Scientific, Reinach, Switzerland, 
P1585–1MG). After 48 h, the medium was replaced with PMA-free RPMI 
medium containing 10 % FBS and 1 % P/S. Cells were allowed to rest for 
an additional 24 h before use.

MT aggregation was performed in Akura™ 96 Plates (InSphero, 
Schlieren, Switzerland, CS-PB15). Wells were pre-wetted with mainte
nance medium consisting of William’s E Medium 
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(ThermoFisherScientific, Reinach, Switzerland, 32551087) supple
mented with 1X Insulin-Transferrin-Sodium Selenite (ITS, Sigma, Tauf
kirchen, Germany, 11074547001), 100 nM dexamethasone (Sigma, 
Taufkirchen, Germany, D1756) and 1 % P/S. Differentiated HepaRG and 
hTERT-HSC cells were detached using Trypsin-EDTA, while differenti
ated THP-1 were detached using Accumax (FisherScientific, Reinach, 
Switzerland, 00–4666–56). Each cell type was individually resuspended 
in maintenance medium supplemented with 20 % FBS and cell numbers 
were counted. Three distinct MT types were prepared, namely HepaRG 
MTs, HepaRG + THP-1 MTs and HSC MTs. Cell composition is detailed 
in Table 1. Cell suspensions were seeded at 70 µL per well, followed by 
centrifugation at 250 x g for 2 min. Plates were incubated in a humid
ified incubator for 4 days, with the first 24 h on an Akura™ Tilting stand 
(30◦, InSphero, Schlieren, Switzerland, CS-AG11). After 4 days, the 
medium was replaced by FBS-free maintenance medium.

2.3. Microtissue transfer and treatment

The Akura™ Twin microplate (InSphero, Schlieren, Switzerland, CS- 
PE13) was pre-wetted by adding 80 µL pre-warmed H2O to the alpha 
well. After 3 min of liquid equilibration, the plate was centrifuged at 500 
x g for 2 min and incubated overnight in a humidified incubator. The 
following day, water was removed by aspirating 80 µL from the alpha 
well followed by the beta well within 5 s. 100 µL of maintenance me
dium was then added to each alpha well. After another 3 min of liquid 
equilibration, the plate was centrifuged at 500 x g for 2 min. Before MT 
transfer, the medium was removed as described above.

MTs were washed twice with maintenance medium before transfer. 
To prevent MTs from adhering to plastic surfaces, pipette tips were 
coated with FBS. MTs were collected in 40 µL of maintenance medium 
and gently dispensed into the designated wells of the Akura™ Twin 
microplate. To minimize cross-contamination of loose THP-1 cells, HSC 
MTs were transferred first to the beta wells followed by HepaRG + THP- 
1 MTs to the alpha wells. After transfer, maintenance medium was 
removed as previously described and 100 µL of fresh maintenance me
dium was added to beta wells.

After 24 h of incubation, treatments were initiated. TGF-β1 1 ng/mL 
(Sigma, Taufkirchen, Germany, T7039–1UG) was used as positive con
trol for stellate cell activation, MTX 30 µM (Sigma, Taufkirchen, Ger
many, M8407–100MG) was employed as a fibrotic test compound, while 
APAP 2 mM (Sigma, Taufkirchen, Germany, A5000) was utilized as a 
non-fibrotic hepatotoxicant. Compounds were diluted in maintenance 
medium and 100 µL per beta well was added. Treatment was carried for 
10 days and refreshed on days 3, 5 and 7. To generate gravity-based 
flow, an All-in-One Tilting device was used with the following set
tings: tilt angle ± 20◦, motion time 10 s, pause at (P/N = ± 20◦) for 
1 min, pause at (H = ± 0◦) for 0 min, and timer set to 0 s (continuous 
operation).

2.4. Bioenzymatic sensor measurements

Glucose and lactate levels were measured in the supernatant on days 
3, 7 and 10 using the B.LV5 biosensor (Jobst Technologies, Freiburg, 
Germany, 1.00101.002) connected to the SIX Biosensor Transmitter 
(Jobst Technologies, Freiburg, Germany). For each measurement, 50 µL 
of supernatant was injected into the sensor unit and allowed to equili
brate for 20 s before data acquisition for 60 s using the bioMON software 

(Version 4.16.0).

2.5. Enzyme-Linked Immunosorbent Assay (ELISA)

The concentration of albumin (Bethyl Laboratories, Montgomery, 
TX, USA, E80–129), connective tissue growth factor (CTGF, Bio Techne 
AG, Zug, Switzerland, DY9190–05), Pro-Collagen 1A1 (Bio Techne AG, 
Zug, Switzerland, DY6220–05) and plasminogen activator inhibitor-1 
(PAI-1, Bio Techne AG, Zug, Switzerland, DY1786) was measured in 
cell culture supernatant on days 3, 7 and 10. All ELISA assays were 
performed in high-binding flat-bottom plates (Greiner-Bio One, Krems
münster, Austria, 655 061), according to manufacturers’ instructions. 
Absorbance at 450 nm was measured using the FlexStation 3.

2.6. Urea release

Urea release was quantified in the supernatant after 3, 7 and 10 days 
using the Urea Assay Kit (Sigma, Taufkirchen, Germany, MAK006). 
Volumes were adjusted for a 384 well format (Table S1). For each well, 
12.5 µL of the appropriate Reaction Mix was prepared. Samples were 
diluted 1:5 in Urea Assay Buffer. Two standard curves were prepared, 
one without and one spiked with 2 mM APAP. 12.5 µL diluted cell su
pernatant or standards were added and mixed thoroughly using a hor
izontal shaker. The reaction was incubated for 60 min at 37◦C, protected 
from light. Absorbance was measured at 570 nm using the FlexStation 3. 
Calculations were performed according to manufacturer’s instructions.

2.7. Immunofluorescence staining

Unless otherwise stated, compounds were obtained from Sigma 
(Taufkirchen, Germany). Immunofluorescence staining was performed 
on MTs collected on day 10. For each experimental condition and MT 
composition, 1–4 MTs were collected and washed in PBS containing 
calcium and magnesium. The MTs were fixed for 1 h in 4 % para
formaldehyde (PFA), followed by permeabilization for 24 h at 4◦C using 
0.5 % Triton X-100. The MTs were then blocked with 3 % bovine serum 
albumin (BSA) and 0.1 % Triton X-100 at 4◦C overnight. Primary anti
bodies (diluted as outlined in Table 2) were prepared in 1 % BSA and 
0.1 % Triton X-100. HepaRG and HepaRG + THP-1 MTs were stained for 
albumin, while HSC MTs were stained for αSMA, fibronectin and f-actin 
(phalloidin). The MTs were incubated with primary antibody overnight 
at 4◦C. After incubation, the samples were washed with 0.1 % Triton X- 
100 and incubated overnight at 4◦C with secondary antibodies (diluted 
as indicated in Table 2), diluted in 1 % BSA and 0.1 % Triton X-100. The 
MTs were washed again and counter-stained with DAPI for 1 h at room 
temperature before imaging. Images were acquired using an Olympus 
Fluoview FV3000 confocal microscope. Image analysis was performed 
with ImageJ and CellProfiler (Software 4.2.1).

Table 1 
Cell numbers and composition per MT.

Number of cells per MT

HepaRG THP-1 hTERT-HSC

HepaRG MTs 2’000 - -
HepaRG + THP− 1 MTs 1’500 500 -
HSC MTs - - 2’000

Table 2 
Antibodies and phalloidin used for immunofluorescence staining.

Protein of 
Interest

Primary Antibody Secondary Antibody

Albumin Rabbit monoclonal antibody 
(Abcam, Cambridge, United 
Kingdom, ab207327) / 1:800

Goat anti-rabbit Alexafluor 546 
(FisherScientific, Reinach, 
Switzerland, A− 11071) / 1:1000

αSMA Mouse polyclonal antibody 
(Sigma, Taufkirchen, 
Germany, A5228) / 1:400

Goat anti-mouse Alexafluor 488 
(FisherScientific, Reinach, 
Switzerland, A− 11017) / 1:1000

Fibronectin Rabbit polyclonal antibody 
(Agilent, Waldbronn, 
Germany, A0245) / 1:400

Goat anti-rabbit Alexafluor 647 
(FisherScientific, Reinach, 
Switzerland, A− 21245) / 1:1000

Phalloidin TRITC-labelled (Sigma, Taufkirchen, Germany, P1951) / 1:1000
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2.8. Gene expression analysis

On days 7 and 10, MTs were collected for mRNA isolation. For each 
experimental condition and MT composition, 2–6 MTs were collected. 
mRNA was isolated using a standard TRIzol extraction procedure with 
glycogen (FisherScientific, Reinach, Switzerland, LT-02241) from MTs 
lysed with QIAzol Lysis Reagent (Qiagen, Basel, Switzerland, 79306). 
Reverse transcription was performed using M-MLV Reverse transcrip
tase (Promega, Dübendorf, Switzerland, M1705) and oligo dT (Promega, 
Dübendorf, Switzerland, C110B-C). Real-time PCR was carried out using 
GoTaq® Probe qPCR Master Mix (Promega, Dübendorf, Switzerland, 
A6102) and TaqMan probes of selected genes (Table 3). The q-RT-PCR 
Program was as follows: the reaction was initiated at 95◦C for 2 min, 
followed by 40 cycles of 15 s at 95◦C and 1 min at 60◦C. Ct values were 
generated using the LightCycler® 480 System. Beta-2-Microglobulin 
(B2M) was used as the internal standard for normalization. Data are 
expressed as fold change.

2.9. Statistical analysis

All data were analyzed using GraphPad Prism 10 (Version 10.4.1; 
GraphPad Software). Ordinary one-way ANOVA followed by Dunnett’s 
multiple comparisons test was employed to assess statistical differences 
among treatment groups against a single control for semi-quantitative or 
normalized analyses (e.g. Mean Fluorescence Intensity, qPCR). In cases 
where only a single experimental setup was analyzed, an unpaired 
Student’s t-test was performed. For quantitative endpoints involving two 
independent variables (setup and treatment), an ordinary two-way 
ANOVA followed by Tukey’s multiple comparisons test was performed 
to evaluate interaction and main effects. A p-value of ≤ 0.05 was 
considered statistically significant.

3. Results

3.1. Treatments affected cellular metabolism as reflected by changes in 
lactate production and glucose consumption

Lactate and glucose levels in the supernatant were monitored over 10 
days as indicators of cellular metabolism using the B.LV5 biosensor from 
Jobst. As depicted in Fig. 1A, lactate production by HepaRG MTs con
nected with HSC MTs remained unaffected by any treatment after 3 days 
of exposure. In the control group, lactate production increased from 1.0 
to 1.9 µg/day over 10 days. The addition of THP-1 cells markedly 
increased lactate release under both untreated and TGF-β1 treated 
conditions, which displayed a time dependent increase in lactate pro
duction with medians of 2.1, 7.1 and 20.0 µg/day at 3, 7 and 10 days 
respectively. Consistent with toxicity, treatment with MTX or APAP 
significantly reduced lactate production from day 7 onward. The most 
pronounced reduction was observed in APAP-treated cultures at day 10, 
with a rate of 0.8 µg/day.

Similar to the lactate measurements, glucose consumption was 

relatively unchanged in untreated HepaRG MTs connected with HSC 
MTs over the measurement period with values ranging from 9.1 to 
13.8 µg/day (Fig. 1B). In the presence of THP-1, glucose consumption 
significantly increased over time in the untreated and TGF-β1-treated 
conditions, reaching a median of 30.5 µg/day by day 10. In contrast, 
MTX and APAP showed similar glucose consumption levels over 10 
days.

Overall, HepaRG//HSC cultures maintained cellular metabolism 
over 10 days for all treatments. HepaRG + THP-1//HSC cultures showed 
an increased cellular metabolism in the untreated and TGF-β1 treated 
conditions, which reflects the increased number of THP-1 cells over time 
(Fig. S1). Outgrowing cells were albumin negative, further supporting 
that the increased cellular metabolism can be attributed to the THP-1 
cells (Fig. S2).

3.2. Hepatocellular damage is observed upon stimuli with TGF-β1, MTX 
and APAP

The first key event in the liver fibrosis AOP is hepatocellular death or 
injury. To assess hepatocyte health, albumin release was measured in 
the supernatant using ELISA (Fig. 2A). Both HepaRG and HepaRG 
+ THP-1 MTs maintained albumin secretion over 10 days.

Treatment with TGF-β1 and APAP led to acute hepatocellular dam
age evidenced by the reduction in albumin production in HepaRG and 
HepaRG + THP-1 MTs from day 3 onwards. On the other hand, MTX 
showed delayed toxicity and a decreased albumin release only from day 
7. Notably, incorporation of THP-1 cells slightly increased albumin 
secretion for all conditions.

As an additional biomarker of hepatocellular function, urea levels 
were measured in the supernatant after 3, 7 and 10 days (Fig. 2B). In 
HepaRG//HSC cultures, neither TGF-β1 nor MTX significantly affected 
urea production. Urea levels were maintained over time with values 
ranging from 18.5 to 40.5 pg/h/HepaRG. In contrast, APAP treatment 
significantly reduced the urea levels by 25–60 %. Unexpectedly, the 
incorporation of THP-1 resulted in significantly elevated urea produc
tion across all treatments by 2–3-fold. Moreover, the HepaRG + THP-1 
MTs exhibited increased sensitivity to MTX and APAP treatment 
compared to the cultures without THP-1 cells, resulting in a strong 
reduction of urea release starting from day 7.

To further validate these findings, the intracellular expression of 
albumin was analyzed by immunofluorescence staining after 10 days 
(Fig. 3A). Consistent with the observed reduction in secreted albumin 
levels, exposure to TGF-β1 or APAP resulted in a significant loss of al
bumin expression across all experimental setups (Fig. 3B). In contrast, 
MTX treatment had no apparent effect on intracellular albumin 
expression.

3.3. Activation of THP-1 is triggered by TGF-β1 and suppressed by APAP 
treatment

During the development of fibrosis, following hepatocyte death or 
injury, Kupffer cells are activated (KE2). To assess their activation, the 
mRNA expression levels of ALOX5AP (Fig. 4A) and TREM2 (Fig. 4B) in 
THP-1 were measured at 7 and 10 days. TGF-β1 treatment significantly 
upregulated both markers, with ALOX5AP expression increasing by 
more than 7-fold and TREM2 expression increasing by 2-fold at both 
timepoints. In contrast, APAP led to a consistent downregulation of both 
genes. MTX treatment did not directly activate THP-1 and hence had no 
significant effect on the expression levels of either marker. The observed 
variability in gene expression levels is most likely attributed to general 
biological variability. To make sure that ALOX5AP and TREM2 mRNA 
levels are derived from THP-1 cells and not from the HepaRG, we also 
assessed the gene expression levels of ALOX5AP and TREM2 in HepaRG 
MTs without THP-1 cells. For all conditions, the measured Ct values 
were above the cut-off value of 35 or undetectable. We further assessed 
the release of the acute phase cytokine IL-6 in the supernatant of 

Table 3 
TaqMan probes of selected genes obtained from FisherScientific (Reinach, 
Switzerland).

Gene of interest Abbreviation Ref. Nr.

Actin alpha 2, smooth muscle ACTA2 Hs00909449_m1
Arachidonate 5-lipoxygenase-activating 

protein
ALOX5AP Hs00233463_m1

Beta− 2-Microglobulin B2M Hs00187842_m1
Collagen 1 alpha 1 COL1A1 Hs00164004_m1
Collagen 3 alpha 1 COL3A1 Hs00943809_m1
Fibronectin 1 FN1 Hs00415006_m1
Transforming growth factor beta 1 TGF-β1 Hs00998133_m1
Triggering receptor expressed on myeloid cells 

2
TREM2 Hs00219132_m1
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HepaRG + THP-1//HSC cultures and observed increased levels after 3 
and 7 days following TGF-β1 treatment (Fig. S5).

3.4. TGF-β1 increased the release of PAI-1 in the supernatant

Activation of the Kupffer cells triggers the third key event (KE3): the 
secretion of the pro-fibrogenic cytokine TGF-β1. To investigate this, we 
measured TGF-β1 mRNA expression in THP-1 cells and the concentra
tion of a downstream marker (PAI-1) in the supernatant. Consistent with 
the induction of THP-1 activation markers ALOX5AP and TREM2, a 
significant 1.9-fold upregulation of TGF-β1 mRNA was observed in TGF- 
β1-treated HepaRG + THP-1 MTs on day 7 (Fig. 5A). The effect of TGF- 
β1-treatment on TGF-β1 seemed transient as its mRNA expression 

returned to baseline at 10 days. MTX and APAP significantly suppressed 
TGF-β1 expression (2.9-fold and 2.1-fold downregulation, respectively).

As a downstream effect of TGF-β1, PAI-1 secretion increased signif
icantly in response to TGF-β1 treatment across all setups and at all tested 
time points (Fig. 5B). PAI-1 secretion peaked in THP-1 containing cul
tures (1.5 ± 0.3 pg/day) from day 7 onwards, significantly surpassing 
HepaRG//HSC cultures (0.7 ± 0.4 pg/day). These results suggest that 
TGF-β1 activates THP-1 cells towards an anti-inflammatory phenotype. 
Contrarily, MTX and APAP treatments did not cause changes with 
respect to the corresponding untreated cells.

Fig. 1. Lactate production and glucose consumption over 10 days. HepaRG MTs connected with HSC MTs (orange) and HepaRG + THP-1 MTs connected with HSC 
MTs (blue), were exposed to TGF-β1, MTX, or APAP for 10 days. Lactate production (A) and glucose consumption (B) were measured in the culture supernatant on 
days 3, 7, and 10 using the B.LV5 biosensor (Jobst). Metabolic rates are expressed in µg/day. For better visualization of the single data points, lactate production was 
plotted as log10(µg/day). Floating bars represent median ± min max. Statistical analysis based on ordinary two-way ANOVA, followed by Tukey’s multiple com
parisons test, with */+ , p ≤ 0.05; **/+ +, p ≤ 0.01; ***/+ ++ , p ≤ 0.001; ****/+ ++ +, p ≤ 0.0001. * represents comparisons between setups, + represents 
comparison to HepaRG + THP-1//HSC controls of the respective timepoint. N = 3 – 4 (3 – 4 independent biological replicates with 1 – 2 technical replicates).

Fig. 2. Effects of TGF-β1, MTX or APAP on HepaRG cells health and functionality. HepaRG MTs connected with HSC MTs (orange) and HepaRG + THP-1 MTs 
connected with HSC MTs (blue), were exposed to TGF-β1, MTX, or APAP for 10 days. Albumin (A) and urea (B) release were measured in the supernatant after 3, 7 
and 10 days. Floating bars represent median ± min max. Statistical analysis based on ordinary two-way ANOVA, followed by Tukey’s multiple comparisons test, with 
*/#/+ , p ≤ 0.05; **/##/+ +, p ≤ 0.01; ***/###/+ ++ , p ≤ 0.001; ****/####/+ ++ +, p ≤ 0.0001. * represents comparisons between setups, # represents 
comparison to HepaRG//HSC controls and + represents comparison to HepaRG + THP-1//HSC controls of the respective timepoint. N = 3 – 4 (3 – 4 independent 
biological replicates with 1 – 2 technical replicates).
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3.5. Activation of HSC is observed upon treatment with TGF-β1

The next step in the AOP cascade is the activation of the hepatic 
stellate cells (KE4). Activation was determined by measuring transcript 
and protein amounts of the HSC activation marker alpha smooth muscle 
actin (αSMA, Gene: ACTA2) and the ECM marker fibronectin (Gene: 
FN1). Treatment with TGF-β1 led to a significant upregulation of ACTA2 
mRNA in both culture conditions after 7 and 10 days (Fig. 6A). Specif
ically, fold increases of 5.0 and 3.9 were observed on day 7, and 3.0 and 
1.8 on day 10 for HepaRG//HSC and HepaRG + THP-1//HSC cultures, 
respectively. APAP treatment resulted in a 2.3-fold downregulation of 
ACTA2 in HepaRG//HSC cultures after 10 days, while MTX had no 
significant effect. Similarly, FN1 expression was upregulated by TGF-β1 

with 5.1- and 2.1-fold increases on day 7 and 2.6- and 1.8-fold increases 
on day 10 for the same respective setups (Fig. 6B). Neither MTX nor 
APAP significantly altered FN1 transcriptional levels. On day 7, high 
variability was observed for both markers in TGF-β1- and MTX-treated 
conditions. This variation is potentially attributed to spontaneous acti
vation of HSCs impairing baseline activation levels. After 10 days in 
culture, these effects seem to stabilize, resulting in reduced variability.

To confirm HSC activation at the protein level, cells were stained for 
f-actin (phalloidin), αSMA, and fibronectin after 10 days in culture 
(Fig. 7A). TGF-β1 treatment significantly increased fibronectin (Fig. 7B) 
and f-actin (Fig. 7C) expression across all experimental setups, while 
MTX and APAP showed no effect. For αSMA, we quantified the cyto
skeletal features using ImageJ deconvolution followed by stress fiber 

Fig. 3. Albumin expression in HepaRG cells following treatment with TGF-β1, MTX or APAP. HepaRG MTs and HepaRG + THP-1 MTs in contact with HSC MTs, were 
treated with TGF-β1, MTX, or APAP for 10 days. After treatment, HepaRG MTs and HepaRG + THP-1 MTs were fixed and stained for albumin (red) and counter
stained with DAPI (blue) (A). Scale bar = 50 µm. Mean fluorescence intensity was quantified and normalized to nuclei count (B). Floating bars represent median ±
min max. Statistical analysis was performed using ordinary one-way ANOVA, followed by Dunnett’s multiple comparisons test, with #/+ , p ≤ 0.05; ##/+ +, 
p ≤ 0.01. # represents comparison to HepaRG//HSC controls and + represents comparison to HepaRG + THP-1//HSC controls. N = 3 (3 independent biological 
replicates with 1 – 3 technical replicates).

Fig. 4. Activation of THP-1 by TGF-β1 treatment. HepaRG + THP-1 MTs in contact with HSC MTs were exposed to TGF-β1, MTX or APAP for 10 days. Q-RT-PCR was 
performed on days 7 and 10 to assess mRNA expression levels of ALOX5AP (A) and TREM2 (B). Red dashed lines indicate baseline expression of untreated control. 
Floating bars represent median ± min max. Statistical analysis based on Student’s unpaired t-test, with *, p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001. * represents 
comparison to HepaRG + THP-1//HSC controls of the respective timepoint. N = 3 (3 independent biological replicates with 2 technical replicates).
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quantification in CellProfiler This allowed for specific assessment of 
aSMA-positive fiber structures indicative of HSC activation (Fig. 7D). 
The quantitative analysis revealed a significant increase in fiber count 
per microtissue following TGF-β1 treatment. However, some variability 
was observed and a subset of spheroids in both control groups exhibited 
levels of activation comparable to TGF-β1-treated groups, possibly due 
to spontaneous HSC activation. Neither MTX nor APAP increased fiber 
numbers. These results align with the transcriptional data, confirming 
selective activation of HSCs by TGF-β1.

3.6. TGF-β1 increases Pro-Collagen 1A1 and CTGF secretion

The final key event (KE5) described in the liver fibrosis AOP involves 
excessive collagen accumulation and changes in ECM composition. To 
investigate KE5, we measured mRNA expression of COL1A1 and 
COL3A1. TGF-β1 increased COL1A1 levels in all models on both time
points (Fig. 8A). On day 10, for example, fold changes of 5.2- and 1.9- 
fold for HepaRG//HSC and THP-1 containing cultures, were observed. 
Neither MTX nor APAP affected COL1A1 expression. For COL3A1 
(Fig. 8B), TGF-β1 induced a moderate increase in HepaRG//HSC up to 
1.7-fold on day 10. APAP suppressed the expression of COL3A1, while 
MTX showed no clear induction or inhibition.

Fig. 5. TGF-β1 treatment increases TGF-β1 expression in THP-1 and the secretion of downstream marker PAI-1. HepaRG MTs and HepaRG + THP-1 MTs in 
contact with HSC MTs were exposed to TGF-β1, MTX or APAP for 10 days. Q-RT-PCR was performed after 7 and 10 days to detect mRNA expression levels of TGF-β1 
in HepaRG + THP-1 MTs (A). Red dashed lines represent baseline expression of untreated control. Levels of PAI-1 were measured in the supernatant after 3, 7 and 10 
days (B). Floating bars represent median ± min max. Statistical analysis based on unpaired Student’s t-test (A) or ordinary two-way ANOVA, followed by Tukey’s 
multiple comparisons test (B), with */#/+ , p ≤ 0.05; **/##/++, p ≤ 0.01; ***/###/+++, p ≤ 0.001; ****/####/++++, p ≤ 0.0001. * represents comparisons between 
setups, # represents comparison to HepaRG//HSC controls and + represents comparison to HepaRG + THP-1//HSC controls of the respective timepoint. N = 3 – 4 (3 
– 4 independent biological replicates with 2 technical replicates).

Fig. 6. TGF-β1 increases activation marker ACTA2 and ECM marker FN1. HepaRG MTs or HepaRG + THP-1 MTs in contact with HSC MTs were exposed to TGF- 
β1, MTX or APAP for 10 days. Q-RT-PCR was performed after 7 and 10 days to assess mRNA expression levels of ACTA2 (A) and FN1 (B). Red dashed lines represent 
baseline expression of untreated control. Floating bars represent median ± min max. Statistical analysis based on ordinary one-way ANOVA followed by Dunnett’s 
multiple comparisons test, with #/+, p ≤ 0.05; ##/++, p ≤ 0.01; ###/+++, p ≤ 0.001; ####/++++, p ≤ 0.0001. # represents comparison to HepaRG//HSC controls and 
+ represents comparison to HepaRG + THP-1//HSC controls of the respective timepoint. N = 3 (3 independent biological replicates with 1 – 2 technical replicates).
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To assess ECM remodeling at the protein level, we quantified Pro- 
Collagen 1A1 and CTGF in the culture supernatant. Despite inter- 
replicate variability in absolute values, treatment-to-control ratios 
were consistent and used for normalization. After 7 days, TGF-β1 
significantly increased Pro-Collagen 1A1 secretion (1.8- and 1.5-fold 
without and with THP-1 cells) (Fig. 8C). APAP showed the opposite 
trend. After 10 days, TGF-β1 maintained elevated Pro-Collagen 1A1 

secretion in HepaRG//HSC cultures (2.0-fold), while APAP decreased 
levels by 4.8-fold in HepaRG//HSC and 4.5-fold in HepaRG + THP-1// 
HSC cultures.

Interestingly, CTGF exhibited an earlier response than Pro-Collagen 
1A1 (Fig. 8D). TGF-β1 significantly increased CTGF secretion across all 
setups after 3 and 7 days (3.7-, 2.6-fold and 2.6-, 2.5-fold increases, 
respectively). MTX and APAP significantly suppressed CTGF levels in 

Fig. 7. TGF-β1 induces HSC activation. HepaRG MTs or HepaRG + THP-1 MTs connected with HSC MTs were treated with TGF-β1, MTX, or APAP for 10 days. HSC 
MTs were fixed and stained for fibronectin (yellow), phalloidin (red), αSMA (green), and counterstained with DAPI (blue) (A). Deconvolved images of αSMA are 
shown in white. Scale bar = 100 µm. Mean fluorescence intensity of fibronectin (B) and phalloidin (C) was quantified and normalized to area DAPI. Single αSMA 
fibers were detected using CellProfiler and normalized to the number of MTs per image (D). Floating bars show median ± min to max (B, C, D). Statistical analysis 
was performed using ordinary one-way ANOVA, followed by Dunnett’s multiple comparisons test, with #/+, p ≤ 0.05; ##/++, p ≤ 0.01; ###/+++, p ≤ 0.001; 
####/++++, p ≤ 0.0001. # represents comparison to HepaRG//HSC controls and + represents comparison to HepaRG + THP-1//HSC controls. N = 3 (3 independent 
biological replicates with 1 – 3 technical replicates).
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THP-1 containing cultures at day 7 (14.7- and 11.0-fold). After 10 days, 
CTGF remained elevated in TGF-β1 treated HepaRG//HSC cultures, 
while MTX reduced CTGF levels. Consistent with the activation observed 
in KE4 upon TGF-β1 treatment, TGF-β1-activated HSC induced remod
eling of the ECM.

4. Discussion

Liver-related toxicity remains the main reason for post-market drug 
withdrawal and drug attrition during the development of new molecular 
entities, making it essential to develop more physiological-relevant liver 
models. In this work, we aimed at applying a microphysiological system 
to study liver fibrosis progression and mimicking the events described in 
the liver fibrosis AOP. A critical requirement for the development of 
quantitative AOP models is the ability to monitor cell-type specific re
sponses and, ideally, to isolate individual cell types for downstream 
analysis. To address this, we employed the Akura™ Twin microplate 
platform, which offers several advantages over conventional co-culture 
models such as transwells: a favorable cell-to-volume ratio, compati
bility with high-throughput and automated workflows, and a user- 
friendly design optimized for 3D cultures. The Akura™ Twin micro
plate features interconnected wells that allow pairs of MTs to commu
nicate through shared medium, facilitating the investigation of dynamic, 

cell-type specific responses, while enabling easy recovery of individual 
MTs. In our setup, the plate was gently tilted at one-minute intervals – 
not to induce shear stress, but to promote intercellular communication 
by enhancing diffusion. This approach aligns with physiological condi
tions in the liver, where shear stress is naturally low (0.1 – 0.5 dyn/cm2) 
(Li et al., 2021).

To model fibrogenesis, HepaRG MTs were cultured in indirect con
tact with HSC MTs via shared medium. In this experimental setup, he
patocellular damage and activation of stellate cells could be captured, 
but the model was devoid of inflammatory signals due to the lack of a 
cell type taking the role of the Kupffer cell. Thus, differentiated THP-1 
were integrated into the HepaRG MTs to study the impact of the im
mune factors on specific key events. As HSCs are the key drivers of 
fibrosis progression it is crucial to understand the underlying mecha
nisms of their activation. Hence, we were interested to establish a model, 
in which HSCs could be easily recovered and processed for downstream 
analysis.

All setups were challenged for 10 days with the pro-fibrotic cytokine 
TGF-β1, the fibrotic test compound MTX and the hepatotoxicant APAP. 
Although TGF-β1 can directly activate HSCs, it also induces apoptosis in 
hepatocytes and polarizes KCs toward an alternatively activated M2- 
phenotype, amplifying fibrosis-related signalling (Gaitantzi et al., 
2018; Horvat et al., 2017; Kossmann et al., 1992; Leask & Abraham, 

Fig. 8. TGF-β1 induces ECM remodeling. HepaRG MTs or HepaRG + THP-1 MTs connected with HSC MTs were exposed to TGF-β1, MTX, or APAP for 10 days. Q- 
RT-PCR was performed after 7 and 10 days to assess mRNA expression levels of COL1A1 (A) and COL3A1 (B) in HSC MTs. Pro-Collagen 1A1 (C) and CTGF (D) release 
were measured in the supernatant after 3, 7 and 10 days. Red dashed lines represent baseline expression of untreated control. Floating bars represent median ± min 
max. Statistical analysis based on ordinary one-way ANOVA followed by Dunnett’s multiple comparisons test, with #/+, p ≤ 0.05; ##/++, p ≤ 0.01; ###/+++, 
p ≤ 0.001; ####/++++, p ≤ 0.0001. # represents comparison to HepaRG//HSC controls and + represents comparison to HepaRG + THP-1//HSC controls of the 
respective timepoint. N = 3 – 4 (3 – 4 independent biological replicates with 1 – 2 technical replicates).
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2004; Sakai et al., 2019). Hence, we consider TGF-β1 a valid positive 
control to model the liver fibrosis AOP. To monitor parameters relevant 
to cell health during the experiments, we employed bioenzymatic sen
sors (Jobst) to measure glucose consumption and lactate production. 
The sensors, which can run on sample volumes as low as 1 µL, and allow 
automated, non-disruptive, high-frequency measurements, provided 
robust data. Glucose consumption remained constant for the Hep
aRG//HSC cultures over 10 days but integration of THP-1 increased the 
consumption of glucose over time in control and TGF-β1-treated con
ditions. The pattern of lactate production mirrored glucose consump
tion, reflecting the observed increased number of cells in 
THP-1-containing cultures for control and TGF-β1-treated conditions 
(Fig. S1, Fig. S2). Differentiated THP-1 typically lose their ability to 
proliferate (Liu et al., 2023). However, recent findings suggest that 
hypoxic conditions can trigger cell cycle re-entry in monocyte-derived 
macrophages (Meng et al., 2024). We therefore hypothesize that oxy
gen gradients within the HepaRG + THP-1 MTs may induce re-entry of 
THP-1 cells into the cell cycle (Hirschhaeuser et al., 2010). MTX- and 
APAP-treated cultures showed steady lactate production rates. This 
aligns with their known mode of action: MTX inhibits cell proliferation 
via cell cycle arrest, while APAP can induce apoptosis and mitochondrial 
dysfunction in monocytes and macrophages, thereby inhibiting prolif
eration (Brown et al., 2016; Raza & John, 2015).

Having shown that the MTs are viable and metabolically active over 
10 days, we focused on the first key event of the liver fibrosis AOP: 
hepatocyte injury or death. To this end, we selected hepatocyte specific 
markers albumin and urea and measured their secretion. Across all 
setups, the control HepaRG ± THP-1 MTs secreted on average 17.6 
± 3.4 µg albumin/day/million cells. This value is lower than estimated 
levels in human (37–105 µg/day/million cells) but significantly out
performs standard 2D primary hepatocyte cultures (~1 µg/day/million 
cells) and is in agreement with existing MPS data (Baudy et al., 2020; 
Chang et al., 2017; Jellali et al., 2016; Prodanov et al., 2016). Consistent 
with their hepatotoxicity, TGF-β1 and APAP significantly suppressed 
albumin secretion from day 3 onward, while MTX reduced albumin only 
after day 7. Albumin production detected by immunostaining was also 
downregulated by TGF-β1 and APAP, but not by MTX, consistent with 
reports indicating that MTX has minimal effect on albumin levels in vivo 
(Shergy & Pisetsky, 1988; Tag, 2015). In some in vitro studies, MTX led 
to an upregulation of albumin after extended culture, likely due to 
compensatory mechanisms, e.g. secretion of factors supporting albumin 
synthesis (Norona et al., 2019). Interestingly, THP-1 integration slightly 
enhanced albumin production, suggesting a more physiologically rele
vant microenvironment (Norona et al., 2019). To cover the functionality 
of the hepatocellular mitochondria, urea synthesis was investigated 
(Baudy et al., 2020). Urea levels were maintained in HepaRG//HSC 
cultures, while like the effect observed for albumin, the integration of 
THP-1 cells resulted in a significantly higher urea release. In line with its 
reported mitochondrial toxicity, APAP markedly reduced urea levels in 
both setups (Umbaugh et al., 2021). MTX has also been shown to induce 
oxidative stress in mitochondria, however, only the cultures containing 
THP-1 cells were sensitive to MTX-induced injury (Mahmoud et al., 
2017).

Next, we investigated KE2, the activation of the Kupffer cells. In a 
previous study using the same cell types, TREM2 and ALOX5AP were 
identified as activation markers of THP-1 that were upregulated upon 
fibrotic stimuli (Messner, Babrak, et al., 2021). ALOX5AP is a key 
regulator of proliferation and survival in Kupffer cells (Titos et al., 
2003). Inhibition of ALOX5AP has been shown to reduce CCl4-induced 
liver injury and to limit inflammatory infiltration in 
metabolic-associated fatty liver disease (MAFLD) (Brenner et al., 2013; 
Titos et al., 2005). TREM2 on the other hand, has been implied as a 
marker for “scar-associated macrophages” and is linked to hepatic portal 
fibrosis (Fabre et al., 2023; Govaere et al., 2023). TGF-β1 significantly 
increased the expression of both markers, confirming macrophage 
activation. In contrast, APAP suppressed both markers, while MTX had 

no significant effect. A recent study indicated that TREM2-positive 
macrophages promote tissue repair following APAP-induced damage 
(Coelho et al., 2021). The downregulation of TREM2 by APAP observed 
in our study suggests that APAP’s acute toxicity precludes the immune 
repair response typically associated with TREM2-positive macrophages, 
underlining its non-fibrotic mechanism of toxicity.

Following successful activation of the THP-1 by TGF-β1 treatment, 
we moved on to investigate key event 3, the release of TGF-β1. Since 
exogeneous TGF-β1 was used in our study and would have been a con
founding factor, we focused on the transcriptional regulation of TGF-β1 
in THP-1 and on the release of the downstream marker PAI-1 in the cell 
culture supernatant. TGF-β1 treatment increased mRNA levels of TGF-β1 
after 7 days, returning to baseline by day 10. This upregulation corre
lates with increased TGF-β1 expression levels observed in TREM2- 
positive mice macrophages (Jung et al., 2022). In addition, TGF-β1 is 
known to sustain macrophage function during tissue repair by autocrine 
signaling, creating a positive feedback loop (Patel et al., 2022). Both 
MTX and APAP suppressed TGF-β1 expression, indicating inhibition of 
the anti-inflammatory macrophage phenotype. This was unexpected for 
MTX, which typically targets pro-inflammatory macrophages (Municio 
et al., 2016). However, in a recent study using a bioprinted liver with 
incorporated Kupffer cells, the abundance of pro-inflammatory to 
anti-inflammatory cytokines changed over time (day 13 vs day 27), 
indicating that a longer time frame might be essential for MTX to induce 
anti-inflammatory polarization (Norona et al., 2019). PAI-1 is involved 
in the plasminogen pathway, which regulates protein synthesis and 
wound healing processes through fibrinolysis. It inhibits the conversion 
from plasminogen to plasmin and the activation of plasmin-dependent 
matrix metalloproteinases (MMPs) and thereby suppresses the break
down of collagen and other ECM proteins (Ghosh & Vaughan, 2012). 
The expression of PAI-1 is tightly regulated by TGF-β1, making it an 
excellent downstream marker of TGF-β1 (Noguchi et al., 2020). As ex
pected, PAI-1 levels increased in all TGF-β1-treated conditions, with 
significantly higher levels measured in THP-1-containing cultures, 
indicating an increased release of endogenous TGF-β1 by THP-1 and 
further supporting the role of THP-1 cells as a primary TGF-β1 source. 
We further validated this intercellular communication by measuring 
PAI-1 levels in HepaRG, THP-1 and hTERT-HSC monocultures and 
observed increased release of PAI-1 only in HepaRG and hTERT-HSC 
monocultures upon treatment with TGF-β1 (Fig. S4). This is in accor
dance with literature linking PAI-1 release mainly to hepatocytes, liver 
sinusoidal endothelial cells and HSCs, but not Kupffer cells (Knittel et al., 
1996; Zhang et al., 1999).

Stellate cell activation, the fourth KE in this AOP, is characterized by 
the formation of stress fibers. Our data show that HSCs were markedly 
activated in TGF-β1-treated cultures, as determined by elevated ACTA2 
and FN1 mRNA and higher protein levels of f-actin and fibronectin. 
Neither APAP nor MTX activated HSCs under these experimental con
ditions. This was surprising, as the combination of MTX and factors 
produced by HepaRG and THP-1 were expected to trigger the MTX- 
induced HSC-activation. The lack of HSC activation by MTX in this 
experimental setup may be related to insufficient amounts of activating 
factors reaching the HSC MTs, which warrants further investigations 
with different cell types or proportions. THP-1 cells have indeed been 
shown to secret fewer cytokines than activated primary Kupffer cells or 
primary blood monocytes (PBMCs) (Kermanizadeh et al., 2019). Thus, 
the released amounts of cytokines might have been insufficient to trigger 
HSC activation in the Akura™ Twin system. In our previously estab
lished model, in which MTX elicited a fibrotic response, HepaRG, THP-1 
and hTERT-HSCs were cultured in direct contact. For future in
vestigations based on indirect cell-to-cell contact, the use of primary KCs 
or PBMCs instead of THP-1 cells should be considered. Also, HSC are 
known to be easily activated in 2D but there is insufficient evidence 
regarding their behavior in more physiological conditions like 3D-MTs 
(Leite et al., 2016; Olsen et al., 2011). In fact, clinical evidence sug
gests that MTX alone is insufficient to trigger fibrosis without co-existing 
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metabolic conditions, such as diabetes mellitus Type II or obesity. The 
prevalence of MAFLD in patients with rheumatoid arthritis or psoriasis, 
for which MTX is commonly prescribed, is substantial (Atallah et al., 
2023; Di Martino, 2023) and future in vitro models might require 
additional stressors, such as fatty acid pre-treatment, to more accurately 
assess the fibrogenic potential of new drugs in specific patient pop
ulations (Ramos et al., 2022; Saklayen, 2018).

Finally, we addressed the remodeling of the ECM described in key 
event 5 (KE5). TGF-β1 induced gene expression of COL1A1 and to a 
lesser extent that of COL3A1 in HSCs. In concordance with this, the 
protein levels of Pro-Collagen 1A1, a precursor of collagen Type I A1, 
were increased in the supernatant from day 7 onward after incubation 
with TGF-β1. As expected, and as a logical consequence of the results in 
the previous KE (KE4), MTX had no effect on Pro-Collagen 1A1, while 
APAP reduced its levels. We also measured CTGF, known to stimulate 
the deposition and the remodeling of ECM by myofibroblasts (Lipson 
et al., 2012). CTGF levels rose earlier than Pro-Collagen 1A1 following 
TGF-β1 exposure and remained elevated throughout, making it a useful 
biomarker to investigate early responses. This is in line with the bio
logical function of CTGF that is primarily induced by transforming 
growth factor-β (TGF-β) in human skin fibroblasts and appears to func
tion as a downstream mediator of TGF-β’s ability to stimulate collagen 
synthesis. It has been reported that CTGF is both regulated by TGF-β 
signaling and is required for downstream action of TGF-β (Quan et al., 
2010). In our experimental setups, THP-1 inclusion significantly 
enhanced CTGF expression, emphasizing the importance of cellular 
crosstalk between immune cells and HSCs (Fig. S3). Despite clear 
treatment-dependent trends, variability between biological replicates in 
absolute values of CTGF and Pro-Collagen 1A1 was high, similar to the 
heterogeneity observed in clinical CTGF levels in MAFLD patients with 
values ranging from 1028.3 – 11606.8 pmol/L (Kogiso et al., 2024).

From our data with human hepatic cells we can conclude that cross- 
talk between the cell types is important and that utilizing a micro
physiological system like Akura™ Twin enables the performance of 
targeted experiments. Human cell lines are advantageous due to their 
availability, reproducibility and low cost. To further improve trans
lational relevance, future studies should focus on the integration of 
primary cells or induced pluripotent stem cells into the system. A recent 
FDA study demonstrated a detection sensitivity of 72 % and a specificity 
of 78 % for “Most-DILI-concern” drugs using primary human liver 
microtissues, paving the way for reproducible follow up studies using 
primary cells also for the investigation of the fibrotic potential of a drug 
(Fäs et al., 2025). Additionally, the integration of liver sinusoidal 
endothelial cells (LSECs) could greatly enhance the performance of the 
system. During fibrogenesis, LSECs have been shown to secret different 
cytokines and chemokines, regulating not only HSC, but also KC acti
vation (Horvat et al., 2017; Jang et al., 2019). In our hands, the more 
complex model including THP-1-derived macrophages emerged as the 
most physiologically relevant, particularly in preserving hepatocellular 
function, demonstrating high sensitivity to hepatocellular injury, and 
fully recapitulating the liver fibrosis AOP cascade triggered by TGF-β1. 
The Akura™ Twin microplate, a high-throughput microphysiological 
system, allowed us to successfully model and measure the key events of 
liver fibrosis by integrating HepaRG, THP-1, and hTERT-HSC cells. 
Specific markers were identified for each key event: albumin and urea 
for hepatocyte function (KE1), TREM2 and ALOX5AP for macrophage 
(Kupffer cell) activation (KE2), TGF-β1 mRNA and PAI-1 protein for 
pro-fibrotic signaling (KE3), αSMA, f-actin, and fibronectin for HSC 
activation (KE4), and Pro-Collagen 1A1 and CTGF for ECM remodeling 
(KE5). The experimental setup enabled a longitudinal study, cell-cell 
communication and quantification of cellular responses, all key ele
ments for the implementation of quantitative AOPs. Hence, this platform 
provides a valuable toolbox for toxicity assessment and contributes to
ward the development of regulatory-accepted in vitro models in pre
clinical drug development. Regarding MTX-induced fibrosis, the 
inclusion of THP-1 cells was insufficient to trigger MTX-induced fibrosis 

in this system. This may reflect a lack of adequate or synergistic stimuli 
required to mimic the clinical situation. Alternatively, the lack of direct 
cell-cell contact in our current setup may limit fibrogenic signaling, as 
previous studies using 3D multicellular MTs have shown MTX-induced 
fibrosis (Messner et al., 2021a,b; Prestigiacomo et al., 2017). Further 
studies using similar approaches should be conducted to identify addi
tional factors contributing to MTX-induced fibrosis in humans, which 
only occurs in a small number of patients in the clinic (3.3 % in rheu
matoid arthritis patients) and might have been historically over
estimated (AkbariRad et al., 2025; Atallah et al., 2023; Di Martino, 
2023; Turner et al., 2020).
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Dick, L., 2021b. Identification of miR-199a-5p, miR-214-3p and miR-99b-5p as 
Fibrosis-Specific extracellular biomarkers and promoters of HSC activation. Int. J. 
Mol. Sci. 22 (18), 9799. https://doi.org/10.3390/ijms22189799.

Mikkelsen, T.S., Thorn, C.F., Yang, J.J., Ulrich, C.M., French, D., Zaza, G., 
Dunnenberger, H.M., Marsh, S., McLeod, H.L., Giacomini, K., Becker, M.L., 
Gaedigk, R., Leeder, J.S., Kager, L., Relling, M.V., Evans, W., Klein, T.E., Altman, R. 
B., 2011. PharmGKB summary: methotrexate pathway. Pharm. Genom. 21 (10), 
679–686. https://doi.org/10.1097/FPC.0b013e328343dd93.

Municio, C., Soler Palacios, B., Estrada-Capetillo, L., Benguria, A., Dopazo, A., García- 
Lorenzo, E., Fernández-Arroyo, S., Joven, J., Miranda-Carús, M.E., González- 
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