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Abstract: During chronic liver injury, inflammation leads to liver fibrosis— particularly due to the 

activation of hepatic stellate cells (HSCs). However, the involvement of inflammatory cytokines in 

HSC activation and the relationship among different liver cells is unclear. To examine their 

interactions, many in vitro liver models are performed in organoid or spheroid culture with random 

3D structure, complicating analysis. Herein, we demonstrated the hierarchical coculture of primary 

rat hepatocytes with non-parenchymal cells such as the human-derived HSC line (LX-2) and liver 

sinusoidal endothelial cell line (TMNK-1). The cocultured tissue had high usability with simple 

operation of separating solid and liquid phases with improved liver functions such as albumin 

production and hepatic cytochrome P450 3A4 activity. We also studied the effects of stimulation by 

both oxygen tension and the key pro-fibrogenic cytokine, transforming growth factor beta (TGF-β), 

on HSC activation. Gene expression analysis revealed that lower oxygen tension and TGF-β1 

stimulation enhanced collagen type I and alpha-smooth muscle actin expression from LX-2 cells in 

the hierarchical coculture. Therefore, this hierarchical in vitro cocultured liver tissue could provide 

an improved platform as a disease model for elucidating the interactions of various liver cell types 

and biochemical signals in future liver fibrogenesis studies. 

Keywords: fibrogenesis; hepatic stellate cells; coculture; transforming growth factor beta; oxygen 

tension 

 

1. Introduction 

Liver fibrosis is a common pathological outcome of several chronic liver diseases, such as viral 

hepatitis, and results from extracellular matrix (ECM) accumulation following hepatic stellate cell 

(HSC) activation and proliferation [1], which gives them pro-inflammatory and fibrogenic properties 

[2]. Despite the high prevalence and detrimental outcomes, many current treatments are restricted to 

relieving chronic stresses, and no effective therapies are available [3,4]. Therefore, researchers are 

challenged to reveal detailed liver fibrosis mechanisms and develop efficient drugs for clinical 

treatment. Animal testing is still the most common preclinical assessment mode, but sometimes, there 

is poor prognostic value regarding both efficacy and toxicity in terms of the human physiological 

response [5,6]. Furthermore, there are many ethical concerns about the use of animal models [5]. 

As a liver fibrosis model in vitro, hypoxia has been considered a stress factor that may lead to 

the activation of HSCs [7], and HSC monocultures have been evaluated by stimulation with various 

pro-fibrotic and pro-inflammatory cytokines to enable the investigation of how the inflammation-

driven complex microenvironment affects HSC activation and fibrosis development [1,8]. However, 

the interactions between hepatocytes and HSCs could not be observed in monocultures (e.g., The pro-
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inflammatory factor secretion from hepatocytes enhances HSC activation, resulting in excess collagen 

fiber produced by activated HSCs and myofibroblasts, which interferes with hepatic functions). 

Moreover, other non-parenchymal cells, such as sinusoidal endothelial cells, should be considered. 

Therefore, the lack of robust and biologically relevant liver fibrosis in vitro models for functional 

pharmacokinetics and toxicological studies poses a significant problem associated with the 

development of effective therapies [9–11], as many of these models focus only on the parenchymal 

hepatocytes or non-parenchymal cells (NPCs) [12] while overlooking interactions from the 

surrounding hepatic cells [13]. Consequently, stable cocultured liver tissue formation for liver fibrosis 

studies is desired.  

The long-term behavior of hepatocytes might be modulated by heterotypic cell-cell interactions 

in three-dimensional engineered tissues [14], and it is widely known that coculturing with NPCs 

could improve the microenvironments of cells [15,16], hence assisting in stabilizing the phenotype of 

hepatocytes [13]. Nonetheless, many difficulties emerge when establishing a functional liver tissue 

culture system. For instance, three-dimensional cocultures are usually performed in organoid 

cultures for studying liver diseases such as steatosis [17]. However, the structure of 3D organoids is 

random, and the interactions between each cell type are not uniform, which makes it challenging to 

examine the response from various tissues. In other studies, Du et al. reported that hepatocyte, HSC, 

LSEC, and Kupffer cell coculture in a microfluidic device enhanced hepatic function. Even though 

they achieved hierarchical structure formation, cell-cell interaction between hepatocytes was lost [18]. 

Instead, Xiao et al. developed an in vitro liver-like tissue coculture system and demonstrated that 

direct oxygenation through the polydimethylsiloxane (PDMS) membranes permitted the 

organization of hierarchical multilayer of primary rat hepatocytes and human liver sinusoidal 

endothelial cell line (TMNK-1). Such culture on PDMS surface could achieve multilayer tissue culture 

by enhancing the oxygen supply from the top air-liquid interface, which could not be accomplished 

in cultures on conventional tissue culture polystyrene, proving to be useful in comprehensive studies 

of cell signaling pathways between parenchymal and non-parenchymal cells and the understanding 

of heterotypic cell-cell interactions critical for functionalities of the liver [13]. Thus, the direct 

incorporation of NPCs such as HSCs and liver sinusoidal endothelial cells (LSECs) in in vitro liver 

platforms is vital for emulating the functions of the liver to establish a tissue-specific and 

physiologically relevant model for the study of liver fibrosis, which could lead to efficient novel drug 

development and a more accurate prediction of the functional and safety drug dosage.  

In this study, we aimed to develop an in vitro liver tissue to simulate an in vivo-like liver tissue 

physiology by a hierarchical coculture of both the parenchymal rat hepatocytes and NPCs – HSCs 

and LSECs. We used rat hepatocytes instead of human hepatocytes because rat hepatocytes are stable 

and can retain their functions when cultured for about two weeks. Also, other cell sources of primary 

human hepatocytes, such as human iPS cells-derived hepatocytes and chimeric mice hepatocytes, are 

still under scrutiny. The response of HSCs to activation by varying the physiological parameters, such 

as oxygen concentration and exposure to the well-known pro-fibrogenic mediator, TGF-β [19], were 

then characterized. We hypothesized that this coculture system would respond to the fibrogenic 

effects due to these stimulations and could, therefore, be used to study the liver fibrogenesis 

phenomenon in vitro. In the future, this concept could be widely applicable to the coculturing of 

multiple cell types in microphysiological systems (MPS) for high-throughput screening of various 

compounds. 

 

2. Materials and Methods 

2.1. Rat hepatocyte isolation 

Primary hepatocytes were isolated from 7 to 8-week-old male Wistar rats (Sankyo Laboratory, 

Japan) by a two-step collagenase perfusion technique [20] and suspended in ice-cold, seeding 

Williams’ E Medium (Gibco, Japan). The animal experiments were conducted in accordance with 
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institutional procedures and approved by the Animal Care and Use Committee of the Institute of 

Industrial Science, The University of Tokyo (approval number: 29–19) following the guidelines of the 

Japanese Ministry of Education. 

2.2. Hepatocyte monoculture 

Isolated primary rat hepatocytes were seeded at a density of 1.0 × 105 cells/cm2 on PDMS plates 

to form a confluent monolayer on day -3. The Williams’ Medium E was supplemented with 0.1 µM 

dexamethasone (Wako, Japan), 10 ng/ml mouse epidermal growth factor (EGF) (Takara, Japan), 0.5 

mM ascorbic acid 2-phosphate (Wako, Japan), 1% GlutaMAX-I (Gibco, Japan), 1% Insulin-

Transferrin-Selenium (ITS-G) (Gibco, Japan), 15 mM HEPES (STAR Chemical, Japan), and 1% 

antibiotic and antimycotic solution consisting of penicillin, streptomycin, and amphotericin B (Wako, 

Japan). Hepatocytes were cultured in a humidified incubator at 37°C in a 10% O2 and 2.5% O2 

atmosphere up to day 14, with medium replacement performed every other day. 

2.3. Hepatic non-parenchymal cell culture 

LX-2, a human-derived hepatic stellate cell (HSC) line, was maintained in Dulbecco’s modified 

eagle’s medium (DMEM) high glucose basal media (Wako, Japan) supplemented with 10% fetal 

bovine serum (FBS) (Gemini Bio-Products, Japan), 1% GlutaMAX-I (Gibco, Japan), and 1% antibiotic 

and antimycotic solution consisting of penicillin/streptomycin (P/S) and amphotericin B (Wako, 

Japan). TMNK-1, a human-derived liver sinusoidal endothelial cell (LSEC) line, was maintained in 

MCDB 131 medium (Gibco, Japan), supplemented with endothelial cell growth medium-2 

singlequots supplements (Lonza, Japan) with the exclusion of GA-1000. This was further 

supplemented with 1% antibiotic and antimycotic solution consisting of P/S and amphotericin B 

(Wako, Japan). The respective culture medium was changed every two days, and the cells were 

passaged at approximately 80% confluency. 

2.4. Coculturing hepatocytes with hepatic non-parenchymal cells 

On day -3, rat hepatocytes were seeded at a density of 1.0 × 105 cells/cm2 to form a confluent 

monolayer in pretreated 24-well or 96-well polydimethylsiloxane (PDMS) plates (Vessel, Japan), 

which facilitate direct oxygenation of cells by diffusion through PDMS membranes that could 

maintain cell viability and function [21] (Figure 1). PDMS surfaces were treated with oxygen plasma 

for 60 s using the YHS-GZA 200 (SAKIGAKE-Semiconductor, Japan) and coupled with (3-

mercaptopropyl)-trimethoxysilane (TCI, Japan). The introduced amino groups were reacted with a 

cross-linker, N-(4-maleimidobutyryloxy)-succinimide (GMBS) (Dojindo, Japan), and subsequently 

activated by 1-ethyl-3-(3-dimethylaminopropyl)-carbodiimide, hydrochloride (WSC) (Dojindo, 

Japan), and N-hydroxysulfosuccinimide sodium salt (sulfo-NHS) (TCI, Japan). Finally, the PDMS 

surfaces were coated with collagen type I-P (Nitta Gelatin, Japan) to facilitate cell attachment.  

On day -2, LX-2 cells were seeded onto rat hepatocytes at a density of 5.0 × 103 cells/cm2. On day 

-1, TMNK-1 cells were seeded onto the cocultures at a density of 1.0 × 105 cells/cm2. The hierarchical 

cocultures were then cultured for one day. They were cultured in a humidified incubator at 37°C in 

5% CO2 and 20% O2. Culture medium was changed every two days with Williams’ Medium E 

containing 0.1 µM dexamethasone (Wako, Japan), 10 ng/ml mouse epidermal growth factor (EGF) 

(Takara, Japan), 0.5 mM ascorbic acid 2-phosphate (Wako, Japan), 1% GlutaMAX-I (Gibco, Japan), 1% 

Insulin-Transferrin-Selenium (ITS-G) (Gibco, Japan), 15 mM HEPES (STAR Chemical, Japan), and 1% 

antibiotic and antimycotic solution consisting of penicillin, streptomycin, and amphotericin B (Wako, 

Japan).  
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Figure 1. Experimental schedule and schematic of hierarchical coculture of hepatic cells. 

2.5. Fibrogenesis induction under low oxygen tension and exposure to the pro-fibrogenic cytokine 

From day 0 onward, oxygenation tensions were varied from 20% to 10% physiological 

oxygenation level and 2.5% low oxygenation condition [22]. Fibrogenesis was further induced on day 

6 with the pro-fibrogenic cytokine, TGF-β1, at 2 and 8 ng/ml until day 14, which marked the end of 

the experiment. 

2.6. Measurement of albumin production 

The culture supernatant was collected, and the amount of albumin secreted in the culture 

medium was determined using the sandwich-type enzyme-linked immunosorbent assay (ELISA) 

[23]. Goat anti-rat albumin antibody (Bethyl, USA) was used as the primary antibody, and a 

horseradish peroxidase-conjugated sheep anti-rat albumin (Bethyl, USA) was used as the secondary 

antibody. The absorbance was measured by the microplate reader iMark (Bio-Rad, USA) at 490 nm 

with an optical correction of 630 nm. 

2.7. Cytochrome P450 (CYP) 3A4 activity assay 

Rat CYP3A4 activity was determined on day 6 and day 14 of the culture using the P450-Glo 

CYP3A4 assay kit (Promega, USA). Williams’ Medium E was aspirated from cultured wells, and fresh 

Williams’ Medium E containing Luciferin-3A4 (1:1000) was added to the wells and incubated for 1 h 

in a 37℃ incubator at their respective oxygen tension. 25 µl of culture medium containing metabolite 

from each well was transferred to opaque 96-well white luminometer plates, and 25 µl of Luciferin 

Detection Reagent was added to initiate a luminescent reaction. Plates were incubated at room 

temperature for 20 min away from light, and the luminescence was subsequently read using the 

Wallac 1420 ARVO SX microplate luminometer (PerkinElmer, USA). 

2.8. Real-time quantitative polymerase chain reaction 

Total RNAs were isolated from tissue culture samples using the TRIzol reagent (Life 

Technologies, USA) and purified using the Direct-zol RNA MiniPrep kit (Zymo Research, USA) 

according to the manufacturer’s instructions. The concentration and quality of each RNA sample 

were assessed with the BioSpec-nano spectrophotometer (Shimadzu, Japan). Complementary DNAs 

(cDNAs) were reverse-transcribed from 100 ng total RNA samples using the ReverTra Ace qPCR RT 

Master Mix with gDNA Remover (Toyobo, Japan). Real-time quantitative polymerase chain reaction 

(qRT-PCR) assays were then performed with the THUNDERBIRD SYBR qPCR Mix (Toyobo, Japan) 

and assessed using the real-time StepOnePlus qPCR system (Applied Biosystems, USA). Primer 
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sequences used for the real-time qPCR are shown in Table 1, with human and rat β-actin serving as 

the internal controls. 

Table 1. List of qRT-PCR primers. 

 

2.9. Vertical cross-section, H&E staining, AZAN staining, and immunostaining 

Cell-loaded PDMS discs were collected and fixed with 4% paraformaldehyde solution 

(FUJIFILM Wako Pure Chemical, Japan) in PBS overnight, and the cell sheets were rinsed thoroughly 

with PBS. Fixed samples were paraffin-embedded, sliced in 5 mm thickness, and stained with 

hematoxylin and eosin (H & E) or azocarmine and aniline blue (AZAN) by GENOSTAFF CO., LTD. 

(Tokyo, Japan). Images were captured using a transmitted light microscope BX50 (Olympus, Japan). 

For the immunostaining, tissue samples were fixed with 4% paraformaldehyde (PFA) (Wako, 

Japan) at room temperature for 30 min and thoroughly washed with PBS to remove the PFA. The 1% 

Triton X-100 (Wako, Japan) was added and incubated for 30 min for permeabilization. After washing 

with PBS, tissue samples were further incubated with a gelatin blocking buffer for 1 h, followed by 

incubation with mouse anti-human alpha-smooth muscle actin (-SMA) monoclonal antibody 

(1:1000; Agilent Dako, USA) and goat anti-type I collagen antibody (1:1000; SouthernBiotech, USA) 

overnight at 4°C. Samples were washed with PBS and subsequently incubated with donkey anti-

mouse IgG H&L (Alexa Fluor® 488) antibody (1:100; Invitrogen, USA), and donkey anti-goat IgG 

H&L (Alexa Fluor® 647) antibody (1:100; Invitrogen, USA) for 1 h at room temperature while 

protected from light. After washing with PBS, samples were counterstained with 4’,6-diamidino-2-

phenylindole (DAPI) (1:1000) (Dojindo, Japan) for 15 min and washed again with PBS. Fluorescent 

images were taken using a confocal laser scanning microscope FLUOVIEW FV3000 (Olympus, 

Japan). 

2.10. Statistical analysis 

Data are represented as the mean ± standard deviation (SD). Statistical analysis was performed 

by GraphPad Prisms 8.3.0 (GraphPad, California, U.S.) to determine the statistical significance of the 

albumin production, CYP3A4 activity, and qPCR results with p* < 0.05 and p** < 0.01 as statistically 

significant and p*** < 0.001 and p**** < 0.0001 as highly significant, respectively.  
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3. Results 

3.1. Hierarchical coculture structure was intact for two weeks and acquired better functionalities than 

hepatocyte monoculture 

As opposed to conventional culture on tissue culture polystyrene, healthy hierarchical 

cocultured liver tissue consisting of LX-2 and TMNK-1 was cultured up to day 14 without detachment 

on oxygen-permeable PDMS plates at 10% and even 2.5% low oxygen tension. In contrast, hepatocyte 

monocultures started to clump and detach from the PDMS surface from day 4 onward, suggesting 

that the coculture system had promoted cell-cell interaction and enhanced stability of cocultured liver 

tissues. Although no morphological changes were observed between the cocultures in 2.5% and 10% 

oxygenation conditions, a thicker tissue was formed under a 10% oxygen tension, as shown in the 

HE and AZAN histological staining (Figure 2A). 

The hepatocyte monoculture and the cocultured liver tissue were tested to confirm the 

differences in hepatocytes' hepatic function in these cultures. Albumin secretion in cocultures at both 

10% and 2.5% oxygenation conditions was higher than monocultures for the entire culture period of 

14 days (Figure 2B). As for the cocultures at 2.5% oxygenation condition, albumin secretion reached 

the maximum on day 8, and then it rapidly decreased. At 10% oxygenation condition, albumin 

secretion reached the maximum on day 12 and maintained that high production level until day 14. 

By the end of day 14, the cocultures in 10% oxygenation level had an albumin protein secretion level 

of about 1.8-fold higher than that of hepatocyte monocultures, and cocultures in 2.5% oxygenation 

level had an albumin protein secretion level of about 2.1-fold higher than that of hepatocyte 

monocultures.  

The hepatic cytochrome P450 (CYP) 3A4 activities of cell line cocultures were also higher than 

hepatocyte monocultures on day 6 (Figure 2C). We then proceeded to use the cocultured liver tissue 

for inflammation studies. 

 

Figure 2. Morphological and functional comparison of hierarchical cocultured liver tissue under 

2.5% and 10% oxygen tension. (A) Morphology of coculture on day 14. (B) Albumin production 

during the culture. (C) CYP3A4 activity of monocultures and cocultures in 2.5% and 10% oxygen 

tension on day 6. 

 

3.2. Liver functions were well expressed in different oxygen tensions, and CYP3A4 activity was influenced by 

TGF-β1 stimulation 

In comparing cocultures under different oxygen tensions, cocultures in 2.5% oxygen tension had 

a lower albumin protein secretion level than that of the cocultures in 10% oxygenation level on day 

14 (Figure 3A). Moreover, the cocultures in 2.5% oxygenation condition exhibited higher CYP3A4 
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activity than 10% oxygenation condition on day 6 and day 14 (Figure 2C and 3B), in line with the 

zonation phenomenon observed in vivo.   

After eight days of stimulation by TGF-β1, no distinct differences were observed in albumin 

secretion on day 14 for both the 10% and 2.5% oxygen tension groups (Figure 3A). CYP3A4 activity 

levels were also similar between day 6 and day 14 in the group without TGF-β1 stimulation and at 2 

ng/mL stimulation (Figure 3B), while it decreased in 8 ng/ml of TGF-β1 stimulation group at both 

2.5% and 10% oxygen tensions. CYP1A1 and CYP1A2 (Figure 3C and 3D) were unchanged by TGF-

β1 stimulation, suggesting no strong correlation in the respective CYP expressions to the stimulus 

with TGF-β1. 

 

 

 
 

Figure 3. Evaluation of hepatic function in 2.5% and 10% oxygen tension with TGF-β1 

stimulation (0, 2, 8 ng/mL) on day 14. (A) and (B) Albumin production and CYP3A4 activity of 

cocultures in 2.5% and 10 % oxygen tension, respectively. Data represent the mean ± standard 

deviation (SD, n = 6) from two independent experiments. Each value was normalized to 

hepatocyte number on day -3. Statistical significance was determined by the two-way ANOVA 

method with Tukey's multiple comparison test with statistical significance of *p < 0.05, **p < 0.01, 

***p < 0.001, and ****p < 0.0001. (C) and (D) Relative gene expression of CYP1A1 and CYP1A2 of 

cocultures in 2.5% and 10% oxygen tension with TGF-β1 stimulation (0, 2, 8 ng/mL) on day 14. 

Each dataset represents the mean ± standard deviation (SD, n = 6) from two independent 

experiments.  

 

3.3 Cocultured tissues were induced fibrogenesis by pro-fibrotic cytokine stimulation 

We stimulated cocultured liver tissues with the pro-fibrotic cytokine, TGF-β1, for eight days 

from day 6 (Figure 1) and analyzed the mRNA expression of key fibrotic-related genes to characterize 

the response of HSCs in the cocultured liver tissues. The impact of low oxygen tension stimulation 

on inducing inflammation and possible fibrogenesis was also examined by the relative gene 

expression of HSC activation-related and fibrosis-related biomarkers on both day 6 and day 14.  

Gene expression of several biomarkers showed slight upregulation in 2.5% compared to 10% 

oxygenation condition on day 6 (Figure 4). However, these increases in gene expression were not 
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observed on day 14, except for the alpha-smooth muscle actin (α-SMA), collagen type IV (Col4A1), 

and tissue inhibitor of metalloproteinases 1 (TIMP1) biomarkers (Figure 5).  

 

 
Figure 4. Relative gene expression of cocultures in 2.5% and 10% oxygen tension on day 6 

normalized to day 0 coculture. Each dataset represents the mean ± standard deviation (SD, n = 6) 

from two independent experiments. Statistical significance was determined by the Student’s t-

test with statistical significance of *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 
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Figure 5. Relative gene expression of cocultures in 2.5% and 10% oxygen tension with TGF-β1 

stimulation (0, 2, 8 ng/mL) on day 14. Each dataset represents the mean ± standard deviation 

(SD, n = 6) from two independent experiments. Statistical significance was determined by the 

two-way ANOVA method with Tukey's multiple comparison test with statistical significance of 

*p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001. 

 

The activation of HSCs is accompanied by the upregulation in the expression of fibrosis-related 

genes such as α-SMA [24,25]. For α-SMA gene expression, there was a significant increase in the 

coculture from day 0 at 20% oxygenation tension to day 6 at both 10% and 2.5% oxygenation tensions. 

On day 6, there was also marginal upregulation in the α-SMA gene expression when the coculture 

was exposed to 2.5% low oxygenation tension as compared to 10% (Figure 4). Upon continuous low 

oxygen tension stimulation, on day 14, there was a further increase in the α-SMA gene expression for 

the cocultures in the 2.5% oxygen tension group compared to those in the 10% group (Figure 5A). 

Further stimulation by TGF-β1 resulted in enhanced α-SMA gene expression, especially in the 2.5% 

oxygen tension group. However, α-SMA immunostaining results revealed no significant differences 

between cocultures cultured under 2.5% and 10% oxygen tension (Figure 6). These results indicated 

that continuous treatment at a low oxygen concentration of 2.5% with a higher concentration of TGF-

β1 stimulation possibly resulted in a slight overall increase in the activation of HSCs. 
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Figure 6. Immunostaining of cocultures in 2.5% and 10% oxygen tension with TGF-β1 

stimulation (0, 2, 8 ng/mL) on day 14. Green, red, and blue are a-SMA, collagen type I, and DAPI, 

respectively. 

 

Fibrosis is characterized by the extensive deposition of ECM proteins, mainly collagen type I, III, 

and IV produced by HSCs [1,19,24,26,27]. The gene expression level of collagen type I was 

upregulated on day 6 for cultures subjected to 10% oxygenation tension as compared to day 0 

cocultures; however, an increase in the collagen type I gene expression was not observed for the 

cocultures subjected to 2.5% oxygen tension (Figure 4). On day 14, the collagen type I gene expression 

remained relatively constant for the 10% oxygenation tension group. However, there was an increase 

in collagen type I gene expression for the 2.5% oxygenation tension group compared to day 6, even 

though there was no significant difference in the collagen type I gene expression on day 14 concerning 

the change in oxygen tension (Figure 5B). Collagen type I gene, Col1A1 expression, had a 

concentration-dependent change with TGF-β1 on day 14 (Figure 5B). Furthermore, immunostaining 

results also showed a higher expression of collagen type I at 8 ng/ml (Figure 6). Similar trends could 

also be observed in collagen type III (Col3A1) and IV (Col4A1) gene expression results (Figure 5C 

and 5D). Increases in the gene expressions from day 0 control cocultures at 20% oxygenation tension 

to day 6 cocultures at 10% and 2.5% oxygenation tensions were observed. Upon continuous hypoxic 

stimulation, on day 14, there was a significant increase in the gene expression for collagen type IV in 

the cocultures under the 2.5% oxygen tension group compared to the 10% group (Figure 5D). Col3A1 

and Col4A1 gene expression also tended to increase by TGF-β1 stimulation, while there were no 

statistical differences (Figure 5C and 5D). These results illustrated that higher TGF-β1 stimulation 

concentrations resulted in collagen fiber synthesis and collagen accumulation in the cocultured liver 

tissues. 

Platelet-derived growth factor gene, PDGF expression is upregulated during the proliferation of 

activated HSCs and is a marker for HSC proliferation [25,28]. The effect of varying oxygen tension 

on PDGF gene expression was observed on day 6 as there was generally an increase in PDGF 

expression for both the 2.5% and 10% oxygenation tension groups compared to 20% oxygen tension 

on day 0 (Figure 4). However, this continual variation of oxygen tension and TGF-β1 stimulation did 

not cause further change in the PDGF gene expression on day 14 (Figure 5E). 

CTGF gene expression levels were relatively stable at both 2.5% and 10% oxygenation tensions 

(Figure 4). There was no further significant change in CTGF gene expression under hypoxia treatment 

of 2.5% oxygen tension on day 14; however, culturing at 10% physiological oxygenation level 

increased the gene expression by about 3.0-fold compared to that on day 6 (Figure 5F). 

For MMP2 gene expression, a significant increase in both the 2.5% oxygenation tension group 

and the 10% oxygenation tension group on day 6 relative to the 20% oxygenation tension control 

group on day 0 was observed (Figure 4). After prolonged treatment at 2.5% low oxygen tension, no 

significant influence on MMP2 gene expression could be observed on day 14. However, the gene 
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expression increased significantly when the cocultured liver tissues were induced with 8 ng/ml of 

TGF-β1 at 2.5% and 10% oxygen tension (Figure 5G). As for TIMP1 gene expression, with varying 

oxygen tension alone, there was an upregulation on day 6 in both the 10% and 2.5% oxygen tension 

cocultures than the control cocultures at 20% oxygenation on day 0 (Figure 4). Upon prolonged 

hypoxia treatment at 2.5% low oxygen tension, TIMP1 gene expression was further enhanced 

compared to 10% oxygen tension on day 14 (Figure 5H), suggesting that prolonged low oxygen 

tension treatment resulted in the promotion of collagen synthesis in the cocultured tissues. 

   

4. Discussion 

We demonstrated the liver coculture system of hepatocytes and non-parenchymal liver cells, 

including HSCs and LSECs, for potential liver fibrogenesis studies. We intended to mimic the in vivo 

cellular microenvironment and developed a robust hierarchical liver tissue coculture system inspired 

by the microstructure surrounding the hepatocytes by seeding hepatocytes and well-established HSC 

(LX-2) and LSEC (TMNK-1) cell lines for inflammatory studies, one on top of the other on oxygen-

permeable PDMS membranes. The direct oxygen supply from the plate bottom enables the 

realization of such a hierarchical multilayer. Even at very low atmospheric oxygen concentration, 

cells were supplied sufficient oxygen, achieving the variation of oxygen concentration in the in vivo 

physiological range. Lower oxygen tension and TGF-β1 stimulation activate HSCs (LX-2) in our 

coculture system resulting in the rise of collagen type I and IV and alpha-smooth muscle actin 

markers. As a result, this in vitro hierarchical cocultured liver tissue could be utilized as a disease 

model for liver fibrogenesis studies. 

Over the years, scientific development has focused on establishing relevant anti-fibrotic 

strategies that target the HSCs [29]. However, such 2D monoculture models have been proven to be 

inefficient in developing appropriate treatments for control of liver damage as the mechanisms by 

which HSCs are mediated through culture might differ considerably despite the application of 

different HSC culture models of varying complexity [30–32]. Thus, much needed to be incorporated 

to justify the treatment of chronic liver conditions. Research showed a significant interaction between 

HSCs, biomechanics, cell-matrix, hepatocytes, and other non-parenchymal cells that enhance and 

promote specific liver cell functions [29]. As such, the development of 3D in vitro models that could 

recreate the liver microenvironment is required and could be linked to the objectives of developing 

novel anti-fibrogenic compounds.  

Utilizing such a PDMS-based culture system enables the supply of sufficient oxygen content to 

the tissue, which leads to maintaining viability and promoting the healthy growth of liver tissues to 

develop high-density 3D cell culture [13,33–35]. As cultured primary rat hepatocytes exhibit high 

oxygen consumption [36], the PDMS culture plate allows the establishment of a hierarchical coculture 

model that mimics the in vivo liver physiology as primary hepatocytes could be easily cocultured 

with other non-parenchymal cells in a 3D manner or structure using this platform [13,33]. On the 

contrary, conventional tissue culture polystyrene plates could not support this kind of coculture due 

to insufficient oxygen being supplied to the tissues to maintain viability and growth [37]. Other 

coculture systems or studies have also encountered the limited formation of cell-cell contacts [38–40], 

and oxygen shortage could limit the thick tissue formation and the hepatic functions of the cocultures 

[41]. Based on our culture system, while hepatocyte and LX-2 monocultures started to aggregate and 

detach from the culture plates' PDMS surfaces after day 4, we managed to characterize the cocultured 

liver tissue functions such as albumin production, metabolic enzyme activity, and gene expression. 

Cocultures maintained cellular attachment and their hepatic functions better than monocultures, as 

there was an enhancement in albumin protein synthesis and activity of rat drug metabolism enzyme, 

CYP3A4 (Figure 2B and 2C). It has been reported that the cell-cell interaction enhances hepatic 

function by promoting the cell-derived growth factors or ECM production [42]. Thus, the studied 

cocultured tissues might promote tissue formation with enhanced cell-matrix production.  
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Next, we subjected our PDMS-based culture system to different oxygen tensions to induce 

fibrogenesis in vitro. Hypoxia is a commonly regarded environmental stress factor that is closely 

linked to several pathological and physiological conditions like fibrogenesis, according to Shi et al. 

[7]. Liver injuries occur in the hypoxic regions, and HSC activation is considered the critical aspect of 

liver fibrogenesis [7]. Since PDMS-based culture enables direct oxygenation to the cultured cells in 

different oxygen tensions without oxygen shortage for cellular respiration [34,35], we varied the 

culture atmosphere from 20% to 10% and 2.5% oxygen tension (Figure 1). The liver has an oxygen 

tension-dependent behavior, and its function is influenced by the oxygen gradient [43,44]. The lower 

oxygen tension area is near the central vein, and the higher oxygen tension area is near the portal 

vein [43,44]. The oxygen supply at physiological conditions enhances multiple hepatocyte inductive 

factors that might promote albumin production in liver tissues [45]. Moreover, CYP P450 activity is 

influenced by oxygen gradient and low oxygen regions. Therefore, albumin production and CYP3A4 

expression are higher in the portal vein and central vein, respectively. In our results, we 

demonstrated that albumin production decreased under 2.5% low oxygen tension, while CYP3A4 

activity increased in the cocultures (Figure 3A and 3B). Albumin production and CYP3A4 activity 

showed oxygen tension-dependent behavior due to the continuous oxygenation even in low oxygen 

tension condition [43,44].  

The cocultured liver tissue was then applied to the examination of further fibrogenesis studies 

by TGF-β stimulation. During fibrogenesis, HSCs, which are localized in the perisinusoidal space 

between the sinusoidal endothelial cells and the hepatocytes, transdifferentiate to myofibroblasts 

with their activation [2,46]. The increased ECM accumulation, which is generally rich in both type I 

and III collagen, results in liver fibrosis and scar deposition [25,27,46,47]. We observed an 

upregulation of the fibrosis-related biomarkers and HSC activation markers such as α-SMA [25] 

when we subjected the model to a low oxygen tension condition and the pro-fibrogenic cytokine, 

TGF-β1 (Figure 4 and 5A). Interestingly, our results showed that continuous treatment alone at a low 

oxygen tension of 2.5% could result in an overall increase in the activation of HSCs, as observed with 

the rise in α-SMA gene expression in the cocultures (Figure 4). Furthermore, when stimulated with 

TGF-β1, there was a further increase not only in the α-SMA gene expression but also in other fibrosis 

biomarkers such as collagen type I, III, and IV [1,19,26] that are commonly found in diseased livers, 

indicating that TGF-β1 had a substantial pro-fibrogenic effect on the coculture system. TIMP1 is 

responsible for the inhibition of MMPs (which degrades ECM) [1,48–51], thus leading to a net 

accumulation of ECM in fibrotic livers. TIMP1 gene expression was increased after continuous 

culture under both high and low oxygen tensions. Collectively, these results demonstrated that low 

oxygen tension, coupled with TGF-β stimulation, had resulted in a greater extent of HSC activation 

in vitro and that further stimulation by TGF-β should promote their fibrogenesis with excessive 

collagen production and accumulation. We also noted the enhancement of PDGF gene expression, a 

marker for activated HSC proliferation [2,25,46,52], with an upregulation of the gene observed 

throughout the whole coculture period, suggesting proliferation of activated HSCs in the coculture 

in vitro. Albumin protein secretion, expression of genes encoding for CYP enzymes, and its activity 

were studied to evaluate the possible effect of TGF-β1 stimulation on the cocultured liver tissue's 

functional characteristics. As shown in the results, there was no conclusive evidence that varying 

TGF-β1 stimulation concentrations would affect the rat albumin secretion and expression of rat drug-

metabolism enzymes, such as CYP1A1/1A2/3A4, as there was no significant decrease in their 

expressions after stimulating with the pro-fibrotic TGF-β1 cytokine. This indicates rat hepatocytes’ 

functionality in the cocultures; hence, the tissues’ hepatic function was not affected because of the 

relatively constant gene expression and maintenance of crucial rat functionality indexes.  

Although 3D multicellular spheroids overcome many monocultures or in vitro 2D culture 

systems' limitations by increasing viability, enhancing parenchymal-non parenchymal cell-to-cell 

interactions, and normal tissue phenotype [53], limitations exist for spheroid cultures. Mainly, when 

larger cell sizes are used, inner cells degenerate easily [54] as the diffusion gradient of nutrients, 

oxygen, and compounds across the spheroids would limit exposure to the inner cells, which could 
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lead to the formation of necrotic core in the spheroids [55]. Metabolic waste accumulation occurs as 

well due to inefficient mass transport [56]. On the contrary, this kind of hierarchical coculture system 

has its advantages due to its accessibility to nutrients and test compounds. The flexibility to include 

different cell types could be extended to coculturing cells in microphysiological systems to develop 

high-throughput screening assays. Overall, by culturing the primary heterogeneous cells that make 

up the liver, the system becomes more stable than the hepatocyte monoculture. In particular, by 

administering inflammatory cytokines and intentionally blocking oxygen supply to cells, we have 

observed the activation of hepatic stellate cells and the enhanced synthesis and accumulation of 

collagen fibers in the culture system, as seen in the early stages of liver fibrogenesis. Though further 

study about the influence of cellular-derived factors should be examined, this culture system holds 

great promise. It could be used not only to observe the effects and side effects of drugs but also to 

reproduce the liver fibrogenesis phenomenon, which is attracting attention as a chronic liver disease 

mechanism under culture conditions. Besides, the use of human primary hepatocytes or human-

derived parenchymal hepatocytes and non-parenchymal hepatic cells from other cell sources like 

induced-pluripotent stem cells could be employed to establish an even more physiologically relevant 

in vitro human liver fibrosis model in the future. 

 

5. Conclusions 

We developed multilayer cocultured liver tissues with hepatocytes, sinusoidal endothelial cells, 

and hepatic stellate cells to mimic the cellular arrangement and tissue physiology otherwise lacking 

in a monoculture-only model and demonstrated the induction of liver inflammation for liver fibrosis 

modeling in vitro. Our cocultured liver tissues maintained their hepatic functions and showed their 

utility and capability as a physiologically relevant disease model to respond to the pro-fibrotic factor, 

TGF-β1, stimulation. Although the collagen synthesis and degradation-related gene expression were 

not consistent, hypoxia-induced hepatic disorder and TGF-β1-dependent fibrogenesis behavior in 

gene expressions were observed. This culture system demonstrated the potential application to 

examine the molecular mechanisms and pathogenesis of liver fibrosis, cellular interaction, and 

unknown microenvironmental factors, which would lead to the development of novel anti-fibrogenic 

strategies and potent drugs to stimulate liver recovery. Further studies using a combination of human 

cells, including immune cells such as Kupffer cells, are expected, which would allow for a more 

comprehensive model and the investigation of the contributions of these different cells toward liver 

fibrogenesis. Stimulation with other cytokines and chemicals could also be tested using our 

established in vitro model. 
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