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Abstract
Background/Aims: Bioreactor-based bioartificial liver support systems have had limited 
success in a translational setting and at preclinical stages. None of the existing systems monitor 
the metabolic pathways of glycolysis, glycogen synthesis, the urea cycle, and cytochrome 
peroxidase oxidative reabsorption. Herein, we designed a bioreactor that mimics the human 
liver microenvironment in vivo and monitors different hepatic metabolic pathways in order to 
help establish in vitro culture conditions for improved glycolysis, glycogen synthesis, the urea 
cycle, cytochrome peroxidase oxidative reabsorption and improved hepatic functions in a 
miniature bioartificial liver. An abnormality in such pathways negatively influences survivability 
and hepatic functions, including spontaneous liver regeneration. Methods: We investigated 
the metabolic functions of primary mouse adult hepatocytes cultured in a three-dimensional 
configuration under direct oxygenation conditions (5%, 10%, 20%, and 40% O2) for 14 days in 
the bioreactor. We analyzed the expression of the genes of hepatic metabolic pathways, such 
as glycolysis (glucokinase, phosphofructokinase, and pyruvate kinase), glycogen synthesis 
(glycogen synthetase, UTP glucose-1-phosphate uridylylisomerase, phosphoglucomutase, 
and glycogen phosphorylase), the urea cycle (arginase, ornithine carbomoyltransferase, 
fumarate hydratase), oxidative reabsorption (peroxidase), and cytochrome peroxides 
(catalase and superoxide dismutase), and compared it with the level in vivo. The metabolic 
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mini-map was used to represent the above-mentioned metabolic genes. Results: Increased 
urea secretion under normoxia and hyperoxia conditions (20% and 40% O2, respectively) was 
observed, while albumin secretion was decreased in hyperoxic cultures. Lactate formation 
was up to 15 mg/L−g/h−h/106 cells, 2 mg/L−g/h−h/106 cells, and 0.2 mg/L−c/h−h/106 cells in 5%, 
20%, and 40% O2 conditions, respectively while glucose consumption was enhanced under 
hypoxic conditions (5% and 10% O2). Cellular membrane integrity was estimated by lactate 
dehydrogenase assay and was found to be negligible in only 20% and 40% O2 conditions. The 
expression of the phase II enzyme UDP-glucuronosyltransferase was only upregulated in 20% 
oxygenation. Conclusion: Taken together, 20% O2 was found to be an optimal condition for 
the long-term culture (up to 14 days) of hepatocytes that promoted the expression of genes 
in metabolic pathways such as glycolysis, glycogen synthesis, the urea cycle, and cytochrome 
peroxidase oxidative reabsorption, and improved hepatic functions in a miniature bioreactor 
for bioartificial liver construction.

Introduction

There is increasing clinical interest in the development of bioartificial liver support 
systems, which require adequate number of functional hepatocytes because these cells 
carry out most hepatic metabolic functions [1]. It has been reported that hepatocytes rapidly 
lose their metabolic and biosynthetic capabilities in conventional cultures and standard 
in vitro culture conditions [2]. Hence, long-term functional maintenance of primary adult 
hepatocytes is a major challenge for the development of bioartificial liver support, which 
acts as a temporary liver support for patients suffering from liver failure or as a bridge to 
liver transplantation or regeneration [3]. Spontaneous liver regeneration among acute liver 
patients occurs in approximately 40% of acute failure cases [3]. Although there are many 
factors crucial for the long-term culture of adult hepatocytes, oxygen is a very important 
nutrient for numerous hepatocyte functions, and it is a very critical factor for the optimization 
of hepatocyte microenvironment in vitro [4]. Kidambi et al. reported that a 95% oxygen 
atmosphere improves hepatic functions [5], while other researchers have reported that high 
oxygen and partial pressure creates reactive oxygen pressure and causes oxidative damage 
to hepatocytes [6]. Recently, Xiao et al. reported that the expression of 84 drug metabolism-
related genes was the closest to physiological levels in a sandwich culture model [7]. 
Therefore, there is an ongoing debate about hepatocyte cultures, either for preclinical 
research or bioartificial liver support in a clinical setting. In order to successfully develop a 
bioartificial liver support system, it is necessary to optimize the cellular microenvironment, 
where oxygen is one of the most important parameters for hepatocyte function. These cells 
require sufficient oxygen to carry out metabolic functions [8-9] and consume oxygen at a 
rate 10 times higher than other cell types [10]. Oxygen is supplied to hepatocytes in vivo 
via a mixture of arterial and venous blood [9]. It is estimated that the oxygen consumption 
of hepatocytes is higher in vivo than in vitro [11, 12]. Current conventional culture methods 
rarely focus on enhanced direct oxygenation for adult hepatocytes, as seen in vivo [13]. 
Several attempts have been made for direct oxygenation in long-term cultures by using 
different bioreactor devices, because the performance of long-term cultures of primary 
hepatocytes depends on these bioreactor devices [14–17]. None of the existing bioreactor 
devices have been monitored, and none have established the metabolic pathways of genes of 
glycolysis, glycogen synthesis, the urea cycle, cytochrome peroxidase oxidative reabsorption, 
and UDP-glucuronosyltransferase (UGT). Any abnormality in these pathways negatively 
influences hepatocyte functions in the bioartificial liver device. For example, a gene mutation 
for the enzyme UGT has been shown to result in a condition called Gilbert’s syndrome and 
jaundice [18].

© 2022 The Author(s). Published by 
Cell Physiol Biochem Press GmbH&Co. KG
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Materials and Methods

Hepatocyte isolation and culture
Hepatocytes were isolated from 12-week-old mice using the two-step method described by Seglen 

(1976), with slight modifications [19]. Briefly, the liver was pre-perfused in situ with cold Ringer buffer. 
Connective tissue was digested by perfusing the liver with 0.05% type IV collagenase. Viability of the 
isolated hepatocytes was more than 90% as assessed by trypan blue exclusion assay. Cells were suspended 
in Williams E medium supplemented with fetal calf serum (5%), insulin (0.17 U/mL), prednisolone 
(0.85 mg/mL), glucagon (0.015 mg/mL), glutamine (8.9 mM), penicillin (450 U/mL), and streptomycin 
(450 mg/mL). The gas-permeable PTFE membrane in the mini bioreactor was moistened with rat tail 
collagen type I, which was prepared according to the method described by Elsdale and Bard (1972). Cells 
were seeded at a density of 2.5 × 105 cells/well in the bioreactor or in the plates. After 48 h of incubation at 
37 °C in a humidified atmosphere containing 5% CO2 and 20% O2 (v/v), a second collagen gel layer was added 
to the cells as a modification to the methods of Dunn et al. (1989) and Bader et al. (1992). Hepatocytes were 
cultured between two collagen layers in a sandwich model (3D configuration) under direct oxygenation 
(5%, 10%, 21%, and 40% O2). for 14 days. We seeded 2.5 × 105 cells/well and changed the medium once 
every 24 h. The supernatant was removed from each well every day and stored at −80 °C until further 
analysis.

Bioreactor configuration: 24-well bioreactor
The bioreactor was set up as described in a previous study [20–22]. Briefly, it uses a modified form 

of the conventional 24-well cell cultivation plate and is composed of a scaffold of polycarbonate with 24 
wells, a gas-permeable PTFE membrane of 25 mm thickness, a 24-hole silicon seal, and a 24-hole metal 
base (Fig. 1). The PTFE membrane is a transparent, thermoplastic film with an oxygen permeability of 
114.5 cm3 m−2 24 h−1 k Pa−1 and allows a maximal oxygen supply of 90 mmol per well (1.77 cm2) per day for 
cell cultures. Based on this model, the amount of oxygen required by the hepatocytes (2.5 × 105 cells/well) 
in the bioreactor was suggested to range between 6.5 and 19.5 mmol, allowing a 5-14 times higher oxygen 
supply than needed. The bioreactor was placed into a support that facilitated direct delivery of oxygen to 
the cells from the bottom of the device.

The miniature bioreactor represents a scaledown of a previously developed clinically flat membrane 
bioreactor [23-29] to a conventional 24-well cell cultivation plate format. Earlier preclinical tests were 
performed in a pig model, but did not evaluate the metabolic functions of the genes of the hepatic metabolic 
pathways, such as glycolysis (glucokinase, phosphofructokinase, and pyruvate kinase), glycogen synthesis 
(glycogen synthetase, UTP glucose-1-phosphate uridylylisomerase, phosphoglucomutase, and glycogen 
phosphorylase), the urea cycle (arginase, ornithine carbomoyltransferase, and fumarate hydratase), 
oxidative reabsorption (peroxidase), and cytochrome peroxides (catalase and SOD) under direct oxygenation 
conditions since oxygenation is an open question for the hepatocyte culture model. The bioreactor consisted 
of a polycarbonate scaffold with 24 wells, a 24-hole silicon seal, and a 24-hole metal base to form a scalable 
24-well miniature bioreactor. Isolated hepatocytes were cultured between two layers of collagen termed 
as the organotypical sandwich model. The hepatocytes were located at a distance of about 20 μm in 
extracellular matrix different from the distance (over 200 μm) in conventional culture conditions. The 
medium and cells in the miniature bioreactor were oxygenated in the incubator by diffusion of humidified 
air across non-porous PTFE membranes (25 μm thick). The PTFE membrane is highly permeable to oxygen, 
allowing enhanced oxygenation from both sides, and acts as an internal oxygenation membrane. This design 
provides direct oxygenation of the medium and cells in each cultured well by diffusion of humidified air into 
the incubator. A microporous membrane that separates the cell compartment from the perfusion medium 
compartment is generally used when the miniature bioreactor is used in continuous flow to protect cells 
from shear forces and to control mass transfer of different solutes. The flow rate (9 mL/h) in the inlet and 
outlet streams is supplied by each well through separate silicone tubes. Each cultured cell has its own 
supply of perfusion medium. Hence, the inlet and outlet remove metabolic waste and supply fresh nutrients 
in the form of medium. The oxygen-permeable membrane with rat tail type I collagen: after seeding and 
attachment of the hepatocytes, a second layer of matrix was placed on top as described earlier to establish 
the organotypical sandwich model. The hydrophilic sides of the membranes are in the inner compartment of 
the bioreactor and the hydrophobic sides are in the outer compartment. The entirety of the contact surfaces 
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were sealed with silicone adhesive and sterile air filters were connected to regulate air pressure. After 24–
48 h, the bioreactor was rinsed with 500 μL of distilled water per well to remove dirt particles and solvent 
vapors of the glue. The prepared miniature bioreactor was light and dust-protected. The bioreactor was 
autoclaved for 12 min at 121°C 24–48 h before testing. We tested for leakages by simple injection of sterile 
water before experimentation.

Fig. 1. A and B. Scalable 
24-well miniature perfusi-
on bioreactor. The miniatu-
re bioreactor represents a 
scaledown of a previously 
developed clinically flat 
membrane bioreactor [22] 
to a conventional 24-well 
cell cultivation plate for-
mat. Earlier preclinical tests 
were performed in a pig mo-
del, but did not evaluate the 
metabolic functions of the 
genes of the hepatic meta-
bolic pathways, such as gly-
colysis (glucokinase, phos-
phofructokinase, and pyru-
vate kinase), glycogen syn-
thesis (glycogen synthetase, 
UTP glucose-1-phosphate 
uridylylisomerase, phosphoglucomutase, and glycogen phosphorylase), the urea cycle (arginase, ornithine 
carbomoyltransferase, and fumarate hydratase), oxidative reabsorption (peroxidase), and cytochrome per-
oxides (catalase and SOD) under direct oxygenation conditions since oxygenation is an open question for 
the hepatocyte culture model. The bioreactor consisted of a polycarbonate scaffold with 24 wells, a 24-hole 
silicon seal, and a 24-hole metal base to form a scalable 24-well miniature bioreactor. Isolated hepatocytes 
were cultured between two layers of collagen termed as the organotypical sandwich model. The hepatocytes 
were located at a distance of about 20 μm in extracellular matrix different from the distance (over 200 μm) 
in conventional culture conditions. The medium and cells in the miniature bioreactor were oxygenated in 
the incubator by diffusion of humidified air across non-porous PTFE membranes (25 μm thick). The PTFE 
membrane is highly permeable to oxygen, allowing enhanced oxygenation from both sides, and acts as an 
internal oxygenation membrane. This design provides direct oxygenation of the medium and cells in each 
cultured well by diffusion of humidified air into the incubator. A microporous membrane that separates the 
cell compartment from the perfusion medium compartment is generally used when the miniature biore-
actor is used in continuous flow to protect cells from shear forces and to control mass transfer of different 
solutes. The flow rate (9 mL/h) in the inlet and outlet streams is supplied by each well through separate 
silicone tubes. Each cultured cell has its own supply of perfusion medium. Hence, the inlet and outlet remo-
ve metabolic waste and supply fresh nutrients in the form of medium. The oxygen-permeable membrane 
with rat tail type I collagen: after seeding and attachment of the hepatocytes, a second layer of matrix was 
placed on top as described earlier to establish the organotypical sandwich model. The hydrophilic sides of 
the membranes are in the inner compartment of the bioreactor and the hydrophobic sides are in the outer 
compartment. The entirety of the contact surfaces were sealed with silicone adhesive and sterile air filters 
were connected to regulate air pressure. After 24–48 h, the bioreactor was rinsed with 500 μL of distilled 
water per well to remove dirt particles and solvent vapors of the glue. The prepared miniature bioreactor 
was light and dust-protected. The bioreactor was autoclaved for 12 min at 121 °C 24–48 h before testing. We 
tested for leakages by simple injection of sterile water before experimentation.

 Figure 8. A and B. Scalable 24-well miniature perfusion bioreactor. The miniature bioreactor represents a scaledown of a 
previously developed clinically flat membrane bioreactor [22] to a conventional 24-well cell cultivation plate format. Earlier 
preclinical tests were performed in a pig model, but did not evaluate the metabolic functions of the genes of the hepatic metabolic 
pathways, such as glycolysis (glucokinase, phosphofructokinase, and pyruvate kinase), glycogen synthesis (glycogen synthetase, 
UTP glucose-1-phosphate uridylylisomerase, phosphoglucomutase, and glycogen phosphorylase), the urea cycle (arginase, ornithine 
carbomoyltransferase, and fumarate hydratase), oxidative reabsorption (peroxidase), and cytochrome peroxides (catalase and SOD) 
under direct oxygenation conditions since oxygenation is an open question for the hepatocyte culture model. The bioreactor 
consisted of a polycarbonate scaffold with 24 wells, a 24-hole silicon seal, and a 24-hole metal base to form a scalable 24-well 
miniature bioreactor. Isolated hepatocytes were cultured between two layers of collagen termed as the organotypical sandwich 
model. The hepatocytes were located at a distance of about 20 μm in extracellular matrix different from the distance (over 200 μm) 
in conventional culture conditions. The medium and cells in the miniature bioreactor were oxygenated in the incubator by diffusion 
of humidified air across non-porous PTFE membranes (25 μm thick). The PTFE membrane is highly permeable to oxygen, allowing 
enhanced oxygenation from both sides, and acts as an internal oxygenation membrane. This design provides direct oxygenation of 
the medium and cells in each cultured well by diffusion of humidified air into the incubator. A microporous membrane that 
separates the cell compartment from the perfusion medium compartment is generally used when the miniature bioreactor is used in 
continuous flow to protect cells from shear forces and to control mass transfer of different solutes. The flow rate (9 mL/h) in the 
inlet and outlet streams is supplied by each well through separate silicone tubes. Each cultured cell has its own supply of perfusion 
medium. Hence, the inlet and outlet remove metabolic waste and supply fresh nutrients in the form of medium. The oxygen-
permeable membrane with rat tail type I collagen: after seeding and attachment of the hepatocytes, a second layer of matrix was 
placed on top as described earlier to establish the organotypical sandwich model. The hydrophilic sides of the membranes are in the 
inner compartment of the bioreactor and the hydrophobic sides are in the outer compartment. The entirety of the contact surfaces 
were sealed with silicone adhesive and sterile air filters were connected to regulate air pressure. After 24–48 h, the bioreactor was 
rinsed with 500 μL of distilled water per well to remove dirt particles and solvent vapors of the glue. The prepared miniature 
bioreactor was light and dust-protected. The bioreactor was autoclaved for 12 min at 121 °C 24–48 h before testing. We tested for 
leakages by simple injection of sterile water before experimentation. 
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Semi-quantitative analysis of genes
Total RNA of cells was extracted using an RNeasy Mini kit. RT-PCR was performed with OneStep RT-PCR 

kit on a GeneAmp PCR system 9700 (Applied Biosystems, Foster City, CA) according to the manufacturer’s 
instructions. The expression of various hepatic-specific genes was analyzed. The sequences of the primary 
pairs, product sizes, and numbers of PCR cycles are listed in Table 1. Relative expression levels were 
calculated by measuring the signal intensity. Gene expression data for each gene was normalized to the 
expression level of glyceraldehyde 3-phosphate dehydrogenase, which was used as an internal control. The 
expression level of genes in the liver tissue (in vivo) was set as 1 and the expression levels of genes in 
primary hepatocytes cultured under hypoxia, normoxia, or hyperoxia were compared with those in the in 
vivo condition. Assignment of EC numbers to metabolic functions is shown in Table 2.

Statistical analysis
All acquired data were statistically analyzed by Student’s t-test. Probability values lower than 0.05 

were considered to be statistically significant.

Table 1. Metabolic genes used in semi-
quantitative RT-PCR

Table 2. Assignment of EC numbers to metabolic functions

→ α
→ α

TP + α

α

→ α
→ α + α
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Results

Oxygen plays a significant 
role in disease development and 
maintaining normal physiology. 
Hepatocytes are both consumers 
and producers of glucose, 
depending on local conditions. 
During fasting, hepatocytes have 
the ability to release glucose into 
the systematic circulation via the 
process of glycogenolysis in order 
to fulfill the energy requirements 
of the brain, skeletal muscles, 
and red blood cells. Hepatocytes 
respond differently to a wide 
range of oxygenation levels. In the 
absence of oxygen, the cells lose 
their plasma membrane integrity, 
leading to necrotic cell death [29]. Higher oxygenation levels may also alter hepatic functions. 
Hence, optimal oxygenation of an in vitro culture model is essential for toxicity studies, 
bioartificial support experiments, and others to compare levels in vivo. We investigated the 
effect of hypoxia, normoxia, and hyperoxia on hepatocytes and their metabolic activities in 
a three-dimensional culture model. The metabolic activities of hepatocytes were evaluated 
based on lactate formation, glucose consumption, albumin secretion, and urea production. 
Cellular membrane integrity was estimated by measurement of released LDH. A small 24-well 
bioreactor with direct oxygenation was used to allow optimal oxygen supply for the primary 
hepatocyte culture. To ensure optimal metabolic functionality of the cultured primary 
hepatocytes, it is important to provide the cells with an in vitro culture milieu that mimics 
the physiological environment of the cells. In vivo oxygen concentrations were reconstructed 
and observed via the reversal of anaerobic metabolic states in vitro. Primary hepatocytes 
were cultured under optimal oxygen conditions by the use of integrated oxygen-permeable 
membranes. Overlaying the culture with additional layers of complexity, hepatocellular 
functions, growth factor response, and hepatocellular response to xenobiotic exposure were 
modeled.

We investigated the effects of hyperoxia, normoxia, and hypoxia on cultured primary adult 
hepatocytes. Hepatocytes cultured in 10%, 20%, and 40% oxygenation formed a confluent 
layer within 3 days. In contrast, hepatocytes cultured in 5% O2 could not grow to confluency. 
Morphological sections of cells cultured under hypoxia (10% O2) showed the presence of 
intracellular inclusions (granules), indicating that a hypoxic environment has a negative 
impact on hepatocytes and a 5% O2 supply is insufficient for their growth. A majority of the 
cells died within the first few days, as demonstrated by increased LDH release. LDH level was 
high in 5%, 10%, and even 40% oxygenation conditions, but negligible in 20% oxygenation. 
This indicated that 20% O2 condition provides a good environment for cell growth from day 
1 to day 14. A majority of cells died within the first few days, as demonstrated by increased 
LDH release (Fig. 2). The presence of intracellular inclusions (granules) indicated that the 
hypoxic environment has a negative impact on hepatocytes (Fig. 2). Glucose consumption by 
hepatocytes cultured under hypoxia (5% and 10% O2) was enhanced (Fig. 3A). The increased 
rate of urea secretion by hepatocytes cultured under normoxia and hyperoxia conditions 
within the experimental period (20% and 40% O2) indicated optimal metabolic activity (Fig. 
3C). Albumin secretion was found to be less in cells under hyperoxia (Fig. 3D) than that in 
cells under hypoxia (5% and 10%). This may be attributed to our bioreactor, based on direct 
oxygenation via PTFE membrane in a 3D configuration, which may promote the albumin 
secretion function of cells cultured even in low O2 conditions. To assess the contribution 

Fig. 2. Morphological study of primary mouse hepatocytes in a 
3D configuration under different oxygen conditions (5%, 10%, 
20%, and 40% O2) during 14 days of in vitro cultivation. Scale 
bar represents 100 μm.

 
Figure 1. Morphological study of primary mouse hepatocytes in a 3D configuration 
under different oxygen conditions (5%, 10%, 20%, and 40% O2) during 14 days of in 

vitro cultivation. Scale bar represents 100 μm. 
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of glycolysis in energy formation in liver cells, the rate of lactate formation was evaluated. 
Lactate production was very high in 5% and 10% oxygenation conditions, but negligible in 
20% oxygenation. Almost no lactate formation was observed in 40% oxygenation condition 
(Fig. 3B).

Additionally, the expression of various hepatic-specific genes in hepatocytes cultured 
under various oxygen levels was determined using semi-quantitative PCR. Although 
gluconeogenesis in vivo has been studied by biochemists and physiologists, there are little 
data for glycolysis and gluconeogenesis in in vitro long-term cultures via direct oxygenation 
in a 3D configuration for up to 14 days. We evaluated the mRNA expression of glycolysis 
enzymes under different oxygen conditions and compared it with the in vivo mRNA expression 
levels of the glycolysis enzymes. The levels of glucokinase and phosphofructokinase were 
downregulated in all hepatic cultures under different oxygenation conditions (Fig. 4A, 
B). The expression of the other glycolysis enzyme, pyruvate kinase, in hypoxic cultures 
corresponded to the metabolic results for glucose consumption and lactate formation (Fig. 
4C). We isolated individual pathways of these glycolysis enzymes in metabolic mini-maps of 
glycolysis designed by Donald Nicholson (International Union of Biochemistry and Molecular 
Biology). We also analyzed the process of glycogen synthesis by which glucose is stored in the 
body in the form of glycogen in the liver and muscles. Due to low concentration of glycogen 
in the muscles, only the glycogen stored in the liver is accessible to other organs that can be 
quickly mobilized to meet a sudden need for glucose. The expression levels of genes encoding 
enzymes for glycogen degradation were found to be downregulated (Fig. 5C), while those 

Fig. 3. Metabolic activity of mouse hepatocytes cultured in a 3D configuration under different oxygen con-
ditions (5%, 10%, 20%, and 40% O2). (A) Glucose consumption, (B) lactate formation, (C) urea production, 
(D) albumin synthesis, and (E) LDH activity. Statistical differences were analyzed by two-way analysis of 
variance and Student’s t-test. Data are expressed as the mean ± standard deviation (n = 3). Probability 
values lower than 0.05 were considered to be statistically significant.

 
Figure 2. Metabolic activity of mouse hepatocytes cultured in a 3D configuration under 
different oxygen conditions (5%, 10%, 20%, and 40% O2). (A) Glucose consumption, 
(B) lactate formation, (C) urea production, (D) albumin synthesis, and (E) LDH 
activity. Statistical differences were analyzed by two-way analysis of variance and 
Student’s t-test. Data are expressed as the mean ± standard deviation (n = 3). Probability 
values lower than 0.05 were considered to be statistically significant. 
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encoding enzymes for glycogen synthesis were expressed at a normal level (Fig. 5A, B) in all 
cases. In addition to glycolysis and glycogen synthesis, the liver detoxifies ammonia through 
the urea cycle. Gene expression levels of enzymes involved in urea synthesis are shown in 
Fig. 6. The expression of arginase, ornithine carbomoyltransferase, and fumarate hydratase 
was upregulated at day 7 under all oxygen conditions, and downregulated at day 14 under 
40% oxygenation.

Apart from glycolysis, glycogen synthesis, and urea cycle analysis, the toxic profile of a 
few free radicals, such as superoxide and hydroxide, and their response to adult hepatocytes 
in different oxygenation conditions are very important parameters for the development 
of bioreactor-based bioartificial liver support. Toxic molecules such as superoxide and 
hydroxide radicals can be found in cells due to the presence of oxygen along with other 
products of normal metabolic processes. Superoxide is the most important free radical in 
the body. SOD is also responsible for the conversion of superoxide into oxygen and peroxide. 
Catalase is frequently used by cells to rapidly catalyze the decomposition of hydrogen 
peroxide into less reactive gaseous oxygen and water molecules. The effect of hyperoxia 
(40% O2) on hepatocytes is shown in Fig. 7, where the mRNA expression of catalase and 
SOD was upregulated (Fig. 7). Hydrogen peroxide is destroyed by peroxidase, which reduces 
H2O2 to water. The biotransformation activity was only presented by the expression of the 
cytochrome peroxidase gene (CYP 2E1 gene), which was downregulated in all cases (Fig. 8A). 

Fig. 4. Semi-quantitative analysis of genes involved in glycolysis. (A) mRNA expression of glucokinase EC 
2.7.1.2, (B) mRNA expression of phosphofructokinase EC 2.7.1.11, (C) mRNA expression of pyruvate kinases 
EC 2.7.1.40. Statistical differences were analyzed by two-way analysis of variance and Student’s t-test. Data 
are expressed as the mean ± standard deviation (n = 3). Probability values lower than 0.05 were considered 
to be statistically significant.

 

lower than 0.05 were considered to be statistically significant. 
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Figure 3. Semi-quantitative analysis of genes involved in glycolysis. (A) mRNA 
expression of glucokinase EC 2.7.1.2, (B) mRNA expression of phosphofructokinase 
EC 2.7.1.11, (C) mRNA expression of pyruvate kinases EC 2.7.1.40. Statistical 
differences were analyzed by two-way analysis of variance and Student’s t-test. Data are 
expressed as the mean ± standard deviation (n = 3). Probability values lower than 0.05 
were considered to be statistically significant. 
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In addition to these free radicals, we analyzed the expression of the liver-specific enzyme UGT, 
which is responsible for bilirubin disposal. An abnormality in this enzyme results in Gilbert’s 
syndrome and jaundice. The expression of phase II enzyme UGT is upregulated  in 20% 
oxygen condition compared with that in other oxygen conditions (Fig. 8B). Taken together, 
20% oxygenation is an optimal condition for almost all experiments in this paper for the 
development of bioreactor-based bioartificial liver support. The optimum oxygenation for 
albumin production, urea synthesis, glucose consumption, and lactate production is shown 
in Supplementary Fig. 1A. The assignment of EC numbers to Kyoto Encyclopedia of Genes and 
Genomes pathway is shown in Supplementary Fig. 1B. The metabolic pathways of glycolysis, 
the urea cycle, glycogen synthesis, and galactose metabolism are shown in Supplementary 
Fig. 1B–E, respectively (for all supplementary material see www.cellphysiolbiochem.com).

Fig. 5. Semi-quantitative analysis of genes involved in glycogen synthesis (A, B) or glycogen resorption (C). 
(A) mRNA expression of glycogen synthetase EC 2.4.1.11, (B) mRNA expression of glucose-1-phosphate-
uridlylisomerase EC 2.7.7.9, (C) mRNA expression of phosphoglucomutase EC 5.4.2.2. Statistical differences 
were analyzed by two-way analysis of variance and Student’s t-test. Data are expressed as mean ± standard 
deviation (n = 3). Probability values lower than 0.05 were considered to be statistically significant.

 

 

 

 

 

 

 

                                A                                                                                                   B 

 

 

 

 

 

 

 

 

 C 

Figure 4. Semi-quantitative analysis of genes involved in glycogen synthesis (A, B) or glycogen 
resorption (C). (A) mRNA expression of glycogen synthetase EC 2.4.1.11, (B) mRNA 
expression of glucose-1-phosphate-uridlylisomerase EC 2.7.7.9, (C) mRNA expression of 
phosphoglucomutase EC 5.4.2.2. Statistical differences were analyzed by two-way analysis of 
variance and Student’s t-test. Data are expressed as mean ± standard deviation (n = 3). 
Probability values lower than 0.05 were considered to be statistically significant. 
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Fig. 6. Semi-quantitative analysis of genes involved in the urea cycle (A, B, C). (A) mRNA expression of argi-
nase EC 8.6.8.1, (B) mRNA expression of ornithine carbomoyltransferase EC 2.1.3.3, (C) mRNA expression 
of fumarate hydratase EC 4.2.1.2. Statistical differences were analyzed by two-way analysis of variance and 
Student’s t-test. Data are expressed as the mean ± standard deviation (n = 3). Probability values lower than 
0.05 were considered to be statistically significant.

Fig. 7. Semi-quantitative analysis of genes involved in oxidative reabsorption in the liver (A, B). (A) mRNA 
expression of catalase EC 1.11.6.1, (B) mRNA expression of SOD EC 1.15.1.1. Statistical differences were 
analyzed by two-way analysis of variance and Student’s t-test. Data are expressed as the mean ± standard 
deviation (n = 3). Probability values lower than 0.05 were considered to be statistically significant.
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Figure 5. Semi-quantitative analysis of genes involved in the urea cycle (A, B, C). (A) 
mRNA expression of arginase EC 8.6.8.1, (B) mRNA expression of ornithine 
carbomoyltransferase EC 2.1.3.3, (C) mRNA expression of fumarate hydratase EC 4.2.1.2. 
Statistical differences were analyzed by two-way analysis of variance and Student’s t-test. 
Data are expressed as the mean ± standard deviation (n = 3). Probability values lower than 
0.05 were considered to be statistically significant. 
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Discussion

Generally, oxygen is depleted very quickly compared with other nutrients (glucose and 
amino acids). Proper oxygenation is important to many aspects of the liver phenotype so 
that the cultured hepatocytes do not become hypoxic and can meet all metabolic demands. 
The effects of growth factors, peptide hormones, and cytokines are greatly influenced and 
greatly disrupted by high perfusion rates in vitro. Previously, we evaluated hepatic functions 
in our bioreactor device. We created a highly tailored microenvironment. Our bioreactor 
devices aimed towards large-scale culture for extracorporeal liver support as well as drug 
development. Perfusion culture conditions are superior for metabolic functions such as urea 
genesis compared with static culture conditions [30], while insulin uptake and stimulation 
of glucokinase and pyruvate kinase are more physiological in the perfused system [31]. The 
perfusion flow of the present bioreactor device was established previously in preclinical 
research and in a pig model in a translational setting. There was significant improvement 
compared to previous bioreactor devices, particularly for evaluating the potential effects of 
oxygenation on the genes of hepatic metabolic pathways, such as glycolysis (glucokinase, 
phosphofructokinase, and pyruvate kinase), glycogen synthesis (glycogen synthetase, UTP 
glucose-1-phosphate uridylylisomerase, phosphoglucomutase, and glycogen phosphorylase), 
the urea cycle (arginase, ornithine carbomoyltransferase, fumarate hydratase), oxidative 

Fig. 8. (A) Semi-quantitative analysis of cytochrome peroxidase 2E1 (EC 1.14.14.1). (B) The expression of 
phase II enzyme UGT was determined in the collected culture medium at indicated time points. (C) The ex-
pression of phase II enzyme sulfotransferase was determined in the collected culture medium at indicated 
time points. Statistical differences were analyzed by two-way analysis of variance and Student’s t-test. Data 
are expressed as the mean ± standard deviation (n = 3). Probability values lower than 0.05 were considered 
to be statistically significant.
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reabsorption (peroxidase), and cytochrome peroxides (catalase and SOD), which might 
have implications in liver tissue engineering as well as bioartificial liver support, since our 
bioreactor simulates the liver microenvironment of liver.

Catalase is an enzyme that protects the hepatocytes against oxidative injury [32] by 
breaking down toxic hydrogen peroxide to harmless water and oxygen. Accumulation 
of hydrogen peroxide is dangerous and causes hepatocyte damage and liver cirrhosis. 
Our bioreactor device could be an alternative for temporary detoxification and synthesis 
functions of the liver. Ammonia accumulation is a common feature in acute liver failure 
patients. It has been reported that accumulated or increased ammonia negatively affects 
spontaneous liver regeneration [33. 34]. The urea cycle is a phenomenon in which 
waste (ammonia) is removed from the body. The result of liver failure is accumulation of 
nitrogenous waste, mainly ammonia, which leads to cerebral edema and causes intracranial 
pressure. Intracranial hypertension remains an unsolved clinical problem and a frequent 
cause of death among fulminant liver failure patients. Interestingly, our bioreactor device 
controlled intracranial pressure in a pig model and improved survival benefits. The average 
waiting time for the most urgent listing for acute liver failure patients is 6 days according 
to United States National Organ Sharing data. Sometimes, several patients have urgently 
needed transplantation within 1–2 days [35]. Unlike liver dialysis, which provides only 
detoxification of blood toxins from the patient’s blood, this presented device can provide 
synthetic detoxification, and thus might serve as a better liver support for spontaneous liver 
regeneration or act as a bridge until transplantation. The desired aim of our proposed device 
is to provide short-term (a few days to some weeks) metabolic and temporary liver support 
for liver failure patients until a suitable donor organ becomes available or spontaneous liver 
regeneration occurs.

The bioreactor demonstrated in this study successfully improved glucose metabolism, 
urea genesis, gluconeogenesis, oxidative reabsorption, cytochrome peroxides, and hepatic 
functions. Additionally, these successful optimizations confirm the feasibility of this highly 
tailored bioreactor device for liver organ-on-a-chip experimentation and as an extracorporeal 
liver support system. Furthermore, application of human induced pluripotent stem cell-
derived hepatocytes in this device is promising, but requires further study.

Conclusion

We presented miniaturization of liver tissue analogues for improved in vitro 
performance of liver functions, similar to liver behavior in vivo. We evaluated the metabolic 
pathways of glycolysis, glycogen synthesis, the urea cycle, and cytochrome peroxidase 
oxidative reabsorption as well as essential hepatic functions in a clinically relevant module 
for the generation of a biomimetic in vivo liver microenvironment. An abnormality in these 
pathways has a negative influence on the cultured hepatocytes. After evaluation, we found 
that 20% oxygenation was optimum for long-term culture of hepatocytes, and may serve 
as an alternative approach for hepatic tissue engineering. Reduced oxygen delivery to the 
liver is a common and important clinical problem for surgeons and for bioartificial liver 
support-oriented hepatocyte research. Hepatocytes may encounter stress from oxygen 
deprivation in various conditions, like fasting or toxicity. It is crucial to develop effective in 
vitro techniques with optimal oxygen conditions, that are suitable for the long-term survival 
of hepatocytes cultures at high densities, which, along with functional maintenance, may 
contribute to the establishment of bioreactor-based bioartificial liver support systems. The 
use of functional hepatocytes cultured in small-scale bioreactors with 20% oxygen for long-
term culture may be an alternative approach to overcome the limitations of conventional as 
well as standard in vitro culture conditions for bioartificial liver support. Considering the 
simplicity of our scalable design and improvement of major liver functions in this miniature 
bioreactor system, we envision that this methodological approach could potentially be used 
for bioartificial liver construction.
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