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Abstract

A comprehensive understanding of the mechanisms that underlie hepatic differentiation 
inside a bioartificial liver (BAL) device is obtained when functional, histological and 
gene expression analyses can be combined. We therefore developed a novel cell sampling 
technique that enabled us to analyze adherent hepatocytes inside the AMC-BAL during 
a 5 day culture period, without the necessity of terminating the culture. Biochemical data 
showed that hepatocyte-specific functions were relatively stable, despite an increase in 
glycolytic activity. Quantitative RT-PCR analysis of hepatic genes cytochrome p450 3A29, 
albumin, glutamine synthetase, alpha-1 antitrypsin and carbamoyl-phosphate synthetase, 
but also de-differentiation marker π-class glutathione S transferase showed stable mRNA 
levels from day 1 to 5. In contrast, mRNA levels of α-fetoprotein, pro- and anti-apoptotic 
genes Bax-α and Bcl-XL, metabolic genes lactate dehydrogenase and uncoupling protein 
2, and cytoskeleton genes α- and β-tubulin and β-actin increased in 5 days. Histological 
analysis revealed viable tissue-like structures with adaptation to the in vitro environment. 
We conclude that hepatocytes show a tendency for de-differentiation shortly after seeding, 
but thereafter remain acceptably differentiated during 5 days of culture. Furthermore, 
partly impaired mitochondrial function is suggestive for local hypoxic regions and may 
trigger the observed metabolic changes. Pro-apoptotic activity seems to be balanced by 
anti-apoptotic activity. This new cell sampling technique facilitates analyzing dynamic 
processes of hepatocyte culture inside a BAL.
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Introduction

Long waiting lists for orthotopic liver transplantation (OLT) and high mortality rates of 
acute liver failure (ALF) drive the need for adjunct and temporary liver support therapies.1 
Promising cell-based liver support therapies are bioartificial liver (BAL) systems. These 
systems are three-dimensional extracorporeal devices that contain viable hepatocytes to 
support the failing liver of ALF patients to OLT or own liver regeneration. In the last 
fifteen years, many BAL devices have been developed and tested in phase I and II/III 
clinical trials.2,3 Nevertheless, research groups continue to design new BAL concepts to 
improve the efficiency of hepatocytes for therapeutical application of liver diseases.4

One of the clinically applied BAL devices has been developed in the Academic 
Medical Center in Amsterdam, the AMC-BAL. This liver support system is characterized 
by direct plasma cell contact, an integrated oxygenation system and a spirally wound 
polyester matrix, to which small aggregates of porcine hepatocytes are attached.5 The 
AMC-BAL has shown liver specific detoxification and synthesis capacity in vitro5,6, 
significantly improved survival time in small and large animal models of ALF7-10, and 
safety in a phase I clinical study.11

The analysis of hepatocytes inside a BAL device is instrumental for further BAL 
development and future liver tissue engineering. In daily practice, liver-specific and 
metabolic functions, determined by analyzing the contents of the perfused medium, 
indicate the hepatic performance of a BAL device. However, these functions appear to be 
highly dynamic in BAL devices, which cannot be simply clarified using the current range 
of parameters. Therefore in-depth information on the microenvironment and morphology 
of the hepatocytes inside the device, as well as their expression patterns should be 
provided.12-14 Unfortunately, fixation or lysis of the cells is obligatory for (immuno-) 
histological analysis or RNA analysis, respectively, and as a consequence, bioreactor 
cultures must be terminated for these analyses. To overcome this problem, we developed 
a novel cell sampling concept that enabled us to sample and analyze hepatocytes during 
the culture period inside the AMC-BAL without the necessity of ending the bioreactor 
culture. 

This cell sampling principle is based on insertion of small pieces of non-woven 
matrix inside the bioreactor that can be removed to sample cells at any time point. To 
validate this concept, we first conducted a ‘proof of principle’ study showing that the 
cells removed from the bioreactor are representative for those remaining inside the 
bioreactor. Secondly, we analyzed general cellular morphology and metabolic and liver-
specific functions of hepatocytes inside the AMC-BAL during a 5 day culture period. 
With quantitative reverse transcriptase-PCR (qRT-PCR), we furthermore analyzed time-
related transcriptional changes of liver-specific genes, cytoskeleton genes, genes related 
to hepatic de-differentiation, general metabolism and to the intrinsic mitochondrial 
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apoptosis pathway. We subsequently related these findings to the changes seen in cellular 
morphology, general metabolic and liver-specific functions.

Materials and Methods

T-bag Bioreactor

The T-bag bioreactor (Fig. 1A) is a modified laboratory-scale AMC-BAL5,6 with 12 extra 
Luer Lock ports positioned at the three sites where no matrix is located (closed arrows 
in Fig. 1B). In each of these Luer Lock ports, small (2-3 x 15-20 mm) pieces of the non-
woven matrix, so called ‘T-bags’, were inserted manually in the bioreactor and directed 
alongside the gas capillaries (Fig. 1D). 

Hepatocyte isolation

Hepatocytes were isolated from livers of female pigs (20-24 kg) by a two-step collagenase 
perfusion technique according to a modified protocol of Seglen15 as previously described.6 
Procedures were according to the institutional guidelines of the local Animal Ethical 
Committee. Hepatocytes were suspended in ice-cold culture medium, consisting of 
William’s E medium supplemented with 10% (v/v) heat inactivated fetal bovine serum 
(BioWhittaker, Verviers, Belgium), 2 mM glutamine, 1 μM dexamethason, 20 mU/mL 
insulin, 2 mM ornithine, 100 μg/mL streptomycin, 100 U/mL penicillin and 0.25 μg/mL 
fungizone. Total yield of isolated hepatocytes was estimated by determination of the cell 
pellet volume after 3-times of centrifugation at 50x g for 3 min.6 Viability was determined 
by trypan blue exclusion test.

Hepatocyte culture

Hepatocytes were injected under sterile conditions into the bioreactor through the three 
loading ports that did not contain T-Bags. Bioreactors were then placed in a culture 
cabinet at 37oC and oxygenated with sterile 95% air and 5% CO2 at a flow rate of 150 
mL/min for the whole experiment. To ensure optimal cell attachment and an even cell 
distribution, bioreactors were subjected to a 340o transverse rotation for two hours. 
After this attachment period, dead and unattached cells were removed by flushing 
100 mL of fresh culture medium through the bioreactor at 15 mL/min. Bioreactors were 
then continuously perfused with 150 mL recirculating culture medium overnight at 
15 mL/min. 
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Study design

Proof of principle experiment

A proof of principle experiment was performed to compare morphology and gene 
expression of hepatocytes inside the bioreactor with hepatocytes attached to the T-bags in 
the same bioreactor at two different days. Four T-bag bioreactors were loaded with 1.0x109 
viable hepatocytes originating from one liver cell isolation. At both day 3 and day 5, a 
bioreactor with all T-bags still inserted, was fixated with 10% formalin and stored at 4oC 
until further histological analysis. At the same two days, a bioreactor was used to remove 
all twelve T-bags together with bioreactor samples for mRNA analysis. These actions 
were performed rapidly and under oxygenation to prevent deterioration or alteration in 
cellular mRNA content. The mRNA levels of seven genes (albumin, glutamine synthetase 
(GS), carbamoyl-phosphate synthetase (CPS), α-1-antitrypsin (AAT), β-actin, α-tubulin 
and β-tubulin) were determined to compare T-bags with bioreactor samples. Bioreactors 
were tested on their final day, i.e. day 3 (n=2) and day 5 (n=2) as described below.

Time experiment

Time-related changes in mRNA levels and morphology of hepatocytes inside a bioreactor 
were investigated by sampling cells at different time points. In total, four bioreactors were 
loaded with 1.0 x 109 viable hepatocytes deriving from different isolates. All bioreactors 
were cultured for 5 days under identical conditions. Bioreactors were tested at day 1, 
2, 3 and 5. Cell samples were collected at day 0 (cell isolate), 1 (T-bags), 3 (T-bags) 
and 5 (bioreactor matrix samples). Cell isolate samples (n=2) were collected in 1 ml 
Trizol (Invitrogen) for RNA isolations. At day 1 and 3, six T-bags were collected in 1ml 
Trizol for RNA isolation (n=3) or fixed with 1 ml 10% formalin (n=3). Bioreactor matrix 
samples (n=3) were treated like T-bag samples.

Hepatocyte function test

Each test consisted of an oxygen consumption test followed by a function test, as 
described previously.6 Briefly, oxygen consumption was determined by measuring the 
decrease in oxygen tension during the first 15 min after closing the oxygen supply to the 
bioreactor. A function test was performed by flushing the bioreactor with 100 mL of test 
medium composed of culture medium supplemented with 500 μg/mL lidocaine, 2 mM 
L-lactate and 5 mM NH4Cl; and followed by recirculation of 100 mL test medium for two 
hours at 37oC. Medium samples were taken at 30, 60, 90 and 120 min and subsequently 
analyzed for concentrations of ammonia, urea, lidocaine, albumin, glucose and lactate as 
well as activities of aspartate aminotransferase (AST) and lactate dehydrogenase (LDH). 
Ammonia and lidocaine elimination, urea and albumin production capacity, AST and 
LDH release, glucose and lactate consumption and/or production rates were determined 
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Gene primer 5’ - 3’
RT CCGGCGGGTCATGGGAATAAC

18S rRNA S TTCGGAACTGAGGCCATGAT
AS CGAACCTCCGACTTTCGTTCT
RT TTGGTCGGGCAGGATGAAG

AAT S GGGACACCGAAGAGGCCA
AS ATCAGCAGCACCCAGCTGG
RT CTCTTGGCCTTGGCAGCAC

AFP S GCCGCTTGCTGTCACCTCA
AS GGCCTCAAGTTGTTCCTCTG
RT GTCAGGAGCGGCGCAGCACTT

albumin S TGCGCTCATAGTTCGTTACACCA
AS AAGTTGCCCAGGACAGTTCTCAGT 
RT TTCAGGGCCCCATCAAAC

α-Tubulin S CCAATAACTATGCCCGAGGTC
AS TTGGCTAATAAGGCGGTTCAG
RT TCCAGGGCGACGTAGCACAG

β-Actin S GGACGAGGCCCAGAGCAAG
AS CCGGCCAGCCAGGTCCAG
RT ACAGCCCATCTTCTTCCAGAT

Bax-α S CGAGTGGCGGCCGAAATG
AS TGAGCACTCCGGCCACGAAG
RT TGCCCCACCGAAGGAGAAAAAG

Bcl-XL S GAGGGAGGCGGGCGATGAG
AS AAGGCCACAATGCGACCCCAG
RT GTGTAGAATAGAACAAAACC

β-Tubulin S AGTAGCCCGGGGGAAAGGAG
AS GATGTTGCCGAAAAGATGTTGTC
RT GTTCTGCCTTGATGACCTCTG

CPS S GGGATCGCAAGCTGTAAAAG
AS GTGTGATGGGGAGGAAGTAG
RT CTGTTGATACAAGTGCTGAG

CYP3A29 S CACGCAAGGGCTTACACAACC
AS ATCAGCACCCCGGAAAAGGAG
RT CGGGGAATGCGGATGCTA

GS S TGCCGGCTGCCACACCAAC
AS CCACGCCGGCAGAAAAGTCG
RT AACGGTTTGTCGATTTTTCTTTG

GSTπ S ATGGCCGAGGCAGAATGGAG
AS GGTGGGCACAGTGGCAACAG
RT ACAGCTTAGGGGGTGAACTC

LDH S GGCGGATGAAATTGCTCTCG
AS GTAACGGAACCGGGCTGAATC
RT CCCCGCAGCCCCTCCTCT

UCP-2 S GCCCCCGCAGCCTCTACA
AS TGCGCTTGGAACCGGACC

RT, reverse transcriptase primer; S, sense primer; AS, anti-
sense primer. AAT, α-1-antitrypsin; AFP, α-fetoprotein; 
CPS, carbamoyl-phosphate synthetase; CYP3A29, 
cytochrome P450 3A29; GS, glutamine synthetase; 
GST, π class glutathione S transferase; LDH, lactate 
dehydrogenase; UCP-2, uncoupling protein 2

Table 1. Primer sequences.
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by calculating the changes in concentration in test medium per hour per billion cells 
loaded in the bioreactor. 

qRT-PCR

Total RNA was isolated from samples collected in Trizol according to the manufacturer’s 
instructions until the first chloroform extraction. The RNA was further purified with an 
RNeasy Mini Kit (Qiagen) and DNAse (Boehringer Mannheim) treated. First strand 
cDNA was generated from 250 ng of total RNA using a mix of 20 pmol of each gene-
specific RT primer directed to the genes encoding albumin, GS, CPS, cytochrome P450 
3A29 (Cyp3A29), lactate dehydrogenase (LDH), uncoupling protein 2 (UCP-2), Bcl-XL, 
Bax-α, AAT, α-fetoprotein (AFP), π class glutathione S transferase (GSTπ), β-actin, 
α-tubulin and β-tubulin in combination with 5 pmol of RT primer for 18S ribosomal RNA 
together with 134 units Superscript III reverse transcriptase (Invitrogen) as described 
previously.16 Real-time PCR using Platinum SYBR Green qPCR SuperMix UDG 
(Invitrogen) was performed in 3mM MgCl according to manufacturer’s instructions. The 
PCR cycling profile was as described previously.16 RT and PCR primer sequences are 
presented in Table 1.

The relative starting levels of mRNA were calculated by analyzing linear regression 
on the Log (fluorescence) per cycle number data using LinRegPCR software17 followed 
by normalization for 18S ribosomal RNA. 

Histological analysis 

Bioreactors were fixed in 10% formalin after the last function test and stored at 4oC. 
Complete transverse 8 μm sections of the laboratory-scale bioreactor (ØID 22 mm) were 
obtained after embedding the whole bioreactor in paraffin as follows. Fixed bioreactors 
were manually flushed with an increasing ethanol series, i.e. 100 mL per flush at 37oC; 
1x 50% (v/v), 1x 70% (v/v), and 4x with 100% ethanol (v/v) (Merck). After dehydration, 
bioreactors were flushed three times with 100 mL xylene (Merck) at 37oC and followed by 
a single flush of 100 mL paraffin (Variwax, Klinipath) at 62oC. After paraffin embedding, 
bioreactor housings were removed by milling, leaving an intact roll of the paraffinized 
matrix and capillaries. This roll was then sliced into 1 cm discs, of which each disc was 
inserted in stainless steel cylinders (ØID 22 mm, 1 cm wide) with openings at both sides. 
Each cylinder was then placed in a 25 mL beaker containing pre-warmed paraffin and 
incubated for 12 hours under vacuum at 62oC to remove all air. Finally, and after cooling, 
each bioreactor disc was embedded in a mold and ready for sectioning. T-bags underwent 
the same sequence of ethanol dehydration, xylene preparation, paraffin embedding and 
sectioning.

All sections were stained with hematoxylin and eosin (HE) to evaluate tissue 
architecture and organization.
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Statistical analysis

Unpaired Student t tests were used to determine statistical differences between T-bags 
and matrix samples in the proof of principle experiment. Repeated measurement ANOVA 
tests were used to compare differences per day for each gene or function parameter in the 
time experiment. Significance was reached if P < 0.05. SPSS 12.0.1 (SPSS Inc., Chicago, 
IL, USA) was used for statistical analysis. Prism version 4.0 (GraphPad Prism Inc, San 
Diego, CA, USA) was used for graphical presentation of the data. Average values (± 
standard error) are reported. 

Results

Proof of Principle experiment

Bioreactors (n=4) were loaded with 1.0 x 109 hepatocytes originating from one liver 
cell isolate with a viability of 96% and total yield of 15.4 x 109 viable cells. Overall 
performance (i.e. function parameters for ammonia, urea, lidocaine, albumin, oxygen, 
glucose and lactate) of these bioreactors was comparable with results obtained in the time 
experiment at the same days, i.e. 109 ± 15% at d3 (day) (n=2) and 94 ± 7% at d5 (n=2), 
indicating that the bioreactors used for the ‘proof of principle’ study were representative 
for the bioreactors from the time experiment (Table 2). The results were also comparable 
with those of large-scale AMC-BAL bioreactors loaded with porcine hepatocytes, 
indicating that the insertion of T-bags did not interfere with the functional characteristics 
of the bioreactor.6  

Day 3 Day 5
% TE d3 % TE d5

Ammonia elimination 1 98.5 ± 10.1 97 73.4 ± 14.1 79
Urea production 1 44.3 ± 5.0 85 28.5 ± 2.4 84
Albumin production 2 95.2 ± 5.8 125 69.9 ± 12.8 95
Lidocaine elimination 1 56.8 ± 5.3 106 43.1 ± 12.8 107
Glucose consumption 1 141.4 ± 10.7 97 272.4 ± 48.5 94
Lactate production 1 217.5 ± 23.2 140 435.2 ± 88.7 95
Oxygen consumption 1 53.5 ± 4.2 116 55.2 ± 5.5 103

Average 109 ± 15 94 ± 7

TE, time experiment; d3, day 3; d5, day 5. 1 μmol/hour/109 cells. 2 mg/hour/109 cells. 
Values are reported as mean ± SE.

Table 2. Results of functional analysis of ‘proof of principle’ experiment.
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To show that the cells removed from the bioreactor using T-bags are representative 
for those remaining inside the bioreactor, we analyzed the histology of bioreactors with all 
T-bags still inserted and compared the histology of cells inside the bioreactor. Transverse 
sections were cut through the three positions at which four T-bags were inserted 
(Fig. 1B and D), and then compared with adjacent transverse sections of the same 
bioreactor. In Figure 1, an example is given of a transverse section through the middle 
part of the bioreactor (Fig. 1 E, F and H) that was compared with an adjacent transverse 
section (Fig. 1C and G) of the same bioreactor. Hepatocytes attached to in situ T-bags 
(Fig. 1H and L) were similar in macroscopic tissue organization, cellular structure and 
viability of hepatocytes inside the adjacent matrix of the same bioreactor (Fig. 1G and K) 
of either d3 or d5. Cells could be sampled from the bioreactor by removal of T-bags, as 
shown in figure 1M.

mRNA levels of selected genes were analyzed of cells from removed T-bags and 
compared with the mRNA levels of cells removed from representative bioreactor samples. 
Expression levels of all seven genes analyzed in T-bag- and matrix samples were in general 
highly comparable at d3 (n=6) and d5 (n=5). There were only significant differences for 
GS at d3 and CPS and β-tubulin at d5. Furthermore, no significant expression differences 
were found between T-bag samples removed at different positions for all genes for d3 
and d5 (Table 3).

These results indicate that T-bags are suitable for cell sampling and subsequent 
histological and gene expression analysis of hepatocytes inside the T-bag bioreactor.

Day 3 Day 5

Gene Matrix T-bags p Matrix T-bags p
(n=3) (n=12) (n=3) (n=12)

Albumin 0.50 ± 0.21 0.45 ± 0.23 ns 7.76 ± 1.28 5.47 ± 1.75 ns
AAT 5.55 ± 3.23 4.90 ± 2.23 ns 10.04 ± 2.86 7.95 ± 3.78 ns
CPS 0.019 ± 0.008 0.017 ± 0.007 ns 0.019 ± 0.004 0.007 ± 0.004 *
GS 0.37 ± 0.08 0.11 ± 0.04 * 0.49 ± 0.07 0.42 ± 0.35 ns

α-tubulin 0.20 ± 0.05 0.22 ± 0.04 ns 0.15 ± 0.01 0.21 ± 0.04 ns
ß-tubulin 0.013 ± 0.002 0.010 ± 0.004 ns 0.003 ± 0.001 0.014 ± 0.004 *

ß-actin 2.02 ± 0.17 2.07 ± 0.58 ns 1.55 ± 0.15 2.28 ± 0.62 ns

T-Bags vs Matrix day 3 1.24 ± 0.54 1.11 ± 0.45 ns

T-Bags vs Matrix day 5 2.34 ± 0.94 2.86 ± 0.62 ns

All T-Bags vs Matrix 2.0 ± 0.6 1.7 ± 0.691 ns

p, p-value; ns, not significant; *, p-value < 0.05

Table 3. Results gene expression analysis of ‘proof of principle’ experiment. Values are reported as relative 
mRNA levels (± SE).
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Time experiment

Four T-bag bioreactors were loaded with 1.0 x 109 hepatocytes originating from different 
liver cell isolates. Average yield (n=4) was 17.5 ± 2.8 109 viable cells with a mean viability 
of 97.5 ± 1.5 %.

Hepatocyte function test

Ammonia and lidocaine elimination as well as albumin and urea production were measured 
to determine liver-specific functions of the T-bag bioreactors. Ammonia elimination 
was stable during the 5 day culture with a mean rate of 98.1 ± 2.7 μmol/hour/109 
cells (Fig. 2A). Urea production was stable during the first 3 days with an average of 
59.7 ± 4.9 μmol/hour/109 cells, but was 1.8-fold lower at d5 (P < 0.05) (Fig. 2C). Lidocaine 
elimination decreased with 7.5 μmol/hour/109 cells per day (R2 > 0.99, P < 0.05) with a 
elimination capacity at d5 of 56.8 % as compared to d1 (Fig. 2E). Albumin was stable 
during the 5 day culture period with an average of 76.4 ± 2.0 mg/hour/109 cells, but was 
1.9-fold lower at d2 (P < 0.05) (Fig. 2G).

Oxygen consumption increased with a rate of 3.6 μmol/hour/109 cells per day over 5 
days (R2 > 0.99) (Fig. 3A). Glucose consumption and lactate production were determined 
as parameters of carbohydrate metabolism (Fig. 3B-C). At d1, glucose was produced 
and lactate was consumed, which was reversed from d2 to d5. Overall conversion rates 
of glucose and lactate, calculated by the slope over 5 days, was 76.9 and 125.3 μmol/
hour/109 cells per day, respectively (R2 > 0.98, P < 0.05). AST and LDH releases were 
significantly higher at d1 as compared to d2, d3 and d5 (Fig. 3E-F). AST release did 
not change during the remaining culture period, whereas a significant increase in LDH 
release was observed from d2 to d5. 

These results indicate that liver specific functions maximally decreased 1.9-fold or 
remained stable, whereas general metabolic functions could change dramatically during 
a 5 day culture period.

←  Figure 1. T-Bag bioreactor and ‘proof of principle’ experiment. A. T-bag bioreactor with twelve 
extra ports for insertion of T-bags (three loading ports are not visible); B. schematic longitudinal cross-
section of bioreactor indicating two matrix areas (open arrows) and three areas without matrix for 
T-bag insertion (capillary area; closed arrows); C, schematic transverse cross-section of bioreactor 
through matrix area (open arrows of B) indicating the polycarbonate housing (1), non-woven polyester 
matrix; (2), gas capillary (3) and the extra-capillary space for medium flow (4); D, schematic transverse 
cross-section of bioreactor at capillary area position (closed arrows of B) with four T-bags inserted 
(5) between the gas capillaries; E schematic figure indicating a cross section with the actual in situ 
position of four T-bags inside a paraffinized bioreactor (F); G, full transverse histological section 
through the matrix area (open arrows in B) and, H, through the capillary area (closed arrows in B; H 
is actual section of F). Microphotographs of bioreactor matrix (K) and T-bag (L) show the formation 
of tissue-like structure and demonstrate the similarity between cells attached to the T-bag as compared 
to the bioreactor matrix. An example of a removed T-bag at d3 is presented in M. Bars indicate 2.5 
mm (G, H, and F), 200 μm (K and L), and 1 mm (M). Sections are stained with H&E. See Appendix 
2 for color image.
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Figure 2. Hepatocyte-specific functions (white bar graphs) and transcriptional characteristics of related 
genes (black bar graphs; expressed in relative mRNA levels). (A) ammonia elimination (μmol/hour/109 
viable hepatocytes), (B) GS, (C) urea production (μmol/hour/109 viable hepatocytes), (D) CPS, (E) 
lidocaine elimination (μmol/hour/109 viable hepatocytes), (F) CYP3A29, (G) albumin production (mg/
hour/109 viable hepatocytes), (H) Albumin. Function tests were performed at day 1, 2, 3 and 5 (graphs 
A, C, E and G). Cell samples for mRNA analysis were collected at d0 from cell isolate, d1 and d3 from 
T-bags, d5 from bioreactor matrix samples (graphs B, C, E and F). Average values (± SE) are reported. 
Brackets indicate P < 0.05. Symbols indicate P < 0.05: * vs d1-3; ** all days; $ vs d1-5; # vs. d1, 3 and 
5; & vs. d1-5; nd, not determined.



Time-related analysis of hepatocytes inside the AMC-BAL

187

Time-related gene expression

Time-related mRNA changes of fifteen genes were determined in hepatocytes cultured 
during the 5 day period. Samples were taken at d0 from cell isolates, at d1 and d3 from 
T-bags and at d5 from pieces of matrix including capillaries. 

CPS is the rate-limiting enzyme of the urea cycle (Fig. 2D) and GS also contributes to 
the detoxification of ammonia (Fig. 2B). The CPS mRNA levels at d0 were significantly 
higher than d1, in contrast to the GS mRNA level that was lower than all other days. 
From day 1 to 5 no time-related trend was observed for GS mRNA, which correlates with 

Figure 3. Metabolic functions (white bar graphs) and transcriptional characteristics of related genes 
(black bar graphs; expressed in relative mRNA levels). (A) oxygen consumption (μmol/hour/109 viable 
hepatocytes), (B) glucose consumption (μmol/hour/109 viable hepatocytes), (C) lactate production 
(μmol/hour/109 viable hepatocytes), (D) UCP-2, (E) AST release (U/hour/109 viable hepatocytes), (F) 
LDH release (U/hour/109 viable hepatocytes), (G) Bax-α, (H) Bcl-XL, (I) LDH. Function tests were 
performed at day 1, 2, 3 and 5 (graphs A-D, E, F). Cell samples for mRNA analysis were collected at d0 
from cell isolate, d1 and d3 from T-bags, d5 from bioreactor matrix samples (graphs D, G-I). Average 
values (± SE) are reported. Brackets indicate P < 0.05. Symbols indicate P < 0.05: & vs. d1-3; * all 
days; # vs. d2-5; ** vs. d2-5; $ vs. d1-5; nd, not determined.
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the stable ammonia elimination. CPS mRNA level showed a non-significant tendency to 
increase from d1 to d5, which does not correlate with the urea production data. CYP3A29 
(Fig. 2F) and albumin mRNA (Fig. 2H) levels at d0 were significantly higher than d1, 
but from d1 the mRNA levels remained constant, despite a non-significant tendency to 
decrease in time. These results partly correspond with the lidocaine elimination as well as 
the albumin production data of the same bioreactors.

AAT is a hepatic marker, whereas GSTπ and AFP are known to correlate with a 
degree of de-differentiation and are associated with premature hepatocytes18. No specific 
trends or differences between days were observed for AAT and GSTπ mRNA levels 
(Table 4). AFP mRNA, however, increased to levels that were 91.3 and 198-fold higher 
for d3 and d5, respectively, as compared to d0 (P < 0.05). These results suggest that 
hepatic de-differentiation to some extent does occur inside a bioreactor. 

UCP-2 induces a proton leak of the inner mitochondrial membrane leading to 
an uncoupling of the oxidative phosphorylation and to decreased ATP synthesis. The 
mRNA levels of UCP-2 at d5 was 1.7 and 2.6-fold higher than at d3 and d1, respectively 
(Fig. 3D). In parallel, LDH mRNA levels at d3 and d5 were significantly higher than at d0 
(Fig. 3I). These results correspond well with the data of the same bioreactors concerning 
the lactate and glucose metabolism, oxygen consumption as well as LDH release 
(Fig. 3A-C and F). 

We analyzed two genes related to the mitochondrial apoptosis pathway to study the 
possible effects of cell injury and the role of mitochondria herein. Both pro-apoptotic 
gene Bax-α and anti-apoptotic gene Bcl-XL showed an increase in mRNA levels in 
time (Fig 3G and H). Bax-α and Bcl-XL mRNA levels increased with 6.7-fold and 
9.1-fold, respectively, from d0 to d5 (P < 0.05). These results suggest a balanced 

apoptosis regulation during culture.

Table 4. Transcript levels of three genes related to hepatic differentiation and three genes related 
to cytoskeleton (expressed in relative mRNA levels x 10-3). Cell samples for mRNA analysis were 
collected at day 0 from cell isolate, day 1 and 3 from T-bags, day 5 from bioreactor matrix samples. 
Average values (± SE) are reported. 

Hepatic (de-) differentiation Cytoskeleton

Day AAT * GSTπ * AFP α-tubulin β-tubulin β-actin

0 4781 ± 1659 2.29 ± 2.29 1.4 ± 0.5 85.9 ± 61.4 c 0.36 ± 0.36 e 16.2 ± 10.7 f

1 6058 ± 2490 0.71 ± 0.41 3.7 ± 3.5 271.4 ± 112.7 0.64 ± 0.23 56.1 ± 33.9
3 4038 ± 943 3.11 ± 1.91 128.7 ± 63.2 a 498.4 ± 121.8 d 2.84 ± 1.92 91.1 ± 65.7
5 5344 ± 1738 1.94 ± 1.60 280.2 ± 205.4 b 393.0 ± 231.7 4.50 ± 3.81 93.1 ± 55.1

* P > 0.05. P < 0.05 for a vs. d0 and d1, b vs. d0 - d3, c vs. d1 - d5, d vs. d1, e vs. d3 and d5, f vs. d3 and d5
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d3d1 d5

Figure 4. Histological analysis of time experiment. Hepatocytes removed with T-bags at day 1 (d1) 
and day 3 (d3), and cells in bioreactor matrix at the end of the culture period at day 5 (d5). Open 
triangles represent fibers of the non-woven polyester matrix. Black triangles point to elongated cells. 
Bar represents 50 μm; sections are stained with H&E. See Appendix 2 for color image.

Cytoskeleton proteins form the polarity of the cell and regulate cell shape in response 
to changes in the environment, e.g. fluid flow, cell-cell and cell-matrix interaction. Here 
we show that cytoskeletal genes showed approximately similar trends; all increased in 
time (Table 4). α-Tubulin mRNA level at d0 was 4.5 ± 0.9 fold lower than d1, d3 and d5 
(P < 0.05). β-Tubulin and β-actin mRNA levels increased with 12.7-fold and 5.8-fold, 
respectively, from d0 to d5 (P < 0.05). No significant differences in mRNA levels of all 
three cytoskeletal genes were detectable between d3 and d5. These results indicate that 
hepatocytes change significantly in their cytoskeletal structure during the 5 day culture 
period, particularly during the first 3 days.

Histological analysis

Single cells and multi-cellular organizations were observed after removal of T-bags 
displaying the heterogeneity of cellular morphology inside the bioreactor (Fig. 1). Cells 
removed by T-bags at d1 were mainly of hepatic morphology, i.e. round or cubical cells 
containing one or two nuclei (Fig. 4, d1). At d3, cells seemed to stretch and spread out 
between the fibers of the non-woven matrix (Fig. 4, d3). Cellular structures attached to 
the sides of T-bags and adjacent to the medium flow were more smooth and flattened. 
Bioreactor matrix samples at d5 roughly resembled the morphology of T-bag samples at 
d3, although some progression in elongation was observed (Fig. 4, d5).



Chapter 9

190

Discussion

We have developed a novel cell sampling technique to remove and analyze cultured 
hepatocytes from the AMC-BAL at any time-point without the necessity to terminate the 
bioreactor culture. In the proof of principle study, we showed that hepatocytes removed 
by the T-bags were representative for the whole bioreactor in many respects, proving 
the validity of this technique. By this technique we analyzed cellular morphology, 
gene expression patterns of fifteen genes and metabolic and liver-specific functions of 
hepatocytes inside the AMC-BAL during a 5 day culture period. We show that time-
related analysis of hepatocytes inside a bioreactor can be used to further investigate 
previously made observations in hepatic functionality and metabolism.

Ammonia elimination and urea production uncoupled after three days, since ammonia 
was relatively more eliminated than urea was produced. Ammonia can be detoxified via 
GS and the urea cycle. This is a multi-enzyme system located partly in the mitochondrion 
and partly in the cytosol. The production of urea is therefore more susceptible to cellular 
changes, e.g. mitochondrial pathology19, than the elimination of ammonia by GS. CPS 
mRNA levels, however, decrease from d0 to d1 and show a tendency to increase from d1 
to d5. Since GS mRNA levels were stable after d0, a possible explanation of the stable 
ammonia elimination could on the GS protein level. 

 Elimination of lidocaine by CYP3A29 correlated well with CYP3A29 mRNA levels 
at d1 to d5. Steepest decrease of CYP3A29 mRNA occurs immediately after isolation, 
between d0 and d1. This is in agreement with other observations that in general and 
without inducing agents, CYP3A mRNA levels as well as CYP3A activity decrease 
rapidly within the first 3 to 4 days of primary rat, human and porcine hepatocytes 
monolayer culture.14,20-24

Albumin mRNA levels and the secretion of albumin are reported to correlate well 
in primary hepatocyte culture in time.25-29 After an initial decrease of albumin mRNA 
levels between d0 (cell isolate) and d1 (first day in culture), the mRNA levels stabilize 
and, accordingly, the albumin production remains constant. We did not determine the 
albumin production capacity of cell isolates. As a consequence, we cannot compare the 
changes between d0 and d1 for albumin. The mRNA levels of albumin of d1, d3 and d5 
are, however, likely to be accountable for the albumin production of d1, d3 and d5.

From the CYP3A29 data it is clear that some dedifferentiation of the hepatocytes is 
occurring in time. This is also confirmed by the drastic increase in AFP mRNA levels. 
In general, hepatocytes loose their differentiated state in vitro in monolayer culture, 
which can be delayed by enriching culture medium with growth factors, amino acids, 
fatty acids and hormones, as well as improving the micro-environment with extracellular 
matrix components or three-dimensional (co-)culture conditions. In this study, however, 
the most significant changes in gene expression of hepatocyte-specific genes occurred 
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between d0 and d1. In this period, essential processes of attachment and adaptation to 
culture conditions take place inside the bioreactor. After this period, hepatocytes seem 
to settle and dedifferentiate slightly, since apart from AFP, the AAT, GSTπ, GS, CPS, 
CYP3A29 and albumin mRNA levels were relatively stable between d1 and d5. 

Glucose consumption, lactate production, LDH release and LDH mRNA levels 
increased in time, reflecting glycolytic activity with a tendency to become anaerobic. 
This might be related to the characteristic of porcine hepatocytes to cluster easily30 with 
an effect on local availability of oxygen. Since the bioreactors were rotated for 2 hours 
for optimal cell distribution, tissue-like clusters of porcine hepatocytes can form in which 
oxygen diffusion can be impaired in the center (> 150 μm) despite the presence of oxygen 
capillaries.31 This is supported by histological analysis of transverse sections in the proof 
of principle study. Secondly, fast growing non-parenchymal cells can also account for 
the increase in lactate production, LDH release and oxygen consumption32,33. However, 
other factors, such as the medium composition, e.g. 10 mM glucose, and decreased 
mitochondrial functionality may also contribute to these findings.

An important indication for a decline in mitochondrial function is the increase in 
UCP-2 mRNA levels. UCP-2 protein disrupts the inner mitochondrial membrane potential 
that leads to an uncoupling of the oxidative phosphorylation. This process results in the 
loss of mitochondrial ATP synthesis and causes an increase in respiration, which can be 
measured as an increase in cellular oxygen consumption, as observed in this study. As a 
result of mitochondrial uncoupling, ATP formation is less efficient causing a depletion of 
intracellular ATP content. If no regulatory mechanism counteracts this process, cellular 
ATP synthesis will increasingly rely on the glycolysis, and, ultimately may lead to cellular 
oncosis.34-38

Another indication for mitochondrial dysfunction is the increase in pro-apoptotic 
Bax-α mRNA levels. Bax-α protein is related to the intrinsic mitochondrial apoptosis 
pathway and induces cytochrome c release, mitochondrial permeabilization via the 
mitochondrial permeability transition (MPT) pore and other mitochondrial apoptogenic 
factors (Smac/Diablo, HtrA2/Omi) that are involved in the caspase cascade.39 Interestingly, 
Bcl-XL mRNA, the anti-apoptotic equivalent of Bax-α, is also upregulated in this study. 
Bcl-XL is capable of inhibiting or delaying cytochrome c release and mitochondrial pore 
formation by Bax-α.40,41 This suggests a modulation of mitochondrial related apoptosis, in 
which anti-apoptotic processes are upregulated to maintain the viability of hepatocytes. 
This is also supported by the low AST releases indicating stable hepato-cellular integrity 
with a minor role of cellular oncosis. 

Actin and tubulin are major proteins of the cytoskeleton of eukaryotic cells and form 
the polarity of cells. They can regulate cell shape, cell movement and the plane of cell 
division. In this study, β-actin, α-tubulin and β-tubulin mRNA levels increased in time 
which is in accordance with the morphological changes seen in T-bag samples as well as in 
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matrix histological samples. Ben-Ze’ev et al. have shown an inverse relationship between 
the overall expression of cytoskeleton proteins and the expression of the hepatocyte 
phenotype.42 In this study, however, the relation between cellular morphological changes, 
mRNA levels of hepatic (de-) differentiation markers and hepatocyte-specific functions 
were not clearly inversely related for all investigated proteins.42-44 The observed changes 
in cellular morphology and cytoskeleton mRNA levels can partly be explained by the 
adaptation to the culture conditions and stabilization after 3 days and by two characteristics 
of the bioreactor configuration: 1. the non-woven matrix and 2. direct contact between 
the cells and perfused medium. Because of the large anchorage surface area per mm2 
of the matrix, areas of sub-confluent hepatocyte densities are present. This leads to cell 
stretching and spreading of hepatocytes and ultimately to a morphologically heterogeneous 
hepatocyte population. Hepatocytes also adapt their cellular morphology to shear stresses 
caused by the perfusion of medium. In addition, medium perfusion also improves mass 
transfer of essential nutrients and oxygen supply, which may lead to phenotypic changes 
as well45-48 It should be noted, however, that maximal shear stresses inside the AMC-BAL 
did not exceed 0.04 Pa49 and was well below the tolerable level of 1 Pa.48

In summary, we have developed a novel cell sampling method that drastically 
facilitates analysis of dynamic processes of hepatocyte culture inside the AMC-BAL. We 
were able to study time-dependent gene expression profiles and morphological changes of 
hepatocytes, in parallel with metabolic and hepatocytes-specific functions. We observed 
that hepatocytes were able to form tissue-like structures with clear adaptation to the 
environment. We furthermore conclude that freshly isolated mature porcine hepatocytes 
in the AMC-BAL remain considerably differentiated once the cells have adapted to 
culture conditions with an acceptable high liver-specific function during a 5 day culture 
period. However, we also observed clear indications for local anaerobic glycolysis and 
less optimal mitochondrial function.

This cell sampling principle can be applied to other bioreactors that rely on high 
density perfused cell cultures in a three-dimensional environment. The actual cell 
sampling technique, however, is intrinsic to the configuration of the bioreactor, and, as 
a consequence should therefore be modified to effectuate the cell sampling principle. As 
a result, in depth analysis of hepatocytes co-cultured with non-parenchymal cells and/or 
the effects of enriched culture medium on cell viability and function will greatly enhance 
new or existing BAL devices. Further analysis can be greatly extended by performing 
microarray analyses on the T-bag samples. Ultimately, we will use this concept in future 
studies to facilitate a better understanding of long-term culture of immortalized human 
liver cell lines inside the AMC-BAL.
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