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Abstract: Although cultivated hepatocytes are widely used in the studies of drug metabolism, their application in toxicogenomics is 
considered as problematic, because previous studies have reported only little overlap between chemically induced gene expression 
alterations in liver in vivo and in cultivated hepatocytes. Here, we identified 22 genes that were altered in livers of rats after oral 
administration of the liver carcinogens aflatoxin B1 (AB1), 2-nitrofluorene (2-NF), methapyrilene (MP) or piperonyl-butoxide (PBO). 
The functions of the 22 genes have been classified into two groups. Genes related to stress response, DNA repair or metabolism and 
genes associated with cell proliferation, respectively. Next, rat hepatocyte sandwich cultures were exposed to AB1, 2-NF, MP or PBO for 
24h and expression of the above mentioned genes was determined by RT-qPCR. Significant correlations between the degree of gene 
expression alterations in vivo and in vitro were obtained for the stress, DNA repair and metabolism associated genes at concentrations 
covering a range from cytotoxic concentrations to non-toxic/in vivo relevant concentrations. In contrast to the stress associated genes, no 
significant in vivo/in vitro correlation was obtained for the genes associated with cell proliferation. To understand the reason of this 
discrepancy, we compared replacement proliferation in vivo and in vitro. While hepatocytes in vivo, killed after administration of 
hepatotoxic compounds, are rapidly replaced by proliferating surviving cells, in vitro no replacement proliferation as evidenced by BrdU 
incorporation was observed after washing out hepatotoxic concentrations of MP. In conclusion, there is a good correlation between gene 
expression alterations induced by liver carcinogens in vivo and in cultivated hepatocytes. However, it should be considered that cultivated 
primary hepatocytes do not show replacement proliferation explaining the in vivo/in vitro discrepancy concerning proliferation associated 
genes. 
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INTRODUCTION 

Toxicogenomic-based approaches represent a promising tool to 
elucidate mechanisms of toxicity and to identify signatures related 
to carcinogenic events and tumor development [1-6]. Several in 
vivo studies have shown that it is possible to identify carcinogens 
using genomic signatures [7-10]. [11] identified cellular pathways 
affected by genotoxic and non-genotoxic carcinogens in rat liver 
and used a training set of genotoxic liver carcinogens, non-
genotoxic liver carcinogens and non-carcinogenic compounds to 
establish a classification algorithm which allowed prediction of a 
follow-up set of compounds with 88% accuracy [7]. Similarly, [8] 
identified a multi-gene biomarker that predicts long term liver 
tumor formation. 

The latter examples illustrate that toxicogenomics represent in 
vivo a powerful tool to predict liver carcinogenicity from gene 
expression alterations in liver tissue after short term exposure. 
There is a general agreement that it would represent an enormous 
advantage if cultivated hepatocytes could be used for this purpose 
instead of animals [12-19]. Although hepatocyte cultures represent 
a well accepted tool for toxicity studies [20, 21], enzyme induction 
[22-24], hepatotoxicity [25-27] and signal transduction [28-31], 
their contribution in toxicogenomics is considered as problematic. 
This critical attitude comes from two observations: First, it has been 
reported that there is only a little overlap between gene expression  
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alterations induced in liver in vivo and in cultivated hepatocytes 
[32]. For example, paracetamol altered expression of 1349 genes in 
rat liver in vivo, 368 genes in rat hepatocytes cultivated in a 
standard medium and 1289 genes in rat hepatocytes cultivated in a 
modified medium containing enzyme inducers. However, only 18 
(1.4%) and 2 (0.5%) of the genes altered in vitro (in hepatocytes 
cultivated in modified and standard medium, respectively, 
considering only alterations in the same direction) were also altered 
in vivo. Unexpectedly, there was no overlap of gene expression 
which was altered in both in vitro systems with hepatocytes and in 
vivo in livers of rats [40]. Second, cultivated hepatocytes are 
problematic for toxicogenomics, because basal levels of gene 
expression are not stable since more than 500 genes are already 
changed when primary hepatocytes are brought into culture [33-35]. 
Recently, we have identified a mechanism responsible for the gene 
expression alterations of cultivated hepatocytes [36-38]. Upon 
attachment, cultivated hepatocytes show enhanced focal adhesion 
kinase/src activity causing features of epithelial to mesenchymal 
transition (EMT) via the Raf/Mek/Erk and resistance to apoptosis 
via the PI3K/Akt pathway. These effects can be ameliorated but not 
completely avoided in sandwich cultures. Although the long term 
goal must be a further improvement of hepatocyte in vitro systems, 
we already started a toxicogenomics program based on the currently 
best available systems with cultivated hepatocytes. Recently, we 
could show that after some technical optimization, a hepatocyte 
sandwich culture system can be applied to reproducibly detect gene 
expression alterations of the non-genotoxic liver carcinogen MP at 
in vivo relevant concentrations [38]. In the present study, we 
compared expression of genes in vivo in rat liver to primary 
hepatocytes cultivated in sandwich culture. Gene expression 
alterations were induced by two non-genotoxic (methapyrilene, 
piperonyl butoxide) and by two genotoxic (aflatoxin B1, 2-
nitrofluorene) liver carcinogens. 
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MATERIALS AND METHODS 

Chemicals 

Williams Medium E, Penicillin/Streptomycin solution and 
SeraPlus (FBS) were obtained from PAN-Biotech (Aidenbach, 
Germany). 10x DMEM was ordered from Biozol (Eching, 
Germany). Gentamicin (10 mg/mL) was purchased from Invitrogen 
Corp. (Karlsruhe, Germany). PBO, 2-NF, AB1, Dexamethasone 
and MP were ordered from Sigma-Aldrich Chemie GmbH 
(Taufkirchen, Germany) (Chemical structures in Suppl. Fig. 6). 
Rat-tail tendon collagen I for sandwich culture was provided by 
Roche (Mannheim, Germany).  

Animals 

Male Wistar rats with a body weight of 250 g were purchased 
from Charles River (Sulzfeld, Germany). The animals had free 
access to food (ssniff, Soest, Germany) and water and were housed 
until reaching a weight of 300-400 g. The animals were kept under 
controlled temperature (18–26°C), humidity (30–70%), and lighting 
(12 h light/dark cycle) and were acclimated for a minimum of 6 
days. 

Isolation, Cultivation and Treatment of Primary Rat 
Hepatocytes  

Isolation and cultivation of hepatocytes were performed 
according to [38], with minor modification: Hepatocytes were 
isolated from male Wistar rats using a technique described by [21]. 
In brief, the animals were anesthetized using an i.p.-injection of a 
combination of 20 mg/kg xylazine (Rompun 2 %, Bayer, 
Leverkusen, Germany) and 61.5 mg/kg ketamine (Ratiopharm, 
Ulm, Germany). The liver was perfused via the vena portae for 15 
min with an EGTA-buffer at 37 °C. The constant temperature was 
achieved using an inline heating system (SAHARAInline, 
Transmed Sarstedt Group, Bad Wünnenberg, Germany). The 
EGTA-buffer consists of 248 mL glucose-solution (9 g/L D-
glucose), 40 mL KH-buffer (60 g/L NaCl, 1.75 g/L KCl, and 1.6 
g/L KH2PO4; adjusted to pH 7.4), 40 mL HEPES-buffer (60 g/L 
HEPES; adjusted to pH 8.5), 60 mL amino acid solution (0.27 g/L 
L-alanine, 0.14 g/L L-aspartic acid, 0.4 g/L L-asparagine, 0.27 g/L 
L-citrulline, 0.14 g/L L-cysteine, 1 g/L L-histidine, 1 g/L L-
glutamic acid, 1 g/L L-glycin, 0.4 g/L L-isoleucine, 0.8 g/L L-
leucine, 1.3 g/L L-lysine, 0.55 g/L L-methionine, 0.65 g/L L-
ornithine, 0.55 g/L L-phenylalanine, 0.55 g/L L-proline, 0.65 g/L L-
serine, 1.35 g/L L-threonine, 0.65 g/L L-tryptophan, 0.55 g/L L-
tyrosine, 0.8 g/L L-valine; amino acids that could not be dissolved 
at neutral pH were dissolved by addition of 10 N NaOH at pH 11.0 
and thereafter adjusted to pH 7.6), 2 mL glutamine solution (7 g/L 
L-glutamine, freshly prepared) and 0.8 mL EGTA-solution (47.5 
g/L EGTA, dissolved by addition of NaOH, adjusted to pH 7.6). 
Subsequently, perfusion was continued for 15 min with a 
collagenase buffer (37 °C) consisting of 155 mL glucose solution, 
25 mL KH-buffer, 25 mL HEPES-buffer, 38 mL amino acid 
solution, 10 mL CaCl2 solution (19 g/L CaCl2 x 2 H2O), 2.5 mL 
glutamine solution and 90 mg collagenase type I (Sigma, 
Taufkirchen, Germany) that were dissolved in the prewarmed 
mixture of the above mentioned solutions immediately before use. 
After perfusion, the liver was dissected and dissociated in 
suspension buffer (124 mL glucose-solution, 20 mL KH buffer, 20 
mL HEPES buffer (pH 7.6), 30 mL amino acid solution, 2 mL 
glutamine solution, 1.6 mL CaCl2 solution, 0.8 mL MgSO4 solution 
(24.6 g/L MgSO4 x7 H2O) and 0.4 g bovine serum albumin). The 
liver cell suspension was filtered through a 100 µm cell strainer, 
centrifuged for 5 min at 50 x g, washed twice with suspension 
buffer, centrifuged again and resuspended in 30 mL suspension 
buffer. Cell viability was assessed using Trypan blue dye exclusion  
 

rate and hepatocytes with a viability greater than 70 % were used. 
The collagen sandwich cultures were prepared by adding 12 mL of 
0.2 % (v/v) acetic acid to the lyophilized collagen. After dissolving 
the collagen over night at 4 °C, 1.2 mL of 10x DMEM was added 
and the acid solution was neutralized by adding 1M NaOH solution. 
250 µl of the collagen solution were added to each well of the 6-
well plate (Sarstedt, Nümbrecht, Germany) and solidified for 30 
minutes. For attachment, 2 mL of Williams Medium E (WME) 
(with 10 % FBS, 100 units/mL Penicillin, 0.1 mg/mL streptomycin, 
10 µg/mL gentamycine, 100 nM dexamethasone) were added to 
each well. Hepatocytes were plated with a density of 1x106 cells per 
well. Cells were cultured at 37 °C and 5 % CO2 in a humified 
atmosphere. 3 h after seeding cells attached to the first layer of the 
collagen-sandwich were washed with warm (37 °C) WME 
including the same additives as for hepatocyte culture and 
compound exposure. The second layer of the collagen-sandwich 
was added and after 30 minutes of gelation, WME was added. 
Sandwich cultures of primary rat hepatocytes from at least three 
different donor animals were incubated with test substances after an 
overnight cultivation of the primary hepatocytes in the following 
concentrations: MP: 0.39, 6.25, 100 µM; PBO: 4, 20, 100 µM; 
AB1: 2, 8, 32 nM; 2-NF: 2, 10, 50 µM. As mentioned before, 
hepatocytes were incubated on 6-well dishes, whereby three wells 
of each dish were used for compound exposures and three wells as 
corresponding solvent controls. This procedure resulted in three 
technical replicates per experiment. In addition, three biological 
replicates were performed using hepatocytes from three rats and 
performing the experiments at different days. The time schedule of 
hepatocyte cultivation and compound exposure is as follows: day 0 
(beginning at 8:00 am last step at 3:00 pm): preparation of rats, 
liver perfusion preparation of the sandwich cultures, day 1 (3:00 
pm): start of compound exposure, day 2 (3:00 pm): end of 
compound exposure period, harvesting of cells and RNA.  

RNA Isolation and Quantitative RT-PCR 

RNA isolation and RT-PCR were performed according to [38], 
with minor modification: After the 24h compound exposure period 
at day 2 the culture medium was removed and 1 mL of QIAzol 
(QIAGEN, Hilden, Germany) was added immediately to the 
hepatocyte cultures. RNA isolation was performed according to the 
manufacturer’s instruction. The quality of RNA was assessed using 
a NanoDrop ND-1000. 2 µg of RNA were reverse transcribed to 
cDNA using the High Capacity cDNA Reverse Transcription Kit 
(Applied Biosystems, Darmstadt, Germany) according to the 
protocol provided by the manufacturer. Real-time quantitative PCR 
was performed on an ABI 7900 HT Fast Real-Time PCR system 
(Applied Biosystems). 100 ng of cDNA was used per reaction and 
the PCR conditions followed the standard specifications 
recommended by the manufacturer. 18S ribosomal RNA or beta-
actin was used for normalization. The TaqMan technique was used 
for gene expression analysis. Genes selected for in vitro analysis 
belong to the categories detoxification response, regeneration, 
oxidative stress response, oxidative stress response/DNA damage 
response (p53-related), cell cycle progression, cell survival and 
general stress response. Calculation of relative gene expression was 
performed using the 2-ΔΔCt method. The RNA expression of the 
untreated cells at the beginning of the compound exposure period 
was set as the calibrator. The time-matched untreated cells 
represent the control. 

Cell Viability Assay and PBPK Modeling 

The effect of MP, PBO, 2-NF and AB1 on the viability of 
primary hepatocytes was determined using the CellTiter-Blue® Cell 
Viability Assay (Promega, Mannheim, Germany). The hepatocytes 
were incubated for 72 h with the following concentrations of the 
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Table 1. Genes at least 2-fold up- or downregulated in liver tissue of Wistar rats after exposure to AB1, 2-NF, MP or PBO (the gene array data 
were obtained from: [11]) 

 
Gene symbol Gene name Gene function Overall classification 

Abcb1 (MDR/TAP), member 1 ABC transporter, multidrug resistance, 
xenobiotic efflux 

Apex1 apurinic/apyrimidinic endonuclease 1 Endonuclease, multifunctional DNA 
repair enzyme 

Bax Bcl2-associated X protein BCL2-family, pro-apoptotic, increased 
mitochondrial membrane permeability 

Cdkn1a cy clin-dependent kinase inhibitor 1A 
(p21, Cip1) 

Induces cell cycle arrest under stress 
conditions, induced by p53 

Gadd45a growth arrest and DNA-damage-inducible 
protein alpha 

SAPK-JNK and p38 activator via M KK4 

Gsta2 glutathione-S-transferase, alpha type 2 M etabolism of bilirrubin and anticancer 
drugs; gluthation peroxidase activity 

Gsta5 glutathione-S-transferase Yc2 subunit Similar to Gsta2 

Hsf1 heat shock transcription factor 1 Stress-induced heat shock factor, pro-
survival 

M dm2 transformed mouse 3T3 cell double 
minute 2 homolog (mouse) (predicted) 

p 53-induced target, functions as a 
negative feedback loop to repress p53 by 

proteasomal degradation 

Mt1a metallothionein 1a Intracellular antioxidant, ROS scavenger, 
Zn and Cd sequestering 

Myc myelocytomatosis oncogene Induces p53 stabilization in stress; DNA 
damage- induced G2 arrest 

Nqo1 NAD(P)H-dehydrogenase, quinone 1 Plasma membrane oxidoreductase, 
protective against metabolic and 

proteotoxic stress 

Sds serine dehydratase Glucocorticoid-induced gene during stress 
responses 

Ugt1a6 UDP-glycosyltransferase 1 family,  
p olypeptide A6 

Glucoronidation of toxic metabolites, 
facilitates excretion by increasing 

solubility in water 

Stress response/ DNA-repair/ 
metabolism 

Atf3 activating transcription factor 3 Cyclin-D expression in hepatocytes 

Cdc2 cell division cycle 2 protein kinase (CDK1 
Cyclin dependent kinase 1) 

Cell cycle regulation, promotes G2-M 
transition 

Cdc20 cell division cycle 20 homolog Activator of the Anaphase Promoting 
Complex (APC) during cell cycle 

Igfbp1 insulin-like growth factor  
binding protein 1 

Important for hepatocyte proliferation 
during liver regeneration, protects against 

apoptosis by binding Bak at the 
mitochondria 

Hdc histidine decarboxylase Important for histamine synthesis by 
macrophages, induced during liver 

damage and regeneration 

M ap3k12 mitogen activated protein kinase kinase 
kinase 12 

M ixed lineage kinase, important for 
activation of JNK during nerve 

regeneration 

M cm6 minichromosome maintenance deficient 6 Constituent of the M CM complex, which 
possesses DNA helicase activity 

Phgdh 3-phosphoglycerate dehydrogenase Glycolitic enzyme, synthesis of Serine and 
Glycine, increased expression associated 
to tumor growth and liver regeneration 

Top2a topoisomerase (DNA) II alpha Enzyme involved in eliminating DNA 
supercoiling which occurs during 

proliferation 

Proliferation / Regeneration 

 
substances: PBO, MP: 1000, 316.5, 100.1, 31.7, 10, 3.17, 1, 0.318 
µM, AB1: 3, 0.950 0.3, 0.095, 0.03, 0.0095, 0.003, 0.00095 µM, 2-
NF: 200, 63.3, 20, 6.3, 2, 0.63, 0.2, 0.063 µM. On day one after 
isolation, the hepatocytes were exposed to the substances for 72 h. 
After 68 h, the CellTiter-Blue®-reagent was added to the substance 

containing medium. At the end of the 72 h incubation period, 
medium was collected and fluorescence was measured (excitation: 
579 nm emission: 584 nm). The medium of untreated cells was also 
measured and was set to 100% viability. In addition to the 
CellTiter-Blue® test hepatocyte morphology was assessed by light 
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microscopy. PBPK modeling was performed as described by  
[39]. 

In Vivo Data 

In order to investigate a possible in vivo/in vitro correlation of 
gene expression alterations, we selected several genes from the 
study of [11] known to be deregulated in response to 24 h short-
term exposure to genotoxic or non-genotoxic compounds in vivo. In 
the latter study male Wistar rats were exposed to genotoxic or non-
genotoxic compounds, deregulated genes were detected by 
microarray analysis and assigned to different functional categories. 
For the current in vitro study we selected genes that were at least 2-
fold up- or downregulated by one of the compounds AB1, 2-NF, 
MP and PBO in vivo. This resulted in 22 genes listed in Table 1. In 
addition we added Atf3 as a negative control gene since it was 
altered less than 2-fold in vivo. The fold change shown in Table 2 is 
the mean-value of all replicates used in the study of [11]. 

In Vitro Data 

For gene expression analysis of the in vitro treated cells, 
quantitative real time PCR was performed and the 2-ddCt-values 
were calculated (data of single experiments are shown in 
Supplemental Tables 1-4). To calculate the fold changes shown in 

Table 2, the median of all available 2-ddCt-values of the treated cells 
and the time matched control were taken and the median of the 
treated samples was divided by the median of the control. 

Statistical Methods 

The Pearson correlation coefficient between the log-
transformed in vitro and in vivo values was calculated and it was 
tested whether it was significantly different from zero. P-values of 
these tests are shown. 

RESULTS 

Identification of Target Genes In Vivo 

To identify genes which were differentially expressed after in 
vivo exposure of rats to aflatoxin B1 (AB1), 2-nitrofluorene (2-NF), 
methapyrilene (MP) and piperonyl-butoxide (PBO) (exposure 
schedules: Fig. 1), we used gene array data from a previously 
published study [11]. Inclusion criteria for genes was that at least 
one of the compounds AB1, 2-NF, MP or PBO should cause an at 
least 2-fold increase or decrease of expression. This resulted in 
selection of genes which could be classified as either stress 
response, metabolism as well as DNA repair associated or 
associated with proliferating cells (Table 1). 

Table 2. Gene expression alterations induced by MP, PBO, AB1 and 2-NF in vivo [11] and in cultivated hepatocytes (current data). The numbers 
represent fold changes compared to controls. In vitro, control hepatocytes have been cultivated on the same 6-well dishes as the 
compound exposed hepatocytes. Data are means of available Probe sets (in vivo) and medians of three independent experiments (in vitro). 
The data of all single experiments are shown in Suppl. Tables 1-5 

 
MP PBO AB1 2-NF 

in vivo  in vitro in vivo  in vitro in vivo  in vitro in vivo  in vitro 

 [mg/kg bw] [µM] [mg/kg bw] [µM] [mg/kg bw] [nM] [mg/kg bw] [µM] 

  60 100 6.25 0.39 1200 100 20 4 0.24 32 8 2 44 50 10 2 

Abcb1 22.79 2.02 1.24 0.88 16.68 1.79 0.85 1.09 357.13 1.61 2.98 1.49 31.01 1.57 2.06 1.11 

Apex 1.59 1.02 0.87 1.12 2.02 1.66 1.05 1.05 0.73 1.43 1.11 0.84 2.57 1.31 1.11 1.05 

Bax 1.74 1.26 1.02 0.89 2.08 1.17 0.92 1.02 5.67 2.25 2.31 1.20 2.50 1.24 1.16 1.02 

Cdkn1a 1.19 4.25 1.70 0.96 0.99 0.89 1.01 1.00 11.61 1.43 2.18 1.34 6.35 2.28 1.96 1.01 

Gadd45a 2.30 1.36 1.15 1.22 1.55 1.21 0.70 1.13 1.53 1.27 1.57 0.81 1.07 1.86 1.82 1.01 

Gsta2 2.40 1.92 1.12 0.98 4.85 7.30 4.67 1.31 1.48 2.07 2.61 1.28 5.09 7.50 3.58 1.30 

Gsta5 4.13 0.57 0.58 1.30 9.08 1.50 1.68 1.28 2.08 0.85 0.88 1.02 10.78 3.43 1.59 1.28 

Hsf1 4.54 2.01 1.19 1.11 1.16 1.03 1.03 1.11 3.02 1.72 1.77 1.03 1.36 1.65 1.27 0.91 

Mdm2 1.11 3.44 1.67 0.85 2.01 1.42 0.94 1.18 3.90 2.14 3.86 1.28 3.56 2.60 1.91 0.97 

Mt1a 1.92 1.41 0.86 0.88 0.61 0.69 1.14 1.05 0.32 1.00 0.98 1.03 0.43 0.55 0.98 1.18 

Myc 3.10 1.25 1.26 1.10 2.27 1.18 0.83 1.03 1.44 0.77 0.94 0.90 2.46 1.39 1.05 1.01 

Nqo1 1.76 1.73 1.38 1.04 3.13 2.93 2.80 0.92 1.29 2.57 2.72 1.19 4.61 5.44 3.12 1.44 

Sds 0.84 1.94 0.38 0.68 0.16 0.13 0.30 0.78 0.20 0.68 1.19 1.02 0.79 0.37 0.55 1.18 

Ugt1a6 1.23 0.48 0.74 0.92 3.27 3.08 2.31 1.12 1.00 0.87 0.98 1.07 1.30 2.62 2.13 1.43 

Atf3 1.19 2.97 1.14 1.14 0.90 1.41 0.85 1.22 1.31 0.70 0.98 1.42 0.90 1.72 1.60 1.47 

Cdc2 1.05 3.12 2.40 1.16 4.40 1.60 1.05 1.73 0.55 4.73 2.41 1.25 1.31 1.93 1.11 1.05 

Cdc20 0.77 1.73 1.22 1.00 2.91 1.52 1.14 0.97 0.35 2.81 1.15 1.02 0.65 0.90 1.29 1.20 

Igfbp1 0.85 0.45 1.35 1.12 0.93 1.14 0.85 1.10 0.19 0.31 0.69 0.87 0.53 0.62 0.51 0.70 

Hdc 2.56 0.52 0.54 0.82 11.03 6.53 2.50 1.34 1.04 2.29 0.97 1.25 1.79 0.34 1.40 1.33 

Map3k12 0.42 0.51 0.84 0.85 3.72 0.75 0.79 0.93 0.23 1.78 1.90 1.14 0.46 1.06 1.30 0.98 

Mcm6 1.28 2.52 1.89 0.98 7.80 1.12 1.09 1.21 0.93 1.50 1.58 0.94 1.71 2.01 1.51 1.04 

3-Phgdh 1.92 0.23 0.40 0.81 1.74 1.91 1.41 1.25 1.07 0.89 0.42 0.99 0.95 0.70 0.88 1.03 

Top2a 0.96 2.65 2.30 0.44 3.94 0.31 0.47 1.51 0.58 1.49 2.64 0.82 0.98 1.14 1.06 1.16 
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Fig. (1). Identification of concentrations for gene expression analysis. A. PBPK modelling of plasma peak concentrations in the portal vein of rats after a single 
oral administration of AB1, 2-NF, MP or PBO. Modelling was performed using the doses described in the study of [11] summarized in B (gavage dose). It 
should be considered that the applied technique of PBPK modeling [39] has been established to estimate initial peak concentrations after oral administration of 
test compounds but not to determine later concentrations (e.g. the apparent plateau 1.5h after AB1 administration should be interpreted with this restriction). B. 
Summary of the peak plasma concentrations (cmax) in the portal vein which supplies the liver with blood from the intestine and the cmax of the liver vein. The 
IC20 and IC50 were determined by the CellTiter-Blue viability assay (Supplemental Fig. 1) for MP and AB1. Based on the plasma peak concentration in the 
portal vein and the concentration where cytotoxicity or morphological alterations were observed we determined three concentrations C1-C3 that were used for 
gene expression analysis. 
*For PBO and 2-NF we observed clear morphological alterations of the hepatocytes already at concentrations where no reduction of fluorescence was observed 
in the CellTiter-Blue viability assay (Supplemental Fig. 2, 3). Therefore, 31.69 µM PBO and 20.03 µM 2-NF do not represent IC20 values but the lowest 
concentrations where morphological alterations were observed. IC50 values were not determined for PBO and 2-NF. 

Identification of Adequate Concentration Ranges for In Vitro 
Testing 

Concentration ranges for test compounds in in vitro testing 
should fulfil two criterias: (1) The highest concentration should be 

in the range of slight cytotoxicity, (2) the concentration range 
should include an in vivo relevant concentration, which resembles 
the peak blood concentration in the portal vein after oral 
administration of the test compound using the exposure schedule of 
Ellinger-Ziegelbauer et al. (2005) (Fig. 1B). In order to fulfil 

Compound Cytotoxicity test

portal vein hepatic vein
MP 1.92 1.15 44.39 161.26 0.39 6.25 100.00 53.0
PBO 249.70 89.35 31.69* -- 4.00 20.00 100.00 1200
AFB1 0.55 0.64 0.0028 0.0114 0.002 0.008 0.032 0.24
2-NF 43.13 43.13 20.03* -- 2.00 10.00 50.00 44.0
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Fig. (2). In vivo/in vitro correlation of gene expression alterations induced by AB1, 2-NF, MP or PBO. Three concentrations have been tested in vitro but only 
one in vivo dose has been applied. Each point represents the fold deregulation (ratio between compound exposed and solvent control) of hepatocytes in vitro 
and rat liver in vivo for a given gene and compound. The data used for the correlation are shown in Table 2. The raw data are shown in Supplemental Tables 1-
5. Data of all four compounds have been compiled. A presentation of the individual compounds is shown in Supplemental Fig. (4-5). Significant correlations 
were obtained for the “stress associated genes” (list of genes: Table 1) that comprise a gene group involved in stress response, metabolism and DNA repair. In 
contrast, no significant correlation was seen for a group of genes involved in cell proliferation. 

criterion 1 cytotoxicity tests were performed and IC 20 values 
determined (Supplemental Fig. 1-3; Fig. 1B). In vivo relevant 
concentrations (criterion 2) were determined using PBPK modeling 
[39] (Fig. 1A). Based on toxicity data and PBPK modeling, three 
concentrations for each compound (Fig. 1B) were chosen for 
analysis of gene expression.  

In Vitro/In Vivo Correlation for Stress and Metabolism 
Associated Genes 

To study the influence of MP, PBO, AB1 and 2-NF on gene 
expression of cultivated hepatocytes we used the concentrations 
summarized in Fig. (1B), applied an experimental design where test 
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compound exposed hepatocytes and controls were cultivated on the 
same 6-well dish (3 wells exposed; 3 wells solvent controls), 
exposed for 24 h and performed all experiments with three 
technical and three biological replicates (from different rats isolated 
at different days). The results show a specific pattern of gene 
expression changes induced by each compound (Table 2).  

The aim of this study was to compare test compound induced 
gene expression alterations in vitro and in vivo. Therefore, we 
performed a correlation analysis of fold changes in vivo vs. in vitro. 
For this purpose ratios between exposed and control animals were 
calculated for the selected 23 genes and similarly the fold 

deregulation was calculated as the ratio between exposed 
hepatocytes and controls in vitro (Table 2). A good in vitro/in vivo 
correlation for gene expression alterations was obtained for the 
stress response, DNA repair and metabolism associated genes (Fig. 
2). However, no correlation was obtained for genes associated with 
proliferation of cells. For the stress response, DNA repair and 
metabolism associated genes similar correlation coefficients were 
obtained for the high (C3, r=0.430, p=0.0009), the intermediate 
(C2, r=0.465, p=0.0003) and the low (C1, 0.452, p=0.0005) in vitro 
concentrations (Fig. 2). The extent of gene expression deregulation 
was concentration dependent with higher effects in C3 compared to 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. (3). Killing of cultivated hepatocytes by methapyrilene (MP) does not cause replacement proliferation. A, B: Stimulation of hepatocytes cultivated as 
monolayers with HGF and insulin increased BrdU incorporation (positive control). C, D: In contrast to hepatocytes cultivated in monolayers no stimulation of 
BrdU incorporation was observed if hepatocytes were cultivated as collagen sandwiches. E, F: Exposure to 1 µM MP alone (E) did not induce BrdU 
incorporation. However, a slight increase in BrdU incorporation was observed if 1 µM MP was combined with HGF/insulin. G, H: Exposure to 100 µM MP 
alone (G) did not induce BrdU incorporation. However, a slight increase in BrdU incorporation was observed if 100 µM MP was combined with HGF/insulin. 
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C2 and to C1 (Fig. 2). Fig. (2) summarizes the effects of MP, PBO, 
AB1 and 2-NF without differentiating between the individual 
compounds. However, similar results were also obtained for each of 
the individual compounds (Supplemental Fig. 4-5). 

Replacement Proliferation Explains In Vitro/In Vivo 
Discrepancies 

The analyses described in the previous paragraphs have shown 
a good in vitro/in vivo correlation for stress, DNA repair or 
metabolism associated genes but a lack of correlation for genes 
associated with proliferation of cells. An explanation for the 
discrepancy could be replacement proliferation. It is obvious that 
such complex processes can not occur in vitro. To study if 
cultivated hepatocytes can show replacement proliferation we 
exposed sandwich cultures to cytotoxic concentrations of MP and 
studied if the surviving cells proliferate after washing out the test 
compound. Obviously, there was no BrdU incorporation in 
response to hepatocyte killing by MP (Fig. 3A, 3C, 3E, 3G), 
although hepatocytes were able to proliferate in response to 
HGF/insulin which were used as positive controls (Fig. 3B, 3D, 3F, 
3H).  

DISCUSSION 

The current study shows a good in vitro/in vivo correlation of 
gene expression alterations induced by liver carcinogens. At least 
genes involved in stress response, DNA repair and metabolism 
respond similarly in liver tissue of rats and in hepatocytes in 
sandwich culture. This good result is encouraging considering that 
previous studies found only a little overlap between chemically 
induced gene expression alterations in cultivated hepatocytes and in 
liver tissue after in vivo exposure of rats [40]. In addition, cultivated 
hepatocytes represent an extremely dynamic system where more 
than 500 genes are up- or downregulated after hepatocytes are 
isolated from their physiological microenvironment and brought 
into culture [33-35]. In principle, noisy basal gene expression levels 
represent unfavorable conditions for toxicogenomic studies. Several 
reasons may explain the surprisingly good in vitro/in vivo 
correlation observed in the present study.  

First, it should be considered that cultivated primary 
hepatocytes are not able to undergo replacement proliferation. 
Recently, we have modeled the spatial-temporal response of liver 
tissue to acute toxicity [41-43]. Destruction of liver tissue leads to a 
proliferation response of hepatocytes which is maximal about two 
days after toxic insult. Next, the daughter hepatocytes rearrange 
themselves in a coordinated process which is orchestrated by 
sinusoidal endothelial cells [41]. In other words, cultivated 
hepatocytes in the currently available in vitro systems do not 
proliferate to substitute for neighboring cells that have been killed 

by exposure to the test compound. Therefore, genes usually 
associated to proliferation should be considered separately if in 
vitro/in vivo correlations are performed. Although an in vitro 
system capable of replacement proliferation would represent an 
important progress, a lack of this feature does not necessarily 
compromise its applicability for toxicity testing. It should be 
considered that replacement proliferation represents a secondary 
event after cells have been stressed, which possibly is specific for 
the individual chemical before they underwent cell death. It seems 
plausible that the primary events (initial response to chemically 
induced cell stress) may be sufficient to capture a compound 
specific fingerprint at the gene expression level (see also [10]). An 
interesting observation was that the combination of cytotoxic stress 
by MP in combination with HGF/insulin increased BrdU 
incorporation, which was not the case for sole MP nor for sole 
HGF/insulin exposure. Perhaps in the presence of mitogenic 
cytokines, sandwich cultures can acquire the ability of replacement 
proliferation. However, this aspect was not further studied in the 
current experiments.  

Second, a number of technical optimizations should be 
performed before the sandwich culture system is used for gene 
expression studies. It is critical that solvent controls and compound 
exposed cells are cultivated on the same 6-well dish. It is also 
important to perform compound exposures between 24 and 48 h 
after plating the hepatocytes. The reason is that most basal gene 
expression alterations occur during the first 24 h, meaning that the 
noisiest period is already over when starting with test compound 
exposure. Finally, the test systems should be optimized in a way 
that activation of the Raf/Mek/Erk and PI3K/Akt pathways is 
minimized as described by [36]. 

Third, it should be considered that previous studies may have 
produced misleading results because of a suboptimal study design. 
In the study of [40] where genome wide alterations in gene 
expression patterns caused by paracetamol are compared in vivo 
and in vitro, Wistar rats have been used in vitro, whereas F344 rats 
were studied in vivo. There is practically no overlap of genes 
altered in the two Wistar rat hepatocyte in vitro systems and the 
F344 rats in vivo. However, it is unclear to which degree the 
difference in rat strains has contributed to the in vitro/in vivo 
discrepancy. In the current study, we used Wistar rats for both in 
vivo and in vitro studies. Besides deficiencies in study design, it 
should also be taken into account that toxicokinetics may be 
responsible for in vitro/in vivo discrepancies. In vitro the test 
compound is added to the culture medium usually leading to a 
relatively constant exposure over the cultivation period. In vivo 
half-life often is much shorter so that many compounds are almost 
completely excreted after 24 h with the consequence that transiently 
deregulated genes may have returned to control levels. An ongoing 
project in our laboratory currently studies to which degree different 
toxicokinetics in vitro and in vivo explain in vitro/in vivo 

Table 3. Methapyrilene alone does not cause replacement proliferation of cultivated hepatocytes. M: Monolayer cultures, S: Sandwich cultures. 
The data correspond to the experimental design described in Fig. (3) 

 
Culture conditions % of BrdU positive nuclei 

Culture type Methapyrilene [µM] HGF/insulin 24h 48h 72h 

M 
M 

0 
0 

no 
yes 

0.0 ± 0.0 
0.0 ± 0.0 

0.0 ± 0.0 
25.3 ± 2.0 

0.0 ± 0.0 
22.2 ± 2.1 

S 
S 

0 
0 

no 
yes 

0.0 ± 0.0 
0.0 ± 0.0 

0.0 ± 0.0 
0.0 ± 0.0 

0.0 ± 0.0 
0.0 ± 0.0 

S 
S 

1 
1 

no 
yes 

0.0 ± 0.0 
0.0 ± 0.0 

0.0 ± 0.0 
4.0 ± 1.0 

0.0 ± 0.0 
4.0 ± 1.0 

S 
S 

100 
100 

no 
yes 

0.0 ± 0.0 
0.0 ± 0.0 

0.0 ± 0.0 
4.5 ± 0.5 

0.0 ± 0.0 
6.5 ± 0.5 
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discrepancies of gene expression (Schug et al., in preparation, 
2012).  

An important conclusion of this study is that significant in 
vivo/in vitro correlations of gene expression alterations were 
obtained for a large range of in vitro concentrations. Although, the 
smallest extent of gene expression deregulation was obtained for 
the lowest in vitro concentration (C1) this still was sufficient to 
allow a significant correlation with the corresponding effects 
observed in vivo. The largest gene expression alterations were 
obtained for the highest, cytotoxic in vitro concentration (C3). Of 
course this should not be interpreted in a way that cytotoxic 
concentrations are adequate for analysis of gene expression 
alterations in vitro. It should be considered that we have chosen 
genes known to be deregulated by the test compounds in vivo. It 
cannot be excluded that the applied toxic in vitro concentrations 
besides influencing the “in vivo relevant genes” additionally induce 
an unspecific toxicity associated gene expression response. This is 
currently systematically analyzed by genome wide analyses. The 
choice of adequate in vitro concentrations for the current study was 
not trivial. The highest in vitro concentration (C3) was in a 
cytotoxic range for all tested compounds (Fig. 1B). It should be 
considered that cytotoxicity tests were performed with a 72 h 
exposure period, because cell killing of hepatocytes requires 
relatively long time periods for some test compounds. On the other 
hand gene expression analysis was performed already after 24 h of 
compound exposure. This means that expression of genes was 
analyzed in cells that still survived after 24 h but partly would die 
within the following 48 h. In contrast, the lowest in vitro 
concentration (C1) was even below the maximal in vivo blood 
concentration in the portal vein calculated by PBPK modelling (Fig. 
1B). Although the extent of gene deregulation was small, the low 
concentration (C1) was still sufficient to cause expression 
alterations that correlate with those obtained in rats in vivo. This 
approach of choosing on the one hand cytotoxic and on the other 
hand in vivo relevant concentrations was straightforward for 2-NF, 
MP and PBO. However, for AB1 a difficult scenario was obtained, 
because PBPK modeling predicted that peak concentrations in the 
portal vein after administration of 0.24 mg/kg bw (the dose applied 
in the in vivo study of [11]) correspond to cytotoxic in vitro 
concentrations. This model prediction was surprising and requires 
experimental verification in future. Nevertheless, gene expression 
analyses for AB1 also showed concentration dependent effects in 
vitro (Table 2) as well as a good correlation with the in vivo results 
(Suppl. Fig. 4-5) similar to the other tested compounds.  

In most cases a concentration dependent effect could be 
observed for the three concentrations (Table 2). For a relatively 
small number of experiments, an induction was observed for the 
low and intermediate concentration but a weaker effect for the 
highest concentration (e.g. Abcb1 for 2-NF). This scenario might be 
explained by toxicity of the highest concentration. This was also 
observed for several genes after exposure to the highest 
concentration of AB1 (32 nM). 

In the present study, we selected genes which were affected in 
vivo and compared the observed expression alterations to the 
corresponding responses in vitro. Of course this approach does not 
exclude that in vitro (unspecific) gene expression alterations may be 
induced that do not occur in vivo. This aspect is currently under 
investigation in a gene array study. 

In conclusion, this study has shown a good in vivo/in vitro 
correlation of genes representing certain pathways to be deregulated 
by the rat liver carcinogens aflatoxin B1, 2-nitrofluorene, 
methapyrilene and piperonyl-butoxide over a wide concentration 
range. However, it is important to consider that cultivated 
hepatocytes in contrast to the liver in vivo do not undergo 
replacement proliferation and therefore genes associated with 
proliferation cannot be predicted with the currently applied in vitro 

system, a function which does appear to be characteristically 
affected by e.g. non-genotoxic carcinogens.  
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