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ABSTRACT:

Primary human and rat hepatocyte cultures are well established in
vitro systems used in toxicological studies. However, whereas
transgenic mouse models provide an opportunity for studying
mechanisms of toxicity, mouse primary hepatocyte cultures are
less well described. The potential usefulness of a mouse hepato-
cyte-based in vitro model was assessed in this study by investi-
gating time-dependent competence for xenobiotic metabolism
and gene expression profiles. Primary mouse hepatocytes, iso-
lated using two-step collagenase perfusion, were cultured in a
collagen sandwich configuration. Gene expression profiles and the
activities of various cytochrome P450 (P450) enzymes were deter-
mined after 0, 42, and 90 h in culture. Principal component analysis
of gene expression profiles shows that replicates per time point

are similar. Gene expression levels of most phase | biotransforma-
tion enzymes decrease to approximately 69 and 57% of the original
levels at 42 and 90 h, respectively, whereas enzyme activities for
most of the studied P450s decrease to 59 and 34%. The decrease
for phase Il gene expression is only to 96 and 92% of the original
levels at 42 and 90 h, respectively. Pathway analysis reveals initial
effects at the level of proteins, external signaling pathways, and
energy production. Later effects are observed for transcription,
translation, membranes, and cell cycle-related gene sets. These
results indicate that the sandwich-cultured primary mouse hepa-
tocyte system is robust and seems to maintain its metabolic com-
petence better than that of the rat hepatocyte system.

Toxicological studies designed to assess safety and possible toxic-
ity of compounds in human populations predominantly rely on the use
of animal systems. Because animal experiments are expensive, time-
consuming, and connected with ethical drawbacks, numerous attempts
have been made to find a reliable way of predicting in vivo toxicity in
humans by means of in vitro models in recent years.

Traditionally, because the liver plays a major role in the metabolism
of many compounds and also represents an important target organ in
systemic toxicity, hepatic models are frequently used as an in vitro
alternative in pharmacological, toxicological, and metabolic studies
(Blaauboer et al., 1994; Davila et al., 1998). Hepatic cell lines,
primary hepatocyte cultures, and precision-cut liver slices from vari-
ous species are well established in vitro systems for these studies
(Blaauboer et al., 1994; Davila et al., 1998; Schaeffner et al., 2005).
As precision-cut liver slices have a very short live span and immor-
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talized cell lines have lost many liver-specific functions, primary
cultures of hepatocytes are preferentially used for in vitro studies on
liver toxicity (Berry et al., 1997; Richert et al., 2002; Schaeftner et al.,
2005).

Primary mammalian hepatocytes largely retain their liver-specific
functions when freshly derived from the animal. However, long-term
cultures of functional hepatocytes are difficult to establish. To in-
crease the longevity and maintain differentiated functions of hepato-
cytes in primary cultures, cells are cultured in a sandwich configura-
tion of collagen-collagen and in serum-free culture medium (Tuschl
and Mueller, 2006). Hepatocytes cultured in a sandwich configuration
reorganize to form an architecture similar to that found in the liver and
are able to form functional bile canalicular networks and gap junc-
tions. In such a sandwich configuration, hepatocytes can be cultured
for a longer period compared with cultures on single layers of colla-
gen (LeCluyse et al., 2000a,b; Boess et al., 2003; Kienhuis et al.,
2007).

The use of primary human hepatocytes is preferential to predict in
vivo toxicity in humans but is hampered by the limited availability of
donor material and the large variability between the donors (Schaef-
fner et al., 2005). Therefore, primary hepatocytes isolated from other
mammals are used as an alternative to human tissue. However, the
rapid decline in liver-specific functions, in particular cytochrome

ABBREVIATIONS: P450, cytochrome P450; DMSO, dimethylsulfoxide; SAM, significance analysis of microarrays; PCA, principal component

analysis.
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P450 (P450) enzyme activity, in rat liver in vitro systems limits the
use of these in studies for testing chemicals for which metabolism
depends on the P450 enzyme system (Hoen et al., 2000; Boess et al.,
2003). Human hepatocytes also tend to show a decrease in most P450
enzymes, but some levels of P450 gene expressions can be restored
after a few days (Morel et al., 1990; LeCluyse, 2001). A mouse in
vitro hepatocyte system might be an alternative to the rat and human
systems, especially if the metabolic competence is preserved. In
addition, because the complete sequence of the mouse genome is
known (Waterston et al., 2002) and transgenic mouse models are
widely available, primary mouse hepatocytes are usable for the pur-
pose of performing mechanistic investigations of liver toxicity. How-
ever, information about stability of liver-specific functions in mice is
scarce. It was the aim of the current study to investigate the robustness
of a mouse hepatocyte-based in vitro model, especially with respect to
the biotransformation functions (evaluated by assessing gene expres-
sion and enzyme activities), to gain more insight in its potential
usefulness in toxicology.

Materials and Methods

Chemicals. Dulbecco’s modified Eagle’s medium, fetal calf serum, peni-
cillin/streptomycin, Hanks’ calcium- and magnesium-free buffer, insulin, and
TRIzol were obtained from Invitrogen (Breda, The Netherlands). Glucagon,
hydrocortisone, collagenase type IV, dimethylsulfoxide (DMSO), and trypan
blue were purchased from Sigma-Aldrich (Zwijndrecht, The Netherlands).
Collagen Type I, rat tail was obtained from BD Biosciences Discovery Lab-
ware (Bedford, MA).

The RNeasy minikit was obtained from QIAGEN, Westburg B.V. (Leusden,
The Netherlands). The 5X MEGAscript T7 Kit was obtained from Ambion
(Austin, TX). The GeneChip Expression 3'-Amplification Two-Cycle cDNA
Synthesis Kit and Reagents, the Hybridization, Wash, and Stain Kit, and the
Mouse Genome 430 2.0 Arrays were purchased from Affymetrix (Santa Clara,
CA). The P450 AL4 mixture was delivered by Advanced In Vitro Cell
Technologies (Valencia, Spain).

Animals. Permission for animal studies was obtained from the Animal
Ethical Committee. Adult male C57BL/6 mice, weighing 20 to 25 g, were
obtained from Charles River GmbH (Sulzfeld, Germany). This mouse strain
was chosen because it is frequently used in toxicological and pharmacological
investigations, and it is a common background for transgenic mouse strains.
The animals were housed in Macrolon (Technilab-BMI, Someren, The Neth-
erlands) cages with sawdust bedding at 22°C and 50 to 60% humidity. The
light cycle was 12-h light/12-h dark. Feed and tap water were available ad
libitum.

Isolation of Hepatocytes. Hepatocytes were isolated from adult male
C57BL/6 mice by a two-step collagenase perfusion method according to
Seglen (1976) and Casciano (2000) with modifications. The liver was perfused
after cannulation of the abdominal inferior vena cava. The hepatic portal vein
was cut through, and the thoracic inferior vena cava was occluded with
forceps. The organ was washed with Hanks’ calcium- and magnesium-free
buffer for 3 min. After the liver had been freed of blood, the calcium-free
buffer was replaced by a collagenase buffer (0.5 mg/ml) for 7 to 10 min. A
perfusion rate of 7 ml/min and a temperature around 39°C was maintained for
both perfusates during the entire procedure. After the perfusion had been
terminated, the liver was rapidly excised from the body cavity and transferred
to a sterile Petri dish. The gall bladder and remnants of the diaphragm were
removed, and cells were released by disrupting the liver capsule mechanically
and by shaking the cells into attachment medium. The cells were separated
from undigested tissue with a sterile 50-um mesh nylon filter. After washing
by low-speed centrifugation at 50g for 3 min at 4°C several times, cell viability
and yield were determined by trypan blue exclusion.

Cell Culture. Cells from three independent biological replicates with via-
bility >85% were used and cultured on collagen gel-precoated six-well plates
at a density of 6.5 X 10° cells/ml (Koebe et al., 1994). Cells were allowed to
attach for 2 to 4 h at 37°C in a humidified chamber with 95:5% air/CO, in
Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf se-
rum, 0.5 U/ml insulin, 7 ng/ml glucagon, and 2% penicillin/streptomycin (5000
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U/ml penicillin; 5000 um/ml streptomycin). After attachment, medium con-
taining unattached cells and debris was removed by washing, and the cultures
were overlaid with a second collagen layer to form a collagen-collagen
sandwich culture. Primary cultures of mouse hepatocytes were cultured at
37°C in a humidified chamber with 95:5% air/CO, in serum-free culture
medium supplemented with 0.5 U/ml insulin, 7 ng/ml glucagon, 7.5 wg/ml
hydrocortisone, and 2% penicillin/streptomycin (5000 U/ml penicillin; 5000
pm/ml streptomycin). Cells from three independent biological experiments
(each from a different animal) were harvested at 0, 42, and 90 h after isolation
for gene expression analysis.

RNA Isolation. Total RNA was isolated from cultured mouse hepatocytes
using TRIzol reagent with the RNeasy kit according to the manufacturer’s
protocol. Total cellular levels were measured on a spectrophotometer, and the
quality of each RNA preparation was determined with a bioanalyzer (Agilent
Technologies, Amstelveen, The Netherlands). Extracted RNA was stored at
—80°C.

Target Preparation and Microarray Hybridization. cRNA targets were
prepared according to the Affymetrix protocol. The targets were hybridized
according to the manufacturer’s recommended procedures on high-density
oligonucleotide GeneChips (Affymetrix Mouse Genome 430 2.0 GeneChip
arrays). The GeneChips were washed and stained using a fluidics station by
Affymetrix and scanned in an Affymetrix GeneArray scanner.

Nine targets (three time points from three animals) were prepared, and each
preparation was analyzed using one GeneChip array. Normalization quality
controls, including scaling factors, average intensities, present calls, back-
ground intensities, noise, and raw Q values all were within acceptable limits.
Hybridization controls BioB, BioC, BioD, and CreX were called present on all
the chips and yielded the expected increases in intensities.

Data Analysis. Nine datasets were obtained from this experiment. The raw
data were imported into ArrayTrack (Tong et al., 2003) and converted and
normalized by Robust Multi-array Average (integrated into ArrayTrack)
(Irizarry et al., 2003). Spots of poor quality and control spots were omitted.
Subsequently, the remaining probe sets (25,084) were logarithm (base 2)-
transformed. Processed and normalized gene expression values were evaluated
for identifying differentially expressed probe sets with the multiclass signifi-
cance analysis of microarrays (SAM, integrated into ArrayTrack; p < 0.05)
(Shi et al., 2006). Multiclass SAM resulted in 6560 remaining differentially
expressed probe sets, and these were used for principal component analysis
(PCA).

Pathway Analysis. Gene expressions at 42 versus 0 h, 90 versus 0 h, and
90 versus 42 h were uploaded in T-profiler (http://www.t-profiler.org;
Boorsma et al., 2005) to identify transcriptional regulation of biochemical
pathways and biological processes that included genes sets from Gene Ontol-
ogy terms, curated gene sets, motifs, and Kyoto Encyclopedia for Genes and
Genomes pathways. T-profiler uses the 7 test to score the difference between
the mean expression level of predefined groups of genes and that of all the
other genes without any statistical preselection of modulated genes (Boorsma
et al., 2005). Significance was determined by generating an E value, a Bon-
ferroni-corrected p value. Pathways and processes were determined significant
if E values were less than 0.05, and were thereupon used for hierarchical
clustering and gene grouping in GenePattern (http://www.broad.mit.edu/
cancer/software/genepattern/). To increase specificity of the transcriptomics
changes, the 6560 differentially expressed probe sets, determined by multiclass
SAM, were uploaded into MetaCore (GeneGo, San Diego, CA) for identifying
the involvement of differentially expressed genes in specific cellular pathways
by overrepresentation analyses compared with the total amount of genes
involved in the particular pathways.

Analysis of P450 Enzyme Activities. P450 activity assays at 0, 42, and 90 h
were conducted by the direct incubation of three independent sandwich-
cultured mouse hepatocyte preparations with a mixture of P450 substrates
(Lahoz et al., 2008). Substrate mixture stock was prepared in DMSO and
conveniently diluted in incubation media to obtain the optimal assay concen-
trations (Table 1). The final concentration of DMSO during incubation was
0.5% (v/v). After 2 h of incubation, enzymatic reactions were stopped by
aspirating the incubation medium. Samples were subsequently centrifuged at
2500 rpm for 5 min. The supernatants were transferred to clean tubes and
frozen at —80°C until analysis. Sample analysis and mixture preparation was
carried out in the Unidad Mixta Hospital La Fe-Advancell (Valencia, Spain).
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TABLE 1

Substrates in the P450 AL mixture for measurement of P450 activities

P450 Substrate Concentration Metabolite
M
1A2 Phenacetin 10 Acetaminophen
2A4 Coumarin 5 7-HO-Coumarin
2B9/10/13/19/23 Bupropion 10 HO-Bupropion
2C37 Mephenytoin 50 4'-HO-Mephenytoin
2C39-40/44/50/54-55/65-70 Diclofenac 10 4'-HO-Diclofenac
2D9-13/22/26/34/40 Bufuralol 10 Hydroxybufuralol
2E1 Chlorzoxazone 50 6-HO-Chlorzoxazone
3A11 Midazolam 5 1’-HO-Midazolam
Samples were subjected to hydrolysis before analysis by incubation with
B-glucuronidase and arylsulfatase for 2 h at 37°C. One volume of ice-cold
acetonitrile was added, and centrifuged samples were transferred to clean vials
for further analysis. Metabolites formed and released into the culture medium
were quantified by high-performance liquid chromatography/tandem mass ®

spectrometry (Lahoz et al., 2007). Enzymatic activities were expressed as
picomole of metabolite formed per incubation time per number of cells. For
statistical analysis, the ¢ test was used with a significance level of 5%.

Results

Principal Component Analysis of All Genes. A PCA on the 6560
differentially expressed probe sets, identified with the multiclass SAM
analysis (p < 0.05), was used to visualize interindividual and time-
dependent differences in gene expression profiles of primary mouse
hepatocytes cultured in sandwich configuration (Fig. 1). PCA shows
a clear discrimination between the three time groups, and only limited
differences between replicates of the 42- and 90-h groups are ob-
served, whereas more variance in gene expression is seen between the
0-h replicates.

Pathway Analysis. T-profiler was used for identifying gene groups
that were differentially expressed. The gene groups significantly al-
tered in hepatocytes from at least two experiments and modified in the
same direction in liver cells from all the experiments were selected for
each period. Three hundred eighty-four gene sets were identified as
being modulated. Hierarchical clustering was used to generate more
comprehensible groups of these genes (Fig. 2; Supplemental Data).
Most gene sets were either only down-regulated or only up-regulated.
A small amount of these gene sets seemed to be up-regulated during
the first 42 h and down-regulated from 42 to 90 h.

An additional analysis of affected cellular pathways was conducted
using MetaCore, which showed similar results compared with the
results from T-profiler (data not shown). Most prominent pathways
significantly altered in MetaCore were involved in several catabolic,
metabolic, and biosynthetic processes, immune responses, and cellu-
lar, nuclear, and macromolecule-related processes.

Biotransformation Enzymes. Gene expression and activity of
phase I and phase II drug-metabolizing enzymes were quantified to
assess the metabolic capacity of the primary mouse hepatocyte system
(see Tables 2 and 3). For the majority of the P450 genes, the gene
expression level decreased during culturing. However, for a small
group of P450s, the expression levels remained relatively constant,
whereas for an even smaller group, gene expression levels increased
in all the periods.

For the phase II genes, large variations were seen in their expres-
sion levels between the different time points, even within groups of
phase II genes belonging to the same family. Most phase II enzyme
groups were down-regulated or hardly changed over time. Only genes
involved in glutathione metabolism and N-acetyltransferases were
generally up-regulated.

P450 enzyme activities of eight selected enzymes were measured in

o
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Fic. 1. Principal component analysis using the data of all the differentially ex-
pressed genes from primary mouse hepatocytes at 0, 42, and 90 h cultivation.

each sample. These activities are presented as log2 mean = S.D.
values in Fig. 3. Enzyme activities for Cyp2a4 and Cyp2al were not
detected. For the majority of the studied P450 enzymes, a significant
decrease in enzyme activity was measured in both periods. Only one
group of enzymes (Cyp2B9-10/13/19/23) showed an increase in
activity and expression levels. After 90 h in culture, all the P450
enzymes remained active in the primary hepatocytes.

These P450 enzyme activities and their gene expression are pre-
sented in Fig. 3. In all the cases gene expression and enzyme activity
changed in the same directions, and mostly in the same order.

Discussion

As human and rat sandwich-cultured hepatocytes have their disad-
vantages because of the limited availability of donor material and/or
a rapid decline in P450 enzyme activities, primary mouse hepatocytes
may be an option to overcome this shortcoming (Hoen et al., 2000;
Schaeffner et al., 2005). Moreover, the growing availability of trans-
genic models can be a reason to use mouse primary hepatocytes. As
information on the stability of liver-specific functions in mouse hepa-
tocytes is scarce, the present study investigated the stability of a
mouse hepatocyte-based in vitro model, especially with respect to the
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Fic. 2. Hierarchical clustering of gene sets significantly modified in primary mouse
hepatocytes in the time periods from 0 to 42 h, from 42 to 90 h, and from O to 90 h.
Clustering is based on the 7 values, as provided by T-profiler. Yellow and blue mean
up- and down-regulation, respectively.

biotransformation functions (gene expression and enzyme activities),
to gain more insight in its potential usefulness in toxicology.

PCA was used to elucidate changes in gene expression profiles
between donor animals and between cultivation times. This revealed
that profiles are very different between the three time points. These
time-dependent changes can be attributed to the adaptation of the
primary hepatocytes to their in vitro environment. Noteworthy, the
hepatocytes at time point 0 h show larger interanimal differences
compared with those at later time points. This observation might be
caused by initial stress induced by the enzymatic separation and
isolation of hepatocytes (Pillar and Seitz, 1999). This interanimal
variability is less clear in the later time points, indicating that the
stress responses are fading.

Pathway analysis, used to identify biochemical pathways and bio-
logical processes that were differentially expressed, showed again that
differences exist between the two cultivation periods. Some gene sets
were affected in both periods, whereas others were affected in only the
first 42 h or only in the 48 h thereafter. During only the first 42 h in
culture, gene sets in mitochondrial processes, hormonal processes, and
chemotaxis were down-regulated, whereas those in protein-related
processes are up-regulated during only this period. Pathways mostly
affected after the first 42 h are down-regulation of membrane-related
processes and up-regulation of transcription and replication and cell

MATHIJS ET AL.

TABLE 2

Expression of P450 genes in primary mouse hepatocytes at 42 and 90 h as
percentages of the expression at 0 h

Gene Name 42 h 90 h
Cypl7al* 2659 107
Cyplal 119 117
Cypla2* 29 7
Cyplbl 109 104
Cyp20al 155 213
Cyp2lal 114 108
Cyp26al* 24 10
Cyp27al* 66 56
Cyp2al2* 65 128
Cyp2a4/5 42 71
Cyp2bl10 1546 1460
Cyp2b13 102 95
Cyp2b19 90 86
Cyp2b9 126 110
Cyp2c29* 32 13
Cyp2c37 24 1
Cyp2c37/50/54* 19 1
Cyp2c38 54 65
Cyp2cdd* 27 2
Cyp2c55* 50 16
Cyp2c70* 75 39
Cyp2d10* 88 59
Cyp2d13* 40 20
Cyp2d22* 74 33
Cyp2d26* 69 56
Cyp2d9* 59 22
Cyp2el* 56 3
Cyp2f2* 22 4
Cyp2gl* 40 37
Cyp2j5* 10 6
Cyp2j6* 99 83
Cyp2rl 103 76
Cyp2s1* 266 83
Cyp2ul 76 80
Cyp39al* 197 421
Cyp3all* 71 76
Cyp3al3* 203 175
Cyp3a25* 21 18
Cyp3adl* 66 65
Cyp3ad4* 82 71
Cyp46al* 83 67
Cyp4al0* 32 38
Cyp4al2* 16 1
Cyp4ald* 19 7
Cyp4bl 202 100
Cyp4f13 70 58
Cyp4f14* 19 5
Cyp4f15* 26 9
Cyp4f16* 381 341
Cyp4v3* 41 22
Cyp51 115 108
Cyp7al 76 42
Cyp7bl* 17 12
Cyp8b1* 109 7

69 57

* Significant (p < 0.05) in multiclass SAM.

cycle-related processes. Gene sets that are continuously down-regu-
lated are on humoral and cell-mediated immunity, P450-related re-
sponses, and liver-specific genes. A continuous up-regulation is ob-
served in nuclear and nucleic acid-related metabolism, cellular
organization, and in parts of cell cycle-related processes. The overall
picture based on these pathway analyses is that liver-specific func-
tions are continuously decreasing and that gross cellular organizations
are continuously up-regulated. Initial effects are more at the level of
protein synthesis, external signaling pathways, and energy production,
whereas later transcription, translation, membranes, and cell cycle-
related gene sets are affected.

Microscopic observations showed that in this 42-h period, cells
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TABLE 3

Gene Name 42 h 90 h
Aldo-keto reductases
Akrlad 92 101
Akrlb3* 208 321
Akrlb7* 267 285
Akr1b8 131 127
Akrlcl2 96 85
Akrlcl3 103 107
Akrlcl4* 29 47
Akrlcl9 125 84
Akrlc20* 27 22
Akrlc21* 86 71
Akrlc6* 4 0
Akrldl* 20 13
Akrlel 112 103
Akr7a5 93 83
Sulfotransferases
Chst10 81 72
Chstl1 92 81
Chst4 83 80
Chst9 98 95
D4st1* 151 239
Gal3stl 175 128
Gal3st4 96 81
Hslbp3* 120 205
Hs2st1* 167 229
Hs3stl 93 88
Hs3st2 88 75
Hs3st3b1* 88 76
Hs3st6 83 73
Hs6st1* 86 59
Hs6st2 94 89
Ndstl 99 100
Ndst2 165 113
Ndst3 94 92
Ndst4 93 84
Sultlal 110 119
Sultlbl* 67 18
Sultlc2 76 50
Sultld1* 457 86
Sultlel* 1231 397
Sult5al* 67 60
Epoxide hydrolases
Ephx1 140 133
Ephx2* 47 35
Flavin-containing monooxygenase
Fmol* 31 19
Fmo2 102 96
Fmo3 99 84
Fmo4 133 108
Fmo5 369 96
Glutathione reductases
Gsr 146 129
Gss* 153 329
Glutathione peroxidases
Gpx1* 70 47
Gpx4* 139 161
Gpx6* 58 44
Gpx7* 113 222
Glutathione transferases
Gstal/2* 526 409
Gsta2* 194 142
Gsta3* 39 42
Gstad* 82 47
Gstml 113 127
Gstm2* 364 383
Gstm3* 378 593
Gstm4 127 125
Gstm5* 197 205
Gstm6 110 85
Gstm7* 64 51
Gstol 117 97
Gsto2 115 115
Gstpl 98 107
Gstt1* 49 38

TABLE 3—Continued.

Gene Name 42h 90 h

Gstt2 78 105
Gstt3 69 55
Gstzl* 94 92
Mgst1* 63 60
Mgst2* 94 76
Mgst3 141 150

N-Acetyltransferases
Gentl 110 107
Gent2 76 63
Nat10* 153 239
Natl1 114 174
Nat12 145 196
Nat2* 179 122
Nat5 240 332
Nat6 82 114
Nat9 134 135
Glucuronosyl transferases

Ugtlal/2/5/6a/6b/7¢/9/10* 59 38
Ugt2a3* 30 4
Ugt2bl* 13 1
Ugt2b34 127 112
Ugt2b35 99 147
Ugt2b36* 42 59
Ugt2b37* 40 28
Ugt2b38* 11 5
Ugt2b5* 35 39
Ugt3al* 20 6
Ugt3a2* 26 4
96 92

* Significant (p < 0.05) in multiclass SAM.

were changing their periphery, cellular components, and structures,
and forming aggregates (data not shown). These morphological
changes at the microscopic level confirm previously described studies
on human hepatocytes and on the histology of rat and mouse hepa-
tocytes. The morphological changes include attachment to the colla-
gen layer, the remodeling of sandwich-cultured hepatocytes to a
polygonal shape, the appearance of a clear, less granular cytoplasm,
and the aggregation of the cells, including the formation of gap
junctions for intercellular communication (Klaunig et al., 1981a,b;
Tuschl and Mueller, 2006; Lu et al., 2007). Membrane and mitochon-
drial changes have also been shown before in freshly isolated hepa-
tocytes and hepatocytes cultured for 3 days (Berry and Simpson,
1962; Ikeda et al., 1992). It is unfortunate that all of these morpho-
logical changes were poorly represented by changes at the level of
pathways as analyzed by T-profiler or MetaCore. These morpholog-
ical changes were perhaps too specific, and the annotation of genes
with respect to that is too limited. In human and rat hepatocytes
cultured in a sandwich configuration, others have found genes and
pathways involved in cell structure to be highly expressed after 24 h
in culture (Ben-Ze’ev et al., 1988; Schuetz et al., 1988; Liu et al.,
1991; Waring et al., 2003).

To investigate the metabolic competence of sandwich-cultured
mouse hepatocytes in more detail, gene expression profiles from
phase I and phase II biotransformation enzymes were evaluated dur-
ing the cultivation period. In general, the expression values of all the
phase I biotransformation enzymes decreased over the whole cultiva-
tion period. During the first 42 h, these phase I enzyme gene expres-
sion values decreased by 31% (approximately 69% remaining) from
the original values at 0 h. After 90 h in culture, the hepatocytes exhibit
clearly lower levels (approximately 57%) of P450s compared with the
original values at O h.

It was described before that many cultures of mammalian hepato-
cytes exhibit low levels of P450 but still possess the ability to respond
to P450 inducers (Cervenkova et al., 2001). The expression of Cyplal
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Cyp450 activity vs expression
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and Cypla2 during cultivation has been studied in detail by Northern
blotting (Tamaki et al., 2005). In primary mouse hepatocytes cultured
in dishes without collagen, Cyplal expression increased during cul-
tivation. Cypla2 was constitutively expressed in these cells, but
insulin suppressed this expression slightly. Our results show a steady
level in Cyplal gene expression and a down-regulation in Cypla2
gene expression. In human hepatocytes, most P450s also showed a
decrease in expression levels with the exception of a few P450s that
had elevated levels of expression (Richert et al., 2006). CyplA2
seemed to be more stable compared with the mouse model during
cultivation, whereas Cyp2E1 and Cyp3A4, which is the homolog for
Cyp3all in mice (Nelson et al., 2004), were shown to decrease in
time, comparable with our results (George et al., 1997). Most P450s
in conventional sandwich-cultured rat hepatocytes seemed to decrease
in a time-dependent manner (Kienhuis et al., 2007). Even within the
short period of 24 h after isolation, the expression levels of many
P450s decreased tremendously in rat hepatocytes (Boess et al., 2003),
whereas in our study gene expression levels showed a slower decrease
over time, indicating that mouse hepatocytes remain more stable with
respect to P450 gene expression compared with rat hepatocytes but
not with human hepatocytes.

Because several rat studies suggest that phase II enzyme activities
are better preserved in culture than phase I enzyme activities, we
decided to only measure enzyme activities of the most important
phase I enzymes involved in xenobiotic biotransformation to
strengthen our gene expression results (Rogiers and Vercruysse, 1993;
Kern et al., 1997). These results show a general decrease in P450
enzyme activity, with only one exception. Activity levels decreased
the first 42 h to 59% from the original activities. After 90 h, activity
levels decreased to 34% compared with 0 h. Compared with our
results, P450 enzyme activities in rat hepatocytes decrease very rap-
idly. Already after 6 h, less than 50% of the initial P450 enzyme
activity was left in rat hepatocytes (Lopez-Garcia, 1998; Lopez-
Garcia and Sanz-Gonzalez, 2000). However, these rat hepatocytes
were cultured on a collagen monolayer, which may affect the stability
of the cells.

Phase II biotransformation enzymes show a less clear pattern.
Enzymes were either up- or down-regulated or remain unchanged.
Even within a group of enzymes, differences in gene expression can
be seen. In general, the expression levels decrease to 96 and 92%
compared with levels at 0 h after 42 and 90 h, respectively. However,
in rat hepatocytes, phase II enzymes in general showed a decrease in
gene expression level after 72 h compared with gene expression in
liver (Kienhuis et al., 2007). For rat hepatocytes, it is known that the

0O Oh activity
@ 42h activity
W 90h activity

0 Oh expression

Fic. 3. P450 enzyme activities and gene expression in
primary mouse hepatocytes after 0, 42, and 90 h in
culture. Values are represented as percentages from
activities and gene expression 0 h and as mean * S.D.
of three animals for each time point. *, significant (p <
0.05) compared with 0 h; #, significant (p < 0.05)
compared with 0 and 42 h.

@ 42h expression
B 90h expression

Cyp2D

phase II enzymes are better preserved in culture than phase I enzymes
(Rogiers and Vercruysse, 1993; Kern et al., 1997). Our data confirm
these findings, thus showing that mouse hepatocytes are also stable in
expression of genes encoding phase II enzymes. An overall compar-
ison of the gene expression levels from phase I and phase I enzymes
from rat and mouse hepatocytes showed that mouse hepatocytes
exhibit a more stable gene expression pattern than primary rat hepa-
tocytes.

Conclusion

In summary, our findings show that the sandwich-cultured primary
mouse hepatocyte in vitro model has little or no interanimal varia-
tions, showing its reproducibility. The system is still metabolic-
competent even after 90 h of culturing, despite that phase I enzyme
gene expression and activity generally decrease. In rat hepatocytes,
this decrease in phase I and phase II gene expression appears to be
faster. Human hepatocytes, on the other hand, also show a decrease in
these phase I enzymes but are able to restore the gene expression
levels of some P450s. Taken together, our results indicate that the
primary mouse hepatocyte system is relatively stable, might maintain
its metabolic competence longer than rat hepatocytes, and is roughly
similar to that of human hepatocytes. Based on our gene expression
data, we recommend applying a 42-h recovery period before using the
mouse hepatocytes.

Acknowledgments. We thank Sandra Montero at Unidad Mixta
Hospital La Fe-Advancell for technical assistance in P450 activity
measurements.

References

Ben-Ze’ev A, Robinson GS, Bucher NL, and Farmer SR (1988) Cell-cell and cell-matrix
interactions differentially regulate the expression of hepatic and cytoskeletal genes in primary
cultures of rat hepatocytes. Proc Natl Acad Sci U S A 85:2161-2165.

Berry MN, Grivell AR, Grivell MB, and Phillips JW (1997) Isolated hepatocytes—past, present
and future. Cell Biol Toxicol 13:223-233.

Berry MN and Simpson FO (1962) Fine structure of cells isolated from adult mouse liver. Cell
Biol 15:9-17.

Blaauboer BJ, Boobis AR, Castell JV, Coecke S, Groothuis GMM, Guillouzo A, Hall TJ,
Hawksworth GM, Lorenzon G, Miltenburger HG, et al. (1994) The practical applicability of
hepatocyte cultures in routine testing. The report and recommendations of ECVAM Workshop
1. ATLA 22:231-241.

Boess F, Kamber M, Romer S, Gasser R, Muller D, Albertini S, and Suter L (2003) Gene
expression in two hepatic cell lines, cultured primary hepatocytes, and liver slices compared
with the in vivo liver gene expression in rats: possible implications for toxicogenomics use of
in vitro systems. Toxicol Sci 73:386—402.

Boorsma A, Foat BC, Vis D, Klis F, and Bussemaker HJ (2005) T-profiler: scoring the activity
of predefined groups of genes using gene expression data. Nucleic Acids Res 33:W592-W595.

Casciano DA (2000) Development and utilization of primary hepatocyte culture systems to
evaluate metabolism, DNA binding, and DNA repair of xenobiotics. Drug Metab Rev 32:1-13.

Cervenkova K, Belejova M, Vesely J, Chmela Z, Rypka M, Ulrichova J, Modriansky M, and

1102 ‘g Jequaidas uo 1sanb Aq 610°sjeuinofiadsepwp woiy papeojumoq


http://dmd.aspetjournals.org/

DMD

Qspet®P DRUG METABOLISM e DISPOSITION

METABOLIC COMPETENCE OF PRIMARY MOUSE HEPATOCYTES

Maurel P (2001) Cell suspensions, cell cultures, and tissue slices—important metabolic in vitro
systems. Biomed Pap Med Fac Univ Palacky Olomouc Czech Repub 145:57—60.

Davila JC, Rodriguez RJ, Melchert RB, and Acosta D Jr (1998) Predictive value of in vitro model
systems in toxicology. Annu Rev Pharmacol Toxicol 38:63-96.

George J, Goodwin B, Liddle C, Tapner M, and Farrell GC (1997) Time-dependent expression
of cytochrome P450 genes in primary cultures of well-differentiated human hepatocytes. J Lab
Clin Med 129:638-648.

Hoen PA, Commandeur JN, Vermeulen NP, Van Berkel TJ, and Bijsterbosch MK (2000)
Selective induction of cytochrome P450 3A1 by dexamethasone in cultured rat hepatocytes:
analysis with a novel reverse transcriptase-polymerase chain reaction assay section sign.
Biochem Pharmacol 60:1509-1518.

Tkeda T, Ishigamia A, Anzai K, and Goto S (1992) Change with donor age in the degradation rate
of endogenous proteins of mouse hepatocytes in primary culture. Arch Gerontol Geriatr
15:181-188.

Irizarry RA, Hobbs B, Collin F, Beazer-Barclay YD, Antonellis KJ, Scherf U, and Speed TP
(2003) Exploration, normalization, and summaries of high density oligonucleotide array probe
level data. Biostatistics 4:249-264.

Kern A, Bader A, Pichlmayr R, and Sewing KF (1997) Drug metabolism in hepatocyte sandwich
cultures of rats and humans. Biochem Pharmacol 54:761-772.

Kienhuis AS, Wortelboer HM, Maas WJ, van Herwijnen M, Kleinjans JC, van Delft JH, and
Stierum RH (2007) A sandwich-cultured rat hepatocyte system with increased metabolic
competence evaluated by gene expression profiling. Toxicol In Vitro 21:892-901.

Klaunig JE, Goldblatt PJ, Hinton DE, Lipsky MM, Chacko J, and Trump BF (1981a) Mouse liver
cell culture. I. Hepatocyte isolation. In Vitro 17:913-925.

Klaunig JE, Goldblatt PJ, Hinton DE, Lipsky MM, and Trump BF (1981b) Mouse liver cell
culture. II. Primary culture. In Vitro 17:926-934.

Koebe HG, Wick M, Cramer U, Lange V, and Schildberg FW (1994) Collagen gel immobilisa-
tion provides a suitable cell matrix for long term human hepatocyte cultures in hybrid reactors.
Int J Artif Organs 17:95-106.

Lahoz A, Donato MT, Castell JV, and Gémez-Lechén MJ (2008) Strategies to in vitro assess-
ment of major human CYP enzyme activities by using liquid chromatography tandem mass
spectrometry. Curr Drug Metab 9:12-19.

Lahoz A, Donato MT, Picazo L, Gémez-Lechén MJ, and Castell JV (2007) Determination of
major human cytochrome P450s activities in 96-well plates using liquid chromatography
tandem mass spectrometry. Toxicol In Vitro 21:1247-1252.

LeCluyse EL (2001) Human hepatocyte culture systems for the in vitro evaluation of cytochrome
P450 expression and regulation. Eur J Pharm Sci 13:343-368.

LeCluyse EL, Ahlgren-Beckendorf JA, Carroll K, Parkinson A, and Johnson J (2000a) Regula-
tion of glutathione S-transferase enzymes in primary cultures of rat hepatocytes maintained
under various matrix configurations. Toxicol In Vitro 14:101-115.

LeCluyse EL, Fix JA, Audus KL, and Hochman JH (2000b) Regeneration and maintenance of
bile canalicular networks in collagen-sandwiched hepatocytes. Toxicol In Vitro 14:117-132.

Liu JK, DiPersio CM, and Zaret KS (1991) Extracellular signals that regulate liver transcription
factors during hepatic differentiation in vitro. Mol Cell Biol 11:773-784.

Lopez-Garcia MP (1998) Endogenous nitric oxide is responsible for the early loss of P450 in
cultured rat hepatocytes. FEBS Lett 438:145-149.

Lopez-Garcia MP and Sanz-Gonzilez SM (2000) Peroxynitrite generated from constitutive nitric
oxide synthase mediates the early biochemical injury in short-term cultured hepatocytes. FEBS
Lett 466:187-191.

Lu P, Prost S, Caldwell H, Tugwood JD, Betton GR, and Harrison DJ (2007) Microarray analysis
of gene expression of mouse hepatocytes of different ploidy. Mamm Genome 18:617-626.

Morel F, Beaune PH, Ratanasavanh D, Flinois JP, Yang CS, Guengerich FP, and Guillouzo A

1311

(1990) Expression of cytochrome P-450 enzymes in cultured human hepatocytes. Eur J Bio-
chem 191:437-444.

Nelson DR, Zeldin DC, Hoffman SM, Maltais LJ, Wain HM, and Nebert DW (2004) Comparison
of cytochrome P450 (CYP) genes from the mouse and human genomes, including nomencla-
ture recommendations for genes, pseudogenes and alternative-splice variants. Pharmacoge-
netics 14:1-18.

Pillar TM and Seitz HJ (1999) Oxidative stress response induced in rat primary hepatocyte
monolayers by mechanical removal of adherent cells. Cell Tissue Res 295:363-367.

Richert L, Binda D, Hamilton G, Viollon-Abadie C, Alexandre E, Bigot-Lasserre D, Bars R,
Coassolo P, and LeCluyse E (2002) Evaluation of the effect of culture configuration on
morphology, survival time, antioxidant status and metabolic capacities of cultured rat hepa-
tocytes. Toxicol In Vitro 16:89-99.

Richert L, Liguori MJ, Abadie C, Heyd B, Mantion G, Halkic N, and Waring JF (2006) Gene
expression in human hepatocytes in suspension after isolation is similar to the liver of origin,
is not affected by hepatocyte cold storage and cryopreservation, but is strongly changed after
hepatocyte plating. Drug Metab Dispos 34:870—879.

Rogiers V and Vercruysse A (1993) Rat hepatocyte cultures and co-cultures in biotransformation
studies of xenobiotics. Toxicology 82:193-208.

Schaeffner I, Petters J, Aurich H, Frohberg P, and Christ B (2005) A microtiterplate-based
screening assay to assess diverse effects on cytochrome P450 enzyme activities in primary rat
hepatocytes by various compounds. Assay Drug Dev Technol 3:27-38.

Schuetz EG, Li D, Omiecinski CJ, Muller-Eberhard U, Kleinman HK, Elswick B, and Guzelian
PS (1988) Regulation of gene expression in adult rat hepatocytes cultured on a basement
membrane matrix. J Cell Physiol 134:309-323.

Seglen PO (1976) Preparation of isolated rat liver cells. Methods Cell Biol 13:29-83.

Shi L, Reid LH, Jones WD, Shippy R, Warrington JA, Baker SC, Collins PJ, de Longueville F,
Kawasaki ES, Lee KY, et al. (2006) The MicroArray Quality Control (MAQC) project shows
inter- and intraplatform reproducibility of gene expression measurements. Nar Biotechnol
24:1151-1161.

Tamaki H, Sakuma T, Uchida Y, Jaruchotikamol A, and Nemoto N (2005) Activation of
CYP1A1 gene expression during primary culture of mouse hepatocytes. Toxicology 216:224—
231.

Tong W, Cao X, Harris S, Sun H, Fang H, Fuscoe J, Harris A, Hong H, Xie Q, Perkins R, et al.
(2003) ArrayTrack—supporting toxicogenomic research at the U.S. Food and Drug Adminis-
tration National Center for Toxicological Research. Environ Health Perspect 111:1819-1826.

Tuschl G and Mueller SO (2006) Effects of cell culture conditions on primary rat hepatocytes-
cell morphology and differential gene expression. Toxicology 218:205-215.

Waring JF, Ciurlionis R, Jolly RA, Heindel M, Gagne G, Fagerland JA, and Ulrich RG (2003)
Isolated human hepatocytes in culture display markedly different gene expression patterns
depending on attachment status. Toxicol In Vitro 17:693-701.

Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril JF, Agarwal P, Agarwala R,
Ainscough R, Alexandersson M, An P, et al. (2002) Initial sequencing and comparative
analysis of the mouse genome. Nature 420:520-562.

Address correspondence to: Joost H. M. van Delft, Department of Health
Risk Analyses and Toxicology, Faculty of Health, Medicine, and Life Sciences,
Maastricht University, Universiteitssingel 50, 6229 ER Maastricht, The Nether-
lands. E-mail: j.vandelft@grat.unimaas.nl

1102 ‘g Jequaidas uo 1sanb Aq 610°sjeuinofiadsepwp woiy papeojumoq


http://dmd.aspetjournals.org/

