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Abstract

Background: Primary hepatocytes rapidly lose their polarized morphology and the expression of important liver-
specific metabolic enzymes, receptors and transport proteins under normal two-dimensional (2D) culture conditions.
Thus, their use as a reliable predictive in vitro model for drug-induced liver injury is limited. Three-dimensional (3D)
liver micro tissue culture systems have become an increasingly attractive alternative for the evaluation of drug-
induced liver toxicity. However, several liver-specific pathways remain to be characterized in such models.

Methods and principal findings: In the present work, we compared the expression of several genes with a role
in the anti-oxidant cell defense and glucocorticoid pathways in rat H4lIE hepatoma cells, primary rat hepatocytes,
2D-hepatocyte sandwich culture, and a multi-cell type micro tissue model comprising primary rat hepatocytes in co-
culture with liver-derived nonparenchymal cells and macrophage (Kupffer cells). Gene expression was studied for up
to 25 days in culture. High expression levels of the Nrf2-dependent genes NQO1, ABCC3 and GST2A were detected
in H4IIE cells and in 3D-liver microtissues, in contrast to 2D-hepatocytes where a rapid decline of these genes was
observed. The glucocorticoid-dependent genes ORM1, G6PC, PCK1 and HSD11B1 were highly expressed up to
25 days of cultivation in 3D-liver microtissues, but they showed very low or background expression in H4IIE and
2D-hepatocyte models.

Conclusions: The tested 3D-multi-cell type liver micro tissue represents a stable and functionally active model
system, with sustained expression for more than three weeks of cultivation of important metabolic proteins regulated
by the glucocorticoid and anti-oxidant cell defense pathway.

Keywords: 3D-liver system; Microtissue; Spheroid; Glucocorticoid;
11beta-hydroxysteroid dehydrogenase; Anti-oxidant cell defense

Introduction

Drug-Induced Liver Injury (DILI) is the major severe adverse
drug reaction of marketed drugs, with severe health consequences for
the patients and financial loss for the pharmaceutical industry due to
market withdrawal [1]. For the evaluation of safety profiles for novel
drug candidates and the prediction of adverse drug effects, improved
in vitro liver models are of great demand.

Available hepatic in vitro models for DILI include hepatoma
cell lines, primary hepatocytes, liver microsomes and tissue slices.
Although primary hepatocytes cultured as a monolayer are commonly
used, their application is restricted to the assessment of acute toxicity
due to limited viability, altered polarity, rapid loss of liver-specific gene
expression and rapidly decreasing functionality [2,3]. Hepatocytes
cultured as two-dimensional (2D) monolayers often fail to predict
chronic toxicity, and only 50% of acute hepatotoxic compounds are
detected [4]. Liver toxicity is often mediated by a complex interaction of
hepatocytes with different cell-types such as liver-derived macrophages
(Kupffer cells). Moreover, prolonged and repeated exposure to drugs
and drug metabolites causing chronic rather than acute hepatotoxicity
need to be considered. In contrast to isolated hepatocytes and
hepatocarcinoma cell lines, Precision Cut Liver Slices (PCLS) represent
a multicellular ex vivo model for the investigation of drug induced
liver toxicology. Using optimized culture conditions, the viability and
organ-specific architectural composition of the different cell types
within rat PCLS can be maintained up to 96 h in culture [5,6]. However,
comparable with observations in hepatocytes, the expression of genes
from multiple metabolic pathways such as carbohydrate metabolism
and lipid metabolism is altered in PCLS that are kept in culture for 24 h
or longer [6,7]. Similarly, the expression of cytochrome P450 enzymes

rapidly decreased after prolonged cultivation in human PCLS [8,9]. A
cultivation period of 24 h reduced the total cytochrome P450 content
in trout PCLS to 50% of that in freshly isolated PCLS [10]. Thus, the
rapidly altered gene expression of PCLS upon cultivation restricts their
use to short-term applications and does not allow the investigation of
drug-induced subchronic toxicity [5,11]. In addition to their restricted
metabolic activity during prolonged cultivation, a major limitation of
PCLS is the requirement of complex and sophisticated dynamic culture
conditions, preventing high-throughput screening applications [5].

In recent years, different approaches aimed to overcome these
limitations by the use of complex culture systems in order to prolong
hepatocyte viability and mimic the hepatic microenvironment. Three-
dimensional (3D) liver models instead of the classic 2D-monolayer
cultures favor the formation of extracellular matrix and facilitate
intra- and inter-cellular communication [12,13]. The use of 3D-culture
conditions led to an improved predictive performance of hepatoma
derived cell lines such as human HepG2 cells for the toxicity of
commonly used drugs [14]. Cocultivation of hepatocytes with other
cell types such as endothelial cells enhanced the cultivation period of
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functional hepatocytes kept in a monolayer, while implementation of
other functional cells such as macrophage mimic the in vivo situation
of a multi-cell type environment and further enhance the predictive
power due to inflammatory responsiveness [15-17].

Hepatocytes express essential receptors, enzymes and transport
proteinsinvolved in biotransformation and mediating the detoxification
of hazardous xenobiotics and reactive endogenous compounds. By
introducing oxygen into lipophilic compounds Cytochrome P450
(CYP) enzymes metabolize a vast number of chemicals. To avoid
cellular damage by reactive compounds, various cytoprotective genes,
including those under the control of the transcription factor nuclear
factor (erythroid 2)-like 2 (Nrf2, NFE2L2 gene), are involved in
conjugation reactions, export functions, defense against oxidative stress
and repair mechanisms. Nrf2 is a key regulator of the anti-oxidant cell
defense system that controls both basal and ligand-induced expression
of important cytoprotective enzymes [18,19]. Nrf2 target genes include
essential phase II detoxification enzymes such as NAD(P)H:Quinone
Oxidoreductases (NQO), Hemeoxygenase-1 (HO-1, HMOXI gene)
and Glutathione S-Transferases (GST) that are induced, among other
factors, by oxidative stress caused by xenobiotics [18,20-23]. The
importance of Nrf2 is demonstrated in knockout mice, exhibiting an
enhanced susceptibility towards oxidative stress caused by xenobiotics
as a result of diminished expression of cytoprotective genes [24-26].

Another essential function of hepatocytes is the regulation of
carbohydrate and lipid metabolism to preserve energy homeostasis.
Carbohydrate metabolism is sustained among others by the action of
the Glucocorticoid Receptor (GR). Hepatic GR function depends on the
circulating concentration of glucocorticoids produced by the adrenal
glands and on the activity of hepatic 11p-hydroxysteroid dehydrogenase
1 (11B-HSD1), converting the inactive 11-ketoglucocorticoids
cortisone and 11-dehydrocorticosterone into their active 11f3-hydroxyls
cortisol and corticosterone [27]. 11B-HSD1 is facing the Endoplasmic
Reticulum (ER) and requires NADPH as cofactor, which is directly
provided by Hexose-6-Phosphate Dehydrogenase (H6PDH) [28-30].
By utilizing glucose-6-phosphate, H6PDH controls the NADPH/
NADP* redox couple in the ER and constitutes an important link
between carbohydrate metabolism and glucocorticoid activation,
thereby acting as a nutritional energy sensor [31,32].

We recently reported a suppression of Nrf2 activity by
glucocorticoids using H4IIE cells and a clone stably expressing
11B-HSD1 [33]. Despite of the importance of the glucocorticoid and
antioxidant cell defense pathway, there has been little effort so far to
characterize in vitro liver models for the expression of essential GR-
and Nrf2-dependent genes. We therefore aimed in the present study to
characterize a promising rat 3D-multi-cell liver microtissue system for
the expression of genes of these two pathways.

Experimental Procedure

Materials and methods

Rat liver microtissues (3D InSight™ Rat Liver Microtissues)
were obtained from InSphero AG, Schlieren, and Switzerland in a
96-well format (Gravity TRAP™). Cell culture media was purchased
from Invitrogen (Carlsbad, CA), [1,2-*H]-cortisone from American
Radiolabeled Chemicals (St.Louis, MO), and all other chemicals were
from Fluka AG (Buchs, Switzerland).

Cell culture

Rat HA4IIE hepatoma cells and H4IIE cells stably expressing

11B-HSDI (clone H4H1)) were cultured in Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% fetal bovine serum, 4.5 g/L
glucose, 50 U/mL penicillin/streptomycin, 2 mM glutamine, and 1 mM
HEPES, pH 7.4, as described previously [34].

Rat liver microtissues were produced from freshly isolated rat
(Wistar) hepatocytes, applying a modified isolation protocol adapted
from Seglen et al. [35] that were co-cultured with nonparenchymal
liver cells, derived from the same donor rat. Reaggregation of the liver
cells to spheroids was achieved by culturing the cell suspension in the
Gravity PLUS™ hanging drop plate and subsequent transfer into the
microtissue culture and assay plate Gravity TRAP™ (InSphero Cat.#
CS-06-001) provided with the corresponding maintenance medium
(CS-07-002) (Figures 1-2).

Microtissue production

GravityPlus™

GravityTRAP™

Microtissue
Culture/Assay

Microtissue
Transfer

Microtissue

CellbeediE Maturation

Figure 1: Schematic representation of 3D-liver microtissue production.

Figure 2: Morphology of rat 3D-liver microtissue at day 4.

(A) Single rat 3D-liver microtissue, composed of primary hepatocytes
and non-parenchymal cells as provided in a microtiter plate format
(1 microtissue/well). Bar=200 pym. Size analysis of several single
microtissues: diameter 319 + 9 ym; volume 0.0194 + 0.0014 pm?, n=13.
Paraffin sections of rat 3D-liver microtissues stained by (B) hemalaun
and eosin and (C) anti-CD68 antibody for the identification of Kupffer
cells. (D) Native rat liver section stained for CD68. Bar=100 pm.
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Analysis of mRNA expression by real-time RT-PCR

For each time point total RNA was extracted from microtissues
of 96-well plates using the RNA extraction protocol of the RNeasy
Mini Kit Isolation System including on-column DNase digestion with
the RNase-Free DNase Set according to the manufacturer’s protocol
(Qiagen, Basel Switzerland). H4IIE and H4HI cells (500’000 cells/
well) were cultivated in 24-well plates containing DMEM for 24 h at
37°C. Total mRNA was extracted using the Trizol method (Invitrogen,
Carlsbad, CA). Total mRNA from hepatoma cells (2 pg) or micro tis-
sues (200 ng) was reverse transcribed to cDNA using the Superscript-
II First-Strand Synthesis System and oligo-dT from Invitrogen.
Relative quantification of mRNA expression levels was performed by
RT-PCR on a RotorGene 6000 (Corbett, Sydney, Australia) using the
KAPA SYBR"® FAST qPCR Kit (Kapasystems, Boston, MA). Relative
gene expression compared with the internal control PPIA was deter-
mined using the delta-delta-CT method. The following oligonucleotide
primer pairs were used for real-time RT-PCR: Peptidylprolyl Isomer-
ase A (PPIA) Forward (FW): 5-ATTCATGTGCCAGGGTGGTG-3’,
Reverse (RV): 5-GGACCTGTATGCTTCAGGATG-3’; Phospho-
enolpyruvate Carboxykinase 1 (PCK1) FW: 5-TCCCATTGGCTAC-
GTCCCTAA-3’, RV: 5-CCACCTCCTTCTCCCAGAATTC-3’; ATP-
Binding Cassette, Subfamily C (CFTR/MRP)member 3 (ABCC3)
FW: 5-TCCCACTTCTCGGAGACAGTAACT-3’, RV: 5- CACCT-
TAGCATCACTGAGGACCTT; Orosomucoid 1 (ORM1) FW: 5-
GTTCTGGGTTCTGAGCTTCCAA-3’, RV: 5-CGCTGCACATG-
GTTCTTGTC-3’; NAD(P)H dehydrogenase, Quinone 1 (NQO1) FW:
5-GCCTTTGTTCCACAAGGATAGG-3’, RV: 5- GCCCCTAATCT-
GACCTCGTT-3’; Glucose-6-Phosphate Dehydrogenase (G6PD) FW:
5- GCCTTCTACCCGAAGACACCTT-3, RV: 5-CTGTTTGCG-
GATGTCATCCA-3’; Glutathione S-Transferase A2 (GST2A) FW:
5-CAGGAGTGGAGTTTGATGAG-3’, RV: 5- GCGATGTAGTT-
GAGAATGG-3; Nuclear Factor, Erythroid Derived 2, Like 2 (NFE2L12)
FW: 5- TGCCCCTGGAAGTGTCAAA-3, RV: 5-GGCTGTACTG-
TATCCCCAGAAGA-3; Glucose- 6-Phosphatase, Catalytic Subunit
(G6PC) FW: 5-GGCTCACTTTCCCCATCAGG-3, RV: 5- ATC-
CAAGTGCGAAACCAAACAG-3; Hexose-6-Phosphate Dehydroge-
nase (H6PD) FW: 5-GCAGAAGAGCAACGCCAT-3, RV: 5-GAA-
CATAGCCGACTCTCTCG-3; 11P-Hydroxysteroid Dehydrogenase

1 (HSD11B1) FW: 5-GAAACAGAGCAATGGCAGCAT-3’, RV:
5-CAAACTTGCTTGCAGAGTAGGAAG-3’.

Measurement of 113-HSD1 enzyme activity in intact 3D-liver
microtissues

3D-liver microtissues from two independent hepatic isolations
were cultivated for up to 25 days in hanging drop cultivation plates.
Medium was replaced every third day by fresh culture medium. At 48
h prior to the enzyme assay, thirty 3D-microtissues were collected in a
10 cm” dish containing PBS at 37°C. Subsequently, microtissues were
transferred into a 10 cm® dish containing culture medium without
dexamethasone. Five microtissues per condition were placed into one
well of a GTRAP assay plate. Microtissue spheroids were then incubated
for 48 h in medium (80 pL) without dexamethasone. The medium was
removed and replaced by assay medium (Bioconcept HHMM_CT)
containing 50 nM of cortisone with 10 nCi [3H]-cortisone as tracer in
the presence or absence of the selective 113-HSD1 inhibitor T0504 (1
uM), followed by incubation for 24 h at 37°C. Reactions were stopped
by adding methanol containing 2 mM of unlabeled cortisone and
cortisol, followed by separation of steroids by TLC and scintillation
counting.

Results

Comparison of gene expression of glucocorticoid and anti-
oxidant cell defense pathway in different in vitro liver models

In order to validate the 3D-liver microtissue system for studies
of the glucocorticoid and anti-oxidant cell defense pathways, we
compared the mRNA expression levels of genes regulated by these two
pathways between the rat 3D-liver microtissue system, rat hepatocytes
in 2D-sandwich culture and the rat hepatoma cell line H4ITE (Table 1)
(Figures 1-2). Further, we included a H4IIE cell clone stably expressing
113-HSD1 (H4H1). PCLS were not included in the study because they
cannot be cultured for longer than 72-96 h. Quantification of mRNA
levels by real time RT-PCR requires an appropriate internal standard,
which is constantly expressed throughout the experiment [36]. We used
the widely accepted house-keeping gene PPIA, encoding cyclophilin
A, for normalization of the expression levels of interest. PPTA mRNA
expression stayed constant during the time of the experiment and upon

Gene name H4IIE H4H1 2D-hepatocyte sandwich 3D-liver microtissue
Day 4 ‘ Day 25 Day 4 ‘ Day 25
Glucocorticoid pathway
PCK1 32.0+0.8 21412 33.5+1.3 34317 255+04 27.5+01
ORM1 30.1+£04 30.0+0.2 205+23 254+03 196+13 21.7+£1.0
G6PC 32.3+£19 21.5+05 34.2+0.6 34.1+0.7 271+£0.6 27.4+01
H6PD 295+1.1 30.5+05 341+33 359+0.3 30.5+0.6 30.8+0.5
H11B1 34.7+£0.1 27.3+0.6 31.1+04 33.7+49 242+09 234+04
Anti-oxidant cell defense pathway
ABCC3 27.0+£0.6 27.7+0.3 288+13 31.6+1.9 27.8+1.6 28.7+1.2
NQO1 248+04 229+0.6 28.6+0.2 30.7 21 25625 27.0+£1.0
GSTA2 248 1.7 28.8+0.6 309+1.6 33.0+0.7 20509 21.0£1.2
NFE2L2 21.3+05 20.5+0.9 283+22 30.6+2.0 25119 249+01
Other (redox pathway)
G6PD \ 23.9£038 \ 247402 . 284:02 30.9+1.9 . 284:12 29.0£17
House-keeping
PPIA | 24102 | 19.2£0.1 | 228:05 23508 | 223301 | 21807

Table 1: Overview of mMRNA expression levels in rat liver in vitro models.

The mRNA expression levels of genes of the glucocorticoid- and anti-oxidant cell defense pathways were determined by real-time RT-PCR. Peptidyl prolyl isomerase A
(PPIA) served as a house-keeping gene to normalize expression levels of the corresponding gene of interest. Data represent mean + SD.
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the treatment applied. The CT-values measured for the different liver
models were in a similar range (between 22-24).

A comparison of the expression of genes that are regulated by
Glucocorticoid Receptors (GR) revealed low or background levels in
HA4IIE hepatoma cells with CT-values higher than 30, except for H6PD,
which despite the relatively high CT-value of 29.5 is functionally
expressed in these cells and in the stable line H4HI1 [37]. In the
2D-sandwich culture system ORM1 was expressed at high levels up to
day 4 (CT of 20.5), followed by a rapid decline in its expression until
day 25 (CT of 25.4). All other glucocorticoid-dependent genes were
detected at background levels only. In contrast, the 3D-liver spheroid
system expressed substantial levels of the glucocorticoid-dependent
genes ORM1, PCK1, G6PC and HSD11B1, and no or only a slight
decrease was observed after another three weeks in culture. HSD11B1
expression levels in the 3D-liver microtissues were higher than in the
stably transfected H4H1 hepatoma cell clone. The lowest expression
was detected for H6PDH, which was also retained up to day 25 of
cultivation. The expression in the 3D-liver spheroid system, although
moderate, was clearly higher than that in the 2D-hepatocyte sandwich
culture model.

In contrast to glucocorticoid-dependent genes, genes involved in
anti-oxidant cell defense, i.e. Nrf2, NQO1, ABCC3 and GST2A, are
expressed at substantial levels in H4IIE. These genes are also highly
expressed in the 3D-liver spheroid model, with highest expression
observed for GST2A. Importantly, the expression of these genes
was retained during the three week cultivation period. Much lower
expression levels were found in the 2D-hepatocyte culture, and the
expression further dropped upon cultivation for three weeks. As an
additional gene with a role in redox regulation, but not under the control
of Nrf2, we determined the expression of GGPDH in the different liver
models. Similar expression of GGPDH was observed in the 2D- and 3D
model; however, the decrease in its expression was more pronounced
in the 2D-system. Clearly highest GGPDH expression was found in
HAIIE cells.
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Figure 3: Functional activity of 113-HSD1 in intact 3D-liver microtissues
over 25-days of cultivation.

Five 3D-liver microtissues were combined on day seven of cultivation
into one well of the assay plate (GTRAP). Microtissue spheroids were
cultured in medium without dexamethasone for another 48 h. Medium
was the removed and replaced by assay medium containing 50 nM
radiolabeled cortisone with or without 1 uM of the selective 113-HSD1
inhibitor T0504, followed by 24 h incubation at 37°C. Data (mean + SD)
were obtained from two independent hepatic isolations and each data
point was measured in triplicate.
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Figure 4: Enhanced mRNA expression of Nrf2- and GR-dependent genes in
3D-liver microtissues compared with freshly isolated hepatocytes.

Cells were isolated from rat livers and 3D-liver spheroids were cultivated for
three weeks in the hanging drop culture at 37°C, followed by quantification of
mRNA levels by real-time RT-PCR. Data (mean + SEM) were obtained from
two independent isolations and measurements were performed in triplicate.
Data represent ratios of ABCC3, NQO1, ORM1 and G6PD mRNA to PPIA
control mRNA from 3Dliver microtissues normalized to the values obtained
from fresh isolated liver cells.

Retained 113-HSD1 enzyme activity over 25 days in 3D-liver
microtissue cultures

To assess whether HSD11B1 mRNA expression translates into
functional enzyme in 3D-liver microtissue cultures, we measured
the 11B-HSDI1-dependent reduction of radiolabeled cortisone to
cortisol at different time points up to 25-days in culture (Figure 3).
Five 3D-liver microtissues were added into one well of the assay plate
and incubated in 80 uL medium supplemented with 50 nM cortisone
containing 10 nCi [1,2-3H]-cortisone in the presence or absence of 1
uM of the selective 113-HSD 1 inhibitor T0504 for 24 h at 37°C. At all
time points 113-HSD1 enzyme activity in the presence of vehicle was
significantly higher compared with microtissues treated with T0504.
The 11B-HSD1-dependent cortisone reductase activity increased
during cultivation up to day 18, reaching maximal activity between
days 18-21, followed slightly lower levels at day 25. Considering the
number of cells, incubation volume and reaction time, the cortisone
reductase activity of the cultured spheroids can be roughly estimated
to be 3-4 times lower and 6-8 times lower than that of freshly isolated
rat hepatocytes and H4H1 cells expressing recombinant 113-HSD1,
respectively. Nevertheless, the limited access of the substrate to the
enzyme in the 3D spheroid culture compared with 2D cultured cells
needs to be considered.

Comparison of the anti-oxidant response- and GR-dependent
gene expression in 3D-liver microtissues and freshly isolated
hepatocytes

Next, we compared the expression of the Nrf2- and GR-dependent
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Figure 5: Sustained mRNA expression of Nrf2- and GR-dependent
genes in 3D-liver microtissues.

Freshly isolated liver cells were cultivated as 2D-sandwich monolayers
or as 3Dspheroids in hanging drop cultures for three weeks at 37°C,
followed by quantification of mRNA levels by real-time RT-PCR.
Data (mean + SEM) were obtained from two independent isolations,
measured in triplicate, and represent ratios of ABCC3, NQO1, ORM1
and G6PD mRNA to PPIA control mRNA from 3D-spheroids or
2D-hepatocyte monolayers normalized to the values obtained after day
four.

target genes in freshly isolated rat hepatocytes (designated as day
0 in Figure 4) with that of 3D-liver spheroids for up to three weeks
of cultivation. The mRNA expression of the multi-drug resistant
protein Abcc3 (Figure 4A, black bars) and the NADPH dependent
quinone reductase NQO1 were eight- and five-fold increased in
3D-liver microtissues compared with freshly isolated hepatocytes. The
expression of NQO1 mRNA decreased in a time-dependent way but was
still three-fold higher at day 21 than the initial levels in freshly isolated
hepatocytes. ABCC3 mRNA levels remained relatively constant over
the three weeks cultivation period. Furthermore, the mRNA expression
of both GR dependent genes G6PD and ORM1 was elevated in 3D-liver
microtissues compared with freshly isolated hepatocytes derived from
the same liver. ORM1 mRNA expression (Figure 4B, black bars) was
highest (seven-fold) at day four after the isolation and stayed elevated
(three-fold) during further cultivation. G6PD mRNA expression
(Figure 4B, white bars) increased time-dependently from four-fold at
day four up to eight-fold at day 14, with a decline in mRNA expression
after three weeks in culture.

Comparison of time-dependent gene expression in
2D-hepatocyte culture and 3D-liver microtissues

To further compare the time-dependent gene expression in
2D-hepatocyte monolayers (Figure 5, white bars) and 3D-liver
microtissues (black bars) we measured mRNA expression after four-
and 25 days of cultivation, whereby the values obtained at day 4 were
set as 1. The mRNA expression of the genes analyzed declined after
three weeks in culture, except for G6PD in the 3D-spheroids. However,

all genes analyzed were expressed at significantly higher levels in the
3D-liver microtissue system.

Discussion

Functional hepatic tissue essentially maintains the glucocorticoid-
dependent regulation of lipid and carbohydrate homeostasis in vivo.
The local hepatic glucocorticoid supply is mediated by 11B-HSD1, an
enzyme whose expression is altered by inflammatory cytokines and NF-
kB, nutritional factors such as glucose and fructose and pharmaceuticals
such as glucocorticoids and PPARa and PPARYy agonists [27, 38-40].
Currently, no suitable hepatocellular lines are available that express
11B-HSD1 as well as key enzymes responsible for glucose homeostasis.
Moreover, a rapid decline of 113-HSD1 reductase activity is observed
upon cultivating freshly isolated primary hepatocytes, with almost
complete loss after 48 h in culture [27]. Similarly, rat PCLS rapidly lose
their liver-specific gene expression and, in addition, tissue fibrosis leads
to stellate cell activation within 48 h of cultivation, which restricts the use
of PCLS to short-term applications [6]. Impaired local glucocorticoid
supply also affects the function of key gluconeogenic enzymes including
Phosphoenolpyruvate Carboxykinase (Pckl), Glucose-6-Phosphatase
(G6Pase) and Hexose-6-Phosphate Dehydrogenase (H6PDH) [41].
Our results reveal a high expression of glucocorticoid-dependent
genes such as PCK1, G6Pc, ORMI1 and HSD11B1. Importantly, the
expression of these genes is sustained up to 25 days in culture, allowing
studying subchronic situations. Moreover, 113-HSD1 is functionally
expressed and cortisone reductase activity can readily be measured.

Current in vitro hepatic model systems often fail to predict
hepatic injury because of the rapid loss of expression of phase I and
II biotransformation enzymes and efflux pumps during cultivation
[42]. Hepatocytes cultured as monolayers rapidly lose the expression
and functional activities of key cytochrome P450 enzymes, multi-drug
resistance proteins, proteins required for albumin and transferring,
and glucocorticoid regeneration within the first 24-48 h [43-45].
The prediction of drug-induced hepatotoxicity needs to consider
bioactivation as well as detoxification and clearance of reactive
metabolites. Many of the genes involved in coping with oxidative
damage of reactive metabolites are under the transcriptional control
of Nrf2. The induction of the Nrf2-dependent anti-oxidant defense
system was shown to enhance the metabolism of acetaminophen by the
use of a sophisticated culture approach, which predicted toxicity more
reliably than the widely used 2D-hepatocyte cultures [46]. Our results
show that the expression of several Nrf2 regulated genes is maintained
at high levels in 3D-liver microtissues, in contrast to 2D-hepatocyte
sandwich cultures where the expression is rapidly lost. Similar levels
of the Nrf2-dependent genes that were investigated in this study are
expressed in the H4IIE cell line, making them a suitable system to
study some mechanistic aspects of the Nrf2 pathway. This cell system
is of limited use, however, for studies on the impact of glucocorticoids
on xenobiotics metabolism and transport as well as interactions
between the glucocorticoid and the Nrf2 pathway. Moreover, since the
expression of the genes is maintained for up to 25 days, the effects of
subchronic exposure to xenobiotics can be investigated in the 3D-liver
microtissue system. Physiologically, the multi-functionality of the
liver is ensured by the complex interactions of different cell types.
Hepatotoxicity is not solely caused by impaired hepatocyte function
but may result from damages of bile canalicular cells, sinusoidal
epithelial cells, stellate or Kupffer cells, leading to functional changes
and indirect damages of hepatocytes [17,47]. Thus, improved in vitro
models ideally represent the interactions of different hepatic cell-types.
Monocultures of hepatocytes are prone to underestimate toxic effects
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for drugs such as diclofenac or trovafloxacin that require inflammatory
responsiveness to induce severe toxicity [17]. Hepatotoxicity induced
by approved drugs is relatively rare, because of the preclinical use of in
vitro models, animals and clinical trials in humans. Nevertheless, DILI
remains the most frequent reason for post-market drug withdrawal,
justifying the extensive efforts to detect adverse drug effects as early as
possible. Prediction of hepatotoxicity requires reliable test systems that
maintain phenotypic characteristics and concern hepatic complexity
by the use of improved and sophisticated culture conditions as well
as multi-cell-type models [42]. In conclusion, our study demonstrates
the maintained expression of key genes of the glucocorticoid and
Nrf2 pathways for up to 25 days in a 3D-multi-cell type rat liver
microtissue system and emphasizes the benefits over 2D-hepatocyte
cultures in static sandwich monolayers and H4IIE hepatoma cells to
study interactions between these pathways. The availability of 3Dliver
microtissues in 96-well format is necessary for medium- and high-
throughput screening experiments.
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