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Abstract
Primary hepatocytes have been widely explored as cell sources for the study of in vitro drug metabolism and 

pharmacokinetics (DMPK). Aiming toward establishing an in vitro drug screening method, the objective of the current 
study is to illustrate a comprehensive increase in the DMPK-related gene expression of nanopillar (NP)-cultured 
3D-spheroids. To examine the expressional changes in DMPK-related genes under four different conditions, namely, 
NP-, sandwich (SW)-, monolayer (ML)-cultured rat hepatocytes, and freshly isolated hepatocytes, genome-wide 
gene-expression analysis using a DNA microarray was performed. Among the DMPK-related genes, cytochrome 
P450, UDP-glucuronosyltransferase, and transporter genes were focused on. Principal component analysis showed 
that the global gene expression profile in a sample from an NP culture was closer to that from freshly isolated 
hepatocytes than to that from an SW culture. The expressions of almost all Cyp 1 to 3 and Ugt genes of NP-cultured 
3-D spheroids were higher than those of ML and SW. The expression of the Abcc2 gene, whose translation product 
has a critical role in the excretion of metabolized bile acids in hepatocyte to bile canaliculi, was three times higher 
in NP than in ML. From these results, 3-D spheroids formed by the NP culture were suggested to possess a higher 
ability of metabolism and excretion than does 2-D tissue formed by the conventional monolayer culture. 
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Introduction
In the preclinical stage of drug discovery, evaluating drug 

metabolism and pharmacokinetics (DMPK) is essential [1]. To 
determine the DMPK properties of drug candidates, it is necessary 
to evaluate the process of absorption, distribution, metabolism, and 
excretion (ADME) within the body [1]. Most of these evaluations are 
currently performed using a whole animal [2]. Unfortunately, only a 
small fraction (~10%) of drug candidates that were selected for clinical 
development eventually have become marketed drugs in recent years 
[3,4]. The failure rate of drugs in clinical trials could be attributed to 
poor DMPK and low bioavailability [1]. This situation explains the fact 
that animal study may not be sufficient for predicting the fate of drug 
candidates in humans [3]. Accordingly, there is a growing need for a 
high-throughput in vitro method for evaluating DMPK properties that 
can extrapolate to human very early in the drug discovery process. This 
makes a contribution to reduction of the attrition during development 
instead of using the conventional in vivo preclinical test that uses 
animals [5]. Suitable DMPK features of a drug are essential in regard 
to the reliable selection of effective drug candidates in the clinical 
development stage and successful progression of those candidates 
without attrition through clinical evaluation [1].

To date, primary hepatocytes have been extensively used as a cell 

source for studying in vitro drug metabolism and excretion. Hepatocytes 
in their native environment possess a structural polarity and liver-
specific functions such as drug metabolizing or albumin secretion 
[6,7]. Conventionally cultured hepatocytes have spreading-monolayer 
morphology on an extracellular matrix (ECM)-coated culture 
surface [8-10]. The intrinsic differentiated structure and function of 
hepatocytes rapidly deteriorate or are lost and cannot be recovered 
under such monolayer culture conditions [6,11]. Accordingly, this 2-D 
monolayer culture system has difficulty in predicting such a metabolic 
process as DMPK in all native environments. This difficulty is one of 
the potential limiting factors in establishing an in vitro assay system. 

In comparison, 3-D hepatocyte spheroids sustain viability for 
extended culture periods and higher liver-specific functions [6,12-
16]. A spheroid culture system is thus an alternative culture technique 
for evaluating drug metabolism in the course of drug screening 
[2,11]. The authors previously developed culture devices for forming 
3-D spheroids, namely, nanopillar (NP) sheets, and reported that 
the spheroid formation of rat primary hepatocytes was controlled 
by optimizing the pillar diameters and pillar pitch (pillar center-to-
center distance) of the NP sheets [13]. In the report, the NP-cultured 
spheroids possessed higher viability and polarity, and liver-specific 
functions related to metabolism and excretion were also induced by 
overlaying Matrigel on the spheroids. These hepatocellular functions 
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were assessed by using a gene-expression analysis of the Cyp3a23/3a1 
and Abcc2 genes with a real-time polymerase chain reaction (PCR) 
and by using a 5-carboxy-2’, 7’-dichlorofluorescein diacetate (CDFDA) 
excretion assay. In addition, the NP sheet has an advantage in that it 
can be used to set up more reproducible culture conditions because 
its surface geometry can be designed artificially [13]. These advantages 
of the NP culture will contribute to acquiring stable and reproducible 
preclinical data and establishing an alternative culturing technique for 
evaluating metabolism and toxicity in future drug screening processes.

Toward establishing an in vitro drug screening method that reflects 
a drug’s DMPK properties within the body, the objective of the current 
study is to elucidate that the expression levels of cytochrome P450, UDP-
glucuronosyltransferase, and transporter genes are higher overall in the 
NP-cultured 3D spheroids than in the conventional 2-D tissue. Taking 
particular note of these DMPK-related genes, we therefore performed a 
genome-wide gene-expression analysis by using a DNA microarray to 
assess the gene expression profiles of four different conditions, namely, 
NP, sandwich (SW), and monolayer (ML) cultures and freshly isolated 
hepatocytes. The DNA microarray analysis could show an entire image 
of the gene expression profile that cannot be read in the real-time PCR 
that focuses on individual genes. Moreover, pathway analysis based on 
the altered gene expression reveals the expressional dynamics. In this 
report, we describe the 3-D spheroids formed by the NP culture possess 
a higher ability of metabolism and excretion than does 2-D tissue 
formed by the conventional monolayer culture. The result suggests 
that the NP culture is valuable for evaluating metabolism and toxicity 
toward new drug development. 

Materials and Methods

NP sheet preparation

Preparation of the NP sheet was described in the previous report 
[13]. In brief, a 1.0-mm-thick polystyrene film was spin-coated onto a 
glass substrate. A nanomold was made of silicon wafer and fabricated 
by photolithography. The NP sheets (with a 2.0-µm pillar diameter and 
with pitches twice the pillar diameter) were formed by pressing the 
mold onto the film at 423 K and then releasing it at room temperature. 
The NP sheets were precoated with a solution containing 100 ng/ml of 
type-I collagen.

Hepatocyte culture

Hepatocytes were isolated from six- to eight-week-old specific 
viral-pathogen-free male Fisher rats weighing about 150–250 g (Charles 
River Japan Inc., Japan) by modified two-step in situ collagenase 
perfusion [17] and purified by Percoll gradient separation [18]. The 
viability of the hepatocytes was determined by trypan blue exclusion, 
and hepatocytes with over 85% viability were used for the following 
culture.

The hepatocytes were resuspended in William’s E medium 
containing 10% fetal bovine serum supplemented with 8.6 nM of 
insulin (Sigma-Aldrich Corp., MO), 255 nM of dexamethasone 
(Nacalai Tesque, Inc., Japan), 50 ng/ml of epidermal growth factor 
(Sigma-Aldrich Corp.), and 5 KIU/ml of aprotinin (Wako Pure 
Chemical Industries, Ltd., Japan). The cells were seeded at a density 
of 1×105 cells/cm2 onto prepared NP sheets or into a 35-mm-diameter 
culture dish (AGC Techno Glass Co., Ltd., Japan) in which type-I 
collagen was pre-coated. The seeded hepatocytes were incubated in a 
humidified chamber with 5% CO2 at 37°C. The procedure for the NP, 
SW, and ML cultures is described below.

NP culture [13]: after 24 hours of post-seeding, the medium was 
replaced with serum-free William’s E medium containing the same 
supplements described above. After 48 hours of post-seeding, the 
medium was replaced with a serum-free medium containing MatrigelTM 
(BD Bioscience, MA) with the same supplements described above. 
Subsequently, the culture medium was changed daily. Hepatocytes 
were cultured in total for 96 hours. 

SW culture [19,20]: after 24 hours of post-seeding, the culture 
medium was replaced with serum-free William’s E medium 
containing Matrigel (BD) with the same supplements described above. 
Subsequently, the culture medium without Matrigel was changed daily. 
Hepatocytes were cultured in total for 96 hours.

ML culture: the culture medium was replaced with serum-free 
William’s E medium every 24 hours. Hepatocytes were cultured in total 
for 96 hours.

DNA microarray analysis

Total RNA was extracted from the four kinds of samples 
mentioned above by using an RNeasy Plus Micro Kit (Qiagen GmbH, 
Germany) according to the manufacturer’s instructions. The quantity 
and quality of the RNA were determined with a Nanodrop ND-1000 
spectrophotometer (Thermo Fisher Scientific Inc., Waltham, MA) 
and an Agilent Bioanalyzer (Agilent Technologies, Palo Alto, CA), as 
recommended. 

Total RNA was amplified and labeled with Cyanine 3 (Cy3) by 
using an Agilent Low Input Quick Amp Labeling Kit, one-color 
(Agilent Technologies, Palo Alto, CA) following the manufacturer’s 
instructions. Briefly, 100 ng of total RNA was reverse-transcribed to 
double-strand cDNA by using a poly dT-T7 promoter primer. The 
primer, template RNA, and quality-control transcripts of the known 
concentration and quality were first denatured at 65°C for 10 min and 
incubated for two hours at 40°C with 5X first-strand buffer, 0.1-M DTT, 
10-mM dNTP mix, and Affinity Script RNase Block Mix. The Affinity 
Script enzyme was inactivated at 70°C for 15 min. cDNA products were 
then used as templates for in vitro transcription to generate fluorescent 
cRNA. The cDNA products were mixed with a transcription master 
mix in the presence of T7 RNA polymerase and Cy3 labeled-CTP and 
incubated at 40°C for two hours. The labeled cRNAs were purified 
by using Qiagen’s RNeasy mini spin columns and eluted in 30 μl of 
nuclease-free water. Subsequently, the amplified cRNA quantity and 
labeled cyanine incorporation were determined by using the Nanodrop 
ND-1000 spectrophotometer and the Agilent bioanalyzer [21]. 1.65 µg 
of Cy3-labeled cRNA was fragmented and hybridized at 65°C for 17 
hours to an Agilent Whole Rat Genome Microarrays 4×44 K (Design 
ID: 014879). Finally, microarrays were scanned by using an Agilent 
DNA microarray scanner. 

The microarray data were analyzed by using an GeneSpring GX 
10.0.2. (Agilent Technologies) at DNA Chip Research Inc. (Kanagawa, 
Japan). The raw microarray data are available in the GEOarchive 
file format in the Gene Expression Omnibus with accession number 
GSE38950 at http://www.ncbi.nlm.gov/geo/. The intensity values 
of each scanned feature were quantified by using an Agilent Feature 
Extraction Software version 10.5.1.1, which performs background 
subtractions. Only features that were flagged as not errors (present 
flags) were used, and features that were not positive, not significant, 
not uniform, not above the background, saturated, and population 
outliers (marginal and absent flags) were excluded. Normalization was 
performed by using the Agilent GeneSpring GX version 10.0.2. (per 
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chip: normalization to 75-percentile shift; per gene: normalization to 
median of all samples) [21]. There are a total of 41,012 probes on the 
Agilent Whole Rat Genome Microarray 4×44 K (Design ID: 014879), 
and there are no control probes. Data filtration was performed, and we 
eventually acquired a valid 22,596 probe set, where at least four out of a 
total of twelve samples had had the present flag for further analysis. The 
altered transcripts were quantified by using the comparative method. 
To identify significant differences in gene expression between samples, 
False Discovery Rate (FDR)-corrected p-value <=0.01 combined with 
>=2 to 10-fold change in signal intensity was applied in this study. 
Hierarchical clustering analysis (HCA) [22] and principal component 
analysis (PCA) [23] were performed by using the GeneSpring GX 
10.0.2.

Gene expression data were mapped to rat pathways of GenMAPP 
2.1, and MAPPFinder 2.0 was used to find significant pathways in 
which a relative amount of genes satisfy the following several-fold-
change criteria: 4.0 < [ML/NP] < 8.0, 2.0 < [ML/NP] < 4.0, -4.0 < [ML/
NP] < -2.0, -8.0 < [ML/NP] < -4.0, 4.0 < [SW/NP] < 8.0, 2.0 < [SW/NP] 
< 4.0, -4.0 < [SW/NP] < -2.0, and -8.0 < [SW/NP] < -4.0. 

Results
Tissue morphology under three different culture conditions: 
NP, SW, and ML cultures

Rat primary hepatocytes were cultured to compare tissue 
morphologies produced under three different culture conditions, 
namely, NP, SW, and conventional ML cultures. Phase-contrast 
micrographs of the cultures at 96 hours of post-seeding are shown 
in figure 1. Spheroids with diameters of 50 to 100 µm and a compact 
morphology in which individual cells can barely be distinguished on 
the NP sheet were observed (Figure 1a). Clear bile canaliculi were 
observed at cell-cell adhesion sites in the SW culture, meaning that 
each cell had a higher structural polarity (Figure 1b, arrow heads). 
Individual cells strongly adhered to the substrate and spread in the ML 
culture (Figure. 1c).

Determination of individual variability by hierarchical 
clustering analysis (HCA) 

To investigate the expressional change of DMPK-related genes in 
these three kinds of cultured tissue and freshly isolated hepatocytes 
that resemble native liver parenchymal cells, DNA microarray analysis 
was conducted. To visualize possible similarities and differences 
between gene expression profiles, hierarchical clustering analysis 
(HCA) was performed after whole genome gene expression profiles of 
four groups were generated by using the Agilent Whole Rat Genome 
Microarrays 4×44 K. Hierarchical clustering of gene expressional data 
is an intuitive way to analyze the expressional trends of differentially 
expressed genes and the relationships between different groups of 
gene expression patterns. HCA of all 22,596 probes was performed 
by using the GeneSpring software to examine the similarity of gene 
expressional profiles of four groups, namely, NP, SW, ML cultures 
and freshly isolated hepatocytes. The number of samples in each group 
was three, which are from three different rats (biological replicates). 
A hierarchical cluster diagram of these 12 samples (freshly isolated 
hepatocytes -1, -2, and -3; ML-1, -2, and -3; SW-1, -2, and -3; and NP-1, 
-2, and -3) based on the HCA results is shown in figure 2. The diagram 
showed that the 12 samples were divided into four clusters according 
to the four groups. This result indicates that the individual variability 
in each expressional profile was little. NP and SW belonged to the same 

cluster by clustering with higher hierarchy. This result means that the 
expression profile of the NP culture is related more closely to that of the 
SW culture that was reported to reflect the native environment rather 
than to that of the ML culture. The freshly isolated hepatocytes had 
longer clustering distances to all the other groups. 

NP                                       SW                                      ML

Figure 1: Phase-contrast micrographs of (a) nanopillar (NP)-, (b) sandwich 
(SW)-, and (c) monolayer (ML)-cultured hepatocytes. Micrographs were taken 
at 96-h postseeding. Scale bars: 100 µm.
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Figure 2: Hierarchical clustering analysis of gene expression of freshly 
isolated hepatocytes-1, -2, and -3, ML-1, -2, and -3, SW-1, -2, and -3, and 
NP-1, -2, and -3. The clustering is based on all the 22,596 probes that passed 
quality filtering. Data were subjected to HCA by using a Euclidian-distance 
calculation based on the centroid-linkage rule. 
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Close association between NP and freshly isolated hepatocytes 
investigated by principal component analysis (PCA)

The similarity and differences between the genome-wide gene 
expressions of the NP, SW, and ML cultures and freshly isolated 
hepatocytes (the number of samples in each group is three of 
biological replicates) were further investigated by principal component 
analysis (PCA). PCA allows correlations in datasets to be visualized 
by compressing information in a low number of dimensions. The 
method is very flexible, and large datasets can be handled easily. An 
important step in PCA is determining the number of latent variables, 
which contain relevant information [23]. PCA with all 22,596 probe 
sets was performed by using the Gene Spring software. The three most 
variable principal components (PC1, PC2, and PC3) are plotted in 
three dimensions in figure 3. In the graph, freshly isolated hepatocytes 
and ML are plotted widely apart, and NP and SW are plotted closely 
between freshly isolated hepatocytes and ML in PC1 (63.3%). NP is 
plotted slightly closer to the freshly isolated hepatocytes than is SW in 
PC1, which means that the expressional profile of NP is more similar 
to that of the freshly isolated hepatocytes than that of SW. NP and SW 
are plotted closely, as well as the freshly isolated hepatocytes and ML, 
in PC2 (26.8%). However, these two groups are plotted widely apart in 
PC2, respectively. 

Higher hepatocellular functions related to drug metabolism 
and excretion in the NP-cultured 3-D spheroid 

To assess the expressional changes of DMPK-related genes under 
four different conditions, the genes of the following three kinds were 
analyzed: (1) cytochrome P450s (Cyps), which encode a ubiquitous 
superfamily of heme-containing monooxygenase enzymes that 
plays a fundamental role in the metabolism of chemically diverse 
compounds such as endogenous chemicals and pharmaceutical agents 
[24], (2) UDP-glucuronosyltransferases (Ugts), which encode catalyze 
enzymes whose role is to add a glycosyl group from a UTP-sugar to 
a small hydrophobic molecule [25], and (3) solute-carrier organic 
anion transporters (Slcos) and an ATP-binding cassette transporters 
superfamily C (Abccs), which encode uptake and excretion 
transporters, respectively [26]. The expressional ratios of NP/ML, NP/
SW, and NP/freshly isolated hepatocytes are represented from top 
down for each gene in figure 4. In the case that the expression level in 
the denominator is higher than that in the numerator, the expressional 
ratio will converge at 0 to 1. To avoid the graphs becoming illegible, the 
horizontal axis in figure 4 is the exponent.

First, the gene expressions of Cyps were analyzed (Table 1). The 
translation products of Cyps, which are called “phase I metabolic 
enzymes”, metabolize approximately 70% of drugs in clinical use, and 
these Cyps belong to Cyp families 1 to 3 [27]. In this case, of the valid 
results for 66 genes belonging to all Cyp families, the results of 14 genes 
belonging to Cyp 1 to 3 out are described (Figure 4). The results showed 
that the Cyps expression level of NP was higher than that of ML in all 
12 genes. Furthermore, that of NP was higher than that of SW in the 
10 genes not including Cyp1a2 and 2j4. These results mean that the 
Cyps expression level of the 3-D NP culture was higher than that of 
a conventional 2-D culture such as SW and ML, which indicates that 
the 3-D NP culture exhibited better performance closer to an in vivo 
environment than did the conventional 2-D culture. When the NP 
culture was compared with freshly isolated hepatocytes, the expression 
levels of Cyp1a1 and 3a1 in the NP culture were significantly higher.

Next, the gene expressions of Ugts were analyzed (Table 1). The 
translation products, which are called “phase II metabolic enzymes”, 

metabolize about 30-40% of drugs in clinical use [27], and these 
expressions were analyzed. As a result, the expression level of the NP 
was higher than that of ML and SW in all genes except for Ugt1a2 
(Figure 4). This result indicates that the expression levels of the phase 
II genes were increased more in the 3-D spheroid by the NP culture 
than in the 2-D tissue by the conventional ML culture. The expression 
level of Ugt1a1, one of the key conjugation enzymes whose substrate 
is a bilirubin, was the highest in the NP culture in all four conditions. 
Sulfotransferases (Sults) and glutathione S-transferases (Gsts) are 
also predominant phase II metabolic enzymes. In the present study 
we investigated the Sult1c1 and Ste (Sult1e1) genes as Sult genes, and 
Gstm1 (glutathione S-transferase M1) as Gst gene. The expressions of 
Sult1c1 and Ste in NP-cultured 3-D spheroids were both higher than 
those in monolayered ML and SW although they were less than freshly 
isolated hepatocytes (Figure 4). The expression of Gstm1 was increased 
more in the NP-cultured 3-D spheroid than in the 2-D tissues by the 
conventional ML and SW cultures. As a result, the expressions of genes 
not only Ugts but also Sults and Gsts in NP-cultured 3-D spheroids 
were higher than those in monolayered ML and SW.

Third, the expressions of transporter genes whose translation 
products have the significant role of taking substrate into hepatocyte 
and excreting bile acid or metabolites into bile canaliculi were analyzed 
(Table 1). As in the current pre-clinical in vivo trials using animals, 
quantitative assessment of uptake and excretion will be predominant, 
which will be similar for in vitro assays using cells in the future [28]. 
A number of uptake transporters are expressed on the hepatocellular 
membrane. In particular, OATPs that are the translation products of 
Slco genes perform a crucial role in the uptake of bile acids or one of the 
primary pharmaceutical agents of HMG-CoA reductase inhibitor such 
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as pravastatin, pitavastatin, atorvastatin, and fluvastatin [29]. Then, 
we analyzed the expressions of the Slco genes. The result showed that 
the expression level of almost all the Slco transporter genes from the 
3-D NP culture tended to be higher than that from the conventional 
2-D ML or SW cultures (Figure 4). In contrast, the expression levels of 
all the Slco genes investigated in this study from the NP culture were 
lower than that from freshly isolated hepatocytes (Figure 4). This result 
indicates that establishing an in vitro culture system that reconstructs 
the expression level of uptake transporter genes similar to the native 
liver is difficult even if the formation of 3-D tissue by the NP culture 
was achieved. From the viewpoint of drug metabolism, Slco1a1 is a key 
molecule whose substrates are bile acids and the cholesterol-lowering 

pravastatin [30]. The expression level of this gene extracted from 
the 3-D NP culture was 24 times higher than that from the 2-D ML 
culture (Figure 4). Although the absolute values of expressional ratios 
determined by the current microarray analysis are different from those 
determined by previous real-time PCR analysis (data not shown), the 
expressional trend of Slco1a1 was reproduced. The expression trend 
of Abcc genes is different for each individual gene. The expression of 
Abcc2, whose main function is to excrete glucuronidated bilirubin 
to bile acid [31,32], and that of Abcc6, whose function is unknown 
so far [33], were both higher in the NP-cultured 3-D spheroid than 
in the ML-cultured 2-D tissue. In contrast, the expression of Abcc1, 
whose function is to excrete glutathione conjugate or leukotriene 

Table 1: Genes investigated in this study.

Probe name Accession ID Gene symbol Major GO term biological process
A_43_P15534 NM_017111 Slco1a1 GO:0006811(ion transport)
A_42_P708480 NM_131906 Slco1a4 GO:0006811(ion transport)
A_44_P203532 NM_131906 Slco1a4 GO:0006811(ion transport)
A_44_P113879 NM_030838 Slco1a5 GO:0006811(ion transport)
A_44_P320677 NM_130736 Slco1a6 GO:0006811(ion transport)
A_44_P328097 NM_031650 Slco1b2 GO:0006811(ion transport)
A_44_P373483 NM_022667 Slco2a1 GO:0006810(transport)
A_44_P491450 NM_080786 Slco2b1 GO:0006810(transport)
A_44_P128007 NM_080786 Slco2b1 GO:0006810(transport)
A_44_P337125 NM_133608 Slco4a1 GO:0006810(transport)
A_44_P321009 NM_012540 Cyp1a1 GO:0006118(electron transport)
A_44_P142025 NM_012541 Cyp1a2 GO:0006118(electron transport)
A_42_P654578 NM_012692 Cyp2a1 GO:0006118(electron transport)
A_44_P356143 NM_012693 Cyp2a2 GO:0006118(electron transport)
A_44_P316194 NM_017156 Cyp2b15 GO:0006118(electron transport)
A_44_P205599 NM_173294 Cyp2b3 GO:0006118(electron transport)
A_44_P280786 NM_019184 Cyp2c GO:0006118(electron transport).
A_43_P13939 NM_017158 Cyp2c7 GO:0006118(electron transport)
A_44_P327817 NM_138514 Cyp2c13 GO:0006118(electron transport)
A_44_P325666 NM_012730 Cyp2d26 GO:0006118(electron transport)
A_44_P409232 NM_031543 Cyp2e1 GO:0006118(electron transport)
A_42_P678870 NM_019303 Cyp2f2 GO:0006118(electron transport)
A_42_P792497 NM_023025 Cyp2j4 GO:0006118(electron transport)
A_42_P785801 NM_173144 Cyp3a1 GO:0006118(electron transport)
A_44_P147020 NM_001044770 Cyp4a11 GO:0006118(electron transport)
A_43_P12051 NM_019623 Cyp4f2 GO:0006118(electron transport)
A_44_P446578 NM_012683 Ugt1a1 GO:0006789(bilirubin conjugation)
A_44_P432355 NM_201423 Ugt1a2 GO:0008152(metabolic process)
A_44_P402641 NM_201423 Ugt1a2 GO:0008152(metabolic process)
A_44_P432358 NM_057105 Ugt1a6 GO:0006805(xenobiotic metabolic process)
A_44_P247784 NM_153314 Ugt2b3 GO:0006805(xenobiotic metabolic process)
A_44_P236068 NM_001004271 Ugt2b4 GO:0008152(metabolic process)
A_42_P670179 NM_001007264 Ugt2b5 GO:0008152(metabolic process)
A_44_P405190 NM_031732 Sult1c1 GO:0006790(sulfur metabolic process)
A_44_P359759 NM_012883 Ste GO:0008202(steroid metabolic process)
A_43_P11776 NM_017014 Gstm1 GO:0008152(metabolic process)

A_44_P252417 NM_022281 Abcc1 GO:0006810(transport)
A_43_P11580 NM_012833 Abcc2 GO:0006810(transport)
A_44_P344679 NM_133411 Abcc4 GO:0006811(ion transport)
A_44_P257526 NM_133411 Abcc4 GO:0006811(ion transport)
A_42_P568172 NM_053924 Abcc5 GO:0006810(transport)
A_42_P463998 NM_031013 Abcc6 GO:0006200(ATP catabolic process)
A_43_P11674 NM_013039 Abcc8 GO:0005975(carbohydrate metabolic process)

A_44_P455479 NM_013040 Abcc9 GO:0006810(transport)
A_44_P219628 NM_053840 Ggt1 GO:0006520(amino acid metabolic process)
A_44_P385117 NM_001005889 Rdx GO:0045176(apical protein localization)
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[34,35], and that of Abcc5, whose main function is to excrete cyclic 
nucleotide [36], were both higher in the ML-cultured 2-D tissue than 
in the NP-cultured 3-D spheroid (Figure 4). Abcc2 plays a significant 
role in the excretion of metabolized bile acids in hepatocyte to bile 
canaliculi, and this is the gene that we have ever been focusing on. We 
previously reported that the gene expression level of the Abcc2 gene in 
the NP-cultured 3-D spheroid was determined to be about five times 
higher than in the ML-cultured 2-D tissue by using real-time PCR 
analysis [13]. In comparison, it was three times higher according to 
the results of the present study using microarray analysis. As a result, 
the 3-D spheroid culture using the NP sheet was endorsed to be a more 
effective method for Abcc2 expression. Furthermore, we specified 
gamma-glutamyltransferase 1 (Ggt1) whose molecular function is 
gamma-glutamyl transpeptidase (γGTP) activity, which is the major 
enzyme in liver [37,38]. γGTP is present in the cell membranes of many 
tissues, including the bile duct, and involved in amino acids transfer 
and metabolism. This means γGTP is the primary indicator of hepatic 
function such as biliary excretion that we have been focusing on. 
Although we could not obtain the data of freshly isolated hepatocyte, 
the expression of Ggt1 in cells cultured by NP was higher than that by 
monolayer and sandwich. This is the important finding to upgrade the 
value of the NP culture.

Pathway analyses were introduced to characterize the expressional 
profile obtained under different culture conditions (Table 2). In order 
to investigate the metabolic ability of 3-D spheroids formed by the NP 
sheet, we focused on the Irinotecan pathway (http://www.pharmgkb.
org/pathway/PA2001). As a result, the pathway was more activated in 
the NP-cultured 3-D spheroids than in the ML- or SW-cultured 2-D 
tissue under the assumed criterion of -4.0 < [ML/NP] < -2.0 and -4.0 
< [SW/NP] < -2.0. The dynamics of ADME-related molecules in liver 
cells such as Oatps, Cyps, Ugts, and Abccs, which are the molecules 
we specified in this study, are depicted in this Irinotecan pathway and 
are also involved in the pharmacokinetics of other common drugs and 
xenobiotics. The result indicates that 3-D spheroids formed by the NP 
culture possessed higher metabolic ability than did those formed by the 
conventional 2-D monolayer culture. 

Finally, we investigated the correlation between tissue structure and 
gene expressions. We previously reported that decreased expression 
of cell-matrix adhesion-related gene such as talin correlates with the 
increased hepatic function such as upregulation of Abcc2 gene by 
way of 3-D structure formation [13]. Then, we examined the pathway 
related to cell-matrix adhesions. As a result, Actin Cytoskeleton and 
Alpha6-Beta4-integrin pathways were both found to be more activated 
in the ML-cultured tissue than in the NP-cultured one under the 
assumed criterion of 2.0 < [ML/NP] < 4.0. In a similar fashion, Alpha6-
Beta4-integrin and Focal Adhesion pathways were both found to be 
more activated in the SW-cultured tissue than in the NP-cultured one 
under the assumed criterion of 2.0 < [SW/NP] < 4.0. These results mean 
that the pathway related to cell-matrix adhesion is more activated in 
the ML- or SW-cultured 2-D cultures than in the NP-cultured 3-D 
spheroids. In relation to tissue structure, hepatocellular polarity is also 
one of the primary factor that fulfill the hepatocellular function. Then, 
we focused on the expression of radixin, the dominant ERM protein. 
As a result, the NP-cultured 3-D spherood was higher than that in 
ML- and SW-cultured monolayer tissue (Figure 4). This result means 
that the structure of NP-cultured spheroid is better organized than the 
conventional 2-D culture.

Discussion
The Agilent Whole Rat Genome Microarray was used to 

comprehensively examine the hepatocellular functions related to 
DMPK and compare the expressional profiles obtained from the 
3-D NP culture with those from the 2-D SW and ML cultures and 
the freshly isolated hepatocytes. It was found that the expressions 
of DMPK-related genes of the 3-D tissue from the NP culture were 
globally increased more than those of the conventional 2-D tissue from 
the SW or ML cultures. 

HCA showed that NP and SW belonged to the same cluster (Figure 
2). This result indicates that the NP-cultured 3-D tissue was closer 
to the freshly isolated hepatocytes than was the ML-cultured 2-D 
tissue because it was formerly reported that the SW culture possesses 

Table 2: MAPP names of altered gene expression.

MAPP name Criteria Z score Permute 
P-value

Regularion of actin cytoskeleton 2.0<[ML/NP]<=4.0 4.577 0
Alpha6-beta4-integrin 2.0<[ML/NP]<=4.0 3.032 0
Alpha6-beta4-integrin 2.0<[SW/NP]<=4.0 3.614 0.005

Focal adhesion 2.0<[SW/NP]<=4.0 2.452 0.02
Irinotecan pathway -4.0<[ML/NP]<=2.0 3.688 0.006
Irinotecan pathway -4.0<[SW/NP]<=2.0 3.576 0.03
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Figure 4: Quantitative comparison of phase-I (i.e., Cyp), phase II (i.e., Ugt), 
uptake (i.e., Slco), excretion transporter (i.e., Abcc), Radixin and Ggt1 mRNA 
in hepatocytes from NP culture with mRNA in hepatocytes from ML culture 
(NP/ML), mRNA in hepatocytes from NP culture with mRNA in hepatocytes 
from SW culture (NP/SW), and mRNA in hepatocytes from NP culture with 
mRNA in freshly isolated hepatocytes (NP/freshly isolated hepatocytes). 
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differentiated functions and a polarity similar to native hepatocytes 
than does the conventional simple monolayer culture [19]. Our finding 
and the indication here are consistent with the previous report that the 
structure and function of the 3-D spheroids formed by the NP culture 
was closer to that of the native tissue than that of the conventional 
2-D tissue [13]. Next, PCA was carried out. The result showed that the 
expressional profile of the NP culture was closer to that of the freshly 
isolated hepatocytes than that of the SW culture (Figure 3). These 
results of the HCA and PCA suggest that the global expressional trend 
acquired from the NP culture was the closest to the freshly isolated 
hepatocytes under the three culture conditions conducted in this study. 
As the result of PCA, the freshly isolated hepatocytes and ML were 
plotted widely apart, and NP and SW were plotted closely between the 
two groups in PC1 (63.3%) (Figure 3). It is considered that PC1 reflects 
the difference of the culture condition. In comparison, a contributory 
factor of PC2, in which case the group of NP/SW and that of the freshly 
isolated hepatocytes/ML are plotted clearly wide apart (Figure 3), 
remains to be accounted for. 

The expression levels of Cyp1a1 and 3a1 in the NP culture were 
significantly higher than that of the freshly isolated hepatocytes. 
The expressions of these two genes were reported to be induced by 
dexamethasone, a steroidal anti-inflammatory drug [39-41]. Since 255 
nM of dexamethasone is included in all the culture media used in this 
study, we considered that the effect was due to the dexamethasone. 
Abcc genes constitute a family in terms of gene sequence and biological 
function; however, their substrates differ according to each gene. In 
this study, we reported that the expression trend of Abcc genes differed 
from one gene to another unlike the molecules such as phase-I and 
phase-II or uptake transporter genes. This finding is likely to be 
because several phase-I and -II metabolic enzymes produced a wide 
variety of metabolites due to the differences in culture conditions, 
and consequently, variations of up-regulated or down-regulated 
excretion transporters were observed. Glucuronic-conjugated bilirubin 
generated by UGT1A1 metabolic action was reported to be excreted 
into bile canaliculi by MRP2 that is a translation product of Abcc2 
gene [31,32]. The present study showed the gene expressions of Ugt1a1 
and Abcc2 were both up-regulated in the 3-D spheroids by the NP 
culture (Figure 4). This result suggests that the up-regulation of the 
conjugation enzyme occurred in conjunction with that of the excretion 
transporter in the 3-D NP culture. Therefore, it is proposed that the 
metabolic process by which hepatocytes configure the 3-D spheroids 
in the NP culture metabolizes more bilirubin (B) into conjugated 
bilirubin (B*) than does that by conventional 2-D-cultured hepatocytes 
(Figures 5a and 5b). Because of this, more conjugated bilirubin (B*) is 
speculated to be excreted by MRP2. Enhanced expression of the Abcc2 
gene related to biliary excretion in conjunction with Ugt1a1 strongly 
indicates that the NP-cultured 3-D spheroid has the potential to fulfill 
a higher hepatocellular metabolic function than does 2-D tissue formed 
by conventional monolayer culture. 

In the pathway analyses, the Irinotecan pathway, which is related 
to the metabolic process in hepatocytes, was activated more in the 
NP-cultured 3-D spheroid than in the ML- or SW-cultured 2-D tissue 
(Table 2). PCA showed that the gene expression profile obtained from 
the NP-cultured 3-D spheroids was closer to that from the freshly 
isolated hepatocytes than that from the SW-cultured 2-D tissue (Figure 
2). These findings, along with the results of expressional analyses of 
DMPK-related genes (Figure 4), account for the fact that the 3-D 
spheroids formed by the NP culture possessed higher metabolic ability 
and function closer to that of the native liver, which also support our 
hypothesis presented in figure 5. It is considered that one reason for 

these findings is that the number of cell-cell adhesion sites of the 3-D 
spheroid is larger than that of 2-D tissue, and accordingly, the 3-D 
spheroid has more bile canaliculi. Consequently, hepatocytes came 
to possess a structural polarity and tended to recover the primary 
functions of the liver by establishing a 3-D structure [2,7,11]. 

The correlation of tissue structure and hepatic function were also 
presented in this study. The pathway related to cell-matrix adhesion 
was more activated in the ML- or SW-cultured 2-D cultures than in 
the NP-cultured 3-D spheroids. In other words, the number of the 
expressed molecules of talin of the NP culture is smaller than that of 
the ML culture. This speculation indicates that the growing number of 
cell-cell adhesion site were formed in the NP-cultured 3-D spheroid, 
consequently the spheroid exhibited better structure closer to an in 
vivo native environment than did the conventional 2-D culture (Figure 
5). Our previous study showed the correlation between decreased 
expression of talin and formation of 3-D structure [13], which was 
consistent with the result of the present study. Moreover, the expression 
of radixin in the NP-cultured 3-D spherood was higher than that in 
ML- and SW-cultured monolayer tissue. Radixin has been reported to 
selectively tether MRP2 to the apical canalicular membrane [42], and 
is required to maintain apical canalicular membrane structure, polarity 
and function in hepatocytes [43]. On the basis of these findings, our 
result suggests that higher expression of radixin in the NP-cultured 
spheroid lead MRP2 to be retained on the membrane. Accordingly, 
more conjugated bilirubin (B*), as an example, is speculated to have 
been excreted (Figure 5).

a. Hepatocytes of 3-D spheroid by NP culture 

b. Hepatocytes by conventional 2-D monolayer culture 
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Figure 5: Proposed metabolic process of bilirubin. a: hepatocytes of the 3-D 
spheroids by the NP culture. b: hepatocytes of the conventional 2-D monolayer 
culture. Up-regulated genes are highlighted in red.
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In conclusion, the DNA microarray analysis showed that the 
expressions of cytochrome P450, UDP-glucuronosyltransferase, and 
transporter genes in the NP-cultured 3-D spheroids were globally 
more enhanced than those in the conventional ML- or SW-cultured 
2-D tissue. Comprehensive increase in the expression of the DMPK-
related genes of the NP-cultured 3-D spheroids is a definitive finding 
toward establishing an in vitro drug screening method. The NP culture 
has potential as an alternative culturing technique for evaluating 
metabolism and toxicity toward the development of new drugs.
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