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ABSTRACT:

In addition to primary human hepatocytes, hepatoma cell lines, and
transfected nonhepatoma, hepatic cell lines have been used for
pharmacological and toxicological studies. However, a systematic
evaluation and a general report of the gene expression spectra of
drug-metabolizing enzymes and transporters (DMETs) in these in
vitro systems are not currently available. To fill this information gap
and to provide references for future studies, we systematically
characterized the basal gene expression profiles of 251 drug-
metabolizing enzymes in untreated primary human hepatocytes
from six donors, four commonly used hepatoma cell lines (HepG2,

Huh7, SK-Hep-1, and Hep3B), and one transfected human liver
epithelial cell line. A large variation in DMET expression spectra
was observed between hepatic cell lines and primary hepatocytes,
with the complete absence or much lower abundance of certain
DMETs in hepatic cell lines. Furthermore, the basal DMET expres-
sion spectra of five hepatic cell lines are summarized, providing
references for researchers to choose carefully appropriate in vitro
models for their studies of drug metabolism and toxicity, especially
for studies with drugs in which toxicities are mediated through the
formation of reactive metabolites.

Introduction

Drug-metabolizing enzymes and transporters (DMETs) are broadly
categorized into three groups: phase I, phase II, and phase III, accord-
ing to their functional role in the metabolism process. Phase I enzymes
usually catalyze oxidation, reduction, hydrolysis, cyclization, and
decyclization reactions. The cytochrome P450 (P450) enzyme super-
family, for example, plays a dominant role in phase I biotransforma-
tion. Phase II metabolizing enzymes are involved in conjugation
reactions that attach an ionized group (such as glutathione, sulfate, or
glucuronic acid) to the drug, resulting in more water-soluble metab-
olites. Located in the membrane of epithelial and endothelial cells of
the liver and other organs, phase III enzymes are membrane trans-

porters that pump drugs across cellular barriers, thus having a huge
impact on a drug’s therapeutic efficacy by influencing its absorption,
distribution, and elimination.

To better understand drug metabolic pathways, drug efficacies or
toxicities, and drug-drug interactions, the establishment of a reliable
research model system remains a key challenge. During past decades,
several in vitro models have been developed and used, including
isolated (recombinant) enzymes, human liver microsomes, human
liver cytosolic fractions, human cell lines, human primary hepato-
cytes, human liver slices, and isolated perfused livers (Huang et al.,
2008). In general, the advantage of these models is a reduced com-
plexity of the study system. However, low expression levels of drug-
metabolizing enzymes and the lack of cofactor-providing cells, e.g.,
Kupffer cells (for review, see Brandon et al., 2003) are among the
disadvantages for these various models.

Primary human hepatocytes and hepatoma cell lines such as HepG2
are among the most widely used in vitro models in pharmacological
and toxicological studies. Primary human hepatocytes remain differ-
entiated and sustain the major drug-metabolizing enzyme activities for
a relatively long period of time in culture; they represent a unique in
vitro system and serve as a “gold standard” for studies of drug
metabolism and toxicity (LeCluyse, 2001). However, primary human
hepatocytes have high variability, short life spans, and limited avail-
ability. On the other hand, HepG2 hepatoma cells are relatively easy
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to maintain in culture and are widely used for toxicity studies. Despite
the low activities of certain drug-metabolizing enzymes, such as
CYP3A4, CYP2A6, CYP2C9, and CYP2C19, in comparison with
primary human hepatocytes (Westerink and Schoonen, 2007), the
HepG2 cell line has been considered a valuable model and is used for
risk assessment of toxicants and toxins because it retains several liver
functions (Dykens et al., 2008; Rudzok et al., 2010). In addition, other
human hepatoma cell lines, such as Huh7, SK-Hep-1, Hep3B, and
HepaRG have also been used in drug metabolism and toxicity studies
(Henzel et al., 2004; Knasmüller et al., 2004; Shiizaki et al., 2005;
Aninat et al., 2006; Suzuki et al., 2008; Chao et al., 2009; Wee et al.,
2009). Olsavsky et al. (2007) compared global gene expression pro-
files of HepG2, Huh7, human primary hepatocytes, and human liver
slices. Hart et al. (2010) recently compared whole-genome gene
expression profiles of HepaRG cells and HepG2 cells with that of
primary human hepatocytes and demonstrated that many DMETs are
expressed at a level in HepaRG cells comparable to that in HepG2
cells in comparison with primary human hepatocytes. To overcome
the disadvantages of a short life span and limited availability of
primary human hepatocytes, immortalized “normal” human liver ep-
ithelial cell lines were established by introduction of the simian virus
40 large T antigen gene. Transfected human liver epithelial (THLE)
cells have expression profiles of phase I and phase II enzymes similar
to those of human primary hepatocytes (Pfeifer et al., 1993).

Although various hepatocyte-derived in vitro-grown cell systems
have been established, a systematic evaluation and a general report of
gene expression spectra of drug-metabolizing genes in these systems
are not currently available. In the current study, we systematically
characterized gene expression profiles of phase I, phase II, and phase
III enzymes in primary human hepatocytes, commonly used hepa-
toma cell lines (HepG2, Huh7, SK-Hep-1, and Hep3B), and
THLE2 cells using the human drug metabolism RT2 Profiler PCR
Array (SABiosciences, Frederick, MD), a real-time PCR based
assay with the ability to detect expression levels of 251 drug-
metabolizing genes simultaneously.

Materials and Methods

Cell Culture. The human liver cell line THLE2, which was derived from
primary normal liver epithelial cells, was purchased from the American Type
Culture Collection (Manassas, VA). THLE2 cells were cultured in LHC-8
medium (Invitrogen, Carlsbad, CA) supplemented with 70 ng/ml phosphoe-
thanolamine, 5 ng/ml epidermal growth factor, 10% fetal bovine serum (At-
lanta Biologicals, Lawrenceville, GA), and the antibiotics penicillin (50 U/ml),
and streptomycin (50 �g/ml) (Sigma-Aldrich, St. Louis, MO). Human hepa-
toma cell lines HepG2, Hep3B, Huh7, and SK-Hep-1 (American Type Culture
Collection) were cultured in Dulbecco’s modified Eagle’s medium (Sigma-
Aldrich) supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 50
U/ml penicillin, and 50 �g/ml streptomycin. The passage number was less than
10 for all experiments performed in each cell type. Cells were seeded onto
60 � 15-mm cell culture dishes at a cell density of 5 � 105 in 5 ml of culture
media and were maintained at 37°C in a humidified atmosphere with 5% CO2

until they were 70 to 80% confluent (cell confluence was evaluated by visual
observation using an optical microscope).

Human primary hepatocytes from anonymous donors were obtained through
the Liver Tissue Cell Distribution System (Pittsburgh, PA). Donor information
is listed in Supplemental Table 1. Hepatocytes were isolated by a three-step
collagenase perfusion as described previously (Strom et al., 1996). Upon
arrival, the shipping medium was removed and replaced with serum-free
hepatocyte maintenance medium supplemented with insulin and GA-1000
using HMM SingleQuots (Lonza Walkersville, Inc., Walkersville, MD). Pri-
mary hepatocytes were plated on collagen in T-25 flasks containing approxi-
mately 106 cells. The cultured hepatocytes were incubated at 37°C in a
humidified atmosphere of 5% CO2 for at least 12 h before harvesting. This

project was approved by the Research Involving Human Subjects Committee
of the U.S. Food and Drug Administration.

RNA Isolation. Total RNA from hepatocytes or cell lines was isolated
using an RNeasy system (QIAGEN, Valencia, CA). The yield of the extracted
RNA was determined spectrophotometrically by measuring the optical density
at 260 nm. The purity and quality of RNA were evaluated using an RNA 6000
LabChip on an 2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA).
High-quality RNA with RNA integrity numbers greater than 9.0 were used for
the study.

Human Drug Metabolism RT2 Profiler PCR Array. First Strand cDNA
Synthesis Kits and human drug metabolism RT2 Profiler PCR arrays were
obtained from SABiosciences. The human drug metabolism RT2 Profiler PCR
array contains a total of 251 drug metabolism genes and 5 endogenous control
genes.

Real-Time Reverse Transcriptase-PCR. For first-strand cDNA synthesis,
1 �g of total RNA was reverse-transcribed in a final volume of 20 �l of with
random primers at 37°C for 60 min according to the manufacturer’s instruc-
tions (SABiosciences). In brief, reverse transcriptase was inactivated by heat-
ing at 95°C for 5 min. The cDNA was diluted to 100 �l by adding RNase free
water and stored at �20°C. The PCR was performed using an ABI 7900
instrument (Applied Biosystems, Foster City, CA). For one 96-well plate of the
PCR array, 2450 �l of PCR Master Mix containing 1� PCR Master Mix and
98 �l of diluted cDNA was prepared, and an aliquot of 25 �l was added to each
well. Three technical replicates were run for each RNA sample.

Data Normalization and Analysis. Endogenous control genes, glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH), and �-actin (ACTB) present on
the PCR array were used for normalization. Each cycle threshold (Ct) was
normalized to the average Ct of the two endogenous controls. The comparative
�Ct method was used to calculate relative quantification of gene expression.

Sensitivity Detection and Identification of Differentially Expressed
Genes. PCR array quantification was based on the Ct number. A gene was
considered not detectable when Ct �32. A list of differentially expressed genes
was identified using a two-tailed t test. The criteria were p � 0.05 and a mean
difference �2-fold. The statistical calculations were based on �Ct values.

Results

In the current study, 251 DMETs including phase I (84 genes),
phase II (83 genes), and phase III genes (84 genes) (Supplemental
Table 2) were systematically assessed at the mRNA level in five
hepatic cell lines, primary hepatocytes from six donors, and pooled
RNA samples of all six donors using real-time PCR array-based
technology. Each RNA sample was run in triplicate; therefore, a total
of 36 expression profiles were generated for this study (detailed
original data are listed in Supplemental Table 3). DMETs from each
cell line were evaluated in comparison with DMET expression levels
of pooled primary hepatocytes from six donors.

Abundance of DMETs in Primary Hepatocytes and Relative
Abundance of DMETs Expressed in Hepatic Cell Lines Com-
pared with That in Primary Hepatocytes. Gene expression profiles
of primary hepatocytes obtained from six donors (for confidentiality
reasons, limited/deidentified donor information only is listed in Sup-
plemental Table 1) were analyzed by reverse-transcriptase-PCR. A
gene was considered not detectable when Ct �32. Using this criterion,
69 of 84 phase I genes, 73 of 83 phase II genes, and 78 of 84 phase
III genes were detected in RNA preparations from primary hepato-
cytes. With the use of DMET expression levels measured in a pool of
primary hepatocytes as references, the relative abundance of each
DMET detected in each hepatic cell line was calculated. In Table 1,
the relative abundance (indicating relative expression levels) of phase
I enzymes for 5 hepatic cell lines, HepG2, THLE2, Hep3B, SK-
Hep-1, and Huh7 is listed. In contrast with 69 of 84 phase I genes that
were expressed in pooled primary hepatocytes, a smaller number of
phase I genes were detected in each cell line, with total numbers of 44,
37, 49, 34, and 57 genes in HepG2, THLE2, Hep3B, SK-Hep-1, and
Huh7 cell lines, respectively. A striking finding was that several
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TABLE 1

Relative abundance of drug-metabolizing genes expressed in hepatic cell lines and primary hepatocytes

Relative abundance was calculated based on eq. 3:

Relative abundance � expression value of the DMET in a specific cell line/expression value of the DMET in primary hepatocytes � 100% (3)

UniGene ID Gene Symbol HepG2 THLE2 Hep3B SK-Hep-1 Huh7 Human Hepatocytes Expression Value No. in Hepatocytesa

% % % % % %

Phase I
Hs0.506908 AADAC �5 �5 �5 �5 61 100 280
Hs0.654433 ADH1A N.D. N.D. N.D. N.D. 94 100 14
Hs0.4 ADH1B N.D. N.D. N.D. N.D. N.D. 100 11
Hs0.654537 ADH1C N.D. N.D. �5 N.D. 17 100 96
Hs0.1219 ADH4 131 N.D. �5 N.D. 14 100 52
Hs0.78989 ADH5 108 39 109 83 184 100 1413
Hs0.586161 ADH6 155 �5 13 �5 199 100 242
Hs0.389 ADH7 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.76392 ALDH1A1 14 �5 179 N.D. 327 100 6323
Hs0.708331 ALDH1A2 N.D. 34 N.D. N.D. N.D. 100 5
Hs0.459538 ALDH1A3 N.D. 2318 N.D. 4270 N.D. 100 5
Hs0.436219 ALDH1B1 64 24 47 23 86 100 100
Hs0.632733 ALDH2 19 7 30 �5 127 100 1797
Hs0.531682 ALDH3A1 N.D. N.D. 50 60 513 100 3
Hs0.499886 ALDH3A2 81 15 72 57 164 100 530
Hs0.523841 ALDH3B1 67 321 175 474 938 100 19
Hs0.87539 ALDH3B2 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.77448 ALDH4A1 41 �5 54 12 51 100 914
Hs0.371723 ALDH5A1 119 �5 48 53 92 100 127
Hs0.293970 ALDH6A1 57 23 23 44 188 100 133
Hs0.483239 ALDH7A1 160 78 300 194 293 100 340
Hs0.486520 ALDH8A1 �5 N.D. �5 N.D. 42 100 106
Hs0.2533 ALDH9A1 45 36 20 94 45 100 160
Hs0.533258 CEL 449 46 690 161 209 100 4
Hs0.303980 CYP11A1 �5 21 39 29 11 100 23
Hs0.184927 CYP11B1 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.632054 CYP11B2 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.438016 CYP17A1 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.654384 CYP19A1 —a N.D. — N.D. — N.D. 0
Hs0.72912 CYP1A1 7 N.D. 367 N.D. 49 100 28
Hs0.1361 CYP1A2 N.D. N.D. �5 N.D. �5 100 173
Hs0.154654 CYP1B1 N.D. 661 1117 1062 44 100 19
Hs0.654479 CYP21A2 14 N.D. 6 N.D. �5 100 44
Hs0.89663 CYP24A1 — — N.D. N.D. N.D. N.D. 0
Hs0.150595 CYP26A1 N.D. N.D. 18 N.D. �5 100 84
Hs0.91546 CYP26B1 N.D. N.D. 2632 N.D. 2931 100 7
Hs0.369993 CYP26C1 N.D. N.D. — N.D. — N.D. 0
Hs0.516700 CYP27A1 131 �5 105 15 155 100 169
Hs0.524528 CYP27B1 248 197 125 2068 423 100 2
Hs0.567252 CYP2A13 N.D. N.D. N.D. N.D. 40 100 2
Hs0.1360 CYP2B6 N.D. N.D. 13 N.D. 7 100 58
Hs0.511872 CYP2C18 N.D. N.D. N.D. N.D. N.D. 100 754
Hs0.282409 CYP2C19 N.D. N.D. N.D. N.D. N.D. 100 1043
Hs0.282871 CYP2C8 N.D. N.D. N.D. N.D. �5 100 76
Hs0.282624 CYP2C9 N.D. N.D. N.D. N.D. N.D. 100 512
Hs0.648256 CYP2D6 �5 �5 23 11 23 100 96
Hs0.12907 CYP2E1 N.D. N.D. N.D. 2 N.D. 100 174
Hs0.558318 CYP2F1 N.D. N.D. N.D. N.D. — N.D. 0
Hs0.371427 CYP2R1 9 21 127 60 116 100 84
Hs0.98370 CYP2S1 — — N.D. N.D. N.D. N.D. 0
Hs0.272795 CYP2W1 15248 N.D. 1387 N.D. 1937 100 1
Hs0.654391 CYP3A4 N.D. N.D. N.D. N.D. N.D. 100 115
Hs0.306220 CYP3A43 34 N.D. N.D. N.D. 16 100 8
Hs0.695915 CYP3A5 �5 N.D. �5 �5 �5 100 562
Hs0.111944 CYP3A7 38 N.D. 64 N.D. 32 100 29
Hs0.1645 CYP4A11 N.D. N.D. N.D. N.D. N.D. 100 47
Hs0.567807 CYP4A22 N.D. N.D. N.D. N.D. N.D. 100 8
Hs0.436317 CYP4B1 N.D. — N.D. N.D. N.D. N.D. 0
Hs0.187393 CYP4F11 18 N.D. N.D. N.D. 35 100 318
Hs0.591000 CYP4F12 60 N.D. N.D. N.D. 277 100 25
Hs0.558423 CYP4F2 6 N.D. N.D. N.D. 70 100 468
Hs0.106242 CYP4F3 �5 N.D. N.D. N.D. 98 100 91
Hs0.268554 CYP4F8 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.1644 CYP7A1 N.D. N.D. N.D. N.D. N.D. 100 1
Hs0.667720 CYP7B1 N.D. N.D. 57 N.D. N.D. 100 74
Hs0.447793 CYP8B1 �5 N.D. N.D. N.D. N.D. 100 248
Hs0.272499 DHRS2 24314 11 64 86 N.D. 100 18
Hs0.335034 DPYD �5 126 9 475 313 100 57
Hs0.432491 ESD 78 86 37 223 156 100 940
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TABLE 1 —Continued

UniGene ID Gene Symbol HepG2 THLE2 Hep3B SK-Hep-1 Huh7 Human Hepatocytes Expression Value No. in Hepatocytesa

Hs0.1424 FMO1 N.D. N.D. 941 N.D. 917 100 1
Hs0.144912 FMO2 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.445350 FMO3 N.D. N.D. �5 N.D. �5 100 144
Hs0.386502 FMO4 �5 8 44 11 35 100 57
Hs0.642706 FMO5 199 N.D. 22 �5 73 100 85
Hs0.90708 GZMA N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.1051 GZMB N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.171280 HSD17B10 39 33 71 169 245 100 685
Hs0.183109 MAOA 6 24 12 8 23 100 215
Hs0.654473 MAOB 53 �5 96 N.D. 116 100 64
Hs0.201978 PTGS1 N.D. 347 N.D. N.D. N.D. 100 1
Hs0.196384 PTGS2 N.D. 1109 441 242 51 100 2
Hs0.518731 UCHL1 N.D. 946 1176 457 8033 100 103
Hs0.162241 UCHL3 65 62 31 133 131 100 610
Hs0.250 XDH N.D. 10 N.D. 146 14 100 24

Phase II
Hs0.431417 AANAT N.D. N.D. 185 25 63 100 3
Hs0.406678 ACSL1 �5 6 7 �5 15 100 3031
Hs0.655772 ACSL3 203 75 403 295 1002 100 61
Hs0.268785 ACSL4 603 172 714 1082 2132 100 164
Hs0.306812 ACSM1 N.D. N.D. N.D. N.D. 206 100 4
Hs0.567879 ACSM2B N.D. N.D. N.D. N.D. �5 100 1194
Hs0.706754 ACSM3 81 18 19 67 229 100 36
Hs0.144567 AGXT �5 N.D. �5 N.D. 21 100 736
Hs0.123461 AS3MT 24 13 243 6 520 100 70
Hs0.522572 ASMT N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.284712 BAAT N.D. N.D. 9 N.D. N.D. 100 3653
Hs0.495250 CCBL1 15 25 46 19 190 100 168
Hs0.558865 CES1 �5 N.D. N.D. N.D. 18 100 3437
Hs0.282975 CES2 15 12 35 249 94 100 71
Hs0.268700 CES3 17 13 11 36 N.D. 100 38
Hs0.350800 CES7 N.D. N.D. N.D. N.D. N.D. 100 7
Hs0.370408 COMT 34 22 110 85 81 100 721
Hs0.523145 DDOST 25 27 89 152 136 100 30
Hs0.89649 EPHX1 7 �5 104 7 56 100 41
Hs0.212088 EPHX2 24 N.D. 27 N.D. 334 100 4
Hs0.81131 GAMT 28 18 60 54 267 100 1138
Hs0.145384 GLYAT N.D. N.D. N.D. N.D. N.D. 100 31
Hs0.144914 GNMT 10 N.D. 7 6 7 100 18
Hs0.446309 GSTA1 �5 N.D. N.D. N.D. 7 100 168
Hs0.102484 GSTA3 N.D. N.D. N.D. N.D. N.D. 100 4
Hs0.485557 GSTA4 125 25 111 30 890 100 15
Hs0.553652 GSTA5 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.390667 GSTK1 8 16 40 54 94 100 1393
Hs0.279837 GSTM2 74 115 168 801 461 100 26
Hs0.2006 GSTM3 14 29 499 23 211 100 8
Hs0.348387 GSTM4 58 23 134 42 155 100 68
Hs0.75652 GSTM5 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.190028 GSTO1 31 41 66 243 189 100 2539
Hs0.203634 GSTO2 37 597 82 417 318 100 7
Hs0.523836 GSTP1 N.D. 779 10 2882 14331 100 113
Hs0.268573 GSTT1 113 40 221 50 N.D. 100 119
Hs0.654462 GSTT2 13 24 1666 61 63 100 18
Hs0.42151 HNMT 41 13 69 7 278 100 159
Hs0.632629 INMT N.D. N.D. 62 N.D. 157 100 2
Hs0.389700 MGST1 �5 9 �5 13 31 100 4936
Hs0.81874 MGST2 89 13 48 �5 257 100 835
Hs0.191734 MGST3 7 25 109 102 45 100 1372
Hs0.591847 NAT1 18 33 241 203 213 100 28
Hs0.2 NAT2 N.D. �5 �5 N.D. �5 100 140
Hs0.368783 NAT5 29 26 124 364 273 100 304
Hs0.503911 NNMT N.D. 13 0 16 �5 100 3063
Hs0.406515 NQO1 3478 435 398 28 12854 100 10
Hs0.533050 NQO2 12 9 53 94 53 100 358
Hs0.1892 PNMT N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.146688 PTGES N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.28491 SAT1 14 9 22 29 25 100 4370
Hs0.567342 SULT1A1 91 19 55 N.D. 124 100 260
Hs0.546304 SULT1A2 170 17 82 N.D. 86 100 48
Hs0.460587 SULT1A3 172 50 225 38 160 100 213
Hs0.129742 SULT1B1 N.D. N.D. �5 N.D. �5 100 403
Hs0.436123 SULT1C1 345 N.D. 2222 N.D. 4121 100 2
Hs0.312644 SULT1C2 115 31 10926 N.D. 3450 100 4
Hs0.535156 SULT1C3 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.479898 SULT1E1 16 N.D. 10055 N.D. 57 100 15
Hs0.515835 SULT2A1 59 N.D. N.D. N.D. 92 100 442
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TABLE 1 —Continued

UniGene ID Gene Symbol HepG2 THLE2 Hep3B SK-Hep-1 Huh7 Human Hepatocytes Expression Value No. in Hepatocytesa

Hs0.369331 SULT2B1 N.D. N.D. N.D. 319 N.D. 100 1
Hs0.189810 SULT4A1 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.631892 SULT6B1 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.444319 TPMT 27 32 110 55 61 100 38
Hs0.474783 TST 6 �5 21 8 97 100 1537
Hs0.654499 UGT1A1 N.D. N.D. �5 N.D. �5 100 578
Hs0.654499 UGT1A10 N.D. N.D. �5 N.D. �5 100 2376
Hs0.654499 UGT1A3 N.D. N.D. �5 N.D. �5 100 2323
Hs0.654499 UGT1A4 N.D. N.D. N.D. N.D. �5 100 304
Hs0.654499 UGT1A5 N.D. N.D. �5 N.D. �5 100 2198
Hs0.654499 UGT1A6 N.D. N.D. �5 N.D. �5 100 2239
Hs0.654499 UGT1A7 N.D. N.D. �5 N.D. �5 100 2214
Hs0.654499 UGT1A8 N.D. N.D. �5 N.D. �5 100 2491
Hs0.654499 UGT1A9 N.D. N.D. �5 N.D. �5 100 229
Hs0.225950 UGT2A1 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.122583 UGT2A3 56 N.D. 109 N.D. 10 100 282
Hs0.201634 UGT2B10 650 N.D. N.D. N.D. 15 100 19
Hs0.575083 UGT2B17 N.D. N.D. 34 N.D. �5 100 51
Hs0.653154 UGT2B28 156 N.D. 33 N.D. 15 100 171
Hs0.285887 UGT2B4 �5 N.D. 61 N.D. 85 100 310
Hs0.654424 UGT2B7 7 N.D. 60 N.D. 26 100 1394
Hs0.254699 UGT3A1 N.D. N.D. 70 N.D. �5 100 115
Hs0.144197 UGT8 N.D. N.D. N.D. N.D. N.D. N.D. 0

Phase III
Hs0.429294 ABCA1 36 10 267 98 726 100 51
Hs0.134585 ABCA12 20 14 73 113 264 100 5
Hs0.226568 ABCA13 46 44 N.D. 33 31 100 2
Hs0.421202 ABCA2 �5 10 53 19 89 100 262
Hs0.26630 ABCA3 �5 �5 132 308 41 100 73
Hs0.708241 ABCA4 �5 N.D. 32 7 31 100 24
Hs0.131686 ABCA9 N.D. N.D. 18 �5 �5 100 41
Hs0.489033 ABCB1 �5 N.D. 54 N.D. 42 100 2388
Hs0.658439 ABCB11 N.D. N.D. N.D. N.D. 39 100 14
Hs0.654403 ABCB4 �5 N.D. 11 N.D. 28 100 232
Hs0.658821 ABCB5 — N.D. N.D. N.D. — N.D. 0
Hs0.107911 ABCB6 6 �5 24 23 148 100 1141
Hs0.709181 ABCC1 94 89 1938 1165 537 100 40
Hs0.55879 ABCC10 33 34 413 252 246 100 124
Hs0.652267 ABCC11 N.D. N.D. 98 N.D. 14 100 64
Hs0.410111 ABCC12 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.368243 ABCC2 6 N.D. �5 33 24 100 4696
Hs0.463421 ABCC3 �5 �5 30 �5 16 100 2403
Hs0.508423 ABCC4 31 60 79 870 786 100 41
Hs0.368563 ABCC5 24 21 464 150 277 100 163
Hs0.460057 ABCC6 �5 N.D. 29 N.D. 73 100 894
Hs0.159546 ABCD1 26 6 300 71 98 100 174
Hs0.700576 ABCD3 10 �5 110 67 147 100 1365
Hs0.94395 ABCD4 51 38 161 68 299 100 5
Hs0.655285 ABCF1 �5 �5 345 268 159 100 546
Hs0.480218 ABCG2 17 �5 7 14 97 100 61
Hs0.413931 ABCG8 11 N.D. �5 �5 74 100 384
Hs0.76152 AQP1 N.D. N.D. 520 7 16 100 28
Hs0.455323 AQP7 �5 N.D. 6 �5 8 100 922
Hs0.104624 AQP9 N.D. N.D. N.D. N.D. N.D. 100 1454
Hs0.389107 ATP6V0C �5 �5 94 142 97 100 1387
Hs0.496414 ATP7A 9 14 402 192 66 100 46
Hs0.492280 ATP7B 44 �5 87 53 474 100 93
Hs0.632177 MVP N.D. �5 26 189 �5 100 759
Hs0.952 SLC10A1 �5 �5 �5 �5 �5 100 1188
Hs0.194783 SLC10A2 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.436893 SLC15A1 N.D. N.D. 48 N.D. 18 100 390
Hs0.518089 SLC15A2 37 N.D. 212 57 947 100 2
Hs0.75231 SLC16A1 6 �5 61 118 154 100 80
Hs0.75317 SLC16A2 �5 18 20 586 �5 100 99
Hs0.696009 SLC16A3 800 997 2266 2846 1559 100 16
Hs0.84190 SLC19A1 23 10 169 223 237 100 87
Hs0.30246 SLC19A2 13 �5 113 57 141 100 334
Hs0.221597 SLC19A3 �5 �5 �5 �5 147 100 222
Hs0.117367 SLC22A1 N.D. N.D. �5 N.D. �5 100 768
Hs0.436385 SLC22A2 N.D. N.D. N.D. 131 111 100 1
Hs0.567337 SLC22A3 11 �5 �5 �5 68 100 682
Hs0.369252 SLC22A6 N.D. N.D. N.D. N.D. N.D. N.D. 0
Hs0.485438 SLC22A7 �5 N.D. �5 N.D. 61 100 111
Hs0.266223 SLC22A8 N.D. N.D. N.D. N.D. — N.D. 0
Hs0.502772 SLC22A9 7 �5 49 �5 719 100 209
Hs0.459187 SLC28A1 N.D. N.D. �5 N.D. N.D. 100 867
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critical phase I DMETs, such as CYP3A4, CYP2C9, CYP2C18, and
CYP2C19, were not detected in any of the cell lines. Among the
expressed genes, some were barely detectable with a relative abun-
dance of less than 5% of those in primary hepatocytes. CYP2D6, one
of key phase I enzymes in HepG2 cells, falls into this category. The
abundance for the majority of expressed genes in all cell lines was at
a modest level (6–29%) or at a similar level (31–300%), compared
with that of their counterparts in primary hepatocytes. In addition, a
few genes have much higher abundance (�3–243 times higher) in cell
lines than in primary hepatocytes. For example, DHRS2 was ex-
pressed more than 200 times higher in HepG2 cells than in primary
hepatocytes, whereas CYP2W1 was expressed more than 150 times
higher in HepG2 than in primary hepatocytes. Of note, although not
detected in primary hepatocytes, several genes were found to be
expressed in different cell lines, such us CYP19A1 in HepG2, Hep3B,
and Huh7, making these cell lines potential surrogate tools for inves-
tigation of related DMETs. Likewise, the relative abundance for phase
II and phase III DMETs is listed for different hepatic cell lines
compared with that in primary hepatocytes in Table 1.

The approximate abundance of DMETs expressed in pooled pri-
mary hepatocytes is listed as “Expression Value” in Table 1, using
housekeeping genes GAPDH and ACTB as references. The expres-
sion value in primary hepatocytes of each DMET was defined by
using eqs. 1 and 2:

E � 2��Ct � 10,000 (1)

�Ct � �average Ct of (GAPDH and ACTB) � 	Ct of test gene
�

(2)

The Expression Value implies the relative mRNA expression abun-
dance of a DMET gene, arbitrarily assuming an average expression
level of the two housekeeping genes GAPDH and ACTB being 10,000
copies. For example, if the average expression value of GAPDH and
ACTB in human primary hepatocytes is 10,000 copies, the expression
values of CYP3A4 (phase I), SULT1A1 (phase II), and ABCB1
(phase III) should be 115,260 and 2388 copies, respectively (Table 1).
This table is intended to provide very general information about the
expression of DMETs in human primary hepatocytes, in which the
large interindividual variability of DMET expression levels in human
populations is certainly underrepresented.

Similarities and Discrepancies between Primary Hepatocytes
and Hepatic Cell Lines. Similarities and differences in DMET ex-
pression patterns among hepatic cell lines and primary hepatocytes are
pronounced as indicated by the relative abundance of drug-metabo-
lizing genes in different cells. To reveal similarities of DMET expres-
sion patterns among these cells, a similarity matrix was evaluated by
a pairwise comparison of the samples (Table 2), in which the Pear-
son’s correlation coefficient (r) was calculated based on the averaged
�Ct obtained for each gene. The numbers in Table 2 are the Pearson’s
correlation coefficient values that represent the strengths of the linear
relationship between any two sets of comparative components (a
greater number indicates higher similarity). In general, similarities
among primary hepatocytes isolated from different donors (with r
values between 0.930 and 0.993) were much higher than the similar-
ities among different hepatic cell lines (with r values between 0.707
and 0.893). Among these five hepatic cell lines, the highest r value of
0.893 was observed between THLE2 and SK-Hep-1, whereas the
lowest r value of 0.707 was found between SK-Hep-1 and Huh7. Of
more importance, the similarities between any hepatic cell line and the

TABLE 1 —Continued

UniGene ID Gene Symbol HepG2 THLE2 Hep3B SK-Hep-1 Huh7 Human Hepatocytes Expression Value No. in Hepatocytesa

Hs0.367833 SLC28A2 N.D. 76 78 48 182 100 1
Hs0.591877 SLC28A3 117 163 165 431 38 100 10
Hs0.25450 SLC29A1 19 9 529 493 129 100 109
Hs0.569017 SLC29A2 10 8 822 42 3890 100 136
Hs0.473721 SLC2A1 507 274 115 255 178 100 2
Hs0.167584 SLC2A2 �5 N.D. �5 �5 �5 100 1516
Hs0.419240 SLC2A3 2027 204 373 803 111 100 21
Hs0.532315 SLC31A1 48 15 52 29 156 100 909
Hs0.221847 SLC38A2 23 9 127 105 68 100 7071
Hs0.195155 SLC38A5 2814 2266 1054 43 1538 100 9
Hs0.112916 SLC3A1 26 15 101 197 108 100 613
Hs0.502769 SLC3A2 26 13 88 175 101 100 2881
Hs0.1964 SLC5A1 N.D. N.D. N.D. N.D. N.D. 100 2
Hs0.130101 SLC5A4 N.D. N.D. — N.D. — N.D. 0
Hs0.489190 SLC25A13 23 6 136 98 255 100 828
Hs0.390594 SLC7A11 221 14 100 457 1281 100 137
Hs0.513797 SLC7A5 580 235 2356 5779 2259 100 167
Hs0.351571 SLC7A6 16 12 250 127 213 100 301
Hs0.513147 SLC7A7 8 32 76 9 158 100 86
Hs0.632348 SLC7A8 6 66 30 �5 �5 100 21
Hs0.408567 SLC7A9 8 N.D. 29 �5 �5 100 448
Hs0.46440 SLCO1A2 N.D. N.D. 12 905 2253 100 20
Hs0.449738 SLCO1B1 �5 N.D. �5 6 �5 100 92
Hs0.504966 SLCO1B3 8 8 �5 �5 93 100 46
Hs0.518270 SLCO2A1 157 689 25277 333 1121 100 3
Hs0.7884 SLCO2B1 8 �5 �5 N.D. 73 100 503
Hs0.311187 SLCO3A1 N.D. 222 N.D. 327 N.D. 100 10
Hs0.235782 SLCO4A1 1203 58 11 262 �5 100 21
Hs0.352018 TAP1 29 28 12 239 11 100 47
Hs0.502 TAP2 16 27 11 337 63 100 665
Hs0.519320 VDAC1 23 18 28 181 149 100 1892
Hs0.355927 VDAC2 6 �5 �5 61 68 100 593

N.D., not detected.
a Expression value is a relative number calculated based on the assumption that the average expression level of two housekeeping genes GAPDH and ACTB is 10,000 copies.
b —, genes not detected in primary hepatocytes but observed in cell lines.
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pooled primary hepatocytes were very low, with r values between
0.473 and 0.710. The highest similarity (r � 0.710) was observed
between Huh7 cells and the pooled primary hepatocytes, whereas the
lowest similarity (r � 0.473) was observed between SK-Hep-1 cells
and the pooled primary hepatocytes. Of note, in terms of DMET
expression levels, the most often used hepatic cell line HepG2 was
quite different from the pooled primary hepatocytes with an r value of
0.600.

Similarities and discrepancies in DMET expression levels between
primary hepatocytes and hepatic cell lines were further illustrated by
principal component analysis (PCA). Figure 1 displays a PCA three-
dimensional view using the first three principal components (PC1,
PC2, and PC3) to illustrate the similarities and discrepancies of
DMET expression profiles among five hepatic cell lines and primary
hepatocytes from six individual donors. PC1 divided primary hepa-
tocytes and hepatic cell lines into four groups and explained approx-
imately 65% of total variation among them. Taken together, PC1
(65%), PC2 (12%), and PC3 (6%) explained 83% of total variation in
the expression patterns of these cells. The results of the PCA indicate
that these five hepatic cell lines and primary hepatocytes from six
different donors formed four distinct patterns in DMET expression

profiles. Furthermore, to visualize directly the distances of gene
expression patterns among different hepatic cell lines and primary
hepatocytes, hierarchical cluster analysis was performed. Figure 2
shows a dendrogram of 12 groups of the triplicate samples based on
their DMET expression levels. Two big clusters were clearly sepa-
rated; one consisted of five hepatic cell lines (black) and the other
consisted of primary human hepatocytes (red). Within the two large
clusters, the five hepatic cell lines showed higher variability than did
the primary hepatocytes, consistent with Table 2. Triplicate results of
each sample were clustered tightly together with the lowest distances,
indicating good reproducibility of real-time PCR assays.

Interindividual Variability in DMET Expression Profiles of
Primary Hepatocytes from Different Donors. Interindividual vari-
ation of DMET expression is one of the most important contributors
to the variability of the drug therapy, adverse drug reactions, and drug
interactions. To evaluate the interindividual variation of DMET ex-
pression profiles of primary hepatocytes from different donors, the
mean, S.D., and coefficient of variation (CV) for each DMET was
calculated. The 15 expressed DMETs with the highest CVs in each
category (phase I, phase II, or phase III) are plotted in Fig. 3, A, B, and
C, respectively; each dot indicates a mean value of �Ct for the gene
and the bar displays a corresponding S.D. across the six donors.
CYP3A4, CYP3A7, CYP1A1, CYP1A2, and CYP2C9 were among
the most variably expressed phase I enzymes, indicating their remark-
able expression variability (Fig. 3A).

Furthermore, the interindividual variabilities of DMET expression
levels in primary hepatocytes were demonstrated by the expression
differences (fold) between the highest expressing individual and the
lowest expressing individual, within the group of six primary hepa-
tocyte donors. Table 3 lists the 10 DMETs with the widest range of
expression levels for each of the phases I, II, and III systems. The
numbers in the column “Expression Difference” indicate the expres-
sion fold differences that were calculated on the basis of the differ-
ences in values of �Ct between the highest expressing individual and
lowest expressing individual. Among these six individuals, the most
widely ranged expressed DMET was GSTM5 (166-fold), followed by
CYP26B1 (157-fold) and SULT1C1 (58-fold). However, GSTT1,
with the highest fold difference of 2074 between individuals, should
be considered as unique because a null variant exists in the general
population (Norppa, 1997).

Discussion

In addition to primary human hepatocytes, hepatoma cell lines and
immortalized or transfected nonhepatoma hepatic cell lines have been
used for pharmacological and toxicological studies (Dykens et al.,
2008; Rudzok et al., 2010). However, their limitations with respect to

FIG. 1. PCA of gene expression profiles generated from five hepatic cell lines and
primary hepatocytes from six donors. For the 251 drug-metabolizing genes and
transporter genes, the relative contribution of the variance is shown by three major
principal components plotted in three dimensions.

TABLE 2

Pearson’s correlation coefficient between hepatic cell lines and primary hepatocytes

The correlation matrix was calculated based on the averaged �Ct of three technical replicates. The numbers represent the pairwise Pearson’s correlation coefficient r value.

HepG2 THLE2 Hep3B SK-Hep-1 Huh7 Pool HH1361 HH1436 HH1425 HH1431 HH1523 HH1344

HepG2 1
THLE2 0.773 1.000
Hep3B 0.779 0.762 1.000
SK-Hep-1 0.707 0.893 0.716 1.000
Huh7 0.791 0.733 0.822 0.708 1.000
Pool 0.600 0.506 0.641 0.473 0.710 1.000
HH1361 0.603 0.516 0.647 0.481 0.729 0.977 1.000
HH1436 0.609 0.522 0.627 0.511 0.709 0.971 0.960 1.000
HH1425 0.601 0.513 0.624 0.494 0.702 0.977 0.965 0.993 1.000
HH1431 0.584 0.497 0.619 0.495 0.716 0.966 0.946 0.963 0.961 1.000
HH1523 0.609 0.514 0.657 0.490 0.725 0.965 0.948 0.951 0.955 0.935 1.000
HH1344 0.561 0.489 0.622 0.458 0.694 0.966 0.951 0.930 0.936 0.931 0.949 1.000
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their expression of DMETs have also been discussed (Pfeifer et al.,
1993; Gómez-Lechón et al., 2003; Wilkening et al., 2003; Knasmüller
et al., 2004; Aninat et al., 2006; Donato et al., 2008). All of these in
vitro models exhibit advantages and disadvantages. For instance,
primary human hepatocytes have high expression levels of drug-
metabolizing enzymes, but also exhibit high variability in genotype,
short life span, and limited availability (Brandon et al., 2003). At
present, neither a systematic evaluation nor a general report regarding
expression of drug-metabolizing genes in these in vitro systems is
available.

In the current study, similarities and differences between primary
hepatocytes and five hepatic cell lines in DMET expression levels
were observed using similarity matrix analysis, principal component
analysis, and hierarchical clustering analysis. These similarity com-
parison analyses suggest that, in terms of DMET expression charac-
teristics, hepatic cell lines only partially reflect the DMET expression
characteristics of primary hepatocytes, indicating their limitations as
surrogate cell models for human hepatocytes in toxicological and
pharmacological studies. It has been reported that the differences in
expression profiles between primary hepatocytes and hepatic cell lines
are determined by a group of evolutionarily conserved transcription
factors, known as liver-enriched transcription factors consisting of
four major members: hepatocyte nuclear factors 1, 3, and 4 and
CCAAT/enhancer binding protein � (Cereghini, 1996; Costa et al.,
2003). With a high level of complexity in the gene regulation network,
these factors interact cooperatively to stimulate specific gene expres-
sion events. However, the expression levels of liver-enriched tran-

scription factors are quite different between primary hepatocytes and
hepatic cell lines. For example, most of these transcription factors
were found to be weakly expressed in hepatoma cell lines, with the
exception of HNF4, which is expressed at a similar level in the
hepatoma cell lines and primary hepatocytes (Gómez-Lechón et al.,
2003). The fact that P450 enzymes are usually expressed at low levels
or are undetectable in hepatoma cells may be largely due to the
decreased expression levels of key transcription factors in those cell
lines. This observation is supported by data indicating that the trans-
fection of CCAAT/enhancer binding protein � into HepG2 cells
resulted in a significant increase in CYP2 family expression in this
cell line (Jover et al., 1998). In addition, cell culture environments,
such as the composition of the culture medium and the oxygen
concentration, can alter DMET expression profiles in HepG2 cells.
Higher expression levels of CYP1A and CYP2B were found in cells
cultured in Earle’s medium compared with those in Dulbecco’s mod-
ified Eagle’s medium and Williams’ E medium (Doostdar et al.,
1988). During exposure to moderate hypoxia for 24 h, HepG2,
Hep3B, and Huh7 produced a general pattern of down-regulation of
response genes including drug-metabolizing genes (Fink et al., 2001).

Cultivation of primary hepatocytes has been widely used for phar-
macological and toxicological studies, and various cultivation ap-
proaches (and medium formulations) have been applied, depending on
the purpose of a particular study and the endpoints measured. In
addition to the conventional monolayer culturing approach using a
collagen-coated plate that was used in the current study, culturing
hepatocytes in a sandwich configuration on Matrigel is becoming

FIG. 2. Hierarchical clustering analysis of
gene expression for five hepatic cell lines
(black brackets) and primary human hepa-
tocytes from six donors (red brackets). The
clustering was based on the normalized �Ct

values of 251 drug-metabolizing enzyme
genes and transporter genes. This analysis
approach is an intuitive way to display the
many different possible combinations of dif-
ferently expressed genes. The clear separa-
tion of the two big clusters of samples, pri-
mary hepatocytes colored in red and hepatic
cell lines colored in black, is primarily de-
termined by the distinctive expression pro-
files among some DMETs that are highly
expressed in primary hepatocytes but dramat-
ically down-regulated in hepatic cell lines.
Within each cluster of samples, the expression
profiles among hepatic cell lines or among
individual hepatocyte donors are variable,
with a higher variability among the five he-
patic cell lines in comparison to the variability
among the primary hepatocyte from the six
different donors. This figure also shows that
the reproducibility of real-time PCR assays for
the triplicate results of the same sample is
quite high compared with sample-to-sample
variabilities.
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more appreciated for pharmacological studies, because the hepato-
cytes cultured on Matrigel could maintain more complex cellular
behavior (such as canaliculi-like structure) that is not achievable
under conventional culture systems. In the Matrigel system, hepato-

cytes are maintained in a higher structural integrity and a better
polarization condition, as well as a suitable microenvironment mim-
icking the liver tissue, thus appearing to show drug-metabolizing
capabilities more comparable to liver functions in vivo (Hewitt et al.,

FIG. 3. The 15 most variably expressed drug-metabolizing
enzyme genes or transporter genes among six donors. The
dot indicates the mean value of �Ct of the gene, averaged
from six donors, and the bars display the corresponding SD.
A, B, and C represent phase I, phase II, and phase III genes,
respectively. The y-axis indicates the values of �Ct and the
x-axis displays drug-metabolizing genes. The 15 most
variably expressed DMETs for each category (phase I, II,
or III) were selected on the basis of their highest
CV values calculated based on the following equation:
CV � S.D. (S.D. of the �Ct)/M (mean of the �Ct).
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2007a). Olsavsky et al. (2007) demonstrated that human primary
hepatocyte culturing on Matrigel produces extreme similarity of phe-
notypes (including drug metabolism), gene expression profiles be-
tween hepatocytes, and human liver tissue, indicating the highly
differentiated nature of the hepatocytes when cultured in the Matrigel
sandwich system.

Hepatic cell lines are usually used as surrogate tools of primary
hepatocytes for toxicological and pharmacological studies. Cell lines
such as HepG2 are especially useful for studying toxicities of chem-
icals that affect DNA replication and cell cycling because it can take
several cell passages before the threshold of toxic effect is reached.
Cell lines have unique advantages over primary cells, such as easier
culturing and handling, lower costs, higher reproducibility for exper-
iments, and relatively stable gene expression profiles. However, the
most dramatic disadvantage of hepatic cell lines in toxicological and
pharmacological studies is the absence or much lower expression of
some key drug-metabolizing enzymes.

Chromosomal aberration including gene amplification, gene dele-
tion, and heteroploidy is a common event in carcinogenesis, which
introduces gene dosage differences between normal cells and trans-
formed cell lines. In addition, expression profiles of transcription
factors could be different between primary hepatocytes and hepatoma
cell lines. Therefore, expression levels of some DMETs are extremely
different between primary hepatocytes and hepatic cell lines. For
example, SLC16A3 was expressed more than 10 times higher,

whereas SLC22A1 was expressed 20 times lower in hepatic cell lines
in comparison with expression in primary hepatocytes. The “abnor-
mity” of expression of DMETs may provide survival advantages, such
as drug resistance of hepatoma cell lines.

In choosing an alternative to primary hepatocytes, it is essential that
the hepatic cell line expresses the complete spectrum of drug-metab-
olizing enzymes similar to that of primary hepatocytes. Although the
“perfect” hepatoma cell line is not yet available, the expression of
many drug-metabolizing genes was similar in the HepaRG cell line
and primary hepatocytes, suggesting that this cell line may be a
reliable surrogate for human hepatocytes for studies of xenobiotic
metabolism and toxicology (Aninat et al., 2006; Hart et al., 2010;
Jennen et al., 2010). It should be mentioned that choosing an appro-
priate cell line is highly dependent on the purpose of a specific study.
A recent study suggested that for a chemical carcinogenesis analysis,
HepaRG is a more suitable in vitro model than HepG2. On the other
hand, in contrast to HepaRG, HepG2 is a better in vitro model for
predictive toxicogenomics studies (Jennen et al., 2010).

Primary hepatocytes are often used in drug metabolism and toxicity
studies because most of the activities of their DMETs are similar to
those of intact human liver (Hewitt et al., 2007a; Soars et al., 2007).
However, markedly high interindividual variability of DMET activi-
ties among humans is well documented (Ma et al., 2002; Zhou et al.,
2009). For example, by measuring activities of 10 P450s in 12 human
liver samples, Rodríguez-Antona et al. (2001) observed large varia-
tions of P450 activities among donors, with 50-fold differences of
CYP3A4, more than 500-fold differences of CYP2D6, and 40-fold
differences of CYP2C19. Genetic polymorphisms, including single
nucleotide polymorphism, copy number variation, and insertion and
deletion variation, contribute greatly to DMET expression profiles,
drug metabolism, and clinical impacts (Zhou et al., 2008, 2009). In
addition, environmental factors such as exogenous inducers and in-
hibitors may produce more heterogeneous DMET expression/activity
and drug responses (Hewitt et al., 2007b; Walsky and Boldt, 2008).
Donor variations in the responses to inducers and inhibitors (i.e.,
gene-environment interactions) further complicate the selection of
primary hepatocytes for pharmacological and toxicological studies.

The variability of gene expression among humans is largely con-
tributed by genetic and environmental factors, whereas the genetic
polymorphism is the most important genetic contributor. Expression
quantitative trait loci mapping studies aim to identify genetic variants
that affect gene regulation. In these studies, gene expression levels are
treated as quantitative traits, and gene expression phenotypes are
mapped to particular genomic loci by combining studies of variation
in gene expression patterns with genome-wide genotyping (Gilad et
al., 2008; Schadt et al., 2008; Yang et al., 2010).

The variability of DMET expression among individuals has been
recognized to have clinical significance. It was reported that decreased
activity of UGT1A1 was found in 30% of patient populations, leading
to increased adverse effects such as leukopenia and diarrhea after
treatment with the chemotherapeutic agent irinotecan (Ando et al.,
2000). In another study with docetaxel, it was reported that interpa-
tient variability in CYP3A4 activity was attributed to the differences
in drug clearance and toxicity. When docetaxel was administrated,
patients with lower CYP3A4 activity were at a higher risk of drug
toxicity because of a decreased clearance rate in their bodies (Hirth et
al., 2000). The genetic variability in CYP2C9, CYP2C19, and
CYP2D6 has been estimated to significantly affect the outcomes of 20
to 25% of drug treatment, and this genetic variability can be used to
explain outliers in the clinic. For example, the Food and Drug Ad-
ministration has a label for atomoxetine stating that it is highly
dependent on CYP2D6 activity and a label for tamoxifen (CYP2D6)

TABLE 3

Interindividual variability of the 10 most variably expressed genes in each phase
among six donors

Expression Difference and Range of �Ct were calculated as in eqs. 4 and 5:

Expression difference � 2�	minimum �Ct�Maximum �Ct
 (4)

Range of �Ct � maximum �Ct � minimum �Ct (5)

Gene Symbol Maximum �Ct Minimum �Ct Range of �Ct
Expression
Difference

fold

Phase I
CYP26B1 13.02 5.73 7.29 157
CYP26A1 9.80 4.19 5.61 49
FMO1 16.65 11.29 5.36 41
CYP4A22 13.04 7.81 5.23 37
PTGS1 16.12 11.07 5.05 33
CYP1A2 7.76 2.93 4.83 28
CYP2A13 14.97 10.18 4.79 28
CYP1A1 10.03 5.25 4.78 28
CYP3A4 8.10 3.58 4.52 23
UCHL1 8.89 4.56 4.32 20

Phase II
GSTT1 15.00 3.99 11.02 2074
GSTM5 17.09 9.72 7.37 166
SULT1C1 15.02 9.17 5.85 58
PTGES 16.26 11.53 4.73 27
ACSL4 7.86 3.15 4.71 26
SULT1E1 11.78 7.55 4.22 19
SULT1C3 16.51 12.33 4.18 18
GNMT 11.54 7.57 3.97 16
NQO1 11.34 7.71 3.63 12
SULT2A1 6.48 3.11 3.37 10

Phase III
ABCA1 10.32 5.23 5.09 34
ABCB11 11.93 6.99 4.94 31
SLC7A8 12.37 7.53 4.84 29
ABCA12 13.30 8.53 4.77 27
SLCO1B3 10.98 6.51 4.47 22
ABCB5 17.58 13.40 4.18 18
SLCO4A1 11.83 7.90 3.93 15
SLC5A4 15.15 11.23 3.92 15
SLC22A1 5.94 2.18 3.76 14
SLC29A1 8.16 4.53 3.64 12
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has also been considered. Recently, the Food and Drug Administra-
tion updated the label for warfarin, stating that “the patient’s CYP2C9
and VKORC1 genotyping information, when available, can assist in
selection of starting dose.”
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Guillouzo A (2006) Expression of cytochromes P450, conjugating enzymes and nuclear
receptors in human hepatoma HepaRG cells. Drug Metab Dispos 34:75–83.

Brandon EF, Raap CD, Meijerman I, Beijnen JH, and Schellens JH (2003) An update on in vitro
test methods in human hepatic drug biotransformation research: pros and cons. Toxicol Appl
Pharmacol 189:233–246.

Cereghini S (1996) Liver-enriched transcription factors and hepatocyte differentiation. FASEB J
10:267–282.

Chao HR, Tsou TC, Chen HT, Chang EE, Tsai FY, Lin DY, Chen FA, and Wang YF (2009) The
inhibition effect of 2,3,7,8-tetrachlorinated dibenzo-p-dioxin-induced aryl hydrocarbon recep-
tor activation in human hepatoma cells with the treatment of cadmium chloride. J Hazard
Mater 170:351–356.

Costa RH, Kalinichenko VV, Holterman AX, and Wang X (2003) Transcription factors in liver
development, differentiation, and regeneration. Hepatology 38:1331–1347.
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