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Abstract － We investigated global gene expression from both mouse liver and mouse hepatic cell lines 
treated with acetaminophen (APAP) in order to compare in vivo and in vitro profiles and to assess the 
feasibility of the two systems. During our analyses of gene expression profiles, we picked up several 
down-regulated genes, such as the cytochrome P450 family 51 (Cyp51), sulfotransferase family cytosolic 1C 
member 2 (Sult1c2), 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 (Hmgcs1), and several genes that 
were up-regulated by APAP, such as growth arrest and DNA-damage-inducible 45 alpha (Gadd45a), 
transformation related protein 53 inducible nuclear protein 1 (Trp53inp1) and zinc finger protein 688 (Zfp688). 
For validation of gene function, synthesized short interfering RNAs (siRNAs) for these genes were transfected 
in a mouse hepatic cell line, BNL CL.2, for investigation of cell viability and mRNA expression level. We found 
that siRNA transfection of these genes induced down-regulation of respective mRNA expression and 
decreased cell viability. siRNA transfection for Cyp51 and others induced morphological alterations, such as 
membrane thickening and nuclear condensation. Taken together, siRNA transfection of these six genes 
decreased cell viability and induced alteration in cellular morphology, along with effective inhibition of 
respective mRNA, suggesting that these genes could be associated with APAP-induced toxicity. Furthermore, 
these genes may be used in the investigation of hepatotoxicity, for better understanding of its mechanism.
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INTRODUCTION

    Even though conventional toxicity assessment has 
some advantages for finding lesions or clues to a toxic 
mechanism, it may have a limitation when lesions are 
small or at a minimum in cells, tissues or organs of the 
body, or when a number of biomarkers are assayed. To 
overcome these limitations, scientists have tried to figure 
out a sensitive and large scale assessment for toxicity. It is 
possible for scientists to use toxicogenomic tools based on 
microarray technology to investigate thousands of affected 
genes simultaneously in a biological experiment and to ef-
fectively evaluate new food and drugs.
    Profiling of gene, protein and metabolite expression has 
been integrated into toxicogenomics (Waters and Fostel, 
2004), and this technology should help, not only in the dis-

covery of potential biomarkers for toxicity, but also in un-
derstanding molecular and cellular mechanisms of toxicity 
(Pennie et al., 2004). Many scientists anticipate that tox-
icogenomics will prove to be a powerful tool for discovery 
of meaningful genes or proteins, and it may be possible to 
apply toxicogenomics data into regulatory decision making 
(Boverhof and Zacharewski, 2006) after biologic validation 
of toxicogenomics-based test methods (Corvi et al., 2006) 
and reviewing and analyzing toxicogenomics data 
(Leighton et al., 2006). The technique is also extended to 
comparative studies using the Comparative Toxicogeno-
mics Database (Mattingly et al., 2006).
    Our previous studies compared transcriptional re-
sponses in the livers of animals and hepatocyte cell lines 
after exposure to chemicals to determine how faithfully the 
in vitro model system reflects in vivo responses using mi-
croarrays, showing that it may be feasible to develop tox-
icogenomics biomarkers by comparing in vivo and in vitro 
genomic profiles specific to acetaminophen (APAP) for 
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prediction of liver toxicity (Kang et al., 2007).
    Short interfering RNA (siRNA) is double-stranded RNA 
with 20-25 nucleotides. It has been reported that siRNA 
was first discovered in post-transcriptional gene silencing 
in plants (Hamilton and Baulcombe, 1999) and binds to 
single strand mRNA, with a sequence specific manner 
(Dykxhoorn et al., 2003), resulting in inhibition of RNA ex-
pression in an effective way. Many experiments have been 
carried out to modulate gene expression both in vitro and 
in vivo, extending to functional genomics, target validation 
and so on.
    In this study, we selected commonly altered down-regu-
lated genes and up-regulated genes extracted from gene 
expression profiles from both mouse liver and mouse hep-
atic cell lines treated with APAP, and using respective 
siRNA, we evaluated these toxicity-related genes for po-
tential biomarkers.

MATERIALS AND METHODS

Materials
    Dulbecco’s modified Eagle’s medium (DMEM), fetal bo-
vine serum (FBS) and penicillin-streptomycin were pur-
chased from Invitrogen (Carlsbad, CA). APAP was ob-
tained from Sigma (St. Louis, MO). BNL CL.2 cells (ATCC 
TIB-73) were purchased from the American Type Culture 
Collection (ATCC, Manassas, VA). CellTiter 96 Aqueous 
Non-Radioactive Cell Proliferation Assay kit was obtained 
from Promega Co. (Madison, WI), while the cytotoxicity de-
tection kit was from Roche Molecular Biochemicals 
(Indianapolis, IN).

Cell line and cell culture
    BNL CL.2 (murine embryonic normal hepatic cell line) 
was cultured in DMEM medium supplemented with 100 
units of penicillin-streptomycin/ml, 2 mM L-glutamine, and 
10% FBS at 37°C in a 5% CO2 atmosphere. APAP was 
dissolved in dimethyl sulfoxide (DMSO) and was freshly di-
luted in culture media for each experiment. Vehicle con-
centration was less than 0.5% in all experiments. 

Microarray analysis of gene expression patterns in BNL 

CL.2
    A combined analysis of gene profiling related to APAP 
toxicity (50 and 500 mg/kg for in vivo; 250 and 2,500 μM for 
in vitro) (Kang et al., 2007) and APAP toxicity (80 and 800 
mg/kg for in vivo) (unpublished data) showed that there 
were 2,798 differentially expressed genes (in vivo) and 
321 genes (in vitro) at 6 h and 2,692 (in vivo) and 904 (in 
vitro) at 24 h with a significance over 0.05 by One-Way 

ANOVA (data not shown). The numbers of commonly al-
tered genes were of 248 and 372 at 6 and 24 h, re-
spectively, between in vivo and in vitro. Based on the main 
pathological findings that occurred at 24 h, we picked up 
altered genes at that time. The numbers of commonly up- 
or down-regulated genes between in vivo and in vitro 
caused by APAP treatment were sixteen and twenty-six at 
24 h (Table I).
    Based on the these findings, we picked up several altered 
genes; cytochrome P450, family 51 (Cyp51), sulfotransfer-
ase family cytosolic 1C member 2 (Sult1c2) and 3-hy-
droxy-3-methylglutaryl-Coenzyme A synthase 1 (Hmgcs1) 
as down-regulated genes, and growth arrest and DNA- 
damage-inducible 45 alpha (Gadd45a), transformation re-
lated protein 53 inducible nuclear protein 1 (Trp53inp1) 
and zinc finger protein 688 (Zfp688) as up-regulated genes 
caused by APAP treatment. 

siRNA synthesis and treatment
    siRNAs for six picked-up genes were made by Dharma-
con Research (Lafayette, CO, USA), and these were treat-
ed into cells so that alterations by cellular toxicity could be 
examined. For setting of transfection conditions, control 
(Zea mays) siRNA with carboxyfluorescein (Bioneer Co. 
Ltd, Korea) was transfected into cells using lipofectamine 
(RNAiMAX), and a morphological examination was carried 
out using a fluorescence microscope.
    BNL. CL2 cells (2×104 cells/ml; cell passage from 3 to 
20) were set in 10% FBS-DMEM without antibiotics in 24 
well-plates at 24 h before siRNA transfection. Solution A 
was prepared by mixing 50 μl DMEM (without antibiotics 
and FBS) with 1 μl of lipofectamine RNAiMAX (Invitrogen) 
for 10 min, and solution B was prepared by mixing 50 μl 
DMEM (without antibiotics and FBS) with siRNA at final 
concentrations of 5, 10, 20, 40 and 60 pmol for 10 min at 
RT. Solutions A and B (lipofectamin-siRNA complex) were 
mixed for 20 min and treated in cells during 48 h. Cell 
counts and microscopic examination were carried out at 6, 
24 and 48 h.

RNA isolation and real-time reverse transcription poly-

merase chain reaction (RT-PCR)
   Total RNAs were extracted for gene expression analysis 
using the RNeasy Mini kit (Qiagene, Valencia, CA). The 
yield of RNA was determined by Bioanalyzer 2100 (Agilent 
Technology), and stored at −80°C until use.
    For cDNA synthesis TaqManⓇ Gold RT-PCR Kit (Appli-
ed Biosystems) was used according to the manufacturer’s 
guide. In brief, 2 μg of total RNA was mixed with 10 μl of 
10X RT Buffer, 22 μl of 25 mM MgCl2, 20 μl of deoxyNTPs 
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Table I. Common gene lists for in vivo & in vitro at 24 h by APAP treatment
Type No. Gene title mRNA accession No.

Up-regulated   1 Growth arrest and DNA-damage-inducible 45 alpha NM_007836
  2 Transformation related protein 53 inducible nuclear protein 1 NM_021897
  3 ATPase, Na＋/K＋ transporting, alpha 2 polypeptide NM_178405
  4 Zinc finger protein 688 NM_026999
  5 RIKEN cDNA 3230401M21 gene XM_128557; XM_128557
  6 Similar to nonhistone chromosomal protein HMG-17 (high-mobility group 

 nucleosome binding domain 2)
XM_908033

  7 Zinc finger, AN1-type domain 2A NM_133349
  8 Essential meiotic endonuclease 1 homolog 1 (S. pombe) NM_177752
  9 Expressed sequence AI842396 NM_213729
10 Pyruvate carboxylase NM_008797
11 RIKEN cDNA 4930526i15 gene ---
12 Myelin protein zero-like 1 NM_001001880
13 Nuclear factor of kappa light chain gene enhancer in B-cells inhibitor, alpha NM_010907
14 RNA pseudouridylate synthase domain containing 1 NM_028009
15 Sodium channel modifier 1 NM_027013
16 RIKEN cDNA 2410006h16 gene ---

Down-regulated   1 Fumarylacetoacetate hydrolase NM_010176
  2 RIKEN cDNA 2810451a06 gene NM_176835
  3 Hydroxysteroid (17-beta) dehydrogenase 7 NM_010476
  4 Similar to RNA binding motif protein 7 XR_003883
  5 Death-associated kinase 2 NM_010019
  6 Origin recognition complex, subunit 4-like (S. cerevisiae) NM_011958
  7 Spondin 2, extracellular matrix protein NM_133903
  8 RAS, guanyl releasing protein 3 NM_207246
  9 Insulin receptor substrate 1 NM_010570
10 Cell death-inducing DNA fragmentation factor, alpha subunit-like effector B NM_009894
11 Bystin-like NM_016859
12 STAR-related lipid transfer (START) domain containing 4 NM_133774
13 Aldehyde dehydrogenase family 1, subfamily A1 NM_013467
14 Acetyl-Coenzyme A acetyltransferase 3;acetyl-Coenzyme A

 acetyltransferase 2
NM_153151; NM_009338

15 Hydroxysteroid (17-beta) dehydrogenase 12 NM_019657
16 RIKEN cDNA 5730469M10 gene NM_027464
17 Methyltransferase like 7B NM_027853
18 Serum deprivation response NM_138741
19 Cytochrome P450, family 51 NM_020010
20 Sterol-C4-methyl oxidase-like NM_025436
21 Glycerol-3-phosphate dehydrogenase 1 (soluble) NM_010271
22 Isopentenyl-diphosphate delta isomerase XM_975208; XM_975239; 

 NM_145360; NM_177960
23 Sulfotransferase family, cytosolic, 1C, member 2 NM_026935
24 3-hydroxy-3-methylglutaryl-Coenzyme A synthase 1 NM_145942
25 ELOVL family member 6, elongation of long chain fatty acids (yeast) NM_130450
26 Chemokine (C-C motif) ligand 9 NM_011338

mixture, 5 μl of random hexamers, 2 μl of RNase inhibitor, 
2.5 μl of MultiScribe Reverse Transcriptase (50 U/μl) and 
incubate at 25°C for 10 min, at 37°C for 1 h, and at 95°C for 
5 min and placed on ice for 10 min and stored at −20°C 
until use.

    cDNAs were amplified using oligonucleotide primers 
and probes (Applied Biosystems) for the Cyp51, Sult1c2, 
Hmgcs1, Gadd45a, Trp53inp1 or Zfp688 mRNA. PCR am-
plification was carried out according to the manufacturer’s 
instructions (Applied Biosystems). PCR program cycles 
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Fig. 1. Cytochrome P450, family 51 (Cyp51) siRNA transfection
(A) Dose-dependent treatment of siRNA and cell viability. (B) 
Cyp51 mRNA expression by siRNA transfection (5 pmol) 
measured by real-time RT-PCR. Morphological examination for 
control (C), negative control siRNA (D), Cyp51 siRNA (40 pmol)
(E) and H&E stain (F). Magnification, ×100 (C-E), ×1,000 (F).

Fig. 2. Sulfotransferase family, cytosolic, 1c, member 2 (Sult1c2)
siRNA transfection. (A) Dose-dependent treatment of siRNA and
cell viability. (B) Cyp51 mRNA expression by siRNA transfection
(5 pmol) measured by real-time RT-PCR. Morphological exa-
mination for control (C), negative control siRNA (D), Sult1c2 
siRNA (40 pmol) (E). Magnification, ×100 (C-E).

were set as follows: initial denaturing at 50 °C for 20 min, 
95°C for 10 min, followed by 40 cycles (95°C for 15 s, 60°C 
for 1 min).
    Beta-actin mRNA was employed as an internal stand-
ard, and gene expression for each was determined by 
RT-PCR and normalized against beta-actin mRNA levels. 
All PCR products were amplified in a linear cycle. Data 
show the mean ± SD from all samples per group of three 
independent experiments.

Morphological examination
    BNL CL.2 cells were cultured in Chamber slides (Nunc, 
USA), and, cells were fixed in 0.5% glutaraldehyde (in PBS 
buffer, pH 7.4) for 15 min at 4°C after 48 h transfection. 
Slides were stained with hematoxylin and dipped into 1% 
acid alcohol, 0.2% ammonia water solution and eosin for 
morphological examination.

Statistical analysis
    Statistical analysis was performed with the Tukey-Kramer 
method using the JMP program (SAS Institute, Cary, NC). 
For all comparisons, probability values less than 5 % (p
＜0.05) were considered to be statistically significant.

RESULTS 

Cell viability and mRNA level after siRNA transfection 
    Cyp51 siRNA transfection induced inhibition of cell via-
bility in a dose-dependent manner at 48 h and inhibited its 
mRNA expression. Morphological examination showed 
manifest necrosis (Fig. 1). Sultc2 siRNA transfection in-
duced inhibition of cell viability in a dose-dependent man-
ner at 48 h and inhibited its mRNA expression. Morpholo-
gical examination also showed manifest necrosis (Fig. 2). 
Hmgcs1 siRNA transfection induced inhibition of cell via-
bility in a dose-dependent manner at 48 h as well as its 
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Fig. 3. 3-hydroxy-3-methylglutaryl-coenzyme A synthase 1 
(Hmgcs1) siRNA transfection. (A) Dose-dependent treatment of 
siRNA and cell viability. (B) Hmgcs1 mRNA expression by 
siRNA transfection (5 pmol) measured by real-time RT-PCR. 
Morphological examination for Control (C), negative control 
siRNA (D), Hmgcs1 siRNA (40 pmol) (E). Magnification, ×100 
(C-E). 

Fig. 4. Growth arrest and DNA-damage-inducible 45 alpha 
(Gadd45a) siRNA transfection. (A) Dose-dependent treatment 
of siRNA and cell viability. (B) Gadd45a mRNA expression by 
siRNA transfection (5 pmol) measured by real-time RT-PCR; 
Morphological examination for Control (C), negative control 
siRNA (D), Gadd45a siRNA (40 pmol) (E) and H&E staining (F). 
Magnification, ×100 (C-E), ×1,000 (F).

mRNA expression. Morphological examination also sho-
wed manifest necrosis (Fig. 3).
    Gadd45a siRNA transfection induced inhibition of cell vi-
ability in a dose-dependent manner at 48 h and inhibited its 
mRNA expression. Morphological examination showed 
manifest necrosis with vacuolar alterations in the nuclei 
(Fig. 4). Trp53inp1 siRNA transfection induced inhibition of 
cell viability in a dose-dependent manner at 48 h and in-
hibited its mRNA expression. Morphological examination 
showed alteration of intracellular structures (Fig. 5). 
Zfp688 siRNA transfection induced inhibition of cell via-
bility in a dose-dependent manner at 48 h and inhibited its 
mRNA expression. Morphological examination showed 
cellular alterations (Fig. 6).

DISCUSSION  

    Our previous data also showed gene expression profiles 
may provide useful methods for eliciting the underlying 
molecular mechanisms of drug susceptibility and for evalu-
ating drug sensitivity to APAP in vitro when correlated with 
in vivo (Kang et al., 2007), and for investigating detailed 
mechanisms between normal and transformed hepatic cell 
lines (Jeong et al., 2009). 
    In this study, we extended our analyses to combine two 
different independent experiments; in vivo and in vitro 
study (Kang et al., 2007) and in vivo study (unpublished 
data). Global gene expression representing a significant 
difference over 0.05 by One-Way ANOVA showed that 
more genes existed at 24 h than at 6 h, which means toxic 
effects were enhanced at 24 h, similar findings were 
shown in previous report (Kang et al., 2007).
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Fig. 5. Transformation related protein 53 inducible nuclear 
protein 1 (Trp53inp1) siRNA transfection. (A) Dose-dependent 
treatment of siRNA and cell viability. (B) Trp53inp1 mRNA 
expression by siRNA transfection (5 pmol) measured by real- 
time RT-PCR. Morphological examination for control (C), 
negative control siRNA (D), Trp53inp1 siRNA (40 pmol) (E). 
Magnification, ×100 (C-E).

Fig. 6.  Zinc finger protein 688 (Zfp688) siRNA transfection. (A)
Dose-dependent treatment of siRNA and cell viability. (B) 
Zfp688 mRNA expression by siRNA transfection (5 pmol) 
measured by real-time RT-PCR. Morphological examination for 
control (C), negative control siRNA (D), Zfp688 siRNA (40 pmol) 
(E). Magnification, ×100 (C-E).

    We picked commonly up- or down-regulated genes be-
tween in vivo and in vitro at 24 h, and evaluated the poten-
tial markers for liver toxicity using siRNA. To set siRNA 
transfection conditions using Zea mays siRNA, we found 
that transfection occurred from 6 h to 48 h, and with high 
frequency at 48 h. It was impossible to extend the trans-
fection time owing to cell confluence. siRNA transfection 
for target genes showed that cell death occurred from 6 h 
to 48 h, with high frequency at 48 h after transfection.
    siRNA tranfection for Cyp51, Sult1c2 or Hmgcs1 show-
ed that cell viabilities were also down-regulated in a dose- 
dependent manner, and gene expression levels were 
down-regulated at 48 h, and furthermore, morphological 
alterations were evident. In particular, Cyp51 siRNA trans-
fection showed severe cellular necrosis and alterations in 
cellular structures.
    It has been reported that Cyp51 acts as an oxidor-

eductase and a transferase, and is involved in lipid, fatty 
acid and steroid metabolism (Rozman et al., 1996; Fink et 
al., 2005; Seliskar and Rozman, 2007). Sult1c2 has sulfo-
transferase and transferase activity, and is involved in ste-
roid hormone and sulfur metabolism (Stanley et al., 2005). 
Hmgcs1 has catalytic activity, hydroxymethylgutaryl-CoA 
synthase activity and transferase activity, and is involved 
in cholesterol and coenzyme metabolism (Welch et al., 
1996).
    siRNA tranfection for Gadd45a, Trp53inp1 or Zfp688 
showed that cell viability was also down-regulated in a 
dose-dependent manner, and gene expression levels we-
re down-regulated at 48 h, and furthermore, morphological 
alterations were evident. Especially, Gadd45a siRNA 
transfection induced intracytoplasmic and intranuclear 
vacuolation. Gadd45a is involved in DNA repair, stress re-
sponse, apoptosis and cell cycle control (Fornace et al., 
1992). Trp53inp1 is known to be involved in apoptosis, cell 
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cycle arrest and stress response (Tomasini et al., 2005). 
Zfp688 is a transcription factor containing zinc finger do-
main and Kruppel-associated box domain; however, its 
functions are not well-known.
    APAP is metabolized by sulfation and glucuronidation 
and by CYP2E1 that produces a reactive metabolite, 
N-acetyl-p-benzoquinoneimine (NAPQI), which is detoxi-
fied by conjugation with glutathione. The analgesic acet-
aminophen causes a potentially fatal, hepatic centrilobular 
necrosis when taken in overdose, and these findings in-
dicated that acetaminophen was metabolically activated 
by cytochrome P450 enzymes to a reactive metabolite that 
depleted glutathione and covalently bound to protein 
(James et al., 2003). Furthermore, progression of APAP 
toxicity was dependent on DNA damage caused by activa-
tion of DNase in mice (Napirei et al., 2006), and associated 
with mitochondrial oxidant stress and peroxynitrite for-
mation (Cover et al., 2005). APAP-induced toxicity af-
fected numerous aspects of liver physiology, such as 
growth arrest and cell cycle regulatory proteins, stress-in-
duced proteins (Reilly et al., 2001), and altered levels of 
gene expression relating to lipid and energy metabolism 
(Coen et al., 2004; Huang et al., 2004).
    Taken together, siRNA transfection of these genes in-
duced alterations in cell viability and morphology, as well 
as effective inhibition of respective mRNA, and suggests 
that these genes could be associated with APAP-induced 
toxicity. Furthermore, these genes may be useful in the in-
vestigation of hepatotoxicity for a better understanding of 
its mechanism.
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