
Abstract. Aristolochic acid (AA), derived from plants of the
Aristolochia genus, has been proven to be associated with
aristolochic acid nephropathy (AAN) and urothelial cancer in
AAN patients. In this study, we used toxicogenomic analysis
to clarify the molecular mechanism of AA-induced cyto-
toxicity in normal human kidney proximal tubular (HK-2)
cells, the target cells of AA. AA induced cytotoxic effects in
a dose-dependent (10, 30, 90 μM for 24 h) and time-
dependent manner (30 μM for 1, 3, 6, 12 and 24 h). The
cells from those experiments were then used for microarray
experiments in triplicate. Among the differentially expressed
genes analyzed by Limma and Ingenuity Pathway Analysis
software, we found that genes in DNA repair processes were
the most significantly regulated by all AA treatments.
Furthermore, response to DNA damage stimulus, apoptosis,
and regulation of cell cycle, were also significantly regulated
by AA treatment. Among the differentially expressed genes
found in the dose-response and time-course studies that were
involved in these biological processes, two up-regulated
(GADD45B, NAIP), and six down-regulated genes (TP53,
PARP1, OGG1, ERCC1, ERCC2, and MGMT) were con-
firmed by quantitative real-time reverse transcription
polymerase chain reaction (qRT-PCR). AA exposure also
caused a down-regulation of the gene expression of anti-
oxidant enzymes, such as superoxide dismutase, glutathione
reductase, and glutathione peroxidase. Moreover, AA
treatment led to increased frequency of DNA strand breaks,
8-hydroxydeoxyguanosine-positive nuclei, and micronuclei in
a dose-dependent manner in HK-2 cells, possibly as a result

of the inhibition of DNA repair. These data suggest that
oxidative stress plays a role in the cytotoxicity of AA. In
addition, our results provide insight into the involvement of
down-regulation of DNA repair gene expression as a
possible mechanism for AA-induced genotoxicity.

Introduction

Aristolochic acid (AA), a mixture of structurally-related
nitrophenanthrene carboxylic acids, was first detected in
Aristolochia clematitis in 1943 (1). Aristolochic acid I (AAI)
and Aristolochic acid II (AAII) are the two main active
compounds of plants from the genus Aristolochia. Natural
products containing AA were used in some pharmaceutical
preparations as anti-inflammatory agents; moreover, many
formulae containing Aristolochia plants are commonly used
as traditional medicine in Eurasia, South America and West
Africa (2-4). However, its use gradually declined after Mengs
et al reported that it was carcinogenic in rats (5). Most
countries now ban or severely restrict the use of plants of the
genus Aristolochia based on a multitude of studies that have
shown that AA is nephrotoxic in humans (6-10). Aristolochic
acid nephropathy (AAN) is characterized by initially normal
blood pressure, early severe anemia, mild tubular proteinuria,
and rapid progression to renal failure within months up to 2
years (11). The pathology of AAN shows extensive hypo-
cellular interstitial fibrosis associated with tubular atrophy
and global glomerular sclerosis (12). Urothelial malignancy
of upper urinary tract has been found in 40-46% of patients
exposed to AA (13,14). Two population-based studies by
Lai et al found that consumption of AA-containing Chinese
herbal products was associated with an increased risk of
end-stage renal disease and urinary tract cancer in a dose-
dependent manner (15,16). This finding is similar to reports
that show that high cumulative doses of AA can induce
nephropathy in humans (17) and that cumulative doses >200
grams of ingested Aristolochia is a significant risk factor
for urothelial carcinoma in Belgian AAN patients (13,14).

The carcinogenic effects of AA are considered to be
associated with the formation of covalent AA-DNA adducts,
which have been detected in affected kidneys of Belgian
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patients with AAN (18,19) and in rodent tissues (20,21).
Therefore, it is important to study the mechanism of meta-
bolic activation of AA and the formation of AA-DNA adducts.
AAI and AAII are metabolized to reactive intermediates
that bind covalently to DNA in vitro and in vivo (18,20).
Experiments on the enzymatic activation of AA by xanthine
oxidase, DT-diaphorase, and cytosolic nitroreductase have
confirmed that nitroreduction is crucial in the metabolic
activation of AA (20). Other studies have shown that AA
can be activated via nitroreduction by cytochrome P450
(CYP) 1A1, CYP1A2, and NADPH:CYP reductase (22-26).
AA forms covalent DNA adducts and deoxyadenosine is
the major target of modification. Broschard et al (27) found
that dA-AAI, dG-AAI and dA-AAII severely block DNA
replication. AA-adenine adducts have a higher mutagenic
potential compared with the AA-guanine adducts and
AT➝TA transversion mutation has been found in ras gene
of AA-exposed rodent tissues and in P53 gene of tissues in
AAN patients. Similarly, in AAN patients, one major (dA-
AAI) and two minor (dG-AAI and dA-AAII) DNA adducts
were detected in renal and urinary tissues (13,18,19,28-30).

AA-induced cytotoxicity and genotoxicity have been
studied in several biological systems over the past years.
Balachandran et al (31) and Li et al (32) have used a porcine
proximal tubular epithelial cell line (LLC-PK1) to study
DNA damage, cell cycle perturbations, and cell apoptosis
induced by AA. Human urinary tract epithelium cells (SV-
HUC-1), human hepatoma HepG2 cells, and human colo-
rectal cancer cells (HCT 116) (33-35) have also been used to
study the cytotoxicity or genotoxicity of AA. Chen et al (36)
have shown that more cancer-related genes were significantly
altered in target (kidney) tissues than in non-target (liver)
tissues in AA-treated rats, suggesting that studies on the
toxic effects of AA should be conducted in renal cells.

In this study, we used toxicogenomic analysis to inves-
tigate the toxic effects of AA in normal human proximal
tubular (HK-2) cells, the target cells of AA. We then tried to
elucidate the molecular mechanism of AA-induced toxicity
by applying microarray analysis to explore the changes in
gene expression patterns in cells exposed to AA. Our results
indicate that the decreased expression of DNA repair genes
may contribute to the observed increase in 8-OHdG and
micronuclei formation in HK-2 cells and may partly explain
the genotoxic effects of AA.

Materials and methods

Cell culture. The human kidney-2 (HK-2), an immortalized
cell line of renal proximal tubular epithelial cells from
normal adult human kidney, were obtained from Bioresource
Collection and Research Center (Hsinchu, Taiwan; BCRC
60097). HK-2 cells were grown in keratinocyte serum-free
basal medium (Gibco) supplemented with recombinant
epidermal growth factor (5 ng/ml) and bovine pituitary
extract (50 μg/ml) without antibiotics at 37˚C in a 5% CO2

incubator.

Drug treatment. Aristolochic acid sodium salt, a mixture of
AA I (41%) and AA II (56%) (Sigma) was dissolved in
double-distilled water and stored at -30˚C. HK-2 cells were

seeded in 75T flasks or 25T flasks and incubated for over-
night before AA treatment. Various concentrations of AA
(10, 30, 90 μM) were exposed to HK-2 cells for 24 h or
30 μM AA was exposed for 1, 3, 6, 12 and 24 h. The control
cells were placed in equal amounts of water.

3-[4,5-dimethylthiazol-2yl]-2,5-diphenyltetrazolium bromide
(MTT) assay. After AA treatment for varied length of time,
MTT was added to 75T flasks or 25T flasks to reach the final
concentration of 0.5 mg/ml. After a 4-h incubation at 37˚C
in the dark, equal volume of 10% SDS (pH 2.0) was
added to dissolve the MTT formazan. When the MTT
formazan was dissolved completely, the samples in flasks
were transferred to 96-well plates at a volume of 200 μl per
well. The absorbance was measured at a test wavelength
of 570 nm and a reference wavelength of 630 nm using a
microplate reader. The relative survival of cell growth was
calculated by the equation that follows: survival rate (%) =
(Absorbance of AA-treated cells - absorbance of medium
only/Absorbance of untreated cells - absorbance of medium
only) x 100%.

RNA isolation and toxicogenomic analysis. Total RNAs were
extracted from HK-2 cells collected from the dose and time-
course study using RNeasy Mini kit (Qiagen, Valencia, CA).
Total RNA was quantified using the Beckman DU800 spectro-
photometer (Beckman Coulter, Fullerton, CA). Samples with
A260/A280 ratios >1.8 were further evaluated using Aglient
2100 Bioanalyzer (Agilent Technologies, Santa Clara,
CA). The RNA samples with an RNA integrity number >8.0
were subjected to microarray analysis.

Microarray analysis was performed in triplicate as
described previously (37). Briefly, fluorescence-labeled RNA
targets were prepared from 5 μg of total RNA samples using
MessageAmp™ aRNA kit (Ambion, Austin, TX) and Cy5
dye (Amersham Pharmacia, Piscataway, NJ). Triplicate
fluorescent targets were hybridized overnight to the Human
Whole Genome OneArray™ (Phalanx Biotech Group,
Hsinchu, Taiwan), and non-specific targets were washed by
three different washing steps, and the slides were dried by
centrifugation and immediately scanned by an Axon 4000
scanner (Molecular Devices, Sunnyvale, CA). The Cy5 fluo-
rescent intensity of each spot was analyzed by genepix 4.1
software (Molecular Devices). The signal intensity of each
spot was corrected by subtracting background signals in
the surrounding area. We filtered out control probes and
background-corrected signal intensity of each spot. Spots
were then normalized by the Limma package of the R
program (38). Normalized data were tested for differential
expression using the Gene Expression Pattern Analysis Suite
v3.1 (39). We used the ‘geneSetTest’ function in the Limma
package to test which biological pathways were affected by
AA in HK-2 cells. This function computes a p-value to test
the hypothesis that the selected genes in a pathway tend to
be differentially expressed. We have submitted the original
microarray data to Gene Expression Omnibus (GEO), series
number GSE18243. Two samples (mock, treatment) and
one series (mock + treatment) are included. The sample
numbers are GSM455880 (treatment) and GSM455881
(mock).
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Quantitative real-time reverse transcription polymerase
chain reaction (qRT-PCR). The expression levels of DNA
repair-related genes were further validated by qRT-PCR.
Total RNA was used as a template for reverse transcription
using the RNA Reverse Transcription Kit from ABI (Applied
Biosystems). Quantitative PCR was performed using 1 μl
of cDNA, 2X SYBR-Green PCR Master Mix (Applied
Biosystems, Foster City, CA, USA). The reaction conditions
were as follows: 10 min at 95˚C followed by 40 cycles of
15 sec at 95˚C, 1 min at 60˚C. Each assay was run on an
Applied Biosystems 7300 real-time PCR system in tripli-
cates. Relative amount of mRNA was calculated using the
comparative CT method. The primer sets for selected genes
are shown in Table I.

Alkaline single-cell gel electrophoresis (comet assay). HK-2
cells were treated with 10, 30, 90, 150 μM of AA for 3 or
24 h, and 100 μM of H2O2 (positive control) for 30 min.
After treatment with AA, cells were harvested for the
examination of DNA damage by using the Comet assay.
Seventy microliters of 0.5% of normal melting point agarose
(NMP) and 0.5% low melting point agarose (LMP) in PBS
(pH 7.4) were covered on the slides, and allowed to dry.
Ten microliters of cell suspension (1x104 cells) were gently
mixed with 70 μl of 0.5% of LMP in PBS (pH 7.4), and take
70 μl of this suspension rapidly layered onto the slides
precoated with the mixtures of 0.5% of NMP and 0.5% of
LMP, and covered with a coverslip. Then the coverslip was
removed and the cells embedded in agarose were immersed
in a freshly made lysis solution (2.5 M NaCl, 100 mM
Na2EDTA, 10 mM Tris and 1% Triton X-100 at pH 10.0) for
1 h at 4˚C. The slides then were placed on a horizontal gel

electrophoresis tank and the DNA was allowed to unwind
for 20 min in freshly prepared alkaline electrophoresis
buffer containing 0.3 M of NaOH and 1 mM of Na2EDTA
(pH >13). Thereafter, electrophoresis (25 V, 300 mA) was
conducted for 30 min at 4˚C. After electrophoresis, the slides
were then soaked in a cold neutralizing buffer (0.4 M Tris
buffer, pH 7.5) to neutralize the excess alkali at 4˚C for
15 min. Slides were dried in methanol for 5 min, and stained
with propidium iodide (5 μg/ml). Comet length was analyzed
using CometScore software.

Immunostaining for 8-OHdG. HK-2 cells were seeded on
coverslips and treated with AA (10, 30 or 90 μM) for 24 h.
The coverslips were fixed with cold acetone for 10 min at
-20˚C, air-dried at room temperature, and stored at -20˚C if
not processed immediately. Before staining, the cells were
rehydrated in PBS and treated with RNase (100 μg/ml) in
Tris buffer (pH 7.5; 10 mM Tris-HCl, 0.4 M NaCl) at 37˚C
for 50 min and proteinase K (1 μg/ml) for 7 min at room
temperature. Samples were denatured in 4 N HCl for 5 min
and neutralized with 50 mM Tris-base for 4 min. In order
to block endogenous peroxidase, samples were incubated
with 3% H2O2 in methanol for 15 min. Immunocytochemistry
was performed using a Novolink Polymer Detection System
(Novocastra). Briefly, non-specific binding was blocked by
protein block (RE7166, 0.4% Casein in phosphate-buffered
saline) for 30 min at room temperature and incubated with
anti-8-hydroxydeoxyguanosine (8-OHdG) monoclonal anti-
body N45.1 (Fukuroi, Japan, 1:200 dilution) overnight at 4˚C.
After rinsing with PBS, post primary block (RE7167, 10%
animal serum) was incubated for 30 min, followed by Novo-
LinkTM polymer (RE7168, anti-mouse/rabbit IgG-Poly-HRP)
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Table I. Primer sequences of selected genes for qRT-PCR.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Gene Primer sequence
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
ERCC1 Sense: 5'-TCTCCCGGGTGACTGAATGT-3'

Antisense: 5'-GCGATGAGCTGTTCCAGAGAT-3'

ERCC2 Sense: 5'-GGCAAAGTGTCCGAGGGAAT-3'
Antisense: 5'-CCTTGAGAATGCGGCTCTGT-3'

GADD45B Sense: 5'-TGTACGAGTCGGCCAAGTTG-3'
Antisense: 5'-ATTTGCAGGGCGATGTCATC-3'

MGMT Sense: 5'-CCTGGCTGAATGCCTATTTCC-3'
Antisense: 5'-TGTCTGGTGAACGACTCTTGCT-3'

NAIP Sense: 5'-CTGGATGCTGTCCCCTGTTAA-3'
Antisense: 5'-AGGAGCTGGTCACAGATGATACTG-3'

OGG1 Sense: 5'-TTCCAAGAGGTGGCTCAGAAAT-3'
Antisense: 5'-CGATGTTGTTGTTGGAGGAACA-3'

PARP Sense: 5'-GGAGTCGGCGATCTTGGA-3'
Antisense: 5'-AGTAATAGGCATCGCTCTTGAAGAC-3'

TP53 Sense: 5'-GGGTTAGTTTACAATCAGCCACATT-3'
Antisense: 5'-GGGCCTTGAAGTTAGAGAAAATTCA-3'

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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for 30 min. Slides were treated with diaminobenzidine to
localize peroxidase and mounted on a cover glass. 8-OHdG-
stained cells were then detected under light microscopy.

Western blot analysis. HK-2 cells treated with or without
AA were harvested, lysed in lysis buffer, and centrifuged at

10,000 x g for 5 min. The supernatant was collected and
protein concentrations were determined using the Bradford
colorimetric assay. After denaturing by heating at 95˚C
for 5 min, 45 μg of each protein lysate were loaded in
each lane in sample buffer, separated on 10% SDS-PAGE.
The separated proteins were transferred onto nitrocellulose
membranes and blocked with 5% non-fat milk for 1 h at
room temperature. The membranes were incubated over-
night at 4˚C with the rabbit anti-OGG1 antibody (Novus
Biologicals, Littleton, CO), mouse anti-p21 antibody, rabbit
anti-c-fos antibody, mouse anti-caspase-3 antibody, mouse
anti-Bax antibody and mouse anti-·-tubulin antibody (Santa
Cruz Biotechnology) at 1:1000 dilution. After washing 10 min
with TBS-Tween three times, the membranes were incubated
with a 1:10000 dilution of goat anti-rabbit horseradish pero-
xidase (HRP)-conjugated antibody (Santa Cruz Biotech-
nology) for 1 h at room temperature. Finally, the blots were
visualized by ECL.

Micronucleus test. HK-2 cells were seeded on coverslips
and treated with AA (10 or 30 μM). After 24-h incubation,
cytochalasin B was added to a final concentration of 3 μg/ml
for 16-24 h to obtain binucleated cells. The cells were fixed
with methanol at 4˚C for 30 min and air-dried for 10 min.
For staining, the slides were incubated with acridine orange
(0.1 mg/ml) in the dark for 10 min, wash twice with buffer,
and mounted for microscopy. The analysis was performed
under fluorescent microscope with 488 nm excitation wave-
length. Small round or ovoid-shaped intracytoplasmic
bodies with a diameter of 1/3-1/20 of the main nucleus in
binucleated cells were scored as micronuclei. A total of
1000 binucleated cells from 2 slides were scored for each
treatment. The averages of three independent experiments
are shown.

Statistical analysis. Data are presented as mean ± SD.
Student's t-test was used for comparisons between the control
and AA-treated groups. A value of p<0.05 was considered
to be statistically significant.
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Figure 1. The cytotoxicity of various doses and time intervals of AA in HK-2
cells. HK-2 cells in 75T flasks or 25T flasks were treated with 10, 30
and 90 μM of AA (A) and 30 μM of AA for 1, 3, 6, 12 and 24 h (B). The
cell viability was measured by MTT assay. Values are mean ± standard
deviation of three independent experiments. ***P<0.001, indicate significant
difference as compared to control group.

Table II. Biological processes significantly regulated by AA in HK-2 cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

P-values
–––––––––––––––––––––––––––––––––––––––––––––––––––––-

Biological processes Genes 10 μM AA 30 μM AA 90 μM AA
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
DNA repair 166 3.15x10-7 7.70x10-5 1.75x10-7

Response to DNA damage stimulus 122 5.40x10-7 2.00x10-4 2.20x10-6

Mitochondrial transport 28 1.00x10-4 3.50x10-3 1.99x10-2

Lipid metabolic process 195 3.00x10-4 2.00x10-1 1.90x10-3

Apoptosis 295 4.00x10-4 1.60x10-3 1.19x10-5

Extracellular matrix organization and biogenesis 17 1.80x10-3 9.43x10-6 8.21x10-2

DNA-dependent DNA replication 42 2.10x10-3 1.00x10-3 2.29x10-2

Extracellular structure organization and biogenesis 13 4.30x10-3 1.31x10-2 3.40x10-1

Regulation of cell cycle 181 1.27x10-2 2.33x10-2 8.71x10-6

Negative regulation of cell proliferation 116 1.09x10-2 1.93x10-1 2.33x10-2

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
The biological pathways affected by AA in HK-2 cells were examined by GeneSetTest' function in the Limma package. This function
computes a p-value to test the hypothesis that the selected genes in a pathway tend to be differentially expressed (n=3).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Results

Cytotoxicity. We examined cell viability in 25T flasks or 75T
flasks by MTT assay after exposing HK-2 cells to various
concentrations of AA (10, 30 or 90 μM) for 24 h or to 30 μM
AA for 1, 3, 6, 12 and 24 h. There is little or no effect on
cell survival at low dose of AA (10 μM) or in short exposure
time to 30 μM AA (up to 12 h). A 24-h exposure to 10, 30,
and 90 μM of AA resulted in a dose-dependent decrease in
kidney cell growth with an IC50 value of 30 μM. The relative
survival rate of cells treated with 10 μM AA was 76.5±5.0,
that of cells exposed to 30 μM AA was 49.0±4.2, and that of
cells treated with 90 μM AA was 34.6±14.7 (Fig. 1A). The

relative survival of cells treated with 30 μM AA for 1, 3, 6,
12 and 24 h was: 101.1±0.9, 104.0±0.8, 99.8±1.0, 77.9±0.4
and 50.0±0.2 (Fig. 1B).

Gene expression profiles. We used unsupervised analysis to
predict significant differences in gene expression in HK-2
cells in response to 10, 30 and 90 μM of AA treatment.
As shown in Table II, genes in the DNA repair pathway
were the most significantly regulated. Selected differentially
expressed genes related to stress response, cell cycle, apop-
tosis, fibrogenic response, and biotransformation were listed
in Table III. The selected DNA repair genes significantly
regulated by AA in HK2 cells included genes in pathways of
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Figure 2. Induction of DNA strand breaks in HK-2 cells. AA induced DNA damage in HK-2 cells was examined by Comet assay and DNA gel electro-
phoresis. The HK-2 cells were incubated with various concentrations of AA for 3 or 24 h and DNA damage was determined by Comet assay. The cell pellet
was resuspended in LMP agarose for comet analysis and cells embedded in agarose were lysed. Thereafter, DNA was allowed to unwind under alkaline buffer
and electrophoresis was conducted under 25 V for 30 min. Finally, slides were neutralized, dried, and then stained with propidium iodide (5 μg/ml). (A)
Representative photomicrographs from three independent experiments (original magnification, x200). (B) The quantification of comet length. *P<0.05,
**P<0.01, ***P<0.001.
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Table III. Selected stress response-, cell cycle-, apoptosis-, fibrogenic response- and biotransformation-related genes signi-
ficantly regulated by AA in HK-2 cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Fold change ± SD
–––––––––––––––––––––––––––––––––––

Gene symbol Annotation 10 μM AA 30 μM AA 90 μM AA
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Stress response
DDIT3 DNA-damage-inducible transcript 3 - 1.66±0.16a 4.03±0.12b

GADD45B Growth arrest and DNA-damage-inducible, ß 2.68±0.16a 3.66±0.19a 3.00±0.15a

GADD45G Growth arrest and DNA-damage-inducible, Á - 5.08±0.33a 13.36±0.32b

GPX3 Glutathione peroxidase 3 (plasma) -1.87±0.19a -1.76±0.16b -
GPX6 Glutathione peroxidase 6 (olfactory) - -2.56±0.22a -2.10±0.17a

GSR Glutathione reductase - -2.61±0.12b -2.42±0.20a

HSPA14 Heat shock 70 kDa protein 14 1.89±0.07c 1.85±0.10b 1.41±0.06b

HSPC047 HSPC047 protein 1.97±0.25a 4.19±0.25b 4.60±0.27b

HSPC065 HSPC065 protein 1.87±0.29a 1.91±0.29a -
MT1X Metallothionein 1X -1.83±0.23a -1.45±0.12a -
SOD3 Superoxide dismutase 3, extracellular -1.51±0.16a -2.09±0.11b -

Cell cycle
CCND2 Cyclin D2 -2.25±0.06c -2.89±0.05c -5.69±0.15b

CCNE1 Cyclin E1 -1.25±0.25a -1.50±0.20a -1.84±0.15b

CDKL1 Cyclin-dependent kinase-like 1 (CDC2-related kinase) -1.68±0.21a -1.79±0.24a -
CDKN1A Cyclin-dependent kinase inhibitor 1A (p21) -1.64±0.17a - -
CDKN1B Cyclin-dependent kinase inhibitor 1B (p27, Kip1) -1.42±0.08b - -2.82±0.11c

CDKN2B Cyclin-dependent kinase inhibitor 2B -1.54±0.12b -1.33±0.11a -1.58±0.12b

(p15, inhibits CDK4)
CDKN3 Cyclin-dependent kinase inhibitor 3 (CDK2- -1.91±0.25a -2.49±0.09c -

associated dual specificity phosphatase)
E2F3 E2F transcription factor 3 -1.21±0.07a -1.51±0.12a -1.84±0.06c

MDM2 Mdm2, p53 binding protein (mouse) -1.41±0.11a -1.57±0.08b -
RB1 Retinoblastoma 1 (including osteosarcoma) - -1.44±0.18a -2.24±0.20b

RBL2 Retinoblastoma-like 2 (p130) - -2.25±0.18b -1.49±0.13a

TP53 Tumor protein p53 (Li-Fraumeni syndrome) -1.90±0.14a -1.50±0.08a -1.34±0.05b

WEE1 WEE1 homolog (S. pombe) -2.00±0.18b -2.01±0.23a -2.58±0.24b

Apoptosis
BAX BCL2-associated X protein - - 1.28±0.07a

BCL2L2 BCL2-like 2 - -2.26±0.10b -1.95±0.06b

BNIP3 BCL2/adenovirus E1B 19 kDa interacting protein 3 -2.04±0.19b -2.76±0.20b -3.60±0.17b

CASP3 Caspase-3, apoptosis-related cysteine protease 1.05±0.15a 1.40±0.17a 1.34±0.13a

CCL2 Chemokine (C-C motif) ligand 2 - -1.86±0.19a -3.54±0.31b

NAIP Apoptosis inhibitor protein 3.25±0.38a 4.91±0.35b 3.25±0.10c

PRKCA Protein kinase C, · - -1.41±0.09b -2.92±0.17b

TNFRSF1B Tumor necrosis factor receptor superfamily, member 1B 1.67±0.21a 1.61±0.25a 2.35±0.37a

TNFRSF21 Tumor necrosis factor receptor superfamily, member 21 1.46±0.09a 1.33±0.13a 1.88±0.12b

TNFSF6 Tumor necrosis factor (ligand) superfamily, member 6 - 3.46±0.25a 4.55±0.32b

Fibrogenic
response
FOS v-fos FBJ murine osteosarcoma viral oncogene homolog - 1.37±0.17a 1.97±0.20b

ITGB7 Integrin, ß 7 5.01±0.40a 12.22±0.12c 15.36±0.19c

LTBP2 Latent transforming growth factor ß binding protein 2 1.51±0.17a 2.47±0.20b 2.50±0.16b

MMP2 Matrix metalloproteinase 2 -1.75±0.31a -2.10±0.22a -1.64±0.21a

NBL1 Neuroblastoma, suppression of tumorigenicity 1 -1.12±0.12a -1.37±0.16a -1.27±0.11a

PLAU Plasminogen activator, urokinase 1.32±0.10a 1.54±0.08b -
SMAD4 SMAD, mothers against DPP homolog 4 (Drosophila) - 1.77±0.14a 1.55±0.07b

STAT1 Signal transducer and activator of transcription 1, 91 kDa -2.28±0.11b -3.33±0.19b -4.21±0.10b

TBRG4 Transforming growth factor ß regulator 4 1.71±0.13b 2.64±0.08c 4.17±0.21b
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base excision repair, nucleotide excision repair, direct reverse
repair, and mismatch repair (Table IV).

Tables V and VI show the comparison of expression of
selected DNA repair genes and stress response genes from
the dose and time-course response study by microarray and
qRT-PCR in AA-treated HK-2 cells. A total of eight genes,
including five DNA repair genes (ERCC1, ERCC2, MGMT,
OGG1, and PARP1), two apoptosis-related genes (TP53 and
NAIP), and stress one response-related gene (GADD45B)
were chosen for verification by qRT-PCR. The expression
levels of DNA repair-related genes in qRT-PCR correlated
with the general trend of expression in the microarray analysis.
Among genes involved in DNA repair pathway and stress
response, the down-regulation of ERCC1, ERCC2, MGMT,
OGG1 and TP53 by AA observed in the microarray analysis

was confirmed by qRT-PCR, with the most prominent effects
at 24 h after AA exposure (Table VI).

Comet assay. AA induced DNA damage in HK-2 cells was
examined by Comet assay. The results from Comet assay
are presented in Fig. 2. Higher concentrations of AA led
to longer DNA migration smears (Comet tail) (Fig. 2), and
indicated that more DNA was damaged in the cells. These
results showed that AA induced DNA damaged in HK-2
cells in a dose-dependent manner.

Immunostaining assessment of 8-OHdG. We evaluated the
extent of oxidative damage of DNA using immunocyto-
chemical staining of 8-OHdG, the most widely measured
oxidative DNA damage. Fig. 3 shows representative
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Table III. Continued.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Fold change ± SD
–––––––––––––––––––––––––––––––––––

Gene symbol Annotation 10 μM AA 30 μM AA 90 μM AA
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Biotransformation
CYP1A1 Cytochrome P450, family 1, subfamily A, polypeptide 1 3.22±0.24a 4.91±0.29b 4.85±0.25b

EPHX1 Epoxide hydrolase 1, microsomal (xenobiotic) - 1.33±0.06a 1.11±0.01c

GNMT Glycine N-methyltransferase 4.49±0.19b 7.94±0.13b 7.04±0.09c

GSTA2 Glutathione S-transferase A2 - -1.85±0.09b -2.18±0.26a

GTDC1 Glycosyltransferase-like 1 -2.00±0.14b -2.60±0.14b -4.34±0.22b

MGST2 Microsomal glutathione S-transferase 2 - -1.95±0.19a -2.09±0.18a

MGST3 Microsomal glutathione S-transferase 3 -1.49±0.11b -2.15±0.14a -1.90±0.13a

POR P450 (cytochrome) oxidoreductase - 1.46±0.08b 2.53±0.12c

XDH Xanthine dehydrogenase - -2.28±0.31a -2.05±0.36a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
SD, standard deviation. aP<0.05, bP<0.01, cP<0.001 as compared to control cells, n=3.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 3. Induction of 8-OHdG by AA in HK-2 cells. HK-2 cells were treated with 10, 30, 90 μM of AA for 24 h. Then, the cells were immunostained
for 8-OHdG using the N45.1 monoclonal antibody (1:200). Nuclei of HK-2 cells presented strong positive staining for 8-OHdG after AA exposure.
Representative photomicrographs from three independent experiments are shown (original magnification, x400).
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immunostaining of 8-OHdG in HK-2 cells treated with or
without AA. 8-OHdG was localized mainly in the nucleus of
both control and AA-treated cells, and the staining intensity
of 8-OHdG was greater in AA-treated group especially at
the concentration of 90 μM than in the control group.

Western blot analysis. Protein levels of c-fos, OGG1, caspase-3,
Bax, and p21 were analyzed by Western blot analysis in
cells exposed to various concentration of AA (0, 10, 30 and
90 μM) for 24 h (Fig. 4). As expected, AA caused a signi-
ficant dose-dependent increase in the expression of c-fos,

caspase-3, and Bax proteins in comparison to controls, and
a decrease in the expression of OGG1 and p21 proteins.

Micronucleus test. The genotoxicity of AA was examined by
the micronucleus test as a marker of chromosome alteration.
Treatment with AA for 24 h induced a dose-dependent
increase in the frequency of micronuclei formation in binu-
cleated HK-2 cells. The frequency of micronuclei in control
was 3.5±0.4, that of cells exposed to 10 μM AA was 10.2±1.4,
and that of cells treated with 30 μM AA was 13.9±1.9
(Fig. 5).
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Table IV. Selected DNA repair genes significantly regulated by AA in HK-2 cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Fold change ± SD
––––––––––––––––––––––––––––––––––-

Gene symbol Annotation 10 μM AA 30 μM AA 90 μM AA
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Base excision
repair
APEX2 APEX nuclease (apurinic/apyrimidinic endonuclease) 2 -1.52±0.16a -1.51±0.19a -2.06±0.15b

LIG3 Ligase III, DNA, ATP-dependent -1.80±0.16a -1.60±0.09b -1.13±0.10
MPG N-methylpurine-DNA glycosylase -1.89±0.13b -2.28±0.11b 1.02±0.15
OGG1 8-oxoguanine DNA glycosylase -1.81±0.36 -2.53±0.23a -2.12±0.42
PARP1 Poly (ADP-ribose) polymerase family, member 1 -1.32±0.17 -1.68±0.17a -2.21±0.15b

SMUG1 Single-strand selective monofunctional uracil DNA -1.18±0.22 -1.51±0.11a -1.64±0.16a

glycosylase

Nucleotide excision
repair
ERCC1 Excision repair cross-complementing rodent repair -2.53±0.22b -2.76±0.20b 1.16±0.16

deficiency, complementation group 1
ERCC2 Excision repair cross-complementing rodent repair 4.32±0.12c -3.79±0.11c -1.48±0.08b

deficiency, complementation group 2
PNKP Polynucleotide kinase 3'-phosphatase -4.18±0.24b -3.51±0.18b -1.26±0.10
RAD23A RAD23 homolog A (S. cerevisiae) -1.88±0.15b -1.48±0.17a -1.21±0.15
RAD23B RAD23 homolog B (S. cerevisiae) -1.38±0.16a -1.53±0.16a -2.33±0.21a

Direct reverse
repair
MGMT O-6-methylguanine-DNA methyltransferase -1.32±0.29 -2.60±0.31a -1.56±0.32

Mismatch Repair
POLD4 Polymerase (DNA-directed), ‰ 4 -1.56±0.12b -1.78±0.13b 1.21±0.14

Homologous 
recombination
NBS1 Nijmegen breakage syndrome 1 (nibrin) -1.49±0.34 -1.86±0.24a -4.32±0.26b

RAD18 RAD18 homolog (S. cerevisiae) -1.86±0.20a -1.61±0.13b -1.39±0.11a

RAD54L RAD54-like (S. cerevisiae) -1.38±0.09a -1.35±0.12a 1.42±0.13a

Non-homologous
end joining
BTG2 BTG family, member 2 -2.65±0.26b -2.29±0.25a -1.54±0.22a

CIB1 Calcium and integrin binding 1 (calmyrin) -1.61±0.12b -1.83±0.12b 1.64±0.09b

RFC3 Replication factor C (activator 1) 3, 38 kDa -1.27±0.46 -1.54±0.12a -2.18±0.16b

RFC4 Replication factor C (activator 1) 4, 37 kDa -1.36±0.19 -1.61±0.21a -1.69±0.21a

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
SD, standard deviation. aP<0.05, bP<0.01, cP<0.001 as compared to control cells, n=3.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
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Discussion

In the present study, we used toxicogenomic analysis to clarify
the molecular mechanisms of AA-induced toxic effects in
normal human proximal tubular cells. Among the genes that
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Table V. Expression of selected DNA repair genes and stress response genes from dose response study by microarray and
qRT-PCR in AA-treated HK-2 cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Microarray (Fold change ± SD) qRT-PCR (Fold change)
–––––––––––––––––––––––––––––––––––––––– –––––––––––––––––––––––––––––––––––––––-

Gene 10 μM AA 30 μM AA 90 μM AA 10 μM AA 30 μM AA 90 μM AA
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
ERCC1 -2.53±0.22a -2.76±0.20b -1.34±0.05b -1.35 -1.27 -1.16
ERCC2 -4.32±0.12c -3.79±0.11c -1.48±0.08b -1.75 -1.39 -1.69
GADD45B 2.68±0.16b 3.66±0.19b 2.99±0.15b 2.00 2.31 1.87
MGMT -1.32±0.29 -2.60±0.31a -1.56±0.32 -1.56 -2.63 -2.56
NAIP 3.25±0.38a 4.91±0.35b 3.25±0.10c 1.94 1.48 1.46
OGG1 -1.81±0.36 -2.53±0.23b -2.12±0.42 -1.49 -1.56 -1.56
PARP1 -1.32±0.17 -1.68±0.17a -2.21±0.15b 1.13 -1.14 -1.54
TP53 -1.90±0.14a -1.50±0.08a -1.34±0.05b -1.82 -1.15 1.03
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
SD, standard deviation. aP<0.05, bP<0.01, cP<0.001 as compared to control cells, n=3 for microarray and qRT-PCR analysis.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Table VI. Expression of selected DNA repair genes from time-course study by microarray and qRT-PCR in AA-treated HK-2
cells.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Microarray (Fold change ± SD) qRT-PCR (Fold change)
––––––––––––––––––––––––––––––––––––––––––––––––––– –––––––––––––––––––––––––––––––––

Gene 1 h 3 h 6 h 24 h 1 h 3 h 6 h 24 h
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
ERCC1 -1.09±0.28 -1.03±0.24 1.54±0.06b -2.76±0.20b 1.05 1.02 1.07 -1.27
ERCC2 1.08±0.11 -1.26±0.16 1.06±0.20 -3.79±0.11c 1.11 -1.14 -1.23 -1.39
MGMT 1.05±0.49 1.89±0.29 1.14±0.49 -2.60±0.31a -1.02 -1.12 -1.20 -2.63
OGG1 1.09±0.56 -1.10±0.28 -1.48±0.63 -2.53±0.23b 1.13 -1.16 -1.27 -1.56
TP53 1.04±0.09 1.24±0.19 1.02±0.13 -1.50±0.08a 1.05 -1.45 -1.85 -1.15
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
SD, standard deviation. aP<0.05, bP<0.01, cP<0.001 as compared to control cells, n=3 for microarray and qRT-PCR analysis.
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Figure 4. Effect of AA on the expression of DNA repair, cell cycle,
apoptosis-related proteins. HK-2 cells were treated with 10, 30, 90 μM of
AA for 24 h. Protein samples (45 μg each) were resolved by SDS-poly-
acrylamide gel electrophoresis and transferred to nitrocellulose membranes.
After blocking, the membranes were incubated overnight with antibodies
specific to Ogg1, p21, c-fos, caspase-3, Bax and ·-tubulin. They were then
blotted with a secondary antibody conjugated with horseradish peroxidase,
followed by detection using ECL substrate. ·-tubulin was used as loading
control.

Figure 5. Induction of micronuclei formation by AA in HK-2 cells. HK-2
cells were treated with 10 and 30 μM of AA. Following treatment, the
medium was replaced with fresh medium containing cytochalasin B (3 μg/
ml) to obtain binucleated cells. Cells were cultured for at least 16 h prior to
fixation and staining with acridine orange solution (0.1 mg/ml). The extent
of chromosome damage was examined by scoring micronuclei formation
in 1000 binucleated cells. *P<0.05, n=3.
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were regulated by AA, we found that genes in DNA repair
pathway were the most significantly altered after exposure to
10, 30 and 90 μM of AA. Furthermore, some genes related
to stress response, cell cycle, apoptosis, fibrogenic response,
and biotransformation were also significantly regulated by
all AA treatments in HK-2 cells (Table III). Furthermore,
the results from qRT-PCR analysis of the 8 selected genes
(ERCC1, ERCC2, GADD45B, MGMT, NAIP, OGG1,
PARP1, TP53) confirmed the results from the microarray
analysis (Tables V and VI). AA significantly inhibited the
mRNA expression of DNA repair-associated genes, including
ERCC1, ERCC2, MGMT, OGG1, and PARP1. After AA
treatment, the down-regulation of the gene and protein
expression of OGG1, a specific DNA glycosylase that excises
8-OHdG, may partly explain the observed increased number
of 8-OHdG-stained cells and increased levels of single strand
breaks in AA-treated cells. Subsequently, the induction
of DNA damage and the repression of DNA repair gene
expression by AA resulted in a dose-dependent increase in
the frequency of micronuclei formation in binucleated HK-2
cells (Fig. 5). Our results show the involvement of oxidative
damage on AA-induced cytotoxicity and provide new insight
into the possible involvement of DNA repair inhibition on
AA-induced genotoxicity.

Herbal drugs derived from Aristolochia spp. have been
known since antiquity and the anti-inflammatory properties
of AA encouraged the development of pharmaceutical prepa-
rations in Germany until Mengs and co-workers observed that
AA is a strong carcinogen in rats in 1982. Several studies
showed that AA can induce cytotoxic effects in human colon
cancer HCT 116 cells, porcine renal LLC-PK1 cells, and
opossum kidney (OK) cell line. The HK-2 cells used in our
study were more sensitive to the cytotoxicity of AA than
HCT 116 cells (35), and OK cells (40). The IC50 of 24 h AA
treatment for HK-2 cells and HCT 116 cells was 30 and
100 μM, respectively. Incubation of OK cells with AA (10
or 20 μM) for 24 h was shown not to affect cell viability.
The findings from those studies point out the importance of
using cultured cells derived from normal human target organs
of a specific chemical when its toxic effects to human are
examined.

Our toxicogenomic analysis revealed that genes in bio-
logical processes of DNA repair, response to DNA damage
stimuli, apoptosis, extracellular matrix organization and
biogenesis, DNA-dependent DNA replication, and regulation
of cell cycle were significantly regulated by AA in HK-2
cells. Among those processes, however, genes in the DNA
repair pathway were the most significantly regulated (Table II).
Among stress response-related genes, GADD45B (growth
arrest and DNA-damage-inducible, ß gene) was significantly
up-regulated by AA at all three of the tested concentrations
(Table III). GADD45B, a member of a family of structurally
related proteins including GADD45A and GADD45G, has
been implicated in stress signaling in response to physio-
logical and genotoxic stressors (41), which results in either
cell cycle arrest, DNA repair, cell survival or apoptosis. On
the other hand, aberrant expression of GADD45 has also
been implicated in the development of cancer (42). Our
finding that GADD45B was up-regulated by AA is consisted
with that reported previously (43), in which GADD45B was

induced by the alkylating agent MMS (methylmethane
sulfonate) and sorbitol.

Previous studies in LLC-PK1 cells showed that AAI
induced apoptotic damage by inhibiting the increase of intra-
cellular free calcium concentration. Our study from micro-
array analysis revealed the increase expression of the pro-
apoptotic factors, BAX and caspase, after AA exposure.
BAX (BCL2-associated X protein gene) was up-regulated at
high dose (90 μM) in HK-2 cells (Table III). Caspase-3 was
up-regulated at 30 μM AA treatment and these results are
similar to reports from Balachandran et al (31). They found
that the caspase activity was induced by AAI, AAII, AAIa,
and AAVIIIa in LLC-PK1 cells. Our Western blot analysis
showed AA induced a dose-dependent increase of BAX
and caspase-3 protein. NAIP (apoptosis inhibitor protein)
is overexpressed in most human cancers and inhibition of
its function results in increased apoptosis. The role of up-
regulation of NAIP in AA-induced cytotoxicity needs further
investigation.

Among cell cycle-related genes, the gene and protein
expression levels of CDKN1A (cyclin-dependent kinase
inhibitor 1A, p21) were down-regulated after 10 μM AA
treatment. CDKN1A mediates the p53-dependent cell cycle
G1 phase arrest in response to a variety of stress signals,
including genotoxic stress, hypoxia, and oncogene activation.
Our results were opposite to those reported (35) in p53-null
cells after a 48-h exposure to AA (100 μM) in HCT 116 cell
line. Previous data from Chang (33) showed that AA mixture
(AAM; 41% AA I, 56% AA II) can cause arrest in the G0/G1
phase (from 37.6 to 49.2%) in human urinary tract epi-
thelium cells (SV-HUC-1), suggesting that AA-induced cell
cycle arrest at the G0/G1 phase is associated with cyclin
E/cdk2 complex (the cdk inhibitor). They also found that
the levels of cell cycle control protein (include p53, p21 and
p27) were increased in a concentration-dependent manner
after AA exposure for 24 h. Our Western blot analysis found
that p21 protein expression was dramatically decreased after
exposure to all three doses of AA.

MDM2, another gene involved in the cell cycle, is a target
gene of the transcription factor p53. Our observation that
MDM2 is significantly down-regulated by AA is similar
to that reported in AA-treated wild-type rats (44). Over-
expression of MDM2 can result in excessive inactivation of
p53, thereby diminishing its tumor suppressor function. The
tumor suppressor p53 also affects the cell cycle, apoptosis,
and tumorigenesis through interactions with other proteins.
p53 is activated in response to DNA damage due to ultraviolet
light, chemicals, or ionizing radiation. It is generally believed
that the activity of p53 is primarily governed by its protein
level. The immediate early gene c-fos is a cellular proto-
oncogene that belongs to the fos family of transcription
factors. The c-fos protein codes for a major nuclear target that
dimerizes with c-Jun to form AP-1 transcription factor
complexes, which in turn participate in many cellular events
including cell proliferation, differentiation, apoptosis, and stress
responses. Fos was significantly up-regulated by AA treatment
(90 μM) in HK-2 cells in our study but was shown to be signi-
ficantly down-regulated in HCT 116 cancer cell line (35).

AA was shown to causes chromosomal aberration in
human lymphocytes in vitro and increases the mutation
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frequency of lacZ and CII locus in lambda/lacZ transgenic
mice in vivo. Cosyns et al have found that urothelial carci-
nomas are associated with overexpression of p53 protein in
AAN patients (45). Lord et al (46) detected a specific AAG-
to-TAG mutation in codon 139 of exon 5 in TP53 in DNA
from one patient with AAN-associated urothelial carcinoma.
That mutation in the TP53 gene might trigger tumorigenesis
in AAN patients in the same way that AA-induced mutations
in codon 61 of H-ras trigger tumorigenesis in rodents (47). In
our study, microarray expression profile and quantification
by RT-PCR showed that 10, 30 and 90 μM treatment of AA
could down-regulate TP53. These results differ from those
reported by Simoes et al (35) in which no significant diffe-
rence in p53 expression was found in p53-WT HCT 116 cells
after a 24-h exposure to AA (100 μM). Many studies have
showed that TP53 is involved in the nucleotide excision
repair pathway and that loss of TP53 will enhance DNA
damage (48-50). Shen et al (50) showed that arsenic can cause
genotoxicity by inhibiting the p53-medicated nucleotide
excision repair. Tsai et al (49) showed that arecoline, which is
a major alkaloid of areca nut, can repress p53-activated DNA
repair and induce DNA damage in human epithelial cells.
Our microarray and qRT-PCR data showed that AA caused
the down-regulation of TP53 which may lead to the decrease
of DNA repair capability and subsequently induce tumori-
genesis. Further study is needed to clarify the changes of p53
gene and protein expression after AA treatment.

Table IV shows the selected DNA repair genes that were
significantly regulated by AA in HK-2 cells. Among those
genes, nucleotide excision repair (NER) genes are most likely
involved in repairing AA-DNA adducts. This is because NER
genes are known to play a key role in preventing toxicity and
mutation frequencies for bulky, distortive DNA lesions. The
NER process includes damage recognition, local opening
of the DNA duplex around the lesion, dual incision of the
damaged DNA strand, gap repair synthesis, and strand ligation
(51). The NER pathway splits into two sub-pathways: trans-
cription-coupled repair (TCR) and global genomic repair
(GGR). They are fundamentally identical except in steps
of damage recognition. In humans, NER is a major protector
against the carcinogenic effect of UV light and inborn defects
such as xeroderma pigmentosum (XP) (52). ERCC1 (excision
repair cross-complementing group 1) and ERCC2 (XPD)
(excision repair cross-complementing rodent repair defi-
ciency, complementation group 2; xeroderma pigmentosum
D) belong to NER-deficient complementation groups. The
ERCC1 domain is a part of endonuclease (5's incision) during
DNA strand dual incision step (53) and overexpression of
ERCC1 mRNA is related to cisplatin resistance in gastric,
ovarian and lung cancer (54-56). ERCC1 expression was also
reported to be a specific target for oxidative stress-induced
modification of NER (57). ERCC2 (XPD) is involved in both
GGR and TCR and is an integral member of the basal trans-
cription factor BTF2/TFIIH complex. Defects in this gene
can result in three different disorders, the cancer-prone
syndrome xeroderma pigmentosum complementation group
D, trichothiodystrophy and Cockayne syndrome (58). Our
study found that ERCC1 and ERCC2 were both down-
regulated by AA. Similar findings were reported by Cheng
et al (59) and Wei et al (60) they found that low mRNA

levels of DNA-repair genes (including ERCCC1 and
ERCC2) in lymphocytes were associated with high relative
risk for head and neck cancer and lung cancer. The decreased
expression of ERCC1 by AA treatment is also in accordance to
the study in which arsenic can diminish the expression of the
nucleotide excision repair genes ERCC1, XPF (ERCC4),
and XPB (ERCC3) (61). Another DNA repair gene, MGMT
(O-6-methylguanine-DNA methyltransferase), was down-
regulated in 30 μM AA treatment but this result is opposite
to that in AA-treated rats (44).

It is well known that reactive oxygen species (ROS) can
cause oxidative damage to DNA. Our transcriptome analysis
revealed that AA exposure caused a down-regulation of the
gene expression of antioxidant enzymes, such as superoxide
dismutase, glutathione reductase, and glutathione peroxidase.
Furthermore, we found that AA induced an oxidative stress
characterized by an induction of 8-OHdG and DNA strand
breaks. These results suggest that the involvement of
oxidative stress in AA-induced toxicity. 8-OHdG, one of the
major abundant oxidative DNA damage markers which can
efficiently repair by a glycosylase, OGG1 (62-65). In this
study, gene expression of OGG1 was decreased in cells
exposed to AA. Microarray analysis showed a 2.5-fold
decrease and qRT-PCR showed a 1.6-fold decrease in OGG1
gene expression in cells exposed to AA. Furthermore,
there was a dose-dependent increase in 8-OH-dG immuno-
staining, probably as a result of decreased OGG1 expression.
We also used comet assay to examine DNA damage in HK-2
cells after exposure to AA. The results showed a significant
increase in the tail movement at all concentrations (Fig. 2)
(p<0.05). These findings were similar to those reported
by Wu et al (34). They used comet and micronucleus test
to identify the genotoxicity of AA and found a clear dose-
dependent manner (25-200 μM AA) increase in tail DNA
movement and a significant increase in frequencies of micro-
nuclei (12.5-50 μM AA) in human hepatoma HepG2 cells
(34). They also found that AA at concentrations ≥50 μM
caused a significant increase in NO and 8-OHdG levels and
assumed that high-dose AA exerted genotoxicity probably
via NO in HepG2 cells. It is worthwhile to note that the
expression and activity of hOGG1 is thought to be primarily
regulated by p53 (66). In our study, OGG1 and TP53 were
both significantly down-regulated in cells exposed to AA.

In conclusion, in this study, we applied toxicogenomic
analysis to explore the changes in gene expression after AA
exposure. The genes that were most significantly regulated
by AA treatment at doses of 10, 30 and 90 μM involved in
DNA repair, cell cycle, apoptosis, and response to DNA
damage. All treatments with AA effectively down-regulated
genes involved in DNA repair. The inhibition of DNA repair
gene expression by AA was further confirmed by qRT-PCR.
Moreover, comet assay, immunostaining, and micronucleus
assay showed that AA caused oxidative DNA damage and
chromosome damage. The down-regulation of OGG1 and
other DNA repair genes by AA may subsequently have led
to the observed increase in 8-OHdG and micronuclei in
HK-2 cells, thereby leading to increased DNA damage.
Our results provide new insight into the involvement of
down-regulation of DNA repair gene expression as a possible
mechanism for AA-induced mutagenesis and carcinogenesis.
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