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Abstract DNA damage is a critical event preceding cel-
lular apoptosis or necrosis. This study was carried out to
investigate the effect of aristolochic acid I (AAI) on
DNA damage and cell cycle in porcine proximal tubular
epithelial cell lines (LLC-PK1 cells). LLC-PK1 cells were
stimulated with AAI at the concentrations of 80, 320,
and 1,280 ng/ml for 24 h. DNA damage was examined
by comet assay and the cell cycle was assayed by flow
cytometry (FCM), cellular apoptosis and lysis were
examined simultaneously. Cellular nuclear changes were
observed by electron microscopy and the expression of
wild-type p53 protein and mRNA were measured by
FCM and RT-PCR. We found that AAI-induced DNA
damage prior to apoptosis and lysis in LLC-PK1 cells in
a dose-dependent manner (P<0.01). The percentage of
cells in the G2/M phase that were treated with AAI (320
and 1,280 ng/ml) for 24 h increased significantly
(P<0.01). Electron micrographs showed the nuclear
abnormalities in AAI-treated cells. The expression of
p53 protein and mRNA did not change in the AAI-
treated cells. AAI may cause DNA damage and cell
cycle arrest in LLC-PK1 cells through a wild-type p53-
independent pathway, prior to apoptosis or necrosis.
This study on the molecular mechanism of AAI-induced
toxicity may explain why tubular epithelial cells present
limited proliferation and regeneration abilities in the
clinical presentation of AAI-associated nephrotoxicity.
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Introduction

Recently, evidence has demonstrated an unequivocal
role of aristolochic acid in the so-called Chinese herb
nephropathy (But and Ma 1999; Lord et al. 1999;
Tanaka et al. 2001). Aristolochic acid, the plant ex-
tract of Aristolochia species, is nephrotoxic and car-
cinogenic. It can induce acute renal failure and involve
the onset of progressive renal tubulointerstitial fibrosis
in several organisms. Thus, there is a trend to refer to
aristolochic acid nephropathy (AAN) rather than the
Chinese herb nephropathy (Cosyns 2002, 2003). Both
clinical and in vitro findings suggest that the proximal
tubule is the direct target of aristolochic acid injury
(Depierreux et al. 1994; Kabanda et al. 1995; Chang
et al. 2001; Nortier et al. 1997). Studies have shown
that the formation of aristolochic acid-related DNA
adduct is toxic to tubular epithelium and carcinogenic
to urethral epithelium (Schmeiser et al. 1996; Nortier
et al. 2000; Arlt et al. 2001). Consequences of aris-
tolochic acid attack on tubular epithelial cells include
apoptosis, transdifferentiation, and necrosis (Gao et al.
2000; Zheng et al. 2000; Su et al. 2002). However,
the pathogenesis that underlies aristolochic acid-in-
duced toxicity in renal tubular epithelial cells has not
completely been elucidated and is still a matter of
debate.

In contrast to other tubulointerstitial diseases,
tubular epithelial cells with AAN undergo limited
regeneration following aristolochic acid injury, which
usually cause tubular atrophy and extensive paucicel-
lular interstitial fibrosis (Cosyns 2003; Li et al. 2001).
Growth arrest, mediated by nephrotoxic agents, can
inhibit tubular cell regeneration, thus impede the
recovery from acute renal failure, and may also con-
tribute to the overgrowth of other cell types, such as

Y. Li Æ Z. Liu (&) Æ X. Guo Æ J. Shu Æ Z. Chen Æ L. Li
Research Institute of Nephrology, Jinling Hospital,
Nanjing University School of Medicine,
210002 Nanjing, China
E-mail: zhihong@21cn.net
Tel.: +86-25-80860042
Fax: +86-25-84801992

Y. Li
Division of Nephrology, The Second Xiangya Hospital,
Central South University, 410011 Changsha, China
E-mail: liyingdoctor@yahoo.com.cn

Arch Toxicol (2006)
DOI 10.1007/s00204-006-0090-4



fibroblasts, and lead to interstitial fibrosis (McCauley
et al. 1991). DNA damage is a relatively common
event in the life of a cell, and DNA damage can result
in various cellular effects such as cell cycle arrest to
allow for repair of the transcriptional response that
may be beneficial to the cell, cellular apoptosis or gene
mutation, cellular or organismic death, etc. (Sancar
et al. 2004). It had been demonstrated that the DNA
damage is an early event during CsA injury in renal
epithelial cells (Lally et al. 1999). Pippin et al. (2003)
indicated that DNA damage was a novel response to
sublytic amounts of complement C5b-9-induced injury
in podocytes, which might explain why podocyte pro-
liferation can be limited following immune-mediated
injury. We suggest that there is a mitotic defect in
tubular epithelial cells caused by aristolochic acid
exposure, before they suffer from apoptosis or necro-
sis. This study was carried out to investigate the effects
of aristolochic acid I (AAI) on DNA damage and cell
cycle prior to cellular apoptosis and lysis, with respect
to the involvement of wild-type p53 pathway activa-
tion induced by AAI in proximal tubular epithelial
cells.

Materials and methods

Cell culture and preparation

Aristolochic acid is a mixture consisting of structurally
related nitrophenanthrene carboxylic acids. AAI and
AAII, the two major components of the carcinogenic
plant extract of aristolochic acid (Schaneberg and
Khan 2004), are known to be mutagenic and to form
DNA adducts in vivo (Arlt et al. 2000). AAI was
shown to be more toxic than AAII (Balachandran et al.
2005), and the extent of DNA modification by AAI
was higher than that of AAII in all enzymatic in vitro
systems (Schmeiser et al. 1997). Therefore, we chose
AAI as the experimental material in this study. AAI
(purity >95%) was purchased from China Pharma-
ceutical University (Nanjing, China). LLC-PK1 cells
(i.e., porcine kidney cell lines analogous to the proxi-
mal tubular epithelial cells) were obtained from the
American Type Culture Collection (ATCC Rockville,
MD, USA). Cells were grown in six-well plates with
RPMI-1640 medium (Gibco, USA) and supplemented
with 10% fetal calf serum (FCS). At confluence, cells
were starved and synchronized, then treated with dif-
ferent concentrations of AAI (80, 320, and 1,280 ng/
ml) for 24 h. LLC-PK1 cells with solvent stimulation
alone were set up as the control groups. All experi-
ments were performed on the cells between passages 15
and 20. In the preliminary experiment, we found that
the concentration of AAI greater than 1,280 ng/ml in-
duced apoptosis and necrosis in LLC-PK1 cells, and
therefore, we chose the concentrations of AAI less than
1,280 ng/ml in this experiment.

Single-cell gel electrophoresis (or comet assay)
for DNA damage

After incubating LLC-PK1 cells for 24 h with AAI, cells
were harvested using trypsin (0.5% w/v). DNA strand
breakage was quantified using an alkaline version of the
comet assay (Tice et al. 2000). An aliquot of the cell
suspension (80 ll) was mixed with 80 ll of 0.75% low-
melting point agarose in PBS (pH 7.4) at 37�C, giving a
final concentration of approximately 1·107 cells/l.
Immediately after mixing, 80 ll of the mixture was
pipetted onto a frosted glass microscope slide that was
precoated with an 80 ll layer of 0.3% normal melting
point agarose. The agarose was placed on ice for 10 min.
The slides were immersed in a lysis solution (2.5 M
NaCl, 100 mM EDTA, 10 mM Tris, 1% Nasarcosinate,
10% DMSO, and 1% Triton; pH 10.0) for 2 h at 4�C to
remove non-nuclear cell components, then placed in
electrophoresis buffer (0.3 M NaOH, 1 mM Na2EDTA)
for 40 min and electrophoresed for 20 min at 25 V and
300 mA. The above procedures allowed the DNA-con-
taining strand break to unwind and the DNA fragments
to move toward the anode, forming a comet-like tail
during electrophoresis. The slides were then washed with
distilled water, renatured in 0.4 M Tris–HCl (pH 7.5),
stained with propidium iodide (PI 5 lg/ml) for 15 min in
the dark, and examined under confocal microscopy
(Zeiss LSM 510). Fifty cells were analyzed using the
comet assay in each experiment. DNA damage was
evaluated and quantified using an established system to
detect different comet assay parameters, such as tail
length and the fluorescence intensity of the tail under
confocal microscopy. Such indices were considered
proportional to the extent or severity of DNA damage.

Flow cytometry analysis for cell cycle distribution

After the LLC-PK1 cells were incubated with AAI for
24 h, cells were harvested using trypsin (0.5% w/v),
centrifuged (140g for 12 min), washed with PBS, and
fixed with 2 ml ice-cold ethanol (70%) overnight. Cells
(1·106) were centrifuged at 140g for 10 min, and the
pellet was resuspended in 500 ll lysis buffer and incu-
bated for 10 min at room temperature. Cells were
resuspended with 10 lg/ml PI and 100 lg/ml RNAase at
37�C for 30 min. The distribution of cells in the different
cell cycle phases was studied by flow cytometry and
percentages were determined using multicycle software
(Phoenix Flow Systems, San Diego, CA, USA).

Cytotoxicity assay for cell necrosis

To ensure that the concentrations of AAI in the exper-
iment did not induce significant cellular lysis, cells were
treated with different concentrations of AAI for 24 h.
Cytotoxicity was assessed using an automated bio-
chemistry analyzer (Beckman Inc., USA). The amount



of lactate dehydrogenase (LDH) released in the super-
natants was measured at 30�C using UV spectropho-
tometry at 340 nm.

FCM analysis for cell apoptosis

To ensure that the concentrations of AAI in the exper-
iment did not induce cellular apoptosis, cells were trea-
ted with different concentrations of AAI for 24 h and
two assays were performed to analyze biochemical evi-
dence of apoptosis in LLC-PK1 cells induced by AAI
with FCM.

First, the apoptotic peak (sub-G1) of cells was mea-
sured using FCM. Second, annexin-V assay (Jinmei
Company, China) offers the possibility of detecting the
early phases of apoptosis. Apoptosis was detected by
monitoring the expression of phosphatidylserine on the
outer leaflet, an early marker of apoptotic cell death.
Phosphatidylserine was stained with fluorescein isothio-
cyanate (FITC)-labeled annexin V. Loss of membrane
integrity as a consequence of necrosis was detected using
PI staining of DNA. After 24 h incubation with AAI,
LLC-PK1 cells were harvested using trypsin (0.5% w/v),
centrifuged (140g, for 12 min), resuspended in 2 ml
medium containing 10% FCS, kept on ice for 1 h, and
recentrifuged (140g, for 12 min). The cell pellet was
rinsed with PBS and resuspended in 100 ll binding buf-
fer, and 5 ll of annexin-V/FITC solution, 2.5 ll PI
solution were added. The suspension was then incubated
on ice for 15 min in the dark and measured using FCS.
Cells were separated into four subpopulations: annexin-
V and PI negative (normal viable cells), annexin-negative
and PI-positive (necrotic cells), annexin-positive and PI-
negative (early apoptotic cells) and annexin- and PI-po-
sitive (secondary necrotic cells). Secondary necrotic cells
are the consequence of an apoptotic process in culture
(Van Engeland et al. 1996). Cells belonging to this sub-
group were quantified and the results are provided as a
percentage of the total cell count (Jagus et al. 1999).

Scanning electron microscopy for cell nucleus

After 24 h incubation of LLC-PK1 cells with AAI, cells
were fixed with ice-cold 3.75% glutaraldehyde in phos-
phate buffer (pH 7.4) at 4�C overnight, and postfixed
with 1% osmium tetroxide in phosphate buffer at 4�C for
2 h, then dehydrated in a graded ethanol series (15, 35,
70, 95, and 100%) for 10 min in each step and embedded
in an Epon mixture. Ultrathin sections were cut with a
glass knife, stained with a lead citrate–uranyl acetate
solution, and observed under electron microscopy.

FCM analysis for p53 protein expression

After 24 h incubation of LLC-PK1 cells with AAI, cells
(1·106) were collected with PBS containing 0.02%

EDTA, fixed in 1% paraformaldehyde containing 0.1%
saponin for 10 min, and washed twice in cold PBS
containing 0.1% BSA. Cells were treated for 30 min at
37�C with monse anti-pig p53 antibody (1:250) (Caltag
Company, USA). After washing, 1:10 dilution of
FITC-labeled goat anti-monse IgG1 antibody (Caltag
Company, USA) was added and the cells were incu-
bated for another 30 min in the dark. To correct for
nonspecific binding, PBS was added to the negative
control tube. Cells were assayed by using FCM.
Quantitative changes were assessed by mean fluores-
cence intensity (MFI).

Reverse transcription PCR for p53mRNA expression

After 24 h incubation of LLC-PK1 cells with AAI, total
cellular RNA was extracted using the Trizol Reagent kit
(Gibco, USA) according to the manufacturer’s instruc-
tions. RNA samples were quantified by optical absor-
bance at 260 nm in a spectrophotometer the A260/A280
ratio between 1.8 and 2.0. RNA was reverse transcribed
using a commercial kit (Promega, Wisconsin, USA).
Porcine p53 primers (Sheng Gong Company, Shanghai,
China) were chosen to yield an expected product of
168 bp. The sense primer sequence was 5¢-AT-
CCAGATGACGCC TCCAG-3¢, and the antisense
primer sequence was 5¢-CTGGCAAAACAGCTT
ATTGAG-3¢. One of the housekeeping genes of b-actin
(450 bp) was co-amplified with p53 as internal control
and specific primers were designed according to the
published sequence (Guh et al. 1996). The sense primer
sequence was 5¢-TACAATGAGCTG CGTGTGG-3¢
and the antisense primer sequence was 5¢-TAG-
CTCTTCT CCAGGGAGGA-3¢. PCR conditions were
35 cycles with denaturation at 94�C (30 s), annealing at
56�C (30 s), and extension at 72�C (30 s). Aliquots of
PCR products were run on 2.5% agarose gels and rel-
ative densities of the bands (p53 over b-actin) were cal-
culated.

Statistical analyses

Data are shown as the mean values±SD. Results of two
groups were analyzed using ‘‘unpaired’’ student’s t tests.
Multiple comparisons were analyzed using one-way
analysis of variance (ANOVAs). Statistical significance
was defined as P<0.05 and P<0.01.

Results

AAI exposure caused DNA damage in LLC-PK1 cells

DNA damage was not detected in either the control or
the AAI (80 ng/ml) treatment groups. However, the
comet assay was positive, i.e., the tail of damaged
DNA migrated away from the nucleus, in LLC-PK1



cells exposed to AAI (320 and 1,280 ng/ml) for 24 h.
The DNA damage was quantified by measuring the
tail length and the fluorescence intensity of each tail.
We found that AAI induced dose-dependent DNA
damage in LLC-PK1 cells at concentrations of 320 and
1,280 ng/ml (P<0.01 vs. control) (Fig. 1 and Table 1).
Overall, these results showed that AAI exposure in-
duced dose-dependent DNA damage in LLC-PK1
cells.

AAI exposure causes LLC-PK1 cell cycle arrest
in G2/M phase

To determine the effect of AAI on the cell cycle, the
cellular DNA content in G0/G1, S and G2/M stages
were calculated using FCM analysis. There were no
differences in the percentages of G1 and S phase of cells
between the controls and AAI exposure groups. How-
ever, the relative percentage of G2/M phase significantly
increased in a dose-dependent manner after treatment
with 320 and 1,280 ng/ml AAI for 24 h (P<0.05 and
0.01, respectively) (Fig. 2).

AAI exposure did not induce lysis in LLC-PK1 cells

Release of LDH by cells in culture is an evidence of cell
toxicity and loss of cell membrane integrity. There was
no significant difference in LDH release in LLC-PK1
cells exposed to AAI for 24 h compared with control
cells (P>0.05). Thus, the concentrations of AAI in our

experiment did not produce lysis in LLC-PK1 cells
(Fig. 3).

AAI exposure did not induce apoptosis in LLC-PK1
cells

Both PI and annexin V-FITC/PI double staining meth-
ods were used to test for apoptotic cells treated by AAI
for 24 h using FCM. We did not measure the apoptotic
peak (sub-G1) in this experiment with PI (Fig. 4). The
annexin-V assay showed the areas representing different
cell groups, including the secondary necrotic cells (ann-
exin V+/PI+), early apoptotic cells (annexin V+/PI-),
and the unlabeled area representing viable cells (annexin
V-/PI-). Our results demonstrated that the percentage of
the apoptotic cells in AAI groups (i.e., 80, 320 and
1,280 ng/ml) was nearly the same as that of the control
group (0.90±0.06, 1.27±0.09, and 1.34±0.12% vs.
control 0.79±0.1%, respectively) (P>0.05). Therefore,
we concluded that the concentrations of AAI in our
experiment did not induce apoptosis in LLC-PK1 cells.

Ultrastructural changes of LLC-PK1 cells stimulated
with AAI

LLC-PK1 cells treated with AAI showed severe nuclear
abnormalities, including nuclear malformation, giant
nuclei, assembled chromosome at the edge of nucleus,
cleaved nuclei, and rolled and thickened nuclear mem-
branes. The severity of the nuclear and membranous

Fig. 1 DNA damage was
detected in LLC-PK1 cells
exposed to AAI for 24 h using
the comet assay (·400)/ml.
DNA damage was not detected
in control cells and LLC-PK1
cells treated with AAI (80 ng/
ml). However, comet assay was
positive in LLC-PK1 cells
exposed to AAI (320 and
1,280 ng/ml)



lesions caused by AAI correlated significantly to drug
concentration (Fig. 5).

Effect of AAI on p53 protein expression in LLC-PK1
cells

LLC-PK1 cells were cultured with the medium con-
taining AAI for 24 h. FCM analysis was used to confirm
the presence of p53 protein in LLC-PK1 cells with po-
sitive staining for p53 antibody. The MFI in different
groups (AAI 80, 320 and 1,280 ng/ml) were 1.85±0.29,

1.92±0.12 and 1.88±0.20 versus 2.11±0.08, respec-
tively (P>0.05). Our study demonstrated that there
were no changes of p53 protein expression between
control and AAI treatment groups. As shown in Fig. 6,
AAI stimulation did not increase p53 protein expression
in LLC-PK1 cells.

Effect of AAI on p53 mRNA expression in LLC-PK1
cells

LLC-PK1 cells were cultured with the medium con-
taining AAI for 24 h. p53 mRNA expression in LLC-
PK1 cells was detected using RT-PCR. The results
showed that the p53 mRNA expression in the AAI
treatment group was similar to that in the control group.
AAI stimulation did not increase p53 mRNA expression
in LLC-PK1 cells (Fig. 7).

Discussion

Aristolochic acid is well known for its nephrotoxic ef-
fects, as well as for its carcinogenic and mutagenic
properties in humans and animal models. Lebeau et al.
(2001) showed that aristolochic acid impeded endocy-
tosis and induced DNA adducts in proximal tubule
cells, which supports the involvement of aristolochic
acid in early proximal tubule dysfunction in patients
suffering from AAN (Kabanda et al. 1995). Aristolo-
chic acid–DNA adducts are of primary importance not
only in the initiation of tumor development, but also in
the progression of renal interstitial fibrosis because the
adducts impair physiological processes at the tran-
scriptional level (Arlt et al. 2001; Schmeiser et al. 1996;
Nortier et al. 2000). Recently, there have been many
clinical and experimental studies about AAN, especially
regarding its mechanism. High dose of aristolochic acid
could induce acute necrosis or lysis in tubular epithelial
cells, whereas its chronic administration could lead to
irreversible renal failure with hypocellular interstitial
fibrosis by inducing cellular apoptosis and transdiffer-
entiation or by directly activating interstitial myofib-
rotic cells. However, we wanted to know what effect
aristolochic acid had on tubular epithelial cells when
the dosage and duration of aristolochic acid ingestion
were insufficient to induce apoptosis and lysis in
tubular cells.

Kaufmann and Paules (1996) reported that cellular
DNA damage and cell cycle arrest induced by UV
irradiation represented different clinical phenomena.
Cell responses to DNA damage, induced by physio-
logical or pathophysiological stress, include cell cycle
arrest, activation of genes and gene products involving
in DNA repair, and programmed cell death under
certain circumstances. Whether DNA damage is the
result of AAI exposure has not previously been eluci-
dated. We demonstrated for the first time that AAI can

Table 1 Effect of AAI on DNA damage in LLC-PK1 cells

AAI (ng/ml) Tail length
(lm)

Fluorescence index
of tail (OD)

0 0 0
80 0 0
320 30.77±5.35** 128.07±8.96**
1,280 80.43±7.91** 148.50±14.82**

**P<0.01 versus cells without AAI exposure

Fig. 2 Effect of AAI exposure on the percentage of LLC-PK1 cells
in G2/M phase by FCM (%, mean±SD). *P<0.05 and **P<0.01
versus cells without AAI exposure

Fig. 3 The numerical results of LDH assay in LLC-PK1 cells with
AAI exposure for 24 h (mean±SD). *P>0.05 versus cells without
AAI exposure



induce DNA damage and cell cycle arrest in LLC-PK1
cells.

Our study has showed that AAI caused a dose-
dependent increase in the size of the comet tail, which
was paralleled by an increase of fluorescence intensity of
the tail. However, the amount of LDH released in the
cell supernatant stimulated by AAI was similar to that
of control cells when the comet assay was performed,
and apoptosis was not detected during these experi-
ments. In response to aristolochic acid-mediated injury,
renal tubular epithelial cells may undergo lysis, apop-
tosis, or carcinogenesis. However, our assays showed
that the range of AAI concentrations that induce injury
of LLC-PK1 cells did not cause apoptosis or necrosis,
instead resulting in DNA damage. The explanation for
this phenomenon is a dose effect. In addition, the
appearance in LLC-PK1 cells treated with AAI under
electron microscopy in this study showed severe nuclear
alterations, which added new evidence to cellular DNA
damage. In this experiment, we reported that AAI cau-
ses DNA damage in tubular epithelial cells in vitro prior
to cellular apoptosis or necrosis, which demonstrated

that DNA damage is another consequence of cell
exposure to AAI and could be an early event during
aristolochic acid injury in tubular epithelial cells. In
contrast to other toxic medicines, tubular epithelial cells
do not readily proliferate in response to AAI-induced-
DNA damage. This inadequate regenerative response by
tubular epithelial cells may contribute to the develop-
ment of renal interstitial fibrosis.

Cell cycle arrest is one of the most common means by
which cells avoid injury. Cell cycle progression is regu-
lated through major checkpoints located in the G1/S or
G2/M phases. When cells receive an anti-proliferative
signal, such as those caused by DNA damaging agents,
feedback control is activated that acts as a brake to in-
hibit progression through these checkpoints. The
induction of cell cycle arrest facilitates the repair of
damaged DNA by preventing the damaged DNA from
continuously replicating, and it stops the cell cycle from
amplifying genetic damage (Stark and Taylor 2004).
Coincident with AAI-induced DNA damage in LLC-
PK1 cells, the cell cycle analysis in this study using FCM
indicated that AAI treatments produced a dose-depen-

G2/M

G1
G1

G1

G2/M

G1

G2/M

G2/M

AAI: 80 ng/mLcontrol

AAI: 320 ng/mL AAI: 1280 ng/mL

Fig. 4 Apoptotic peak (sub-G1)
could not be measured by FCM
in LLC-PK1 cells with AAI
exposure for 24 h



dent increase the percentage of cells in the G2/M phase.
Thus, we suggest that AAI delayed or inhibited the G2/
M phase in tubular epithelial cells.

Various cellular effects induced by AAs ingestion
might be closely associated with difference of individ-
ual’s ability to repair damaged DNA. If damaged DNA
is completely repaired, cells re-enter a normal cell cycle.
If damaged DNA is continuously propagated from in-
sult for a long duration, and renal epithelial cell cycle
will entirely cease and cells will stop proliferation, which
may explain why tubular epithelial cells present limited
proliferation and regeneration in the clinical presenta-
tion of AAI-associated nephrotoxicity. It is clear that
cell cycle arrest is an important component that triggers
cellular responses to DNA damage. However, it is dif-
ficult to determine why AAI delayed LLC-PK1 cells

only in G2/M but not G1/S and what is the possible
pathway that underlies G2/M phase arrest in tubular
epithelial cells following AAI-induced injury.

The tumor suppressor protein wild-type p53 is now
firmly established as a key negative regulator of cell
proliferation. It plays an important role in the G1/S and
G2/M checkpoints of the cell cycle. Wild-type p53 has
multiple functions, including cell cycle control in re-
sponse to DNA damage, DNA repair and induction of
apoptosis. It has been postulated that p53 has a regu-
latory role at cell cycle G2/M checkpoints (Hattori et al.
2004; Clifford et al. 2003). However, it has also been
documented that the G2/M transition may be regulated
independently of p53 (Minemoto et al. 2003; Saldeen
et al. 2003). Growth arrest can occur by p53-dependent
and p53-independent pathway or two pathways simul-

Fig. 6 Expression of wild-type p53 protein in LLC-PK1 cell stimulated with AAI for 24 h by FCM. *P>0.05 versus cells without AAI
exposure

Fig. 5 Ultrastructural changes
of LLC-PK1 cells incubated
with AAI for 24 h. a Control
group. b Split nuclei (arrow) in
AAI group (320 ng/ml). c
Malformed nucleus in AAI
group (1,280 ng/ml). d Unique
nuclear membrane changes in
AAI group: nuclear membrane
rolled and thickened forms
numerous small cells
(1,280 ng/ml)



taneously (Taylor and Stark 2001; Bache et al. 1999;
Vincent et al. 1999). The p53-independent pathway in-
volves a phosphorylation cascade that activates the chk1
effector kinase and induces G2 arrest through inhibitory
tyrosine phosphorylation of Cdc2. Our study demon-
strated that the expressions of wild-type p53 protein and
mRNA in LLC-PK1 cells after 24 h of AAI treatment
nearly similar to that in the control group. We con-
cluded that in LLC-PK1 cells, the induction of cell cycle
arrest was transduced by AAI through p53-independent
pathway in response to DNA injury. Our result that
transcriptional up-regulation of p53 is not expected is
inconsistent with published data that carcinogenesis is
associated with the overexpression of p53 (Cosyns et al.
1999). It is unclear whether wild-type p53 will be over-
expressed in human cells treated with AAI under similar
experimental conditions. It would be rather important to
look at the different phosphorylation sites of p53 in
order to understand whether it is activated. Moreover,
other pathways that induce cell cycle arrest in LLC-PK1
cells after exposure to AAI, such as the cyclin pathways,
need to be investigated in the future.

Presently, several health institutions, including the
U.S. Food and Drug Administration (USFDA), have
recently published safety information related to the
presence of AAs in plant materials to prevent further
cases of intoxication. Interestingly and fortunately, only
2–3% of persons treated with weight-reducing pills
containing aristolochic acid are known to have suffered
from renal injury in Belgium (Arlt et al. 2002). Fur-
thermore, in Germany, aristolochic acid has been used
by thousands of patients as an immunomodulatory
agent for 25 years without any reports of chronic
interstitial nephritis (De Broe 1999). The genetic heter-
ogeneity of aristolochic acid metabolism and the indi-
vidual or racial susceptibility should not be ignored.
However, studies related to the effects of aristolochic
acid use are limited.

Different from other drugs, once patients take herbs
containing AAs, their renal function will be impaired
even if they cease their administration and eventually
these patients will develop permanent chronic renal
failure regardless if the onset feature was chronic or
acute. Our results demonstrated that AAI-induces DNA
damage and cell cycle arrest in the G2/M phase through
p53-independent pathway in LLC-PK1 cells, prior to
cellular apoptosis or necrosis. This study of the molec-
ular mechanism of AAI-induced toxicity in LLC-PK1
cells might explain paucicellular interstitial fibrosis and
limited tubular regeneration in the clinical presentation
of AAI-associated nephrotoxicity.
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Arlt VM, Stiborová M, Schmeiser HH (2002) Aristolochic acid as a
probable cancer hazard in herbal remedies: a review. Muta-
genesis 17:265–277

Bache M, Dunst J, Wurl P, Frode D, Meye A, Schmidt H, Rath
FW, Taubert H (1999) G2/M checkpoint is p53-dependent and
independent after irradiation in five human sarcoma cell lines.
Anticancer Res 19:1827–1832

Balachandran P, Wei F, Lin RC, Khan IA, Pasco DS (2005)
Structure activity relationships of aristolochic acid analogues:
toxicity in cultured renal epithelial cells. Kidney Int 67:1797–
1805

But PP, Ma SC (1999) Chinese-herb nephropathy. Lancet
354:1731–1732

Chang CH, Wang YM, Yang AH, Chiang SS (2001) Rapidly
progressive interstitial renal fibrosis associated with Chinese
herbal medications. Am J Nephrol 21:441–448

Fig. 7 Expression of wild-type p53 mRNA in LLC-PK1 cells
stimulated with AAI for 24 h. A control group, B LLC-PK1 cell
stimulated with AAI (80 ng/ml) for 24 h, C LLC-PK1 cell

stimulated with AAI (320 ng/ml) for 24 h and D LLC-PK1 cell
stimulated with AAI (1,280 ng/ml) for 24 h. *P>0.05 versus cells
without AAI exposure



Clifford B, Beljin M, Stark GR, Taylor WR (2003) G2 arrest in
response to topoisomerase II inhibitors: the role of p53. Cancer
Res 63:4074–4081

Cosyns JP (2002) When is ‘‘aristolochic acid nephropathy’’ more
accurate than ‘‘Chinese herbs nephropathy’’? Kidney Int
61:1178

Cosyns JP (2003) Aristolochic acid and ‘Chinese herbs nephropa-
thy’: a review of the evidence to date. Drug Saf 26:33–48

Cosyns JP, Jadoul M, Squifflet JP, Wese FX, van Ypersele de
Strihou C (1999) Urothelial lesions in Chinese-herb nephropa-
thy. Am J Kidney Dis 33:1011–1017

De Broe ME (1999) On a nephrotoxic and carcinogenic slimming
regimen. Am J Kidney Dis 33:1171–1173

Depierreux M, Van Damme B, Vanden Houte K, Vanherweghem
JL (1994) Pathologic aspects of a newly described nephropathy
related to the prolonged use of Chinese herbs. Am J Kidney Dis
24:172–180

Gao R, Zheng F, Liu Y, Zheng D, Li X, Bo Y, Liu Y (2000)
Aristolochic acid I-induced apoptosis in LLC-PK1 cells and
amelioration of the apoptotic damage by calcium antagonist.
Chin Med J (Engl) 113:418–424

Guh JY, Yang ML, Yang YL, Chang CC, Chuang LY (1996)
Captopril reverses high-glucose-induced growth effects on LLC-
PK1 cells partly by decreasing transforming growth factor-beta
receptor protein expressions. J Am Soc Nephrol 7:1207–1215

Hattori H, Kuroda M, Ishida T, Shinmura K, Nagai S, Mukai K,
Imakiire A (2004) Human DNA damage checkpoints and their
relevance to soft tissure sarcoma. Pathol Int 54:26–31

Jagus R, Joshi B, Barber GN (1999) PRK, apoptosis and cancer.
Int J Biochem Cell Biol 31:123–138

Kabanda A, Jadoul M, Lauwerys R, Bernard A, van Ypersele de
Strihou C (1995) Low molecular weight proteinuria in Chinese
herbs nephropathy. Kidney Int 48:1571–1576

Kaufmann WK, Paules RS (1996) DNA damage and cell cycle
checkpoints. FASEB J 10:238–247

Lally C, Healy E, Ryan MP (1999) Cyclosporine A-induced cell
cycle arrest and cell death in renal epithelial cells. Kidney Int
56:1254–1257

Lebeau C, Arlt VM, Schmeiser HH, Boom A, Verroust PJ, Dev-
uyst O, Beauwens R (2001) Aristolochic acid impedes endocy-
tosis and induces DNA adducts in proximal tubule cells.
Kidney Int 60:1332–1342

Li X, Yang L, Yu Y (2001) An analysis of the clinical and path-
ological characteristics of mu-tong (a Chinese herb) induced
tubulointerstitial nephropathy. Zhonghua Nei Ke Za Zhi
40:681–687

Lord GM, Tagore R, Cook T, Gower P, Pusey CD (1999)
Nephropathy caused by Chinese herbs in the UK. Lancet
354:481–482

McCauley J, Farkus Z, Prasad SJ, Plummer HA, Murray SA
(1991) Cyclosporine and FK506 induced inhibition of renal
epithelial cell proliferation. Transplant Proc 23:2829–2830

Minemoto Y, Uchida S, Ohtsubo M, Shimura M, Sasagawa T,
Hirata M, Nakagama H, Ishizaka Y, Yamashita K (2003) Loss
of p53 induces M-phase retardation following G2 DNA dam-
age checkpoint abrogation. Arch Biochem Biophys 412:13–19

Nortier JL, Deschodt-Lanckman MM, Simon S, Thielemans NO,
de Prez EG, Depierreux MF, Tielemans CL, Richard C,

Lauwerys RR, Bernard AM, Vanherweghem JL (1997) Proxi-
mal tubular injury in Chinese herbs nephropathy: monitoring
by neutral endopeptidase enzymuria. Kidney Int 51:288–293

Nortier JL, Martinez MC, Schmeiser HH, Arlt VM, Bieler CA,
Petein M, Depierreux MF, De Pauw L, Abramowicz D, Vere-
erstraeten P, Vanherweghem JL (2000) Urothelial carcinoma
associated with the use of a Chinese herb (Aristolochia fangchi).
N Engl J Med 342:1686–1692

Pippin JW, Durvasula R, Petermann A, Hiromura K, Couser WG,
Shankland SJ (2003) DNA damage is a novel response to
sublytic complement C5b-9-induced injury in podocytes. J Clin
Invest 111:877–885

Saldeen J, Tillmar L, Karlsson E, Welsh N (2003) Nicotinamide-
and caspase-mediated inhibition of poly(ADP-ribose) poly-
merase are associated with p53-independent cell cycle (G2) ar-
rest and apoptosis. Mol Cell Biochem 243:113–122

Sancar A, Lindsey-Boltz LA, Unsal-Kacmaz K, Linn S (2004)
Molecular mechanisms of mammalian DNA repair and the
DNA damage checkpoints. Annu Rev Biochem 73:39–85

Schaneberg BT, Khan IA (2004) Analysis of products suspected of
containing Aristolochia or Asarum species. J Ethnopharmacol
94:245–249

Schmeiser HH, Bieler CA, Wiessler M, van Ypersele de Strihou C,
Cosyns JP (1996) Detection of DNA adducts formed by aris-
tolochic acid in renal tissue from patients with Chinese herbs
nephropathy. Cancer Res 56:2025–2028

Schmeiser HH, Frei E, Wiessler M, Stiborova M (1997) Compar-
ison of DNA adduct formation by aristolochic acids in various
in vitro activation systems by 32P-post-labelling: evidence for
reductive activation by peroxidases. Carcinogenesis 18:1055–
1062

Stark GR, Taylor WR ( 2004) Analyzing the G2/M checkpoint.
Methods Mol Biol 280:51–82

Su Z, Xu S, Zheng F, Li Y (2002) Aristolochic acid induced
transdifferentiation and apoptosis in human tubular epithelial
cells in vitro. Zhong hua Yu Fang Yi Xue Za Zhi 36:301–304

Tanaka A, Nishida R, Yoshida T, Koshikawa M, Goto M, Ku-
wahara T (2001) Outbreak of Chinese herb nephropathy in
Japan: are there any differences from Belgium? Intern Med
40:296–300

Taylor WR, Stark GR (2001) Regulation of the G2/M transition
by p53. Oncogene 20:1803–1815

Tice RR, Agurell E, Anderson D, Burlinson B, Hartmann A,
Kobayashi H, Miyamae Y, Rojas E, Ryu JC, Sasaki YF (2000)
Single cell gel/comet assay: guidelines for in vitro and in vivo
genetic toxicology testing. Environ Mol Mutagen 35:206–221

Van Engeland M, Ramaekers FC, Schutte B, Reutelingsperger CP
(1996) A novel assay to measure loss of plasma membrane
asymmetry during apoptosis of adherent cells in culture.
Cytometry 24:131–139

Vincent F, Deplanque G, Ceraline J, Duclos B, Bergerat JP (1999)
p53-Independent regulation of cyclin B1 in normal human fi-
broblasts during UV-induced G2-arrest. Biol Cell 91:665–674

Zheng F, Wen X, Li X, Gao R, Zhang X (2000) Synergistic effect of
monocyte chemotactic protein-1 and aristolochic acid I on
transdifferentiation of human tubular epithelial cells in vitro.
Zhonghua Nei Ke Za Zhi 39:831–834


	Aristolochic acid I-induced DNA damage and cell cycle arrest �in renal tubular epithelial cells in vitro
	Abstract
	Introduction
	Materials and methods
	Cell culture and preparation
	Single-cell gel electrophoresis \(or comet assay\) �for DNA damage
	Flow cytometry analysis for cell cycle distribution
	Cytotoxicity assay for cell necrosis
	FCM analysis for cell apoptosis
	Scanning electron microscopy for cell nucleus
	FCM analysis for p53 protein expression
	Reverse transcription PCR for p53mRNA expression
	Statistical analyses
	Results
	AAI exposure caused DNA damage in LLC-PK1 cells
	AAI exposure causes LLC-PK1 cell cycle arrest �in G2/M phase
	AAI exposure did not induce lysis in LLC-PK1 cells
	AAI exposure did not induce apoptosis in LLC-PK1 cells
	Ultrastructural changes of LLC-PK1 cells stimulated with AAI
	Fig1
	Effect of AAI on p53 protein expression in LLC-PK1 cells
	Effect of AAI on p53 mRNA expression in LLC-PK1 cells
	Discussion
	Tab1
	Fig2
	Fig3
	Fig4
	Fig6
	Fig5
	Acknowledgement
	References
	CR1
	CR2
	CR3
	CR4
	CR5
	CR6
	CR7
	Fig7
	CR8
	CR9
	CR10
	CR11
	CR12
	CR13
	CR14
	CR15
	CR16
	CR17
	CR18
	CR19
	CR20
	CR21
	CR22
	CR23
	CR24
	CR25
	CR26
	CR27
	CR28
	CR29
	CR30
	CR31
	CR32
	CR33
	CR34
	CR35
	CR36
	CR37
	CR38
	CR39
	CR40
	CR41

