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Abstract

This study evaluated the role of oxidative stress in acrolein-induced DNA damage, using HepG?2 cells. Using the standard
single cell gel electrophoresis (SCGE) assay, a significant dose-dependent increment in DNA migration was detected at
lower concentrations of acrolein; but at the higher tested concentrations, a reduction in the migration was observed. Post-
incubation with proteinase K significantly increased DNA migration in cells exposed to higher concentrations of acrolein.
These results indicated that acrolein caused DNA strand breaks and DNA-protein crosslinks (DPC). To elucidate the
oxidatively generated DNA damage mechanism, the 2,7-dichlorofluorescein diacetate (DCFH-DA) and o-phthalaldehyde
(OPT) were used to monitor the levels of reactive oxygen species (ROS) and glutathione (GSH), respectively. The present
study showed that acrolein induced the increased levels of ROS and depletion of GSH in HepG2 cells. Moreover, acrolein
significantly caused 8-oxo-7,8-dihydro-2’-deoxyguanosine (8-oxodGuo) formation in HepG2 cells. These results demon-
strate that the DNA damage induced by acrolein in HepG?2 cells is related to the oxidative stress.
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Abbreviations: DPC, DNA-protein crosslinks; SCGE, single cell gel electrophoresis; DCFH-DA, 2,7-dichlorofluorescein
diacetate; OPT, o-phthalaldehyde; ROS, reactive oxygen species; GSH, glutathione; 8-oxodGuo, 8-oxo-7,8-dihydro-2'-
deoxyguanosine; IARC, International Agency for Research on Cancer; ALS, alkali labile sites; DDC, DNA-DNA crosslinks.
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However, this is the first evidence of acrolein-induced
DNA damage in human HepG2 cells. The human
hepatoma line (HepG2) retains the activities of
several phase I and II xenobiotic metabolizing en-
zymes presented in human hepatocytes [14]. It has
been shown to be a suitable system for investigation
of genotoxicity [15].

Acrolein adducts have been proposed as a biologic
marker for oxidative stress [16]. Accordingly, acrolein
levels have been found increased in pathological
conditions associated with oxidative stress, such as
diabetic nephropathy [17] and Alzheimer’s disease
[18]. It is currently believed that acrolein mediates
many detrimental effects associated with oxidative
stress [1,16,19]. Previous studies demonstrated that
acrolein was able to induce the generation of reactive
oxygen species (ROS) in some cell types, such as
PC12 cells [20], bronchial epithelial cells [21] and
umbilical vein endothelial cells [22]. In addition, both
m vitro and i vivo studies showed that acrolein
caused a significant reduction of intracellular GSH
[21-24].

The overall object of the present study is to further
explore the role of oxidative stress in acrolein-induced
DNA damage, using HepG2 cells. The DNA damage
induced by acrolein was measured by the standard
and proteinase K-modified alkaline single cell gel
electrophoresis (SCGE) assay, which is a very sensi-
tive method for detecting DNA strand breaks, alkali
labile sites (ALS), DNA-DNA crosslinks (DDC) and
DPC [25]. Since the molecular mechanisms may
involve the generation of ROS and depletion of GSH,
we monitored the levels of intracellular ROS and
GSH using the 2,7-dichlorofluorescein diacetate
(DCFH-DA) and o-phthalaldehyde (OPT), respec-
tively. 8-o0x0-7,8-dihydro-2'-deoxyguanosine (8-ox-
0odGuo), a major form of oxidatively generated
DNA damage product which can be generated by
ROS [26], was evaluated by immunoperoxidase
staining analysis.

Materials and methods
Chemuicals, materials and mediums

Acrolein (CAS No.107-02-8) was purchased from
Kelong Chemical Reagent Factory (ChengDu,
China, purity>95%). RNase A, Cytochalasin B,
DCFH-DA and OPT were obtained from Sigma
(St. Louis, MO). Monoclonal 8-oxodGuo antibody
and the Ultrasensitive Streptavidin-Peroxidase Kit
were from JalCA (Fukuroi, Japan) and Maixin-Bio
(FuJian, China). Normal melting point (NMP)
agarose and low melting point (LMP) agarose were
provided by Gibco BRL, Life Technologies (Paisley,
UK). Proteinase K was obtained from Takara-Bio
(Dalian, China). All tissue culture reagents, i.e.
minimal essential Eagle’s medium, foetal bovine
serum, antibiotics (penicillin, streptomycin) and

trypsin-EDTA were bought from Gibco BRL-Life
Technologies (Grand Island, NY).

Cell culture and treatment

The human hepatoma line (HepG2) was supplied by
the American Type Culture Collection (ATCC, HB-
8065). The HepG2 cells were grown in minimum
essential Eagle’s medium containing 10% (v/v) foetal
bovine serum and antibiotics (penicillin (100 IU/ml)
and streptomycin (100 pug/ml)) at 37°C in 5% CO..
The cells were used at passages between 7 and 9. The
stock solution (50 mm) of acrolein was made fresh in
water on the day of use on ice. The cells were treated
with different concentrations of acrolein (final con-
centration: 12.5, 25, 50 and 100 pm). Control
received only minimum essential Eagle’s medium.
Acrolein was dissolved in the culture medium just
before use.

SCGE assay

The SCGE assay was performed as described by
Singh and Stephens [27], with slight modifications.
Cells were exposed to acrolein and hydrogen peroxide
(H,0,) (for positive control, 20 um) for 1 h at 37°C.
To avoid artifacts resulting from apoptosis and
necrosis, Hoechst 33342 (8 pg/ml) and trypan blue
(50 pg/ml) were employed to detect the apoptotic
cells and cell viability. Only cell suspensions with
viabilities > 90% and no apoptotic cell were used to
determine DNA migration on gels. Cell suspension
was mixed with 1% LMP agarose and added to fully
frosted slides that had been covered with a layer of
1.5% NMP agarose. The cells were then lysed for 1 h
at 4°C in a buffer consisting of 2.5 M NaCl, 100 mm
EDTA, 1% Triton X-100 and 10 mm Tris, pH 10.
After lysis, the slides were placed on an electrophor-
esis unit filled with fresh electrophoretic buffer
(300 mm NaOH and 1 mm EDTA, pH 13) and left
for 20 min for DNA unwinding and then electro-
phoresed for 30 min at 18 Vand 200 mA. Afterwards,
the slides were neutralized with 0.4 m Tris buffer (pH
7.5) and stained with 50 ul of ethidium bromide
(20 pg/ml). Finally, the slides were viewed using an
Olympus BX-51 fluorescent microscope (excitation
filter 549 nm, barrier filter 590 nm). Images of 50
randomly selected cells from each slide were analysed
with Comet Assay Software Project casp-1.2.2 (Uni-
versity of Wroclaw, Poland). Three independent
experiments were carried out in every case. The
following parameters were evaluated: tail length
(um), tail DNA (%) and tail moment (TM).

Detection of DPC

Slides were incubated with proteinase K according to
the method of Merk et al. [28]. The slides after lysis
were washed three times (5 min, 4°C) in TE buffer
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containing 10 mm Tris, 1 mm EDTA, pH 10 and
drained. Aliquots of 50 pl of TE buffer or 50 pl of
1 mg/ml proteinase K in TE buffer were applied to
slides. Slides were incubated for 2 h at 37°C in a
moist chamber. Further steps were as described
above for the SCGE assay. The presence of DPC is
indicated by an increase in DNA migration in the
acrolein-treated cells after proteinase K post-treat-
ment compared to cells treated without proteinase K.

Intracellular ROS formation

The formation of intracellular ROS was measured
using a fluorescent probe DCFH-DA as described
previously [29]. The principle of the test is based
upon the fluorescent probe DCFH-DA diffusing into
the cells through cell membrane. Then, the DCFH-
DA is hydrolysed to non-fluorescent 2’,7’-dichloro-
fluorescin (DCFH). ROS cause oxidation of DCFH
to a measurable fluorescent product, DCF. The DCF
fluorescence intensity is proportional to the amount
of ROS formed intracellularly. H,O, is the principle
ROS responsible for the oxidation of DCFH-DA to
DCEF [30].

Briefly, the cells were harvested and treated with
acrolein and H,O, (for positive control, 20 pum) at
37°C for 1 h. Following treatment, cells were washed
with cold PBS, suspended in PBS at 5 x 10° cells/ml
and incubated with DCFH-DA at a final concentra-
tion of 5 uM (40 min, 37°C in darkness). The relative
fluorescence intensity was monitored using a fluores-
cence spectrophotometer (HITACHI, 650-60, To-
kyo, Japan, excitation wavelength of 485 nm,
emission wavelength of 530 nm).

Measurement of inrracellular GSH

Reduced glutathione (GSH) was measured using a
modified method of Hissin and Hilf [31]. The cells
were exposed to acrolein at 37°C for 1 h, washed
twice with PBS and then 5% trichloroacetic acid
(TCA) (0.4 ml) was added. After incubation at 4°C
for 30 min to extract GSH, 50 pl of the TCA extract
was mixed with 0.8 ml 50 mm phosphate/5 um EDTA
buffer (pH 8) and the reaction was initiated by the
addition of 50 ul OPT (1 mg/ml). The mixture was
incubated at 37°C for 15 min in darkness. Fluores-
cence intensity was monitored by a fluorescence
spectrophotometer (HITACHI 650-60, Tokyo, Ja-
pan, excitation wavelength of 350 nm, emission
wavelength of 420 nm). Fluorescence intensity was
corrected with the appropriate control sample con-
taining only OPT.

Immunoperoxidase staining for 8-oxodGuo

The cells were treated with acrolein at 37°C for 3 h
on a coverslip and rinsed with PBS twice. Level of 8-
oxodGuo was determined by the immunocytochem-

ical technique as Yarborough et al. [32] described
with minor modifications. The images were recorded
by microscope (Olympus BX-51, Omachi, Japan).
The relative intensity of nuclear staining of 50
randomly selected cells was quantified by a multi-
parameter image analysis program, Image-Pro Plus
4.5.1. The staining data represented the average
absorbance multiplied by 1000.

MTT assay for cell viabiliry

HepG?2 cells were plated in a 96-well microtiter plate
at a density of 1 x 10* cells per well in a final volume
of 100 pl minimum essential Eagle’s medium. The
cells were treated with different concentrations of
acrolein for 24 h. The effect of acrolein on cytotoxi-
city in HepG2 cells was determined by the methyl
thiazol tetrazolium bromide (MTT) assay [33]. Cell
viability was calculated by comparing the opitical
density of culture given a particular treatment with
that of the untreated control.

Statistical analysis

Statistical analysis was performed using SPSS v13.0
software. Data are expressed as mean + standard
deviation (SD). The statistical significance of differ-
ences among groups was determined by analysis of
variance with one-way ANOVA, followed by least
significant difference (LSD) for multiple comparison,
as a post hoc test. For the result of modified SCGE
assay, difference between two treatment groups was
compared by the Student’s ztest. The level of
significance was set at p <0.05 and p <0.01 for all
statistical analysis.

Results
Induction of DNA damage

Table I shows the numerical values for tail length, tail
DNA (%) and TM in HepG2 cells exposed to
different concentrations of acrolein and the positive
control (H,0,, 20 um) for 1 h. In all groups, the cell
viabilities were consistently >90% and no apoptosis
was observed (data not shown). H,O, caused a
significant increase of the DNA migration (p<
0.01). The treatment with acrolein at all tested

Table I. Effect of acrolein on DNA migration in HepG2 cells.

Acrolein Tail moment
(um) Tail length (um) Tail DNA (%) (um)

0 53.82+23.98 32.09+12.62 19.46+13.72
12.5 126.36 +27.83** 61.1249.15**  78.14423.63**
25 186.96+21.68** 74.61+6.64** 140.13+24.85**
50 139.884+30.83** 61.50+8.86**  86.94427.96**
100 94.60 +18.39** 50.63+7.58**  48.88+15.48**
H,0, 178.54422.74** 67.094+8.72** 107.084+13.76**

**p <0.01, significantly different from control.

RIGHTS

1r



Free Radic Res Downloaded from informahealthcare.com by University of Saskatchewan on 12/03/11
For personal use only

The role of oxidative stress in acrolein-induced DNA damage in HepG2 cells 357

concentrations (12.5-100 pm) produced a significant
increment in all the considered parameters in relation
to control (p<0.01). At lower concentrations of
acrolein (12.5 and 25 pum), we observed a significant
dose-dependent increment in the DNA migration,
whereas at 50 and 100 um a lower increment was seen
compared to the maximum migration at 25 pM.
These results showed the induction of DNA strand
breaks at lower concentrations (12.5-25 um) and
DNA crosslinks formation at higher concentrations
(50-100 pm).

Detection of DPC by proteinase K

To find out whether DPC are actually induced by
acrolein, we treated slides with proteinase K after
lysis. Table II displays the results for DNA migration
in HepG2 cells incubated with acrolein after protei-
nase K post-treatment compared to cells treated
without proteinase K. HepG2 cells incubated with
acrolein at 50 and 100 pm and post-treated with
proteinase K showed a significant increase (p <0.01)
in all considered parameters compared to cells with-
out treatment with this enzyme, suggesting the
presence of DPC. Post-treatment with proteinase K
had no influence on DNA migration in cells exposed
to acrolein at 12.5 and 25 pm.

Induction of ROS by acrolein

To explore the mechanisms of acrolein-DNA da-
mage, we first tested the effect of acrolein on the
formation of intracellular ROS in HepG2 cells. With
H,0, (20 pm) as the positive control, the result
showed a significant difference (23.31+2.21 vs
7.77+3.58, p<0.01) in DCF fluorescence intensity
compared to the control. Figure 1 shows that a
significant increase of DCF fluorescence intensity
was observed in cells treated with acrolein at 50 and
100 uMm (< 0.05 or < 0.01). The DCF fluorescence
intensity in HepG2 cells at the highest dose of
acrolein (100 um) was ~ 3-fold higher compared to
control.

Depletion of itracellular GSH by acrolein

The effect of different concentrations of acrolein on
cellular GSH content in HepG2 cells is shown in
Figure 2. After cells were incubated for 1 h with
different concentrations of acrolein (25-100 pm), a
striking decrease of intracellular GSH was observed
in HepG2 cells (p<0.01).

Effect of acrolein on 8-oxodGuo formation

The immunoperoxidase method was used to detect
oxidatively generated DNA damage in HepG2 cells
treated with acrolein. Figure 3 shows the result of
immunoperoxidase staining for 8-oxodGuo in
HepG2 cells exposed to different concentrations of
acrolein. It can be seen that the staining intensity of
8-0xodGuo at higher concentrations of acrolein (25—
100 pum) was different from that observed in control
(p<0.01), whereas no damage occurred at lower
concentration.

Effect of acrolein-induced cyrotoxicity

HepG2 cells were exposed to acrolein (12.5-400 pm)
and cell viability was measured by MTT assay.
Figure 4 shows the relationship between different
concentrations of acrolein and percentage of cells
survived. Exposure of HepG2 cells to different
concentrations of acrolein resulted in a concentra-
tion-dependent decrease in cell viability.

Discussion

In the present study acrolein-induced DNA damage
was measured in HepG2 cells and its ability to induce
cellular oxidative stress was also evaluated.

The present study showed that acrolein could
induce DNA strand breaks and DPC assessed by
standard and proteinase K-modified SCGE assays
in HepG2 cells. When the standard SCGE assay
was performed, a significant dose-dependent incre-
ment in all the considered parameters was observed at
lower concentrations of acrolein (12.5 and 25 pum).

Table II. Parameters of cells incubated with acrolein and post-treated with proteinase K or only with TE buffer.

Acrolein (um) PI Tail length (um) Tail DNA (%) Tail moment (pm)
0 TE 31.18+9.70 18.91+7.34 6.58+4.53
PK 32.52+8.54 20.73+6.69 6.94+3.67
12.5 TE 106.46 +24.47 40.85+7.18 44.35+16.20
PK 109.82+26.87 41.73+6.45 46.82+16.85
25 TE 112.48 +20.67 46.83 +8.67 53.91+18.40
PK 118.50+24.78 45.32+6.32 53.48+18.71
50 TE 91.02+19.63 40.09+8.12 37.87+14.79
PK 175.08 +£35.48** 55.09 +12.97** 100.28 +£39.18**
100 TE 41.24+7.26 30.18+9.16 12.93+5.29
PK 186.16 +22.36** 71.88+11.27** 134.82 +31.67**

PI =post-incubation with TE buffer or proteinase K.

**p <0.01, significant differences between proteinase K treatment and the non-treated groups (TE).
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Figure 1. Effect of different concentrations of acrolein (12.5-100
um) on ROS production in HepG2 cells monitored by using the
DCFH-DA assay. Each bar represents the mean +SD obtained in
three independent experiments (7 =3); * and ** indicate statistical
significance as compared to control, p <0.05 and p <0.01.

However, cells treated with higher concentrations of
acrolein (50-100 um) presented a lower increment
than the maximum DNA migration at 25 pm. These
results showed the induction of DNA strand breaks at
lower concentrations and DNA crosslinks formation
at higher concentrations, therefore a modification of
the standard SCGE assay was performed. Incubation
with proteinase K allowed for the release of proteins
joined to the DNA and consequently an increase in
DNA migration at the higher concentrations of
acrolein (50-100 pm) was observed. In contrast
post-treatment with proteinase K had no influence
on DNA migration in cells exposed to lower con-
centrations of acrolein (12.5 and 25 pum). Therefore,
our study indicates that acrolein induces a clear dose-
dependent shift from DNA strand breaks to DPC.
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Figure 2. Effect of different concentrations of acrolein (12.5-
100 pum) on the GSH content in HepG2 cells exposed to the
compound for 1 h. Each bar represents the mean+SD of the
relative GSH content in three independent experiments (rz =3); **
indicates statistical significance as compared to control, p <0.01.
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Figure 3. Effect of acrolein on oxidatively generated DNA
damage evaluated by the determination of the staining intensity
of 8-oxodGuo. HepG2 cells were exposed to increasing concentra-
tions of the compound (12.5-100 um) for 3 h. Each bar represents
the mean+SD of three independent experiments (n=3); **
indicates statistical significance as compared to control, p <0.01.

Our results appear to be inconsistent with the
results presented in the literatures in relation to the
standard SCGE assay by acrolein. It was mentioned
that acrolein at lower concentrations (<50 um) did
not induce DNA damage, whereas acrolein at 100
and 500 pm induced an increase of the DNA
migration in Raji cells. These results indicate DNA
strand breaks in cells exposed to acrolein at higher
concentrations [34]. Another study demonstrated
that treatment of rat hepatocytes with acrolein (0.5—
2 mg/ml) resulted in TM which was not different
from those of control values. The study also showed
that acrolein caused characteristic DNA spots image
with small, highly condensed areas within the other-
wise circular DNA spots. The condensed areas are
probably the consequence of known DNA and
protein cross-linking activities of acrolein [35]. In
our study, we indicate the induction of DNA strand
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Figure 4. Effect of acrolein-induced cytotoxicity in HepG2 cells
measured by MTT assay. The cells were treated with different
concentrations of acrolein for 24 h. Values are the mean+SD of
three independent experiments (z=3); ** indicates statistical
significance as compared to control, p <0.01.
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breaks at lower concentrations and DPC formation at
higher concentrations.

The SCGE assay is a sensitive test for the
measurement of DNA damage in individual cells. In
contrast to many different DNA damage that lead to
increased DNA migration in the SCGE assay, DPC
and DDC are the only known DNA modifications
that cause an actual decrease in DNA migration. In
the present study, proteinase K-modified SCGE
assay showed the ability of acrolein to induce the
formation of DPC in HepG2 cells. However, we
cannot exclude a contribution of inter- and intra-
strand DDC observed by acrolein [36].

Using DCFH as a fluorescene probe, our result
clearly showed that the formation of intracellular
ROS was significantly increased in cells exposed to
acrolein at higher concentrations (50-100 pm). ROS
can damage DNA and lead to genotoxicity [37], it is
possible to infer that ROS may play an important
role in the induction of acrolein-DNA damage. In
addition, acrolein may exert its detrimental effect
through ROS formation and lipid peroxidation
[16,21,38]. Mitochondria are one of the most
important cellular sources of ROS production and
are particularly susceptible to oxidative stress [39]. It
has been shown that acrolein-induced mitochondrial
oxidative stress is due to the increased production of
ROS [20,40].

GSH is the major intracellular antioxidant, which
serves as a substrate for GSH peroxidase to degrade
hydrogen peroxide to H,O and also acts as a free
radical scavenger [41]. In the present study, a
decrease of intracellular GSH was observed in
HepG2 cells exposed to higher concentrations of
acrolein (25-100 pm). Acrolein can react with the
sulphydryl group of GSH via a Michael-type addition
reaction, resulting in the formation of covalently
bound aldehyde group and the loss of sulphydryl
[1]. The studies of Eisenbrand et al. [42] suggest that
intracellular GSH may protect against the DNA
damage induced by acrolein. These observations
indicate that acrolein can enhance oxidative stress
by disrupting intracellular GSH.

8-oxodGuo is generally used as an index to
examine the oxidatively generated DNA damage
[43]. It can pair with adenine as well as cytosine
and cause G:C to T:A transversions during DNA
replication [44]. Our result demonstrated that acro-
lein at the highest tested concentration (25-100 pm)
was capable of inducing a dose-dependent increase in
the staining intensity of 8-oxodGuo in HepG?2 cells.
Our data do not exclude inhibition in the repair of
this damage. For example, Yang et al. [34] reported
previously that acrolein inhibits the repair of gamma-
irradiation-induced DNA damage.

In our study, we suggest that oxidative stress is, at
least in part, responsible for DNA damage caused by
acrolein. However, another evidence indicates that

acrolein-DNA adducts exist as intermediates along a
pathway of formation for DPC [45]. In view of the
reactivity of acrolein, the most likely mechanism for
the formation of DPC is alkylation. Further study is
needed to determine whether oxidative stress in-
duced by acrolein is related to the formation of
DPC.

Oxidative stress refers to a serious imbalance
between production of reactive species and antiox-
idant defence [43]. There are several hypotheses
which can be put forward for the origin of the
observed oxidative stress. For instance, acrolein
induced the generation of oxygen radicals, such as
superoxide anion and hydroxyl radicals in the pre-
sence of xanthine oxidase [16,46]. Acrolein induced
diminished levels of antioxidants, such as GSH. In
addition, oxidizing properties of acrolein could be
responsible for the oxidative stress, although the
underlying mechanism is not clear.

Acrolein has been shown to interact with nucleo-
philes, including DNA and protein in cells [1]. The
major adduct generated by the reaction of acrolein
with DNA is 8-hydroxy-1,N2-propano-2'-deoxygua-
nosine [47]. Immunoassays have demonstrated 1,N*-
propano-2'-deoxyguanosine adducts in the DNA of
Salmonella typhimurium tester strains and cultured
CHO cells exposed to acrolein [48,49]. These
adducts were also detected in DNA extracted from
rat and human liver [47,50].

The mechanisms of mutagenicity of acrolein have
been examined previously in Salmonella ryphimurium
[48] and Escherichia coli [51], where it has been
shown to induce the formation of DNA adducts in a
dose-dependent manner. Acrolein-DNA adducts in-
duce mainly G:C to T:A transversions in human
DNA, the major type of mutations found in the p53
gene in cigarette smoke-related lung cancer [52].
Together with the results of our present study, we
infer that various mechanisms may contribute to
acrolein-induced DNA damage.

In conclusion, we conclude that the DNA damage
of acrolein is mediated by the formation of ROS and
depletion of GSH, which cause oxidatively generated
DNA damage, formation of DNA strand breaks and
DPC.
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