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Summary
Oxidative damage in the vascular system has been linked to the
development of atherosclerosis. The aim of the present study
was to establish a cell culture model for the investigation of in
vitro induced oxidative DNA injury, its modulation and repair
kinetics. Primary cultures of human coronary artery smooth
muscle cells were used as target cells. The cells were exposed to
hydrogen peroxide (H202). DNA damage was quantified by the
alkaline single-cell gel electrophoresis assay (comet assay).
This method allows quantification of DNA single and double
strand breaks and of alkali-labile sites in individual cells. In the
present study H202 concentration-responses and dependence of
damage on exposure time and temperature were evaluated and
the repair kinetics were studied. The results show that this cell
culture model can be employed to study oxidative DNA injury
in the cells of the human cardiovascular system, a promoter
of cardiovascular disease. Further it offers the possibility to
investigate pharmacological modulators of such oxidative
effects. Such modulators are antioxidants like vitamin C and E,
steroid hormones, phytoestrogens, or synthetic agents. Today,
pigs, rabbits or rats are used to test systemic and local admin-
istration 0/ the named modulating substances, the latter by use
of special catheters or stents placed inside the arteries. These
experiments require treatment observation over a number of
weeks and killing of the animals at the end of the experiment.
By using the proposed cell culture model such anima I experi-
ments could be partly avoided.

Zusammenfassung: Etablierung eines in vitro Models zur
Untersuchung von oxidativen DNA-Schädigungen in mensch-
lichen koronaren glatten Muskelzellen
Oxidative Prozesse in der Gefäßwand werden ursächlich mit
der Atherogenese in Verbindung gebracht. Ziel unserer Arbeit
war es, ein Zellkulturmodell zu etablieren, in dem in vitro
induzierte oxidative DNA Schädigungen, ihre Beeinflussung
sowie ihre Reparaturkinetik untersucht werden können. Als
Zielzellen wurden Primärkulturen von humanen koronaren
glatten Muskelzellen eingesetzt. Die DNA Schädigung wurde
zunächst mit Hydrogenperoxid (H202) induziert und mit der
alkalischen Einzelzell-Gelelektrophorese- Technik (comet assay)
quantifiziert. Diese Methode ermöglicht es, die DNA Einzel-
strang- und Doppelstrangbrüche sowie alkalisensitive Stellen
in einzelnen Zellen zu erfassen. In der vorliegenden Studie wur-
den Konzentrations-Wirkungs-Beziehungen der DNA Schäden
in Abhängigkeit von der Expositionszeit und Temperatur, sowie
die anschließende Reparaturkinetik untersucht. Die Ergebnisse
zeigen, dass dieses Zellkulturmodell für die Überprüfung der in
vitro induzierten oxidativen DNA Schädigung in den Zellen
menschlicher Koronararterien geeignet ist. Damit steht ein
Modell für die Untersuchung dieses ursächlichen Teilaspektes
bei menschlichen Gefäßwandveränderungen zur Verfügung,
das auch für Fragestellungen der Modulation der oxidativ
induzierten Prozesse eingesetzt werden kann. Als Modulatoren
geeignet sind beispielsweise aruioxidativ wirksame Substanzen
wie die Vitamine C und E, menschliche und pflanzliche Östro-
gene sowie synthetische Agenzien. Diese Substanzen werden
in Tierversuchen (Schweinen, Ratten und Kaninchen) derzeit
systemisch oder auch lokal appliziert, letzteres durch Einbrin-
gen der Agenzien mittels bestimmter Katheter und beschichteter
Stents. Diese Experimente haben eine mehrwöchige Behand-
lung, Beobachtung und letztendlich Tötung der Tiere zur Folge.
Durch Einsatz dieses Zellkulturmodells wird es möglich sein,
auf einen Teil dieser Tierversuche zu verzichten.
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1 Introduction

Cardiovascular diseases (CVD) are still
the leading causes of death in North
America and Europe. The major pathology
of CVD is atherosclerosis, an occlusive

condition that develops in small vessels
like coronary and cerebral arteries. The
principallesion associated with this con-
dition is the atherosclerotic plaque which
arises, partly as a result of cell prolifera-
tion and lipid accumulation, in the

intimal region of the artery wall, between
the single layer of luminal-facing
endothelium and the smooth muscle (me-
dial) layer. The predominant cell type in
plaque is the smooth muscle cell, and
proliferation of smooth muscle cells
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(SMC) is essential to plaques formation
and development (Ross, 1986; Fuster et
al., 1992; Fuster et al., 1992; Davies and
Woolf, 1993; Ross, 1993).
Alterations at the DNA level in cells of

the artery walls may contribute to the de-
velopment of atherosclerosis as well, The
idea of a monoclonal origin of smooth
muscle cells involved in the formation of
the atherosclerotic plaque originated
from Benditt and Benditt as a result of
their comparing observations in
atherosclerotic and non-atherosclerotic
human vessel walls (Benditt and Benditt,
1973). While modern concepts of
atherosclerosis development have turned
from a mechanistic "response to injury
hypothesis" to immunological and in-
flammatory interpretations (Ross, 1999),
systematic investigations on genetic
alterations/mutations in this regard are
still rare (Penn et al., 1986; Penn, 1990;
Spragg, 1991; Andreassi et al., 2000;
Binkovä et al., 2001). Such alterations
can be partially initiated by genotoxic
action of environmental ehernieals or ox-
idative damage induced by ROS (reactive
oxygen species). ROS production is as-
sociated with normal cellular metabolism
as well. ROS mayaIso be generated by
exogenous sources like ionising and UV
radiation and a number of xenobiotics
(Janssen et al., 1993; Kehrer, 1993).
Studies over the last 20 years have

demonstrated that ROS may play an
important role in the pathogenesis of a
variety of diseases and disorders
including aging, neurodegeneration,
cardiovascular disease and cancer
(Farber et al., 1990; Janssen et al., 1993;
Kehrer, 1993; Lieber, 1998). We
therefore wanted to establish a cell
culture model for further investigations
on ROS-induced DNA damage, repair
kinetics, and possible pharmacological
modulation of such oxidative effects in
cardiovascular target cells. In this first
step we used primary cultures of human
coronary artery smooth muscle cells.
Oxidative DNA damage was induced by
standardised hydrogen peroxide treat-
ment. The amount of DNA damage was
quantified by determination of DNA
single and double strand breaks (DNA-
SSB and DSB) and of alkali-labile sites
in individual cells, using the alkaline
single-cell gel electrophoresis assay
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(comet assay) (Singh et al., 1988; Singh
et al., 1991; Rojas et al., 1999; Singh,
2000; Tice et al., 2000).

2 Methods

2.1 Cell culture
Cryopreserved normal human coronary
artery smooth muscle cells from a 58
year old male were purchased from
BioWhittaker Europe at third passage.
The experiments were performed only
with cells from one donor. For the stock
culture the cells were initially cultured in
smooth muscle growth medium
(SMGM-2 Bullet Kit™, BioWhittaker,
Europe) in 25 cm- bottles (Nunc,
D-Wiesbaden) following the supplier's
directions, trypsinised with a ready-made
trypsin solution (Reagentl'ack-",
BioWhittaker, Europe) and cryopre-
served. All experiments were performed
on cells at passage 5-7 which were
cultured in growth medium consisting of
Dulbecco's modified Eagle Medium and
nutrient mixture Ham's F-12
(DMEM/Ham's F-12, 1:1 mixture;
Biochrom KG) supplemented with 10%
pre-tested fetal bovine serum, 4 mM L-
glutamin and 100 lU/mi penicillin and
streptomycin and 0.25 ug/ml ampho-
tericin B.

2.2 Treatment with hydrogen
peroxide (H202)

Smooth muscle cells (SMC) were seeded
in triplicate in 24-well plates (10.000-
20.000 cells/well in 2 ml growth medi-
um). Exponentially growing cells (about
80% confluence) were washed with 2 ml
HEPES buffered saline (UltraSaline A,
BioWhittaker, Europe) and incubated for
10 minutes at 20°C or 37°C with 25 ).IM
- 100 ).IMH20Z applied in 0.4 ml Ultra-
Saline A. After treatment the cells were
washed twice, trypsinised, centrifuged
(300g, 7 min), resuspended in medium
and immediately used for the comet
assay. Cell viability was monitored by
trypan blue exclusion. In all experiments
the percentage of dead cells was below
10%.
For the investigation of the damage

repair kinetics the cells were exposed to
H20Z for 10 min at 20°C, then washed
twice, trypsinised, embedded in agarose

on a microscope slide, and lysed imme-
diately as described before (0 minutes) or
allowed to incubate in 2 ml of fresh cu1-
ture medium for aperiod of 30, 60 and
120 minutes at 37°C and 5% COz.

2.3 Alkaline single-ce 11gel
electrophoresis assay (comet
assay)

The comet assay was performed as
described by Singh et al. with slight
modifications (Fig. 1) (Singh et al.,
1988). Briefly, a level thin layer of
agarose gel was prepared by dipping the
slides in 1% warm agarose in PBS. 15 ).11

cell suspension (1-2 x 104 cells) were
mixed with 85 ).11 of 0.5% low melting
point agarose (LMPA) in PBS, placed on
the first agarose gellayer, levelled with a
cover slip, and allowed to solidify at 4°C
for 5 minutes. The cover glass was
removed and a third layer of 0.5% LMPA
(100 ).11) with a cover glass was then
applied. After the agarose solidified, the
cover glass was removed and the glass
slide was submerged in a lysis solution
(2.5 M NaCl, 100 mM EDTA, 10 mM
Trizma Base, 1% sodium sarcosinate, 1%
Triton X-100, 10% DMSO; pH 10) and
kept for at least 60 minutes at 4°C to lyse
the cells. The slide was transferred to an
electrophoresis gel box filled with alka-
line electrophoresis buffer (300 mM
NaOH, 1 mM EDTA; pH 13) for 20
minutes at room temperature to allow
unwinding of DNA. Electrophoresis was
conducted for 20 minutes at 25 V (0.8
V/cm) and 300 mA. Slides were washed
in neutralisation puffer (0.4 M Trizma
Baser, pH 7.5) for 15 minutes and fixed
in absolute ethanol for 5 minutes. The
dried slides could be stored in the dark
for several weeks. Before analysis the
slide was stained with 50 ).11 ethidium
bromide (20 ug/ml in distilled water) and
covered with a cover slip.
Observations were made using a Zeiss

fluorescence microscope (l60x magnifi-
cation) with excitation filter 515-560 nm
and barrier filter 590 nm attached to a
CCD camera. The extent of DNA migra-
tion was analysed using an image analy-
sis system (Kinetic Imagining Ltd., U.K.,
Version 2.4). The comet assay operates
on the principle that DNA strand breaks
create smaller DNA fragments that
migrate more rapidly than intact DNA in
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Fig. 1: Scheme of the principle of the comet assay.
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an electric field. The rapidly migrating
DNA forms a comet-shaped tail, which is
morphologically distinct from the round
head containing intact DNA (Fig. 2).
The comet assay essentially reftects

the displacement of ftuorescence from
the comet head to the tail in damaged
cells. The tail moment (TM) has been
found to be the most informative feature,
providing the best description of the
overall damage to the nucleic DNA. It

has been defined as the product of the per-
centage of DNA in the comet tail multi-
plied by the taillength (Olive et al., 1990).

2.4 Statistical evaluation
The statistical analysis was performed as
recommended in the literature (Speit and
Hartmann, 1999; Tice et al., 2000). For
each cell the TM was calculated and the
median of the 50 randomly selected
cells/experimental point was determined.

The mean TM (± standard deviation, SD)
from 2-7 single independent experiments
was calculated. Each replicate experi-
ment was performed on a different day
with separately cultured cells.
Threshold for DNA damage: Under

normal conditions (control) 11± 4% of
a11 ce11s show TM values >4.0
(mean±SD; n=13 experiments). Such
cells are considered significantly dam-
aged and a TM value of 4 can be applied

control

Fig. 2: Photomicrograph of human coronary artery smooth
museie cells after single cell gel electrophoresis as described
in Material and Methods.

The cell nucleus of a non-treated control is round, indicating
absence of DNA strand breaks. Cells after treatment with 50 or
100 IJM of hydrogen peroxide show a comet, indicating presence
of strand breaks.
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as the mmimum value for defining
significant DNA damage. Differences
between a non-exposed control group
and H2ü2 treated cells were tested for
significance (p<0.05) using Student's
t-test. Pair-wise comparison of each dose
group against the concurrent control to
identify significant effects was recom-
mended by Tice et al. (Tice et al., 2000).

3 Results

3.1 Concentration-dependent
DNA damage

Significant DNA damage could be repro-
ducibly induced in coronary artery
smooth musele cells in a dose-dependent
manner by treatment with H2Ü2 at con-
centrations of 25,50,75, and 100 uM for
10 minutes (Fig. 3). 100 pM H2ü2 treat-
ment resulted in damage to all cells. Un-
der different temperature conditions of
20°C and 37°C the amount of damaged
cells was comparable.

3.2 Exposition time-dependent
DNA damage

Aseparate investigation with 50 pM
H2ü2 treatment confirmed the observa-
tion that DNA damage could be induced
comparably at 20°C and 37°C (Fig. 4).
However, the time of exposition had a
significant influence on the grade of
DNA damage and showed different
kinetics at the different temperatures.
At 20°C the grade of DNA damage
increased from 0 to 5 to 10 minutes and
decreased during 30 minutes of ex-
posure. At 37°C the grade of DNA
damage increased only over the first 5
minutes and decreased after 10 minutes
and 30 minutes.

3.3 Repair kinetics
Focussing on DNA repair kinetics
(Figure 5) again the amount of damaged
cells correlated with the concentration of
H2ü2 (treatment over 10minutes at 20°C).
The rate of DNA repair, investigated over
30 to 120 minutes, depended on the
initial grade of damage. The slowest
DNA repair occured after treatment with
200 pM H2Ü2.However, after 120 min-
utes post-incubation in 37°C with fresh
culture medium all cell sampies initially
damaged with 50, 100 or 200 pM H2Ü2,
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were repaired to a grade that was not sig-
nificantly different from the control.

over 5, 10 and 30 minutes. The influence
of different temperatures (20°C or 37°C)
was only slight. DNA repair depended on
the initial grade of H2ü2 induced damage
and was completed after 120 minutes.
Target cells in these experiments were
human coronary artery smooth musele
cells which play a key role in human
atheroselerosis (Fuster et al., 1992a;

4 Discussion

In this cell culture study significant DNA
damage could be induced dose-depen-
dently with 25-200 pM H2ü2 treatment
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Fig. 3: Pereentage of damaged human eoronary artery smooth museie eells after
treatment with varying doses of hydrogen peroxide as deseribed in text. Values are
means (± SO) of 2-7 independent experiments.

0 ...•...•---

Control 5 min 10 min 30 min

time after H202 treatment
Fig. 4: Response of human eoronary artery smooth museie eells to treatment
with 50 IJM of hydrogen peroxide at 20°C and 37°C for 5-30 minutes. Values are
means (± SO) of 2-7 independent experiments.
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Fuster et al. , 1992b; Ross, 1993). The
current idea is that vascular smooth mus-
cle cells from the medial tissue - due to
a stimulatory effect - migrate to the
intimal vascular tissue where they pro-
liferate and produce connective tissue.
Altered DNA capable of causing the cell
transformation and proliferation has been
found in atherosclerotic lesions of human
coronary arteries (Penn et al., 1986). Re-
cently, significantly higher DNA adduct
levels have been found in the thoracic
aortas of sudden death subjects with
frequent atherosclerotic changes in the
whole body compared with the samples
from subjects with rare atherosclerotic
changes (Binkova et al., 2001). Another
clinical trial found that coronary artery
disease in humans is a condition charac-
terised by and correlating with an in-
crease of DNA damage in peripheral
blood lymphocytes (Botto et al., 2001).
Therefore it is of interest, whether free
radicals and reactive oxygen species
(ROS), which are frequently found
metabolites in the human organism, con-
tribute to such serious alterations (Farber
et al., 1990; Janssen et al., 1993; Kehrer,
1993; Gutterige, 1994). Oxidative
lesions in DNA caused by ROS or H202
(which was used for reasons of repro-

ducibility in our experiments) are DNA
single strand breaks (SSB) and double
strand breaks (DSB), cross linking of
DNA, alkali labile sites and base damage
(Janssen et al., 1993). Double strand
breaks (DSB) are more important but
less frequent lesions in DNA. Their
repair is complicated and even a few un-
repaired breaks lead to cell death (Can-
toni et al., 1996).
DNA single strand breaks (SSB) and

alkali labile sites are easiest to detect and
make up by far the largest numbers of
lesions in DNA in general. Among
numerous techniques for their estimation
the most sensitive is the alkaline micro-
gel electrophoresis technique known as
the single-cell gel electrophoresis assay
or comet assay, first introduced by Singh
et al. (Singh et al., 1988).
Eucaryotic DNA molecules are several

centimeters in length and they are tightly
condensed to be accommodated within
the confines of the 5-10 11mwide nucleus.
If breaks occur in the DNA strands, the
supercoiled chromosomal DNA relaxes,
and this damage can be monitored by
microgel electrophoresis (Östling and
Johanson, 1984). The introduction of
alkaline conditions prior to and during
the electrophoresis to unwind the-Control

100 -50 ~M-100 ~M
200 ~M

~ 80
Q)
o
"0
CU 60
C)
m
E
m 40"0
'::f2.
0

20

0
o min 30 min 60 min 120 min

time after H202 treatment

Fig. 5: Repair kinetics of DNA damage induced in human coronary artery smooth
muscle after treatment with 50-200 ~M of hydrogen peroxide for 10 minutes at 20°C.
Following treatment, cells were either trypsinised and Iysed immediately (0 minutes) or
allowed to incubate in culture medium for aperiod of 30-120 minutes Values are means
(± SO) of 2-6 independent experiments. After 120 minutes incubation at 37"C the percent
of damaged cells in treated groups was not significantly different to the control.
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condensed nuclear DNA increases the
sensitivity for detecting DNA damage
and forms the basis of widely used comet
assay protocols (Singh et al., 1988).
Comet assay is increasingly used in

diverse applications such as genotoxicity
testing, DNA damage and repair studies,
environmental biomonitoring, human
population monitoring and clinical appli-
cations (Rojas et al., 1999; Speit and
Hartmann, 1999). Sensitivity and speci-
ficity of the test are considered to be very
high and recommendations for the
conduct of the comet assay in genetic
toxicology have been published recently
(Singh, 2000; Tice et al., 2000).
The aim of our present in vitro study

was to establish a cell culture system for
investigations of oxidative DNA damage,
repair kinetics, and their possible
pharmacological modulation in coronary
artery smooth muscle cells. In these first
experiments we found that significant
DNA damage could be induced with 50
)lM H20Z after 5 minutes of treatment.
After 10 minutes (at 37°C) or 30 minutes
(at 20°C and 37°C) of treatment de-
creasing amounts of DNA damage were
seen which can be explained by the start
of repair processes (Figure 4). During
the treatment the H20Z concentration
also decreased due to inactivation and
disaggregation. DNA damage induced by
10 minutes exposition with 50-200 uM
H202 at 20°C was completely repaired
(when compared with controls) after 120
minutes of cultivation with medium at
37°C (Fig. 5).
The introduced cell culture model

offers a variety of opportunities to work
systematically on questions of potential-
ly ROS-induced and mutagenic aspects
of human coronary atherosclerosis and
their modulation by pharmacological
treatment. Steroid hormones like l7ß-
estradiol (Finking et al., 2001) or phyto-
estrogens (Finking et al. , 1999) which
have antioxidant properties can be inves-
tigated as modulators. It has frequently
been demonstrated that such agents are
antiatherogenic and antiproliferative in
mouse (Sullivan et al., 1995), rat (Oparil
et al., 1997), rabbit (Hanke et al., 1996;
Finking and Hanke, 1997; Finking et al.,
2001), pig (Shi et al., 1996), and primate
(Holm et al. , 1998) animal models as
well as in organ culture experiments
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(Vargas et al., 1993; Finking et al., 1999;
Finking et al., 2000). Other potent an-
tioxidative agents to be investigated are
vitamin C and E or artificial antioxidants
like probucol (Bhavnani et al., 2001).
However, experiments with rabbits, be-
cause of their complexity, yield rather
controversial results regarding antioxida-
tive vitamin actions and their potential in
vivo effects (Upston et al., 2002; Yoshida
et al., 2002). This should be a reason to
carry out more investigations on distinct
pathophysiological aspects using a suit-
able cell culture model first.
Current animal experiments try to in-

crease concentrations of modulating
agents at the target site by local intravas-
cular administration using special
(balloon) catheters or stents (Gershlick,
2002). Special targets of treatment are
vessels with hypercholesterolemia-
induced atherosclerotic alterations (Tepe
et al., 2002) and those vascular sites after
mechanical (i.e. by vasodilation) injury
(Kalinowski et al., 1999; Yoon et al.,
2002; Chandrasekar et al., 2001) or after
surgical intervention (Motomura et al.,
1997). These experiments, too, require
treatment and observations over weeks
and regular killing of the animals at the
end of the experiment.
Oxidised LDL-cholesterol is the most

important agent causing hypercholes-
terolemia-induced atherosclerotic and
proliferative alterations. Little is known
about DNA damage as a promoting
process. Until today animal experiments
focus on these alterations. As an alterna-
tive or additional experimental design
our present cell culture model may
partly avoid these animal experiments.
Experiments on vascular injury may be
of interest as weIl because ROS are
frequently found under inflammatory
conditions. ROS contribute to DNA dam-
age and proliferation, too. In order to
standardise our cell culture model hydro-
gen peroxide (H202) was used as the
oxidative agent. H202 represents one
important and frequently found reactive
agent in human and animal organisms.
However, in further experiments oxidised
LDL-cholesterol can also be used in order
to investigate another ex vivo derived
oxidant. Using this cell culture model it
may be possible to get more important
insights into oxidative, mutagenic actions
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in smooth muscle cells involved in
atherogenesis. Pharmacological strategies
to modulate these oxidative and muta-
genic effects can also be investigated.
Thus, animal experiments in this field
using systemic or local drug administra-
tion can be partly reduced or avoided.
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