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Abstract

Epirubicin fights cancer through topoisomerase II inhibition, hence producing DNA strand breaks that finally lead to cell
apoptosis. But anthracyclines produce free radicals that may explain their adverse effects. Dexrazoxane—an iron chelator—
was proven to decrease free radical production and anthracycline cardiotoxicity.

In this article, we report the concentrations of cellular 8-oxo0-7,8-dihydro-2'-deoxyguanosine (8-oxo-dGuo) relative to
2'-deoxyguanosine (dGuo), and comet assay results from a study including 20 cancer patients treated with epirubicin. Plasma
concentrations of vitamins A, E, C and carotenoids are also reported. All data were obtained before and immediately after
epirubicin infusion. The ratios of 8-Oxo-dGuo to dGuo were measured in leukocyte DNA by HPLC-coulometry after Nal
extraction of nucleic acids. Vitamins A and E and carotenoids were measured by HPLC-spectrophotometry. Vitamin C was
measured by HPLC-spectrofluorimetry.

Median 8-0xo-dGuo/dGuo ratios increased significantly from 0.34 to 0.48 lesions per 100,000 bases (p = 0.002) while per
cent of tail DNA increased from 3.47 to 3.94 after chemotherapy (p = 0.001). 8-Oxo-dGuo/dGuo and per cent of tail DNA
medians remained in the normal range. Only vitamin C decreased significantly from 55.4 to 50.3 puM (p = 0.013). Decreases
in vitamins A, E, lutein and zeaxanthin were not significant, but concentrations were below the lower limit of the normal range
both before and after chemotherapy. Only the correlation between comet assay results and vitamin C concentrations was
significant (p = —0.517, p = 0.023).

This study shows that cellular DNA is damaged by epirubicin-generated free radicals which produce the mutagenic
modified base 8-oxo-dGuo and are responsible for strand breaks. However, strand breaks are created not only by free radicals
but also by topoisomerase II inhibition. In a previous study we did not find any significant change in urinary 8-oxo-dGuo
excretion after adriamycin treatment. However, 8-oxo-dGuo may have increased at the end of urine collection as DNA repair
and subsequent kidney elimination are relatively slow processes. In another study, authors used GC-MS to detect 8-oxo-dGuo
in DNA and did not find any change after prolonged adriamycin infusion. Reasons for these apparent discrepancies are
discussed.
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Epirubicin belongs to anthracyclines, a family of
potent anticancerous drugs [1] that act by inhibit-
ing topoisomerases which are indispensable for
DNA replication and cell division [2,3]. DNA
topoisomerases are nuclear enzymes, which induce
transient DNA breaks thus allowing DNA strands
or double helices to pass through each other. Type I

enzymes induce single stranded cuts in DNA, and
type II enzymes cut and cross through double
stranded DNA. DNA toposisomerases regulate
DNA coiling and supercoiling necessary for DNA
to be stored in a small volume in non-dividing cells,
and allow the release of supercoiled DNA that is
required for its transcription. Anthracyclines must
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intercalate into the DNA coils to be active [4] and
to stabilise an intermediate reaction in which DNA
strands are cut and covalently linked to tyrosine
residues of the enzyme. Since anthracyclines act on
cell division, their primary targets are perpetually
dividing tissues and especially cancerous tissues.

Besides their anticancerous action, anthracyclines
are also potent free radical generators. Indeed, the
reduction of the central quinone gives rise to a
semiquinone free radical. Flavoproteins favour the
formation of semiquinone radicals by taking up
electrons from NADH and NADPH and transferring
them to anthracyclines. Reduction of oxygen to
superoxide regenerates the parental anthracycline
molecule [5]. In the presence of superoxide dismutase
(SOD), superoxide can form hydrogen peroxide. The
semiquinones can bind iron and thus produce the
highly toxic 'OH from superoxide and hydrogen
peroxide through the Haber—Weiss cycle. OH radicals
cause DNA damage [6], lesions to membranes and to
various cell structures [7]. Free radicals generated by
anthracyclines are thought to play a major role in their
adverse effects, particularly in cardiomyopathy [8—11]
and chemotherapy-induced leukaemia [12,13] that
occur in anthracycline-treated patients. Dexraz-
oxane—an iron chelator—decreases iron-mediated
free radical formation thus protecting the heart from
the effects of anthracyclines without decreasing their
effectiveness on cancer [14—16]. Epirubicin is a
semisynthetic derivative of doxorubicin that produces
fewer free radicals while preserving its anticancer
action [17]. These facts, and the experiments of Liu
et al. [18] who found that free radicals were not
involved in the action of Idarubicin on leukaemia cells,
suggest that free radicals play only a small role in the
anticancer action of anthracyclines.

Electron micrographs show that cardiomyocyte
damage due to epirubicin consists of loss of
myofibrils together with separation of the intercalated
disk and dilation of the sarcotubular system [19]. In a
cultured cardiomyocyte model, the antioxidants
a-phenyl-tert-butyl-nitrone, trolox and 5-aminosa-
licylic acid provided protection against the oxidative
stress induced by adriamycin [20]. Kumar et al. [21]
reported that adriamycin increased the number of
apoptotic cardiomyocytes, caused nucleosomal frag-
mentation and DNA ladder formation. These authors
found that these alterations were reduced by trolox
and suggest that these were mediated by free radicals.
These findings are consistent with a deleterious role
of anthracyclines through DNA damage, which is
subsequent to oxygen radical attacks on the
nucleic acids.

8-0x0-7,8-dihydro-2/-deoxyguanosine (8-oxo-
dGuo), the C-8 product of 2’-deoxyguanosine
(dGuo) hydroxylation, is one of the most frequent
oxidative lesions to DNA [22]. Hydroxyl radicals
generate multiple products from all four bases, whereas

singlet oxygen preferentially alters dGuo, particularly
through 8-hydroxylation [23,24]. 8-Oxo-dGuo is a
mutagenic DNA alteration as it forms G-T and A-C
substitutions [25], and is able to activate oncogenes
[26]. The comet assay detects strand breaks produced
by hydroxyl radicals, and also the few strand breaks
produced by topoisomerase inhibition.

In this paper, we compare and discuss the
measurement of two DNA lesions—8-ox0-dGuo
expressed as a concentration relative to that of
dGuo, and DNA strand breaks detected by the
comet assay—in 20 cancer patients who were treated
with epirubicin. Urinary oxidative DNA lesions have
previously been reported in adriamycin-treated
patients [27], but 8-0xo-dGuo and comet assay data
have never been compared in the cellular DNA of
adriamycin-treated patients. This study is aimed to
assess cellular DNA damage that could be caused by
epirubicin treatment and to investigate the influence
of antioxidant vitamins on the extent of DNA damage.

Patients, materials and methods
Patients

Twenty female patients presented with breast cancer
were included in the study, and 5ml of blood were
drawn before and after the 2-h venous epirubicin
infusion. All patients received 100 mg epirubicin/m?
of body area, except two who received only 75 mg/m?.
To avoid cumulative effects, samples were collected
during the first course of epirubicin. Epirubicin was
combined with cyclophosphamide in all patients
(715-1000 mg) and 5-fluorouracil (715-1000 mg).
Patients were 41—73 years of age (median 54.5 years);
their mean BMI was 25.5 (SD = 4.87).

Controls were 15 healthy women from the
laboratory staff, 35—65 years of age.

Procedures used in this study strictly complied with
the Helsinki conference guidelines for research on
human beings. The patient’s routine treatment was
not modified by the present study.

Materials

Apparatus. Vitamins were measured with a Biotek-
Kontron HPLC system (Biotek-Kontron, Montigny le
Bretonneau, France) which consisted of a 525
gradient pump, 482-column oven, a 565 auto-
sampler, a 540-diode array detector, an SFM 25
fluorescence detector and a Geminyx data station.

8-Ox0-dGuo and dGuo were measured with a
Biotek-Kontron HPLC system which consisted of
a 422 pump, a pulse dampener, a 482 column oven, a
460 auto-sampler, an ESA Coulochem II detector
(ESA, Bedford, MA, USA) equipped with a 5011 cell,
a Jasco UV1565 detector (Jasco France, Nantes), and
a 450 Data System.
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Comet assays were performed with a Zeiss
fluorescence microscope under green light. The
microscope was connected to a charge coupled device
(CCD) camera and a computer based analysis system
(Comet Analysis Software, version 4.0, Kinetic
Imaging Ltd., Liverpool, UK) to determine the extent
of DNA damage after electrophoretic migration of
DNA fragments in agar.

Reagents. Fat-soluble vitamins and carotenoids were
separated with a 3 p Adsorbosphere HS C18 150 X
4.6 ID column (Alltech Associates, Inc. Deerfield IL,
USA), and vitamin C was analysed with a 5
Nucleosil 100 AB 150 X 4.6 mm ID column
(Macherey Nagel Sarl, Hoerdt, France). 8-Oxo-
dGuo and dGuo were separated with an Inertsil
ODS 3 250 X 4.6 mm ID column (GL Science,
Tokyo, Japan).

Ultrafiltration was run using Amicon YMT 30
membranes and MPS-1 supporting devices (Grace-
Amicon, Beverly, MA, USA) to remove proteins and
high MW material’s before HPLC analysis.

Methanol, acetonitrile, dichloromethane, hexane,
tetrahydrofuranne and ethanol were purchased from
Riedel-de Haén (Sigma-Aldrich Corp, St Louis, MI,
USA). Retinol, a-tocopherol, B-carotene, 8-oxo-
dGuo, dGuo, RNAse IIIa, RNAse T1 and Nuclease
P1 were purchased from Sigma (Sigma Aldrich
Chemicals, St Louis, USA). Alkaline phosphatase
was purchased from Roche (Roche Applied Science,
Meylan, France).

Low-melting temperature agarose was purchased
from FMC Bioproducts (Rockland, ME, USA),
sodium sarcosinate, ethylendiaminetetracetic acid
disodium salt (Na, EDTA), Tris base, Triton 100 X
and ethidium bromide were purchased from Sigma
Chemical Company (St. Louis, MI), phosphate
buffered saline (PBS) without calcium and mag-
nesium, and RPMI 1640 medium were purchased
from Gibco (Grand Island, NY)

Methods

Blood sampling. Two miillilitres of blood were collected
from each patient in heparinised tubes before and after
the 2-h drug infusion. Blood was rapidly centrifuged
at 2000¢ for 10min, and plasma was aspirated
carefully, and then frozen at —80°C for fat-soluble
vitamin measurements. For vitamin C measurements,
a plasma aliquot was immediately mixed with an
EGTA-Glutathione solution. All aliquots were frozen
and kept at —80°C until analysis.

Blood cells were washed in three volumes of NaCl
solution (0.9%), then re-centrifuged at 4°C for 10 min
and 1000g. Red cells were then lysed with four
volumes of a Tris—EDTA buffer (20 mM, pH 8) and
kept at 0°C for 10 min. Then a first leukocyte pellet

was obtained after a 10-min centrifugation. The pellet
was washed again with 25 ml of the Tris— EDTA buffer
and re-centrifuged. Finally the clean leukocyte pellet
was dispersed in 1 ml of 0.9% NaCl and frozen until
8-0x0-dGuo measurement.

Five hundred microlitres of blood were taken from
all volunteers by venipuncture, immediately stabilised
with 500wl of a mixture of dimethylsulfoxide
(DMSO)/cell culture medium (RPMI 1640) and
frozen to —80°C until analysis by comet assay
according to Hininger [28].

Vitamin measurements. Fat-soluble vitamins and
carotenoids were measured by reversed-phase HPL.C
and diode-array detection using the Steghens method
[29], and HPLC with fluorescence detection was used
to measure total plasma vitamin C [30].

Measurement of 8-oxo-dGuo and dGuo in leukocyte
DNA. DNA 8-ox0-dGuo in leukocytes was measured
by HPLC and coulometric detection using the general
methods described by the ESCODD group [31].
Leukocyte membranes were dissolved at pH 7.5 with
5mM MgCl, and 1% Triton X100. RNAs were then
removed with 50 pg of RNAse III per ml and 10 TU
RNAse T1 per ml. Cell structures were further
destroyed with 1 mg protease K per ml.

Cell DNA was extracted at pH 8, in the presence of
desferrioxamine, Nal 4 mM, and isopropanol, then
washed once with 2 ml isopropanol and then with 2 ml
70% ethanol. DNA was subsequently dissolved in
175 pl of a 100-pM desferrioxamine solution.

DNA was hydrolysed for 1 h with 10 U of nuclease
P1 at 37°C. Nucleotides were dephosphorylated using
8 U of alkaline phosphatase for 1 h at 37°C. Proteins
were removed by ultrafiltration with the MPS-1 Kkits.
The nucleoside solution was then analysed by HPLC.
8-0Ox0-dGuo was measured in the column eluate by
coulometry with a 190-mV potential applied on the
first electrode and a 310-mV potential on the second
electrode, but these voltages could differ slightly from
one electrode to another. Voltamograms were made
once a month to obtain maximum sensitivity and
specificity. dGuo was measured by spectrophotometry
at 280 nm.

The mobile phase was a 50-mM pH 5.5 phosphate
buffer, which contained 12% methanol. HPLC
separations were run at 26°C, under these conditions,
8-0x0-dGuo eluted at 12 min and dGuo at 9 min.

Comet assay. After a quick thawing in a water bath at
37°C, blood samples were centrifuged at room
temperature at 300g for 5min. The cell pellet was
washed twice and then dispersed in a Ca®*t and
Mg™ ™ free PBS solution to obtain about 20,000 cells
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Table I. Markers of DNA damage, serum vitamins and carotenoids in cancer patients before and after chemotherapy (Wilcoxon rank test).

Before chemotherapy After chemotherapy

5th percentile Median 95th percentile 5th percentile Median 95th percentile P
8-0x0-dGuo/10° dGuo 0.037 0.340 1.16 0.128 0.480 1.30 0.002
Comet (%tail DNA) 2.90 3.47 6.34 3.18 3.94 10.7 0.001
Vitamin C (n.M) 6.90 55.4 77.1 5.10 50.3 76.7 0.013
Vitamin A (WM) 0.785 1.39 2.14 0.713 1.29 2.17 0.478
Vitamin E (nM) 16.9 25.5 44.5 17.9 23.5 41.3 0.211
Lutein (nM) 0.0631 0.225 0.472 0.0621 0.204 0.474 0.332
Zeaxanthin (LM) 0.0420 0.0430 0.0895 0.00710 0.0420 0.129 0.777
B-Cryptoxanthin (M) 0.0644 0.182 0.537 0.121 0.182 0.519 0.112
Lycopene (uM) 0.114 0.385 1.18 0.113 0.366 1.17 0.147
a-Carotene (WM) 0.0342 0.139 0.313 0.0361 0.127 0.285 0.387
B-Carotene (LM) 0.113 0.517 3.14 0.125 0.517 3.08 0.227

Free Radic Res Downloaded from informahealthcare.com by Library of Health Sci-Univ of 1l on 11/29/11

For personal use only.

in 60 pl. Comet assays were performed according to
Singh et al. [32], with minor modifications. Thus,
10 pl of fresh or thawed blood were mixed with 110 pl
of 0.6% low melting point agarose in RPMI 1640 at
37°C. Subsequently, 110l of this mixture was
layered onto a coded slide (pre-coated with a thin
layer of 1% agarose and dried), and immediately
covered with a cover glass. Slides were left for 10 min
on ice to allow the agarose to solidify. Gently after
removing the coverglass, slides were immediately
immersed in an ice-cold freshly prepared lysis solution
(2.5M NaCl, 10mM Na,-EDTA, 10mM TRIS
hydroxymethyl—aminomethane, 1% sodium
sarcosinate, 1% Triton 100 X and 10% DMSO, pH
10) to lyse the cells and to allow DNA unfolding. After
1h in the dark at 4°C, the slides were immersed in a
fresh alkaline electrophoretic solution (300 mM
NaOH, 200 mM Na,-EDTA, pH 13) for unwinding
(25min) and then electrophoresed (25V / 300 mA,
25 min). The electrophoretic tank was covered with
black paper to avoid any additional light-induced
DNA damage. After electrophoresis completion, gels
were neutralised in 0.4 M Tris, pH 7.5. The slides
were then stained with ethidium bromide, covered
prior to analysis with a fluorescence microscope under
green light. Results were expressed as percentages of
DNA in the tail (% tail DNA).

Statistical analysis. Results were analysed with the

Table II presents the range of these parameters as
observed in healthy controls. In addition, Figure 1
shows the individual variations of 8-0xo-dG and per
cent tail DNA in patients before and after
chemotherapy.

8-0x0-dGuo/dGuo ratios and per cent tail DNA
increased significantly, but median differences were
larger for comet assays. 8-Oxo-dGuo/dGuo and tail
DNA medians remained in the normal range after
chemotherapy. Serum vitamin C concentrations
decreased significantly after chemotherapy, while
other vitamins and carotenoid concentrations were
not significantly different.

Vitamins A and E, lutein and zeaxanthin were lower
in the patient population than in healthy controls—
both before and after chemotherapy. Per cent tail
DNA was significantly correlated to vitamin C blood
concentration, both before and after chemotherapy
(p=—0.517, p = 0.023).

Discussion

To our knowledge, no previous study has compared
the responses of comet assay and 8-oxo-dGuo/dGuo
in anthracycline-treated patients. While the comet

Table II. Laboratory normal ranges for markers of DNA damage,
serum vitamins and carotenoids (7 = 15).

. . Lower limit Higher limit
SPSS for Windows package (SPSS Chicago, IL, USA)
using Wilcoxon tests and the Spearman correlation 8-0x0-dGuo/10° dGuo 0.117 0.825
coefficient. The non-normal distributions of most of ~ Comet (% tail DNA) 2.08 6.07
the measured parameters did not allow us to use  viamin C (M) 305 925
: p : , Vitamin A (WM) 1.51 2.79
parametric tests. Differences were considered  vyiamin E (uM) 23.9 52.2
significant for a = 0.05. Lutein (u.M) 0.424 1.74
Zeaxanthin (WM) 0.107 0.373
B-Cryptoxanthin (nM) 0.111 0.824
Results Lycopene (M) 0.172 1.19
. . a-Carotene (WM) 0.101 1.19
Results concerning markers of DNA damage, vita-  g_Carotene (WM) 0.202 3.15

mins and carotenoids are summarised in Table I, and
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Figure 1. 8-Ox0-dG/dG and comet assays in patients before and after chemotherapy.

assay detects DNA strand breaks, 8-oxo-dGuo/dGuo
measures more specifically the oxidation of DNA
guanines. We found that both lesions increased
significantly after chemotherapy. However, it should
be mentioned that extraction and hydrolysis pro-
cedures needed for 8-oxo-dG measurements pro-
bably lead to spurious oxidation and an
overestimation of actual radical guanine oxidation.
Hence, the relative increase on chemotherapy will be
underestimated.

As strand breaks can be caused by topoisomerases,
their role should be taken into account when comet
assays are performed in blood cells. Our results are
consistent with the fact that anthracyclines have been
shown to induce DNA ladder formation and DNA
fragmentation in cardiomyocytes [7]. Indeed, 8-oxo-
dGuo formation and strand breaks could be the initial
events of morphological changes observed in nuclei;
alterations to DNA could be too severe for cardio-
myocytes to repair them, and cells then become
apoptotic.

The low concentrations of vitamins A and E, and
the significant decrease in vitamin C concentrations
raises the question of the possible benefit from
supplementation for these patients. Indeed, vitamin
E is known to be a potent antioxidant [33,34], and can
fight free radicals that are generated by epirubicin,
particularly in cell membranes where this vitamin
concentrates. Vitamin C fights ‘'OH radicals [35], and
acts synergistically with vitamin E as it regenerates
tocopherol from the tocopheryl radical which is
formed after tocopherol oxidation by free radicals
[36]. Free radicals produced by epirubicin also alter
vitamin concentrations probably by consuming them.
Plasma vitamin C concentrations not only decreased
significantly after chemotherapy, but also correlated

significantly to comet assays. As suggested by i vitro
experiments [20,21], supplementation with these two
antioxidant vitamins may help patients fighting free
radicals and thus could prevent epirubicin-induced
cardiotoxicity and neoplasm. Lutein and zeaxanthin
were also lower in patients than in controls. These
carotenoids fight singlet oxygen [37], which can alter
guanosine [38].

We could not find any significant correlation
between epirubicin dosages, 8-oxo-dGuo, comet
assays and vitamins, either before or after chemo-
therapy. Indeed, responses to the oxidative stress and
drug action depend not only on plasma vitamin
concentrations but also globally on body defences
against such attacks. These defences include thiol
compounds, proteins, uric acid, some metals and
enzymatic systems and each can vary independently
from one patient to the other.

In a previous article [39], we showed that urinary
5-hydroxymethyluraci, and TBARs increased signifi-
cantly, while vitamins A and E decreased after
doxorubicin infusion. In the present paper we show
that cellular DNA 1is altered by a less aggressive
anthracycline thus inducing a mutagenic alteration of
DNA and causing strand breaks. In this study, the
decreases in vitamins A and E concentrations were not
significant even though they were in our first study.
This may be explained by a lower aggressiveness of
epirubicin compared to doxorubicin as described
elsewhere [40]. In a second study [41], we measured
urinary 8-oxo-dGuo and 5-hydroxymethyluracil in
adriamycin-treated patients and found no increase in
8-0x0-dGuo. This apparent discrepancy with the
present results is not surprising, since repair of 8-oxo-
dGuo in DNA (and its elimination in urine) is
relatively slow.
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Recently, Doroshow and colleagues measured
several doxorubicin-induced lesions by GC-MS [42],
and found no increase in 8-oxo-deoxyguanine.
Unfortunately, these authors used azathymine as
internal standard, while at such levels of concentration
GC-MS accuracy requires internal standards labelled
with stable isotopes. The chemical DNA hydrolysis
[43,44] and derivation processes that are needed
before GC-MS measurement are known to oxidise
guanine moieties [45,46].
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