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Abstract—The sesquiterpene lactone eupatoriopicrin (EUP) from Eupatorium cannabinum L. has been
shown to be cytotoxic in a glutathione (GSH)-dependent way. In order to assess possible DNA damage
as a cause for cell death, the study reported was initiated. After 2 hr incubation of Ehrlich ascites tumour
cells with EUP, the DNA damage, determined by the use of an alkaline DNA unwinding method,
followed by hydroxylapatite column chromatography of degradated DNA, was observed at con-
centrations only slightly higher than those causing cell death in a clonogenic assay. The amount of EUP,
requested to demonstrate DNA damage after a 24-hr post-incubation period lay within the concentration
range that was effective in the clonogenic assay (1-10 ug/ml). Glutathione (GSH) depletion of the cells
to about 99%, by use of buthionine sulphoximine (BSO), enhanced the extent of DNA damage. It is
concluded that EUP-induced DNA damage may play a role in the observed cytotoxicity.

The cytostatic activity of eupatoriopicrin (EUPS;
Fig. 1), a sesquiterpene lactone from Eupatorium
cannabinum L., has been described in several in vitro
and in vivo studies, performed in our laboratory [1~
4]. The mechanism of action of this compound is
unclear. Interference of cytotoxicity with the cellular
antioxidant glutathione (GSH) has been observed
[5,6].

The purpose of this study was to determine
whether treatment of cells in vitro with EUP can
cause DNA damage. Lesions in DNA may possibly
relate to the cytotoxic action of EUP. The presence
of DNA damage (strand breaks and alkali-labile
sites) in Ehrlich ascites tumour (EAT) cells, exposed
to EUP, was assayed by use of an alkaline unwinding
technique, followed by hydroxylapatite column
chromatography [7, 8].

It is known that EUP affects the level of GSH and
that GSH depletion enhances the cell killing effect
of EUP [5, 6]. To investigate the role of GSH with
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Fig. 1. Structural formula of eupatoriopicrin (EUP).
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respect to EUP-induced DNA lesions, part of the
EAT cells were depleted from GSH before exposure
to EUP.

METHODS

Cell culturing. EAT cells were grown in suspension
culture in RPMI 1640 medium (Flow Laboratories,
Irvine, Scotland), supplemented with 10% fetal calf
serum (Gibco, Paisley, Scotland), 50 ug/ml strep-
tomycin (Mycopharm, Delft, The Netherlands) and
50IU/ml penicillin G (Mycopharm), in a shaking
incubator at 37°, as described in [8]. The doubling
time was 12-14 hr. Exponentially-growing cells were
used in all experiments. The viability of the cells
used in the experiments exceeded 95%, as deter-
mined with Trypan Blue.

DNA labelling. DNA labelling was obtained by
growing the cells (about 1 x 10°/ml) in culture
medium containing 3 uM [*H]thymidine (New Eng-
land Nuclear, Dreieich, F.R.G.) and 5uM
unlabelled thymidine, for a period of 36-48 hr (34
doubling times) [8]. The cells were centrifuged
(5 min, 200 g) and the medium was replaced by fresh
medium containing 5 uM unlabelled thymidine. The
cells were chased for 60-90min, centrifuged and
resuspended in normal growth medium at a density
of about 1 X 10 cells/ml.

Conditions for incubation with EUP. EUP (M, =
362), isolated from Eupatorium cannabinum L.
(Asteraceae) as described in [9], was dissolved in
96% (v/v) ethanol. To study the effect of EUP on
DNA of EAT cells, 25 ul of EUP solution were
added to 2.5ml cell suspension (1 x 10° cells/ml),
yielding final EUP concentrations between 0 and
20 ug/ml. The ethanol present in all samples (1%
(v/v)) was shown not to affect the experiments per-
formed. The suspensions were incubated for 2 hr in
a shaking water bath at 37°. After the incubation
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period the samples were either washed free of exter-
nal EUP and incubated again or placed on ice. Initial
DNA damage was assessed in the samples directly
placed on ice. The possibility of repair of the initial
DNA damage was monitored by post-incubations up
to 24 hr at 37° after exposure to EUP.

Allcellsincubated with EUP were washed twice by
centrifugation (5 min, 200 g, 4°) in drug-free medium
before further treatment.

To deplete cells of GSH, they were cultured over-
night with 500 uM buthionine sulphoximine (BSO:
Chemalog, South Plainfield, U.S.A.), as described
in [10], prior to the treatment with EUP (GSH no
longer detectable; depletion >99%). GSH values
for untreated cells were 20-25 nmol/mg protein.

Determination of DNA damage. DNA damage
(strand breaks and alkali labile sites) was determined
by the method of Ahnstrém and Erixon [7], as modi-
fied by Jorritsma and Konings [8]. Shortly, for the
alkaline unwinding ice-cooled samples of 100 ul
(about 1 x 10° cells) were rapidly mixed with an
alkaline buffer (pH = 12.6) and kept in the dark at
20° for 30 min. After rapid neutralization sodium
dodecylsulphate (SDS) solution was added and the
samples were stored at —20°.

After thawing, the samples were sonicated (20 sec,
50 W) and submitted to hydroxylapatite column
chromatography [8]. Single-strand DNA fractions
(SS) were eluted with 0.150 M Na—phosphate buffer
(pH = 6.8) and double-strand DNA fractions (DS)
with 0.4 M Na-phosphate buffer (pH = 6.8). To
obtain counting gels, Hydroluma (Lumac, Schaes-
berg, The Netherlands) was added. The gels were
allowed to cool and counted in a liquid scintillation
counter.

Damage to DNA was calculated as %DS, using
the formula:

DS x 100%
SS+DS

EUP-induced DNA damage was related to X-ray-
induced strand breaks and expressed as Gy-equiv-
alents [8]. X-irradiation was performed using a Phil-
ips-Miiller MG 300 machine operating at 200 kV and
15 mA at a dose rate of 6 Gy/min. The X-rays were
filtered with 0.5mm Cu and 0.5mm Al. EUP-
induced DNA damage of the BSO treated and non-
treated cells was calculated on the basis of X-ray
dose response curves from parallel experiments.

Determination of cell survival. Cell survival was
determined as colony forming ability of the cells on
soft agar. A total of 1 x 109 cells/m] were incubated
with various concentrations of EUP at 37° for 2 hr.
Further experimental conditions were similar to
those described earlier [6, 8]. Colonies were counted
after about 7 days incubation in a humidified incu-
bator at 37°, gassed with 5% CO,. Plating efficiency
was always higher than 85%.

Statistics. For the statistical evaluation of the data
the unpaired Student’s t-test was used. A P-
value < 0.05 was considered significant.

%DS =

RESULTS

To determine EUP cytotoxicity in terms of cell
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Fig. 2. The effect of EUP on cell survival of EAT cells as
measured by the clonogenic assay. Normal cells (@) and
GSH depleted cells (M) were incubated for 2 hr with dif-
ferent EUP concentrations. For each point the mean value

(N = 3) + SEM (vertical bar) is given.

death, cell survival after EUP exposure was deter-
mined using a clonogenic assay. Progressive killing
was observed after 2-hr incubation with 1-10 ug/ml
EUP (Fig. 2). When cellular GSH was depleted
(>99%), the cells were found to be more sensitive
for the cell killing effect of EUP. The BSO treatment
itself had no cytotoxic effects. With 5 and 10 ug/mt
EUP the surviving fraction of BSO-treated cells was
significantly smaller than of normal cells. The level
of 10% survival was reached with 5.3 ug/mi EUP for
normal cells and 3.2 yg/ml for BSO treated cells
yielding a dose enhancement factor 1.7.

Exposure of EAT cells to the EUP concentrations
used resulted in DNA damage as illustrated in Fig.
3. Immediately after 2-hr exposure to EUP con-
centrations from 15 ug/ml, significant formation of
DNA damage was observed. GSH depletion caused
potentiation of EUP-induced DNA damage induc-
tion. Significant damage induction in GSH depleted
cells was observed after treatment with 10 ug/ml
EUP or more.

To investigate the possibility of repair in normal
as well as in GSH depleted cells, the concentrations
of EUP for both conditions causing iso-damage were
compared, as well as an equal concentration of EUP
(20 ug/ml), with and without GSH depletion. The
initial damage in normal cells, caused by 20 ug/ml
EUP corresponded with the initial damage in BSO
treated cells caused by 10 pg/ml EUP (see Fig. 3),
being ca. 5 Gy-equivalents. DNA damage was
measured between 0 and 90 min of incubation at
37°, after washing the EUP-treated cells. From the
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Fig. 3. Initial DNA damage induction by EUP in EAT
cells. Normal cells (@) and GSH-depleted cells (W) were
incubated for 2 hr with different EUP concentrations and
immediately assayed for DNA damage. For each point the
mean value (N = 6-11) = SEM (vertical bar) is given.

Table 1. DNA damage in normal EAT cells, exposed to

20 ug/ml EUP for 2 hr (A) and GSH-depleted EAT cells,

exposed to 10 ug/m! EUP (B) or 20 ug/ml EUP (C) for
2hr.

Post-incubation

time (min) A B C
0 100 100 226
3 135+ 12 107 =7 192 + 15
7 168 + 34 1035 181 2
15 190 = 50 115+ 10 262 = 16
45 180 + 36 137 £ 12 269 = 16
90 180 = 35 145 = 24 276 £ 12

After a 2-hr incubation period with EUP the cells were
washed, post-incubated 0-90 min at 37° and assayed for
DNA damage. The initial DNA damage (100%) was about
equal (5 Gy-equivalents) for A and B (Fig. 3). The initial
damage of C is expressed as percentage of the initial
damage of A and B (5 Gy-equivalents, 100%). The mean
values (N = 3) = SD are given.

results, listed in Table 1, it can be seen that no
decrease in the amount of DNA damage occurred
during the post-incubation time, but an increase for
all conditions was found. After 90 min more DNA
damage was observed in normal cells treated with
20 ug/ml EUP than in the GSH-depleted cells treated
with 10 ug/ml EUP. Furthermore, the initial DNA
damage in GSH depleted cells, incubated with 20 ug/
ml EUP, was much higher than in untreated cells
incubated with the same EUP concentration.
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Fig. 4. Late DNA damage induction by EUP in EAT
cells. Normal cells (@) and GSH-depleted cells (l) were
incubated for 2hr with different EUP concentrations,
washed, post-incubated 24 hr at 37° and assayed for DNA
damage. For each point the mean value (N = 3-5) = SEM
(vertical bar) is given.

From Fig. 4 it can be seen that the extent of DNA
damage in EAT cells, incubated for 2 hr with a range
of EUP concentrations, followed by a 24-hr period of
post-incubation at 37°, is still enlarged, as compared
with the initial damage (Fig. 3). Already at con-
centrations as low as 5 ug/ml EUP significant DNA
damage could be detected. Again, the BSO-treated
cells appeared to be more sensitive for EUP. The
extensive GSH depletion (>99%) itself did not
induce DNA damage (not shown).

DISCUSSION

DNA is an important target for cell killing caused
by a number of cytostatic acting agents. Several types
of DNA lesions may occur. They include single-
and double-strand breaks, base damage, inter- and
intrastrand DNA cross-links, DNA-protein and
DNA-drug cross-links [11].

The initial DNA damage, i.e. the DNA damage
present immediately after 2-hr exposure of the EAT
cells to EUP (Fig. 3), was measured at supralethal
EUP concentrations, when compared with those
used for the survival experiments (Fig. 2). After
washing the cells, followed by a post-incubation
period at 37°, the extent of DNA damage increased
(Table 1, Fig. 4). Post-incubations up to 24 hr led to
detectable DNA damage, at lower EUP con-
centrations, approaching the concentrations used for
determination of cell survival (e.g. 5-10 ug/ml). On
the other hand, Trypan Blue exclusion performed
on unlabelled EAT cells, incubated with these EUP
concentrations and post-incubated for 24 hr, did not
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reveal cell killing. However, the possibility that the
DNA damage measured here may be a post-mortem
effect, cannot be excluded.

The cellular GSH level, at the time of EUP
exposure, has been shown to have effects on EUP-
induced cytotoxicity on FIO 26 cells in vitro, as well
as on the antitumour effect of EUP in vivo [6]. EAT
cells, depleted >99% of GSH by BSO, showed also
significantly enhanced sensitivity for EUP cyto-
toxicity (Fig. 2). So, this observation is consistent
with the enhanced cytotoxicity of EUP, at com-
parable concentrations, against FIO 26 tumour cells,
depleted of GSH [6]. Chemosensitization for EUP-
induced DNA damage, initial (Fig. 3) as well as on
longer terms (Fig. 4), occurred after BSO mediated
GSH depletion of the cells. This suggests that DNA
damage is involved in EUP-induced cytotoxicity.

It is not known at the moment how EUP may elicit
initial DNA damage. It may occur directly, e.g. via
intercalation, or indirectly, via metabolites of EUP,
EUP-induced free radicals, reactive oxygen or the
action of peroxides. DNA damage may also occur
through the activity of endogenous enzymes of the
dead cells. The EUP-induced DNA damage may be
well-related to the occurrence of lipid peroxidation.
It is known that reactive oxygen intermediates, as
generated in chain reactions during the process of
lipid peroxidation, can cause oxidative DNA damage
[12-15]. Degradation products, generated during this
process, such as malondialdehyde and arachidonic
acid peroxides, are potent inducers of DNA breaks
[16-18). The occurrence of lipid peroxidation in
murine liver and tumour tissue, incubated in vitro
with EUP, was shown recently [19].

Several different mechanisms of action of clinically
applied chemotherapeutics, acting on DNA, can be
distinguished. Alkylating agents (nitrogen mustards,
cisplatin) damage DNA by alkylation of a single-
strand of the DNA or by causing cross-links. Anti-
metabolites disturb the DNA synthesis by inter-
ference with purine or pyrimidine. Natural products,
such as vinca-alkaloids and colchicin are mitotic
inhibitors. Anthracyclin antibiotics (doxorubicin,
daunorubicin, dactinomycin) act via intercalation
and frequently the generation of free radical species
is found in this group [11, 20].

In general, at physiological temperatures, the
majority of radiation-induced DNA damage, as well
as DNA damage induced by several drugs, is repaired
within 2 hr [11, 21]. From our results (Table 1, Fig.
4) it seems that no repair of EUP-induced DNA
damage occurs in EAT cells. The data show an
increase of DNA damage upon post-incubation time.
DNA damage that was not or hardly detectable
directly after certain EUP treatments, became evi-
dent 24 hr later (compare Figs 3 and 4, Table 1).
Apart from the post-mortem effect mentioned
earlier, the increase also suggests the possibility that,
even after the washing procedures, EUP, its metab-
olites or reaction products (lipid peroxidation) are
still present in the cell and as such cause DNA
damage during incubation after EUP had been
washed out. However, the data do not rule out the
possibility of repair of EUP-induced damage to the
DNA. The increase might be a net result of the
balance between DNA repair and further DNA

H. J. WOERDENBAG et al.

damage, the latter being prevalent. The observed
difference between the extent of DNA damage after
90 min post-incubation, caused by 20 ug/ml EUP in
normal and 10 ug/ml EUP in BSO-treated cells, may
possibly be explained in terms of elevated intra-
cellular levels of EUP or its metabolites, under the
first-mentioned condition. The role of GSH in the
extent of EUP-induced DNA damage is obvious
when the damage, caused by 20 ug/ml EUP is com-
pared for normal and GSH-depleted cells (Table 1).

In conclusion, interaction of EUP with EAT cells
leads to damaged DNA. Initial unrepaired damage
or faulty DNA repair may play a role in EUP cyto-
toxicity.
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