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Gentiana asclepiadea and Armoracia rusticana can modulate the adaptive
response induced by zeocin in human lymphocytes
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Zeocin is a member of bleomycin/phleomycin family of antibiotics isolated from Streptomyces verticullus. This
unique radiomimetic antibiotic is known to bind to DNA and induce oxidative stress in different organisms producing
predominantly single- and double- strand breaks, as well as a DNA base loss resulting in apurinic/apyrimidinic (AP)
sites. The aim of this study was to induce an adaptive response (AR) by zeocin in freshly isolated human lymphocytes
from blood and to observe whether plant extracts could modulate this response. The AR was evaluated by the comet
assay. The optimal conditions for the AR induction and modulation were determined as: 2 h-intertreatment time (in
PBS, at 4°C) given after a priming dose (50 pg/ml) of zeocin treatment. Genotoxic impact of zeocin to lymphocytes was
modulated by plant extracts isolated from Gentiana asclepiadea (methanolic and aqueous haulm extracts, 0.25 mg/ml)
and Armoracia rusticana (methanolic root extract, 0.025 mg/ml). These extracts enhanced the AR and also decreased
DNA damage caused by zeocin (after 0, 1 and 4 h-recovery time after the test dose of zeocin application) to more than
50%. These results support important position of plants containing many biologically active compounds in the field of

pharmacology and medicine.
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An adaptive response as a nonspecific phenomenon has
been observed during last 20 years with many organisms
starting with bacteria up to mammalian organisms including
humans. Cells, tissues and organisms can often improve their
ability to respond to a ,challenging® stress when they have
been exposed previously to a smaller, ,inducing® amount
of the same or a similar stress [1-2]. Many different types of
damaging agents, including radiation, heat stress, oxidative
stress, alkylating agents, and heavy metals have been reported
to induce an adaptive response. Such protective response also
indicates that the cell, once exposed to the toxin, expects, or at
least is prepared for, a subsequent lethal dose [3].

In recent years the use of antibiotics in chemotherapy has
become more extensive. Zeocin is a member of bleomycin/
phleomycin family of antibiotics isolated from culture broth
of a Streptomyces verticullus mutant. It can bind to DNA and
induce oxidative stress in different organisms producing pre-

dominantly single- (SSBs) and double- strand breaks (DSBs),
as well as a DNA base loss resulting in apurinic/apyrimidinic
(AP) sites [1,4-5].

The use of plants and herbs for medicinal purposes is as old
as mankind. Of all medicines, 30-40% today contains one or
more active components derived from plants. Recently much
attention has been given to the natural phytochemicals with
antioxidant, antimutagenic and anticarcinogenic activities
[6-11]. These compounds are of a great importance for che-
moprevention and potential cancer biotherapy [12].

Gentiana asclepiadea belongs to the Gentianaceae family.
These plants are widely used in traditional medicine in many
countries for stimulation of appetite and gastric secretion,
gastro-duodenal protection, liver protection, antifungal treat-
ment, and in some cases for gynaecological diseases [13].
Experimental studies have showed, that Gentiana contains as
main components compounds such as secoiridoid-glycosides
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(gentiopicroside, sweroside, swertiamarin, amarogentin),
xanthone glycosides (gentioside and its isomer), terpenes,
xanthones (gentisin, isogentisin), secoiridoids (gentiopicrine),
alkaloids (gentianine, gentiabetin, gentianidine, gentialutin),
anthocyanins (delphinidine) and flavone C-glucosides [14-
20]. Iridoids are the most common constituents of genus
Gentiana, and they have been found to exhibit a wide range
of bioactivities including antibacterial, anticancer, antifungal,
antioxidant, anti-inflammatory, anticoagulant, choleretic,
cardioprotective, hepatoprotective, neuroprotective, hypogly-
caemic, antispasmodic, immunomodulatory and purgative
properties [16,21-22].

Armoracia rusticana (horseradish) is a perennial crop be-
longing to the genus Armoracia of the Brassicaceae family. Its
roots are popularly used as a pungent spice and an indispen-
sable material for producing horseradish paste and pungent
sauces. Horseradish root contains horseradish peroxidase,
approx. 0.6% of glucosinolates and the most abundant of
these are sinigrin (0.2%) and gluconasturtiin (0.1%). As
soon as intact cells are damaged, these isothiocyanates
are enzymatically hydrolyzed to yield allyl isothiocyanate
and 2-phenylethyl isothiocyanate, respectively. Further
glucosinolates in horseradish are glucobrassicanapin and
the indol-derived glucobrassicin (plus some closely related
compounds like 4-methoxy glucobrassicin, 4-hydroxy gluco-
brassicin). Among the non-volatile constituents, one should
mention flavone glycosides (quercetine, kaempferol) and
particularly ascorbic acid, which is contained to 0.6% in
horseradish root [23-25].

The aim of this study was to induce an adaptive response
by zeocin in human lymphocytes and to observe whether
G. asclepiadea haulm methanolic and aqueous and A. rusticana
methanolic root extracts could modulate this response using
the comet assay and the constant field gel electrophoresis.

Materials and methods

Plant material. Gentiana asclepiadea and Armoracia rus-
ticana plants were harvested from the Garden of Medicinal
Plants, Faculty of Pharmacy, Comenius University. The air
dried separated plant material was cut into small pieces and
then extracted with methanol or water at 65°C. This procedure
was repeated 5 times. The hot solution of the extract was then
filtered and concentrated by distillation by the vacuum rotatory
evaporator. The rest of the water was removed by azeotropic
distillation with benzene. The final extracts (G. asclepiadea
haulm methanolic - GAM and aqueous - GAA; A. rusticana
root methanolic - ARM) were kept in the dark at 4°C until
tested.

Lymphocytes. Human lymphocytes were obtained by the
finger prick method just before use [according to 26]. 30 ul of
blood were taken and added to 1 ml of PBS buffer (pH 7.5),
mixed and left on ice up to 30 min. Afterwards, blood was
underlayed with 100 pl Histopaque 1077 (Sigma), spinned at
180 x g for 5 min at 4°C. Lymphocytes (100 pl) were retrieved

from just above the boundary between PBS buffer and Histo-
paque and spinned again in new eppi tubes containing 1 ml
of PBS at 180 x g, 5min, 4°C. Supernatant was removed and
lymphocytes were used as needed.

RPMI medium. RPMI-1640 medium (RPMI) purchased
from Sigma Aldrich (supplemented with 10% fetal calf serum
and 100 U/ml penicillin and 100 pg/ml streptomycin) was
used for intertreatment and recovery after treatment with
priming and test doses of zeocin during adaptive response
experiments.

Zeocin. Zeocin was purchased from Invitrogen. It was
prepared freshly before use by dilution in PBS bufter (pH 7.5)
and kept and handled in the dark.

Treatment, pretreatment and design for adaptive re-
sponse and recovery experiments. All treatments for the
comet assay were performed on isolated lymphocytes on
microscopic slides covered by parafilm.

Application of zeocin on human lymphocytes for deter-
mination of its potential genotoxic effect. Freshly prepared
zeocin was diluted in PBS and applied for 1 or 10 min, in the
dark on ice. After the treatment, slides were washed in PBS
buffer and submitted to the comet assay.

Treatment with the plant extracts. Plant extracts diluted
in PBS were applied on the slides with isolated lymphocytes
and left for 30 min in 37°C. After the treatment, slides were
washed in PBS buffer.

Design for adaptive response and recovery experiments
with zeocin in RPMI or PBS at 37 or 4°C. Freshly prepared
zeocin (priming dose: 50 pg/ml in PBS) was applied on the
prepared slides for 1 min in the dark on ice. After the treatment
with priming dose, slides were washed in PBS buffer and left
in RPMI at 37 °C, PBS at 37°C, RPMI at 4 °C and PBS at 4°C
for 0, 1, 2 and 4 h-intertreatment time before treatment with
the test dose of zeocin (300 pug/ml in PBS). After that, slides
were washed in PBS buffer, left in conditions RPMI at 37 °C,
PBS at 37°C, RPMI at 4 °C and PBS at 4°C for 0, 1, 2 and 4 h-
recovery time and submitted to the comet assay.

Design for adaptive response and recovery experiments
with zeocin and plant extracts in PBS at 4°C. Freshly pre-
pared zeocin (priming dose: 50 pg/ml in PBS) was applied
on the prepared slides for 1 min in the dark on ice. After the
treatment with priming dose, slides were washed in PBS bufter
and plant extracts were applied for 30 min. Slides were then
washed in PBS and left for 2 h-intertreatment time in PBS at
4°C before treatment with the test dose of zeocin (300 pug/ml).
After that, slides were washed in PBS buffer, left in PBS for 0,
1 and 4 h-recovery time and submitted to the comet assay.

The constant field gel electrophoresis (CFGE). The CFGE
method is based on incorporation of cells into agarose blocks
before cell lysis. This method detects DSBs and is sensitive
with high resolution and can be applied in chemical muta-
genesis [4,27]. We followed this manual: Isolation of human
lymphocytes was the same as we described in paragraph 2.2,
with modification - 100 pl of blood was taken and after first
centrifugation 300 pl of lymphocytes were retrieved. Cells were
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incubated in eppi tubes for 30 min at 37°C with plant extracts
in given concentrations: Gentiana asclepiadea: 0.25 mg/ml
(haulm aqueous and methanolic extract), Armoratia rusti-
cana: 0.025 mg/ml methanolic root extract (3 eppi tubes),
the positive controls (another 3 eppi tubes) were treated with
H,0, (300 uM) for 5 min (on ice), zeocin 50 pg/ml and 300
pg/ml. The last eppi tube was a negative control without any
treatment. Subsequently cells were spinned at 180 x g for 5
min at 4°C. The cells (approx. 3 x 10* per agarose blocks) were
resuspended in 0.8 % low melting point (LMP) agarose in 0.5
x TBE (stock solution 10 x TBE: 0.9 M TRIS, 0.9 M boric acid,
0.02 M EDTA, pH 8.3) and were put into the blocks for solidi-
tying (30 min on ice). All agarose blocks were placed in lysis
solution (2.5 M NaCl, 100 mM Na,EDTA, 10 mM Tris-HCI,
pH 10 and 1% Triton X-100, pH 10) at 4°C for 1 h. After that
blocks were neutralized in PBS two times and were inserted
into the holes on gel (2.4 g AGAR ST IMUNA, 1 x TBE, 0.5
ug/ml EtBr). As an electrophoresis solution 0.5 x TBE was
used and the electrophoresis run under following conditions:
20V, 10 mA (constant field), 40 h. Gel was visualized by Gel
Capture Version 4.24 with transimulator DNR Bio Imaging
Systems Ltd.

The comet assay. The comet assay was performed following
the protocol of Collins et al. [26]. Briefly: microscope slides
were pre-coated with base layer of 100 ul of 1% normal melting
point (NMP) agarose in water. The cells (approx. 1 x 10* per
gel) were resuspended in 1% low melting point (LMP) agarose
in PBS buffer (pH 7.5) and spread on pre-coated slides. Two
gels per slide were prepared. All slides were placed in lysis solu-
tion (2.5 M NaCl, 100 mM Na EDTA, 10 mMI Tris-HCI, pH 10
and 1% Triton X-100, pH 10) at 4°C for 1 h to remove cellular
membrane and cytoplasm, leaving nuclei. After lysis, the slides

were transferred to an electrophoretic tank containing alkaline
solution (300 mM NaOH, 1mM Na EDTA, pH 13) for 20 min
at 4 °C to allow the DNA to unwind. The electrophoresis run
under following conditions: 25 V, 300 mA, 30 min. The slides
were removed and neutralized in PBS (10 min) and ddH,O (10
min) at 4°C. Each sample was stained with 25 pl EtBr (1% stock
solution - 10 mg EtBr in 50 ml dHZO, diluted 10-times) and
per each sample 100 nucleoids per each sample were scored by
visual scoring for determination of DNA strand breaks.

Results

In order to test whether zeocin possesses DNA damaging
(genotoxic) potential in human lymphocytes we used a scale of
eleven concentrations in the range from 50 to 600 pg/ml with
the treatment time of 1 and 10 minutes using the comet assay
(Fig. 1). It was found that the genotoxic effect of zeocin in the
range of 50 — 300 pg/ml concentrations could be considered
as linearly increasing with the concentration (Fig. 1). In the
range of 300 - 600 pg/ml the levels of induced DNA damage
was approximately constant and reached the maximum detect-
able damage by the comet assay and the curve flattened out to
a plateau. For further experiments with the adaptive response,
two concentrations were chosen: 50 pg/ml as a priming (con-
ditioning) dose and 300 pg/ml as a test (challenge) dose.

CFGE method (Fig. 2) was used to detect DNA DSBs in
zeocin or plant extracts. Interestingly, we found that both
concentrations of zeocin (50 and 300 pg/ml) induce DSBs.
On the contrary, no signs of DSBs were observed after the
treatment of lymphocytes with plant extracts.

We have compared the potential adaptive response induc-
tion by zeocin in freshly isolated lymphocytes according to
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Figure 1. Genotoxic activity of zeocin studied in human lymphocytes. Different concentrations of zeocin (50 - 600 pg/ml) and time of treatment (1 or
10 minutes) were studied using the comet assay. All experiments were performed at least four times. Mean values + SD. **P < 0.001
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experimental conditions: intertreatment in PBS buffer for
different time after the priming dose (0, 1, 2 and 4 h) and re-
covery after the test dose (0, 1, 2 and 4 h) at 4°C (Fig. 3). The
best results were observed after 2 h-intertreatment time.

The next question we addressed was whether plant ex-
tracts (G. asclepiadea methanolic and aqueous - 0.25 mg/ml
and A. rusticana methanolic extract - 0.025 mg/ml) could
modulate the adaptive response induced by zeocin in human
lymphocytes. Results obtained after 2 h-intertreatment time
after the priming dose of zeocin and its modulation with the
plant extracts (30 min) showed (Fig. 4) that extracts enhanced
the AR induced by zeocin and reduced its effect to more than
50% (from approx. 42% DNA damage to 19% GAM, 16,75%
GAA and 16,75% ARM). It also enhanced DNA repair after
1 and 4 h-recovery time.

Discussion

A lot of data are available concerning the use of zeocin as
a selective agent for isolation of transformants in various test-
systems [5,28] but data concerning DNA-damaging potential
and zeocin molecular mechanism of action are scarce. Zeocin
belongs to the bleomycin/phleomycin family of antibiotics
which have radiomimetic properties (InvivoGEN, http://www.
invivogen.com). It is known that bleomycin induces oxidative
DNA damage and DNA cleavage in mammalian cells [29].
Our results, measured by the comet assay, showed that zeocin
similarly to bleomycin causes DNA damage in freshly isolated
human lymphocytes (Fig. 1). A dose-dependent increasing
of zeocin-induced DNA damage was found up to 300 pug/ml.
It could be said that this concentration of zeocin marked
the beginning of a plateau because there was no statistically
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Fig. 2 Results obtained from the CFGE method detecting double strand
breaks (DSBs) in freshly isolated human lymphocytes without any treatment
(control cells - line 1) or after treatment with hydrogen peroxide (300 uM,
5 min, on ice - line 2), the priming dose of zeocin (50 pg/ml, 1 min, on ice, in
the dark - line 3), the test dose of zeocin (300 ug/ml, 1 min, on ice, in the dark
- line 4) and plant extracts: G. ascelpiadea methanolic and aqueous haulm
extracts (both 0.25 mg/ml, 30 min, at 37°C - lines 5 and 6) and A. rusticana
methanolic root extract (0.025 mg/ml, 30 min, at 37°C - line 7).

significant difference between further concentrations (P >
0.05). These findings are in accordance with other results [29]
that low doses of bleomycin (1-5 pg/ml) and short treatments
(5-15 min) produced marked DNA cleavage in mammalian
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Fig. 3 Adaptive response induced by zeocin in human lymphocytes treated with the priming dose (50 ug/ml; 1 min) and left to recover in 4°C for 0, 1,
2 and 4 hours before being treated with the test dose (300 pug/ml; 1 min) and left to recover in 4°C for 0, 1, 2 and 4 hours in PBS. All experiments were
performed for three times. Mean values + SD. *P < 0.05, **P < 0.01, ***P < 0.001
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Fig. 4 Comparison of the adaptive response induced in human lymphocytes by zeocin (priming dose 50 pg/ml; test dose 300 pug/ml, treatment time
- 1 min; intertreatment time 2 hours; recovery time 0, 1 and 4 hours in PBS, 4°C) and modulated by Gentiana asclepiadea methanolic and aqueous and
Armoracia rusticana methanolic extracts (treatment 30 min, 37°C) using the comet assay. C - control cells; GAM - G. asclepiadea methanolic extract;
GAA - G. asclepiadea aqueous extract; ARM - A. rusticana methanolic extract; Z - zeocin; Z + GAM - zeocin and G. asclepiadea methanolic extract;
Z + GAA - zeocin and G. asclepiadea aqueous extract; Z + ARM - zeocin and A. rusticana methanolic extract. All experiments were performed three

times. Mean values + SD. *P < 0.05, **P < 0.01, ***P < 0.001

cells, whereas high doses and longer treatment times lead to
a relatively small increases in DNA damage above these levels.
The comet assay can detect very low level of damage from
about 100 up to 3000 breaks per cell and thus these results
reflect to the assay limitation where with increased dose the
plateu is reached.

Additionally to single strand breaks and AP sites, we found
that zeocin exposure can result in DSB (Fig. 2). Our results are
in concordance with Chankova et al [4] which found that ze-
ocin causes DSBs in the unicellular green alga Chlamydomonas
reinhardtii. Mammalian cells have evolved a number of repair
pathways to deal with the various types of DNA damage to
maintain genomic integrity. The DSBs are generally regarded
as the most toxic of all DNA lesions and can be induced by
a variety of DNA-damaging agents, including ionizing radia-
tions and radiomimetic drugs such as bleomycin. DSBs trigger
the activation of specific checkpoint signalling pathways that
transduce the appropriate biological responses, including cell
cycle arrest, DNA repair and apoptosis [30].

Further we wanted to determine whether zeocin could
induce the adaptive response in freshly isolated human lym-
phocytes so we had to optimize and modify experimental
conditions. We compared intertreatment and recovery in
RPMI or PBS at 37 or 4°C. Experiments at 37°C (data not
shown) showed as not suitable due to gel melting as well as
due to potential viability problems in long term experiments.
As RPMI medium components may interfere with gels, the
best combination appeared to be PBS and 4°C (Fig. 3). From

a wide scale of intertreatment and recovery time, for further
experiments we have chosen 2 h-intertreatment time after the
priming dose of zeocin and 0, 1 and 4 h-recovery time after
the test dose of zeocin application.

The adaptive response involves the transcription of many
genes and the activation of numerous signalling pathways
that trigger cell defenses: more efficient detoxification of free
radicals, DNA repair systems, induction of new proteins in
irradiated/treated cells with conditioning dose, and enhanced
antioxidant production [5]. One of the molecular mechanisms
of adaptive response induced by zeocin in lymphocytes was
SSBs and predominantly DSBs rejoining [4], similarly as
proved before by Chankova et al in C. reinhardtii [4]. In addi-
tion, plant extracts significantly accelerated this DNA repair.
Moreover, in a previous study we also found that plant extracts
protect DNA against oxidation damage and thus we suggest
that activation of antioxidant mechanisms could be another
way to be included in the adaptive response modulation by
both plant extracts.

It was revealed that G. asclepiadea reduced or almost elimi-
nated DNA damage caused by hydrogen peroxide or oxidation
DNA lesions caused by silver nanoparticles (unpublished
data). In this study we tried to find if these plant extracts can
enhance the adaptive response of low dose of zeocin in human
lymphocytes. The plant extracts in concentrations 0.25 mg/ml
for G. asclepiadea extracts and 0.025 mg/ml for A. rusticana
extract do not induce DNA damage as confirmed here using
the CFGE method for DSBs detection (Fig. 2). They also did
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not exert cytotoxic or genotoxic effect but stimulated prolifera-
tion of cells and colony forming ability [31]. Our results show
that the haulm extracts from G. asclepiadea could enhance
the adaptive response induced with zeocin (Fig. 4) and thus
prove biopositive effects of this plant. The most pronounced
results were obtained after 1-hour-recovery time after the
treatment with the test dose of zeocin. Strand breaks were
reduced to 12.25 % after incubation with GAM and even to
9.25% after GAA treatment. This positive antigenotoxic effect
could be explained by the high content of a wide range of
biologically active compounds. It is known that zeocin causes
oxidative stress and thus we can conclude, that compounds
with antioxidant activity such as secoiridoids (swertiamarin)
[32] and xanthones (gentisin) which in recent years were
reported to have significant pharmacological activities (also
antioxidant) based on their diverse structures can be of the
great importance in prevention of DNA lesions after zeocin
treatment. The antioxidant activities are related to the number
of different mechanisms, such as metal ion chelatation [20,33],
free-radical scavenging [34], enzyme inhibition [35], and
induction of the protective enzymes expression [36]. It was
showed that extract from G. asclepiadea possesses significant
radical scavenging activity, with IC, (inhibition of 50% of
hydroxyl radical-mediated deoxyribose degradation) value
of 53 ug/ml. This might be explained by its ability to chelate
ferrous ions, thus preventing generation of hydroxyl radicals
by Fenton reaction [37]. Moreover, Lim et al. [38] found
that isoorientin (present in roots) alone could induce Nrf2
pathway-driven antioxidant response leading to increased
expression of antioxidant enzymes such as NAD(P)H quinone
oxidoreductasel (NQOL1). It is likely that the antioxidant po-
tential of the extracts is driven by the bioactive compounds
working through both direct and indirect mechanisms. We
have also observed slight differences between effect exhibited
by methanolic and aqueous extracts. It is possible that dif-
ferent bioactive constituents and/or various amounts of the
same component(s) are extracted in methanolic and aqueous
extracts and thus may exhibit different effects.

A. rusticana has showed antioxidant, superoxide scavenging
potency and also antimutagenic activity [39]. In our experi-
ments we have detected significant decrease in DNA damage
after 1 h of recovery compared to zeocin and only slight de-
crease in DNA damage after 4 h-recovery time compared to
only test dose of zeocin application without extract (Fig. 4).
A. rusticana extract appeared to be less effective than G. as-
clepiadea. A problematic aspect in understanding potential
toxicological events relevant to the use of herbs and plant
extracts is that the exact amounts of active chemical constitu-
ents are frequently unknown. These multiple constituents may
work synergistically and could hardly be separated into active
parts [40]. Since the extracts have been commonly used as
a complex mixture of bioactive components in folk medicine,
our goal was to examine the final effect of all the interactions
between the components of our extracts. We hypothesise that
that some of the compounds may act antagonistically and

thus suppress one another actions. For example L-ascorbic
acid, which is present in A. rusticana, is known to be a very
efficient antioxidant but its degradation depends on varying
conditions such as temperature, pH or processing conditions.
On the other hand, another A. rusticana compound, allyl iso-
thiocyanate [41] can be in certain conditions mutagenic and
genotoxic [42]. This could be the possible explanation of higher
DNA damage detection (Fig. 4) — one of the positively acting
compound could be degraded while the other compound acts
in these conditions as a genotoxic agent.

To conclude, our study shows a great potential of plant
extracts isolated from G. asclepiadea and A. rusticana to
modulate adaptive response induced by zeocin in freshly
isolated human lymphocytes. We have also modified experi-
mental conditions under which the adaptive response in this
test system could be detected. Results obtained in this and our
previous studies [12,30,43] confirm important role of plants
and plant extracts in prevention against various negative
impacts and thus can be potentially used in pharmacology
and medicine.
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