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Among nanomaterials, silver nanoparticles (AgNPs) have the
broadest and most commercial applications due to their anti-
bacterial properties, highlighting the need for exploring their
potential toxicity and underlying mechanisms of action. Our
main aim was to investigate whether AgNPs exert toxicity by
inducing oxidative damage to DNA in human kidney HEK
293 cells. In addition, we tested whether this damage could
be counteracted by plant extracts containing phytochemicals
such as swertiamarin, mangiferin and homoorientin with
high antioxidant abilities. We show that AgNPs (20nm) are
taken up by cells and localised in vacuoles and cytoplasm.
Exposure to 1, 25 or 100 ng/ml AgNPs leads to a signifi-
cant dose-dependent increase in oxidised DNA base lesions
(8-0x0-7,8-dihydroguanine or 8-oxoG) detected by the comet
assay after incubation of nucleoids with 8-0xoG DNA glyco-
sylase. Oxidised DNA base lesions and strand breaks caused
by AgNPs were diminished by aqueous and methanolic
extracts from both haulm and flower of Gentiana asclepiadea.

Introduction

‘Nanotechnology’ is a rapidly expanding field, and it has had
significant impacts on both therapeutic and diagnostic develop-
ment over the past three decades (1). Nanomaterials are defined
as substances with at least one dimension <100nm in size,
whereas the term nanoparticles (NPs) is suggested only for
materials with all three external dimensions in the nanoscale
(2). Nanomaterials can be found in spherical, tubular, rod-
and wire-like forms, and as complex structures described
as nano-onions and nanopeapods (3,4). Though numerous
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literature reports describe the enormous utility of these materi-
als, knowledge about the safety of nanomaterials, their impact
on cells, tissues and organs, and potential hazards to health is
relatively limited (5). The small size of nanomaterials means
that they readily penetrate cell and nuclear membranes; within
the nucleus they may cause direct DNA damage. Nanomaterials
accumulated in the cytoplasm may pose a significant genotoxic
threat to DNA during mitosis. In addition, indirect oxidative
damage to DNA may occur if nanomaterials induce an inflam-
matory response with accompanying oxidative stress (6).

Of all the nanomaterials widely used in consumer prod-
ucts, silver NPs (AgNPs) currently have the highest degree
of commercialization (7). On account of their antimicrobial
properties they have been exploited in e.g. nanofiber mats (8),
bandages, wound dressings, ointments (9) and also clothing
(10). Humans are continuously exposed to AgNPs from many
different sources (11). Despite the escalating use of AgNPs in
different industries, including nanomedicine, there is a seri-
ous lack of information, validated by scientific experiments,
concerning their toxicity and the cellular responses they
induce. AgNPs may express their toxicity through induction
of reactive oxygen species (ROS), the level of ROS depending
on the chemistry and structure of the NPs (12). The genera-
tion of ROS in the cells may result in the formation of, among
other lesions, 8-0x0-7,8-dihydroguanine (8-0xoG) in DNA.
Due to mispairing with adenine during replication, 8-0xoG
is highly mutagenic and thus potentially carcinogenic (13).

Plants in the family Gentianaceae are widely used in many
countries for stimulation of appetite and gastric secretion, gas-
troduodenal and liver protection and antifungal treatment (14).
Gentiana asclepiadea belongs to the largest genus of the fam-
ily with over 300 species (15). Its root has traditionally been
used as medicine for hepatitis A virus infections (16). A wide
spectrum of classes of compounds occurs in these plants,
including iridoids, xanthones and C-glucoflavones. We have
already shown that H,O,-induced damage is decreased by
preincubation of cells with Gentiana plant extracts (17). Our
aim here was to investigate whether AgNPs induce DNA base
oxidation in cultured human HEK 293 cells, using the comet
assay (single cell gel electrophoresis) with the lesion-specific
enzyme 8-0xoG DNA glycosylase (hOGG1) to convert 8-0xoG
to strand breaks (SBs). Further we were interested in whether
phytochemicals present in G. asclepiadea plant extracts can
prevent AgNP-induced DNA damage.

Materials and methods

Dispersion of AgNPs
AgNPs of nominal size 20nm were purchased from Plasmachem
GmbH, Germany.

A stock solution at 2mg/ml was prepared just before use in filtered
distilled water, vortexed and sonicated (Labsonic P, Sartorius Stedim Biotech,
Goettingen, Germany) for 3min (100% cycle, 100 watts) on ice. Immediately
after sonication, phosphate-buffered saline (PBS) was added with bovine serum
albumin (BSA) at a final concentration of 1.5%. BSA is commonly used for the
dispersion of AgNPs as a part of a standard procedure preventing agglomeration
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(18). Three concentrations of AgNPs (1 pg/ml, 25 pg/ml and 100 pg/ml) were
prepared in Dulbecco’s modified essential medium (DMEM) with 10% of fetal
serum and added to the cells for 30 min at 37°C in a 5% CO, atmosphere.

Size distributions and zeta potential measurements by dynamic light
scattering

Dynamic light scattering (DLS) measures multiple angles of light scatter and
derives a bulk intensity plot of particle sizes. DLS was performed at 25°C with
a scattering angle of 90° on the Zetasizer Nano ZS (Malvern, Malvern Hills,
UK). Stock solutions were diluted to 100 pg/ml and measured in distilled water
as well as in DMEM immediately and after 30 min.

Zeta potential measurements for surface charge were performed at 25°C
in a folded capillary cell at 40V using a monodispersion procedure run on the
Zetasizer Nano ZS. Zeta potentials were calculated using the Smoluchowski
limit for the Henry equation with a setting calculated for practical use (f
(ka) = 1.5).

Transmission and scanning electron microscopy

The morphology of AgNPs was examined by scanning electron microscopy
(SEM) in the secondary electron mode (type DSM 942, Zeiss, Germany) and
transmission electron microscopy (TEM) (Jeol JEM-1220 TEM with CD cam-
era SIS Morada 11 megapixels). For SEM analysis the sample was prepared
directly on the microscope holder by placing the drop of suspension, spreading
it and drying it at room temperature. Then the sample was coated with a thin
layer of Au (about 10nm), using a vacuum evaporator (JEE-4X, JEOL, Japan)
to protect the sample from heat destruction and to maintain real structural
parameters. It operated with an ultimate pressure of 6 x 10~ Pa, with rotating
and tilting specimen stage at a high voltage of 5kV and working distance of
8 mm. For TEM analysis the sample was prepared on a copper mesh covered
with a carbon film as the carrier.

Cell line

HEK 293 cells are originally derived from human embryonic kidney (HEK)
cells grown in tissue culture. Embryonic kidneys are a heterogeneous mixture
of almost all the types of cells present in the body although most cells are
endothelial, epithelial or fibroblasts. HEK 293 cells are easy to grow and have
been widely used in cell biology research for many years. We selected this
cell line as a representative kidney model. The cells were cultured in DMEM
supplemented with 10% fetal calf serum, 100 U/ml penicillin and 100 pg/ml
streptomycin.

Treatment of cells with AgNPs

Pretreated and untreated cells in 12-well plates were incubated with 1, 25 or
100 pg/ml of AgNPs for 30min in complete DMEM at 37°C in a 5% CO,
atmosphere. Cells were then trypsinised and used in the comet assay (with or
without incubation with hOGG1).

Uptake of AgNPs

Cells treated with 25 and 100 pg/ml AgNPs for 30min in a culture flask were
washed and fixed in paraformaldehyde (PFD) as follows: 4% PFD (10min),
8% PFD (20 min, 4°C). Cells were then scraped unidirectionally, collected in a
microcentrifuge tube and centrifuged (500xg, 10min; 100xg, 2min; 2000xg,
2min; 4000xg, 2min; 8000%g, 2min; 12000xg, S min). Eight percent PFD was
removed and 1% PFD was added. Embedding in Durcapan (epoxy resin) for
electron microscopy (EM) followed: fixed cells were rinsed 3x in 0.1M sodium
phosphate buffer NaPi (pH 7.4), afterwards left in 1% OsO, for 45min and
rinsed 3x in 0.1M NaPi (pH 7.4). Samples were serially dehydrated in ethanol
50%, 70%, 80%, 96% (15 min) and 100% ethanol (3 x 20 min). Propylenoxide
was applied for 2 x 5min, and the fixed material was transferred to porcelain
trays which were then filled with Durcupan. After 30min at 56°C, the resin
was removed, fresh Durcupan was added and the samples were left overnight
at room temperature. The samples were then put in capsules and polymerised at
56°C for 48 h. Resin-embedded cells were sectioned at 80 nm and transferred to
300-mesh nickel grids. Thereafter the sections were counterstained with uranyl
acetate followed by lead citrate. The sections were examined in a TEM (Tecnai
12, FEI), and images were obtained with a Veleta camera.

Preparation of extracts from G. asclepiadea and treatment

G. asclepiadea plants were harvested from the Garden of Medicinal Plants,
Faculty of Pharmacy, Comenius University, Bratislava. The air-dried separated
plant material, weighing about 60g, was cut into small pieces and extracted
with 150ml of methanol or water at 65°C. This procedure was repeated 5
times. The hot solution of the extract was then filtered and concentrated using
a vacuum rotatory evaporator. The rest of the water was removed by azeotropic
distillation with toluene and benzene using the vacuum rotatory evaporator.
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The final extracts (haulm methanolic, haulm aqueous, flower methanolic and
flower aqueous) were kept in the dark at 4°C until tested. Cells were treated
for 24 hours with 0.25, 0.5, 2.5, 5 and 25 mg/ml of G. asclepiadea extracts on
6-well plates.

HPLC-DAD-MS analyses of the G. asclepiadea extracts

High-performance liquid chromatography (HPLC), followed by diode array
detection (DAD) and mass spectrometry (MS), was performed using an
Agilent 1200 Series system. The mass spectrometer (quadrupole analyser)
was equipped with an electrospray ionization interface (6130 ESI, Agilent).
Chromatographic separation was carried out using an Agilent Eclipse XDB-C8
column (4.6 x 150mm, 3.5 um). The phytochemical resolution was carried
out using a mobile phase composed of 4.8% formic acid in water (solvent A)
and methanol (solvent B) at a flow rate of 1 ml/min; the injection volume of
all samples was 5 pl. Elution was conducted with a linear gradient program to
ensure the following ratio of solvent B to A: from 0 to 30min (15:85 — 70:30
v/v). Absorbance spectra were recorded between 190 and 700nm every 2 s
with a bandwidth of 4 nm, while the chromatograms were monitored at 260 and
325nm. MS parameters were as follows: capillary voltage, 3000V; fragmen-
tor, 120V; drying gas temperature, 350°C; gas flow (N,), 12 1/min; nebuliser
pressure, 35 psig. The instrument was operated in positive and negative ion
mode, scanning from m/z 100 to 1000. Individual compounds were identified
by comparing their retention times and spectra with those for standards (swer-
tiamarin, gentiopicroside, homoorientin, sweroside, isovitexin purchased from
LGC Standards) or on the basis of available literature data and ultraviolet and
mass spectra.

Trypan blue exclusion assay

Cells were trypsinised, 10 pl of cell suspension was mixed with 10-pl trypan
blue (0.4%) and cell membrane integrity (percentage of unstained cells) was
measured using an automated cell counter (Countess™, Invitrogen). Two
experiments were performed, each with duplicates.

Clonogenic assay—colony forming ability

HEK cells (2.5 x 10°) were plated on 6-well plates and incubated at 37°C in a
5% CO, atmosphere. After 24 hours, the cells were exposed to 0.25, 0.5, 2.5, 5
and 25 mg/ml of the plant extracts for 24 hours or to AgNPs (1, 25 and 100 pg/
ml) for 30 min. After the treatment, the cells were plated on 6-well plates (200
cells per well) and cultured for 10 days. Then the cells were stained with meth-
ylene blue (1% solution), and the number of colonies was counted. The percent-
age colony forming ability (CFA) (relative to untreated control) was calculated.

Proliferation assay—relative cell growth activity

The cells were plated on 6-well plates (2.5 x 10°) or 12-well plates (1.5 x 10°)
and incubated at 37°C. After 24 hours, the cells were exposed to the extracts
for 24 hours or to AgNPs for 30 min and counted every 24 hours. The relative
cell growth activity (RGA) was determined as the percentage increase in cell
number between 0 and 96 hours.

Human 8-oxoG DNA glycosylase

Repair enzyme hOGG1 was produced at the Institute of Medical Microbiology,
Norway. The purified extract (0.5 pg/pl) was diluted in buffer F (40mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES), 0.1M KCI,
0.5mM ethylenediaminetetraacetic acid (EDTA) and 0.2mg/ml BSA, pH 8.0)
1:10000 just before use (19).

The comet assay

DNA damage was measured using the alkaline comet assay as described (20).
Briefly, pretreated, untreated and treated cells were suspended in 1% low melt-
ing point agarose in PBS. Sixty microlitres of this suspension (approximately
2 x 10* cells) was placed on precoated slides. Slides (two for each sample)
were placed in a lysis solution (2.5M NaCl, 100mM Na,EDTA, 10mM Tris—
HCI, pH 10 and 1% Triton X-100) for 1 h at 4°C. After lysis the slides were
either incubated with hOGG1 (50 pl/gel, 30 min, 37°C humidified atmosphere)
or with a buffer or they were directly transferred to an electrophoresis tank
containing an electrophoresis solution (0.3M NaOH, 1 mM Na,EDTA, pH >
13) for 20 min at 4°C before electrophoresis at 25V for 30 min. The slides were
then neutralised in PBS (10 min) and ddH,O (10min) at 4°C and stained with
20 pl SYBR® Gold nucleic acid gel stain (Invitrogen) (0.1 pl of stock per ml
of TE buffer—10mM Tris—HCI, I mM EDTA, pH 7.5-8). One hundred comets
per sample (50 per gel) were scored by image analysis (Comet Assay 1V 4.2,
Perceptive Instruments Ltd), and results were expressed as % of total DNA
fluorescence in tail. Cells treated with hydrogen peroxide (250 pM, 5 min, on
ice) or the photosensitiser Ro19-8022 plus visible light (1 pM in PBS, 5 min, on
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ice) were used as positive controls. Three to six experiments with duplicate cell
samples were performed. Net hOGG1-sensitive sites (representing 8-0xoG)
were estimated by subtracting % tail DNA after buffer incubation from % tail
DNA after incubation with hOGGI.

Statistical analysis

The results represent the means of at least 3 experiments + standard deviation.
The distribution of data was tested by analysis of variance (ANOVA). As data
were normally distributed, the significance of differences between means was
evaluated by Student’s #-test at the significance level P < 0.05.

Results

Characterization of AgNPs

The hydrodynamic diameter of the AgNPs was measured
by DLS measurements in water and DMEM. Data are pre-
sented in Figure 1. In water, two populations of particles were
detected. Most of the particles occurred as medium agglomer-
ates with a mean diameter of 313.9nm, and a lesser amount
as large agglomerates, with a mean diameter of 3760 nm. Just
after dispersion, three populations of particles were detected
in DMEM, indicating single particles with mean diameter of
33.9nm and medium and large agglomerates with mean diam-
eter of 225.9 and 4050 nm, respectively. Most of the particles
occurred as medium agglomerates. The DLS values in DMEM
were also measured after incubation for 30 min and showed
only a slight shift with time (Figure 1). For the single particles
and the medium agglomerates we have also included the peak
where most of the particles occur. These values were 164.9nm
in water, 190.1 in DMEM (just after dispersion) and 190.1 in
DMEM after 30min. This illustrates, in particular for water,
the difference between the mean size and the size where most

DNA oxidation damage induced by nanosilver can be prevented

particles occurred. The z-averages for all the peaks are also pre-
sented in the table. The z-potential of the AgNPs measured in
water at 100 pg/ml was —37.4+2.5 mV (without BSA and PBS
supplement) and —26.7+0.8 mV (with BSA and PBS supple-
ment). AgNPs were further characterised by using SEM and
TEM. Figure 2 presents a SEM image showing AgNPs forming
small agglomerates with average size of about 100nm and a
TEM image showing AgNPs ranging in size between 20 and
100nm. These findings are consistent with the DLS results.

Uptake of AgNPs by HEK 293 cells

The cells were exposed to 25 or 100 pg/ml of AgNPs (20nm)
for 30min, and intracellular and subcellular localization was
analysed by TEM (Figure 3). AgNPs were clearly taken up by
HEK 293 cells. NPs were visible mainly as single NPs (size
from 25 to 100nm) and were distributed mostly in the vacuoles
(Figure 3a—f) and in the cytoplasm (Figure 3a—f). Pretreatment
of cells with haulm methanolic extract (0.25mg/ml) did not
block uptake of AgNPs (25 pg/ml) (Figure 3d). More NPs were
found in cells exposed to 100 pg/ml of AgNPs compared with
cells exposed to 25 pg/ml.

Induction of cytotoxicity, DNA SBs and oxidised base

lesions (8-0x0G) by AgNPs

The Trypan blue exclusion assay showed no cytotoxic effect
of AgNPs on HEK 293 cells after 30-min exposure. Cells
exposed to 100 pg/ml AgNPs show a 48% decrease in prolif-
eration activity (RGA assay) compared with the negative con-
trol (Figure 4). The CFA test showed a mild inhibition, with the
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Fig. 1. DLS measurements of AgNPs in water and DMEM. The table shows the particle size as mean diameter (nm) and as peak where most particles occurred.
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Fig. 2. Representative SEM (a) and TEM images of AgNPs (b).

highest concentration (100 pg/ml) causing a 21% decrease in
the number of colonies.

The comet assay was used to determine the effect of AgNPs
on HEK 293 cells after treatment with AgNPs. Both SBs and
8-0x0G (detected with hOGG1) were quantified. Positive con-
trol cells treated with H,O, (250 ptM) or Ro19-8022 plus visible
light gave 63% and 45% tail DNA, respectively. We observed
a dose-dependent increase of SBs after treatment of cells
with AgNPs (Figure 4). Incubation with hOGG1 significantly
increased tail intensity indicating that even the lowest AgNP
concentration induced oxidised DNA lesions in addition to SBs.

Characterization of G. asclepiadea extracts

HPLC-DAD-MS analysis was carried out on methanolic (Al,
B1) and aqueous (A2, B2) extracts from the flower (Al, A2)
and haulm (B1, B2) of G. asclepiadea (Figure 5). Table 1
shows chromatographic, spectroscopic and spectrometric
characteristics of the main phytochemicals present in the
extracts such as swertiamarin, gentiopicroside, sweroside and
isovitexin.

Effects of plant extracts on cells

We also studied potential cytotoxicity and genotoxicity of G.
asclepiadea flower and haulm methanolic and aqueous extracts
in HEK 293 cells. The CFA assay measures the number of col-
onies originating from single cells and thus detects viability.
There was a stimulation of CFA by the lowest concentration of
all extracts (0.25 mg/ml) and by 0.5 mg/ml and 2.5 mg/ml of the
aqueous and methanolic haulm extracts. The highest concen-
tration (25 mg/ml) of all extracts was cytotoxic and inhibited
colony formation; the methanolic flower extract was especially
potent (Figure 6).

The RGA assay confirmed the results obtained with the CFA
assay. However, the lowest concentration (0.25mg/ml) gave
the maximum stimulation of RGA, and this was followed by a
dose-dependent decline back to the control level, whereas the
highest concentration (25 mg/ml) was cytotoxic and inhibited
cell growth. The growth stimulation was most pronounced for
the methanolic extracts (Figure 6).

Figure 6 also shows the DNA damage induced by G. ascle-
piadea extracts. Methanolic haulm extract caused the greatest
increase in DNA SBs compared with the control, in particu-
lar at the two highest concentrations. Neither aqueous haulm
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and flower nor methanolic flower extracts exhibited significant
genotoxicity.

Protective effect of G. asclepiadea extract against
AgNP-induced DNA damage

The potential protective effect of plant extracts on AgNP-induced
DNA damage was examined with the comet assay + hOGGI.
HEK 293 cells were pretreated with non-cytotoxic and
non-genotoxic concentrations of G. asclepiadea flower extracts
for 24 hours and with AgNPs for 30min (Figures 7 and 8).
Cells exposed to H,0O, (inducing 63% DNA in comet tails) or to
Ro19-8022 plus light (inducing 45% DNA in comet tails) were
used as positive controls. Pretreatment with 0.25 and 0.5 mg/ml
of all the extracts (Figures 7a and 8a) protected DNA against
SBs caused by AgNPs. This effect was not seen when cells were
pretreated with the highest concentration (2.5 mg/ml) of extracts
and with 1 pg/ml AgNPs. However, the same concentration of
these extracts protected cells against DNA damage caused by
either 25 pg/ml or 100 pg/ml of AgNPs (Figures 7a and 8a).

Figures 7b and 8b show the levels of 8-oxoG (net
hOGGI1-sensitive sites) in AgNP-treated cells. Cells pretreated
with Gentiana extract show lower levels of 8-0xoG compared
with cells that were not pretreated with the extract. Except for
methanolic flower extract, all extracts protected cells against
hOGGl1-sensitive lesions induced by AgNPs. The fewest
hOGGl1-sensitive sites were detected after pretreatment of cells
with methanolic haulm extract; thus, this extract exhibited the
greatest protective effect.

Discussion

Nanomaterial safety and potential adverse health effects
from exposure to nanomaterials are of great concern. It
is therefore important to study candidate genotoxic NPs
together with agents offering possible protective effects
against such damage. Several studies have demonstrated
that AgNPs are cytotoxic (21-23) and can promote oxidative
stress (24,25). Recently, it was observed that AgNPs induced
DNA damage. An increase in ROS levels was detected after
6-24 hours treatment with AgNPs, suggesting that oxidative
stress might be an important mediator of cytotoxicity and
genotoxicity (26,27).

We investigated whether AgNPs are able to enter the cells.
TEM images show clearly that AgNPs are taken up by kidney
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Fig. 3. Internalisation of AgNPs by HEK 293 cells. The cells were exposed to 25 and 100 pg/ml of AgNPs (20nm) for 30 min, and intracellular and subcellular
localisation was analysed by TEM. (a), (b), (¢)—AgNPs 25 pg/ml; (d)—pretreatment with haulm methanolic extract (0.25 mg/ml) and treatment with AgNP

(25 pg/ml); The arrows indicate NPs in the vacuoles and cytoplasm.

cells. They were found in vacuoles but also in cytoplasm
(Figure 3). The same AgNPs (20nm) were recently shown to be
internalised by human epithelial lung A549, liver HepG2 and
monocyte THP-1 cell lines (18). The authors detected AgNPs
(20 nm) in vacuoles, cytoplasm and also in nucleus and mito-
chondria (18).

Cytotoxic effects of AgNPs were investigated using three
distinct assays. The CFA assay is a true viability assay, meas-
uring the ability of individual cells to survive and divide.
RGA—reflecting the capacity of the cell population to pro-
liferate—measures a mixture of cell killing and cycle delay.

The TB exclusion assay simply detects membrane damage,
which does not necessarily result in or indicate cell death.
All three assays agree in showing no significant cytotoxicity
up to 25 pg/ml. However, only the CFA & RGA assays dem-
onstrated cytotoxicity over 25 pg/ml, whereas the TB assay
did not.

Additionally, here we studied the impact of AgNPs on DNA
damage in HEK 293 cells using the modified comet assay
(19,28). To detect DNA oxidation, we used the specific human
DNA repair enzyme hOGG]1 that initiates base excision repair
of 8-0x0G (13,29,30). Our experiments showed that AgNPs do
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(h)

Fig. 3. Internalisation of AgNPs by HEK 293 cells. The cells were exposed to 25 and 100 pg/ml of AgNPs (20nm) for 30 min, and intracellular and subcellular
localisation was analysed by TEM. (e), (f)—AgNPs 100 pg/ml; (g), (h)—untreated cells. The arrows indicate NPs in the vacuoles and cytoplasm.

indeed induce this premutagenic DNA lesion. It should be noted
that DNA oxidation is present at non-cytotoxic concentrations
of AgNPs, confirming that this is a direct genotoxic effect.

Plant extracts from Gentianaceae species have been shown
to have protective effects on human health, and several biologi-
cally active compounds have been identified as possessing pos-
itive attributes such as antiarthritic, antibacterial, anticancer,
antifungal, antioxidant, anticoagulant, antiviral, neuroprotec-
tive, antispasmodic, hepatoprotective, wound healing, immu-
nomodulatory and insecticidal (15,31-33).
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We previously assessed the ability of the plant extracts from
G. aspelgiacea to scavenge 1,1-diphenyl-2-picrylhydrazyl and
to protect DNA from H,0, at non-cytotoxic and non-genotoxic
concentrations (17,34,35). Here, we have characterised com-
ponents of extracts from G. asclepiadea. The extract con-
tains compounds identified as swertiamarin, loganic acid,
Iuteolin-diglucoside, isovitexin-glucoside, mangiferin, swertia-
marin, gentiopicroside and homoorientin (Table 1).

As these extracts exhibited promising antioxidant potential,
we here examined whether the extracts might protect against
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G. asclepiadea.
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Fig. 6. Cytotoxicity and genotoxicity of G. asclepiadea extracts on HEK 293 cells after 24-hour treatment. DNA damage measured by the comet assay (CA);
CFA and RGA. Extracts: (A)—methanolic haulm, (B)—aqueous haulm, (C)—methanolic flower, (D)—aqueous flower.
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Fig. 7. The effect of 24-hour pretreatment with G. asclepiadea haulm extracts on DNA damage induced by AgNPs on HEK 293 cells. Cells were treated for
30min with AgNPs, without pretreatment (NS) or pretreated for 24 hour with 0.25, 0.5 or 2.5 mg/ml of extracts. A1, Bl—methanolic extract; A2, B2—aqueous
extract. Al, A2—SBs; B1, B2—0GGT] lesions (8-0x0-G). Net hOGG1-sensitive sites were estimated by subtracting % tail DNA minus hOGG1 from % tail DNA
plus hOGG1.
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Fig. 8. The effect of 24-hour pretreatment with G. asclepiadea flower extracts on DNA damage induced by AgNPs on HEK 293 cells. Cells were treated for
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Table I Chromatographic, spectroscopic and spectrometric characteristics of phytochemicals present in G. asclepiadea extracts

Peak Rt (min) Ko (NM) m/z (positive ionisation) m/z (negative ionisation) Mw Molecular formula Compound

1 5.0 250 399 [M+Na]* 375 [M-H]~- 376 C,¢H,,04 Loganic acid

2 53 250,270,340 611 [M+H]* 609 [M-H]~ 610 C,;H; Oy Luteolin-diglucoside
3 55 270,325 595 [M+H]J* 593 [M-H]~- 594 5, Hy,O)5 Isovitexin-glucoside
4 6.1 260, 320,370 423 [M+H]* 421 [M-H]~- 422 C,,H Oy, Mangiferin

5 7 240 397 [M+Na]* 419 [M+HCOO]~ 374 16H2,040 Swertiamarin

6 8.2 250,270 379 [M+Na]* 401 [M+HCOO]~ 356 C,¢H,,0, Gentiopicroside
7 8.9 270,350 449 [M+H]J* 447 [M-H]~- 448 ,1Hx0 Oy Homoorientin

8 9.1 250 381 [M+Na]* 403 [M+HCOO]~ 358 C,¢H,,0, Sweroside

9 11.2 250 413 [M+Nal* 435 [M+HCOO] - 390 C,sH,,0, Eustomoside

10 11.6 270,350 433 [M+H]J* 431 [M-H]~- 432 C,,H,,0, Isovitexin

11 12.0 250,325 697 [M+Na]* 673 [M-H]~ 674 C,0HyO 4 Gentiournoside D
12 13.7 250,325 603 [M+H]* 601 [M-H]~- 602 C,,H;,0,, Amaroswerin

13 15.2 250,310 873 [M+Na]* 849 [M-H]~ 850 - -

14 15.5 250,310 873 [M+Na]* 849 [M-H]~ 850 - -

15 16.5 250,325 577 [M+Na]* 553 [M-H]~- 554 - -

16 17.6 270,325 779 [M+H]J* 777 [M-H]~- 778 - -

17 17.8 250,325 711 [M+Na]* 687 [M-H]~ 688 C,Hy Oy Depressin

18 19.9 250,310 547 [M+Na]* 523 [M-H]~- 524 - -

19 214 250,325 575 [M+Na]* 551 [M-H]~- 552 C,sH,)s0,, Gentioside

20 229 250,325 549 [M+Na]* 525 [M-H]~- 526 - -

21 232 250,325 857 [M+Na]* 833 [M-H]- 834 - -

22 235 250,325 857 [M+Na]* 833 [M-H]J~ 834 - -

AgNP-induced DNA oxidation. The altered base 8-0x0G is
important since it is highly mutagenic and thus potentially
carcinogenic. G. asclepiadea extracts completely inhibited
or decreased the induction of 8-0xoG by AgNPs. Methanolic
haulm extract appeared as the most and the methanolic flower
extract as the least potent in preventing 8-oxoG formation.
Recently, we found that mangiferin displayed the strongest

antioxidant potential among identified phytochemicals in G.
asclepiadea extracts (35). In comparison with earlier data con-
cerning antioxidant activities of phenolic compounds, the activ-
ity of mangiferin is comparable with that of rutin, commonly
used as an antioxidant for medical purposes (36). It was also
revealed that mangiferin had potent cytoprotective and antigen-
otoxic effects (37,38). Also the compounds homoorientin and

Page 9 of 11


http://mostwiedzy.pl

Downloaded from mostwiedzy.pl

AN\ MOST

A. Hudecova et al.

swertiamarine were found to possess significant antioxidant
properties (39-41).

Antioxidants can exert their effects via direct mechanisms,
by scavenging ROS, or they can enhance endogenous defence
via indirect mechanisms, such as the induction of genes encod-
ing antioxidant proteins (42). A free radical scavenging activity
was observed in G. decumbens and G. lutea extracts (43,44). It
is likely that the antioxidant potential of the extracts is driven by
the bioactive compounds through both direct and indirect mech-
anisms. However, careful consideration of dose range is needed.
Our extracts show protective effects against AgNP-induced
DNA damage at low to moderate dose range, whereas at the
highest dose both induction of damage and protection against
DNA damage are seen. Protective doses did not induce cyto-
toxicity or genotoxicity although there was marked stimula-
tion of proliferation. In accordance with our data, Ozturk et al.
(44). showed the wound-healing property of G. lutea through
the stimulation of mitotic activity and collagen production in
chicken embryonic fibroblasts. The proliferative effect was
also observed in splenocytes exposed to secoiridoids, the most
common constituents of genus Gentiana (32,44) and in normal
keratinocytes exposed to the flavonoid luteolin (45). In con-
trast, antiproliferative activity and apoptosis induced by G. tri-
flora extract or luteolin on tumour cells were reported (14,45).
Underlying this difference might be variations in organisation of
signalling proteins between normal and cancer cells. The total
bioactivity might also depend on synergistic and redox interac-
tions among different molecules present in particular extracts.

Inhibition of uptake of AgNPs is unlikely to explain the pro-
tective effects of the Gentiana extracts as we have detected
AgNPs inside cells in the presence of extract (Figure 3d).

Conclusion

In conclusion, our results clearly show that AgNPs are internal-
ised by human kidney cells and localised mostly in vacuoles. We
also show that AgNPs induce oxidative DNA damage in cells
and that this damage could be counteracted by pretreatment with
bioactive compounds. Specifically we measured formation of
the potentially mutagenic oxidised DNA base 8-0xoG, and we
demonstrate that this damage was significantly lowered by pre-
treatment with the plant extracts. Both by direct measurement of
8-0x0G and by showing the suppression of damage by known
antioxidant phytochemicals, we give strong support to the
hypothesis that oxidative stress underlies the toxicity of AgNP.
Our results imply that extracts of G. asclepiadea could have
considerable medical relevance, as they could counteract for-
mation of 8-0xoG and thus reduce mutagenicity and carcino-
genicity that potentially can be induced also by AgNPs.
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