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Radioprotective properties of Gentiana dinarica
polyphenols on human lymphocytes in vitro

Sandra Petrovic*, Andreja Leskovac and Gordana Joksic
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The radioprotective properties of polyphenols from the
plant Gentiana dinarica Beck. (family Gentianaceae)
were evaluated in cultured human peripheral blood
Ilymphocytes exposed to 2 Gy of gamma radiation in
vitro. Major constituents of G. dinarica roots include
tetraoxygenated xanthones (gentiacaulein and gentia-
kochianin), tetraoxygenated xanthone glycosides (nor-
swertianin-1-O-primveroside and norswertianin-8-O-
primveroside), C-glucoflavones (isoorientin and isoori-
entin-4'-0-glycoside) and secoridoids. The incidences
of micronuclei, cell proliferation, apoptosis and lipid
peroxidation products were examined. Isoorientin,
isoorientin-4’-0-glycoside and norswertianin-1-O-prim-
veroside showed antioxidant properties, whereas nor-
swertianin-8-O-primveroside and gentiacaulein exhib-
ited pro-oxidative effects. Gentiakochianin exhibited
cytostatic effects in irradiated lymphocytes. These re-
sults contribute to the search for novel radioprotective
agents.

Keywords: Gentiana dinarica, human lymphocytes,
polyphenols, radioprotection.

IONIZING radiation damages cells by direct ionization of
DNA and other cellular targets and indirectly via reactive
oxygen species (ROS). ROS attack lipids, proteins and
DNA, and induce oxidation and membrane damage, enzyme
inactivation and DNA damage'”. The radiation-induced
alteration of intracellular redox homeostasis leads to
oxidative stress. Lipid peroxidation is a key marker of
oxidative stress and often causes extensive membrane
damage, leading to cell death. The highly reactive
hydroxyl radical attacks the DNA and causes single- and
double-strand breaks and oxidative damage to sugar and
base residues that can later be converted to strand breaks’.
DNA damage leads to genomic instability, which may
result in mutagenesis and carcinogenesis’. Humans are
intentionally exposed to ionizing radiation for diagnostic
or therapeutic purposes. The primary goal of radiotherapy
is to increase DNA damage in tumour cells. Because ROS
produced during radiotherapy perturb the integrity and
survival of the surrounding normal cells, other methods
of cancer treatment could modify signal transduction
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pathways, redox states, and the disposition of cells to
apoptosis’.

In recent years, extensive studies have been conducted
to evaluate the potential beneficial effects of natural
phytochemicals in radiorecovery and the protection of
normal tissue during exposure to radiation. Naturally occur-
ing polyphenols comprise a wide variety of compounds
divided into several classes that occur in fruits and vege-
tables, wine and tea, and chocolate and other cocoa
products®. The beneficial effects of polyphenols are
mainly attributed to their antioxidant properties, since they
can act as chain breakers or radical scavengers depending
on their chemical structures’. Polyphenols might also
trigger changes in the signalling pathways and subsequent
gene expression®’. It is possible that the distinct chemical
and receptor-mediated activities of polyphenols might re-
sult in similar outcomes via different pathways'®. Under
some circumstances, polyphenols can exhibit pro-oxidative
effects.

The use of plants in traditional medicine is widespread
and still serves as a source of leads for the development
of novel pharmacological agents''. Many such medicinal
plants have hepatoprotective, neuroprotective, anti-infla-
mmatory and antioxidant/radical-scavenging proper-
ties'>!?. Several species from the family Gentianaceae are
used 1n Serbian traditional medicine. Gentiana lutea L.,
Gentiana punctata L. and Centaurium erythraea Pers. are
used in the treatment of digestive disorders, whereas
Gentianella austriaca (A. Kern. & Jos. Kern.) Holub has
shown radioprotective effects in human lymphocytes in
vitro''. The aim of the present study was to evaluate the
radioprotective properties of polyphenols from Gentiana
dinarica Beck. (family Gentianaceae). G. dinarica 1s a
rare perennial plant that grows in the subalpine and alpine
regions'. Compounds isolated from G. dinarica roots in-
clude tetraoxygenated xanthones (gentiacaulein and gen-
tiakochianin), tetraoxygenated xanthone glycosides
(norswertianin-1-O-primveroside and norswertianin-8-O-
primveroside), C-glucoflavones (isoorientin and isoori-
entin-4’-O-glycoside) and secoridoids'®. The polyphenols
gentiacaulein, gentiakochianin and isoorientin are found
in a number of Swertia plants (S. japonica, S. chirata, S.
thomsonii, S. punctata and S. davidi), which also belong
to the Gentianaceae family, and are used in traditional
medicine in India, China, Pakistan, Japan and other Asian
countries in the treatment of liver disorders, fever, diar-
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rhoea and dysentery!’. Tetraoxygenated xanthones have
been reported to exhibit anti-hepatotoxic, anti-inflamma-
tory, antioxidant and antitumour properties'®'®. In this
study, we examined the effects of G. dinarica polyphe-
nols on radiation-induced micronuclei formation, cell
proliferation and induction of apoptosis in cultured hu-
man peripheral blood lymphocytes. In addition, we meas-
ured malondialdehyde levels as a marker of oxidative
stress in irradiated cells.

Materials and methods
Plant material

G. dinarica Beck. (Gentianaceae) was collected from Mt.
Tara in Serbia. The voucher specimen (accession number
(Gd072001) is deposited in the herbarium at the Faculty of
Biology, University of Belgrade-Herbarium, Code BEOU.
Polyphenols isolated from (. dinarica root include
tetraoxygenated xanthones (gentiacaulein and gentiako-
chianin), tetraoxygenated xanthone glycosides (norswerti-
anin-1-O-primveroside and norswertianin-8-O-primveroside),
C-glucoflavones (isoorientin and isoorientin-4'-O-glyco-
side) and secoridoids. Details of their extraction and
chemical structure have been described elsewhere'®.

Irradiation

Blood samples were obtained from three healthy, non-
smoking young male volunteer donors at the Medical
Unit in accordance with current health and ethical regula-
tions in Serbia®. Heparinized whole blood was aliquoted
into sterile plastic test tubes, placed in a 15x 15cm
Plexiglas container and irradiated using a “’Co j-ray source
at room temperature. The radiation dose employed was
2 Gy, the dose rate was 0.45 Gy/min, the dimensions of
the radiation field were 20 x 20 c¢m, and the distance from
the radiation source was 74 cm.

Cell culture

One hour after irradiation, 0.5 ml aliquots of whole blood
were added to culture tubes containing 4.5 ml of PBmax
karyotyping medium (Invitrogen-Gibco, Paisley, UK).
Duplicate lymphocyte cultures were established to enable
examination of micronuclei and malondialdehyde respec-
tively. Irradiated and positive control cultures were estab-
lished.

Preparation of plant extracts

Air-dried and powdered plant extracts were dissolved in
sterile double-distilled water, kept for 30 min at room
temperature and filtered using 0.45 pm membrane filters
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(Millipore Co Ltd.). Doses of 50 pl of the initial dilution
(10 mg/ml) of each plant extract and plant infusion were
added to cell cultures to obtain a final concentration of
0.1 mg/ml. Amifostine (WR-2721) was used as a positive
control®!. A dose of 50 pl of amifostine (final concentra-
tion 1 pg/ml) was added to irradiated cells.

Optimum dose selection

The optimum dose for evaluation of radioprotection was
selected based on previously conducted experiments em-
ploying different concentrations (0.1-0.4 mg/ml) of plant
extracts for the treatment of irradiated human lympho-
cytes. Because 0.1 mg/ml of plant extract provided the
greatest radioprotection, it was considered the optimum
radioprotective concentration and was used for this
study'”.

Micronucleus assay

For micronuclei preparation, the cytokinesis block method
of Fenech er al.** was used. For each sample, at least
1000 binucleate cells were scored and micronuclei were
recorded using an Axiolmager Al microscope (Carl Zeiss,
Jena, Germany) with 400x or 1000x magnification. The
ability of cells to proliferate in vitro was evaluated by
counting the number of cells with one to four micronuclei
on the same slides. The results of these analyses are pre-
sented as a cytokinesis-block proliferation index (CBPI).
CBPI was calculated as follows: CBPI=MI + 2MI1I +
3[MIII + MIV]/N, where MI-MIV represent the number
of cells with one to four nuclei respectively, and N is the
number of cells scored™.

Thiobarbituric acid assay

After 72 h of incubation, parallel cultures were separated
on Lymphoprep (lymphocyte separation medium, PAA
Laboratories GmbH, Austria). Lymphocytes were col-
lected by centrifugation, washed in physiological saline
(0.9% NaCl) and frozen at —20°C. A thawed lymphocyte
suspension was treated with thiobarbituric acid (TBA)
and used to determine malondialdehyde (MDA) levels
spectrophotometrically*! at 532 nm. Values are expressed
as nmol TBA-reactive material (MDA equivalent)/mg
protein, using a standard curve of 1,1,3,3-tetramethoxy-
propane. Protein concentration was determined according
to Lowry et al.™.

Apoptosis

For apoptosis assays, the method of Crompton er al.”
was followed. Samples were stained with propidium
iodide and analysed by flow cytometry (Becton Dickenson,
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Table 1.

Incidence of micronuclei (MN), proliferation index, level of malondialdehyde and percentage of apoptotic cells in irradiated control

samples and irradiated samples treated with infusion and pure polyphenols of Gentiana dinarica

Irradiated cultures treated Percentage
with infusion and pure Incidence of MN/ nM MDA/mg of apoptotic
polyphenols of G. dinarica 1000 BN cells Mean £ SD CBPI Mean+SD  of proteins Mean = SD cells Mean £ SD
Control 216.71 1.53 6.83 2.96
212.23 211.03 £ 6.37 1.55 1.55 £ 0.02 5.98 6.44 £ 0.43 2.99 3.01 £0.06
204.15 1.56 6.51 3.08
Gentiacaulein 214.67 1.43 7.30 2.94
207.22 209.29 £4.70%¢  1.45 1.44 +0.01* 6.63 6.92 £0.35*  3.07 2.99+0.07°¢
205.99 1.44 6.82 2.96
Gentiakochianin 171.91 1.37 4.45 1.86
168.69 165.56 £ 837> 1.43 1.40 £0.03*"  3.81 415+£0.32™  1.84 1.87 £ 0.04>¢
156.07 1.39 4.18 1.91
Norswertianin-1-O- 169.77 1.35 4.74 5.45
primveroside 166.50 165.32£5.15>  1.41 1.38+0.03"f 4.45 4.31£0.52*  5.60 5.58+0.12"
159.68 1.39 3.73 5.69
Norswertianin-8-O-primveroside 159.67 1.26 8.29 3.52
155.93 154.22 £ 6.48™  1.25 1.27 £ 0.03*¢ 7.37 7.75+£0.48"  3.43 3.52 £ 0.09™
147.06 1.30 7.58 3.61
Isoorientin 205.31 1.50 6.16 3.22
201.54 200.54 £ 535>  1.53 1.54 +0.04¢ 6.19 5.94+0.41"  3.26 3.28 +£0.07¢
194.76 1.58 5.47 3.36
Isoorientin-4'-O-glycoside 167.36 1.29 4.11 4.29
151.74 156.38 £ 9.54™  1.30 1.30 £ 0.02"¢ 3.75 3.88£0.20™  4.47 4.38 £ 0.09™
150.05 1.32 3.77 4.38
Infusion 308.16 1.41 5.96 10.33
304.08 30520 £ 5.46>°  1.44 1.44 £ 0.03* 5.52 5.70 £0.23*" 10.70 10.52+£0.19"F
303.35 1.46 5.63 10.53
Amifostine 183.87 1.52 6.19 3.09
186.85 176.25+15.84* 1.50 1.50 £ 0.02° 6.34 6.13 £0.25° 3.33 3.201+0.12°
158.04 1.48 5.85 3.19

P < 0.05; "P < 0.001; “Nonsignificant compared to control; P < 0.05; °P < 0.001; ‘Nonsignificant compared to infusion.

Heidelberg, Germany). The apoptotic population was cal-
culated using CellQuest software (Becton Dickenson).

Statistical analysis

Statistical analysis was performed using the statistical
software package Statistica 6.0 for Microsoft Windows.
Statistical analysis was done using Student’s #-test and a
P value <0.05 was considered to be significant.

Results

Results are presented in Table 1 and Figure 1.

Effect of G. dinarica polyphenols on the incidence of
radiation-induced micronuclei in irradiated human
lymphocytes

Pure polyphenols isolated from G. dinarica reduced the
incidence of radiation-induced micronuclei (MN). Maxi-
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mal reduction of MN was observed after treating irradiated
human lymphocytes with norswertianin-8-O-primveroside
(a reduction of 26.92% compared to control cells). Ra-
diation-induced MN were also significantly reduced by
isoorientin-4’-O-glycoside, norswertianin-1-O-primveroside,
gentiakochianin and isoorientin (25.90, 21.66, 21.55 and
4.97% respectively). Treatment of cells with gentiacau-
lein resulted in marginal, non-significant decreases in radia-
tion-induced MN. Addition of whole plant infusion
significantly increased the incidence of MN (44.62%
higher than controls).

Effects of G. dinarica polyphenols on MDA levels in
irradiated human lymphocytes

Maximal inhibition of lipid peroxidation was observed after
treating irradiated human lymphocytes with isoorientin-4'-O-
glycoside (39.75% lower levels compared to controls).
MDA levels were significantly reduced by gentia-
kochianin, norswertianin-1-O-primveroside and plant in-
fusion (35.56, 33.07 and 11.49% respectively). Isoori-
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Effect of Gentiana dinarica infusion and pure polyphenols on incidence of micronuclei, proliferation index,

level of malondialdehyde and percentage of apoptotic cells in irradiated human lymphocytes (mean + SD).

entin induced marginal, non-significant reduction in MDA
levels. Norswertianin-8-O-primveroside and gentiacaulein
induced significant increases in MDA levels (20.24 and
7.45% respectively).

Effect of G. dinarica polyphenols on apoptotic cell
death in irradiated human lymphocytes

Apoptosis was maximally induced by treating cells with
plant infusion (249.50% higher than controls). Significant
increase in the percentage of apoptotic cells was induced
by norswertianin-1-O-primveroside, isoorientin-4'-O-glyco-
side, norswertianin-8-O-primveroside and isoorientin (85.49,
41.29, 16.94 and 8.97% respectively). Gentiakochianin
decreased the percentage of apoptotic cells by 37.87,
whereas treating cells with gentiacaulein did not signifi-
cantly alter the percentage of apoptotic cells.

Effect of G. dinarica polyphenols on cell
proliferation in irradiated human lymphocytes

Treatment of irradiated human lymphocytes with G.
dinarica polyphenols inhibited cell proliferation, as revealed
by significant reductions in the CBPI. The maximal re-
duction of cell proliferation was observed in cells treated
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with norswertianin-8-O-primveroside (18.06% lower than
controls). Significant decrease in the proliferation index
was observed for isoorientin-4'-O-glycoside, norswertia-
nin-1-O-primveroside and gentiakochianin (16.13, 10.97
and 9.68% respectively). CBPI was 7.10% lower in cells
treated with either gentiacaulein or plant infusion. Isoori-
entin caused no significant change in the cell prolifera-
tion index.

Effect of amifostine in irradiated human
lymphocytes

Compared to control cells, amifostine reduced the fre-
quency of MN by 16.48%, MDA levels by 4.82%, and
increased apoptosis levels by 6.00%. Amifostine did not
significantly influence the cell proliferation index.

Discussion

Endogenous antioxidants such as cellular thiols and anti-
oxidant enzymes provide protection against free radicals
produced by the body’s normal use of oxygen during res-
piration and some cell-mediated immune functions®. Ad-
ditional production of free radicals by ionizing radiation
overwhelms the antioxidant capacity of the cell, intracel-
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lular redox homeostasis is disrupted, and oxidative stress
ensues>. Excessive increase in ROS production has been
implicated in the pathogenesis of cancer, atherosclerosis,
neurodegenerative diseases and other diseases®™. A num-
ber of medicinal plants have shown radioprotective and
radiorecovery effects”. The radioprotective efficacy of
Ginkgo biloba, Podophyillum hexandrum, Mentha
piperica and Mangifera indica has been attributed to the
antioxidant activities of polyphenols contained in these
plants**. In this study, we examined the radioprotective
properties of G. dinarica polyphenols and their influence
on different end-points of radiation damage. The C-glu-
coflavones isoorientin and isoorientin-4'-O-glycoside
possess two to three double bonds in conjugation with 4-
oxo function that are responsible for electron delocaliza-
tion from the B ring. The electron- and H'-donating capa-
cities of these compounds contribute to the termination of
lipid peroxidation chain reactions based on their reducing
power, allowing them to act as antioxidants. Treatment of
irradiated cells with these flavones decreased the inci-
dence of radiation-induced MN and MDA levels. The
maximum inhibition of lipid peroxidation (39.75%) was
observed in cells treated with isoorientin-4'-O-glycoside.
Isoorientin has a catechol moiety in its structure. Miura
and co-workers™ have suggested that flavonoids with cate-
chol moieties in their structure can generate hydrogen
peroxide by donating hydrogen from the catechol group
to oxygen through a superoxide (O;) anion radical. In-
creased H,O, generation leads to more potent radical
trapping. The response of cells to H,O, depends on cell
type and the level of antioxidant enzymes such as cata-
lase and other H,O,-removing enzymes” . It has been
suggested that H,O, might contribute to apoptosis™.
These C-glucoflavones significantly increased the per-
centage of apoptotic cells and inhibited cell proliferation,
although treatment of cells with isoorientin-4’-O-glycoside
provided better radioprotective effects than treatment
with isoorientin. It is possible that isoorientin-4'-O-glyco-
side induces cell-cycle arrest, allowing cells to complete
DNA repair before replication or division. It has been re-
ported that polyphenols can induce cell-cycle arrest and
apoptosis™>*. Prolonged time for DNA repair and elimi-
nation of heavily damaged cells via apoptosis might en-
able the maintenance of homeostasis in irradiated tissue.
The tetraoxy genated xanthone glycoside norswertianin-
1-O-primveroside acted as an antioxidant, as evidenced
by significant decrease in radiation-induced MN and
MDA levels. It also inhibited cell proliferation and en-
hanced apoptosis. The exact mechanisms underlying its
activity are not known. Most data regarding the anti-
oxidant activities of xanthone glycosides are derived
from studies of mangiferin. It has been reported that
mangiferin inhibits the activation of NF«B, which plays a
pivotal role in suppressing apoptosis™. It was also shown
that mangiferin has an antiproliferative effect on leukae-
mia cells by inducing apoptosis, probably through down-
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regulation of berlabl expression®. It is possible that
norswertianin-1-O-primveroside behaves in a similar
fashion.

Unexpectedly, the tetraoxygenated xanthone glycoside
norswertianin-8-O-primveroside exhibited pro-oxidative
effects. Similar results were observed after treatment of
cells with the tetraoxygenated xanthone gentiacaulein.
These compounds stimulated oxidative stress, resulting in
increased lipid peroxidation in the cell membrane and de-
creased cell proliferation. This cytotoxicity might be due
to the inhibition of redox reactions by these polyphe-
nols”’. It was shown that polyphenols may decrease the
activities of key antioxidant enzymes >*. Polyphenolic
compounds might form complexes with proteins through
hydrogen and covalent bonds to cause enzyme inhibition,
thereby promoting oxidative stress’. The induction of
MDA by norswertianin-8-O-primveroside resulted in growth
inhibition and led to apoptosis rather than reproductive
cell death. In contrast, the antiproliferative effect of gen-
tiacaulein was not accompanied by the enhancement of
apoptosis.

The tetraoxygenated simple xanthone gentiakochianin
exhibited cytostatic effects in irradiated lymphocytes. It
significantly reduced reproductive cell death and lipid
peroxidation. The antiproliferative effect of this xanthone
was associated with the suppression of apoptosis. Tetra-
oxygenated xanthones have been reported to suppress
apoptosis by influencing calcium signalling mechanisms™.
Blocking plasma membrane calcium channels protects
cells from apoptosis™**, and elevated intracellular calcium
can activate the transcription of NF«B, which, as men-
tioned before, suppresses apoptosis™. The reduction of
radiation-induced apoptosis has also been demonstrated
in mouse crypt cells treated with P. hexandrum extracts™,
and in rat cerebellar neuronal cell cultures treated with G.
biloba leaf extract®. The mechanisms underlying the ac-
tivity of gentiakochianin require further detailed investi-
gation, since it may serve as a novel powerful antitumour
agent and free-radical scavenger.

The results presented here indicate that better under-
standing of the structure—activity relationship of these
polyphenols and their different mechanisms of action might
provide better therapeutic applications. The complexity
of the action of the polyphenols tested was evident upon
treatment of irradiated lymphocytes with G. dinarica in-
fusion. Administration of plant infusion cannot be ex-
pected to produce the same effects as the administration
of pure compounds. Interactions between individual
polyphenols might determine the overall outcome of
treatment with a mixture of these compounds. Because of
this, results obtained with crude plant extracts must be
considered with caution®.

(. dinarica infusion significantly decreased lipid per-
oxidation and had antiproliferative effects associated with
enhanced apoptosis. It also led to increased reproductive
cell death. One possible explanation for the higher inci-
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dence of MN in infusion-treated cells than in controls is
that the synergistic and/or balanced action of its polyphe-
nols modulates the radiobiological response of cells by
influencing antioxidant enzymes, possibly decreasing
their activity. The polyphenols quercetin, morin, namigenin
and hesperetin have been shown to decrease glutathione
transferase activity, resulting in DNA damage in human
lymphocytes®’. These observations emphasize the impor-
tance of developing therapeutic formulations with appro-
priate proportions of bioactive constituents to achieve the
desired beneficial effects.

Conclusion

Our results clearly indicate that G. dinarica polyphenols
have significant potential to protect cells from radiation-
induced damage. This study provides insights that
might aid in identifying better and safer therapies which
can be used to protect against the harmful effects of ra-
diation.
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