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In this study, WPT-A, a type of water-soluble homogeneous lichen polysaccharide, was isolated and purified
from Parmelia tinctorum. We investigated whether WPT-A has radioprotective effects when administered
before total-body irradiation (TBI). Mice were treated with WPT-A via intraperitoneal injection (i.p.) once per
day for three consecutive days prior to 7, 7.5, 8.5, 10 or 10.5-Gy TBI. Our results indicated that the survival
rate was enhanced at a range of levels of TBI. The calculated dose reduction factor (DRF) was 1.2. White
blood cell (WBC) counts, spleen colony forming units (CFU-S) and bone marrow nucleated cell (BMNC)
counts were used to investigate the radioprotective effects of WPT-A on the hematopoietic system. The treat-
ment groups received WPT-A at 20, 50 and 80 mg/kg b.w. doses before 6.5-Gy TBI and showed significantly
higher BMNC and WBC counts compared with the radiation-only group. The groups administered 50 and 80
mg/kg b.w. WPT-A showed a significant increase in CFU-S compared with the radiation-only group. We also
carried out a single cell gel electrophoresis assay to explore the radioprotective effects of WPT-A on DNA
damage. The results from single-cell gel electrophoresis of peripheral blood leukocytes showed that WPT-A atte-
nuated radiation-induced DNA damage. These results indicate a potential use for WPT-A as a radioprotector.
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INTRODUCTION

The development of safe and more effective radioprotec-
tors is very important in view of their potential applica-
tion during unintended radiation exposure and radiotherapy.
Over the past 50 years, the possible radioprotective effects of
many synthetic and natural agents have been investigated.
Currently, there is no safe and effective non-toxic radiopro-
tector available for human use [1]. Amifostine, also known
as Ethyol or WR2721 is the only clinically accepted radio-
protector, but it has inherent dose-limiting toxicities [2].
Several drugs are in different stages of evaluation, but so
far none possess all the requisite qualities of an optimum
radioprotector [3, 4].

Parmelia tinctorum belongs to the Parmeliae family of
lichens. Lichens have been used for medicinal purposes
throughout the ages, and beneficial claims have to some
extent been correlated with their polysaccharide content. Of
13 500 lichen species growing worldwide, less than 100
species have been investigated for polysaccharide content. A
number of investigations have been carried out on the bio-
logical effects of lichen polysaccharides [5], most notably
antitumor [6], immunomodulating [7], antiviral [8, 9] and
memory-enhancing effects [10, 11].
In our study, a homogeneous polysaccharide, WPT-A,

was isolated and identified from Parmelia tinctorum. The
chemical and physical characteristics of WPT-A were deter-
mined. In addition, its protective effects in mice exposed to
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radiation were explored in terms of whole-body survival,
protection of the hematopoietic system and attenuation of
DNA damage.

MATERIALS ANDMETHODS

Preparation of Parmelia tinctorum polysaccharide
Parmelia tinctorum (1.5 kg) was crushed and first extracted
with ethanol. The residue was extracted with boiling water.
The resultant aqueous extract was concentrated in a rotary
evaporator under reduced pressure, precipitated by ethanol at
4°C for 24 h, and then centrifuged (5000 rpm, 10 min). The
precipitate was dissolved in water and then deproteinated
with chloroform and n-butanol eight times. The resulting
aqueous fraction was extensively dialyzed against running
water for 3 d and then against distilled water for 1 d. The
retentate was concentrated under reduced pressure to a small
volume, and 4 volumes of ethanol were added stepwise with
stirring at 4°C. The mixture was stored overnight at 4°C. The
resulting precipitate obtained by centrifugation consisted of
crude polysaccharide.
To purify the crude polysaccharide, sequential column fil-

tration was used. First, the extract was applied to a
DEAE-32-Cellulose column and eluted with 0.1 M NaCl.
No carbohydrates were detected via a phenol-sulfuric acid
color reaction in the fractions prior to linear gradient elution
at 2 M and 0.1 M NaCl. The corresponding fractions,
WPT-A and WPT-B, were pooled, dialyzed, and lyophilized.
WPT-A, which had the highest activity, was further fractio-
nated on a Sephadex G-150 column and eluted with 0.1 M
NaCl, resulting in one fraction. This fraction was purified by
rechromatography on the same exclusion column three
times. The resulting homogeneous polysaccharide obtained
was designated WPT-A (yield: 3.2 g).
The sugar composition of WPT-A was analyzed by

nuclear magnetic resonance spectroscopy (NMR) and gas
chromatography (GC), and the linkage position of sugar was
analyzed by GC–MS (mass spectroscopy). The carbohydrate
and protein contents were measured using the phenol-
sulfuric acid method [12] and the Lowry method [13], re-
spectively. The glucuronic acid content was measured using
the sulfuric acid-carbazole method [14]. Homogeneity and
molecular weight measurements were completed with high
power liquid chromatography (HPLC).

Animals
ICR mice (6–8 weeks old) with an average body weight of
20 ± 2 g were obtained from the Animal Center of the
Chinese Academy of Medical Sciences. They were main-
tained under controlled laboratory conditions at a tempera-
ture of 25 ± 2°C with a controlled light cycle (14 h of light
and 10 h of darkness). The mice were fed standard animal
food pellets and tap water ad libitum. All animal experiments

were conducted according to the guidelines of the institution-
al Ethics Committee.

Irradiation of animals
Total body gamma irradiation (TBI) was accomplished at
room temperature using a 137Cs Gamma Tissue Irradiator at a
dose rate of 0.78 Gy/min (Theratron 780E, Canada) during
the experimental period. Each mouse was kept in a perforated
plastic container. When irradiated, the mice were placed on a
rotating platform to ensure even dose delivery to all tissues.

Administration of WPT-A
WPT-A was dissolved in normal saline for administration at
the desired concentrations, and the dose was expressed in
mg/kg b.w. Different doses of WPT-A were administered to
mice via the intraperitoneal (i.p.) route in a maximum
volume of 0.2 ml. Control animals received 0.2 ml of normal
saline.

Maximum tolerated dose
The acute toxicity of WPT-A was studied in terms of percent
survival, change in behavior, alteration in neuromuscular co-
ordination, and respiratory disorders for 14 d after the admin-
istration of a single dose of WPT-A at 125, 250, 500, 1000,
2000 and 2500 mg/kg b.w. The maximum dose of WPT-A
that yielded no toxic manifestations was considered the
maximum tolerated dose (MTD).

Survival and dose reduction factor analysis
Mice (n = 10 mice/group) were administered WPT-A at a
dose of 80 mg/kg once a day for three consecutive days, and
then on the third day they were irradiated with gamma rays at
a dose of 7, 7.5, 8.5, 10 or 10.5-Gy 30 min after the adminis-
tration of WPT-A. The mice were monitored daily for 30 d,
to determine survival rates. On Day 31, all the surviving
mice were euthanized by cervical dislocation. The data were
reported as the percentage of animals surviving. The protective
capacity of WPT-Awas expressed as the dose reduction factor
(DRF). The DRF was calculated by dividing the LD50/30 of
the radiation plus WPT-A group by the LD50/30 of the
radiation-only group [15].

Studies on radioprotection of the hematopoietic
system
The animals were randomly divided into five groups of eight
mice. The mice received WPT-A at a dose of 20, 50 and
80 mg/kg or normal saline administered i.p. once a day for
three consecutive days, and then on the third day, they were
irradiated with gamma rays at a dose of 6.5-Gy 30 min after
administration of WPT-A. The mice were sacrificed by cer-
vical dislocation on the ninth post-irradiation day in all
groups. Peripheral blood was collected from the tail vein, and
their spleens and femoral bones were collected. The white
blood cells (WBCs), endogenous spleen clone-forming unit,
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and bone marrow nucleated cells (BMNCs) were investi-
gated to estimate the radioprotective effects of WPT-A on the
hematopoietic system. All experiments were repeated twice.

BMNC counts
Mouse femoral bones were collected, and bone marrow was
flushed out with 3% acetic acid. The number of BMNCs was
counted using a microscope.

WBC counts
Peripheral blood was collected from the tail vein on the ninth
post-irradiation day. WBCs were determined using a Coulter
LH755 Hematology Analyzer.

Endogenous spleen colony-forming units
Spleens were removed from mice and fixed in Bouin’s solu-
tion (trinitrophenol and methanal) for 24 h. Macroscopic
spleen colony-forming units (CFU-S), visible to the naked
eye, were scored in each spleen [16].

Studies on radioprotection of DNA damage
DNA damage was detected using the comet assay. The
mouse groups and administration of WPT-A in this assay
were as for the studies on radioprotection of the hematopoi-
etic system (see above).
Blood from the tail vein of each animal was collected in

heparinized vials 30 min after irradiation, and a lymphocyte
suspension was prepared. The comet assay, also called single
cell gel electrophoresis (SCGE), was performed under alka-
line conditions as described by Banath et al. [17]; two layers
of agarose were used. First, the comet slides were coated
with 100 μl of normal-melting-point agarose, then, once the
first agarose layer was coagulated, a mixture of 75 μl of
low-melting-point agarose and 25 μl of lymphocyte suspen-
sion was applied as the second layer. The comet slides were
immersed in cold alkaline lysis solution for 2 h at 4°C. After
lysis, double-distilled water was used to rinse away excess
salt. All the comet slides were then placed in buffer for 20
min in a horizontal electrophoresis tank pre-filled with cold
alkaline electrophoresis buffer to loosen the tight double-
helical structure of DNA for electrophoresis. Electrophoresis
was then performed at 200 mA for 20 min in electrophoresis
buffer at room temperature. The slides were then rinsed twice
with distilled water and stained with ethidium bromide
(2 μg/ml). All of the above procedures were carried out in
the dark to avoid additional DNA damage. The comets were
viewed using a Nikon 90i fluorescence microscope, and
images of 100 comets were collected for each subject using a
digital imaging system. Cells that overlapped were not counted.
All the comet images were analyzed using Comet Assay
Software Project (CASP, Wroclaw University, Poland) [18],
and the DNA percentage in the comet tail (TDNA %), tail
moment (TM), and Olive tail moment (OTM) were recorded to

describe DNA damage to the lymphocytes. All the experiments
were repeated twice.

Statistical analysis
Statistical analysis was performed using SPSS 12.0 for
Windows. Data obtained were expressed as the mean±SD. The
data were analyzed by one-way ANOVA to confirm the vari-
ability of data and validity of results. A Student’s t-test was
used for statistical comparisons between the groups. The sig-
nificance levels were set at P < 0.05, P < 0.01 and P < 0.001.
The LD50/30 values and the DRF were determined by regres-
sion analysis.

RESULTS

Structural features of WPT-A
The alditol acetate composition of WPT-A was determined
by GC, which indicated that WPT-A consisted of galactose,
mannose and glucose in a 9.7:7.2:1 molar ratio.
1,3-galactose, 1,6-galactose and 1,3,4-mannose were found
at the backbone, and 1,4-glucose was found at the branch.
The polysaccharide was eluted as a single symmetric

peak on UltrahydrogelTM 2000, UltrahydrogelTM 500 and
UltrahydrogelTM Linear serial columns, corresponding to a
molecular weight of 45 000 daltons, which suggested
WPT-Awas homogeneous.

MTD
The acute toxicity of WPT-A was studied in terms of percent
survival, change in behavior, alteration in neuromuscular
coordination, and respiratory disorders for 14 d post-
administration of a single dose of different concentrations of
WPT-A. Single doses of WPT-A up to 2500 mg/kg b.w.
were well tolerated by the mice, and no deaths were noted.

Survival, LD50/30 and DRF analysis
The experimental data showed that mice treated with irradi-
ation alone displayed survival rates of 60%, 50%, 20%, 0%
and 0% when irradiated with 7.0, 7.5, 8.5, 10 and 10.5-Gy,
respectively. Administration of WPT-A after various doses
of TBI enhanced the survival rates, yielding rates of 90%,
80%, 60%, 20% and 10% at 7.0, 7.5, 8.5, 10 and 10.5-Gy,
respectively. Regression analysis of the radiation survival
data produced an LD50/30 value of 8.8 for the radiation plus
WPT-A group and 7.4 for the radiation-only group (Fig. 1).
The calculated DRF was 1.2. These results indicated that
WPT-A administered before TBI enhanced the survival of
mice.

BMNC counts
As shown in Fig. 2, the number of nucleated cells in bone
marrow in the radiation-only group decreased markedly com-
pared with the control group. The treatment groups, which
received 20, 50 and 80 mg/kg b.w. doses of WPT-A prior to
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radiation, had significantly higher BMNC counts compared
with the radiation-only group.

WBC counts
The WBC counts decreased sharply in the radiation-only
group compared with the control group. The treatment groups,
which received WPT-A at 20, 50 and 80 mg/kg b.w. prior to
radiation, showed a marked increase in WBC counts in com-
parison with the radiation-only group (Fig. 3). The difference
was statistically significant.

Endogenous CFU-S
CFU-Ss in the radiation-only group were observed. The treat-
ment groups that received 20, 50 and 80 mg/kg b.w. of WPT-A
prior to irradiation had more CFU-Ss compared with the
radiation-only group (Fig. 4). The treatment groups administered
WPT-A at 50 and 80 mg/kg b.w. demonstrated a significant

change in CFU-Ss compared with the radiation-only group. The
difference was statistically significant.

Radioprotective effects on DNA damage
The effects of WPT-A against radiation-induced DNA damage
in peripheral blood leukocytes were investigated using SCGE.
Nucleoids of the cells in the control group appeared circular,
whereas those in the radiation group looked like comets, with
fluorescence intensity diminishing from the head to the tail,

Fig 2. Effects of pre-irradiation WPT-A on BMNC counts in
mice. Femoral bones were collected, and the bone marrow was
flushed out with 3% acetic acid. The number of BMNCs was
counted using a microscope. Results are presented as means ± SD
(n = 24). **P < 0.01, ***P < 0.001 compared with the radiation-
only group. #P < 0.001 compared with the control group. The
Student’s t-test was used for statistical comparisons between the
groups. The P values of the different treatment groups were as
follows: Radiation and 20 mg/kg WPT-A, 0.0014; Radiation and
50 mg/kg WPT-A, 8.744 × 10−5; Radiation and 80 mg/kg WPT-A,
1.765 × 10−9.

Fig 1. The survival curves for the radiation-only group and the
radiation plus WPT-A group. Mice (n = 10 mice/group) were
administered WPT-A at a dose of 80 mg/kg once a day for three
consecutive days, and then on the third day they were irradiated
with gamma rays at a dose of 7, 7.5, 8.5, 10 or 10.5-Gy 30 min after
the administration of WPT-A. The mice were monitored daily for
30 d to determine survival rates.

Fig 3. Effects of pre-irradiation WPT-A on WBC counts in mice.
Blood was collected from the caudal vein into heparinized tubes on
the ninth day post-irradiation, and the number of WBC was
detected using a Hematology Analyzer. The results are presented as
means±SD (n = 24). **P < 0.01, ***P < 0.001 compared with the
radiation-only group. #P < 0.001 compared with the control group.
The Student’s t-test was used for statistical comparisons between
the groups. The P values of the different treatment groups were as
follows: Radiation and 20 mg/kg WPT-A, 0.0038; Radiation and
50 mg/kg WPT-A, 0.0034; Radiation and 80 mg/kg WPT-A,
0.0008.

Fig 4. Effects of pre-irradiation WPT-A on CFU-Ss in mice. In
addition, the number of CFU-Ss per spleen was counted. Results
are presented as means±SD (n = 24). ***P < 0.001 compared with
the radiation-only group. #P < 0.001 compared with the control
group. The Student’s t-test was used for statistical comparisons
between the groups. The P values of different treatment groups were
as follows: Radiation and 20 mg/kg WPT-A, 0.1725; Radiation and
50 mg/kg WPT-A, 0.0004; Radiation and 80 mg/kg WPT-A,
1.469 × 10−5.
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indicating DNA damage. Figure 5 shows the frequency distri-
bution histograms of TL, TM, OTM and percentage of DNA
in the tail of leukocytes isolated from the animals.
Pre-irradiation WPT-A treatment in mice significantly
decreased TL, TM, OTM and percentage of DNA in the tail
compared with those observed in the radiation groups.

DISCUSSION

In the present study, we demonstrated for the first time that
lichen polysaccharides can provide protection against radi-
ation toxicity in a murine model. The study revealed that pre-
irradiation administration of WPT-A at a dose of 80 mg/kg b.
w. enhanced survival rates. Regression analysis of the radi-
ation survival data resulted in an LD50/30 value of 8.8 for the
radiation plus WPT-A group, and 7.4 for the radiation-only
group. The calculated DRF was 1.2. In our preliminary ex-
periment, the same results were obtained with eight mice in
each group.
Most synthetic and herbal radioprotective agents show

their maximum radioprotective effect at a dose approaching
the MTD [19–22]. A single dose of WPT-A up to 2500 mg/
kg b.w. was tolerated well by mice and provided significant
radioprotection at a dose of 80 mg/kg b.w. Therefore, WPT-A
may have potential as an agent for human application due to
its low toxicity.
It is well known that the hematopoietic system is a critically

important system for radiation survival, but is susceptible to
radiation-induced damage. Radiation survival is the result of
several factors including the prevention of damage through the
inhibition of free-radical generation, efficient scavenging of

free radicals [23], repair of DNA [24, 25], repair of membrane
and other damaged target molecules [26], and the replenish-
ment of severely damaged or dead cells. The recruitment of
cells to substitute for damaged cells could add to survival. The
present study demonstrated that WPT-A pretreatment elevated
the number of radiation-induced endogenous CFU-Ss and
increased BMNCs when compared with the radiation-only
group. The CFU-Ss exhibited many characteristics of primi-
tive hematopoietic stem cells, such as extensive proliferative
capacity, the capacity for self-renewal, and the capability of
generating multiple hematopoietic lineages that prevented ra-
diation damage in mice. The enhancement of CFU-Ss indi-
cated a role of WPT-A in protecting the primitive stem cells,
such as stimulating the generation of primitive stem cells and
reconstitution of hematopoiesis after TBI. As hematopoiesis is
stimulated in the bone marrow, BMNCs and WBCs decreased
because irradiation increased. These effects of WPT-A on en-
hancement of myelopoiesis and alleviation of DNA damage
will be extremely beneficial for radiation survival of the hem-
atopoietic system.
Although our data revealed that WPT-A treatment amelio-

rated ionizing irradiation-induced damage in mice, the mechan-
isms by which WPT-A facilitated this effect are unknown.
Early experiments reported that polysaccharides isolated from
the lichen Thamnolia vermicularis var. subuliformis signifi-
cantly stimulated TNF-α secretion in rat peritoneal macro-
phages and exhibited immunomodulatory activity [27]. The
structural characteristics of WPT-A are similar to those of the
polysaccharides isolated from Thamnolia vermicularis var.
subuliformis. TNF-α has been shown to have a role in radiopro-
tection. Anti-TNF-α antibody reduced the survival of irradiated
mice, indicating that the natural level of TNF-α in the body
contributes to radioresistance. TNF-α can protect mice from
doses of radiation that would be fatal to untreated animals, if
given before irradiation [28–31]. Furthermore, it was suggested
that TNF-α might exert its radioprotective effects on a pool of
primitive multipotential hematopoietic cells [30]. The adminis-
tration of a high dose of TNF-α 1–3 h after irradiation signifi-
cantly protected mice [32]. It was also shown to induce mRNA
of MnSOD by TNF-α [33].
The precise mechanisms of the radioprotective action of

WPT-A remain uncertain. It is suggested that the principal
mechanism of radioprotection by WPT-A is enhanced res-
toration of the innate immune system. Therefore, it is specu-
lated that radioprotection by WPT-A when administrated
before irradiation is mediated by the simultaneous secretion
of TNF-α. It is known that a large amount of exogenous
TNF-α has radioprotective effects and is toxic, whereas
endogenous TNF-α by simultaneous immune system sec-
retion exerted its effects modulated by the complicated
immune system. The relationship between the amount of en-
dogenous TNF-α and its radioprotective effect and toxicity
is unclear. WTF-A stimulated TNF-α secretion remains to
be confirmed.

Fig 5. Effects of pre-irradiation WPT-A on γ-radiation-induced
DNA damage in mice. The alkali comet assay was adopted to
determine the effects of WPT-A on γ-radiation-induced DNA
damage in mouse peripheral blood leukocytes. The bar graph
represents means ± SD obtained by analyzing 100 cells/mouse
(n = 24). ***P < 0.001 compared with the radiation-only group.
#P < 0.001 compared with the control group.
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Ionizing radiation can directly induce DNA damage or in-
directly induce DNA damage by producing reactive oxygen
species such as superoxide anions and hydrogen peroxide.
Antioxidants ameliorate DNA damage and exert radioprotec-
tion effects [23]. Behera reported that polysaccharide from
the tissue culture of some lichens showed antioxidant effects
[34]. Thus, we suggest that decreased radiation-induced DNA
damage in peripheral leukocytes by WPT-A may be attributed
to its antioxidant effects. DNA damage and repair involve
many factors. Oxidative stress is one cause of DNA damage.
The mechanism of the radioprotective action of WPT-A on
DNA damage demonstrated in the comet parameters may also
be related to other mechanisms and requires further study.
Our results demonstrated that the polysaccharide from

Parmelia tinctorum ameliorated ionizing irradiation-induced
damage in mice and possesses the potential properties of an
ideal radioprotector.
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