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Abstract : The radioprotective efficacy of a methanol extract of the red algae Polyopes lancifolia (Harvey)

kawaguchi et wang (mPL) was evaluated in mice subjected to total-body gamma irradiation. mPL

protection against radiation-induced oxidative stress was examined by histological evaluation of intestinal

crypt-cell survival and liver activities of the antioxidant enzymes superoxide dismutase (SOD) and catalase

(CAT). mPL (100 mg/kg body weight) administered intraperitoneally at 24 h and 1 h prior to irradiation

protected jejunal crypt cells from radiation-induced apoptosis (p < 0.01). The pretreatment of mPL

attenuated a radiation-induced decrease in villous height (p < 0.05), and improved jejunal crypt survival

(p < 0.05). The dose reduction factor was 1.14 at 3.5 days after irradiation. Treatment with mPL prior

to irradiation resulted in significantly higher (p < 0.01) levels of SOD and CAT activities, compared to

those levels of irradiated control mice with vehicle treatment. These results suggest that mPL is a useful

radioprotective agent capable of defending intestinal progenitor cells against total-body irradiation, at least

in part through mPL antioxidative activity.

Keywords : antioxidation, intestinal progenitor cells, irradiation, Polyopes lancifolia (Harvey) kawaguchi et
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Introduction 

Radiation exposure triggers the generation of intracellular

free radicals and related reactive oxygen species, which

subsequently damage vital cellular targets such as DNA,

membrane lipids, and proteins [14, 23]. Rapidly

proliferating epithelial progenitor cells in small intestinal

crypts are highly vulnerable to radiation-induced cell

damage, leading to the development of gastrointestinal

syndrome [5, 20]. The fundamental requirements for

putative radioprotective substances include prevention of

apoptosis and protection of intestinal crypt cells and

architecture following radiation exposure. Although

chemicals such as amifostine have been developed as

radioprotective agents, many agents induce dose-limiting

side effects [1]. Certain naturally occurring antioxidants

have also been shown to be effective radioprotectors due

to their ability to scavenge free radicals or neutralize free

radical reactions [2, 4].

Many single compounds and plant extracts with

antioxidative and anti-inflammatory activities have been

associated with radioprotection [12, 18, 21, 24]. Natural

products derived from seaweeds have been shown to

exert antioxidant effects with minimal toxicity, making

them attractive potential radioprotective agents. These

seaweed derivatives include fucoidan [10], eckol [19,

27], and phloroglucinol [17] from brown algae.

Callophyllis japonica, a red seaweed, was also found to
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have antioxidant [6] and radioprotective [8] activities. In

addition, Palmaria palmata, another red seaweed, is

reported to contain high concentrations of antioxidant

polyphenolic compounds, which exert a number of

biological effects [11, 26]. 

In line with previous antioxidant and radioprotection

investigations using red seaweeds, Polyopes lancifolia

(Harvey) kawaguchi et wang (PL), a red algae, was

selected for evaluation of its in vivo radioprotective

effects. To determine whether the methanolic extract of

PL (mPL) offers protection against radiation-induced

injury, mPL were administered to mice prior to acute

gamma irradiation exposure and subsequent analysis of

antioxidant enzymes in the liver and intestinal crypt-cell

survival was conducted.

Materials and Methods

Preparation of mPL

The Polyopes lancifolia (Harvey) kawaguchi et wang

(AR309; Jeju Hi-Tech Industry Development Institute,

Korea), a red alga, was collected from the sea surrounding

Jeju island at 2010. The wet leaves and twigs of the

plant were dried, and extracted twice with methanol to

produce a crude extract. The extract mPL was filtered,

evaporated to dryness under reduced pressure and then

concentrated in vacuum. The mPL, dissolved in

phosphate buffered saline, was intraperitoneally injected

in mice with a single dose of 100 mg/kg twice prior to

the irradiation.

Animals and experimental groups

Eight-week-old male BALB/c mice were obtained

from OrientBio (Korea). All experimental procedures

were conducted in accordance with the Guidelines for

the Care and Use of Laboratory Animals at Jeju National

University, Korea.

Total of 60 male BALB/c mice were divided into the

following four groups (5 mice/each group): Vehicle

treated control group (vehicle), the mPL (100 mg/kg)

only treated group (mPL100), the vehicle-treated

irradiation group (vehicle + IR), and the mPL (100 mg/

kg) treated irradiation group (mPL100 + IR).

Irradiation 

All irradiation and evaluation protocols were conducted

as previously described [16, 17]. In brief, mice were

placed in a specially designed, well-ventilated acrylic

container and subjected to whole-body irradiation. Mice

were irradiated with either 2 gray (Gy) for the apoptosis

assay in the intestines, 9 Gy for the intestinal crypt assay

or 9, 10 and 11 Gy for dose reduction factor (DRF)

analysis using 60Co gamma rays (Nordion Gammacell

3000 Elan; Nordion International, Canada), which is

installed in the Applied Radiological Science Research

Institute, Jeju National University at a dose-rate of

3.1 Gy/min. 

Apoptosis assay

To determine the protection of jejunal crypt apoptosis

against irradiation, the mice four groups (4 mice/each

group) were killed 12 h after irradiation (2 Gy). The

small intestines were fixed in 10% buffered formalin,

and embedded in paraffin. 5 µm-thick sections were cut

and stained using a H&E. The apoptotic cells in the

jejunal cross sections were counted using an optical

microscope as shown in our previous paper [17]. The

cells were recorded as a single cell based on their size

and clustering when several apoptotic fragments were

believed to represent the remains of a single cell. Forty

crypt sections were recorded for each mouse.

Intestinal crypt assay 

Jejunal crypt stem-cell survival was determined using

the microcolony technique reported by Withers and

Elkind [25]. Briefly, each mouse jejunum was removed

at 3.5 days post-irradiation, fixed in 10% buffered

formalin, and embedded in paraffin. Paraffin blocks

were cut into 5 µm-thick sections and stained with H&E.

Two sections each from four different regions of the

jejunum from each mouse were prepared for histological

examination. For 10 histological jejunal cross-sections

per mouse, the number of regenerating crypts and the

total number of crypts per transverse circumference were

counted under a microscope. The average number of

crypt cells was plotted against the radiation dose. 

Sections stained with H&E were used for the

determination of villous height. Five non-overlapping

field in each section were examined at ×100 optical

magnification. The villous height was measured from the

tip of the villi to the crypt.

DRF analysis

The protective capacity of an agent can be expressed

as the DRF [10, 15]. Animals with or without mPL

pretreatment (100 mg/kg body weight/day, 24 h and 1 h
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prior to irradiation) were exposed to 9, 10, and 11 Gy

(4 mice/per dosage group). Mice were sacrificed at 3.5

days after radiation exposure. D10 represented the dose

at which the curve intersected 10 crypt cells. The DRF

was calculated using the formula D10 with mPL/D10 with

vehicle.

Detection of liver superoxide dismutase and cata-

lase activities

BALB/c mice (5 mice/each group) with or without

mPL pretreatment (100 mg/kg) at 24 h and 1 h prior to

irradiation were sacrificed 3.5 days after irradiation (9

Gy). The absolute and relative (organ-to-body weight

ratio) weights of the liver were measured for all mice

immediately following sacrifice. The excised livers were

then immediately frozen, and the frozen liver tissue was

homogenized in a glass-Teflon homogenizer with 50

mM phosphate buffer (pH 7.4) to obtain a 1 : 9 (w/v)

whole homogenate. The homogenates were then

centrifuged at 11,000 g for 10 min at 4oC to remove

cellular debris. The protein content of the supernatant

was determined using the Bradford method.

For detection of superoxide dismutase (SOD) activity,

50 µg liver protein was added to 500 mM phosphate

buffer (pH 10.2) and 1 mM epinephrine. Epinephrine

rapidly undergoes auto-oxidation at pH10 to produce the

pink-colored product adrenochrome, which was assayed

at 480 nm using a UV/VIS spectrophotometer operating

in the kinetic mode. SOD inhibits the auto-oxidation of

epinephrine. The rate of inhibition was monitored at 480

nm, and the amount of enzyme required to produce 50%

inhibition was defined as one unit of enzyme activity.

The total SOD activity was expressed as units/mg

protein [13].

For detection of catalase (CAT) activity, 50 µg of liver

protein was added to 50 mM phosphate buffer (pH 7.0)

and 100 mM H2O2, and the mixture was incubated for

2 min at 37oC. Following incubation, the absorbance of

the mixture at 240 nm was monitored for 5 min. The

change in absorbance was proportional to the breakdown

of H2O2 and the CAT activity present in the sample.

CAT activity was expressed as units/mg protein [3].

Statistical analysis 

Data are presented as the mean ± SE. All data were

analyzed using one-way analysis of variance (ANOVA)

followed by the Tukey’s test for multiple comparisons.

In all cases, p < 0.05 was considered significant.

Fig. 1. Analysis of crypt apoptotic cells. Bar graphs showing the number of apoptotic cells per crypt in mouse jejunum

(sections stained with H&E stain) from the vehicle, 100 mg/kg methanol extracts of Polyopes lancifolia (Harvey) kawaguchi

et wang (mPL100), vehicle + irradiation (2Gy) (Vehicle + IR), and mPL100 + IR mice. Mice were pretreated with vehicle

or mPL100 at 24 h and 1 h prior to irradiation. (A~D) Representative images showing apoptotic cells in H&E-stained jejunal

sections from vehicle (A), mPL100 (B), vehicle + IR (C), and mPL100 + IR (D) mice. The arrows indicate apoptotic cells.

Values are the mean ± SE of four mice in each group. **p < 0.01 compared with the vehicle-treated irradiation controls.

Scale bars = 20 µm.
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Results

mPL reduces mouse intestinal cell apoptosis fol-

lowing total body irradiation

Irradiation induced apoptosis of intestinal crypt cells

in BALB/c mice (Fig. 1). Pretreatment with mPL100

group at 24 h and 1 h prior to irradiation was

significantly reduced the number of apoptotic cells (1.48

± 0.12) as compared with vehicle treated irradiation

group (2.21 ± 0.15) (p < 0.01) (Fig. 1). This result suggests

that mPL inhibits apoptosis of immature progenitor cells

in jejunal crypts following irradiation.

mPL protection of intestinal crypt cells from total

body irradiation 

To evaluate the gastroprotective effects of mPL

against mouse whole-body irradiation, the mean height

of jejunal villi was compared in irradiated mice with or

without mPL pretreatment. Mean jejunal villus height in

the mPL-pretreated, irradiated mice (306.02 ± 7.39 µm)

was markedly higher than that in vehicle-treated,

irradiated mice (235.64 ± 5.03 µm) at 3.5 days after 9

Gy irradiation (Figs. 2A~C). In line with the taller villi

in mPL-pretreated mice, preservation of the number of

jejunal crypts (93.69 ± 0.97) was significantly increased

(p < 0.05) compared with vehicle-treated mice (74.73 ±

6.38) (Table 1). These results suggested that mPL

significantly protected the intestinal crypt cells in irradiated

mice against radiation-induced crypt cell damage.

Dose reduction factor

The dose reduction factor is one indicator of

radioprotective activity. As shown in Table 2, the D10

values of mice pretreated with mPL 100 and vehicle

were 14.02 and 12.34 Gy, respectively. The dose reduction

factor of the mPL-pretreated mice for gamma irradiation

was 1.14, suggesting that mPL has a radioprotective

activity in this model system.

Changes of antioxidant enzymes 

To investigate mPL antioxidant effects, we evaluated

the SOD and CAT antioxidant activities in liver tissues

treated with mPL prior to irradiation. As presented in

Fig. 2. Representative images of H&E-stained jejunal sections showing the jejunal villus height (A~C, cross section of jejunum)

from the vehicle (A), vehicle + IR (B), and mPL100 + IR (C) mice at 3.5 days after 9 Gy irradiation. Scale bars = 100 µm.

Table 1. Effect of mPL on intestinal crypt survival in

irradiated mice

Group Crypts per circumference

Vehicle 146.58 ± 1.65

mPL100a 145.88 ± 3.91

Vehicle + Irradiation 574.73 ± 6.38**

mPL 100 a + Irradiation 593.69 ± 0.97*

aBALB/c mice were pretreated with intraperitoneal injection

of mPL (100 mg/kg) at 24 h and 1 h prior to sham irradia-

tion or 9 Gy irradiation.
**Significant difference (p < 0.01) compared with the vehi-

cle control and mPL100 only group.
*Significant difference (p < 0.05) compared with the vehi-

cle-treated irradiation group.

All data represent mean ± SE.
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Fig. 3, mean SOD activity with mPL100 pretreatment

prior to irradiation group (302.02 ± 33.94 unit/mg) was

significantly higher (p < 0.01) than the activity in the

vehicle-treated irradiation group (79.33 ± 11.15 unit/mg)

(Fig. 3A). Likewise, CAT activity in the mPL100

pretreated irradiation group (1,060.48 ± 110.05 unit/mg)

was significantly higher (p < 0.01) than in the vehicle-

treated irradiation group (642.88 ± 4.35 unit/mg) (Fig.

3B). Collectively, both SOD and CAT activity were

greater in the mPL-treated, irradiated group, implying

that mPL exerts anti-oxidant activity leading to

radioprotection. 

Discussion

It has been well established that single compounds,

including phlorotannins and fucoidan from brown

seaweeds, have radioprotective effects in both in vitro

and in vivo systems [7, 10, 17, 19]. However, less is

known about the protective effects of red seaweed other

than Callophyllis japonica [8], which also has antioxidant

effects [6].

In line with our previous investigations demonstrating

that red seaweed collected around the island of Jeju has

radioprotective effects, we first demonstrated that mPL,

a methanol extract of red seaweed, has a radioprotective

effect in mice exposed to total-body irradiation. DRF is

one indicator used in the evaluation of radioprotective

effects. The DRF of amifostine (WR-2721), an established

radioprotector, is reported to be 1.51 (200 mg/kg), while

that of cystamine is reported as 1.36 (1.36 mg/kg) [9].

In the present study, we have confirmed that the DRF

of mPL is 1.14, suggesting that mPL has radioprotective

efficacy in mice exposed to total-body irradiation. 

To gain insight into the mechanism of mPL protection,

we evaluated liver SOD and CAT activities with and

without mPL pretreatment of mice exposed to irradiation.

As has been reported for the single compound

phloroglucinol, a component of brown seaweed [7, 17],

and eutigoside C [16] from Eurya emarginata (Thumb)

Table 2. D10 estimation using regression analysis of intestinal crypt assay results

Group Intercept (b) Slope (m) y = mx + b D10 DRF

Vehicle + IR 193.50 −14.87 y = –14.867x + 193.50 12.34 1.14

mPL100 + IR 219.31 −14.93 y = –14.929x + 219.31 14.02

DRF: dose reduction factor, mPL 100: methanol extracts of Polyopes lancifolia (Harvey) kawaguchi et wang 100 mg/kg, IR:

irradiation.

Fig. 3. Analysis of superoxide dismutase (SOD) and catalase (CAT) activities. Bar graphs showing the activities of SOD

and CAT in hepatic tissues from the vehicle, 100 mg/kg methanol extracts of Polyopes lancifolia (Harvey) kawaguchi

et wang (mPL100), vehicle + irradiation (9 Gy) (Vehicle + IR), and mPL100 + IR mice. The values are the mean ± SE of

four mice in each group. **p < 0.01 compared with the vehicle-treated irradiated mice. 
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Makino, irradiated mice pretreated with mPL had higher

levels of SOD and CAT activity compared with mice

in vehicle treatment groups. This finding suggests that

mPL radioprotective efficacy (as shown in DRF; > 1)

might be mediated through antioxidative effects. 

Intestinal injury is one of the serious side effects of

radiation therapy. Identification of bioactive compounds

derived from seaweed was the main aim of the present

study, with preservation of intestinal crypt cells after

irradiation as a primary endpoint. mPL pretreatment of

mice exposed to total-body irradiation was shown to

protect jejunal crypt cells against apoptosis and to

preserve crypt villus height. These protective effects

were similar to the protection reported for other radio-

protective resources, including phloroglucinol [7] and an

ethyl acetate extract of Callophyllis japonica [22]. 

Based on these results, we postulate that mPL, a red

seaweed, exerts radioprotective efficacy in a mouse

model through the preservation of intestinal progenitor

cells through a radioprotective mechanism at least

partially associated with preservation of cellular antio-

xidative capacity. 
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