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1. ABSTRACT

      We have investigated the potential of eckol, a component of the seaweed 

Ecklonia cava, for its ability to provide protection from g ray-induced damage. Our 

results determined that eckol significantly decreased the mortality of lethally irradiated 

mice. The mechanisms of eckol’s protection were threefold: an improvement in 

hematopoietic recovery, the repair of damaged DNA in immune cells and an 

enhancement of their proliferation, which had been suppressed by ionizing radiation. 

Furthermore, eckol rescued intestinal cells from radiation-induced apoptosis by decreasing 

the amount of pro-apoptotic p53 and Bax and increasing that of anti-apoptotic Bcl-2. 

Thus, eckol may be a good candidate for use as a radioprotective agent.

KEYWORDS: Eckol; Ionizing radiation; Radioprotection; apoptosis
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2. INTRODUCTION

Radiation, as used in physics, is energy in the form of waves or moving 

subatomic particles. Radiation can be classified as ionizing or non-ionizing radiation, 

depending on its effect on atomic matter. The most common use of the word 

"radiation" refers to ionizing radiation. Ionizing radiation has enough energy to ionize 

atoms or molecules while non-ionizing radiation does not. There are several types of 

ionizing radiation: charged particle, such as alpha and beta particle, non-charged particle, 

such as neutron, and electromagnetic (EM) radiation such as Gamma rays, x-rays, 

visible light, and UV. Ionizing radiation differs in frequency and hence in energy. Alpha 

particles consist of two neutrons and two protons, in the form of atomic nuclei. 

Because of their relatively large size, alpha particles collide easily with matter and lose 

their energy quickly. They therefore have little penetrating power and can be stopped by 

the first layer of skin or a sheet of paper. Beta particles are fast-moving electrons 

ejected from the nuclei of atoms and have a single negative charge. These particles are 

much smaller than alpha particles and can penetrate up to 1 to 2 centimeters of water 

or human flesh. They can be stopped by a sheet of aluminum a few millimeters thick. 

X- and gamma rays, like light, represent energy transmitted in a wave without the 

movement of material, just as heat and light from a fire or the sun travels through 

space. Gamma rays are the most energetic form of such electromagnetic radiation, 

having the energy level from around 10 keV to several hundred kilo-electron volts, and 

therefore they are more penetrating than other radiation such as alpha and beta rays [1]. 

X- and gamma rays can pass through the human body. Mass in the form of concrete, 

lead or water is used to shield us from them. Neutrons are uncharged particles which 

are emitted by artificial radionuclides (Fig. 1). Since neutrons have no charge, there is 

no electromagnetic felid associated with their movement and they do not ionize 

molecules directly. As a result of their lack of charge, they are not repelled by 
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positively charged atomic nuclei and are thus able to penetrate close to the nuclei of 

the material through with they are traveling [2]. Concrete are the most commonly used 

shields against neutron radiation from the core of the nuclear reactor. 

Radiation has a direct or an indirect action on the viable cells [3]. Direct action 

means that a secondary electron resulting from absorption of photon interacts with DNA 

directly. On the other hand, electromagnetic radiations (X- and gamma-rays) have an 

indirect action (Fig. 2.) [3]. They do not produce biological damage themselves, but 

interact with other atoms or molecules in the cell, particularly water, to produce free 

radicals that are able to damage the critical targets [3]. Many of these processes involve 

reactive oxygen species (ROS), such as hydrogen peroxide (H2O2), superoxide anion 

(O2
·), hydroxyl radicals (OH·) and singlet oxygen (Fig. 3.) [1,3,4]. ROS are relevant 

components of living organisms that, besides their essential role in the regulation of 

different important physiological functions, when present in excess are capable to affect 

cell function and viability through a chain process called oxidative stress [5]. The free 

radicals react with cellular macromolecules, such as DNA, RNA, proteins, membrane, 

etc, and lead to lipid peroxidation, protein oxidation, base modifications, DNA strand 

breaks and genomic instability ultimately resulting in cell death [6]. Exposure to 

ionizing radiation induces the production of reactive oxygen species (ROS) such as 

superoxide, hydroxyl radicals, singlet oxygen and hydrogen peroxide [1]. These free 

radicals react with critical cellular components such as DNA, RNA, protein, membrane, 

etc, and cause cell dysfunction and death [2,3]. 

In the recent past, many synthetic agents such as WR2721 (amifostine), OK-432 

and ethiofos have been investigated for their efficacy as protectors from 

radiation-induced tissue damage [7.8]. However, these agents have the potential to cause 

serious side effects such as performance decrement, nausea, vomiting, hypotension, 

allergy and death [9,10]. The marked toxicity of these agents drove researchers to look 

for safer, less expensive and more effective radioprotectors. Natural agents extracted 
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from plants are known to be effective in accelerating recovery from disease or injury 

without obvious side effects. These nontoxic agents that can protect cells and tissues 

against ionizing radiation have considerable potential as adjuncts to successful 

radiotherapy. 

Ecklonia cava (E. cava), an abundant brown algae (Laminariaceae) from Jeju 

Island in Korea, has phlorotannin components with known biological activities. 

Phlorotannin is reported to reduce allergy by controlling histamine release [11], provide 

an anti-inflammatory effect [12] and protect cells from oxidative stress by scavenging 

intracellular ROS [13]. Phlorotannin, which is found in marine algal polyphenols in the 

form of phloroglucinol polymers, such as eckol, 6,6’-bieckol, dieckol and 

phlorofucofuroeckol, were identified in Ecklonia species [14]. We previously reported 

that eckol inhibited oxidative cell damage by scavenging ROS and modulating a cellular 

signal pathway in lung fibroblast cells [14]. Based on this result, we hypothesized that 

eckol could have beneficial effects on radiation-induced oxidative damage in vivo. To 

test this hypothesis, we examined the effect of eckol on the mortality of mice given 

lethal whole-body irradiation (WBI). We also investigated the mechanisms by which 

eckol increased survival. These studies described here demonstrated that, in a mouse 

model, eckol reduced mortality following lethal WBI by accelerating hemopoietic 

recovery. Additionally, inradiosensitive immune cells, eckol enhanced the repair and the 

proliferative functions suppressed by ionizing radiation. Eckol also reduced the damage 

to lymphocytes’ DNA and inhibited apoptosis in radiosensitive cells by decreasing the 

expression of pro-apoptotic p53 and Bax and correcting the radiation-induced decrease of 

anti-apoptotic Bcl-2. 
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3. MATERIALS　AND　METHODS

Preparation and treatment of eckol compound 

Eckol (Fig. 4) compound was obtained from Dr. Nam Ho Lee (Cheju National 

University, Jeju, Korea). The eckol compound dissolved in phosphate-buffered saline 

(PBS, pH 7.4) was injected intraperitoneally (i. p.) into mice 1 day before, at the time 

of and 3 days after irradiation. Additional non-irradiated and irradiated groups were 

mice injected i.p. with PBS at the same volumes as test mice.

Mice

C57BL/6 mice were purchased from Orientbio, Inc. (Sungnam, Korea) and were 6- 

to 8-weeks-old and weighed 18-25g when used for the experiments. These mice were 

housed in conventional animal facilities with a NIH-07-approved diet and water ad 

libitum at a constant temperature (23 ± 1ºC) according to the guidelines for the Care 

and Use of Laboratory Animals of the institutional ethical committee. Mice were 

randomly divided into the following four groups: a non-irradiated normal group, an 

irradiated control group, an eckol only-treated group and an eckol plus irradiated group.

Irradiation with 60Co g -ray

Each mouse was placed individually in a close-fitting Perspex box (3×3×11 cm) 

then exposed to WBI with a source 60Co irradiator (Theratron-780 teletherapy unit, 

Applied Radiological Science Institute, Cheju National University). Briefly, the mice 

received 9 Gy WBI for the survival experiment, 7 Gy for the splenic colony-forming 

assay and 2 Gy for the other experiments with a dose rate of 1.5 Gy/min in the box 

and source-surface distance (150 cm) as previously reported [15,16]. 

Effect of dose on survival
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To determine whether the eckol compound conferred a survival advantage after 

lethal WBI, mice so-treated were observed daily for up to 30 days after irradiation. At 

31 days after WBI, surviving mice were euthanized by cervical dislocation. 

Endogenous colony forming units (CFUs)

An endogenous CFU assay was performed to confirm the effect of eckol 

compound on the hematopoietic ability of spleens from mice given ionizing radiation. 

The mice (3 mice/group) were sacrificed 10 days after irradiation. Their spleens were 

removed and examined with the naked eye to score for macroscopic colonies on splenic 

surfaces [17].

Preparation of primary splenocytes

Spleens removed from test mice were the source of single cell suspensions 

obtained by using a cell strainer. The cells were lysed with ACK buffer (containing 

0.84% ammonium chloride) for 10 at room temperature and washed with Dulbecco’s 

phosphate-buffered saline (DPBS, Gibco BRL). The splenocytes were suspended in 

RPMI-1640 medium (Gibco BRL) supplemented with 10% fetal bovine serum (Gibco 

BRL) and 1% antibiotics (100 U/ml penicillin-streptomycin, Gibco BRL). The cell 

viability was determined by Trypan blue dye exclusion (Sigma Aldrich, St. Louis, MI, 

USA), and the purified cells (viability > 90%) were directly used for the experiments.

Alkaline comet assay

An alkaline comet assay was used to determine the oxidative DNA damage 

induced by ionizing radiation. The basic alkaline technique was performed as described 

by Kang et al [18]. Results observed with a fluorescence microscope were analyzed by 

using a komet 5.5 program (Kinetic Imaging, Liverpool, UK). The percentage of 

fluorescence in the tail DNA of 50 cells per slide was recorded.
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3
H-thymidine incorporation assay

To assess whether eckol could stimulate the regeneration and proliferation of 

splenocytes damaged by irradiation, a thymidine incorporation assay was performed. The 

lymphocytes were isolated at 3 and 9 days after irradiation, and these cells (4×10
5
cells / 

well) were seeded in 96-well round-bottom microtiter plates (Nunc, Copenhagen, 

Denmark). After subsequent incubation in triplicate with 200 ml culture medium for 72 

h at 37 °C in humidified air containing 5% CO2, 10 l of Con A (Sigma) were added 

into wells at a final concentration of 5 g/ml Con A. After incubation, each well was 

pulsed for a final 18 h with 1 Ci of 
3H-methylthymidine (specific activity 42Ci/mmol; 

Amersham, Arlington Heights, IL, USA). An automatic cell harvester gathered the cells 

onto glass fiber filters. The amount of radioactivity incorporated into DNA was 

determined in a liquid scintillation spectrometer (MicroBeta TriLux, Perkin Elmer, 

Wallac, Germany). 

Flow cytometry assay

To further define the specific cell population stimulated by eckol, the splenocytes 

were analyzed by FACS analysis. Mice were sacrificed at 3 days after WBI, and their 

spleens were removed. The splenocytes (1 × 106) were harvested and, to inhibit 

nonspecific staining, combined with an anti-mouse IgG solution (Caltag Lab, Furlingame, 

CA, USA) in PBS for 15 min at 4°C. The cells were then stained with FITC-labeled 

CD3 (145-2C11) antibody as a specific marker for pan T cells and FITC-labeled 

CD45R/B220 (RA3-6B2) antibody as a specific marker for pan B cells for 15 min at 

4°C. All antibodies were purchased from BD Biosciences (San Jose, CA, USA). Twenty 

thousand viable cells per mouse (as determined by light scatter profiles) were analyzed 

using a BD FACS CaliburTMflow cytometer (BD Biosciences). In a cytogram, three main 

clusters could be seen that related to the spleen’s major cell types: lymphocytes, 
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monocytes and polymorphonuclear granulocytes. We compared numerical changes in 

these cells from untreated mice to those from eckol-treated mice. 

Hematoxylin and eosin (H&E) staining and immunohistochemistry of small intestinal 

crypt cells

To identify the effect of eckol compound on the ionizing radiation-triggered 

apoptosis of small intestinal crypt cells, small intestines were separated from mice at 1 

day after WBI and fixed in 10% formalin buffer. The blocks were then embedded in 

paraplast wax to prepare 5 mm sections for H&E staining. Apoptotic crypt cells with 

such morphological characteristics as cell shrinkage, chromatin condensation, margination 

and cellular fragmentation were counted using a light microscope [19,20]. Counts from 

small intestine sections of each mouse and 50 crypts per intestinal section were 

recorded. For immunohistochemical localization of p53 protein, tissue sections were 

incubated with normal horse serum then reacted with antibody to p53 (1:200 dilutions, 

Calbiochem, Darmstadt, Germany), Bcl-2 (1:500, Santa Cruz Biotechnology, Santa Cruz, 

CA, USA), β-actin (1:500, Santa Cruz Biotechnology) or bax (1:500, Cell Signaling 

Technology Inc, Beverly, MA, USA) for 1 hour. Next came incubation of the sections 

with a second antibody, biotinylated anti-mouse IgG (Vector, Burlingame, CA, USA), 

and with horseradish peroxidase (HRP)-labeled VECTASTAIN Elite ABC KIT (Vector). 

HRP-binding sites were detected with 3,3'- diaminbenzidine (DAB; Vector) and a final 

counterstain with hematoxylin. The statistical significance of measurements from each 

sample was assessed by Graph PAD in a Plot computer program (GPIP, Graph PAD 

Software Inc., San Diego, CA, USA) and EXCEL software. Standard error bars are 

shown for all data points except where the error is equal to or less than the symbol 

size.
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Western blot analysis

To elucidate the mechanism by which eckol protects radiosensitive cells from 

radiation-induced apoptosis at the molecular level, expression patterns of various proteins 

associated with apoptosis were studied in the intestines of mice given WBI. Tissues 

lysate extracts from their small intestines were prepared, and the equal amount of 

cellular protein (60 µg/well) was loaded onto 10-12% SDS-PAGE gels and 

immunoblotted onto a nitrocellulose membrane (Bio-Rad, Hercules, CA, USA). The 

membrane were exposed to anti-p53 (1:500, Calbiochem), Bcl-2 (1:500, Santa Cruz 

Biotechnology), β-actin (1:500, Santa Cruz Biotechnology) or Bax (1:500, Cell Signaling 

Technology Inc.), followed by incubation with HRP-conjugated anti-rabbit IgG or 

anti-mouse IgG (Santa Cruz Biotechnology). The blots were developed by enhanced 

chemiluminescence reagents (WestOne, iNtRON, Sungnam, Korea) according to the 

manufacturer’s instructions. 

Statistical analysis

The results are reported as means  S.E. or S.E.M. The results were analyzed by 

using Student’s t-test, and P < 0.05 or P < 0.01 were considered significant.
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4. RESULTS

Eckol improves the survival rate in mice after lethal irradiation

To test whether eckol compound can protect lethally irradiated mice from related 

injury, we first determined that the survival rates of mice treated with eckol at 

concentrations of 25, 10 or 5 mg/kg b.w. were 86, 60 and 40%, respectively. Clearly, 

the low 5 mg/kg concentration of eckol was less effective than the 10 or 25 mg/kg 

doses. Therefore, in subsequent survival tests, the dose of eckol used was 10 mg/kg 

b.w. injected i.p. 1
 

day before and same day after 9 Gy WBI. As a result, only 28.6% 

(4/14) of the irradiated, untreated group survived for 30 days. In comparison, 85.7% 

(6/7) of mice given eckol plus irradiation survived for 30 days, denoting the latter’s 

significantly diminished death rate (Table 1, Fig. 5, P < 0.05). The LD50/30 was 8Gy for 

this group. No deaths occurred in the non-irradiated group or eckol only-treated group for 

30 days. These results demonstrated the eckol compound’s safety and marked 

radio-protective efficacy by prolonging the survival of lethally irradiated mice.

Eckol enhances hematopoietic ability

Subsequently, to confirm the radioprotective effect of eckol compound on 

hematopoietic stem cells damaged by ionizing radiation, an endogenous CFU assay was 

performed. The spleen’s content of endogenous CFUs is considered to be an indicator of 

hematopoiesis, which is a critical survival factor [17]. In the eckol plus irradiation groups 

vs. the irradiation control groups, the number of endogenous CFUs was 2.3 ± 0.5 and 3.5 

± 0.5, respectively (P < 0.05). Eckol-only treatment did not alter these results in 

non-irradiated groups (data not shown). Therefore, eckol compound increased the number 

of CFUs about 1.6-fold, indicating the restoration of hematopoietic ability (Fig. 6) and the 

spleen’s stem cell compartments.
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Eckol reduces the DNA damage of lymphocytes

Since eckol is known to have ROS scavenging activity [14], we studied the 

influence of eckol compound on DNA damage from ionizing radiation in lymphocytes. 

Because the alkaline comet assay is an effective method for monitoring the extent of 

DNA strand breakage [21], we used this assay to measure the post-irradiation DNA 

damage in the tails of eckol-treated and untreated control mice. The percentage of tail 

DNA in lymphocytes of mice exposed to 2 Gy γ-radiation increased to 42.50 ± 8.73 

from 8.04 ± 4.08 %. However, eckol treatment significantly decreased the percentage of 

tail DNA in lymphocytes damaged by irradiation to 14.77 ± 5.65 % (Fig. 7, P < 0.05). 

This decrease of DNA damage in our eckol plus irradiated group denotes the compound’s 

cytoprotective effect in vivo, possibly owing to its ROS scavenging activity. 

Eckol induces the proliferation of splenocytes

To verify the survival benefit mediated by eckol compound in radiosensitive immune 

cells, the proliferation of splenocytes was assessed by measuring their incorporation of 

3H-thymidine at 3 and 9 days after mice were irradiated. Eckol significantly increased 

thymidine incorporation by splenocytes, i.e., as much as 6.2-fold (3 days) and 2.0-fold (9 

days), respectively, in comparison to that by irradiated mice deprived of eckol (Fig. 8, P 

< 0.05). Therefore, since eckol effectively prevented the radiation-induced suppression of 

splenocytes’ proliferation, and prolonged the recipients’ survival, more frequent eckol 

administration may have had an even greater benefit.

Eckol stimulates increases in populations of T and B cells

To define the precise cell population(s) stimulated by eckol, the splenocytes were 

analyzed with flow cytometry. Three days after irradiation, lymphocytes, monocytes and 

granulocytes, which were damaged by exposure to WBI, increased numerically (14.9 %, 

90.4% and 85.6 %, respectively) in eckol-treated mice (Fig. 9A). Eckol-only treatment 
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did not alter these results of non-irradiated groups (data not shown). Subsequently, the 

numbers of CD3
+
 pan T cells and CD45R/B220

+ 
pan B cells underwent marked 

up-regulation in eckol-treated groups compared with untreated control groups after 

irradiation (Fig. 9B). In particular, the number of CD3
+
 pan T cells was elevated 44.3% 

above that of eckol-untreated controls. Moreover, amounts of CD45R/B220+ pan B cells 

were enlarged by 27.6% compared with irradiated control. These results demonstrated that 

eckol could enhance immunoprotection by increasing the recovery rate of specific 

populations of immune cells.

Eckol reduces the apoptosis of intestinal crypt cells

Since the gastrointestinal system is a major site of cell death induced by ionizing 

radiation, and intestinal crypt cells are one of the most sensitive cells to irradiation, we 

next investigated the potential of eckol compound to rescue intestinal crypt cells from 

radiation-induced apoptosis. The frequency of spontaneous apoptosis in crypt cells of 

non-irradiated animals was not significantly different from that of eckol only-treated 

animals (data not shown). One day after WBI, the frequency of apoptotic fragments in 

crypt cells was reduced in the eckol-treated group (Fig. 10B) compared with untreated 

group (Fig. 10A). As shown in Fig. 10C the number of apoptotic fragments per intestinal 

c rypt in the irradiated control group was 4.51 ± 0.30, whereas a 16.63% reduction as 

was observed in the eckol plus irradiated group (3.76 ± 0.22, P < 0.05). 

Eckol modulates the immunohistochemical localization and intensity of apoptosis-related 

proteins in jejunal crypt cells 

     According to above data, we investigated the localization of apoptosis-regulated 

proteins (p53, Bax, and Bcl-2) and PCNA in the intestinal cells under eckol-treated and 

untreated conditions using by immunohistochemistry. Immunohistochemisty provided 

similar results for the modulation of pro-apoptotic p53 (Fig. 11A and B) and Bax 
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expression (Fig. 11C and D) in intestinal crypt cells that paralleled the frequency of 

their apoptosis in eckol-treated mice. In irradiated conditions without eckol treatment, p53 

(Fig. 11A) and Bax (Fig. 11C) immunoreactivities were highly overexpressed on apoptotic 

cells of radiosensitive crypts. The types of p53 and Bax-expressing cells were essentially 

the same as those seen in the irradiated intestinal cells. In contrast, p53 (Fig. 11B) and 

Bax (Fig. 11D) immunoreactivities were generally decreased on crypt cells under 

eckol-treated conditions. On the other hand, the staining intensity of anti-apoptotic Bcl-2 

(Fig. 11E) and PCNA (Fig. 11G) was detected faintly or weakly on laminar propria cells 

in villi core and crypts in irradiated groups compared with that of normal conditions. 

However, in parallel with frequency of apoptosis in crypt cells, the Bcl-2 (Fig. 11F) and 

PCNA (Fig. 11H) proteins were increased in intestinal cells after eckol treatment and their 

immunoreactivities were increased strongly on round and oval cells of laminar propria in 

villi core and crypts. In addition, immunostaining of anti-apoptotic proteins after eckol 

treatment showed a similar pattern in normal conditions (data not shown). Control 

sections, in which anti-p53, Bax, Bcl-2, and PCNA antibodies were omitted, gave no 

specific staining (data not shown). Thus, the overexpression of Bcl-2 and PCNA increased 

in fibrocytes and immune-related cells of laminar propria after eckol treatment were 

involved deeply in gastrointestinal cells repair. These results suggest that eckol compound 

improved the viability of radiosensitive intestinal crypt cells by inhibiting radiation-induced 

apoptosis, and this factor may be an important key for the radioprotection of irradiated 

mice.

Eckol modulates the expression of apoptosis-related proteins in jejunal crypt cells

To pinpoint the mechanism of eckol compound’s ability to inhibit apoptosis after 

irradiation in vivo, we investigated expression levels of pro- and anti-apoptotic proteins, 

i.e., p53, Bax and Bcl-2 in small intestines of irradiated mice from the untreated and 

eckol-treated groups. Western blot analysis of intestinal tissues obtained 1 day after 
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exposure to 2 Gy g-rays irradiation showed a significantly increased expression of the 

pro-apoptotic proteins, such as p53 and Bax with a decrease in the anti-apoptotic 

proteins classed as a Bcl-2 family in irradiated control mice compared to non-irradiated 

group (Fig. 12). However, eckol apparently reduced the increased expression level of 

p53 and Bax after WBI and induced an increase in the expression level of Bcl-2. Since 

the reduction of apoptosis in intestinal crypt cells after eckol treatment was closely 

associated with the decrease of p53 protein, eckol compound presumably inhibited the 

apoptosis of cells in the small intestine in vivo by blocking the up-regulation of 

pro-apoptotic p53 and Bax and the down-regulation of anti-apoptotic Bcl-2 after 

irradiation.
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5. DISCUSSION 

In this study, we demonstrated that eckol effectively protected mice from lethal 

irradiation and was safe and well tolerated at high concentrations. The survival of 

lethally irradiated animals can be prolonged by such varied manipulations as inhibiting 

the generation of free radicals or intensifying their removal, enhancement of DNA 

repair, replenishment of dead hematopoietic cells and stimulation of immune cell 

formation or activity [22]. Until now, no report has described this compound’s protective 

effect against radiation-induced tissue damage or the underlying mechanism of that effect 

in vivo. Therefore, the present study was conceived to test eckol for these properties 

under several experimental conditions.

Radiation induced oxidative damage to DNA, includes several types of base 

damage and single- or double-strand breaks. DNA strand breaks are potentially 

mutagenic and/or carcinogenic when improperly repaired and lethal if left un-repaired 

[23]. Therefore, understanding the cause and reducing the damage are important for 

avoiding such complications. By using comet assay, we observed that eckol treatment 

significantly decreased the percentage of tail DNA in lymphocytes of irradiated mice, 

indicating that eckol could protect against the radiation-induced damage that might cause 

cancer. These functions of eckol are likely factors in the prolonged survival of the 

lethally irradiated animals documented here.

Hematopoietic stem cells are the most sensitive cells to ionizing radiation and/or 

chemotherapeutic drugs during cancer therapy. However, myelosuppression and 

hematopoietic dysfunctions are the most common clinical complications following radio- 

or chemotherapy [24]. The destruction of lymphoid and hematopoietic systems causes 

pancytopenia as well as a predisposition to infection, hemorrhage, septicemia and death. 

Therefore, an important adjunct to cancer treatment is to promote the recovery of 

hematopoiesis [25]. In our experiments, eckol-treated mice enjoyed a recovery from 
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WBI, as established by their larger number of splenic CFUs in comparison to irradiated 

controls lacking eckol. The enhancement of endogenous CFUs in eckol plus 

irradiation-treated mice indicates that eckol protects and/or stimulates the proliferation of 

hematopoietic stem cells, constituting an important mechanism of eckol’s survival benefit 

with potential clinical applications. 

Furthermore, eckol infusion increased the thymidine incorporation ability of 

splenocytes. Compared to irradiated controls, the proliferative ability of splenocytes from 

eckol-treated mice was higher 3 days after irradiation; moreover, this 3-day-peak was 

higher than that on 9 days after irradiation. Thus, eckol not only significantly and 

rapidly increased the proliferative ability of splenocytes that had been reduced by 

irradiation but also a second treatment might have yielded a booster effect on 

proliferative activity. With these results, we next analyzed the cellular subpopulations of 

proliferating splenocytes. After eckol treatment, the numbers of lymphocytes, monocytes 

and granulocytes increased significantly compared to those in irradiated controls. 

Especially abundant in the treated mice were CD3+ (all mature) and CD45R/B220+ (pan 

B) cells. These results indicated that eckol could protect against radiation-induced 

damage by stimulating the proliferation and maturation (differentiation) of immune cells. 

This stimulatory effect of eckol with respect to the differentiation and maturation of T 

and B cells could, of course, promote the synthesis of cytokines and antibodies. 

Considering that immunosuppression is a major complication of radiation exposure, 

thereby facilitating opportunistic infections [19],  the immunostimulatory capacity of 

eckol may be a particularly important mechanism of its radioprotective efficacy. 

In many cases, radiation-induced DNA damage can kill exposed cells, and 

radiation-induced cell death has been identified as apoptosis [26]. Cells are regulated by 

a complex balance in a signal transduction pathway between the pro-apoptotic factors 

such as p53 and Bax and anti-apoptotic factors such as the Bcl-2 family [27,28]. 

Especially, the most replicative cells such as spermatocytes, lympho-hematopoietic 
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elements and intestinal crypt cells are prone to radiation-induced damage. In this study, 

eckol reduced the death rate of intestinal crypt cells in irradiated mice to a statistically 

significant extent. The reduction of p53 and Bax and induction of Bcl-2 protein are 

notable for their relationship to apoptosis and DNA repair [28,29]. In agreement with 

previous reports, the mechanism of this radioprotection by eckol may have been the 

decrease of p53 and Bax proteins in small intestine. In addition, Bcl-2 has been 

associated with the prevention of apoptosis. Our results suggest that eckol modulates 

p53- and Bcl-2-dependent pathways, thereby blocking radiosensitive cells from entry into 

apoptosis. These effects would help to prevent the death of irradiated animals associated 

with gastrointestinal malabsorption, bleeding and tissue destruction. 

In summary, the foregoing results demonstrate that eckol provides the benefit of 

strengthening hematopoiesis, enhancing proliferation of immune cells, preventing DNA 

damage by scavenging free radicals and reducing radiation-induced apoptosis via 

inhibition of pro-apoptotic protein expression and superior expression of an anti-apoptotic 

protein. Combined, these attributes could contribute to survival despite exposure to lethal 

radiation; therefore, we propose eckol as a candidate for adjuvant therapy to alleviate 

radiation-induced injuries to cancer patients.
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Survival rate (%)
Mean survival time (days) 

(means ± SD)

9 Gy IR (n = 14) 28.6 19.0 ±7.9

9 Gy IR + eckol treated 

(n = 7)
85.7 27.3 ± 7.2*

Table 1. The protective effect of eckol compound in lethally irradiated mice

Mice were treated with eckol (25 mg/kg b.w.) i.p. on 1 day before and same days after 

9 Gy WBI. Controls were irradiated but received PBS i.p. instead of eckol. ‘n’ 

represents the total number of mice in each group. Results are the mean values ± 

SD of three independent experiments. Differences in the 30-day survival duration 

were calculated with Student’s t-test (* P < 0.05).
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Fig. 1. Alpha and beta particles, and gamma rays are types of radiation associated with 

nuclear energy.
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Fig. 2. The direct and indirect actions of radiation. The structure of DNA shown 

schematically; the letters A, T, G, and C represent adenine, thymine, guanine, and 

cytosine, respectively. In direct action, a secondary electron resulting from absorption of 

an X-ray photon interacts with DNA to produce an effect. In indirect molecule to 

produce an OH· radical, which in turn produces the damage to DNA [5]. 



30

A.                 H2O        →      H2O
+
 (ion radical) + e

-

B.             H2O
+ + H2O     →      H3O

+ + OH• (hydroxyl radical)

C.               H
•
 + O2       →      HO2

•
 + (hydroperoxy free radical)

D.              RH + OH
•
  

   
→       H2O  + R

•
 (organic free radical)

E.               R
•
  + O2      →      RO2

•
 (peroxy free radical)          

Fig. 3. Production of free radicals. Most of the free radicals are very short-lived (less 

than 10-10 sec) and readily combine with each other. Because free radicals contain 

unpaired electrons, they are very reactive and can oxidize or reduce the biological 

molecules within the cell.
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Fig. 4. The chemical structure of eckol.
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Fig. 5. The radioprotective effect of eckol on the survival of lethally irradiated mice. 

Mice were treated with eckol (10 mg/kg b.w.) i.p. on 1 day before and same day after 

9Gy WBI. Controls were irradiated but received PBS i.p. instead of eckol. Results of 

three independent experiments are accumulated.
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Fig. 6. The effect of eckol on endogenous spleen colonies in 7 Gy-irradiated mice. (A) 

Photograph of spleens from non-irradiated, irradiated and eckol-treated plus irradiated 

mice. (B) CFU counts observed on splenic surfaces at 10 days after 7 Gy irradiation. 

Eckol (10 mg/kg b.w., i.p.) was injected i.p. 1 day before and the day of irradiation. 

Experiments were repeated three times with a minimum of three animals in each group. 

Data represent the mean ± S.E.M.
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Fig. 7. The effect of eckol compound on DNA damage induced by irradiation in 

lymphocytes was assessed with the alkaline comet assay. (A) 0 Gy irradiation, (B) 2 Gy 

irradiation, (C) 2 Gy irradiation plus eckol (10 mg/kg b.w., i.p.) treatment, (D) Columns 

present the percentage of tail DNA and inhibition of activity in each group, scored 

according to the Komet 5.5 program. Each data point is expressed as the mean ± SE 

of about 50 cells per mouse. DNA damage inhibition activity (%)=[(A-B)/A]×100, A: 

DNA tail percentage of irradiation control group, B: DNA tail percentage of eckol  plus 

irradiation or 0Gy irradiation group (*P < 0.05).
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Fig. 8. Eckol compound enhances the proliferative ability suppressed by ionizing 

radiation of splenocytes. Splenocytes were separated at 3 (A) and 9 (B) days after 2 Gy 

irradiation. Eckol was given i.p. at 1 day before and the day of irradiation. Background 

proliferation depicted in (A) was 550 ± 120 cpm and in (B) 411 ± 92 cpm. As a 

positive control, Concanavalin A (Con A)-induced proliferation in (A) was 78,010 ± 

14,200 cpm and in (B) 31,004± 4,292 cpm. Proliferative responses shown were assessed 

in triplicate wells for each experiment. Data are means S.E.M. of cpm and represent 

triplicate experiments. (*P < 0.05). 
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Fig. 9. Eckol contributes to the restoration of immune cell populations in the spleen. 

(A) The columns indicate lymphocytes (a), monocytes (b) and granulocytes (c). Each 

data point represents the mean ± S.E.M. (*P < 0.05, **P < 0.01). (B) Phenotypic 

analysis of increased lymphocyteproliferation after eckol treatment. The expression level 

of each cell type was measured by FACS analysis using anti-CD3 and CD45R/B220 

mAbs. The results represent three separate experiments (n = 3).
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Fig. 10. Eckol rescues small intestinal crypt cells from radiation-induced apoptosis. The 

cells show chromatin condensation into crescentic caps at the nuclear periphery, nuclear 

disintegration and shrinkage of cell volume by H&E (arrowheads). (A) 2 Gy irradiation, 

Bars = 30 mm, (B) 2 Gy irradiation + eckol (10 mg/kg b.w., i.p.) treated, Bars = 30 

mm. (C) Columns represent the number of apoptotic fragments per small intestinal crypt 

in each group. The mice were sacrificed, and small intestines were obtained 24 h after 

2 Gy g-ray irradiation. Values are means ± S.E. of 50 crypt sections per intestine and 5 

small intestine sections from each mouse. (* p < 0.05).
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Fig. 11. The photo presents p53, Bax, Bcl-2 and PCNA-positive cells with apoptotic 
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fragments evident by immunohistochemistry. IR; 2 Gy irradiation, IR+eckol; 2 Gy 

irradiation + eckol (10 mg/kg b.w., i.p.) treated, (A-D, G and H) Bars = 20.5 mm, (E 

and F) Bars = 30 mm. The mice were sacrificed, and small intestines were obtained 24 

h after 2 Gy g-ray irradiation.
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Fig. 12. Western blot analysis of p53, Bcl-2 and Bax expression modulated by eckol in 

the small intestine of a mouse 24 h after 2 Gy irradiation compared to those from 

non-irradiated and eckol-deprived mice. β-actin expression was used to demonstrate that 

equal amounts of protein extracts were loaded. 
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초록

방사선에 의해 유도된 산화적 손상에 대한 eckol의 방어기전

지도교수 : 지영흔

박은진

제주대학교 대학원 수의학과

제주 지역 해역에서 자생하는 갈조류의 한 종류인 감태는 항산화 효과 등의

생리활성을 나타내는 것으로 알려져 있다. 그러나 현재까지 방사선에 의한 산화적

손상에 대해서는 어떤 효과가 있는지 입증된 바가 거의 없다. 따라서 본 연구에서

는 감마선 조사에 따른 손상으로부터 감태에서 추출한 eckol의 효과와 그 보호기전

에 대해 알아보았다. Eckol은 치사량의 방사선에 노출된 마우스의 사망률을 감소시

키는 결과를 가져왔다, 이에 대한 메커니즘으로써, 방사선 조사에 의해 억제된 조혈

기능과 면역세포에서 증식능을 활성화시키고, 면역세포에서 손상된 DNA의 회복을

촉진시켰다. 뿐만 아니라 eckol은 소장세포에서 세포사 촉진인자인 p53과 Bax의 발

현 양을 감소시키고, 세포사 억제와 관련 있는 Bcl-2의 발현 양을 증가시킴으로서

방사선 조사에 의해 유도된 세포사를 억제시켰다. 이상 결과는 eckol의 조혈증강 및

방사선 장해 경감효과 연구로써의 의의와 함께 독성이 적은 천연물이라는 관점에서

방사선에 대한 방어제로서의 사용 가능성을 확인하였다.

주요어: Eckol; 이온화 방사선; 세포사; 방사선 방어
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<윈스턴 처칠>
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<헨리 포드>
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