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요 약 문

Ⅰ. 제 목

방사선의 생물분자 구조변환 및 복합작용 연구

Ⅱ. 연구개발의 목적 및 필요성

한국원자력연구원 첨단방사선연구소는 국가 방사선 연구의 핵심기관으로서 인체를 포

함한 생물체에 대한 방사선방호 원천기술을 연구할 책무를 가지고 있으며 이를 위한 방사

선 생물선량 평가 및 반응검출 기술을 개발하여야 한다. 예기치 못한 원자력 사고, 방사능

테러 및 방사선 이용의 증가 등에서 비롯되는 방사선 비상대응 기술로서의 방사선 생물방

호 원천기술의 개발과 기술도약을 위한 노력이 절실하다. 방사선을 산업적, 과학적으로 이

용함에 있어 생물학적 효용성을 증대시키기 위한 핵심기술로서 방사선과 물리․화학적 요

인의 복합작용 심화연구를 수행하여 국제적 기술우위를 확보할 필요가 있다. 방사선과 다

양한 물리·화학적 요인의 복합 생물반응을 검출하고 이를 응용할 수 있는 기술을 개발함으

로써 국내 방사선 분야 기술우위와 국격 향상에 기여할 임무를 맡고 있다. 또한 국제사회

의 방사선 연구 파라다임 변화와 생물방호 신개념에 부합하는 생물학적 선량평가 및 생물

방호 원천기술을 확립하기 위한 연구가 필요하다.

III. 연구개발의 내용 및 범위

본 연구개발에서는 다음과 같은 주요 내용과 범위가 연구개발에 포함되었다.

○ 생물세포 DNA 손상에 미치는 방사선과 유해 화학물질의 복합영향 연구

○ 대사체학 기반 생물선량 평가에 관한 기술현황 분석

○ HepG2 세포에서 진저롤에 의한 방사선 세포반응 변화 평가

○ 방사선 복합작용 모델 응용 연구; 라돈과 흡연의 복합 상승작용 연구
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IⅤ. 연구개발 결과

1. 생물세포 DNA 손상에 미치는 방사선과 유해 화학물질의 복합영향 연구

국제방사선방호위원회에서는 생물상을 이온화 방사선으로부터 보호하기 위한 연구노력

의 일환으로 12가지의 참조 동식물을 지정하였다. 본 연구는 참조동물의 하나인 줄지렁이

(Eisenia fetida)를 이용하여 방사선과 수은화합물의 유전독성을 연구하였다. 방사선과 수은

을 처리한 실험동물 체강세포의 DNA 손상과 수복과정을 단세포겔전기영동기법으로 분석

하였다. 실험동물에 처리된 방사선량이나 수은농도가 증가할수록 산화스트레스에 의한

DNA 손상이 많아지고 따라서 더 긴 수복시간이 필요함이 실험결과 확인되었다. 방사선과

수은을 동시 처리하였을 경우 각각 처리한 경우에 비해 훨씬 높은 DNA 손상도를 나타냄

으로써 DNA 손상유발에 대한 복합 상승작용이 나타났다.

2. 대사체학 기반 생물선량 평가에 관한 기술현황 분석

생물학적 선량평가에는 통상적으로 말초혈액 림프구에 대한 세포유전학적 분석을 통한

선량평가가 주류를 이뤄왔으나 분석에 시간이 오래 걸릴 뿐 아니라 많은 노동력을 들여야

하는 단점이 있다. 이러한 기술상의 단점을 보완하기 위한 방법의 하나로 대사체학을 기반

으로 하는 대용량 고속 선량평가법 개발의 가능성이 주목을 받아왔다. 생물체 또는 세포가

방사선에 피폭되면 다양한 세포반응과 분자 변화가 수반되며 이에 따라서 대사물질의 양

적, 질적 변화가 일어난다. 방사선 조사 후에 일어나는 대사체 변화에 대한 기술현황 자료

를 분석하여 분자생물학적 선량평가에 응용할 수 있는 가능성이 있다. 체액, 소변 등 모든

대사물질이 대사체 기반 선량평가의 종말점이 될 수 있다. NMR, MS, LC GC 등 다양한

화학적 분석방법을 통해 획득한 대용량 대사물질 데이터는 주요소분석 (PCA)이나 부분 최

소자승 분리법 (PLS-DA)을 통하여 분석할 수 있다.

3. HepG2 세포에서 진저롤에 의한 방사선 세포반응 변화 평가

인간 간암세포인 HepG2 세포의 방사선 반응을 연구하였다. 0~10 Gy의 감마선을 조사한
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다음 세포 생존율과 항산화 효소의 활성을 조사하였고, 세포사멸에 관련된 단백질 발현을 분석하였

다. HepG2 세포는 방사선량에 비례하여 생존율이 감소하였으며 반치사선량은 5 Gy로 확인되었다.

또한, SOD와 CAT 활성은 방사선 선량의 크기에 비례하여 증가하였고, p53과 Bax의 단백질 발현

은 증가하였고, 반면에 Bcl-2의 단백질 발현은 감소하였다. 이에, 방사선 노출 시 세포 생존율의

감소, 산화적 스트레스, 세포사멸이 일어난다는 사실을 확인하여 이온화 방사선에 의한 세포 손상

을 검증하였다. 진저롤은 생강에 함유된 폴리페롤 성분이며, 항균, 항염증, 항암에 효과가

있다고 알려져 있으나 [6]-진저롤의 방사선 방어 효과에 관한 연구보고는 없다. [6]-진저롤

을 전처리한 세포에 5Gy를 조사한 경우 세포생존율은 66%였으며 SOD와 CAT 활성은 전

처리하지 않은 세포에 낮았다. 또한 [6]진저롤 전처리 후 5 Gy 조사세포에서 세포사멸 과

정의 대표적인 바이오마커인 p53, Bax는 감소하였고, Bcl-2는 증가하였다. 본 연구를 농하

여 효율적인 [6]-진저롤의 방사선 방어 효과와 효과적인 방어효과를 위한 처리방법을 구축

하였다.

4. 방사선과 화학물질 처리 후 세포회복 파라메타의 정량적 산정

두 가지 요인을 복합 처리하였을 때 나타나는 규칙성을 이용하여 수립한 이론모델을

적용하여 방사성 물질인 라돈과 흡연의 상승작용을 평가하였다. 라돈과 그의 단수명 자

핵종들은 일반대중의 방사선피폭 주요인이기 때문에 이들 두 요인에 의한 복합작용이

현실적 문제를 야기한다. 라돈에 의한 준손상과 흡연에 의한 준손상 간의 작용이 추가적

인 치사손상으로 이어진다는 것을 전제로 만들어진 모델의 예측 결과를 실험결과와 비

교하여 모델을 검증하였다. 그 결과 모델적용은 적정하였고 예측결과가 유효하다는 것을

알 수 있었다. 모델을 이용하여 최대 상승작용의 정도와 그 조건을 예측할 수 있었다.

최대 상승작용은 라돈과 흡연 두 요인에 의하여 유발되는 유효발암손상이 적정비일 때

나타났으며 이 적정 값을 벗어나면 상승효과가 감소하였다.

V. 연구결과의 활용계획 및 건의사항

이온화 방사선에 대한 생물반응 평가기술은 인간 및 생물상 보호를 위한 생물방호

원천기술로 자리 잡게 될 것이다. 중장기적으로는 방사선 작업종사자 및 사고 피폭자에
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대한 생물반응의 회고적 선량평가에 필요한 생물반응 검출 기술의 수립에 활용될 것이다.

한편, 이온화 방사선과 또 다른 물리·화학적 요인의 복합 생물영향을 평가하기 위해 수

립된 이론모델과 해석기법은 다요인 복합처리 시 나타나는 생물영향의 최대작용 조건

등을 사전 예측하고 최적화하는 기술로 발전될 수 있기 때문에 방사선의 긍정적 이용효

율을 증가시키는데 기여할 것으로 판단된다. 본 연구를 통하여 방사선 복합 생물영향 해

석 신기술 자립 및 방사선민감도 해석 자료 구축을 통한 과학기술 발전기여와 함께 국제

기술우위를 확보할 수 있을 것이며 향후 새로운 연구과제 도출 및 수행을 위한 동기부여

및 기술기반으로 활용될 수 있다.
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SUMMARY

Ⅰ. Title of Project

Modification of Biomolecules and Combined Actions by Radiation

Ⅱ. Objectives and Necessity of Research

Korea Atomic Energy Research Institute, Advanced Radiation Technology

Institute has a mission of National Research and Development of Nuclear

Technology. Especially Advanced Radiation Technology Institute plays a pivotal role

for research and development in radiation technology. This study focused on

development of fundamentals for radiation applications based on the existing radiation

technology, development of fundamental technology for biological dosimetry, and

establishment of technical and scientific basis for enhancing utilization efficacy of

ionizing radiation through studying the combined action of ionizing radiation with

another physical and chemical factor on the biological systems.

III. Work Scopes of Research

The research consisted of the following work scopes.

○ Effects of combined treatment of radiation and chemicals in earthworm

○ State-of-the-Art of radiation metabolomics

○ Radiomidification of gingerol in HepG2 cells

○ Application study on combined effect of radon and smoking
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IV. Results of Research

1. Effects of combined treatment of radiation and chemicals in earthworm cells

As part of efforts to protect biota from ionizing gradiation, ICRP designated 12

reference species including earchworm. An experimental study was performed to

investigate acute gonotoxic effects of mercury and radiation on earthworms (Eisenia

fetida), one of the ICRP reference animals. The levels of DNA damage and the repair

kinetics in the coelomocytes of E. fetida treated with mercuric chloride (HgCl2) and

ionizing radiation (γ-rays) were analyzed by means of the comet assay. For detection

of DNA damage and repair, E. fetida was exposed to HgCl2 (0 - 160 mg kg
-1) and

irradiated with γ-rays (0 - 50 Gy) in vivo. The increase in DNA damage depended on

the concentration of mercury or dose of radiation. The results showed that the more

the oxidative stress induced by mercury and radiation, the longer the repair time that

was required. When a combination of HgCl2 and γ-rays was applied, the cell damage

was much higher than those treated with HgCl2 or radiation alone, which indicated that

the genotoxic effects were increased after the combined treatment of mercury and

radiation.

2. State-of-the-Art of radiation metabolomics

   Metabolomics in radiation biodosimetry, the application of a metabolomics analysis to

the field of radiobiology, promises to increase the understanding of biological responses

by ionizing radiation. Radiation exposure triggers a complex network of molecular and

cellular responses that impacts metabolic processes and alters the levels of metabolites.

Such metabolites have potential as biomarkers for radiation dosimetry. This review

provides an opportunity for the understanding of a radiation metabolomics in

biodosimetry.
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3. Radiomidification of gingerol in HepG2 cells

Gingerol, a major polyphenol of ginger (Z ingiber officinale), exhibits a variety of

biological properties including anti-oxidant, anti-inflammatory and anti-canceractivity.

However, the radioprotectiveeffect of gingerol is still unknown. The aim of this study

was to investigate the radioprotective effect of [6]-gingerol against radiation-induced

cell cytotoxicity and oxidative stress in HepG2 cells. When compared to irradiation with

5 Gy (half lethal dose, LD50 of HepG2 cells) alone, gingerol pretreatment attenuated

radiation-induced cell cytotoxicity. Also, the measurements of superoxide dismutase

(SOD) and catalase (CAT) activity were performed. The results showed that gingerol

pretreatment reduced an increased level of SOD and CAT activity after exposure of IR,

indicating that gingerol protected oxidative stress by regulating cellular antioxidant

enzyme (SOD and CAT) activity. These findings suggest that gingerol acts as a

radioprotector by attenuating cell cytotoxicity and oxidative stress.

4. Application study on combined effect of radon and cigarette smoking

Application study was performed to elucidate the combined effects of radon with

cigarette smoking. Radon and its short-lived decay products are considered as the

important sources of public exposure to natural radioactivity. The synergistic

interaction between cigarette smoking and radon is known to be an actual problem.

This study has provided a mathematical description and prognosis of the carcinogenic

effects after combined action of radon with smoking. A simple mathematical model

was adjusted for the optimization and prognosis of the synergistic interaction of

radon with smoking. The model postulates that the occurrence of synergism is to be

expected as a result of additional carcinogenic damage arising from the interaction of

sub-lesions induced by the two agents under consideration. The predictions of the

model were verified by comparison with experimental data published by other

researchers. The model appears to be appropriate and the predictions valid. The

suggested mathematical model predicts the greatest level of synergistic effect and
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condition under which this level is reached. The synergistic effect appeared to decline

with any deviation from the optimal value of the ratio of carcinogenic effective

damages produced by each agent alone.

V. Plan for Use of the R&D Results

Strong motivation and RT-based biotechnologies necessary for the future R&D

plans can be provided from the results of this research. An advanced analytical

method was suggested for the combined action of ionizing radiation with another

factor. Using the method, it is possible to predict in advance the maximum value of

synergistic interaction and the conditions to achieve the maximum. The results of

this study give a clues for establishment of important technology associated with

enhancing positive efficacy of radiation applications. By elaborating the present

research results, new technologies will be established for analysing the combined

effects of radiation with another factor and radiosensitivity of organisms. In the long

run, de novo biodosimetry techniques will be developed and it can play an important

role for ARTI to be an internationally recognized radiation biology and biodosimetry

laboratory.
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국가 방사선 연구개발의 주체인 한국원자력연구원 첨단방사선연구소는 방사선 이용

기술을 효과적으로 발전시키고 학계, 산업계 등 관련 분야에서 필요로 하는 핵심 기반기

술의 개발·보급은 물론 산업화에 필요한 응용기술을 개발하는 것이 사명이다.

생명과학 산업이 인간 생활 본위의 주력산업으로 떠오르면서 지금까지 확립된 방사

선기술을 바탕으로 생명과학기술, 환경기술, 우주기술, 나노기술 등을 융․복합시킨 새로

운 개념의 과학 기술과 신제품을 개발하고자 하는 노력에 가속도가 붙기 시작하였다.

모든 생명체는 인공 및 자연 방사선과 여러 가지 물리․화학적 요인의 영향을 동시

에 받으면서 살고 있다. 다양한 산업 분야에서 이온화 방사선이 가지고 있는 특성을 긍

정적 이용하기 위한 노력이 증대되고 있으며 방사선과 기타 물리·화학적 요인이 복합적으

로 생물체에 미치는 영향을 연구하고 해석하는 기술을 수립하고 응용하기 위한 기술개발이

시도되고 있다. 지금까지 방사선의 단순 조사 위주로 이용해 오던 평면적 기술에서 탈피

하여 방사선 기술을 기반으로 하여 생명과학기술, 환경기술, 정보기술, 문화기술 등을 복

합적으로 활용하여 한 차원 높은 방사선 융․복합 기술을 개발할 필요가 있다.

국제원자력기구, 국제방사선방호위원회 등은 새로운 방사선 생물방호를 위한 새로운 개

념과 변화된 가이드라인을 제시하고 있기 때문에 이에 부합하는 연구 파라다임의 변화가

요구되고 있다. 또한 원자력 시설의 비상 사고나 테러 발생 시의 대규모 피폭자 및 희생자

에 대한 생물선량평가 및 생물반응 검출기술 개발과 방사선 복합작용 해석 기술을 개발하

기 위한 노력이 선진국 및 국제기구 (IAEA, EU, WHO, NATO 등)를 중심으로 다자간 협

력연구가 활발히 진행되고 있는 상황임을 감안할 때 본 연구의 중요성이 인정된다.

지금까지의 방사선 연구는 대부분 실용기술 개발 또는 사안 대응을 염두에 둔 연구개발

이 주류를 이루고 있었으나 장기적 산업경쟁력과 직결되는 기초원천 기술개발이 매우 취약

한 상태이다. 국내에서는 여러 대학교가 방사선 연구를 수행하고 있으나 대부분 방사선치

료와 관련된 연구 또는 단순 방사선 조사이용 연구에 국한되어 있는 것이 사실이다. 이에

한국원자력연구원 첨단방사선연구소를 중심으로 방사선 생물반응 평가 및 biophysics 원천

기초 연구에 박차를 가하고 있다. 세계 선도그룹과 기술격차가 없거나 한국이 기술우위에

있는 “방사선 복합작용 연구” 부문을 창의적이고 도전적인 내용을 강화하여 세계적 기술우

위를 유지하기 위한 노력을 기울이고 있다.
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방사선 융합기술을 이용하여 생물선량 평가에 활용 가능한 기반기술을 수립하는 한

편 방사선의 biophysics 연구를 수행하여 방사선의 긍정적 이용효율을 극대화하기 위한

체계 정립을 이뤄 국제적인 기술우위를 확보할 필요가 있다. 방사선 융합기술을 확립하

여 방사선 이용의 새로운 장을 마련함으로써 국민의 삶의 질 향상에 기여하는 한편 국

가 경쟁력을 높이는 계기를 마련하고자 한다.

연구 추진 전략으로는 방사선 연구의 국가 주체로서 방사선생물방호의 근간이 되는 방

사선 복합생물반응 해석 기술을 개발하고 국제적 기술 주도권을 확보하기 위해 창의적 과

제 추진과 국가적 임무를 성실히 이행할 것이며, 방사선 연구의 국제적 환경 변화와 연구

파라다임의 변화에 대응하고 원자력비상사고 및 테러 등에 대비한 방사선 생물방호 원천기

술의 개발 필요성에 부응하기 위하여 장기적으로는 국제원자력기구의 지원과 공조로 방사

선 복합생물반응 해석기술 및 생물방호 원천기술 수립을 통해 생물선량 평가의 국제 참조

연구실 (IAEA Reference Laboratory) 지위 확보를 추진할 것이다. 방사선 생물반응 검출

기술은 방사선 뿐 아니라 식품, 환경 등에서 유래되는 유해인자에 대한 생물반응 검출에

직접적인 응용이 가능하므로 향후 환경부, 보건복지부, 농림축산식품부 등 타 부처와 기업

체 과제의 수주에도 활용할 수 있을 것으로 전망된다.

중장기적으로 추진하고 있는 핵심 수행내용은 도식 1과 도식 2에 명시된 바와 같이 방

사선 생물반응 해석기술 확보, 생물선량 평가를 위한 de novo biodosimetry 기법 수립 및

방사선 방사선반응 조절기술을 활용한 생물방호 기반기술 개발이다.
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도식 1. 연구개발 전략

도식 2. 연구개발 추진체계
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제1절 생물세포 DNA 손상에 미치는 방사선과 유해 화학물질의 복합영향 연구

Effects of combined treatment of radiation and chemicals in earthworm

1. Introduction

All living organisms are being exposed to harmful agents present in environments

such as air, water, and soil. A risk assessment of hazardous substances is usually

performed based on the simplest assumption that any harmful factor acts independently

of others. However, the combined exposure to multiple harmful factors might result in

a higher effect than expected from the addition of the effect produced by each factor.

Recent studies show that the combined and cumulated exposures are an issue of global

concern [1,2].

Ionizing radiation is one of the most common risk factors for damage to cells. It

has been well known that ionizing radiation can cause macromolecule damage, including

lipids; proteins and DNA, either directly or indirectly through interaction with water [3].

Single and double strand breaks on a DNA helix, in particular, were induced by

generating oxygen reactive species in the cells [4].. The radioactive fallout from

Chernobyl and other nuclear accidents combined with chronic contamination has

resulted in morphologic, physiologic, and genetic variations in all animal species in the

area including mammals, birds, fish, and invertebrates [5]. If such soil contamination

occurs, radioactive materials can accumulate in the human body through natural food

chains, although humans are not directly exposed to radiation. Radiological protection

has generally focused on human beings, but the International Commission on

Radiological Protection (ICRP) requires the data of ionizing radiation effects on

non-human biota [6,7]. Earthworms, as the most important key indicator species in soil

environments, are easily exposed to natural and non-natural radiation. In addition,

earthworms have been recommended for the testing of acute and sub-acute toxicity of

soil by the OECD and in previous studies [8-12]. Mercuric compounds are also related

to many reports indicating its genotoxic potential in a variety of organisms including

humans and aquatic species [13]. The mercury exists in numerous forms, metallic
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mercury, mercuric sulfide (HgS), mercuric chloride (HgCl2) and methyl mercury, which

are commonly found in the environment. HgCl2 adversely affects the central and

peripheral nervous system, the kidney, the eye,and reproductive fitness [14]. Mercury

and its compounds participate in four main mechanisms that can cause genotoxicity in

the cells: direct action on DNA, the generation of free radicals and oxidative stress, the

inhibition of mitotic spindle formation, and an influence on the DNA repair mechanisms

[15].

This study was performed to investigate the acute genotoxic effects of ionizing

radiation and mercury on the earthworm, Eisenia fetida (E. fetida). These overall

researches provide the fundamental information on the combined effects of radiation and

mercury on the organisms. In addition, experiments were done to identify the levels of

DNA damage and repair kinetics in the coelomocytes of E. fetida treated with ionizing

radiation and mercuric chloride by means of the alkaline comet assay.

2. Materials and methods

Reagents and Experimental Animals

HgCl2 (> 99.5% purity) was purchased from Samchun Pure Chemical, Co., Ltd.,

Korea. All other chemicals were of reagent grade and purchased from Sigma Aldrich,

Co.

An experimental animal of E. fetida was chosen for this study because it is an

internationally accepted model species for toxicity testing with a cosmopolitan

distribution [16]. The species of E. fetida belongs to the taxa of phylum annelida and

class clitellata, is hermaphrodite, and fertilizes its eggs inside a cocoon secreted by the

clitellum [17]. These worms are live in the upper layer of the soils containing rotting

vegetation, compost, and manure. E. fetida is native to Europe and found on every

continent, except for Antarctica. These are most adaptive to various moisture (range of

moisture content: 43 - 90%) and temperature extremes (ideal temperature range: 20 -

25℃ Min and Max range: 3.3 - 35℃) than other species.
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Adult E. fetida with sexually matured and well-developed clitellum (average weight,

350 mg) was used for this experiment. Earthworms were maintained in the dark in a

6:3:1 mixture of clean soil (gardening soil, Sanglim Co., Ltd., Korea), rice bran, and

cattle manure at 23±2℃ The moisture content was adjusted to 65±5% of the final

weight with dechlorinated water.

I rradiation and Mercury Treatment

A group of ten worms was transferred to a plastic Petri dish with moist filter paper

and then acutely irradiated with 0, 2.5, 5, 10, 20 and 50 Gy (1 h-1), respectively.

External gamma radiation was provided by a 60Co source (7.4 PBq of capacity; AECL,

Canada at the Korea Atomic Energy Research Institute). After irradiation, the samples

were covered in black cloth and on ice while carrying the worms to minimized the

effects by light or temperature. At the end of the exposure tests all worms were

transferred to clean soil.

For in vivo exposures of the animal to mercury, artificial soil were prepared by

dissolving the amount of HgCl2 in distilled water and mixing it thoroughly into 120 g

of dried artificial soil in clear plastic containers (105 × 82 ×68 mm) with ventilated lids

to attain a moisture content of 70%. HgCl2 was mixed to artificial soil for the

treatment concentrations of 10, 20, 40, 80, and 160 mg of HgCl2 per soil weight (kg
-1),

respectively. These exposure concentrations were based on the range-finding test

limiting the exposure range to concentrations below the point without causing lethality.

The worms were exposed to these soils for periods of 24 and 48 h in an ambient

condition-controlled room. Sets of twenty worms were exposed to each concentration.

No feed was added during the exposure period. At the end of the exposure test all

worms were transferred to clean soil. In addition, experiments were conducted to

identify the combined effects of radiation and mercury in the coelomocytes of E. fetida

irradiated with γ-rays after HgCl2 treatment. E. fetida was treated with HgCl2 (0 - 160

mg kg-1) for a period of 48 h, and then acutely exposed to γ-rays (0 - 50 Gy).
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Evaluation of DNA damage and repair

E. fetida coelomocytes were obtained using a simple non-invasive technique

described in the litarature [18] with a slight modification. The comet assay was

performed under alkaline conditions following the modified procedure of Singh et al.

(1988) [19]. A volume of 20 μl of a cell suspension mixed in 200 μl of a 0.5% low

melting-point agarose (LMA) dissolved in PBS were spread onto fully frosted

microscope slides pre-coated with 1% normal melting-point agarose (NMA). The third

layer of 0.5% LMA was added and solidified. The cells were then lysed for 2 h at 4

℃ in a lysing solution (2.5 M NaCl, 100 mM EDTA, 10 mM Tris, 1% Triton X-100

and 10% DMSO, pH 10.0). After lysis, slides were placed in an electrophoresis tank

and the DNA was allowed to unwind for 20 min in an electrophoresis buffer (300 mM

NaOH and 1 mM EDTA, pH ＞ 13.0). Electrophoresis (25 V, 300 mA, 25 min) was

performed in the same buffer. The slides were washed twice for 5 min in a

neutralization buffer (0.4 M Tris, pH 7.5) before dehydration in absolute ethanol for 10

min. The slides were dried in darkness and stained with 100 μl ethidium bromide (20

g·ml-1). The comets were analyzed using an image analysis system (Komet 4.0 from

Kinetic Imaging Ltd., Liverpool, UK). Fifty cells per slide were scored out of a total of

100 cells per dose.

Statistical Analysis

Each treatment was performed in triplicate, and the standard deviation (S.D.) was

calculated. The statistical program, OriginPro 7.5, was used for the data analyses. The

data were subjected to a one-way analysis of variance (ANOVA test) followed by the

least significance difference test at p-value levels of p < 0.005 and p < 0.001,

respectively.

3. Results and discussion

No earthworm mortalities were recorded during the exposure periods under any



- 23 -

tested concentrations. E. fetida was exposed to various levels of HgCl2, expressed as

olive tail moment ± S.D. (OTMs). The background level of DNA damage (the control)

was mainly low with a small number of cells with appreciable DNA damage. DNA

damage in earthworm celomocytes exposed to HgCl2 treated soil was higher than that

in the controls. The increase in DNA damage was shown to be dose dependent

according to the exposure time (24 and 48 h). DNA damage in earthworm coelomocytes

treated with the higher doses was significantly higher than those treated with 10 mg

kg-1 (Table 1). Furthermore, at 48 h, the DNA damage in the 10 and 80 mg kg-1 dose

groups was significantly higher than the group exposed for 24 h.

In the comet assays of coelomocytes tested for 0, 12, 24, 48, and 72 h, after

treatment with different doses of mercury, the OTM values decreased in a

time-dependent manner. The accuracy of the acquired equation was confirmed to have

a standard deviation, which was indicated as the correlation coefficient (r²). As a result

of linear equations, r2 of 10, 20, 40, 80, and 160 mg kg-1 was 0.459, 0.673, 0.815, 0.844,

and 0.879, respectively. The largest slope was 160 mg kg-1, and the smallest slope

was 10 mg kg-1 on the linear regressions. Each of the experimental groups was

remarkably comparable with the control group, after exposure to HgCl2 72 h later. In

particular, the DNA strand breaks decreased remarkably at 80 and 160 mg kg-1

concentrations. The half repair times of the two experimental groups were about 32.5

and 41.7 h, respectively.

E. fetida irradiated with 0 to 50 Gy showed that there was no mortality observed

during the experiment process. At low doses of radiation, the number of cells remained

unchanged, but at higher doses, most of the cells showed moderate or strong DNA

damage (Figure 1-1). As a result, DNA damaging effects were enhanced with an

increased exposure dose, and DNA migration showed a dose-response relationship. The

values of OTMs at an irradiation dose of 0, 2.5, 5, 10, 20, and 50 Gy were 0.18 ± 0.22,

0.54 ± 0.36, 1.28 ± 0.59, 2.27 ± 0.98, 3.8 ± 1.25, and 8.99 ±1.98, respectively (Figure

1-2). Therefore, each experimental group showed 3, 7, 12, 21, and 50 times as heavy

damage as the control group. The genotoxic effect of ionizing radiation was detected at

all doses as a dose-related increase in DNA migration. The DNA strand breaks
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decreased as accessed by in the SCGE assay with the lapse of time, and the OTM

values of whole experimental groups were similar to those of the control group after 12

h. The values of OTMs in the experimental groups were 0.3 (2.5 Gy) or 0.2 (5 Gy)

after 2 h 0.42 (10 Gy) or 0.3 (20 Gy) after 3 h and 0.26 (50 Gy) after a 12 h exposure.

The results showed that the higher dose of radiation was irradiated, the longer repair

time was required. According to Lankoff et al. (2006), in experiments with humans, the

DNA of lymphocytes was completely repaired after irradiation with γ-rays 2 h later

[20]. This clearly showed that the DNA repair time of earthworms is very similar to

that of humans.

To investigate the combined effects on radiation and mercury in E. fetida, the

worms were irradiated with 0 - 50 Gy γ-rays after 0 - 160 mg kg-1 HgCl2 treatment.

There was no mortality observed during the experiment process. The level of DNA

damage significantly increased after the treatment of HgCl2 combined with ionizing

radiation. When a combination of HgCl2 and gamma radiation was applied, the OTMs

were much higher than those treated with HgCl2 or radiation alone, which indicated

that the genotoxic effects were increased after combined treatment of mercury and

radiation (Figure 1-3). Particularly, the combination of 40 mg kg-1 of HgCl2 and gamma

radiation produced synergistic or additive effects depending on the DNA damage of

coelomocytes. All points of figure 1-3 indicate the synergistic effect of mercury and

radiation. These results are in agreement with reports that the combination of mercury

and radiation enhanced synergistic effects on HeLa and PLHC-1 cells [21.22].

E. fetida treated with 20 Gy gamma rays alone or with exposure ionizing radiation

combined with 40 mg kg-1 HgCl2 showed that levels of DNA damage decreased with

time (Figure 1-4). The repair time of the damaged DNA was calculated at about 12 h,

only when irradiated with 20 Gy radiations. On the other hand, when 40 mg kg-1 HgCl2

and 20 Gy γ-rays were treated together, the repair time of damaged DNA was about

96 h. Therefore, the repair time in the animals treated with the combination of HgCl2

and ionizing radiation was nearly eight times longer than that in the animals treated

with ionizing radiation alone. In addition, E. fetida exposed to mercury showed a

statistically lower repair efficiency of radiation induced DNA damage.
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An interesting study was done on workers intoxicated by mercury vapor by

Cebulska-Wasilewska et al. (2005) [23]. The authors analyzed the DNA repair

efficiency in the primary cultures of blood lymphocytes irradiated with X-rays or

UV-C light. The low concentrations of the metal would interfere with the

recombination and base excision repair mechanisms but not with the nucleotide excision

repair mechanisms [24]. In addition to an indirect action on the DNA repair system,

mercury can also be directly bound to the "Zinc fingers" core of DNA repair enzymes,

affecting their activity [25,26]. The permissible levels of mercury can even have

deleterious effects on the DNA repair system. Therefore, the influence of mercury on

the DNA repair mechanisms has been confirmed through this experiment.

4. Conclusions

The levels of DNA damage and repair kinetics in the coelomocytes of E. fetida

treated with HgCl2 and ionizing radiation were investigated by means of the

cometassay. The results showed that the increase in DNA damage was dependent on

the dose of radiation or concentration of HgCl2. The more the oxidative stress induced

by radiation or mercury, the longer the repair time that was required. When a

combination of HgCl2 and ionizing radiation was applied, the OTMs were much higher

than those treated with radiation alone, which indicated that the genotoxic effects were

increased after the combined treatment of mercury and radiation. In addition, at the

molecular and cytogenetic levels, the present studies investigated, the effect of exposure

to mercury on the kinetics of the repair process of DNA damage induced by ionizing

radiation. The E. fetida was treated with ionizing radiation alone or with ionizing

radiation combined with HgCl2. The repair time in the earthworms treated with the

combination of HgCl2 and ionizing radiation was longer than that in the earthworms

treated with ionizing radiation alone. The results suggest that the mercury could even

have deleterious effects on the DNA repair system. Therefore, the influence of mercury

on the DNA repair mechanisms was confirmed by this study.



- 26 -

Table 1-1. The values of OTM*1 (mean ± S.D.) in E. fetida exposed to HgCl2 for 24
and 48 h

HgCl2

(mg kg-1)

Experimental groups

24 hrs*2 48 hrs

1st 2nd 3rd 1st 2nd 3rd

Control 0.15 ± 0.20*3 0.39 ± 0.22 0.30 ± 0.24 0.30 ± 0.31 0.38 ± 0.33 0.45 ± 0.36

10 0.29 ± 0.50 0.44 ± 0.30 0.37 ± 0.18 0.29 ± 0.31 0.66 ± 0.64 1.38 ± 0.80

20 0.97 ± 0.60 1.19 ± 0.61 0.61 ± 0.45 0.77 ± 0.82 1.08 ± 0.91 1.68 ± 1.41

40 1.71 ± 0.58 0.35 ± 0.79 0.94 ± 0.60 0.91 ± 0.86 2.34 ± 1.86 1.85 ± 1.12

80 1.34 ± 0.77 1.26 ± 0.96 2.04 ± 1.28 2.34 ± 1.35 3.40 ± 1.58 2.52 ± 1.51

160 2.43 ± 1.06 1.56 ± 1.12 2.80 ± 1.95 3.25 ± 1.48 3.57 ± 1.45 3.11 ± 1.42

*1 Triplicate values of OTM indicate the medianmean of Olive tail moment

*2 Exposure time (hrs)

*3 Mean OTM ± S.D.
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 (a)                         (b)                          (c)

Figure 1-1. The comet images of nuclei isolated from coelomocytes of E. fetida treated
with ionizing radiation. Unexposed control coelomocyte (a), coelomocyte
irradiated with 5 Gy (b) and 20 Gy γ-rays (c).
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Figure 1-2. DNA damage and repair kinetics in E. fetida irradiated with γ-rays.
Significant differences (*p < 0.005; **p < 0.001) from the controls are
expressed in the figure.
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제2절 대사체학 기반 생물선량 평가에 관한 기술현황 분석

State-of-the-Art of Radiation Metabolomics

1. Introduction

Globally, there are concerns over the elucidation risks associated with radiation

exposure, it is important to comprehend the biological effects of radiation exposure.

Driven by the need to detect the presence of the radiation exposure, biomarker to

monitor potentially exposed situation after radiological accidents can be developed and

would be extremely value for biological response. Ionizing radiation (IR) has inevitably

become major public health concerns due to exposure from artificial sources such as

radiological medical usage and from natural sources like space travel [1,2]. Especially,

radiation exposures from nuclear and radiation accidents and the threat of terrorism

including use of radioactive isotopes are big issues [2,3]. The interaction of radiation

with a biological system is a common factor irrespective of the condition of accidental

radiation exposure. This involves deposition of energy to cellular targets either directly

or involving highly reactive free radicals. The Deoxyribonucleic acid (DNA), Ribonucleic

acid (RNA), proteins, lipids, carbohydrates and many metabolites may lead to various

pathological conditions [4-9]. The monitoring of damage by radiation has been of great

interest in developing simple and reliable methods for detection of radiation exposure as

an essential factor in clinic. Cytogenetic analysis, particularly the dicentrics chromosome

aberration assay of peripheral blood lymphocytes is a gold standard technique for

estimating the extent of radiation exposure [6-9]. Despite considerable advances in

detection methods, it has several drawbacks such as time-consuming and labor

intensive. To overcome this bottleneck, metabolomics platform is introduced as a

methodology for high-throughput assessment of the radiation dose received.

Metabolomics is a rapidly advancing field that aims to characterize the concentration

changes of all small molecules existing in a sample. Furthermore, application of

metabolomics technologies to the understanding of physiology, toxicology, and disease
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progression has led to appreciable advances by defining novel drug and carcinogen

metabolites, as well as biomarkers of disease. At the same time, metabolomics

technologies have contributed to a general understanding of how metabolites and their

concentrations change under defined conditions. However, in contrast to transcriptomics

and proteomics, broad-based metabolomics studies have not been used to analyze the

cellular effects of IR. Radiation metabolomics, the application of a metabolomics in

biodosimetry analysis to the field of radiobiology, give a promise to increase the

understanding of biological responses by ionizing radiation [10-15]. Radiation exposure

triggers a complex network of molecular and cellular responses that impacts metabolic

processes and alters the levels of metabolites. Such metabolites have potential as

biomarkers for radiation dosimetry. An understanding of the molecular and cellular

effects of ionizing radiation have depended profiling technologies such as genomics,

transcriptomics, and proteomic platforms. Such efforts have discovered ionization

radiation induced perturbations of DNA, RNA, and protein molecules and have been

successful in developing biomarkers that provide information regarding radiation induced

phenomena such as the threshold dose. Furthermore, integrating data from combinations

of such platforms, in the spirit of emerging systems biology, has given investigators

the ability to reconstruct and analyze ionization radiation responsive pathways.

However, pathways generated from such analyses remain incomplete without similar

global measurements of metabolites. Despite recent advances in metabolic profiling

developments, changes in small-molecule metabolites remain under explored and under

exploited as yet. This is particularly unfortunate because, as the end-products of

transcriptional and proteomic signaling events, metabolites may represent the most

incisive and accurate indicators of the state of cellular physiology, toxicology, and

disease progression, and have led to appreciable advances by defining novel drug and

carcinogen metabolites, as well as biomarkers of disease. Here, we review the current

status of radiation metabolomics that have contributed to a general understanding of

how metabolites and their biomarkers change under defined conditions. In this study,

this article provides an understanding of a radiation metabolomics in biodosimetry.
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2. Radiation Metabolomics in Biological Dosimetry

Metabolomics P latform in Biodosimetry

Exposure to ionizing radiation elicits a set of complex biological responses involving

gene expression and protein turnover that ultimately manifest as dysregulation of

metabolic processes representing the cellular phenotype. Metabolomics in radiation

biodosimetry is one of the core disciplines for discovery of novel biomarkers. The

discipline focuses on the study of low molecular weight metabolites in biological

responses by ionization radiation. The quantitative complement of all metabolites is

defined as the metabolomics and sample-specific metabolomics can be studied, e.g.

biofluids (blood or urine) metabolomics or tissue metabolomics.

Radiation metabolomics operates with a workflow [16] starting from a biological

question and experiment, proceeding through sample collection and preparation,

analytical experiments to acquire data, data pre-processing and analysis followed by

biological interpretation. This general process for conducting radiation metabolomics

studies is displayed in the flow diagram in Figure 2-1. The first step is sample

generation from radiation effects. A well planned radiation effect with multiple doses,

multiple time points for sample collection and preparation are very important. And,

analytical work is global profiling that usually involves an analysis for identification of

spectral of nuclear magnetic resonance (NMR) or mass spectrometry (MS) spectral data

including gas chromatography (GC) and liquid chromatography (LC) to determine new

biomarkers or spectral patterns of biomarkers that can be related to radiation exposure.

The second step involves data acquisition may be undertaken. Principal component

analysis (PCA) is applied to the NMR or MS data initially to look for patterns and

outliers, and to determine if there are any easily discernable biomarkers. After PCA,

many other types of supervised methods like partial least squares-discriminate analysis

(PLS-DA) can be employed for further statistical data analysis. This is an exciting

time to be working in the field of metabolomics because of advances on every front.

Improvements are legion, from instrumentation for biomarker discovery, to computer

methods for data analysis, to understanding of pathways, to instrumentation for
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targeted analysis. The recent published results, and ongoing studies in cell lines and

animal models, indicate dose response, and show clustering and discrimination based on

combined detections of groups of metabolites derived from samples such as urine that

can be obtained non-invasively. Data from these studies analyzed by bioinformatics

methods leads to the discovery-phase identification of groups of metabolites useful for

screening and biodosimetry. This is extremely encouraging, and makes extension of the

work to human populations important, even with the limitations inherent in such a

study. Finally, the power of the results from discovery is realized if they can be

utilized to streamline targeted analysis and to provide new kinds of information in

discovery. Ion mobility methods, simplified quantitative detection of biomarkers, but also

allow the elimination or simplification of sample cleanup and pre-separation. With the

reduction in overall analysis time within minutes, it is possible to follow kinetics or

responses at a rate that is otherwise impossible, and it is possible to process data from

larger cohorts in discovery. The third step is data interpretation for biomarkers. At this

step, the biomarker to radiation exposure will be elucidated. The results provide

putative biomarkers that were previously not reported or originate from a biological

mechanism not known before. Once discovery studies have been performed, the putative

biomarkers are validated in the general things where the biomarker will be applied to

assess specificity and selectivity. This applies an analytical method for absolute

quantification. This metabolomics method can then be employed for future application in

radiation biology. The application of metabolomics to the radiation biodosimetry has led

to the description of a number of metabolites that have the potential to be developed

into robust biomarkers applied in biological interpretation to radiation exposure. In

general, the metabolomics method provides clues that lead to the discovery of new and

better biomarkers, as well as to insightful hypotheses regarding mechanisms of

radiation effects.

Metabolomics Technologies

The role technological developments provides in scientific discoveries has been

suggested that progress in science depends on new techniques, new discoveries and
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new ideas, probably in that order. Metabolomics suggests the simultaneous and relative

quantification of thousands of different metabolites within a given sample using

sensitive and specific methodologies such as liquid or gas chromatography coupled to

mass spectrometry for assessment of biomarker discovery in response to radiation.

The first definitions of the metabolomics were reported in 1998 [17,18]. From this

time, there have been huge advances in methodological and analytical technologies that

have lead to the discovery of biomarkers and greater knowledge regarding diseases.

Technological advances from the 1960s with gas chromatography–mass spectrometry

(GC–MS), liquid chromatography–mass spectrometry (LC–MS) mass spectrometry

[19] and nuclear magnetic resonance (NMR) spectroscopy [20,21] allowed the first

holistic studies of mammalian biofluids to be performed. In the last 15 years,

technological advances have driven forward metabolomics to its current status. And, a

combination of sample preparation and analytical platforms is recommended to acquire

good coverage of detected metabolites. Today, metabolomics is a routinely applied tool

with greater than 5,572 publications reported in PubMed (as of July 2013). Especially,

the study of radiation metabolomics are 98 publications reported in PubMed (as of July

2013).

3. Potential Biomarkers

Biomarkers are biological characteristics that are objectively measured and evaluated

as indicators of biological responses to radiation exposure. The search for biomarkers

of effective dose and the early effects of ionization radiation exposure in both humans

and experimental animals has a history spanning several decades. Biomarkers that can

help identify exposed individuals are critically important in the event of mass casualty

incidents. Metabolomics approaches for biomarkers allow the simultaneous, quantitative

analysis of thousands of different metabolites within a given sample [22]. It aims at

identifying unique fingerprints of specific disturbances such as example effects of

exposure to radiation. Polyamines (putrescine, spermidine, and spermine) are aliphatic
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polycations present in all cells, where they have pleiotropic effects that allow their

linkage to DNA, RNA, and proteins, for example, with a relevant regulatory role in a

number of steps of cell metabolism. The putrescine, spermidine, and spermine from

polyamines play a pivotal role in living organisms [23-25]. Polyamines are low

molecular weight organic polycations displaying their important biological activities

having mediated a multitude of in vivo processes. In general, the polycationic nature of

polyamines is important for their biological activities and their in vivo interaction with

multiple kinds of molecules such as polyanionic nucleic acids and proteins. Regarding to

their functions, polyamines play a critical role in cell metabolism [26], cell proliferation

[27], and cell differentiation [28] through cellular processes including the metabolic

pathways of synthesis, degradation and transport [29,30]. Especially, Spermidine from

polyamine is aliphatic polycations present in all cells, where they have pleiotropic

effects that allow their linkage to DNA, RNA, and proteins. Spermidine plays a

regulatory role in a number of steps of cell metabolism in living organisms. The

pathway of polyamine metabolism including metabolites and genes was represented in

Figure 2-2. Since polyamine metabolism is involved in many biologically relevant

processes, polyamines and most of the enzymes involved in their metabolism have been

extensively studied.

All of them have been isolated, purified, and kinetically characterized and their genes

have been cloned. And, much information is available concerning the enzymes, their

activities, their regulation, their functional features and their gene expression [31].

Polyamines are produced from the metabolism of cationic amino acids of arginine. The

first step in their biosynthesis is a decarboxylation. Their terminal catabolism by amine

oxidases releases compounds with a high potential to produce damage: aldehydic

compounds that eventually can be exported or oxidized and reactive oxygen species.

Transferases play a role in both metabolic pathways. Finally, S-adenosylmethionine

is a donor of aminopropyl groups in the biosynthesis of polyamines [32-35]. As for

polyamine pathway, the steady state intracellular concentrations of polyamines are

influenced by the regulation of the key enzymes of their metabolic pathways, but also

by the regulation of transporters for their uptake and release. On the other hand, the
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storage of very important quantities of amines into vesicles of their producing cells is

a well known fact for amines, including polyamines [36,37]. Increases in polyamine

concentration have also been linked to carcinogenesis [38].

Recent reports have shown that adequate polyamine levels are required for the

maintenance of cell proliferation and cell differentiation. Ionizing radiation generally

results in increased oxidative stress triggered by the direct ionization of biological

responses (e.g. DNA, protein), and indirect modifications to cellular components through

reactive oxygen species generated by the radiolysis of water, such as the hydroxyl

radicals. Acute and chronic levels of radiation-induced oxidative stress have been

demonstrated to cause deleterious cellular injury as measured by an increase in the

extent of lipid peroxidation, DNA, and aromatic hydroxylation, as well as the

up-regulation of various antioxidant enzymes, which reflects an adaptive cellular

response mechanism to radiation damage. Metabolomics platform in radiation

biodosimetry is a powerful tool to study post-radiation changes in polyamines

metabolism.

4. Perspectives

Metabolomics platform uses small molecules including endogenous metabolites and

exogenous compounds obtained from nutrient, in numerous ways. Metabolites are used

to provide energy, furnish building blocks to create cells and tissues, and can be used

to signal at the cellular or physiological level. The importance of metabolites in

radiation biodosimetry has driven the development of metabolomics approaches to

enable the detection and quantification of biological metabolites from biological samples

to radiation response. Changes in metabolite levels can reveal important information

about the metabolites and metabolic pathways affiliated with a radiation response.

Metabolites like polyamines appear to be a good biomarker to estimate radiation

damage or diseases. The future of metabolomics in understanding radiation response is

exciting prospect. The result of this new understanding will be both a deeper
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knowledge of biological pathways to radiation exposure and affected systems, and new

technologies that enhance discovery and provide clinical tools.
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Figure 2-1. Workflow diagram involves in the metabolomics approaches.
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Figure 2-2. Potential biomarkers in polyamine metabolism.
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제3절 HepG2 세포에서 진저롤에 의한 방사선 세포반응 변화 평가

Radiomidification of gingerol in HepG2 cells

1. Introduction

Ionizing radiation (IR) has many practical applications such as medicine, food,

agriculture, environment and industry [1,2]. However, high exposure of IR is associated

with harmful effects on human health [3]. IR interacts with biomolecules (DNA, RNA,

protein, lipid and carbohydrate) and produces toxic free radicals leading to oxidative

stress, imbalance state between prooxidant and antioxidant [4-6]. IR-induced oxidative

stress may cause cell damage including genomic alterations, lipidperoxidation, mutation

and cell death [7,8]. In order to regulate the oxidative stress, there are endogenous

antioxidant defense systems which includes enzymatic antioxidants

(superoxidedismutase, catalase, glutathione peroxidase, etc.) and non-enzymatic

antioxidants (glutathione, ascorbate, bilirubin, α-tocophenrol etc.) [9]. Even if cells have

many endogenous antioxidants, these systems may not protect cell against IR-induced

oxidative stress. Therefore, it is necessary to supplement exogenous antioxidant under

oxidative stress condition [10]. In regard with radioprotector, polyphenol in dietary plant

is of considerable interest due to potent antioxidant activity [11].

Ginger has been widely used as medicine (common cold, fever, digestive order and

arthritis) and food (flavoring agent, spice, condiment, beverage and tea) for a long time

[12]. It contains bioactive polyphenols such as gingerol, shogaol, paradol and zingerone

[13]. In particular, [6]-gingerol has been reported to have many pharmacological effects

[14-16]. [6]-gingerol (structure shown in Figyre 3-1) is amajornon-volatile pungent

compound in the rhizome of ginger (Z ingiber officinale). It is known to have various

biological effects such as antioxidant, anti-inflammatory and anticancer properties

[17,18]. However, there is no report on the radioprotective effects of [6]-gingerol in

HepG2 cells.

The purpose of this study is to investigate the harmful effects of HepG2 cells after

exposure of IR and the protective effects of [6]-gingerol against IR-induced cytotoxicity
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and oxidative stress (antioxidant enzyme status) in cultured HepG2 cells.

2. Materials and Methods

Reagents

[6]-gingerol (CAS No. 23513-14-6) was purchased from Sigma Chemical Co. (St.

Louis, MO, USA). Dulbecco’s modified Eagle’s medium (DMEM) was purchased from

Welgene Inc. (South Korea). Fetal Bovine Serum (FBS), Phosphate Buffered Saline

(PBS) were purchased from Thermo Fisher Scientific Inc. (Waltham, MA, USA).

Antibiotic (10,000 U/ml of penicillin, 10,000 µg/ml of streptomycin and 25 µg/ml of

amphotericin B) and trypsin EDTA was obtained from Life Technologies Corporation

(CA, USA). Cell proliferation kit I for MTT assay was purchased from Roche Applied

Science (IN, USA). Superoxide dismutase (SOD) and catalase (CAT) assay kit were

obtained from Cayman Chemical Company (MI, USA).

Cell culture and irradiation

Human hepatoblastoma HepG2 cells were cultured and maintained in DMEM

supplemented with 10% FBS and 1% penicillin–streptomycin antibiotic in a humidified

5% CO2 incubator at 37
oC. The medium was changed every 2–3 days and cells were

plated at an appropriate density according to each experimental scale. Cells were

irradiated (dose rate: 0, 1, 5 and 10 Gy) using 60Co gamma cell irradiator (AECL,

Canada) in Korea Atomic Energy Research Institute (Jeoungeup, Korea).

MTT Assay

HepG2 cells were seeded at the density of 1x104cells in each well of the 96 well

plates and incubated for 24 h at 37 oC. [6]-gingerol was added to cell in fresh media at

5, 10, 20, 40 and 80 µM concentration. Cells were incubated for next 24 h. Cell viability

was measured by the MTT assay as described previously [19]. Cells were treated

withMTT solution (5mg/ml in Phosphate Buffered Saline) and incubated for 4 h at
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37oC, yellowish crystal formed. The crystal was solubilized by adding solubilization

solution (10% SDS in 0.01 M HCl) and incubated for overnight at 37 oC. The

absorbance was read at 570 nm. The experiments were performed at least three times.

Trypan assay

Cell viability was measured by trypan blue assay previously described [20]. Cells

were seeded at the density of 1x106 cells in each cultured plate. After 1 day incubation,

cells were subjected to irradiation with different doses (0, 1, 5, and 10 Gy). Cells were

incubated for different time period at 0, 1, 2 and 3 days post-irradiation. After

incubation for different time period, cells were removed by trypsinization. Cellsuspension

(200 µl) was mixed with 0.4% trypan blue solution (800 µl) and the mixture were

incubated for 5 min at room temperature. Cells were counted using a dual-chamer

hemocytometer and a light microscope. The percentage of cell viability (untreated

control cells) was calculated as 100%. The experiments were performed at least three

times.

Estimation of Superoxide Dismutase (SOD) activity

The activity of SOD was performed according to the manufacturer’s instruction

(Cayman Chemical Company, USA). Briefly, cells were collected by using rubber

policeman and homogenized by using sonicator in 1-2 ml of cold 20 mM HEPES buffer

containing 1 mM EGTA, 210 mM mannitol and 70 mM sucrose, pH 7.2 and centrifuged

at 12,000 x g for 10 min at 4 oC. The supernatants were collected for assay and stored

on ice. Protein concentration was determined by the Bradford method [21]. One unit of

enzyme activity was defined by the 50% dismutation of superoxide radical. In a 96 well

plate, 200 µl of tetrazolium salt was added in different well for each sample and

subsequently added 10 µl of sample in each well. The reaction was initiated by adding

20 µl of xanthine oxidase and the plate was incubated on a shaker for 20 min at room

temperature. The absorbance was measured at 450 nm by using plate reader. The

experiments were performed at least three times.
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Estimation of Catalase (CAT) activity

The activity of CAT was performed according to the manufacturer’s instruction

(Cayman Chemical Company, USA). The decomposition of H2O2 in presence of CAT

was followed by the decrease in absorbance measured by spectrophotometer. Cells were

collected by usin grubber policeman and homogenized by using sonicatorin 1-2 ml of

cold 50 mM potassium phosphate buffer, pH 7.0, containing 1 m MEDTA and

centrifuged at 12,000xg for 10 min at 4 oC. The supernatants were used for the assay

and stored on ice. Protein concentration was determined by Bradford method (Bradford

1976). In a 96 well plate, 20 µl of sample was taken to each well and then added 100

µl of 100 mM potassium phosphate, pH 7.0 and 30 µl of methanol. The reaction was

initiated by adding 20 µl of hydrogen peroxide to each well and incubated on a shaker

for 20 min at room temperature. To terminate the reaction, 30 µl of potassium

hydroxide was added to the each well and then added 30 µl of catalase purpald as

quickly as possible. The plate was incubated for 10 min at room temperature on the

shaker. Finally, 10 µl of catalase potassium periodate was added to each well and

incubated for 5 min at room temperature on the shaker. The absorbance was taken at

540 nm by using a plate reader. The experiments were performed at least three times.

3. RESULTS

Radioprotective effect of [ 6] -gingerol against IR-induced cytotoxicity

To investigate the cell cytotoxicity effect of [6]-gingerol on HepG2 cells, cell

viability was performed by MTT assay. Cells were treated with different concentration

(0, 5, 10, 20, 40 and 80 µM) and then incubated for 1 day. As shown in Figure 3-2,

[6]-gingerol with 5 µM concentration did not decrease cell viability. Thus, [6]-gingerol

was used as potential radioprotective agent in this study.

To examine the harmful effect of IR in HepG2 cells, cells were irradiated with 0, 1, 5

and 10 Gy. The IR-treated group was incubated for different time (0, 1, 2 and 3 days)

to monitor cell morphological change and cell cytotoxicity. As shown in Figure 3-3, cell
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morphology was changed in a time-dependent manner after exposure of IR with 5 Gy.

After the different incubation days, cell viability was examined by trypan blue assay

(data not shown). Cell viability was used as an indicator of cytotoxicity. As shown in

Figure 3-4 (A), the IR-treated group was decreased the percentage of cell viability in

a dose-dependent manner for 3 days after irradiation, with half lethal dose (LD50) of 5

Gy.

To determine the radioprotective effect of [6]-gingerol against IR-induced cytotoxicity

in HepG2 cells, cells were pretreated with or without 5 µM [6]-gingerol for 1 h and

then irradiated with 0 or 5 Gy. As shown in Figure 3-4 (B), [6]-gingerol plus

IR-treated group was increased the percentage of cell viability as compared to that of

IR-treated group. The results suggest that [6]-gingerol could have protective effect

against cell cytotoxicity induced by IR.

Radioprotective effect of [ 6] -gingerol against IR-induced oxidative stress

To assess the radioprotective effect of [6]-gingerol against IR-induced oxidative

stress in HepG2 cells, antioxidant enzyme activity was examined by the biochemical kit

(SOD and CAT activity) assay. As shown in Figure 3-5 and Figure 3-6, IR-treated

group was increased both SOD and CAT activity in a dose-dependent manner. In

contrast, [6]-gingerol plus IR-treated group was suppressed both SOD and CAT

activity as compared to that of IR-treated group. It indicates that [6]-gingerol

pretreatment could protect cellular oxidative stress induced by IR.

4. DISCUSSION

There is considerable interest in the radioprotective effects of natural antioxidants

against oxidative stress. Some of dietary polyphenols have very potent antioxidant and

free radical scavenging activity. They can inhibit cellular genotoxicity, prevent cellular

oxidative stress and cytotoxicity [22-23]. Some reports demonstrated that [6]-gingerol,

a pungent phenolic compound with a high antioxidant activity, exhibited a variety of
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biological effects. Kimetal.(2007) [24] reported that [6]-gingerol treatment has been

shown to reduce UVB-induced cell damage by reducing reactive oxygen species (ROS)

levels and activating caspases-3, -8, -9, cyclooxygenase-2 (COX-2) and Fas expression

in human keratinocytes cell line (HaCat). Some researchers reported that [6]-gingerol

exhibited anti-cancer effects [24]. Chakraborty et al. (2012) [25] reported that

[6]-gingerol had anti-oxidative property and protective effect against arsenic-induced

toxicity by improving impaired insulin signaling pathway. In this study, it was

reported that [6]-gingerol, natural antioxidant, protects HepG2 cells against IR-induced

cell damage by reducing cell viability and an increased level of SOD and CAT activity.

Oxidative stress represents imbalance of the pro-oxidants and antioxidants in cell. IR is

known to induce oxidative stress via generation of ROS which can lead to cell death.

The cellular antioxidant defense system plays an important role in protecting cell

against oxidative stress. In fact, changes in the activity of antioxidant enzymes can be

regarded as a biomarker. There are major antioxidants in cells such as SOD, CAT and

glutathione (GSH). SOD catalyzed the dismutation of O2
- to H2O2 and CAT converts

H2O2 into water. In this study, HepG2 cells with exposure to IR evoked significant

changes of the activity of SOD and CAT. Both activities were increased after exposure

to IR, indicating that the fact was the activation of antioxidant defense system in

HepG2 cells. Alia et al.(2006) [26] reported that quercetin protects HepG2 cells against

t-BOOH-induced oxidative stress by reducing SOD and CAT activity. In regard with

oxidative stress, our data about change of SOD and CAT activity was in agreement

with the results obtained Alia et al. despite different stress factor.

In conclusions, we reported the protective effect of [6]-gingerol against IR-induced

cytotoxicity and oxidative stress in HepG2 cells at the first time. Following irradiation

with 0 to 10 Gy, IR induced cytotoxicity and oxidative stress in a dose-dependent

manner in HepG2 cells. The LD50 of HepG2 cells was about 5 Gy. Pretreatment of 5

µM [6]-gingerol attenuated IR-induced cell viability loss and an increased level of

antioxidant enzymes (SOD and CAT) activity. These findings suggest that [6]-gingerol

could be useful as a radioprotector.
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Figure 3-1. Structure of [6]-gingerol.
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Figure 3-2. Cell cytotoxicity of [6]-gingerol by using MTT assay. Data are represented 

as mean±SD. (n=3). *p<0.05, **p<0.01 compared with those of the control 

group.
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Figure 3-3. Radiation-induced cell morphological change of HepG2 cells. Cells were 

exposed to 5 Gy. A: 0 h after IR exposure, B: 24 h after IR exposure, C: 

48 h after IR exposure, D: 72 h after IR exposure. 
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Figure 3-4. Radiation-induced cell cytotoxicity (A) and radioprotective effect of 

[6]-gingerol (B) in HepG2 cells. Cells were incubated for 3 days after 

irradiation. Data are represented as mean±SD. (n=3). *p<0.05, **p<0.01 

compared with those of the control group.
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Figure 3-5. Radiation-induced SOD activity change (A) and radioprotective effect of 

[6]-gingerol (B) in HepG2 cells. Data are represented as mean±SD . (n=3). 

*p<0.05, **p<0.01 compared with those of the control group.
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Figure 3-6. Radiation-induced CAT activity change (A) and radioprotective effect of 

[6]-gingerol (B) in HepG2 cells. Data are represented as mean±SD . (n=3). 

*p<0.05, **p<0.01 compared with those of the control group.
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제4절 방사선 복합작용 모델 응용 연구; 라돈과 흡연의 복합 상승작용 연구

Application study on combined effect of radon and cigarette smoking

1. Introduction

A certain level of background exposure to ionizing radiation and natural or

man-made chemicals is always presented in the environment. Thus, all assessments of

toxicity, carcinogenicity or mutagenicity of chemical, physical and biological agents

should be performed as studies on their combined effects. For example, people are

exposed to an indoor radon concentration combined at most time with other agents

including cigarette smoking. It is well known from epidemiological and toxicological

studies that the kind of interaction which occurs between cigarette smoking and radon

may be synergistic, i.e. can lead to the effects, the sum of which is greater than that

expected from the addition of the effects from separate exposures to the individual

agents [1-3]. This problem is especially important for high natural background areas

[4]. A new concept of the synergistic interaction and a simple mathematical model

based on this conception has been developed earlier to predict and optimize the synergy

when hyperthermia was simultaneously applied together with any of the following

modalities: ionizing radiation, ultrasound, ultraviolet light, microwaves and some

chemical agents [5-7]. The model suggests that the synergism is expected from some

additional effective lesions arising from the interaction of sublesions induced by both

agents. These sublesions are considered ineffective after each agent is taken alone. The

model predicts the dependence of the synergistic interaction on the ratio of effective

lesions produced by each agent applied, the greatest value of the synergy as well as

the condition under which it can be achieved. However, the model was mainly tested

for inactivation of cells differing by their origin. Therefore, it would be of interest to

accommodate this model for the description, optimization and prognosis of synergistic

effects between cigarette smoking and radon. Thus, this study was designed to

implement two purposes: (a) to adjust a mathematical model to describe the synergistic

interaction between radon and cigarette smoking; (b) to test the validity of the
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proposed model.

In the estimation of the synergistic effect as regard to carcinogenic action, the

synergistic enhancement ratio ( k ) can be defined as the ratio of the number of

cancer cases registered due to the combined action of two carcinogenic factors

( combN ), to the sum of the number of the carcinogenic events resulting from each

agent considered separately:

21 NN
Nk comb

+
=

, (1)

where 1N and 2N are the numbers of cancer cases induced by radon and

cigarette smoking, respectively. We note that the number of cancer cases is in direct

proportion to hypothetical effective damages finally responsible for the carcinogenic

events. Then the synergistic enhancement ratio defined by equation (1) reflects the

ratio of the corresponding effective damages induced by the combined action of both

agents ( combN ) to the sum of the effective damages produced by radon( 1N ) and

cigarette smoking( 2N ).

The model does not apply such a value as a dose from an individual agent, since it is

designed for the description of the combined effects of agents which can be completely

different by their nature and action mechanism. However, this model can deal with

different factors, as it operates with non-dimensional ratio of the effective damages

produced by the agents under consideration. The model suggests that carcinogenic

agents, in addition to the effective damages resulting from the carcinogenic events,

produce some precarcinogenic sublesions. Let us assume that 1p and 2p are the

numbers of sublesions that occur per a single effective damage induced by ionizing

radiation and cigarette smoking, respectively. It should be pointed out at this stage,

that the applied model does not postulate or define the nature or type of neither

effective damage nor sublesions which occur. Thus this can be of any type. What the

model does offer is an empirical mean for their quantitative estimation. These

precarcinogenic sublesions are considered to be non-effective, when each agent is
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applied separately. Additional carcinogenic effective damages responsible for the

synergy are assumed to arise from the interaction of precarcinogenic sublesions. As the

first step of modelling, let us assume that one sublesion resulting from one individual

agent reacts with one sublesion produced by another agent, thus producing an

additional effective damage. In other words, the additional carcinogenic damage is

produced during the combined action of agents, as a result of the interaction of these

precarcinogenic sublesions. Thus, in terms of the model presented by equation (1), the

synergistic enhancement ratio, k ,may be given by :

.
/1

}/;min{1};min{

12

1221

21

221121

NN
NNpp

NN
NpNpNNk

+
+=

+
++

=
(2)

Here, the term };min{ 2211 NpNp is a minimal value from two variable quantities,

11Np and 22Np , which determine the numbers of additional effective damages

arising due to the interaction between precarcinogenic sublesions produced by radon

( 11Np )and to bacco smoking ( 22Np ). It can be easily demonstrated that , if the

cancer induction under combined action of agents is mainly produced by cigarette

smoking, or in other words 2211 NpNp < ,then the parameter 1p may be

represented as follows:

)/1)(1( 121 NNkp +-= . (3)

In contrast, if the cancer events are mainly induced by the action of ionizing radiation

)( 2211 NpNp > ,theparameter 2p can be determined by the following equation:

)./1)(1( 212 NNkp +-= (4)

It can be demonstrated in a purely mathematical means that under condition

2211 NpNp = (5)

the synergistic interaction should be characterized by the greatest value and can be

calculated as follows:

21

21
max 1

pp
ppk
+

+=
. (6)
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Thus, using equations (3) and (4), one can estimate, on the basis of real experiments,

the basic model parameters 1p and 2p . Then the synergistic enhancement ratio

for any ratio of 12 / NN , its greatest value, and the condition under which this is

yielded can be derived from equations (2), (6), and (5), respectively.

In order to apply the model to experimental data, it is necessary to define two basic

parameters 1p and 2p . Each of these is calculated for such experimental

conditions, when one of the agents induces more precarcinogenic sublesions than

another. Two sets of epidemiological data are available for a definition of the

interactions between radon and cigarette smoke–miner and residential study data. The

first set of data, i.e. miner data, describes a situation in which the subjects were

exposed to high radon concentrations, and here the impact of the action of radon on

the lung cancer induction rate is greater than that of the smoke inhalation component.

Knowledge of such a condition is necessary in order to define the model parameter

2p . In this case, 222211 };min{ NpNpNp = and the synergistic enhancement ratio

is calculated according to the following equation:

.
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(7)

According to this Equation, the value for k is increased in relation to the increase

in that for 12 / NN . In other words, the model predicts that the synergistic

enhancement ratio increases with an increase in the ratio of 12 / NN until the

inequality 2211 NpNp > holds.

In order to test this prognosis, we used a survey consisting of periodic sputum

cytology evaluation and which was performed among 249 underground uranium miners

and 123 controls [1]. Cytological sputum samples yielding moderate atypia, marked

atypia, or the presence of cancer cells were classified as being abnormal. To estimate

the synergistic enhancement ratio, data on both the combined action of the agents and
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on the separate action of each individual agent is required. Band et al. (1980) [1]

presented data for the combined action of agents and the effects of cigarette smoke

inhalation on lung cancer induction in miners for a range of radon concentrations (from

less than 2.6 kBq/m3 to more than 15.7 kBq/m3). However, if the real epidemiological

results for the combined action of radon and cigarettes moke in cancer induction

( combN values) were listed for all 5 conditions investigated (<2.6, 2.7-5.3, 5.4-10.4,

10.5-15.7 and >15.7 kBq/m3), the data for radon action alone (notsmokingminers) was

presented only for two concentration levels, and one of them was obtained for the

minimal radon concentration when there was no synergistic interaction at all. The

residuary point (5.4-10.4 kBq/m3) may be characterized as follows. In accordance with

published results [1], the frequencies of abnormal cytology were 5% after radon

exposure alone ( 1N ), 7% after cigarette smoking alone ( 2N ) and 28% after

combined action of these modalities ( combN ). Then the expected frequency should be

12% for independent action of these agents ( 21 NN + ) and in terms of the model

discussed, the ratio 12 / NN = 1.4 and the synergistic enhancement ratio k =2.3.

This value was calculated by using equation (1). This point is depicted on the

left-hand part of the curve presented in Figures 4-1A and 4-1B. Having used this

result and equation (4), we have 2p = 2.3. Taking into consideration this value and

equation (7), that would correct for the condition 2211 NpNp > , the theoretically

predicted dependence of the synergistic enhancement ratio on the ratio of 12 / NN

was calculated. The result is presented in Figures 4-1A and 4-1B by the left-hand

part of the solid curve.

The residential study data represent situations in which people are exposed to relatively

low radon concentrations, as compared to those of the affected miners. It may be

supposed that in this case, cigarette smoke is the main factor responsible for the lung

cancer induction.
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This hypothesis is supported by the data published by Pershagen et al. (1994) [3]. In

this case, 112211 };min{ NpNpNp = , i.e. cigarette smoke induces a larger amount of

precarcinogenic sublesions. Such parameter conditions are necessary to define the model

parameter 1p on the basis of equation (3). The synergistic enhancement ratio in

this case can be calculated as

12

1

/1
1

NN
pk

+
+=

. (8)

According to this Equation, the value for k is decreased in relation to the increase

in that for 12 / NN . In other words, the model predicts that the synergistic

enhancement ratio decreases with the increase in the ratio of 12 / NN for which the

inequality 2211 NpNp < holds. In order to test this prediction, we used the results

published by Perschagen et al. (1994) [3]. Because of relatively high scattering of the

original data, we employed two manners to evaluate the parameter of 1p . For the

first one, we used two concentrations of radon: 51-80 and >400 Bq/m3; at the least

radon concentration, the synergistic effect was minimal, while for the high radon

concentration it had the greatest value. In accordance with the original data (Pershagen

et al.,1994) for radon concentration >400 Bq/m3, the relative risk (except for the

background risk) was 0.2 after exposure to radon alone ( 1N ), 11.6 after cigarette

smoking alone ( 2N ) and 31.5 after combined action of both agents ( combN ). In

this case we assumed the relative risk to be proportional to the number of effective

damages responsible for the carcinogenic effects. Under such a supposition all the

equations derived above can be applied. Then the expected number of the effective

damage should be 11.8 for in dependent action of these agents ( 21 NN + ), the ratio

12 / NN = 58 and in accord with equation (1), the synergistic enhancement ratio

k =2.7. This data point is depicted on the right-hand part of the curve presented

in Figure 4A. Having used this result and equation (3), we have 1p = 100. Taking
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into consideration this value and equation (8) that would correct for the condition

2211 NpNp < , the theoretically predicted dependence of the synergistic enhancement

ratio on the ratio of 12 / NN was calculated. The result is presented in Figure 1A

by the right-hand part of the solid curve. The second data point at this part of the

curve was evaluated by a similar way for radon concentration of 51-80 Bq/m3. It is

clear that this result does not correspond very well to the theoretically predicted curve.

The originally published results [3] clearly display linear dose-effect dependence but

also reveal some deviations from the general trend. To avoid this we applied a linear

extrapolation to the data reflecting lung cancer incidence rate among the residents who

were exposed only to radon. Table 4-1 summarizes the results of such a calculation.

The obtained results are depicted by points on the right-hand part of the curve

presented in Figure 4B. The value of the parameter 1p of the model can be

estimated from any of the data points obtained. For example, by using equation (3) we

have 1p = 39.5 for a radon concentration of 140-400 Bq/m3. Taking into

consideration this value and equation (8) that would correct for the condition

2211 NpNp < , the theoretically predicted dependence of the synergistic enhancement

ratio on the ratio of 12 / NN was calculated. The result is shown in Figure 4B by

the right-hand part of the solid curve. Taking the data presented in Figure 4B as a

whole, one can conclude that the theoretically predicted curves correspond well with the

data points regarding to the dependence of the synergistic enhancement ratio on the

ratio of the effective damage produced by cigarette smoking and radon.

Thus, the data presented here indicated that the mathematical model for synergism

which was previously proposed and tested mainly for the description of cell

inactivation, can also be used to describe the carcinogenic effects of the combined

action of radon exposure and cigarette smoke inhalation. The main difference in the

proposed model when compared to the existing ones [8,9] is the assumption that

synergism can be accounted for in terms of the interaction between putative

precarcinogenic sublesions, with the frequency of the occurrence of these lesions being
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proportional to the number of cancer cases. It’s important, however, that no attempt is

made in the model to apply an assumption to the molecular nature of the

precarcinogenic sublesions and the mechanism of their interaction. Nevertheless, the

model enables us to obtain some non-trivial results – it predicts the synergistic

enhancement ratio for any ratio of the effective damages produced by cigarette smoking

and radon as well as the greatest value of the synergistic effect and the condition

under which this is yielded. The synergistic effect appeared to decline with any

deviation from the optimal value of the ratio of carcinogenic effective damages

produced by each agent alone.
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Table 4-1. Model parameters and experimental values of the synergistic enhancement

ratio (SER)

Radon   
concen-trat

ion,
Bq/m3

Relative   risk (except for the background 
risk)

kexp N2/N1

Radon
N1

cigarette  
 smoking

N2

Ncomb N1+N2

<50  9.00     

51-80 0.07  11.3 9.07 1.25 129

81-140 0.15  14.3 9.15 1.56 60

141-400 0.22  17.9 9.22 1.94 41

>400 0.31  22.5 9.31 2.42 29



- 62 -

Figure 4-1. The dependence of the synergistic enhancement ratio on the ratio of the

effective damages produced by cigarette smoking ( 2N ) and radon

( 1N ).
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제 3 장 결론 및 건의사항
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제 3 장 결 론

“방사선의 생물분자 구조변환 및 복합작용 연구” 과제의 수행을 통하여 국가 방사선

핵심연구에 필요한 기반기술을 확하고 기존의 기술을 개선․발전시키고자 하였으며 다

음과 같은 주요 내용과 범위가 연구개발에 포함되었다.

○ 생물세포 DNA 손상에 미치는 방사선과 유해 화학물질의 복합영향 연구

○ 대사체학 기반 생물선량 평가에 관한 기술현황 분석

○ HepG2 세포에서 진저롤에 의한 방사선 세포반응 변화 평가

○ 방사선 복합작용 모델 응용 연구; 라돈과 흡연의 복합 상승작용 연구

이러한 연구개발의 내용과 범위는 국내외 연구 환경에 대한 조사·분석을 통하여 이뤄진

것이다. 국제원자력기구, 국제방사선방호위원회 등은 새로운 방사선 생물방호를 위한 새로

운 개념과 변화된 가이드라인을 제시하고 있기 때문에 이에 부합하는 연구방향을 따른 것

이다. 특히, 방사선 단일 조건에 의한 생물반응에 관한 연구에서 벗어나서 방사선과 다른

물리·화학적 요인이 복합적으로 생물체에 미치는 영향을 연구하고 해석하는 기술은 국제적

우위기술로 이를 더욱 발전시키기 위한 노력이 이워졌다. 방사선 융․복합 기술은 단순하

게 방사선을 조사하고 그 결과를 이용하던 단편적 기술의 한계를 극복하고 새로운 기술

로 도약할 수 있는 다제간 신기술로서 다양한 이용범위를 가지며 산업적 파급효과가 높

은 동시에 경제적 효과가 큰 강점 기술이다. 이온화 방사선의 에너지에 따라 방사선에

노출된 생물 개체 및 생체 물질 분자에서 나타나는 반응은 다양하다. 이를 연구한 결과

는 저명학술지에 논문으로 게재하여 연구 성과의 우수성과 연구수행의 성실성을 입증하

였다. 연구결과는 후속 연구를 통해 더욱 개선되고 발전될 것이며 향후 새로운 연구과제

도출 및 수행을 위한 동기부여는 물론 기반기술로 제공될 것으로 전망된다.

이온화 방사선의 복합 생물반응 평가기술은 환경, 의․약학, 생명과학, 산업 분야 등

폭넓은 분야에 적용 가능한 핵심기술로 평가되고 있으며 방사선의 긍정적 이용효율 증

대를 위한 필수 요소기술이다. 연구결과를 개선하여 방사선 이용기술의 고도화를 위한

연구개발 및 응용 분야의 기반을 확립하고 방사선 복합 생물영향 해석 신기술 자립 및
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방사선민감도 해석 자료 구축을 통한 과학기술 발전기여와 함께 국제 기술우위를 확보할

수 있을 것이다. 장기적으로는 방사선작업종사자 및 노출자 (사고 피폭자 및 희생자 포함)

에 대한 생물반응의 retrospective dosimetry 기술을 제공과 함께 방사선 생물방호 원천기

술을 수립할 수 있을 것으로 기대된다.
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