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BCDEF.GHAI#$%&'JKLMDN.O?PQRSTUVWXYZ.[X\]^_-`9
abKcdefgh 911 ijklm#$%&'9PQnoHp]qrstuvwxyz{|0}~�
#$%&�29:;-d�*��A.���e��Kc9 Amifostine (WR-2721) #$%&'.���
�ef FDA �������.�;�������$d:`���*��� ¡9¢&'.=£¤¥�
�T:��¦\9§*�s¨©ª«¬­®¯°±²³:;-´.+µ:-¶·¸-d�¹_-¶º»
d_-_:¼'¶ ¡½¾¿.À/0ÁÂ��29PQÃÄs

ÅÆÇ"#$%&'¶ ¡¢&'¶�$��¶:`��s

 !---"#$%&'(

6789-:;<=>?@ABCD:EF89

GHIJKLM O NOPQRSTUJ6789-;
<VWX?YZ[\ 1I]^?&_`LabcIde

fgh`:6789-ijklImn@6789-

:\opqrstuNvwBxy2:z{k|}~

��7$�R�B�:�`����I��7c��L

�����LA�k�L����L67��L67

�����L67���z{:k| ¡¢�£w�

`67¤>I¥¦§ 911 ¨©ª«¬I­®¯°±A

BCDª«²³:d�c´aIµ@¶·¸�7cy

¹¨©ª«:d�c¯¯º&Imn67�»:¼½

R6789-:;<¾¿ÀÁÂ¿Ãt^P0Äk|

: amifostine (WR-2721) 6789-IÅSÆÇPQ
FDA AÈ`?fg§IÉÊËÌÍÎÏ²�7}42
$�[Ð¡ÑÒÓÔ:�9-IÕ�´a��R4�

ÄÖv:×Ð`t

67ØÐ`ÓÔ:VÙ 2 dw¡ÚÛÐ` (direct

action) RÜÛÐ` (indirect action) Ý� (Þßà)á(1)
ÚÛÐ`á67ØÚÛÐ`J DNA wBIâ DNA ã

äåæ§:çèLéèêëìèíî67�ïxðñ

RòkÐ`tÒÞ:�»óôáçèõ4LDNA ö�
(cross-link)L÷� (trans-location)LDNAøäåæ�ù

(single strand break)LDNAãäåæ�ù (double strand
break) �Iú DNAãäåæ:û�üýþxyÿ:Í
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õR"#$(2) %&'()*+,-./012345
6789:; (hydroxyl radical, HO·)<=>9:;&

?@ABCDEFGHIJKL01MN<OP%&

N5Q9:;RSTUV6WXYZX@A[\<2

3]^_8E`Yabcd_8E`<M5WXe1

fghi<Iijkl6himn<opIUqrs

tu (ATP) vA6wxny<@AKLz{J|}~
0ij���;�63��3Ehi<���^vA�

����Y��fgd<������KL���<

p������E6��!3V���6� Q¡¢

S£9:;6� ¤�¥¦§¨©ª«¬­®$

9¯ Patt°±²�`³.�´µ¶u (1, cysteine)
·4*+¸¹w( 3<º»§4¼½«¾¿À<°*+

¸¹Á6¥¦Â£ÃÄÅÆ<Ç¾vAÈjÉ6*+

¸¹ÁÊw(ËÌ<YoÍ*+¸¹Á'(Î�!Ï

ÐÑÒ¥¦<ÓÔ¨¿BÕ¥¦Ö×Æ<ØÙÚÔÛ

?4ÉÜ6*+¸¹Á6¥¦ÝÞ 4$*+¸¹Áßà

EFáâ!'(Î�0ã<¡¢äåEv`ÚÙ¥¦

æ6çèEv`ãÜ<éê*+¸¹Á<ëìí8E

Á�îÔ`Yéï3`�æðñ�KLò�óôõö

V�íKL÷#Ev`�¶;uãEv`�vAEv

`dã<·.øAùú(ñûi$

¡¢ü4 80% ýþ ÿ6 !Ù"(#+,$

%ýKL3& 5<'�#+ !° !ýþ³()©ª
ç*6+,<ØÙªª-*+,.+/60'(1%
.+Å%!*+Áj6I(<2ß3.��46*+

¸¹Á|5ß6o#+ !6!w<7ß8¸*+,
N5$

 !"#$%&'()

*+,S£3`V6N5<R9:*+Áj!;

.+6<=|>p@A|>?@6N5<ASpB<

C«*+¸¹Á6'(D4ßiE 3`FG6*+
HI�<-O<|>ãÜ6*+¸Á'(¤JKLM

ª9¸¹Á�^6|>p4'|><�*wißN0
8¸YOPMNÜ<IJQR��S���23*+
¸¹6'(<é'(Î��*ß0Pb�)(1) T!*

+EFGH)*+,'(3`VUÆ6EFGHëì
:9;3A�9:;EFGH�3`È01MNd<

*+¸¹ÁT!=>EFGH<iV×W*+,'2

36X8Y1 (superoxide, O2
-)�789:; (hydroxyl

radical, HO·) Y_8E7 (hydrogen peroxide, H2O2) d
9:;<opOPéMNQ¨:ZÊ7Î1[oMN

016\]<�Y!*+,'(6^01�KLáv
/<23_¹'(<B`aPäå;6*+¸¹Áß
i4=bc6'(<=ãñ`dªei°.¢I(f

4w$(2) õö3EY3�GH)*+¸¹Áß�õö
KLkl<T!g¨Vhõö¤%<E 3`V63
EY3�ij<IMNOP�[o\]'(6k�<

l�nyKLklx�mOPKL6*+HI@<n
yz{�KLS8no*jYSp/Ev`nm(<
éÎ�Ùqrst63E3�GHoÍ<uKL4v

VÅ%9w\]Q[oKL66x�0E�õöy6
z3`V6óôhi<Z{3`VS*+6|}~dQ
�.VW·46*+¸¹'(`^6L#<��µ�

� (2, glutathione) Yz{¶ (3, histamine)$*+¸¹
Áß¨Z�@��KL63�hiYõö�KL66
xy0E.�¸¹w($�¾.�6�«KL-ò

(cytokines)<���\"-1 (tumor necrosis factor- 
(TNF- ))���ò  (Interleukin)���ò (interferon)
d<·4!*+¸¹6w�A�<��6¤�!õö

KL63���4�$=Bãõö3EY3�GH6
¸¹ÁÈ«°.+¢/I(D4B�6w�$

�vBn<¡¢ÚÔ�4B�i��KL'4¸

¹Á6'(¤J<��aP�ã¸¹Á6'(ßi�

OH

H2N
O

HS

H
HO

NH2

N
H

O

H
N

OH

O O
SH

O H2N

N
NH

Cystine (1) Glutathione (2) Histamine (3)
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|A><�I>ãñ`<é'(��M��B�<'
�B�'(Î�Ù���ì|>¸¹Á<ØÙB�¸

¹Á6'(¤J ß(«�'(Î�¡KL<¢P£
~$

 !"#$%*+

*+¸¹Á60ãdª�EFáâYñ�'(¤

Jb¤;�Î¥È�0ã<��C¦­§�EFáâ
Yñ�'(¤Jn%6¨,<5i©�^ãªEv`
oÍÈ�«ã)

,-./0

¶;å¬ãEv`)Amifostine (4, WR-2721) ­
®£�ãEv`<MÙ¡¢ùú¯B6(ñ 6,7<Ù°

#+ !¢°ñ<ßS±ªKLz{ZÊ²³�6K

L_¹'(<pS��KL�4_¹'( 8,9$°ï3

`bc¥¦MC´µ<4b¶·¸¹º)(a) p»66
&<ØÙñw¼½6Ù°¾¶pÎ1<¿pÎ1ÀX

_Á¶Å¸¹w�RÂÃQ(b) å¬; (5, thiol) 6Ü
jE <�å¬�ûÄ�å¬;¡ÅÆ¸¹w�!A
SKLÇ�n%6�È<B`aPÉkåu (6)�Ék

Êu (7)�båE` (8)�Ë7 Ìñw¼½ (9)$
OxaWR (10))Ù®£WR-10656¢Íñ` (pro-

drug) 10$WR-2721°3`VW}Î�ÊuÏò (alkaline

phosphatase) '(mÐÑÊu;ÒÓ-SH ;/236
WR-1065 (11) Ù�*'(6A0<!9:;'(/3
AWR-33278 (12) 6×WZQ4ÔÕ 11ÝÞ WR-2721

6áây polyamineAª<ß�Ö�DNAMN6�0<
Ié°KL0×¢<ß�4Ø&6Å%¡\]Qéê
6'(¤JÙëìny8Ú~<d_ÊH7yL#�

µ��<�\]MN6 DNA$ÛB'(¤JÙyÜ'
(<OrN5oÍ$Oñ`¡¢§H(£ùú'P#
+ !6±ªKL_¹Á<ß6Ý !Áj!OÞ-

*+,'ßà60'($ØÙ WR-2721 4/áh|Ö

H2N N
H

S
PO3H2

N

S

R1 (CH2)n S R2

WR-2721 (4)

n = 2, 3

R1 = H, R2 = H (5)

R1 = H2NCH2CH2CH2-, R2 = -SO3H (6)

R1 = H, R2 = -PO3H2 (7)

R1 = H, R2 = -SR (8)

R1 = H, R2 = -             (9)

OxaWR (10)

NH2 N
H

PO3H2

S

NH2 N
H

SH

NH2 N
H

S S
N
H

NH2

N S

O

H2N

WR-2721 (4)

WR-1065 (11)

WR-33278 (12)

Alkaline phophatease

Oxidation

(Active form)5-Oxoprolinase
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��I(?âãä�ñw'(å�æçèé�êëì�
c�.í�îï�y�ðYñ.�6_HGHd0'

($ØÙ OxaWR¨: 5-oxoprolinaseklAWR-1065
6òóß�nyÎ460'( 12$

éêäåEv`)ôõáâæäå�Yáâæä

4å¬ (thiols)�öå (13, disulfides)�Áå (14, tri-
sulfides) �Y|S÷öåEv`dø4Èj;vA!
ùú¥¦í*+hw 13,14$

12.$

9Ôû°6í8E` 15-17<l� vitamin C<vitamin
E Y selenium *+¸¹w�üvAäåEv`w�Ø
ý<ØÙ��6w(Ù®£&wÜ<·4¸¹�"Á

jYéêyÁj6*+ÒÓ$
ÛBãîÔí8E`X8E`þEÿ (superoxide

dismutase, SODs) ÙB�í8EÏò<áâæä4_@

 ®� Cu�ZnYMnd ®Y1<·4í8EY×W
9:;6h(<ß©X8Y1 (·O2

-) klA_8E7
(H2O2)<Ô/:!µ��_8Eÿ  (glutathione per-

oxidase) �_8E7ÿ (catalase) JEA�5`^/"
�VZ<�Y48¸#$�z6��8ã (reactive oxy-
gen species, ROS) !��%ã (reactive nitrogen species,

RNS) 9:;&A<l�789:; (hydroxyl radical,

HO·) Y_8É';` (peroxynitrite, ONOO·) d9:
;&A<ßOÞVW68E�N5$¥¦()°¢*

Uý+,oÍ*+.+!Å°- Mn(III)-containing
prophyrin complex()ßZ{*+ !6w( 18<'(

¤JßiÙOÞ intratumoral hypoixa-inducible factor-1 

(HIF-1 ) Y TNF- $ÛB¶¥¦°.�ý*+ !Å
°-ä Mn-porphyrin sv` (complexes) M()·4
OÞ*+,N5 196wi$=> SODs !ä4_@ 

®Y16sv`<°*+¸¹³·4C{6ûi<Ø
ÙñwÆå�01jÈYû°O/óô~60'(<
-Oñ`F0±�~vA�&wÜ SODs�y01j<

ÆiE1'236KLÇ� 20$

34056780

23òã (15, coumarins) Yã45ã (16, fla-
vonoids) D®£«6ãEv`��û£9Ô¨7`V

W 21,22<«6ã4zwí8EhiY×W9:;'(!
8v9Y1�OÞ*+,�.KLJE?@�Z{K
Lû�xY6zKL6x~d<°*+¸¹hw³·

4(:w�$
å:u (17,  -lipoic acid) ²³û£;3`y��

7`æ<·4C{63`��<|5Ù²u»<=3

&�o-1ya5u8EÿF6>ÿ<p¬°ùú³
4«�w(<éæ� !��?@� ¼P¦($°
í*+bcM4(:6w�<|§.¢�./°ñ<

øßny�`6"#x$å:u6*+¸¹'(Î�<
4FAaP|5Ùöåáâß�×W9:;<7ßi
ÙBô63�¤%<�J"ij|CD6��^!s

u016ijpIéE}í*+w�$PFZ{w(
�å:uP;�áâG©u;!öåõ;Háâ\I
/<oÍí*+��¥¦6ÔÕJKA¿´µ 23$

O

OOH

HO

OH

O OHO

HO

OH S S

OH

O

Flavonoid (16)Coumarin (15)  -Lipoic acid (17)

S

O O

S

OHOH

S

S S

HH NN

ClCl

Cl Cl

Disulfides (13) Trisulfides(14)
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 !"

 !"#$%&'( )*+,-./0.12
3456789 24:(1) ;<=>?0@ABC451
DE1-FGHIJGKLMNO0P(2) ;<QR 

S?TUVWX@AYZX[1\]^Q_`abR
cTdXe/fXeYg01DEh0iGjkYg
0P(3) lg mno145 ?pq;_`ra/s

t7uvwBx45lcyz1 ?;<_`Qab
Rc1{|pq/}?0~R��1�� S?�3
,q�@A�*��v

#$%&

Anti-TGF-  (transforming growth factor  ) ���
� 1.0 mg/kg1���`q��?1u 40 Gy_`��
�`�16������������ (morphological)

�� �¡¢£16 &¤�����$¥¦§¨T
TGF-  ©�/UY1yz TGF-  pathway 7ªst_
`«¬T7u­®1�QRra_`«¬ 25v

_`¯°±7u<²§³´ ²§µ¶�� (he-
matopoietic progenitor cells)1·�� V¸ (neutrophils)
 §d¹º�1E�$§»¼½BC T³W��·

²W¾§¿G]§GÀ§ÁÂ�ÃÄÅMv��ÆÇ
/_`ab�lgÈu1�ÉÊV7u<ËÌ 1·
�$_`�`�HÆGÍÎÏÐh progenitor��1�

Ñ@ V¸ §d¹Tº�ÒÓ ÔUÕ 26,27v
7uÖ×ª���ØÅT��ÆÇ1E stem cell

factor (SCF)GFlt3 ligandGthrombopoietin  interleukin-

3 (IL-3) �7ª_`ab�1$�Ù�?1·�Úb�
�Û_`¯Ü���ØÅQÝ��_`«¬v

TNF-! Þ<�¡¢£kT��ÆÇ 281_`¯9

ßÜ� TNF-! T©�²Wàá��T«¬1��âã
äåæ`stçT_`��Èuv45yz ATP ��
�_`¯Ü� TNF-! {|Ñ@��ÆÇèã�e IL-

10T©�1$_`�`��é ATP·��ê_`;§
¸�� (blood cell)GDNA «¬ ���¡¢£TU
Y1ëì_`abTRuvíw&î45yz�ïð

ñò6ó (genetic engineering)1E genetic knockout/

therapeutic silencinglg antisense oligonucleotideT�
éMq�1�èã TNF-! ±Û� (receptor)1%&q

ô^QÉÊVõ7u$àá��1öëìõÚbàá
��ö�÷ø_`��Èuv

'()*+

ùúûü� (immunomodulator) ÃÜ���ÆÇ

TXý1@öHÆ²§þ�� ²§µ¶�� (hema-
topoietic stem and progenitor cells, HSPCs) TÐhv -
Glucans |wÿ !V,"k 291^Q#$ùú~ÃT

?n7u1���`�?%&�1�`'(VT_`
¯���)*%&TÄÅ äåTh+17uÖ×|
Ü�,§¸hWÇ1ÐJ-§¸ ./¸º­T1Ñ

@ natural killer  lymphokine activated killer��TU
Y1a0�_`1Ü���ÆÇT23«¬v

Ginsan |Þk,"k 30,311NO4-5 (Panax

ginseng)1|w&,~Ãùúûü�v67%&�é
Ginsan 100 mg/kg��`_`¯1���ÐJÔUÕ1
���89º (dose-reduction factor, DRF) 10M< 1.451

7uÖ×|Ü� allogenic CD4+ T lymphocyte  IL-12
TÐh1@öÈ IL-1 GIL-6GSCF  GM-CSFTmRNA
T©�#fëì_`abTRcv

Oxymetholone (18) Þ<:VÆÇ;<k 191^Q
UYËÌ�� ÑÈ=>§?TÐh~Ã1@AªQ
BÃT_`ab�v67%&�é Oxymetholone 640

mg/kg 24 h�� 8 Gy_`ab���`130C���
�#fÔUÕ 75%1D;<EQ�?T;�³ÔUÕ
ª 15%PDRF = 1.14v

,#$-./01

·èã��ØÅF-G (TAT-BH-4) 321�`��
* �ra_`¯Ü���ØÅP�ç· TAT-BH-4�
`<U�%&(HT45yz1Io_`�`Ù/�

`��é TAT-BH-4 J�èã 5 GyT��1KL}M
¸  (splenocyte)  ¨N��  (thymocyte) T��Ø
Åv

íQOPwQCR0^Q_`abTRu1O7
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uÖ×|Sða0��ØÅTq�ëì_`abR
cvEckol (19) |NO<TU (seaweed ecklonia cava)

 TWX 33,341V$��ab (cyto-protective)  ³´
ab (histo-protective) T45yz1^QÚb./�
� (lymphocyte) /WX (Intenstinal) ��1�ra_

`¯�`�1KLT��ØÅ17uÖ×|ïð��
p53  Bax/ÐJ���ØÅ�e Bcl-2öëìTab
Rcv

-YZ<  (20, Resveratrol) ^Q���ØÅR
u1|Þ<,jkYg0 351^QÐ[\��T_`
[]^1#__`stTRcPÃèã melanoma��

 T STAT3  NF-"B©�1@öèã c-FLIP  Bcl-xL
T©�1a0��TØÅ`a (apoptotic signal) òbP
�UYmitogen-activated protein kinase (MAPK)  ATM/

Chk2/p53 pathway cã��ØÅT@Av-YZ<î
^QÑ@ TNF-related apoptosis-inducing ligand (TRAIL)
Ñ@e (promoter) TUY/ TRAILT©�$wQ me-

lanoma �� 1lcÑÈ��ØÅT@Avd�lo
ª���éS_`�`�1�UY TRAIL-R T©�1
�éYZ<�èã c-FLIP  Bcl-xLT©�a0��T

ØÅ`aòb/Ü� TRAIL T©�1E��nûü
melanoma ��T��ØÅ@Av

2345/01

efg (polyamino acid) �ðCRNO/gWh
i1j@kl£u<Ymnon 1E�pGYmn
WX1efg�!< G^h0XqV/h0rÔV

�s²W�?VG9ßtW����T?0MMu>1
efg OvQ"wTxh045yz^Q_`ab
TRc 36víyzfg (21, arginine)  {fg (22,

glutamine) �é67d&1$S_`¯�` 4 C�|
}1yz;~YX�«^QÚb7u 371�ézfg
 {fg³Td&���^/ç��à�R£1oh

WX�«Tó^�y8<cã³v

06/01

ON-01210.Na (23) |Þ< chlorobenzylsulfone x
h0^Q_`abTRu 381%&Yg0Qw&��

TRu1ÉÊVõsÈ���0���� G1   G2 �
��145yz$_`�`Ù�é?01��� DNA
«¬TRu1VT���V81ÈVWª?V�'T

Yg0v
Phencyclidine (24) |wÿ�� 0��1@kl

HO

HO

OH

OH

H2N
O

NH

H

H2N NH

OH

H2N
O

OH

H

O

O

HO

CH3

OH

H3C

H3C

OHO

OH

OH

O

O

OHHO

OH

Resveratrol (20)

Oxymetholone (18) Eckol (19)

Arginine (21) Glutamine (22)
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£u$�0stu?H1�çî@��^Q_`ab
TRu 391�ªVQ+,�7u/�V1öÛâÈu
<-�HPVTl�xh0 Adamantyl-tenocyclidine

(25) �������V1î�#__`abRÃ17
uÖnE���Yg0^Q��4ðw~Ãv

Hoechst 33342 (26) %kYg0^Qy�_`ab

RÃ 4017uÖnªÃ/ DNAlgÈO��� ¡ 
��4ðwvSð���é67& Hoechst 33342 (26)
$_`�`Ù 30 X¢�?167lcQy�_`ab

RÃ 411{|9ß²W��£� y�T���V1
��âãV<T-�¤71ªÃ������V1@
Al�¥¦/gW]§&l�k¨01O Bisbenzi-

midazoles (27) ��§&©ªwO«1í Terbenzimi-
dazole (28) Ð+w& benzimidazole /©ªw ¬ªw
­w&O«1®}Tl�¥¦����V¯8G_`

abÃ.#_v

789:;<=>

_`ab�T°�±RÞ<45²³1´µ¶�

Xeh0ZT·¸�¹1Èi_`ab�T45qº1
»���Yg0 Yg0^��4ðwRÃª23T
45qº1@¼ì�ÉÊVÚbàá�� ûc�¡h

YÖ×1E�½§¾¿ÀT45qºÁi�*��:

?@A#$BCDEF

\¿ÂÃÄuÅsV (curative) Tætç11�
T_`���Æf1�ÇÄÆ,T\��1{|È´

Tàá��îsI�ÉùTÛìÊ=T«¬/Ü�\
��Ë�©�wGÌÞF-Í (matrix metalloprotein-
ases, MMPs) 42,43PMMPs |wÎ$-� XqÏ",

º��ywGTÐÇ1ÑÒ/³´ÓWG³´¿Ô«

N

S

Adamantyl-tenocyclidine (25)

S

COO- Na+

OO

Cl

ON-01210.Na (23)

N S

Phencyclidine (24)

N

N

N

N

O

=

a

b

c

N
H

NN
NH

N
N

H3C
OCH2CH3

H

N
H

NN
NH

N
N

H3C

NH
N

OHH3CO

N
H

NN
NH

N
N

H3C
OCH3

OCH3

Hoechst 33342 (26)

Terbenzimidazole (28)

Bisbenzimidazole (27)

  ! "#$%&'()*+',-*./

0123456789:;< =>$ ?@A



402

Õ!"#$%&'()* MMP-2 ! MMP-9 +,-.
/01 (migration) 2-./34 (invasion) 56.

/(789:;-./<= (metastasis) 2->?@
ABCDEFGHIJKLMLNOMMP-9PQR(
S Arsenic trioxide (29, ATO) TPQEHIJKUVW

A-./01 44()XYZ0[\]^_` (down-
regulation) abcEd kappa B (nuclear factor kappa B)
,MMP-9Aefghi(78jkPQ-./01(

MLlmn56./ob-./34(Fpqrst
uvwHIxnRy

 !"#$%&'(

z{ (proplis, bee glue) |}z~��z�!��

�s����{��{��M�W�����s�()
*����W~��|������ (30, Caffeic acid
phenethyl ester, CAPE) �&�6��A���� 45,46(

S� q�_`¡¢£��-� 47(¤¥c&¦A§�
¨©yª«¬­® CAPE�&¯°�A±"-./¤H
I²³´A�© 48,49(µ¤T¶·HI,YRg8jk

56./�HIxnD¸5AXYZ0¹º»¼½¾
¿À(ÁÂÃÄÅÆ\]ÇÈ§scÉA� qÊË(
S³:ÌÍÎÏA~�2±"-./ÐCÑÒÓÔ 50y

)  *

ÕÖ×ØÙHIxnRA"ÚÛÜÝÞß(à[
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ABSTRACT

Radioprotectors also called radioprotective agents, can reduce the radiation damage. Ra-
diation injury mechanism is not clear so that it is difficult to develop radioprotectors and make
power of studying with expect to reducing gradually. Recently, the extensive research of the
radioprotectors and the mechanism of radiation damage has gained much more attention in the
fast development of molecular biology and after U.S.A. is attacked by 911 terror. This review will
cover the development and the mechanism of radioprotectors. The drug, Amifostine (WR-2721),
has been used for cancer patients against the side effect of radiotherapy and chemotherapy by
U.S.A. FDA. Current treatment strategies also are the further investigation of sulfur-containing
compounds and exhibited potential radioprotection activities, including antioxidants, natural
products and their derivative, immunomodulator, and cell’s hormone, etc.
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