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I. fEUems

JEIEE A BRI AN D FRYBRIE S A T MZ K B
RO LEAEEE & BRID A~ 72 WAl

I, IR OTITICET 5 —B&

I, WHFERRDFATY - Ik
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I. wWaEuedsh
WS P A~ D SEVBEES 2 7 A X B

T PERE D LR & RIS~ T 7 S



LA SR DI
IR (ERERIGE (5 77/ no—k L) Relse) TIRss
RETIERE S

T I/ PN R AR~ D JEWKE S A 7 2T & B IR o (Lo ik &
R PRI~ 1 U 7 BT

WIEERE BIE e dLmERY: RERHRENITIEE R E#
s

DA BTl MEHEZAET 2 2 L 3MMEREOERZFERTH Y.
EYPRFES 27 & (DDS) 1< & 2 S IME N EER 2 UERloRE iz, 2iRon[ k-
LREIWFROBBICETH 5, HEEHITENLY A v F EflaBeEatE< 75 P2l
HEH¥ Tz dual-ligand VB Y — L0 & 0 B INE ~GEIRIY 72 389552 & iR e
WIRPIL T 5, JERIBREAIRICZ L WERE T DDS TIE IC3EY) 2 3K3E L HilEE )
RWRE UL, BEFEOVIERIOBIDIAR E 74 794 2 VOILR 7z EEIRFFEED
BENE T X2 T BB E L CEIBFI NS, 2Ry — 28K 0BT %E
UCTEEML X 2L — a VITRAEBDIIF I 1S, AFFETIE, dualligand U R
Y — L% ARG EERE 2 R E I & L SISEREIL K & FREE R ER A~ e )
7-8FUL OB 2 T o 72,

YRR 2 4 SR, IR D I RIS U T4 T DS AUKERE & Rl T LS A R AZ
HEOFMiz2To7, ZOWREINETTHOTE ZBHMIES ) Tldz < 17 B
fah 6 FX Yy resy vicmmeiiteznm 3 g, 08, Vs, g0 42 RE L
Tro W0 2 FEE T (Integrin & VEGF-R2) OV v FOoF2H L =8
H dual-ligand V R Y — 2 OREEICHII L 72, 72 2 5 EEOWFIE T, BHSETR
BrERAVEYRY —L2OKRBELEICET L7, BHERKE LT, §8LAYARIZA
WHENBZRAIRYT I YRy T EHAAGOYE T AT AEERL 72,
TP EIRE R SOl 21iT7) 2L ¢, HIWOREZE2H TS, L% 100 mL/hr
AT DY R — L DOREELEE DML L 72,

A. WIZEET BEGERHETIAIuF L AL v, *
DIPARIR DB A BIRYEREE & A TH DL DR FALEY < I3 3ER DM REs A~
WENBLFEEICB W, BbMEL DY S P HE AL HEORBEB Y
SN oIFFEAMmMME L TcH S, FEREL TH5, 2o DRHEZEIZSAMIEE
TN Tw3 bk, ALEAT B O VTR FE DR DM & g LTI



EICR O, ZRUSEWS 2 ARCTIE R
ZEILPTVEV) FREICERT 3 &
INTn3, LoBERDOIL, AL

ICERFPRED MG ZE ) BEN O IME
2B & L 7B H A B EE
nTEH, BAMEEICOEITH ST
EDPREINTVWS, LrL, —ATE
ﬁm%ﬁm%%ﬁgﬁkﬁmﬁﬂﬁﬁ#
B L 2> TWw3, Tt HAMED
D IEFEF O ME I B\ T b BEEOIL
EHAEEEROENELETIHE S 1L,
IEEFADO R A A ALY S ADBFHINTL
F)IEN—RHTHB, L7z >T, &
FBEAL T H 2 D3 AR D HEE B 12 33ER
YRR EZ AR L T 2FYLES R T
2 (Drug Delivery System; DDS) &4
BN OB L BIfEH OBRIC B R F
SMTER D,

T4, G M N AT RIS
Y % TRIE ] B 7o [ AR N B AR AL
dua-ligand V R Y — A DHFEICHKII L T
w3 (PCT/JP2011/053963), Dual-lig-
and V RV — A3, EEINE IR EC
FEL T BN 2385k 5 E IR
YA v P e, MIEAELD AR Z FREERYIC
M kX9 2 fliapLEEER 7F F (Cell
Penetrating Peptide; CPP) 2M&fifi &
Tw3, 7, EEME~OBMEDE
kZzHE LT, EEZK 300 nm (]
HLTw3 (Fig. 1)y TNETICFFY
WES VE AU R Y — A4 Doxil Tl £ <
R D NFTERIMEDSAETH 2 & M
A A % Fva 72 in vivo £ FIOLIZ B W»
T, HEERPME S 2o
£ LTw3 (Takara K ef al., J Control
Release 2013), KX AT L%

TBRIRMVAVE

100 300 1 5

EPR ﬁ nm I CPP

BR ¢ _mmmenmam g0 T '\

— %
I BROEEFE @ CPPAEE{EMAL
e A HBAIURALH A
e v
FHR R

Fig. 1 Dual-ligand URY — ADEEER

FEFRICIGA 2 2 & ASafRE & 2,
BEOTBAKIDBEINER, THbBIE
HRDIALTTA TN R AV FBE
Gl b PR ING, 51K,V
AR — NI AREP BRI 2 & T
A RBEER I FE2HATLIENTE
520, SHREFNEERDEIEIC
bOLNVB/ILEEZLND, £/, Y
Ry — LBFK OS2 B U TEERMER
AR OEE TERN - BRERCAR
HEIEAHRR ) ZVEAL. F /527 /vy —
ZHAE L § 2 ERICE W TRE LB
BORHEMT 2 & O 2@ L T, EE
mbL ¥ 2l —3 a3 VITIEADERDS ROA
EZ I

DX, 24FEMICH > AR IHERE

TlE, WIFEEICABA OBE)S AR 2 D3 A
EOMEEZ{T->7, F7-. dual-ligand
VARV —LICHWS, BENYA Y FZ
fhofEEDO Y A v FICEHEARETH 50
DFEEbITV, X e L TBRIClRE 2T
> 7= B DY A LA D 3 AFEIZ I § 2 38
JERTBEHE IS DV CIREE L 72, IEEIME ~
TS AFN 2 52 L BRANMME D A 2 1Al
B8 7 dual-ligand Y AY — A @Enﬁnﬁ?f‘h)fﬁ
fLEREHP E LT, FEMREREBIC
7= GMP FEHEQEIFI{L Iz [ ff:jigadﬁi%



B Z B E LT E &7 LT,
F 7o, WTEOHRD S 72 6 EEME
NEZHIIE~DIEE T DIERA = A LD
fREA S Ah¥ TiTo 7%,

B. Wik
@D Fr#d ligand [EA 7 — >V 17 XYY
— A DBIAE L In vivo TOREREZFT

AAEEEL, dualligand YV RY — 2%
B9 2L Y A v B & L CEEnE
N R fE S FE B S 5 o B, integrin # 52
%9 % cyclic RGD 7 F F& iz
(RGD U E Y —1), Do ZnETEM
RELRTRZET LY RY —LD%)
TR 1 HEIES A8 PN B A I 2 AR AY AT BE 2>
DFHi & 1T 7=,

AREBTH Y R Y — LI HHKES
BT % {75 /-, Egg phosphatidyl-
choline (EPC) L av A5ua—)
(chol), polyethylenglycol (PEG) &
H., BXUOzofio) v F, CPP %
% . EPC:chol 23 7:3, Z OfhioMEEDE
Bree 2 X9l o ABEICHE T L.
FIRE L, 208, WIE T EEAE
EETH LT, REER2E, F
RICL 72 20 mM V) R (pH 7.4)
H 513 20 mM 7 v E 27 A BREEREE
W (pH 5.5) #MATHKRILZDL,
Bd % & CHREMERZ »VEES e,
Z 0%, EROY A Z0NL2HFT %K
YA —R3x— MEE AW TR 2L
72 BT 6 Y — ¥ BALIZEIE
HUELE (Zetasizer Nano ZA
ZEN3600. Malvern ) 12 X > CHIZE
L7z,

A NI~ D RGD VY R Y — 2D

D AALE e b IR A PR A A
(HUVEC) ZHWw TR Z1T> 7, WD
AR LBEEICIE, RGD Y RY —LAD
P B & 84 2 BRIC 0.1% D HGY)
o—4% 3 VEERIREEZRNT 5 2 &
T. RGD U R Y — LI HEREE % i L
72, HUVEC fllg~DHEL D AAIZ, VR
V= AERFML T 6 2 KR E R
L — ¥y —EE MRS (CLSM) & 5% \»
VAR OB 2 ME T 5 2 &
Wik,

in vivo "CORRETEAMN I & EHDs
A OS-RC-2 fflifia 1.0 x 10° ffa%
R4 2 (BALB/cAlcl nu/nu) D
TSR L 2BATT VRV,
BHLTI0 HEERBEL z0bic, B
JAEHE RGD ) R Y — 2% BE#IRN L D
5L, 24 IR ICIEE O T %2
CLSM (Nikon Alr) ZfwT#ZL 72,
M8 DEFITIE 7 VA Ve A v THIGHE
WX N7 Griffonia simplicifolia HE D
isolectin B4 40 ug # [EEHED 10 7
BHCEIRABE G4 5 2 & Tiro 7,

F¥viEsy (DOX) #ARGD Y
Y — L OFEMB R 2T BERICIF, o
EERRRICEELL 723 A= AR L
<. DOX &7 1.0 ~ 2.0 mg/kg body
weight D 5B TG L7zD bz, ik
RE IR AR 2 HIE L, PUEEZIRO
HEZRTo 1, B, &FEEOHL L
LCfEZE=Y ) 79526 TH
SR L 72,

RGD YV XY —24® HUVECHlfg & @
iR EEE R (dissociation constant; K))
. A DVRY —LZEML 72RO
AN Y AAEZ 7Oy P L, ¥ =T

3

\



oy FEAVWCGELEREEZRC 2 &Ik
hEHL %,

@ BIAEFEIR AN T2 1T 72 T PEFEFE D 7]
JE & In vivo € FTILHET

WF42BE4G; . Dual-ligand Y &Y — A
DENEDHEE S LT\ 2 3ERI B
34 OSRC-2 DATH - 7-7-0 . S
Mok kZHIWE L THEDRE WIHE
Py, #REoEe S zhLE L
T, 17 EHOEMEZ v, FEF YL
By v A ED @I OEE 2 1T -
7ro BREMIIICN LT, BHcRIBE L
B EIITFEXFVYILES VETRMNE. 8
B4 ¥ 2=k L%, FXYLEY
VDOBEEEEHHICE 512 16 KA1 ~
¥ a_—}F L, fifgsEfEE% cell count-
ing kit-8 (Dojindo) % Fw>CFHML .
AR & BH S 17z EC50 22
5. FERYILEY UifHEREZEE L
72,

@ GMP BHETDELGEIC 71T 7, F#Em
BTD YR Y =250

PHEEREE I X 28D Y RV — AFH
BEfTo, EE LTIV 4 L4
o< 70y 7 & — (SUS E|
Deneb (helix) &) #=Hw7-, lBE 7V
IO —) VIR L REERIZ Z 24 10 mL
FRAR—TF 7)) Y (Henke-
Sass, Wolf #) 2>V v Ry 7 (NS
Vvl AW TEREDOTLE TH I X
INTERIEL 72,

JRY —ABEPDO 7L a—Ey v
vyl 7u—A8cihREL
7=, MicroKros (Spectrum #:, MWCO

i1

50,000) % T, #iR% 500 uL £T
BiEL7zobic, PBS5mLZMMA,
N500 pL FCIEMEL 72, ZD#EfEZ 3
[f79 2 & T, ICHHA FIA4 VICED
ENTWVWE 7L a— VEFRE LD LB
A2 X ICREL TS,

nE. AEEEZEYEREEET
2120, EERENED 5 TEYEE
BT A HE) ICED AR T IEE A
ThHH ., DEFRKROMEEE I AR
FHEICBT 2 FRA v D%
EnE, BYEELORER L7 LT,
ZiTL 72,

C. WIFsiE
D #i# ligand (64 5 — 244 Y&
v — A DFFEE in vivo TOREBEZ

RGD £ —7 % &tra,p, integrin %
YAy FEiY XY —24% 100 nm &
400 nm DR 7Y A RZ2FHEORY H—FR
F— P EIZE T extrusion EIZ & - T
YR85 100 nm @ small size Y R Y
— 2 (Small) & 300 nm @ large size
YRy —24 (Large) 2157- (Fig. 2),

A5 =10 =+ 2 s o R e

' Small size

=y
o
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Diameter (nm)

Fig. 2 RRFEDURY —LDKREDT



NSRBI H A X E2FEOVERY — A4
Z0—% 3 VIEHEIC X o TRESDEER
Z2fTot, ZOENGERY XY —L%
HUVEC ffifgic#@sm L., 2 R # i i
Z CLSM IC X W BB L7, Z DiER,
Large IZH T L ) W aDEAS A I
wo 5N (Fig. 3), —HT, YAV F
ZEMLTHWAEVWYRY —LTIEZID X
) BREERIZFED S e oiz,

Small Large

UAYREL

YAV RSB

Fig. 3 URY —LADKRE ZHHHEAELD
AHBEBICEZBHE, RIEFURY—L B
(TR ERY

[k IS BB L 72 Small & Large %
M lFE R E T 0.2-10 x 1041 &
B kAL, 2 R oMEA D
HYBEPTFEELL, W2 7oy T3
T L TROAMIRIRD 5K 4 D K [EE
BHH L& Z A Small T6.96, Large T
0.62 fir/well THo%, ZDIZ EH
5. flE~NDkEETTIZ Large DIF 9 H3
10 fEEN Z EDBRBE T,

RIZHDIA <7 2% F\C in vivo T
DR ZT-> 7, HE~7 Akt B

A BHSER e 22 H\nwiz,
Iz Large & Small O S M P B fH
ADFEG T DE VDY In vivo TH R oh

2% HIi 9 %7212, Small & Large

DERGD YV RY — L ZENACT ZAD

BEIRN L b 5217w, JREINE Lo
HRfEEZ CLSM 2 k> CTHIZEL 7=, 7D
fEH, Large B W CHEIME L L%

CDYRY —LAPEFEL T IHEFH
I (Fig. 4),

RGD-PEG.LP:

YHYREL {small}
Large

y

RGDPEGALP
large)

AT

Fig.4 YRV —LDKEZHinvivo TD
FEEMEN KRN ICS X 2 E, 7Kk
FYURY—L, RIIMEEZRT,

REBICINETRONTE Large &
Small DIME N EGE~ND#GE T DE W
DRI RIS E R 5. 2 2 OO WBGEEEAT
27, FXYNLES VY ZYUFVEFRLY
AY —24, Small, Large ICHAL, F
YLy vyaEe LT 1.5 mg/ke THH
3 HE#F G-z 17\, JEE DR 2 (kR
WCHIE L 72, Z DOfEHR, Large ICE W T
DAE B HUIRENIR IR & i
(Fig. 5),



3500 -O— Control
—O— Doxil
3000 —A— RGD-PEG-LP (small)
E -0~ RGD-PEG-LP (large) N.S.
E 2500 } ‘/4?
= 2000 + T
& 4500}
g ;qxfg
= 1000 } s
500
0 L i i 1 i i i
0 3 6 9 12 15 18 21

BELTHSOFBAK

Fig. 5 E hEMHENABEETILICE T
% aER,

B GMP ZETDELEIZ 177, BI85
BETD Y3 — 2 EDE

WESE B AR RF I I MR £ 70 1 B s
DARTH o170, 17THEED b il
ICRLT, FEVYLES VEZE% MmE
L7, ZOMRIBHEICE>TFXF Y LE
URBRZMIIRESRERD, EC50ITIE
1000fZ 8L ED ¥ 4 N—32 5 4 DELET 5
ZEMHSMER ST, £72, OSRC-2L
FEREICECS02E < FF Y ILEY Iz
MifE%2RdIEEE L, fifE (H69AR) .
FLE (MDA-MB-231) | i&& (PANC-1) |
YEYE (SKOV-3) = B3 Z &gk L
7= (Fig. 6) , &3, Z 04 DEHE
% FvTin vivollJEE TV ZER L. 6E
KD b DO THELES L7z H M dual-
ligandV) XY — 2% H\w, EEIZ k- T
B A FALEZRET 3,

& GMP ZETDELEIZ [T 7, B80T

PHBERESIC L 2 Y R Y —285&EIX T ED
DRIZRT &9 ZEEZER L TT- 7%
(Fig. 7)e V4 x> 2t~ 70y) 7

00001 0001 001 01 1 10 100 1000
FEFVILES B (ug/ 100ul/well)

Fig. 6 &&t hAMBORFVILEY
VR,

7% — (heilx B) (T LT, "INV
D) PRy TEACT, REA
I ERREENE & EE 7V 2 — VIR %
FEALZ, VyBREEREFE 7V a—
IWEHIZRNC NS &9 % 241241 0.3 ~
12.0 mI/min, 0.1 ~ 3.0 mL/min Tk
LTw3, 2BMEHICOWTIIEEA
Pl LD, YV VBREEREEE 7V
a— VIR 3:1 LB kS LT,
KD TR DRI FIERIC 52 5 & D
il 2T > 7%, WEzE ZNZn Lo X

IS E, TR L R F oYtz E)
BPERELEIC K > TIE L 72, Z D
R PEDIE RIS U R TR IR

\ BT

BES 7 L O— LB
(0.1 - 16.0 mM)

Fig.7 x4 20UF7 09 —=HWke, UK
Y —LABLEDEHK,



A L 7= (Fig. 8A), 2D &
5. TEDHEINZ L > TR TDY A X
HIHIAEETH 2 Z L BRRBRI N, K
W, BBERE LR34 A0z
TRz 7, REREZ 0.1 - 16.0
mM F TE(L S TR T2 U S 2 7B
DRLT-PE % [FIER IS B HGELIE 12 & -
TWEL 7, ZORHE, 2.0 mM ML ET
LBV FICIDIFRE T H 5 T & H3H
LM &l o 7 (Fig. 8B),

I 6ITiEE 4.0/12.0 lFE 7 )V a—
VIR /FEER) mL/min 12 X - TR L
TR FED/NE ) RY —AIZDVTH

A 600 1 1.2

500 | {1
||
€ 400 } I {08
< T _
T 300 } {06&
i
i 200 | | T {1 04

100 LM il {02

5 ) £
0 0
0.1/0.3 0.3/1.2 1.0/30 20/6.0 4.0/120
o (mL/min) (BEE/EER)
B 400 5 08
H 300
€
< =
T 200 b
wH =3
th
% 100
0

0.1 0.5 2.0 8.0 16.0

EERE (mM)

Fig. 8 BASERERICKDRARLIZUKRY —
LoYtt, A) REEEZZBOYRY —
LDOYIEE, B) BEEREZEZ D
UIRY —LADYEEAL,

IR DI ATRE D DR b T > 72, 0.2 um
Dxlrae—A7k5—hr, RYXZ—J5)L
ANK VD7 4 VT =% FNT AiEE
Bzi7o7-, 6L DIFEFRICHEEE
ki 2 & T AMATER D IRERINEZ
BHL7, ZORE, ee—2A7T
—rHDA VT L EHGEEBIZIEAE
BIZY XY — A DNREHKOEOGIF B H
TRk, —H?, FYVE—FT XK
VR VEDA Y T L v ERHWEEIZIEA
W TH 90N DE W B THRET
52 EDHERTH -7,

D. &%
MO RE TlE, 4 8O KXY
NES VItEEE RET L ICRIIL
2o —HT. FXVILE Y voOfillaEL
DNiAargEZMEL 7L 245, AU E:
RAUEMIETH, ZOREIIKRE RS
TWARIEBHLLERSTZ, FEYL
Y VIHENDBE G LS N T3
Py o828 (Pgp) 1E, flEAD K
¥V LE Y v ofiast~ okt (et §
%, HB69AR ® SKOV-3 I3#HfamA K ¥ v
LES ML . Pgp Ot~ D5
PRI N (Fig. 9),
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Fig. 9 fEEARFVILEZVYEDEE,



— 5, OSRC-2 % MDA-MB-231 Zifff
FEA R ¥ VL E Y v B oiEE & ik
LCEWVWIZHEDLSTMEZRLTE
D, BZ5L FFYLEY VBT
% Pgp OFGIZ/NE L, BB
STREFVILES VIR L TlitEZR L
TWw3EEZTED, e oW THAE
MEihTH 5,

X SICRI IR X 2 EEROHIIE I g
ZEMEDE E2ERD 517z, i,
YRY =2 koYY FHH0E L £liT
EETAIEDVABIZIE>TWE DT
EEz 605 (Fig. 10), 2z &b,
in vivo 128> T JEEIME N R~
DOfGAENBEE D MP2ZIERT 5
RGD YV # — 2 A3 EE 78 A B~
DfEE - AN D AANTFE I NPT
(o2 bD LRI NS,

7z, ERL e BFEREICEI L T,
EESHIES 2 - W C b RrE ok, IEE
BETARREEATLIILICKY, £
DRIFEDY RY —2Z2HHBITZ LI
L7z, Tova—)VIiEfR L - IREE
TR KBRICE>THRLTYEY — 4
2T 2EICiE. ZNZENDIBRDIE
EHEEPEETH L LMESNL TS,
ZORERIZ, BEDY XY — LD
Ex2HETHIDOTHBEEE A D, £7-.
ESRE LI DWW T b a2 (T, Bl
KEORY)e—% AT L TRER
HEI LB URY =257 4 VT —
BEICHET 2 LA E o7, &
B, REBRKNTFREZHTEIERY —LH
B DA M B D 2 IR E & s
MovRIC X 2BET 2 ETHI L
<, EERER R L BRI LT

STV FETH 5,

A ZXHIEIC LD ~300 nm large
UB > RiggEDR Al <—§’ RGD-MEND
- UAS R 5

100 nm R7D Jﬁ/\]" A
N B
RGD-MEND %% " g9
©-/
é
RUJL > MRS

®ACED -
A s>

Fig. 10 KIFEEEAS € EOMEIA
DEERTES

E. Hiafi

B FF Y ILES VNG Z 4 1
RS LI L, 983 in
vivo € FI)LOEH & dual-ligand V &Y
— Lz YEERIREEZT) ., X
dual-ligand V) RV — A DENDF—Y
Ay FIZOWT 2/EEMT % Z LI
L7, 5%z, iR L 2T
FTOHV%EET in vivo HIEE 7OV %E FWiE
ik 2V Ay POk L, EIEE
DIKRZIT) o

BT A4 X2 RELT BT L THlEN
DOFREDIRES W EL T3 Z &
Enklrol, Ziu, MlEELOZE
RKEVRY =L EDVYH v R LD LAl
DIEEDHRE R TWwE EEZ LN
%,

¥ 7. HAUKIZBWTIZEWN E T 35
FH A4 A~z vge & 3 % i lE
EEDMESIZEII L 772,

F. (i apahym
BrlzZz L
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Abstract Multidrug resistance (MDR), the principal
mechanism by which many cancers develop resistance to
chemotherapy, is one of the major obstacles to the suc-
cessful clinical treatment of various types of cancer. Sev-
eral key regulators are responsible for mediating MDR, a
process that renders chemotherapeutic drugs ineffective in
the internal organelles of target cells. A nanoparticulate
drug delivery system (DDS) is a potentially promising tool
for circumventing such MDR, which can be achieved by
targeting tumor cells themselves or tumor endothelial cells
that support the survival of MDR cancer cells. The present
article discusses key [actors that are responsible for MDR
in cancer cells, with a specific focus on the application of
DDS to overcome MDR via the use of chemotherapy or
macromolecules.

Keywords Cancer multidrug resistance (MDR) -
Key regulators - Drug delivery system - Reversal of
MDR

Introduction

Cancer is one of the leading causes of death globally.
According to the reports of World Health Organization
(WHO), there are over 7.6 million deaths and over 12.4
million new cases of cancers reported each year (Boyle and
Levin 2008). Cancer chemotherapy, a journey that began in
the 1940s with the use of general cytotoxic agent such as
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nitrogen mustard, followed by the development of potent
natural-origin anti-cancer drugs in the 1960s, such as Vinca
alkaloids and anthracyclines, is currently used in the
treatment of cancers (Chabner and Roberts 2005).
Approximately 50 different types of chemotherapeutic
drugs are currently available for treating about 200 dif-
ferent types of cancers. Due to lack of selective efficacy in
tumors, the use of chemotherapeutic drugs is typically
accompanied by severe side effects, resulting in damage (o
normal organs. To limit the toxicity of such agents toward
normal tissues, nanoparticulate drug delivery systems
(DDS), such as liposomes, micelles, minicells, lipoplexes,
gold nanoparticles, magnetic nanoparticles, carbon nano-
tubes, dendrimers, quantum dots, polymer-drug conjugates
elc. have been developed, where the drug molecules are
loaded or encapsulated in the nanoparticles and which can
deliver the loaded drugs more specifically to cancer cells
(Peer et al. 2007; Zhang et al. 2008). Although chemo-
therapeutic drugs efficiently kill cancer cells, cancer cells
can defend themselves from such toxic compounds when
they are used for an extended period or sometimes even
after use for a short time, a process called the cancer
multidrug resistance (MDR) (Lugmani 2005; Persidis
1999). Some cancers such as non-small cancers, lung
cancer, renal and rectal cancer do not respond to chemo-
therapeutic drugs from the beginning of the drug exposure.
Such a phenomenon referred to as primary or natural
resistance. On the other hand, some cancers respond well to
drugs in the early stages of treatment but show poor
response later, a phenomenon that is referred to as acquired
resistance. Cancer cells can become intrinsically resistant
to similar or completely different types of drugs or under
drug exposure, where it can express different types of
compounds for use as a “Shield” (acquired resistance)
against the drug molecules (Chabner and Roberts 2005;
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Lugmani 2003; Persidis 1999). On the other hand, cells in
normal tissues of the cancer patients remain drug-sensitive
even under prolonged treatment (Wright et al. 1990).

The exposure of cancer cells to chemotherapeutic drugs
induces the expression of different genes that protect the
cells, which limits the efficacy of chemotherapy and leads
the failure of the treatment clinically (Persidis 1999), more
specifically in over 90 % of patients with metastatic stage
(Lugmani 2005). Due to such effects, applications of che-
motherapeutic drugs are limited. Therefore, it is immensely
important to explore strategies for utilizing currently
available robust anti-cancer drugs against the MDR cancer
cells. To accomiplish this, it is important to understand the
mechanisms responsible for the resistance of cancer cells to
such drugs. The focus of this review is to discuss the
mechanisms responsible for this resistance as well as on
strategies for overcoming the MDR of cancer cells by
utilizing DDS.

Factors responsible for multidrug resistance (MDR)

MDR, the principal mechanism by which cancer cells
develop resistance to chemotherapy, remains a major
obstacle for the successful treatment of cancer. It affects
patients with a variety of blood cancers and solid tumors,
including breast, ovarian, kidney, lung, prostate and gas-
trointestinal tract cancers (Persidis 1999; Dalton 1997).
Over the past two decades, substantial efforts have been
made to elucidate the mechanism of MDR in cancers. In
this review, several notable factors responsible for medi-
ating the cancer MDR are briefly discussed.

ABC transporters (ATP-binding cassette transporters)

One of the mechanisms that play a critical role in cancer
patients is the prevention of the intracellular accumulation
of anti-cancer drugs by the expression of transport proteins
that pump the drugs out of the cells (Fig. 1). In addition,
these transporters act on cellular compartments and block
the access of anti-cancer drugs to their cellular targets
(Rajagopal and Simon 2003). Several of these proteins
belong to the mammalian adenosine triphosphate {(ATP)-
binding cassette (ABC) family of transporters, a large
number of functionally diverse transmembrane proteins
that are associated with the plasma membrane of cells
(Fig. 1). In humans, 48 types of ABC transporters have
been identified and are divided into 7 distinct subfamilies
{ABCA-G) on the basis of their sequence homology and
domain organization (Gottesman et al. 2002; Linton 2007).
After the internalization of drugs through the plasma
membrane, drug molecules are recognized by the trans-
porters, where they use the energy provided by ATP
hydrolysis to expel the drug molecules out of the cells,
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Fig. 1 Mechanism of cancer MDR showing the key regulator
proteins responsible for excreting as well as the inactivation of
chemotherapentic drugs

resulting in a low bioavailability and finally leads to
resistant to the drug in cancer cells.

Multidrug-resistant protein (P-glycoprotein)

The efflux of drugs mostly governs the defense of cancer
cells against the chemotherapeutic drugs. P-glycoprotein
(P-gp/MDR1; also called ABCB1), one of the major
transmembrane transporters in humans (Fig. 1), is encoded
by the ABCB1/MDRI1 gene (Gottesman et al. 2002). It is a
170 kDa plasma membrane protein consisting of 12
transmembrane domains and two ATP-binding sites, and
its function is energy-dependent. The expression of MDR1
RNA or P-gp has been observed in human tissues,
including tumor cells. It is expressed in epithelial cells
(gastrointestinal tract, liver, kidney etc.) and on the surface
of capillary endothelial cells (brain, testes, ovaries, adrenal
glands, bile canaliculi, renal tubular cells, placenta etc.)
(Zhou 2008), where it acts as a barrier to the uptake of
xenobiotics. P-gp is overexpressed in cancers that are
intrinsically resistant to chemotherapy such as renal,
adrenocorticoid, hepatocellular, pancreatic and colorectal
carcinomas. Moreover, cancers with low or no initial P-gp
expression, such as acute myeloid leukemia, breast cancer
and small-cell lung cancer (SCLC) show elevated levels of
expression after chemotherapy. P-gp plays a role in the
development of the simultaneous resistance to multiple
cytotoxic drugs in cancer cells. It actively transports sev-
eral anti-cancer drugs (anthracyclines, vinca alkaloids,
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podophyllotoxins, taxanes) and other hydrophobic com-
pounds (fluorescent dyes, ethidium bromide, puromycin,
gramicidin D etc.) out of cells (Wang et al. 2003; Zhou
2008). It excretes xenobiotics such as cytotoxic compounds
into the gastrointestinal tract, bile and urine. It also par-
ticipates in the function of the blood-brain barrier.

Multidrug resistance-associated proteins (MRPs)

Multidrug resistance-associated proteins (MRPs), the sec-
ond type of drug pumps present in the cell membrane
(Fig. 1), confer resistance of cancer cells to anti-cancer
drugs. The MRP family proteins (MRP1-9) belong to the C
group of the ABC transporters, which currently consists of
13 related members (ABCC1-13), that transport various
organic anions (Borst et al. 2000; Toyoda et al. 2008)
through conjugation with glutathione, glucuronide, glucose
or sulfate; however, they can also be transported along with
free glutathione without conjugation. The resistance profile
mediated by MRPs is different from that of P-gp mediated
resistance, although many anti-cancer drugs are affected by
both mechanisms. Overexpression of MRPs results in
resistance to anthracyclines, vinca alkaloids, epipodo-
phyllotoxins, methotrexate, cisplatin, etoposide, epirubicin,
mitoxantrone etc. (Borst et al. 2000; Choi 2005; Toyoda
et al. 2008; Zhang et al. 2012).

Breast cancer resistance protein (BCRP)

The BCRP, which is located in the plasma membrane of
cells (Fig. 1), is a member of the G subfamily of ABC
transporters (denoted as ABC-G2), also known as the
mitoxantrone resistance gene (MXR) or ABC transporter
in placenta (ABC-P) (Diestra et al. 2002; Doyle et al.
1998). Functionally it is a homodimer, and a half trans-
porter consisting of six transmembrane domains and an
ATP-binding domain. In normal human tissues, the
expression of BCRP is elevated in the placenta, bile
canaliculi, colon, small bowel and brain microvessel
endothelivm. In tumors, BCRP promotes the efflux of
mitoxantrone, topotecan, irinotecan and methotrexate from
cells, thereby leading to the resistance of cancer cells. The
expression of this protein was detected in patients with
acute myelogenous leukemia or acute lymphoblastic leu-
kemia, but no clear association with response to chemo-
therapy or patient survival has been confirmed. In
addition, the expression of BCRP was observed clinically
in specimens taken from 21 different types of solid tumors
with more frequent expressions in adenocarcinomas of the
digestive tract, endometrium, and lung, as well as in
melanomas (Diestra et al. 2002), suggesting the clinical
relevance of drug resistance to BCRP expression in these
types of cancers.
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Lung resistance-related protein (LRP)

LRP, the major vault protein, is a complex ribonucleo-
protein involved in intracellular transport processes
(Scheffer et al. 2000). It is located in the cytoplasm where a
small portion is localized in the nuclear membrane and
nuclear pore complex (Fig. 1), and mediates the bidirec-
tional distribution of compounds including the transport of
cytotoxic drugs between the nucleus and the cytoplasm.
LRP is not an ABC transporter but it is frequently
expressed at high levels in drug-resistant cell lines and
tumors, and might confer MDR by transporting drugs away
from their intracellular targets and by the sequestration of
drugs (Kickhoefer et al. 1998; Zhang et al. 2012). How-
ever, in addition to enhanced drug efflux, a number of
studies using drug-resistant cell lines have demonstrated
that LRP plays a role in the alteration of intracellular drug
distribution (Dietel et al. 1990; Hazlehurst et al. 1999).
Such an effect in drug distribution within the cellular
compartments is most notable for DNA interacting drugs
such as doxorubicin (DOX), where LRP expression is
associated with the redistribution of DOX from the nucleus
to the cytoplasm (Kitazono et al. 1999) without changing
the total intracellular concentration of the drug (Fig. 1).
With regard to clinical drug resistance, LRP expression in
acute myelogenous leukemia, multiple myeloma, diffuse
large B cell lymphoma and advanced ovarian carcinoma
was reported to be associated with poor response to che-
motherapy and shorter survival of patients with these types
of cancers (Izquierdo et al. 1995; List et al. 1996; Raaij-
makers et al. 1998).

Glutathione-S-transferases (GSTs)

GSTs, also called glutathione transferases or GSTs, are
phase Il detoxification enzymes that are ubiquitously
expressed by most living organisms where they function to
protect cells from being attacked by reactive electrophiles,
thereby functioning as cell housekeepers engaged in
detoxification (Fig. 1) and the elimination of xenobiotics
and toxic compounds (Laborde 2010). Specifically, GSTs
catalyse the conjugation of glutathione to a wide variety of
endogenous and exogenous electrophilic compounds. In
cancer therapeutics, GSTs have emerged as promising
targets because their expression is higher in solid tumors
and the fact that they function as an enzyme involved in the
deactivation of anticancer agents as well as an inhibitor of
signaling pathways of cell apoptosis. A notable example of
this is the role of GSTs in the resistance of cancer cells to
cisplatin. After cancer cells are exposed to cisplatin, the
platinum (Pt) present in cisplatin is chelated by glutathione
and the glutathione-Pt complex is excreted from the cell
with the help of ATP dependent glutathione-S-conjugate



