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D INTRE R 12 T MARZE TR S 2 2 & CHIH, A17 ) QR & (it
T2, ZIH DY T FIARERF D 9 B nuclear factor kappa B (NF-«xB)I i3 A,
KIGWS A, BBRAIRE O 2 ERIC B W TEM(E L TWA Z &SI T
BY [1]. ZOIEHEER R ADORIER ERICEBEET 2 Z LR HMbN TN D,

NF-xB /% p65 (RelA), RelB, c-Rel, NF-xB1 (p50/p105) % U8 NF-kB2 (p52/p100)
D HAERR & D ERE R C, 1@% inhibitor kappa B (IkB) & & L. RIEMERLE L
THIREIZAAET D [2,3], 221, BN SORIEA MDD & kB 1350 S
Ay NF-xB 13BN ~BEAT UEREE T OB E T 5, £72. kB OO
NF-xB-inducing kinase (NIK)=<> IxB kinase (IKK) 23 EE 72 % E| 2 4 5 . NF-xB D%
PEALITHIE O EAFCHIEIC B 53 5 BAn FREOIRG 2EHE L, 23 A OHEFT 2T
HTHZERMOBINTWD [4,5], F72. NF-«xB PHEA 38 M5 o #5241
2. SOITTFNAFNCKT T DREEMEEZ @D DT ENRINTND [6]l, 2D &
X, NF-xB BRERBAGKO AL Z—5 > MMy Th V. Z ORI AW
LEFNOHFER KD LI TN D,

MABEDOTPHRER T SELER L L TIHERRT LI, BBIXZEEOH
HEZRBREZ R TN T D, ZOMRICBWT, BNAMIRIZEIT 2 RBRDEL
MLE L 720 BDAMIOEETEED EF. EN~ORME, & NEE~DH
. BRSSP EE TH D, RIFEE T, NAMBBAEBT S
H R oy fiRi%ESR T d 5 matrix metalloproteinase (MMPs) 7S B 3L 72 558 2 4H 9
MMPs (325 2 & Ee MR S E O 0 AR I8 < SR © EATVEEEE S ISR 0
T MMPs DEZEBINHRE STV D [7], £7o, 855 b BEREBRED 2T



&V, very late antigens (VLAS)2S 2 AsMifE & Mifas I E OBEIZB G LT\ 5
[8]l. ED7=, MMPs T VLAs Z il 42 Z & NEBHICB W TEETH
LEEZOND, VI TR ERFOEMALBERICEG T2 2 b T
FBY | FFIT NF«B 1325 AV OB L FHEE T 5 & O [9]1°. MMPs & T VLAS
DOFBEHET D Z ENREINTWD [10, 11, 12], T D7=, NF-xB R % )
Hl p EANFEEBIMHE A TH DL EEZ LN D,

Mangiferin (X Mangifera indica L.72 E12& £ 555 T, PIRIEEH. Pzt
ER., SERAEER R ENRES N TS [13, 14], YIFE=EITB W\ T,
mangiferin 23& MARESE 23 L CHBRE 2758325 2 & 28 T\ 5 [15], L
L. mangiferin 28 ¥ D X 9 72 A = X A CrE M gs iR okt U CHAE ZFE L T
WONEAHTH D,

% 1 B TIE mangiferin OMIISERE ST IZOWTHRF L7z, & 2 BT
mangiferin & H12% A FIOF T X 2 AR FEFEE 20 5 D 58 J O DR T O i %
AArtz, %3 FETILin vivo IZF 1T 5 mangiferin ORI B K O FE
HIBN R DU TR L 7=,
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NF-kB (1ZJIE oSS BN -, 7 7R b — > APNHIR 1, HRM s e 1
IREDREBREFEST L Z LT, RIESUS, HBEIGE. Ml ECHIE S Vo T
xR EMBIGIZEE LT\ 5 [16], T D72, NF-kB #RE O B 1L EE
LU LT ORIEMRE, B ORERER EORBORIE & MHEFHICEET 5
[17].

NF-kB (X IkB & EAEREILT 5 2 & TIHREDIH SN TEY [18]. ZDIF
PEALIZIE NIK PEEA&E&H ZRE7ZL WD [19], #BHE. NK X
CIAP/TRAF2/TRAF3 #HARIZ L - THfif % =17 T2 5, lipopolysaccharide
(LPS). CD40 ligand %™ L b ORIPKIC L - T TRAF3 233 fR S 41, NIK 3%
EALTDZETHRO IKK 2 b3 5, S HIC EH b L2 IKKIZE Y kB
XV Bk EZ T, TeT T Y AKX RSV 2 LT NFB IIEICBAT
L. DSARIBLOAELTE, BICB G 2 -5 T REOIRE 23583 5 [20], £ D7z
., NF-kB fREEAAEH) & LT IBRE OB R B /BRICB WA TH L L5
bbb,

BUE RS AR IS H S 40T % NF-xB #2562 R 3 2 384 & L T bortezomib 23 &% 5,
Bortezomib 13X ZMEEBIIEIEH D7 7 —A R T4V CHA SN DHEAITH Y |

TaTr TV —AEAETLZLICEY, kB ORBAELEN L NF-«B OBELT



ZIT 5 [21], LovL. FEhE ST ORSREERERED 350 1 THY
[22]. 5L72 %55 F-H5A% T NF-«B fEIS 2 fLE T 2 KA OBIR N EHE TH 5,
Mangiferin (X KRICFEETSZHRY 7=/ —/LTh V. Anacardiaceae F}=°
Gentianaceae F}72 E OEMIC % < G £ D [23], I, mangiferin (L pE R T 1E
ORI ER 2/ T 5 2 ERHALNCESNTREY [24]. UHFEERIZENT
%, mangiferin 23i& MERAEGGIZ K L CRIlAEZ 358925 2 & 258D T\ 5 [15],
L 72> L, mangiferin 28 & D X 9 72 A B = X LG M gs M6 U CRIiNSE 2 355
LTWLONEAHTHD, £ Z TARETIE., ZRMEFHEMEKICIT S

mangiferin O Hifie SERH G 12 DU THRRES L 72,

I. &85k

1. REOFHN
Mangiferin (Sigma, MN, USA)!Z dimethyl sulfoxide (DMSQ)(Z 100 mM & 72 % &
NIRRT, 045 um DU P 7 ¢ L — (lwaki Glass, Tokyo, Japan) T A il

BLELDEMHH LT,

2. HfaEER

b M ZREMEEREIEMR TH D IMO Hild, RPMI8226 il & U8 ARH-77 i,
b MEW B MldTHS RPMILTES Ml Z2EH L7z, AMMIIZ. 25 mM
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES; Wako, Osaka, Japan). 100
pg/mL penicillin (Gibco, CA, USA), 100 U/mL streptomycin (Gibco), & OF 10% fetal
bovine serum (FBS; Gibco) % & ¢» RPMI1640 (Sigma)is#£ikiZ T, 37°C. 5% CO2

DSAETFTHEE L,



3. Trypan blue exclusion assay
KAEMMAL 2 96 well 7" L — NZHEFE L, mangiferin 2N L 7=, F£7=. control
& L CTRIIIMOAIA, vehicle & LT 0.1% DMSO #sino#lfa 2 HE L7z, 1 B R,

3 AR, 5 HMEs##% O ELFR % trypan blue exclusion assay (2 X ¥ HIE L7z,

4. Western blotting

Mangiferin Z ¥00 L 7= IMO #fEIZ cell lysis buffer 2 Nz, mO08E L 72, <
D _biE & Sy 2 X7 @ sample & Uiz, HIIE S EEINE ORL » b &
cell lysis buffer without NP-40 T¥eif L 7=, Bz DXL > ~IZ nuclear lysis buffer
BRI LTz, 0%, EOLNEEL. F0 LiEx2 ks 4 o =27 @ sample &
L7z, #2737 &L BCAProtein Assay (PIERCE, IL, USA)IZ CT{T—> 7=, Sample
I% SDS-PAGE (2 TykEI L. PVDF membrane (Amersham Biosciences, IL, USA)IZ #
YR BB LTz, @ membrane X 3% A % A I L7 % & T Tris-buffered saline
(TBS: 10 mM Tris-HCI (pH 7.4). 150 mM NaCl) T~ 2 v % > 7 %47\, BRIL +
DR XTI 7 — IR PR % IO &8 7=, G4 . TBS THEYF L | horseradish
peroxidase (HRP) CTHE#k L 72 ZRPUIK & b S 72, KW T, Luminata Forte
Western HRP 52 (Merck Millipore, MA, USA) % HW TR S/, # X7 &

M Lz,

5. Annexin {u£2,
Mangiferin Z %0 L 72 IM9 flifidZ [FUL L, Muse™ Annexin V and dead cell
reagent % iz 7=, BUitaf%. Muse Cell Analyzer (Merck Millipore)iZ X v Annexin [

PRI % 2 HE L7,



6. Caspase-3 {EHEDHIE

Mangiferin % #00 L 72 IM9 iR 2 B L | cell lysis buffer Z %N L7z, & D%,
mLEEL . EiE % sample & L7=, Sample % Reaction Buffer X/Ef1L. 1 mM
DEVD-APC JEE#Mx, A v Fa~— kL7, UGk, & OENRE % H 5y

SR (BhE Y 400nm, 06 505nm) (2 K W HIE L,

7. X bary N TIREMDOHAIE

Mangiferin % #00 L 72 IM9 ffif A B4 L, Mitopotential dye working solution %
Mz, 4>Fa~X—hKL7%, D%, Muse Mito Potential 7-AAD dye %L .
Muse Cell Analyzer (Merck Millipore)iZ k¥ 2 b= KU FHEN O T L 7=l

ek 2 e L7,

8. Small interfering RNA (siRNA) transfection

NIK @ RNA A L > o> 721, Stealth siRNA (Invitrogen, CA, USA) % FH 7=,
F 72, negative control & L T Stealth RNAIi Negative Control Duplexes (Invitrogen)
% F\ 7=, Stealth sSiRNA X OF Lipofectamine 3000 (Invitrogen) % % AU UM ifn 5 1%
HMTHRL, A FaX—hL7Z, TO®%, WEEZEEL, 1 FaX—FL
7= % O % transfection AL L7z, MEIMIERTHICE X #2772 IMO fifiaic, G

K% YN U transfection 247> 7-, Stealth SIRNA OF&KJEREE | 20nM & L7~

9. WEEHFEROBREMT
FREOFEIZE VB ONTERITEIE + BEEFATR L, £, &FEO

FREIZIZ ANOVA with Dunnett ICE VAT L, p< 005 DL EHFEENHHE L

=
—o
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1. Mangiferin AR ORI 5EFHELh B2 O R

b M EFREMEEBEIEMRE T o D IMO Hifa, RPMIB226 il J O ARH-77 #lifu &
bt MEH B fliid Td 5 RPMILT88 iz @ mangiferin FsINREO 722 HE LT,
3 HZD IM9 Al DA AF2 1%, 1 ug/mL, 5 pg/mL, 10 pg/mL. 25 pg/mL. 50 pg/mL
WSINEEIZ RV CL 224 87.0%,, 66.3%, 53.6%. 50.9%. 16.2%, 5 H#%Z DAL
2R1% 76.5%. 46.1%. 32.9%. 23.5%. 9.4% T&H -~ 7=(Fig. 1A), F£7=. RPMI8226
FHAE K OV ARH-77 fif2IZ 3 T 8, mangiferin WINIC & 0 R K AFR) 72k d 58
DOFHEZFBD T (Fig. 1B and C), L» L. RPMI1788 #lfiz Clid mangiferin #N
2 &k HHIFEDFHEE LR D 2o 7= (Fig. 1D), Z D#E% L ¥ | mangiferin 1323
Ve BERE AR 26 U CHREBRAE 2 3538 5 2 L AV RIB S Tz,

(A) IM9 (B) RPMI18226
120 120 [
1007 —+— Control 100
é —a— Vehicle _ —s—Control
P ~a-1pgmL £80 [ —s—Vehicle
% 60 = e 5 pg/mL 260 -+-fg|;,gj;|1
= I £ e 100 pg/m
= 40 3 —a—10 pg/mL 2ol x «-200 pg/mL
ﬁ i g " 25 pg/mL 2 | e 400 pg/mL
i oI ~=-- 50 pg/mL 3 20
0 ) _ 0
0 1 3 day 0 1 3 5 day
(C) ARH-77 (D) RPMI1788
120 I. 120
100 Pt —4 i DT I S S— i
_ . ¥ S S —s+—Control = “!‘"“ R S Control
80 i 2 “=-.., —=—Vehicle < 80 o
g R ceSOpgml 2 g —+— Vehicle
= L JETT—. * = i e
g 60 X o100 pg/mL E 50 pg/mL
§ 40 » 200pgmL = 40 + 100pg/mL
t — e 400 = - === =200 pg/mL
= pg/mL = 20 |
320 o] = == 400 pg/mL
0 0
0 1 3 5 day 0 1 3 5 day

Fig. 1. Mangiferin decreases the cell viability of multiple myeloma (MM) cell lines. (A) IM9 cells
were treated with 0.1% DMSO (Vehicle), mangiferin (1-50 pg/ml), or without mangiferin (Control).
(B, C, D) RPMI8226, ARH-77, and RPMI1788 cells were treated with 0.1% DMSO (Vehicle),
mangiferin (50-400 pg/ml), or without mangiferin (Control). Then, trypan blue exclusion assay was
performed in all cells after 1, 3, and 5 days. The results are expressed as the mean + standard
deviation (SD) of three experiments performed in triplicate. * p < 0.05 compared with control.



2. Mangiferin FANEED Annexin RIS, Caspase-3 {EHEKL NI b= KV
7 BEEEAL DORREY

Mangiferin |2 X W FE SN DMIENR TR b — A THL0HLNCT 57
B, Annexin BEPEMIFREL, Caspase-3 IEMEM OV h 2> KU TIRBAIZ OV TH
L7z, ZOREE, mangiferin 32512 2 U Annexin BRI EL O, caspase-3
OIEHALK O bz B TIREN O T L7l mii S (Fig.
2), ZOZ &5, mangiferin IC XV FEINHMIALILIT R =22 TH D Z
&R E N,

(A) (B)
60 r 3 .
o —_
§ 50 f '§ 25
z E .
o 40 3.
= - °
S 30 E E.D 15
= -
2 £
=2 g
g 10 | E 0.5
= 2
0 0
Control Vehicle 10 25 50 Control Vehicle 19 25 50
Mangiferin (ng/ml) Mangiferin (ug/ml)
©
70 ¢
~ 60 [
S
= S0 |
E
ot 40
S
= 30}
=
2 2}
=
10

control vehicle 10 25 50

Mangiferin (jug/ml)

Fig. 2. Mangiferin induces apoptosis, activates caspase-3, and decreases the mitochondrial
membrane potential. (A) IM9 cells were treated with 0.1% DMSO (Vehicle), mangiferin (10-50
pg/ml), or without mangiferin (Control) for 2 days. The number of apoptotic cells in IM9 cells was
examined using the Muse™ Annexin-V and Dead Cell Assay kit. (B) IM9 cells were treated with
0.1% DMSO (Vehicle), mangiferin (10-50 pg/ml), or without mangiferin (Control) for 36 h. The
activity of caspase-3 induced by mangiferin in IM9 cells was examined using the caspase-3/CPP32
fluorometric assay kit. (C) IM9 cells were treated with 0.1% DMSO (Vehicle), mangiferin (10-50
pg/ml) or without mangiferin (Control) for 2 days. The mitochondrial membrane potential in IM9
cells was investigated using the Muse™ Mitopotential Assay kit. The results are expressed as the
mean = standard deviation (SD) of four experiments. * p < 0.05 compared with control.



3. Mangiferin TMREDAETFE S 7 F )V OIEHEBN B OGS

Mangiferin |2 £ U 5538 I 41 5 MISE DT 2 B O 2 5720 Ml D 7R
HHEIZ B 53 % & 7 URiER F OIEVEEIRE 4 western blotting (2 X Y BeGEf L7z,
Z DfER. NF-kB DN TOIRBLT K O E TOFREIEIMBFED b
(Fig. 3), L2>L. ERK1/2, IJNK1/2, mTOR DOiEMENREIZ >\ T A L 2RO 72
Mol ZOZ LD, mangiferin IZ X VFFEEINDL T AR b — X1 NF-kB D%
BATBSEIC L VB E R &ND Z LR ST,

NF-kB p65 cytoplasm | e — |
NF-kB p65 nuclear [~ e | Fig. 3. Mangiferin inhibits the nuclear
p-ERK12 [mmm—— | {ranslocation of NF-kB. IM9 cells were
treated with 0.1% DMSO (Vehicle),
mangiferin  (5-50 pg/ml), or without
mangiferin (Control) for 2 days. The
nK2 | e | expression of NF-«B, p-ERK1/2, p-JNK1/2,
pmTOR e wen wns ess gmw ame | and p-mTOR were detected using western

NTOR [ e i S " : blotting. The expression of ERK1/2, INK1/2,

Pactn | — mTOR, Lamin A/C, and B-actin were used as

internal controls.
Lamin A/C | |

Control Vehicle 5 10 25 50

Mangiferin (pg/ml)

4. Mangiferin FMED NF-kB BB OTEEBIRB DM

Mangiferin ™ NF-xB BT 2B 6023 572D, NFkB O Lt 7
T IAREIKR T TH D NIK, IKK O kB OIEPEEIRE 2 western blotting (Z X ¥ i
L7z, Z O R NIK KK, kB OVEPE T & OV kB OFBIEIN 278072 (Fig.4),
ZOZ EMDH, mangiferin X NIK 28035 Z & T, NF-xB OBITEHET
LT ENRBEENT,

pNIK | = | Fig. 4. Mangiferin suppresses the
NK [ -——l phosphorylation of NIK, IKK and IxB. IM9 cells
pIKK [ S o | were treated with 0.1% DMSO (Vehicle),

TKK | a— o ———— | mangiferin (5-50 pg/ml), or without mangiferin
S0 h | (Control) for 2 days. The expression of p-NIK,
KB [ - - |
Borctin | e —— |
Control Vehicle 5 10 25 50 western blotting. The expression of total NIK,

p-IKK, p-IxB and IkB were detected using

Mangiferin (ug/ml) IKK and B-actin were used as an internal control.



5. Mangiferin TMEBED 7 R b—3 ABEERFORBBEORFT

NF-B 1% Bcl-2 7 7 2 U — (Bel-xL. Bel-2. Bim. Bax)<° IAP 7 7 3 U — (XIAP,
Survivin)7Z2 E DT AR b — T AFER A OB AT L Z Mmoo TnWb, £
Z C. mangiferin AN CTO T A b — 2 A B K] 1~ D3 Bl EHHE % western blotting
IZEVRET L7z, EOfEE. XIAP, Survivin, Bcl-xL OFHUK T80 bz,
L72>L. Bel-2, Bim, Bax (2 OWTIEZRERBD b2 - 7= (Fig. 5), ZDZ
&, mangiferin IZ X VW FE I N D T AR F—3 A1 XIAP, Survivin, Bel-xL @
FHHUL NI LV 51 &# 2 S D ATREMED RIZ S L7z,

XIAP m. | Fig. 5. Mangiferin decreases the expression of
SUIVIVID | i —— i — XIAP, Survivin, and Bcl-xL protein. 1IM9 cells

BelxL [ = | were treated with 0.1% DMSO (Vehicle),

mangiferin (5-50 ug/ml), or without mangiferin
Bcl-2 [(-————— | (Control) for 2 days. The expression of XIAP,

Bim [N | S rvivin, Bel-xL, Bcl-2, Bim, and Bax protein
Bax [————— | was detected using western blotting. The

_ expression of B-actin was used as an internal
ractin | S—— |
Control Vehicle 5 10 25 50

Mangiferin (ng/ml)

6. NIK siRNA LB U 7= % RiEFE BEREMMERIC I T 2 MRRFEHES R, NF«B
BEOEMBRRE T R b —3 2 EERFORHEEORS

RRARESRE R & mangiferin IC X D FEE I N DT AR b — A1 NIK Ol 23
BN THDHEEZEZLND, 2T, NIK Ol A 5 B AR O ffusE
ICEETH L0 6T 572D, NIK siRNA LB L 72 IMO i o 173 K Y
Annexin [GHEMIIEIZ DWW TRET Lo, £ OREE. NIK siRNA ZLBRIZ X 0 fifa A
FFROMT & Annexin FEMERIARE DI Z 7 7= (Fig. 6A and B), #&iZ. NIK
SIRNA ZLBE L 7= IMO HEfEIZ 35 1T 5 NF-kB #R I OTEEEIRE L VT Ak — o A B
K7 D7 BLENRE 2 western blotting (2 X D faFT L7- & 2 A IKK, kB OIEMEIR T,
NF-kB D47 & O XIAP, Survivin, Bel-xL O3 BUK T 2585 7= (Fig. 6C),
ZNHDOFERD B mangiferin IC XV FFEIND T AR F— RIL NIK Ol X
DEIERZSND Z ENRBEI NI,
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©

p-IKK |

1Kk [—]

NF-xB p65 cytoplasm E
NF-xB p6S nuclear El
P [—]

X1AP [

Survivin E

Lamin A/C [ s |

20 nM negative siRNA -_— + -_—

20nM NIK siRNA — — 4

®)

70 ¢
60 |
s0 |
40
30 |}

20 F

Total apoptotic cells (%)

10 |

0
20 nM negative siRNA — + —_

200M NIK siRNA — — +

Fig. 6. Knockdown of NIK expression induces
apoptosis by inhibiting nuclear translocation of
NF-«xB. IM9 cells treated with negative siRNA, NIK
SiRNA for 3 days. (A) Trypan blue exclusion assay
was performed. (B) The number of apoptotic cells in
IM9 cells was examined using the Muse™ Annexin-V
and Dead Cell Assay kit. The results are expressed as
the mean £ standard deviation (SD) of three
experiments performed in triplicate. * p < 0.05
compared with control. (C) The expression of NIK,
p-IKK, NF-xB, p-IxB, XIAP, Survivin, and Bcl-xL
were detected using western blotting. The expression
of IKK, Lamin A/C, and B-actin were used as internal
controls.

V. 8

AREIZIBW T, mangiferin 122 3N BEIEMIOR 26 L TR EEKRAFRIIS ML

AT L RO b,

LU, b MEH B HilaTH 5 RPMILT88 Hilfiw

ClE mangiferin IINC X 2 MIRAEFHEIIERD ) > 72, F£72. mangiferin (2L 5
MRSEIX S by KUY TIRENM O T, Caspase-3 DIFMALEZ N LIZT R h—v
ATHDH I L EWR LI, &5, mangiferin (2 X 57 R b—3 ZAFFEMF IO
WTHRL7Z & 2 A, NF-xB O TORIUE T & HIIRE T ORI £ 78

L72>L. ERK1/2. JNK1/2. mTOR IZHOWTITZEALNZB/D Lo T-,
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ZDZ &M, mangiferin (% NF-kB OEBAT 235 Z & T, Z238M B HlEH
FRRICX L CT A b= 2R EFHHET L 2 LRIB ST,

IKK |% IKKo, IKKB, BELWNIKKy & OEAEIKE L TFEEL, kB 20T 5
Z & TNF-xB OEBITEMIET D Z N5 TEY [19, 25]. NIK (X IKK #
SROBEELREHR - TH DL Z L NHESINTWVD, KEIZIBW T, mangiferin
X NIK, IKK, kB OIEFHE T LN kB ORBUIEINZ S| i 232 ERHAL M E
Rott, ZOZ EDS, mangiferin 1X NIK ZFLET 5 Z L1250 NF«B K%
M5 Z ENRB ST,

NF-kB IZ.1AP 7 7 2 U — (XIAP K& O* Survivin) )2 08 Bel-2 7 7 2 U — (Bel-xL.,
Bcl-2. Bax. Bim) O HL & i L TV % [26], A2 (T 35\ T mangiferin (% Bcl-2,
Bax. Bim ORHUITHE L 5 297, XIAP, Survivin, Bcl-xL OFH 2 i35
ZEMNEBME 257, Liang Hi%, NF-«xB FHEH berbamine 73 Survivin, Bcl-xL
DFBAEIMEIT 5 2 & T, ZHMEFREEMAK I UGt 23559 25 2 &
ZRLTWD [27], YWFE=ICTE VT H  NF-xB [HEMEH ZH 9 5 DMF 2% XIAP,
Bel-xL DOFHUL T L 0 ZHIEE MRS L TT R b= A %2555 75
ZEEBOTND [28], ZDZ Lrn, mangiferin I NIK/IIKK/NF-kB #2# - FH.
5 Z LT XIAP, Survivin, Bel-xL OFBLZ NS L, Z3RME BRI
X LTT R M= A EdHET 5 2 LR SN,

ZIVE TOMFEHRE R 6 . mangiferin 12 X 0 358 S 45 MISETE NIK OFH] A3
TR THDEBEZDBND, T T, NIK siRNA AL L 7= 2305 fflE ik ic
DWTHRET L7 & 2 A, MIAFROM T & Annexin [EPEMIFREL O ¥EIN 4 78 8
7oo F7z. IKK, IkB. NF-kB O{EVERT & O XIAP, Survivin, Bel-xL DFEEH{X
TEMGR LT, 2D Z &5, mangiferin (2 X 2 7R b —3 AFHEIZIE NIK O
FNEETHDLEEZ LD,

AREZF T, mangiferin 13 NIK/IKK/INF-xB #5245 2 & T, Z3M
HREAAOARICxE LT AR b= REFET L 2 LR ST, BENIK &
BER) & U7 iB ISR I H S TR 53, mangiferin 1381 7= 22 EF T 2 B9
Do TREREE LR SN D,
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Mangiferin enhances the sensitivity of human multiple
myeloma cells to anticancer drugs through suppression
of the nuclear factor kB pathway
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Abstract. Multiple myeloma (MM) is still an incurable hema-
tological malignancy with a 5-year survival rate of ~35%,
despite the use of various treatment options. The nuclear
factor kB (NF-kB) pathway plays a crucial role in the patho-
genesis of MM. Thus, inhibition of the NF-xB pathway is a
potential target for the treatment of MM. In a previous study,
we showed that mangiferin suppressed the nuclear translo-
cation of NF-kB. However, the treatment of MM involves a
combination of two or three drugs. In this study, we examined
the effect of the combination of mangiferin and conventional
anticancer drugs in an MM cell line. We showed that the
combination of mangiferin and an anticancer drug decreased
the viability of MM cell lines in comparison with each drug
used separately. The decrease in the combination of mangiferin
and an anticancer drug induced cell viability was attributed
to increase the expression of p53 and Noxa and decreases the
expression of XIAP, survivin, and Bcl-xL proteins via inhibi-
tion of NF-xB pathway. In addition, the combination treatment
caused the induction of apoptosis, activation of caspase-3 and

Correspondence to: Dr Shozo Nishida, Division of Pharmacotherapy,
Kinki University School of Pharmacy, Kowakae, Higashi-Osaka
577-8502, Japan

E-mail: nishida@phar.kindai.ac.jp

Abbreviations: AML, acute myeloid leukemia; Bax, B cell leukemia-2
associated X; Bcl-2, B cell leukemia-2; Bcl-xL, B cell leukemia-xL;
ERK1/2, extracellular signal-regulated kinase 1/2; IAP, inhibitors
of apoptosis; IkB, inhibitor of kB; JNK1/2, c-Jun N-terminal protein
kinase 1/2; MM, multiple myeloma; NF-xB, nuclear factor kB; PUMA,
p53 upregulated modulator of apoptosis; XIAP, X-linked inhibitor of
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the accumulation of the cells in the sub-G1 phase of the cell
cycle. Our findings suggest that the combination of mangiferin
and an anticancer drug could be used as a new regime for the
treatment of MM.

Introduction

Multiple myeloma (MM) is a B cell malignancy characterized
by clonal proliferation of plasma cells in the bone marrow (1).
MM is the most common hematological malignancy, second
only to non-Hodgkin's lymphoma and accounts for 10% of all
hematological malignancies and 1% of all cancers (2). MM
treatment comprises vincristine/adriamycin/dexamethasone or
melphalan/prednisolone chemotherapy and novel agents such
as thalidomide, lenalidomide, pomalidomide, and bortezomib
(3,4). However, MM remains an incurable disease with a
5-year survival rate of ~35% (5). In addition, most of the drugs
used for MM treatment have side effects that limit their utility.
Thus, there remains an unmet need for novel therapies for MM
treatment.

The nuclear factor kB (NF-kB) pathway plays a crucial role
in the survival, growth, and drug resistance of different types
of cancers, including MM (6,7). Constitutive NF-kB activity is
present in human MM cell lines and cells of the MM patients
(8). The NF-«kB family includes RelA (p65), RelB, c-Rel, p50
(NF-«BI), and p52 (NF-kB2) proteins (9). NF-kB is typi-
cally a heterodimer composed of p50 and p65 subunits and
is constitutively present in the cytosol and the nucleus. In the
cytosol, NF-«xB is inactivated by its association with inhibitor
of NF-xB (IkB) (10). Upon stimulation, IkB is phosphorylated
by IkB kinases marking it for proteasomal degradation and
thereby allowing nuclear translocation of NF-xB (5,11). Then,
NF-«xB binds to specific DNA sequences and promotes the
transcription of its target genes (12). The NF-kB pathway
regulates the gene expression of cell cycle regulators (c-Myc,
cyclin D, cyclin E, p21, and p27) and anti-apoptotic molecules
[B cell leukemia 2 (Bcl-2), B cell leukemia-xL (Bcl-xL),
x-linked inhibitor of apoptosis (XIAP), and c-IAP] (13,14).
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Recent studies have reported that NF-kB inhibitors induced
apoptosis in hematopoietic tumor cells through downregula-
tion of anti-apoptotic proteins (15). Therefore, the inhibition
of NF-«B signaling is a potential target for the treatment of
MM.

Recently, plant and plant-derived drugs have been
recognized as one of the most attractive approaches for
cancer therapy (16). In addition, many drugs derived from
plants have been shown to be useful and effective in sensi-
tizing tumors to conventional agents, prolonging survival
time, and preventing the side effects of chemotherapy
(17,18). Mangiferin, 1,3,6,7-tetrahydroxyxanthone-C2-f-D-
glucoside, is a compound extracted from plants belonging
to the Anacardiaceae and Gentianaceae families, including
Mangifera indica L. (19). Mangiferin has been reported to
have various bioactivities, such as anti-oxidant, antitumor,
antidiabetic, anti-inflammatory, and immunomodulatory
activities (19). Previous studies have revealed that mangiferin
has anticancer effects in acute myeloid leukemia (AML) cell
lines (20). In addition, we showed that mangiferin induced
apoptosis by inhibiting the nuclear translocation of NF-kB.
However, the treatment of MM involves a combination of
two or three drugs, including adriamycin, vincristine, and
melphalan. In this study, we examined the effect of the combi-
nation of mangiferin and conventional anticancer drugs in
MM cell lines.

Materials and methods

Materials. Mangiferin (C,,H,;O,,) and melphalan were
purchased from Sigma (St. Paul, MN, USA), and dissolved
in dimethyl sulfoxide. These reagents were dissolved in
phosphate-buffered saline (PBS) and filtered through 0.45-ym
syringe filters (Iwaki Glass, Tokyo, Japan) before use in the
experiments described below.

Adriamycin and vincristine were purchased from Sigma.
These reagents were dissolved in PBS and used for the various
assays described below.

Cell culture. IM9 cells and RPMI8226 were obtained from
Health Science Research Resources Bank (Osaka, Japan). IM9
cells were cultured in RPMI-1640 medium (Sigma) containing
10% fetal bovine serum (Gibco, Carlsbad, CA, USA),
100 pg/ml penicillin (Gibco), 100 U/ml streptomycin (Gibco),
and 25 mM 4-(2-hydroxyethyl)-1-piperazine ethanesulfonic
acid (Wako, Osaka, Japan). All cell lines were maintained at
37°C in an atmosphere containing 5% CO,.

Trypan blue exclusion assay. The cells were plated in 96-well
plates at 2x10* cells/ml and treated with mangiferin, anticancer
drugs, a combination of both, or without mangiferin (control).
After incubation, the cells were stained with trypan blue and
the number of stained cells was counted at days one, three,
and five.

Western blotting

Preparation of nuclear extracts for NF-kB. The cells treated
with mangiferin, anticancer drugs, a combination of both,
or without mangiferin (control) were washed with cold PBS
and lysed using a lysis buffer containing 100 mM Tris-HCI

2705

(pH 7.4), 1 mM EDTA, 0.5% NP-40, 1 uM pepstatin, 1 uM
leupeptin, 2 mM sodium orthovanadate, 1 M calpain
inhibitor, phosphatase inhibitor cocktail I/II, and 1 mM
phenylmethylsulfonyl fluoride (PMSF). The lysates were
centrifuged at 14,000 rpm for 5 min, and the supernatant,
which contained the cytoplasmic extracts, was stored at -80°C.
The nuclear pellet was resuspended in cold nuclear extraction
buffer for 30 min. The extract was centrifuged at 14,000 rpm
for 5 min, and the supernatant containing the nuclear extract
was obtained. The proteins were measured using the BCA
protein assay kit (Pierce, Rockford, IL, USA). Total cellular
proteins (30 ug of protein) from the cytoplasmic or the nuclear
extract were separated using 10% sodium dodecyl sulfate
(SDS) polyacrylamide gels. The proteins were transferred
to polyvinyl difluoride (PVDF) membranes (Amersham,
Arlington Heights, IL, USA). The membranes were blocked
with 5% skim milk and incubated overnight at 4°C with rabbit
anti-human NF-xB p65 (Cell Signaling Technology, Beverly,
MA, USA) and rabbit anti-human lamin A/C antibodies (Santa
Cruz Biotechnologies, Santa Cruz, CA, USA). After binding to
an appropriate horseradish peroxidase-conjugated secondary
antibody, the proteins were visualized using Luminata Forte
Western HRP Substrate (Millipore, MA, USA) according to
the manufacturer's instructions.

Preparation of whole cell lysates. The cells treated with
mangiferin, anticancer drugs, a combination of both, or
without mangiferin (control) were washed with cold PBS and
lysed with a lysis buffer containing 100 mM Tris-HCI (pH 7.4),
1 mM EDTA, 0.5% NP-40, 1 uM pepstatin, 1 uM leupeptin,
2 mM sodium orthovanadate, 1 M calpain inhibitor, phos-
phatase inhibitor cocktail I/II, and 1 mM PMSF. The proteins
were measured using the BCA protein assay kit (Pierce). The
extracts (30 ug of protein) were separated using 10% SDS poly-
acrylamide gels. The proteins were then transferred to PVDF
membranes (Amersham). The membranes were blocked with
5% skim milk and incubated overnight at 4°C with each of
the following antibodies: rabbit anti-human phospho-p44/42
mitogen-activated protein kinase (MAPK, ERK1/2), rabbit
anti-human p44/42 MAPK (ERK1/2), mouse anti-human
phospho-IkB, rabbit anti-human IxB, rabbit anti-human
phospho-stress-activated protein kinase/c-jun N-terminal
kinase (JNK1/2), rabbit anti-human JNK1/2, rabbit anti-human
cyclin D, rabbit anti-human cyclin E, rabbit anti-human XIAP,
rabbit anti-human survivin (Cell Signaling Technology), mouse
anti-human B-actin (Sigma), rabbit anti-human p53, rabbit
anti-human p21, rabbit anti-human p27, rabbit anti-human
PUMA, rabbit anti-human NOXA, rabbit anti-human Bcl-xL,
rabbit anti-human Bax, rabbit anti-human Bim, and rabbit anti-
human Bcl-2 (Santa Cruz Biotechnologies). After binding of
an appropriate horseradish peroxidase-conjugated secondary
antibody, the proteins were visualized using Luminata Forte
Western HRP Substrate (Millipore) according to the manufac-
turer's instructions.

Flow cytometry. The cells treated with mangiferin, anticancer
drugs, a combination of both, or without mangiferin (control)
were washed with cold PBS, and fixed in 70% ethanol. The
cells were resuspended in PBS and 50 pg/ml propidium iodide
was added. Then, the samples were measured on a BD-LSR
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Figure 1. Mangiferin, adriamycin, vincristine, and melphalan decrease the viability of IM9 cells and RPMI8226 cells. (A) IM9 cells were treated with mangiferin
(5-50 pug/ml), adriamycin (0.1-10 xM), vincristine (5 nm-1 xM), and melphalan (1-5 yM). (B) RPMI8226 cells were treated with mangiferin (25-200 ug/ml),
adriamycin (0.1-10 #M), vincristine (5 nm-1 M), and melphalan (1-5 pM). Then, trypan blue exclusion assay was performed in IM9 cells and RPMI8266 cells
after one, three, and five days. The results are expressed as the mean + standard deviation (SD) of three experiments performed in triplicate. “p<0.05 compared

with control.

flow cytometer (BD Biosciences, CA, USA). Cell cycles were
analyzed on Cell Quest software (BD Biosciences).

Analysis of apoptosis by flow cytometry. Measurement of
cells undergoing apoptosis was performed with the Muse™
Annexin V and Dead Cell Assay kit (Merck Millipore,
Darmstadt, Germany), according to the manufacturer's instruc-
tions. The cells were treated with mangiferin, anticancer drugs,
a combination of both, or without mangiferin (control) for
48 h. Then, Muse Annexin V and dead cell reagent was added.
After incubation for 20 min at room temperature, apoptotic
cells were applied to a Muse Cell Analyzer (Merck Millipore).

Measurement of the proteolytic activity of caspase-3. The
activity of caspase-3 was determined using the caspase-3/
CPP32 fluorometric assay kit (BioVision Mountain View, CA,
USA) according to the manufacturer's instructions. The cells
were treated with mangiferin, anticancer drugs, a combination
of both, or without mangiferin (control) for 36 h. Then, the cells
were washed in PBS and lysed using the lysis buffer provided
in the kit. The cell lysates were centrifuged at 14,000 rpm for

5 min, and the reaction buffer containing 1 mM Asp-Glu-Val-
Asp-7-amino-4-trifluoromethylcoumarin was added to the
supernatants and incubated at 37°C for 2 h. Subsequently, the
absorbance was measured using a fluorescence spectropho-
tometer (Hitachi, Tokyo, Japan) at an emission wavelength of
505 nm and an excitation wavelength of 400 nm.

Statistical analysis. All results are expressed as means + stan-
dard deviation of several independent experiments. Multiple
comparisons of the data were performed using analysis of
variance with Dunnett's test. P-values <5% were considered
significant.

Results

Mangiferin, adriamycin, vincristine, and melphalan decrease
the viability of the MM cell line. The effects of mangiferin
and the three anticancer drugs (adriamycin, vincristine, and
melphalan) on the viability of the MM cell lines (IM9 and
RPMI8226) as determined by the trypan blue exclusion assay
are shown in Fig. 1. IM9 cells were treated in the absence
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Figure 2. Mangiferin enhances the effect of anticancer drugs on MM cell lines. (A) IMO cells were treated with mangiferin (5 yg/ml) or adriamycin (0.5 uM),

vincristine (5 nM), and melphalan (1.5 M), or a mixture of mangiferin with

an anticancer drug. (B) RPMI8226 cells were treated with mangiferin (25 yg/ml)

or adriamycin (0.5 M), vincristine (5 nM), and melphalan (1.5 gM), or a mixture of mangiferin with an anticancer drug. Then, trypan blue exclusion assay

was performed in IM9 cells and RPMI8226 cells after one, two, and three
experiments performed in triplicate. “p<0.05 compared with control.

(control) or presence of mangiferin (5-50 pg/ml), adriamycin
(0.1-10 M), vincristine (5 nM-1 M), or melphalan (1-5 M).
After three days, the viability of IM9 cells treated with 5, 10,
25, and 50 uM mangiferin was 80.5, 76.3, 63.3 and 45.3%,
respectively, whereas that after five days was 67.2, 24.5, 19.3
and 16.3%, respectively. After three days, the viability of IM9
cells treated with 5, 10, 25, and 50 yM adriamycin was 85.5,
78.0, 45.4 and 28.9%, respectively, whereas that after five days
was 83.1, 74.3, 30.2 and 9.7%, respectively. Vincristine and
melphalan showed results similar to those observed with
adriamycin. In addition, RPMI8226 cells also showed results
similar to those observed with IM9 cells (Fig. 1B). These
results indicated that mangiferin, adriamycin, vincristine,
and melphalan decreased the viability of MM cell lines in a
concentration-dependent manner.

days. The results are expressed as the mean + standard deviation (SD) of three

Mangiferin enhances the sensitivity of human multiple
myeloma cells to anticancer drugs. The effects of mangiferin,
the three anticancer drugs, and the combination of each anti-
cancer drug and mangiferin on the viability of the MM cell
lines (IM9 and RPMI8226) were determined by trypan blue
exclusion assay and are shown in Fig. 2. IM9 cells were treated
with either mangiferin (5 ug/ml), adriamycin (0.5 M),
vincristine (5 nM), melphalan (1.5 M), or combination of
mangiferin with an anticancer drug. After three days, the
viability of IM9 cells treated with 5 yg/ml mangiferin,
0.5 M adriamycin, or combination of both was 72.0, 69.8
and 45.0%, respectively. The combination of mangiferin and
vincristine or melphalan showed results similar to those
observed with adriamycin. In addition, RPMI8226 cells
also showed results similar to those observed with IM9
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Figure 3. The combination of mangiferin and an anticancer drug suppresses the nuclear translocation of NF-«B. (A) IM9 cells were treated with mangif-
erin (5 pug/ml) or adriamycin (0.5 yM), vincristine (5 nM), and melphalan (1.5 pM), or a mixture of mangiferin with an anticancer drug for three days.
(B) RPM18226 cells were treated with mangiferin (25 yg/ml) or adriamycin (0.5 #M), vincristine (5 nM), and melphalan (1.5 M), or a mixture of mangiferin
with an anticancer drug for three days. The expression of NF-kB, and, phospho-IkB was detected using western blotting. The expression of IkB, Lamin A/C,

and B-actin were used as internal controls.

cells (Fig. 2B). These results show that the combination of
mangiferin and an anticancer drug significantly reduced the
viability of the MM cell line in comparison to the use of
each of these drugs separately.

The combination of mangiferin and an anticancer drug
suppresses the nuclear translocation of NF-xB. In a previous
study, we showed that mangiferin inhibits the nuclear translo-
cation of NF-kB in AML cell lines (20). However, mangiferin
did not affect the levels of ERK1/2, Akt, and p38MAPK phos-
phorylation. To clarify the molecular mechanisms underlying
the effects of combination of mangiferin and other anticancer
drugs, we investigated the nuclear translocation of NF-xB and
expression of phosphorylated IkB and IkB proteins by using
western blotting. Our results showed that the combination
of mangiferin and each of the other anticancer drugs signifi-
cantly suppressed the nuclear translocation of NF-«kB (Fig. 3).
Further, we observed no changes in the levels of ERK1/2 and
JNK1/2 phosphorylation (Fig. 4). These results indicated that
the decrease in the combination of mangiferin and an anti-
cancer drug induced cell viability was attributed to inhibition
of the NF-kB pathway.

The combination of mangiferin and an anticancer drug
increases the expression of p53 and Noxa and decreases the

expression of XIAP, survivin, and Bcl-xL proteins. NF-xB
is a nuclear factor known to activate the expression of genes
involved in cell proliferation and cell survival (anti-apoptotic
proteins and pro-apoptotic proteins). Therefore, we examined
the expression of proteins involved in cell proliferation and
cell survival by using western blotting. Our results showed that
the combination of mangiferin and an anticancer drug upregu-
lated the expression of p53 and Noxa and downregulated that
of XIAP, survivin, and Bcl-xL proteins in comparison with
mangiferin alone (Figs. 5 and 6). However, we observed no
changes in the expression of cyclin D, cyclin E, p27, p21, Bcl-2,
Bax, Bim, and PUMA proteins.

The combination of mangiferin and an anticancer drug
causes the accumulation of cells in the sub-GI phase of the
cell cycle. p53 plays important roles in various phases of the
cell cycle. Thus, we examined cell cycle regulation in IM9
cells treated with a combination of mangiferin and each of the
other anticancer drugs by flow cytometry. Our results showed
that the combined treatment increased the accumulation of
cell population in the sub-G1 phase (Fig. 7). These results are
indicative of apoptosis.

The combination of mangiferin and an anticancer drug
induces apoptosis by activating caspase-3. We measured
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Figure 4. The combination of mangiferin and an anticancer drug do not change the levels of ERK1/2 and JNK1/2 phosphorylation. IM9 cells were treated with
mangiferin (5 yg/ml) or (A) adriamycin (0.5 pM), (B) vincristine (5 nM), and (C) melphalan (1.5 xM), or a mixture of mangiferin with an anticancer drug for
three days. The expression of phospho-ERK1/2, and phospho-JNK1/2 was detected using western blotting. The expression of ERK1/2, JNK1/2, and -actin

were used as internal controls.
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Figure 5. The combination of mangiferin and an anticancer drug increases the

expression of p53. IM9 cells were treated with mangiferin (5 yg/ml) or (A) adria-

mycin (0.5 yuM), (B) vincristine (5 nM), and (C) melphalan (1.5 #M), or a mixture of mangiferin with an anticancer drug for three days. The expression of
cyclin D, cyclin E, p53, p27, and p21 were detected using western blotting. The expression of 3-actin was used as internal control.

apoptotic cells using the Muse™ Annexin V and Dead Cell
Assay kit. IM9 cells were treated with a combination of
mangiferin and each of the other anticancer drugs for two days.
Our results showed that mangiferin increased the number of
apoptotic cells in a concentration-dependent manner (Fig. 8A).
Apoptosis is induced by an interaction between various initi-
ator and effector caspases. Caspase-3 is a crucial effector of

the apoptosis pathway. We investigated caspase-3 activation in
IM9 cells treated with a combination of mangiferin and each
of the other anticancer drugs by using the caspase-3/CPP32
fluorometric assay kit. The combination of mangiferin and an
anticancer drug activated caspase-3 (Fig. 8B). These results
showed that the combined treatment induced apoptosis by
activating caspase-3.
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Figure 6. The combination of mangiferin and an anticancer drug increase the expression of Noxa, and decrease the expression of XIAP, survivin, and Bcl-xL
proteins. IMO cells were treated with mangiferin (5 yg/ml) or (A) adriamycin (0.5 xM), (B) vincristine (5 nM), and (C) melphalan (1.5 M), or a mixture of
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blotting. The expression of 3-actin was used as internal control.
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Figure 7. The combination of mangiferin and an anticancer drug causes the accumulation of the cells in the sub-G1 phase of the cell cycle. IM9 cells were
treated with mangiferin (5 yg/ml) or adriamycin (0.5 xM), vincristine (5 nM), and melphalan (1.5 M), or a mixture of mangiferin with an anticancer drug for
three days. Cell cycle distribution was analyzed at an hour after PI staining.
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Figure 8. The combination of mangiferin and an anticancer drug induces
apoptosis by activating caspase-3. (A) IM9 cells were treated with mangif-
erin (5 pg/ml) or adriamycin (0.5 xM), vincristine (5 nM), and melphalan
(1.5 uM), or a mixture of mangiferin with an anticancer drug for two days.
The number of apoptotic cells in IM9 cells was examined using the Muse
Annexin V and Dead Cell Assay kit. (B) IM9 cells were treated with man-
giferin (5 pg/ml) or adriamycin (0.5 M), vincristine (5 nM), and melphalan
(1.5 uM), or a mixture of mangiferin with an anticancer drug for 36 h. The
activity of caspase-3 induced by mangiferin in IM9 cells was examined using
the caspase-3/CPP32 fluorometric assay kit. The results are expressed as the
mean + standard deviation (SD) of four experiments. ‘p<0.05 compared with
control.

Discussion

Despite the development of increasingly effective therapies,
MM remains an incurable disease with an average survival
of 3-5 years following diagnosis. In addition, most of the
compounds used for MM treatment have side effects that limit
their utility. Presumably, the side effects of these compounds
could be decreased by reducing their dose and using them in
combination with another drug (21). The nuclear factor «B
(NF-«xB) pathway plays a crucial role in the pathogenesis
of MM (22,23). Thus, inhibition of the NF-xB pathway is a
potential target for the treatment of MM. We have previously
shown that mangiferin induced apoptosis in AML cell lines
via inhibition of the NF-kB pathway (20). Additionally, it
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was reported that mangiferin in combination with oxaliplatin
counteract the development of resistance to oxaliplatin in
colon cancer cells by reducing active NF-«B (24). However,
the effect of the combination of mangiferin and conventional
anticancer drugs in MM cell lines remain to be clarified. In
particular, the molecular mechanism has not been elucidated
thus far. In this study, we examined the effect of the combina-
tion of mangiferin and conventional anticancer drugs in MM
cell lines.

We showed that mangiferin, adriamycin, vincristine,
and melphalan decrease the viability of MM cell lines. The
combination of mangiferin and each of the above-mentioned
anticancer drugs significantly reduced the viability of the
MM cell line in comparison with each of these drugs used
alone. Furthermore, our results showed that the combination
treatment significantly suppressed the nuclear translocation
of NF-xB. However, we observed no changes in the levels
of ERK1/2 and JNK1/2 phosphorylation. In agreement with
previous reports, constitutive activation of NF-«xB promoted
multiple myeloma cell growth and survival, and the NF-kB
inhibitor dimethyl fumarate induced apoptosis in MM cell
lines (15,25). In addition, other studies showed that celastrol
induces chemosensitization through downregulation of NF-xB
in MM cell lines (17). These results indicate that the combi-
nation of mangiferin and other anticancer drugs exert their
effects on MM through downregulation of NF-kB pathway.

NF-«B initiates the transcriptional activation of prosur-
vival genes and proliferation-promoting genes (26). We
observed that the combination of mangiferin and each of the
other anticancer drugs significantly increased the expression of
p53 and Noxa and decreased the expression of XIAP, survivin,
and Bcl-xL, proteins. In addition, the combination treatment
caused the induction of apoptosis, activation of caspase-3
and the accumulation of the cells in the sub-Gl1 phase of the
cell cycle. The tumor suppressor p53 induces apoptosis by
transactivation of its downstream apoptotic regulators such as
Noxa (27). Survivin, a member of the inhibitor of apoptosis
protein family, protects cells from caspase-dependent apop-
totic pathways. Survivin overexpression has been reported
in various hematopoietic and solid cancers (28-30). XIAP is
the most potent endogenous direct inhibitor of caspases and
is thus considered a key physiological regulator of cell death.
MM cells express high levels of XIAP regulated by the NF-«xB
pathway (31). The Bcl-2 family member Bcl-xL is an anti-
apoptotic protein; Bcl-xL overexpression has been reported in
MM cell lines (32,33). These results suggest that the combina-
tion of mangiferin and an anticancer drug induces apoptosis
by increasing the expression of p53 and Noxa and decreasing
that of XIAP, survivin, and Bcl-xL proteins via inhibition of
the NF-kB pathway.

In conclusion, our results showed that the combination of
mangiferin and an anticancer drug decreased the viability of
MM cell lines in comparison with each of these drugs used
separately. The decrease in the combination of mangiferin
and an anticancer drug induced cell viability was attributed
to the induction of apoptosis, activation of caspase-3, and the
accumulation of the cells in the sub-G1 phase of the cell cycle
via inhibition of nuclear translocation of NF-kB. Importantly,
40% of multiple myeloma patients show constitutive activation
of the NF-«kB pathway. Our findings showed that the combina-
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tion of mangiferin and an anticancer drug selectively inhibited
the NF-kB pathway without inhibiting other signaling factors.
In addition, we found that mangiferin enhanced the effect of
conventional anticancer drugs (adriamycin, vincristine, and
melphalan) commonly used in multiple myeloma treatment.
Our results provided evidence of the potential of the combina-
tion of mangiferin and an anticancer drug as a new regime for
the treatment of MM.
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Fig. 1. Mangiferin inhibits spontaneous metastasis and tumor growth. Mice footpads were inoculated
with B16BL6 cells. (A) Treatment with 0.1% DMSO (Control) or mangiferin (50, 100, and 200
mg/kg) began 1 day after removal of the footpad tumor. The animals were sacrificed at 21 days after
tumor removal, and metastasis nodules in the lungs were counted. The results are expressed as the
mean + standard deviation (SD) of 10 mice. * p < 0.05 compared to control. (B) Treatment with
0.1% DMSO (Control) or mangiferin (50, 100, and 200 mg/kg) began 1 day after inoculation. The
results are expressed as the mean + standard deviation (SD) of 10 mice. * p < 0.05 compared to

control.
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Fig. 2. Mangiferin specifically suppresses the NF-kB pathway. Mice footpads were inoculated with
B16BL6 cells. Treatment with 0.1% DMSO (Control) or mangiferin (50, 100, and 200 mg/kg) began
1 day after inoculation. After 21 days, the primary tumors were harvested. (A, B) The expression of
phosphorylated and total NIK, IKK, IkB, NF-kB, Akt, p38, ERK, and mTOR were detected by
western blotting. The expression of B-actin and Lamin A/C were used as internal controls.
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Fig. 3.Mangiferin inhibits the expression and activity of MMPs. Mice footpads were inoculated with
B16BL6 cells. Treatment with 0.1% DMSO (Control) or mangiferin (50, 100, and 200mg/kg) began
1 day after inoculation. After 21 days, the primary tumors were harvested. (A-D) Total RNA was
extracted, and the (A)MMP-1, (B)MMP-2, (C)MMP-9, and (D)MMP-14 mRNA levels were
determined by real-time PCR. The results are expressed as ratios of test: control after normalization
to the GAPDH mRNA levels. The results are representative of 5 independent experiments. * p <
0.05 compared to control. (E, F) Activity levels of (E) type I collagenase (MMP-1) and (F) the type
IV collagenases (MMP-2 and MMP-9) in the primary tumors. The results are representative of 3
independent experiments. * p < 0.05 compared to control. (G) The expression of MMP-14 was
detected by western blotting. The expression of B-actin was used as internal controls.
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Fig. 4. Mangiferin inhibits the expression of VLAs. Mice footpads were inoculated with B16BL6
cells. Treatment with 0.1% DMSO (Control) or mangiferin (50, 100, and 200 mg/kg) began 1 day
after inoculation. After 21 days, the primary tumors were harvested. (A-C) Total RNA was extracted,
and the (A) VLA-4 mRNA, (B) VLA-5 mRNA, and (C) VLA-6 mRNA levels were determined by
real-time PCR. The results are expressed as ratios of test: tumor control after normalization to the
GAPDH mRNA levels. The results are representative of 5 independent experiments. * p < 0.05
compared to control. (D) The expression of VLA-4, VLA-5, and VLA-6 protein were detected by
western blotting. The expression of B-actin was used as internal controls.

4. Mangiferin #5112 £ 2 7 & b — ¥ ABER T OIE BB O RS

Mangiferin £ 5-12 X 2 JEE5HE5E O M1 NIK/IKK/NF-xB #2#5 OFREIZ L v 7
RNE—=V ARFEINIZARERBEZDND, 22T, vV ADRFEEBIH
I L7z sample Z vy, mangiferin & 5FETO T AR b — 3 Z B A F O FE BB RE
% western blotting |2 & W MRt L7z, T DR, PUMA, VU »2{k p53. p53 D3
BRI K& OF Survivin, Bel-xL O3BUK F23580 547z (Fig. 5), L2»L. Bax.
Bim, NOXA I[Z DWW TIXZEALDRFRD I nole, 7R b— 3 ZAFHEDOEMRIC
VT, Caspase-3 & OF PARPL O UJWr23 G| & i#d Z &b, £ Z T, mangiferin 5
#ED Caspase-3 & N PARP1 DOt {k.% western blotting |2 X W #Ft L7z, & Dkk
. Caspase-3 KT PARPL OOl gzl L7z (Fig. 5), T HDZ &b,
mangiferin |2 & 2 EEHEFEIHIZIF T PUMA, U “2{k p53. p53 DFEELHNN &
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Fig. 5. Mangiferin increases the expression of cleaved
caspase-3, cleaved PARP-1, PUMA, p53, and
phosphorylated p53 proteins, and decreases the
expression of Survivin and Bcl-xL proteins. Mice were
inoculated on footpad with B16BL6 cells. Treatment
with 0.1% DMSO (Control) or mangiferin (50, 100,
and 200 mg/kg) began 1 day after inoculation. After 21
days, the primary tumors were harvested. The
expression levels of Bim, Bax, Bcl-xL, NOXA, PUMA,
p53, phosphorylated p53, Survivin, cleaved caspase-3,
and cleaved PARP-1 were detected by western blotting.
The expression of B-actin was used as internal controls.
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Fig. 6. Mangiferin prolongs
survival in a metastasis model.
B16BL6 melanoma cells were
injected into the tail vein of mice.
Treatment with 0.1% DMSO
(Control) or mangiferin (50, 100,
and 200 mg/kg) began 1 day
after inoculation. The survival
duration (SD) was significantly
longer in the mangiferin-treated
group than in the control-treated
group (p < 0.05, log-rank test).



V. 8

MADTHEARRERDERE LTEELHIT OND, ZO7H, 52 il
THZERBARFICB T L2EERFRA VN ThDH, MO MNEMERAE
HIFERRIZ BT, NF-xB OB X 0 Mla OB REN TTHET D = & ASHfss
SITWD [46], F7o. BBIEFIEMARIZ W CTREMEHIF L— FITH 5
tetrathiomolybdate |2 & ¥ NF-«xB OIEMEALE U7 fE %, IEEEE N Ofiisk &
MHT 2 2 LRENTND [47], ZNEOWEIE, NF-«B M8 % Bl 2
BRI LTAEHATH L At 2w L T 5,

%1 EIZBW T, mangiferin X NIK/IKK/NF-xB #&5& 2 #3425 2 & 23587 &5 2
Elpolm, I T, AETILIn vivo (23T 5 mangiferin ORIl 2h H & OV
EEEIEIN I R OV TR L7z, & OfE5E. Mangiferin #5-12 X 0 iz 4mH2h
TR ORI FEANH 20 3R 2 38 0 7=, & 512 mangiferin #&5-#£12 80 T NIK, IKK,
IkB {HHAR T &% OV NF-kB OB TIRE D3 iRl S 17z, £ 72, Akt, p38, ERK1/2,
MTOR D{EMEENREIC DWW TEAL 2R DR o7, ZDZ LB, mangiferin X
NIK/IKK/NF-kB #% & Z il 4~ 2 = & THaRE M OVEISHETH 2 BNl &~ 5 2 & 23R
STz,

AR IS A OMRIZERENEE CTHHZ ENMLRTRY, 20
R OW IS AR RIS 5 MMPs NEEREEIZH - TV D, MBS
fl3fE 4 O MMPs Z %817 2% Z & CTRIER A ik U CIRE NS~ L2 L, #i5
BRENLT 5 EEZ 26 TWD [48], AfFEHIIBWT, mangiferin (X MMP-1,
MMP-2, MMP-9 % (8 MMP-14 mRNA 8l Z #3252 & ZRx L., Type |
collagenase 754 }% OF Type IV collagenase 75 OIK . MMP-14 O R HUAL T 2 78
72 ZDZ L35, mangiferin | MMPs O3 EL « {EM: A BLE$ 25 Z & THaB 4240
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flToZENBZHINLD,

8 AR O L8 SOAR ) gk ~ DA b HERER D —>Th 5, AR T L
L CEICBAMBMNCRILT 2 VLAs B33 Hid, BSAMIRITEEIC LV E
WAL OV ECM & fEHIREZATV, MIaBREZ HIE L T\ D Z &b TE
D, B EHREER XY VT RZER FITEBICEEL TV & X B0
%o AREIZE\WT, mangiferin |2 VLA-4, VLA-5, 3 LT VLA-6 mRNA K M
VORI IEBLOME RO, D B, mangiferin 13 VLAs DR EL % ]9
5 2 & TR 2 I3 5 ATREMED R S Tz,

NF-kBIZ7 A b= ZOFMEI&Z1TIBcl-27 7 XU —XRIAP 7 7 I U =2 ED
B TREAZHAE T2 2 ENWME ST Y [49]. mangiferin $¢ 512 X 5 JEIEHE
FEOEIHNZ X NIK/IKK/NF-xB fR 3 OFLEFIZ L0 7R b — 3 A58 S 47- lhe
MEREZBND, AFEL Y mangiferin (X PUMA, U »f#{t p53. p53 DI TLHY
SN T Survivin, Bel-xL ORBUK T NFBOH b, 7R b= ZAFEOFIE L2 5
Caspase-3 }2 TN PARPL DU 2 fEid L7=, Z D Z & H» 5, mangiferin X NIK/IKK
NF-«B #& 2 #ifil9-2 Z & T PUMA, p53 OIS OF Survivin, Bel-xL D3
BUL T &9 L. IEME(LTY Caspase-3 & O PARPL OYJWr& A s, 748 h—
VAEHETHENRHLNE ST,

AREE|ZEBWT, control #f & Helk LT mangiferin #& 5-8£12 38\ CTH B 72 EBHA
FEDHD D F8D v, 200 mglkg # 58 TiE 17 H BIZB W TR S ERE DK
134 mme s LTz, F 72, mangiferin &G EHIIA E 2~ U A DA FHRIERE

SE W Hiv, 200 molkg G TIXAEFBIF 2 25 HFEIER L TWz, Zab
IFAE AR & & 2 5, mangiferin 235 FREAYER & L C OGRS HICHIF T &
Do

L EoZ e, mangiferin 13X NIK/IKK/NF-xB #&5 & #f35 Z & CTHR K&
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OGS 2 ) L. EFHEZIER T2 2 ENHGNE o7, ZDT L
5. mangiferin [ JEREVEENERRLZ 9 5858 « I Z M4 5 0 FAERIR & L
THAMTHLZENEZBND,
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AAFZECIL, mangiferin £ 5-12 X 2 28 AMARIZ 4 D IR SEE B K OV D
B OB % in vitro & OV in vivo (2 TR L 72,

1. Mangiferin (% NIK/IKK/NF-«B #8240l 9~ 2 2 & T, ZFRME Rl IaR I
U CT AR M=V RAZFHETLH 2 ENRB I, BIUE NIK 211 & U7 IE5E
TGRS S TR S, mangiferin 1387 7- 22 /EHMEFF 269 2 /0 FHERY3E &
L THIfFE LD,

2. Mangiferin I£ NF-kB OEBATZIHIT 25 Z LI2X 0 . FLAAI DR EZ =
WD EWREENT-, DO L, mangiferin & TS AFIO P N FEME

72 & D NF-xB 2MEH BSIEMAL LT 2 BRSS9 5 8 LU IR IEE &
LTHIff S5,

3. Mangiferin (% NIK/IKK/ NF-kB #%# 2 #1325 2 & THas K& OME I 5 4 1)
L. A EERET D ZERHLMNE o2, ZDZ L5, mangiferin [ 38x
BN O 205 - BRTE A NH T 5 0 FIERUERE LTAMATH L Z &
MEZBND,

%2 mangiferin 73 NIK 212 & U722y FAERSK & U CTRRRICHIZ 223 5
ZEERIRT D,
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