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Withaferin A is a steroidal lactone purified from the Indian medicinal plant Withania somnifera. 1t ex-
hibits a wide variety of activities, including anti-tumor, anti-inflammation, and immunomodulation
properties. In this review, we focused on the anti-cancer effects of withaferin A. Withaferin A inhibits
cell proliferation, metastasis, invasion, and angiogenesis in cancer cells. Furthermore, it sensitized irra-
diation, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)-, and doxorubicin-mediated
apoptosis. The results showed that multiple mechanisms were involved in withaferin A-mediated an-
ti-cancer effects. First, withaferin A increased intracellular reactive oxygen species (ROS) production
and induced ER stress- and mitochondria-mediated apoptosis. Second, withaferin A inhibited the sig-
naling pathways (Jak/STAT, Akt, Notch, and c-Met), which are important in cell survival, pro-
liferation, and metastasis. Third, it induced apoptosis and inhibited cancer cell migration through the
up-regulation of prostate apoptosis protein-4 (Par-4). Finally, withaferin A up-regulated pro-apoptotic
protein expression levels through the inhibition of proteasome activity. Our findings suggested that
withaferin A is a potential, potent therapeutic agent.
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Z3E < 328 (cyclopentane ring)Z ©]Fo14 It} (Fig. 1)
[58]. Withaferin A® E}7l Dl Ao EA)3t= A28 Q(cys-
teine) 719 sulfhydryl® 22 A7 (nucleophilic
group)? & s}(alkylation) 2H8-% 3t 37kA] X7} Sl
A ring®] C3, E ring®] epoxide 739} C247} o17]e] &gttt
o] Ato]Ex B}l T A o) A8 A7 28314 Michael
addition thioalkylation ¥+-&-& &dto] & ZAgstA €t
A 19 = C29 39 o]F AL withaferin Aol &3]
Uetude 53 & AZAPES do7]=h) %361 TEE 99
A o], o] ATS gl withaferin A2l 7% Ao o3t
=A40] 2UTH12]. A 2E°] = ketone carbond with-
aferin A9 715 % 32 proteasome JAH &7 FL3H

Fig. 1. Structure of withaferin A. Withaferin A (5,6-epoxy-
4,27-dihydroxy-1-oxowitha-2,24-dienolide), Molecular
formula: CsH3s0g), Molecular weight: 470.61.

AlHoHstn | 1P 114.71.5.212 | Accessed 2016/03/25 15:18(KST)



[55], A 112]¢] C29F C39] o|F A% (59} C69 o FA =
(epoxide) 152 withaferin A ¢} vimentin®] 2FN = F8
A #go3]. =5, B aLglel e AFAIE 25 A
withaferin A9} 7] ¢ F23 98-S =0, mercap-
toethanol S withaferin A} ¥H-&-A17] Al =A B ringell =
AEANE g FFS Fo| YAEANE A7} AT
[30]. o]k TYatA 8oz FHT FAAA DITS N-ace-
tyl cysteine (NAC)S withaferin A9} 7 X 2|3lH with-
aferin A9 93 Yelud FAS52E3 A ZALE g0l
UehA] 2et17, 41, 49].

Withaferin A2| EAEE

Withaferin A9 Al o] MEAZ oA € A LA
W FAEs

Withaferin A9} &¢2H8 & 7 @o] A58 W&
withaferin Adll &JgF Al AP T3k At o|t}. Withaferin
Av QFEY S ZEA apoptotic M ZAMES FE8H=
Aoz eiA g, olel @ SHEZE M5, 49, A
WA 5], A8, AF AT, 52], FHER5, 46, 60], A7
FH32], FAaY [61], SAFA[40] L] AFA[H9] S0l
4 Aok '3, withaferin AE A ZEAFE 0] 99
7,12-dimethylbenz[a]anthracene (DMBA)dl| |3t oral carci-
nogenesisg 9] d o2 A gttt DMBAC] 93 Fe] A
A, £%Y 3715 withaferin A A2 T3 HZ3}A F
39S o withaferin A A 2] Tl A A3

< 218t tH26, 27]. L3, withaferin A= A E 2
< A e FEdeM AE F7] @yl
yclin-dependent kinase 1 (Cdk1), cell division cycle 25C
(Cde25C) 18]l Cde25B 9] TS AAlete] G2/M arrestE
FEFORA AELD ALNE UEhh)E Beiu)

Withaferin A®] A E A o] (metastasis)e} HF
(invasion) 9# =3}

SIS A5 o] Ao 2 FAE IAHA A7
Aol A & o] AHAQ] Z7] B FHZ o]Fst] TFE T
A sl=dl, o]# 3 AL o] (metastasis) 2l et F3HA}
o X5 Moﬁ"i ol &gk o] A4 FEE Pt
A et 2 A5 e A dh webA, SAEY Ho]
AAsE Aol §°ok-4 289 FQ3A BASA Hoh
Withaferin A= ©]28)3} SA| X9 Aol2 A 5= azrt 9
o}, bt A A E7F 24 Y A S withaferin A € AlE
9] o]F ol F238HA FHs= vimentin® serine 56| 214+3}
g 53 23 E st Az o] B AFE JAste
a7} 01u}[51] L3 2 A7 oA 2383 2o ot
Caski A E oA A E | 7] 4 (extracellular

¢

q

(9]

_4 P—|

Ag HGAE
matrix) #3515 %OH A E Aol FR3HA4 BHs= PMA
=¥ matrix metalloproteinase (MMP)-9<] &3 3} Az 9]
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o] 5 withaferin A 7} §9 & 02 dAat= AL 3Holstg

T} (in press).
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2, ol H g
A7 B
o] @ <4 . Human umbilical vein endothelial cell
(HUVEQ)dll withaferin A 2|5}e] @AY EHRE QI
23 HUVEC Al X9 BE& Aaigtozn Mz a4
S JASIAT. oy e Aol AFSAE FAHEY
AEZEGAA ]§_J+~ Ho]E withaferin A ¢ SR A3}
TolA BHE e ATH31].

Sensitizer2M2| withaferin A
Withaferin A9] WA (irradiation)ol] €] &F A EA}
o 3 ES’%

¥ obeote R ox

A

A

F e Age #Us
H

T UE GE F U=
b AZ[9, 4]0l A FAFI ol &3k Al EAFEFR E"’}'ﬂ' OLEV%
Atk A9, withaferin Adll &8 WA o] W17+ =7}
717 & geA A ath E A7 T e AT
o o3}, MEWAH LA withaferin AT B39 A4
Z7h9F INK9} p38 MAPKS] Q14+8} 71, 12]al 8 Al A}
Hoh A9l Bal-29] HHS AAE B3l AMEANEE STHA
21453,

Withaferin A2l TNF-related apoptosis-inducing
ligand (TRAIL) FE AEAEY Fxaw

ot
1=
ofN
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=,
> Hd
E o
N e
é
_YE
&
),

o gAY 24 9 ATAE R FRE FA
o W A] kA F ol Ayt Eo]x%oi AEZAFE S SE3l= 3
7174 Az dEA Ut} o] YA Eole TRAILY &

% A2 47 death receptor (DR)S] & o] EAw, HAHA]
Eo M= A SR decoy receptor?] THo| Eol FAME
] AMEAE S FEHA F=TH36]. 3FAT, B2 hAE oA
TRAIL o tigt Aol yeptal, TRAILS Al s
HE AFAAE 7HA = AE7E THEo AU A TRAIL G542
o gt AZAME &= vvg A9t dehdth o]y S &
ARE slAstas Axe] 548 FEstA ge Aty
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TRAILY} tH& oF=3}e] Bt 2l 2jste] TRAILS| g R4
< 7M7) A7 A3 FH I o). Withaferin A= TRAIL
Hel HAAeE Tl froH g AEAES ST
% F Sifelch & A7 AN ST A7 AR JaH
o} B o3 AZAUFELIE RolA) e AFES
TRAILY} withaferin AS 2] 2]3FH AAUA L A IAIES
FEslE A2 #1399 tH22]. Withaferin Al £]3 TRAIL
g 717 GAFAAE THE] ER stress T T AL
C/EBP homologous protein (CHOP) Tl & W&-& F7HA]7]
1, ol F3 DR5S] 5717} B gt EF NF-«kB| 24&
AAFozZAN AEAE A F# AR cellular FADD-like
IL-1B-converting enzyme inhibitory protein (cFLIP) & 7+4
% withaferin Aol ¢ TRAIL ¥17+3} Z7}to] o] goh2].

Withaferin A2] doxorubicin 5 A EZAPEe] F7
=%

Doxorubicin  Streptomyces  peucetius| A FZ3  an-
thracylinﬁ] FUAZA, 1 287132 topoisomerase 119] 7]
55 9AIste] DNA EAE 913 DNA chain] %71 $ THA]
AAE e As o2 BARE S A o]H g dox-
orubicine FDAZHE 59l #he A Z A thekst A E
APE S FE3tt) SFA T doxorubicin® & EHOZ T
AR, A2 54, g5, 28 FUHAY 2 758
z) 5}‘:} w2k, AT %9 doxorubicing ©]-&3F obA

st e =R HAHYE T Ut
7F A7 Ag = k. Withaferin AT A& %] doxor-
ubicin®} $HA W3 AMelshd AEAIE S FUMAIZH dAY
Al 3o A doxorubicing withaferin A9} 374 W A g shH
AL 7181 o] Z B3t autophagy”t 5718t AlE
AFE S =3 11]. webA, doxorubicindl] &8k oFE H-z}
|8 Z0]7] 939 AFE< doxorubicin®} withaferin A3}
o HEA s} B gL 2 4 Q)

O

Withaferin AG SS2H0| 20i5t= Al

Withaferin Al €38 A xkx %7}
B AEE GAAIE 9 FHE APESTL VHeR
Withaferin AE ¥
A E[24, 54], 2173 A E[22], E#% A E[28], FA2 Al

z

S b

E[1AA BHMALE SN AZAEE FEd)

= Ao 2 &HA Ut} AT, withaferin Aol 23F U A X

AFdo| B4 AT} 2 Q3 BAFA TN FAALE TlE o]
=7 ] tz J,].oqo}‘— g-}ﬂ/\].}\ si/d D}ﬁﬂx]o]] EH?J’ (E_?_‘_‘—_—_

A,
Withaferin Aol ¢]3 w|EZ=g|o} A EAE =
a4
MEZE ol AEARS 25

rr

chilZ 2 = Bl-2

family7} & ¢# A Ut} Bol2 familys A ¥ EFEZ U
o] HZAPEE 571171 Bl-2 familys} Al EAME S A5}

+ Bcl-2 family7} $ 2]

+ Bdl-2, Ba-xL, Ba-w, 181 Md-1 59] &3th A ZAE S
%771 Bdl-2 familyZ = Bax, Bak, L& 1 Bok/Mtd7} S}
t}. 0|58 wEZ=g o}l monomerE EA 3Tt Al EALE

1o A, AEAEE odAdE gude

= 257t A HE rEZ=E ol poreE FAYTOZH
Wi EA8t= cytochome G Apaf-1, Smac/Diablo, 12|11
£ #Zth BH3 domain%hS 2zt 91 BH3 only
protein®Z Bim, Noxa, Bad, Puma, 18]3 Bid 5°| 43t}
o] 52 MEANE Al A Bcl-29} BdxL 53 A3t
7S QAT AZAIES o)A 3o Withaferin
AT ol nEZ=gold EA18t= Bel-2 familyES 23
ato] QA E O] AZAPE S AT Y Al 2o A with-
aferin A= BH3 domain®t 8}l 3¢k @& E <) Bim<]
BAs F7HA71A[46], B A ZoJM < Baxd] HHE F
TMNZA O ZH A EAPE S = 3HCH25]. Withaferin Aol ]S
Bcl2 @A o] whe 7HAE B3k A ZAPE S A A E[35,
54]9F SAF28] = HFHET
Withaferin Aell ]38 ER stress fr=
AIE 27]1%% 3142l endoplasmic reticulum (ER) th
A9 FAL dete Av|BoE dlAdo] gAH T 2 rAO
(folding) ¥} = (assembly) Z3l(glycation) ¥ o] 33}
(disulfide bond) & T3 ¥ de 725 AT
ER %Ra Ve AE W ZeAGLEN 88t g3
T8 9AFToE fAsted FR3HA Fogith AR

3
=
o

ar

H

N Hf( ruE e e

froroh ot

l

‘_rLZ‘—’i']E W7 gl d o] st e A AY, Aol
12 ER 7|59 EA7F A7 ER stressE fE3hal

unfoled protein response (UPR) ¥ ©.Z1TH50]. ER stressol
93 UPR W32 F2 2 ¥4 Yo £4)35}= pancreatic ER
kinase (PKR)-like ER kinase (PERK), activating transcription
factor-6 (ATF-6)%} inositol-requiring enzyme 1 (IRE1)$} 22
ER stress ¢14] ©hil o) ofs] ZA =t} ER stress’} LA &

W PERK®l 2] & elF2a2] QI4FEL7E ojuf Al f ARzl
A %‘ A& JASHA =2, ATF-6= ERoA SAZ o]F

_f;/ ol }—’Fl‘i—oﬂe =3 2435 0] 802 o]Ego
ZH g d £ Oﬂ 2.3 ER chaperone¥} X box-binding
protein- (XBP 1)¢] &3S 2 3rH42]. IRE1-S RNAase 7|
o] o] XBP-lE mRNA A A Ao 24 spliced
XBP-1& 343}, o] o0& o]F 3}t chaperone?] HA}F
H}4& 2A57]. A, o] 3 ER stress’} F= 3 AL
Rt A% A9 ERY UPRO| FE3HA 28314 %3
o HEAES dot. YA Z M= o]#E ER stressol
o3t A EAVEO] FE5E 797} B} Withaferin A2] 735
T 2 ME A elF2a9] Q14t3LE F7HA 714, spliced
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XBP-1& #AJ31H, ER stressl] &3t A ZAPE o] F28HA &
oale Aoz ¢4 CCAAT-enhancer-binding proteins
homologous protein (CHOP) @4 89| F715 frEstdl
tH7]. oJu] CHOP2] W& siRNAE ©]83}4] knock down
Al7148 withaferin Aol 93 A|EALHo] JAHS gelgto g
M withaferin Aoll 23 H]EZALH o] ER stress7} 5 Q384A &
oA & Uo7 =3, HZ Bud Al sl
withaferin Aol <&} Z7}8t CHOPL & A ZAE vl A
CFLIPS] W& & Ao 2N AZAPES S7 g &
Aok, o] A7 Aol o3tH, withaferin Aol 3l F7138f
CHOPL w=9 &0 2 cFLIPY T4 2d& A8,
o] mRNA Ldoe ofFd JFS FA Fsrh
Withaferin A+ CHOPEd Z715 53  ubiquitin/
proteasome & &4} A|A cFLIPY £31& S/ 2H
NEAE S FETS & 5 AATH34].

rir _.VhL rzf

Withaferin Ael 23 STAT39} Akt314H3} A

Signal transducer and activator of transcription (STAT)3<
HAEON AU FHz EAetd AT iR
] Bcl-2, BelxL, survivin®] &S Z7IA1A HZATE S 94

3}aL cyclin D1& 53 Al 718 AT 2ZH AXe 4
S F7HAZITH4S]. Wb, o2l STAT3S 14ksl oA 7}
GAEY A FAPE S F7HA7] 2L AAA 7= B A
SAGA7} 2 4 9t Withaferin AT -3 9} A4k
A2 A Q14ke} B9 E STATIE E2U4Hs Ao ZH Al
FAE S FE3TH20, 52]. A1 Al oA withaferin AS
STAT39 AL AL A A Q] Janus-activated kinase 2
(JAK2)9] 914+3t2 oAt o 2 A STAT3S ¢14kelS A3}
3, o] 53 BelxL, Bcl-2, cyclin D13} survivin®] 28-&
A 71t} STAT3E a3t A9 withaferin A o] 93
AZAPE o] A H = A& E} 18F0 2 4 withaferin Aol <]t
HZAE S o)A STAT3AIEHE AA 9] T24E& F9H3)
AcH52].

A 2o A STAT30] &fo] AL AEe T3t AedY
A A= phosphoinositide 3-kinase (PI3K)/Akt 14t3}o|t}.
PIBK/Akt AaAE A2 AX A7 A=, APE, £3, )
Ab S TFE AR 2AAA 982 §bv, B3 g
A oA &3} Fof ). Withaferin A & AA 2 Akt
9 1:::_1-0]/\]@].2 fFEgo gz WY AEL35], wEAEF
[14], A A Z[54] ToAA AEAPE S FEFTH

Withaferin Aell 2]8 Notch A=A LA 43} =4
Notch 2134 AAE A4 247 Az T2 GA oA
Aol B3ho} AE BY 58 sty AEAEY AES
ARAE 23 N5 AL QA=A 243t} Notche F&
A7} Notch 1, 2, 3, 4% ] 7}A7} A5, Al Eto] 923}
I o7, ligand7h Al HH 448

ZA18 o
o=

§A7} metalloprotease
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2l ADAM10/17 (a disintegrin and metalloprotease 10/17)
/ TACE (TNF-a converting enzyme)$} y-secretase &34 7}
28t AetE 024 Notchd
(NCID)E A EHe 2R E 802 o

intracellular domain
$310] WA 2UGE

AARIAZ 24351 "tk HT Notch Az AL oo
A7)e 2GS §A o}—,_— pro-oncogenic 7]%5°] A7 AEY,
A, dag, et 2 a APl A 795 ATH29].

Notch 2% HEAAE JAstE Ao N2 T A5
o2 AZte oA A|RE S0l 07 w2 3ol A

T35 Aol I3 Notch A5 M AAE AHA71H 4
o} Ztato| M) M HEES FEFoZH FFGS {8
Stoba e A QIvH33). wheba, SAE XS] Notch 4154
9 AA= TEAEL T8 713, Notch 84 tdr‘j/]r 0=

J

A 28 4 Y} Withaferin A2] 73-%-9E Notch A AE
AAE 243t AEAMES =gt €84 St o9&
1, 2734 HE A withaferin A= Notch-19] #d-S 24|
oz H ofeff T A HALAA A Akt 9 mTOR®] 43}
£ 9Asta, INK 848 53 AZAIE S fF=soh19]. b4
& A2 A= withaferin A Notch-13} Notch- 3«] S
AAFozN NIAEE FEsTH61]. ], A
o & Notch-2 9} Notch-42 &A3} A|A, AE o]FL
withaferin A7} SAIAIZIT L 4 A ATH21]. o]k 2ol
withaferin A o 93} Notch A AGAA Y =HS E3F o

AEo m X G A E e} Notch £84 JJEFH o2 g}
w}

Withaferin Aell ¢]§ c-Met®] Azd< g

c-Met= hepatocyte growth factor FEAZA pro-
to-oncogene©. = 42 9t} c-Met= tyrosine kinase 7]
S AT Qo] ZYAH X9 /‘g—-—oﬂ ng Az ALA A
RAS, PI3K/Akt, 18] 1L STAT39] Q1AH8}E Z7AA, Z9%9)
4% £E, 284, Aol 7}"]7]t 9= o6, 13,
37]. A Aol ot gAlol AFAES 7HAA He Al
EANA -Metd] B8t =4 FAH = ALz LA Met
o AzAe Al Al d ;ﬂﬂ/‘é% SR G 29
AEANE S S7H7)= E3lo] 2 %
withaferin A= AX9] 2E& JAsta, NZAMES fr &
= olg g &2 o-Metd obef GAS AsHdL A7
Akt o QXSS AAFo A YEhGTH40]. 3,
ZME 1F5E9 withaferin A + -Met2] &7} <l
A RTH14]

Withaferin A°ll ¢} 3 prostate apoptosis protein-4
(Par-4)9] w&3d 37}

Prostate apoptosis protein-4 (Par-4)= AHA ol A Al E
W Z2ES7tE T AZATE] dojehs 9jdE A5 2l
ol AlzAbd fe dids delA do43]. o] % Aol
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Withaferin A

| l l

l l l

* Pro-apoptotic I Modulation
o Bel-2 family of cellular signaling Par-4 expression I proteusomel
IS I PR I . Antj-apoptoticl (STATS3, Akt, and secretion activity

Bel-2 family Notch and c-Met)

L /

Growth l I Meta“_”isv Sensitization

2 invasion

and proliferation Celltcath and angiuge’nesis against anticancer drugs

[ Anti-cancer effects ]

Fig. 2. Anti-cancer effects and molecular mechanisms of withaferin A. Withaferin A has anti-cancer effects through modulation

of several cellular responses.

9|3}, Par49] %&3574= TNF, TRAIL, doxorubicin, etopo-
side, UV irradiations# 28 M ZALE & & 2 Z79
A GAEALHO BF o7 & A UtH1, 10]. Withaferin

A€ AYH Yol Parde] BBE Z74A712, 0|2 Fdfo]
NF-kB9] &4 oA 3 Bcl-29] ¢8-S “"\]?4 A EAPE S

FrEgtrh[45]. Eot AT ARG AE} APHGH A=
withaferin A7} A 9] I & 2 Ao 9 l stal A o
A&dE Yehg=d o]8e &3+ withaferin Aol <3
Par-49] A X ¥} 29 {FZ0o] MMP-29] €4S JAFo =
A VFEFSETH38].

Withaferin Al €] 3 proteasome &4 )

Withaferin A® A H 4 xenograft Z& el A 20S protea-
someZ} 265 proteasome?] chymotrypsin-like activityE A
&, ubiquitination® @A) A F7HA7]L, HEI
proteasome E}7l DA Z AZAE S FI7M7]E AoR
#1 7] Bax, p27, IkB-alpha®] &S F7IAH O ZH FTYAE
o AHE 2 wivell MY SAE AFAAEHE YeEdY
[55]. ©l2] g}, withaferin A2] proteasome &4 A &3+ &
Aol FH 9% dME YT AAXE YERAH, Bax 9
il o] A EAPE ] Hojste Ao ® UEhdTH56]. ut
2}A] withaferin AT proteasome &4 JAH & F3sho] M EA}
u:l 0 17}/\] 71 0 i}yq tﬂ-olz}ﬁ. o L].E].Lﬂxjr
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2 =
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