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Abstract Toll-like receptors induce innate immune responses recognizing conserved microbial structural molecules that
are known as pathogen-associated molecular patterns (PAMPs). Ligand-induced homotypic oligomerization was found to
proceed in LPS-induced activation of TLR4 signaling pathways. TLR2 is known to heterodimerize with TLR1 or TLR6
and recognize diacyl- or triacyl-lipopeptide, respectively. These results suggest that ligand-induced receptor dimerization of
TLR4 and TLR2 is required for the activation of downstream signaling pathways. Therefore, receptor dimerization may
be one of the first lines of regulation in the activation of TLR-mediated signaling pathways and induction of subsequent
innate and adaptive immune responses. Here, we report biochemical evidence that curcumin from the plant Curcuma longa
inhibits activation of NF-kB, expression of COX-2, and dimerization of TLRs induced by TLR2, TLR3 and TLR4
agonists. These results imply that curcumin can modulate the activation of TLRs and subsequent immune/inflammatory

responses induced by microbial pathogens.
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Toll-like receptors(TLRs)y= Hle|2loh} wlo]#2~ &
&30 F&0 B0 o, WeFE] 7L Q=
Z5 9l2sle] XA H(innate immunity) WM&},
4] W (acquired immunity) WH-S Fiedhk= FAgH &t
CH(1-4). TLRsi= macrophaget} dendritic cells®} 722 TS A 3o
A F2 WAEE Type | transmembrane ©HY 2|t} Tollo] W
E]7] o|ld7HAlE MYstH F2 FHY WAS olopr] siiAR
Tolle] HAE o]F2 ARMA W] B2 A4S 7HA HACh
Toll& 199130l X222 Z3}2|(Drosophila melanogaster) 1o
A A= eH, 19970l e Tolld) fARE AR Tollo] w
AZACHS). 2222 o]y ERFEC] 7RI e Tollg %
] Tolla} F¥3}7] 213ke] Toll-like receptor(TLR)ZE} ™ 3}7)
Fook #A7ER] 8 A7) TLRs7t a5 AIE SholA 24
HRoH, Ztzte] TLRse PIAEEC] 7KL s, 2449 55
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g F2E sk Ae® d#A UTk(l). TLR2E TLR6 £
TLR13} o] 3 (dimerization)s #4338l diacyl =% triacyl lipo-

protein2 912 §+CH6). TLR4+= LPS, TLR3+= dsRNA, TLRS+=
flagellin, TLR7%} TLR9-S ssSRNAS} unmethylated CpG DNAE
Ztz}t 148l Aos dwjA Utk

TLRst= YN 02 MyDS88(myeloid differential factor 88) H+=
TRIF(Toll/IL-1R  domain-containing adaptor inducing IFN-B) 41%
A AAE 7RI ATk MyD88S EE EREENAM WA
£ TLRs®| TIR(Tol/IL-1R) E=u9le]l £& ofE] Eajo|tk(l).
MyD88-> IRAK-4(IL-1 receptor-associate kinase 4)& -fr1=38}al,
IRAK-4= IRAK-1Z 14F8}A7]9, IRAK-19] &3 E =3t
IRAK-12 TRAF6(TNF receptor-associated factor 6)& =8},
TRAF6% IKK(IkB kinase) 14H8} &8 E4sialzict. &3}
H KK ¢4kl &A= AAF 24 NF-kB(nuclear factor xB)S &
A3k o]E3 MyDss 2l A A|Al2] BA3= NF-xB
o] B4slE fr=ste] A= cytokine, cyclooxygenase-2(COX-2),
inducible nitric oxide synthase(iNOS)¢} 7-& ¥5-S Fdsh=
AAES feste] dolvt WS fugici().

TLR3 283 TLR4= SIEj#Eo|u IE#H 2o 2JsiA F=
HE FHAES o1 TRIFE 535l MyD8goll Eg3<l 4l
3 A AAE 4ZIckT). =3 TRIFE 53 A% Ag
AAE =& NF«B 84355 F=3th8). TRIF= TBKI(TANK-
binding kinase 1)

g oy
e

RIPI(receptor interacting protein 1)3}a”
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Fig. 1. The Structure of curcumin.

At TRIFY C-Ue F&2 RIPIF WH-g-&lo] NFxB 84
35 fushs 2oz deiA QUrk®). 2#iA] TRIFE IRF3(IFN-
regulatory factor 3) S4J8}E ]84 TBKI1S AME-8}al, NF-kB
g43t5 984 RIPIS ’\]&5’]“ AR dA UTK79).
_Or.a'|7}_ %]/g-z-l Oi oqa qﬂ zoﬂ‘— al—oL a‘LOﬂ?— E_J,}.
£ /R Je phytochemlcalsab. =25 013] 7]“’“ 27
So] x3tEe] Utk ol phytochemlcals—: o3 7He o
2] pro-inflammatory A}l 2|84 Fi¥ NF-«xB %}*éfﬂ% A
A7l Aos LA Ark(10-14). ©]2]g phytochemicals 52
shubz 7hele] FAEC curcumin(Fig. 1)°] ATE Curcumin
Curcuma longa 21 &7 QoA LAEE =3hde Wi e &
2l#E=o]t}h. Curcumind IKKBel A& &3led, LPS(lipopolysac-
charide), PMA(phorbol 12-myristate 13-acetate), TNF-o(tumor
necrosis factor-a), hydrogen peroxidell ¢]&llA] f1=¥l NF-kBE
AR 7= Aew LA ATh15-17). Curcumind LPSel 2]s
A fEE COX-29t iINOSO| W& AAATE AR LA
2ATH(11,18). A3 Aol 2|3k curcumin LPSel| <Js|A F%
¥ TLR49| 5% ©]|34|(homodimerization) -2 2]l NF-
kB 43S Asiths A dohlAth(11). TLR4S] &F ©l
A2 Ao Lpsel 9siA ¥l TLR4 23 Ad AAe] &
3le 9slx "o Aoz A 2rk19,20). TLR2 53
diacyl- %= triacyl-lipopeptide® ¢12]8}7] $18ke] z}2} TLRI
= TLR69} ©]F ©]§H (heterodimerization)s EAsk= 2oz &
22 ATk6,21,22). zaﬁxﬂ TLRs®| o|3#] P4& olnl= TLRs
JalM FrEle Als Ag AAe] Este Flolo] WA
AAA Aenke A4 WS fEsl7] flElA A
dojrh= ‘i‘l% T SR gEA Urkh
2= ol AFE Fsle] curcumin®] @ TLR agonistsell
o8| =¥ TLRse| ol§HA|e] 43 NF«xB EAs1E A4
71EXNE Yol &t olz{gh L& TLRsol s =
A5le gGFukgo ke FHolo A WA AWE |
227t &3] He AFS EFEHO U= phytochemncals"ﬂ 9]
M 2HHAA F ks F83 7S AXE & 4 A
T g+ Jh

}mr[ré

Mz o U

Y=
28] A3 curcumine Biomol(Plymouth Meeting, PA)Z4-

=2 33} 818 2] Al 39 W A 2 5 (2007)

Bl 98l MALP-2(Macrophage-activating lipopeptide of 2
kDa), LPS ~L2]3L poly[l:C]i= Alexis Biochemical, List Biologi-
cal Lab Z2]3. Amersham Biosciences SIAF=E] 242} #4313l
tl, @A GFP(green fluorescent protein)i= Molecular Probes
(Eugene, OR) B|AFRHE #9)381915L, COX-2, IRAK-1 Z2&]aL
actin &7 Santa Cruz Biotechnology(Santa Cruz, CA) 3|AF=4-
Bl 7Askdch 2 we] o AleFE2 Sigma-Aldrich 3AR2Y-
B #skaint

MIE HH2F

RAW264.7 cell(a murine monocytic cell line, ATCC TIB-71)
2} 293T cellthuman embryonic kidney) 10%(v/v) FBS, 100
units/ml Penicillin, 100 ug/ml streptomycing *£3}615. = Dul-
becco’s modified Eagle’s medium(DMEM)el|A] vl <stict, sEgh
o] AL $8iA, TLR4(Flag-, GFP-tagged), CD14, MD2(Flag-
tagged) T AE0] P A LHEHESF HE]X] BaF3 A E7}
AREEIATH19). M EES 5% CO/airs EFSII e 37°C bl
F7] QoA wjksialrt.

Plasmid

NF-kB %3 plasmid= F. Mercurio(Signal Pharmaceuticals,
San Diego, CA)Z A28k 01 heat shock protein 70-B-galac-
tosidase plasmidi= R. Modlin(University of California, Los Angeles,
CA)OZHE] |3 H9)Tl. MyD8S plasmidi= J. Tschopp(University
of Lausanne, Lausanne, Switzerland)©-Z4-E], IFN PRD III-I
3% plasmid®} TRIF plasmidi= K. Fitzgerald(University of Massa-
chusetts Medical School, Worcester, MA)ZY-E] 12|31 IKKP
plasmidi= M Karin(University of California, San Diego, CA)S-=
HE] AlgE Stk Transfections 9]¢k 5E DNAE EndoFree
Plasmid Maxi kit(Qiagen)S AR8-8lo] #H] ¥ ST,

EM AN transfection)?} LES A
reporter gene assay)

NFkB 384 FAzF 42 AdaiArola ARS-sE wyiol
o|ste] BAE}Q1H23,24). W a4 plasmidel HSP70-B-galactosi-
dase plasmidi= Superfect transfection A]2F(Qiagen, Valencia, CA)
S Algale] AE QO R transfectionA| AT A& HE AA]

QAael ofe] & plasmidit 72> 9Fe] empty vectorE trans-
fectionA| ZA Tt g a0 EA 3= Luciferase Assay System
(Promega, Madison, WI)& AR&-8lo] 4319190, Luminometer
= Centro LB 960(Berthold Technology, Bad Wildbad, Ger-
many)S AREEIRICE W aAe] @431 B-galactosidase?] 4
stE F4sle] EFESIA AT

FHX 24 (luciferase

f4dek(immunoblotting)2t F4ZIZHimmunoprecipitation) S+

AMaedte] wlol o|sle] whzE FEEFESO0 A2 ARR-E
o] AN ZTH23.24). &3l W HIAEL SDS-PAGES
A 22 %e] polyvinylidene difluoride membrane 2 %1719 5l
olgfiA o]M= At Membrane 0.1% Tween 20 2|3 5% &
A AzE $f5 E38I3 = phosphate-buffered salines 7F
Z31 blockingd}Ith. MembraneS- 12} &2 7FA] 3L blottings)
3%, horseradish peroxidase®} -3+ 221 Ao w=FAIR] ‘31’9‘
ECL Western blot detection A|2F2- AlE-5}o] Ql&h= thil a2
&t
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Fig. 2. Curcumin inhibits the activation of NF-kB and the expression of COX-2 induced by MALP-2, LPS, or poly[l:C]. (A) RAW264.7
cells were transfected with NF-kB luciferase reporter plasmid and pre-treated with curcumin for 1 hr, and then treated with MALP-2, LPS, or
poly[I:C] for an additional 6 hr. Cell lysates were prepared and luciferase and -galactosidase enzyme activities were measured as described in
“Materials and Methods”. Relative luciferase activity (RLA) was normalized with B-galactosidase activity. Values are mean = SEM (n=3). **:
Significantly different from MALP-2 alone, p <0.01. +: Significantly different from LPS alone, p <0.05. ##: Significantly different from
poly[I:C] alone, p <0.01. (B) RAW264.7 cells were pretreated with curcumin for | hr and then further stimulated with MALP-2, LPS, or
poly[I:C] for 6 hr. Cell lysates were analyzed for COX-2 and GAPDH protein by immunoblots. Veh: vehicle, Cur: curcumin.

Ao nE

Curcumin®| TLR agonists®ll 2[aif F=F NF-«B, IRF39|
gstel CoxX-29| &al N Zat

Curcumin LPS, TNFo, PMA, 22|32 H,0, & < Z}—Llﬂoﬂ
oJeiM =¥ NFxB B431E A= Zo& defA ot
(15-17). 2 AG)A curcumin® RAW264.7 A3 QoA MALP-
2(TLR2¢} 6 agonist), LPS(TLR4 agonist) ~22]3. poly[l:C](TLR3
agonist)oll 2JsliA] =¥l NF-xB E43l9} COX-2 &3-S oA|st
A TH(Fig. 2A-F). 53+ curcumin LPS(TLR4 agonist)2} poly[1:C]
(TLR3 agonist)ell <]al4] .,.,_,_Ll IRF3 &35 A8 ch(Fig.
3A,B). TLRs&= MyD88 21%. HEAAE F3lo] NF«xB &3}
& f=s8la, TRIF A% HEAAE 538l NF«xBS} IRF3 &4
3= et 2geE o3l RE A= curcumin®] o2
TLR agonists®ll 2J3liA] F=% & AGAAS A s = A
o)) g},

Curcumin@| MyD88Z} TRIFO| 2l6HM RZ=E NF-«B &5}
M2 % TRIFO| 2shM F=E IRF3 &4s} v|X| 22t
Curcumin> MyD88 ©|i} IKKB2] overexpression®ll 2]sll4] -
%% NFkB #/43HE A8 chFig. 4A.B). 213t A=
curcumin®| TLRs®| MyD88E 53t A SAHGAAE JA|gth=
g on)gity, o]de A= 9FH curcumin® NF-xB 24
312 $18F canonical 21 & HEA|Al okl A] key kinase$l IKKB2]
A E Fole] o3 pro-inflammatory A=l 284 F-EE NF-
kBE AAAI7IE 2oz dEA UT15-17).
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Fig. 3. Curcumin inhibits LPS- or poly[l:C]-induced IRF3
activation. RAW264.7 cells were transfected with IFNP promoter
with specific IRF3 binding site (IFN PRDIII-I) luciferase reporter
plasmid and pre-treated with curcumin for | hr and then treated with
LPS or poly[l:C] for an additional 6 hrs. Relative luciferase activity
(RLA) was determined by normalization with [-galactosidase
activity. Values are mean + SEM (n = 3). **: Significantly different
from LPS alone, p <0.01. +: Significantly different from poly[l:C]
alone, p < 0.05. Veh: vehicle, Cur: curcumin.

Curcumin® 3+ TRIFe] ¢Js]A] f%¥ NF-xB 5“‘9%5
A&t A HFig, 4C), TRIFO ]34 fiz¥ IRF3 E43k=
A1 717 E3FAtHFig. 4D). IKKB7F curcumin®] #AFeH#<1 b}’,l
o]7] wj&-o TRIFe) 284 F=% NF-kB7} curcuminel] 2]ajjA]
oA = Ak, 22k, TRIFS elsfA =% IRF3 84317} cur-

.—’5_2
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Fig. 4. Curcumin inhibits the activation of NF-kB induced by the overexpression of MyD88, IKK[, or TRIF, but it does not inhibit the
activation of IRF3 induced by the overexpression of TRIF. (A) 293T cells were co-transfected with NF-kB-luciferase reporter plasmid and an
expression plasmid for MyD88, IKK, or TRIF. pcDNA was used as a vector control for MyD88 and IKK[3 and pCMV for TRIF. After 24 hr,
cells were treated with curcumin for 6 hr. Relative luciferase activity (RLA) was determined by normalization with -galactosidase activity.
Values are mean = SEM (n = 3). **: Significantly different from MyD88 plus vehicle, p<0.01. ++: Significantly different from KK plus
vehicle, p < 0.01. #: Significantly different from TRIF plus vehicle, p < 0.05. (B) 293T cells were co-transfected with IRF3 binding site (IFNB
PRDIII-I)-luciferase reporter plasmid and an expression plasmid for TRIF. After 24 hr, cells were treated with curcumin for 6 hr. Relative
luciferase activity (RLA) was determined by normalization with f-galactosidase activity. Values are mean=+ SEM (n=3). The panels are
representative data from more than three independent experiments. Veh: vehicle, Cur: curcumin.

cumin®] oJsf|A] A EA] HEelth= AL, B
E}Zlo] TRIF glo EAgTIE A 9u]git). olnps X T2 E}

Z1& TLR complex”t 2 Zo]ti(11).

e B

&

Curcimin®| liganddil 2laiM F=E TLRsS| O&H| SN
N 1t

T A2 2, TLRso| oM f=se 4% A AAe] &
dstel, Flojo] BAlEHE A WNkS SHA WS
=37l fEiM FHEE dojues v 5 SR 484 e
]5‘14] 9] AL curcumine] A7 =R S LolEtt) A

FollM wE=E vk} Zdo] curcumin LPSOl| ¢l =¥ TLR4
o] o|gHAe] AL AAAHTHFig. 5A). ©] AFS $JsiA TLR4

(Flag-, GFP-tagged), CD14, MD2(Flag-tagged) Y& S0] 914 5]
U oA =F WE50]7 BaF3 AlE7F ARE-EIc}. Curcumin
gk 22 M|ZellA LPSell ©JsiA] f=¥ IRAK-1 degradation
45194 th(Fig. 5B).

TLRse= 538 ligandel] 58290 forced dimerizationol] <]5jA]
AzAGA A 8431 frEshe 2oz delA Uth5,25,26).
e 2 594 co-immunoprecipitation®t  immunoblotting®]]
oJaflA] TLR2%}F TLR6S] ©]% o2l &Ado] curcuminel] 23
A QAR RS dolr ) o] A 984 HA-tagged TLR2
9} Flag-tagged TLR67} 293T A|3E QSR transfection] 2.,
immunoprecipitation®} immunoblotting®Z TLR2¢} TLR62] ©]%}F

o rlo 2

F4E dotEgtth. 2 23 TLR2E TLR6S} ©lF o A

o =
FAsll o, oF olgtAle] 4L curcuminoll 2]iA] A

R tHFig. 5C). Lejvk, RAWAXE QoA curcumine
MALP-20] 2]8j4] F1=% IRAK-1 degradationg A A1ZCH(Fig.
5D). IRAK-1-= MyD88 Al&de A|AloA] IKKB floll FI313
oF. 2822 curcumin®] LPS 1} MALP-29] 9lsiA Fx=
IRAK-1 degradationg SAAIZTH= 212 curcumin®] #2}8H4 91
E}Zlo] IKKpel ¥7H o2 IRAK-19]9] Fo ke AL 9
ot & & Azl
B2 Aesde Bedsol 9dsiM /=¥ NFkB| E43)

A= a3= 7K e phytochemicals7} E3HE o] Q)
Th(1,2,21,22,24). ©|2{gF phytochemicals Zll*:= Michael addition
of oAl sulthydryl 250l ¥H&E & de 72 7RI Ue
ZFe]#| ol sesquiterpene lactone 5°] Bol ATH25-28). o, p-
Unsaturated carbonyl group2 7FA3 Q1= curcumind IKKe] 1
= cysteine®] sulthydryl(-SH) 259 &0 IKK Q1Akslg 4]
qa3E JAA 7= FeE A Ath29,30). Sesquiterpene lac-
tone &2 8l helenalin® p65/NF-kB Stoll = F 719 cys-
teine(Cys38, Cys120)°] £0]4] NF«xB2| DNA ZE2 A A7
= Zog dex] Ark2s5,.28). EF A Aol ¢JshH Michael
addition ¥F-S 538 & U +EF= 7K Y= curcumind
helenalin® LPSl| ¢]aA] FX=% TLR42] 5% olgtAlle] A4S
ARAIA 2 AR AsAGA AL &35

JANE R

=
=

mlo m
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Fig. 5. Curcumin inhibits ligand-dependent TLR4 dimerization, but it does not inhibit ligand-independent dimerization of TLR2 and
TLR6. (A) Ba/F3 cells expressing TLR4-Flag (TLR4F), TLR4-GFP (TLR4G), MD2-Flag (MD2F), CD14, and NF-kB luciferase were pre-treated
with curcumin for 1 hr and then treated with LPS for 20 min. Cells were then subjected to immunoprecipitation with anti-mouse GFP antibody and
immunoblotted with anti-Flag (upper) or anti-rabbit GFP (lower) antibody. (B) The same Ba/IF3 cells in Fig. SA were pre-treated with curcumin for
I hr and then treated with LPS for 30 min. Cell lysate was subjected to SDS-PAGE and probed with anti-IRAK-1 (upper) or B-actin (lower)
antibody. (C) 293T cells were co-transfected with pDisplay-HA-TLR2 and pDisplay-FLAG-TLR6. After 24 hr, cells were treated with curcumin for
3 hr. Cell lysates were immunoprecipitated with HA-antibody. Co-immunoprecipitated proteins were immunoblotted with FLAG antibody and
reprobed with HA antibody. (D) RAW264.7 cells were pre-treated with curcumin for 1 hr and then treated with MALP-2 for 30 min. Cell lysate was
subjected to SDS-PAGE and probed with anti-IRAK-1 (upper) or 3-actin (lower) antibody. Veh: vehicle, Cur: curcumin.

Lo ATk(11).

TLRs= Al|2zEte] upgdZo) of2] 719] leucineo] WHEAo 2 1}
ERJIL cysteineo] FHSH o] Jom S AEU ¢HRo)=
TIR(TolV/IL-1R homologous) A9 7} Q= AHlEHS Fa)s)
£ Type 1 @ do|t}, 282 & TLRs:E AlEute] ota) wro g
ofz] 7]9] cysteineS 7FAAL AT} o]2idt cysteineSS olvups F
Ne] TLRs7t Z2¥sl7] 918k o]3ta}=(disulfide) 2F-S HA T
Aoz LA Ark27). o123 TLRs] ©]&l (homodimerization)
o] A& TLR agonistsell 2JalA F5=% TLRs 2% g 2|4
o] 435 QlalM Fad Fez d#A .

TLR2E diacyl- %= macyl-hpopepndes; Q143}7] flsle] 7zt
TLR1 ¥ TLR69F ©]F ©] @A (heterodimerization)s &4 61+
Aoz d#A Urk6,21,22). EFF TLR2E ligandd] 3%l
forced dimerization®]] 2J8|4% TLRI13} TLR6S} o &S & Als}
o AZAGAAE S Aoz FEA Arh23). #7t
2OZ TLR4AE ligando]l SHAH R £E o) S dAs)e] Nr-
kB 8432 frsle Aoz 294 9rk2s). Z#=2 TLRs

ojgA e FAHL NEA }74]4 2t B2l frlAke] 2
< SlsliAM Fast ]% ] -85 sholct. 2 A Az} LPS
of oJalA =% TLR42] o|FHAe] #4-S curcumindl] ]3] A
A = A chFig. 5A). L& 293T cellol| A ligandoll %5 % ¢l
TLRE] overexpressionol|] 2|3+ TLR29} TLR62] o]ghA|e] Al
curcumin®l] 93| A=A E EalT) B]E curcumin®] ligand
o 5¥2A9l forced dimerization®ll 2]%F TLR29} TLR6S] ©] A
o] AL A= E39A %, $-2lE curcumin®] agonistol]
osiA =¥ TLR29F TLR69| °l§HA|e] AL A& Aol
= 7Fs4dE MAE = 12 Zoltk. sk curcumind
MALP-29l 2]a|A] f%=¥ IRAK-1 degradation2 ©}#31917] wj

o, curcumin®] #-A18 Q1 E}zlo] IKKB ©]2jell IRAK-1 ol

T EA3t= Ae & S 7] el oz RAW2647
cellsghof| A MALP-zoﬂ o8] 5% TLR2¢} TLR62| o|§HA &
23S co-immunoprecipitation®. 2 B2} 3l o), A E Skof ~]
244 2 o 7 uHE 5= TLRs?] §hilAokoe] 2E512 & ¢7] u) &
of olgHAle] #AS & 4= ¢lAr}. Z12fA TLR4 stable cells?} 7+
o] eko 2 TLR29} TLR6 stable cellsE o]8-3t Al&jo] g3t A
oz A7

7}‘11—_1’. AR T =) 1 %Ao L AR
TR WSS fEde FR3 98-S 3t $gl= oy
S 3o curcumine] A& Aol A kel TLR4 Byl o}

Y&} TLR29} TLR6 Z8]3 TLR3E 538 Hz}8}z¢] glrle=w
g Atk e dolddth Cureumin®]l MALP-2(TLR2,6
agonist)oll 9]&llA] =¥l IRAK-1 degradation <A Zit}. o]
3 A= curcumin®] E-218H291 ElZlo] IRAK-19]0l o] 3o
™, TLR2%} TLR67t 8 Zoleh= 7Fs4d-& AAls) Fohx & &
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