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Platycodigenin Inhibits LPS-induced Inflammatory Responses
by Modulating the IKKB/NF-kB Signaling Pathway
in RAW 264.7 Macrophages

Seung Yeon Lee, Seokwoo Lee, and Hye Gwang Jeong™
College of Pharmacy, Chungnam National University, Daejeon, Daehak-ro 99, 34134, Korea

Abstract — Inflammation serves as the body’s defense mechanism against external factors, physical and chemical stimuli; how-
ever, excessive inflammation causes various pathological conditions. The excessive inflammatory response in macrophages
induced by LPS is driven by activation of the IKK complex, notably the IKKf subunit, which is an upstream regulator of the
NF-«B signaling pathway. Platycodigenin (PCG) is a triterpenoid saponin extracted from platycodon grandifloras and is known
to possess anti-inflammatory activity. However, the direct interaction and inhibitory mechanisms of PCG on IKKf have not yet
been clearly elucidated. This study aimed to investigate the molecular mechanism by which PCG inhibits LPS-induced inflam-
matory responses in RAW 264.7 macrophages. PCG reduced LPS-induced NO production and significantly inhibited the secre-
tion and mRNA expression of inflammatory cytokines in RAW 264.7 macrophages. PCG also downregulated LPS-induced
phosphorylation of IKKp, IkxB, and NF-kB, and blocked nuclear translocation of NF-kB. In addition, molecular docking anal-
ysis revealed that PCG binds to the ATP-binding site inlet, suggesting the potential to regulate IKKp activity. These results sug-
gest that PCG has potential as a therapeutic agent for inflammatory diseases by modulating IKKB/NF-«xB signaling pathway

and blocking inflammatory signaling pathways.
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factor kappa B)E E4J3}A1ZIt} >0 E4J381E NF-«B:= kB
(inhibitory kappa B)2} -3l = HA] M22dA &) Y2 o]F
3 = o] A% AR IKK (IkB kinase) H3HA ol 8
St KK E3HAl= 7 719] Ful A B9 (KK}t IKKB)
3 & 7o) 28 HEFI(NEMO/IKKY)E FAEY, 2 5
IKKB= NF-«B E/ste} U5t o] ol 202 e
ATEE) IKKB= N-Te =HQl ] kB 54 Aldd 271
(Ser32, Ser36)°lA IkBS] Q14FsFE SX1A17] 5L polyubiquitination
HE Foll =T, NF-«B o7 sd=o] 3 W=
olFsHl Hal, A= iINOS, COX-2 2 o8] IFA A&
711 HALE EZgk} 0D E35] ) IKKBe] &4 F-$1(ATP-
binding pocket)E ZHZH o2 Attehs A2 As HR29
FH 9ol A WS AT 5 S onsi.
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Sk AESH g5o] Aol €EA e, 8 & AR
% &2l Platycodin D (PCDYE 343,12 W9]7]% Aol 19
59 g9E vepdits ARe] iS5 =3It PCD| H]s|
Zo] AA" Fx2 5/3& 7F= Platycodigenin (PCGy>
Azt E3pado] = vhild A x7lo)] o s 4
33t 7hRsAdo] EAlFT) PCGE A7 BE ' 3¢t D
FAS0 5 st S Yelle AoE BaEglon,
NF-xB9} ##o] & KK B4 mxe 9 2 7149
talix= Bare vf Qlok. webA, & AellA = RAW 264.7
A Z A LPS = 85 2dS o83t PCGS] &4
5 858 HURlaL o8 2-shs 94 7R IKKBY
AH A A3 axE Fgstaal sk

AISXHZ — RPMI 1640, FBS (Fetal bovine serum), trypsin
9 penicillin-streptomycin Welgene Bioscience (Gyeongsan,
Korea lollX] 4314 tE. 3-(4,5-Dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) % lipopolysaccharide
(LPS, from Escherichia coli O111:B4):= Sigma-Aldrich (St.
Louis, MO, USAY A +913151.2™ | Cytotoxicity Detection
Kit (LDH)= Roche Applied Science (Indianapolis, IN, USAYA}
of| Al FJsled A3t Platycodigenin (PCG)= A13) <A
T 190] whE} TR 25 ] gAE IEE(98%) B
Zg wol A5 21, DMSO (dimethyl sulfoxide)ol &
a3t 5 20TColl A BA3IIT}. p-IKKB, p-IkB, kB, p-NF-«B,
NF-kB % Lamin B1°]| thgt 12} 4] 9 22} 34| (HRP-linked
anti-rabbit IgG)= Cell Signaling Technologies (Beverly, MA,
USA)PIA 793890™ B-actinol] T3 12} 34+ Santa
Cruz Biotechnology (Dallas, TX, USA)IA 4313t}

MIZHjQF — tH2]H 3 RAW 264.7 Al £E American Type
Culture Collection (ATCC; Manassas, VA, USA)IIA ¢
319 Th. RAW 264.7 AIZE= 10% FBS9F 1% penicillin-
streptomycing- 3718 RPMI 1640 BjA| S AFE-3le] 37T,
5% CO, Z2719] v g7]ollA v sttt

MZ SM &8 —RAW 264.7 A|Zo)A PCGE] A E =4
FIS Rl Ysle] MTT =% 7]1E9} LDH =4 71ES
ol-&sto] Al e] &2 ZGSHITE. 48-well platec]] ¥ ¥
3k RAW 264.7 A1 27} 80% 557} H0S 1, PCGS 5%
H(1-50 uM)ZE 4T3t A 2lstar 37C, 5% CO, 2719 1l
G704 vl et 24 A7 F, 0.2 mg/ml §=Z FH]§
MTT &8 7} welloll 500 ui¥ EF313 WA 71tk 23
2, MTT €95 A 73} 120 ple] DMSOE #7138t H,
B3AI7] formazan A78S mlo]AZEHO|E 47| (BioTek
Synergy HT microplate reader, BioTek Instruments, winooski,
wWE o]g-3ted 550 nmoll A F3EE SISt e, ke

95

3lal LDH 54 7]1E &3 &9 50 pl #53o] v-g-AZ1
=, rle|A2ZH 0| E BA7]2 490 nmellM $EEE 3
Sk

HHX| LH NO &8 — i Fet All22] =] Wl NO A &=
Z2317] $13) Griess A12K(Cell Signaling Technologies, Beverly,
MA, USA) A4S o] 83159t} vl s RAW 264.7 A 3o
PCGE == 3 AIZF AAelstal LPSE Alste] A=
AZATE mlolAZEH olE #4715 o8-8t 550 nmellA]
S5k

AO|EFIQl &X —PCGE] LPSe| 93l f=d HASA
Ao E7IR1E] 1] oA 3= Ejlsty] flal, w5
el TNF-0, IL-1p 2 [L-6 552 EA 310t} 2 Aol E7el
e AxA] AXlel w4448 ELISA kit (R&D
Systems, Minneapolis, MN, USA)S A}F&-5to] H71513 )
54 IA = SRS LPS 5 PCG A2 A&7 35 HES
At om, 7t AEe] e BF F4S AMEsle] A4
At

Real-time PCR 24 —RAW 264.7 A& 6-well plate
olA] BjFslaL PCGE 3 A17F B9F 1A 2]k &, RNAIso Plus
(Takara Bio Inc., Shiga, Japan)S ©]-&3}¢] & RNAS 3
SlaL FZ35130 . BioFact RT A|2]& 7|E(BioFact, Daejeon,
Republic of Korea)S A&l cDNAE 4319921, PCR
ZZ 2 Bio-Rad CFX Connect 2A]7F PCR AXEYo]
(version 1.4.1; Bio-Rad Laboratories, Hercules, CA, USA)YE
ALg-5te] BUERE I} Housekeeping gene® 2= GAPDH
S 2183191, GAPDHS} Bl a}o] ZF §-29212] mRNA 7542
rtskalaieh AR8-E 2t Z2to|m ] sequences Thxrt 2T
GAPDH forward primer: 5’-GAAGGTGAAGGTCGGAGTCAA-
3, GAPDH reverse primer: 5-CTTCCCGTTCTCAGCCATGTA-
3’, TNF-o forward primer: 5-GGTGCCTATGTCTCAGCCTCTT-
3’, TNF-a reverse primer: 5’-GCCATAGAACTGATGAG-
AGGGAG-3’, IL-1B forward primer: 5’-TGGACCTTCCA-
GGATGAGGACA-3’, IL-1f reverse primer: 5’-GTTCATC-
TCGGAGCCTGTAGTG-3’, IL-6 forward primer: 5’-
TACCACTTCACAAGTCGGAGGC-3’, IL-6 reverse primer:
5’-CTGCAAGTGCATCATCGTTGTTC-3’, iNOS forward
primer: 5’-GAGACAGGGAAGTCTGAAGCAC-3’, iNOS
reverse primer: 5’-CCAGCAGTAGTTGCTCCTCTTC-3’,
COX-2 forward primer: 5’-GCGACATACTCAAGCAGGAGCA-
3’, COX-2 reverse primer: 5~ AGTGGTAACCGCTCAGG-
TGTTG-3".

Western blot £4] — RAW 264.7 AI2£E 60 mm dishol| 4]
HlFstal PCGE 1A7F Alg] skl LPSE 30% A2 d 5
phosphate-buffered saline (PBS)E ©]-8-3t] =3It} &=
3k Al¥= CETi lysis buffer (120 mM NaCl, 40mM Tris
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pH 8, 0.1% NP40)E AF&-3ste] Aaollx] 302 5<t &-3liskar
13,000 rpmellA] 158 &< YEe]sto] g5d2 A6k
. @& F%= = protein assay kit (Pro-Measure, iNtRON
Biotechnology, Seongnam, Gyeonggi, Korea)s A3}
595 nmellA ATt AeFet d S 57 FoliL 10%
sodium dodecyl sulfate polyacrylamide gel electrophoresis
(SDS-PAGE)ell 719453k 3, nitrocellulose membrane
(Hybond ECL Nitrocellulose; GE Healthcare, Chandler, AZ,
USA)E o FAIZTE A2ollA oF 1A7F &<t 5% skim milk®
membrane2 blockingdlxl 12} &S 4CollA overnight=
HESAIZL -, 23F FAE Ad2ollx] 3AIZF Bt WESAIZATE
ECL &Y (BioFact, Daejeon, Republic of Korea)Z HF-A]7]
37 LAS-4000 mini (Fujifilm Life Science, Cambridge, MA)S
o] g-ste] WS 4513t

3 28 2o - I FEE2 AxAte] AR (Active Motif,
Carlsbad, CA, USA)l w2} 71EE ARg-3ste] 33313t
RAW 264.7 A5 60 mm dishollA] ¥]¥3laL PCGE %
2 A2 5 LPSE A2sllor, PBSE o83t
Ak A Eel 2= W20 mM HEPES, pH 7.9, 1.5 mM
MgCL2, 10 mM KCI)E 23 Ig oA 155 wjgst &
ArEste] 3]st 29 the, thE WS- ¥ 3 (20 mM
HEPES, pH 7.9, 25% glycerol, 420 mM NaCl, 0.2 mM EDTA,
1.5 mM MgCL)E ARE-3te] Do flollA] 3087 53 4,
AdEest A5As 3sigltt. ol S T 5
e L I MRS Rt S e e e A

2At £2 -PCGe A3 R=E o Z3517] $J8l, Schrodinger
Suite 2025-3 (Schrddinger, LLC, New York, NY, USA, 2025y
AHg-3t] glide docking A& 33kt IKKB 3= ©F
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=712 AYAJ3IATE PCGE] Glide dockingS standard precision
(SP)E &3l 3yttt

EAIXME] - & AT H4 338 vhE 3o Hojzl A
Folm, 78 Ao =EH Hox|e}t EFHAR FAIS)
o AR w48 g3t vloly A1+ Shapiro-
Wilk 274 & ARS8l m, Aol FA1A #2742 one-way
ANOVA 45 AlSeiial o2 25 7+ ¥lae Tukey-
Kramer testS AME-31] 371810 BAIA 721432 p<0.01
FeollA AR AT
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=730l gk S AR 918 MTT %
st A3k, PCG 1-10 pM F=0A Al E A
& 9 AXE 5400 gk FFFo] JER A a2 SRk
ThFig. 1A, 1B). WehA o] § A3 S5A4o] UehA] g8
1-10 uM =04 A5
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Fig. 1. Effects of PCG on cell viability and cytotoxicity of RAW 264.7 cells. Cells were treated with PCG at 1-50 uM for 24 hr.
(A) Cell viability was measured by MTT assay, and (B) cytotoxicity was assessed by LDH assay. The data represents the means of
three independent experiments. *Significantly different from control at P < 0.01.
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Fig. 2. Effect of PCG on NO production and pro-inflammatory cytokine secretion in RAW 264.7 cells. The cells were pre-treated
with 1-10 uM PCG for 3 hr and treated with 100 ng/ml LPS for 24 hr. (A) Production of NO was measured in the medium of the
cells. Pro-inflammatory cytokine secretion of (B) TNF-a, (C) IL-1p, and (D) IL-6 was assessed by ELISA analysis. The data rep-
resents the means of three independent experiments. *Significantly different from control at P < 0.01. *Significantly different from

LPS-treated cells at P < 0.01.
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tHFig. 2B-D). 1t oll2}, PCG2] *&&= TNF-o, IL-1B
2 IL-6°] mRNA T3S A A A ZThFig. 3A-C).
=54 A" NOE= INOS (NO synthase) 2 COX-2E
FESHL o] = 958 JOoA x3 Y A7 &8 fis
Hoh» Z71E iINOS 2 COX-2+= theksh 954 Ash, o
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COX& MEFY 5 2 COX-12 F2 47 g4 2
271 71%500M 838 9EE 3h= WHA, COX2= 95 919
o] A5 WS wivlishs 202 AR mp
24, iINOS ¥ COX-20 tdt mRNA T3S 21t A3}

LPSe] 9J8] f=% iNOS 2 COX-29] &S PCGel <3
T EH 02 AAE USR-S IRISHATHFig. 3D, 3E). &
AT AFELS PCG7E NO A4 A o] 95 Aol &7}
A S AEsHA AT T S oJr]gi

IKK= 95 wheellA] AAAQ1 93hs sl QIALE,
Aol A IKK JAA 7 ATP A3 F-912] vhel] Agtste] +
25 M7 AL EslE Ak BleE HarH vt 9l
T} 23D NF«B9} 233t kB9 QI4kels B3 #3lE =
ste] NF«B7F 3 W2 o]53les atH, kB Qiksh=
IKK £33 & F=2 IKKpel 23l ot 3 2 A 2
oA PCGE LPSE F=9 IKKB, IkB 2 NF-«xB2| ¢4k
312 fo)d o7 A S THFig. 4A). T3 NF-kBS] & U
o]zl tigt PCGe] S sk 93l &) -8 74
Faysisieh. L A3, LPSell <fsf 57t NF-xBS] &) U] o]
o] PCGel 9J3le] T &5 o= Folv|slA sl
ow, M EAAE LPSel| oJaf 7H8 NF-kBe] o] PCGell
oJ5f Z7tale AL ERlsIITHFIg. 4B). o2k A3 A=
PCG7} IKKB % NF-kB FAL AEE ehsH JAIgto=
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Fig. 3. Effect of PCG on the mRNA expression levels of pro-inflammatory cytokines and inflammatory enzymes. The cells were
pre-treated with 1-10 uM PCG for 3 hr and treated with 100 ng/ml LPS for 6 hr. The mRNA levels of (A) TNF-a, (B) IL-1B, (C)
IL-6, (D) iNOS, and (E) COX-2 were normalized by RT-PCR. The data represents the means of three independent experiments.
*Significantly different from control at P < 0.01. *Significantly different from LPS-treated cells at P < 0.01.
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HEgh PCGoF IKKB ZH] A B=S 2457] 18] IKKB
X-ray A% TZ(PDB ID: 4KIK)E H}SZ Schrodinger
Suite 2025-3 (Schrodinger, LLC, New York, NY, USA, 2025)2]
Glide 252 ©]83}] molecular dockingS 53] 3} T}, A
otdl A3 md& ATP-binding pocket W3l <X

staurosporine AHAIQ] K252a} 34| 3l pockete] -+l
A3 PCG2| binding modelS HoiFEt), 14 A3} PCG
© & Fulo} v A<l 334 2= el ATP A% 79
el 0171 FekaL, Y7+ Foll A%ste A= vEkst
ThFig. 5A, 5B). PCG 3 W 3-8t hydroxyl groupsE-
N-terminal kinase domain (KD)2] Leu2l % Lys147 7)<}
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Fig. 4. Effect of PCG on the expression of the NF-kB signaling pathway. The cells were pre-treated with 1-10 uM PCG for 1 hr
and treated with 100 ng/ml LPS for 30 min. (A) The phosphorylation of IKKp, IkB, and NF-kB was detected by western blot.
Additionally, the cells were pre-treated with 1-10 pM PCG for 1 hr and treated with 100 ng/ml LPS for 3 hr. (B) The nuclear and
cytosol protein fractions of NF-kB were evaluated by western blot. The data represents the means of three independent experi-
ments. *Significantly different from control at P < 0.01. *Significantly different from LPS-treated cells at P < 0.01.

Fig. 5. Binding modeling of PCG and IKKp. (A) Proposed binding model of PCG (pink-ball-rod model) bound to the entrance of
the ATP-binding pocket within the N-terminal kinase domain (KD, ribbon model) of IKKp. Superimposed with the X-ray crystal
structure of the staurosporine analog K252a (gray bar model) bound inside the ATP binding site. (B) 2D ligand interaction dia-
gram between PCG and IKKJ residues.
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