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Porphyromonas gingivalis lipopolysaccharide
stimulates vascular smooth muscle cell migration
through signal transducer and activator of transcription
3-mediated matrix metalloproteinase-9 expression
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Periodontal diseases have been associated with the development of cardiovascular diseases. Accumulating
evidences have indicated that Porphyromonas gingivalis, a major periodontopathic pathogen, plays a critical role
in the pathogenesis of atherosclerosis. In the present study, we demonstrated that P. gingivalis lipopolysaccharide
(LPS) increases the mRNA and protein expression of matrix metalloproteinase-9 (MMP-9) in rat vascular smooth
muscle cells. We showed that the MMP-9 expression induced by P. gingivalis LPS is mediated by the activation of
signal transducer and activator of transcription 3 (STAT3) in vascular smooth muscle cells. Furthermore, the inhibition
of STAT3 activity reduced P. gingivalis LPS-induced migration of vascular smooth muscle cells. Overall, our findings
indicate that P. gingivalis LPS stimulates the migration of vascular smooth muscle cells via STAT3-mediated MMP-9

expression.
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2 P. gingivalis&gt OtL|2} pathogen associated molecular pat-
terns (PAMPs)2t 221X U= XS0 2siME FEECH PAMP
= lipopolysaccharide (LPS), flagellin, fimbrillin, peptidoglycan,
gingipain 52 Z&SIH8]. £9| P. gingivalis LPS= Escherichia
coli LPSet= CHE =538t lipid A FXRE M= AC=2 LM ALt

HUASHS2 TR, 57, Hel § BSY MO LR
ME, FEeZhE2| 25 U 0|SIES EESHH9]. Ciet &
SAFE00 2l HEHHIIMZt HABEHINEE MESERIXL, o
HOIXt, A|EZI21, matrix metalloproteinases (MMPs)&29| &8s
ZHoIH SHZeIEI 22 AatA eto| 2gs FXIAZIC &
A QUACH10]. E5F x|FEet dolds2 W7o s ¥ 0|55
= FEAZ|H, SEUIIMZNM BF 07 S 2| 2HIE SXIAZIC
SICH11,12]. 2 HFEI2 P. gingivalis LPS7t SZHLETM IO
Sa2 37HAZIct e B st HE UCH13].

2 AJ|M= P. gingivalis LPS7} R Eot= SREHEZIMEL| 0|5
0l A0 MMP-92| &t 1 7| ZALSIRILE. P. gingivalis LPSE
signal transducer and activator of transcription 3 (STAT3) HAt!
NE Sofl HHIHEZMEUHA MMP-92| HHS F7tA|7|H 00|

HUBATHEO| 0|SETIS UKD USE SHSIAC,

i
i
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Materials and Methods
1. A=

P. gingivalis LPS2} AG4902 22t InvivoGen (San Diego, CA,
USA)2t Calbiochem (Sigma—Aldrich, St. Louis, MO, USA)HIA
QU510 ARSI Anti-MMP-22t anti-MMP-9= Abcam (Cam-
bridge, UK)MIA 048I 1L, phospho-Janus kinase 2 (JAK2),
JAK2, phospho-STAT3, STAT3 &&= Cell Signaling Technol-
ogy (Danvers, MA, USA) MIZS AESIICE. Anti-g-Actin &
ot Anti~o—Tubulin &&= Bioworld Technology (St. Louis Park,
MN, USA)2} BioGenex (Fremont, CA, USA)OIA TG0 AR5t
QAL

2. FEET MY

BDIX rate LiSMOA 22|t HHHETMIL A7r5 cell2 ATCC
(CRL-1444; Manassas, VA, USA)UHIA 75RO H, 5% CO,7t
JaEE 37°C M2 HHL7(0]A HIUSIO] Aol ALESIRALt ME=
10% FBS (GibcoBRL, Gaithersburg, MD, USA)2t 1% penicillin—
streptomycin (GibcoBRL), 5 ng/mL Plasmocin (InvivoGen)g &t
Q5 MEHIX| DMEM (Hyclone, Logan, UT, USA)SH| BiQFSHHA
A0 AEoIRALt.

3. RNA 22|t XA SEEAHMHHS(reverse
transcription—polymerase chain reaction, RT-PCR)
SHSZMILOIN total RNASE FE3517| {loll RiboEx reagent
kit (GeneAll Biotechnology, Seoul, Korea)S 0|26I%Lt. Re-
verse transcription kit (Promega, Madison, WI, USA)S At
501 1.5 pg®l RNAZEE cDNAS &MoIRALE. &= cDNAE
B-Actin (sense: 5'~-GACTACCTCATGAAGATC-3’, antisense:
5'-GATCCACATCTGCTGGAA-3’), rat MMP-9 (sense: 5'-AC-
GGCAAGGATGGTCTACTG-3’, antisense: 5'~CCCTCGAAGAT-
GAATGGAAA-3")2| primerE 0|25t0] RT-PCR2 A|5IRILCE.
ZZ0| Bt PCR ZIUE 2% agarose gelZ M7|¥s 5t £ ethid-
ium bromide 0.5 pg/mL=Z EM5IY digital gel documentation
(GDS200D; KBT, Seongnam, Korea)?|7|2 SHZTE SH5ICL.

4. N7t ZEE AHMEIS(real-time quantitative
reverse transcription—PCR, real-time gRT-PCR )

Real-time PCR2 power SYBR Green (Applied Biosystems,
Foster Ciy, CA, USA) Al 0|25t0{ 7500 Real-Time PCR Sys-
tem (Applied Biosystems) 7|7|E AtE5t0 HAISIRICE PCR Bt
X212 95°COIM 1027t 1327], BXM(denaturation) HI22 95°COj|
A 15%, Z&H(annealing) B82S 60°CHIN 60=, SH(extension)
HES 72°COIM 7X7t 40F7|2 BIESI0] BESAIZACH SRS &
I X0|= delta—delta—ct WHOZ ALGI0] CHE MKt p-Actin
Off CHEH AMTHXQI 2O 2 LIEHHUCM, ZH249| primere L3t Z
Ct. p-Actin (sense: 5'~AGGGAAATCGTGCGTGAC-3’, anti-
sense: 5'-CGCTCATTGCCGATAGTG-3"), rat MMP-2 (sense:
5'-ACCGTCGCCCATCATCAA-3’, antisense: 5'-TTGCACTGC-
CAACTCTTTGTCT-3"), rat MMP-9 (sense: 5"-TCGAAGGC-
GACCTCAAGTG-3’, antisense: 5'-TTCGGTGTAGCTTT
GGATCCA-3’).

5. Western immunoblot analysis

2t 2o HUYEIMEE 2-33] X7H2 phosphate-buffered
salineZ M5t S MEZE3H AU (RIPA buffer, proteinase inhibi-
tor, T mM phenylmethylsulfonyl fluoride, 10 mM NaF % 10
mM Na,VO,)2Z 8oiAIZiCt 8oiAIZl & M S{HS 4°COllAM
14,000 rpom2& 1027+ & 22(5t0 4FUS -20°Cofl H2otA
1, F=ZE Zh CHHXIo] 92 BCA (Sigma Aldrich) MzfHoz =X
SIRACE. 30 gl MA| HHHHES 8% SDS-PAGE (sodium dodecyl
sulfate-polyacrylamide gel electrophoresis)Z HA 22|51,
O|Z nitrocellulose membrane (Amersham Pharmacia Biotech,
USA) 2f0f] HO|AIZACE. T2|1 membranes 5% skim milk7t &9
Z| Tris buffered saline with Tween—-20 (TBS-T) 2O Z A20]|
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A AZE St BESAIA A9 HIE0|MQI ZglS blockingst £, 7. EAXE

HHEIO| SIS FHGHY| 2o XA 1Xt SHE 4°COIM 16A12t S

Ot HEZA|ZACE. O|0{A] TBS-T U Z 102 ZtHCZ 38| MHSH Lt 2 A0 Chet MY Zat= b M HE5H0 HojR Hid ¥ WHOl B
8 horseradish peroxidase?t ZgEl O|XFHIS M20{|A 2A[ZF Bt ZMRIZ BAISIE T O 79| EA|X XI0|= Student’s t-testE &
SA|7|3, CIA| TBS-T A0 2 108 717402 35| MZst LIS 5l6t 2510 2M5IQCt EHEM0I= SigmaPlot version 8.0 software
XS =

ZHI(ECL; Amersham Pharmacia Biotech)E 187t HI2A|71 (Systat Software Inc., San Jose, CA, USA). CHZ=1} H|Wst0] p
LAS4000 (GE Healthcare Life Sciences, Uppsala, Sweden) 717| < 0.0591 20| SAXMCE F2HO0| U= A= HHSIALCY.
£ 0|83510] HuE Udis 0I5t

Results
6. FTIEIN IO 0|5M EX(scratch wound migration
assay) 1. P. gingivalis LPS7} EZHEZMZ2| MMP-9 &5i0]
0jx|= g
MIEO|S9| EXM2 scratch wound migration'S ASISICE. 1
x 10° 7§o| ERBWETHZLE 30 mm plate] xmoroq 37°C, 5% MMP-2 = MMP-9= SRHEEIMZO| 0|5 XX = o
CO, HHLZ]0lA 48A|ZH SOt HHASHALE. B = scraperE 01&35t &g Sl= A 2oiSAZ & YA UCH14). M2t Jeme

O] M HH=0f Bl Z72+S THET, scratchZ 2l 2RE ME= 10% MIZOIM P. gingivalis LPS7F MMP-2 & MMP-92| &540]| O|X|=
FBS7t &% DMEMSZ 1-23| MZSH0 X|7SILt. Dimethyl FekZ TAGH | Qs A2t 82 P. gingivalis LPSE X{2[5t0 MMP-

sulfoxide L= AG490 (20 uM)2 TAIZH St ME|St Z P. gingiva- 2 mRNA 2 MMP-9 mRNA 23S real-time PCRO.E ZtESIILE.
lis LPS (5 pg/mL)S H7tot0f 48A|1ZH SOt HIQF & MZZ2| 0|5 S5H Fig. TA0|A Hi= HIQ Z0| SHSIZMZL0| P. gingivalis LPSE 1,
= di0jge= HEGI0 A3t 2, 4, 8A|1Zt WOl 22t X2[5t¥E M, MMP-22] mRNA 312 8A|

20l =3 B7totACLt, MMP-92| 32 A|Zt0] X|Eof m2t I

A 15- MMP-2 9.0+ MMP-9 b
a 8.0
c c 7.0 b
2 kel
7] i a 4
é_,’g 1.0 A ag’?g 6.0
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Fig. 1. Effect of Porphyromonas gingivalis lipopolysaccharide (LPS) on the matrix metalloproteinase (MMP)-9 mRNA and protein expression in A7r5 cells.
(A) Vascular smooth muscle cells, A7r5 cells, were treated with P. gingivalis LPS (5 ug/mL) with indicated time points. Total RNAs were isolated and then
analyzed by real-time polymerase chain reaction. The expression levels of rat MMP-2 and MMP-9 mRNA were quantified. The expression level of the control
(untreated) was set to 1.0, and the values are normalized to the p-Actin mRNA levels. °p < 0.05 vs. control of MMP-2; °p < 0.05 vs. control of MMP-9. (B)
MMP-9 protein level was examined by Western blotting using anti-MMP-9 antibody. B-Actin served as the loading control.
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Z7retg ASt 4 QIQICE 12|11 P, gingivalis LPSS SRHETN|

Z0]| HI5H MMP-92| CHlEl 2I540] P, gin-
givalis LPS2| XMe|A|ZH0]| 2lESHN F7te|1! AZSS Western blot &
1, MMP-2 A A2 P gingivalis
LPS X2| 8A|ZHM0 57t= |01 AALH (Fig. 1B).

2. P. gingivalis LPS7t K8t MMP-92| &3i0]| JAK2/
STAT3 AISFE7| Xl TaiA

et

HHEZME = MES0M JAK2/STATS AMSHE HAZE
i MMP-929] ”*._5_4 AT BET QUCH15]. M2t & A
TOIME SRHEZMZOM P. gingivalis LPS7}JAK2 & STAT3Z
EASIA7 [=XIZ YOI 7| Q5 P. gingivalis LPSS SEFHENT
Ofl 2|51 JAK22} STAT3 EHEIo] QIMSES Western blot &A1
O ZABILY. P. gingivalis LPS= %E%‘”:LHIEOHA‘I JAK2 &
STAT32| ZTEH o= Fas FX| Y411, JAK22E STAT32| QlAtst
£ 5200 R=ot0] ZMSA|7|D N'u:.% ZHESIAUCH(Fig. 2A). TS
O2&= HIHEAM|ZLOM P. gingivalis LPS7} RE6H= MMP-92)
urI0]| JAK2/STAT3 AIS ML Z27} BOIE|=X|S 20t 7| 2J3H &

al o
=<
- =
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P. gingivalis LPS
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:

ZHYEIM|IL0| JAK2/STAT3 AMaliAI2l AGA90S X 2|5t0f MMP-9
o] UdS TAIGIC. SRHEZMEN| AGA90S MA2[5IRS I
P. gingivalis LPSO| 2|51 R=E MMP-9 mRNA 2510| ZtAE|UCE
(Fig. 2B). MMP-9 mRNAZ]| &t54 X10|S MO Z H| WXt re-
al-time PCR2 £t ZMO0|IM T AG4900]| P. gingivalis LPS7t &
7INZE MMP-9 mRNA &3S F 40% JAH| XaHA|IZACLE, MMP-
2 mRNA 232 AG4900] 2fa 34 R4 Gl0] 2 10% BE &4
SACHFig. 2C). 3t P. gingivalis LPSO| 2|5 £7+=l MMP-9 &
& 2510] AGA902 = MAz2[St £ P. gingivalis LPSE A=E5t &
HEZNEZON S7tE MMP-9 2540] ZAE0 ASS &0l5}
Ck(Fig. 2D).

50

3. JAK2/STAT3 Xalix|Zt P. gingivalis LPS7t f=5t=

HIEZTME 0|SS0 01X &

2

P. gingivalis LPS7} £ZIA|7 |z SR EEZMZL| 0|SS0il JAK2/
STAT3 AMSHE 7|20| AR U=KIE EASH7| o JAK2/
STAT3 XsHX|2l AG4A902 M2|StH P. gingivalis LPS7t S7tA|Z1 O]

S0l ot S D|X|[=X| ZALSIRALE. Scratch wound migra—
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D PP |« (-Actin

Fig. 2. Porphyromonas gingivalis lipopolysaccharide (LPS)-induced matrix metalloproteinase (MMP)-9 expression is mediated by Janus kinase (JAK)2/
signal transducer and activator of transcription 3 (STAT3) signaling in A7r5 cells. (A) A7r5 cells were treated with P. gingivalis LPS (5 ug/mL) for the indicated
times. Western blots were probed with anti-phospho-JAK2, anti-JAK2, anti-phospho-STAT3 and anti-STAT3 antibodies. a-Tubulin served as the loading con-
trol. (B) A7r5 cells were pretreated for one hour with or without AG490 (20 uM) prior to stimulation with P. gingivalis LPS (5 pug/mL) for 8 hours. Total RNAs
were isolated and then analyzed by reverse transcription-polymerase chain reaction (PCR) using specific primers to rat MMP-9. B-Actin served as an internal
control. (C) After treat with P. gingivalis LPS (5 ug/mL) for 8 hours, total RNAs were isolated. Using real-time PCR, the expression level of MMP-9 mRNA was
quantified. The expression level of the control (untreated) was set to 1.0, and the values are normalized to the B-Actin mRNA levels. °p < 0.01 vs. control; °p
< 0.02 vs. P. gingivalis LPS. (D) A7r5 cells were incubated with P. gingivalis LPS (5 ug/mL) alone or in combination with AG490 (20 uM) for 8 hours. MMP-9
protein level was examined by Western blotting using anti-MMP-9 antibody. -Actin served as the loading control.
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Fig. 3. Involvement of Janus kinase 2/signal transducer and activator of transcription 3 signaling on Porphyromonas gingivalis lipopolysaccharide (LPS)-
induced vascular smooth muscle cell migration. (A) Scratch wound migration assays were performed on P. gingivalis LPS (5 ug/mL)-treated A7r5 cells in the
absence or presence of the AG490 (20 uM). After incubation with P. gingivalis LPS (5 pg/mL) for 48 hours, migrated cells were observed by a phase contrast
microscope at x100 magnification. (B) The number of cells that migrated beyond the reference line was counted. Each result represents the mean value of
triplicate experiments in each group (x100 magnification). °p < 0.001 vs. control; °p < 0.01 vs. P. gingivalis LPS alone.

tion 2X0|lM P. gingivalis LPSE SRHEEZM|ZEO| 0SS FSTIA
11 AG490S AMElotE M= 1 O|SEs SHBETMES 27t &
AE0] UASS 2AAY = AUCHFig. 3A). Bit= SUHHZMEE
CHFig

Al5t0] LIEFLHRE . 3B).

Discussion

TSN ZO| FA 0|5, £ S0| ZAZASS0| =0 o2
UK UCH16]. FAASIEC| RIS SOt MAOIXL HEM A|E
7101 52 WaISH LI5St DIHOIXISO| HTEEAM|ZLO| Al Z0t
OllAf LHBtO ROl 0|5 S EZIAI7|T, £54 AEf0IM SN AEj2
STWSAN ZO| 1RO EXS WSIAIZICH17]. URHOZ XIFTX

=
T
X9 29| P. gingivalis2| ZHO| YOLIM P. gingivalis7t 875 Sdl
ZE510] XII—II-IOE HUA=0| FekS O|X|7LE P. gingivalis LPS
St

ot 22 = S0 2faH Cifet S5 QXS0 Qo F44
3159 x|_|3°|101| S 7| SHCH2). MEtM P. gingivalis7t Z2LT
MIEQ| 7|5 040 O|X|= S0l Ciet Sile CHUSHA| A0 2t
CH18]. & HLEXIE P. gingivalis LPS7t EZHHI|IMZ 29| Ciei1 2
A2 FXIN7 |1, LELHIMNZES Fitds S7IFICE AlE BEX
&t HE UCH12,19]. ZI20l= P. gingivalis7t ZEEZMZS| 7|5
0|0l D|X|= Fekol| Chet A+=0] H &1 UL}, P. gingivalis, P.

gingivalis LPS, P. gingivalis®ilA f2igt outer membrane vesicle
SO| FHHHTMZ| M3|5E RLUAZICHT UK UCH20-22].

ESH P, gingivalis2l| gingipain0| S LS| SAN T 20{St

Ctu $tTH23]. Apolipoprotein E Z&MFEE 2 jow density lipo-
protein receptor ZEWFZHA P. gingivalis ZZ0i| 2l Z4F
S50 7k4SHEICHE AFAIO] & 22X QUCH18]. &% P. gingivalisS
ZEAZ] A Het ] Dol HRUXR0M RHEZM S H
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217|7H0]| CHet MatA717t Y A= WZISHT.
MMP= MIZ2|7|Z9| (2] 7HK| 84S HE =2
g4z 2 Lo A, 8X X, g MY, Y Y, g5 &
St Z2 Ciyet 2, HaX Iy & 4]
MMP & 7|M20 QU= S22l EfY IVE 2olioks RefEEMEA
T MMP-22t MMP-9= AR&e| S¢dek 24 3 4H9| =
Zoks ZHOIM 11 20| B7I5k= Az UK QUCH24,25]. £
MMP-92| ILIUB0| HBHHZMZL| 0|SS S7HA17| 1 g
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%
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MOl 2|RHZ0|E HOjot= AOE B QTH26]. 2 A
M= P. gingivalis LPS7t SZHHETM|IZZ0|AN STAT3S &84S
MMP-99] 854S REGIALH MMP-99| Et510| DHMX|=Y 3

on
p——

| AI5
2| Eetol| SAl0f SREAE 210t LA QUCH27]. 22|11 &
tSk= P. gingivalis LPS7t MMP-9 QIZX0| 7|MoZ HZM Ht2

|0 riol'

S ZHEGIH AEEA Heto| AYEE =QICt BIst UCH28].
MMPs2| ZZBE{0|= nuclear factor-«kB (NF-«B), activator pro—
tein—1 (AP-1), polyoma enhancer activator 3, SP-1, STAT3 ZAg!
2RSS T UCH29]. 55| HEHZTMILOIMS MMP-92| &
S0 NF-kB & AP-1 H™AIRIXIZO0| 2045t Tt H1E Hf QUCt
[30]. CtsE Q17 QIS0|M P, gingivalis LPS= toll-like receptorS
BRMM NF-B TARIXIE 2ttt SHH4]. 12|11 STAT32t
NF-kBZt2] 7|5X MSAZ0| Qo stut™oMd S3H H3s
OJ|= RS Ysig ZHESICI SHTH31]. J2|10 HHZE tumor
necrosis factor—alpha % insulin-like growth factor-10{| 2|5 X}
S8 92 HBHSM|IL0|A] STAT32t NF-«<B THHHEIS 7to] Zst

0| BHEE|ACHI2]. M2t P. gingivalis LPS7t B HEMZO|A
STAT3 2 NF-xB HAIRIXIZ} MMP-92| &2 SHH & 29l
7150l oA 71877 Heg Ao = MZISHT;
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