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ABSTRACT

Objectives: To evaluate the effects of mineral trioxide aggregate (MTA) application after pulp injury amplified excitability in the
trigeminal ganglion (TG) using electrophysiological optical imaging. Beyond simple pulp shielding, the therapeutic potential of
MTA lies in inhibiting pain-related signal transmission and alleviating ganglion-level sensitization associated with pulpitis pain.
Methods: Pulpitis was induced using allyl isothiocyanate in C57BL/6 mice. MTA was applied to the exposed pulp after pulp injury.
Neuronal activity in the TG was recorded using voltage-sensitive dye-based optical imaging. The expression of infammation-
related molecules and pain-associated pathways protein was evaluated by western blot analysis. Results: Optical imaging
demonstrated that the MTA-treated group showed markedly reduced spatiotemporal neural activity compared with the pulpitis
group. The activated area was also reduced, indicating attenuation of pulpitis-induced TG sensitization. In the TG, the pulpitis
group exhibited significantly increased expression of the inflammatory pain factors. TRPV1 and pERK, which are associated with
pain sensitization, compared with the control group. In contrast, the MTA-treated group showed significantly reduced expression
of these pain-related proteins. Conclusions: These findings suggest that MTA may serve as an effective therapeutic strategy in
root canal treatment and in reducing pain-related signaling activity.
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2149 2 A] B2 A5 0] ZEojl= UA|F 484 M9 (Transient receptor potential, TRP) @2 o] 252 %935t o5t g} £3],
TRPAIS X4~ 5 i Joll A A== DP%L— ok 3Fsh 2= 9 E/dAkAF (Reactive oxygen species, ROS)ol| 2Jal 2/g 3t of Atal 7 Al
o] eIt AZJA|E 22K (Sensitization) & F-Eoh=s 202 PfA] QItHe]. TRPAL 332 AFsHa AE=|A(Oxidative stress)2t A2 E]
TRPAI-ROS %5 3t Ale 352 9% 7 1—.}2 FAISE B4 7170 uH7], MTAS}E 2= A1 2/d AIRIE 2-8o] o2igk Akt 744 Ul TRP
7l 55 A% AACN vl x= 241 oA Gatol] tisiAl= w1 Hb7F ATt A7 EolA ERK QIAHSHPERK)= 271 417484 2 2t
ZF 8] QIZLR ERK 427t 5838 7|1 0 & def#] Qlon, oA ¢i7tol|A] Navl.7(Voltage-gated sodium (Na*) channel 1.7)0] A=l 7d4

oA ERK A1 25 F7lsf 2|4 &5 f-=of Trofgto] B eH8]. =3t Chung S{9]0l 2JahH X|4=AeilA] AxtAl 744 2] TRPVI o]
Z7ksh, o= TRPALZ} 34| TRPVIS Z313H TRP Ad U|ES| 3 M7} 2|4 E20] ZZo Toldt 75448 ollsict.

gollM F2 ARREE 2|42 88 AHIE= MTA (Mineral trioxide aggregate), Biodentine (Calcium silicate-based cement), CEM
(Calcium-enriched mixture cement)'5-2-2 Vital pulp therapy(VPT)ol|A] MTA2} BiodentineS 35t ZHgAl2]AO| EAlE 2| RE AJE
E0| =11 55 = tiAl= ZAARItk= Ea7k 9l om[10], Biodentine> 22 do] £11 Al BR}lo] W2 2]9H MTA= A4 o= ¢ 71 Az
et o] 2= WSS A A= =rt =il 5], MTAE 948 We 3t ehdeh e Alget R /ds= 7HAIAL 1L, BF A& o]
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F05h 24 ol 2 W7 71291 Q4 42 Hlolel7t 248 ARolck MTAL 45 B0l A149) 24 ol 2(Cat) W ey
B 2450, o) Tt A7 7S o] 4 A7) £4/0] o] & B2 uk3o] 43RS U 7KsAo] k12, 1F MIAL -84 24
HeplolE A AMRRA 2|4 215 2 55 740 peisl QA 2 A Belsh B S0l QItI3-16]. 12U MTAZ} A8k Zeely
77 ol 2 % BAo] 2|4 U A7 Wekinl ohjel, B AT G| £ oS She AR S0 el T4 0 2 of o9
2 FA)of o 2L ofd3] 555 AAolc). 71E A750) ik AlRIES) W 5 2] At 214 3|5 Bl Eojsigiont,
o] ofu] gkl ol AJHlE A Go] AP 40) 71 A5 71 U A7 FEAo ofmiat Qg )= £ 88 1EEA st

w2hA £ A7 AITCE -F2H 2|4 ol 3|48/ & MTAS 28310, S4x 2= 2pa aafef tlEo] 271782} 8] 49 HOptical
Hnagmg) 71— “47}~— EBH ”ZPL 340l 52/ TF AR5 WHstaA B gk Al I/H TRPVI-ROS %2 24 njci gl 5%

14 /\]7:17<4 o2 71RO 9]- ]J; 2|24 715

T mEsE O

= Al¥2 C57BL/6 F-A 757(18-23 g, Koatech, Pyeongtaek, Korea)S AFE31%10H, & 30012] & ARSSIACHA 71/8=]8 37 &, =
A5} 370 21, ZH AR o] D5 neb). 2 ke AAlltigtar ofakoish E24E #2191 93] (ACUC $RIME A2024-0182)2] 5918 Hlol AAJG
ek Ak g2 12ARE 7712 Yol v, AlRel 22 AMEAl AlsEe AMAA 2200M ARsE Rl vl HERHE
(Pentobarbital, 75 mg/kg)& ol-83to] 57 Wl FUataL, AH 552 7 Aol AREsIsitt.

2, K| 2 HIEH S AHE 22|

npp20] 21 ot AeEA| (M1)oll A 2|28 ES ARgslo] X5 &8t & x| 28 #|o]w] QI E (dental paper point; 273 0.15 mm,
Z40] 20 mm)oi] ATTC(Sigma-Aldrich, Milwaukee, W1, US)% T, 2 2|4ol] 719] 1R R aEslo] 24 55 Rl A2 AITC
Lasio] x| AEZ-RERt —.—EndoSeal MTA (white; Maruchi, Wonju, Republic of Korea)2- =25 2]420]] F:J5}0] £-E3513ic}. =, 2|4
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T MTAE %25t a‘ﬁdE(Pxﬂpiﬁs +MTA 7 n=10) 2.2 Lro] ZIg¥sleirt. e AP AP EEAR-S 2|4s)o}7] 915t 2235104 4-34=|
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3. H7IRBH YA

GG/ oA &2 ekEA]glo]| e 55 A oA S RIsk| el Al A o] Al=of| whE 7] AYe]sh Wislks wEsIeIch 2|4
S FE 3Y T URAE pishL, Q1% 2= (Artificial cerebrospinal solution, aCSF)el| 5% CO,/95% O,& Z-&5| 713£3tA|71 -84
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2 AFgate] ARE A7 ZESEe] 37°CollA] AR 59t QPYSHAIZILE 11 &, XIa/d 2173 |h Hjak AMA(Voltage sensitive dye, VSD)Q
Di-2-ANEPEQ (50 mg/ml, Molecular Probes, Eugene, OR, USA)Z 1A]I7F GAIE1L, Q15 | M 4=o 0 @ 2] & 228 Py slsl= 3
Z1e¥513ict. Bipolar electrode- 0185101 200 ms delay, 1 ms pulse, 3 sec stimulation interval, 0.1-1 mA stimulus intensity= AF} 41
A2 Skinh A7 E o) IRdol] 2] 0 = WEl e CCD 7HH[2ke] S-2 SIRIAI7| AL, A7 a2 9)xt A o] g §ighe (o) e
3.7 ms& MiCAMO2 A] A& (BrainVision, Tokyo, Japan)2 o|&sto] 1aA= CCD 71Hlete A3 A|E 242 AlZkatsto] el 2+
HEo] sk Jgat 21=2 0.5 mAS] 7] Aol o5l Lehd EE5H FAA oln|AE IXiEAIR} 0.63X Z2AM 2= (Leica
Microsystems Ltd., Wetzlar, Germany)=- ©-85}21 192 X128 49| detector array 2 A5t ZF 2445t =5 LEhd= Ze o]u)#]
(B7HA T} 22 Aol TSt /g3t oS BAISHSITE 1A ofu| x| 2 ¥Rk oS w821 Eds} o o/ZdA] A P X 1002 LERAA
t}. Z} A% dlo|e]= MetaMorph software(Universal Imaging Co., Downingtown, PA, USA)Z AR&3}o] 1] al- 244513}

4, EXPEESH A

7 ARlte] 74 I A S AEsto] AF e S, SA] A AR 54 S0t A A4 R S AR 2212 olafgh < Lysis
buffer (PRO-PREP; Intron Biotechnology, Pyeongtaek, Korea)S %7}t Phosphatase and protease inhibitors (PhosSTOP; Roche,
Mannheim, Germany)2 221t utafsto] F28}5HITh 4°ColA] 13,000 X g2 1583 YA Eejskl 45lS 3|asie] Hejd s
SDS-PAGEZ #17]%955}3it}. PVDF membrane (Merck Millipore, Darmstadt, Germany)el] £2]% 188 27 5% bovine serum
albumino| 231 -8 0 2 Al 20f| 4] 1A|7H 53k 2] 2|5 13} Al 2 anti-ERK(4376S, 1:1000; Cell Signaling, Danvers, MA, USA), anti-
PERK (43768, 1:1000; Cell Signaling), anti-TRPV1(NB110-40763, 1:1000; NovusBio, Centennial, CO, USA), B-actin @1](1:10,000; Cell
Signaling) S AF&3}0] 4°CollA] 16A17F o) %]2]5t it o]} A anti-rabbit/mouse IgG (1:10,000; Cell Signaling) 2 membraneg 20°C
of| A 2417 HRS-A|ZIC}. ECL plus kit (GE Healthcare, Little Chalfont, UK)?! chemiluminescent detection system 2 81-g-A7] membrane
& WHAIsto] TAS AJARN(LAS 4000; GE Healthcare) 0]-85t0] HF35h £ chald-g 7k D20 vlw B! BA513{ch

> ofl oX Mo r

5. A2 82AM
E AFdoglL H + EZ 2 xHmean+SEM)E A A5F2IT} Aldt 7ke] S.0]A H] 1w H] 24 Aol Kruskal-Wallis testS 433

31 om AFE 7172 Mann-Whitney U testS AA[510] 15 7Hxjo| S v w W BAIGHIT B4 24 =2 7212 SPSS software(ver. 23.0;
IBM Corp., Armonk, NY, USA)E AR&311.0H, p<0.05Y w] A2 02 {4
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1. MXAMZAEO| MTA A2|of 2 ES 215}
Al7dat [ Qx} JMAZ: o] &5 FAAH O = X|eHolA GHE = APAIAE AHEA HEE 7 I5IIcE thta] x4 -G2] Atal7g4 o)
AJarat Q] HSHAF/F)ol] wh AZA|E E/8tE Al-371] ¥ish = 2 vl Y B350tk Representative VSD F57% oo xojjA] |48
2 ti2Fol A= 0.5 mA 2713120 oJsl] AZgA|E E/d 517} A= B9lof| 344 0 &2 Aok o] LR BFA 2|4~ TFollA= Ak

22 57} 2149 ZollM T Al&A 0|1 WA Barglo] A]-g7H ol 2 WaE|o] TEA ABHE B8} =Tt Alsirhs Ze Belsigl
th X4 94 5 MTA M| 150l A7t olul Aol A A8 95} s} tha Solet Abe BYom, T RO Em $55 8
/48t 29lo] AEw F7HA 0 2 oksA Gkel AlZAIE EAdo) AT THESIITIFig, 14>, A1l ot 2 150] AZgME Hhg H]m Jefz
ofl A thzol Hlal 2149 g0l TA| BAgatEls AZMIE B2 Holom, MTA 4j2] J:5oi= B} ol AZHE B4ss Sof it
20| Tha 714 S ERISIITFig, 1B>. 2} T18:2] AF/FS) peaked value(z] 2L 7)) #ak vl al Al AExpA A 0] AZAME S50 9lojA] 2|49
Foll= 0.86::0.03 o] thZZol A= 0240052 BHRIE|o] |4:qj0] kel ¢ 5 AFoll chelA] tf 2 AZHE Hhgo] THE|gl oL}
(p<O.01), MTA (0.64-0.07)2 X149 -9 T 3J2J3t 250l AP 0] Al7Ala E4d8) Hkg o] #215] Z42513{THp<0.05)<Fig. 1C>.
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Fig. 1. Comparison of trigeminal ganglion (TG) responses with electric stimulation in each group. A. Comparison of VSD
signals in the normal, pulpitis, and pulpitis + MTA treatment group. The typical time course of the optical signal from
trigeminal neurons. Fluorescence changes indicated; upward deflections of the signal indicate depolarization after electrical
stimulation. B. Increased neuronal activities in TG by electrical stimulation of pulpitis. C. The amplitudes of the optical signals
were increased in the pulpitis compared with normal group. Data are presented as mean £ SEM. **p<0.01, *p<0.05. n=5 per

group.

2. MTA X{2]of| [ihE A|-ZS7HY S gt Aol tHa}

7] A=l ek A7 M2 B/t sie & Al-37H4] igtol| ke g/ olm|A| = ExiA Felstal A2 det F-oiet S5k 2/} 199
Fo= FRleh 2 o] B9 A7 IAEE & FRlolARE S5 =0 AWML /a7t dojual Algto] Al 1.0 2 St 2
Holz] gkt B, 2|9 dFollM= /st Bel7hdstal W] F1 0= gt o] Al7ho] AUtk 2|42 0 2 MPM|EES SEA7]=
ljedo] wE|let. oo RISl MTAS %{2|3t 1golli e A= F-9lollArt 128/ det #9171 s S50 AGH|1E 2/4dsp) oz
oFsHA| Eribe]of A]& = #/do] TR ATHFig. 24>, F, X|4=Holl MTA % 2|A| A7AE] A8t} Al-57H4 0 2 ZhA k)= 710 & Ho}
2|l of gt ARIAMIE S22 Alol] sl AgAIE B/t o] Zhad A o= Yzt

AAIZBAIE 273t F oS T U et the 7t 291 9] ahgdst ol ()} 35 =2 et 29l (25 M) 9] A SAokal 23t
HeS oAZ B AvlFig 2B>, 224 gAalo] 25k 3443} oo 749 thRF (5.39-+11.39)7 H] L A] 2142 18(29.70+3.46)0014 &

(0]

ofnlaiA| Z4dst o] Holzl= Fdol TEEATHP<0.01). SHAIRE MTA Lgolies AZBME B4g0] 14.40+7.7022 SASZ 0 2 o
nJsHA] thtoll Hlsh S7FoHA] gttt e dat ol X142 15(14.9313.28) T MTA T1-5(8.7410.24)2] 7 HA w4l v wA] 0]
& Zfol5 HATHp<0.01). T3, 22T M7bMs wE et S5t JoollAls tiRate 12214238 o|out 2|4 Agolie
44.631+4.1092 MTA 152 23.14+17.942 F 15 25 fo0]stA] 571 o] T ATHp<0.01).
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Fig. 2. Representative image of the activated areas shown in each group. A. Comparison of activated areas by typical time
course of the optical signal with green/red. Reduced neuronal activities area in TG by application of the MTA treatment. B.
The optical signal with green/red activated area was significantly decreased in the pulpitis + MTA group, whereas pulpitis
group significantly increased the green/red activated area compared with the normal group. Data are presented as mean +
SEM (B). **p<0.01, *p<0.05. n=5 per group.
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Fig. 3. Changes in signaling molecules in each group. A. Changes in TRPV1 between groups. Increased TRPV1 protein levels
were statistically observed in the pulpitis group. B. Changes in pERK/ERK. Significantly increased pERK was observed in
pulpitis compared to normal, and these changes were reduced after MTA treatment (n=5 per group). Data are presented as
means & SEM and asterisks indicate significant differences compared with the pulpitis group (**p<0.01, *p<0.05).
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EE oLt APEE A &F i Prdsto] A &4 02 =olE|ojA] gLom[20], o] = AR A A o F7HA gk ol=igt B, Wl
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2 A= MTA A 2ol ik x]4=ol] ofol f]= Al 55 a2 Ao =m ZadejAlo|EA] 5359 82t Alaxfe] 24
gl 2|0 HkS Ao E20] Haks 20151t o= YAt HE Al = MTA”} 23] & (Endodontic treatment)of|A12] |
(Sealing) ¥ £74 /J3ollA1] 2] (Repair)oll E-8-2 5t ofe} 2|4 53747 ¥ 58 716732 Hst 71245 & Alastarat siglom,
cheg} 7k A2S Adoir}

1.339% O]DIZ] A3 MTA %2 LFol| A= Al-8%F ofn|R|o| A A1 7ZAd3E 7t 2|4 1ol H]sl tha FolEal, S5t e
Hojol Ao e g7k o g oksl it F50] Aade stk

2. 2150l tigh 2k Z1g2] A7A 2 Bhg- HI A, AP E o] A73AIEE 52400 QlofA] x| e 9 5 Aol disiA o 2
AN BEg-o] THEITHP<0.01). SHAIRE MTAS X4 5 & X|2jst 2-gollA] Akl @] A7AE 843} jhgo] #A|5] 7hast
AHp<0.05).

3. Zp H.9j0] g5t 2o ()t F-5- 1 EgS B9 (ZEA) Q] HAS SAotal /st A= S wAl R BASH Auk<Fig, 2B>, 25
wAlo] 749 o2kt v Al 2|4 -gollx] B4 7917} Hoj A= o] TR ATHp<0.01). ¥HH, MTA 2-5ollA= A AR E4o]
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thztol Bla) 214~ &3 MTA 1F 2% 32 n[5HA 371 QTHp<0.01).
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