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Short-chain fatty acids, including acetate, propionate,
and butyrate, elicit differential regulation of
intracellular Ca®* mobilization, expression of IL-6 and
IL-8, and cell viability in gingival fibroblast cells
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Short-chain fatty acids (SCFAs) such as acetate, propionate, and butyrate are secondary metabolites produced by
anaerobic fermentation of dietary fibers in the intestine. Intestinal SCFAs exert various beneficial effects on intestinal
homeostasis, including energy metabolism, autophagy, cell proliferation, immune reaction, and inflammation, whereas
contradictory roles of SCFAs in the oral cavity have been reported. Herein, we found that low and high concentrations
of SCFAs induce differential regulation of intracellular Ca** mobilization and expression of pro-inflammatory cytokines,
such as interleukin (IL)-6 and IL-8, respectively, in gingival fibroblast cells. Additionally, cell viability was found to be
differentially regulated in response to low and high concentrations of SCFAs. These findings demonstrate that the
physiological functions of SCFAs in various cellular responses are more likely dependent on their local concentration.
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Introduction charide (LPS)-DH7§ NF-<BO| BHMS OfF[at= 2102 234X QIO
O, TIARSX|EIAMO]| 2|8t G protein—coupled receptor 43 (GPR43)
Acetate (C2), propionate (C3), butyrate (C4)S E&t5= ThA 2 GPR109AL| M2 MZE W K" RES UIHEICZ A ZRAI|A|L

S X[ (short—chain fatty acids)2 & L O|4=2| O|AICHAMER (colonic epithelial cells) L FEEES0 CHEH L0{7|HE REdh= &
M AO[MRe &7 UE0 Qo MHECHT]. HAEXLM2 T2 O] QIA| L CHysh Ma|2dS DH7HE0| SHRI=1T QUCHS].

Z LHOIIM 74, BT Q=AY 2218 70-140 mM, 2% Z012] 7|Et ZEIIME millimolar HPIQ| THARSX|EFAO| Z X5}
Q= 20-70 mM)[2], & ATIMZ(intestinal epithelial cells) & HY o Crst MEEEESS 715k 0] LN JU=O|[2], Al X2
MIZ L G THHeE! ASH 2=23|(G-protein coupled receptor) &4 = H(gingival crevice)l 6.3-16.2 mM acetate, 1.2-3.1 mM
HS S5l MY S XZHO| oSk2 485t UL0| EE HE QUCt propionate, 0.0-0.4 mM butyrateZ} ZXH5tH, 5 XIFY &Kt
[2]. Butyrate= ZZXMIE(colonic cell line) L G protein—coupled AR 242+ 14.0-38.4 mM, 4.0-12.9 mM, 0.9-4.2 mMQ| SE=2
receptor 109A (GPR109A) £=&|0f| Zg&t22M lipopolysac— B71=0] EXHot= A2 SQIE|QUCHA]. & W Ol8=-F2H HAESX]
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22|, 71Z W HASKEM2 F2 2
o= oYX U=0l, Porphyromonas
gingivalis % Fusobacterium nucleatum25E| M8 E HALSX|H
A2 XFZEME | SMA Ydlg ZHFOEMN FIEASE(Ka-
posi’s sarcoma)dt Z2 Y L0 AL UAS0| SRIEAUOH
[6], XI2 =X Lf butyric acids= & LIS 2 0|SEOZ M), &t O]
EZLC 2|0t W oxidative/endoplasmic reticulum (ER) stressE OH
otz S2l QIA| L Hal2dS IH7HE0] SRIET AUCHE]. HAEA
4to] Ol2fet O|Z&QI g0 CHet Qlut 22to| 7|ME
HX|X| 421
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Materials and Methods
1. M|I HHQF 2 A|2F

X248 QO0IME(human gingival fibroblast; ATCC, PCS-201-
018)= 10,000 units/mL penicillin, 10,000 pg/mL streptomycin,
10% fetal bovine serumO| &S-E Dulbecco’'s Modified Eagle’s
Medium (GE Healthcare Life Sciences, Chicago, IL, USA) H{Q¥
HiX|Z AF3SI0 37°C, 5% CO, incubatorOflAf HHLE|RACt, Sodium
acetate, sodium propionate, sodium butyrate, LPS from Esch-
erichia coli= Sigma-Aldrich (St. Louis, MO, USA)Z5E 0ot
QLY.

5mM C2 5 mM C3
N s
30 mM C2 30 mM C3

Ratio (0.2)
Ratio (0.2)

2. Reverse transcriptase—polymerase chain reaction
(RT-PCR) assay

MIZ L} RNAsE Trizol (Invitrogen, Carlsbad, CA, USA)S 0|2
o BEohE M| Qo FEZIUCL Y K| HA = 2 ME
Ol 1 mL TrizolE XM2|3t & HAME2[5I total RNASE 22[5tF 2,
BioSpec—nano (Shimadzu, Kyoto, Japan)S 0|25t0] HZ¥oIRALt.
Z|IZ 1 ug RNAZEE| cDNAE gdoiRien], & cDNAE iy
o= L4329 primerE 018510 22| SMAL Udl HEE SQISIA
CHinterleukin (IL)-6; forward 5 -GAT TCC AAA GAT GTA GCC
GCC C-3', reverse 5'-GCT GGA CTG CAG GAA CTC CTT A-3,
IL-8; forward 5'-TCT TGG CAG CCT TCC TAG TTT CTG-3’,
reverse 5'-AGT TTT CCT TGG GGT CCA GAC AG-3’, GAPDH;
forward 5'~ACC ACA GTC CAT GCC ATC AC-3’, reverse 5~

TCC ACC ACC CTG TTG CTG TA-3)).

3. M 2H = 2XM(cell viability assay)
M &Me EZ-CYTOX kit (Daeillab Service Co. Ltd., Seoul,
Korea)E 0|85t0] MZIAIOIN MBSt WO M2t S-SHAULE 24
5| MHSIH, 96 well platedl] MZE 22t F, T2 EZ-CYTOX
10 uL/wellE Z7tettt. 30279 7t Y = 2+ wellQ| optical
density (450 nm)E iIMAX Microplate Reader (Bio—Rad, Hercu—
les, CA, USA)E 0|&510] ZHsIRACt.

4. NZ W} Z+s s=([Ca”i) X

Al
=
1

Cover glass (22 x 22 mm)0| 2F= NZE 12412 i &
S| AFRE|RUC}. Fura—2/AM (TEFLabs, Austin, TX, USA)=

5 mM C4

Fig. 1. Differential intracellular Ca®* mobiliza-
tions in response to different concentrations
of short-chain fatty acids (SCFAs). Human
gingival fibroblast cells loaded with Fura-2/AM
were acutely treated with indicated concen-
trations of SCFAs for designated time. Each
trace present intracellular Ca®* mobilization in
each cell.

C2, acetate; C3, propionate; C4, butyrate.

30 mM C4
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mL B HHX|Of ZE 5 uMe| SE2 X2|5t, MEHIE70A 1
AlZH SOt 7} HYYSHELE, HEPES buffer (mmol/L; 10 HEPES,
140 NaCl, 5 KCI, 1 MgCIz, 1 CaCl,, and 10 glucose, pH7.4, 310
mOsm)E MIZ0f| ZFAIA M 22 ZHF Fura-2/AMS MO{LH,
OPY3AIZI F [Ca”']iE SHOGIUCE MEE WY 28 s 340/380
nm dual wavelength2 0|25}0] excitation AIZICMH, BEE 510
nm wavelengthS CCD camera (Zyla sSCMOS; Belfast, UK)Z 0|
25101 MU, ZIH= ratio (Fauo/Fas) U2 EAISIUCE

Zh ARE 7t SAEHN |99 A= Origin 2020 T2 73
(OriginLab Corporation, Northampton, MA, USA)O| A2E|UCt,
Q9|4 HZE 2ol one—way analysis of varianceS AA|SIFOMH,
Tukey’s post hoc testZ2 AtZ ASS AAGIZCE SAHH Q29|49
EZZ2 p < 0.052 MHGIYUCH DS ZiH= S2E 3 0|AlO| Al5

[ N = )
E28H EEEUCH, WH + standard error of the mean2z &
Al=|RACH.

Results

1. BAEXEN S5
2SOl Hat

#S10|| M2 X2 Q0PI L [Ca™]i

C2 3 C3= MIE L GPR432 &dstet &= = Aoz
O, gM3stE GPR432 Gi = Gq T =25 243t
cAMP ‘AtS AAXiIstH [Ca”]i 715 SE3iC [7,8].

X|YLH0] X2 EROMEAM ZE BEESE Rok=Al, 2|11 HAE

Xt S0 ME Hapt QJU=X| 2IGHE 1A} Fura-2/AME 018
Sl0 AOIUE MZE L MEE s S5 SHOIUCL X2EFO0MAM|
ZE 5mM C2, C3, C40| 2zt =EAIZIE 42, C2, C3 Xe|E M2
L [Ca™]i k= Al &oIst £ QIAOH, 2tE 1-2 peak®| YA
[Ca™]i B712t0| THELE HiH C4 X2|E MEOoME F7|XOZ2 St
QF ZtA T} BRSO LIEHLH= [Ca®'i oscillation?] A40] SHOIZ| LY,
gHH, 1&s20| 30 mM C2, C3, C45 Xz2|st 42 [Ca”li s&=7t Y
ANHOZ BI85t & CtA| ZASH= biphasic [Ca”i response?t &0l
EU=], A ST MEE W 71X [Ca™ie sZRCt S7HE0f
KXAIEO0| 2= UCHFig. 1). | ZUE 3H HASXEM IR &
O M2t X2EKROME L Z& “._% 0| THEA| LIEtEES &2l
SIRACE.

=
b |
74
(=]

2. HASK S S Hat0| [IHE X2 F0PME LY X
MO|EZI(proinflammatory cytokines) 2 H3g

N A=
— Oo

=

Cao) 557} S718+5 XIBHROME Lf 16, 1L-6 el 3
5oz 571€0| BT ot SCi]. BABKIL SE Helo) T2 o

66 www.kijob.or.kr

2| LIERLHE [Ca™]i £rS 240 0[01, IL-6 X IL-8 §2| & HZ At
OIE71210] 23i0)l #57} YU=X| SIRIGIIXL RT-PCR A8iS 435t
QCH XISHQOMIZO| HASXIYME SEER H2|5H 24412t 2
MZ LY total RNAsZ =E510] IL-6, |L-8 251 UAS BI0I5LY,

5mM C2, C3, C40 2|8t IL-6 Z! IL-82] €812 control (deionized
water treated)0fl H|5H 7t Y&tg EROLL ROIgH A0|= EOIII ot
A2, 30 mM C2, C30]l 23t IL-6 2 IL-82] &dd HA
Ol &QIgh 4= SUACHFig. 2). BHH, 30 mM C4 XM2|gt TZUA IL-
6, IL-82| L340| LA B7t=0] U= AS &2l

LPSOll oI5t 7t H=ot RALSH +&220] &I AUCKFig. 2). FII=2
IL-1, IL=10, tumor necrosis factor—-o, (TNF-o) &3 M-S
SIFOLE RISt Zik= SQIE|X| §UTCHdata not shown ) 9 Zat
SUSH HARS XA S X0 M2 [L-6 L [L-82| &t
EFLHDY, Oli= TEAFSX|A-OH7H [Ca™]i Hat7t B3 US )d
EIC.

[

ox I 1lr o

5mM 30 mM
Ctl C2 C3 C4 C2 C3 C4 LPS (5pg/mlL)

1,200 - . 600 - T
g . 3
£ 1,000 £ 500
o Q
(8] [§]
2 800 &£ 400 A
[ C
2 e}
1] 2]
2 600 g 300
Q. o
) . S 200 -
2 400 2
zZ Z
g 4
© 200 A o 100 4
5 i H
0 |:|| T ||£|| T T 1 0 N
SFPFIPIg S o"/c?’o o"/c?’o Q%

5mM 30 mM 5mM 30 mM

Fig. 2. Differential expression of interleukin (IL)-6 and IL-8 in response
to different concentrations of short-chain fatty acids (SCFAs). Cells were
cultured under the indicated conditions, and total RNAs were collected
and used as template for synthesis of cDNA. Conventional reverse tran-
scriptase-polymerase chain reaction was then performed. The upper panel
shows RNA expression of IL-6 and IL-8 in response to SCFAs. The lower
panel present statistic data showing fold increase of IL-6 and IL-8 expres-
sion compared to control (deionized water treated). Data are represented
as mean + standard error of the mean.

Ctrl, control; C2, acetate; C3, propionate; C4, butyrate; LPS, lipopolysac-
charide; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

*p < 0.05 in comparison to control.
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120 -

I 5mM
Il 30 mM

Cell viability (% control)

Control C2 C3 C4 LPS

Fig. 3. Negative regulation of cell viability in response to different concen-
trations of short-chain fatty acids (SCFAs). Cells seeded on 96-well plate
were treated with the indicated concentrations of SCFAs, and MTT assay
was conducted. The statistics data shows fold change of cell viability com-
pared to control (deionized water treated), and are represented as mean +
standard error of the mean.

C2, acetate; C3, propionate; C4, butyrate; LPS, lipopolysaccharide.

*p < 0.05 in comparison to control.

3. HASA[EL S Ha| M2 ME ST HE}

U BEHSIM HARSX|ALS| LSt 0|22 24 (beneficial
roles)S0| & YK U= HHH, 1L LHoIM= TIAREX|EALS| SH=
2 &M(detrimental roles)S0| 20| E10%1 QJUCH10]. E3|, 1%
Li C42| B7t= XI2MRFOMIZE LY TNF-o LS S7tA|7|H, 2H]
E TNF-a= T8 X24R0MMZ0 ZEL2M MEAES STE
O] H & HE UCH11]. 2 AF0IM HAEX| LM S Halo| TE X|
S2HFOMZL| MEHHES % 15130 XF Ms=(6 mM), 2sE30
mM)2| HALESX|HAS HIE XI2MQOPMIEL0| X215t F, 72A12¢
SOt =7} HiLSI MTT assayS +-35IRUC A& Zut, oot
Mgt ti==0] HIsH 30 mM2| C32t C4E X2|gH MHT0IAM K2
St MO ML ZAT ERIEAOH, LIHA| Mzl HARSXK|
it 3 1S9 C28 XME2[St HEZMME MEEHES| HEE o
0I5t 4= QIAUCKFig. 3). £5, 30 mM C4E X2|§t M2 LPS (5
ug/mLYE XM2|gt ATt |5t 20| MESHMHES LIEMILT 2
Atz HARSX|YAS] S0 T MZEEE 0jXl= a7t o
20, I5E2| butyrate= LPS2} H|5t &2 2t MESES 7}
Ilo EO:I |:_|»_

Discussion

CIARSK|SIARS & AMIXE| U UCERX|0o) QUE B UOZ
2510, & AIZEE integrity L AX X|92 SElots Ma|BNS 7t
Xl= 7402 HTE H UCH12). E3H CIARRKHAIR ASHUSX
of BN JIK|H, & LY HEUSS oAXshn AlsE Rst S Rt
QBig IR 59| 0|22 NS 2= ZOZ E0IICH13-15]

TZ L O EZ0| QlhME TASX|HAE MR, 55 xIFE &
Aol 77 W HARSX|LAO] St FA0I0| HIshA REXMOE =
A =RIEE= §, XFHete| Ha|7|1Mat 72 HE0| U= ARz &
QIE|1 UCHB]. 0]2F 20|, HAFSX|EAL2 2N TSt 0|22 M
= 2O S22 Ed FA| LIEHHD AUS0| &Ql=11 QUL C4

£ Jurkat T-cell Ll mitochondrial-dysfunction ! ER stress0i| 2|

8t apoptosisE {E6HH[16], colon cancer Ll p21 QXA &S
ZHBCRM carcinogenesisOil 20{&H0| H11E HE UCH17]. £3,
R|FEet He|7|HUM TAREXEA, 1 SHME C49] 0| X
g0 ot M AZTH HiRE 20|, FAIe| 7 L HASKXY
AF SO0 HioH X|FEEH 2HAte| 1 LY HASA|LMO| STt R9
Ol. -” Ejl.Elh 7-|O| I'C}-Jél' Hl- Olh[-” ola-l%l- EI-AIAX'HI‘AI-EQ Xt AI‘
OME 2 HAME L UHEl= GPR41, GPR43, GPR1098 Z &5
= GPCRsOf| +=8H|-2Zt= Ao =M Crafet MIZeds mj7hst
CH18]. 1 &, TARESXIEA| 25 GPR43 &d2 M L Z&8HS
= fot, Lot & 22 L g3H8S X8ok= A= Eilk1
RACH19,20]. 2 ATE Soll THAEEX|LAe] S HSt0)| M2t X244
SOIM|E LY Z+EAS0o| HELE SISIRICH, E5|, sk C4 XI=
2 M|IZ L [Ca®']i oscillation2] HEHE LIEH = 242 SOIGINLE, O
=NsEeCc2y C3 =0 ME a8 180 C2, C3, C4
A=00| T2 ZE8it=s MER SR FBUS o CHE M2
g2 g Ae= 01I”5“1f NI L Z&HtS Halof 010 HAREX]|
it s XHo] Qg IL-6 & IL- 8°| ™ EZ AMOIEZIQI el Hats
SISt IL-6 ¥ IL-82| Y2 [HREEQ| HMAFA HEZ2
J7430F R2|0|gk XI0|§ HO[X| 42 BHH, 10| CA7t X2|E &8
EOHM‘?_* Felofgt Z717 ERIEAL. T 2, 15E2| C2, C3,
Ca= HIgh Q40| ZEHISS LIEHH Z10]| Biolf, Sot 44t
H %ZE’S AO|EFIQ1 40| ZHEE|ACH= M1t [Ca™]i oscillationS
QESH= MsE9| C4 X121} biphasic Ca®* responseE RE5H= 1
SEO| C4 X=F0| Mof LHE ™ BSH MO|ETIRI Woig RESIRAC
= FOICt 2 AF0M= ™ FEY AMOIEFIQ) LS KoMK Y=
=20 C2, C3 d2|1 MEk2| C4 X=0] Of7Hok= MIEE:
OIoIK| ZotF oL, GPR43Q| Mz|atdi M= 7|2 HIE
g, 2 MEOIS H o X -0 st F7t Aot E
o= MZISHC}

CIASK|EAE S Hal0)| M2 M L AS7[H 310 0]04
Lo = HARSK M S Hal0| ME MESHE HtE SIS}
SIACt M AZTH HiQE 20|, ABELS UM TASX|LAS]
MIZE, ZZI0)| et AEhE 20 f% IEFI 2= sYer &Y
oF MAOIME MR M2t A8HE A7t =SE HE ACH21].
AT E Soll M=zEe| EMAXIE'JN% MIE &0 Mof Feks 0|
220, 30 mM sk HARSX|HA 7H2E| C32t C4 K= 00
olofst ML el ZAE HHSIRCE M M L ZEHE ZUE
neg m, NI W X[EHRl 71N Z2&577F MEEds XSk =
210102 MZIE|H, XNsZo| C4% 20| [Ca?]i oscillationS D715}
= 4Rc MEEY AH2t= T6| COHE ME 243 MY A= o
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