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[ Abstract] Objective: To evaluate the inhibitory effects and related inhibitory mechanisms of curcumin (CU) , quercetin
(QU), and thymoquinone (TQ) used alone and in combination on the biological phenotypes of the main pathogens, Porphyromo-
nas gingivalis (P. gingivalis) and Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans) , of peri-implantitis.
Methods: The minimum inhibitory concentration and minimum bactericidal concentration of CU, QU, and TQ used alone and in
combination were determined by the micro-dilution method. The fractional inhibitory concentration index was determined by the
combined drug susceptibility test, and the growth curves of the two bacteria were plotted. The inhibitory effect of the drugs on the
acid production level and anti-adhesion ability of the bacteria were verified by pH measurement and the glass wall method. The
minimum biofilm formation inhibitory concentration and the minimum concentration for eradicating the formed biofilm of the drugs
on the bacteria were determined by the micro-dilution method. The damage of the above optimal drugs to the bacteria was ob-
served by scanning electron microscopy. The differences in metabolites of the bacteria treated with the optimal drugs were deter-
mined by liquid chromatography-tandem mass spectrometry to preliminarily explore their mechanisms of action on the bacteria. Re-
sults: CU, QU, and TQ used alone and in combination all showed significant inhibitory effects on P. gingivalis and A. actinomy-
cetemcomitans. Among them, only CU+TQ showed a synergistic inhibitory effect on P. gingivalis, and the inhibitory effects of
the others on the two bacteria were additive. The combined use of drugs shortened the time for P. gingivalis and A. actinomycetem-
comitans to enter the stationary phase, and the inhibitory effect was concentration-dependent. The combined use of drugs inhibited
the acid production of P. gingivalis and A. actinomycetemcomitans (P<0.05) and reduced their adhesion rates (P<C0.05). Com-
pared to using the drugs alone, the combined use of CU, QU, and TQ had a lower concentration for inhibiting the formation and
eradication of the single-species biofilms of P. gingivalis and A. actinomycetemcomitans. Among the combined drugs, CU+TQ
had the best inhibitory effect on the pathogenic bacteria, and CU+TQ damaged the integrity of the bacterial cell membrane. There
were 184 differential metabolites (P<C0.05) in P. gingivalis after treatment with CU+TQ, and 150 metabolites (P<C0.05) in A.
actinomycetemcomitans after treatment with CU+TQ, which were mainly lipids and lipid-like molecules, organic acids, and their
derivatives. The metabolic pathways were mainly the biosynthesis of secondary metabolites, amino acid metabolism, and lipid me-
tabolism. Conclusion: CU, QU, and TQ all have significant inhibitory effects on the biological phenotypes such as the growth ac-
tivity, acid production ability, adhesion ability, and biofilm formation of the main pathogens P. gingivalis and A. actinomycetem-
comitans of peri-implantitis, and CU-+ TQ has the strongest effect. Moreover, the inhibitory effect is achieve by damaging P. gin-
givalis and A. actinomycetemcomitans cell membranes, and altering their metabolic processes and energy.

[Key words ] Curcumin; Quercetin; Thymoquinone; Peri-implantitis; Biophenotype; Metabolism
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J7 121 Cwr JE K8 20 min, WK L . A&
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tion, MIC) . & ik &% B ¥ J& (minimum bactericidal
concentration, MBC) {1l &

SR FH AR R 2 1 4% 24 OB B2 (CU: 30 mmol/L
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1.8 ZjWxt 32 BB B B BE T 19 5

B S 2WS L1 1(V/ V)RR T iR
L R 307 2 L Anid AR 1 IR E G R 48 h e 45 1
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J# 2 (30% .50% .70% 80% . 90% . 95% ) Mt /K
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—80°C fR+F. 24 h 5 M fi# VR B 100 pL EVE A
300 pl B, 523% 30 min, 4 “CE .0 EL 200 pl |3 I
Lo SE 5 4 PG (CU+TQ+P. gingivalis) . AA
(CU+TQ+A. actinomycetemcomitans) 5 %I M 41
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tans) % 34 A, S T ML IR 4G B00E 5 A F Pro-
genesis QI £8 W Xf 5%  BE LR K IF | 25 MR 45 il 4b B )5
PL P<C0.05,FC=1.5 i 1 & 3% 22 = R ¥ , KEGG
ARSI AT AL
112 Guil#4bp

ffi il Graphpad Prism 9.5.0 %k £/ i 47 %4 4fs 4b 34
FGE it 2504 o X 45 B AT IE S 3 A A 0, 25 4%
GAER AT PR 25 B AT 7 22 SR A T
ZFFRM ANOVA K% 4577 22 A 55, WK H] Brown-
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2 &#R
2.1 MIC K MBC il 22 45 5

LG EE R, CU . QU TQX} P. gingivalis Fl
A. actinomycetemcomitans ¥J ££ 1€ — & B 6 VEH o
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Tab 1 The minimum inhibitory concentration and minimum
bactericidal concentration values of curcumin, quercetin,

and thymoquinone to Porphyromonas gingivalis (mmol/L)

CU+QU CU+TQ TQ+QU
QU CuU TQ TQ QU

ik Ry

HZEMIC  3.75  20.00  3.75  33.50 33.50  20.00
B MIC 094 500  0.94 838 838 10.00
2l MBC
BHIRFMBC  3.75  20.00

7.50  40.00 7.50 67.00 67.00  40.00
3.75 33.50  33.50  20.00

T MIC 5 I TR e s MBC : e AR A R

R2 =ZMAYNHERLEEARHEANSEAERE REXE
REMNELER (mmol/L)
Tab 2 The minimum inhibitory concentration and minimum
bactericidal concentration values of curcumin, quercetin,
and thymoquinone to Aggregatibacter actinomycetemcomi-

tans (mmol/L)

CU+QU CU+TQ TQ+QU
CU QU CU TQ TQ QU

L E R

Hizh MIC 1.88  10.00 1.88 8.38 8.38  10.00
5 HI B MIC
HZEMBC  3.75  20.00 3.75 16.80 16.80  20.00

0.47 5.00  0.94 2.09 4.19 2.50

BEHRFMBC  1.88  10.00 1.88 8.38 8.38  10.00

HMIC : B AR R B s MBC s B IR R R
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2.3 CU.QU . TQX P 3 2 50 40 Ak 1< it 2 /9
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HEASF G W 0 B ] GE 4 255 86,6 /e, HoHk FE I
T MIC # 4k o HAK MG 4 o, AL actino-
mycetemcomitans T 55 10 /INBF#E A G B, e B Ry
MIC ) CU QU K TQ Kyt A £ 39 (9 1 ] 4 4 22
95 3.6.3/NEF o KT MIC ¥ B K 245 Wy BK G B i) 44
W T B A KO 2 2 B0 TR R A KON B Y
HERE AR . =F WX P. gingivalis Fl
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1 ZMEMASTFRINIEEE EHEFARTENFICERER
Fig 1 Fractional inhibitory concentration index data on three paired combinations of Porphyromonas gingivalis and Aggre-

gatibacter actinomycetemcomitans

A. actinomycetemcomitans W 1 il /5 F bl & B2 (%) 38 KA. actinomycetemcomitans W 7= B2 fg 11 (P<0.05) ;
P NI NN 7 2 2 L S S e 7 B NG - i < B G 25 9 XF 30 P gingivalis . A. actinomy-

Fsf 1] B 3 B 07, 3 T o A o, L 2A~F cetemcomitans W 7= 1@ ) B8 1 45 F SR 0d 4 H 25 4 (P
2.4 CU. QU TQXF g Fifr == B2 S0 241 1A 7™ 1R 1) 52 M) <<0.05) B A FH 2541 5 Bk CU 4 A Y sl FH 24 41 22
CU.QU.TQ KB A H 2 i nl Ml P. gingivalis HA G525 L (P<<0.05), WLIK 3A B,
A 10q amic-cu - B 1oy amic-Qqu - € 10q 2MIC-TQ
_ - MIC-CU - MIC-QU ~ MIC-TQ
g 081 ~ 1/2MIC-CU ’g‘ 0.84 ~ 12MIC-QU  F 084 ~ 12MIC-TQ
& ol 1/4MIC-CU o6 14AMIC-QU = | 1/4MIC-TQ
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E F
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T0123468100216224324048 "0 1234681002162024324048 T01234681012162024324048
Time (h) Time (h) Time (h)

A~C o ZF RN o B T A K il 2R D~F < PR ek v PR AT B AR 28 5 C U 288 3 QU R 38 TQ: 1 MU R s MT: 200 SR I IR R X IR 2 5
MIC : f AR e 2

B2 ZERWEE . BERHRABRASAYNTFRINIEARE SHEFARTEEKMEZNE N
Fig2 Effects of curcumin, quercetin, thymoquinone, and combination on the growth curve of Porphyromonas gingivalis and

Aggregatibacter actinomycetemcomitans

2.5 CU.QU . TQX PS4 v 26 it 68 71 19 52 il WA H 25955 P. gingivalis (A. actinomycetemcomi-
CU.QU . TQ K HI A fd ol 0 P. gingiva- tans B 785 B H00 46V A T Bk 4 FH 25 4 (P<<0.05) 5
lis A. actinomycetemcomitans B EE J1(P<C0.05) ; 5 QU-+TQ#MEL,CUFTQX P. gingivalis #) i K}
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ApH of P. gingivalis

w

0.5+ d

ApH of A. actinomycetemcomitans
°
|
-
o

A ZF IS R B R 5 B« P R TR AT SR AT s CU 22 88 55 QU i
FTQ: 1 WAL s MI: 290 K b 8 R % IRZH A [/ 7 B 14 &% 4 i) 22
S HA G2 B L(P<<0.05)
B3 ZEBERXRMWMEX.BEEFMRBEASAYISFEHRAME L
B EREE A RTE R0
Fig 3 Effects of curcumin, quercetin, thymoquinone,
and combination on acid production of Porphy-
romonas gingivalis and Aggregatibacter actinomy-

cetemcomitans

i B4 (P<<0.05) s A2 T QUACU, TQ+CU/
QU X} A. actinomycetemcomitans V%) %k B 41 il 58 47 (P
<<0.05), WLEI 4A \B.
2.6 CU.QU . TQXJ Ml 3= 22 50 40 B 5L 1 i 22 4
JiE MBIC F1 MBRC (% {ll 5&

CU. QU., TQ XF P. gingivalis. A. actinomy-
cetemcomitans [ 1 505 B A= W) BB Y TE L 2B
AP BRI R —E BE T, WAk 3 4.

R3 =T AR AN AR A R R E MR B R A
RIRFBER S WA E MR ENE LR (mmol/L)
Tab 3 The minimum biofilm formation inhibitory concentra-
tion and minimum concentration for eradicating the formed
biofilm values of curcumin, quercetin, and thymoquinone to
Porphyromonas gingivalis(mmol/L)
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Fig 4 Effects of curcumin, quercetin, thymoquinone,
and combination on the adhesion of Porphyromon-
as gingivalis and Aggregatibacter actinomycetem -

comitans

2.7 2N 3 B0 20 T A0 IR A4 IR A
LB S R R g5 R T X P gingiva-
lis A. actinomycetemcomitans ) il 2 58 ) CU+TQ
(3.75 mmol/L+16.8 mmol/L)ff HI F 41l ifd ; & i 49
i o F 0 OB WK & BB P gingivalis R A. acti-
nomycetemcomitans W 40 M I B A B8R AR, L &
5A~D,
R4 ZFhZ X A LR B SR AT B A AR AR A BE T B ) iR
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Tab 4 The minimum biofilm formation inhibitory concentra-
tion and minimum concentration for eradicating the formed

biofilm values of curcumin, quercetin, and thymoquinone to
Aggregatibacter actinomycetemcomitans (mmol/L)

CU+QU CU+TQ TQ+QU
CU QU CU TQ TQ QU

EiEYE ey

CU+QU CU+TQ TQ+QU
CU QU CU TQ TQ QU

EiE/E e

25 MBIC 7.50 20.00  7.50 33.50 33.50 20.00
BEJHR MBIC 375 10.00 375 16.80 16.80 10.00
FZIMBRC  15.00 40.00 15.00 67.00 67.00 40.00
BB MBRC  7.50  20.00  7.50 33.50 33.50 20.00
HE:CULB|E QU ML R TQ: A A& MBIC e R AE W)

HEIE WA 1 ¢ B2 s MBRC - S AR B 98 1A W A

HZEMBIC  3.75  40.00 3.75 16.80 16.80  40.00
B MBIC 1.8 20.00  1.88 838 838  20.00
HZEMBRC  7.50  80.00 7.50 33.50 33.50  80.00
B MBRC  3.75  40.00  3.75 16.80 16.80  40.00
HCU:Z QUM R TQ: B AW ; MBIC : i IR AE Y
JEIE B A ) e B s MBRC « 2 M T B B9 12 W R e
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Fig 5 Effects of combination-use of curcumin and quercetin on Porphyromonas gingivalis and Aggregatibacter actinomy-

cetemcomitans cells
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Tab 5 Summary of differential metabolites

Compared samples ~ Total Total sig Up Down
PG wus. UT-1 328 184 117 67
AA vs. UT-2 295 150 78 72

PG AU R CUHTQ+ 7 it b vk 8 i 5 52 58 41 L AA IR R
CUFTQ- £ jift £k T 1 B AT B 520 41 s UT-1 4% 6 % HR 21 5F i b o
PR TR UT-2 48 2% BE AL 2k B TSR AT 1

B T2 TR A 258, b4
T A R A AR 0 A W R, i B M R R
R, WE 9A (B P. gingivalis {518 #7776 Tk 4
TR 009 A 0 5 1 V] R A 0 2R 5 B R TR
R %, AL actinomycetemcomitans {8 il i 77 76 T
R 1Y A= WA i R BT A T A A i A (s B
H SHEATIER ), L2 8.9,

/a\

%)

)

®6 FIRIMNKEMEMEHKBARTELR LA ZERKHEY
Tab 6 Commonly upregulated differential metabolites in Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans

Compound Formula m/z rt VIP FC P
5.72_683.3344m/z C36H54011 683.334 4 5.724 9 1.1258 19.191 3 0.000 1
6.02_721.3864m/z C38H56N609 721.386 4 6.019 7 1.130 4 173.2450 <20.000 1
7.09_819.4232m/z C41H68014 819.423 2 7.0859 1.1357 1611.636 3 <20.000 1
6.59_741.3760m/z C36H56013 741.376 0 6.592 0 1.100 9 70.763 4 0.001 5
6.51_383.1239m/z C19H25CIO6 383.123 9 6.507 1 1.1231 376.264 2 0.000 2
6.17_658.3398m/z C34H49N506 658.339 8 6.169 4 1.1251 1.994 0 0.000 1
5.15_203.0817m/z C11H12N202 203.0817 5.147 2 1.090 4 1.9229 0.002 4

R7 FRIMEBREEMENEZEARTELARITRNERHY
Tab 7 Commonly downregulated differential metabolites in Porphyromonas gingivalis and Aggregatibacter actinomycetemcomitans

Compound Formula m/z rt VIP FC P
6.61_204.0658m/z CI1IHIINO3 204.065 82 6.613 57 1.121 77 0.250 37 0.000 24
11.02_733.5481m/z C38H77N206P 733.548 09 11.018 77 1.128 32 0.379 05 0.000 09
11.33_747.5634m/z C39H79N206P 747.563 42 11.327 47 1.129 20 0.344 20 0.000 07
13.47_855.6581m/z C47HI9IN206P 855.658 09 13.466 63 1.136 69 0.000 00 <20.000 01
14.39_857.6739m/z C47HI93N206P 857.673 90 14.391 80 1.136 69 0.000 00 <20.000 01
6.83_258.0978m/z CIO0HI15NO4 258.097 78 6.828 13 1.126 67 0.654 13 0.000 14
7.12_911.4502m/z C48H72014 911.450 18 7.119 73 1.077 06 0.503 73 0.003 85
A A. actinomycetemcomitans B A. actinomycetemcomitans

98
(55.7%)

60
(45.5%)

A BRI 22 5 AR s B R IR 22 AU
8 FiRAMMEMEMENEZEARTEERRHYFERE

Fig 8 Venn diagram of differential metabolites between Porphyromonas gingivalis and Aggregatibacter actinomycetemcomi-

tans
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Tab 8 Pathway enrichment analysis results of differential metabolites in Porphyromonas gingivalis

Pathway 1D Pathway Ratio P Enrichment FDR
map01110 Biosynthesis of secondary metabolites 0.833 0.078 1.111 0.625
map00901 Indole alkaloid biosynthesis 1.000 0.269 0.570 0.625
map01210 2-Oxocarboxylic acid metabolism 1.000 0.538 0.269 0.625
map04978 Mineral absorption 1.000 0.538 0.269 0.625
map05143 African trypanosomiasis 1.000 0.538 0.269 0.625

1 : Pathway 1D : 8} 78 KEGG 4l 2 h 1) ID %5 ; Pathway name : 3 % 44 B ; Ratio: & 48 3158 B% I 22 =AM 80 B DL 2 21008 B L
B AP B P LA 2 A K K 1Y P s FDR « B BH P # 1F J5 A, R ] Benjamini and Hochberg #5315 .

K9 HHEBEARAEEZSRHMBERSTER

Tab 9 Pathway enrichment analysis results of differential metabolites in Aggregatibacter actinomycetemcomitans

Pathway 1D Pathway Ratio P Enrichment FDR
map01230 Biosynthesis of amino acids 1.000 0.133 0.875 0.452
map04974 Protein digestion and absorption 1.000 0.400 0.398 0.452
map04726 Serotonergic synapse 1.000 0.400 0.398 0.452
map04978 Mineral absorption 1.000 0.400 0.398 0.452
map00901 Indole alkaloid biosynthesis 1.000 0.400 0.398 0.452

7 : Pathway 1D : i i 7 KEGG %48 P v 19 ID %5 ; Pathway name : il % £ #% ; Ratio: & 4 513 B 1 22 5 A0 90 8ot Bk DL & 48 21058 % 1 04 iF
FACE Y B P IL ] S A K 56 1 PAE s FDR < R BH 4 1F J5 {8, >R JH Benjamini and Hochberg %515,

3 iTig
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[ R e e NS S B e e N A (= 7 B R
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J& 19 MIC \MBC {E ¥ A%, H. CU+TQ X} P. gingi-
valis (410 1 2 21 B[R] 1 T, 3% W1 24 166 5 £ 1 % Aol
A ] LA 0 B0 B m i 1 o AR S 4
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PR UL 3 H A K AR T o 245 ) 4 6 G A T 1 e 41
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