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Abstract; The abuse of antibiotics has led to serious bacterial resistance, threatening the ecological environment
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and human health. Quorum sensing inhibitors (QSIs), as a new potential antibiotic alternative that is theoretically
difficult to induce bacterial resistance, are recommended for use alone or in combination with traditional antibiotics.
Therefore, the study on the combined effect of antibiotics and QSIs and its mechanism of action has important
reference significance for the assessment of the combined exposure risks that may occur in the environment. Two
widely used fluoroquinolone drugs, ofloxacin (OFL), levofloxacin (LEV), and one QSI, 4-hydroxy-2,5-dimethyl-3
(2H)-furanone (HDMF) were selected as research objects in this study. Three binary and one ternary mixture sys-
tems of the three drugs were designed by direct equipartition and uniform design ray methods, respectively. Each
system was arranged five rays with different component concentration ratios. The toxicity of the three drugs and
their mixture systems against Escherichia coli (E. coli) was determined by the time-dependent toxicity microplate a-
nalysis method. Toxicity interactions and interaction strengths of the four mixture systems were analyzed by using a
fit-to-zero method. Intermolecular docking technique was used to explore the possible mechanisms of action. The
results showed that HDMF, OFL, LEV had toxic effects with concentration-/time- dependency on E. coli. By selec-
ting the negative logarithm of the half effective concentration as the toxicity indicator, the toxicity order of the three
drugs at the same exposure time was LEV>OFL>HDMEF. The interaction type of the binary mixture system of the
three drugs was antagonism/synergism, while the interaction type of the ternary mixture system was synergism, and
the type and intensity of the interaction were affected by the components of the mixture, exposure time and compo-
nents’ concentration ratios. The fluoroquinolone mixture system exhibited antagonism because fluoroquinolones
competed for binding protein sites. In the mixture system of fluoroquinolones and QSIs, QSIs could damage the
biofilm of bacteria, making fluoroquinolones easier to contact bacteria and cause damage, thus presenting a syner-
gistic effect. But fluoroquinolones would cause DNA damage and then reduce the production of QSIs acting pro-
teins with the extension of exposure time, showing an antagonistic effect.
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LEV)FUFAAC RN 41 i1l 571 4- 32 0E-2,5- — F JE-3(2H) K
i /] (4 -hydroxy-2.5-dimethyl-3(2 H)-furanone, HDMF)
MR FTR G, UL KT 1 (Escherichia coli, E. coli)’}y
ZARNAEWY), R B Y 4 B 26 (direct equipartition
ray, EquRay) % i1 3 > - J0iR & & & (OFL-LEV ,
LEV-HDMF , OFL-HDMF) 1 ¥4 &) % 11 5 28 7 (uni-
form design ray, UD-Ray)# il 1 > =JCiR & & &
(HDMF-OFL-LEV), K FH B[] 25 P fob 20 B 32 00 5
G3ATT 3 FPESIXT E. coli TEAN [F) 2 55 I [R] A4 e B 2500,
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1.3 RAYWLRRT

K E A4 B2 (EquRay) %3 3 4 ot
R4 W) 14 & (OFL-HDMF , LEV-HDMF , OFL-LEV),
P51 (UD-Ray)™ %31 1 > =JCIR AR R
(HDMF-OFL-LEV), IR G WIR R ZH T 5 KA
[l B LU TR B W) 9P 26(R1 R2 \R3 R4 RS), HAKHK
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Table 1

Basic physicochemical properties of three drugs and fitting parameters of the function

f#% 45 W /(mol - L")

K CAS 5 PR (Al /h EC
& 7 Stock solution R& jL . « B RMSE r 50 pECs,
Name CAS No. Function Time/h /(m01~L’1)
A(mol-L™")
LogitT 025 037 500 0011 07175 868E-1 0.06
SR A (OFL) LogitT 2 1497 274 0013 09498 344E-6 546
Ofloxacin 82419-36-1 830E-7 LogitT 4 1388 223 0047 09570 597E-7 622
(OFL) LogitT 8 12.01 176 0045 09766 1.50E-7 6.82
LogitT 12 1377 195 0061 09695 868E-8  7.06
WeibullT 025 1400 366 0013 05548 882E-7 605
JE USRI (LEV) LogitT 2 4319 668 0014 09253 342E-7 647
Levofloxacin 100986-85-4 3.00E-7 LogitT 4 1877 282 0035 09741 221E-7 666
(LEV) LogitT 8 1343 188 0030 09884 7.I8E-8 7.4
LogitT 12 1612 219 0049 09804 449E-8 735
LogitT 025 001 220 0006 09543 990E-1 0.00
. _
4-Fp2k-2,5-—IE-32H) WeibullT 2 134 239 0010 09847 193E-1 071
W IR ) (HDMF) i
_ 3658-77-3 120E-1 WeibullT 4 303 306 0011 09958  7.76E-2 111
4-hydroxy-2,5-dimethyl-
3@H)- furanone (HDMF) WeibullT 8 270 256 0019 09917 G634E-2 120
WeibullT 12 289 230 0011 09985 384E-2 142

TE :RMSE FR B iR 2%, r R AHE R AL,

Note: RMSE stands for root mean square error; r represents the correlation coefficient.
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Table 2 Concentration ratio of each component in mixture system

OFL-LEV OFL-HDMF LEV-HDMF HDMF-OFL-LEV

fay PorL Prev PorL PupmE Prev Pupmr Pupmr PorL Prev

RI1 9.06E-1 937E-2 1.13E-5 9.99E-1 585E-6 999E-1 9.99E-1 290E-6 296E-6
R2 795E-1 2.05E-1 452E-6 9.99E-1 234E-6 9.99E-1 9.99E-1 436E-6 3.04E-7
R3 6.59E-1 341E-1 226E-6 999E-1 1.17E-6 999E-1 999E-1 328E-7 144E-6
R4 492E-1 5.08E-1 1.13E-6 9.99E-1 585E-7 9.99E-1 999E-1 1.13E-6 332E-7
R5 279E-1 721E-1 452E-7 999E-1 234E-7 999E-1 999E-1 226E-6 1.17E-6

1.4 HeBE-Row thk s OFL .LEV 1 HDMF /£ M ECAA, i FH AutoDock Vina

X AN (] 22 2 i () X 1 %) e 3 3080 o7 50 9 oz
APTox B4 i) Weibull 2848 5% Logit pR% #ﬁzlli
RAERIARY . Weibull  Logit FRELA AT .

E=1-exp[-exp(atBlgc)] 2)
1
[l rexp(-a—plgo)] ®
Krf s EFIRIEI 3 o BT B 430 3R 7 B FLRPRE S
B e RSV EIR S Y AR E
1.5 IREWETEAH EAEHITHL

K FH ¢ B 1 Fl (concentration addition, CA ) %l

IR G Z [ A EAE Y HSRIA AR .

n
@
K. m FRIBEWHIEL, o, FRIREW = x%
RUNL 56 7 2053 (VR B EC, o 1 41 43 B A AE B
FEAE SN X% IR YK {ZU“ M4 CA TRk 7 %
A~ 95% G XL Z 08 LA FEE, o LA IR &
Y st o SRS BL mAAEEIVE R
CA BRI HE PPAG TR G W ny fE A BAE L (H
AFE A FH 8 B G 36 v S, TR I SR P 4 o 5k 22
(deviation from CA model, dCA)E ISR R MEIR &
BEPEAH EAE A A 3R R, dCA BEARL Y ik =t
G)FFR , 1685 XAl 41, dCA A9 26 %) {1 8k e rm TR
B AR A FE (P ) A T s
dCAi,C = Eops—Epre ®)
K By IREETIWLINAE, By MCETIIE
1.6 4rFXfE
LK AFF B DNA [ fiEf#(DNA gyrase) DNA
NS IV (DNA topoisomerase V) FlHH {4 J&% i
(QS)Z M4 SdiA & 1A LsrR £ [ HIHE A5 R AFF 5% %
% % DNA [6]Jigfii(PDB ID:6YD9) . DNA #i$h 544
it} IV (PDB ID:3FV5) . SdiA & 4 (PDB ID:4LGW)Hl
LstR 4 1(PDB ID:4L4Y)4 48 fi 8 FIAE N 24K,

X AT P 6 5 AR AT 2 T 04 R 2
fiE(binding affinity, kJ - mol " )VE AP S48, i K
[EEISE 2 SER 2 I Lt

2 453 (Results)
2.1 2 FFQs 5 QSIs % E. coli EEE

K AEZ M PRE (Logit PREL DL Weibull pR%0) %)
AR IEAT HAA, 35 BN A %005 B A 11 o 50k 2
CRC Hh&k, A5 Rk 1 froR, 3 Fh2h ¥ i i fa) -
WeEE - th e TR 1

M1 AT 3 FEG MRt E. coli 15 T AE 0.25 h
A B AL 22 A, 78 A% 2 15 I [ 400 17 45 405 340 e vk
PR B I AL A (£>0.90, RMSE<0.10), LA B0k 1
R B2 57 0 B (pECs, ) o4 85 R 48 B, FEBE M /N IUF
4:2 h i}, LEV (pEC,, =6.42)>OFL(pEC,, =5.46)>
HDMF(pEC,, =0.71); 7 12 h, B K/NIF 4 LEV
(pEC,,=7.35)>OFL (pEC,, =7.06)>HDMF (pEC,, =
142), Hrp HDMF fya M BARFHiAEE, vl ik
JEH T QSIs FZAFXTHA Y QS HAE RS, A H
PESECAEIET, X 5 Ning 25259 & SUARL, B4t
HEXF E. coli TR T QSIs 49,

3 T2y 1) Bof [] - 3 -A4 07 (t-CRC) il 26t 51 1
Fs, 1 ATAL3 FE XS E. coli 19 t-CRC ¥4
“S” Y B LA B A B S Y B AR A
025 h i}, 3 25935 Jo B WA 14 ;2 h B, t-CRC
I i 1 B4R T A 25 i, iX % B OFL Al LEV
PRI ETE 4 ~ 12 h i), t-CRC #8144 9
R A, e B« S” A i OFL fil LEV
f£ 4 ~12 h X} E. coli R F K g3 5 ; ifi HDMF
2 ~12 h BRI AR WA I s, Wk E Ty
Ifi,3 FRZGH7E 2 ~ 12 h 4 t-CRC Fifi 5 e & 1 T = 1
TR T, A 3 Fh2G Xt E. coli (M B TR
U AR
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2.2 2 FFQs 5 QSIs AR FRX] E. coli M

I LE 71 o D W S % N T 1 B R B = B
IR 4 1K & (OFL-HDMF , LEV-HDMF , OFL-LEV) 3t
15 A5 2 AE AN TR] 2 5 ) 8] 119 254 45 SR (pECs, {E) L
K2,

mi& 2 A %1,2 ~ 12 h i, OFL-HDMF #l LEV-
HDMF 18P B B[] 38 fin 34738 5%, 9 B X 2 2 — o8
IRAEY) BA B i TRA S 4 2R S Ff
PRI 12 h-pEC,,>8 h-pEC,>4 h-pEC,,>2 h-
pECy, o MMi OFL-LEV RYFEIELE 2 ~8 h i Fifi i (8] 5 fin
FEXGSR AFURTE 12 h B BEPERS A BRAIG, B3 1R /NI
JFF24 8 h-pEC,,>12 h-pEC,,>4 h-pEC,,>2 h-pEC, .

AU (E2)RE 3 MAMIREY RA
OFL-LEV H1 LEV-HDMF H.A5 4 43 e AR #8175 PE | X
F OFL-LEV & & ,BE# OFL 43 i3 /0 #1 LEV 41
G FIHE TN 23 05 245 1y 00 00 TR M2 T 1 5 (RT<R2<R3 <
R4<RS5); %I F OFL-HDMF & & , i % OFL 21431y
18/ F1 HDMF 28 43 0938 , Feag e 2 Wi/ (R1>
R2>R3>R4), {HJ&:7E R5-12 h A PRI AR 0 3
] OFL-HDMF {4 Z A HA7 Bt (1) 41 53 LU AR M 5 Xt
T LEV-HDMF 1k &, [ii & LEV 1% 2 4% Wk 2> F0l
HDMF 2043538 , Hag P 78 2 ik /N (R1>R2>R3
>R4>RS), L5 LTk, 3 My —ouiR Gk &R,
LEV 443 i It 7 LEV-HDMF #1 OFL-LEV {4 &
SEEME R IEAHSE T OFL-HDMF 14 & th a1k 5 20 7>
FEARHSPEAS AR A

[FIFREH, = TCIR G WIA R 5 KP4 A& 2 R I
V] () T PR AR Ak B ] pEC,, TR 45 A &l 2
Fiis . HIE 2 ATA1,2 ~8 h i, = JeiR& Y i dErEbE
I [) P A28 K 7 1 3, 45 2 58 s I FEPEIUT Oy 2 h-
pEC,,<4 h-pEC,,<8 h-pEC,,,12 h i}, = CIR &Y
BEPEAHAL T 8 h I A BEAR, #:PE K/ MIBUT 24 8 h-
pEC,,>12 h-pEC,,>4 h-pEC,,>2 h-pEC,, .

g ¥ PRGN ) B R I ) () = JTiR B Y
TS 5 e A AH G, FH Pearson AH ¢ 28 B 16
ARt () A OG5 55, 25 SR &l 3 TR, 7F HDMF-
OFL-LEV iR & 14 % th, OFL l LEV pEC,, i 541
AU BE L 22 (] ) Pearson A2 R EL r<0.9, B 3% R
P>0.05 X Ui OFL #l LEV i 5 pEC,, L1
FHENE  HDMF 76K B g& 0T E(8 ~ 12 h) (N £ B
55 pEC;, FEAE B & M AH K (r=0.91, P<0.05);8 h-
pEC;, 55 12 h-pECy, 3 IEAH XK (r=0.97, P<0.05),
Wkt T HDMF-OFL-LEV = CiR &Y dEtt S

o RIS EAS AR 5
2.3 2 F FQs 5 QSIs IR A 1A R B AH B1E H Ao
BE A
2.3.1 2 Fh FQs 5 QSIs 1 —JCiR & WIiEA 1
ST

2 F FQs 5 QSIs W —JniR AW 0 AH B AR 45
WILKE 4, | & 4 A% LEV-HDMF , OFL-LEV I
OFL-HDMF VR F | A FH a8 B2 1 i psf [i) Rk J32
AR AR A

XFT OFL-LEV IRG 1A R, TE R — W BEEEHT,
it 5 2 S I ) P E 7 o PR B2 DX, A HS 41
Ve L AE R AR T, BFS BUAE FH 2 A8 i 5 78 5
VB X3k, FRAFE BRI A Bt bl R ARV RO R
FPe7s 55 055, 76— B IR, 5 ARG 0
LML CREE OFL Vi FE (I8 INE 2 M 28 v, RIS T
YEHIFE OFL ¥R B BYUs/ NFEVR S

XfF LEV-HDMF R & 1k &, 75 45 %2 58 i [\
(025 ~2 h)FFAIRA L1 dCA Hif 0 T 815 X
i) F R 2 52 ~8 h i, dCA it 7E b i
DX 3l A2 €, i VA R T AR b £ A P TR AR
T, BB B ] A A8 Ak s e B DX 3 P ) A
FH Bt v B2 i A8 A U R VR AE W 55 58 ~ 12 h i,
dCA T 5 €822 e I , rh ok B X R 21 401 B
TEZ WA, Bl T B2 1 28 A0 2T (0, P32 72 T e ¢
THCHE T 0n B, RIRE 2 o 1) 9 228 4 B[R] 4 5%
B E e (T R DR (o f R racl Bivay N i =73
(ARAE , 54T -2 BT 08 55 Fae 23 AR U R

X} T OFL-HDMF & &1 %, 75 [a] — ik B2
T, B R A E K X T R1 R2 4k, RAEHE
A RO LL AR WA R, BNRS BU/E B i As i ; X
F R3 R4 Hl RS G2k, FAEPFEINEF (4 3 € b R AR
&, B EIVE e AR i fe 05 . fF R — R Eg i T,
5 KR A SRl OFL ¥k BE (14 Ik /N e 48 7
AR B 2B 7 B 0 RIS UVE IS OFL Mk BE 1Y
I/ INTE AR 55 35 20 AR I B R
2.3.2 3 FEYR = ITIRA WA 2R
548 3 A

HDMF-OFL-LEV (/] dCA &5 3% nE 5 i, i
KIS WAL, =JCIR G 5 S AR AE 7 W I () U [+)
YERT, B UpRVE R E2E P AEIR SR E ik X
W, Horp R1 ~ RS B A [a] 1) 24 PR RV FH A A 3
5, 7E 8 h B Wb ] VR FH 3k 2] fe ik, F S R 1R 1 A
(12 h)R1 R2 Y[l e i A R A E A ifii R3
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Fig. 1  Effect of three drugs on time-concentration-response curves (t-CRCs) of E. coli

PEC,, 7.220
HDMF-OFL-LEV-12h[ 2.1 203 199 194 198 '

HDMF-OFL-LEV-8 h| 2.28 22 208 206 2.1
HDMF-OFL-LEV-4h[ 127 125 125 131 132

HDMF-OFL-LEV-2h| 069 053 062 066 076 5.880
LEV-HDMF-12h| 228 222 172 162 1.6
LEV-HDMF-8h| 224 2 166 154 151

LEV-HDMF-4 h| 1.65 122 117 123 125 4.540

LEV-HDMF-2h| 1.04 0.65 0.53 0.79 0.84
OFL-HDMF-12 h| 2.05 1.8 1.67 1.66 1.74
OFL-HDMF-8h| 2.03 1.71 1.58 1.51 1.49 I-3.200
OFL-HDMF-4h| 145 1.04 1.09 1.11 1.17
OFL-HDMF-2h| 1.11 0.97 0.84 0.75 0.81

RS PIR R
Different mixture system

OFL-LEV-12 h | 1.860
OFL-LEV-8 h
OFL-LEV-4 h
OFL-LEV-2 h
L—L 0.5200
R1 R2 R3 R4 R5
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2 3R EMEREHEK pEC,, B BT E
Fig. 2 Heat map of pEC;, values for each ray in the three binary mixture systems of the three drugs with time
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Note: * stands for significance.
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Fig. 7 Protein structure and its macromolecular docking diagram with compounds

Note: (a) Protein and levofloxacin docking model; (b) Protein and ofloxacin docking model; (c) SdiA protein

and 4-hydroxy-2,5-dimethyl-3(2H)-furanone docking model; the hydrogen-bonding interactions are shown in

green dashed lines, halogen (fluorine) interactions in blue dashed lines and Pi-Alkyl interactions in pink dashed lines in the figure.
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