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[Abstract] Objective To establish an extensively drug-resistant Acinetobacter baumannii ( XDR-AB) infection
model using Caenorhabditis elegans (C. elegans), and evaluate the effect of efflux pump inhibitors(EPIs) on rever-
sal of ciprofloxacin resistance in XDR-AB. Methods XDR-AB infection model of C. elegans was established, six
EPIs(CCCP, PABN, NMP, omeprazole, reserpine, and verapamil) combined with ciprofloxacin were used to treat
the infected model, the survival rate of C. elegans was recorded to evaluate the in vivo activities of drugs, toxicity

test and in vitro drug susceptibility test were also performed. Results Lethal effect of different concentrations of
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XDR-AB on C. elegans was varied. 5X 10° CFU/mL of XDR-AB was selected to infect C. elegans. C. elegans sur-
vival test showed that survival curves of C. elegans infected with XDR-AB for 3 hours and curves of control group
(polymixin B was added) were not significantly different (X2 =3.154,P>>0.05); compared with control group, sur-
vival curves of C. elegans infected with XDR-AB for 6 hours or 9 hours were significantly different (both P <C
0.001), but 6 hours and 9 hours were not significantly different(y* = 0. 669, P>>0. 05),6 hours was chosen as the
duration of infection, 36 hours was appropriate for the duration of antimicrobial therapy. Ciprofloxacin with EPIs
for infection model revealed that low concentration of PABN, NMP, omeprazole, and reserpine could improve the
survival rate of C. elegans by 30% —40%, 15% —20% ., 20% —30% , and 20% respectively, high concentration of
verapamil could improve the survival rate of infected C. elegans by about 30%. In vitro susceptibility test and toxic-
ity test results showed that ciprofloxacin combined respectively with CCCP, omeprazole, and verapamil could reduce
minimum inhibitory concentration(MIC) to the original 1/4, combined respectively with PABN,NMP, and reserpine
could reduce MIC to the original 1/2, CCCP had the best bacterial inhibitory effect in vitro, but the toxicity was
large, and was not suitable for the study of pharmacodynamics in vivo. Conclusion The infection model of C. ele-

gans-XDR-AB is initially and successfully established, which is used to evaluate the efficiency of six EPIs for revers-

ing ciprofloxacin resistance.
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1.1 A

1.1.1 & fE M FiRATL R (Caenorhabdi-
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coli, E. coli) OPs, fy H1 1L R 27 24 27 B Bk 4 ' 204
W Jo 7 B R R W R A T ATCC 25922, 1l IR 73 85 1Y
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1.1.2 244 CCCP(carbonyl cyanide 3-chlorophenyl
hydrazone) . PABN ( phenyl-arginine-g-naphthylam-
ide) . Hi 7 % B(polymyxin B) . Z£ I 4 (nalidixic
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acid) \4EH7 A K (verapamil) | A Ifil 3% (reserpine) | B
F M Comeprazole) #1014 [ 3 E Sigma fb 2% ) 24
F], NMP[ 1-(1-naphthylmethyl)-piperazine]. & A
v 2 L MR 3L (ciprofloxacin hydrochloride mono-
hydrate) g F BTHL T IR R 2 A] . 2 B4 Dil(1,1-
WA\ e 3-3,3,37,37 — U I 5] e — g 5O T H
U AR A AR AT BRA ]

1.1.3 ¥ ## LB(Luria-Bertani) & & % 35 %t .
LB # 4.2 g . BUIR K 3 g, Z&M /K 200 mL, 121 °C &
JEZEVKE 15 min 5 4 CHEAE4 . E. coli OPs, .
# E. coli OPs, 5 F & LB [E A 573 . F 37 C
FALR IR FE P IFE 24 h, NGM (nematode growth
medium) 55753 JEE A IE 1.5 g. BIE M 10. 8 g,
NaCl 1. 80 g, Iz 7k 585 mL J5 121 °C & K78
K 15 min, B B AR 2 60°C LUTF B, A B i
B 5 mg/mL ¥ H & #E 660 L,1 mol/L f#) CaCl,
660 pL.1 mol/L i MgSO, 660 pL. I il A ik 22
M (K, HPO, #l KH,PO,) 13 mL. /M FE 1542 9 em
BSR4 7 B ¥ A 5E [ )5, B E. coli OPy, B4~
BYS IR AT THEFRIE 137 CI R 24 h e 4 CIRTE#R .
20% BHI % {4 J% 3% %t (brain-heart infusion medium) ;
4.83 g Na, HPO, » 12H,0, 0. 96 g KH,PO,, 1. 60 g
NaCl,0. 04 g MgSO, ,2.96 g BHI, 10 pmol/L FeCl, , il
ZEM K 2 400 mL, 121 C 5 2695 K B 15 min, 75 i
JEREARZE 60°C RLF I Jim A 28 B R i H 4k i o
5 pg/mL, F4CHEA%H. CAMHB ¥ #3.6.6 ¢
CAMHB, il A 300 mL Z&48/K 121°C & JEZ IR K #H
15 min. F 4 C{RAE% .

L4 Zad @ ERA MO ZEapik:3 02 g
Na, HPO, - 12H,0,0. 6 g KH,PO, ,1 g NaCl,0. 024 g
MgSO, . il A ZE 48 7K 200 mL, 121°C &5 78 K K H
15min J5 H:; LB MMW:0. 4 g NaOH, 2 mL
HCIO % .4 mL Z&48K  BLH BT .

1.1.5 % % Leica DMI 4000 %I %% 3% i i 5% (#k
FRMAS Ll 5 A R D, WSI-3000 5] & 4
P AT NG A A R A | SW-CJ-1F
Tk TAE & CRi R se A R A 7 3%
J7), TDZ5-WS £ %8 42 | gl 7 7 25 .0 Bl (K7 iR
BOHU A RS W) . DHP-9012 % i i 1% 75 44
LRH-70 4 fk 55 #2481 g — 15 Bl 24 L 2% A R
ANHED .

1.2 Fk

.21 &awEirfmE B ® EAH gip4s.
sek-1 BE PR Bl [ 70 4 L, AR AR N2 B AR AR, A

25 C FANRES™ OF . HLELAT Soie il bl 1 . 4% dudie IR
SCHRBRAERR P AT RS 7R . AR AU SRR AT 4 d o
2 F A A4 L OF 2k T MO 22 o N NGM Al
FVTWER 15 mL & .0 4%, 500 r/min & [
1 min, BCE VW 2 F® A& 3.5 mL 4 H0i, m
2.5 mL i) 2R W FE o PR 3% 3 min, i MO 22 hifg &=
15 mL,1 500 r/min &> 1 min, JE¥% 5 K. 2 5 15
F BN, 15 CHR 16 h MOPHFIL 2 L1 W2 i of
H® T NGM FAR 4 E. coli OPs, & I.25 C 5t
48 h 9 F Wb i L4 gk ™),

1.2.2 WEABRWHE BIRA1E-80CH XDR-AB
WRRE IR, R 2 55 97 T LB [E R K; 97 38, 37 C 15 3¢
24 h & H.

1,23 S - ZWMAHEL AR LEANZ
I TR F A B XDR-AB AT I T 202
BHI A fiff FI O B BG4S B 1 vk B 28 0.5 27 [Q
Pi(ZH 1.5 X 10° CFU/mL) ¥ [/ 54k 5 55 55 &
L4 B9 A £ B0 P M B Bk R, B0 (500 r/min,
1 min)  HE 2~3 K& R B TAWKE N 5X
10° CFU/mL f#§ XDR-AB F1/g&%x 6 h J5 . F BHI &
R SRR 2D 3 WK & A 96 fLik
15~20 45/FLINZE 180 pL IGY7 4l 20 pL i F5 I
259 G F 126 DMSO) , FHYE X B4 i A 2 pg/mL
B Z 5 B % B(PB) 20 L% T 1% DMSO) , B Xt
A A 1% DMSO 20 pL, F 25 C J2 K 85 %1y
ZMF T HEFR 30 ho 7E WAREE T WSS JUAFTE 5
1.2.4 EPIs W& MR % H 20% BHI #4557
BRI IR E L4 W B PE = 15 mL &0 5
1,500 r/min, 1 min {EPE 3 K, 15~20 & /FL 533
296 fLAH = 180 pL, 43 N & 1 ik BE Y EPIs:.
CCCP, PABN (43 5 24 5,10, 15, 20, 25, 30, 35,
40 pg/mL)  NMP . B8 3 hiy me | 2 7 iy oK ) I 7 O3
4 10,20,30,40,50,60,70,80 pg/mlL)20 pL,F
25 BBy 85 V0 W45 1F T AR SL 55 5% 30 h, 78 i bR
LB LR th AE W KL KW & EPLs X IE % 4 oy 5
PEER .

1.2.5 HHEHAWHARD E K% EPls iR 25 41
WA G R R B I A R R IR TN VD B e /N A
W (MIC) . PLRmR A B ATCC 25922, fif] 8 A
AT ATCC 19606 1E hy 5T % B Ak [ 4t i 47
BLiil 5 120 pg/mL B ER R PR P9 V0 LA A5 W, B 13 2
Tow R CAMHDB 85 57 3L 0 i) 5 51 % i 19 8 1R
WU E 512,256, 128,64.32,16,8,4,2,1,0. 5,
0.25.0. 125 pg/mL, £ B 100 L F 96 fLAR 5 ff
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FHOGBE L b AN, BROHT i 155 57 %) 40 0 TR T o RS T R
WREN 0.5 22 [REAAL 100 L A &L A8l B 24 3k
JE2 5x10° CFU/mL, £ fL470 i 25 ¥ ¥k B O 256,
128.64.32,16,8.4.2,1.0. 5.,0. 25,0. 125.,0. 0625 pg/mlL,
B35S CMMTTMEE 16~20 h, 451 9FE K4 £ [
e IR 52 56 2 F5 #E 46 0 2= (Clinical and Laboratory
Standards Institute, CLSD) #5 #E, ¥4 5 pg/mL.
W€ % EPLs iy MIC {4 DL & 36 1 20 9 U0 & A
EPTs J5 #) MIC {8, 4 45 5 11 120 56 45 58 70 50 in A %
EPIs, I b i A EPIs §i J5 B # X+ $1 5 25 4 MIC
(PR

1.2.6 HEHMERFIT Y EFKE& TR H EPIs
XERR G S sk ol 25580 [ 2D A I 4 H e B I At S U
e o AR B IR A5 SR 2 i RS T 2530 9T
JERL LRt 2 W) vk JBE A S AR 42 AV L N L BRI
3 HZGYUE .30 h e LBk H i A7 T 58 H) W AS ()
EPTs e [) 25 ) ¥ 2 N K 5 28 R 36 9 10 A 0 Je
AR NIRITE T . R S I ok N7 AT 3 IR [
A R A B P ) T R B P o) R

1.2.7 WHEAEBAETE NBEHSASIDITE
R R B AR s A S K 2 T AR A b — A IR AT
JOUHREE Dil, K40 R8P AR 2 mL /) MO
w1 L Dil fiff £ W, H18 400G . 78 25 CIEE 3 h,
TV 20 3 W5 PR B 4 Tk BE 5 < 10° CFU/
mL (R 2R 2l 6 h, ARG 4l
MO BBEVE E 2 BIEW S 2T A 1k, O
U LS AN B 9GRS

1.3 %it494  {#if GraphPad Prism 5 {4 %4>
PREHE E4T 23 BT 5 >R ] Kaplan-Meier J5 4 9E 47 2R 47
4387 . Log-rank (Mantel-Cox) Test J7 % X 4H [&] X
P AT 22 5 b 3k 4 B, 48RP IR R O 22 40 A
Two-way ANOVA ¥ 56534, P<<0. 05 N 2R B 5
-9

2.1 KRR -ZABE R LA R AL

2,11 F R R IR A R B XDR-AB 3 & X
L EAEBEAWEH  RHAEEER XDR-AB
(5X10°,5%X107,5%X 10°,5 X 10°CFU/mL, E. coli
OPs XF BAD 72 A [R) 14 {4 8% % 3k (10 %6 BHIL 20 %
BHD rp e 75 i Fo AF 42 4L, 30 s 2 iUy A A7 R A
T 35 R S5 . TE VR S SR Bk b AR TR 2
LI IE SRR SR LA A S Bl 7R G R AL

Pt T LA A dy i 8l i XDR-AB LT T 7 £ R
It LA TR EDIRAS A 26 B fAad T i i 8 45 BA
FE L A B B T 4R ™ R A 2 U] ek B IR
SER CULIE 1), SEZE HURN TG 28 AU R A B g (9 1 0 22
S T S BT

A TE A7 RS 75 T BRORT 28 1 5 B 75 I BRAT 2% 1 15 660 2 R Sl A
AL 77 30 h 5 B BOL R 75 I BT 2R
B 1 ZO6 BT WEAFEREFIFET RS 75 1 B A28

Figure 1  Fluorescence microscopic observation of survival

and death status of C. elegans

S 0 S E AR 85 35 3 b 5 T B R 4R R 1) BUOE
H 0 2 AN Sl R TR AE e R N BUR B R U
i S R 3 FF B 9 20 % BHI-MO W 1K 55 75 3L v 1% 55
6 h, B T IE, LM EANHERBEIK. N
HE— 25 TIE 52 2 H i 38 11 2 2 vl 60 = S Bl A R Y
FEME S A S B0 Dl 40 B 21 2 5O BRE BRI i 2
N BIFF T L 38 B 5 R B R T R RE I R AR .
2 E T YO R IC Al T 1 20 % BHI-MY Wi 4 15
FRFEEP IR 6 h, 790 B R LSS, il WL B i
7 02 OR S B 4k JU A i T B K IR R
W TR ZL AN . WL 2,

{E : XDR-AB 15 Dil # 8 [FE£T (4 56T I 5 57 3 h J5 gL 575 i
FaAF 28 B 6 h, 40 59256 80U T L5 75 I Ba AT 26 ot i T8 5t 396 9 24
PEOLM
B2 5668 M T W gE Dil 40 5T 20 6 5% S 4 £ AR T

XDR-AB Jg& ¢ 75 T AT £&
Figure 2 Fluorescence microscopic observation of XDR-AB-
infected C. elegans labeled by Dil red fluorescent

probe
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WPk 100 BHT 1WA K; 75 B b o RISl 5 o ik 88
() XDR-AB s, 7o 2% i Uy Jak e 46 ol 48 AU AR B — Bt
[&] J5 v B B % Bl s e B 20 % BHI ¥ {4 B 5% BL i, w]
WL 31 B A 0 B 52 A1 AT, 2k A 3 I [ A BT 4
KOLE 3, & BAEAR KB XDR-AB JE& YN y2F
B K (time for half to die, LT50) B B ASIH] ,
5X10* CFU/mL XDR-AB 4L i} LT50 2 12 h,
5X 10" CFU/mL XDR-AB &4t i} L'T50 2l 18 h,
5X10° CFU/mL XDR-AB &4 L'T50 2k 30 h,7E
5% 10° CFU/mL XDR-AB J& 4L i) LT50 & 42 h,
MR A ] e B XDR-AB 19 B0 71 LA B A [R] e g
XDR-AB 5 12 56 i B2 /Y 52 Wi e 28 g L 5 X 10°
CFU/mL XDR-AB {E M BYL ik ) .

100 *+XDR-AB 5x10®CFU/mlL

801 = XDR-AB 5x10’ CFU/mL
§ -+ XDR-AB 5x10°CFU/mL
= 601 L - XDR-AB 5x10°CFU/ml,
¥ 25 % R 4
= 404 L o PB X} R4
H

20 -

=
0 T T g T T T
0 10 20 30 40 50 60
s 1A] (h)

3 RIEWEE XDR-AB X% 75 i B b 28 2B 47 il 2%
Figure 3  Survival curves of C. elegans infected with differ-

ent concentrations of XDR-AB

2.1.2 FRREHKEAGY T T K& &R
HEAE %o SRR AT B 25 B iR 9T IR
SRR M 2 A AR ) G R R R Oy B o A A R e B
KNG B BRI Ry S e i K 43 51 oy 3.6
9 h 15 Uk 5 7E BH X BREL A PB UL SE e 1 IR YT
R (WE 4), Log-rank Test B7x, 4% 3 h i},
75 0 BRFF R LT BT DL IE & A A7 AT 35 B4 4 11
TR R (57 = 3,154, P=>0. 05) ; 24 75 T FRAT 28 o1
I3RS, 6.9 b, X 2 HUAE A7 SR R 2 5 TG
Gl L (4 = 0. 669, P>>0. 05), 454 XDR-AB
A [] JRR e If R o) 2k HL 1) BOAE BE ) R0 X S 5 i B ) 5
Wi B A e HE 6 h AR S UL G ] I JE 4 36 h A
BT 2R 259 T WK, e i A PB R BE
FL 75 0l FR AT 2k He A A7 R4 T BA M L 55 T e 46 e
AT AERYEUL.

2.2 6 A EPIs s¥ Fm e AF & R ey F AR
CCCP.NMP,PABN, B 3 $ir s , 2 47 A K, A1) if
6 FEPTs X 75 0 Ba AT 48 2L i) 5 M AR AN R] L I Hr 2
CCCP Wy ¥ & > 5 pg/mL, PABN iy ¥k & >
25 pg/mLAF I P 0% =30 pg/mL B, % 55 B

WSR2 SR T i 1 BT S8 1) 5 R R 55 T BT £k
AAERIF IR T . DL 5. B35 e | 2 iz i oK
NMP % 75 il AT 2 2L T #8 B A B PEAE T ik i
=60 pg/mlL I 75 T BT 26 R A A7 I BROR SR B
JFEIE 80 pg/mL X 75 W B AP A7 R B A I .

100
80 =3 h
;\g +6h
g_/ 60 “*O0h
¥ 40 * 3 h + PB X} ME 4
+ +6h+ PB X4
20 ‘¢ Oh + PB XJ a4
0 - T T

0 10 20 30 40
WLEEIN I (h)

4  XDR-AB A [RlgE G i 51097 I A 7 it 22
Figure 4 Survival curves of C. elegans with different dura-

tion of XDR-AB infection and duration of treat-

ment
A0
== CCCP
0.8 1 - PABN
) -=- 1% DMSO X2
0.6 1
&
+ 0.4 1
0.2 1
0.0 — T
0 5 10 15 20 25 30 35 40 45
W JE (ng/mL)
B 10 = B R BB B8
: o NMP
0.8 1 — Al
’ & BERIME
5 0.6 T v 4Rk
& = 1% DMSO % i 41
+ 0.4 7
0.2 1
0.0 — T
0 10 20 30 40 50 60 70 80

R JE (ug/mL)
A :CCCP.PABN XJ 75 Wi 5 A1 28 Ht ) 5 1 04 5 B: NMPLF) i
SF- B 5y mae R A R ke 7 T AT o 1 7 A
B 5 K[E EPIs XF 75 i B AT 48 du i 2 v i g
Figure 5 Toxicity test of different EPIs on C. elegans

2.3 EA&EPIAERALD EBRIAAY Ee MIC
A A Bl h R 2R U A BE, MIC {H ik
256 pg/mL; B ffi i CCCP, PABN I}, MIC {4 K
15,30 pg/mlL, Bk ff F§ NMP | 538 fir e | 2 Fi7 1 ok
AR M- B % XDR-AB %4 B 2 /9 M s fE .
A CCCP, B S hrme A RLMAK 5 o b B2 2R 9 V0 B 1Y
MIC {35 F B 2 J7 2k 1 1/4 (64 pg/mL)s il A
PABN.NMP | ifil /5 . Fh B B3 70 AL ) MIC {51
TREEERM 1/2128 pg/mL).,
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2.4 BRI A ZHFKAL EPLs 375 & F & R4k
M ZEN MAIRIT W 30 h g, A Ak B
EPTs Bt & #H 07 ik 32 1 SR R A 9 1 A < B CCCP 4,
FERIT R T AN Y B R,
WK 6, Hr5.2.5.1 pg/mL [y CCCP B4 th g
WV B BUR A EAE, 75 T B A 4 AE 0 R LT
h%E ., PABN Hibm AN VD B KA 5 e & 5L IR A
PR VD A SRS 7 T B R 2 B N R YT A Herp
ANFVREEH) PABN XTEES AR 2 5 B A it &
X (P<<0.001) ,PABN AR i 5 Eh BRI NV A2
BT BB A (P<C0.001) , B i FH £ 7R 24
PNV B Y 75 T B AT £ B0 A7 0 R T 4R s 3006
~40% , ARV 2 18] () B 56 R me B SR R A N 1D L
X 75 T B AT A UR YT AR 2 R BA it ¥ B
X(P<C0. 0001) , H e A v B 119 B8 56 f e K 5 3R 7

A
1.0 7
B | pg/mL CCCP
0.8 BN 2.5 pg/mL CCCP
B8 5 pg/mL CCCP
# 0.6 B CIp
&
H 0.4
il
N X % b > & o
v A A N
CIP & ¥ (ng/mlL)
C
1.0 20 po/ml B Rk
0.8 B 40 pe/ml B8 3Efrme
B0 60 wg/ml, B JEH7 0k
¥ 06 . CIp
e
H 0.4
0.2
0.0
N % b o X & o
s A e
CIP ¢ J¥ (pg/mL)
E

mm 10 pg/mlL A 1P
20 pg/ml F 1l
B8 30 pg/ml A 1P
B C[p

NY X B s >R oY
\"’)‘O\Wq:')g)\

CIP ¥ (pue/mL)

RCR B4 (P<<0. 001) o By Ly A ] R 192 B 9 70 12 1)
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Figure 6 Pharmacodynamic effect of combination of 6 different concentrations of EPIs and ciprofloxacin hydrochloride on treat-

ment of XDR-AB infection in C. elegans
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