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W OE. A A4 FF R4 AL A4 (N-heterocyclic carbene silver, Ag-NHC) F& EL 4k F 4948 2 . K
EHAFHERE, RAFEXERAMZOREZELEY. [B 8] KiF4 &89 1,3-—F 3 Ag-NHC
[1,3-dibenzyl-4,5-diphenylimidazol-2-ylidene silver (I) acetate, SBC3] %} X M4 #4F & 9 41 i 7& M B A A AL
#. [k KA T I KA EAAN SBC3 694 i &, A &4 a F MW SBC3 A2 5
XMATE DHB4 B AR 9 & F T4k, #id 5,5- = B AR W (2- A & K F 8) [5, 5'-dithiobis- (2-
nitrobenzoic acid), DTNB] 5 42 4| SBC3 & 32 /& DHB4 fit. A #% £.3i% & & (thioredoxin, Trx) & A& £ 1%
% @ it J7 B (thioredoxin reductase, TrxR) &9 7% 4 F= 2 ik H JIk (glutathione, GSH) 49 4~&; F| A A X 28 /e,
A SBC3 xF DHB4 2 A 7% 1+ & (reactive oxygen species, ROS)4-& #9 % 7%, il iLik & A 5K %
#% B (dithiothreitol, DTT)#EAT 468 52 4. @ iL £ KB 7 i 444K, FR1F SBC3 Wt X b K MATH B M
SBC3-resistant strains (SRSs). # F SRS3. SRS4 #= SRS7 & #& & SBC3 4 #& /> 47 H /K /& (minimal
inhibitory concentration, MICYR K % 24. 32 = 56 pg/mL, 3 A A HAR MIC 49 345, 41542 7 1%,
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F xF L 69 H MR R 4 % % SRS3. SRS4 A= SRS7, FA% A iX 3 A Ak I LR 484F; KN Western
blotting 42 SBC3 #f Trx1 A S-4BLH kL& @ (S-glutathionylated proteins, S-PSSG) & & & 49 % ¥ .
[ 3R] SBC3 # 54 @ #h 69 MIC % 8.0-30.0 ng/mL; SBC3 4325 49 DHB4 H AL A MK, JH4F
BN F A, SBC3 T 2% 47 4] DHB4 J& A Trx A= TrxR 897 H, 9 RHIK GSH 694 %, FI&
# & ROS K-F. ks, SBC3 422 /5 49 SRS3. SRS4 A= SRST HARMLA Trx A= TrxR 9% & & M5
&, GSH 4 &4 S-PSSG #9& & R & K-FEIK, {25 DHB4 BHARLA REAZE TG . [£k]
SBC3 i it ¥ &) K AT 1 49 FLBEAR #7 89 B ALIE JR & 4 (thiol-dependent redox system, TDRS) & 4t £ 4%
KA, 4 SBC3IAEAF A E 7| 69 LK 3245 T 3 T3,

X7 SBC3; ALK FEARBLAM: BRI EAE R 24
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Abstract: N-Heterocyclic carbine-silver (Ag-NHC) complexes possessing excellent stability, water
solubility, and bactericidal activity are antimicrobial candidates with great potential. [Objective] To
study the inhibitory activity and mechanism of a novel Ag-NHC complex 1,3-dibenzyl-4,5-
diphenylimidazol-2-ylidene silver (I) acetate (SBC3), synthesized by Matthias Tacke’s team
against Escherichia coli. [Methods] Visible spectrophotometry was employed to examine the
antimicrobial activity of SBC3. Transmission microscopy was employed to observe the
morphological changes of DHB4 cells post SBC3 treatment. Flow cytometry was performed to
detect the effect of SBC3 on the intracellular reactive oxygen species (ROS) content. The 5, 5'-
dithiobis- (2-nitrobenzoic acid) (DTNB) assay was used to determine the intracellular thioredoxin
(Trx) and thioredoxin reductase (TrxR) activities and the content of glutathione (GSH) post SBC3
treatment. Dithiothreitol (DTT), the ROS scavenger, was added to rescue DHB4 from ROS. SBC3-
resistant strains (SRSs) were obtained by successive passaging in the laboratory. The obtained
strains showed the minimal inhibitory concentrations (MICs) against SBC3 being 24, 32, and
56 ng/mL, respectively, which were 3, 4, and 7 folds of the MIC of WT. The three strains were
named SRS3, SRS4, and SRS7 and then used to retest the above indicators. Western blotting was
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performed to determine the expression levels of Trxl and S-glutathionylated proteins (S-PSSG)
post SBC3 treatment. [Results] The MIC values of SBC3 against tested pathogens were
8.0-30.0 pg/mL. The DHB4 cells treated with SBC3 underwent swelling, which was accompanied
by contents leakage. SBC3 significantly inhibited the Trx and TrxR activities, reduced the GSH
content, and elevated the ROS level in DHB4. SBC3 treatment decreased the Trx and TrxR
activities, reduced the GSH content, and down-regulated the expression of S-PSSG in SRS3, SRS4,
and SRS7. However, all the above indicators were increased to different extent compared with
those in DHB4. [Conclusion] SBC3 can target the thiol-dependent redox system (TDRS) of E. coli
to exert antibacterial effects. This study provides a new idea for the design of SBC3 as a novel
antimicrobial agent.

Keywords: SBC3; N-heterocyclic carbine-silver (Ag-NHC) complex; thiol-dependent redox

system (TDRS)
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PO TR 2597, i a0 Al T S e A g
TDRS K EPUH I . 7RIS eAE -, ARAF5E S
— Ll S w SRR, #R45 T DHB4 RIE
1Y) SBC3 Tiif 52 ¥ K W 1 T& B Bk (SBC3-resistant
Escherichia coli strains, SRSs), fi 5§ SRS3.
SRS4 1 SRS7, ¥ i iz 4 4/h 52 56 56 ik H: e 7l
Fe 78 Pk o A 5% 40 LA i kR DHB4 i 25 Bk
SRS3. SRS4, SRS7 AMiAl, #K5¢ SBC3 &%
WIS AN ) TDRS S EUEEAL IR FFa A2
DN R ¥ BT R IE  . X — 90K B AR Ag-
NHC bt AL SRR R A, A Bh Tl
A BT W o

1R

1.1 #H
1.1.1 &k

KW AT # DHB4. il 2 K 3 T B ATCC-
19606, M4 FF 1 ATCC-700323 . fiti4e 5o 1A
FF I ATCC-700603 . il 25 P ATCC-27853
1 4 B 00 3 75 BR B ATCC-25923 3 [ [
30 A W T R R A 3 A0 (China general
Microbiological ~ Culture  Collection  Center,
CGMCC), 55 iE 2L 4L 103k 15 L1 DHB4 Ak
U5 SBC3 32 B kK SRS3. SRS4 Fll SRS7.

ARG SBC3 X BT (4 /NI BT R P 2%
PR 7 B 1 S5 6 v BT il FH %) 240 TR ) R T B 38 R
ODy00=0.4 J5 4% 1:1 000 [ FL GG RRIR ST, Hapse
AN IR H N ODgoo=0.4. [HIL, 45525 i
) SBC3 M S AR AL IR A A 25 S AN [
1.1.2 FERFIFLEF

SBC3, Matthias Tacke B\ & i ; EbSe,
Selleck Chemicals /A 7l ; BCA # H & il &,
R R R ARA R A A 27,7 -5
ROl . WA EN . AP H BRE R
T HILWIN, Sigma-Aldrich A F]; AR AR,
AT Y TR R ARAF; KGATF#IE
anti-glutathione BT ., anti-PSSG H.PT, ViroGen

oy E G BRI B AL R B KRS
thioredoxin 1 [, IMOC Crop 23l ; HIZFHi/
W 1gG, XML RS ARAF; Ryi4n+F
IeG, JbatE B3R AR AR,

4 [ sh i F51L, ThermoFisher Scientific 2
A EIRPEIR, RiGHER SRR A R A
U E ML, Eppendorf 2Rl A 7 40 A
WAL, TR 2 AR R AR A E ;B
FHERK I, LSRR =R A R A A
fb2E R ACBAGAL, LIEFRL AR A PR A A
KA IR, dba i —AEs) 5 o A=t
MY, Beckman Coulter A5 ; MiadLiK,
[T AR DL R AR il A BR A A 5 3 3 ik
fiss . Hitachi 2NH] .
1.2 AR E RN SBC3 BIIE
e

AT L A3 ' 15 T2 AR A1 0 00 T % R L 9
B B B e i WA B B S T R R AT 40 B
FE BT —M k. 7E 600 nm KT, bR
AL (G PEHCE ) X 3k B 19 s B 8 h R A . ODisoo
JEFETE 600 nm P IS AYOGIE, AN
TN 20 R A A 00 PR

KW #F % DHB4. # 2 A~ 3+ 7/ ATCC-
19606 . BAIEIAFTH# ATCC-700323 ., i % 56 & 1A
FF# ATCC-700603 . fil 415 A g B ATCC-27853
AT ORI ATCC-25923 T-37°C, 220 1/min
Wt 5, I LB A RE 3 3 5 55 2 0)
B4 K (0Dg00=0.6-0.8) YT & ODgoo 2 0.4
F I 1:1 000 AU LLBIRG BEIR SIS, AR BE Y
SBC3 AMHECAN Y BEAVE R BAYEXT ), 1A e
T 96 L, AEFL200 L, BEE 4 MEFL. K96 fL
W' T 37 cCIEIRIGFAE 5% 24 h, TFAERRY
ESEWEI 0, 2, 4. 8. 16, 24 h ) ODgooo
1.3 ESER LI SBC3 ¥ DHB4
BERBRGER

K ¥FE DHB4 F 37 °C . 220 r/min % 3%
12h )5, H LB MARKE SR8 R 5% 2 08U E K
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(ODgp¢=0.6—0.8) 1] B #. ODgoo W &£ 0.4, Fi& &
1:1 000 [ Eb IR BEIR 20 o Bl IS AN )k BE 1Y
SBC3 4bF(DMSO fE M X HR), & T 37 °Ci 46
FE 16 h, WEE T, KA B R R AR IR
fELLRBEE 1070, IRAHAIGTE LB [EAE; IR 5
TR RGE E, B 1L, ZJEH LB K
BRI E F 37 cCHHIR B A TP RS 9% 12 h, W
ERTEIE G
14 ES5THETFEMENE SBC3 xF
DHB4 FEHK S F RIS

W 1537 2B K (0D600=0.6-0.8) Y I 1
FH LB AR5 37350015 H ODgoo 4 0.4, FHASIRIVE
(48 pg/mL. 54 ug/mL)[Y SBC3 4L 10 min,
Lk 0.8% DMSO M X, T 4°C. 4000 r/min £
L 10 min BRAGHAME, 5525 FIH R H PBS E4&
Bk, BBRMIANER 25 & LB KiaRdk. WEikE
PR ELOIRS M, Akeeiik, HE 3 WEE
bR LyEW, H PBS EEANM, FFH 2.5% I &
. 76 80 kV TAEHIET, TESH 7R
B LL 7 000%, 15 000 KAGHOMEL E. coli &
SIELLZITTEAE
1.5 ARAABEAREN SBC3 X DHB4 A
A ROS =2 HIF2 N

KW AF# DHB4 T 37 °C. 220 r/min % 3
12h J5, FIH LB W iARsE I 85 52 2K
1 (ODg0¢=0.6 — 0.8) 1) T8 . ODgoo ¥ 2 0.4, JH
SBC3 AbFH 30 min; 4 000 r/min B5.0> 10 min YCEE
ULyE, FH PBS HE & 3K, /o EET 800 pL
PBS H, JFHZ M R 10 mmol/L Y H,DCF-
DA 7F 37 °C &8, 30 min. JH 7 2040 4SO 0 )
105k FITC 3838 P32t BBk kK
A 488 nm, ALK ST A 525 nm,
1.6 5,5-ZHANQ-THEXEBER) [5,5'-
dithio-bis- (2-nitrobenzoic acid), DTNB]
4 SBC3 XF DHB4 & # TDRS H
=AU

TrxR/Trx 5 GSH 7 PEMEH, TrxR f#fkid
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Jirt 7R AR T e it W2 4 — % R 9% 12 (nicotinamide
adenine dinucleotide phosphate hydrogen, NADPH)
ik J5L DTNB A= i 2- fiFd i -5- 5 3 7% R (5-
mercapto-2-nitrobenzoic acid, TNB)FIAH i i i 152
> % H W M2 (nicotinamide adenine dinucleotide
phosphate, NADP"), 4Bt H ik (glutathione, GSH)
5 DTNB 1] i A % TNB A4 e H Ik —aife s
(glutathione disulfide, GSSG), ODy, s& TNB iY

e R e, iy DTNB S5 56 (9 R AiE 7 9 K DU
Pk

1.6.1 ZHETIACIE

K% HF# DHB4 T 37 °C. 220 r/min 15 55
12h 5, H LB WAREE RIS 5 20 5 4 0]
(ODg0o=0.6—0.8) I B 1K ) ODgoo V8 & 0.4, f# FH
SBC3 #ATAMHSTR2), 37 °CIHIEMFE 30 min,
4°C. 5000 r/min #.0» 3 min, JHZ{AFEE PBS
FE3IWEHE L.
1.6.2 AREREBFE

H 150 puL 50 mmol/L Tris-HCI HI 2 mmol/L
EDTA HEAEULIE, A 10 pL 2 1 gl 55
F140 uL 5 mmol/L ¥ EHE S, & T 37 °C/Ki
By 30 mino B A AR AN T (2 mm 4B
TEFF, 20%-25% P3%, /S 8 min), E T 4°C.
12 000 r/min B> 15 min, W B3, #H7&EM
FETE
1.6.3 Trx &M

B 25 pg FH 1, FHHAKERZE 20 UL, JINA
200 pmol/LNADPH, 2 mmol/LDTNB. 50 mmol/L
Tris-HC1 (pH 7.5). 2 mmol/L EDTA. 100 nmol/L
TrxR, T ODy, AbiEZEKE 30 min.
1.6.4 TrxR &M

W25 pg 5, ABLiAKERZE 20 uL, A
200 umol/LNADPH, 2 mmol/L DTNB, 50 mmol/L
Tris-HCI1 (pH 7.5). 2 mmol/L EDTA. 5 pmol/L
Trx, F ODypp AbFEZERGIN 30 min,
1.5 GSHZ&E

B 25 pg #, FHHAKERZE 20 uL, JIMA
200 umol/LNADPH, 2 mmol/LDTNB, 50 mmol/L
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Tris-HCI (pH 7.5). 2 mmol/L EDTA. 50 nmol/L
GR, T ODypp AbiEZEKI 30 min,
1.7 THAEMFESIES

TE S 36 % 3l 0k 1% 22 A% A i L DHB4 Jy
filt 1Y) SBC3 Tfiif 52 ¥ & #k , 3K75% SRS3. SRS4.
SRS7 Wk, X 3 BRE Xt SBC3 i MIC 43 %1 N
DHB4 [ 3 fi5. 4 f5F0 7 f5. BUbm st 17 1d
XMk, T 37 cCREFREA (12 hyJa, PR
e R T A 2 mL RARRE IR LA EP B,
BT 37 °C. 220 r/min [HERFEIK PSR 12 h 22X}
BAERKBIE TR0,
1.8 RN AK N SBC3 X} SRSs Al
A ROS FE /I

K % #F ® DHB4. SRS3., SRS4, SRS7
37 CCREFRA G, M 1.5 3 ik it AT e &8
AR,
1.9 DTNB L34 SBC3 %F SRSs fl
A TDRS B0

K % #F W DHB4. SRS3., SRS4, SRS7
37 CCREFRA WG, M 1.6 3 ikt AT e &k
AR,
1.10  Western blotting #& U] SBC3 %
DHB4 X SRSs & #k Trx1 FRi1& 7K F#H
Al

K J% ¥ % DHB4 5 SRS3. SRS4. SRS7
37 CHiFRId e, $&IE1.6.1 F 1.6.2 15 kit
A7 40 P T P55 B 4 o

I 25 pg F 1, FMAiKEZRZE 20 uL, fil
A 5 uL 5xLoading Buffer i€ 2] 5, 100 °C 2 il
10 min, 7E 12% 5 VA 19k Jiie B8 Je v 14647 43 20
FE, 60 V IHIEHLTK 30 min Ji5, #4120 V 4k4E
HiYK . 180 mA fHFEE 60 min, HUH PVDF i
BT 5 /L BigA-wirhap4 2 h, TBST ¥E¥E 1 K.
—Hi(Trx)7E 4 °C. 30 r/min BEE R, TBST PEAK
3, K 15 ming ZPi(RPIF)ER . 80 r/min
B F 1 h, TBST ¥EME 3 K, &K 15 min, ¥

PVDF & T ECL W 1 min J5, TR
1T Trx ] BRI,

1.11  Western blotting #& | SBC3 X
DHB4 X SRSs H ¥k S-PSSG 1% £ HY
=AU

K W ¥ '/ DHB4 5 SRS3. SRS4. SRS7
37 CRiFR AW G, $i18 1.6.1 Fl 1.6.2 5 kit
TN AL R 5 8 4%

R 25 pg EH, JFEEEAES 1.10 ik
—%., BHEERTME, —PiPSSG)TE 4 °C,
30 r/min WEE A, TBST VM 3 ¥k, YK 15 min;
THU(EPLFE)E IR . 80 r/min MEE 1 h, TBST ¥
88 3 ¥k, HHK 15 min, ¥ PVDF & T ECL
W 1 min 5, TR 00P 1T S-PSSG HH
BRI,

1.12 FitEFRE

SRS LEFR G A SPSS 20 HEAT 40T .
FH L) meantSD R~ , 4R b3k % H ¢ £ 56
(Student’s #test); DL P<0.05 £/x2EFHASIT

2 ERE5997

2.1 SBC3 E&RIFHIIMEIEM

TP SBC3 HLREACR, B Sk T H:
LM, FUIGIRE Ht ERAN D A
(ciprofloxacin, CIP)/F Ay FH 14 X it o % 22 Wi Il
24 h R EL(E 1), SBC3 n] g & 4l K i #1 1
DHB4 . ]S KNS # ATCC-19606. BHH 7T
A ATCC-700323, Jifi % 527 {17 ATCC-700603 .
] £ 1% B B TR ATCC-27853 14 B 0745 45 BR 1
ATCC-25923 4+, H MIC {E53 518 8. 20,
25, 30, 25 il 16 ug/mL. XKW SBC3 X} Lik
SR UL BRI AT R AP B T 1
2.2 SBC3 A KA R AMRIE BHS

K AT DHB4 i 35355, 183 ODegoo
0.4 JF AT IETE LR (K 2A) S50 IR,
St AL, 16 pg/mL 9 SBC3 Al K
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E1 SBC3EIEM. A: SBC3IX KT HDHBARHLHACR ; B: SBCIX IS AT ATCC-1960611
PURRCR: C: SBC3XSHIVAAFT B ATCC-700323 T EIBCHE ;s D: SBC3X i 4 5 7 {11 B ATCC-700603 )
PURRCR; E: SBCIXHILHELAMI A ATCC-27853RIPTHALR ; F: SBC3X 4 B (1 4 BR A ATCC-25923
PUEAUR . P<0.058 /R 57 3%, Student’s t-test, n=4,

Figure 1  Antimicrobial activity of SBC3. A: Antibacterial effect of SBC3 against Escherichia coli DHB4; B:
Antibacterial effect of SBC3 against Acinetobacter baumannii ATCC-19606; C: Antibacterial effect of SBC3
against Enterobacter cloacae ATCC-700323; D: Antibacterial effect of SBC3 against Klebsiella pneumoniae
ATCC-700603; E: Antibacterial effect of SBC3 against Pseudomonas aeruginosa ATCC-27853; F: Antibacterial

effect of SBC3 against Staphylococcus aureus ATCC-25923. P<0.05 indicates significant difference, Student’s
t-test, n=4.

FREAEK, i 18 pg/mL (14 SBC3 IR,  fb. SXTERZAM (& 3), 48 pg/mL Y SBC3 7]

RN HE ] S 0 40 A 1) 1 AR BEAS i K i AT T M P9 72 A K B ROS (P<0.05). i
Qi%%%);ﬁl}ﬂ@fj EE’;E;’??M ’T‘% ;}?1} I3 (dithiothreitol, DTT)42&— 1 45 #iL (1) 21 Jitg 1N
SERAW], W IRALAN R EDEHE, L _

ROS 75 BRH N- 4 Bg-L->F 2 (N- l-L-
W % SBC3 ALBIR HGAME S RO, IS W ﬁ%f‘%;ié{ﬁiiﬁlﬁ“z;
WA . X% SBC3 ML B RF YIS NAC) ALY RS !

Y G AL R & PP BT NG T IR DTT SEAF <SS 2 B, 55K
2.3 SBC3 AISHKFATEA ROS = MA DTT AL, fLA DTT A 44 il P
=S ROS # it i 3 T, JF9K R 405 16 (P<0.05).

FIF SBC3 AR KRy DHB4, ik X L] SBC3 Al SR 4T 7 DHB4 L %1k
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Figure 2 Effect of SBC3 on the morphology of DHB4. A: Colony formation assay to evaluate the killing effect of

SBC3 on DHB4; B:Transmission electron microscopy to observe the effect of SBC3 on the morphology of DHB4.
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Figure 3  Effect of SBC3 on the intracellular ROS content of DHB4. A: Effect of SBC3 on ROS content in
DHBA4 in vivo detected by flow cytometry; B: Mean fluorescence intensity (MFI) of ROS content in SBC3-treated
vs. SBC3+DTT groups. P<0.05 indicates significant difference, Student’s ¢-test, n=4.
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Figure 4 Effect of SBC3 on TrxR and Trx activities and GSH content in E. coli. A: Effect of SBC3 on DHB4
intracellular TrxR; B: Effect of SBC3 on DHB4 intracellular Trx; C: Effect of SBC3 on DHB4 intracellular GSH

content. P<0.05 indicates significant difference, Student’s t-test, n=4.
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Figure 5 Growth curves of SRSs in the presence of SBC3. A: Antibacterial activity of SBC3 against E. coli
DHB4; B: Antibacterial activity of SBC3 against SRS3; C: Antibacterial activity of SBC3 against SRS4; D:
Antibacterial activity of SBC3 against SRS7. P<0.05 indicates a significant difference, Student’s #-test, n=4.
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Figure 6 Detection of intracellular ROS levels in SRSs by flow cytometry. A: Flow cytometry detection of
intracellular bacterial counts and ROS levels of DHB4 and SRSs after treatment with SBC3; B: Flow cytometry
detection of the mean fluorescence intensity of bacterial intracellular ROS levels. P<0.05 indicates a significant

difference, Student’s ¢-test, n=4.
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Figure 7 Changes in TDRS activity in SRSs after the treatment of SBC3. A: Effect of SBC3 on SRSs’
intracellular Trx activity; B: Effect of SBC3 on SRSs’ intracellular TrxR activity; C: Effect of SBC3 on SRSs’
intracellular GSH content. P<0.05 indicates significant difference, and the ns indicates that difference is not

statistically significant, Student’s ¢-test, n=4.
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Figure 8 Effect of SBC3 on Trx1 protein expression level. A: Statistics of bacterial intracellular Trx1 expression

level detected by Western blotting; B: Bacterial intracellular Trx1 expression level detected by Western blotting;

C: SDS-PAGE result graphs were used as the internal reference for up-sampling (stained with Kaomas blue). ns

indicates that difference is not statistically significant, Student’s #-test, n=3.
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Figure 9 Effect of SBC3 on the expression of S-PSSG protein. A: Statistics of bacterial intracellular S-PSSG
expression level detected by Western blotting; B: Bacterial intracellular S-PSSG expression level detected by
Western blotting; C: SDS-PAGE result graphs were used as the internal reference for up-sampling (stained with

Kaomas blue). P<0.05 indicates significant difference, Student’s #-test, n=3.

e TR, B A R R AR . X —
g5 R 5 AR Zou S Y K 0 2 45 R —
O [, ROS R A A B AL B AR Z A VEH
MLl 93] T Chakraborty %! Carvalho %:1*%!
1 Song WY HIN, HE—LWEE LI, SBC3
AbFER it 25k SRSs AT AL R GG MG
AR, KRR R AR SR 25 T
NERA T B (S E M ESR), SZAR%K
Hygi/b, RN SBC3 2k AL 1 54 AL 5= A1
J1, SIS R R RS T AR
PRI RGURERS IEH L #EDIEE, ROS 4b TIK

P4 actamicro@im.ac.cn, & 010-64807516

IR, R AN S M 40 A 7 1 A AR
M2, AR ABT T #Hi A Ag-NHC fic
51 SBC3 X RIAFTF MBS . B THiER
Tiif 245 1 25 7™ R Y ), LT B 25 W0 1 I
WA AT, SBC3 HHAL SRt . K
PE R TR P OV R PR AR Y . Zou
SEIRFSEIESE, AR AT Ak T #0 ) TrxR, BEIRAN
PRI N bR SRR s HE— 2B R B, YA A
W5 Ag B PT RSO O 3, SR T
Ag S K F ROS B T 41 B (4 4t S8 4k 11
. X —HUE P N IRATH TDRS RGeAEH 5k



W S| AR, 2025, 65(5)

2141

S e AP R 28 T HEAL . NHC fERZ
DIRelCiR, S54RSS A E RN E A YA
IXREAR T & AR 1R, T H R T 358
FIPTIRTE M . SBC3 #L [ KAAFF IR 1 TDRS R4
AT TR BIL T 0 S e DR A4 BT 1) SR AR I S P, R
WAEHSE HA g - A 25, BAA T iz 090 H
At . MM RMERE, Ag-NHC ERER R
SR PR IEE . BT B AN DT R R R R
B, Ag-NHC A7 R AR AN . RN
IR, RS TR 25 2 4N T 7E 1 SRR TR 259
AR IS A ) — B ALE . I, W LR S
2 T R e B N AR B 1) B AR T R VEAL 40
FEATN 2 BT REE . WA 2GS O Kk A, Bk
o K ) 22 W fd ] SBC3; i ] B A #E [A) 40 B
TrxR/Trx A 244 (CAIALCAT BTG pf) LA 34 5 411 1 25 SR A
A SURAEY ) T SBC3 A X} GSH &2 4%
HA T E R m RO, X 25 pR B R B —
ERTPTRAE T . HXTI 245 Rk SRSs IIAE AL
7E GSH RE5 8] 79120 R, T 25 BRI I 894K
ROS 7KDL K 25 ab ¥R 5 19 Trx 5 GSH RS0
8 2 Sl Ay B figp LR 2 9011 ) 4% A0y %o TS 24
PR TEEGEE . AN SBC3 MG IR
FHARHE TR 224K S, W B BB 259 i &
PEAL T B R

JUEABFFEIES: SBC3 A #lLi] TDRS K ¥4 5%
WAEH, (HIEEARSF ORISR AR A, i,
A PRFTLH X B3R5 A SRSs HEAT 1 43k R 4H i)
(whole genome sequencing, WGS), 22 ft &
— BB () SR TR M 25 AH 553 F o WI2E 1 WGS
SERAMTR I, gt = B R -N-SE LA DRl
PEFEAREE Y torD k42T AGC—AAC [HZR4E,
SIS IATT IR JE R queG K4 T GTC—GTT
A TTCHTTT WRAE, 4R, W TAMARIREK
L k2 HIIBe B o B kh, ZER AN =5
Hroig o+, it r et 47
W BT J5 2 0F 90 b IO R, JIF SR i AT
i .

1B STk =

W . AF BRI B IR A Ak
HLOwScEEE BN (Wb s UL
fE. wCiES BN ., w3Ciie; WEE:
B S L BRdm AR F b B, BRIER . 18T
115 Matthias Tacke: $2ULF AR ZHE; £F7 .
Z 50t REEEOR SRR, APREL. R
mERRIE . 25, RS A
B,

1B Al 25w RATF 7 A

VR P AN AEAT AR AT RE 23 52 R AS SCPI 4l
TR AT sl AR

S5 3R

[1] JIAN ZH, ZENG L, XU TJ, SUN S, YAN SX, YANG L,
HUANG Y, JIA JJ, DOU TF. Antibiotic resistance genes
in bacteria: occurrence, spread, and control[J]. Journal of
Basic Microbiology, 2021, 61(12): 1049-1070.

[2] MEDICT S, PEANA M, NURCHI VM, ZORODDU MA.
Medical uses of silver: history, myths, and scientific
evidence[J]. Journal of Medicinal Chemistry, 2019, 62(13):
5923-5943.

[3] RAI M, YADAV A, GADE A. Silver nanoparticles as a
new generation of antimicrobials[J]. Biotechnology
Advances, 2009, 27(1): 76-83.

[4] CHOUDHURY H, PANDEY M, LIM YQ, LOW CY,
LEE CT, MARILYN TCL, LOH HS, LIM YP, LEE CF,
BHATTAMISHRA SK, KESHARWANI P, GORAIN B.
Silver nanoparticles: advanced and promising technology
in diabetic wound therapy[J]. Materials Science and
Engineering: C, 2020, 112: 110925.

[5] MURAKAMI S, OKADA U, van VEEN HW. Tripartite
transporters as mechanotransmitters in periplasmic
alternating-access mechanisms[J]. FEBS Letters, 2020,
594(23): 3908-3919.

[6] HENDRY AT, STEWART 10. Silver-resistant
Enterobacteriaceae from hospital patients[J]. Canadian
Journal of Microbiology, 1979, 25(8): 915-921.

[7]1 BELL TA, GRAYSTON JT, KROHN MA, KRONMAL
RA. Randomized trial of silver nitrate, erythromycin, and
no eye prophylaxis for the prevention of conjunctivitis
among newborns not at risk for gonococcal Ophthalmitis.
eye prophylaxis study group[J]. Pediatrics, 1993, 92(6):
755-760.

[8] ZHANG LQ, WANG WX. Dominant role of silver ions
in silver nanoparticle toxicity to a unicellular Alga:
evidence from luminogen imaging[J]. Environmental
Science & Technology, 2019, 53(1): 494-502.

[91 ALVES-BARROCO C, RIVAS-GARCIA L,

http://journals.im.ac.cn/actamicrocn



2142

TAN Chao et al. | Acta Microbiologica Sinica, 2025, 65(5)

FERNANDES AR, BAPTISTA PV. Light triggered
enhancement of antibiotic efficacy in biofilm elimination
mediated by gold-silver alloy nanoparticles[J]. Frontiers
in Microbiology, 2022, 13: 841124.

[10] ARDUENGO AlJ III, RASIKA DIAS HV, CALABRESE
JC, DAVIDSON F. Homoleptic carbene-silver (I) and
carbene-copper (I) complexes[J]. Organometallics, 1993,
12(9): 3405-3409.

[11] GUERRET O, SOLE S, GORNITZKA H, TEICHERT
M, TRINQUIER G, BERTRAND G. 1,2,4-triazole-3, 5-
diylidene: a building block for organometallic polymer
synthesis[J]. Journal of the American Chemical Society,
1997, 119(28): 6668-6669.

[12] WANG HMJ, LIN IJB. Facile synthesis of silver (I)-
carbene complexes. useful carbene transfer agents[J].
Organometallics, 1998, 17(5): 972-975.

[13] TULLOCH AAD, DANOPOULOS AA, WINSTON S,
KLEINHENZ S, EASTHAM G. N-functionalised
heterocyclic carbene complexes of silver[J]. Journal of
the Chemical Society, Dalton Transactions, 2000(24):
4499-4506.

[14] MELAIYE A, SIMONS RS, MILSTED A, PINGITORE
F, WESDEMIOTIS C, TESSIER CA, YOUNGS WI.
Formation of water-soluble pincer silver (I)-carbene
complexes: a novel antimicrobial agent[J]. Journal of
Medicinal Chemistry, 2004, 47(4): 973-977.

[15] PRENCIPE F, ZANFARDINO A, Di NAPOLI M, ROSSI
F, D’ERRICO S, PICCIALLI G, MANGIATORDI GF,
SAVIANO M, RONGA L, VARCAMONTI M,
TESAURO D. Silver (I) N-heterocyclic carbene
complexes: a winning and broad spectrum of antimicrobial
properties[J]. International Journal of Molecular Sciences,
2021, 22(5): 2497.

[16] KARAASLAN MG, AKTAS A, GURSES C, GOK Y,
ATES B. Chemistry, structure, and biological roles of Au-
NHC complexes as TrxR inhibitors[J]. Bioorganic
Chemistry, 2020, 95: 103552.

[17] FULLER FW, PARRISH M, NANCE FC. A review of the
dosimetry of 1% silver sulfadiazine cream in burn wound
treatment[J]. The Journal of Burn Care & Rehabilitation,
1994, 15(3): 213-223.

[18] PATIL S, DEALLY A, GLEESON B, MULLER-BUNZ
H, PARADISI F, TACKE M. Novel benzyl-substituted N-
heterocyclic carbene-silver acetate complexes: synthesis,
cytotoxicity and antibacterial studies[J]. Metallomics,
2011, 3(1): 74-88.

[19] O’BEIRNE C, PIATEK ME, FOSSEN J, MULLER-
BUNZ H, ANDES DR, KAVANAGH K, PATIL SA,
BAUMANN M, TACKE M. Continuous flow synthesis
and antimicrobial evaluation of NHC* silver carboxylate
derivatives of SBC3 in vitro and in vivo[J]. Metallomics,
2021, 13(2): mfaa011.

[20] ALMALIOTI F, MacDOUGALL J, HUGHES S,
HASSON MM, JENKINS RL, WARD BD, TIZZARD
GJ, COLES SJ, WILLIAMS DW, BAMFORD S,
FALLIS IA, DERVISI A. Convenient syntheses of
cyanuric chloride-derived NHC ligands, their Ag(l) and
Au(I) complexes and antimicrobial activity[J]. Dalton
Transactions, 2013, 42(34): 12370-12380.

>4 actamicro@im.ac.cn, 7 010-64807516

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

SANCHEZ A, CARRASCO CJ, MONTILLA F,
ALVAREZ E, GALINDO A, PEREZ-ARANDA M,
PAJUELO E, ALCUDIA A. Antimicrobial properties of
amino-acid-derived = N-heterocyclic  carbene  silver
complexes[J]. Pharmaceutics, 2022, 14(4): 748.

LIAO XW, YANG F, LI HY, SO PK, YAO ZP, XIA W,
SUN HZ. Targeting the thioredoxin reductase-thioredoxin
system from Staphylococcus aureus by silver ions[J].
Inorganic Chemistry, 2017, 56(24): 14823-14830.
EZRATY B, GENNARIS A, BARRAS F, COLLET JF.
Oxidative stress, protein damage and repair in bacteria[J].
Nature Reviews Microbiology, 2017, 15(7): 385-396.

LU J, HOLMGREN A. The thioredoxin antioxidant
system[J]. Free Radical Biology and Medicine, 2014, 66:
75-87.

OUYANG YF, TANG XW, ZHAO Y, ZUO X, REN XY,
WANG J, ZOU LL, LU J. Disruption of bacterial thiol-
dependent redox homeostasis by magnolol and honokiol
as an antibacterial strategy[J]. Antioxidants, 2023, 12(6):
1180.

LU J, VLAMIS-GARDIKAS A, KANDASAMY K,
ZHAO R, GUSTAFSSON TN, ENGSTRAND L,
HOFFNER S, ENGMAN L, HOLMGREN A. Inhibition
of Dbacterial thioredoxin reductase: an antibiotic
mechanism targeting bacteria lacking glutathione[J].
FASEB Journal, 2013, 27(4): 1394-1403.

HARBUT MB, VILCHEZE C, LUO XZ, HENSLER
ME, GUO H, YANG BY, CHATTERJEE AK, NIZET V,
JACOBS WR Jr, SCHULTZ PG, WANG F. Auranofin
exerts broad-spectrum bactericidal activities by targeting
thiol-redox homeostasis[J]. Proceedings of the National
Academy of Sciences of the United States of America,
2015, 112(14): 4453-4458.

RAFEIRO E, BARR SG, HARRISON JJ, RACZ WIJ.
Effects of N-acetylcysteine and dithiothreitol on
glutathione and protein thiol replenishment during
acetaminophen-induced toxicity in isolated mouse
hepatocytes[J]. Toxicology, 1994, 93(2/3): 209-224.
ABELLO PA, FIDLER SA, BUCHMAN TG. Thiol
reducing agents modulate induced apoptosis in porcine
endothelial cells[J]. Shock, 1994, 2(2): 79-83.
DESHPANDE VS, KEHRER JP. Oxidative stress-driven
mechanisms  of nordihydroguaiaretic — acid-induced
apoptosis in FL5.12 cells[J]. Toxicology and Applied
Pharmacology, 2006, 214(3): 230-236.

SEOK SH, BAEK MW, LEE HY, KIM DJ, NA YR, NOH
KJ, PARK SH, LEE HK, LEE BH, RYU DY, PARK JH.
Arsenite-induced apoptosis is prevented by antioxidants
in zebrafish liver cell line[J]. Toxicology in Vitro, 2007,
21(5): 870-877.

PIATEK M, O’BEIRNE C, BEATO Z, TACKE M,
KAVANAGH K. Exposure of Candida parapsilosis to the
silver (I) compound SBC3 induces alterations in the
proteome and reduced virulence[J]. Metallomics, 2022,
14(8): mfac046.

GARRISON JC, YOUNGS WIJ. Ag(I) N-heterocyclic
carbene complexes: synthesis, structure, and application[J].
Chemical Reviews, 2005, 105(11): 3978-4008.
MELAIYE A, SUN ZH, HINDI K, MILSTED A, ELY D,



i 5

WA=, 2025, 65(5)

2143

RENEKER DH, TESSIER CA, YOUNGS W/. Silver (I)-
imidazole cyclophane gem-diol complexes encapsulated
by electrospun tecophilic nanofibers: formation of
nanosilver particles and antimicrobial activity[J].
Journal of the American Chemical Society, 2005, 127(7):
2285-2291.

[35] ESAREV 1V, KARGE B, ZENG HX, LIPPMANN P,

JONES PG, SCHREY H, BRONSTRUP M, OTT I
Silver organometallics that are highly potent thioredoxin
and glutathione reductase inhibitors: exploring the
correlations of solution chemistry with the strong
antibacterial effects[J]. ACS Infectious Diseases, 2024,
10(5): 1753-1766.

[36] BUSSING R, KARGE B, LIPPMANN P, JONES PG,

BRONSTRUP M, OTT I. Gold (I) and gold (IIl) N-
heterocyclic carbene complexes as antibacterial agents
and inhibitors of bacterial thioredoxin reductase[J].
ChemMedChem, 2021, 16(22): 3402-3409.

[37] ZOU LL, WANG J, GAO Y, REN XY, ROTTENBERG

ME, LU J, HOLMGREN A. Synergistic antibacterial
activity of silver with antibiotics correlating with the
upregulation of the ROS production[J]. Scientific
Reports, 2018, 8(1): 11131.

[38] DONG CJ, CHEN W, ZOU LL, LIU BB, DENG KH,

GUO DR, WANG P, CHEN H, WANG H, WANG J. The
assessment on synergistic activity of ebselen and silver
ion against Yersinia pseudotuberculosis[J]. Frontiers in
Microbiology, 2022, 13: 963901.

[39] WANG P, WANG J, XIE ZL, ZHOU JX, LU QQ, ZHAO

Y, DONG CJ, ZOU LL. Depletion of multidrug-resistant
uropathogenic Escherichia coli BC1 by ebselen and
silver ion[J]. Journal of Cellular and Molecular Medicine,
2020, 24(22): 13139-13150.

[40] DONG CJ, WANG J, CHEN H, WANG P, ZHOU JX,

—_

ZHAO Y, ZOU LL. Synergistic therapeutic efficacy of
ebselen and silver ions against multidrug-resistant
Acinetobacter ~ baumannii-induced  urinary  tract
infections[J]. Metallomics, 2020, 12(6): 860-867.
CHAKRABORTY S, SAGARIKA P, RAI S, SAHI C,
MUKHERIJEE S. Tyrosine-templated dual-component
silver nanomaterials exhibit photoluminescence and
versatile  antimicrobial  properties through ROS
generation[J]. ACS Applied Materials & Interfaces, 2021,
13(31): 36938-36947.

CARVALHO ML, PINTO AP, RANIERO LJ, COSTA
MS. Biofilm formation by Candida albicans is inhibited
by photodynamic antimicrobial chemotherapy (PACT),
using chlorin E6: increase in both ROS production and
membrane permeability[J]. Lasers in Medical Science,
2018, 33(3): 647-653.

SONG D, KIM B, KIM M, LEE JK, CHOI J, LEE H,
SHIN S, SHIN D, NAM HY, LEE Y, LEE S, KIM Y,
SEO J. Impact of conjugation of the reactive oxygen
species (ROS) -generating catalytic moiety with
membrane-active antimicrobial peptoids: promoting
multitarget mechanism and enhancing selectivity[J].
JournalofMedicinal Chemistry,2024,67(17):15148-15167.

[44] ZOU LL, LU J, WANG J, REN XY, ZHANG LL, GAO

Y, ROTTENBERG ME, HOLMGREN A. Synergistic
antibacterial effect of silver and ebselen against
multidrug-resistant Gram-negative bacterial infections[J].
EMBO Molecular Medicine, 2017, 9(8): 1165-1178.
CHEN H, LU QQ, AN HY, LI JT, SHEN SC, ZHENG X,
CHEN W, WANG L, LI JH, DU YQ, WANG YQ, LIU
XW, BAUMANN M, TACKE M, ZOU LL, WANG 1.
The synergistic activity of SBC3 in combination with
ebselen against Escherichia coli infection[J]. Frontiers in
Pharmacology, 2022, 13: 1080281.

http://journals.im.ac.cn/actamicrocn



