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Abstract: Carbapenem antibiotics are key drugs for treating life-threatening infections caused by multidrug-resistant Gram-
negative bacteria, because of their broad antibacterial spectrum and stability against most B-lactamases. However, the
increasingly serious carbapenem-resistant organisms (CROs) infections have become a major challenge in the field of anti-
infection. This review summarizes the resistance mechanism of CRO, the dissemination of CRO, as well as the prevention and
control strategies and current situation of CRO. The development of CRO resistance often results from the synergistic effects
of multiple mechanisms. Key resistance mechanisms include: (1) production of carbapenemases that hydrolyze carbapenems,
including serine -lactamases (Ambler classes A and D, e.g., KPC, OXA-48) and metallo-B-lactamases (class B, e.g., NDM,
VIM, IMP); (2) reduced drug permeability due to mutations or loss of outer membrane porins (e.g., OmpK35/0mpK36 in
Enterobacteriaceae, OprD in P. aeruginosa), limiting antibiotic influx; (3) overexpression of multidrug efflux pumps (e.g.,
AcrAB-TolC, MexAB-OprM, AdeABC), which actively expel antibiotics; (4) enhanced biofilm formation, creating a physio-
physical barrier that restricts antibiotic penetration and promotes a tolerant, slow-growing population; and (5) mutations or
modifications at the target site, particularly mutations or modifications in penicillin-binding proteins (PBPs). These
mechanisms rarely function independently but often work together, thereby enhancing drug resistance. For example, porin
loss combined with weak hydrolysis by extended-spectrum B-lactamases (ESBLs) or AmpC enzymes can confer significant
resistance to carbapenems such as ertapenem. The rapid dissemination of carbapenem resistance is propelled by two main
drivers: efficient horizontal gene transfer (HGT) and the global spread of successful clones. Key resistance genes, notably
blaxpc, blanpy, and blagxa.agiikes are frequently located on mobile genetic elements such as conjugative plasmids,
transposons, and integrative and conjugative elements (ICEs), facilitating rapid dissemination across bacterial species and
genera. Common environmental stressors in healthcare and community settings, including subinhibitory concentrations of
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antibiotics, disinfectants (such as chlorinated compounds), and heavy metals, can further promote HGT by triggering bacterial
stress responses such as the SOS response. Clonal lineages characterized by strong environmental fitness/persistence, and
high pathogenicity have become predominant on a global scale, such as Klebsiella pneumoniae sequence type (ST) 11 (and its
sublineage ST11-KL64) in Asia, Acinetobacter baumannii international clone (IC) 2, and Pseudomonas aeruginosa ST235.
These clones disseminate widely through healthcare networks, international travel, and environmental reservoirs, forming a
persistent and mobile drug-resistant pool. Active screening is one of the core strategies for containing the intra-hospital
transmission of CRO-resistant bacteria. Rapid molecular testing (e.g., PCR for carbapenemase genes), combined with
stringent infection control measures (contact isolation, enhanced environmental cleaning), remains fundamental for
containment of CRO. Currently, clinical treatment for CRO infections primarily relies on multidrug combination therapy, with
the specific regimen determined by the pathogen’s drug resistance phenotype and the site of infection. The new treatment
strategies currently under development include: (1) developing novel inhibitors targeting specific resistance mechanisms, such
as MBL inhibitors and efflux pump blockers; (2) exploring “drug repurposing” strategies to identify B-lactamase inhibitory
activity in existing non-antibiotic drugs (e.g., the antifungal agent tavaborole); (3) applying precision biocontrol agents like
engineered bacteriophages and CRISPR-Cas systems to selectively lyse resistant bacteria or inactivate resistant genes; and (4)
optimizing synergistic combination regimens, such as fosfomycin paired with a carbapenem or a novel B-lactamase inhibitor.
In summary, the CRO crisis demands integrated strategies: developing resistance-breaking agents (e.g., dual-function
molecules or combination strategies) to counter synergistic resistance mechanisms and implementing proactive One Health
surveillance to track high-risk clones across clinical and environmental settings.
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Figure 1 Drug resistance mechanism of CRO
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CRO Rz HH R A F L 25 HLH] KRR RE IR XS R ERAT re e
JfRmE i T E20234ECRKPH 2. BT &M il 7= 2L : KPC-2 38 :blagpe blaypy B TIn- ST167 : 7EFR S - I IRAZHE 55 T 5 11
W (CRKP)  10.8%(BHFREMIHPICU (85%) NDM(15%) 155 CFIT . IncX3Fik ; s
51X :38.6% BRI ARA TSN T STII-KL64 R Wat i EA =5 JJCRKP: ii#m, £ 5
JIgs 1 2 T[] ) b SR T 25 0 g7 ST11-KL64MIZE , ¥ rmpA . rmpA2
PG FERACR A BEIE RSN, BOEREDT,
PERIRE IR i F1 0500 ST11-KL64(Clade E):fRIER
54.5% (IR ) B4,
ST258: FHAERRE AT
B2 A P E2023FCRABR . IR B A B2 A e W23 HE blagy, ;% STPas2(ST2) : Bk T 3ake (FEM
HI(CRAB)  55.5%(BRE M2 P E OXARI; JE T (ISAbal ) {53% 40.4% , BRH83.9% , A63£71%) 61,
2GR EE B blaypyy. R 85 178 5 : OmpA . CarO ST208: 43V 5 %% (13.1%) [V
BT A 113 [60 Fegelonl;
HMESE : AdeABCid 234061
KA PE20234ECRECK 3 7% BT 551 W 7= 42 :NDM-5 Mo : blaypy.sBi T4 R ST361: Bt 2 & 3aks , 5 et 25
(CREC) U =k (#%).KPC-2; R 3B RER>107, AL,
BONPENDM-CPE : & F-BT BA ALK : PBP3H A RS S fETEkE: ST361 (A= Htk, ST167:HECRECH) £ FHATH,
4 EHTH 2R 18.8% (KR (W Tyr-333-YRIK) B4 0-5 SNP2ER)[S Hr K pnKASTE 33 M |5 Lk , 23
AT B3 W W BRI 255 . CMY B AmpCHiy , 807 7 [El CRECHUH 46 1 e 2
57.1%(NDM OXA-48)15) Wi 5 4 il 2515 STI31: &xBkPEiA T vike
BALELRHL R 2023 4F CRPAKE A3 . AL 3 P WK sl (A S8R Dlayny blapnp BN OLTIE - ST235 ST : PR ML sk, 4
#(CRPA)  16.3% (Bl Rk ) OprD kK /K i, EEHL AT 554 R EHEPAC s

e,
HMHESE : Mex AB-OprMid %
ik (fEGEHLH)

FRBEA 36 T AR 2O )

ST277: EEAE LGSR T W
RIAT;

ST463 : o [ AR B 4th X 9 I b Iy
TEWER (MLST/M ) 7]




58 TSR BN B R R PR B AT 25 L] 5 B SR B S 911

/ s 'Q '/“ ; \J:Q\)) k’.‘“ ‘ ‘{7
/ -
Pt ik e
ST fAe T ks e
BEAR T oIl LN DNA# K G AR
'S/}( \'r FE@ET Figdrawtz |
{‘i,@) e\
dilg A
DNA % T
TR D

B2 #HAHBEE

Figure 2 The conjugation process

Rl R A FRF 55 Z IR . L % L B
PR ) 2y X, R A R S Y i R A
(CINPEIR AL T35 ) (=3 A TP ol B B PR 5T (AR
ot KA ) YL CRO, P B JER Y 3 il 15 0t 1 A A2
N TAEMRMEAS B B R A TR B IR BT
T TH B ANIIS B 32 8l W 0 i 2 Bl 2 45, Sy o AR R AR
(1) 28 AL HE B T 5%, e & B be N IR gL 1) 2
KT TR IR I S T R s T 2 5 P9 AT
1 BT IR K HEBGHE AR T K R 58, H 1 B B 5 A8
HOBLI] A48 - 357 blagpc B KR S T11-KL64 %!
e 7 B s T 245 1m0 B 7 il R 5 T 11 B T e 7 5 B
ICU V5 /K Ab BT K 415300 ol 9 P R e A7 AE , HLH
AN I B LA 3 T L S R A i 2 00
DT 22 PR BT R 7 A FRPLRE F1 , A I i = e J%
Y il B M o 1T ¥ K AL B TR 24 B B T RS
JE T2 TR T 24 35 PR 3 o K (A ke 4 DX AL
R

4 CROHWIBABREESIR

T H £ IR 1 CROBEGLIEH, M FTAIBTIA
% AL GE AT A ZR B 1) Z24E 1 | B IR) T3 7
lin) J o, A i BT B 25 IR A it 24 AL R 1)~ LA €21
R SF 2 AT

4.1 CROEZNHE

= 8l 5 5 238 i CROT 24 T g N A& 4% B AZ 0 3R
2z — L7 R S A R T SRR KR 5 e
ZAIN . IR HE B AR =, 1
PRI MR R SR % PCR B A AT 5 R b A7
PR E . HTPCRINIT T2 R AT TEEU N Y
S FYLA T B s TR R 1) DR 43 78 LA Y0 S L
B T2k S XA T 0 SR A, AR TR
FaFF e H b i WL blagpe AE BSOS S FF R H
T WIblacxa-23/48)5 1-tike » VA I H 25 B8 (1) 43 @ B-
N BB SE DR, Wblanpy, blapnpFblay 5 , R Je sk
K HER B 5 1A TR AR U

Z IR R, B 3 B0 i A g ARG il AR &R
Al R EREARCRO M A AL RS o i 2 FH P 2 g
7 BRIV S it A PR S it , A A BRI B AR A T T
DA AT 2T Roosfb i E e S . Lk
W RIS MY REA R G2 T 25 AL , A B T
AT 25 B0, Fe 2 i3 B WU L%,
I, ZECRO®S FLA T by 85 & WA T ], St L 3
Bl R B 2R T I, S A A s G i 24 TR ak e
Bl A 2 rp O AT sl e — 4
4.2 BBIGKIETT KBS

H i, £ XF CROBYL I R IR YT Lh 2 2585 R



912 25

b 5$38%

F L IAIT T BT SR A i 2 e A AR YL AR A
X FFEKPCELOXA-48-like 55 22 G B bk 75 25 1 it (1)
JoFT o L BRIk , 0 78 B o) 700 52 o ) Sk A b -
BT 24 L HEL | 5 2 5% 1 - o A 5L 1RSI0 Y 5% e - v D A
Tk CUHYT R R RS SR R I e 2
WA SR M N R AR AR TR R W R
B R IS, O 2 E T 2y R R T
B A e E N P NDM-5 Y K e A R T
R, H S ST167/ G e e m vk %7 A
B PR

X T 7= NDM | VIM& 43 J& B- PN I e 1l 1) T A
HEMBLAZ B 2R B IR R sl & ST 28 Il
B4 B B 2 AR Rk T4 (R %
B RIE R HIPROR R AR, ™ 1 X A
GBI LESBIERFI S
4.3 EEHIHIFI

EFXTMBL 051 IR & B SRS . B
T 4 Ja B 1570 RE T PR 45 B blanpa. W SUREAZ 16
Perfl, BEREIRA T 250k 70 . R IR
A1 7wl WU 5 25 A AL 0] 58 42 BH Wi 4 R
it 119 7K A D1 B, 158 S e 15 B XF blayp g BEE B 1Y)
MICKEAR 2 Rk 19 1/128 , HAUR B E i T 5m
BTN b X A B PAY I Y D 40 50 O i e
MBL I XERL, bR T2 (tavaborole) 1Y “# 255 7
(RIS REAE DI A | BISH TS R IG I, LA 2P KM
FERLRY S EE100% 42 17 5 A8 B AR 2R T &
Ry 22 TR 245 4 2 B R R e R L TR B B IR T
g,
4.4 SMHERIMFIF

SRS SNHEZE I 70 v R )2 B IR (A
SRR B2 3T R TR (R T TR SR I, AT SRR 5T 1Y
P, BEFERB H M EI FIMBX-419 Ll i 25 &
AcrBEE AR FA 0 BELIBT 2654 S HE , BEAZ 8 35 FRAIK
2 MICH TS o AU 38 3400 s o A0 P R
MexAB-OprMAMIEAE BHIWT 245 ¥ S EiE i , 5 W %
R ra I FH A AT SR BT TR TG M . AR BAFE T 251k &)
JEE HR R 5 H B o (IR TR 38 A S AT 1 e 7 0
Lt 2§ ABCHMIESE , 5 26 % s p Wb IRV FH T
o BRI, ANHESE I 590 A R A A PR
TIEIRILH , AT & B HGE B T
4.5 HAMPHEKRES

I B IR -CRISPR MR R Ge R B T ORS T P I

W, RAREA TR IEN SRS
CRISPR-Cas R4t 1Y 3L K w8 T g, SC BRI 24 B 1Y
e VR ] VT 25 PR S e R AL TR MG . R S
P ) P C R A W58 B A T 2 3 A A P RE ok, i A G
o I M 55 i R 0T, BT CRISPR-Cas9 3 A
it o A S HE 7] B Blapag o S T 2555 R, RCEIAE
T CRKPH R B 1 BB R AR A A8 bR, LABRIEX
S DR TR A BT W RE ) B A P A 4

37 TH B 24 SR e ik 2 8 S P R VR
HERRPTRRY TR . WA R 5 B- N RS 25 I R AT []
T UK A4 B B 5 1l 55 A A, R A9 i IR X
HhRE R H R Gk SR 808 37 7R - A T i kA1 1 )
52 5 i A A& I A I XFCRAB HAT i 3
W, C A T RO

5 HiEERE

“fitg-FL 3K 1 -SNHEA - LE D IR R 1) 22 4E D[]
i 24, 15 3 DK P 56 K - SR K- RS0 1" (957
PRI R 2%, LRI AL T S HTCROMEHLAIZ D o R
R F) 7 12 AR A6 AR T 33 < BIp ] - Sz AR B Y
TRZV B, o SR 220 B 2 B R R LT B AL
Bt A R A A AHE ST BB 25 Wt R, A B i
i CROZ= B & EHR LR M PR A R T 5

Sk

[1] Pérez-Galera S, Bravo-Ferrer JM, Paniagua M, et al.
Risk factors for infections caused by carbapenem-
resistant Enterobacterales: An international matched
case-control-control study (EURECA). EClinicalMedicine,
2023, 57: 101871.

[2] World Health Organization. WHO bacterial priority
pathogens list, 2024[R]. Geneva: WHO Press, 2024.

[3] A= EEIANpA T 25 Wa DU . 20234 4 [ 20 17 i 24 Wl 4 5
(AT [R/OL]. (2024-11-18) [2025-08-05]. https:/
www.carss.cn/Report/Details?ald=978
National Antibiotic Resistance Surveillance Report
(Brief Version)[R/OL]. (2024-11-18) [2025-08-05].
https://www.carss.cn/Report/Details?ald=978

(4] ZFEYNERTH 24 W, 201445 42 = 240 B i 25 W4 15
(T ER)[R/OL]. (2017-06-15) [2025-09-23]. https://
www.carss.cn/Report/Details/281.

National Antibiotic Resistance Surveillance Report
(Brief Version)[R/OL]. (2017-06-15) [2025-09-23].
https://www.carss.cn/Report/Details/281.



5

TSR BN B R R PR B AT 25 L] 5 B SR B S 913

(5]

(6]

(7]

(8]

9]

[10]

[11]

(12]

[13]

[14]

[15]

[16]

SOAHE, WIAH A, AR, 5. 20234ECHINETH 241 F it
2. T EEG S TR, 2024, 24: 627-37.

Guo Y, Hu FP, Zhu DM, et al. Antimicrobial resistance
profile of clinical isolates in hospitals across China:
Report from the CHINET Antimicrobial Resistance
Surveillance Program, 2023. Chin J Infect Chemother,
2024, 24: 627-37.

Yang W, Ding L, Han R, et al. Current status and trends
of antimicrobial resistance among clinical isolates in
China: A retrospective study of CHINET from 2018 to
2022. One Health Adv, 2023, 1: 8.

Zou H, Zhou Z, Berglund B, et al. Persistent
transmission of carbapenem-resistant, hypervirulent
Klebsiella pneumoniae between a hospital and urban
aquatic environments. Water Res, 2023, 242: 120263.
Pu D, Zhao J, Chang K, et al. "Superbugs” with
hypervirulence and carbapenem resistance in Klebsiella
pneumoniae: The rise of such emerging nosocomial
pathogens in China. Sci Bull, 2023, 68: 2658-70.

Ding L, Shen S, Chen J, et al. Klebsiella pneumoniae
carbapenemase variants: The new threat to global public
health. Clin Microbiol Rev, 2023, 36: ¢0000823.

Sawa T, Kooguchi K, Moriyama K. Molecular diversity of
extended-spectrum (-lactamases and carbapenemases, and
antimicrobial resistance. J Intensive Care, 2020, 8: 13.
Tompkins K, van Duin D. Treatment for carbapenem-
resistant Enterobacterales infections: Recent advances
and future directions. Eur J Clin Microbiol Infect Dis,
2021, 40: 2053-68.

Ibrahim ME. Prevalence of Acinetobacter baumannii in
Saudi Arabia: Risk factors, antimicrobial resistance
patterns and mechanisms of carbapenem resistance. Ann
Clin Microbiol Antimicrob, 2019, 18: 1.

Wasko I, Kozinska A, Kotlarska E, et al. Clinically
relevant B-lactam resistance genes in wastewater
treatment plants. Int J Environ Res Public Health, 2022,
19: 13829.

Martins-Gongalves T, Pimenta JS, Fontana H, et al.
Acinetobacter baumannii international clone 2 co-
producing OXA-23, NDM-1, and ArmA emerging in
South America. Antimicrob Agents Chemother, 2024,
68: ¢0029824.

Xu A, Li M, Hang Y, et al. Multicenter retrospective
genomic characterization of carbapenemase-producing
Acinetobacter baumannii isolates from Jiangxi patients
2021-2022: Identification of a novel international clone,
IC11. mSphere, 2024, 9: ¢0027624.

Sholeh M, Hamidiech F, Beig M, et al. Unravelling the

genomic landscape of Acinetobacter baumannii: Deep dive

[22]

[24]

[27]

into virulence factors, resistance elements, and evolutionary
adaptations. Mol Genet Genomics, 2025, 300: 68.
Bonomo RA, Burd EM, Conly J, et al. Carbapenemase-
producing organisms: A global scourge. Clin Infect Dis,
2018, 66: 1290-97.

Su Y, Zou G, Huang X, et al. Molecular characterization
and resistance mechanisms of ertapenem-non-susceptible
carbapenem-resistant Klebsiella pneumoniae co-harboring
ESBLs or AmpC enzymes with porin loss or efflux pump
overexpression. J Bacteriol, 2025, 207: e0014825.

Li J, Liu S, Fu J, et al. Co-occurrence of colistin and
meropenem resistance determinants in a Stenotrophomonas
strain isolated from sewage water. Microb Drug Resist,
2019, 25: 317-25.

Cai M, Song K, Wang R, et al. Tracking intra-species
and inter-genus transmission of KPC through global
plasmids mining. Cell Rep, 2024, 43: 114351.

Spahr Y, Endimiani A, Perreten V. Genomic compara-
tive analysis of Enterobacter asburiae harbouring a
conjugative blasys.plasmid isolated from a public
garden in Switzerland. Eur J Clin Microbiol Infect Dis,
2025, 44: 1739-44.

Pablo-Marcos D, Fernandez-Diego L, Rodriguez-
Grande J, et al. An accurate amplification-free
CRISPR/Cas12a-based assay for GES p-lactamase
detection. Int J Antimicrob Agents, 2025, 66: 107506.
Liu X, Liu Z, Bai X, et al. First report of a carbapenem-
resistant Serratia sarumanii clinical strain co-harboring
blaxpc.; and blaypy,.; genes in China. Curr Res Microb
Sci, 2025, 9: 100411.

Xu Q, Zheng B, Li K, et al. A preliminary exploration
on the mechanism of the carbapenem-resistance trans-
formation of Serratia marcescens in vivo. BMC
Genomics, 2024, 25: 2.

Farhat N, Khanam T, Noor S, et al. Structural insight
into the binding mode of cefotaxime and meropenem to
TEM-1, SHV-1, KPC-2, and Amp-C type B-lactamases.
Cell Biochem Biophys, 2024, 82: 1299-308.

Vega AD, DeRonde K, Jimenez A, et al. Difficult-to-
treat (DTR) Pseudomonas aeruginosa harboring
Verona-Integron metallo-B-lactamase blay;,: Infection
management and molecular analysis. Antimicrob Agents
Chemother, 2024, 68: ¢0147423.

Faxén L, Miiller V, Chatzopoulou M, et al. Susceptibility
to new antibiotics and genetic characterisation of
carbapenemase-producing Enterobacterales: Low activity
of cefiderocol against NDM-producing isolates. Int J
Antimicrob Agents, 2025, 66: 107553.

Yang C, Jiang S, Wei C, et al. Mechanism for



914

E S

38%:

[29]

(30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

transmission and pathogenesis of carbapenem-resistant
Enterobacterales harboring the carbapenemase IMP and
clinical countermeasures. Microbiol Spectr, 2024, 12:
¢0231823.

Monteagudo de Barros V, da Rocha BS, Rhoden J, et al.
Detection of metallo-B-lactamase-producing genes
blagpy, and blaypy, in Pseudomonas aeruginosa isolated
from wastewater in Southern Brazil. ] Water Health,
2024, 22: 689-700.

SRIE. iR AL R S M % T A ik e 14 e S R 24 53
FHLHIBFFE [D]. f: fRERERIR#, 2016.

Zhang Y. Identification and molecular resistance
mechanisms of a new type of metallo-f-lactamase SIM
[D]. Fuzhou: Fujian Medical University, 2016.

Hong MK, Lee JH, Kwon DB, et al. Crystallization and
preliminary diffraction studies of GIM-1, a class B
carbapenem-hydrolyzing B-lactamase. Acta Crystallogr
Sect F Struct Biol Cryst Commun, 2012, 68: 1226-28.
Kim JY, Jung HI, An YJ, et al. Structural basis for the
extended substrate spectrum of CMY-10, a plasmid-
encoded class C B-lactamase. Mol Microbiol, 2006, 60:
907-16.

Wachino J, Kurokawa H, Suzuki S, et al. Horizontal
transfer of blacyy-bearing plasmids among clinical
Escherichia coli and Klebsiella pneumoniae isolates
and emergence of cefepime-hydrolyzing CMY-19.
Antimicrob Agents Chemother, 2006, 50: 534—41.
Ahmed AM, Shimamoto T. Emergence of a cefepime-
and cefpirome-resistant Citrobacter freundii clinical
isolate harbouring a novel chromosomally encoded
AmpC B-lactamase, CMY-37. Int J Antimicrob Agents,
2008, 32: 256-61.

Meekes LM, Heikema AP, Tompa M, et al. Proteoge-
nomic analysis demonstrates increased blapyy.ss cOpy
numbers and OmpK36 loss as contributors to carbapenem
resistance in Klebsiella pneumoniae. Antimicrob Agents
Chemother, 2025, 69: e0010725.

Sanli K, Oncel B. Analysis of rectal carbapenem-
resistant Enterobactericeae colonization results first
report in Istanbul/Turkiye: Klebsiella pneumoniae co-
producing blagpctblaypy +blapys.4s in a single strain.
BMC Infect Dis, 2025, 25: 773.

Aertker KMJ, Chan HTH, Lohans CT, et al. Analysis of
B-lactone formation by clinically observed carbapene-
mases informs on a novel antibiotic resistance mechan-
ism. J Biol Chem, 2020, 295: 16604—13.

Mammeri H, Sereme Y, Toumi E, et al. Interplay
between porin deficiency, fitness, and virulence in

carbapenem-non-susceptible Pseudomonas aeruginosa

[40]

[42]

[44]

[45]

and Enterobacteriaceac. PLoS Pathog, 2025, 21:
¢1012902.

Wang M, Zhang Y, Pei F, et al. Loss of OprD function is
sufficient for carbapenem-resistance-only but insufficient
for multidrug resistance in Pseudomonas aeruginosa.
BMC Microbiol, 2025, 25: 218.

Wu LT, Guo MK, Ke SC, et al. Characterization of the
genetic background of KPC-2-producing Klebsiella
pneumoniae with insertion elements disrupting the
OmpK36 porin gene. Microb Drug Resist, 2020, 26:
1050-57.

Wong JLC, Romano M, Kerry LE, et al. OmpK36-
mediated Carbapenem resistance attenuates ST258
Klebsiella pneumoniae in vivo. Nat Commun, 2019,
10: 3957.

Farshadzadeh Z, Khoshnood S, Akrami S, et al.
Relationship between antibiotic resistance and biofilm-
forming capacity with RND efflux pumps expression in
clinical Acinetobacter baumannii isolates. Arch Microbiol,
2025, 207: 153.

Terrill AE, Tait JR, Rogers KE, et al. Effects of different
resistance mechanisms on bacterial response to meropenem,
ciprofloxacin, and their combination described by next-
generation mechanism-based modelling. Int J Antimicrob
Agents, 2025, 66: 107528.

Lee T, Lee S, Kim MK, et al. 3-O-Substituted quercetin:
An antibiotic-potentiating agent against multidrug-
resistant gram-negative enterobacteriaceae through
simultaneous inhibition of efflux pump and broad-
spectrum carbapenemases. ACS Infect Dis, 2024, 10:
1624-43.

Black CA, Benavides R, Bandy SM, et al. Diverse role
of blacry., and porins in mediating ertapenem resistance
among carbapenem-resistant Enterobacterales. Antibiotics
(Basel), 2024, 13: 185.

Sauer K, Stoodley P, Goeres DM, et al. The biofilm life
cycle: Expanding the conceptual model of biofilm
formation. Nat Rev Microbiol, 2022, 20: 608-20.

Liu HY, Prentice EL, Webber MA. Mechanisms of
antimicrobial resistance in biofilms. NPJ Antimicrob
Resist, 2024, 2: 27.

Jomehzadeh N, Jahangirimehr F, Chegeni SA. Virulence-
associated genes analysis of carbapenemase-producing
Escherichia coli isolates. PLoS One, 2022, 17: ¢0266787.

Ghasemian S, Karami-Zarandi M, Heidari H, et al.
Molecular characterizations of antibiotic resistance,
biofilm formation, and virulence determinants of
Pseudomonas aeruginosa isolated from burn wound
infection. J Clin Lab Anal, 2023, 37: ¢24850.



5 T X R T R U AE R T 25 AL B R SR 5 i 915
[50] Yano H, Nakata N, Yahara K, et al. Specific variants in resistance in Acinetobacter baumannii: Mechanisms,

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

ftsI reduce carbapenem susceptibility in Pseudomonas
aeruginosa. Microbiol Spectr, 2025, 13: e0102725.
Tascini C, Giuliano S, Martini L, et al. OXA-
carbapenemases and mutations within PBPs in ST2
carbapenem-resistant A. baumannii: Evaluating the
efficacy of cefiderocol and ampicillin-sulbactam
combination therapy. J Glob Antimicrob Resist, 2025,
44: 189-96.

Fu J, Zhong C, Zhou Y, et al. The integrative and
conjugative element ICECspPOL2 contributes to the
outbreak of multi-antibiotic-resistant bacteria for
Chryseobacterium Spp. and Elizabethkingia Spp.
Microbiol Spectr, 2021, 9: ¢0200521.

Zong G, Zhong C, Fu J, et al. The carbapenem resistance
gene blapx4.>3 is disseminated by a conjugative plasmid
containing the novel transposon Tn6681 in Acinetobacter
johnsonii M19. Antimicrob Resist Infect Control, 2020,
9: 182.

Wang Q, Wang R, Wang S, et al. Expansion and
transmission dynamics of high risk carbapenem-resistant
Klebsiella pneumoniae subclones in China: An
epidemiological, spatial, genomic analysis. Drug
Resist Updat, 2024, 74: 101083.

Chew KL, Cabang JC, Abu Bakar NAB, et al.
Aztreonam-avibactam resistance rates and resistance
mechanisms of NDM and NDM/OXA48-like dual-
carbapenemase-producing Enterobacterales in Singapore.
Pathology, 2025, 57: 443-52.

Wei DW, Song Y, Li Y, et al. Insertion sequences
accelerate genomic convergence of multidrug resistance
and hypervirulence in Klebsiella pneumoniae via
capsular phase variation. Genome Med, 2025, 17: 45.
Zhou K, Xue CX, Xu T, et al. A point mutation in recC
associated with subclonal replacement of carbapenem-
resistant Klebsiella pneumoniae ST11 in China. Nat
Commun, 2023, 14: 2464.

I, B BRI 2GR H 40 15280k
AT AR ST 25T, Bl S 4 S5 IR,
2024, 31: 1412-8, 1486.

Yan LL, Yang RF. Epidemiological characteristies and
drug resistance of 1528 strains of carbapenem-resistant
Enterobacterales. Label Immunoassays Clin Med, 2024,
31: 1412-8,1486.

Biedrzycka M, Urbanowicz P, Zabicka D, et al. Country-
wide expansion of a VIM-1 carbapenemase-producing
Klebsiella oxytoca ST145 lineage in Poland, 2009-2019.
Eur J Clin Microbiol Infect Dis, 2023, 42: 1449-57.

de Souza J, D’ Espindula HRS, Ribeiro IF, et al. Carbapenem

[63]

[67]

[68]

[69]

[70]

therapeutics, and innovations. Microorganisms, 2025,
13: 1501.

Tagueha AD, D’ Agostini C, Scribano D, et al. A decade
of genomic and phenotypic adaptation of carbapenem-
resistant Acinetobacter baumannii. Front Cell Infect
Microbiol, 2025, 15: 1527488.

Wang M, Jin L, Wang R, et al. KpnK48 clone driving
hypervirulent carbapenem-resistant Escherichia coli
epidemics: Insights into its evolutionary trajectory
similar to Klebsiella pneumoniae. Drug Resist Updat,
2025, 81: 101243.

Peirano G, Matsumara Y, Pitout JDD. Mobile genetic
elements of global Escherichia coli ST131 clades with
carbapenemases. Eur J Clin Microbiol Infect Dis, 2025,
44: 2119-28.

Zhao Y, Chen D, Chen K, et al. Epidemiological and
genetic characteristics of clinical carbapenem-resistant
Pseudomonas aeruginosa strains in Guangdong
Province, China. Microbiol Spectr, 2023, 11: e0426122.
Xiang Y, Jia M, Xu R, et al. Carbamazepine facilitated
horizontal transfer of antibiotic resistance genes by
enhancing microbial communication and aggregation.
Bioresour Technol, 2024, 391: 129983.

Zagui GS, de Almeida OGG, Moreira NC, et al. Hospital
wastewater as source of human pathogenic bacteria: A
phenotypic and genomic analysis of international high-
risk clone VIM-2-producing Pseudomonas aeruginosa
ST235/011. Environ Res, 2024, 255: 119166.

Sun L, Guo H, Chen Y, et al. Genomic and phylogenetic
analysis of a multidrug-resistant Pseudomonas aeruginosa
ST463 strain co-carrying blaxpc.,, blapys.245, and
blapys.4ss iIn China. J Glob Antimicrob Resist, 2023,
33: 301-3.

Diaz-Diaz S, Garcia-Montaner A, Vanni R, et al.
Heterogeneity of SOS response expression in clinical
isolates of Escherichia coli influences adaptation to
antimicrobial stress. Drug Resist Updat, 2024, 75:
101087.

Han X, Song M, Yu Q, et al. Unveiling the clonal
dynamics and transmission mechanism of carbapenem-
resistant Klebsiella pneumoniae in the ICU environment. Int
J Antimicrob Agents, 2025, 66: 107532.

Huang X, Yao X, Hou Y, et al. Global trends of
antimicrobial resistance and virulence of Klebsiella
pneumoniae from different host sources. Commun
Med (Lond), 2025, 5: 383.

Zeng M, Xia J, Zong Z, et al. Guidelines for the

diagnosis, treatment, prevention and control of infections



916

E S

38%:

(72]

(73]

[74]

[75]

[76]

caused by carbapenem-resistant gram-negative bacilli. J
Microbiol Immunol Infect, 2023, 56: 653-71.

Tamma PD, Aitken SL, Bonomo RA, et al. Infectious
Diseases Society of America 2022 guidance on the
treatment of extended-spectrum B-lactamase producing
enterobacterales (ESBL-E), carbapenem-resistant
enterobacterales (CRE), and Pseudomonas aeruginosa
with difficult-to-treat resistance (DTR-P. aeruginosa).
Clin Infect Dis, 2022, 75: 187-212.

Piccica M, Spinicci M, Botta A, et al. Cefiderocol use for
the treatment of infections by carbapenem-resistant
Gram-negative bacteria: An Italian multicentre real-life
experience. J Antimicrob Chemother, 2023, 78: 2752-61.
Antimicrobial Resistance Collaborators. Global burden
of bacterial antimicrobial resistance in 2019: A
systematic analysis. Lancet, 2022, 399: 629-55.

Guo H, Cheng K, Gao Y, et al. A novel potent metal-
binding NDM-1 inhibitor was identified by fragment
virtual, SPR and NMR screening. Bioorg Med Chem,
2020, 28: 115437.

Dhiman P, Das S, Pathania V, et al. Discovery of
conformationally constrained dihydro benzo-indole
derivatives as metallo-B-lactamase inhibitors to tackle

multidrug-resistant bacterial infections. ] Med Chem,

[77]

2025, 68: 7062-81.

Zhang Y, Yang S, Deng Z, et al. Antifungal agent
tavaborole as a potential broad-spectrum serine and
metallo-f-lactamases inhibitor. EBioMedicine, 2025,
116: 105754.

MacGowan AP, Attwood MLG, Noel AR, et al.
Exposure of Escherichia coli to antibiotic-efflux pump
inhibitor combinations in a pharmacokinetic model:
Impact on bacterial clearance and drug resistance. J
Antimicrob Chemother, 2023, 78: 2869-77.

Li M, Guo M, Chen L, et al. Isolation and characteriza-
tion of novel lytic bacteriophages infecting epidemic
carbapenem-resistant Klebsiella pneumoniae strains.
Front Microbiol, 2020, 11: 1554.

Ferous S, Anastassopoulou C, Pitiriga V, et al.
Antimicrobial and diagnostic stewardship of the novel
B-lactam/B-lactamase inhibitors for infections due to
carbapenem-resistant Enterobacterales species and
Pseudomonas aeruginosa. Antibiotics (Basel), 2024,
13: 285.

El-Ghali A, Kunz Coyne AJ, Caniff K, et al. Sulbactam-
durlobactam: A novel B-lactam-f-lactamase inhibitor
combination targeting carbapenem-resistant Acinetobacter

baumannii infections. Pharmacotherapy, 2023, 43: 502-13.



