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Understanding blaNDM‑1 gene regulation 
in CRKP infections: toward novel antimicrobial 
strategies for hospital‑acquired pneumonia
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Abstract 

Background  The escalating challenge of Carbapenem-resistant Klebsiella pneumoniae (CRKP) in hospital-
acquired pneumonia (HAP) is closely linked to the blaNDM-1 gene. This study explores the regulatory mechanisms 
of blaNDM-1 expression and aims to enhance antibacterial tactics to counteract the spread and infection of resistant 
bacteria.

Methods  KP and CRKP strains were isolated from HAP patients’ blood samples. Transcriptomic sequencing (RNA-
seq) identified significant upregulation of blaNDM-1 gene expression in CRKP strains. Bioinformatics analysis revealed 
blaNDM-1 gene involvement in beta-lactam resistance pathways. CRISPR-Cas9 was used to delete the blaNDM-1 
gene, restoring sensitivity. In vitro and in vivo experiments demonstrated enhanced efficacy with Imipenem 
and Thanatin or Subatan combination therapy.

Results  KP and CRKP strains were isolated with significant upregulation of blaNDM-1 in CRKP strains identified 
by RNA-seq. The Beta-lactam resistance pathway was implicated in bioinformatics analysis. Knockout of blaNDM-1 
reinstated sensitivity in CRKP strains. Further, co-treatment with Imipenem, Thanatin, or Subactam markedly improved 
antimicrobial effectiveness.

Conclusion  Silencing blaNDM-1 in CRKP strains from HAP patients weakens their Carbapenem resistance and opti-
mizes antibacterial strategies. These results provide new theoretical insights and practical methods for treating resist-
ant bacterial infections.

Keywords  Hospital-acquired pneumonia, CRKP, blaNDM-1 gene, Antimicrobial strategy, Gene expression regulation, 
Drug resistance

Introduction
Pneumonia is a major contributor to global mortality, 
and hospital-acquired pneumonia (HAP) refers explic-
itly to lung infections contracted by patients in health-
care settings, usually within 48 h of admission. HAP risk 

factors comprise the patient’s immune status, mechani-
cal ventilation, surgery, and antibiotic usage (Modi and 
Kovacs 2020; Bassetti et al. 2022; Wicky et al. 2022). HAP 
not only lengthens patients’ hospital stays and increases 
the costs of treatment, but it could also result in severe 
complications and even death (Lanks et  al. 2019; Suaya 
et al. 2021; Yusuf et al. 2021). Klebsiella pneumoniae (KP) 
is a gram-negative opportunistic pathogen belonging to 
Klebsiella, mainly found in the gastrointestinal tract and 
nasopharynx (Bassetti et al. 2018a; Bassetti et al. 2018b). 
KP invades the bloodstream via the nasal and pharyngeal 
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regions and is recognized as a predominant pathogenic 
bacterium responsible for HAP globally (Li et al. 2023a).

In recent years, the widespread and excessive use of 
antibiotics in clinical settings has led to increasing anti-
biotic-resistant strains of KP with continuously strength-
ening resistance. It has presented a challenge for clinical 
treatment. Approximately 700,000 deaths per year are 
attributed to antibiotic resistance, and projections sug-
gest that by 2050, antibiotic resistance will become the 
most catastrophic issue, resulting in an annual death toll 
of up to 10 million (Bassetti et al. 2018a; Han et al. 2022). 
Currently, carbapenems are the most comprehensive and 
potent class of antibacterial drugs in clinical practice. 
Historically, they have proven to be the most effective 
treatment for KP infections. As a result, carbapenems 
are frequently regarded as the final resort for combat-
ing multidrug-resistant bacterial infections in clinical 
settings (Mora-Ochomogo and Lohans 2021; Yang et al. 
2021a; Lan et al. 2021; Liao et al. 2020).

The high rates of infection and mortality caused by 
CRKP strains have burdened the national healthcare 
system. Moreover, the growing bacterial resistance has 
exerted immense pressure on developing new drugs 
(Xu et  al. 2017). Currently, the clinical treatment of KP 
faces numerous challenges and controversies, necessitat-
ing the development of more effective methods (Bassetti 
et  al. 2018a; Isler et  al. 2022). The Metallo-β-lactamase, 
encoded by the blaNDM-1 gene, is critical in develop-
ing multidrug-resistant strains in these bacteria. How-
ever, there is limited knowledge regarding regulating 
blaNDM-1 gene expression and its connection to drug 
resistance (Bahr et al. 2021).

This study aims to address the issue by investigating 
the regulatory mechanism of blaNDM-1 gene expression 
in CRKP strains among HAP patients and identifying 
methods to optimize antimicrobial strategies. Transcrip-
tome sequencing could provide a comprehensive insight 
into the expression differences of the blaNDM-1 gene in 
resistant and susceptible strains, thus enabling explora-
tion of the molecular basis underlying their resistance.

Moreover, we utilized bioinformatics analysis tools to 
analyze the RNA-seq data further. This analysis aims to 
identify the signaling pathways and regulatory networks 
associated with drug resistance and involvement in the 
blaNDM-1 gene. Additional investigation was carried out 
to examine the effect of disrupting the blaNDM-1 Gene 
on the bacterial strain’s drug resistance in laboratory and 
animal models.

Finally, we conducted in vitro and in vivo experiments 
to evaluate the efficacy of the optimized antibacterial 
strategy targeting the blaNDM-1 gene. Studies have 
shown that the antimicrobial peptide Thanatin (TH) 
disrupts the outer membrane of NDM-1-producing 

bacteria by competitively replacing divalent cations and 
inducing lipopolysaccharide release. Moreover, Than-
atin inhibits NDM-1 enzyme activity by competitively 
replacing zinc ions at the active site, thereby reversing 
carbapenem resistance in NDM-1-producing bacte-
ria in vitro and in vivo (Ma et al. 2019). Based on these 
findings, we have selected to combine the carbapenem 
antibiotic imipenem (IM) with TH as a therapeutic 
approach against CRKP. Additionally, literature reports 
have indicated that sulbactam (SU), an irreversible 
competitive β-lactamase inhibitor, prevents the degra-
dation of β-lactam antibiotics by inhibiting the activ-
ity of β-lactamases (Noguchi and Gill 1988). Therefore, 
we have chosen to combine SU with the carbapenem 
antibiotic IM to investigate the therapeutic effect of 
combination therapy against CRKP strain infections. 
Through the aforementioned research, we aim to pro-
vide new insights into the resistance mechanisms of 
CRKP strains, especially the expression regulation of 
the blaNDM-1 gene, to offer more effective strategies 
for clinical treatment, address the threat of antibiotic 
resistance, and promote advancements in the field of 
public health.

The current study addresses the knowledge gap in reg-
ulating the blaNDM-1 gene and proposes novel thera-
peutic strategies for CRKP-induced infections. As the 
issue of antibiotic resistance becomes more severe, this 
analysis aims to provide robust support for developing 
new antimicrobial drugs and treatment strategies. It also 
seeks solutions for the challenges posed by antimicrobial 
resistance in clinical treatment, ultimately improving 
patients’ cure and survival rates with infectious diseases. 
Furthermore, acquiring a comprehensive knowledge of 
blaNDM1 gene regulation and its associated resistance 
mechanisms will establish a novel theoretical frame-
work for tailor-made design and precise medication in 
antibacterial therapy. Additionally, it will offer scientific 
substantiation for the development and execution of anti-
microbial strategies in the public health sphere.

Materials and methods
Declaration of clinical research ethics
Informed consent was obtained from all patients whose 
clinical samples were involved in this investigation. The 
sample collection and processing procedures strictly fol-
lowed ethical guidelines. All participants have been pro-
vided with clear information about the research purpose 
and have willingly signed consent forms that outline the 
details of the study. This study has received approval 
from the Ethics Committee of the Affiliated Hospital of 
Nantong University (No. 2020-K044) and strictly adhered 
to the Helsinki Declaration.
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Declaration of animal research ethics
All animal experiments in our study adhered to the regu-
lations and guidelines established by the Animal Experi-
ment Ethics Committee of the Affiliated Hospital of 
Nantong University (No. 2020-K044) and received neces-
sary approvals. Every experiment aims to minimize the 
pain and discomfort experienced by animals and reduce 
the number of animals needed for testing to the fullest 
extent possible.

Inclusion criteria for HAP patients
Based on the clinical and pathogenic diagnostic criteria 
for HAP, one patient treated with carbapenem antibiotics 
and another untreated with carbapenem antibiotics for 
HAP were selected. From the blood samples of these two 
HAP patients, strains of CRKP and KP were isolated.

The clinical diagnostic criteria for HAP were as fol-
lows: (1) The condition was neither present at the time 
of hospital admission nor in the incubation period of 
any pathogen. Instead, it developed more than 48  h 
after admission. This condition encompassed ventilator-
associated pneumonia, which occurred in patients who 
underwent tracheal intubation or tracheostomy and 
received mechanical ventilation for at least 48  h dur-
ing hospitalization and those who developed symptoms 
within 48  h post-extubation or cessation of mechanical 
ventilation; (2) Chest X-ray or CT scans revealed new or 
progressive infiltrates, consolidations, or ground-glass 
opacities; (3) The patients exhibited fever with body 
temperatures exceeding 38  ℃; (4) Purulent secretions 
were present in the respiratory tract; (5) Peripheral white 
blood cell counts were either above 10 × 109/L or below 
4 × 109/L. A diagnosis of HAP was established when a 
patient met the criteria of (1) and (2), along with at least 
two of the criteria from (3) to (5).

The pathogenic diagnosis criteria for HAP included: 
(1) Qualified lower respiratory tract secretions: more 
than 25 neutrophils per low power field, fewer than 10 
epithelial cells per low power field, or a ratio exceeding 
2.5:1; (2) Bacteria cultured from bronchoscopic protected 
brush samples, bronchoalveolar lavage fluid, lung tissue, 
or sterile body fluid, with clinical manifestations corre-
sponding to the cultured bacteria.

Isolation and culture of KP
The blood was centrifuged at 500  rpm for 5  min to 
remove blood cell sediment, and the resulting superna-
tant was collected. The obtained supernatant was then 
centrifuged at 4000  rpm for 5  min to obtain bacterial 
sediment. This sediment was streaked onto solid Luria–
Bertani (LB) agar plates (PM0020P, Beijing Coolabo 
Technology Co., Ltd.) and incubated overnight at 37 ℃. 

Using an inoculation loop, colonies showing a gray-
white, moist, smooth, and well-defined mucoid appear-
ance, which were quickly streaked, were selected for 
further cultivation. These steps were repeated until colo-
nies of uniform size emerged. To initiate bacterial ampli-
fication, select a single bacterial colony. Streak the log 
phase bacteria onto a MacConkey agar plate (HBPM016, 
Qingdao High-Tech Industrial Park Haibo Biotechnology 
Co., Ltd.) and incubate the plate overnight at 37  °C in a 
constant temperature incubator. Subsequently, reassess 
the colony’s size, morphology, color, dryness, and viscos-
ity (Kim et al. 2002).

Characterization of KP
First, the bacterial strains were subjected to Gram stain-
ing using the Gram staining kit (SL7040, Beijing Coolabo 
Technology Co., Ltd., Beijing, China). The procedure was 
carried out strictly following the instructions provided in 
the manual. After drying, observations were made using 
an oil immersion lens.

The following method was used to detect the high vis-
cosity phenotype. The strain was cultured overnight on 
an agar plate at 37 °C. Subsequently, an inoculation loop 
stretched the colonies on the same agar plate. Mucus was 
considered to have high viscosity if its length exceeds 
5 mm.

The protocol for biochemical experiments is as follows: 
Purified bacteria were seeded into an LB liquid culture 
medium (PM0010L, Coolab Technology Co., Ltd., Bei-
jing, China) and incubated for 24  h. Biochemical tests 
were then performed on the isolated strains using urease, 
glucoside, lactose, glucose, sucrose, maltose, lysine decar-
boxylase, ornithine decarboxylase, and hydrogen sulfide 
test tubes (A039, A040, A015, A014, A019, A016, A061, 
A060, A066) obtained from Hangzhou Binhe Microbial 
Reagent Co., Ltd., located in Hangzhou, China.

The operational procedure follows: LB liquid medium 
containing bacteria was taken and then inoculated into 
each microbiochemical reaction tube. The tubes were 
incubated at 35 ℃ for 24 h, and the reaction results were 
observed. In the urease test, the positive reaction solution 
turned red, while the negative reaction solution turned 
yellow. In the esculin test, the positive reaction solution 
turns dark brown, whereas the adverse reaction solu-
tion remains unchanged. The positive reaction solution 
turned yellow in the lactose test, while the adverse reac-
tion solution remained unchanged. The positive reaction 
solution turns yellow in the glucose test, whereas the neg-
ative solution remains unchanged. In the sucrose test, the 
positive reaction solution turns yellow, while the negative 
reaction solution remains unchanged. The positive reac-
tion solution turns yellow in the maltose test, whereas 
the negative reaction solution remains unchanged. In the 
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lysine decarboxylase test, the positive reaction solution 
turned purple-red, whereas the negative reaction solu-
tion turned yellow. In the ornithine decarboxylase test, 
the positive reaction solution turned purple-red, while 
the negative reaction solution turned yellow. The positive 
reaction solution turned black in the hydrogen sulfide 
test, while the negative reaction solution did not.

The method for the Glucose Phosphate Protein Pep-
tone Water Biochemical Test (V-P Test) is as follows: 
The bacterial sample is directly inoculated into VP cul-
ture tubes (J2072, Hangzhou Microbiology Reagent Co., 
Ltd., China) and incubated at 35  °C for 24 h. A positive 
result is indicated by the occurrence of a red color reac-
tion, whereas a negative result is indicated by the reac-
tion solution remaining colorless.

The indigo matrix biochemical test method is per-
formed as follows: a small amount of pure culture of the 
tested bacteria is inoculated into a test culture medium 
tube. After 24  h of incubation at 37  °C, approximately 
2  mL of culture fluid is collected. Then, 2–3 drops of 
indigo matrix reagent (D002, Hangzhou, China, Hang-
zhou Binho Microbial Reagent Co., Ltd.) are added to the 
tube, and the contents are gently shaken to mix the reac-
tion solution thoroughly. A positive reaction is indicated 
by the color red, whereas the negative reaction solution 
does not change in color (Garza-Ramos et al. 2016).

Extraction of bacterial genomes and PCR amplification 
of 16S rRNA genes
Bacterial genomic DNA extraction was performed: A 
purified single colony was placed into distilled water, 
heated to boiling, then cooled to room temperature. The 
mixture was centrifuged, and the supernatant was col-
lected as the PCR template. The primer sequences uti-
lized for the amplification of the 16S rRNA gene were 
as follows: Forward primer sequence: 5ʹ-AGA​GTT​TGA​
TCC​TGG​CTC​AG-3ʹ and Reverse primer sequence: 
5ʹ-GGT​TAC​CTT​GTT​ACG​ACT​T-3ʹ. The anticipated 
length of the PCR product is 1500 base pairs. Sangon 
Biotech (Shanghai) Co., Ltd. synthesizes the primers. The 
amplification of the 16S rRNA gene was detected using 
the PCR agarose gel electrophoresis method.

The PCR amplification system (50 μL) consisted of 25 
μL 2 × Taq PCR Master Mix, 1 μL of each forward and 
reverse primer, 2 μL of DNA template, and the volume 
was adjusted to 50 μL with sterile water. The PCR reac-
tion conditions were meticulously set according to the 
instructions provided in the manual. The PCR products 
were visualized using a fluorescence quantitative PCR 
instrument (Bio-Rad).

Sequencing and constructing the phylogenetic tree: 
The PCR products were sent to Sangon Biotech (Shang-
hai) Co., Ltd. for sequencing. The NCBI Blast tool was 

employed to compare and analyze the sequencing results 
with known related nucleotide sequences in GenBank. 
Subsequently, the Neighbor-joining method in the 
MEGA11 software was utilized to construct a phyloge-
netic tree (Uqab et al. 2022; Tamura et al. 2021).

Drug sensitivity test
As per the instruction provided by the antimicrobial sus-
ceptibility testing paper, we conducted a drug suscep-
tibility analysis on the isolated strains. The tested drugs 
included Ertapenem, IM, Meropenem, Chlorampheni-
col, Ciprofloxacin, Levofloxacin, Ceftazidime, Ceftriax-
one, Cefotaxime, and Amikacin (item numbers: Z51080, 
Z51049, Z51050, Z51032, Z51034, Z51015, Z51014, 
Z51004, Z51002, Z51007, and Z51048, respectively, 
obtained from Shunyou (Shanghai) Biotechnology Co., 
Ltd.).

The sensitivity of the strains to commonly used antibi-
otics was determined using the Kirby-Bauer agar disk dif-
fusion method. In a sterile laminar flow hood, individual 
colonies were inoculated into LB liquid culture and incu-
bated on a shaker at 37 °C until they reached the logarith-
mic growth phase. The well-cultured bacterial suspension 
was collected by centrifugation. It was then suspended in 
sterile PBS, and the bacterial concentration was adjusted 
to 1 × 105 CFU/mL.

After thoroughly mixing the liquid medium, evenly 
distribute it onto solid LB agar medium. Place the tested 
antibiotic paper on the surface of the agar and then incu-
bate it in a biochemical incubator at 37 ℃ for 18–24  h. 
Subsequently, measure the diameter of the antibiotic 
inhibition zone using a caliper. as per the drug sensitiv-
ity criteria outlined in the M100 guidelines of the Clini-
cal and Laboratory Standards Institute (CLSI), the KP 
ATCC700603 strain is employed as the quality control 
strain (Kiffer et al. 2005; Hackel et al. 2019).

Minimum inhibitory concentration determination
The minimum inhibitory concentrations (MICs) of vari-
ous antimicrobial drugs were determined using the broth 
microdilution method recommended by CLSI. The oper-
ational procedures and interpretation of results strictly 
followed the reference standard CLSI M100. The test 
drugs used in the study included IM, meropenem, chlo-
ramphenicol, ciprofloxacin, levofloxacin, ceftazidime, 
ceftriaxone, cefixime, and aztreonam (catalog numbers: 
J13049, J13050, J13032, J13015, J13014, J13004, J13002, 
J13007, J13048; Shanghai, China, Shunyou (Shanghai) 
Biotechnology Co., Ltd.) The minimum inhibitory con-
centrations (MICs) of Ertapenem were determined 
using MIC susceptibility testing strips (92157, Shang-
hai, China, Shunyou (Shanghai) Biotechnology Co., 
Ltd.), following the standard procedures for drug 
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susceptibility testing. The quality control strain used is 
KP ATCC700603 (Hackel et al. 2019; Zhang et al. 2020a; 
Nordmann et al. 2012).

Carbonic anhydrase isoenzyme phenotype detection
The experiment utilized the modified carbapenem inac-
tivation method (mCIM) and the EDTA-modified car-
bapenem inactivation method (eCIM) in accordance 
with the CLSI M100S standard procedure. Two 5  mL 
TBS broth tubes (PM0580, Beijing, China, Beijing Coolab 
Technology Co., Ltd.) were prepared, one for the mCIM 
experiment and the other for the eCIM experiment. To 
the eCIM test tube, add 50 μL of a 0.5 M EDTA solution 
(SL3069, 580, Beijing CooLeBo Technology Co., Ltd., 
Beijing, China). The overnight culture of the tested KP 
and the sensitivity paper, containing 10  µg meropenem 
(Z51050, Shanghai, Shunyou (Shanghai) Biotechnology 
Co., Ltd.), were inoculated with a 1 µL inoculation loop 
into the mentioned solutions. The inoculated solutions 
were then incubated for 4  h ± 15  min. A 1.5 × 108  CFU/
mL bacterial suspension was prepared using sterile 
physiological saline and spread onto an MH agar plate 
(HBPM6232, Qingdao, Qingdao High-tech Industrial 
Park Haibo Biotechnology Co., Ltd.). Subsequently, the 
meropenem paper strips were removed from the mCIM 
and eCIM test tubes and placed onto the MH above the 
agar plate. The plate was incubated for 12 h before meas-
uring the diameter of the inhibition zone.

According to the interpretation criteria provided by the 
Clinical and Laboratory Standards Institute (CLSI), the 
mCIM test classifies meropenem disks inhibitory zones 
as follows: if the diameter is 6–15  mm or 16–18  mm 
with scattered colonies within the zone, it is considered 
carbapenemase-positive; if the diameter is ≥ 19  mm, it 
is considered negative; when the inhibitory zone diam-
eter is 16–18 mm or ≥ 19 mm, but with scattered colony 
growth within the zone, it is considered carbapenemase 
indeterminate. In the eCIM test, when compared to the 
results of mCIM, a diameter of ≥ 5  mm in the Merope-
nem inhibition zone indicates metallo-beta-lactamase 
positivity, while a diameter of ≤ 4  mm indicates met-
allo-beta-lactamase negativity. Any isolated needle-point 
colonies within the inhibition zone of the eCIM could be 
disregarded (Pierce et al. 2017).

PCR detection of carbapenemase genotypes
The strain was inoculated onto blood agar medium 
(024070, Guangzhou, Guangdong Huan Kai Microbio-
logical Technology Co., Ltd.) and incubated overnight 
at 37 ℃ in a 5% CO2 bacterial incubator. Bacterial DNA 
templates were extracted using a heat boiling method. 
Ten microliters of bacterial culture were transferred 
into 1 mL of sterile deionized water using an inoculation 

loop. The mixture was then boiled in a dry heat block 
for 10 min, followed by centrifugation at 12,000 rpm for 
10  min. The supernatant containing the DNA was sub-
sequently transferred to a new EP tube for PCR detec-
tion. The types of genes and primer sequences tested are 
shown in Additional file  1: Table  S1. The amplification 
conditions and PCR reaction system were identical to 
those mentioned previously. After electrophoresis in a 1% 
agarose gel at 100 V for 30 min, the PCR products were 
exposed and photographed using a gel imaging system.

Sample collection and transcriptome sequencing
RNA Extraction and Detection: The KP and CRKP 
strains were cultured to the logarithmic growth phase 
and then centrifuged at 12,000 × g for 3–5 min at 4 °C to 
pellet the bacterial cells. Approximately 100  mg of the 
bacterial pellet was used for total RNA extraction using 
the RNAiso Plus Total RNA Extraction Kit (9108Q, 
Takara, Beijing, China), following the instructions. The 
RNA concentration was determined using the Nanodrop 
ND-1000 Spectrophotometer (Thermo Fisher), meas-
uring the OD260/280 ratio to ensure a purity range of 
1.8–2.0. The RNA concentration was also assessed using 
the Qubit RNA Assay Kit (Q33221, Thermo Fisher, USA). 
Total RNA samples meeting the following criteria were 
used for subsequent experiments: RNA Integrity Num-
ber (RIN) ≥ 7.0 and 28S:18S ratio ≥ 1.5.

RNA transcriptome sequencing: The libraries for 
sequencing were generated and sequenced by Capital-
Bio Technology (Beijing, China). Each sample uses a 
total of 5 μg RNA. In brief, the Ribo-Zero Magnetic Kit 
(MRZG12324, purchased from Epicentre, USA) depletes 
ribosomal RNA (rRNA) from total RNA. The sequenc-
ing libraries were prepared utilizing Illumina’s NEB Next 
Ultra RNA Library Prep Kit (E7760S, procured from 
NEB, USA). The RNA fragments are then fragmented 
into approximately 300 base pair (bp) fragments. It is 
achieved using NEB Next first strand synthesis reaction 
buffer (5x), reverse transcriptase primers, and random 
primers for the first strand cDNA synthesis. The sec-
ond strand cDNA is synthesized in the second strand 
synthesis reaction buffer containing dUTP Mix (10x). 
The ends of the cDNA fragments are repaired by add-
ing polyA tails and connecting sequencing adapters. 
Following the ligation of the Illumina sequencing adapt-
ers, the second strand of cDNA was digested with USER 
Enzyme (M5508, purchased from NEB, USA) to generate 
a strand-specific library. Amplify the DNA library, fol-
lowed by purification and enrichment with PCR. Finally, 
the library was evaluated using the Agilent 2100 machine, 
and its quantity was determined with the KAPA Library 
Quantification Kit (kk3605), purchased from Merck in 
the USA. Finally, we conducted paired-end sequencing 
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using the Illumina NextSeq CN500 sequencer (Ayturk 
2019; Simoneau et al. 2021; Zhang et al. 2020b).

Transcriptome sequencing data analysis
The quality of paired-end reads in raw sequencing data 
was evaluated using FastQC software v0.11.8. The raw 
data was preprocessed using Cutadapt software 1.18 to 
remove Illumina sequencing adapters and poly(A) tail 
sequences. Remove reads with N content exceeding 5% 
using a Perl script. Reads with a base quality of 20 or 
higher, which comprise 70% of the total, were extracted 
using FASTX Toolkit software version 0.0.13. Use 
BBMap software to repair paired-end sequences. Lastly, 
the filtered fragments of high-quality reads were aligned 
to the reference genome using the hisat2 software version 
0.7.12.

Differential expression analysis of mRNA read counts 
was conducted using the "edgeR" package in R lan-
guage, applying filtering criteria of |log2FC|> 1 and P 
value < 0.05. We utilized the KOBAS intelligence tool to 
conduct the Kyoto Encyclopedia of Genes and Genomes 
(KEGG) pathway enrichment analysis to investigate the 
involvement of differentially expressed genes in biologi-
cal metabolic and signaling pathways. All enrichment 
analyses were conducted using a significance threshold 
of FDR < 0.05. Protein–protein interaction (PPI) relation-
ships of key factors were analyzed using the STRING 
database (https://​string-​db.​org/), with a minimum inter-
action score set at 0.700. Visualizing protein–protein 
interaction networks and identifying core genes could be 
achieved using the Cytoscape 3.5.1 software and its inte-
grated tool, CytoHubba (Wei et al. 2020; Bu et al. 2021).

CRISPR‑Cas9 technology knocks out the blaNDM‑1 gene
The aim was to disrupt the blaNDM-1 Gene in CRKP 
strains using CRISPR/Cas9 technology. sgRNAs target-
ing the blaNDM-1 Gene were designed using CRISPOR 
and synthesized by SBS Genetech, Shanghai. The sgRNA 
sequences were blaNDM-1-sgRNA1: 5ʹ-GAT​CCA​GTT​
GAG​GAT​CTG​GG-3ʹ (PAM: CGG) and blaNDM-1-
sgRNA2: 5ʹ-AGC​GAC​TTG​GCC​TTG​CTG​TC-3ʹ (PAM: 
CGG). Recombinant plasmids were created using the 
PX458 vector, containing an EGFP tag, puromycin resist-
ance, and a BbsI site.

The research focused on editing bacterial genomes 
using a chemical transformation method with CaCl2 
solution. The strains were grown in LB liquid medium to 
an OD600 of 0.4, cooled to 0 ℃, and centrifuged. Cells 
were washed with a "Na solution" (5  mM Tris–HCl, 
100  mM NaCl, 5  mM MgCl2), then resuspended in a 
"Ca solution" (5  mM Tris–HCl, 100  mM CaCl2, 5  mM 
MgCl2) and incubated. After a second centrifugation, the 
pellet was resuspended in ’Ca solution’, combined with 

1  ng of plasmid, and incubated sequentially at 4 ℃ and 
42 ℃. The mixture was then added to an LB medium and 
incubated with 4 μg/mL puromycin for selection.

Transfection efficiency in bacterial strains was assessed 
via flow cytometry and fluorescence microscopy using 
EGFP fluorescence. Genomic DNA from a blaNDM-1 
knockout CRKP strain and a control CRKP strain was 
extracted for PCR agarose gel electrophoresis, using 
primers AAG​CTG​AGC​ACC​GCA​TTA​G and CGC​CTC​
TGT​CAC​ATC​GAA​AT. Gel blocks were sent to Genewiz, 
Shanghai, for sequencing to confirm the blaNDM-1 Gene 
knockout (Wang et  al. 2022, 2018a; Sapranauskas et  al. 
2011).

Detection of bacterial drug resistance
Lines were drawn on an LB agar plate using an inoculat-
ing loop, and a small amount of bacteria was inoculated 
to cultivate a single colony overnight at 37 °C. From the 
agar plate, 1–2 bacterial colonies were selected using a 
sterile loop and suspended in 5 mL of physiological saline 
to achieve an optical density of 0.5 McFarland units. A 
cotton swab was dipped into the bacterial suspension and 
evenly spread on an MH agar plate, rotating the plate by 
60 degrees after each application, repeated five times.

Carbapenem antibiotics, IM, meropenem, cefotaxime, 
and amikacin-loaded E-test strips (from Beijing Puyi 
Technology Co., Ltd.) were handled with tweezers and 
attached to the bacteria-covered MH agar plate, ensur-
ing the elimination of air bubbles. The petri dish was then 
placed in a 37 ℃ incubator for 16 h for cultivation, after 
which the antimicrobial effect was observed (Wu et  al. 
2019).

Western blot
RIPA buffer containing 1% PMSF was used for cell lysis 
and protein extraction, following the instructions in the 
provided manual. The protein concentration was meas-
ured using a BCA assay kit, with adjustments made to 
reach a 1  μg/μL concentration. Samples of 100 μL were 
prepared, boiled at 100 °C for 10 min, and then stored at 
− 80 °C.

An SDS-PAGE gel with a concentration range of 8–12% 
was utilized for protein separation. In this process, 50 μg 
of protein per lane was applied, and the gel was run at a 
constant voltage of 80–120 V for 2 h. Proteins were then 
transferred to a PVDF membrane using a wet transfer 
method at 250 mA for 90 min.

At room temperature, the membrane was blocked 
with 5% skimmed milk in TBST for 1 h, followed by a 
rinse with TBST. Samples were then incubated with 
the primary antibody (as listed in Additional file  1: 
Table  S2) overnight at 4  °C, and subsequently washed 
three times with TBST. The membrane was further 

https://string-db.org/
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incubated with either goat anti-rabbit or anti-mouse 
IgG HRP-conjugated secondary antibody at a 1:5000 
dilution for 1 h at room temperature, followed by three 
TBST washes. The samples were developed using an 
ECL solution and imaged with a gel imager. GAPDH 
was used as an internal control, and the grayscale val-
ues of the target and control bands were compared to 
determine the protein expression levels. Each experi-
ment was repeated thrice (Wang et  al. 2018b; Zalucki 
et al. 2020).

RT‑qPCR for gene expression
Genomic DNA was extracted from bacterial colonies 
using the PureLink Genomic DNA Mini Kit (K182002, 
Invitrogen, USA) following the manufacturer’s instruc-
tions. Real-time fluorescence quantitative PCR was 
performed using the Rotor-Gene Q Real-Time PCR 
Detection System (Qiagen, Hilden, Germany), with the 
rho gene employed as the reference gene. The reaction 
system was prepared according to the instructions pro-
vided with the QuantiTect Probe RT-PCR Kit (204443, 
Qiagen, Germany), and the reaction program was set 
accordingly. All RT-qPCR experiments were conducted 
using triplicate wells and repeated three times. The 2−

ΔΔCt method quantifies the fold change in target gene 
expression in the experimental group compared to the 
control group. The formula is as follows: ΔΔCT = ΔCt 
experimental group − ΔCt control group, where 
ΔCt = Ct target gene − Ct reference gene. Ct repre-
sents the number of amplification cycles necessary for 
the real-time fluorescence intensity to reach the prede-
fined threshold, signifying the start of the exponential 
growth phase of amplification (Ong et al. 2011; Gomes 
et  al. 2018). The primer design is shown in Additional 
file 1: Table S3.

Serum cytotoxicity assay
To dilute KP to 106  CFU/mL, mix it with 0.9% saline. 
In the experiment, 50 μL of this dilution was added to 
various solutions: human serum, 25 μM IM, 0.4 μM TH, 
combinations of IM with TH or cefepime, and different 
IM concentrations. Cultivation was at 37 ℃, 200  rpm, 
with hourly bacterial counts for 4 h. Each strain under-
went three tests, with colony counts compared at each 
time point.

For bacterial counting, 500 μL of the suspension was 
diluted tenfold, then 1 mL was mixed with nutrient agar 
and incubated at 37 ℃ for 48  h. Colony numbers were 
recorded to calculate the total bacteria in the original 
sample (Zhang et  al. 2020b; Li et  al. 2023b; Choi et  al. 
2004). Each strain is tested three times.

Detection of bacterial virulence in a model of wax moth 
larvae infection
This experiment involved 140 sixth instar wax moth lar-
vae, each 2–3 cm long and weighing 250–300 mg. These 
larvae were selected for uniform body surface and viabil-
ity and kept in sawdust at 18 ℃ in darkness before the 
experiment. The strain cultured in LB broth to the loga-
rithmic phase was adjusted to 1.0 × 107  CFU/mL using 
phosphate buffer. Using a Hamilton microliter syringe, 
10 μL of bacterial solution was injected into each larva’s 
body cavity.

Ten replicates were conducted for each test strain, with 
10 larvae in each replicate. The larvae were incubated at 
37 ℃ for 4 days in a CO2 incubator, and their survival was 
recorded daily to plot a survival curve.

In Experiment 1, forty larvae were divided into four 
groups for bacterial strain infections: Normal (con-
trol, sterile PBS, n = 10), CRKP (CRKP strain infection, 
n = 10), blaNDM-1-KO (CRKP with blaNDM-1 gene 
knockout, n = 10), and KP (KP strain infection, n = 10). 
Larvae survival was monitored every 12 h for 5 days.

Experiment 2 involved 50 larvae, with the normal con-
trol group (n = 10) not infected and treated with ster-
ile PBS. The remaining 40 larvae, infected with CRKP 
strains, were divided into four groups (n = 10 each): PBS, 
IM (15 mg/kg), Thaumatin (0.3 mg/kg), and a combina-
tion of IM and Thaumatin. Survival was monitored every 
12 h for 5 days.

In Experiment 3, from 50 larvae, 10 formed the nor-
mal control group, receiving sterile PBS without bacterial 
infection. The remaining 40, infected with CRKP strains, 
were divided into four groups (n = 10 each): PBS, IM 
(16 mg/kg), SU (8 mg/kg), and a combination of IM and 
SU. Their survival was similarly monitored every 12 h for 
5 days (Li et al. 2023b; Choi et al. 2004; Brust et al. 2019).

Construction of HAP mouse model
A total of 140 male SPF C57BL/6 mice, 6–8  weeks old, 
were utilized in the study. These mice were purchased 
from Beijing Vital River Laboratory Animal Technology 
Co., Ltd. (Beijing, China). The mice weigh between 18 
and 25 g and are housed in SPF-grade animal laboratory 
cages for feeding purposes. The room’s lighting control 
follows a schedule of 12 h of light and 12 h of darkness. 
Additionally, the humidity is maintained between 60 and 
65%, while the temperature ranges between 22 to 25 ℃. 
Following one week of adaptation feeding, the mice were 
monitored for their health status prior to commencing 
the experiment.

The procedure for developing a mouse animal model 
of infection is as follows: Initially, 2% isoflurane (1 L/
min, R510-22-10, RWD Life Science, Shenzhen, China) 
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is added to an O2 mixture to induce profound anesthe-
sia in the mice. The mice were then securely positioned 
vertically. The larynx was exposed, and a 12-gauge blunt 
needle was inserted into the trachea. It was followed by 
the injection of 100 μL/10 g of bacterial suspension with 
a concentration of 3 × 109 CFU/mL. The vertical position 
was maintained for 5 min.

Experiment 1: Out of the 140 mice, a random selection 
of 40 mice was divided into four groups. Each group was 
infected with different strains of bacteria using the meth-
ods described above. The groups included: Normal group 
(normal control group, intratracheal injection of sterile 
PBS, n = 10); CRKP group (infection with CRKP strain as 
empty control, n = 10); blaNDM-1-KO group (infection 
with CRKP strain knock-out for blaNDM-1, n = 10); KP 
group (infection with KP strain, n = 10). Subsequently, 
the survival rate of the mice was observed at a 24-h inter-
val for a total of 7 days.

Experiment 2: Out of the 50 mice, 10 were randomly 
chosen to form the normal control group (referred to as 
the Normal group; n = 10). These mice remained unin-
fected with bacteria and received treatment solely in the 
form of sterile PBS injection. Forty of the remaining mice 
were infected with the CRKP strain using the previously 
mentioned method. Subsequently, they were randomly 
divided into four groups, each consisting of ten mice. 
At 24  h post-infection, mice from each group received 
an intraperitoneal injection of sterile PBS (PBS group, 
n = 10), 15 mg/kg of IM (IM group, n = 10), 0.3 mg/kg of 
TH (TH group, n = 10), and a combination of 15 mg/kg of 
IM and 0.3 mg/kg of TH (IM + TH group, n = 10). Subse-
quently, the mice’s infection level, pathological changes, 
and survival rate were monitored at 24-h intervals for 
7 days.

Experiment 3: Out of the 50 mice, 10 were randomly 
assigned to the normal control group (Normal group, 
n = 10). This group did not experience bacterial infection 
and received only sterile PBS injections for treatment. 
Forty of the remaining mice were infected with the CRKP 
strain using the previously mentioned method. Subse-
quently, they were randomly divided into four groups, 
each consisting of ten mice. At 24 h post-infection, ster-
ile PBS was injected into the peritoneal cavity of each 
group of mice in the PBS group (n = 10). The IM group 
(n = 10) received intramuscular injections of IM at a dose 
of 16 mg/kg. The SU group (n = 10) received injections of 
cefoperazone at a dose of 8  mg/kg. The IM + SU group 
(n = 10) received a combination of IM at 16  mg/kg and 
cefoperazone at 8  mg/kg. Subsequently, infection level 
and survival rate of mice were monitored at 24-h inter-
vals for 7 consecutive days.

A hematological analysis was carried out seven days 
following the induction of bacterial infection in mice. An 

equivalent number of mice were arbitrarily chosen from 
each experimental group for the purposes of enucleation 
and blood sample collection, predicated on the final sur-
vival rate. A volume of 200 μL of whole blood containing 
EDTA-K2 anticoagulant (G0280, Beijing Solabao Tech-
nology Co., Ltd.) was extracted, and a comprehensive 
blood count analysis was subsequently performed using 
the BM830 automated hematology analyzer (Beijing 
Baolingman Suntech Co., Ltd.) to determine the levels of 
white blood cells and neutrophils.

Colony counts within the pulmonary tissue homoge-
nate were conducted as follows: Following euthanasia 
of the mice, lung tissues were isolated. Tissue (1  g) was 
transferred into a tissue homogenization tube, and 1 mL 
of pre-cooled saline solution was added. Subsequently, 
a lung tissue homogenate was prepared at a tempera-
ture of 4 ℃. The tissue homogenate was then diluted to a 
108-fold dilution using a gradient of physiological saline 
solution at a concentration 108-fold higher. A volume of 
0.1 mL from each dilution of the homogenized slurry was 
evenly spread on blood agar plates, with two plates used 
for each concentration. The plates were then placed in a 
37 ℃ incubator for 24 h to facilitate the enumeration of 
bacterial colonies (Ma et al. 2019; Li et al. 2023b).

ELISA
After the collection of serum samples from vari-
ous groups of mice, the ELISA assay kit was utilized to 
assess the levels of C-reactive Protein (CRP), procalci-
tonin (PCT), interleukin (IL)-1β, and IL-6 expression in 
the mouse serum, following the instructions provided 
by the manufacturer of the reagent kits (E-EL-M0053c, 
E-EL-M2419c, E-EL-M0037c, and E-EL-M0044c). These 
reagent kits were sourced from Elabscience, a company 
headquartered in Wuhan, China. Optical density (OD) 
was measured at 450 nm (Kumar et al. 2020).

H&E staining
A portion of lung tissue was fixed in 4% paraformalde-
hyde, followed by dehydration and transparency. The 
tissue was then embedded in paraffin. Slices with a thick-
ness of 5 μm were made using a microtome and subjected 
to baking and dewaxing until the slices were immersed in 
water. Subsequently, following the instructions provided, 
lung tissue pathology was observed using a hematoxylin–
eosin staining kit (C0105S, Beyotime, Shanghai, China). 
Finally, morphological changes in mouse lung tissue were 
examined using an optical microscope (Ma et al. 2019).

Statistical analysis
The data were collected from at least three independent 
experiments and presented as mean ± SD. To compare 
two sets of data, employ the independent samples t-test, 
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while to compare three or more sets of data, utilize the 
one-way analysis of variance (ANOVA). If the analy-
sis of variance yields differences, it is necessary to con-
duct additional post-hoc tests, such as Tukey’s HSD, to 
compare the differences among the groups. The Mann–
Whitney U test was used for data that is not normally 
distributed or heteroscedastic. Statistical analyses were 
conducted using GraphPad Prism 9.5.0 (GraphPad Soft-
ware, Inc.) and R 4.2.1 (R Foundation for Statistical Com-
puting). Utilize Pearson correlation analysis to examine 
the correlation among indicators. The significance level 
for all tests is set at 0.05. A two-sided p-value lower than 
0.05 is considered to indicate a statistical difference.

Results
Isolation and characterization of carbapenem‑sensitive 
and ‑resistant KP strains from HAP patients
KP is one of the major pathogens associated with HAP 
(Li et al. 2023a). Therefore, we selected a patient undergo-
ing treatment with carbapenem antibiotics and another 
patient who has not received carbapenem therapy based 
on the clinical and microbiological diagnostic criteria 
for HAP. We isolated KP and carbapenem-resistant KP 
(CRKP) strains from their blood samples. After incubat-
ing the isolated strains at 37 °C for 24 h, we observed uni-
form, moist, smooth-edged milky white mucoid colonies 
of KP and CRKP on LB agar plates (Fig.  1A). On Mac-
Conkey agar medium, the colonies appeared pink, moist, 
and round (Fig. 1B).

We conducted high-viscosity phenotype testing on 
strains of KP and CRKP. The results demonstrated that 
when the colonies were stretched on agar plates with 
an inoculation loop, the length of the mucoid material 
exceeded 5  mm, indicating a high viscosity (Fig.  1C). 
These findings align with the colony morphology charac-
teristics typically observed in KP. Gram staining micros-
copy revealed that both KP and CRKP colonies exhibited 
red oval shapes, indicating the presence of Gram-nega-
tive rods (Fig. 1D).

Furthermore, the biochemical test results indicated 
that both KP and CRKP strains exhibited positive reac-
tions for urea, 7-leucine, lactose, glucose, sucrose, malt-
ose, cysteine desulfhydrase, and V-P test. However, they 
showed negative reactions for the ornithine decarboxy-
lase and indole test, which is consistent with the bio-
chemical reaction characteristics of KP (Table 1).

Subsequently, bacterial genomes were extracted, fol-
lowed by PCR amplification of the 16S rRNA gene. 
Amplification products were then detected using agarose 
gel electrophoresis. The results demonstrated that the 
PCR amplification products obtained from the KP and 
CRKP strains displayed distinct bands at approximately 

1500  bp (Fig.  1E), which aligned with the anticipated 
outcomes.

The amplified products were sequenced and compared 
to the NCBI database for analysis. The sequences of the 
two strains showed similarity to KP. The genetic evolu-
tionary tree was constructed using MEGA11 software 
(Fig. 1F). The results revealed that the isolated KP strains 
had a 99% homology with KP subsp. ATCC11296 and a 
100% homology with subsp. DSM30104. The results sug-
gest successful isolation of KP from the blood of patients 
with HAP.

In addition, we utilized the K-B paper disk diffu-
sion method, as outlined in the Clinical and Laboratory 
Standards Institute (CLSI) M100 document, to assess the 
susceptibility of KP and CRKP strains to ten commonly 
prescribed antibiotics (ertapenem, IM, meropenem, chlo-
ramphenicol, ciprofloxacin, levofloxacin, cefotaxime, cef-
triaxone, cefepime, and amikacin) (Fig.  1G). The results 
indicated that CRKP strains exhibited smaller inhibition 
zones than KP strains for all ten antibiotics. Based on the 
MIC thresholds and breakpoints provided in the CLSI 
M100 document, strains of KP are found to be suscep-
tible to all 10 antimicrobial drugs, while CRKP exhibits 
resistance to all 10 antimicrobial drugs (Table 2).

The broth microdilution method determined the 
MIC values of 10 antimicrobial drugs against KP and 
CRKP strains. The results indicated that the MIC values 
of CRKP strains were higher than those of KP strains 
for all 10 drugs (Fig.  1H). Furthermore, based on the 
CLSI M100 susceptibility criteria, it was confirmed 
that KP strains were susceptible to all 10 antimicrobial 
drugs, while CRKP strains were resistant to all 10 drugs 
(Table 3).

The carbapenem phenotype of KP and CRKP strains 
was detected using the modified Carbapenem Inactiva-
tion Method (mCIM) assay. The results revealed a neg-
ative carbapenem phenotype for KP strains, whereas 
CRKP strains exhibited a positive carbapenem pheno-
type. Additionally, we employed the eCIM assay to deter-
mine the metalloenzyme phenotypes of KP and CRKP 
strains. Our findings revealed that KP strains exhibited 
a negative metallo-enzyme phenotype, whereas CRKP 
strains displayed a positive metallo-enzyme phenotype 
(Fig. 1I).

Hence, metalloenzyme-related genes in KP and CRKP 
strains were identified using PCR electrophoresis. The 
findings indicated the presence of the NDM gene in 
CRKP strains, while the VIM and IMP genes were not 
detected. KP strains did not exhibit any metalloenzyme-
related genes (Fig.  1J). Furthermore, the Western blot 
analysis revealed a significant increase in the expression 
of the NDM-1 protein in CRKP strains compared to KP 
strains (Fig. 1K).
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Fig. 1  Isolation and identification of KP and CRKP. A Colony morphology of KP and CRKP strains on LB agar plates. B Colony morphology of KP 
and CRKP strains on MacConkey agar. C Detection of high viscosity phenotype in KP and CRKP strains. D Gram staining results of KP and CRKP 
strains (1000 × magnification). E PCR gel electrophoresis detection of 16S rRNA gene amplification products in KP and CRKP strains (Lane M: DNA 
molecular weight marker; Lanes 1, 2, 3: amplification products of KP 16S rRNA gene; Lanes 4, 5, 6: amplification products of CRKP 16S rRNA gene). 
F Phylogenetic tree analysis of 16S rRNA gene in KP and CRKP strains. G Kirby-Bauer paper disk diffusion method for detecting the inhibition zones 
of KP and CRKP strains against 10 antibiotics (ertapenem, IM, meropenem, chloramphenicol, ciprofloxacin, levofloxacin, ceftazidime, ceftriaxone, 
cefotaxime, and amikacin). H Broth microdilution method for detecting the MICs of KP and CRKP strains against 10 antibiotics (ertapenem, IM, 
meropenem, chloramphenicol, ciprofloxacin, levofloxacin, ceftazidime, ceftriaxone, cefotaxime, and amikacin). I Modified carbapenem inactivation 
method (mCIM) for detecting carbapenemase phenotype in KP and CRKP strains, and ethylenediaminetetraacetic acid-carbapenem inactivation 
method (eCIM) for detecting metallo-β-lactamase phenotype in KP and CRKP strains. J PCR gel electrophoresis detection of carbapenemase genes 
in KP and CRKP strains (Lane M: DNA molecular weight marker; Lane 1: negative control; Lane 2: positive control; Lane 3: KP strain; Lane 4: CRKP 
strain). K Western blot experiment to detect the expression levels of NDM1 protein in KP and CRKP strains (upper figure), as well as the statistical 
results (lower figure). Quantitative data in the figure are represented as mean ± SD, and each experiment group was repeated three times. *P < 0.05 
compared to the KP group
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Table 1  Biochemical characterization of isolates

“ + ” indicates a positive test result; “−” indicates a negative test result, and each set of experiments was repeated 3 times

Measurement items Result

KP CRKP

Urea  +   +   +   +   +   + 

Hesperidin  +   +   +   +   +   + 

Lactose  +   +   +   +   +   + 

Glucose  +   +   +   +   +   + 

Fructose  +   +   +   +   +   + 

Maltose  +   +   +   +   +   + 

Hydrogen sulfide  +   +   +   +   +   + 

Lysine decarboxylase  +   +   +   +   +   + 

Ornithine decarboxylase − − − − − −

V-P test  +   +   +   +   +   + 

Ehrlich indol test − − − − − −

Table 2  Susceptibility of KP and CRKP strains to 10 antimicrobial drugs

R Resistance, I Intermediary, S Sensitive. The measured data in the figure is presented as Mean ± SD, with 3 times in each group. *Represents a significant difference 
compared to the PBS group, *P < 0.05

Antibiotics Drug content of paper 
/μg

Inhibitory ring diameter (mm)

R (mm) I (mm) S (mm) KP (mm) CRKP (mm)

Ertapenem 10  ≤ 18 19–21  ≥ 22 24.1 ± 1.5 10.0 ± 1.4*

Imipenem 10  ≤ 19 20–22  ≥ 23 26.2 ± 1.9 5.9 ± 1.1*

Meropenem 10  ≤ 19 20–22  ≥ 23 26.1 ± 2.4 11.5 ± 2.2*

Chloramphenicol 30  ≤ 12 13–17  ≥ 18 20.0 ± 1.5 5.9 ± 0.9*

Ciprofloxacin 5  ≤ 21 22–25  ≥ 26 29.9 ± 2.9 12.6 ± 1.9*

Levofloxacin 5  ≤ 16 17–20  ≥ 21 24.9 ± 2.0 5.0 ± 0.6*

Ceftazidime 30  ≤ 17 18–20  ≥ 21 26.0 ± 2.6 8.8 ± 1.3*

Ceftriaxone 30  ≤ 19 20–22  ≥ 23 28.1 ± 2.4 6.8 ± 1.1*

Cefoxitin 30  ≤ 14 15–17  ≥ 18 25.2 ± 2.0 5.8 ± 0.8*

Aztreonam 30  ≤ 17 18–20  ≥ 21 26.0 ± 2.2 9.1 ± 1.5*

Table 3  MICs of KP and CRKP strains against 10 antimicrobial drugs

R Resistance, I Intermediary, S Sensitive. The measured data in the figure is presented as Mean ± SD, with 3 times in each group. *Represents a significant difference 
compared to the PBS group, *P < 0.05

Antibiotics MICs (μg/mL)

R (μg/mL) I (μg/mL) S (μg/mL) KP (μg/mL) CRKP (μg/mL)

Ertapenem  ≥ 2 1  ≤ 0.5 0.2 ± 0.1 18.5 ± 4.1*

Imipenem  ≥ 4 2  ≤ 1 0.8 ± 0.4 16.1 ± 3.3*

Meropenem  ≥ 4 2  ≤ 1 1.2 ± 0.7 20.0 ± 3.9*

Chloramphenicol  ≥ 32 16  ≤ 8 5.2 ± 0.9 31.8 ± 5.5*

Ciprofloxacin  ≥ 1 0.5  ≤ 0.25 0.2 ± 0.1 28.2 ± 3.1*

Levofloxacin  ≥ 2 1  ≤ 0.5 0.5 ± 0.2 30.1 ± 5.0*

Ceftazidime  ≥ 16 8  ≤ 14 8 ± 1.9 27.8 ± 2.3*

Ceftriaxone  ≥ 4 2  ≤ 1 1 ± 0.8 19.6 ± 1.9*

Cefoxitin  ≥ 32 16  ≤ 8 5 ± 0.8 32.2 ± 4.7*

Aztreonam  ≥ 16 8  ≤ 4 3 ± 0.8 26.0 ± 4.6*
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In summary, we successfully isolated carbapenem-
sensitive and -resistant strains of KP from blood samples 
obtained from patients diagnosed with HAP. Further-
more, we discovered that CRKP was positive for carbap-
enemase and expressed the NDM gene.

Transcriptomic analysis reveals central role of blaNDM‑1 
gene in carbapenem resistance among CRKP strains 
from HAP patients
According to reports in the literature, β-lactam antibiot-
ics are currently the most widely utilized antimicrobial 
drugs in clinical practice, constituting more than 50% of 
global antibiotic consumption. Bacteria harboring the 
NDM-1 metallo-beta-lactamase enzyme can hydrolyze 
nearly all commonly used beta-lactam antibiotics, such as 
penicillin, cephalosporins, and carbapenems. This resist-
ance mechanism is considered the most crucial among 
Gram-negative bacteria (Bahr et al. 2021).

To better understand the role of NDM-1 in drug 
resistance among CRKP strains, we performed high-
throughput transcriptome sequencing analysis (RNA-
seq) on isolated KP and CRKP strains. Three replicates 
were conducted for each strain to investigate differen-
tial gene expression in KP and CRKP strains. Following 
quality control and filtering of the raw data, differential 
analysis was conducted using the criteria of |log2FC|> 1 
and P.value < 0.05. 33 genes were identified as differen-
tially expressed, comprising 28 downregulated and 5 
upregulated genes. Notably, the expression of the gene 
blaNDM-1, which encodes NDM-1, was upregulated in 
the CRKP strain (Fig. 2A, B).

We analyzed the protein–protein interaction network 
of key factors using the STRING database. The interac-
tions were visualized using Cytoscape 3.5.1 software. 
Additionally, we employed the built-in tool CytoHubba 
to identify the core proteins. The results demonstrate the 
roles played by proteins such as NDM-1, ompC, ampG, 
narG, narJ, and nirD in this network. The NDM-1 protein 
holds a central position, as indicated by the highest com-
bined score (Fig. 2C).

Based on the analysis of differential genes, we con-
ducted a KEGG pathway enrichment analysis on the 
obtained differentially expressed genes. The results 

revealed that these genes were mainly associated with 
signal transduction pathways, such as Beta-lactam resist-
ance, Two-component system, Microbial metabolism in 
diverse environments, Metabolic pathways, Bacterial 
chemotaxis, and DNA replication (Fig. 2D). Notably, the 
pathways of Bacterial chemotaxis and Beta-lactam resist-
ance exhibited a high enrichment of differential genes 
(Fig. 2E). Figure 2F illustrates Beta-lactam resistance and 
its related signal pathways, and previous research has 
indicated that the Beta-lactam resistance signaling path-
way plays a crucial role in conferring carbapenem resist-
ance in KP strains (Zapun et  al. 2008). These findings 
demonstrate that the activation of the Beta-lactam resist-
ance signaling pathway is the primary cause of acquired 
resistance in CRKP strains. Furthermore, the key sign-
aling molecule in this pathway is β-Lactamases, with 
Class B proteins composed of the precursor blaNDM-1 
encoded by the blaNDM-1_1, blaNDM-1_2, and 
blaNDM-1_3 genes. Therefore, these results further sup-
port the significant role of the blaNDM-1 gene in facili-
tating acquired resistance in CRKP strains.

The results revealed an upregulation of blaNDM-1 gene 
expression levels in the resistant strain CRKP compared 
to the susceptible strains. This difference was found to 
be statistically significant. This finding suggests that the 
blaNDM-1 gene might have an essential regulatory func-
tion in CRKP strains, closely related to the emergence of 
carbapenem resistance.

Targeted knockout of blaNDM‑1 gene in CRKP strains 
diminishes carbapenem resistance and reduces bacterial 
virulence in vitro and vivo
To further validate the impact of the blaNDM-1 gene on 
drug resistance in CRKP strains, we employed CRISPR-
Cas9 technology to knock out the blaNDM-1 gene in 
CRKP strains. Plasmid transfection efficiency was evalu-
ated using flow cytometry and fluorescence microscopy 
(Fig. 3A). Results demonstrated a significant increase in 
EGFP green fluorescence in the blaNDM-1-KO CRKP 
strain compared to the empty vector control. This find-
ing suggests successful transfection of the plasmid vector 
into the CRKP strain (Fig. 3B, C).

(See figure on next page.)
Fig. 2  Transcriptional sequencing analysis of potential drug resistance mechanisms in CRKP. A Volcano plots of gene expression in three KP 
strains and three CRKP strains. Orange dots represent upregulated genes, blue dots represent downregulated genes, and black dots represent 
non-differential genes. B Heatmap of differentially expressed genes between KP and CRKP strains. Orange represents upregulated genes, and blue 
represents downregulated genes. C The protein–protein interaction network of NDM-1 protein (Combined score = 0.7), with color ranging 
from yellow to red, indicates the Degree values of genes from small to large. D Bubble plot of KEGG pathway enrichment analysis of differentially 
expressed genes between KP and CRKP strains. E Bar chart of KEGG pathway enrichment analysis results related to beta-lactam resistance 
and associated pathways in differentially expressed genes between KP and CRKP strains. F The content related to Beta-lactam resistance and its 
associated pathways in the KEGG pathway enrichment analysis results (from the KEGG database at https://​www.​kegg.​jp/​kegg/​pathw​ay.​html)

https://www.kegg.jp/kegg/pathway.html
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Fig. 2  (See legend on previous page.)
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Fig. 3  CRISPR-Cas9 Technique Knocking Out the blaNDM-1 Gene in CRKP Strains. A Structure of the plasmid vector PX458 (pSpCas9(BB)-2A-GFP). B 
Flow cytometry to detect transfection efficiency of the plasmid vector. C Fluorescence microscopy to detect transfection efficiency of the plasmid 
vector (upper: fluorescence microscope image; lower: light microscope image, scale bar: 100 μm). D PCR agarose gel electrophoresis to detect 
the silencing effect of the blaNDM-1 Gene (M: DNA molecular weight marker; 1, 2, 3: gene amplification products of CRKP strains; 4, 5, 6: gene 
amplification products of blaNDM-1-KO strains, N represents the number of deleted amino acids). E PCR block sequencing results. F RT-qPCR 
to detect the expression of the blaNDM-1 gene. G Western blot to detect the expression of NDM-1 protein. Quantitative data in the figure are 
represented as mean ± SD, with each experiment repeated 3 times. *P < 0.05 indicates significance compared to the CRKP group
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Furthermore, PCR agarose gel electrophoresis detec-
tion and sequencing results indicated that the blaNDM-1 
Gene was absent in the blaNDM-1-KO group strains, in 
contrast to the CRKP group (Fig. 3D, E). This finding sug-
gests successful knockout of the blaNDM-1 gene in the 
CRKP strains. The RT-qPCR detection results revealed a 
down-regulation of the blaNDM-1 gene expression in the 
blaNDM-1-KO group bacteria compared to the CRKP 
group (Fig. 3F).

Western blot analysis revealed a decrease in NDM-1 
protein expression in bacterial strains of the blaNDM-
1-KO group compared to the CRKP group (Fig. 3G). This 
result further confirms the successful knockout of the 
blaNDM-1 Gene in CRKP strains.

Subsequently, we conducted MIC tests on various 
strains of CRKP using E-test antibiotic sensitivity strips 
to examine their susceptibility to IM, meropenem, aztre-
onam, and ceftazidime. The results revealed that the 
blaNDM-1-KO CRKP strains showed considerably lower 
MICs for all four antibiotics, similar to the sensitive KP 
strain (Fig. 4A).

Results from the serum-killing experiment demon-
strated that the blaNDM-1-KO CRKP strain exhibited 
lower viability than the CRKP group. The findings of this 
exploration suggest that the elimination of the blaNDM-1 
Gene in CRKP strains leads to a reduction in the viru-
lence of CRKP strains in vitro (Fig. 4B).

Fig. 4  Effect of knocking out the blaNDM-1 gene on the virulence of CRKP strains. A Different strains’ Minimum inhibitory concentrations (MICs) 
against IM, meropenem, ceftazidime, and amikacin determined by E-test. B Serum bactericidal experiment to assess the effect of silencing 
the blaNDM-1 gene on the cytotoxicity of CRKP strains. C Impact of different strains on the survival rate of Galleria mellonella larvae (n = 10). D 
Comparison of the number of white blood cells and neutrophils in mouse blood 7 days after infection with different strains (n = 5). E Evaluation 
of the impact of different strains on mouse survival rate (n = 10). F ELISA to detect the expression of inflammatory factors CRP, PCT, IL-1β, and IL-6 
in mouse plasma 7 days after infection with different strains (n = 5). G Enumeration of bacteria in mouse lung tissue 7 days after infection 
with different strains (n = 5). H H&E Staining of mouse lung tissue 7 days after infection with different strains (scale bar: 100 μm, n = 5). Quantitative 
data in the figure are represented as mean ± SD, with each experiment repeated 3 times. *P < 0.05 indicates significance compared to the CRKP 
group; # indicates significance compared to the Normal group, #P < 0.05
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To further confirm the influence of blaNDM-1 gene 
knockout on the in  vivo virulence of CRKP strains, 
we injected the strains into the larvae of Galleria mel-
lonella and monitored their survival. The results revealed 
that the larvae from the CRKP and KP groups began 
dying 12  h post-bacterial infection, whereas those from 
the blaNDM-1-KO group started dying after 24  h. Fur-
thermore, the survival rates of larvae in the CRKP and 
KP groups were lower compared to the normal con-
trol group. However, the survival rate of larvae in the 
blaNDM-1-KO group was increased compared to the 
CRKP group and was nearly identical to that of the car-
bapenem-sensitive strain KP group (Fig. 4C).

A mouse model was also established by infecting it 
with various strains through nasal instillation. After 
7  days of bacterial infection, the mice were euthanized, 
and blood samples were collected from their eyeballs for 
blood routine analysis. The study findings revealed that 
the infected mice exhibited higher white blood cell and 
neutrophil counts in their blood compared to the normal 
control group (Normal group). These differences were 
statistically significant (P < 0.05) and surpassed the range 
of normal theoretical values (Fig. 4D). These results indi-
cate that mice infected with bacteria experience inflam-
mation, providing preliminary evidence for constructing 
a successful infection model. The blaNDM-1-KO group 
of mice exhibited a decrease in white blood cell and neu-
trophil count compared to the CRKP group and a reduc-
tion in the severity of inflammation (Fig. 4D).

Survival analysis of mice revealed that both the CRKP 
and KP groups experienced mortality one day after infec-
tion, while mice in the blaNDM-1-KO group began to die 
after two days. Compared to the normal control group, 
the survival rate of mice in the KP and CRKP groups 
decreased. Additionally, compared with the CRKP group, 
the survival rate of mice in the blaNDM-1-KO group 
increased (Fig. 4E). The findings of the study suggest that 
the suppression of the blaNDM-1 Gene in CRKP strains 
could result in a reduction of their virulence.

Recent studies have indicated that the primary mecha-
nism underlying severe pneumonia is the overexpression 
of cytokines in the body and their associated interactions. 
The body produces chemotactic factors and cytokines in 
response to bacterial infection, which are important in 
the adjunctive diagnosis of bacterial infections (Sandquist 
and Wong 2014).

The experimental results indicate that, compared to 
the normal control group, the levels of CRP, PCT, and 
inflammatory factors (IL-1β and IL-6) in the plasma of 
mice infected with KP and CRKP were elevated, showing 
a close correlation with prognosis. In comparison to the 
CRKP group, the expression of PCT, CRP, IL-1β, and IL-6 
in the plasma of mice in the blaNDM-1-KO group was 

significantly reduced, indicating a weakened inflamma-
tory response in the mice (Fig. 4F).

Bacterial culture experiments were conducted on lung 
tissues obtained from two groups of mice: the infection 
group and the control group. The results showed that 
the lungs of mice in the infection group exhibited white, 
consistently sized, smooth, and moist colonies of KP, 
which were well-defined. In contrast, the control group 
yielded no colonies of KP. Bacterial colony counting was 
conducted by homogenizing lung tissue to ascertain the 
bacterial load per Gram of lung tissue. The colony count 
results indicate an increase in bacterial count in the lung 
tissue of mice from the KP and CRKP groups, as com-
pared to the normal group. The bacterial load in the lung 
tissues of blaNDM-1-KO mice was lower compared to 
the CRKP group (Fig. 4G).

Additional pathology results from H&E Staining of 
lung tissue revealed that compared to the normal group, 
the lung tissue of mice from the KP and CRKP groups 
exhibited infiltration of inflammatory cells. The alveolar 
walls were also found to be damaged, leading to the shed-
ding of epithelial cells. Moreover, diffuse red blood cells 
were visible in the alveolar walls and cavities. No abnor-
malities were observed in the normal control group. 
In comparison to the CRKP group, the blaNDM-1-KO 
group exhibited a reduction in the degree of lung tissue 
abnormality (Fig. 4H).

The results above indicate successful knockout of the 
blaNDM-1 gene in the CRKP strain using the CRISPR-
Cas9 interference technique. After disrupting the 
blaNDM-1 gene, the drug resistance of CRKP strains 
towards carbapenem antibiotics decreased significantly, 
exhibiting a sensitivity comparable to that of susceptible 
strains.

The combination of IM and TH greatly enhances 
the antibacterial effect
Initially, we examined the impact of administering IM 
and TH, individually and in combination, on the prolif-
eration of CRKP strains. The results indicated that com-
pared to the IM group and TH group, the combined IM 
and TH treatment group (IM + TH) improved its ability 
to inhibit the proliferation of CRKP strains (Fig. 5A).

The results of Western blot analysis indicated that the 
expression of NDM-1 protein in CRKP strains of the IM 
group remained relatively stable, with little change, when 
compared to the PBS group. In contrast, TH treatment 
suppressed the expression of NDM-1 protein. Compared 
to the IM and TH groups, the combined treatment of 
IM and TH resulted in an inhibition of NDM-1 protein 
expression (Fig.  5B). Further validation using RT-qPCR 
confirmed that the combined treatment with IM and 
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TH suppressed the expression of the blaNDM-1 Gene in 
CRKP strains (Fig. 5C).

Secondly, we employed intramuscular (IM) and topical 
hormone (TH) administration to treat wax moth larvae 
infected with CRKP strains. The results indicate that the 
waxworm larvae in the PBS group experienced mortality 
following infection with the CRKP strain, unlike the nor-
mal control group. Following treatment with IM and TH, 
there has been a decrease in the mortality rate of the lar-
vae. Compared to administering IM and TH separately, 
the combined administration increases the survival 
rate of wax moth larvae infected with CRKP bacteria 
(Fig. 5D).

Furthermore, we investigated the therapeutic effects of 
monotherapy with IM and TH and combination therapy 
on mice infected with CRKP strains (Fig. 6A). The blood 
routine analysis study revealed higher white blood cell 
and neutrophil counts in the infected group of mice com-
pared to those in the normal control group. These find-
ings confirm the successful establishment of a mouse 
model for CRKP infection.

The number of white blood cells and neutrophils in 
the blood of mice in the IM + TH group decreased com-
pared to the IM group and the TH group. This reduction 
suggests a decrease in inflammation levels (Fig. 6B). The 
monitoring results revealed that the mice in the infection 
group died while those in the treatment group displayed 
improved survival. Compared to IM and TH alone, the 
combined treatment effectively enhanced the survival 
rate of mice infected with CRKP strains (Fig. 6C).

The detection of inflammatory factors PCT, CRP, IL-1β, 
and IL-6 in mouse plasma revealed an increase in their 
expression in mice infected with CRKP strain compared 
to the normal control group when treated with PBS. The 
mice in the treatment group exhibited reduced expres-
sion of inflammatory factors. The combined use of IM 
and TH exhibits a notably more potent inhibitory effect 
on the expression of inflammatory factors than their 
administration. Furthermore, this illustrates that the 
concurrent administration of IM and TH suppresses the 
inflammation induced by CRKP infection (Fig. 6D).

Fig. 5  In vitro Inhibition of CRKP Strain Virulence by Combined Treatment with IM and TH. A Impact of 25 μM IM, 0.4 μM TH, and the combination 
of 25 μM IM and 0.4 μM TH on the virulence of CRKP strains. B Western blot to detect changes in NDM-1 protein expression in CRKP strains 
after different drug treatments. C RT-qPCR to detect changes in blaNDM-1 gene expression in CRKP strains after different drug treatments. D 
Impact of IM, TH, and IM + TH on the survival rate of Galleria mellonella larvae infected with CRKP strains (n = 10). Quantitative data in the figure 
are represented as mean ± SD, with each experiment repeated 3 times. *P < 0.05 indicates significance between the two groups; ns indicates 
no difference between the two groups
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After homogenizing the mouse lung tissues, colony 
counts were performed, which indicated an increase in 
bacterial quantity in the lung tissues of the mice from the 
PBS group compared to the normal control group. Fol-
lowing a successful treatment, the bacterial count in the 
lung tissue of the mice was decreased. The combined 
use of IM and TH drugs exhibits an enhanced ability 
to inhibit the proliferation of CRKP strains in the body, 

surpassing the individual use of either IM or TH drugs 
alone (Fig. 6E).

The results of H&E Staining on lung tissue reveal 
that the mouse lung tissue in the PBS group exhibits an 
increase in inflammatory cell infiltrations, destruction 
of the alveolar wall structure, and scattered red blood 
cells in both the alveolar wall and alveolar cavity when 
compared with the normal control group. However, the 
abnormality level in mouse lung tissue was somewhat 

Fig. 6  In vivo inhibition of CRKP strain virulence by combined treatment with IM and TH. A Illustration of mouse drug treatment. B Number 
of white blood cells and neutrophils in mouse blood after 7 days of IM, TH, and IM + TH treatment in CRKP-infected mice (n = 5). C Impact of IM, TH, 
and IM + TH on the survival rate of CRKP-infected mice (n = 10). D ELISA to detect the expression of inflammatory factors CRP, PCT, IL-1β, and IL-6 
in mouse plasma after 7 days of IM, TH, and IM + TH treatment in CRKP-infected mice (n = 5). E Bacterial count in mouse lung tissue after 7 days 
of IM, TH, and IM + TH treatment in CRKP-infected mice (n = 5). F H&E Staining of mouse lung tissue after 7 days of IM, TH, and IM + TH treatment 
in CRKP-infected mice (scale bar: 200 μm, n = 5). Quantitative data in the figure are represented as mean ± SD, with each experiment repeated 3 
times. *P < 0.05 indicates significance between the two groups; ns indicates no difference between the two groups
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reduced after treatment with IM and TH. The concurrent 
administration of IM and TH medication considerably 
enhances the efficacy in ameliorating the abnormality 
level in mouse lung tissue compared to using either med-
ication individually (Fig. 6F).

The above research findings suggest that synergistically 
combining the NDM-1 inhibitor TH with IM could effec-
tively restore the sensitivity of CRKP strains to carbap-
enem antibiotics. This combination notably enhances the 
survival rate of mice, mitigates the inflammation caused 
by CRKP infection, and reduces the pathogen load.

The combination of IM and SU drugs has a significant 
therapeutic effect on drug‑resistant bacterial infections
We conducted a study to assess the impact of the individ-
ual and combined administration of IM and SU drugs on 
CRKP strains. The results indicate that the combination 
therapy of IM and SU enhanced the ability to inhibit the 
proliferation of CRKP strains, compared to the IM and 
SU groups. It is supported by Fig. 7A. The Western blot 

and RT-qPCR analyses revealed a substantial suppression 
in the expression of the NDM-1 protein and its associ-
ated genes in the CRKP strain following combined treat-
ment with IM and SU (Fig. 7B, C).

Furthermore, the detection results for the survival rate 
of wax moth larvae revealed that the larvae in the PBS 
group died after being infected with the CRKP strain, but 
the mortality rate decreased after treatment. The combi-
nation therapy of IM and SU enhanced the larval survival 
rate during CRKP strain infection compared to their sep-
arate use (Fig. 7D).

We conducted additional investigations to examine the 
therapeutic effects of IM and SU, both individually and 
in combination, on mice infected with CRKP (Fig.  8A). 
The blood routine analysis revealed that the infected 
group of mice exhibited a higher count of white blood 
cells and neutrophils than the normal group. Compared 
to the IM group and the SU group, the combined medi-
cation group demonstrated a reduction in the number of 
white blood cells and neutrophils and a decrease in the 

Fig. 7  In vitro Inhibition of CRKP Strain Virulence by Combined Treatment with IM and SU. A Impact of 24 μM IM, 12 μM SU, and the combination 
of 24 μM IM and 12 μM SU on the virulence of CRKP strains. B Western blot to detect changes in NDM-1 protein expression in CRKP strains 
after different drug treatments. C RT-qPCR to detect changes in blaNDM-1 gene expression in CRKP strains after different drug treatments. D 
Impact of IM, SU, and IM + SU on the survival rate of Galleria mellonella larvae infected with CRKP strains (n = 10). Quantitative data in the figure 
are represented as mean ± SD, with each experiment repeated 3 times. *P < 0.05 indicates significance between the two groups; ns indicates 
no difference between the two groups
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severity of inflammation (Fig.  8B). The survival status 
of the mice indicated that all of them perished follow-
ing infection with CRKP strains. The use of combination 
therapy enhances mouse survival compared to the indi-
vidual administration of IM and SU drugs (Fig. 8C).

The detection results of the inflammatory factors 
PCT, CRP, IL-1β, and IL-6 in the plasma demonstrated 
a substantial upregulation of PCT, CRP, IL-1β, and IL-6 
expression in the infected mice compared to the control 
group. The combined therapy of IM and SU has a more 

potent effect in inhibiting the expression of inflammatory 
factors than individual drug therapy (Fig. 8D).

Colony counting on mouse lung tissue revealed a con-
siderable increase in bacterial numbers in infected mice. 
Compared to using IM or SU drugs alone (Fig.  8E), the 
combined administration of IM and SU drugs demon-
strates an inhibitory effect on the proliferation of CRKP 
strains in the body.

Additional histopathological findings from H&E Stain-
ing of lung tissue in the infected mice revealed a pro-
nounced infiltration of inflammatory cells and evident 

Fig. 8  In vivo Inhibition of CRKP Strain Virulence by Combined Treatment with IM and SU. A Illustration of mouse drug treatment. B Number 
of white blood cells and neutrophils in mouse blood after 7 days of IM, SU, and IM + SU treatment in CRKP-infected mice (n = 5). C IM, SU, 
and IM + SU impact the survival rate of CRKP-infected mice (n = 10). D ELISA to detect the expression of inflammatory factors CRP, PCT, IL-1β, and IL-6 
in mouse plasma after 7 days of IM, SU, and IM + SU treatment in CRKP-infected mice (n = 5). E Bacterial count in mouse lung tissue after 7 days 
of IM, SU, and IM + SU treatment in CRKP-infected mice (n = 5). F H&E Staining of mouse lung tissue after 7 days of IM, SU, and IM + SU treatment 
in CRKP-infected mice (scale bar: 200 μm, n = 5). Quantitative data in the figure are represented as mean ± SD, with each experiment repeated 3 
times. *P < 0.05 indicates significance between the two groups; ns indicates no difference between the two groups
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damage to the structure of the alveolar walls. Conversely, 
no abnormalities were detected in the normal control 
group. Compared to the individual use of the drugs, the 
combined use of IM and SU drugs improves the severity 
of abnormalities in mouse lung tissue (Fig. 8F).

To summarize, the combination therapy of the 
β-lactamase inhibitor ceftazidime/avibactam with IM 
has the potential to reduce the virulence of CRKP strains, 
enhance the survival rate of mice, alleviate inflammation 
caused by CRKP infection, and decrease the pathogen 
load.

Discussion
In this study, we conducted an in-depth investigation 
into the expression regulation of the blaNDM-1 gene in 
Carbapenem-resistant Gram-negative KP strains from 
patients with HAP and the optimization of antimicro-
bial strategies. Prior research indicates significant differ-
ences in the expression of the blaNDM-1 gene between 
resistant and sensitive bacterial strains (Zhang et al. 2023; 
Wang et  al. 2021; Anand et  al. 2020). Based on high-
throughput sequencing technology, our study found a 
notable upregulation of blaNDM-1 gene expression in 
resistant strains compared to sensitive ones. This finding 
aligns with results reported in the literature, further con-
firming the critical role of the blaNDM-1 gene in antibi-
otic-resistant strains.

HAP is a respiratory tract infection that develops in 
patients during their hospital stay. Patients, often due 
to underlying diseases, surgical procedures, or pro-
longed bed rest, experience compromised immune 
systems, making them more susceptible to infection 
by pathogens that accumulate in the lungs. The occur-
rence of HAP poses a serious threat to the patient’s life 
safety as it can lead to severe complications such as 
sepsis, respiratory failure, and organ dysfunction. This 
significantly increases the incidence and mortality rate 
among hospitalized patients. However, the unique hos-
pital environment has led to the gradual development 
of bacterial resistance to multiple antibiotics. Common 
examples include methicillin-resistant Staphylococcus 
aureus (MRSA) and multidrug-resistant KP. Infections 
caused by these drug-resistant strains not only compli-
cate treatment but also result in more severe complica-
tions, prolonged hospital stays, and increased mortality 
rates (Modi and Kovacs 2020). Therefore, investigating 
the mechanisms underlying the formation of drug-resist-
ant bacteria in HAP and identifying potential therapeutic 
targets is crucial in providing novel treatment options for 
HAP patients and potentially saving lives. In our study, 
we discovered that the expression of the blaNDM-1 gene 
was significantly upregulated in drug-resistant strains, 

and we explored the mechanisms by which it contrib-
utes to antibiotic resistance. Through in vitro and in vivo 
experiments, we confirmed that it represents a potential 
key target for overcoming drug resistance.

In recent years, considerable research has focused on 
exploring resistance signaling pathways, including the 
intricate issues related to genomic assembly (Zhang 
et  al. 2022a). Furthermore, studies have demonstrated 
that various inflammatory signaling pathways lead to 
complex medical symptoms (Yang et al. 2021b). In con-
trast to previous studies, our research delved deeper 
into bioinformatics analysis. We identified resistance-
related signaling pathways involving the blaNDM-1 
gene and observed enrichment of multiple resistance-
related pathways and genomic functions in antibi-
otic-resistant strains, such as the β-lactam antibiotic 
degradation pathways. These identified pathways are 
consistent with previous research findings. However, 
our study offers a more comprehensive interpretation 
of their regulation and interactions.

Prior studies have indicated that overexpression 
of the blaNDM-1 gene leads to enhanced resistance 
(Wang et  al. 2022; Zhang et  al. 2022b). Additionally, 
various reports have underscored the significance of 
the blaNDM-1 gene in the regulation of antibiotic 
resistance (Kong et  al. 2020; Amabile-Cuevas 2021; 
Harmer and Hall 2015). In our research, both in  vivo 
and in  vitro experiments were conducted to further 
validate the phenomenon of increased resistance due 
to the overexpression of the blaNDM-1 gene, aligning 
with findings reported in the literature. Moreover, in 
this study, we successfully utilized CRISPR-Cas9 inter-
ference technology to downregulate the blaNDM-1 
gene. This strategy effectively restored sensitivity in 
resistant bacterial strains, offering a novel approach to 
optimizing antimicrobial strategies. These outcomes 
are congruent with findings from previous research.

Optimized antimicrobial strategies have been docu-
mented to enhance survival rates in mice and reduce 
the pathogen burden (Dolberg et al. 2021). In alignment 
with these findings, our in  vivo experiments aimed 
at optimizing antimicrobial strategies also markedly 
improved mouse survival rates and decreased the path-
ogen load, corroborating previous research outcomes. 
Rigorous statistical methods were employed to analyze 
all experimental results, ensuring the reliability and sig-
nificance of our findings. This statistical analysis fur-
ther reinforced the scientific robustness and credibility 
of our study, which is consistent with methodologies 
used in prior research.

This research work is innovative because it compre-
hensively explores the relationship between blaNDM-1 
gene regulation and drug resistance. Additionally, it 



Page 22 of 25Ding et al. Molecular Medicine           (2024) 30:29 

introduces a new strategy to optimize antibacterial 
approaches. Compared to other studies, this research 
has showcased innovation in research methods, data 
analysis novelty, and experimental design unique-
ness. These innovations offer fresh perspectives on the 
regulatory mechanisms of drug-resistant bacteria and 
improve antimicrobial strategies.

Conclusion
In conclusion, the present study offers fresh insights into 
regulating blaNDM-1 gene expression and optimizing 
antibacterial strategies. It presents a novel approach for 
treating HAP-related infections caused by carbapenem-
resistant Gram-negative bacteria (Fig. 9). The aforemen-
tioned study has made advancements and discoveries in 
bioinformatics analysis, in vitro experiments, and in vivo 
animal experiments, surpassing previous research. These 
findings hold immense importance in tackling the global 
challenge of antimicrobial resistance.

The present examination investigated the regulation 
of the blaNDM-1 gene and the optimization of antibac-
terial strategies in CRKP strains among HAP patients. 
The research holds significant scientific and clinical 
value. Firstly, high-throughput sequencing technol-
ogy has revealed the up-regulation of the blaNDM-1 
gene in drug-resistant strains, thereby confirming its 

role in developing drug resistance. This discovery holds 
immense importance in elucidating the molecular mech-
anisms of drug-resistant bacteria. Furthermore, by con-
ducting bioinformatics analysis, we have successfully 
identified the resistance-related signaling pathway asso-
ciated with the blaNDM-1 gene. This finding provides 
crucial insights into the functions and regulatory mech-
anisms of the blaNDM-1 gene, allowing for a deeper 
understanding. These findings contribute to the advance-
ment of understanding drug resistance and provide cru-
cial theoretical groundwork for optimizing antibiotic 
strategies and developing novel drugs.

Furthermore, this study successfully validated in  vitro 
cell and in  vivo animal experiments, which demon-
strated that the overexpression of the blaNDM-1 Gene 
causes increased drug resistance. Additionally, interfer-
ence technology was effectively applied to restore sen-
sitivity in resistant strains. This perspective offers new 
opportunities to optimize antibacterial strategies and 
provides alternative treatment options for drug-resistant 
infections. Optimizing antimicrobial strategies has dem-
onstrated effects in animal experiments, offering valu-
able guidance for future clinical antimicrobial therapy. 
These findings are anticipated to pose challenges in tack-
ling drug-resistant bacterial infections in clinical set-
tings. Furthermore, they have the potential to enhance 

Fig. 9  Molecular mechanism of regulation of blaNDM-1 gene on carbapenem resistance in KP and its involvement in the occurrence 
and development of HAP
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treatment success rates and improve patient survival, 
thereby offering substantial clinical value.

The present research also has some limitations that 
need to be addressed. Firstly, the sample size was rela-
tively small, and although we have endeavored to maxi-
mize the sample scale, it may still affect the reliability 
and generalizability of the results. Secondly, this inves-
tigation mainly employed in vitro cell experiments and 
animal experiments for validation, and there might still 
be differences between the experimental results and the 
clinical reality, necessitating further verification before 
clinical application. Additionally, our research focused 
on carbapenem-resistant Gram-negative bacteria in 
HAP, and more research support may be needed for 
the application to other infectious diseases. Although 
we observed a significant decrease in the resistance 
of CRKP strains to carbapenem antibiotics when the 
blaNDM-1 gene was knocked down, the underlying 
molecular mechanisms have not been experimentally 
validated. As blaNDM-1 encodes a β-lactamase that 
is capable of hydrolyzing various β-lactam antibiotics, 
including penicillins, cephalosporins, and carbapen-
ems, we speculate that the bacteria achieve resistance 
to multiple antibiotics by upregulating β-lactamase 
and hydrolyzing the antibiotics. Given the limitations 
of the current analysis, further investigations are war-
ranted. Firstly, larger sample sizes, including differ-
ent regions and types of drug-resistant strains, are 
needed to validate the reliability and generalizability 
of the results. Secondly, clinical experiments should be 
further strengthened to explore the prospects of opti-
mizing antimicrobial strategies in clinical treatment. 
Furthermore, the safety and efficacy of optimizing anti-
microbial strategies should be further explored in con-
junction with the clinical reality, ensuring the safety 
and effectiveness of clinical treatment. Simultaneously, 
experimental validation should be conducted to elu-
cidate the mechanisms by which upregulation of the 
blaNDM-1 gene promotes the occurrence of resistance.

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s10020-​024-​00794-y.

Additional file 1:  Table S1. PCR primer sequence. Table S2. Western blot 
antibody information. Table S3. RT-qPCR primer sequence.

Acknowledgements
Not applicable.

Author contributions
LD, ZY and BS each made distinct contributions to this research. LD was 
responsible for conceptualization, data collection, and manuscript drafting. 
ZY contributed to data analysis, literature review, and manuscript revisions. BS 
played a vital role in experimental design, data collection, and interpretation. 

All authors collaborated closely, ensuring the research’s quality and endorsing 
the final manuscript.

Funding
Not applicable.

Data availability
The datasets generated and/or analysed during the current study are available 
in the manuscript and Additional file 1.

Declarations

Ethics approval and consent to participate
This study has received approval from the Affiliated Hospital of Nantong 
University’s ethics committee (No. 2020-K044) and was conducted in strict 
adherence to international ethical guidelines, such as the Helsinki Declaration.

Consent for publication
Not applicable.

Competing interests
The author declares no conflict of interest.

Received: 24 November 2023   Accepted: 26 January 2024

References
Amabile-Cuevas CF. Antibiotic usage and resistance in Mexico: an update after 

a decade of change. J Infect Dev Ctries. 2021;15(4):442–9. https://​doi.​org/​
10.​3855/​jidc.​13467.

Anand S, Mukherjee K, Padmanabhan P. An insight to flux-balance analysis 
for biochemical networks. Biotechnol Genet Eng Rev. 2020;36(1):32–55. 
https://​doi.​org/​10.​1080/​02648​725.​2020.​18474​40.

Ayturk U. RNA-seq in skeletal biology. Curr Osteoporos Rep. 2019;17(4):178–85. 
https://​doi.​org/​10.​1007/​s11914-​019-​00517-x.

Bahr G, González LJ, Vila AJ. Metallo-β-lactamases in the age of multidrug 
resistance: from structure and mechanism to evolution, dissemination, 
and inhibitor design. Chem Rev. 2021;121(13):7957–8094. https://​doi.​org/​
10.​1021/​acs.​chemr​ev.​1c001​38.

Bassetti M, Righi E, Carnelutti A, Graziano E, Russo A. Multidrug-resistant 
Klebsiella pneumoniae: challenges for treatment, prevention and infection 
control. Expert Rev Anti Infect Ther. 2018a;16(10):749–61. https://​doi.​org/​
10.​1080/​14787​210.​2018.​15222​49.

Bassetti M, Giacobbe DR, Giamarellou H, Viscoli C, Daikos GL, Dimopoulos G, 
De Rosa FG, Giamarellos-Bourboulis EJ, Rossolini GM, Righi E, Karaiskos I, 
Tumbarello M, Nicolau DP, Viale PL, Poulakou G, Critically Ill Patients Study 
Group of the European Society of Clinical Microbiology and Infectious 
Disease (ESCMID), Hellenic Society of Chemotherapy (HSC), SocietàItali-
ana di TerapiaAntinfettiva (SITA). Management of KPC-producing Kleb-
siella pneumoniae infections. Clin Microbiol Infect. 2018b;24(2):133–44. 
https://​doi.​org/​10.​1016/j.​cmi.​2017.​08.​030.

Bassetti M, Mularoni A, Giacobbe DR, Castaldo N, Vena A. New antibiotics for 
hospital-acquired pneumonia and ventilator-associated pneumonia. 
Semin Respir Crit Care Med. 2022;43(2):280–94. https://​doi.​org/​10.​1055/s-​
0041-​17406​05.

Brust FR, Boff L, da Silva Trentin D, Pedrotti Rozales F, Barth AL, Macedo AJ. 
Macrocolony of NDM-1 producing Enterobacterhormaechei subsp. oharae 
generates subpopulations with different features regarding the response 
of antimicrobial agents and biofilm formation. Pathogens (basel, Switzer-
land). 2019;8(2):49. https://​doi.​org/​10.​3390/​patho​gens8​020049.

Bu D, Luo H, Huo P, Wang Z, Zhang S, He Z, Wu Y, Zhao L, Liu J, Guo J, Fang S, 
Cao W, Yi L, Zhao Y, Kong L. KOBAS-i: intelligent prioritization and explora-
tory visualization of biological functions for gene enrichment analysis. 
Nucleic Acids Res. 2021;49(W1):W317–25. https://​doi.​org/​10.​1093/​nar/​
gkab4​47.

Choi JY, Park YS, Cho CH, Park YS, Shin SY, Song YG, Yong D, Lee K, Kim JM. Syn-
ergic in-vitro activity of imipenem and sulbactam against Acinetobacter 

https://doi.org/10.1186/s10020-024-00794-y
https://doi.org/10.1186/s10020-024-00794-y
https://doi.org/10.3855/jidc.13467
https://doi.org/10.3855/jidc.13467
https://doi.org/10.1080/02648725.2020.1847440
https://doi.org/10.1007/s11914-019-00517-x
https://doi.org/10.1021/acs.chemrev.1c00138
https://doi.org/10.1021/acs.chemrev.1c00138
https://doi.org/10.1080/14787210.2018.1522249
https://doi.org/10.1080/14787210.2018.1522249
https://doi.org/10.1016/j.cmi.2017.08.030
https://doi.org/10.1055/s-0041-1740605
https://doi.org/10.1055/s-0041-1740605
https://doi.org/10.3390/pathogens8020049
https://doi.org/10.1093/nar/gkab447
https://doi.org/10.1093/nar/gkab447


Page 24 of 25Ding et al. Molecular Medicine           (2024) 30:29 

baumannii. Clin Microbiol Infect. 2004;10(12):1098–101. https://​doi.​org/​
10.​1111/j.​1469-​0691.​2004.​00987.x.

Dolberg TB, Meger AT, Boucher JD, Corcoran WK, Schauer EE, Prybutok AN, 
Raman S, Leonard JN. Computation-guided optimization of split protein 
systems. Nat Chem Biol. 2021;17(5):531–9. https://​doi.​org/​10.​1038/​
s41589-​020-​00729-8.

Garza-Ramos U, Moreno-Dominguez S, Hernández-Castro R, Silva-Sanchez J, 
Barrios H, Reyna-Flores F, Sanchez-Perez A, Carrillo-Casas EM, Sanchez-
León MC, Moncada-Barron D. Identification and characterization of 
imipenem-resistant Klebsiella pneumoniae and susceptible Klebsiella 
variicola isolates obtained from the same patient. Microbial Drug Resist 
(larchmont, NY). 2016;22(3):179–84. https://​doi.​org/​10.​1089/​mdr.​2015.​
0181.

Gomes AÉI, Stuchi LP, Siqueira NMG, Henrique JB, Vicentini R, Ribeiro ML, Dar-
rieux M, Ferraz LFC. Selection and validation of reference genes for gene 
expression studies in Klebsiella pneumoniae using reverse transcription 
quantitative real-time PCR. Sci Rep. 2018;8(1):9001. https://​doi.​org/​10.​
1038/​s41598-​018-​27420-2.

Hackel MA, Tsuji M, Yamano Y, Echols R, Karlowsky JA, Sahm DF. Reproducibility 
of broth microdilution MICs for the novel siderophore cephalosporin, 
cefiderocol, determined using iron-depleted cation-adjusted Mueller-
Hinton broth. Diagn Microbiol Infect Dis. 2019;94(4):321–5. https://​doi.​
org/​10.​1016/j.​diagm​icrob​io.​2019.​03.​003.

Han YL, Wen XH, Zhao W, Cao XS, Wen JX, Wang JR, Hu ZD, Zheng WQ. 
Epidemiological characteristics and molecular evolution mechanisms of 
carbapenem-resistant hypervirulent Klebsiella pneumoniae. Front Micro-
biol. 2022;13:1003783. https://​doi.​org/​10.​3389/​fmicb.​2022.​10037​83.

Harmer CJ, Hall RM. The A to Z of A/C plasmids. Plasmid. 2015;80:63–82. 
https://​doi.​org/​10.​1016/j.​plasm​id.​2015.​04.​003.

Isler B, Aslan AT, Akova M, Harris P, Paterson DL. Treatment strategies for OXA-
48-like and NDM producing Klebsiella pneumoniae infections. Expert Rev 
Anti Infect Ther. 2022;20(11):1389–400. https://​doi.​org/​10.​1080/​14787​210.​
2022.​21287​64.

Kiffer C, Hsiung A, Oplustil C, Sampaio J, Sakagami E, Turner P, Mendes C, MYS-
TIC Brazil Group. Antimicrobial susceptibility of Gram-negative bacteria 
in Brazilian hospitals: the MYSTIC Program Brazil 2003. Braz J Infect Dis. 
2005;9(3):216–24. https://​doi.​org/​10.​1590/​s1413-​86702​00500​03000​04.

Kim YJ, Yoshizawa M, Takenaka S, Murakami S, Aoki K. Isolation and culture 
conditions of a Klebsiella pneumoniae strain that can utilize ammonium 
and nitrate ions simultaneously with controlled iron and molybdate ion 
concentrations. Biosci Biotechnol Biochem. 2002;66(5):996–1001. https://​
doi.​org/​10.​1271/​bbb.​66.​996.

Kong LH, Xiang R, Wang YL, Wu SK, Lei CW, Kang ZZ, Chen YP, Ye XL, Lai Y, 
Wang HN. Integration of the blaNDM-1 carbapenemase gene into a 
novel SXT/R391 integrative and conjugative element in Proteus vulgaris. J 
Antimicrob Chemother. 2020;75(6):1439–42. https://​doi.​org/​10.​1093/​jac/​
dkaa0​68.

Kumar R, Kumar R, Khurana N, Singh SK, Khurana S, Verma S, Sharma N, 
Kapoor B, Vyas M, Khursheed R, Awasthi A, Kaur J, Corrie L. Enhanced oral 
bioavailability and neuroprotective effect of fisetin through its SNEDDS 
against rotenone-induced Parkinson’s disease rat model. Food Chem 
Toxicol. 2020;144: 111590. https://​doi.​org/​10.​1016/j.​fct.​2020.​111590.

Lan P, Jiang Y, Zhou J, Yu Y. A global perspective on the convergence of 
hypervirulence and carbapenem resistance in Klebsiella pneumoniae. J 
Glob Antimicrob Resist. 2021;25:26–34. https://​doi.​org/​10.​1016/j.​jgar.​
2021.​02.​020.

Lanks CW, Musani AI, Hsia DW. Community-acquired pneumonia and hospital-
acquired pneumonia. Med Clin N Am. 2019;103(3):487–501. https://​doi.​
org/​10.​1016/j.​mcna.​2018.​12.​008.

Li F, Zhu J, Hang Y, Chen Y, Gu S, Peng S, Fang Y, Hu L, Xiong J. Clinical char-
acteristics and prognosis of hospital-acquired Klebsiella pneumoniae 
bacteremic pneumonia versus Escherichia coli bacteremic pneumonia: a 
retrospective comparative study. Infect Drug Resist. 2023a;16:4977–94. 
https://​doi.​org/​10.​2147/​IDR.​S4196​99.

Li P, Luo WY, Xiang TX, Peng TX, Luo S, He ZY, Liao W, Wei DD, Liu P, Wan 
LG, Zhang W, Liu Y. Isolation of Hv-CRKP with co-production of three 
carbapenemases (blaKPC, blaOXA-181 or OXA-232, and blaNDM-1) and a viru-
lence plasmid: a study from a Chinese tertiary hospital. Front Microbiol. 
2023b;14:1182870. https://​doi.​org/​10.​3389/​fmicb.​2023.​11828​70.

Liao W, Liu Y, Zhang W. Virulence evolution, molecular mechanisms of resist-
ance and prevalence of ST11 carbapenem-resistant Klebsiella pneumoniae 

in China: a review over the last 10 years. J Glob Antimicrob Resist. 
2020;23:174–80. https://​doi.​org/​10.​1016/j.​jgar.​2020.​09.​004.

Ma B, Fang C, Lu L, Wang M, Xue X, Zhou Y, Li M, Hu Y, Luo X, Hou Z. The antimi-
crobial peptide thanatin disrupts the bacterial outer membrane and inac-
tivates the NDM-1 metallo-β-lactamase. Nat Commun. 2019;10(1):3517. 
https://​doi.​org/​10.​1038/​s41467-​019-​11503-3.

Modi AR, Kovacs CS. Hospital-acquired and ventilator-associated pneu-
monia: diagnosis, management, and prevention. Clevel Clin J Med. 
2020;87(10):633–9. https://​doi.​org/​10.​3949/​ccjm.​87a.​19117.

Mora-Ochomogo M, Lohans CT. β-Lactam antibiotic targets and resistance 
mechanisms: from covalent inhibitors to substrates. RSC Med Chem. 
2021;12(10):1623–39. https://​doi.​org/​10.​1039/​d1md0​0200g.

Noguchi JK, Gill MA. Sulbactam: a beta-lactamase inhibitor. Clin Pharm. 
1988;7(1):37–51.

Nordmann P, Gniadkowski M, Giske CG, Poirel L, Woodford N, Miriagou V, 
European Network on Carbapenemases. Identification and screen-
ing of carbapenemase-producing Enterobacteriaceae. Clin Microbiol 
Infect. 2012;18(5):432–8. https://​doi.​org/​10.​1111/j.​1469-​0691.​2012.​
03815.x.

Ong DC, Koh TH, Syahidah N, Krishnan P, Tan TY. Rapid detection of 
the blaNDM-1 gene by real-time PCR. J Antimicrob Chemother. 
2011;66(7):1647–9. https://​doi.​org/​10.​1093/​jac/​dkr184.

Pierce VM, Simner PJ, Lonsway DR, Roe-Carpenter DE, Johnson JK, Brasso 
WB, Bobenchik AM, Lockett ZC, Charnot-Katsikas A, Ferraro MJ, Thom-
son RB Jr, Jenkins SG, Limbago BM, Das S. Modified carbapenem inac-
tivation method for phenotypic detection of carbapenemase produc-
tion among Enterobacteriaceae. J Clin Microbiol. 2017;55(8):2321–33. 
https://​doi.​org/​10.​1128/​JCM.​00193-​17.

Sandquist M, Wong HR. Biomarkers of sepsis and their potential value 
in diagnosis, prognosis and treatment. Expert Rev Clin Immunol. 
2014;10(10):1349–56. https://​doi.​org/​10.​1586/​17446​66X.​2014.​949675.

Sapranauskas R, Gasiunas G, Fremaux C, Barrangou R, Horvath P, Siksnys V. 
The Streptococcus thermophilus CRISPR/Cas system provides immunity 
in Escherichia coli. Nucleic Acids Res. 2011;39(21):9275–82. https://​doi.​
org/​10.​1093/​nar/​gkr606.

Simoneau J, Dumontier S, Gosselin R, Scott MS. Current RNA-seq methodol-
ogy reporting limits reproducibility. Brief Bioinform. 2021;22(1):140–5. 
https://​doi.​org/​10.​1093/​bib/​bbz124.

Suaya JA, Fletcher MA, Georgalis L, Arguedas AG, McLaughlin JM, Ferreira G, 
Theilacker C, Gessner BD, Verstraeten T. Identification of Streptococcus 
pneumoniae in hospital-acquired pneumonia in adults. J Hosp Infect. 
2021;108:146–57. https://​doi.​org/​10.​1016/j.​jhin.​2020.​09.​036.

Tamura K, Stecher G, Kumar S. MEGA11: molecular evolutionary genetics 
analysis version 11. Mol Biol Evol. 2021;38(7):3022–7. https://​doi.​org/​10.​
1093/​molbev/​msab1​20.

Uqab B, Nazir R, Ganai BA, Rahi P. In vitro sequestration of molecular and 
mass spectra characterized metallophilic cadmium tolerant bacteria 
for sustainable agriculture. Front Microbiol. 2022;13: 845853. https://​
doi.​org/​10.​3389/​fmicb.​2022.​845853.

Wang Y, Wang S, Chen W, Song L, Zhang Y, Shen Z, Yu F, Li M, Ji Q. CRISPR-
Cas9 and CRISPR-assisted cytidine deaminase enable precise and effi-
cient genome editing in Klebsiella pneumoniae. Appl Environ Microbiol. 
2018a;84(23):e01834-e1918. https://​doi.​org/​10.​1128/​AEM.​01834-​18.

Wang R, Lai TP, Gao P, Zhang H, Ho PL, Woo PC, Ma G, Kao RY, Li H, Sun H. 
Bismuth antimicrobial drugs serve as broad-spectrum metallo-β-
lactamase inhibitors. Nat Commun. 2018b;9(1):439. https://​doi.​org/​10.​
1038/​s41467-​018-​02828-6.

Wang Y, Zhao Y, Bollas A, Wang Y, Au KF. Nanopore sequencing technology, 
bioinformatics and applications. Nat Biotechnol. 2021;39(11):1348–65. 
https://​doi.​org/​10.​1038/​s41587-​021-​01108-x.

Wang SW, Gao C, Zheng YM, Yi L, Lu JC, Huang XY, Cai JB, Zhang PF, Cui YH, 
Ke AW. Current applications and future perspective of CRISPR/Cas9 
gene editing in cancer. Mol Cancer. 2022;21(1):57. https://​doi.​org/​10.​
1186/​s12943-​022-​01518-8.

Wei Y, Lu M, Mei M, Wang H, Han Z, Chen M, Yao H, Song N, Ding X, Ding J, 
Xiao M, Hu G. Pyridoxine induces glutathione synthesis via PKM2-medi-
ated Nrf2 transactivation and confers neuroprotection. Nat Commun. 
2020;11(1):941. https://​doi.​org/​10.​1038/​s41467-​020-​14788-x.

Wicky PH, Martin-Loeches I, Timsit JF. HAP and VAP after guidelines. Semin 
Respir Crit Med. 2022;43(2):248–54. https://​doi.​org/​10.​1055/s-​0041-​
17402​46.

https://doi.org/10.1111/j.1469-0691.2004.00987.x
https://doi.org/10.1111/j.1469-0691.2004.00987.x
https://doi.org/10.1038/s41589-020-00729-8
https://doi.org/10.1038/s41589-020-00729-8
https://doi.org/10.1089/mdr.2015.0181
https://doi.org/10.1089/mdr.2015.0181
https://doi.org/10.1038/s41598-018-27420-2
https://doi.org/10.1038/s41598-018-27420-2
https://doi.org/10.1016/j.diagmicrobio.2019.03.003
https://doi.org/10.1016/j.diagmicrobio.2019.03.003
https://doi.org/10.3389/fmicb.2022.1003783
https://doi.org/10.1016/j.plasmid.2015.04.003
https://doi.org/10.1080/14787210.2022.2128764
https://doi.org/10.1080/14787210.2022.2128764
https://doi.org/10.1590/s1413-86702005000300004
https://doi.org/10.1271/bbb.66.996
https://doi.org/10.1271/bbb.66.996
https://doi.org/10.1093/jac/dkaa068
https://doi.org/10.1093/jac/dkaa068
https://doi.org/10.1016/j.fct.2020.111590
https://doi.org/10.1016/j.jgar.2021.02.020
https://doi.org/10.1016/j.jgar.2021.02.020
https://doi.org/10.1016/j.mcna.2018.12.008
https://doi.org/10.1016/j.mcna.2018.12.008
https://doi.org/10.2147/IDR.S419699
https://doi.org/10.3389/fmicb.2023.1182870
https://doi.org/10.1016/j.jgar.2020.09.004
https://doi.org/10.1038/s41467-019-11503-3
https://doi.org/10.3949/ccjm.87a.19117
https://doi.org/10.1039/d1md00200g
https://doi.org/10.1111/j.1469-0691.2012.03815.x
https://doi.org/10.1111/j.1469-0691.2012.03815.x
https://doi.org/10.1093/jac/dkr184
https://doi.org/10.1128/JCM.00193-17
https://doi.org/10.1586/1744666X.2014.949675
https://doi.org/10.1093/nar/gkr606
https://doi.org/10.1093/nar/gkr606
https://doi.org/10.1093/bib/bbz124
https://doi.org/10.1016/j.jhin.2020.09.036
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.1093/molbev/msab120
https://doi.org/10.3389/fmicb.2022.845853
https://doi.org/10.3389/fmicb.2022.845853
https://doi.org/10.1128/AEM.01834-18
https://doi.org/10.1038/s41467-018-02828-6
https://doi.org/10.1038/s41467-018-02828-6
https://doi.org/10.1038/s41587-021-01108-x
https://doi.org/10.1186/s12943-022-01518-8
https://doi.org/10.1186/s12943-022-01518-8
https://doi.org/10.1038/s41467-020-14788-x
https://doi.org/10.1055/s-0041-1740246
https://doi.org/10.1055/s-0041-1740246


Page 25 of 25Ding et al. Molecular Medicine           (2024) 30:29 	

Wu ZY, Huang YT, Chao WC, Ho SP, Cheng JF, Liu PY. Reversal of carbape-
nem-resistance in Shewanella algae by CRISPR/Cas9 genome editing. J 
Adv Res. 2019;18:61–9. https://​doi.​org/​10.​1016/j.​jare.​2019.​01.​011.

Xu L, Sun X, Ma X. Systematic review and meta-analysis of mortality of 
patients infected with carbapenem-resistant Klebsiella pneumoniae. 
Ann Clin Microbiol Antimicrob. 2017;16(1):18. https://​doi.​org/​10.​1186/​
s12941-​017-​0191-3.

Yang X, Dong N, Chan EW, Zhang R, Chen S. Carbapenem resistance-
encoding and virulence-encoding conjugative plasmids in Klebsiella 
pneumoniae. Trends Microbiol. 2021a;29(1):65–83. https://​doi.​org/​10.​
1016/j.​tim.​2020.​04.​012.

Yang L, Xie X, Tu Z, Fu J, Xu D, Zhou Y. The signal pathways and treatment of 
cytokine storm in COVID-19. Signal Transduct Target Ther. 2021b;6(1):255. 
https://​doi.​org/​10.​1038/​s41392-​021-​00679-0.

Yusuf E, Bax HI, Verkaik NJ, van Westreenen M. An update on eight “new” anti-
biotics against multidrug-resistant Gram-negative bacteria. J Clin Med. 
2021;10(5):1068. https://​doi.​org/​10.​3390/​jcm10​051068.

Zalucki YM, Jen FE, Pegg CL, Nouwens AS, Schulz BL, Jennings MP. Evolution 
for improved secretion and fitness may be the selective pressures leading 
to the emergence of two NDM alleles. Biochem Biophys Res Commun. 
2020;524(3):555–60. https://​doi.​org/​10.​1016/j.​bbrc.​2020.​01.​135.

Zapun A, Contreras-Martel C, Vernet T. Penicillin-binding proteins and beta-
lactam resistance. FEMS Microbiol Rev. 2008;32(2):361–85. https://​doi.​
org/​10.​1111/j.​1574-​6976.​2007.​00095.x.

Zhang X, Li F, Cui S, Mao L, Li X, Awan F, Lv W, Zeng Z. Prevalence and dis-
tribution characteristics of blaKPC-2 and blaNDM-1 genes in Klebsiella 
pneumoniae. Infect Drug Resist. 2020a;13:2901–10. https://​doi.​org/​10.​
2147/​IDR.​S2536​31.

Zhang Y, Jin L, Ouyang P, Wang Q, Wang R, Wang J, Gao H, Wang X, Wang H, 
China Carbapenem-Resistant Enterobacteriaceae (CRE) Network. Evolu-
tion of hypervirulence in carbapenem-resistant Klebsiella pneumoniae in 
China: a multicentre, molecular epidemiological analysis. J Antimicrob 
Chemother. 2020b;75(2):327–36. https://​doi.​org/​10.​1093/​jac/​dkz446.

Zhang T, Zhou J, Gao W, Jia Y, Wei Y, Wang G. Complex genome assembly 
based on long-read sequencing. Brief Bioinform. 2022a;23(5):bbac305. 
https://​doi.​org/​10.​1093/​bib/​bbac3​05.

Zhang J, Hu Y, Yang J, Li W, Zhang M, Wang Q, Zhang L, Wei G, Tian Y, Zhao K, 
Chen A, Tan B, Cui J, Li D, Li Y, Qi Y, Wang D, Wu Y, Li D, Du B, et al. Non-
viral, specifically targeted CAR-T cells achieve high safety and efficacy 
in B-NHL. Nature. 2022b;609(7926):369–74. https://​doi.​org/​10.​1038/​
s41586-​022-​05140-y.

Zhang X, Jin X, Ren J, Liu J, Ma H, Fang X, Zhang H, Zhao Y, Hou Y, Luo Y, Guo 
L, Ma Q, Gao Y, Zhang J, Li J, Wang X, Wang G. Influence of appropriate 
empirical antibiotic treatment on the prognosis of ICU patients with HAP 
caused by carbapenem-resistant Gram-negative bacteria. Infect Drug 
Resist. 2023;16:3389–98. https://​doi.​org/​10.​2147/​IDR.​S4073​83.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1016/j.jare.2019.01.011
https://doi.org/10.1186/s12941-017-0191-3
https://doi.org/10.1186/s12941-017-0191-3
https://doi.org/10.1016/j.tim.2020.04.012
https://doi.org/10.1016/j.tim.2020.04.012
https://doi.org/10.1038/s41392-021-00679-0
https://doi.org/10.3390/jcm10051068
https://doi.org/10.1016/j.bbrc.2020.01.135
https://doi.org/10.1111/j.1574-6976.2007.00095.x
https://doi.org/10.1111/j.1574-6976.2007.00095.x
https://doi.org/10.2147/IDR.S253631
https://doi.org/10.2147/IDR.S253631
https://doi.org/10.1093/jac/dkz446
https://doi.org/10.1093/bib/bbac305
https://doi.org/10.1038/s41586-022-05140-y
https://doi.org/10.1038/s41586-022-05140-y
https://doi.org/10.2147/IDR.S407383

	Understanding blaNDM-1 gene regulation in CRKP infections: toward novel antimicrobial strategies for hospital-acquired pneumonia
	Abstract 
	Background 
	Methods 
	Results 
	Conclusion 

	Introduction
	Materials and methods
	Declaration of clinical research ethics
	Declaration of animal research ethics
	Inclusion criteria for HAP patients
	Isolation and culture of KP
	Characterization of KP
	Extraction of bacterial genomes and PCR amplification of 16S rRNA genes
	Drug sensitivity test
	Minimum inhibitory concentration determination
	Carbonic anhydrase isoenzyme phenotype detection
	PCR detection of carbapenemase genotypes
	Sample collection and transcriptome sequencing
	Transcriptome sequencing data analysis
	CRISPR-Cas9 technology knocks out the blaNDM-1 gene
	Detection of bacterial drug resistance
	Western blot
	RT-qPCR for gene expression
	Serum cytotoxicity assay
	Detection of bacterial virulence in a model of wax moth larvae infection
	Construction of HAP mouse model
	ELISA
	H&E staining
	Statistical analysis

	Results
	Isolation and characterization of carbapenem-sensitive and -resistant KP strains from HAP patients
	Transcriptomic analysis reveals central role of blaNDM-1 gene in carbapenem resistance among CRKP strains from HAP patients
	Targeted knockout of blaNDM-1 gene in CRKP strains diminishes carbapenem resistance and reduces bacterial virulence in vitro and vivo
	The combination of IM and TH greatly enhances the antibacterial effect
	The combination of IM and SU drugs has a significant therapeutic effect on drug-resistant bacterial infections


	Discussion
	Conclusion
	Acknowledgements
	References


