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Abstract
Background  Carbapenem-resistant Escherichia coli (CREC) is one of the most significant clinical pathogens, 
primarily emerging owing to the widespread use of broad-spectrum antibiotics. Antimicrobial resistance is a major 
global health challenge that prolongs treatment duration and increases healthcare costs. This study evaluated the 
antibacterial and anti-inflammatory effects of the antimicrobial peptide Lf-KR against CREC.

Methods  Broth microdilution method, growth curve analysis, and time-kill assays were performed to evaluate 
the antibacterial activity of Lf-KR against CREC. The working mechanism of Lf-KR was elucidated using N-phenyl-1-
naphthylamine, propidium iodide fluorochrome, and lipopolysaccharide-binding assays. qRT-PCR was used to assess 
the peptide’s effects on the expression of pro-inflammatory cytokines expression during infection. Furthermore, the 
safety and stability of Lf-KR were assessed by testing its cytotoxicity, hemolytic activity, and antibacterial stability 
under various conditions. The Galleria mellonella infection model was applied to evaluate the in vivo activity of Lf-KR.

Results  In vitro tests showed that Lf-KR exhibited potent antibacterial activity against CREC, with the minimum 
inhibitory concentrations of ranging from 4–8 µg/mL and minimum bactericidal concentrations 4–16 µg/mL. 
Mechanistically, Lf-KR induced bacterial cell death by disrupting the bacterial membrane. Furthermore, Lf-KR 
significantly reduced the expression of pro-inflammatory cytokine genes, including IL-1β, IL-6, and TNF-α, in RAW 
264.7 macrophage cells infected with CREC. Lf-KR concentrations < 128 µg/mL showed no significant cytotoxicity 
or erythrocyte hemolytic activity. Lf-KR antibacterial activity was stable across a wide temperature range (− 80 °C to 
65 °C), although it was more susceptible to inhibition by fetal bovine serum. The G. mellonella infection model further 
demonstrated the robust antimicrobial activity of Lf-KR.
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Background
Escherichia coli is a highly significant pathogen world-
wide, capable of causing various infections, including 
diarrhea, bloodstream infections, urinary tract infections, 
and sepsis [1]. Recently, carbapenem-resistant Esche-
richia coli (CREC) has emerged and continues to spread 
globally [2, 3]. Consequently, novel therapeutic strategies 
to combat CREC infections are urgently needed.

Antimicrobial peptides, also known as host defense 
peptides, are commonly produced by numerous organ-
isms as part of the innate immune system, as the first line 
of defense against pathogens [4]. Typically, antimicrobial 
peptides have molecular weight of < 10 kDa and consist 
of relatively short amino acid sequences (5–50 amino 
acids) [5]. In addition to their antimicrobial properties, 
some antimicrobial peptides partly exhibit antibiofilm 
and immunomodulatory activities [6, 7]. The rational 
design of hybrid antimicrobial peptides is a promising 
area of research. This approach integrates distinct func-
tional peptide domains to this approach significantly 
enhance antimicrobial efficacy, broaden the spectrum of 
activity, and reduce cytotoxic effects, thereby expanding 
their therapeutic potential [8, 9].

The hybrid peptide Lf-KR was designed through cova-
lently linking two antimicrobial peptide sequences: 
LfcinB6 (RRWQWR-NH₂) and KR-12-a4 (KRIVKLIK-
KWLR-NH₂), which are sequentially connected via a 
proline residue. This hybrid peptide exhibited enhanced 
physicochemical properties, including an increased net 
positive charge (+ 9), increased hydrophobicity (hydro-
phobic moment: 0.646 µH), and improved stability com-
pared to its parent peptides. Structural analysis revealed 
a typical α-helical conformation, a molecular mass of 
2647.28 Da, and a mass-to-charge ratio (m/z) of 662.8. 
Furthermore, Lf-KR exhibited broad-spectrum antimi-
crobial activity against both gram-negative and gram-
positive bacterial strains, which is superior to those of the 
parent peptides [10].

In this study, the antimicrobial activity against CREC 
and underlying mechanisms of Lf-KR were systematically 
investigated through in vitro and in vivo experiments. 
Furthermore, the effects of Lf-KR on pro-inflammatory 
cytokines after bacterial stimulation were investigated. 
The therapeutic potential of Lf-KR was determined by 
evaluating the stability under various physiological con-
ditions (including temperature and serum exposure), as 
well as its cytotoxicity and hemolytic activity. This study 
demonstrated an alternative approach to the clinical 

treatment of related infections and new insights into 
drug development.

Methods
Peptide and chemicals
Lf-KR was synthesized through solid-phase peptide syn-
thesis by Nanjing Yuanpeptide Biotechnology Co., Ltd 
(Nanjing, China), yielding the amino acid sequence of 
RRWQWRPKRIVKLIKKWLR-NH2 is the sequence of 
amino acid of Lf-KR [10]. Imipenem and meropenem 
were procured from Kangtai Biotechnology Co., Ltd 
(Wenzhou, China). Luria–Bertani (LB) and Mueller–
Hinton (MH) broth were obtained from Oxoid.

Bacterial strains
Wenzhou Medical University First Affiliated Hospi-
tal provided 10 CREC strains for use in this study. The 
clinical information of CREC is detailed in Supplemen-
tary Table S1. Strains were stored in 30% glycerol and 
70% LB broth at − 80 °C and incubated overnight at 37 °C 
on blood agar plates before use. E. coli ATCC 25922 was 
used as the quality control strain.

Minimum inhibitory concentration determination
The minimum inhibitory concentrations (MICs) of 
meropenem and imipenem against 10 CREC strains were 
examined using broth microdilution (BMD) method as 
recommended by the Clinical and Laboratory Standards 
Institute (CLSI) [11]. To determine the MIC of Lf-KR, 
100 µL MH broth was added to each well of a 96-well 
plate. Then, 100 µL of the prepared peptide was added 
to the last well, followed by serial dilutions across the 
remaining wells. Finally, 100 µL of the bacterial suspen-
sion (final concentration: 7.5 × 105 CFU/mL) was added 
to each well, and the plates were incubated for 16–18 h 
at 37 °C. The minimum concentration that entirely inhib-
ited bacterial growth was designated as MIC, and the 
susceptibility or resistance of imipenem and meropenem 
was determined using the CLSI breakpoints [11].

Minimum bactericidal concentration determination
The minimum bactericidal concentrations (MBCs) of 
Lf-KR against 10 CREC strains were determined using 
CFU counts. Briefly, 10 µL suspensions from wells with 
varying drug concentrations in the BMD method were 
inoculated onto LB agar plates. After overnight incuba-
tion, the minimal concentration without bacterial growth 
on the plate was considered as MBC [12].

Conclusions  This study demonstrated that the antimicrobial peptide Lf-KR is a highly promising antimicrobial 
and anti-inflammatory agent against CREC, with potential applications in combating multi drug-resistant bacterial 
infections.

Keywords  Antimicrobial peptides, Lf-KR, Carbapenem-resistant Escherichia coli, Anti-inflammatory
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Growth curve analysis
To further understand the antimicrobial effect of Lf-KR, 
we performed 24  h growth curve monitoring assays, as 
described previously [13]. Using the same method for 
measuring MICs as described above, after adding the 
peptide preparation (1/4 − 2 × MIC) and bacterial sus-
pension, the absorbance at 600 nm was examined at dif-
ferent time points (0, 2, 4, 6, 8, 10, 12, 20, and 24 h) with 
multifunctional microplate reader.

1-h time-kill curve assay
To evaluate the bacteriostatic speed of Lf-KR against 
CREC, 1-h time-kill curve assays were performed, as 
described previously with minor modifications [14]. 
Briefly, a 3 mL MH broth containing bacterial suspension 
(1.5 × 106 CFU/mL) and peptide at varying concentra-
tions (1/4 − 2 × MIC) was prepared in a 10 mL sterile tube 
and incubated at 37 °C with shaking at 180 rpm. The con-
trol group contained only bacteria and phosphate-buff-
ered saline (PBS). Every 10 min, an aliquot was removed 
from the tube and serially diluted 10-fold, after which 10 
µL of the diluted liquid was spotted onto LB plates. After 
incubation, colony counting was performed. The mini-
mum detection limit was 2 log10 CFU/mL.

N-phenyl-1-naphthylamine and Propidium iodide uptake 
assay
N-phenyl-1-naphthylamine (NPN) and propidium iodide 
(PI) were used to detect the disruptive effects of Lf-KR 
on the outer and inner bacterial membranes, respectively 
[15]. DC 6729 and DC 11722 were used in these assays. 
A single colony was cultured in MH broth with shaking 
at 175 rpm at 37 °C until the logarithmic growth phase is 
attained. The bacterial suspension was then centrifuged 
at 5000 ×g for 3 min. The bacterial cells were resuspended 
in PBS, and the peptide preparation (final concentra-
tion: 1/4 − 2 × MIC) was added to each tube. The group 
without the peptide was designated as the control group. 
After 2 h incubation with shaking at 37 °C, 1 mL of each 
suspension was centrifuged at 5000 ×g for 3  min. NPN 
(30 µg/mL) or PI (50 µg/mL) staining solution was added, 
and the mixture was incubated for 30  min. To wash off 
the excess dye, the mixture was centrifuged at 5000 ×g for 
3 min, and washed twice with PBS, and resuspended by 
adding PBS and mixing well. Finally, the fluorescence of 
NPN (350/420 nm) and PI (535/615 nm) was detected.

Lipopolysaccharide-binding test
The checkerboard experiment was used to perform the 
lipopolysaccharide (LPS)-binding assay, as described pre-
viously with modifications [16]. The DC 6729 and DC 
11722 strains were used in this test. First, 50 µL of MH 
broth-solubilized LPS solution was added to each well of 
a 96-well plate, creating a twofold dilution gradient with 

a final concentration range of 0–160  µg/mL. Next, 50 
µL of successive twofold dilutions of the Lf-KR solution 
was added to the wells, with a final concentration range 
of 1–64 µg/mL. This step would yield different combina-
tions of LPS and Lf-KR concentrations. Finally, 100 µL 
MH broth-prepared bacterial suspension (final concen-
tration: 7.5 × 105 CFU/mL) was added into each well, and 
the plates were incubated for 18  h, after which absor-
bance was measured at 600 nm.

qRT-PCR detection of pro-inflammatory cytokines
Dulbecco’s Modified Eagle Medium containing 10% fetal 
bovine serum was used to culture RAW 264.7 cells. To 
explore the effect of Lf-KR on inflammatory cytokines 
of RAW 264.7 macrophages, qRT-PCR was employed 
to detect the expression of pro-inflammatory cytokines 
[17]. Briefly, 1 mL of RAW 264.7 cells (2 × 106 cells/mL) 
was added to each well of the 6-well plates. Once the 
cells adhered, the medium was aspirated, and added with 
peptides (1/2 − 4 × MIC) dissolved in PBS. single colony 
of DC 11722 strain was selected from a blood agar plate 
and adjusted to a 0.5 McFarland’s suspension with PBS. 
RAW 264.7 cells were infected with 2 × 107 CFU bacteria. 
The negative control was the group containing only cells 
and PBS without bacteria, while the positive control was 
the group containing cells and bacteria but not peptides. 
After 2  h of treatment, the medium was discarded, and 
washed three times with PBS. Total RNA of the cells was 
extracted using RNAiso Plus (TaKaRa, Dalian, China), 
and the quality of the RNA was determined by A260/280. 
Synthesizing cDNA using the PrimeScript™ RT-PCR Kit 
(TaKaRa, Dalian, China). The cDNA samples were then 
analyzed by quantitative real-time PCR using the ABI 
QuantStudio 5 (Thermo Fisher Scientific, USA) with 
TB Green Premix Ex TaqTM ǁ (Takara, Dalian, China). 
The Ct values for pro-inflammatory cytokine genes were 
quantified and analyzed using the 2−ΔΔCT method. The 
housekeeping gene used was β-actin. The primers used in 
this test are listed in Supplementary Table S2.

Cytotoxicity experiments and hemolysis tests
The cytotoxicity of Lf-KR was assayed using human kid-
ney-2 (HK-2) cells to assess its safety [18], and HK-2 cells 
were cultured as described above. Subsequently, 100 µL 
of 1 × 105 HK-2 cells to the 96-well plate. Lf-KR of dif-
ferent concentrations dissolved in PBS was then added 
to the wells, with wells added with PBS alone serving as 
the control group. After 12 h of treatment, 10 µL of Cell 
Counting Kit 8 solution was added to each well, and the 
absorbance was measured at 450 nm.

The hemolysis test was performed as described pre-
viously with slight modifications [12]. Fresh sheep red 
blood cells were washed with PBS, and diluted to 6% con-
centration. Lf-KR solution at serial concentrations was 
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co-incubated with sheep red blood cells for 60  min at 
37  °C. Hemolytic activity was determined by measuring 
the absorbance (540 nm) of supernatant after centrifuga-
tion. 0.1% Triton X-100 treatment was used as positive 
control, and PBS treatment was used as negative control.

Temperature and serum sensitivity tests
To evaluate the stability of Lf-KR under various condi-
tions, the peptide was treated under various temper-
atures (− 80  °C, 0  °C, 4  °C, 37  °C, 50  °C, and 65  °C) for 
3 h. Furthermore, Lf-KR was incubated with fetal bovine 
serum of different concentrations (0  °C, 5  °C, and 10%) 
for 24 h [19], after which the MICs of the peptide against 
CREC was determined with BMD method.

Galleria. Mellonella infection model
G. mellonella was employed to evaluate the in vivo anti-
microbial efficacy of Lf-KR, as described previously with 
some modifications, as mentioned earlier [20]. The DC 
6729 strain was used for this experiment. First, larvae 
weighing 250 − 350 mg was selected, single DC 6729 col-
ony was selected and adjusted to a suspension of 1.5 × 107 
CFU/mL. After that, 10 µL of the bacterial suspension 
was injected into the right leg of the larva using a micro-
injector. After 2 h of infection, 10 µL of peptides at dif-
ferent concentrations (MIC × 7 and 2 × MIC × 7, where 
× 7 represents the multiple of the drug diluted with lar-
val hemolymph) were injected into the left leg of the lar-
vae using a micro syringe. The control group received 
an equal volume of sterile normal saline. In total three 
groups were tested, with 10 larvae per treatment group.

Statistical analysis
GraphPad Prism 8.0 was used to perform data analysis. 
The data were expressed as mean ± standard deviation. 
Statistical significance was evaluated using one-way 
ANOVA Tukey’s multiple comparisons tests and log-rank 
tests.

Results
Antimicrobial activity of Lf-KR and carbapenems against 
CREC
The MICs of Lf-KR, imipenem, and meropenem against 
10 CREC strains, along with the MBCs of Lf-KR, are 
summarized in Table 1. All tested strains exhibited resis-
tance to imipenem and meropenem, with MICs exceed-
ing the clinical resistance breakpoint (≥ 4 µg/mL). Lf-KR 
showed good antimicrobial activity against CREC with, 
MICs 4–8 µg/mL and MBCs 4–16 µg/mL.

Growth curves
We measured the 24 h growth curves based on the MICs 
for each strain. Compared with the control group, the 
curve trend indicated that Lf-KR slightly inhibited bac-
terial growth in the early stage at 1/4 × MIC (Fig. 1). At 
1/2 × MIC, bacterial growth was inhibited for 12 h, while 
above the MIC, Lf-KR significantly inhibited bacterial 
growth for 24 h.

1-h time-kill curve
To further explore the antibacterial kinetic of Lf-KR, 1-h 
time-kill curve assays were plotted. Bacterial growth was 
hardly inhibited at 1/4 × MIC, displaying a trend similar 
trend to that of the control group (Fig. 2). As the concen-
tration increased, the bactericidal effect became more 
pronounced and rapid. Therefore, the antibacterial and 
bactericidal effects of Lf-KR was dose-dependent.

Effect of Lf-KR on bacterial membrane permeability
NPN and PI staining experiments were performed 
to determine the disruptive effect of Lf-KR on bacte-
rial membrane integrity. As shown in Fig.  3, Lf-KR 
significantly increased the permeability of the outer bac-
terial membrane at 1/2 × MIC (Fig. 3a) and significantly 
increased inner membrane permeability at above 1 × 
MIC (Fig. 3b). Thus, the antibacterial activity of Lf-KR is 

Table 1  Antimicrobial susceptible test and β-lactamase of carbapenem resistant E. coli
strains MIC (µg/mL) MBC (µg/mL) β-lactamase

Lf-KR IPM MEM Lf-KR
DC 5147 8 8R 8R 8 KPC and CTX-M
DC 6729 4 4R 4R 4 NDM, TEM, and CTX-M
DC 7956 8 64R 128R 8 NDM, TEM, and CTX-M
DC 8439 4 8R 32R 8 NDM
DC 10495 4 8R 32R 4 NDM
DC 11712 4 16R 8R 4 CMY-42, TEM, CTX-M, and OXA
DC 11722 4 32R 16R 4 CMY-42, TEM, CTX-M, and OXA
DC 11723 8 16R 32R 16 NDM
DC 12843 8 4R 16R 16 NDM
DC 13281 8 8R 32R 8 NDM
ATCC 25922 4 0.06S 0.03S 8 /
IPM, imipenem; MEM, meropenem; MIC, the minimum inhibitory concentration; MBC, the minimum bactericidal concentration; R, resistant (≥ 4 µg/mL); S, susceptible 
(≤ 1 µg/mL)
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mediated through the disruption of bacterial membrane 
integrity.

Effect of Lf-KR on bacterial LPS
The interplay among LPS and Lf-KR was further explored 
to reveal the underlying mechanism of action. The MIC 
of Lf-KR increased gradually with the LPS concentration 
(Fig. 4), indicating that Lf-KR can react with LPS to alter 
bacterial membrane permeability.

Effect of Lf-KR on the inflammatory response
As bacterial infections tend to trigger a series of inflam-
matory responses, we performed qRT-PCR to detect 
the effect of Lf-KR on the inflammatory response in the 
macrophages during CREC infection (Fig. 5). The mRNA 
expression of pro-inflammatory cytokines IL-6, IL-1β 
and TNF-α in macrophages were significantly inhibited 
after treatment with Lf-KR, compared with the positive 
control.

Fig. 2  The 1-h time-kill curves of 10 CREC strains treated with Lf-KR at different concentrations. Colony-forming unit (CFU) counts were performed every 
10  min. The dashed line represented the lower limit of detection, which is 2 log10 CFU/mL. The control groups represented the condition without Lf-KR. 
The Lf-KR concentrations ranged from 1/4 × MIC to 2 × MIC

 

Fig. 1  Growth curves of 10 CREC strains treated with Lf-KR at different concentrations. The absorbance at optical density 600 nm (OD600) of strains was 
measured over a 24 h period to monitor bacterial growth. The control groups represented the condition without Lf-KR. The Lf-KR concentrations ranged 
from 1/4 × MIC to 2 × MIC
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Safety of Lf-KR
Lf-KR exhibited no significant cytotoxicity at concen-
trations of ≤ 64 µg/mL (8 or 16 × MIC) compared to the 
control group (Fig.  6A). However, cell viability signifi-
cantly decreased at 128 µg/mL (16 or 32 × MIC).

Compared with the negative control, Lf-KR exhib-
ited no significant hemolytic activity at concentra-
tions ≤ 64  µg/mL (8 or 16 × MIC; Fig.  6B) compared to 
the negative control. At a concentration of 128 µg/mL (16 
or 32 × MIC), despite a significant change (P < 0.05), the 
hemolysis rate remained below 5%. These results indicate 
that Lf-KR exhibited good selectivity toward bacteria and 
showed potential utility for in vivo applications.

Stability of Lf-KR
We also investigated the stability of Lf-KR under vary-
ing temperatures and serum conditions. Lf-KR exhib-
ited consistent MIC values against the DC 6729 and DC 
11722 strains across a wide temperature range (− 80 °C to 
65 °C), demonstrating excellent thermal stability (Tables 2 
and 3). However, when exposed to increasing fetal bovine 
serum concentrations (0%, 5%, and 10%), the MIC for DC 
11722 gradually increased, signifying that the serum sta-
bility of Lf-KR required further optimization.

Fig. 4  Heat map of the LPS-binding assay. MICs of Lf-KR for DC 6729 and DC 11722 strains at different LPS concentrations were determined by measuring 
the absorbance at an optical density of 600 nm (OD600)

 

Fig. 3  Fluorescence intensity of NPN (A) and PI (B) staining for DC 6729 and DC 11722 strains treated with varying Lf-KR concentrations. ***P < 0.001
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Therapeutic effect in vivo
The G. mellonella infection model was established to 
assess the therapeutic effect of Lf-KR in vivo. The survival 
rate of the G. mellonella injected with Lf-KR was signifi-
cantly improved (70−80%; P < 0.05) compared with the 
control group, for which survival rate was 10% (Fig.  7). 
The results suggested that Lf-KR holds promise for in 
vivo applications.

Discussion
CREC is a significant global concern, with its rapid global 
spread highlighting the urgent need for new treatment 
strategies [21, 22]. Carbapenem resistance in Enterobac-
teriaceae is primarily mediated by carbapenemase genes 

Table 2  Antibacterial activity of Lf-KR at various temperatures 
[MIC (µg/mL)]
Strains -80 °C -20 °C 4 °C 37 °C 50 °C 65 °C
DC 6729 4 4 4 4 4 4
DC 11722 4 4 4 4 4 4

Table 3  Antibacterial activity of Lf-KR at varying prenatal serum 
concentrations [MIC (µg/mL)]
Strains Control 5% Fetal bovine 

serum
10% 
Fetal 
bovine 
serum

DC 6729 4 4 4
DC 11722 4 8 16

Fig. 6  Toxicity of Lf-KR. (A) Cytotoxicity of Lf-KR with different concentrations in the HK-2 cell line. (B) Hemolytic rate of Lf-KR against sheep red blood 
cells. NS, not significant, **P < 0.01, ***P < 0.001

 

Fig. 5  Lf-KR inhibited the relative expression of pro-inflammatory factors, including IL1β (-A), IL-6 (B), and TNF-α (C), in RAW 264.7 cells following DC 11,722 
infection. ***P < 0.001; (-), only cells and PBS; (+), cells and bacteria

 



Page 8 of 11Kong et al. BMC Microbiology          (2025) 25:183 

located on plasmids. These include by class A carbapen-
emases (KPC) [23, 24], class B metallo-β-lactamases 
(NDM-1 and VIM-1) [25, 26], and class D oxacillinases 
(OXA-48 like carbapnemase) [27].

Antimicrobial peptides are a promising alternative to 
traditional antibiotics because of their broad-spectrum 
antimicrobial activity, ability to target bacterial mem-
branes, and low probability of inducing drug resistance 
[28]. Lf-KR is a hybrid peptide derived from LfcinB6 
and KR-12-a4. LfcinB6 (RRWQWR-NH₂) is the short-
est peptide sequence exhibiting antimicrobial activity 
derived from the antimicrobial peptide LfcinB, which is 
a pepsin-digested product of bovine lactoferrin [29]. KR-
12-a4 (KRIVKLIKKWLR-NH₂) is an analog of the anti-
microbial peptide KR-12, which is the shortest sequence 
derived from LL-37 [30]. Previous studies have shown 
that the antibacterial activity of Lf-KR is comparable to 
melittin and is more potent than its parent peptides. It 
has exhibited significant antimicrobial activity against 
multidrug-resistant bacteria, including methicillin-
resistant Staphylococcus aureus, vancomycin-resistant 
Enterococcus faecium, and multidrug-resistant Pseudo-
monas aeruginosa [10]. These studies highlighted the 
antimicrobial potential of Lf-KR. In the present study, we 
focused on CREC, which is a highly antimicrobial-resis-
tant pathogen prevalent in hospital settings, highlighting 
the urgent need for novel antimicrobial agents to address 
this pose.

In this study, Lf-KR exhibited significant antibacte-
rial activity against CREC in vitro and in vivo. The BMD 
method, growth curve analysis, and time-kill curve anal-
ysis revealed that the 10 CREC strains had MICs ranging 
from 4 to 8 µg/mL and MBCs ranging from 4 to 16 µg/
mL, demonstrating antibacterial activity within 24  h. 
Generally, antimicrobial peptides rapidly act on bacte-
rial membranes, exerting antibacterial effects within 
15–90  min [31]. Our findings indicated that Lf-KR sig-
nificantly reduced the bacterial loads within 40  min 
(> 3 log10 CFU/mL reduction). The G. mellonella model 
is commonly employed to explore the efficacy of newly 
developed drugs and drug combinations in vivo, such 
as the effectiveness of gentamicin and daptomycin or 
unconventional antibacterial agents like LL37 and quo-
rum sensing inhibitors [32–34]. We established a G. 
mellonella infection model to explore the antimicrobial 
activity of Lf-KR in vivo. Lf-KR significantly reduced the 
mortality rate of larvae infected with CREC. Overall, the 
study findings demonstrate the antibacterial potential of 
Lf-KR against CREC and its potential for further devel-
opment and applications in combating drug-resistant 
bacterial infections.

Antimicrobial peptides usually have positively charged 
properties that can interact with bacterial membranes 
[35]. NPN and PI staining experiments revealed that 
Lf-KR significantly disrupted the integrity of the bacte-
rial membrane. Furthermore, LPS is a key component of 
the outer bacterial membrane and serves as a target for 

Fig. 7  Survival rates of Galleria mellonella after various treatments. Survival rate of larvae infected with DC 6729 were recorded for 7 days
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certain cationic peptide antibiotics, such as polymyxin 
B [36]. The MIC of Lf-KR against CREC increased with 
the addition of exogenous LPS, demonstrating that LPS 
interacted with Lf-KR. Based on this result, we hypoth-
esized that the mechanism of action of Lf-KR is similar 
to that of polymyxin. Presumably, Lf-KR bound to LPS 
attached on the outer membrane, subsequently disrupt-
ing both the inner and outer membranes, thereby induc-
ing membrane impairment and bacterial cell mortality.

Bacterial infections usually triggers inflammatory 
responses, as LPS of stimulates macrophages and mono-
cytes to produce high levels of pro-inflammatory cyto-
kines [37]. Partial IL-1β activation is the key link to 
mediating the pro-inflammatory response, which invokes 
subprime inflammatory mediators, including IL-6 [38]. 
TNF-α is a pleiotropic pro-inflammatory cytokine 
involved in several diseases [39]. Our findings indicate 
that Lf-KR is capable of suppresses the expression of pro-
inflammatory cytokine genes in macrophages infected 
with CREC, likely owing to its ability to interact with 
LPS.

We preliminarily assessed the safety of Lf-KR through 
hemolysis and cytotoxicity assays. The hemolysis test 
showed that the hemolytic activity of Lf-KR at different 
concentrations was negligible. Even at the highest con-
centration of 128  µg/mL, the hemolysis percentage was 
approximately 2%, which is minimal. Furthermore, our 
investigation of the cytotoxicity of Lf-KR against human 
HK-2 cells revealed that at the highest concentration of 
128 µg/mL, Lf-KR significantly inhibited cellular activity. 
However, the Lf-KR is safe at the antimicrobial concen-
trations used in our experiments were safe for therapeu-
tic use. Notably, previous studies reported that Lf-KR 
exhibited greater cytotoxicity toward mouse macrophage 
RAW264.7 cells than its parent peptides LfcinB6 and KR-
12-a4. It decreased cell viability at 8 µM (approximately 
21 µg/mL) [10]. This discrepancy may be due to the vary-
ing tolerance levels of different cell lines to the peptide. 
Further safety evaluations must be conducted across a 
broader range of cell types to confirm the overall safety 
profile of Lf-KR.

Subsequent stability tests revealed that Lf-KR’s anti-
microbial activity remained largely unaffected by tem-
perature variations, indicating good thermal stability. 
However, its activity was slightly reduced in the presence 
of fetal bovine serum, signifying that serum components 
can affect peptide stability. Furthermore, the antimi-
crobial activity of Lf-KR remained stable in high salin-
ity conditions. Several factors influencing antimicrobial 
peptides in serum are primarily the following: proteo-
lytic enzymes, which hydrolyze antimicrobial peptides, 
directly compromising their structure; negatively charged 
serum proteins, such as albumin, which bind to positively 
charged antimicrobial peptides, reducing their effective 

concentration; and negatively charged host cell mem-
branes, which compete with bacteria for binding antimi-
crobial peptides, thereby diminishing the antibacterial 
efficacy [40–42].

The limitations of this study mainly include the fol-
lowing: On one hand, we primarily focused on the anti-
bacterial activity of Lf-KR against CREC, which is not 
sufficient to represent other multidrug-resistant patho-
gens. On the other hand, mammalian infection mod-
els were not used to evaluate the antibacterial effects of 
Lf-KR. Although we observed a significant antibacterial 
activity of Lf-KR against CREC, the complexity of the in 
vivo environment may affect its pharmacokinetics and 
distribution, thereby impacting its efficacy. Future stud-
ies should consider establishing mouse models of in vivo 
infection to obtain more accurate assessments of the clin-
ical application potential of Lf-KR.

Conclusions
Our study demonstrates that Lf-KR exhibits significant 
antibacterial and bactericidal activity against CREC, and 
possesses anti-inflammatory properties. Lf-KR is a prom-
ising alternative treatment for CREC infections.
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