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A B S T R A C T   

Antimicrobial peptides are promising therapeutic agents for treating drug-resistant bacterial disease due to their 
broad-spectrum antimicrobial activity and decreased susceptibility to evolutionary resistance. In this study, three 
novel cathelicidin antimicrobial peptides were identified from Thamnophis sirtalis, Balaenoptera musculus, and 
Lipotes vexillifer by protein database mining and sequence alignment and were subsequently named TS-CATH, 
BM-CATH, and LV-CATH, respectively. All three peptides exhibited satisfactory antibacterial activity and 
broad antibacterial spectra against clinically isolated E. coli, P. aeruginosa, K. pneumoniae, and A. baumannii in 
vitro. Among them, TS-CATH displayed the best antimicrobial/bactericidal activity, with a rapid elimination 
efficiency against the tested drug-resistant gram-negative bacteria within 20 min, and exhibited the lowest 
cytotoxicity toward mammalian cells. Furthermore, TS-CATH effectively enhanced the survival rate of mice with 
ceftazidime-resistant E. coli bacteremia and promoted wound healing in meropenem-resistant P. aeruginosa 
infection. These results were achieved through the eradication of bacterial growth in target organs and wounds, 
further inhibiting the systemic dissemination of bacteria and the inflammatory response. TS-CATH exhibited 
direct antimicrobial activity by damaging the inner and outer membranes, resulting in leakage of the bacterial 
contents at super-MICs. Moreover, TS-CATH disrupted the bacterial respiratory chain, which inhibited ATP 
synthesis and induced ROS formation, significantly contributing to its antibacterial efficacy at sub-MICs. Overall, 
TS-CATH has potential for use as an antibacterial agent.   

1. Introduction 

The golden age of antibiotic discovery has elapsed, and we are 
heading for an "era of antibiotic resistance" [1]. Since penicillin was 
discovered in 1929, the application of various small-molecule antibac-
terial drugs and the iterative upgrading of synthetic and semisynthetic 
antibiotics have significantly improved the treatment rates of bacterial 
infections in humans and animals in the following 75 years. However, in 
the 21st century, the irrational use of antibiotics for the treatment of 
infection and the abuse of antibiotics in the animal husbandry industry 
and their associated adverse effects also followed. Today, a variety of 
antibiotic-resistant bacteria are found worldwide, and antimicrobial 
resistance (AMR) has become a global health emergency [2]. 

Bacteria acquire antibiotic resistance through mutations, horizontal 
gene transfer, and plasmid transmission via membrane vesicles [3–5]. 
This leads to cross-resistance, making the bacteria resistant to multiple 

antibiotics. Multidrug-resistant organisms (MDRO), which are resistant 
to three or more antibiotics, are common in the antibiotic resistance era 
[6]. After 2–3 years of clinical antibiotic use, drug-resistant strains 
emerged, including MRSA strains resistant to linezolid and daptomycin 
[7–9]. The excessive use of colistin in agriculture threatens polymyxins, 
the last resort against multidrug-resistant gram-negative bacteria [10]. 
This can promote the spread of drug resistance genes such as mcr-1 [11, 
12]. The development of new antibiotics lags behind the spread of 
bacterial resistance, necessitating the discovery of novel antibacterial 
drugs [6]. 

Antimicrobial peptides (AMPs) are short (12–100 amino acids) and 
positively charged (+2 to +9) amphiphilic molecules found in single- 
celled microorganisms, insects, invertebrates, plants, amphibians, 
birds, fish, and mammals, including humans, as part of their first line of 
defense [13]. Also known as host defense peptides (HDPs), they exhibit 
an extraordinarily broad range of antimicrobial activities against both 
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gram-positive and gram-negative bacteria as well as fungi, viruses, and 
unicellular protozoa [14,15]. AMPs selectively interact with bacterial 
membranes via electrostatic interactions and then efficiently kill mi-
crobial pathogens by forming pores at the membrane surface to cause 
loss of membrane integrity, which also contributes to the translocation 
of AMPs into the cytoplasm, where they target key intracellular pro-
cesses, including DNA/RNA and protein synthesis, protein folding, 
enzymatic activity, and/or cell wall synthesis [16,17]. In addition to 
direct antimicrobial activity, several AMPs can modulate the innate 
immune responses of the host and thereby indirectly promote pathogen 
clearance [18]. AMPs are much more refractory to resistance than are 
conventional antibiotics due to their biochemical properties, pharma-
codynamics, and multimechanism characteristics [19–21]. Thus, AMPs 
offer promising alternatives to standard therapies, such as 
anti-infectives and immunomodulatory agents [16,20,22]. 

Cathelicidins are among the most important host defense peptide 
families and play important roles in the innate immune response [23]. 
The majority of cathelicidins are linear with an α-helical structure 
(23–37 amino acids) and are amphipathic, cationic peptides with a 
hydrophobic surface that contributes to interactions with and perturbs 
the membranes of anionic surfaces [16]. Cathelicidins maintain 
broad-spectrum antimicrobial activity and are equipped with other 
biological activities, such as inducing chemotaxis of various immune 
cells [24,25], inducing apoptosis of infected cells [26], and promoting 
wound healing [27] and the re-epithelialization of wounds [28]. 
Multifunctional cathelicidins have shown promising potential for the 
development of new therapeutic agents. Several cathelicidins and their 
derivatives, such as human cathelicidin LL-37, have been extensively 
studied and evaluated in clinical trials. Its therapeutic properties have 
been investigated, highlighting its potential in various medical appli-
cations. [16]. 

Cathelicidins have been identified in many vertebrates, including 
cows, pigs, rabbits, sheep, humans, mice, monkeys, and horses [29–31]. 
Cathelicidin-related protein precursors are characterized by a signal 
sequence in the N-terminus with a highly conserved cathelin domain, 
while substantial heterogeneity in the C-terminal domain encodes the 
activity of the mature peptide [32]. Owing to the highly conserved 
cathelin domain, it is possible to find new cathelicidins by sequence 
alignment against protein databases from other species [33–35]. Unlike 
poisonous snakes, which are the main source of many cathelicidin 
peptides [35], nonvenomous snakes are more easily obtainable, and 
peptides derived from them are rarely reported. In addition, as a rich 
source of novel and bioactive metabolites, marine organisms have 
attracted a great deal of attention; however, cathelicidin peptides from 
marine mammals are also seldom reported. Here, we screened three 
novel cathelicidin antimicrobial peptides and obtained TS-CATH, a 
peptide with effective antibacterial activity and negligible cytotoxicity 
in vitro. TS-CATH not only triggered the permeability of the inner and 
outer membranes of bacteria and destroyed the integrity of the mem-
branes but also disturbed the bacterial respiratory chain, inhibited ATP 
production, and induced ROS formation, which enhanced antibacterial 
activity. 

2. Materials and methods 

2.1. Identification and characterization of novel cathelicidins 

A cathelicidin-related protein precursor derived from Ophiophagus 
hannah (O. hannah, GenBank: ACF21002.1) was used to find a novel 
cathelicidin-related protein precursor derived from other species via the 
BLAST tool at the National Center for Biotechnology Information (NCBI) 
website as described previously [33,35,36]. Briefly, the cathelicidin 
sequence of O. hannah (GenBank: ACF21002.1) was used as a template 
to search for cathelicidin-like sequences via BLAST against the nonre-
dundant protein sequence database of Thamnophis sirtalis (txid: 35019), 
Balaenoptera musculus (txid: 9771), and Lipotes vexillifer (txid: 118797). 

Then, the complete structures of the cathelicidin-like sequences 
XP_013912467.1, XP_036725121.1, and XP_007446280.1 were selected 
because of rich in the hydrophobicity, hydrophobic moment and net 
charge, which are crucial properties of α-helical AMPs (Table S1). 
Subsequently, the corresponding cathelicidin-like sequences and other 
representative cathelicidins were imported into MEGA 7 software for 
multisequence alignment. The ClustalW tool was used for alignment, 
and four conserved cysteine residues in the cathelin domain were veri-
fied [33]. 

2.2. Structure characterization and modeling 

Elastase-sensitive residues were predicted using Peptide Cutter 
(https://web.expasy.org/peptide_cutter/). This tool operates based on 
the rules established by Keil [37] and subsequently validated by Barrett 
et al. [38]. The mature peptide regions of cathelicidin sequences located 
at the C-terminus were truncated by the predicted elastase-sensitive 
residues and named TS-CATH, BM-CATH, and LV-CATH, respectively 
[33]. Three-dimensional (3D) structures were generated by 
SWISS-MODEL (https://swissmodel.expasy.org/). The physicochemical 
properties and helical wheel projections of the peptides were estimated 
by helical wheel diagrams (https://heliquest.ipmc.cnrs.fr/cgi-bin 
/ComputParams.py). 

2.3. Peptides 

The peptides TS-CATH, BM-CATH, and LV-CATH were synthesized 
by standard Fmoc solid-phase synthesis protocols (GL Biochem Co., Ltd., 
Shanghai, China) to a purity of > 98%. 

2.4. Bacterial strains, cells and mice 

Escherichia coli (E. coli) ATCC 25922, Pseudomonas aeruginosa 
(P. aeruginosa) ATCC 27853, Klebsiella pneumoniae (K. pneumoniae) 
ATCC 13883, and Staphylococcus aureus (S. aureus) ATCC 29213 were 
obtained from the American Type Culture Collection (ATCC). All test 
clinical strains were isolated from clinical specimens and identified by 
Jiangsu Women and Children Health Hospital (JWCHH) (Nanjing, 
China) or Fuyang People’s Hospital (Anhui, China). The bacterial strains 
used in this study are listed in Table S3. 

Human umbilical vein endothelial cells (HUVECs), human normal 
lung epithelial cells (BEAS-2B), mouse subcutaneous connective tissue 
cells (L929), and human hepatic cells (L02) were purchased from ATCC. 
The cells were cultured in DMEM (Gibco, Carlsbad, CA, USA) supple-
mented with 10% FBS and 1% penicillin/streptomycin. Sheep red blood 
cells (sRBCs) were purchased from SenBeiJia Biological Technology Co., 
Ltd. (Nanjing, China). 

ICR mice (aged 5–6 weeks, half male and half female) were pur-
chased from the Laboratory Animal Center of Yangzhou University 
(Yangzhou, China) and housed in a rodent facility at 22 ± 1 ◦C with a 12 
h light–dark cycle. All animal experiments were carried out in accor-
dance with the experimental animal administrative committee of China 
Pharmaceutical University. 

2.5. CD assay 

The secondary structures of the peptides were evaluated by circular 
dichroism (CD) spectroscopy (J-820; Jasco, Tokyo, Japan). Peptides 
were dissolved in deionized water or 25 mM SDS at a final concentration 
of 0.1 mg/ml. A quartz dish with a diameter of 0.1 cm and a slit of 1 nm 
was used, and the CD spectra were scanned from 190 to 260 nm at a 
scanning speed of 100 nm/min. 

2.6. Agar dilution assay 

An agar dilution assay issued by the Clinical & Laboratory Standards 
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Institute (CLSI) [39] was performed to determine the minimum inhibi-
tory concentrations (MICs) for clinical isolate strains. Briefly, all strains 
were cultured overnight at 37 ◦C to the logarithmic phase, and the 
bacteria were diluted to 2 × 107 CFU/ml before use. Moreover, 2-fold 
serial dilutions of peptides were mixed with melted MHA (Muel-
ler–Hinton agar) at final concentrations ranging from 128 to 0.5 μg/ml. 
A 96-well plate inoculated with bacterial suspensions was placed on the 
platform of a multipoint inoculator (SAKUMA, Japan), and the various 
bacterial suspensions were dotted on the surface of the agar plate 
(approximately 104 CFU per spot). The plate was then incubated at 37 ◦C 
for 20 h, and the MICs were recorded as the lowest concentrations at 
which bacterial growth was completely inhibited. This experiment was 
repeated twice. 

2.7. Broth microdilution assay 

The MICs of the peptides and antibiotics were determined by a broth 
microdilution assay issued by the CLSI [39]. Briefly, the bacteria were 
cultured overnight in MHB (Mueller–Hinton broth) at 37 ◦C to the log-
arithmic growth phase, and the bacteria were diluted to 2 × 105 

CFU/ml. Similarly, 2-fold serial dilutions of peptides and antibiotics 
(100 μl) were inoculated in a 96-well plate and mixed with an equal 
volume of bacterial suspension (approximately 104 CFU in each well). 
After 20 h of coincubation at 37 ◦C, the MIC was determined by 
measuring the absorbance at OD600. Specifically, H. pylori SS1 was 
cultured in brain-heart infusion (BHI) broth supplemented with 7% 
heat-inactivated FBS at 37 ◦C with AnaeroPack-MicroAero for 48 h [40]; 
S. pneumoniae was cultured in Todd–Hewitt Yeast (THY) broth in a 37 ◦C 
(5% CO2) incubator for 20 h. 

The minimum bactericidal concentration (MBC) was determined 
after the MIC was confirmed. That is, a 200 μl mixture in which mi-
crobial growth was not detected was mixed with melted Mueller–Hinton 
agar in a sterile plate, and the plate was incubated at 37 ◦C for 20 h. The 
MBC value was recorded when there were fewer than 5 bacterial col-
onies on the plate. All the tests were performed in triplicate. 

2.8. Hemolytic activity 

The hemolytic activity of the peptides was evaluated according to a 
previous method [41]. The sheep red blood cells (sRBCs) were washed 
twice with sterile PBS by centrifugation at 4000 rpm and 4 ◦C for 10 min. 
The sRBCs were resuspended in PBS and incubated with an equal vol-
ume of 2-fold diluted peptides in a 96-well plate for 1 h. sRBCs incubated 
with 1% Triton X-100 or PBS served as a positive and negative controls, 
respectively. Finally, the plate was centrifuged at 4000 rpm, 4 ◦C for 10 
min, and the absorbance of the collected supernatant was measured at 
OD600. All the tests were performed in triplicate. 

2.9. Cytotoxicity toward eukaryotic cells 

The cytotoxicity of the peptides toward HUVECs, BEAS-2B, L929, 
and L02 cell lines was assessed by the MTT assay. Cells in DMEM sup-
plemented with 10% heat-inactivated FBS were seeded in a 96-well plate 
(approximately 1 × 104 cells/well for BEAS-2B and L02 cells and 7 × 103 

cells/well for HUVECs and L929 cells) and cultured overnight at 37 ◦C, 
5% CO2. Subsequently, the cells were incubated in medium supple-
mented with 2-fold serial dilutions of peptides for 48 h. MTT solution 
was added to each well, and the plates were incubated for 4 h at 37 ◦C. 
After the supernatant was discarded, DMSO was added to dissolve the 
formazan, and the absorbance of each well was recorded at OD490. All 
the tests were performed in triplicate. 

2.10. Time-killing assay 

A time-killing assay was performed as previously described [42]. 
Briefly, each bacterial strain at the logarithmic growth phase was 

collected by centrifugation and diluted with PBS to a density of 2 × 105 

CFU/ml. Then, the bacterial suspension was incubated with the peptide 
or antibiotics at 4 ×MIC for a 5 ml coculture system (approximately 106 

CFU) [38]. At the indicated time points (0, 0.5, 1, 2, 4, 8, 12, and 24 h), 
samples were removed and subjected to 10-fold serial dilution. Finally, 
the dilution plate method was used for bacterial counting. All the tests 
were repeated twice. 

2.11. Live/dead cell staining assay 

To investigate the protective effect of TS-CATH on infected cells, 
L929 cells were seeded in a 96-well plate at 2 × 104 cells/well and 
cultured overnight at 37 ◦C in a 5% CO2 atmosphere for cell adherence. 
The clinical strain E. coli E24 was grown to the logarithmic growth 
phase, resuspended in DMEM, and adjusted to 2 × 108 CFU/ml for L929 
cell infection at an MOI of 10:1. Subsequently, TS-CATH or ceftazidime 
was added at a final concentration of 4 ×MIC. In addition, L929 cells 
without infection served as controls, while infected L929 cells without 
drug treatment were used as a model. After coincubation at 37 ◦C in a 
5% CO2 atmosphere for 24 h, the cells were washed with PBS and 
stained with a calcein/PI live/dead assay kit (Beyotime Biotechnology, 
Shanghai, China). The stained cells were visualized under a Zeiss fluo-
rescence microscope. 

2.12. Stability analysis 

The salt stability of the peptides was evaluated by the changes in 
peptide antibacterial activity at different salt concentrations [43]. The 
peptide stock solutions were 2-fold serially diluted from 128 to 0.5 
μg/ml by MHB at 100, 150, or 200 mM NaCl, and the dilutions were 
inoculated in a 96-well plate. The test strains were cultured overnight at 
37 ◦C to the logarithmic phase, and the bacteria were diluted to 2 × 105 

CFU/ml by MHB at different salt concentrations. The bacterial suspen-
sions were mixed with peptide dilutions (1:1, v:v) in a 96-well plate at 
the same NaCl concentration. The plate was incubated at 37 ◦C for 20 h, 
and MIC values were recorded as described above. 

The thermal stability assessment was conducted by incubating the 
1.024 mg/ml peptide at 37 ◦C, 60 ◦C, or 90 ◦C for 15 min. Aliquots of 
each sample were extracted, and MIC values were recorded as described 
above. 

The serum stability experiment was performed in 25% mouse serum 
[44]. The peptide was incubated in 25% mouse serum at a final con-
centration of 1.024 mg/ml at 37 ◦C. Aliquots of the mixture (200 μl) 
were extracted periodically at 0, 0.5, 1, and 2 h for MIC detection as 
described above. 

2.13. Protective effects of TS-CATH on E. coli-induced mouse bacteremia 

ICR mice (5–6 weeks, SPF grade, half male and half female) were 
used to establish a bacteremia model by intraperitoneal (i.p.) injection 
of 500 μl (1 ×109 CFU/ml) of ceftazidime-resistant E. coli E24 isolates. 
At 2 h post bacterial inoculation, the mice were intraperitoneally 
injected with TS-CATH (10, 5, or 2.5 mg/kg, n = 12/group) or ceftazi-
dime (5 mg/kg). Mice in the model group were injected with an equal 
volume of saline [42,45]. After 8 h of drug treatment (before the death of 
the model mice), three mice in each group were anesthetized with 
pentobarbital sodium (50 mg/kg, i.p.) and euthanized by the acute 
blood loss method to collect blood and count bacterial colonies in the 
blood, lung, spleen, kidney, and liver. Moreover, serum TNF-α, IL-1β, 
and IL-6 levels were detected by ELISA kits (MultiSciences Biotech, 
Hangzhou, China). Routine H&E staining was performed to observe 
pathological changes in the lung tissues of E. coli E24-infected mice. The 
survival and weight of the remaining mice were monitored daily for up 
to 7 days. 
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2.14. Preparation of the TS-CATH hydrogel 

TS-CATH was precisely weighed and mixed with 400 mg of glycerol 
and 3 g of deionized water. Subsequently, 70 mg of methyl cellulose was 
slowly added with stirring. Deionized water was then added to reach a 
total weight of 4 g, followed by incubation at 4 ◦C for swelling. To 
remove the bubbles, the hydrogel was centrifuged at 3000 rpm for 3 
min. Finally, TS-CATH hydrogels with concentrations of 0.125%, 0.25%, 
and 0.5% (w/w) were obtained, which demonstrated excellent stability, 
retaining over 80% of its activity after being stored at 4 ◦C for one year 
(data not shown). Similarly, hydrogels without peptides were also 
prepared. 

2.15. Protective effects of TS-CATH on P. aeruginosa-induced skin wound 
infection 

For bacterial skin infection, ICR mice were anesthetized with 
pentobarbital sodium (50 mg/kg, i.p.), and a full-thickness skin wound 
was created on the dorsal skin using a biopsy puncher with a diameter of 
1 cm. The wounds were infected with 20 μl (5 × 108 CFU/ml) of 
meropenem-resistant P. aeruginosa P1, and a gentle stream of air was 
applied to the inoculation site until the skin appeared wet but with no 
standing volume from the inoculum suspension. After 0.5 h, the wounds 
(n = 9 per group) were topically treated with the hydrogels. For model 
mice, hydrogels without peptides were used. For TS-CATH-treated mice, 
0.125% (2.5 mg/kg), 0.25% (5 mg/kg), or 0.5% (10 mg/kg) TS-CATH 
hydrogels were administered. For mice in the control groups, mer-
openem (40 mg/kg) dissolved in saline or ointment containing the 
compound polymyxin B (40 mg/kg) was applied. All drugs were 
administrated every two days for 13 days. Each group was housed 
separately to avoid cross-contamination. The wounds were photo-
graphed at the indicated time points, and wound sizes were determined 
using ImageJ. On days 3 and 7, the bacterial counts of the wound 
specimens were recorded, and the wound specimens were collected for 
H&E and Masson staining. 

2.16. Cell scratch assay 

L929 cells, which are usually used to study cell migration via scratch 
assays [46,47], were resuspended at 2 × 105 cells/ml in DMEM sup-
plemented with 10% heat-inactivated FBS, seeded into 12-well plates, 
and cultured overnight for attachment. A pipette was used to penetrate 
the cell layer, and cell scratches were created. TS-CATH at final con-
centrations of 4, 8, and 16 μg/ml was added, and blank controls without 
drug treatment were used. The 12-well plates were placed in an incu-
bator containing 5% CO2 at 37 ◦C and were removed and photographed 
under a microscope at 0 h and 48 h to observe the migration of the 
scratched cells. Five photos of cell scratches were randomly selected 
from each group, and the scratch area was calculated using ImageJ 
software. 

2.17. Zeta potential detection 

The clinical strains E. coli E24 and P. aeruginosa P1 were cultured 
overnight in MHB and washed twice with deionized water by centrifu-
gation (10,000 rpm, 5 min). Bacteria were resuspended in deionized 
water at 2 × 108 CFU/ml and treated with TS-CATH at final concen-
trations of 2, 4, 8, and 16 μg/ml. Bacteria not treated with TS-CATH 
served as control. The zeta potentials of the bacteria were obtained 
with a zeta potential and particle size analyzer (Brookhaven Instruments 
Corporation, Austin, Texas, USA) [45]. All the tests were performed in 
triplicate. 

2.18. NPN uptake assay 

An N-phenyl-1-naphthylamine (NPN) probe uptake assay was 

performed as previously described with minor modifications [48]. The 
clinical strains E. coli E24 and P. aeruginosa P1 were resuspended in 
HEPES (containing 0.2% glucose, pH 7.4) at 2 × 108 CFU/ml and the 
fluorescent probe NPN (Aladdin, Shanghai, China) was added at a final 
concentration of 10 μM. The mixture was incubated with 2-fold serial 
dilutions of TS-CATH in a black 96-well plate, and polymyxin B (8 
μg/ml) was used as a positive control. The time-dependent effect of 
TS-CATH on NPN fluorescence (λ excitation = 350 nm, λ emission =
420 nm) was recorded. All the tests were performed in triplicate. 

2.19. PI uptake assay 

The clinical strains E. coli E24 and P. aeruginosa P1 were resuspended 
in saline at 2 × 108 CFU/ml, and the fluorescent probe PI (Sigma-
–Aldrich, USA) was added at a final concentration of 40 μg/ml. The 
mixture was incubated with 2-fold serial dilutions of TS-CATH in a black 
96-well plate. The time-dependent effect of TS-CATH on PI fluorescence 
(λ excitation = 535 nm, λ emission = 615 nm) was periodically recorded 
by a microplate reader. All the tests were performed in triplicate. 

2.20. ONPG assay 

The clinical strain E. coli E24 at the logarithmic growth phase was 
washed twice with saline by centrifuging at 10,000 rpm for 5 min and 
resuspended in HEPES (containing 40 mM glucose, pH 7.4) at 2 × 108 

CFU/ml. ONPG (Aladdin, Shanghai, China) was added at a final con-
centration of 1.5 mM. The mixture was incubated with 2-fold serial di-
lutions of TS-CATH in a 96-well plate, and the optical density was 
recorded periodically at 420 nm. All the tests were performed in 
triplicate. 

2.21. TEM characterization 

The morphological changes of bacteria treated with peptide were 
observed via TEM [45]. E. coli E24 and P. aeruginosa P1 (5 × 108 

CFU/ml) at the logarithmic growth phase were incubated with TS-CATH 
at 4 ×MIC (16 μg/ml) for 40 min to achieve maximum membrane 
damage, and the untreated bacteria were used as the negative controls. 
After centrifugation, the bacteria were resuspended in electron micro-
scope fixative and then suspended in 1% agarose. Subsequently, bacteria 
were fixed with 1% OsO4, followed by resin penetration and embedding. 
The samples were then polymerized at 65 ◦C for 48 h. Ultrathin sections 
were prepared and stained with a 2% uranium acetate-saturated alcohol 
solution. Finally, images were captured using an HT7800 transmission 
electron microscope (Hitachi, Japan). 

2.22. Bacterial membrane potential changes 

DiSC3(5) was used to characterize the changes in bacterial mem-
brane potential following exposure to AMPs as described previously 
[49]. That is, the clinical strains E. coli E24 and P. aeruginosa P1 were 
cultured overnight and washed twice with saline. Bacteria were resus-
pended in HEPES buffer (10 mM, 20 mM glucose, 0.1 M KCl, pH 7.4) at 
2 × 107 CFU/ml. Subsequently, a final concentration of 0.2 mM EDTA 
and 4 μM DiSC3(5) (Macklin, Shanghai, China) were added. The bac-
terial inoculum was incubated in a dark environment for 30 min at 
37 ◦C. Finally, TS-CATH or melittin was added to each well at the 
indicated concentrations, and the fluorescence (λ excitation = 622 nm, λ 
emission = 670 nm) was recorded every minute by a microplate reader. 
All the tests were performed in triplicate. 

2.23. Bacterial ATP level assay 

A BacTiter-Glo™ Microbial Cell Viability Kit (Promega, USA) was 
used to measure the microbial ATP levels at the indicated time points. 
After equilibration to room temperature, BacTiter-Glo™ Reagent was 
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prepared by mixing BacTiter-Glo™ Substrate with BacTiter-Glo™ 
Buffer. The clinical strains E. coli E24 and P. aeruginosa P1 were cultured 
overnight and washed twice with saline. Bacteria were resuspended in 
MHB at 1 × 108 CFU/ml and divided into six groups. The aliquots were 
added to TS-CATH solution at final concentrations of 0, 0.5, 1, 2, or 4 μg/ 
ml. Carbonyl cyanide m-chlorophenylhydrazone (CCCP) (Aladdin, 
Shanghai, China) at 8 μg/ml was used as the positive control, and MHB 
served only to eliminate background interference. After 0, 1, 2, 3, or 4 h 
of incubation at 37 ◦C, 50 μl of each group was inoculated into a white 
96-well plate, and 50 μl of BacTiter-Glo™ Reagent was added. The 
luminescence intensity was detected by a microplate reader within 5 
min. All the tests were performed in triplicate. 

2.24. Resazurin assay 

The clinical strains E. coli E24 and P. aeruginosa P1 were resuspended 
in MHB at 1 × 108 CFU/ml, and resazurin (Aladdin, Shanghai, China) 
was added (at a final concentration of 0.1 mg/ml). The mixture was 
incubated with 2-fold serial dilutions of TS-CATH in a black 96-well 
plate. The time-dependent effect of fluorescence (λ excitation = 550 
nm, λ emission = 590 nm) was recorded every 10 min over 2.5 h by a 
microplate reader periodically. All the tests were performed in triplicate. 

2.25. Respiratory chain dehydrogenase enzyme activity assay 

2,3,5-Triphenyltetrazolium chloride (TTC), an electron acceptor, 
was used to evaluate respiratory chain dehydrogenase activity [50,51]. 
The clinical strains E. coli E24 and P. aeruginosa P1 were cultured 
overnight and washed twice with saline by centrifuging at 10,000 rpm 
for 5 min. Bacteria were resuspended in Tris-HCl buffer (0.05 mol/L, 
glucose 0.1 mol/L, pH 8.6) at 5 × 108 CFU/ml, and TTC (Macklin, 
Shanghai, China) was added at a final concentration of 0.25 mg/ml. This 
mixture was divided into seven groups, and aliquots were added to 
TS-CATH solution at final concentrations of 0, 0.5, 1, 2, 4, 8, and 16 
μg/ml. After 1 h of incubation at 37 ◦C, the reaction was terminated by 
adding 100 μl of sulfuric acid, followed by the addition of n-butanol (1:4, 
v:v). After mixing and incubating for 10 min, the aliquots were centri-
fuged at 4000 rpm for another 5 min. The supernatant was carefully 
removed and added to a 96-well plate, after which the absorbance at 
490 nm was measured. All the tests were performed in triplicate. 

2.26. DNA binding assay 

A DNA binding assay was performed by gel retardation experiments 
as described previously [52]. Bacterial genomic DNA was extracted from 
E. coli E24 and P. aeruginosa P1 using a Bacteria Genomic DNA Kit 
(CWBIO, Jiangsu, China). DNA samples (150 μg/ml, 5 μl) were mixed 
with equal volumes of TS-CATH to achieve final concentrations of 2, 4, 
8, and 16 μg/ml TS-CATH. After 10 min of incubation at 25 ◦C, 1% 
agarose gel electrophoresis was performed to detect the migration of 
DNA in the different groups. This experiment was repeated twice. 

2.27. ROS measurement 

The ROS probe DCFH-DA was utilized to assess ROS levels in bacteria 
as previously described with some modifications [53]. The clinical strain 
E. coli E24 was cultured overnight to the logarithmic phase and then 
washed twice with saline by centrifuging at 10,000 rpm for 5 min. 
Bacteria were resuspended in PBS (containing 2% glucose) at 1 × 108 

CFU/ml, and DCFH-DA (Aladdin, Shanghai, China) was added at a final 
concentration of 10 μM. After incubating at 37 ◦C for 20 min, the 
mixture was centrifuged and resuspended in PBS to remove the free 
DCFH-DA. Subsequently, the mixture was incubated with 2-fold serial 
dilutions of TS-CATH, 2 μg/ml polymyxin B, 0.15% H2O2 (positive 
control), and 4 μg/ml TS-CATH with an ROS scavenger (1 mg/ml NAC) 
or inhibitor (10 μg/ml DP, 1 mg/ml TU) (Aladdin, Shanghai, China) in a 

black 96-well plate. The time-dependent effect of TS-CATH on DCF 
fluorescence (λ excitation = 488 nm, λ emission = 525 nm) was peri-
odically recorded every 15 min by a microplate reader. All the tests were 
performed in triplicate. 

2.28. RT–PCR 

The clinical strain E. coli E24 was cultured overnight at 37 ◦C and 
adjusted to 1 × 108 CFU/ml with MHB. Bacterial suspensions were 
cultured with 2 μg/ml (sub-MIC) TS-CATH for 0, 0.5 and 1 h. Bacterial 
total RNA was extracted with RNA-Easy Isolation Reagent (Vazyme, 
Nanjing, China). Residual DNA was digested with a gDNA digester mix 
kit (Yeasen, Shanghai, China), and cDNAs were synthesized using 
SuperMix (Yeasen, Shanghai, China). Target gene expression was 
measured with a SYBR Green Master Mix kit (Yeasen, Shanghai, China). 
All primers used for RT–PCR are listed in Table S8. The gene expression 
levels were calculated by the ΔΔCt method after normalization to the 16 
S ribosomal gene rsmA (a housekeeping gene known as ksgA) levels [54, 
55]. All the tests were performed in triplicate. 

2.29. Statistical analysis 

Assay results were subjected to statistical analysis using the Graph-
Pad Prism software package. One-way analysis of variance (ANOVA) or 
Student’s t test with three or more replicates was applied. Differences 
with p < 0.05 were considered statistically significant. Error bars 
represent the standard error of the mean. 

3. Results 

3.1. Identification and characterization of TS-CATH, BM-CATH, and LV- 
CATH 

Three novel cathelicidin family antimicrobial peptides from different 
species were obtained by screening and BLAST against the Thamnophis 
sirtalis, Balaenoptera musculus, and Lipotes vexillifer NCBI protein data-
bases (Fig. 1A). Several cathelicidin-related protein precursors were 
obtained (Fig. S1), and the mature peptide regions were characterized 
(Table S1). The representative peptides of each species were screened 
out by their physicochemical properties via multisequence alignment, 
which revealed that the sequence compositions were similar to those of 
other representative cathelicidin precursors (Fig. 1B); these peptides 
included a signal peptide at the N-terminus, a conserved cathelin 
domain with four invariantly spaced cysteines, and a mature antimi-
crobial peptide with various sequences at the C-terminus. The truncated 
mature peptides from Thamnophis sirtalis, Balaenoptera musculus, and 
Lipotes vexillifer were named TS-CATH, BM-CATH, and LV-CATH 
(Fig. 1C–E), respectively, and were subsequently synthesized for anal-
ysis of their structural properties and activities. 

The three novel cathelicidin antimicrobial peptides feature typical 
cationic, amphiphilic, and α-helical properties. The three-dimensional 
model structures of the peptides predicted by SWISS-MODEL show 
that the three peptides adopt highly α-helical conformations mainly 
distributed at their N-terminal. Moreover, cationic residues or hydro-
phobic residues are assembled relatively at the opposite face of the 
α-helix, forming hydrophilic and hydrophobic faces, respectively, sug-
gesting the key property of amphiphilicity. Similar results were obtained 
by helical wheel projection (Fig. 1F–H) and CD analysis (Fig. 1I–K). The 
CD spectra of the chemically synthesized peptides revealed a strong 
positive peak at 190 nm and two negative peaks near 208 nm and 
220 nm, indicating the presence of an α-helix in 25 mM SDS, while a 
negative peak near 200 nm represented a random coil structure in 
water. The helical properties of the peptides were predicted and pre-
sented by helical wheel projections. As shown in Fig. 1F–H, the helical 
wheel diagrams of peptides illustrate the assembly level of cationic or 
hydrophobic residues alongside their corresponding amino acid 
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Fig. 1. Structures and properties of novel cathelicidin antimicrobial peptides. (A) Schematic diagram illustrating the procedure for identifying novel cathelicidin 
antimicrobial peptides. (B) Multisequence alignment of TS-CATH, BM-CATH, and LV-CATH precursors with other representative cathelicidins by MEGA 7. The 
conserved residues are shaded, and the conserved residues in the cathelin domain are indicated with asterisks. 3D structures of (C) TS-CATH, (D) BM-CATH, and (E) 
LV-CATH predicted by SWISS-MODEL. (F–H) Helical wheel projections of TS-CATH, BM-CATH, and LV-CATH, respectively. (I–K) CD spectra for the secondary 
structures of the peptides in water and 25 mM SDS. (L) Physicochemical properties. H: Hydrophobicity; μH: Hydrophobic moment; Z: Net Charges; L: Length; MW: 
Molecular Weight. 
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residues. These diagrams reveal characteristic amphipathic structures, 
where the hydrophilic face is formed by cationic residues such as Lys and 
Arg pointing upward, while the hydrophobic face is constructed by 
hydrophobic residues such as Phe, Ile, Leu, and Trp facing downward. 

However, TS-CATH retains more cationic residues with a net charge of 
+ 16, although the hydrophobic moment and hydrophobicity are lower 
than those of BM-CATH or LV-CATH (Fig. 1L). Collectively, the data 
gathered demonstrate that the three novel cathelicidin antimicrobial 

Fig. 2. Bioactivity of novel cathelicidin antimicrobial peptides. (A–D) Antimicrobial activity against clinically isolated E. coli, P. aeruginosa, A. baumannii and 
K. pneumoniae. The MICs were determined by the agar dilution assay issued by CLSI. (E) Hemolytic activity toward sRBCs and (F–I) cytotoxicity toward mammalian 
cells, including HUVECs, BEAS-2B cells, L929 cells, and L02 cells. Statistical analyses were performed using a two-tailed Student’s t test. * P < 0.05, * * P < 0.01, 
* ** P < 0.001, and ns, not significant. The data are presented as the means ± SDs. 
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peptides exhibit an α-helical conformation, abundant cationic residues, 
and appropriate amphiphilic properties. These properties indicate that 
these sequences have potential antimicrobial activity. 

3.2. Functional screening of peptides based on antimicrobial activity and 
cytotoxicity 

To identify peptides with the potential to effectively eliminate drug- 
resistant pathogens with low cytotoxicity, an agar dilution assay was 
performed to determine the MICs, and an MTT assay was applied to 
evaluate cell viability after peptide treatment. As shown in Fig. 2A–D, 
the three novel peptides possessed broad-spectrum antimicrobial ac-
tivity. BM-CATH displayed potent bactericidal activity against gram- 
negative bacteria, with MICs ranging primarily from 8–16 μg/ml, sur-
passing those of LV-CATH, which had MICs ranging from 8–32 μg/ml. 
TS-CATH demonstrated comparable antimicrobial activity against 
gram-negative bacteria, with MICs range mostly spanning 8–32 μg/ml, 
paralleling the performance of LV-CATH. The MICs against the ATCC 
standard strains were measured by the same method (Table S4). 

Importantly, most of the clinically sensitive and β-lactam-resistant 
strains of E. coli were sensitive to all three peptides, with MICs ranging 
from 8–16 μg/ml (Fig. 2A). There was no significant difference in the 
susceptibility of the peptides to clinically sensitive or carbapenem- 
resistant P. aeruginosa, with most of the MICs being 32 μg/ml for TS- 
CATH and 16 μg/ml for BM-CATH and LV-CATH (Fig. 2B). Multidrug- 
resistant A. baumannii is encountered quite commonly in clinical treat-
ment. As shown in Fig. 2C, for clinically antibiotic-sensitive and clinical 
A. baumannii strains resistant to cephalosporins, carbapenems, β-lacta-
mase inhibitors, and fluoroquinolones, the MICs of BM-CATH were 
maintained at 8–16 μg/ml, and the MICs of TS-CATH and LV-CATH 
mostly ranged from 16–32 μg/ml. Except for K. pneumoniae 5#, the 
MICs of the three peptides varied slightly against K. pneumoniae isolates, 
with a concentration of approximately 16 μg/ml (Fig. 2D). 

The three peptides exhibited negligible hemolytic activity toward 
sRBCs (Fig. 2E), showing < 10% hemolysis even at the highest screened 
concentration (512 μg/ml). The cytotoxicity of the peptides toward 
HUVEC, BEAS-2B, L929, and L02 cells was also evaluated (Fig. 2F–I). 
Compared with BM-CATH and LV-CATH, TS-CATH exhibited less cyto-
toxicity toward BEAS-2B cells and HUVECs at 128 μg/ml or toward L929 
and L02 cells at 64 μg/ml, with IC50 values > 128 μg/ml against all four 
cell lines. 

In summary, our data indicate that these three peptides exhibit 
robust broad-spectrum antibacterial activity and negligible sheep red 
blood cell hemolysis, with undetectable cytotoxicity at bactericidal 
concentrations. Notably, TS-CATH was selected for further investigation 
of its antibacterial potential in vitro and in vivo, as well as its bactericidal 
mechanism, given its exceptional antimicrobial activity against gram- 
negative bacteria and minimal cytotoxicity. 

3.3. TS-CATH exhibits effective and rapid bactericidal activity against 
drug-resistant pathogens in vitro 

To further explore the antimicrobial spectrum and bactericidal ac-
tivity of TS-CATH, the MICs and MBCs against clinically isolated drug- 
resistant strains were detected by a broth microdilution assay 
(Table S2). Indeed, the MICs of TS-CATH against clinical isolates of 
E. coli, P. aeruginosa, K. pneumoniae, and A. baumannii were all 4 μg/ml, 
and TS-CATH could completely kill all of the bacteria at 16 μg/ml 
(4 ×MIC), and some of them even had MBCs of 8 μg/ml (2 ×MIC) or 
4 μg/ml. Moreover, TS-CATH also showed bactericidal activity against 
H. pylori SS1 at an MIC of 4 μg/ml. Nonetheless, the MICs of TS-CATH 
against S. aureus and MRSA reached 16 μg/ml, and there was no sig-
nificant inhibitory effect on the growth of the fungi. 

TS-CATH exhibited a rapid killing effect against drug-resistant 
strains of E. coli, P. aeruginosa, and K. pneumoniae and could eradicate 
bacteria within 0.5 h at 16 μg/ml (Fig. 3A–F). In contrast to TS-CATH, 

ceftazidime at 64 μg/ml required 12 h to completely kill E. coli 
(Fig. 3A), and meropenem at 32 μg/ml required 8 h to kill P. aeruginosa 
(Fig. 3C). Moreover, K. pneumoniae, which was eliminated within 4 h, 
required 512 μg/ml ceftazidime (Fig. 3E). To further explore the 
bactericidal kinetics of TS-CATH, the bactericidal curves against clinical 
isolates within 0.5 h were determined. Notably, after TS-CATH was 
added, the number of tested gram-negative bacteria decreased by more 
than 3 log CFU, indicating that 99.9% of the bacteria were killed within 
2 min (Fig. 3B) and that P. aeruginosa, E. coli, and K. pneumoniae were 
effectively killed within 5, 10, and 20 min (Fig. 3D and F). The selective 
killing activity of TS-CATH against bacteria rather than normal cells was 
assessed by the protection of L929 cells infected with ceftazidime- 
resistant E. coli (Fig. 3G). After 24 h of infection, all the L929 cells 
were dead and stained red according to the Live/Dead Kit. Although the 
addition of 16 μg/ml ceftazidime successfully inhibited bacterial 
growth, it also induced damage to the cocultured L929 cells. Taken 
together, these results indicate that TS-CATH has excellent antibacterial 
and bactericidal effects against all drug-resistant gram-negative bacteria 
and has a rapid killing effect in vitro. 

3.4. TS-CATH effectively protected mice against ceftazidime-resistant 
E. coli-induced acute systemic infection 

A mouse bacteremia model was established by intraperitoneal in-
jection of a minimal lethal dose of ceftazidime-resistant E. coli (Fig. 4A), 
which caused 100% mouse death on the first day postinfection and led to 
the loss of 85.7% of the mice treated with 5 mg/kg ceftazidime. 
Remarkably, seven days after infection, 10 mg/kg TS-CATH rescued 
85.7% of the mice, and even 2.5 mg/kg TS-CATH had stronger protec-
tive effects than did ceftazidime (5 mg/kg) in vivo (Fig. 4B). In addition, 
the body weights of the mice in all the groups decreased on the first day 
after infection (Fig. 4C). However, TS-CATH increased the body weights 
of the mice in a dose-dependent manner after the second day post 
infection. Furthermore, the ability of TS-CATH to eliminate E. coli in 
infected mice was determined by counting bacterial colonies in blood 
and organs (Fig. 4D–I). The mice in the model group responded the same 
as those in the ceftazidime-treated group, with approximately 1 × 109 

CFU/g in the lung, liver, spleen, and kidney tissues and 1 × 109 CFU/ml 
in the blood, suggesting that 5 mg/kg ceftazidime failed to kill E. coli in 
vivo . In contrast, TS-CATH treatment significantly decreased the bac-
terial counts in each tissue and blood sample. Compared with those in 
the model and ceftazidime-treated groups, TS-CATH at 10 and 5 mg/kg 
dramatically reduced the bacterial load to 105 CFU/ml, a decrease of 
4 log CFU in blood, with a similar reduction to 106 or 105 CFU/ml in 
organs. Treatment of mice with peptide significantly reduced the num-
ber of bacterial colonies in the tissues, while there was no significant 
difference in the bacterial load between the ceftazidime-treated and 
untreated mice. 

The overproduction of proinflammatory cytokines, such as IL-1β, 
TNF-α, and IL-6, followed by infection tends to induce severe injury to 
tissues. Serum samples from each group were collected after 8 h of 
infection and used to measure the levels of proinflammatory cytokines 
via an ELISA kit. Compared with those in the model group, the E. coli- 
induced secretion levels of TNF-α, IL-1β, and IL-6 in the serum were 
markedly and dose-dependently attenuated by TS-CATH (Fig. 4J–L), 
while the administration of ceftazidime had little effect on the secretion 
of these cytokines. H&E staining of lung tissue from the normal group 
clearly revealed alveolar and bronchial branches and interstitial struc-
tures. However, the lung tissues of the model and ceftazidime-treated 
groups exhibited drastic inflammatory cell infiltration, alveolar wall 
thickening, adjacent alveolar space enlargement, and local hemorrhage 
(Fig. 4M). Notably, the inflammatory infiltration and bleeding in the 
lung tissues of the mice treated with TS-CATH were alleviated, indi-
cating that the peptides could significantly reduce the lung tissue injury 
caused by bacterial infection. 

These data indicate that TS-CATH can significantly improve the 
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Fig. 3. Killing curves of TS-CATH and its selective toxicity against clinically gram-negative bacteria. TS-CATH rapidly kills clinically isolated drug-resistant strains, 
including (A–B) E. coli, (C–D) P. aeruginosa, and (E–F) K. pneumoniae. a: Clinically isolated strains. (G) Calcein/PI live/dead cell staining of L929 cells infected with 
E. coli and TS-CATH selective toxicity against E. coli E24 and protection of L929 cells from bacterial infection. 
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survival rate of ceftazidime-resistant E. coli-infected mice in a dose- 
dependent manner and has a protective effect on the maintenance of 
body weight. 

3.5. TS-CATH significantly ameliorated skin wound infection induced by 
drug-resistant P. aeruginosa 

Hydrogels are easy to spread and comfortable, can absorb tissue 

Fig. 4. TS-CATH protected mice against drug-resistant resistant E. coli-induced acute systemic infection. (A) Schematic diagram illustrating the timeline of the 
experimental process. (B) Survival rates and (C) body weights of mice inoculated via intraperitoneal injection of the minimum lethal dose of E. coli (1 × 109 CFU/ml) 
and treated with TS-CATH (2.5, 5, or 10 mg/kg) or ceftazidime (5 mg/kg). (D–H) Bacterial counts in mouse lung, liver, spleen, kidney, and blood and (I) photographs 
of agar plates of lung samples. (J–L) ELISA analysis of the serum levels of TNF-α, IL-1β, and IL-6 in mice at 8 h after infection. (M) H&E staining (×100) of mouse 
lungs. Black arrows: lung lesions. The data are presented as the means ± SDs. Statistical analyses were performed using one-way ANOVA (C-G, I-K). * P < 0.05, 
* * P < 0.01, * ** P < 0.001, and ns, not significant, compared with the model. The data are presented as the means ± SDs. 
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exudate, do not interfere with the normal physiological effects of the 
skin, have a certain water retention effect, and can promote the trans-
dermal absorption of drugs [56,57]. A mouse model of full-thickness 
skin damage caused by infection with P. aeruginosa was generated to 
further evaluate the therapeutic efficacy of the TS-CATH hydrogels 
(Fig. 5B). The process of wound healing was recorded, as shown in 
Fig. 5A, and the results were quantitatively analyzed, as shown in 
Fig. 5C. Notably, the 10 mg/kg TS-CATH hydrogel promoted wound 
healing within 13 days, and the healing speed was also similar to those 
of the positive control groups treated with meropenem (40 mg/kg) and 
polymyxin B (40 mg/kg). However, medium-dose (5 mg/kg) and 
low-dose (2.5 mg/kg) TS-CATH hydrogels had limited effects on wound 
closure, and the wound area appeared the same as that of the model 
group, which still had scabs on the 13th day. 

Moreover, to evaluate the ability of TS-CATH hydrogels to eliminate 
P. aeruginosa colonization in wound tissues, the number of bacterial 
colonies was determined by counting viable bacteria on the 3rd day 
(Fig. 5E) and 7th day (Fig. 5D and F). Treatment with TS-CATH 
hydrogels dose-dependently reduced the number of bacterial colonies 
in the skin tissue, and this clearance effect was more pronounced on the 
7th day (Fig. 5F), with a 40-fold reduction in the number of bacterial 
colonies after treatment with 10 mg/kg TS-CATH hydrogels compared 
with that in the model group. 

Furthermore, H&E and Masson staining were utilized to assess in-
juries, inflammatory reactions, and collagen regulation in skin wound 
tissues collected on the 7th day. The skin of the mice in the model group 
was edematous, which was accompanied by inflammatory cell infiltra-
tion and fibroblast proliferation (Fig. 5H). Although enlarged blood 
vessels were also observed in the medium- and low-dose TS-CATH- 
treated groups, no substantial inflammatory cell infiltration was 
observed. Indeed, wound skin treated with medium- or high-dose TS- 
CATH displayed a clear epidermal structure with more hair follicles, 
sweat glands and collagen deposited in dermal tissue (Fig. 5H and I). 
Full-thickness skin excision invariably results in the formation of scar 
tissue that lacks miniature organ structures such as hair follicles [58]. 
However, the presence of regenerated hair follicles in the TS-CATH 
hydrogel treatment groups indicated that this hydrogel has the poten-
tial to promote scarless repair. L929 cells are mouse fibroblasts that were 
used to study cell migration via the scratch assay method in vitro [46, 
47], and the cell scratch assay results also indicated that TS-CATH could 
improve the motility of L929 cells (Fig. 5G). These results demonstrated 
that TS-CATH can ameliorate wound infection and improve wound 
closure. 

3.6. TS-CATH induced disruption of the bacterial membrane 

Positively charged peptides can directly bind to negatively charged 
groups on the surface of bacteria, which is the basis for the antibacterial 
activity of cationic antimicrobial peptides [59]. A particle size potenti-
ometer was used to detect changes in the bacterial surface potential after 
the addition of TS-CATH. As shown in Fig. 6A, the positively charged 
peptide TS-CATH reduced the negative surface charges of E. coli E24 and 
P. aeruginosa P1 in a dose-dependent manner. When the peptide con-
centration was 16 μg/ml (4 ×MIC), the surface negative potential of 
E. coli decreased from − 31.4 mV to − 1.1 mV (Fig. 6B), indicating that 
the cationic peptide TS-CATH that accumulated on the surface of bac-
teria could neutralize the negative surface charge of bacteria and bind to 
bacteria via electrostatic interactions. 

NPN is a fluorescent probe that detects hydrophobicity and can enter 
the exposed hydrophobic phospholipid layer inside disrupted bacterial 
outer membranes to generate a fluorescence signal upon excitation. The 
NPN uptake results showed that the peptide TS-CATH increased the 
fluorescence intensity of NPN in a dose-dependent manner (Fig. 6C and 
D). When the peptide concentration reached 8 μg/ml, the fluorescence 
intensity of NPN was the same as that of 10 μg/ml polymyxin B, and the 
increase in TS-CATH concentration did not further increase the 

fluorescence intensity of NPN, suggesting that TS-CATH at 8 μg/ml 
could maximize the damage to the bacterial outer membranes of E. coli 
E24 and P. aeruginosa P1. 

The ability of bacteria to uptake PI dye, which cannot penetrate 
intact bacterial cell membranes, was detected to explore the degree of 
bacterial cell membrane damage. The addition of TS-CATH dose- 
dependently enhanced the fluorescence intensity of the PI dye, indi-
cating destruction of the bacterial inner membrane (Fig. 6E and F). 

β-galactosidase decomposes o-nitrophenyl-β-D-galactoside pyrano-
side (ONPG) to produce galactose and yellow 2-nitrophenol, which can 
be detected at an absorbance of 420 nm. The leakage of bacterial con-
tents is demonstrated by the decomposition of ONPG in the solution 
resulting from the release of β-galactosidase from the cell due to the 
rupture of the bacterial cell membrane. The addition of TS-CATH pro-
moted dose- and time-dependent increases in absorbance, suggesting 
that TS-CATH can disrupt the bacterial cell membrane and cause the 
efflux of bacterial contents (Fig. 6G). 

TEM was performed to observe the changes in the internal or 
external morphology of E. coli E24 and P. aeruginosa P1 after TS-CATH 
treatment. In the absence of TS-CATH, E. coli maintained a smooth 
surface, intact bacterial cell wall structure, and intact cytoplasm. 
Remarkably, in the presence of TS-CATH, E. coli cells had incomplete 
cell walls with multiple holes, leakage of cytoplasmic contents, and 
vacuolization, with a similar phenomenon observed for P. aeruginosa P1 
treated with TS-CATH (Fig. 6H). These observations further indicated 
that the overwhelming cell wall and membrane disruption induced by 
TS-CATH resulted in bacterial death. 

DiSC3(5) is a membrane potential-sensitive probe that emits fluo-
rescence when the transmembrane potential is depolarized. Considering 
the above finding that TS-CATH could induce bacterial cell membrane 
permeation, DiSC3(5) was used to explore whether TS-CATH could 
reduce the membrane potential. The changes in the fluorescence in-
tensity of DiSC3(5) are shown in Fig. 6I and J; that is, the fluorescence 
intensity significantly increased when the TS-CATH concentration was 
above 4 μg/ml, and the highest fluorescence intensity was equivalent to 
that of the positive control melittin, indicating that TS-CATH can 
dissipate the membrane potential by permeating the membrane. 

3.7. TS-CATH induced dysfunction of the bacterial respiratory chain 

The chemiosmotic theory suggests that protons pumped by the res-
piratory chain are driven by the proton dynamic potential back into the 
cytosol by ATP synthase, where they are coupled to generate ATP. CCCP 
is an oxidative phosphorylation uncoupling agent that reduces protons 
back to the cytosol via ATP synthase. The changes in the bacterial ATP 
concentration after coincubation with bacteria at sub-MICs (<4 μg/ml) 
of TS-CATH were determined to explore whether the depolarization of 
the membrane potential by TS-CATH affects the accumulation of bac-
terial ATP. The results showed that the peptide TS-CATH decreased ATP 
accumulation in a dose-dependent manner in P. aeruginosa (Fig. 7B), and 
when TS-CATH reached 4 μg/ml, the ATP level was comparable to that 
of the uncoupled positive control CCCP. In E. coli E24, 1 μg/ml (1/ 
4 ×MIC) TS-CATH significantly inhibited total ATP accumulation by 
50% (Fig. 7A). 

To further explore the effects of TS-CATH on the bacterial respiratory 
chain, the NADH levels were subsequently measured by resazurin [53]. 
Resazurin can be reduced by NADH to the red fluorescent dye resorufin 
in cells, and the fluorescence intensity of resorufin reflects the content of 
NADH. For E. coli E24 (Fig. 7C), TS-CATH at sub-MICs promoted the 
production of resorufin in a dose-dependent manner, suggesting the loss 
of NADH. However, a higher concentration of TS-CATH promoted 
NADH amassing at the initial stage, which slowed in 150 min. Similar 
phenomena were found for P. aeruginosa (Fig. 7D). TS-CATH enhanced 
the production of resorufin in a dose-dependent manner, but there was 
no significant difference in NADH accumulation after treatment with 
TS-CATH above the MIC. The content of NADH not only decreased but 
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Fig. 5. TS-CATH protected mice against drug-resistant P. aeruginosa-induced wound infection. (A) Representative images of the wound healing process of mice 
treated with TS-CATH hydrogel (2.5, 5, and 10 mg/kg), black hydrogel, meropenem solution (MERO, 40 mg/kg), or compound polymyxin B ointment (PMB, 40 mg/ 
kg). Scale bar, 1 µm. (B) Schematic diagram illustrating the timeline of the experimental process. (C) Quantitative analysis of the relative wound areas at different 
time points. (D) Photographs of agar plates of skin wound tissues on day 7. (E–F) Bacterial counts in mouse skin wound tissues at days 3 and 7. (G) Cell scratch assay 
for cell migration (left) and quantification (right). (H) H&E (×100) and (I) Masson staining images (×100) of skin wound tissues on day 7. Black arrows: enlarged 
blood vessels; “* ”: sweat glands; “^”: hair follicles. The data are presented as the means ± SDs. Statistical analyses were performed using a two-tailed Student’s t test 
(C) or one-way ANOVA (E–G). * P < 0.05, * * P < 0.01, * ** P < 0.001, and ns, not significant, compared with the model. The data are presented as the 
means ± SDs. 
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also increased with the addition of TS-CATH, suggesting that TS-CATH 
may inhibit the activity of NADH dehydrogenase in the respiratory 
chain, resulting in the accumulation of NADH dehydrogenase substrates. 
Moreover, exogenously added TTC, a membrane-permeable substrate of 
respiratory chain dehydrogenase, can be oxidized to the red formazan 
compound triphenylformazan (TF) by dehydrogenase. The absorbance 
of red TF was measured to explore the change in dehydrogenase activity. 
As illustrated in Fig. 7E and F, coincubation of TS-CATH with bacteria 
for 1 h reduced dehydrogenase activity in a dose-dependent manner, 
which was halved at a sub-MIC of 2 μg/ml. Furthermore, the expression 
levels of the respiratory chain dehydrogenase genes ndh and sdhC in 
E. coli E24 were inhibited in a time-dependent manner in response to 
treatment with TS-CATH at sub-MICs (Fig. 7G and H). The gel retarda-
tion results revealed that TS-CATH bound to E. coli E24 genomic DNA 
and P. aeruginosa P1 genomic DNA (Fig. 7K and L), which may interfere 
with synthesis, replication, and translational processes [60,61]. The 
data above suggest that TS-CATH suppresses the activity of NADH 

dehydrogenase and succinate dehydrogenase by inhibiting their gene 
expression. 

3.8. TS-CATH promoted antimicrobial effects by inducing ROS 

Disruption of the respiratory chain is accompanied by ROS forma-
tion. The ROS probe DCFH-DA can be hydrolyzed by esterase, retained 
in the cell and subsequently oxidized by intracellular ROS to produce the 
fluorescent substance DCF. The fluorescence intensity of DCF reflects the 
level of intracellular ROS. TS-CATH promoted the production of ROS in 
bacteria in a dose-dependent manner, and the level of ROS induced was 
comparable to that of the positive control polymyxin B (Fig. 7M). 
Moreover, the ROS production induced by TS-CATH could be suppressed 
by the addition of the ROS scavenger NAC, the Fenton reaction inhibitor 
dipyridine (DP), and the hydroxyl radical scavenger thiourea (TU), 
suggesting the induction of hydroxyl radical formation (Fig. 7N). In 
addition, the superoxide dismutase gene SodB was significantly 

Fig. 6. TS-CATH induced destabilization of the bacterial membrane. (A–B) Zeta potential detection of E. coli E24 and P. aeruginosa P1 treated with TS-CATH. (C–D) 
The outer membrane permeability of TS-CATH determined by detecting NPN fluorescence. Polymyxin B at 16 μg/ml was used as a positive control. (E–F) TS-CATH 
dosage-related membrane permeability was measured by the increased fluorescence of PI. (G) TS-CATH dose-related leakage of intracellular contents was detected by 
the release of cytoplasmic β-galactosidase from E. coli E24, which hydrolyzed ONPG to yellow 2-nitrophenol at an absorbance of 420 nm. (H) TEM images of TS- 
CATH-induced E. coli E24 and P. aeruginosa P1 membrane disruption and leakage of the cytoplasmic contents. Arrows: damaged membrane; “* ”: leakage of 
cytoplasmic contents. Scale bar, 1 µm. (I–J) The dissipation of bacterial membrane potential was determined by the increase in DiSC3(5) fluorescence for several TS- 
CATH dosage treatments. Statistical analyses were performed using two-tailed one-way ANOVA. * P < 0.05, * * P < 0.01, * ** P < 0.001, and ns, not significant. The 
data are presented as the means ± SDs. 
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increased after sub-MIC (2 μg/ml) TS-CATH treatment, further indi-
cating that TS-CATH induced intracellular ROS production, while the 
expression level of SodA was slightly reduced (Fig. 7I and J). 

Due to the strong oxidative activity of hydroxyl radicals and the 
extreme destruction of proteins and DNA, TS-CATH could exert its 
antimicrobial effect by inducing ROS. The effect of induced ROS on 
bacterial growth was explored by adding an ROS scavenger during the 
coincubation of TS-CATH with bacteria. The inclusion of NAC did not 
alter the growth rate of normal bacteria; nonetheless, after coincubation 
with sub-MIC of TS-CATH, the number of bacterial CFUs was signifi-
cantly greater than that observed following treatment with TS-CATH 
alone (Fig. 7O and P). The addition of NAC partially restrained the 
antibacterial activity of TS-CATH, which also confirmed that TS-CATH 
could exert its antimicrobial effect by inducing ROS. Taken together, 
the results showed that TS-CATH destabilized the bacterial membrane 
and disrupted the bacterial respiratory chain, leading to the generation 

of additional ROS and ultimately undermining bacterial growth (Fig. 8). 

3.9. Activity stability in salt and serum 

Infection-associated skin edema is marked by the accumulation of 
fluid, leading to swelling and subsequent creation of a microenviron-
ment with a high salt concentration. As a result, peptides must maintain 
their activity in environments containing high salt concentrations [62, 
63]. As shown in Table S5, TS-CATH maintained antimicrobial activity 
as the salt concentration increased from 100 to 150 mmol. Many con-
ventional antibiotics, such as β-lactams, cephalosporins, tetracyclines, 
and quinolones, are unstable in aqueous solutions [64]. In addition, 
TS-CATH retained its bactericidal activity after being incubated at a 
wide range of temperatures (37–90 ◦C) (Table S6). Issues have been 
raised regarding the stability of peptidic drugs for systemic use, and 
their serum stability was further investigated. After incubation with 

Fig. 7. TS-CATH induced disruption of the bacterial respiratory chain and the accumulation of ROS. (A–B) Intracellular ATP levels at different TS-CATH concen-
trations. Treatment with 40 μg/ml CCCP was used as a positive control. (C–D) Reduction of resazurin to resorufin by NADH at different TS-CATH concentrations. 
(E–F) Respiratory chain dehydrogenase activity inhibition was detected by the oxidation of colorless TTC to triphenylformazan (TF) at an absorbance of 480 nm. 
(G–H) The expression levels of dehydrogenase genes (ndh and sdhC) and (I–J) superoxide dismutase genes (sodA and sodB) in E. coli E24 in response to treatment with 
TS-CATH at sub-MIC (2 μg/ml). (K–L) DNA binding activity of TS-CATH to genomic DNA. (M) Total ROS accumulation in E. coli E24 treated with TS-CATH was 
recorded by the probe DCFH-DA⋅H2O2 (0.15%) and polymyxin B (4 μg/ml) were used as positive controls. (N) Exogenous addition of the ROS scavenger NAC or the 
ROS inhibitors DP and TU diminished the TS-CATH-induced accumulation of ROS. (O–P) Colony-forming units of E. coli at increasing dosages of TS-CATH in the 
presence or absence of NAC. Statistical analyses were performed using a two-tailed Student’s t test or one-way ANOVA. * P < 0.05, * * P < 0.01, * ** P < 0.001, and 
ns, not significant. The data are presented as the means ± SDs. 
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25% fresh mouse serum for up to 2 h, TS-CATH retained antimicrobial 
activity but with a 4-fold increase in MIC (Table S7). This increase may 
be attributed to protease degradation in the serum [65,66]. Overall, 
TS-CATH, which has systemic or local applications, is resistant to NaCl, 
temperature, and serum. 

4. Discussion 

In 2019, bacterial antimicrobial resistance was responsible for 
approximately 1.2 million deaths globally [67]. Antimicrobial peptides 
are promising therapeutic agents for treating drug-resistant bacterial 
disease, which is attributed to decreased susceptibility to evolutionary 
resistance. In this study, novel cathelicidin protein precursors were ob-
tained from Thamnophis sirtalis, Balaenoptera musculus, and Lipotes vex-
illifer. After confirming the conserved sequence, the mature peptide 
sequences were truncated and named TS-CATH, BM-CATH, and 
LV-CATH. 

These three peptides have a high α-helix contents in a hydrophobic 
environment with high hydrophobicity, hydrophobic moments, and 
positive charges. α-Helical peptides are often unstructured in aqueous 
solution but adopt an amphipathic helical structure when in contact 
with a biological membrane [68]. These three peptides exhibited 
broad-spectrum antimicrobial activity against gram-negative bacteria, 
including E. coli, P. aeruginosa, K. pneumoniae, and A. baumannii, while 
TS-CATH had little effect on S. aureus. Due to the excellent antimicrobial 
activity and negligible cytotoxicity of TS-CATH, it was selected for 
continued bactericidal effect assessment in vitro and in vivo. 

TS-CATH has been shown to have effective and rapid bactericidal 
activity against drug-resistant clinically isolated pathogens, with MBCs 
within 4 ×MICs, and completely killed gram-negative bacteria at 
4 ×MIC in 20 min. Other peptides, such as magainin 2 [69], cecropin P1 
[70], PR-39 [70], and SMAP29 [71], have been shown to kill bacteria in 
15–90 min. AMPs demonstrate more rapid bactericidal activity than 
small-molecule antibiotics, achieving this effect within minutes rather 

than hours [21]. This faster bactericidal effect results in reduced 
evolutionary pressure, as bacteria have fewer opportunities for the 
generation and development of resistance. Compared with normal 
mammalian cells, TS-CATH also maintained a satisfactory killing effect 
on pathogens at the MBC. This selectivity arises from fundamental dif-
ferences in surface charge and composition between host cells and 
pathogenic bacteria [72,73]. Furthermore, the leucine/isoleucine zipper 
structures present in BM-CATH and LV-CATH but absent in TS-CATH, 
where every seventh amino acid residue is either leucine or isoleucine, 
play critical roles in mediating their cytotoxicity to mammalian cells. 
However, the same motif does not contribute substantially to the anti-
bacterial activity of these compounds [74,75], which may help explain 
the inferior selective cytotoxicity of BM-CATH and LV-CATH. 

E. coli is the most common causative agent of infections acquired in 
hospital and community settings [76]. A bacteremia model involving the 
injection of ceftazidime-resistant E. coli was constructed to explore the 
protective effect of the peptide on acute infection. Under lethal infection 
with E. coli, TS-CATH dose-dependently improved the survival rate to 
85.7% in mice, possibly because of its potent bactericidal effects. 
Moreover, TS-CATH may inhibit the bacterium-induced inflammatory 
response because it was reported that nonhuman cathelicidins can 
suppress the LPS-induced inflammatory response by suppressing TLR4 
signaling [77]. 

P. aeruginosa causes serious infection and septic mortality in burn 
patients, particularly when it is nosocomially acquired [78]. A high dose 
of the TS-CATH hydrogel promoted wound healing and accelerated the 
wound healing rate by significantly reducing the bacterial load in the 
wound tissue. However, TS-CATH at dosages of 2.5 or 5 mg/kg had little 
effect on wound healing, which may be attributed to the deficiency of 
the dosage compared with those of the positive control drugs. Similarly, 
LL-37 can also promote angiogenesis, wound healing [27,79], and 
re-epithelialization of wounds [28]. These phenotypic changes are 
attributed to the activation of signaling intermediates and transcription 
factors mediated by the peptide [27]. Whether TS-CATH accelerates 

Fig. 8. Proposed antimicrobial mechanism of TS-CATH. TS-CATH destabilized the bacterial membrane and disrupted the bacterial respiratory chain, leading to the 
generation of additional ROS and ultimately undermining bacterial growth. 
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wound healing through these mechanisms needs further exploration. 
Due to their special amphiphilic structural characteristics, antimi-

crobial peptides can directly damage the cell walls and membranes of 
bacteria but cannot easily cause drug resistance. In addition, a variety of 
mechanisms involving intracellular antimicrobial peptide targets, such 
as binding to virulence proteins to inhibit the activity of virulence 
proteins and inhibiting the biosynthesis of DNA, RNA, or proteins, have 
been widely reported [16,42,45]. In this study, the bacterial surface 
potential was significantly neutralized after TS-CATH treatment, 
revealing that TS-CATH could interact with bacteria via electrostatic 
interactions. Teichoic acids are present in the cell walls of gram-positive 
bacteria, and lipopolysaccharides (LPS) in the outer membranes of 
gram-negative bacteria contribute to the electronegative charge of the 
bacterial surface. This charging profile is highly attractive for positively 
charged AMPs [73]. Subsequently, a series of assays, including NPN, PI 
staining, ONPG, and TEM assays, all showed that TS-CATH can damage 
the bacterial outer and inner cell membranes, leading to the leakage of 
bacterial internal proteins. There was a difference in the base values of 
the NPN uptake assay between E. coli and P. aeruginosa, resulting in 
different increasing fluorescence intensities of NPN, as shown in Fig. 6C 
and D; this difference may be ascribed to the different membrane 
compositions of E. coli and P. aeruginosa leading to differences in hy-
drophobicity [80,81]. The membrane potential plays a crucial role in 
maintaining the functions of membrane proteins, such as those used for 
voltage-gated ionic channels and the synthesis of ATP [82]. Indeed, 
TS-CATH depolarized the difference in the membrane potential between 
the two sides of the cell membrane in a dose-dependent manner. 

Because TS-CATH can destroy the bacterial cell membrane where the 
respiratory chain is located, the disruption effect of the respiratory chain 
was further explored. The respiratory chain pumps protons to the 
outside of the membrane via transmembrane proteins, resulting in an 
electrochemical gradient between the separate sides of the cell mem-
brane. TS-CATH inhibited ATP accumulation in a dose-dependent 
manner at sub-MICs, suggesting that TS-CATH could disrupt the bacte-
rial inner membrane and promote the efflux of protons from the mem-
brane, possibly by acting as a respiratory chain uncoupling agent. 
Proton-pumping NADH:ubiquinone oxidoreductase, also called com-
plex I, is the first respiratory complex to provide the proton motive force 
by proton-coupled electron transfer reactions from NADH to oxygen, 
which is essential for ATP synthesis [83]. Thus, the activity of NADH 
dehydrogenase was further investigated. TS-CATH at sub-MICs upre-
gulated NADH levels and promoted NADH accumulation, indicating that 
TS-CATH can inhibit the activity of NADH dehydrogenase in the respi-
ratory chain. Although resazurin was used to determine cell viability 
[84], it was also used to monitor the NADH level to characterize the 
activity of NADH dehydrogenase [53,85,86]. The gene expression levels 
of NADH dehydrogenase and succinate dehydrogenase decreased after 
E. coli were treated with sub-MIC of TS-CATH, suggesting that the in-
hibition of NADH dehydrogenase gene expression and activity promotes 
the accumulation of NADH and ATP. Notably, earlier research revealed 
that polymyxin B treatment could also decrease the level of NADH de-
hydrogenase and induce aberrant oxidative respiration [87,88]. 

Excessive ROS produced when the respiratory chain is disrupted can 
further damage biological macromolecules in bacteria while inducing 
antioxidant enzymes to eradicate ROS [53,89]. In a dose-dependent 
manner, TS-CATH induced the production of ROS, including hydroxyl 
radicals, which could be suppressed by the addition of the hydroxyl 
radical scavenger TU and the Fenton reaction inhibitor DP. Disruptions 
in the electron transport chain can promote the production of superox-
ide, which can participate in the Fenton reaction, leading to the gener-
ation of hydroxyl radicals [90–92]. SodA and SodB are superoxide 
dismutases that defend against oxidative stress through the decompo-
sition of superoxide radicals in E. coli. SodA is more effective at pre-
venting damage to DNA, while SodB is more effective at protecting 
against cytoplasmic superoxide-sensitive enzymes [93]. While SodA and 
SodB synthesis are completely opposed in E. coli [94], TS-CATH induced 

significant upregulation of the SodB gene and slight downregulation of 
the SodA gene, revealing that oxidative stress occurred in these cells. 
This oxidative stress could cause structural damage to cellular macro-
molecules such as DNA, lipids, and proteins and ultimately cause bac-
terial death [90,91,95]. Polymyxin treatment has been shown to induce 
hydroxyl radical production through the Fenton reaction, which medi-
ates the rapid killing of A. baumannii and E. coli [95]. The ROS scavenger 
NAC significantly inhibited the antibacterial activity of TS-CATH, sug-
gesting that ROS induction was involved in the inhibitory effect of 
TS-CATH on bacterial growth. In earlier studies, cathelicidin peptides 
were found to induce ROS production in bacteria, leading to bacterial 
growth restriction through perturbation of bacterial membranes ROS 
induction [89,92,96]. 

In summary, this study demonstrated that TS-CATH from Thamnophis 
sirtalis has rapid and potent broad-spectrum bactericidal activity against 
drug-resistant pathogens in vitro. Moreover, TS-CATH effectively 
rescued mice with bacteremia and ameliorated infected wounds by 
directly killing bacteria through the destabilization and rupture of their 
membranes. At sub-MICs, TS-CATH disrupted the bacterial respiratory 
chain, leading to the inhibition of ATP accumulation and the induction 
of additional ROS, ultimately undermining bacterial growth. Therefore, 
these findings highlight TS-CATH as a promising therapeutic agent for 
treating drug-resistant bacterial infections. 
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