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Introduction: Acinetobacter baumannii has become a major difficulty in the treatment of bacteria-associated infection. The 
previously reported antimicrobial peptide Cec4 exhibited good and stable activity against A. baumannii in vitro, but the mechanisms 
and effects in vivo are elusive.
Methods: The effects of Cec4 on bacterial membrane permeability, membrane potential and bacterial reactive oxygen species were 
measured. The cell membrane localization of antimicrobial peptides was studied by fluorescence labelling. The ability of bacteria to 
develop resistance to antimicrobial peptides was studied by continuous induction, and transcriptome difference was analysed. The in 
vivo toxicity of Cec4 against nematodes and mice was studied, and the in vivo therapeutic potential of Cec4 against A. baumannii was 
assessed.
Results: Cec4 effectively cleared multidrug-resistant A. baumannii by altering bacterial cell membrane permeability, changing 
bacterial cell membrane polarity, and increasing bacterial intracellular reactive oxygen species. Cec4 affected the expression of the 
secretion system, outer membrane, and efflux pump genes of A. baumannii. In addition, the bacteria did not acquire stable drug- 
resistant ability. Cec4 at 1.024 mg/mL did not affect the proliferation of HeLa and HepG2 cells, and Cec4 at 45 mg/kg had little effect 
on the mortality of Caenorhabditis elegans, even the liver and kidney tissues of mouse. Most importantly, Cec4 could effectively 
improve the survival rates and reduce the bacterial load of various tissues in the mouse model of infection.
Conclusion: In conclusion, Cec4 can damage the cell membrane of bacteria, and the bacteria is not easy to produce resistance to 
Cec4. Besides, Cec4 has good potential for the treatment of multidrug-resistant A. baumannii infections.
Keywords: antimicrobial peptide, A. baumannii, sepsis, skin infection, drug safety

Introduction
Acinetobacter baumannii, as a Gram-negative aerobic bacterium, is commonly found in the clinical intensive care unit, 
haematology department, infectious department, urology department, etc. The bacteria are mainly transmitted indirectly 
through the surface of objects, and with the spread of COVID-19, respiratory and associated A. baumannii infections are 
also on the rise.1 The emergence of drug-resistant A. baumannii has led to increasingly serious problems in the treatment 
of clinical infectious diseases. It has been reported that patients infected with carbapenem-resistant pathogens have 
higher morbidity and mortality compared to patients infected with susceptible pathogens.2,3 For the moment, carbapenem 
antibiotics are the most-used first-line antibiotics for the treatment of Gram-negative infections, and the accelerated 
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emergence of carbapenem-resistant A. baumannii (CRAB) is a serious threat to global public health.4 Since 2017, when 
the World Health Organisation focused on CRAB, various potential drugs and therapies against CRAB have been 
proposed. For example, New β-lactam and β-lactamase inhibitor combination therapies have played a role in the 
mitigation of CRAB infections.5 Tigecycline and polymyxin have become limited drugs for the treatment of carbape-
nem-resistant bacteria, but the efficacy and toxicity of tigecycline and polymyxin in the treatment of infection are 
problems.6 On the other hand, colistin-resistant A. baumannii has emerged, and there is no other way for the treatment of 
colistin-resistant bacteria except combination therapy7 and the development of new drugs.

Antimicrobial peptides (AMPs) protect the host from pathogens as part of innate immunity.8 AMPs can eliminate 
multiple and pan-resistant bacteria,9 and new peptide biotechnologies and targeted transport increase the antimicro-
bial activity of AMPs.10 Most AMPs have less than 50 amino acids, and the current AMPs are against drug-resistant 
A. baumannii include cathepsins, defensins,11 frog antimicrobial peptides, and insect antimicrobial peptides,12 

modified peptides based on tilapia antimicrobial 2,13 and other natural or engineered small molecular proteins.14,15 

According to the summary,16 most of the above AMPs against A. baumannii have α-helical structures. More 
surprisingly, some of the AMPs are even more effective than conventional antibiotics in killing drug-resistant 
microbial pathogens.16 Studies have shown that the mechanisms of direct attack of these peptides on bacteria are 
usually divided into two categories: bacterial membrane attack and intracellular targeting, and some peptides can 
possess both mechanisms.17,18 In the development and use of AMPs, many researchers have used them in 
combination with one,2 or multiple antibiotics19 to improve the efficiency of treatment of microbial infections.

In the previous study, our group found that the minimum inhibitory concentration (MIC) of Cec4 was 4 μg/mL 
against the standard strain of A. baumannii (ATCC19606) in the planktonic state, the inhibitory effect was better than that 
of the reported similar AMP Cec1 and cecropin A.20,21 Furthermore, Cec4 was shown to inhibit CRAB biofilms,22 but 
the specific mechanism of Cec4 antimicrobial activity and its toxicity and antimicrobial activity in vivo are elusive. 
Therefore, this study focused on exploring the specific mechanism of Cec4 antibacterial activity and assessing the 
toxicity of the antimicrobial peptide Cec4 by its effects on the proliferation of human cervical cell lines, hepatocyte lines, 
and on C. elegans or mice. Finally, the potential of Cec4 as a drug for the treatment of A. baumannii-associated infections 
was evaluated using C. elegans and mice-infected model with multidrug-resistant A. baumannii.

Materials and Methods
Bacterial Strains, Culture Conditions, and Mice Source
The standard strain of A. baumannii (ATCC19606) was kept by the Key Laboratory of Pathogen Biology, Guizhou 
Medical University. The multidrug-resistant A. baumannii (AB4367992) and the clinical multidrug-resistant A. bauman-
nii were isolated from a tertiary hospital in Guizhou Province. Uracil-deficient E. coli OP50 and N2 wild-type C. elegans 
were gifted by Professor Yu-Cong Xie, Southern University of Science and Technology. Both E. coli OP50 and A. 
baumannii were grown in Luria–Bertani (LB) medium and incubated overnight at 37°C. SPF-grade female BALB/c mice 
(6–8 weeks, 17–21 g) were purchased from SPF (Beijing) Biotechnology Co., LTD. The experiments were approved by 
the Institutional Animal Care and Use Committee of Guizhou Medical University.

Peptide Synthesis
The antimicrobial peptide Cec4 with 41 amino acids (GWLKKIGKKIERVGQNTRDATIQAIGVAQQAANVAATLKGK) 
in this study and fluorescein isothiocyanate (FITC)-labelled Cec4 were synthesised by solid-phase chemical synthesis, and 
purified by HPLC method with purity >95% from Shanghai Gill Biochemical Co.

Antimicrobial Susceptibility Assays
MICs were determined by the microdilution method,23 and the concentration of the bacterial solution was adjusted to 
1×106 CFU (Colony Forming Unit)/mL. And 100 μL of MH medium and twofold gradient dilution of 1–128 μg/mL of 
Cec4 were added in 96-well polypropylene plates. Automated antimicrobial susceptibility test (AST) determinations 
were made using the VITEK 2 XL (bioMérieux) according to the manufacturer’s instructions.
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Membrane Permeability
The effect of the antimicrobial peptide Cec4 on the permeability of the inner membrane of ATCC 19606 cells was 
reflected by detecting changes in the fluorescence intensity of propidium iodide (PI).24 The bacteria were cultured to the 
logarithmic growth stage and adjusted to a concentration of 1×108 CFU/mL with phosphate buffer saline (PBS). The final 
concentrations of Cec4 were 8, 16, 32, and 128 μg/mL.

Membrane Potential
The effect of Cec4 on the cell membrane potential of ATCC 19606 was detected using a cell membrane potential- 
sensitive probe 3,3’dipropylthiocarbocyanine iodide (DiSC3-5), as described by Liu et al.25 The bacterial concentration is 
the same as 2.4. The final concentrations of Cec4 were 4 μg/mL, 8 μg/mL, 16 μg/mL, 32 μg/mL, and 128 μg/mL.

Intracellular Reactive Oxygen Species (ROS)
ROS levels in Cec4-treated ATCC 19606 were detected by 2’,7’-dichlorofluorescein diacetate (DCFH-DA).26 The 
bacterial concentration is the same as 2.4. Fifty microlitres of bacteria were mixed with the dye, and equal volumes of 
different concentrations of Cec4 solutions (final concentrations with 8, 16, 32, and 64 μg/mL) were added to the mixtures 
and incubated for 1 h.

Laser Confocal Experiment
The targeting of Cec4 in ATCC 19606 was observed using laser confocal microscopy.27 Because fluorescein isothiocya-
nate (FITC) glows green after laser excitation, it can be used to locate the intracellular distribution of FITC-labelled 
antimicrobial peptide. The bacterial concentration is the same as 2.4. Cec4 was labelled by fluorescein isothiocyanate 
(FITC) with green fluorescence, cell membranes were labelled with 1,1’-dioctadecyl-3,3,3’,3’-tetramethylindole carbo-
cyanine perchlorate (DiI) with red fluorescence, and DNA was labelled with 4’,6-diamidino-2-phenylindole (DAPI), 
showing blue fluorescence. The above mixture was incubated with Cec4 at a final concentration of 16 μg/mL for 1 h. 
After that, DiI and DAPI were added to the mixture, both at a final concentration of 1 µM, and incubated for 10 min.

Bacterial RNA Extraction and Transcriptome Analysis
The RNA extraction was performed according to the instruction manual of the RNA extraction kit (Axygen, Sigma- 
Aldrich, St. Louis, MO, USA).28 Total RNA was detected by 1% agarose gel electrophoresis, and the concentration and 
quality of total RNA were determined by Nanodrop Spectrophotometer (ND-200, Thermo Scientific, Waltham, MA, 
USA). The remaining RNA was stored at −20 °C. The library construction and sequencing analysis were entrusted to 
Beijing Novogene Technology Co.

Induction of Drug Resistance in ATCC19606
The bacterial suspension exposed to 0.5 × MIC was resuspended and grown to the logarithmic phase to determine the 
MIC with corresponding drugs.28 The above steps were repeated to 30 generations, and then the 30th-generation strain 
was subcultured without Cec4 for 10 generations. C-7 is the Cec4-resistant isolate at seventh passage from A. baumannii 
ATCC19606 cultured in the presence of Cec4 sub-inhibitory concentrations.

Cell Culture and Cytotoxicity Assay
HeLa cells (ATCC, Rockville, USA) and HepG2 (ATCC, Rockville, USA) cells are frequently used to evaluate the 
cytotoxicity of various compounds, and they were cultured in DMEM medium, and all cells were supplemented with 
10% fetal bovine serum at 37 °C and 5% CO2.29 After the cells were attached to the wall, carboplatin injection (Qilu 
Pharmaceutical Co., LTD) at a final concentration of 1.024 mg/mL was added to the positive control group, antibacterial 
peptide Cec4 at a final concentration of 1.024 mg/mL was added to the experimental group, and an equal volume of PBS 
was added to the negative control group, with five parallel wells for each group. After the above mixture was incubated 
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for 24 h, the inhibition rate of Cec4 was operated and calculated according to the instructions of the CCK-8 kit (CCK-8, 
APE-BIO, Houston, Texas, USA). Three replicates of each experiment were performed.

In vivo Toxicity Experiments
Following the method30, different concentrations of Cec4 (final concentrations with 2048, 1024, 512, 256 and 128 μg/mL) 
were added to each well of the experimental group, and erythromycin dissolved in 5% methanol (final concentration of 
2048 μg/mL) was added as the positive control,31,32 mice in the experimental group were injected intraperitoneally with 45 
mg/kg of Cec4. After 24 h, six mice in each group were selected and executed after anaesthesia, and blood was collected. 
The retained liver and kidney tissues were fixed in 10% formalin neutral buffer and paraffin embedded. The tissues were cut 
into 4–6 mm thick sections, stained with haematoxylin-eosin. Then, the sections were scanned for histopathological 
observation using a 3D HISTECH Pannoramic250 scanner, and the major lesion sites in the sections were intercepted 
and pathologically described.

C. elegans Infection Model
Following the method33,34 with slight modifications, there were 20–35 nematodes in each hole of the 96-well plate, and 
the nematodes were infected with a final concentration of 5×106 CFU/mL of AB4367992. Cec4 at a final concentration of 
16 μg/mL and Polymyxin B (PB) (Sigma-Aldrich, St. Louis, MO, USA) at a final concentration of 2.5 μg/mL were added 
to different wells. The survival rate was determined by sinusoidal movement of living nematodes, while dead nematodes 
were rod-shaped or rod-shaped and did not respond to external stimuli. The survival of nematodes in each group within 7 
days was counted and observed every 24 hours. Nine hours after infection with C. elegans, they were treated with drugs 
for 24 h to detect the number of bacteria in each C. elegans according to the method in the reference.

Mouse Skin Infection Model
Following the method,35,36 36 female BALB/c mice (6–8 weeks) were randomly divided into 3 groups (n = 12), and 
5×107 CFU of AB4367992 was applied to 1 cm2 of the marked depilatory area and allowed to colonise for 16–18 h. 
Previous studies have found that Cec4 and polymyxin B with 1×MIC concentration have bacteriostatic effects on multi- 
drug resistance A. baumannii AB4367992 for nearly 24 hours and have obvious bactericidal effects in 20 minutes.21 

Infected mice were treated with 2.5 μg/mL of PB or 16 μg/mL of Cec4 for 2 h, respectively, and the negative control 
group was treated with saline. The drugs were dissolved in 100 μL PBS, then soaked in a single layer of gauze for wet 
compress treatment. After 2 h of treatment, the mice were anaesthetised and executed, and the traumatised skin was 
peeled off and homogenised in 500 μL saline for 1–2 min.

Peritonitis Model in Mice
Following the method,37 80 female BALB/C mice were divided into 5 groups (n = 16), and the control mice were 
injected intraperitoneally with sterile saline and an equal volume of 10% porcine mucin. Other BALB/c mice were 
injected intraperitoneally with 5×106 CFU of AB4367992 (200 μL/each) and an equal volume of 10% porcine mucin to 
establish a mouse model of peritonitis. 2 h after infection, the mice were treated with PB (2.5 mg/kg), Cec4 (16 mg/kg), 
or PB combined with Cec4 (2.5 mg/kg PB + 16 mg/kg Cec4), respectively. After 4 h of treatment, six mice in each group 
were taken, anaesthetised, and executed, and blood, liver, spleen, lung, and kidney samples were obtained by aseptic 
manipulation for bacterial enumeration. The remaining mice were observed for 72h, every 12h, and the survival rate was 
calculated.

Statistical Analysis
All curves were fitted using GraphPad Prism 5.0 (GraphPad Prism Software, San Diego, CA) software. The Kaplan– 
Meier method was used for survival analysis, and the Log rank test was used to analyse the significance of differences 
between groups. The differences were considered statistically significant at P < 0.05.

https://doi.org/10.2147/DDDT.S405579                                                                                                                                                                                                                               

DovePress                                                                                                                                     

Drug Design, Development and Therapy 2023:17 980

Peng et al                                                                                                                                                             Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Results
Antimicrobial Effect of Cec4 on Clinically Resistant Isolates
The antimicrobial effect of the antimicrobial peptide Cec4 was determined in vitro by measuring the MICs of CRAB (n = 21) 
sampled from patients with bloodstream infections in a hospital in Guizhou, China. There were 19 strains of multidrug- 
resistant A. baumannii and two strains of multidrug-resistant A. baumannii (polymyxin B resistant). These clinical strains were 
resistant to ertapenem, cefepime, levofloxacin, meropenem, etc (Supplementary Table S1). The MIC of Cec4 against the 19 
extracted CRAB was 4–8 μg/mL. In addition, Cec4 was also effective against polymyxin B-resistant A. baumannii with an 
MIC of 4 μg/mL.

Cec4 Disrupts the Cell Membrane of A. baumannii and Promotes the Production of 
ROS
To determine the site of action of Cec4, laser confocal experiments were performed to observe the targeting position of 
Cec4 (Figure 1A). The results showed that FITC-Cec4 had good colocalization with DiI in A. baumannii, indicating that 
Cec4 exerted bactericidal effects by binding to the bacterial cell membrane. Besides, the changes of bacterial cell 
membrane fluidity indicated that the fluorescence intensity of PI gradually became stronger and showed dose and time 
dependence, and a significant increase in fluorescence intensity could be observed starting from 8 µg/mL (Figure 1B). In 
addition, the results of membrane potential showed that different concentrations of the antimicrobial peptide Cec4 caused 
an increase in fluorescence intensity in a dose-dependent manner (Figure 1C). The production of ROS is thought to be a 
key factor in antibiotic-mediated bactericidal activity. The results showed that the ROS level of A. baumannii increased 
significantly starting at 8 µg/mL and stabilised after 16 µg/mL (Figure 1D).

Differential Analysis of the Transcriptome of A. baumannii After Cec4 Treatment
To investigate the transcriptional changes of genes in A. baumannii after Cec4 treatment, transcriptome sequencing analysis 
was performed after treatment of ATCC19606 with sub-repressive concentrations of Cec4 for 24 h. The results indicated 
that 111 differential genes (DEGs) were obtained after Cec4 treatment, including 88 upregulated genes and 23 down-
regulated genes (Figure 2A). After clustering, the downregulated genes in the treated group related to pilus 
(A4U85_RS01480), ABC transport-related genes (A4U85_RS10590), haemolysin secretion/activation protein 
(A4U85_RS08295), endosomal components of the binding protein-dependent transport system (A4U85_ RS10600), etc 
(Figure 2B, Table 1). Upregulated genes were significantly enriched on the outer membrane in GO enrichment (P < 0.05), 
including two genes and one sRNA (sRNA00016/A4U85_RS14860/A4U85_RS17265) (Figure 2C). A total of 19 path-
ways were enriched in the Kyoto Encyclopaedia of Genes and Genome (KEGG) database, including the significantly 
enriched ABC transport system (P < 0.05). MacB gene was significantly upregulated in this pathway. At the same time, the 
enriched pathways included ribosomal and amino acid biosynthesis processes (Figure 2D), which were involved in the 
process of macrolide antibiotics and bacterial efflux. Therefore, A. baumannii may antagonize Cec4 mainly in a macrolide- 
like manner upon Cec4 stimulation.

Cec4 Exhibits a Low Propensity to Induce Drug Resistance
To investigate whether long-term induction of Cec4 leads to bacterial resistance, ATCC19606 was induced in vitro. The 
results of passage induction showed that the resistance of A. baumannii to Cec4 was twice that of the primary generation. 
The resistance increased at the 7th generation (C-7), but the resistance did not increase at the 7th to 30th generations, 
indicating that Cec4-induced resistance was not stable (Figure 3A). To explore the potential mechanism of Cec4 
resistance, transcriptome sequencing was performed on C-7 and ATCC19606. The results showed that a total of 212 
DEGs were obtained for drug-resistant strain C-7 compared with wild strain ATCC19606, of which 48 were upregulated 
and 164 were downregulated (Figure 3B). It is worth noting that most of the exocytosis-related genes were upregulated 
by more than 1.9-fold. For example, the multidrug exocytosis RND transporter protein permease subunit was up- 
regulated by 2.35-fold, and the CusA/CzcA series heavy metal exocytosis RND transporter protein was up-regulated 
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Figure 1 The inhibition mechanism of Cec4 against A. baumannii in vitro. (A) FITC-labelled Cec4 colocalized with the cell membrane of A. baumannii. Cec4 labelled by FITC 
(green) colocalizes cell membranes labelled by DiI (red) and bacterial DNA labelled by DAPI (blue). (B) The effect of Cec4 in enhanced bacterial cell permeability. With the 
increase of Cec4 concentration, the increase of PI fluorescence intensity indicated the increase of bacterial cell membrane permeability. (C) After Cec4 treatment, the cell 
membrane of A. baumannii was depolarized. The probe was aggregated and quenched in the normal cell membrane. With the increase of Cec4 treatment concentration, the 
fluorescence of the probe was enhanced, indicating that the bacterial cell membrane potential was depolarized. (D) The intracellular reactive oxygen species of A. baumannii 
increased after Cec4 treatment. When the dye enters the cell, it is oxidized and then fluoresces. With the increase of Cec4 concentration, fluorescence enhancement 
indicated the increase of intracellular ROS. Results were presented as mean ± SD. **P < 0.01, ***P < 0.001.
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Figure 2 The transcriptome analysis of A. baumannii inhibited by Cec4. (A) The volcanic map of A. baumannii differential gene before and after treatment with subinhibitory 
concentration Cec4. (B) The differential gene expression heat map in different groups. After standardization, green indicated down-regulated gene, while red indicated up- 
regulated gene. (C) The results of DEGs’ GO enrichment analysis. The size of bubble represents the number of genes enriched in this Term, and the color of bubble 
represents the enriched padj value. (D) The results of DEGs’ KEGG enrichment analysis. The size of bubble represents the number of genes enriched in this pathway, and 
the color of bubble represents the enriched padj value.
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by 1.91-fold. The adeC/adeK/oprM class multidrug exocytosis complex outer membrane factor was up-regulated by 
1.90-fold, and the MacB class exocytosis pump unit was up-regulated by 2.16-fold (Figure 3C, Table 2).

Six pathways were significantly enriched in the KEGG database (P < 0.05), in which, three genes were enriched in 
the protein exocytosis pathway, including the double arginine-targeted protein translocase TatA/E family gene, the 
preproprotein translocase SecA subunit and the preprotein translocase SecE subunit, and all them were significantly 
downregulated (Figure 3D and E). The quorum sensing pathway includes the preprotein translocase SecY subunit and the 
peptide/nickel transport-related ATP-binding protein genes, which also showed a down-regulation trend. These results 
suggest that Cec4 may be involved in the process of type II secretion system and may target the epialleles of type II 
secretion system. In addition, the Hcp1 family genes of bacterial type VI secretion system (T6SS) effector genes are also 
enriched in this pathway, and this gene is significantly down-regulated in C-7, suggesting that the virulence of C-7- 
resistant strains may be decreased.

The Cec4 with Low Toxicity in vitro and in vivo
To investigate the toxicity of Cec4, an in vitro cytotoxicity assay was performed on Cec4 using HeLa cells and HepG2 cells 
(Figure 4A). At a high concentration of Cec4 (1.024 mg/mL) treating for 24 h, the Cec4 did not inhibit HeLa cells, and the 
inhibition rate of HepG2 cells was (9.565 ± 1.265) %. This indicates that the effect on HeLa and HepG2 cells was minimal 
when the concentration of Cec4 was as high as 1.024 mg/mL. C. elegans was also used to determine the acute toxicity of Cec4 
in vivo. The survival rate of nematodes in erythromycin and Cec4 at the same concentration (2048 μg/mL) was 8.8% and 
88.9% (Figure 4B). Besides, mice were intraperitoneally injected with Cec4 (45mg/kg) and saline, and their liver and kidneys 
were compared to further evaluate the toxicity of Cec4 in vivo (Figure 5A). The kidney histological samples from both the 
control and Cec4 groups showed no significant damage. In the liver samples, the mice in the Cec4 group showed slight damage 
to liver tissue, including cytoplasmic laxity of hepatocytes and a small amount of focal infiltration of lymphocytes, but the 
above liver damage did not affect the survival rate and normal physiological activities of the mice (Figure 5B). Blood 
biochemical tests in mice were used to further confirm the acute toxicity of Cec4. After intraperitoneal injection of mice at the 
same concentration of Cec4 (45 mg/kg) for 24 h, lactate dehydrogenase (LDH), alanine aminotransferase (ALT), aspartate 
aminotransferase (AST), and albumin (ALB) levels were measured to assess liver function, and blood creatinine (Cr) was 
measured to assess renal function. The results indicated that there was no significant difference between serum LDH, ALT, 
ALB, AST, and Cr values in the experimental mice compared with the untreated group (P > 0.05) (Figure 5C).

Cec4 is Effective in Treating A. baumannii Infections
To further evaluate the in vivo efficacy of Cec4, C. elegans infection model, skin and intraperitoneal infection model of 
BALB/c mice were used. C. elegans was infected with the AB4367992 (Supplementary Table S2) and treated with drugs. 
The results showed that the survival rate of the PB (2.5µg/mL) treatment group was 78.1% and that of Cec4 (16µg/mL) 
treatment group was 60.7% (Figure 6A). The bacterial load in the three groups of C. elegans was examined, and the results 
showed that the bacterial count in the nematodes was significantly lower compared with the control group (Figure 6B). 

Table 1 Some Differential Genes Before and After Cec4 Treatment

Gene Name Description Log2Fold_Change P-value

Transporter
A4U85_RS01930 STAS domain-containing protein 3.62 4.66×10−19

A4U85_RS01925 ABC transporter substrate-binding protein 3.81 1.34×10−10

A4U85_RS16115 MacB family efflux pump subunit 3.62 2.06×10−9

A4U85_RS01920 Outer membrane lipid asymmetry maintenance protein MlaD 2.15 6.72×10−6

Outer membrane
A4U85_RS14860 Lipoprotein insertase outer membrane protein LolB 1.62 2.94×10−8

A4U85_RS17265 Outer membrane beta-barrel protein 0.79 3.58×10−3

sRNA00016 5.38 1.77×10−38
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Cec4 failed to completely eradicate bacteria from nematodes within 24 hours, possibly because small peptides are less 
permeable in nematodes than small-molecule compounds such as conventional antibiotics. The mouse skin infection assay 
was used to observe the therapeutic effect of Cec4 after infection of body surface burns or abrasions, and it was found that 

Figure 3 Transcriptome sequencing analysis of C-7 resistant strain and ATCC19606. (A) The passaged MIC of ATCC19606 under Cec4 induction. X axis is the number of 
passages, and Y axis is the corresponding MIC value. (B) The expression pattern of differential genes in C-7 (7th generation induced strain) and ATCC19606. Red is the up- 
regulated gene and blue is the down-regulated gene. (C) The DEGs volcano map of C-7 and ATCC19606. (D) The DEGs’ GO enrichment analysis of C-7 and ATCC19606. 
(E) The DEGs’ KEGG enrichment analysis of C-7 and ATCC19606. The size of bubble represents the number of genes enriched in this pathway, and the color of bubble 
represents the q-value of enrichment.
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both Cec4 (16µg/mL) and PB (2.5µg/mL) treated mice had a significantly lower traumatic skin bacterial load than the 
untreated group, which indicates that the therapeutic effect of Cec4 in treating clinical body surface burns or abrasions with 
AB4367992 infection could be close to that of the clinical drug PB (Figure 6C and D). In the mouse model of peritonitis, the 
72-h survival rate was 50% in the untreated group. The survival rate of the control group was 100%, and that of the PB 
group and Cec4 group was 70%. However, the final survival rate of the combined treatment group of Cec4 and PB was 80%, 
which was significantly higher than that of the treatment group alone (Figure 6E). The colony counts results showed that 
Cec4 significantly reduced the bacterial load in the liver, spleen, kidney, lung, and blood of the mice (P < 0.05) (Figure 6F). 
In conclusion, Cec4 was able to treat and reduce the in vivo infection of multidrug-resistant bacteria AB4367992.

Discussion
Clinical treatment of CRAB mainly depends on tigecycline and polymyxin, etc, but the increase of drug resistance of 
tigecycline and cumulative nephrotoxicity of polymyxin, etc. According to the traditional antimicrobial mechanism of 
AMP, most AMP hold bactericidal effects by causing damage to the bacterial cell membrane or increasing the 
permeability of the cell membrane, leading to the leakage of bacterial contents.16,38 On the other hand, it has also 
been reported that some AMP, such as Tachyplesin III, can affect or inhibit the biosynthesis of unsaturated fatty acids by 

Table 2 Some Differential Genes Between C-7 and ATCC19606

Gene Name Description Log2Fold_Change P-value

Membrane protein
IX87_RS02465 FxsA cytoplasmic membrane protein −1.80 3.97×10−5

IX87_RS06100 Membrane protein −3.11 4.60×10−10

IX87_RS18870 Porin −1.90 3.21×10−4

Transporter
IX87_RS02260 Biopolymer transporter ExbD −2.01 8.84×10−5

IX87_RS07770 Branched-chain amino acid ABC transporter permease −1.84 1.33×10−4

IX87_RS18005 MFS transporter −2.78 4.41×10−9

IX87_RS16610 Twin-arginine translocase TatA/TatE family subunit −3.0194 1.9895×10−3

IX87_RS10940 Protein translocase subunit SecA −1.4743 2.1377×10−3

IX87_RS15635 Preprotein translocase subunit SecE −1.7013 9.4739×10−4

IX87_RS03860 Type VI secretion system tube protein Hcp −1.4399 7.8409×10−4

Efflux related protein
IX87_RS07445 Multidrug efflux RND transporter permease subunit 2.35 7.26×10−4

IX87_RS12645 CusA/CzcA family heavy metal efflux RND transporter 1.91 5.32×10−4

IX87_RS16845 adeC/adeK/oprM family multidrug efflux complex outer membrane factor 1.90 2.58×10−3

IX87_RS16850 MacB family efflux pump subunit 2.16 2.07×10−4

Phospholipase D
IX87_RS11080 Phospholipase D −1.32 3.07×10−3

Figure 4 Acute toxicity of Cec4 to mammalian cells and C. elegans. (A) Effect of Cec4 on proliferation of HeLa cells and HepG2 cells. X axis shows different cell lines, Y axis indicates 
CCK-8 colorimetric results. (B) Effects of Cec4 and erythromycin on survival rate of C. elegans. The X-axis is observation days after treatment with erythromycin and Cec4, and the Y- 
axis is survival rate. Compared with erythromycin, the survival rate of C. elegans treated with Cec4 was much higher. Results were presented as mean ± SD. *P < 0.05.
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Figure 5 Acute toxicity assessment of Cec4 in mice. (A) Histopathological observation of liver tissues of mice injected with normal saline. Black arrows indicate steatosis of hepatocytes 
(A1 and A2 are different fields of view in the same slice, the same applies below). (B) Histopathological observation of liver tissue of mice injected with Cec4. Black arrows indicate loose 
hepatocyte cytoplasm, yellow arrows indicate focal infiltration of a few lymphocytes, red arrows indicate bile duct hyperplasia, blue arrows indicate connective tissue hyperplasia, and 
green arrows indicate hemosiderin exudation. (C) Histopathological observation of renal tissue of mice injected with normal saline. (D) Histopathological observation of renal tissue in 
mice injected with Cec4, the black arrow indicates eosinophilic material in the renal vesicles. (E) Blood biochemical assays of mouse for C9 (45 mg/kg) treated 24 h. Serum levels of lactate 
dehydrogenase (LDH), alanine aminotransferase (ALT), aspartate aminotransferase (AST), albumin (ALB), and serum creatinine (Cr) were determined. Data are presented as mean ± SD 
(n = 6) and the statistical analysis was assayed by the independent Student’s t test (P > 0.05).
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binding to DNA or entering microbial cells, leading to membrane instability.18 In the present study, genes associated with 
the efflux of macrolides were found to be upregulated in both transcriptome analysis of Cec4-treated A. baumannii. The 
MacB gene can form a three-way efflux pump with the MacA adaptor protein and TolC outer membrane exit tube in A. 
baumannii to expel antibiotics and export virulence factors.39 Previous studies have also shown that the deletion of the 
MacB gene reduces the resistance of Streptococcus pneumoniae to the human antimicrobial peptide LL-37.40 Macrolide 
antibiotics have been reported to inhibit bacterial protein synthesis by binding to the 50S large subunit of the ribosome 

Figure 6 Cec4 is effective in the treatment of clinical multidrug-resistant A. baumannii infections. (A) Survival curves after Cec4 treatment of C. elegans infected with A. 
baumannii. (B) Bacterial load count of C. elegans infected with A. baumannii after Cec4 treatment. (C) Infection model of skin wound on mouse back. (D) Bacterial load count 
of A. baumannii after Cec4 treatment of mice with back skin infection (bacterial load per gram of skin). (E) Survival curves of mice infected with A. baumannii after Cec4 
treatment. (F) Bacterial load count of mice infected with A. baumannii after Cec4 treatment. Results were presented as mean ± SD. *P < 0.05, **P < 0.01, ***P < 0.001.
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and disrupt protein elongation by causing the dissociation of peptidyl-tRNA.41 However, bacteria can achieve resistance 
to macrolide antibiotics through ribosome modification42 and macrolide antibiotic efflux pump.43 The above findings 
show that the antimicrobial peptide Cec4 is also able to alter membrane potential and membrane fluidity to cause 
increased membrane permeability in bacterial cells, leading to the efflux of contents, which is consistent with the 
mainstream view. Therefore, it is reasonable to speculate that the bactericidal principle of Cec4 may have a similarity 
with macrolide antibiotics and that MacB may play a role in this process for Cec4 efflux (Figure 7).

Previous studies have reported that A. baumannii will develop resistance to melittin-like AMP.44 Long-term Cec4 treatment 
resulted in stable downregulation of key genes in the Sec secretion system, suggesting that Cec4 may interact with proteins 
secreted by the Sec secretion pathway and exert negative effects on bacterial cells (Figure 7). SecA/E/Y gene in the general 
secretion pathway and TatA gene in the double arginine translocation Tat transporter both showed significant down-regulation. 
The transporter proteins were for unfolded and folded proteins, both of which are downregulated to affect protein efflux and have 
an impact on the type II secretion system.45 Dpp, a peptide/positive free transporter protein,46 was upregulated together with the 
macrolide antibiotic efflux pump MacB gene, suggesting that Cec4 may be able to enter the bacterial cell interior and cause 
bacterial cellular efflux in A. baumannii during the fight against Cec4. The significant upregulation of MraY, an upstream gene 
associated with lysine peptidoglycan, DAP-type peptidoglycan synthesis, suggests that Cec4 treatment may cause peptidoglycan 
damage or indirect damage, which in turn causes upregulation of the corresponding genes in bacterial cell regulation. The 
increased resistance of C-7 to Cec4 may be the result of reduced efflux of the corresponding target protein of Cec4 or 
upregulation of the peptide transporter protein gene.47 In addition, increased expression of efflux pump proteins associated 
with antibiotic resistance may further restrict Cec4 entry into bacterial cells, leading to further bacterial resistance.

In recent studies on AMPs, some peptides with good antibacterial effects, but slight haemolytic or toxic effects are 
common.48 In the in vitro toxicity test of our experiment, Cec4 (1024 μg/mL) showed little damage to HeLa and HepG2 

Figure 7 Mechanism of the death and resistance of A. baumannii after Cec4 treatment. Red font indicates up-regulated genes, green font indicates down-regulated genes, and 
red arrow indicates enhanced effects. The dashed boxes on the left are the differentially expressed genes of induced strain C-7 and ATCC19606. The dashed box on the 
right shows the differentially related genes after Cec4 treatment of ATCC19606.
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cells. In addition, the higher concentration of Cec4 in mice may cause a certain burden on liver tissue, but blood 
biochemical analysis showed that it did not affect liver and kidney function. Therefore, Cec4 derived from the housefly 
has no haemolytic activity and eukaryotic toxicity at its effective concentration compared with melittins and scorpion 
venom derivatives. In addition, many AMPs have been shown to treat skin abrasions or burns infected with A. baumannii 
to a certain extent.49 In this study, Cec4 (16µg/mL) had a good therapeutic effect and could effectively reduce the number 
of bacteria in the infected area. For the in vivo treatment, Cec4 (16µg/mL) can improve the survival rate of mice and 
reduce the number of bacteria in the organs of the constructed sepsis model. However, the drug metabolism and 
distribution of Cec4 remain unclear. Further pharmacokinetic studies will help to clarify the metabolic process and 
distribution of the Cec4 in mice. Due to the poor stability of peptides in serum or blood, the computer design of Cec4- 
derived peptides can be further improved to solve these problems.13 For example, the modification of cathelicidin-BF-15 
to peptide ZY4 successfully reduced the haemolytic activity of the original peptide, prolonged its half-life in serum, and 
increased its bactericidal capacity.50 Furthermore, some AMP can be used in combination with antibiotics to improve 
sterilisation.51 In the present study, we tried to combine Cec4 with the antibiotic polymyxin B, and investigated whether 
both have synergistic or additive effects in the treatment process in vivo.

In conclusion, Cec4 peptide can increase membrane permeability, cell membrane polarity, and intracellular reactive 
oxygen species in A. baumannii. The interaction of Cec4 with ribosomal subunits can cause bacteria to activate the efflux 
pathway to macrolide antibiotics, but the Cec4 is not easy to make bacteria resistant. Most importantly, Cec4 can 
effectively eliminate clinical drug-resistant bacteria and has a certain therapeutic effect on skin infections and sepsis 
infections, which possess the potential to treat clinical infection of multidrug-resistant A. baumannii.
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