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Staphylococcus aureus (S. aureus) is a Gram-positive pathogenic bacterium, which 

persistently colonizes the anterior nares of approximately 20–30% of the healthy 

adult population, and up to 60% is intermittently colonized. With the misuse and 

overuse of antibiotics, large-scale drug-resistant bacteria, including methicillin-

resistant S. aureus (MRSA), have been appeared. MRSA is among the most prevalent 

pathogens causing community-associated infections. Once out of control, the 

number of deaths caused by antimicrobial resistance may exceed 10 million 

annually by 2050. Antimicrobial peptides (AMPs) are regarded as the best solution, 

for they are not easy to develop drug resistance. Based on our previous research, 

here we  designed a new antimicrobial peptide named GW18, which showed 

excellent antimicrobial activity against S. aureus, even MRSA, with the hemolysis 

less than 5%, no cytotoxicity, and no acute toxicity. Notably, administration of 

GW18 significantly decreased S. aureus infection in mouse model. These findings 

identify GW18 as the ideal candidate against S. aureus infection.
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Introduction

Staphylococcus aureus (S. aureus), an opportunistic pathogen, has caused a wide range 
of severe clinical infections all over the world every year, which resulted in a huge burden 
to the health care system and seriously threatened the human health (Monaco et al., 2017). 
Infection of S. aureus may involve any part and organ of the body (Turner et al., 2019), 
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which is the main causes of skin and soft tissue infections (Vella 
et  al., 2021), bacteremia (Kwiecinski and Horswill, 2020), 
infective endocarditis (Wang et  al., 2018), bone joint 
infections(Bouiller et  al., 2020), and pleural lung related 
infections(Kanellakis et al., 2022).

First introduction of penicillin and methicillin show the good 
therapeutic effects on the infection of S. aureus, while the massive 
introduction of these antibiotics quickly leads to the emergence 
of antibiotics resistant strains (Chambers and Deleo, 2009). 
Despite the advent of vancomycin alleviating this situation 
(Rybak et al., 2020), vancomycin-resistant strains have been also 
identified with the massive use of vancomycin, and major 
vancomycin toxicities have been reported in the literature - in 
particular, nephrotoxicity and ototoxicity (Marsot et al., 2012). 
The widespread threat of antibiotics resistant strains forced 
researchers to identify and design new antimicrobial drugs.

Antimicrobial peptides (AMPs), kinds of polypeptides with 
antibacterial activity produced by organisms to resist the invasion 
of external pathogens (Mwangi et al., 2019a), are considered as 
the most promising choices for next-generation antibiotics due 
to their excellent antimicrobial activities and low tendency to 
induce resistance. Although many antimicrobial peptides have 
been identified and entered clinical trials, so far, few antimicrobial 
peptides have been approved by the US Food and Drug 
Administration (FDA) due to toxicity, stability, short half-life and 
high price (Chen and Lu, 2020).

Our previous studies have identified an antimicrobial peptide 
cathelicidin-BF from snake venom of Bungarus fasciatus, which 
exhibits potent, broad spectrum, salt-independent antimicrobial 
activities (Wang et  al., 2008). After 10 years of efforts, 
cathelicidin-BF has been authorized to start clinical trials in 2018 
(approval number CXHL1700235 from the Chinese National 
Medical Products Administration) for the treatment of colpitis 
caused by bacteria infection. Furthermore, a panel of synthetic 
AMPs based on cathelicidin-BF have been designed, which show 
potent antimicrobial activities with greater selectivity and 
security (Jin et al., 2016; Fang et al., 2019; Mwangi et al., 2019b). 
On this basis, here we  designed a new antimicrobial peptide 
named GW18. Through the antibacterial activity screening, 
GW18 exhibited excellent antimicrobial activity against S. aureus, 
even MRSA, with little hemolysis and cytotoxicity.

Materials and methods

Bioinformatics analysis

Physical and chemical parameters of the GW18 was analyzed 
through ExPASy Bioinformatics Resource Portal.1 The helix-wheel 
structures of the peptides were constructed by HeliQuest.2 The 

1 http://www.expasy.org/tools/

2 https://heliquest.ipmc.cnrs.fr/

multiple sequence alignment analysis of these antimicrobial 
peptides were analyzed using DNAMAN software.

Peptide synthesis

GW18 (GWGAKRWGKRGWKWKRHW) and GK18 
(GKRGWKRFKGAKWKRTWH) used in this experiment 
were synthesized by GL Biochem (Shanghai, China) with a 
purity of more than 95%, which was confirmed by reversed 
phase high-performance liquid chromatography (RP-HPLC) 
and mass spectrometry.

Mice

Male C57BL/6 mice aged 6–8 weeks were purchased from 
Skbex Biotechnology Co. Ltd. (Henan, China). The study and all 
the animal experiments were approved by the Institutional Review 
Board and Animal Care and Use Committee at Kunming Institute 
of Zoology (IACUC-RE-2022-08-007).

Bacteria strains preparation and growth 
conditions

The standard strain of Staphylococcus aureus (S. aureus, 
ATCC6538), Escherichia coli (E. coli, ATCC25922), Pseudomonas 
aeruginosa (P. aeruginosa, ATCC9027), Acinetobacter baumannii 
(A. baumannii, ATCC19606) and Candida albicans (C. albicans, 
ATCC/0331) used in this experiment was purchased from the 
microbial strain collection center of Guangdong Province. The 
methicillin resistant strain of Staphylococcus aureus (MRSA, SAZ) 
and clinically isolated antibiotic-resistance strains (SA115775 and 
SA15192) were clinically isolated from the First Affiliated Hospital 
of Kunming Medical University. The strains of C. albicans were 
cultured in 1/3 YM Medium (HB0297-1) + 2/3 RPMI 1640 
medium (10-040-CVR, Corning), and other bacterial strains were 
cultured in Luria-Bertani (LB: 2 g tryptone, 1 g yeast extract, 2 g 
sodium chloride and 200 ml deionized water) broth.

In vitro antimicrobial testing

MICs (minimal inhibitory concentration) of GW18 and 
clinical antibiotics (vancomycin, methicillin, colistin and 
fluconazol) were determined using broth dilution determination 
as our previous methods (Zhang et al., 2013). Briefly, bacteria 
strains were diluted and adjusted to the concentration of 
2 × 105 CFU/ml using RPMI 1640 medium. Samples were prepared 
as a stock solution in saline, and then diluted to a series of 
concentrations. 100 μl bacterial suspension and 100 μl samples at 
the indicated concentration were put together in 96-well plates 
and incubated at 37°C for 16 h. Finally, an absorbance at 600 nm 
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was measured by a microplate reader to estimate bacterial growth. 
The MIC was defined as the lowest concentration where the 
bacterial growth could not be detected completely.

Hemolysis and cytotoxicity assays

To evaluate possible side effects of GW18, red blood hemolysis 
and cytotoxicity assays were performed according to the methods 
as described in previous report with minor modifications (Wei 
et al., 2020). For hemolysis assay, human mature red blood cells 
were repeatedly washed with saline for 3 times, and then 
resuspended in saline. 100 μl human red blood cell suspension was 
incubated with 100 μl of GW18 at different concentrations ranging 
from 0 to 169.01 μM. After incubation for 30 min at 37°C, the cells 
were centrifuged (3,500 rpm, 5 min) and the absorbance of the 
supernatant was measured at 540 nm. The value for “zero 
hemolysis” was determined using sterile saline (negative control), 
while 100% hemolysis was established using 1% (v/v) Triton 
X-100 (positive control). Hemolysis of testing sample was 
calculated as the percentage of Triton X-100-induced hemolysis.

Cytotoxicity was determined using HEK293T cells from Cell 
Bank of Kunming Institute of Zoology, Chinese Academy of Sciences. 
Briefly, HEK293T cells (1 × 105 cells) were plated into 96 well plates 
and cultured with Dulbecco’s modified Eagle’s medium (DMEM, 
Gibco) containing 10% Fetal Bovine Serum (FBS) and penicillin 
(100 U/ml)-streptomycin (100 μg/ml) at 37°C in a humidified 5% 
CO2 atmosphere. After 24 h incubation, fresh medium with GW18 
at different concentration (1.32–169.01 μM) was added to the wells 
and incubated for another 24 h under same conditions. Cell viability 
was determined by adding 10 μl CCK8 in to the cell and incubated 
for 2 h. The absorbance at 450 nm of the solution was measured with 
a microplate reader. The experiments were conducted in triplicate, 
and 10% DMSO was considered as the positive control.

In vivo acute toxicity assay

Male C57BL/6 mice aged 6–8 weeks were randomly divided 
into 2 groups with 10 mice in each group. GW18 (20 mg/kg and 
40 mg/kg) were injected into the tail vein (intravenous injection), 
respectively. Then the death of mice was recorded at 12 h, 24 h, 
36 h, 48 h, 60 h and 72 h, respectively.

Bacterial killing kinetic assay

The bacterial killing kinetic assay was performed according 
to the previous method with minor modifications (Wei et al., 
2015). S. aureus (ATCC6538) and methicillin resistant strain of 
Staphylococcus aureus (MRSA, SAZ) were washed three times 
with saline and then resuspended with RPMI 1640 medium 
containing 10% FBS at the concentration of 2 × 105 CFU/ml. 
GW18 (1, 5, 10 × MIC) or vancomycin (1, 5, 10 × MIC) was added 

to the bacterial suspension and incubated at 37°C for 0, 15, 30, 60, 
120 and 240 min, respectively. Ten microliter aliquots were 
extracted at each time point and diluted with fresh broth for 100 
times, 100 μl of the dilution was seeded on agar plates. After 
incubation at 37°C for 24 h, the viable colonies were determined.

Staphylococcus aureus intraperitoneal 
infection model

S. aureus (ATCC6538) and methicillin resistant strain of 
Staphylococcus aureus (MRSA, SAZ) were resuspended by saline 
with the concentration of 1 × 109 CFU/ml. Male C57BL/6 mice 
aged 6–8 weeks were randomly divided into six groups as below: 
saline treatment group, vancomycin groups (2 mg/kg and 4 mg/
kg), GW18 groups (2 mg/kg, 4 mg/kg and 8 mg/kg), and were 
intraperitoneally injected with 200 μl  S. aureus or MRSA-Z, 
respectively. 2 h later, samples were intraperitoneally injected with 
the concentration indicated. After 4 h of administration, mice 
were sacrificed, blood was collected via retro-orbital bleeding and 
lungs were harvested and homogenized in 1 ml of saline with a 
hand tissue grinder. 10-fold serial dilutions of the homogenates 
and blood were made in pyrogen-free NaCl and equal volumes 
were plated on LB agar plates and incubated at 37°C. CFU were 
counted after 24 h.

Effects of human plasma on GW18 
antibacterial activity

We determine The stability of GW18 In human plasma 
according To The previously reported method (Mwangi et al., 
2019b). Briefly, GW18 (final concentration 4.23 mM) was mixed 
with 100% human plasma for 0, 0.5, 1, 2, 4, 6, 8 and 10 h at 37°C, 
respectively. Residual antibacterial activity for each incubation 
time point was evaluated by disk diffusion assay. In brief, bacteria 
were seeded on nutrient agar plates, 6 mm paper disks were placed 
on top and 10 μl aliquots of the plasma-peptide mixture was added 
to the paper disks. After 24 h incubation, the inhibitory zones 
against S. aureus (ATCC6538, MRSA-Z, SA15192, SA115775) 
were measured and recorded.

Plasma stability assay

To test the stability of GW18 after exposure in plasma, the 
peptide was first diluted in human plasma to a final concentration 
of 4.23 μM. After incubation for 0, 2, 4, 6, 8 and 10 h at 37°C, an 
aliquot of 10 μl sample was taken for protein precipitation with an 
equal volume of 4% H3PO4, the mixture was vortex-mixed for 
2 min and then centrifuged at 13000 rpm for 15 min at 4°C. 3 μl of 
supernatant was analyzed using reverse-phase high performance 
liquid chromatography (RP-HPLC), and the remaining peptide 
was calculated through the integrated peak area.
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Statistical analysis

Data obtained from independent experiments were presented 
as mean ± standard deviation (SD). For normal continuous 
variables, one-way analysis of variance (ANOVA) was used. All 
data were analyzed using GraphPad Prism 8.0 software. 
Differences were considered significant at p < 0.05.

Results

Peptide design and functional screening

Cathelicidin antimicrobial peptides, which belong to the family 
of the host defense, exhibit a broad-spectrum effect against pathogens 
via direct microbicidal and immunomodulatory activities (Peng et al., 
2020). On the basis of cathelicidin-BF (BF30) and its derivatives, 
we designed two antibacterial peptides GK18 and GW18 with the 
transformation strategies including: retaining the core sequence and 
structure of antimicrobial peptides, insertion of the hydrophobic 
residues and polar residues. The sequences and physicochemical 
properties of the GK18 and GW18 were listed in Table 1. Compared 
with BF-30 and its derivatives, GW18 contains the lowest net charge 
(+7) and GK18 contains the highest polar residues (72.22%). Similar 
with other antimicrobial peptides, GK18 and GW18 were also 
amidated at the C terminus to improve its stability. The predicted 
helix structures of the GK18, GW18 and other antimicrobial peptides 
were illustrated in Figure 1A. All the peptides could form helixes and 
most of them have an amphipathic structure forming a hydrophilic 
and hydrophobic side. Furthermore, sequence alignment of these 
peptides were made, and the results were illustrated in Figure 1B, 
which visually showed the modifications of GW18 and GW18 
compared with cathelicidin-BF (BF30) and its derivatives.

Then GK18 and GW18 were synthesized and the antimicrobial 
activities of them to S. aureus (ATCC6538), Escherichia coli (E. coli, 
ATCC25922), Pseudomonas aeruginosa (P. aeruginosa, ATCC9027), 
Acinetobacter baumannii (A. baumannii, ATCC19606) and Candida 
albicans (C. albicans, ATCC/0331) were tested. As shown in 
Supplementary Table 1, GW18 showed high activity to S. aureus 
with the minimal inhibitory concentration (MIC) value of 1.32 μM, 
which was lower than vancomycin with the activity against S. aureus 
with the MIC value of 1.08 μM. Besides, GW18 also exhibited 
antimicrobial activities against E. coli with the MIC values of 

5.28 μM, which was lower than that of colistin and fluconazol. The 
antimicrobial activities of GW18 against P. aeruginosa and 
A. baumannii were very low with MICs higher than 20 μM, while 
GK18 showed no antibacterial activity against all the strains (MICs 
higher than 20 μM) above. From these data, we designed a specific 
antimicrobial peptide that inhibits S. aureus.

Antimicrobial activity of GW18 against 
MRSA and clinically isolated 
antibiotic-resistance Staphylococcus 
aureus strains

To further determine the antimicrobial activity of GW18 against 
S. aureus, methicillin-resistant S. aureus (MRSA-Z) and two clinically 
isolated antibiotic-resistance strains (SA115775 and SA15192) were 
used in this experiment. As shown in Table 2, consistent with the 
activity of the standard S. aureus (ATCC6538), GW18 showed strong 
antibacterial activities against these antibiotic-resistance strains with 
MICs of 1.32 μM, which was similar with the activities of the clinical 
drug vancomycin with MICs from 0.54 μM to 2.16 μM. However, 
methicillin, another clinical antibiotic, only showed antimicrobial 
effect on standard strain S. aureus (ATCC6538) with a MIC of 
1.94 μM, and its antimicrobial activity on the antibiotic-resistance 
strains was very weak with MICs from 15.53 μM to more than 
124.25 μM. These data suggest GW18 exhibits potent antibacterial 
activity against both standard strain and antibiotic-resistance strains 
of S. aureus. Furthermore, we determined the effects of the GW18 
combination with vancomycin against S. aureus and methicillin-
resistant S. aureus (MRSA-Z). As illustrated in 
Supplementary Tables 2, 3, the combination of GW18 and 
vancomycin showed no synergy, while the addition of vancomycin 
inhibited the antimicrobial effects of GW18 against S. aureus.

Killing kinetic of GW18 on 
Staphylococcus aureus

Bactericidal kinetics can determine the bactericidal rate of 
antibacterial drugs in vitro, and we measured the killing kinetics of 
GW18 on S. aureus (ATCC6538) and methicillin-resistant S. aureus 
(MRSA-Z). GW18 rapidly killed S. aureus (Figure 2A) and MRSA-Z 
(Figure 2B) in 1 ×, 5 ×, and 10 × MICs, which was better than that of 

TABLE 1 Physicochemical properties of the designed peptides.

Peptide Sequence L NC H PR (n/%) NPR (n/%)

cathelicidin-BF30 KFFRKLKKSVKKRAKEFFKKPRVIGVSIPFa 30 +11 0.233 16/53.33 14/46.67

cathelicidin-BF15 VKRFKKFFRKLKKSVa 15 +8 0.101 9/60.00 6/40.00

ZY13 VKRWKKWRWKWKKWVa 15 +8 0.382 8/53.33 7/46.67

ZY4 VCKRWKKWKRKWKKWCVa 17 +9 0.328 9/52.94 8/47.06

GW18 GWGAKRWGKRGWKWKRHWa 18 +7 0.261 12/66.67 6/33.33

GK18 GKRGWKRFKGAKWKRTWHa 18 +8 0.070 13/72.22 5/27.78

a: C-terminal amidation (-NH2); L: length; NC: Net charge; H: Hydrophobicity; PR: Polar residues; NPR: Nonpolar residues.
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A

B

FIGURE 1

(A) Helical wheel projection diagrams of GW18 and other cathelicidin-BF analogs. The hydrophobic residues are presented in yellow color, 
positively charged hydrophilic residues blue, the noncharged polar residue purple, and negatively charged hydrophilic residue red. (B) The multiple 
sequence alignment analysis of these antimicrobial peptides were analyzed using DNAMAN software.

TABLE 2 Antimicrobial activity of GW18 and clinical antibiotics against methicillin-resistant S. aureus.

Bacteria strains
MIC (μM)

GW18 Vancomycin Methicillin

Staphylococcus aureus (ATCC6538) 1.32 1.08 1.94

methicillin-resistant Staphylococcus aureus (MRSA-Z) 1.32 0.54 >124.25

Staphylococcus aureus (SA115775) 1.32 1.08 62.13

Staphylococcus aureus (SA15192) 1.32 2.16 15.53

MIC: minimal inhibitory concentration.
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A

B

FIGURE 2

Killing kinetic of GW18 against S. aureus. S. aureus (ATCC6538, A) and methicillin-resistant S. aureus (MRSA-Z, B) were incubated with GW18 (1, 5, 
10 × MIC) or vancomycin (1, 5, 10 × MIC) at 37°C for 0, 15, 30, 60, 120 and 240 min, respectively. Ten microliter aliquots were extracted at each time 
point and diluted with fresh broth for 100 times, 100 μl of the dilution was seeded on agar plates. After incubation at 37°C for 24 h, the viable 
colonies were determined for the killing kinetic analysis. Data represent mean ± SD values of three independent experiments. *p < 0.05, **p < 0.01, 
***p < 0.001.

vancomycin at the same MICs. GW18 killed almost all the S. aureus 
at 1 × MIC in 120 min, while vancomycin could not completely kill 
the S. aureus at 1 ×, 5 ×, or even 10 × MICs in 240 min. Furthermore, 
GW18 killed almost all the MRSA-Z at 10× MIC in 30 min, while 
vancomycin needed 240 min at 1 ×, 5 ×, and 10 × MICs to completely 
kill the MRSA-Z. Collectively, these data suggested that GW18 
exhibits potent and quick antibacterial activity against S. aureus.

GW18 causes a negligible hemolytic activity 
and cytotoxicity to mammalian cells

Many antimicrobial peptides with excellent antibacterial activities 
have strong hemolytic activity, which hindered their application in 
vivo. In this experiment, the hemolytic activity of GW18 on human 
mature red blood cells was tested. As illustrated in Figure 3A, there is 
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no obvious hemolytic activity of GW18 at the concentration of 1.32–
169.01 μM. Besides hemolytic activity, the cytotoxicity of a drug is also 
an important indicator for its safety evaluation, so we investigated the 
cytotoxicity of GW18 on HEK293T. As shown in Figure 3B, GW18 
exhibited no obvious cytotoxicity on HEK293T even at the 
concentration of up to 169.01 μM. Therefore, our findings suggest that 
the use of GW18 has a low likelihood to lead hemolytic activity and 
cytotoxicity of mammalian cells.

GW18 shows no acute toxicity in vivo

To determine in vivo acute toxicity of GW18, 6–8 weeks old 
C57BL/6 male mice were injected with a single dose of GW18 at 

20 mg/kg and 40 mg/kg, respectively, and the death of mice was 
recorded at 12 h, 24 h, 36 h, 48 h, 60 h and 72 h. As illustrated in 
Supplementary Figure  1, GW18 showed no acute toxicity, 
suggesting the lower toxicity of GW18. Together, these properties 
make GW18 an ideal candidate as a drug agent.

GW18 maintains its antibacterial activity 
in plasma

We investigated the effect of plasma on GW18’s antibacterial 
activity. As shown in Figure 4A, incubation of GW18 in human 
plasma did not significantly affect its antibacterial activity against 
S. aureus. Indeed, the inhibitory activity of GW18 against S. aureus 

A B

FIGURE 3

Hemolysis and cytotoxicity of GW18. (A) 100 μl human mature red blood cell suspension was incubated with 100 μl of GW18 at different 
concentrations (0–169.01 μM). After incubation for 30 min at 37°C, cells were centrifuged (3,500 rpm, 5 min) and the absorbance of the supernatant 
was measured at 540 nm. The value for “zero hemolysis” was determined using sterile saline (negative control), while 100% hemolysis was 
established using 1% (v/v) Triton X-100 (PC: positive control). Hemolysis of testing sample was calculated as the percentage of Triton X-100-
induced hemolysis. (B) HEK293T cells (1 × 105 cells) were plated into 96 well plates and incubated with GW18 (0–169.01 μM) or 10% DMSO (PC: 
positive control) for 24 h. Cell viability was determined by adding 10 μl CCK8 in to the cells and incubated for 2 h. The absorbance at 450 nm of the 
solution was measured with a microplate reader. Data represent mean ± SD of 3 independent experiments. *p < 0.05, ***p < 0.001.

A B

FIGURE 4

GW18 maintains its antibacterial activity against S. aureus in plasma. (A) GW18 was incubated with human plasma (final concentration 4.23 mM) 
and the stability of GW18 determined by evaluating the antibacterial activity against S. aureus (ATCC6538, MRSA-Z, SA15192, SA115775) using the 
disk diffusion assay by measuring the diameter of zone of inhibition after incubation for 0–10 h. (B) GW18 was incubated with human plasma 
(4.23 mM) and the remaining peptide was determined by RP-HPLC. Data represent mean ± SD of two independent experiments.
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A B

C D

FIGURE 5

GW18 suppresses the dissemination of S. aureus (ATCC6538) and MRSA-Z in vivo. Mice (n = 6) were injected with S. aureus (ATCC6538 or MRSA-Z, 
2 × 108 CFU/mouse, ip), 2 h later, samples (GW18: 2, 4, 8 mg/kg; vancomycin: 2, 4 mg/kg, saline as the negative control group) were intraperitoneally 
injected with the concentration indicated. After 4 h of administration, mice were sacrificed, blood (A,C) and lung (B,D) were collected for the 
measurement of bacterial loads. Data represent mean ± SD values of six independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.

standard strain (ATCC6538), clinically isolated antibiotic-
resistance strains (SA115775 and SA15192), and methicillin-
resistant S. aureus (MRSA-Z) remained even after 10 h of plasma 
incubation in vitro. Furthermore, we measured the remaining 
GW18 after exposure to plasma by RP-HPLC. As shown in 
Figure 4B, 57.63% of the actual GW18 remained after 10 h of 
plasma incubation in vitro, which suggested that some degradation 
of GW18 occurred. Despite the partial degradation, the 
antibacterial effect of GW18 against S. aureus did not decrease, it 
is possible that some degraded fragments still have the 
antibacterial effect, which needs to be confirmed in the future.

GW18 suppresses the dissemination of 
Staphylococcus aureus to target organs

The therapeutic potential of GW18 as a candidate drug for 
bacteremia was evaluated. As shown in Figure 5, dissemination of 
standard S. aureus strain (ATCC6538) from the peritoneal cavity to 
the blood (Figure  5A) and lung (Figure  5B) was significantly 

suppressed with the treatment of GW18 or vancomycin. Remarkly, 
2 mg/kg GW18 treatment significantly reduced the dissemination 
of S. aureus from the peritoneal cavity to the blood, which was 
similar with the effect of vancomycin. GW18 treatment at 8 mg/kg 
showed the best antimicrobial effect on S. aureus, which was even 
better than that of vancomycin at the concentration of 4 mg/kg. 
Furthermore, the average bacterial load in lung tissue of GW18 
treatment at 2 mg/kg was reduced, and GW18 significantly 
suppressed the dissemination of S. aureus to lung at the 
concentration of 4 mg/kg and 8 mg/kg.

Furthermore, we also evaluated the therapeutic potential of 
GW18 against methicillin-resistant S. aureus (MRSA-Z) as a 
candidate drug for bacteremia. Similar with the effects on the 
standard S. aureus, GW18 significantly suppressed the 
dissemination of MRSA-Z from the peritoneal cavity to the blood 
(Figure 5C) and the lung (Figure 5D). Besides, GW18 showed 
higher effectivity against MRSA-Z than vancomycin at the same 
concentration. Taken collectively, these data confirmed the roles 
of GW18 in suppressing the dissemination of S. aureus to target 
organs in vivo.
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Discussion

Various infectious diseases caused by S. aureus and MRSA 
pose a great threat to human health (Li et  al., 2022). As an 
important pathogenic bacteria in communities and hospitals, 
MRSA has shown a pandemic trend in the world (Fu et al., 2021). 
It is urgent to develop new antimicrobial drugs that are not prone 
to produce drug resistance. Based on the experience of previous 
research, we designed a new antimicrobial peptide GW18, which 
selectively inhibited the infection of S. aureus and MRSA.

Antimicrobial peptides (AMPs) have been identified and 
characterized from tissues and organisms of every kingdom and 
phylum, ranging from prokaryotes to humans (Yeaman and 
Yount, 2003; Mwangi et al., 2019a). Of the available literature, 
defensin, cathelicidin, hepcidin are among the best-characterized 
peptides, which exhibit antimicrobial activities through the 
directly killing bacteria, or the regulation of immune system (Ho 
et al., 2017). LL-37, the only human member of the cathelicidin 
antimicrobial peptide family, is derived from human cathelicidin 
antimicrobial protein 18 (hCAP18) by the cleavage of proteinase 
3 (Sørensen et al., 2001). Although LL-37 has good antibacterial 
activity in vivo, elevated level of LL-37 is also reported to aggravate 
psoriasis (Lande et al., 2007), atherosclerosis (Edfeldt et al., 2006; 
Zhang et al., 2015), ulcerative colitis (Duan et al., 2018), sepsis 
(Fukumoto et al., 2005), thrombosis (Pircher et al., 2018; Salamah 
et al., 2018; Duan et al., 2022), and chronic obstructive pulmonary 
disease (Persson et al., 2017), which limits the use of LL-37 in 
these related diseases to treat bacterial infection.

In addition to endogenous LL-37, researchers have also 
identified many antimicrobial peptides belonging to cathelicidin 
family from other organisms, which provide the material basis for 
the design and development of new antibacterial drugs (Yu et al., 
2015; Zhang et al., 2019; Zhong et al., 2020; Chai et al., 2021; Wu 
et  al., 2021). In recent years, the designing of antimicrobial 
peptides based on the relationship between the structure and 
function of antimicrobial peptides have been confirmed the 
promising way to obtain novel antimicrobial peptides rapidly 
(Meng and Kumar, 2007; Fjell et al., 2011; Carmona et al., 2013). 
According to the known AMPs, the hydrophobic tryptophan 
(Trp) residue prefers the interfacial region of lipid bilayers, and 
positively changed residues, like lysine (Lys) and arginine (Arg), 
facilitate the interaction of the AMPs with the anionic components 
of the bacterial membrane (Jin et al., 2016). Furthermore, glycine 
(Gly) is frequently found in many antimicrobial peptides, which 
determines the antimicrobial activities (Van Kan et al., 2001; De 
Jesus Oliveira et al., 2019).

In the present study, a previously reported antimicrobial peptide 
cathelicidin-BF and its derivative were used as the templates to design 
the new antimicrobial peptide GW18, which retained the basic amino 
acids and replaced other residues with tryptophan or glycine. 
Through the functional screening, GW18 was found specifically 
inhibit S. aureus and MRSA (Table 2; Supplementary Table 1). Killing 
kinetics assay suggested the GW18 killed S. aureus even faster than 
vancomycin (Figure 2).

Besides the antimicrobial activity, plasma stability, hemolysis 
and cytotoxicity also greatly hamper the application of 
antimicrobial peptides (Greco et al., 2020). Negligible hemolytic 
activity and cytotoxicity of GW18 were detected (Figure 3). GW18 
still maintained its antibacterial activity against S. aureus and 
MRSA even after incubation for 10 h in plasma (Figure  4A). 
Furthermore, GW18 showed no acute toxicity even at the high 
concentration of 40 mg/kg (Supplementary Figure  1), while it 
significantly suppressed the dissemination of S. aureus (the 
standard strain and MRSA) to blood and lung at the concentration 
of 4 mg/kg (Figure 5).

Taken collectively, the designed GW18 showed excellent 
antimicrobial abilities against S. aureus and MRSA with negligible 
hemolytic activity, cytotoxicity and no acute toxicity. The present 
study provided an excellent candidate or template for the development 
of therapeutic agent to treat S. aureus and MRSA infection.
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