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A B S T R A C T   

Antimicrobial peptides (AMPs) are an important component of innate immunity in both vertebrates and in
vertebrates, and some of the unique characteristics of AMPs are usually associated with their living environment. 
The marine fish, mudskipper Boleophthalmus pectinirostris, usually live amphibiously in intertidal environments 
that are quite different from other fish species, which would be an exceptional source of new AMPs. In the study, 
an AMP named Bolespleenin334-347 was identified, which was a truncated peptide derived from a new functional 
gene found in B. pectinirostris, that was up-regulated in response to bacterial challenge. Bolespleenin334-347 had 
only 14 amino acid residues, including five consecutive arginine residues. It was found that the peptide had 
broad-spectrum antibacterial activity, good thermal stability and sodium ion tolerance. Bolespleenin334-347 killed 
Acinetobacter baumannii and Staphylococcus aureus by disrupting the structural integrity of the bacterial mem
brane, leading to leakage of the cellular contents, and inducing accumulation of bacterial endogenous reactive 
oxygen species (ROS). In addition, Bolespleenin334-347 effectively inhibited biofilm formation of A. baumannii and 
S. aureus and long-term treatment did not lead to the development of resistance. Importantly, Bolespleenin334-347 
maintained stable activity against clinically multi-drug resistant bacterial strains. In addition, it was noteworthy 
that Bolespleenin334-347 showed superior efficacy to LL-37 and vancomycin in a constructed mouse model of 
MRSA-induced superficial skin infections, as evidenced by a significant reduction in bacterial load and more 
favorable wound healing. This study provides an effective antimicrobial agent for topical skin infections with 
potential therapeutic efficacy for infections with drug-resistant bacteria, including MRSA.   

1. Introduction 

Antibiotics were one of the great discoveries of the 20th century, 
significantly reducing morbidity and mortality associated with infec
tious diseases, whose contribution to major advances in medicine has 
attracted much attention from the scientific community [1]. The two 
decades beginning in the 1940s were the golden age of antibiotic 
development, during which most antibiotics were discovered [2]. The 

ensuing explosion of misuse in medical and agricultural fields led to the 
rapid development of bacterial resistance [3]. Skin and soft tissue in
fections (SSTIs) are among the most common infections worldwide. 
They vary in severity from mild self-limiting superficial infections or 
life-threatening invasive infections [4]. Community and healthcare ac
quired SSTIs are most commonly caused by Staphylococcus aureus [5]. 
They present with a variety of symptoms, including impetigo, ecthyma, 
and cellulitis [6]. Superficial SSTIs may lead to invasive infections such 
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as bacteremia and osteomyelitis [7]. Global epidemiologic data show an 
increasing incidence and severity of SSTIs associated with methicillin- 
resistant S. aureus (MRSA) [8]. Of the 422 patients with SSTI who 
participated in the clinical study, 76 % had S. aureus isolated, with 
MRSA prevalence as high as 59 % [9]. Skin infections are usually treated 
on an outpatient basis with oral antibiotics and topical care. Topical 
treatment strategies for MRSA include fusidic acid, but due to its 
widespread use, resistance is now evident [10]. Mupirocin, a therapeutic 
agent used for nasal colonization and skin infections, is effective against 
S. aureus, but its efficacy against MRSA infections is currently unclear 
[11]. Vancomycin is known to be the first-line therapy against MRSA 
infections and is usually used for topical or systemic treatment [12]. 
However, in clinical practice, it has to be used cautiously as the last line 
of defense against MRSA due to the development of resistance or 
nephrotoxicity caused by systemic therapy [13]. Not only MRSA, but 
drug-resistant bacterial infections are currently responsible for more 
than 700,000 deaths per year worldwide. This number is expected to 
surge to 10 million by 2050 [14]. The gravity of the situation has forced 
many countries to set strict regulations on the use of antibiotics in 
healthcare facilities and agriculture, and has called for an accelerated 
exploration of viable alternatives to antibiotics [15,16]. 

In comparison to conventional antibiotics, antimicrobial peptides 
(AMPs) offer novel opportunities for the treatment of infections, and 
their diverse mechanisms of action have additional potential. AMPs 
exhibit potent antibacterial, antifungal, antiviral, and even tumor 
inhibitory activities [17]. AMPs are mostly cationic peptides with an 
amphiphilic structure that target the bacterial membrane structures 
composed of anionic polysaccharides or lipids, which is paramount for 
membrane disruption [18]. In addition to their propensity to induce 
membrane disruption, many AMPs (e.g., the defensins and cathelicidins 
families) exhibit additional functional activities, including the modula
tion of inflammatory responses, which is crucial as uncontrolled 
inflammation has the potential to induce autoimmune diseases [19,20]. 
In addition, the chemotactic effect of AMPs is demonstrated by the 
recruitment of neutrophils, dendritic cells, T cells, and macrophages for 
bactericidal purposes [21]. With their high potency and selectivity, wide 
range of targets, potentially low toxicity, low accumulation in tissues, 
and tendency not to trigger drug resistance, AMPs are considered 
promising anti-infective drug candidates [22,23]. Due to the differences 
between the composition of mammalian cell membrane and bacterial 
membrane structures, AMPs tend to selectively kill bacteria while hav
ing good biocompatibility with mammalian cells [18]. More evidence 
suggests AMPs have greater therapeutic potential of AMPs against the 
current dilemma of treating MRSA infections [24,25]. In a previous 
study, AMPs from seven different sources showed strong activity against 
15 clinical MRSA isolates [26]. Despite the large number of AMP-related 
patents filed, very few AMPs have received approval from the U.S. Food 
and Drug Administration (FDA) or the European Union’s European 
Medicines Agency (EMA), which is mandatory for market entry and 
clinical use [27]. This is mainly due to the fact that preclinical studies 
are usually conducted in the absence of physiological conditions. This 
means that the effects of factors such as (i) physiological levels of rele
vant ions, (ii) high ionic strengths (due to high salt concentrations) and 
(iii) the presence of proteolytic enzymes and physiological barriers are 
often overlooked [22,28]. The recent therapeutic peptide dataset shows 
that nearly 70 drug candidates (including one AMP) received regulatory 
approval in March 2017, and as of 2019, 27 AMPs are in clinical trials 
[29]. To improve their in vivo efficacy, many studies have focused on 
modifying known AMPs to compensate for their stability deficiencies, 
such as the introduction of unnatural amino acids, cyclization, esterifi
cation, and combined nanoparticle delivery [30], but the discovery of 
novel, natural AMPs that combine potent activity and stability remains 
the prior foundation of optimization efforts. 

The ocean accounts for 71 % of the earth’s surface area. Its marine 
environment of high salt, high pressure, different pH and temperature 
has created a huge biodiversity foundation for drug discovery. 

Compared with invertebrates, marine fish of the phylum Chordata have 
an advanced immune system, in which AMPs play an important role in 
innate immunity against pathogens [31]. Fish-derived AMPs can be 
classified into five different families, including hepcidins, β-defensins, 
histone-derived peptides, cathelicidins, and piscidinsk (fish-specific 
AMP family). Interestingly, the amino acid composition of marine- 
derived AMPs preferred arginine and leucine compared to terrestrial 
organisms, which may be related to environmental stability or the 
uniqueness of marine pathogens [32]. As reported, marine fish-derived 
AMPs exhibit good MRSA therapeutic potential, e.g. Epinecidin-1 from 
grouper (Epinephelus coioides) was more effective than vancomycin in 
treating whole wound trauma in MRSA-infected mice, as evidenced by a 
reduction in the bacterial load and suppression of inflammatory re
sponses [33]. Tilapia-derived Piscidin4 (TP4) has significant anti-MARA 
activity and is involved in immunomodulation and wound healing 
processes [34]. The ocean contains abundant fish resources (more than 
30,000 fish species) and represent a “treasure trove” of natural active 
substances [35]. The exploration and utilization of fish-derived AMPs 
deserves further attention. 

Mudskipper Boleophthalmus pectinirostris is a special marine fish that 
lives in an environment similar to that of amphibians, and the complex 
environment requires more innate immune factors to satisfy its basic 
defense needs. As reported, homologous comparison of sequencing data 
from mudskipper with the AMP database effectively screened out a large 
number of candidate AMPs, including hemoglobin-derived AMPs, am
yloid AMPs, and the piscidin family, etc [36], which fully demonstrated 
that mudskipper contains abundant AMP resources. However, this 
method has certain limitations and is not applicable to the identification 
of novel AMPs. In this study, we focused on the immune response genes 
after bacterial infection in mudskippers based on the previously estab
lished transcriptome library, and identified a novel functional gene from 
the differentially expressed genes, named Bolespleenin. Based on bioin
formatics predictions and experimental validation, the truncated pep
tide Bolespleenin334-347 was determined to have significant antibacterial 
activity. We explored its antibacterial mechanism, evaluated its prop
erties in terms of bacterial resistance, and then constructed a mouse 
model of superficial skin infection caused by MRSA to evaluate its 
therapeutic potential. This study will enrich the repertoire of fish- 
derived AMPs and provide an ideal anti-infective agent candidate for 
the treatment of drug-resistance bacteria. 

2. Materials and methods 

2.1. Experimental strain 

The standard strains used in this study were purchased from the 
China General Microorganism Culture Collection Center, including 
Acinetobacter baumannii (CGMCC no. 1.6769), Pseudomonas aeruginosa 
(CGMCC no. 1.2421), Escherichia coli (CGMCC no. 1.2389), Edwardsiella 
tarda (CGMCC no. 1.1872), Aeromonas hydrophila (CGMCC no. 1.2017), 
Vibrio alginolyticus (CGMCC no. 1.1833), Staphylococcus aureus (CGMCC 
no. 1.2465), Staphylococcus epidermidis (CGMCC no. 1.4260), Listeria 
monocytogenes (CGMCC no. 1.10753), Enterococcus faecalis (CGMCC no. 
1.2135), Corynebacterium glutamicum (CGMCC no. 1.1886), Bacillus 
cereu (CGMCC no. 1.3760), Crytococcus neoformans (CGMCC no. 
2.1563), Candida albicans (CGMCC no. 2.2411), Fusarium oxysporum 
(CGMCC no. 3.6785), Fusarium solani (CGMCC no. 3.5840), and Asper
gillus flavus (CGMCC no. 3.4410). Additionally, clinically drug-resistant 
strains including MDR A. baumannii QZ18050, MDR A. baumanni 
QZ18055, MDR P. aeruginosa QZ19121, MDR P. aeruginosa QZ19122, 
MRSA QZ19130, MRSA QZ19134, were kindly provided by the Second 
Affiliated Hospital of Fujian Medical University (Quanzhou, Fujian, 
China). Fungal strains were cultivated in potato dextrose agar (Hope 
Bio, Qingdao, China) at 28 ◦C. Vibrio strains were propagated in marine 
broth 2216 medium agar (BD DIFCO, USA) at 28 ◦C, and the other 
strains were cultured in nutrient broth medium (OXBID, UK) at 37 ◦C. 
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2.2. Gene cloning of Bolespleenin 

Mudskippers B. pectinirostris were obtained from the aquaculture 
base in Xiapu (Fujian, China). Tissue samples were collected, including 
liver, blood, spleen and kidney. Samples were treated with TRIzol re
agent (Invitrogen, UK) following the manufacturer’s instructions to 
extract total RNA. The concentration and quality of the extracted RNA 
were assessed using the Agilent 2100 bioanalyzer (Agilent Technologies, 
USA). To further ensure RNA integrity, agarose gel electrophoresis was 
employed. RNA samples from each tissue were mixed, reverse tran
scribed for cDNA using the SMARTer® RACE 5′/3′ Kit User Manual 
(Clontech, USA), and the full-length cDNA was amplified using long 
fragment high-fidelity enzyme LA Taq (Takara, Japan) according to the 
standard procedure of the instruction manual. The products were 
recombined into the pMD18-T vector (Takara, China) and sequenced by 
Sangon Biotech Co., Ltd (Shanghai, China). 

2.3. Sequence analysis and truncated peptide synthesis 

After gene cloning, a new functional gene was obtained and named 
Bolespleenin. Sequence identity prediction of this gene was performed 
using the NCBI online server (https://www.ncbi.nlm.nih.gov). Protein 
physicochemical properties were predicted using the ProtParam tool 
(https://web.expasy.org/protparam/) and HeliQuest tool (https://he 
liquest.ipmc.cnrs.fr/cgi-bin/ComputParams.py). The chemical struc
tures of the peptides were generated employing Chemdraw (https: 
//www.perkinelmer.com/category/chemdraw). Three-dimensional 
protein structure predictions were conducted using AlphaFold 
(https://github.com/deepmind/alphafold), and visualized by PyMOL 
software (https://www.pymol.org). AMP segmentation prediction was 
performed via the CAMPR4 online website (http:// https://www.camp. 
bicnirrh.res.in/predict/). 

The truncated peptide Bolespleenin334-347 (H-LIGLYLLHRRRRRH- 
OH) derived from Bolespleenin was predicted to be a potential AMP and 
was subjected to solid-phase chemical synthesis by Genscript (Nanjing, 
China), with a purity of 96.67 % determined by reversed-phase high- 
performance liquid chromatography (RP-HPLC). The observed molecu
lar weight was determined to be 1728.45 by electrospray ionisation 
mass spectrometry (ESI-MS). The synthesized peptides were stored in 
lyophilized form at a temperature of − 80 ◦C. 

2.4. Antimicrobial activity assay 

The antimicrobial activity of Bolespleenin334-347 was assessed using 
the micro broth dilution method as previously described [37]. Bacteria 
in logarithmic growth phase were harvested and diluted to 1 × 106 CFU/ 
mL in Mueller-Hinton broth (MHB, Oxoid, UK). Subsequently, various 
concentrations of the peptides were prepared in 96-well polystyrene flat- 
bottomed plates (NEST, China) using Milli-Q water and introduced into 
the bacterial suspensions. The final concentrations of peptides ranged 
from 1.5 to 96 μM (conventional antibiotic control LL-37 purchased 
from GL Biochem, Shanghai, China). Control wells consisted of bacterial 
suspensions treated with Milli-Q water only. The co-incubation plates 
were maintained at the optimal growth temperature for the respective 
bacteria and incubated for 24 h. The minimum inhibitory concentration 
(MIC), corresponding to the lowest peptide concentration that 
completely inhibit bacterial growth as visually determined, and the 
minimum bactericidal concentration (MBC), which represents the 
lowest peptide concentration required to kill 99.9 % of the microor
ganisms, were determined through colony counting. Three replicates 
were set up for each of the three independent experiments. 

2.5. Measurement of peptide thermal stability and sodium ion tolerance 

Peptide stability was assessed following the established methodology 
detailed in previous literature [38]. Briefly, A. baumannii and S. aureus 

cultures in their logarithmic growth phase were harvested and diluted to 
an approximate concentration of 1 × 106 CFU/mL. Subsequently, 
Bolespleenin334-347 was heat-treated in a controlled water bath at 100 ◦C 
for 10, 20 and 30 min, respectively. After cooling, the peptide was mixed 
with diluted bacterial suspension in microtiter plate wells and main
tained at 37 ◦C. Absorbance values at a wavelength of 600 nm were read 
at predefined intervals using an enzymatic microplate reader (Infinite 
F200 PRO, Tecan, Switzerland). Three replicates were set up for each of 
the three independent experiments. 

To assess sodium ion tolerance, diluted bacterial solutions were co- 
incubated with peptide solutions containing different concentrations 
of NaCl (10 to 500 mM) in microtiter plate wells for 1 h at 37 ◦C in a 
constant temperature incubator. Subsequently, the bacterial solutions 
were taken for plate counting. Three replicates were set up for each of 
the three independent experiments. 

2.6. The time killing kinetics 

For time-dependent bactericidal kinetics assessment, A. baumannii 
and S. aureus were suspended in MHB to a concentration of approxi
mately 1 × 106 colony-forming units per milliliter (CFU/mL). Incubation 
with 3 μM Bolespleenin334-347 was initiated, and aliquots were taken at 
specific time intervals for assessment. The aliquots were plated onto 
nutrient broth (NB, HKM, China) agar plates, followed by an incubation 
of 18–24 h at 37 ◦C. After incubation, viable colonies were counted. The 
percentage of viable colonies (%CFU) at each time point was calculated 
as %CFU = (viable colonies at a specific time point / initial viable col
onies) × 100 %. Three replicates were set up for each of the three in
dependent experiments. 

2.7. Electron microscope ultramicroscopy assay 

The changes in the structure of bacterial membranes in the presence 
of Bolespleenin334-347 were directly observed by scanning electron mi
croscopy (SEM) according to established protocols [37,39]. Bacteria in 
the logarithmic growth phase were collected and suspended in NaPB 
buffer to a concentration of approximately 1 × 107 CFU/mL. A final 
concentration of 1 × MBC (3 μM) of Bolespleenin334-347 was co- 
incubated with bacteria at 37 ◦C for 30 min. Subsequently, the bacte
ria were harvested by centrifugation (5000 g, 5 min), resuspended in 2.5 
% (v/v) glutaraldehyde (Sigma, Germany) fixative and incubated at 4 ◦C 
overnight. After three washes, 10 μL NaPB buffer was added to obtain a 
high-concentration suspension. The suspension was then added drop
wise onto pre-cut poly-L-lysine-coated slides (0.5 cm × 0.8 cm) and 
placed on ice for 30 min, then the excess liquid was removed by pipet
ting with filter paper, followed by critical point drying (EM CPD300, 
Leica, Germany) after dehydration in an ethanol gradient. The metal was 
sprayed with an ion sputter coater (JFC-1600, Jeol, Germany) and 
finally observed using a SEM (Zeiss SUPRA 55, Germany). 

The internal structure of the bacteria was analyzed by transmission 
electron microscopy (TEM), and samples of Bolespleenin334-347-treated 
bacteria were prepared following the same procedure as described 
above. The treated bacteria were embedded in 2 % agar blocks (2 mm ×
2 mm), treated with 2.5 % glutaraldehyde overnight, washed with NaPB 
buffer, and then fixed with 1 % osmium tetroxide for 1 h. Afterwards, 
they were subjected to gradient dehydration with ethanol, stained with 
uranyl acetate, rinsed with acetone and embedded in epoxy resin. Ul
trathin sections were prepared, and then visualized by TEM (HT-7800, 
Hitachi, Japan). 

2.8. Bolespleenin334-347 inhibited bacterial biofilm formation 

The assessment of the effect on biofilm formation was performed 
following established methodology documented in previous studies 
[40]. Briefly, A. baumannii and S. aureus in logarithmic growth phase 
were collected, washed with NaPB and then diluted with MH medium to 
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a concentration of 1 × 106 CFU/mL. The diluted bacteria were co- 
incubated with different final concentrations (0 to 48 μM) of Boles
pleenin334-347 in 96-well plates for 24 h. After incubation, the formed 
biofilm was stained with 0.1 % crystalline violet (CV, Sigma, Germany) 
and quantified by measuring the absorbance at 595 nm using an enzy
matic microplate reader. Five replicates were set up for each indepen
dent experiment, for a total of three independent experiments. 

2.9. Development of bacterial drug resistance under long-term stress of 
Bolespleenin334-347 

Based on previous studies with minor modifications, we assessed the 
development of resistance in A. baumannii and S. aureus under long-term 
treatment of Bolespleenin334-347 [37]. Antibiotics involved in the ex
periments (including gentamicin, tigecycline, ampicillin, and vanco
mycin) were purchased from Sigma (Germany) and LL-37 was 
purchased from GL Biochem (Shanghai, China). Briefly, bacteria were 
harvested during the logarithmic growth phase and diluted in MHB to 
approximately 1 × 106 CFU/mL. Selected antimicrobial agents 
(including Bolespleenin334-347, LL-37 and selected traditional antibi
otics) were used in antimicrobial assays, and the following day cultures 
were diluted 1,000-fold in sub-MIC concentration with fresh MHB, and 
the antimicrobial assay was repeated. The assay was carried out for 60 
consecutive days using this approach and the change in MIC value was 
recorded. Three replicates were set up for each of the three independent 
experiments. 

2.10. Localization of FITC-Labeled Bolespleenin334-347 in bacteria 

FITC-labeled Bolespleenin334-347 was purchased from Genscript 
(Nanjing, China, purity 99.132 %, molecular weight 2362.0). According 
to the previous protocol with a slight modification [41], bacterial cul
tures from the mid-log phase were collected and suspended in PBS to 
reach an OD600 of 0.1. Subsequently, FITC-labeled Bolespleenin334-347 at 
different concentrations (3, 6, 12, and 24 μM) were co-incubated with 
the bacteria for 30 min, followed by three washes with PBS. The samples 
were then loaded into a 96-well glass-bottom plates (Cellvis P96 − 1.5H- 
N) and examined under a confocal laser scanning microscopy (CLSM) 
with an excitation wavelength of 488 nm. The quantification of fluo
rescence intensity was conducted by Image J software. 

2.11. Assessment of the permeability of bacterial outer and inner 
membranes in the presence of Bolespleenin334-347 

The altered permeability of the outer membrane of Gram-negative 
bacteria in the presence of Bolespleenin334-347 was assessed using an 
N-phenyl-L-naphthylamine (NPN, Sigma, Germany) probe. Briefly, 
logarithmically harvested A. baumannii cells were suspended in HEPES 
buffer (pH 7.4, containing 5 mM glucose) and adjusted to a bacterial 
concentration of approximately 1 × 108 CFU/mL. Subsequently, NPN 
was added at a final concentration of 10 μM. The bacteria-NPN mixture 
was introduced into a 96-well black flat-bottomed microtiter plate 
(NUNC, Roskilde, Denmark) and read at 350/420 nm using an enzy
matic microplate reader until the background signal stabilized. Subse
quently, different concentrations of Bolespleenin334-347 (1.5 μM, 3 μM, 6 
μM) were introduced into the wells with Milli-Q water as a negative 
control and 1 μg/mL polymyxin B (PMB) as a positive control. The 
changes in fluorescence signal were recorded at 2-minute intervals in 
each group, and three replicates were set up for each of the three in
dependent experiments. 

The effect of Bolespleenin334-347 on the permeability of the bacterial 
inner membrane was assessed using the LIVE/DEAD BacLight™ kit 
(Thermo Fisher, USA) according to protocols previously reported [42]. 
Briefly, logarithmically growing A. baumannii and S. aureus cultures 
were collected, followed by three washes in 10 mM sodium phosphate 
buffer (NaPB, pH 7.4) to a density of 1 × 107 CFU/mL. Bacterial 

suspensions were mixed with Bolespleenin334-347 (6 μM) and co- 
incubated for 30 min at 37 ◦C. After two washes, SYTO 9 and PI were 
added for staining. Samples were incubated at room temperature for 15 
min protected from light and then analyzed using CLSM (Zeiss LSM780, 
Germany) and a flow cytometer (Beckman CytoFlex, USA). The experi
ment was repeated three times independently. 

2.12. Monitoring bacterial endogenous ROS in the presence of 
Bolespleenin334-347 

ROS levels induced by Bolespleenin334-347 treatment of bacteria were 
quantified using the fluorescent probe 2′,7′-dichlorodihydrofluorescein 
diacetate (DCFH-DA) purchased from Nanjing Jiancheng Bioengi
neering Institute, Nanjing, China. A. baumannii and S. aureus were 
diluted to a concentration of 1 × 108 CFU/mL in a solution of NaPB 
supplemented with 40 % MHB. The bacteria were then co-incubated for 
30 min with various concentrations of Bolespleenin334-347 (final con
centrations of 1.5 μM, 3 μM, and 6 μM) or LL-37 at a final concentration 
of 12 μM. After washing three times with phosphate-buffered saline 
(PBS), DCFH-DA (final concentration of 10 μM) was introduced and 
incubated for another 30-minute. Finally, the fluorescence intensity was 
quantified using an enzymatic microplate reader with excitation/emis
sion wavelengths at 488/525 nm. Five replicates were set up for each 
independent experiment, for a total of three independent experiments. 

2.13. Evaluation of cytotoxicity and hemolytic activity of Bolespleenin334- 

347 

The cytotoxicity of Bolespleenin334-347 was conducted using the MTS 
method according to the established protocol [37]. HEK-293 T (human 
embryonic kidney cell line) and HeLa (human cervical cancer cell line) 
were obtained from the Chinese Academy of Sciences Stem Cell Bank 
(https://www.cellbank.org.cn/), while ZF4 (zebrafish embryonic cell 
line) was obtained from the Institute of Hydrobiology, Chinese Academy 
of Sciences in Wuhan, China. These distinct cell lines were seeded into 
96-well cell culture plates (Thermo Fisher, USA) at a density of 1 × 104 

cells/mL and cultured overnight in a 5 % CO2 incubator (the optimal 
temperature was 37 ◦C for HEK-293 T and HeLa, and 28 ◦C for ZF4). 
After overnight incubation, the culture medium was replaced with fresh 
medium containing varying concentrations of the peptide (ranging from 
0 to 48 μM) in each well. After24 hours of co-incubation, cell viability 
assay was performed using the CellTiter 96® AQueous kit (Promega, 
USA). Five replicates were set up for each of the three independent 
experiments. 

The hemolytic potential of Bolespleenin334-347 was assessed using 
freshly isolated mouse erythrocytes. The blood was subjected to 
centrifugation at 500g for 3 min, and the erythrocytes were then washed 
thoroughly with 0.9 % saline solution until the upper aqueous phase 
became clear. Subsequently, the erythrocytes were resuspended to a cell 
concentration of 4 %. In a 96-well plate, 100 μL of diluted erythrocyte 
suspension was co-incubated with 100 μL of each peptide concentration 
at 37 ◦C for 1 h. After co-incubation, the mixture was centrifuged at 
4,000 rpm for 3 min, and the resulting supernatant was carefully 
collected in a new 96-well plate. The hemoglobin content was quantified 
by measuring the absorbance at 540 nm using an enzymatic microplate 
reader. Negative and positive controls were 0.9 % saline and 0.1 % 
Triton X-100/saline, respectively. The extent of hemolysis was calcu
lated as follows: Hemolytic activity (%) = [(A540 of test sample− A540 of 
negative control)] / (A540 of positive control− A540 of negative control) 
× 100 %. Four replicates were set up for each of the three independent 
experiments. 

2.14. Therapeutic evaluation of Bolespleenin334-347 against superficial 
skin infections in mice 

Female BALB/c mice aged 6–8 weeks were purchased from the 
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Beijing Weitong Lihua Experimental Animal Technical Co., Ltd (Beijing, 
China). The animal protocols adhered to the Institutional Animal Care 
and Use Committee guidelines and received approval from the Ethics 
Committee of Xiamen University Laboratory Animal Center (XMULAC 
20220128). Drawing on previous studies [11,43], mice were anes
thetized by intraperitoneal injection of 2.5 % avertin (Sigma, Germany) 
solution and dorsally shaved. A superficial skin abrasion (including 
complete removal of the stratum corneum) was performed with sand
paper over an area of 1 cm2. The effect of transepidermal water loss 
(TEWL) was assessed by Tewameter TM300 to measure the extent of 
skin barrier disruption (Courage and Khazaka). After that, the trauma
tized area was then inoculated with 1 × 107 CFU of MRSA QZ19130. 

Follow-up administration was performed on all mice the following 
day, with 20 μL of the test substances (1 mg/mL of Bolespleenin334-347, 1 
mg/mL of LL-37, and 2 μg/mL of vancomycin) applied uniformly to the 
wound site once daily. Photographs were taken on days 1, 4, and 8 to 
document the progress of wound healing. Meanwhile, the body weights 
of the mice were recorded daily throughout the experimental period. On 
the 8th day, the mice were euthanized, and the traumatized skin was 
aseptically excised for subsequent bacterial load analysis and histo
pathological section evaluation. 

2.15. Statistical analysis 

The data was presented as mean ± standard deviations (SD). Sta
tistical comparisons were performed using one-way analysis of variance 
(ANOVA) with SPSS 18.0 software. Differences were significant when 
the p-value was less than 0.05 (P < 0.05). 

3. Result 

3.1. Sequence analysis and truncated peptide prediction of Bolespleenin 

The full-length cDNA sequence of Bolespleenin was obtained and has 
been included in the Genbank database. The gene contained a 76 bp 5′ 
untranslated region (5′ UTR) and a 315 bp 3′ UTR. Its open reading frame 
(ORF) encoded a protein containing 419 amino acids (GenBank acces
sion no. OK432526). The protein had a predicted isoelectric point (pI) of 
5.56 and a molecular weight of 45.7 kDa. Bioinformatics analysis of 
Bolespleenin was screened to obtain a potential AMP, a peptide consisting 
of 14 amino acid residues at the C-terminal end of the encoded protein 
named Bolespleenin334-347 (H-LIGLYLLHRRRRRH-OH), which con
tained five consecutive arginines. As shown in Fig. 1, the tertiary 
structure of Bolespleenin334-347 was predicted to be a typical α-helical 
structure with basic amino acids in the amino acid composition and 
protonatable groups (guanidyl and imidazole) on the side chain that can 
be hydrolyzed to provide cations. The physicochemical properties of 
Bolespleenin334-347 indicate that it was an amphiphilic cationic peptide, 

with a predicted charge of + 5 and a hydrophobicity of 34.1 %. The AMP 
probability analysis was then performed based on the CAMPR4 server, 
where the Random Forest (RF) model, Support Vector Machine (SVM), 
and the Artificial Neural Network (ANN) model predicted probabilities 
of 0.73, 0.98, and 0.94, respectively. All three models classified Boles
pleenin334-347 as an AMP. 

3.2. Broad-spectrum antimicrobial activity of Bolespleenin334-347 

Antibacterial assays revealed the antibacterial spectrum of Boles
pleenin334-347 (LL-37 was used as a control for conventional antibiotics), 
as summarized in Table 1. Remarkably, the peptide exhibited stronger 
broad-spectrum antimicrobial activity than LL-37, where Bolesplee
nin334-347 showed significant antimicrobial activity against Gram- 
negative bacteria (MIC ≤ 6 μM), such as A. baumannii, P. aeruginosa, 
and E. coli. Additionally, it also exhibited strong activity against com
mon aquatic pathogens (3 μM ≤ MIC ≤ 24 μM), such as A. hydrophila, 
E. tarda, and V. alginolyticus. Moreover, most of the Gram-positive bac
teria were susceptible to the peptide, with MIC values below 6 μM. In 
addition to bacteria, the peptide also effectively inhibited spore germi
nation of fungi. The above results demonstrated the broad-spectrum 
antibacterial and antifungal activity of the peptide. 

The efficacy of the peptide against clinically isolated drug-resistant 
bacteria was further assessed. Impressively, even at concentrations as 
low as 6 μM, Bolespleenin334-347 showed significant inhibitory potential 
against drug-resistant variants of MDR A. baumannii (QZ18050, 
QZ18055), MDR P. aeruginosa (QZ19121, QZ19122), and MRSA 
(QZ19130, QZ19134). 

3.3. Time-killing kinetics of Bolespleenin334-347 

The bactericidal efficiency of Bolespleenin334-347 was assessed by 
bactericidal kinetics. The results showed that 3 μM Bolespleenin334-347 
was able to kill over 95 % of A. baumannii within 60 min. In contrast, it 
exhibited even more effective against S. aureus, achieving more than 95 
% killing efficiency within 30 min (Fig. 2A). 

3.4. Bacterial morphology changes after Bolespleenin334-347 treatment 

The bacterial surface structure was evaluated by scanning electron 
microscopy (SEM). As shown in Fig. 2B, the surface structure of the 
bacterial membrane in the control group was smooth without obvious 
damage. However, after treatment with 1 × MBC (3 μM) of Bolesplee
nin334-347, the membrane surfaces of both A. baumannii and S. aureus 
showed obvious folds, which were severely manifested as holes and 
ruptures. Further ultrathin sectioning of the embedded bacterial samples 
and more detailed observation of the membrane structure and internal 
structure by transmission electron microscopy (TEM) showed that the 

Fig. 1. Analysis of the structure and physicochemical properties of Bolespleenin334-347. The three-dimensional structure of Bolespleenin334-347 was predicted 
using AlphaFold; the α-helix constituting the amino acid in the structural formula is framed by a dashed line, and the structure contains basic side chains (guanidyl 
and imidazole), with positively charged groups labelled in red. (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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bacteria exhibited cavitation after Bolespleenin334-347 (1 × MBC) 
treatment, and fragments of the bacterial membrane structure and 
leaked contents were observed (Fig. 2C). Taken together, these results 
demonstrated that Bolespleenin334-347 caused direct damage to the 
structure of the bacteria and might be an important cause of bacterial 
death. 

3.5. Stability evaluation of Bolespleenin334-347 

The stability assessment of Bolespleenin334-347 included the detec
tion of its antimicrobial activity under different treatment conditions. As 
shown in Fig. 3A and C, exposure to 100 ◦C for 10 to 30 min had no 
significant effect on its activity. In addition, the effect of different so
dium ion concentrations on its activity was evaluated. Results in Fig. 3B 
and D show that Bolespleenin334-347 retained highly active at a con
centration of 160 mM, reducing the number of viable bacteria by more 
than three orders of magnitude. Remarkably, at concentrations up to 
200 mM, it remained effective against bacteria, although a substantial 
decrease in activity was observed. Temperature and ionic concentration 
are commonly used in the stability evaluation of AMPs, especially in 
certain diseases where high sodium ion concentration environments 
greatly limit the application of AMPs, and the above results 

demonstrated the good stability of Bolespleenin334-347 under the tested 
conditions. 

3.6. Anti-biofilm activity of Bolespleenin334-347 

Bacterial infections often culminate in the formation of biofilm 
structures, that exacerbate the challenges posed by antibiotic resistance 
[44]. The formation of biofilms greatly enhances bacterial resistance, 
leading to a surge in antibiotic tolerance ranging from 10 to 1000-fold 
[45]. In view of these concerns, our study analyzed the effect of 
different concentrations of Bolespleenin334-347 (ranging from 3 μM to 48 
μM) on the biofilm formation capacity of two pivotal pathogens 
(A. baumannii and S. aureus). The results showed a dose-dependent 
attenuation of the biofilm formation ability of both bacterial strains 
after Bolespleenin334-347 treatment (Fig. 4A and B). 

3.7. Antibacterial process of Bolespleenin334-347 without inducing 
resistance 

A. baumannii and S. aureus are common clinical pathogens that are 
rapidly developing resistance to conventional treatment [46]. In this 
study, we used two AMPs (Bolespleenin334-347 and LL-37) and four 
conventional antibiotics for the evaluation of long-term resistance in
duction in two subject bacteria. Under 60 days of sub-MIC concentration 
stress, A. baumannii showed no significant changes in resistance to either 
AMP, compared to a more than 1,000-fold elevation in the gentamicin- 
treated group, and a more than 300-fold elevation in the tigecycline 
resistance was elevated (Fig. 4C). Neither AMPs induced resistance in 
S. aureus over a 60-day period, however, the MIC was elevated more 
than 400-fold in the ampicillin-treated group, and steadily increased 
approximately 5-fold in the vancomycin-treated group (Fig. 4D). 

3.8. Bolespleenin334-347 targets bacteria and disrupts outer membrane 
integrity 

The membrane affinity of cationic peptides is highlighted by their 
selectivity for lipid membranes, with a predilection for bacterial mem
brane structures containing negatively charged phospholipids, thus 
promoting the accumulation of these cationic peptides [47]. In our 
study, Bolespleenin334-347 was heavily enriched on the bacterial surface 
at a concentration of only 3 μM, and this enrichment showed a dose- 
dependent pattern (Fig. 5A to C). 

The outer membranes of Gram-negative bacteria carry a large 
amount of anionic polysaccharides, that can limit the concentration of 
cationic peptides reaching the inner membrane [48]. Therefore, we here 
evaluated the integrity of the outer membrane of A. baumannii in the 
presence of Bolespleenin334-347 by means of an NPN probe, which pen
etrates the damaged outer membrane of the bacterium and emits strong 
fluorescence upon binding to hydrophobic lipid. As shown in Fig. 5D, 
NPN fluorescence increased in a dose-dependent manner with 
increasing concentrations of Bolespleenin334-347, reflecting increased 
permeability of the damaged outer membrane structure. 

3.9. Bolespleenin334-347 treatment increases bacterial inner membrane 
permeability 

The effect of Bolespleenin334-347 on the permeability of the bacterial 
inner membrane was evaluated by SYTO 9 and PI staining (Fig. 6A), in 
which SYTO 9 labeled all the bacteria, while PI can only pass through 
the damaged bacterial inner membrane and bind to its nucleic acids and 
emit red fluorescence, and the fluorescence co-localization was analyzed 
by CLSM. The results showed that for both bacteria tested, the bacterial 
inner membrane was intact in the control group, while almost all bac
teria in the positive control group (PMB, 1 μg/mL) were labeled by the PI 
dye, implying that the bacterial inner membrane structure was severely 
damaged. Notably, after treatment with 1 × MBC (3 μM) of 

Table 1 
Broad-spectrum antimicrobial assay for Bolespleenin334-347.  

Strains CGMCC 
NOa 

MICb 

(μM) 
MBCc/MFCd 

(μM) 
MIC 
(μM) 

Gram-negative bacteria Bolespleenin334-347 LL-37 
Acinetobacter baumannii 1.6769 1.5–3 1.5–3 3–6 
Pseudomonas aeruginosa 1.2421 <1.5 1.5–3 6–12 
Escherichia coli 1.2385 3–6 6–12 12–24 
Aeromonas hydrophila 1.2017 12–24 24–48 48–96 
Edwardsiella tarda 1.1872 12–24 12–24 48–96 
Vibrio alginolyticus 1.1833 3–6 6–12 12–24  

Gram-positive bacteria Bolespleenin334-347 LL-37 
Staphylococcus aureus 1.2465 <1.5 1.5–3 6–12 
Staphylococcus epidermidis 1.4260 <1.5 <1.5 3–6 
Listeria monocytogenes 1.10753 1.5–3 1.5–3 1.5–3 
Enterococcus faecalis 1.2135 3–6 3–6 6–12 
Corynebacterium 

glutamicum 
1.1886 <1.5 <1.5 <1.5 

Bacillus cereu 1.3760 6–12 6–12 <1.5  

Fungi Bolespleenin334-347 LL-37 
Crytococcus neoformans 2.1563 <1.5 <1.5 1.5–3 
Candida albicans 2.2411 3–6 6–12 6–12 
Fusarium oxysporum 3.6785 3–6 3–6 12–24 
Fusarium solani 3.5840 3–6 3–6 6–12 
Aspergillus flavus 3.4410 6–12 24–48 12–24  

Multi-drug resistant 
bacteriae 

Bolespleenin334-347 LL-37 

MDR A. baumannii 
(QZ18050) 

− 1.5–3 3–6 3–6 

MDR A. baumannii 
(QZ18055) 

− 3–6 6–12 6–12 

MDR P. aeruginosa 
(QZ19121) 

− 3–6 6–12 6–12 

MDR P. aeruginosa 
(QZ19122) 

− 3–6 3–6 6–12 

MRSA (QZ19130) − 3–6 3–6 12–24 
MRSA (QZ19134) − 1.5–3 3–6 6–12 

aChina general microbiological culture collection center number. b, c, d Antimi
crobial results were uniformly expressed in the A-B format, where A is the 
highest concentration at which visible microbial growth was observed in the 
experiment and B is the lowest concentration at which no microbial growth was 
observed in the experiment. e Multidrug-resistant strains isolated from clinical 
samples were provided by the Second Affiliated Hospital of Fujian Medical 
University (Quanzhou, Fujian, China). 
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Fig. 2. Bactericidal properties of Bolespleenin334-347 against bacteria (A. baumannii and S. aureus, respectively). (A) Time-dependent killing properties of 
Bolespleenin334-347 against bacteria. (B) Structural changes of bacterial surface in the presence of Bolespleenin334-347 as observed by SEM. (C) The embedded bacterial 
samples were sectioned and the bacterial structures were evaluated by TEM observation. 
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Bolespleenin334-347, a large amount of red fluorescent signals also 
appeared, suggesting that the permeability of the damaged bacterial 
endomembrane structure was increased. We further quantified the live- 
dead bacteria using flow cytometry (Fig. 6B), which showed that 1 μg/ 
mL PMB led to the death of 78.2 % of the bacteria, while 3 μM Boles
pleenin334-347 resulted in 13.9 % bacterial death. 

3.10. Increase in bacterial endogenous ROS after Bolespleenin334-347 
treatment 

In the presence of antimicrobial agents, an increase in ROS excess 
due to oxidative stress is one of the major causes of bacterial death [49]. 
Endogenous ROS changes in the subject bacteria under the treatment of 
Bolespleenin334-347 were monitored by DCFH-DA probe. The results 
showed that Bolespleenin334-347 caused a significant and dose- 
dependent increase in endogenous ROS in A. baumannii at all three 
concentrations (1.5 μM, 3 μM, and 6 μM) as compared to the control 
(Fig. 7A). Similarly, for S. aureus, treatment with Bolespleenin334-347 at 
3 μM and 6 μM concentrations significantly increased endogenous ROS 
levels (Fig. 7B). 

3.11. Bolespleenin334-347 without cytotoxic and hemolytic activity 

In addition to the stability of AMPs, the evaluation of their 
biocompatibility is an essential and critical part of the further applica
tion of AMPs [50]. In this study, we evaluated the cytotoxicity of 
Bolespleenin334-347 in vitro using the mammalian cell line HEK-293 T, 
the cancer cell HeLa, and the fish cell line ZF4, with Melittin as a positive 
control (final concentration of 6 μM). As shown in Fig. 8A, none of the 
three cell lines exhibited significant cytotoxicity over the range of 
effective antimicrobial concentrations of Bolespleenin334-347 (6 μM to 
48 μM). In contrast, 6 μM Melittin showed significant cytotoxicity. We 
also evaluated the hemolytic activity of Bolespleenin334-347 on mouse 
erythrocytes. Incubation of saline with erythrocytes as a negative con
trol did not result in hemolysis, whereas 0.1 % Triton X-100 led to 

complete rupture of erythrocytes. Remarkably, no significant hemolysis 
was detected even when the concentration of Bolespleenin334-347 was as 
high as 192 μM (as shown in Fig. 8B and C). These results demonstrated 
that Bolespleenin334-347 had good biocompatibility. 

3.12. Promotion of healing by Bolespleenin334-347 in MRSA-induced 
superficial skin infections in mice 

The experimental mice were subjected to superficial skin trauma, 
and the extent of epidermal trauma was determined by detecting wound 
water loss (pre-trauma TEWL value of 11.41 ± 6.81 g/m2⋅h and post- 
trauma TEWL value of 67.20 ± 10.66 g/m2⋅h), followed by topical 
inoculation of MRSA to complete the model construction. Photographs 
were taken to document wound recovery during the 8-day treatment 
period (Fig. 9A), and wound samples were collected on day 8 for bac
terial load analysis and pathology section analysis (Fig. 9B and C). The 
results showed that the wound recovery was faster in the uninfected 
control (NC) group, with the stratum corneum returning to pre- 
traumatic levels. In contrast, wound healing showed impairment in 
the saline-treated group, with pathology sections showing dermal 
hemorrhage (indicated by red arrows) and edema (indicated by green 
arrows), and abnormal keratinization of the stratum corneum (indicated 
by black arrows). Of all three treatment groups, the Bolespleenin334-347- 
treated group demonstrated the closest degree of wound healing to that 
of the NC group, with substantial restoration of keratinization, while the 
LL-37-treated group showed only a certain degree of keratinization 
insufficiency. In contrast, the vancomycin-treated group remained red 
and swollen on day 8, and pathological sections showed dermal edema 
and abnormal keratinization. Analysis of the bacterial load in each 
group showed that all three treatment groups had significantly lower 
bacterial loads than the saline-treated group. Notably, the reduction in 
bacterial load was significantly higher in the Bolespleenin334-347-treated 
group than in the vancomycin-treated group. In addition, the body 
weights of the mice were monitored throughout the treatment phase, 
and the results showed a decreasing trend of body weights in all groups, 

Fig. 3. Stability evaluation of Bolespleenin334-347. The fluctuation of antimicrobial activity of Bolespleenin334-347 against A. baumannii (A) and S. aureus (C) after 
high temperature treatment. The results were reflected by monitoring the OD600 values during bacterial growth. The antimicrobial activity of Bolespleenin334-347 
against A. baumannii (B) and S. aureus (D) at different sodium ion concentrations. 
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with more pronounced decreases in the vancomycin-treated and saline- 
treated groups (Fig. 9D). Overall, Bolespleenin334-347 showed superior 
therapeutic effects to LL-37 and vancomycin in the treatment of MRSA- 
induced localized superficial skin infections. 

4. Discussion 

Nearly half of the AMPs included in the Antimicrobial Peptide 
Database (APD) are derived from amphibians, whose innate immunity 
has evolved unique adaptations under the selection pressures of complex 
living environments [51]. Mudskippers B. pectinirostris are amphibious 
fish that live in the intertidal zone, and possess a range of specific 
physiological characteristics to adapt to the complex environment be
tween the sea and the land [52]. In this unique ecosystem, mudskippers 
need to cope with an underwater environment at high tide and a 
terrestrial environment at low tide [53]. Due to this complex living 
environment, mudskippers are under pressure from a wide variety of 
pathogenic microorganisms, and thus broad-spectrum antimicrobial 
activity is a necessary characteristic of AMPs from this species [36]. In 
addition, mudskippers are frequently subjected to changes in environ
mental factors such as tides, salinity and temperature, which contribute 
to the diversification of their AMPs and their high resistance to remain 
active under different conditions [54]. Previous studies have identified a 
variety of active substances in mudskipper that are directly involved in 

antimicrobial activity, including proteases, lectins, lysozymes, and 
AMPs [36,55,56]. In the study, a number of potential AMP genes were 
predicted by screening the transcriptomes of bacterially infected mud
skippers previously established in our laboratory, some of which are 
highly homologous to AMPs in the APD database and the rest of which 
are novel. Among them, we focused on the novel functional gene, named 
Bolespleenin, which was significantly up-regulated after bacterial infec
tion, and encoded a cationic peptide, Bolespleenin334-347, consisting of 
14 amino acid residues with five consecutive arginine residues. The 
cationic amphiphilic physicochemical properties of Bolespleenin334-347 
were predicted to have antimicrobial potential, and its broad-spectrum 
antimicrobial activity was further confirmed. Cationic AMPs usually 
bind to negatively charged polysaccharides and phospholipids in mi
crobial membrane structures, selectively targeting and causing damage 
[57]. Bolespleenin334-347 is predicted to have an α-helical structure, but 
membrane-active peptides are usually unstructured in aqueous solution, 
whereas in the presence of lipid membranes, they exhibit an α-helical 
structure, which leads to disruption of the bilayer structure [58]. 
Notably, Bolespleenin334-347 contains a unique polyarginine sequence. 
In terms of amino acid composition, the basic amino acids arginine and 
lysine are both protonated to provide the positive charge, which is 
essential for the antimicrobial activity of the cationic peptides [59–61]. 
In addition, the unique guanidinium-based side chain of arginine forms 
a more stable structure with membrane components and typically 

Fig. 4. Bolespleenin334-347 inhibits the development of adaptive resistance in bacteria. Quantification of the impact of varying concentrations of Bolesplee
nin334-347 on biofilm production in A. baumannii (A) and S. aureus (B) by measuring absorbance at 595 nm after CV staining. Data are presented as mean ± standard 
error of mean (n = 5). Statistical analysis was conducted through one-way ANOVA followed by the Dunnett post hoc test. * p < 0.05, ** p < 0.01. The elevation of 
drug resistance in A. baumannii (C) and S. aureus (D) is depicted by the fold change of MIC after prolonged exposure to subtherapeutic concentrations. The y-axis 
represents the fold change (log10 scale) of MIC relative to day one, while the x-axis denotes the number of days (bacteria undergo one generation per day). The 
experiment was conducted in triplicate. 
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exhibits greater membrane perturbation than lysine, an advantage that 
is even more pronounced in the polyarginine structures [62,63]. 

Disruption of bacterial membrane structure is one of the bactericidal 
mechanisms of AMPs, which usually depends on the concentration of 
peptides on the membrane surface and leads to membrane structural 
disruption when a certain threshold is reached [64]. In this study, it was 
observed that Bolespleenin334-347 co-localized on bacteria in a dose- 
dependent manner, and assessment of the structural integrity of the 
bacterial membranes showed that the permeability of both the outer and 
inner bacterial membranes was altered in the presence of Bolesplee
nin334-347, and that the increase in permeability might lead to osmotic 
imbalance, which could interfere with normal physiological processes in 
bacteria. This result was consistent with electron microscopic observa
tions that the surface of the bacterial membrane wrinkled or even 

ruptured in the presence of Bolespleenin334-347, and leakage of bacterial 
contents was observed. In addition, we found a significant increase in 
bacterial endogenous ROS with treatment of Bolespleenin334-347, indi
cating that the action of Bolespleenin334-347 simultaneously triggered 
oxidative stress, and the excessive ROS may damage bacterial proteins, 
lipids, and DNA, leading to fatal bacterial damage [65,66]. Taken 
together, the disruption of membrane structure and the surge of ROS 
may act together in the bacterial killing process. 

Biofilms are a survival strategy for bacteria to cope with environ
mental stresses and resist the action of antibiotics or other drugs [67]. 
Bacterial biofilm formation typically involves three stages: (i) plank
tonic phase, (ii) initial attachment to surfaces, and (iii) formation of 
microcolonies and secretion of extracellular polymeric substances (EPS). 
Once a dense EPS matrix is formed, it inhibits the penetration of 

Fig. 5. Bolespleenin334-347 selectively targets bacterial membranes and disrupts outer membrane integrity. (A) Co-localization of FITC-labeled Bolesplee
nin334-347 in A. baumannii at 3 μM, 6 μM and 12 μM concentrations. (B) Co-localization of FITC-labeled Bolespleenin334-347 in S. aureus at 3 μM, 6 μM and 12 μM 
concentrations. (C) Quantification of the fluorescence intensity and significance analysis by Image J software. Data are presented as mean ± standard error of mean 
(n = 3). Statistical analysis was conducted through one-way ANOVA followed by the Dunnett post hoc test. * p < 0.05, ** p < 0.01. (D) Outer membrane permeability 
after Bolespleenin334-347 treatment. The NPN fluorescence was recorded at λex = 350 nm and λem = 420 nm. 
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Fig. 6. Changes in bacterial inner membrane permeability after Bolespleenin334-347 treatment. (A) SYTO 9 and PI staining of Bolespleenin334-347-treated 
bacteria, visualized using CLSM, with PMB serving as a positive control. (B) Flow cytometry-based quantification of the proportion of live and dead bacteria following 
Bolespleenin334-347 treatment, with PMB as a positive control. 

Fig. 7. The accumulation of ROS levels in bacteria after Bolespleenin334-347 treatment. Changes in endogenous ROS in A. baumannii (A) and S. aureus (B) after 
Bolespleenin334-347 treatment, which is indirectly indicated by the fluorescence produced through oxidation of DCFH-DA. Data are presented as mean ± standard 
error of mean (n = 5). Statistical analysis was conducted through one-way ANOVA followed by the Dunnett post hoc test. * P < 0.05, ** P < 0.01. 
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antibiotics, making it difficult to achieve an effective bactericidal con
centration internally, leading to resistance [68]. In the present study, the 
bactericidal kinetics of Bolespleenin334-347 demonstrated that it is highly 
effective in killing planktonic bacteria, and can rapidly eliminate bac
teria in the planktonic phase, thus limiting further development of 
bacterial biofilms. It is worth noting that antibiotic-resistant bacteria 
often play a crucial role in the formation of biofilms (insensitive to 
therapeutic concentrations) [69]. The non-single-target membrane 
disruption mechanism of action of AMPs limits the development of 
bacterial resistance due to target mutations [70]. This is a key advantage 
of Bolespleenin334-347 over conventional antibiotics in inhibiting biofilm 
formation. In addition, several AMPs have been reported to exert anti- 
biofilm effects by affecting genes involved in biofilm formation, an 
overlapping anti-biofilm mechanism of AMPs, including the down- 
regulation of membrane-associated genes responsible for biofilm for
mation [71], such as the significant down-regulation of P. aeruginosa 
rhlI, rhlR, lasI, and lasR genes by the synthetic peptide WLBU2 [72], and 
the significant down-regulation of A. baumannii CsuE, BfmR, BfmS, AbaI 
and Bap gene expression by the synthetic peptide Cec4 [73]. This reg
ulatory mechanism is dependent on the membrane-interacting activity 
of the peptide, and Bolespleenin334-347, with its strong membrane- 
interacting activity, is consistent with this overlapping mechanism, 

and its anti-biofilm investigation will be an essential topic for subse
quent research. 

The diverse amino acid compositions and structures of AMPs make 
them less susceptible to develop bacterial drug resistance. However, 
their activity, stability and toxicity vary to some extent [74,75]. In 
general, the activity of AMPs is significantly affected by high concen
trations of sodium [76,77]. The toxicity of some cationic peptides also 
greatly limits their application, such as Melittin, which has antimicro
bial activity, however, it is significantly toxic to mammalian cells, but 
this characteristic has also been used in anti-cancer research [78]. In this 
study, the stability and safety of Bolespleenin334-347 were further eval
uated. The results showed that high temperature treatment did not affect 
the activity of Bolespleenin334-347. In addition, the antibacterial activity 
of Bolespleenin334-347 was not significantly affected at a sodium con
centration of 120 mM. When the sodium concentration was as high as 
160 mM, the activity was somewhat weakened, but it was still able to 
reduce the number of viable bacteria by more than three orders of 
magnitude, suggesting that Bolespleenin334-347 was well tolerated by 
sodium ions. In the safety evaluation, Bolespleenin334-347 did not show 
significant toxic effects on either cell at the tested concentration (up to 
48 μM). In contrast, the positive peptide control Melittin showed sig
nificant toxicity at a concentration of only 6 μM. Further evaluation of 

Fig. 8. In vitro cytotoxicity and hemolytic activity of Bolespleenin334-347. (A) The cytotoxicity of Bolespleenin334-347 was assessed by MTS-PMS assay on the 
three subject cells, and no significant toxicity was observed in the concentration range of 0 to 48 μM, in contrast to 6 μM Melittin which significantly inhibited cell 
proliferation and exhibited significant cytotoxicity. Data are presented as mean ± standard error of mean (n = 5). Statistical analysis was conducted through one-way 
ANOVA followed by the Dunnett post hoc test. ** P < 0.01; (B) and (C) Hemolytic activity of Bolespleenin334-347 on mouse erythrocytes. 0.9 % saline was used as a 
negative control and 0.1 % Triton X-100/saline was used as a positive control. 
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Fig. 9. Bolespleenin334-347 treatment significantly ameliorated MRSA-induced superficial skin infections in mice. (A) The progression of superficial skin 
wound healing in MRSA-infected mice was photographed and documented on days 1, 4, and 8. (B) Pathological sections of wound tissue on day 8 were stained with 
HE. (C) Wound tissue was homogenized and diluted for plate counts to analyze bacterial load. (D) Daily monitoring of mice body weight during drug administration 
following anesthesia, with changes in body weight recorded over an 8-day period. Data are presented as means ± standard deviations (n = 5). Statistical analysis was 
conducted through one-way ANOVA followed by the Dunnett post hoc test. * P < 0.05, ** P < 0.01. 
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the hemolytic activity of Bolespleenin334-347 in mouse erythrocytes 
showed that no significant hemolysis was observed up to a concentration 
of 192 μM. It is generally accepted that the cell membranes contain a 
higher proportion of neutral phospholipids (e.g., phosphatidylcholine or 
sphingomyelin) than bacterial membranes, with the majority of their 
negatively charged phospholipids (phosphatidylserine) located in the 
bilayer cytoplasmic leaflets [76]. In addition, the rigidity of the cell 
membrane is enhanced by the presence of cholesterol [79]. It is worth 
mentioning that differences in membrane composition and structure 
may be important factors in the selectivity of Bolespleenin334-347. Taken 
together, these results indicated that Bolespleenin334-347 has good sta
bility and biocompatibility. 

S. aureus is a common pathogen of superficial skin tissue infections in 
humans, of which about 59 % of cases are caused by MRSA [9]. Given 
that Bolespleenin334-347 had potent antibacterial activity, and does not 
readily induce bacterial resistance, it is hypothesized that it may be 
effective against clinically resistant bacteria. To evaluate the anti- 
infective potential of Bolespleenin334-347, we established a mouse 
model of MRSA-induced superficial skin infection and compared the 
efficacy of Bolespleenin334-347 with LL-37 and vancomycin. The results 
demonstrated that all of them significantly reduced the wound bacterial 
load compared to the control group, but the residual bacterial load in 
vancomycin-treated wound was significantly higher than that of Boles
pleenin334-347. Although vancomycin is a first-line agent for the treat
ment of MRSA, its slower bactericidal rate and poorer tissue penetration 
demonstrated its limitations in topical therapy [80]. According to our 
observations, histopathological sections confirmed that wound healing 
rate with Bolespleenin334-347 was superior to those with vancomycin and 
LL-37, which was partly attributed to the effective wound bacterial 
clearance. 

In addition, AMPs, including LL-37, may promote healing through 
their chemotactic properties (recruitment of immune cells, keratino
cytes) or by promoting angiogenesis [81]. Severe localized skin in
fections can lead to invasive disease, including endocarditis, 
osteomyelitis, deep tissue abscesses, sepsis, and pneumonia [4]. Prompt 
and effective treatment of superficial skin infections is essential to 
reduce the risk of invasive disease. The efficacy of topical treatment with 
AMPs is well recognized, e.g. in the treatment of foot infections in dia
betic patients, Pexiganan, a derivative of manainin, is comparable to 
oral fluoroquinolones [82]. As reported in our previous study, Scyr
eptin1-30 identified from marine crabs showed superior therapeutic ac
tivity to amikacin and imipenem against multi-drug resistant 
P. aeruginosa infections in a scalded wound study [42]. Currently, at 
least 15 peptides or mimetics are undergoing (or have completed) 
clinical trials as antimicrobial agents or immunomodulators [83]. AMP, 
as a novel antimicrobial agent with a unique antimicrobial mechanism, 
has promising prospects for future applications. 

In summary, a novel AMP Bolespleenin334-347 was screened from the 
marine fish mudskipper B. pectinirostris, which possessed broad- 
spectrum antibacterial activity, good thermal stability and sodium ion 
tolerance. It inhibited the formation of bacterial biofilm and was not 
likely to induce the development of bacterial resistance. It could effec
tively inhibit clinically resistant bacteria and showed therapeutic effects 
superior to LL-37 and vancomycin in a mouse model of MRSA-induced 
superficial skin infections. Therefore, the mudskipper is a valuable 
species for AMP mining due to its special living habits, and the present 
study will provide an ideal anti-infective candidate and enrich the va
riety of AMPs in marine fishes. 
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