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A B S T R A C T

Pathogenic “non-cholera” Vibrio species of Vibrio parahaemolyticus (V. parahaemolyticus) and Vibrio vulnificus 
(V. vulnificus) frequently pose a serious threat to aquaculture security and public health by causing infectious 
diseases. In this study, we reported the discovery of a marine-sourced antimicrobial peptide (AMP) called Aja
pocin, which identified through a sequence optimization strategy. Ajapocin exhibited potent activity against 
V. parahaemolyticus and V. vulnificus pathogens, with minimum inhibitory concentrations (MICs) of 6–12 
μM—comparable to the clinical agent Polymyxin B (PMB). In vivo, a single administration of Ajapocin (1 mg/mL) 
displayed therapeutic efficacy in a zebrafish-Vibrio infection model. Multiple doses reduced bacterial burden and 
accelerated wound healing in a mouse model of V. vulnificus-infected skin wounds. Ajapocin showed no cyto
toxicity in ZF4 cells and HaCaT cells at concentrations up to 32 μM. Notably, after intraperitoneal injection for 1 
week, Ajapocin did not induce cumulative hepatic or renal toxicity, as confirmed by histopathology analysis and 
chemistry profiles. Mechanistically, membrane-interacting Ajapocin targeted negative cellular components, 
enhancing membrane permeation, inducing membrane depolarization, and ultimately causing membrane 
damage and bacterial dysfunction. Taken together, these results position Ajapocin as an appealing anti-Vibrio 
agent for combating vibriosis in both aquaculture and clinical settings.

Abbreviations: MDR, Multi-drug resistant; MICs, Minimum inhibitory concentrations; AMPs, Antimicrobial peptides; V. parahaemolyticus, Vibrio parahaemolyticus; 
V. vulnificus, Vibrio vulnificus; CLSI, Clinical and Laboratory Standard Institute; PMB, Polymyxin B; HPLC, High-performance liquid chromatography; MS, Mass 
spectrometry; SPPS, Solid-phase peptide synthesis; NPN, 1-N-phenylnaphthylamine; PI, Propidium iodide; DAPI, 4′,6-diamidino-2-phenylindole; LPS, Lipopolysac
charide; CL, Cardiolipin; PC, Phosphatidylcholine; DiSC3(5), 3,33,3′-diapropylthiadicarbocyanine iodide; CGMCC, China General Microbiological Culture Collection 
Center; ATCC, American Type Culture Collection; CDC, Centers for disease control and prevention; TSB, Tryptic soy broth; MHB, Mueller-Hinton broth; BSA, Bovine 
serum albumin; HBSS, Hanks’ balanced salt solution; FBS, Fetal bovine serum; DMEM, Dulbecco’s modified Eagle medium; DMEM/F-12, Dulbecco’s modified Eagle 
medium/nutrient mixture F-12; IVCs, Individually ventilated cages; IACUC, Institutional Animal Care and Use Committee; CFUs, Colony-forming units; CCK-8, Cell 
counting kit-8; SEM, Scanning electron microscopy; TEM, Transmission election microscopy; CLSM, Confocal laser scanning microscopy; NaPB, Sodium phosphate 
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1. Introduction

Vibrio species are Gram-negative bacteria that originate from aquatic 
and marine habitats [1,2]. Among them, the non-cholera pathogens of 
V. parahaemolyticus and V. vulnificus are particularly important as they 
cause severe infections in aquatic organisms and are recognized as major 
environmental human pathogens [3–5]. In addition to their opportu
nistic nature, epidemiological surveys indicate that approximately 12 % 
of Vibrio species are capable of causing human infections [1]. Alarm
ingly, the prevalence of antibiotic-resistant Vibrio strains has increased 
substantially over recent decades, resulting in several vibriosis diseases 
and clinical manifestations [6,7]. Without effective treatment, Vibrio 
infections can rapidly progress to life-threatening conditions. Conse
quently, there is an urgent need for potent antibacterial agents capable 
of eradicating these highly virulent pathogens, highlighting the impor
tance of developing practical and targeted strategies against Vibrio spp. 
infections.

AMPs are distributed across various species and play pivotal roles to 
combat invading pathogenic bacteria [8,9]. These peptides exhibit 
diverse mechanisms of action, making them promising candidates 
against antibiotic-resistant Vibrio strains [10,11]. However, Vibrio spe
cies thrive under halophilic conditions, which often compromise the 
efficacy of many conventional AMPs in high salt environments [12,13]. 
To overcome this limitation, AMPs derived from marine invertebrate 
phyla have gained attention [14–19], as they are naturally adapted to 
saline conditions and may retain strong activity in such environments 
[17,19–21]. Additionally, AMPs from marine invertebrates typically 
featured cationic and hydrophobic properties [19], which are critical for 
effectively targeting key components of microbial membranes [19,22]. 
Accordingly, we focused on certain marine species possessing innate 
immune systems exclusively, as we hypothesized that peptides derived 
from these organisms might display stronger antimicrobial activity or 
greater tolerance to high salt concentrations [14]. Despite the growing 
awareness of Vibrio infections, studies on anti-Vibrio AMPs remain 
limited. Therefore, identifying and characterizing salt-tolerant AMPs 
with potent vibriocidal activity is of great significance for advancing 
therapeutic strategies against Vibrio infections.

To discover superior anti-Vibrio agents, we initiated a screening 
strategy targeting the sea cucumber Apostichopus japonicus based on 
genomic data [23,24]. Our approach integrated a structure–activity- 
guided design, and supported by an analysis of general physicochemical 
properties desirable for AMPs-appropriate peptide length, modest pos
itive charge and balanced hydrophobicity [8]. Additionally, we per
formed AMP optimization by mining reported AMP databases [25,26]. 
This process led to the identification of a previously unexploited lead 
peptide, termed Ajapocin, which was characterized for the first time in 
this study. Both its physical and chemical parameters were highly 
similar to those of identified AMPs, and predictive analysis indicated 
that Ajapocin possessed helicity by adopting an α–helical structure. 
Next, we conducted two distinct assays to validate its potent anti-Vibrio 
activity and rapid killing efficiency. Importantly, a prodrug strategy was 
developed to enhance the in vivo efficacy of Ajapocin, which was eval
uated using both a zebrafish infection model and a murine wound 
infection model. Furthermore, we thoroughly discussed the mechanism 
of action of Ajapocin underlying membrane disruption profiles, which 
were implicated in enhancing membrane permeability and inducing 
membrane depolarization. The in vitro safety of Ajapocin was confirmed 
using cellular models, and its cumulative toxicity in vivo was assessed via 
multiple administrations for 1 week. In conclusion, our current study 
presents a promising AMP-based strategy for addressing Vibrio spp. 
-infections.

2. Materials and methods

2.1. Peptide synthesis and antibiotic preparation

Peptides were synthesized via standard solid-phase peptide synthesis 
(SPPS) methods using rink amide AM resin. The process involved 
sequentially amino-acid coupling reactions followed by cleavage from 
the resin using trifluoroacetic acid. After acquiring raw peptides, all of 
them were further processed in common C-terminal modification with 
amidation. Peptide purity of > 95 % was achieved, as determined by the 
combination with mass spectrometry (MS) and high-performance liquid 
chromatography (HPLC) technologies. Finally, peptide products- 
including Ajapocin (GFRIAFKRILTCGKK), FITC-Ajapocin, Spgillcin177- 

189 and Melittin-were provided by GL Biochem (Shanghai, China). 
Antibiotic PMB sulfate was purchased from Solarbio (Beijing, China). 
Both peptides and antibiotic stock solutions were freshly prepared by 
dissolving in sterile Milli-Q water.

2.2. Chemical Reagents

The fluorescent dye 1-N-phenylnaphthylamine (NPN), the apoptotic 
dye propidium iodide (PI), the nuclei dye 4′,6-diamidino-2-phenylindole 
(DAPI), the lipopolysaccharide (LPS), the phospholipid cardiolipin (CL) 
and phosphatidylcholine (PC) were purchased from Sigma-Aldrich 
(Missouri, USA). LIVE/DEAD™ Baclight bacterial viability kit was pur
chased from Invitrogen (California, USA), the fluorescent probe 3,33,3′- 
diapropylthiadicarbocyanine iodide [DiSC3(5)] was purchased from 
Aladdin (Shanghai, China).

2.3. Bioinformatic analysis

The physical and chemical parameters of Ajapocin including mo
lecular weight, theoretical isoelectric point (pI), net charge and hydro
phobicity were calculated through the ExPASy Bioinformatics Resource 
Portal (http://www.expasy.org/tools/). Its helix-wheel structure was 
generated using HeliQuest website (https://heliquest.ipmc. cnrs.fr/), 
and the three-dimensional projection was predicted using I-TASSER 
(http://zhanglab.ccmb.med.umich.edu/I-TASSER/).

2.4. Bacterial strains and cell lines

The Vibrio strains of V. parahaemolyticus ATCC 17802 and 
V. vulnificus were included in this study. V. parahaemolyticus ATCC 
17802 was purchased from China General Microbiological Culture 
Collection Center (CGMCC, Beijing, China), and the V. vulnificus strain 
was kindly provided by the Haid group (Guangdong, China), having 
been isolated and purified from aquatic environments. All strains were 
cultured in Tryptic soy broth (TSB) medium (Qingdao, China) contain
ing 2 % NaCl. HaCaT cells and ZF 4 cells were obtained from the 
American Type Culture Collection (ATCC, Virginia, USA), HaCaT cells 
were cultivated in Dulbecco's modified Eagle medium (DMEM) supple
mented with 10 % fetal bovine serum (FBS) and 1 % (w:v) pen
icillin–streptomycin (Solarbio, Beijing, China) at 37 ℃ in a 5 % CO2 
atmosphere. ZF4 cells were maintained in Dulbecco's modified Eagle 
medium/nutrient mixture F-12 medium (DMEM/F-12) supplemented 
with 10 % FBS, and 1 % penicillin–streptomycin at 28◦C in humidified 
atmosphere with 5 % CO2.

2.5. Animals

2.5.1. Zebrafish
Adult zebrafish (male and female, 3–6 months old) were obtained 

from Guangzhou, China. All fish were maintained in a standardized 
housing system at 28 ℃ under a 14/10-h light/dark cycle and fed brine 
shrimp twice daily. Experimental procedures were conducted in 
compliance with the ethical guidelines approved by the Ethical Review 
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Committee of Xiamen university.

2.5.2. Mice
BALB/c mice (female, 6–8 weeks old, 20 ± 2 g) were purchased from 

Beijing Vital River Laboratory (Beijing, China). Mice were randomly 
housed in individually ventilated cages (IVCs) and provided with the 
standardized food and water. The animal rooms were maintained in 
standardized environmental conditions (temperature: 22 ± 2 ℃, hu
midity: 50 ± 10 %, a 12/12-h light/dark cycle) for one-week acclima
tization period prior to experiments. To initiate the infection model, all 
animal procedures were strictly carried out in accordance with of 
Institutional Animal Care and Use Committee (IACUC) at Xiamen uni
versity under protocol (accreditation number, XMULAC20230053). On 
the study termination day, all mice were humanely euthanized by CO2 
for the collection of vital organs and skin tissues for analysis. The 
number of specimens for each animal trial was specified in the corre
sponding figure legend.

2.6. Antimicrobial Susceptibility assays

2.6.1. Agar disc diffusion assay
The overnight cultures of V. parahaemolyticus and V. vulnificus were 

prepared by picking a single colony into TSB medium and incubating at 
28 ℃ with shaking at 180 rpm. The bacterial suspension was stan
dardized to match a 0.1 McFarland turbidity and subsequently diluted 
1:10 in fresh TSB medium. 100 μL aliquots of diluted suspensions 
(approximately 1 × 107 CFU/mL) were spread onto Mueller-Hinton 
(MHB, Oxoid, UK) agar plate using sterile glass beads to give an indi
vidual growth of cells. Subsequently, 6-mm diameter filtered discs 
without antibiotic were placed on each plate containing the 
V. parahaemolyticus or V. vulnificus as an indicator. Immediately, 20 μL of 
Ajapocin (1, 2 mg/mL) was randomly dispensed into the sterile filter 
discs. Additionally, 1 mg/mL of bovine serum albumin (BSA, Macklin, 
Shanghai, China) was used as a negative control and the sterile Milli-Q 
water served as the vehicle control. Plates were incubated overnight in a 
humidity chamber at 28 ℃. The next day, inhibition zones on each plate 
were photographed and their diameters were measured using a vernier 
caliper [27]. Experiments were repeated in three independent times (n 
= 3).

2.6.2. MIC assay
The anti-Vibrio activity assay of Ajapocin was evaluated using a 

standard broth microdilution method recommended by the Clinical and 
Laboratory Standard Institute (CLSI) guidelines [28]. PMB sulfate was 
chosen as a reference antibiotic for comparison. In short, overnight 
cultures of the tested strains were diluted approximately 1 × 106 CFU/ 
mL in TSB medium. 50 μL aliquot of bacterial suspensions was dispensed 
into the each well of flat-bottom 96-well microplates. Afterwards, Aja
pocin and PMB were prepared in TSB medium to make final concen
trations ranging from 3 μM to 48 μM. An equal volume of each peptide or 
antibiotic dilution was added to the corresponding wells containing the 
bacterial suspensions. The cultures were incubated with sterile Milli-Q 
water as the vehicle control. After incubation at 28 ℃ for 18–24 h, 
MIC values were determined at lowest concentration of the agents at 
which no visible bacterial growth was appeared, based on visual in
spection. All assays were repeated in three independent experiments (n 
= 3).

2.6.3. Time-dependent killing assay
Time-kill kinetic assays were performed as described for the above 

MIC assay with the following modifications [29]. Briefly, 
V. parahaemolyticus and V. vulnificus were grown in TSB medium until 
reaching an optical density (OD)600 of 0.5. Then the bacterial cells were 
harvested by centrifugation, washed, and resuspended in fresh TSB 
medium to a density of approximately 1 × 106 CFU/mL. 100 μL aliquots 
of the bacterial suspensions were incubated with Ajapocin solutions at 

the final concentrations of 1 × and 2 × MIC. An equal volume of PMB (1 
× MIC) and sterile Milli-Q water were served as controls. At designed 
time points, the mixtures were diluted 10-fold and plated onto the TSB 
agar plates. After statical incubation overnight at 28 ℃, bacterial 
colony-forming units (CFUs) were counted, and the killing efficiency 
was calculated based on the formula. 

Bacterial viability (%) = (recovered CFUs/ initial CFUs) × 100 %         

Where the initial CFUs were represented the bacterial colonies in 
distinct groups at 0 min, and recovered CFUs were indicated the total 
viable colonies at intervals. Experiments were performed in three bio
logically independent samples (n = 3).

2.7. Scanning and Transmission electron microscopy characterization

2.7.1. Scanning electron microscopy (SEM) Analysis
SEM was utilized to examine the morphological alternations in 

bacteria [30] following Ajapocin treatment, in addition, PMB served as a 
positive control. Briefly, the overnight cultured V. parahaemolyticus and 
V. vulnificus were diluted to 1 × 107 CFU/mL in TSB. 300 μL aliquots of 
the bacterial suspensions were incubated with Ajapocin (1 × MIC) or 
PMB (1 × MIC) for 1 h at room temperature. As a negative control, 
untreated bacterial suspensions were incubated with sodium phosphate 
buffer (NaPB, pH 7.4). After incubation, the samples were collected by 
centrifugation at 4000 rpm, washed twice with NaPB buffer, and the cell 
pellets were fixed overnight at 4 ℃ in 2.5 % glutaraldehyde (Sigma- 
Aldrich, USA). The following day, samples were gently washed twice 
with assay buffer and deposited onto polylysine-coated slides for 20 min 
on ice to allow adherence. Subsequently, all samples were conducted the 
dehydration process using a graded ethanol (SINOPHARM, China) series 
(30 %, 50 %, 70 %, 90 % and 95 %) at 15 min each, and 100 % ethanol 
solution twice for 20 min at intervals. All specimens were sequentially 
dried and coated, ultimately visualized using a Zeiss SUPRA 55 SEM 
(Zeiss, Germany).

2.7.2. Transmission election microscopy (TEM) analysis
TEM was next applied to investigate the ultrastructural alternations 

of bacteria [31]. Similar to SEM description, the bacteria were prepared 
and incubated with Ajapocin under the same conditions. After incuba
tion for 1 h, the samples were harvested and embedded in 2 % agar 
blocks for 30 min at room temperature to maintain structural integrity. 
Moreover, the samples were fixed overnight in 2.5 % glutaraldehyde 
(SPI, USA) at 4 ℃. The next day, the mixtures were washed three times 
with NaPB buffer and post-fixed with 1 % osmium tetroxide (Sigma- 
Aldrich, USA) for 2 h at room temperature. After removing the osmium 
tetroxide solutions, the samples were gently washed with Milli-Q water, 
and further dehydrated in a graded ethanol (30 %, 50 %, 70 %, 90 %, 95 
% and 100 %) for 15 min at intervals. Afterwards, the samples were 
rinsed with acetone (SINOPHARM, China), infiltrated and embedded in 
epoxy resin (SPI, USA). After complete resin permeabilization, ultrathin 
sections (50–70 nm) of specimens were cut and equipped on 3-mm 
copper grids. The samples were sequentially stained with uranyl ace
tate (SINOPHARM, China) and lead citrate (SINOPHARM, China) for 10 
min. Finally, all images were obtained using a HT7800 TEM (Hitachi, 
Japan).

2.8. Membrane permeation assay

2.8.1. Outer-Membrane permeability assay
The outer membrane integrity was evaluated using a NPN dye [32]. 

In short, the overnight bacterial cultures were collected, washed and 
resuspended in HEPES buffer (5 mM HEPES, 5 mM glucose, pH 7.4, 
Sigma-Aldrich, USA). The bacterial suspensions (1 × 106 CFU/mL) were 
then pre-mixed with NPN (10 μM) for 10 min at room temperature. 
Afterwards, 50 μL aliquots of NPN-labelled bacterial cells were added 
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into a black, opaque flat-bottom microplate. Later, an equal volume of 
Ajapocin was added to the wells at the final concentrations of 1 × and 2 
× MIC. PMB at 1 × and 2 × MIC was chosen as a positive control. After 
incubation for 30 min at room temperature, fluorescent intensity of each 
well was recorded on a Microplate Reader (Tecan, Switzerland) with the 
excitation/emission wavelength of 350/420 nm. Experiments were 
performed in three biologically independent replicates (n = 3).

2.8.2. Inner-Membrane integrity assay
The inner membrane perturbation assay was conducted using a 

LIVE/DEAD™ Baclight Bacterial Viability Kit [33]. Briefly, the over
night cultured V. parahaemolyticus and V. vulnificus were diluted to 1 ×
107 CFU/mL in TSB medium. 50 μL aliquots of suspensions were incu
bated with equal volume of Ajapocin (1 ×, 2 × MIC) in a black, clear- 
bottom 96-well plate. Additionally, 1 × MIC of PMB was chosen as 
control. After incubation for 1 h, each well of plates was gently washed 
twice in phosphate-buffered saline (PBS) and mixed with SYTO 9 (1.67 
μM) and PI (10 μM) dyes according to manufacturer’s instruction. After 
incubation for additional 15 min in the dark, fluorescence images of 
stained cells were examined using the confocal laser scanning micro
scopy (CLSM) under a 100 × oil immersion objective (Zeiss, Germany).

2.8.3. Cytoplasmic membrane depolarization assay
The membrane depolarization effects were evaluated using a fluo

rescent probe DiSC3(5) [34]. Briefly, the overnight cultures were har
vested and resuspended in HEPES buffer. The cell suspensions (1 × 106 

CFU/mL) were pre-mixed with DiSC3(5) at 0.5 μM for 10 min in the 
dark. After incubation, 50 μL of stained samples were added into each 
well of black, opaque flat-bottom plates. Immediately, the initial fluo
rescent intensity was determined using a Microplate Reader (Ex = 620 
nm, Em = 670 nm) at 2-min intervals for 10 min. Afterwards, 50 μL 
aliquot of Ajapocin (1 ×, 2 × MIC) was transferred into plates. In 
addition, PMB (1 ×, 2 × MIC) was chosen as the positive control as well 
sterile water was used as the vehicle control. The fluorescence intensity 
was measured using a Microplate Reader (Ex = 620 nm, Em = 670 nm) 
at 2-min intervals for additional 30 min. Curves were plotted by 
GraphPad Prism10. Experiments were performed in three biologically 
independent samples (n = 3).

2.9. Bacterial lysis assay

Bacterial viability assays were conducted on V. parahaemolyticus and 
V. vulnificus by evaluating PI-uptake activity [35]. In short, the over
night cultures of bacteria were diluted to 1 × 107 CFU/mL in TSB me
dium. 200 μL aliquots of bacterial suspensions were then incubated with 
equal volume of Ajapocin at corresponding 1 × and 2 × MIC for 30 min. 
PMB (1 ×, 2 × MIC) was chosen as the positive control, and equal vol
ume of assay buffer was used as a negative set. Subsequently, all mix
tures were washed twice in PBS buffer and mixed with PI (10 μM) for 15 
min in the dark. After incubation, samples were immediately operated 
using the flow cytometry (Beckman, USA) with excitation wavelength at 
535 nm and emission wavelength at 615 nm. The proportion of PI- 
labeled cells was quantified using CytExpert software.

2.10. LPS and phospholipid Competitive assay

The antimicrobial activity between Ajapocin and membrane com
pounds was determined using both agar diffusion assay and chequer
board microdilution assay [33,36]. In disc diffusion assay, 50 μL of 
Ajapocin (1 mg/mL) was pre-mixed with equal volume of LPS (1 mg/ 
mL) or CL (1 mg/mL) for 30 min. After incubation, 20 μL of Ajapocin- 
LPS mixture and Ajapocin-CL mixture were dropped into the filter 
paper discs of MH agar plates containing V. parahaemolyticus (2 × 106 

CFU/mL) or V. vulnificus (2 × 106 CFU/mL), respectively. The plates 
were incubated overnight at 28 ℃. The next day, inhibition zones of 
plates were photographed and measured on the basis of agar diffusion 

assay. In chequerboard microdilution assay, peptide Ajapocin was seri
ally diluted in TSB medium ranging from 6 μM to 96 μM. 50 μL of this 
dilution was added along the abscissa in a flat-bottom 96-well plate. 
Moreover, same volume of bacterial suspensions (1 × 106 CFU/mL) 
were added along the ordinate containing LPS, CL or PC at concentra
tions ranging from 2 μM to 128 μM. In addition, PMB was used as the 
positive control in LPS supplement assay. Assay plates were incubated 
overnight without shaking, determination of MICs was referred to MIC 
assay. The fold change in MIC of Ajapocin was plotted using GraphPad 
Prism 10.0.

2.11. Confocal microscopy of localization analysis

The overnight cultures of V. parahaemolyticus and V. vulnificus bac
teria were prepared according to bacterial lysis assay. To demonstrate 
Ajapocin’s subcellular localization [37] on each strain, 50 μL aliquots of 
bacterial suspensions (1 × 107 CFU/mL) were transferred into the black, 
clear-bottom 96-well plate, then, each well of plate was incubated with 
equal volume of FITC-Ajapocin at final concentrations of 1 × and 2 ×
MIC, respectively. Bacterial cultures treating with sterile water instead 
of peptide were served as controls. After incubation for 1 h at 28 ℃ in 
the dark, the supernatants were gently aspirated and supplemented with 
50 μL of assay buffer containing DAPI dye (10 μM). Samples were 
stained for additional 15 min in the dark. Finally, images of samples 
were examined using the CLSM under a 63 × oil immersion objective.

2.12. Cytotoxicity test

Ajapocin’s toxicity assay was assessed using a cell counting kit-8 
(CCK-8, Lablead, Beijing, China) method with minor modifications 
[38]. In short, both ZF 4 cells (1 × 105 cells/mL) and HaCaT cells (1 ×
105 cells/mL) were seeded in 96-well plates. The cells were then culti
vated overnight at corresponding temperatures with a humidified at
mosphere of 5 % CO2. Thereafter, Ajapocin peptide was serially diluted 
into each well of the plates at final concentrations ranging from 4 μM to 
32 μM. Cells were incubated with Melittin (24 μM) and sterile Milli-Q 
water without peptide as control. At 24, 48 and 72 h, the mixtures 
were removed the spent medium, washed with Hanks’ balanced salt 
solution (HBSS) buffer, and replaced with freshly prepared complete 
medium containing CCK-8 reagent according to manufacturer’s in
structions. Under additional 2 h incubation in the dark, the absorbance 
of samples at 490 nm was measured using a Microplate Reader. Cell 
viability was calculated using the following formula.

Cell viability (%) = [(OD Ajapocin − OD blank) / (OD control – OD blank)] 
× 100 %.

Experiments were performed in three biologically independent 
samples (n = 3).

2.13. Toxicity evaluation in vivo

The in vivo toxicity evaluation was conducted referred on previous 
reported method with slight modification [39]. In short, female BALB/c 
mice (6–8 weeks old) were purchased from Beijing Vital River. Mice 
were divided into three groups randomly and accepted different treat
ments: Ajapocin-treated cohort (n = 4 mice) was injected intraperito
neally with a single dose of 5 mg/kg, both PMB-treated cohort (5 mg/kg) 
and saline-treated cohort were used as the controls (n = 4 mice per 
group). Animals were injected daily for a week to monitor for adverse 
effects and mortality once a day, and body weights and animal behaviors 
were also recorded. After normal feeding for days 8, prior to the 
euthunization, blood was collected for serum biochemical analysis, 
including alanine aminotransferase (ALT), aspartate aminotransferase 
(AST), urea nitrogen (BUN) and creatinine (CRE). Organs such as kidney 
and liver were harvested for histological analysis via standard hema
toxylin and eosin (H&E) staining.
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2.14. Zebrafish-Vibrio infection model

The investigation of Ajapocin’s activity on zebrafish infection model 
was conducted according to previously reported [40,41]. In brief, 
zebrafish (n = 20 fish per group) were randomly divided into a control 
and three experimental groups for preparation. Based on the pre- 
experimental data, we opted the lethal density of V. parahaemolyticus 
(5 × 107 CFU/mL) and V. vulnificus (2.5 × 107 CFU/mL) for use. The 
overnight cultured bacteria were washed twice and resuspended in PBS 
buffer. Later, each fish of experimental groups was intraperitoneally 
injected with 8.8 μL of bacterial suspension using a Hamilton device 
(Hamilton, Reno, USA). The control group were injected with 8.8 μL of 
assay buffer. At 2 h post infection, Experimental zebrafish were chal
lenged with 8.8 μL of saline, Ajapocin (1 mg/mL) and PMB (1 mg/mL) 
via intraperitoneal administration. At 6, 12, 24 and 36 h post infection, 
we monitored the survival rate of zebrafish during treatment period. 
Upon plotting survival curves, P values were calculated using a log-rank 
(Mantel-Cox) test.

2.15. Mice Full-Thickness wound infection model

To establish a V. vulnificus-infected full thickness model [31,42], 6- 
to 8-week-old female BALB/c mice were husbandary before day − 7 
infection. On Day 0, the overnight cultures of V. vulnificus were har
vested and resuspended in PBS buffer for use. Their hairs were removed 
from the anesthetized mice, later, the dorsal skin of mice was established 
two full-layer excisional wounds with 7-mm diameter using a skin bi
opsy punch. 10 μL aliquots of bacterial suspension (1 × 108 CFU/mL) 
were inoculated into the two wounds, which were left to settle for 2 h 
and allowed the inoculated bacteria to cause infections. Subsequently, 
the mice were randomly divided into following three groups (n = 4 mice 
per group) and treated with distinct solutions: saline, Ajapocin (1 mg/ 
mL, 10 μL) and PMB (1 mg/mL, 10 μL) group, which was administered 
for 3 times at 0, 1 and 2 days before covering the infected wounds with 
the 3 M Transparent Tegaderm Patch (Minnesota, USA). Additionally, 
the wounds were photographed before peptide/antibiotic administra
tion and on days 0, 3, 5, 8 and 12 of treatment period. At 12 days, all 
mice were humanely euthanized, immediately, the excised wound tis
sues with 5-mm of peripheral region were homogenized in TSB medium, 
and the samples were serially diluted in TSB medium. Afterwards, 
samples were spread onto the TSB agar plates. After incubation over
night at 28 ℃, bacterial colonies were counted and quantified in each 
wound. In addition, wound areas were measured using the ImageJ and 
relative wound area was calculated on the basis of the following equa
tion: relative wound area = wound area at certain day/wound area on 
day 0. The pathological analysis of representative wound tissues was 
evaluated via both H&E staining and Masson’s trichrome staining.

2.16. Statistics and Reproducibility

Experiments were replicated and repeated, and data are presented as 
mean ± standard deviation (SD). MICs were defined as the lowest con
centrations that fully inhibited the growth of pathogens. Zebrafish-Vib
rio infection assays were analyzed using Kaplan-Meier survival curves, 
and P values calculated via the log-rank (Mantel-Cox) test. For multiple 
comparisons at a single time point, data were analyzed using one-way 
analysis of variance (ANOVA). For data obtained at multiple time 
points, two-way ANOVA was utilized. Appropriate post hoc tests (e.g., 
Dunnett’s, Tukey’s) were performed to correct for multiple compari
sons, with specific details provided in the respective figure legends. 
Asterisks (*P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001) 
indicate significant differences. Precise P-values are reported for the 
Zebrafish-Vibrio infection trials, and n.s. represents no significance. All 
statistical analyses were performed using GraphPad Prism 10 software. 
Images from SEM, TEM or CLSM are representative examples from at 
least three independent replicates.

3. Results

3.1. Antimicrobial activity of Ajapocin in vitro

To combat infections caused by V. parahaemolyticus and V. vulnificus 
pathogens, our study identified a novel AMP termed Ajapocin and 
further determined its well-defined scaffold, including beneficial phys
ical–chemical property and typical α-helical features (Fig. 1A-B and Tab. 
1). To demonstrate the vibriocidal effects in vitro, the antimicrobial ac
tivity of Ajapocin on Vibrio bacteria was tested by inhibition zone 
method. As shown in Fig. 1C and Tab. 2, at 1 mg/mL, Ajapocin exhibited 
potent antibacterial activity against V. parahaemolyticus and 
V. vulnificus, as evidenced by median inhibition zones diameters of 
19.03 mm and 12.73 mm, respectively. Upon treatment with 2 mg/mL, 
Ajapocin displayed its more superior performance against each bacte
rium, resulting in significant increase in diameter with 19.96 mm and 
14.15 mm. Hence, this result revealed that Ajapocin exhibited powerful 
activity against pathogenic Vibrio. Next, we continued to evaluate Aja
pocin’s potency using a MIC method, as shown in Tab. 3, Ajapocin 
displayed excellent bactericidal effect in both V. parahaemolyticus and 
V. vulnificus bacteria, with the MIC values ranging from 6 μM to 12 μM. 
In addition, we opted both AMP Spgillcin177-189 and antibiotic PMB for 
comparison. Notably, Ajapocin, parallel to drug PMB but over marine- 
sourced Spgillcin177-189, displayed potent activity in the killing of 
V. parahaemolyticus and V. vulnificus.

Next, we evaluated the bactericidal efficiency of Ajapocin on 
V. parahaemolyticus and V. vulnificus. As shown in Fig. 1D, results 
revealed that Ajapocin displayed fast-acting bactericidal ability in a 
dose-dependent manner. For example, at 2 × MIC, Ajapocin could 
respectively kill over 99.9 % of V. parahaemolyticus and V. vulnificus 
pathogens within 30 min and 60 min, similar to the effects of PMB 
treatment that rapidly eliminated both strains within 10 min and 60 
min. Collectively, these results concluded that Ajapocin could have 
capable of treating Vibrio spp. infections in vitro.

3.2. Ajapocin Killed the Vibrio pathogens by Permeabilizing bacterial 
membrane

Given that superior anti-Vibrio activity against V. parahaemolyticus 
and V. vulnificus, we were encouraged to uncover the mechanism of 
action of Ajapocin on each bacterium. As depicted in Fig. 2A, upon SEM 
observation, bacterial morphology was normal and their membranes 
were intact in the absence of Ajapocin. Conversely, Ajapocin-treated 
bacteria showed morphological alternations and fragmentations, such 
as PMB treatment. Similarly, based on TEM analysis (Fig. 2B), we found 
that bacterial cells showed well-defined borders and coupled with 
abundant contents in the control group. In sharp contrast, Ajapocin 
treatment resulted in substantial permeation on bacterial membranes 
and subsequent leakage of intracellular content. This effect was 
mirrored to the PMB drug that employed its membrane-disruptive 
pattern to combat against Gram-negative bacteria.

We next investigated Ajapocin’s molecular mechanisms in mem
brane permeability. Gram-negative bacteria are clad with an additional 
outer membrane over Gram-positive cells responsible for difficult-to- 
treat bacterial infection [43]. As such, we tested bacterial outer mem
brane permeabilization on V. parahaemolyticus and V. vulnificus. In 

Table 1 
Physical-chemical properties of Ajapocin.

Physicochemical parameters Ajapocin

Amino acid sequence GFRIAFKRILTCGKK
Molecular weight (kDa) 1.738
Theoretical pI 11.11
Total net charge +5
Hydrophobicity 40 %
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Fig. 1. Ajapocin characterization, and activity against V. parahaemolyticus and V. vulnificus bacteria in vitro. (A) Sequence information was analyzed using HeliQuest 
((http://heliquest.ipmc. cnrs.fr/). Positively charged amino acids were shown in blue, and hydrophobic ones were shown in yellow. (B) Three-dimensional structure 
of Ajapocin. I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-TASSER/) was used to predict the structural model. (C) Representative photographs of Ajapocin’s 
activity against V. parahaemolyticus and V. vulnificus bacteria. (D) Time-killing kinetics of Ajapocin on V. parahaemolyticus and V. vulnificus pathogens, PMB (1 × MIC) 
served as the positive control. The number of viable bacteria was calculated by CFU counting. n = 3 biologically independent replicates.

Table 2 
Anti-Vibrio activity for Ajapocin.

Microorganisms Size of Diameter (mm)*
Ajapocin (1 mg/mL) Ajapocin (2 mg/mL)

V. parahaemolyticus 19.03 19.96
V. vulnificus 12.73 14.15

*Measurement of inhibition zone diameters by agar disc diffusion assay. Data 
were represented median values of three biologically independent replicates.

Table 3 
The MIC of Ajapocin against V. parahaemolyticus and V. vulnificus.

Antimicrobials Bacteria
V. parahaemolyticus V. vulnificus

Ajapocin 6 μM 12 μM
Spgillcin177-189 12 μM > 24 μM
PMB 6 μM 12 μM
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comparison to control bacteria (Fig. 3A), following treatment with 
Ajapocin at 2 × MIC, Ajapocin (P < 0.001) exhibited intense outer 
membrane disruption in V. parahaemolyticus, as evidenced by around 
1.3-fold increase in fluorescence intensity. Similarly, compared to un
treated bacteria, Ajapocin treatment (P < 0.0001) remarkedly altered 
outer-membrane permeability against V. vulnificus, resulting in signifi
cant increase in fluorescence intensity for 1.4-fold values. This result 
indicated that Ajapocin altered the membrane permeation against 
pathogens. Moreover, we continued to examine the inner membrane 
variation of aforementioned bacteria (Fig. 3B). We found that no 
observable PI signals in control group. However, Ajapocin treatment 
resulted in clear and intense PI fluorescence signals in both pathogenic 
bacteria. Notably, PMB exhibited weak activity against V. vulnificus 

(Fig. 3C), displaying a significant SYTO 9 signal in a single cell. How
ever, the PI signal was also obviously detected following Ajapocin 
treatment at 2 × MIC. Therefore, Ajapocin could induce membrane 
damage by altering both outer and inner membrane permeation on 
tested Vibrio bacteria.

Herein, we assessed the membrane depolarization using a membrane 
potential indicator, DiSC3(5) dye. As shown in Fig. 3D, compared to 
control, Ajapocin substantially dissipated membrane potential of both 
V. parahaemolyticus and V. vulnificus, echoing the above conclusion by 
Ajapocin-membrane interaction. Strikingly, Ajapocin showed superior 
activity to PMB. These observations implied that Ajapocin might man
ifest the discriminate advantage in membranolytic mechanism against 
Vibrio pathogens.

Fig. 2. Mechanism of action of Ajapocin on bacterial membrane disruption. (A) SEM images of V. parahaemolyticus and V. vulnificus bacteria treated with Ajapocin (1 
× MIC). PMB (1 × MIC) was used as the positive control. Scale bars, 500 nm. (B) TEM images of V. parahaemolyticus and V. vulnificus bacteria treated with Ajapocin 
(1 × MIC). PMB (1 × MIC) was used as the positive control. Scale bars, 500 nm.
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Fig. 3. Ajapocin caused bacterial damage in membrane permeation patterns. (A) Outer-membrane permeability of V. parahaemolyticus and V. vulnificus pathogens 
treated with Ajapocin (1 ×, 2 × MIC), as monitored by NPN fluorescent values. PMB (1 ×, 2 × MIC) was used as control. n = 3 biologically independent replicates. 
Statistical analysis was evaluated using the Dunnett’s test compared to control: *P < 0.05, ***P < 0.001 and ****P < 0.0001. n.s. represented no significance. (B) 
Inner-membrane integrity of V. parahaemolyticus and V. vulnificus pathogens treated with Ajapocin (1 ×, 2 × MIC), as assessed by SYTO 9 and PI staining. PMB (1 ×
MIC) served as control. Scale bars, 20,000 nm. (C) Both SYTO 9 and PI of fluorescence disruption curves in the single-cell region of B for V. parahaemolyticus and 
V. vulnificus bacteria. (D) Cytoplastic membrane depolarization of V. parahaemolyticus and V. vulnificus pathogens treated with Ajapocin (1 ×, 2 × MIC), as monitored 
by DiSC3(5) values. PMB treatment (1 ×, 2 × MIC) was used as control. n = 3 biologically independent replicates.
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3.3. Ajapocin displayed membrane-targeting and Membrane-penetrating 
mechanism

To shine light on peptide-membrane interactions and gain an insight 
into the potential target, we first analyzed the interaction between 
Ajapocin and LPS, an abundant component in Gram-negative bacteria. 
As shown in Fig. 4A-B, we found that Ajapocin attenuated its bacterial 
activity against both V. parahaemolyticus and V. vulnificus at exogenous 
addition of LPS, uncovering the intrinsic mechanism similar to the LPS- 
targeting PMB. Hence, Ajapocin acted as a cell envelope-acting peptide 
on Vibrio pathogens. We continued to evaluate the antibacterial activity 
in the presence of phospholipids, including CL of bacterial components 

[44] and PC of mammalian cells [45]. As shown in Fig. 4C-D, our results 
demonstrated that CL, but not PC, impaired Ajapocin’s anti-Vibrio ac
tivity in the killing of V. parahaemolyticus and V. vulnificus. Thus, we 
demonstrated that positively charged Ajapocin could interact with 
negatively charged membranes by targeting LPS and CL in bacterial 
surface. We also noted that Ajapocin maintained its bactericidal activ
ities at addition of PC components, confirming the precise mechanism 
via electronic interaction, and suggesting that Ajapocin’s favorable 
biocompatibility. We validated potential targets of Ajapocin against 
Vibrio bacteria, as shown in Fig. 4E-F and Tab. 4. We found both LPS and 
CL substantially abolished Ajapocin’s activity against Vibrio strains. 
Collectively, we unveiled unique mechanisms of multi-targets impli
cated in binding both LPS and CL of bacterial membrane.

To address the deeper molecular mechanism of Ajapocin on Vibrio 
bacteria, we introduced FITC-Ajapocin to determine the subcellular 
localization. As shown in Fig. 5A-B, pathogenic bacteria were stained 
with DAPI exclusively in the control group. However, following treat
ment with green fluorescent-labeled Ajapocin, we observed that bacte
rial cells were enriched intense green signals, strikingly, their nuclear 
signals overlapped with the peptide signal. Thus, these results demon
strated that Ajapocin could cross cytomembrane and penetrate into 
bacteria. For live/dead bacterial cell discrimination, we recorded bac
terial death using a PI-influx method. As shown in Fig. 5C, majority class 

Fig. 4. Ajapocin showed membrane-interacting profiles by targeting membrane components. (A, B) Fold increase in MIC of Ajapocin on V. parahaemolyticus and 
V. vulnificus at exogenous addition of LPS (2–128 μM). PMB was used as control. (C, D) Fold increase in MIC of Ajapocin against V. parahaemolyticus and V. vulnificus 
at exogenous addition of CL (2–128 μM) and PC (2–128 μM). (E, F) Schematic of bactericidal assay of Ajapocin (1 mg/mL) against V. parahaemolyticus and 
V. vulnificus in the presence of LPS (1 mg/mL) and CL (1 mg/mL).

Table 4 
Bactericidal activity of Ajapocin at addition of LPS or CL.

Antimicrobials Size of Diameter (mm)*
V. parahaemolyticus V. vulnificus

Ajapocin 19.39 17.10
Ajapocin + LPS 14.12 7.92
Ajapocin + CL 11.70 7.24

*Measurement of inhibition zone diameters by agar disc diffusion assay. Data 
were represented median values of three biologically independent replicates.
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were viable bacteria in untreated group, but Ajapocin treatment facili
tated to kill both bacteria. Such as Ajapocin at 2 × MIC, which resulted 
in the large amounts of apoptotic bacteria of V. parahaemolyticus (71.25 
%) and V. vulnificus (76.04 %), respectively. Moreover, at the same 
dosage of 2 × MIC, Ajapocin showed potency better than PMB that 
contributed to enhance the PI-uptake activity on both 
V. parahaemolyticus (12.01 %) and V. vulnificus (39.97 %) bacteria. These 
data collectively elucidated Ajapocin employed its unique membrane- 
disruptive mechanisms to combat against V. parahaemolyticus and 
V. vulnificus pathogens.

3.4. Ajapocin had no toxicity in vitro and in vivo

Safety is necessary for antimicrobials candidacy to advance into 
clinical trials, in particular with Melittin and PMB exhibiting robust 
potency and high toxic profiles [46,47]. Thus, we evaluated Ajapocin’s 
potential toxicity both in vitro and in vivo. We first developed cytotoxic 
evaluation using ZF4 and HaCaT cell lines. As shown in Fig. 6A, 
compared to control, we found that Ajapocin did not affect the cellular 
viability on both ZF4 cells and HaCaT cells in a time- and concentration- 
independent manner. In sharp contrast, Melittin at 24 μM exhibited 
significant killing activity. This result demonstrated that Ajapocin had 

Fig. 5. Ajapocin penetrated into bacteria and induced bacterial death. (A) Immunofluorescence staining images of V. parahaemolyticus and V. vulnificus treated with 
FITC-Ajapocin. Scale bars, 10,000 nm. (B) Representative histograms of two-dimensional fluorescence intensity of stained bacteria. The co-localization between DAPI 
and FITC-Ajapocin in bacterial cells was determined using Pearson’s correlation coefficient. (C) PI-uptake activity of V. parahaemolyticus and V. vulnificus bacteria 
treated with Ajapocin ((1 ×, 2 × MIC), as measured by PI values. PMB (1 ×, 2 × MIC) was used as the control.
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Fig. 6. Ajapocin toxicity in vitro and in vivo. (A) Toxic effects of cell lines (ZF 4 and HaCaT cells) treated with Ajapocin (4–32 μM). Melittin (24 μM) was used as the 
positive group. n = 3 biologically independent replicates. Statistical analysis was conducted using the Dunnett’s test compared to control: ****P < 0.0001. (B) 
Survival rate of mice was monitored during the 8-day experimental period. n = 4 biologically independent animals. (C) Body weight of mice was monitored during 
the 8-day experimental period. n = 4 biologically independent animals. Statistical analysis was conducted using the Dunnett’s test compared to saline group. n.s. 
represented no significance. (D) Serum biochemical indices (ALT, AST, BUN and CRE) on day 8 following a 7-day saline, Ajapocin (cumulative dose: 35 mg/kg) or 
PMB (cumulative dose: 35 mg/kg) treatment regimen. n = 4 biologically independent samples. Statistical analysis was conducted using the Dunnett’s test compared 
to saline group: *P < 0.05. ns represented no significance. (E) Representative images of liver and kidney sections after treatment with saline, Ajapocin and PMB via 
H&E staining. Scale bars, 50 μm.
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not been shown noticeable cytotoxic activity towards two normal cells. 
Next, we assessed the cumulative toxicity of Ajapocin in mice. As 
depicted in Fig. 6B-C, after a daily intraperitoneal injection for 1 week at 
the cumulative doses (35 mg/kg), Ajapocin retained a 100 % survival 
rate in mice. Meantime, we did not observe the statistical difference in 
body weight compared to saline-treated group. To further evaluate the 
potential toxicity in vivo, we examined the liver chemistry profiles 
(Fig. 6D), similar levels of serum AST and ALT indicated a lack of liver 
toxicity. In addition, kidney profile analysis revealed no significant 
change in serum BUN and CRE between saline- and Ajapocin-treated 
group, demonstrated no acute toxicity to kidney. Moreover, upon Aja
pocin treatment, both liver and kidney organs retained normal 
morphology via histological examination (Fig. 6E), evidencing no 
structural changes and inflammatory infiltration. However, adminis
tration of PMB showed renal toxicity compared to vehicle group, leading 
to a marked decrease in BUN levels and accompanied by obvious in
flammatory infiltration in renal pathological section. Taken together, 
Ajapocin failed to display toxic effects in vitro cellular assay and in vivo 
animal model.

3.5. Efficacy evaluation of infected zebrafish and mice wound model

Given that Ajapocin’s superior antimicrobial performance on Vibrio 
pathogens in vitro, we continued to comprehensively investigate the 
therapeutic efficacy in vivo. First, we established a zebrafish infection 
model challenged with V. parahaemolyticus and monitored the survival 
rate of zebrafish during 36 h postinfection period. As shown in Fig. 7A-B, 
after 2 h infection of V. parahaemolyticus at a lethal concentration (5 ×
107 CFU/mL), zebrafish of PBS-treated group was all died within 12 h. 
However, the Ajapocin-treated zebrafish (P < 0.001) strikingly 
increased the survival rate, rescuing 35 % at 36 h. To confirm this ef
ficacy, we subsequently developed a zebrafish infection model caused by 
V. vulnificus bacteria (2.5 × 107 CFU/mL). Similarly, in the PBS group, 
100 % of zebrafish were died at 24 h post infection, conversely, Ajapocin 
treatment (P < 0.05) showed effectiveness on protecting infected 
zebrafish from death, demonstrating 20 % of survival rate for 36 h. 
Interestingly, to combat Vibrio infection in zebrafish model, antibiotic 
PMB (P > 0.05) failed to effectively improve the outcome in the infected 
zebrafish, manifesting the 20 % and 15 % of survival rate of zebrafish, 
respectively. Therefore, Ajapocin exhibited its potent efficacy in treating 
Vibrio pathogens.

As known, V. vulnificus bacteria belonged to one of opportunistic 
pathogens, leading to a variety of human diseases, such as skin infection. 
Thus, we evaluated the in vivo efficacy of Ajapocin in a V. vulnificus- 
infected full thickness model. This model mimicked common 
V. vulnificus infection in human, meantime, which was frequently 

required antibiotic therapy. As illustrated in Fig. 8A-D, the sequential 
administration of Ajapocin (P < 0.0001) resulted in an around 0.9-log 
reduction in CFU compared to saline group, showcasing the similarly 
effective as the PMB with not statistically significant, although PMB (P <
0.0001) showed an even more impressive reduction in bacterial burden 
for 1.5-log CFU compared with the saline group. We concluded from this 
experiment that Ajapocin was available for treating V. vulnificus infec
tion in skin wound model. Significantly, we found that Ajapocin (P <
0.01) treatment substantially promoted the wound closure in compari
son to saline group, as evidenced by that wounds in the Ajapocin-treated 
group were remarkably healed with a heal rate > 70 %, whereas 76 % of 
the wound areas remained in the saline-treated group (Fig. 8E). Hence, 
Ajapocin displayed distinct biological property associated with accel
erating infected wound healing. Histopathological analysis (Fig. 8F-G) 
confirmed this fact that Ajapocin could enhance collagen deposition and 
accelerate re-epithelialization in wound closure. Taken together, these 
findings demonstrated that the potential of Ajapocin as an antimicrobial 
agent to help manage the Vibrio infections in clinical implementation.

4. Discussion

Vibrio species are classified as Class I pathogenic bacteria in aqua
culture environment and public health [1,48,49]. Among them, 
V. parahaemolyticus and V. vulnificus serve as representative non-cholera 
pathogens, causing a range of infections and severe complications in 
susceptible individuals [2,5,50]. Despite recent centers for disease 
control and prevention (CDC) warnings on Vibrio infections [51], limited 
understanding of pathogenicity virulence, and the lack of systematic 
surveillance have hindered the development of effective countermea
sures. AMPs are small molecules with potent activity in natural evolu
tion [9], and several have shown promise in clinical translation due to 
their efficacy and membrane-targeting mechanisms, which are advan
tageous against antibiotic-resistant bacteria [52–54]. Given the chal
lenges of treating Vibrio infections, marine-derived AMPs are 
particularly attractive because of their unique structural features and 
amino acid composition [14,55]. However, few marine AMPs have been 
explored for anti-Vibrio activity, underscoring the need for novel 
candidates.

In this study, we identified Ajapocin, a novel marine-sourced AMP, 
which exhibited potent antimicrobial activity against both 
V. parahaemolyticus and V. vulnificus, with rapid bactericidal effects 
within dozens of minutes. Ajapocin demonstrated efficacy in a zebrafish 
infection model and robust therapeutic effects in the V. vulnificus- 
infected mouse skin wound model. Mechanistically, Ajapocin disrupted 
bacterial membranes by enhancing permeability and inducing mem
brane depolarization. Importantly, it showed no cytotoxicity in 

Fig. 7. Ajapocin improved the survival rate of zebrafish after Vibrio infection. (A) Schematic depiction of the establishment of zebrafish infection and treatment 
experiments. (B) Survival rate of zebrafish. zebrafish (n = 20 fish per group) were infected with V. parahaemolyticus or V. vulnificus via intraperitoneal injection. At 2 h 
post infection, zebrafish was intraperitoneally injected with a single dose of Ajapocin and PMB. As the vehicle group, zebrafish was intraperitoneally injected with a 
single dose of PBS buffer. P values were determined using the two-sided, log[rank] (Mantel-Cox) methods.
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Fig. 8. Ajapocin exhibited potent therapeutic efficacy in a mouse wound infection model caused by V. vulnificus. (A) Schematic depiction of the sequence of mouse 
infection and treatment experiments. (B) Visual appearance of representative photographs of infected full-thickness wounds on saline-, Ajapocin- and PMB-treated 
groups. Scale bar, 1cm. (C) Images of V. vulnificus colonies grown on TSB agar plates after treatment with saline, Ajapocin and PMB. (D) Bacterial loads of V. vulnificus 
in saline-, Ajapocin- and PMB-treated wounds on day 12 post-treatment. n = 4 biologically independent animals. Statistical analysis was conducted using the Tukey’s 
test: ****P < 0.0001. n.s. represented no significance. (E) Wound sizes of different treated groups on various days as a percentage of the initial wound size. n = 4 
biologically independent samples. Statistical analysis was conducted using the Tukey’s test: ** P < 0.01. n.s. represented no significance. (F) Representative images of 
wounds after treatment with saline, Ajapocin and PMB via H&E staining. Scale bars, 200 μm and 50 μm. (G) Representative images of wounds after treatment with 
saline, Ajapocin and PMB via Masson’s trichrome staining. Scale bars, 200 μm and 50 μm.
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mammalian cells and no cumulative in vivo toxicity following daily in
jection for a week, highlighting its translational potential.

To screen effective antimicrobial agents with robust activity against 
V. parahaemolyticus and V. vulnificus bacteria, we made our compre
hensive consideration in peptide design, including cationic and amphi
philic features, coupled with structural conformation [56]. Activity 
assay confirmed that acquired Ajapocin exhibited excellent property to 
kill each Vibrio, moreover, it is noticeable that Ajapocin showed stronger 
effects than Spgillcin177-189, another AMP derived from marine animal 
[57]. Notably, Ajapocin showed bactericidal potency comparable to 
PMB, a standard of care for Gram-negative bacteria, but without its 
associated renal toxicity [58]. Animal models further validated Ajapo
cin’s therapeutic potential. In zebrafish models of V. parahaemolyticus 
and V. vulnificus infection, Ajapocin significantly improved survival 
(Fig. 7). In a murine wound healing (Fig. 8), demonstrating practical 
translational applicability [1,59]. Whereas the usage of PMB led to 
treatment failure in zebrafish-Vibrio infection model, probably this “last- 
resort” antibiotic bearing nephrotoxicity and neurotoxicity easily dis
played toxic effects in the field of infection management. Therefore, a 
combination of high efficacy and low toxicity supports Ajapocin as a 
safer candidate for clinical application.

Given that superior performance of Ajapocin in vitro and in vivo, we 
undoubtedly uncover its molecular mechanism on Vibrio bacteria. We 
found that Ajapocin’s action depended on membrane interactions, 
which is in consistent to mechanistic lysis profiles of most reported 
AMPs [54,60]. In addition, we further demonstrated that membrane- 
based potential target, we found that addition of LPS significantly 
attenuated antibacterial activity against each Vibrio strain, indicated 
Ajapocin was likely an LPS-targeting peptide [61], such as PMB. 
Differently, our results also revealed CL component abolished the po
tency of Ajapocin in mechanistic study. Both LPS and CL featured 
negative charge property and consisted of bacterial membrane [62], we 
concluded that membrane-interacting Ajapocin adopted membrane 
leakage profiles via electronic interaction. Additionally, antibiotic 
resistance of the isolated Vibrios is ongoing investigation, and emerging 
resistance to currently used antibiotics is a global public health crisis. 
Based on advanced treatment strategies, one sophisticated approach has 
been processed in screening or designing multi-target antimicrobials, 
which displayed the less prone to detectable resistance in the killing of 
pathogens. Ajapocin was identified a bifunctional molecule by acting on 
non-proteinaceous envelope targets, including both LPS and CL com
ponents, suggesting that Ajapocin could manifest its mechanistic 
advantage for combating antibiotic-resistant Vibrio pathogens in com
parison to single-target antibiotic, such as PMB. Moreover, PC belongs to 
a neutral membrane component and mainly exist in mammalian cells 
[63], while Ajapocin-PC mixture had not blocked Ajapocin’s activity in 
killing against Vibrio (Fig. 4C-D), meantime, which might be account for 
the selective effectiveness on bacteria not to cells and animals. Given 
that the precise results as shown in Fig. 3D, we demonstrated that Aja
pocin showed superior effects than PMB in triggering membrane depo
larization response. The reason for this phenomenon was closely 
associated with molecular mechanism. Based on physical–chemical 
characteristics, we acknowledged that Ajapocin featured high hydro
phobicity (40 %) in nature and harbored helicity with α-helical 
conformation. On the basis of structure–activity relationship, Ajapocin 
adopting amphiphilic structure inserted the bacterial lipid bilayer, 
resulting in dramatic changes in membrane potential [64–66]. In 
contrast, the mechanism of action of PMB primarily involved an initial 
high-affinity interaction with the Lipid A component of LPS. Therefore, 
Ajapocin over PMB could exhibit stronger membrane depolarization 
effects although at same killing concentration.

There are some limitations remain. For example, we revealed the 
novel Ajapocin exhibited potent activity against V. parahaemolyticus and 
V. vulnificus pathogens. However, in addition to high-salinity tolerance, 
it is unclear that Ajapocin’s ability in the presence of serum and pro
teolytic conditions. Next, we make our efforts to advance the systemic 

treatment regimen of Ajapocin in our follow-up studies. Mechanistic 
insights can be strengthened by biophysical studies, such as nuclear 
magnetic resonance (NMR) to probe interactions with LPS or CL [37]. 
Additionally, Ajapocin’s efficacy in systemic infections, such as sepsis, 
has yet to be evaluated. Future work should explore these aspects to 
advance clinical translation.

4.1. Conclusion

In summary, we report a novel marine-sourced AMP, with cationic 
and α-helical features, exhibiting potent and rapid bactericidal activity 
against V. parahaemolyticus and V. vulnificus. Ajapocin displays in vivo 
efficacy in both zebrafish and V. vulnificus-infected mouse infection 
models through membranolytic mechanisms involving enhanced 
permeability and membrane depolarization. Its high antimicrobial ac
tivity combined with minimal toxicity highlights its promise as a ther
apeutic candidate. Future studies will focus on detailed mechanistic 
analysis and evaluation in systemic infection models to fully realize its 
clinical potential in combating Vibrio infections.
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