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Abstract
Introduction
Gonorrhea has become an emerging sexually transmitted infection worldwide. The multi-antibiotic
resistance facilitates the transmission; thus, new antibiotics or alternatives are needed. Antimicrobial
peptides (AMP) are antimicrobials naturally secreted by the host as a defense material. Teleost-derived AMP
have gained attention over the past two decades due to their potent efficacy toward microorganisms. This
study examines teleost-derived AMP against Neisseria gonorrhoeae (GC), the responsible bacteria for
gonorrhea, to evaluate the antibiotic potential as a future alternative for preventing gonorrhea.

Methods
Minimal inhibitory concentration (MIC) and time-killed assay were conducted to evaluate the inhibition
concentration of each AMP. Transmission electron microscopy was used to confirm the potential mode of
action. The inhibition of microcolony formation and adherence to epithelial cells were examined to assess
the infection inhibition.

Results
Pardaxin-based (flatfish pardaxin {PB2}) and piscidin-based (striped bass piscidin 1 {PIS} and tilapia piscidin
{TP} 4) AMP were effective toward GC under or equal to 7.5 μg/mL as of minimal inhibitory concentration.
Transmission electron microscopy images revealed that these AMP attack bacterial membranes as
membrane blebbing and breakage were observed. These AMP also effectively reduced the GC biofilm
formation, as well as their adherence to human endocervical epithelial cells.

Conclusion
Pardaxin-based (PB2) and piscidin-based (PIS and TP4) teleost-derived AMP can inhibit GC and potentially
serve as the new antibiotic alternative for preventing GC colonization and infection. This study will shed
some light on the future development of teleost-derived AMP in treating gonorrhea and maintaining
reproductive health.

Categories: HIV/AIDS, Infectious Disease
Keywords: infection, biofilm, antimicrobial peptides, gonorrhea, sexually transmitted infection

Introduction
Gonorrhea is one of the most common sexually transmitted infections and is caused by the human-obligated
bacterium Neisseria gonorrhoeae (GC) [1]. The infection can affect both males and females in their young and
early adulthood. Notably, the females can develop serious complications, such as pelvic inflammatory
disease and disseminated gonococcal infection, which may lead to ectopic pregnancy or even infertility [2].
In addition, asymptomatic infections were reported as up to 56% and 80% in males and females, respectively
[3]. Along with the increasing antibiotic resistance, GC infection has been a threat to reproductive health, as
well as a burden to the healthcare system.

Antibiotic-resistant gonorrhea is seen as a significant public health issue worldwide that increases both
social and economic costs [4]. The current treatment strategy was given as two antibiotic options:
ceftriaxone and/or azithromycin, even though increasing rates of ceftriaxone and/or azithromycin resistance
were reported in several countries [5]. New antibiotics, including macrolide-based solithromycin and
spiropyrimidinetrione-based zoliflodacin, are under clinical trial [6,7]. The early development of SMT-571
and DIS-73285 [8,9] has also shown potential anti-GC effects. However, the current gonorrhea infection
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with antibiotic resistance still highlights the urgent requirement for new-class antibiotics and/or
alternatives.

Antimicrobial peptides (AMP), secreting from various tissues in vertebrates and invertebrates, have shown
broad-spectrum activity against microorganisms and have been considered promising alternatives for
antibiotics [10]. AMP are mostly positively charged and amphiphilic, essential for interacting with negatively
charged bacterial membranes [11]. Due to potential selectivity against bacterial membranes [12], AMP are
potentially active against a large spectrum of bacteria at nontoxic concentrations for mammalian cells.
Moreover, because AMP targets the microorganisms' membrane, this may reduce antibiotic resistance
development as other antibiotics target enzymatic activities or receptor-binding processes. In the past two
decades, hundreds of cationic antimicrobial peptides have been identified from diverse animal sources [13].
To date, only a few studies have reported AMP's efficacy on GC, including human defensin 2, rabbit defensin
2, porcine protegrin-1, horseshoe crab tachyplesin-1, human LL-37, and amphibian dermaseptin [14,15]. A
recent study of peptides against the functional unit of an efflux pump, which can export numerous
antibiotics, has also been a novel research direction but limited to the combinational use with antibiotics
[16]. Teleost-derived AMP, including hepcidin, β-defensins, cathelicidins, and piscidins, are of interest due
to their potency against a broad spectrum of pathogenic bacteria [17]. Hence, this study explores the efficacy
of teleost-derived AMP, including the pardaxin, hepcidin, and piscidin families, against GC. Moreover,
infection-associated colonization and biofilm formation are also examined. The information from this study
would help the future development of clinical prevention or treatment for the rising multidrug-resistant
gonorrhea.

Materials And Methods
Bacterial strains
The Neisseria gonorrhoeae MS11 strain was kindly provided by Dr. Daniel C. Stein from the University of
Maryland, College Park. The WHO gonococcal reference strain Z (WHO Z) was purchased from the National
Collection of Type Cultures (NCTC), London, United Kingdom. GC was grown on GCK agar (Difco, BD
Biosciences, Franklin Lakes, NJ) supplemented with 1% Kellogg's nutrient supplement at 37°C with 5%
carbon dioxide (CO2) for 16-18 hours before use. Pili-positive colonies used in the experiments were

identified using a dissecting light microscope based on colony morphology.

Epithelial cells
Human ME180 endocervical epithelial cells (American Type Culture Collection {ATCC} number HTB-33)
were purchased directly from ATCC and maintained in RPMI 1640 (Sigma-Aldrich, St. Louis, MO)
supplemented with 10% heat-inactivated fetal bovine serum (FBS) and penicillin/streptomycin mixture (100
unit penicillin and 0.1 mg streptomycin/mL, Sigma-Aldrich) at 37°C with 5% CO2 in saturated humidity.

Cells were seeded onto 96 tissue-culture-treated plates (Thermo Fischer Scientific, Waltham, MA) and
cultured for 24-48 hours depending on cell confluence. The culture medium was replaced with an antibiotic-
free medium the day before the experiment.

Antibiotic susceptibility testing
The antibiotic susceptibilities of GC, including ciprofloxacin, azithromycin, and ceftriaxone, were
determined using a disk diffusion test (Becton Dickinson Caribe, Ltd., Franklin Lakes, NJ) in accordance with
the guideline recommended by the Clinical and Laboratory Standards Institute (CLSI) [18]. Briefly, the
overnight colonies (16-20 hours) were suspended and diluted in GCP broth to a concentration of optical
density (OD) = 0.1 at 650 nm. The bacterial suspension was then plated onto GC agar plates using swabs, and
the disks were placed on the bacterial lawn with sterile tweezers. The plates were incubated at 37°C with 5%
CO2 for 24 hours. The diameter of the inhibition zone was measured to determine the susceptibility

according to the criteria recommended by the CLSI standard.

Minimal inhibitory concentration (MIC)
The synthetic AMP (Table 1) were purchased (Mission Bio, Taipei, Taiwan), and the inhibition activity test
against GC was adapted from Bergman et al. [19]. Briefly, GC were suspended in GCP broth to a
concentration of 105 colony-forming units (CFU)/mL, and 180 μL of this suspension was added to each well
of a 96-well plate with 20 μL peptide solution at various concentrations. The final concentration of AMP in
each well ranged from 0.08 to 20 μg/mL. The samples were incubated at 37°C with 5% CO2 for 24 hours.

After the incubation, 10 μL of the suspension from each well was spotted on GCK agar plates. The MIC was
determined as the lowest concentration of AMP that could reduce at least 90% of the bacteria relative to the
non-AMP control.
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AMP Amino acid sequence Family Length MW pI Boman index

PB2 GFFALIPKIISSPLFKTLLSAVGSALSSSGGQE Pardaxin 33 3323.88 8.59 -0.35

TH1-5 GIKCRFCCGCCTPGICGVCCRF Hepcidin 22 2329.91 8.54 0.18

PIS FFHHIFRGIVHVGKTIHRLVTG Piscidin 22 2572.06 12.01 0.7

TP3 FIHHIIGGLFSVGKHIHSLIHGH Piscidin 23 2557.0 8.79 -0.34

TP4 FIHHIIGGLFSAGKAIHRLIRRRRR Piscidin 25 2981.6 12.70 2.62

TABLE 1: Details and properties of antimicrobial peptides used in this study [20-22].
The predicted properties, including the isoelectric point (pI) and Boman index listed above, were generated using the Antimicrobial Peptide Calculator and
Predictor by the University of Nebraska Medical Center (Omaha, NE) (https://aps.unmc.edu/prediction).

MW, molecular weight; PB2, flatfish pardaxin; PIS, striped bass piscidin 1; TP, tilapia piscidin; TH, tilapia hepcidin

Time-kill assay
Time-kill curve analyses were conducted following the procedures adapted from Foerster et al. [23]. GC was
cultured in GCP broth, supplemented with 1% Kellogg's supplement and 4.2% sodium bicarbonate
(NaHCO3), in the presence of AMP concentrations that were serially diluted, encompassing values below and

above the MIC. For each strain, 30 μL of the inoculum containing 108 CFU/mL was diluted in 15 mL of pre-
warmed supplemented GCP. Subsequently, 90 μL of this mixture was dispensed into the round-bottom wells
of 96-well microtiter plates. To each well containing 90 μL of pre-incubated bacteria, 10 μL of one of the
antimicrobial concentrations was added. The plates were pre-incubated for four hours with agitation at 550
revolutions per minute (rpm) and 36°C in a humid PST-60HL thermo-shaker (Biosan, Riga, Latvia). After the
preincubation, 10 μL of the GC suspension from each well was spotted onto GCK agar plates and incubated
overnight. This allowed us to determine the viable count of GC.

Inhibition of microcolony formation
GC was suspended in GC broth media supplemented with Kellogg's supplement. The suspension was then
diluted to a concentration of 107 CFU/mL. Two hundred microliters of GC were incubated in eight-well
coverslip-bottom chambers (Sigma-Aldrich, St. Louis, MO) at 37°C with 5% CO2 for a static incubation

period of four hours. Microscopic images were captured using a ZEISS Axio Observer light microscope
(Oberkochen, Germany). The size of the GC microcolony within each aggregate of more than six individual
bacterial cells was measured using National Institutes of Health (NIH) ImageJ (Bethesda, MD).

Cytotoxicity assay
ME180 cells were seeded into 96-well microtiter plates at a 5 × 103 cells/well density and incubated for 24
hours. A final concentration of 10 μg/mL of AMP and 0.1% of positive control Triton-X were added to the
well and incubated for 24 hours. Next, the Cell Counting Kit-8 (CCK-8) solution (Tools Biotech Inc., New
Taipei City, Taiwan) was added and incubated for one hour. The absorbance at 450 nm was measured in each
well, and the cytotoxicity level was analyzed according to the manufacturer's instructions.

Adherence assay
ME180 cells were incubated with GC (106 CFU/well) in the absence or presence of 10 μg/mL of tested AMP at
37°C and 5% CO2 for three hours. Cells were then lysed with 1% saponin in sterile phosphate-buffered saline

(PBS) and spread onto the GCK agar plate. The number of adherent GC was counted to determine the effect
of AMP.

Transmission electron microscopy (TEM)
GC with or without AMP treatment was centrifuged into pellets. Pelleted specimens were initially fixed in
2.5% glutaraldehyde/0.1 M sodium cacodylate buffer (pH 7.3) containing 1% tannic acid at 4°C overnight.
After rinsing in 0.1 M sodium cacodylate buffer with 5% sucrose, specimens were then postfixed with 1%
osmium tetroxide in 0.1 M sodium cacodylate buffer at room temperature for two hours. Following this,
specimens were rewashed in buffer, stained with 2% aqueous uranyl acetate, and dehydrated through a
graded series of ethanol followed by two washes in 100% acetone. The specimens were further infiltrated
and embedded in Spurr's resin. Ultrathin sections, approximately 70 nm thick, were then sliced using a
diamond knife on a Leica Ultracut R Ultramicrotome (Leica Geosystems, Heerbrugg, Switzerland) and
observed with a Hitachi H-7500 transmission electron microscope (Hitachi, Tokyo, Japan) at 80 kV. Images
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were captured using an Advanced Microscopy Techniques (AMT) NanoSprint12 camera system (Advanced
Microscopy Techniques, Woburn, MA).

Statistical analysis
Statistical significance was evaluated using one-way analysis of variance (ANOVA) followed by post hoc
Dunnett's test when applicable. Prior to analysis, all data were assessed for normality using the Shapiro-Wilk
test to ensure they followed a Gaussian distribution. The statistical analyses were conducted using GraphPad
Prism 10 software (GraphPad Software, San Diego, CA).

Results
Minimum inhibitory concentration
To examine the MIC of AMP (Table 1), a broth dilution assay was used to determine the growth inhibition of
two GC strains: MS11 and WHO Z. The concentrations of each AMP were determined based on dermaseptin
[15] and thus range from one to 20 μg/mL. Growth inhibition was observed in MS11 with flatfish pardaxin
(PB2), striped bass piscidin 1 (PIS), and tilapia piscidin (TP) 4 but not with tilapia hepcidin (TH) 1-5 and TP3
(Table 2), with the MIC of PB2, PIS, and TP4 at 5, 7.5, and 7.5 μg/mL, respectively. Additionally, the MIC of
the three AMP against WHO Z increased to 20 μg/mL for PB2 and 10 μg/mL for PIS and TP4. The data
suggested that teleost-derived AMP were effective toward GC, but their efficacy depends on the type of AMP
and GC strains.

Strain
Antibiotic susceptibility MIC of AMP (μg/mL)

Ceftriaxone Ciprofloxacin Azithromycin PB2 TH1-5 PIS TP3 TP4

MS11 S S S 7.5 >10 5 >10 7.5

WHO Z I R R 20 >20 10 >20 10

TABLE 2: Antibiotic susceptibility and minimal inhibitory concentration (MIC) of AMP in MS11 and
WHO Z strain.
The susceptibility was determined by the disk diffusion method according to CLSI criteria. The MIC was determined as the lowest concentration of AMP
that reduced equal to or more than 90% of bacterial growth compared to the controls. Results are representative of three independent experiments and
shown as means.

R, resistant; I, intermediate; S, susceptible; AMP, antimicrobial peptides; CLSI, Clinical and Laboratory Standards Institute; PB2, flatfish pardaxin; PIS,
striped bass piscidin 1; TP, tilapia piscidin; TH, tilapia hepcidin

Time-kill curve
To investigate the efficacy of AMP and mode of action through time-dependent manner, a time-kill assay
was conducted. Serial concentrations of PIS, PB2, and TP4 were added into four-hour broth-cultured MS11
suspension. The suspension was then incubated and plated on GCK agar with serial dilution every two hours
for a total of six-hour period. GC growth inhibition was determined by colony count compared to non-
treatment control. We found that PIS and TP4 at equal and above 5 μg/mL continuously inhibited GC
growth whereas PB2 at equal and above 7.5 μg/mL (Figure 1). Moreover, we observed that the inhibition
curve over time in PB2 (Figure 1A) represented threshold-based compared to PIS and TP4 (Figure 1B, 1C),
which were dose-dependent. These data indicated that all three AMP used here possess bactericidal
properties, though the actual mode of action might differ between pardaxin- and piscidin-based AMP
against GC.
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FIGURE 1: Time-kill curve of PB2, PIS, and TP4.
The MS11 were seeded into a 96-well plate and incubated for four hours. (A) PB2, (B) PIS, or (C) TP4 was then
added to the well after four-hour incubation. Eight to 11 doubling dilutions are plotted in different colors, and
growth in the absence of antimicrobial was plotted in red. The AMP was added at timepoint four hours (dashed
arrow) and monitored until timepoint 10 hours. The dots represented the means of each group. All experiments
were conducted in triplicates.

CFU, colony-forming units; AMP, antimicrobial peptides; PB2, flatfish pardaxin; PIS, striped bass piscidin 1; TP4,
tilapia piscidin 4

Cellular effects of PB2, PIS, and TP4 on GC
The teleost-derived AMP used here were all reported to have lipophilic properties by inserting and
disrupting bacterial cell membranes for their mode of action [17]. To confirm the mode of action of PB2, PIS,
and TP4, we treated MS11 with 10 μg/mL of each AMP for four hours and examined the cell morphology and
structure under a transmission electron microscope. Azithromycin, a non-membrane-associated antibiotic,
was used as a control. The non-treatment control showed a typical cocci shape (Figure 2A), double-
membrane structure, and electron-dense cytoplasmic contents, whereas AMP-treated GC overall
represented membrane blebbing, breakage, and deformation with electron-lucent cytoplasm and electron-
dense particles accumulated near the inner membrane (Figure 2B-2D). In contrast, azithromycin-treated GC
represented only the typical toroidal nucleoid with dense content in a cell and intact membranes (Figure 2E).

2024 Huang et al. Cureus 16(3): e57168. DOI 10.7759/cureus.57168 5 of 13

https://assets.cureus.com/uploads/figure/file/963752/lightbox_9af93950e83111ee80aa77a12ba6e9b6-Fig-1.png
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)
javascript:void(0)


FIGURE 2: Morphological and structural impact of PB2, PIS, and TP4 on
GC.
Freshly grown MS11 were incubated in GCP broth in the absence or presence of AMP (10 μg/mL) or azithromycin
(AZI) (0.5 μg/mL) for four hours. Cells were fixed and processed for TEM. Representative images of (A) non-
treated GC (Ct), (B-D) AMP-treated GC, and (E) azithromycin-treated GC with low (upper panels) and high (lower
panels) magnifications are shown. Notable phenotypic changes, such as membrane (F) blebbing and (G)
breakage, were observed in all AMP-treated groups. Scale bar: 1 μm. Yellow dashed rectangles highlight the
representative area. Red arrow, GC with membrane blebbing; yellow arrow, GC with membrane breakage.

AMP, antimicrobial peptides; TEM, transmission electron microscopy; Ct, control; PB2, flatfish pardaxin; PIS,
striped bass piscidin 1; TP4, tilapia piscidin 4

Since a notable cell number reduction was found in the micrographs of the AMP-treated groups, the cell
number per field was quantified, with the significantly reduced number of GC cells in PB2- and PIS-treated
groups (Figure 3A). The membrane damages, such as electron-lucent cytoplasm, membrane blebbing, and
breakage, were also counted for those different from untreated cells, with the most significant damage found
in PIS-treated GC (Figure 3B-3D). The results suggested that PB2, PIS, and TP4 may share similar
membrane-based antimicrobial effects but at different levels of damaging GC, therefore confirming the
bactericidal property by targeting the bacterial membrane.
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FIGURE 3: Quantification of morphological and structural changes of
GC under PB2, PIS, and TP4 treatment.
The cell number was quantified and shown as (A) the number of GC per field. Structural and morphological
changes in cells, including (B) GC with electron-lucent cytoplasm, (C) membrane blebs, and (D) broken
membrane, were quantified and shown as the percentage of GC within the non-treatment control (Ct). Data points
represent individual randomly acquired eight TEM images. The bars represented the means of each group with
standard deviations. Statistical significance was determined using a one-way ANOVA followed by post hoc
Dunnett's test.

***p < 0.001

**p < 0.01

TEM, transmission electron microscopy; ANOVA, analysis of variance; PB2, flatfish pardaxin; PIS, striped bass
piscidin 1; TP4, tilapia piscidin 4

PB2, PIS, and TP4 reduced the formation of GC microcolony
We have previously found that GC forms microcolonies and reduces the effects of antibiotics [24]. Hence,
preventing microcolony formation can maximize the treatment efficacy. Since PB2, PIS, and TP4 inhibited
GC growth, we sought to examine whether AMP can reduce microcolony formation. MS11 was inoculated
into an eight-well chamber slide in the absence or presence of 10 μg/mL AMP and incubated for four hours,
with azithromycin as positive control. The microcolony formation was visualized with a light microscope.
Compared to the non-treatment control (Figure 4A), there were no apparent microcolonies, but small and
loose GC aggregates in the AMP-treated group were found (Figure 4B-4D). Notably, GC incubated with PIS
displayed nearly none of the microcolony formation (Figure 4C). To determine the reduction rate in
microcolony, the size of each microcolony/aggregate was quantified (Figure 5A). We found that the size of
the microcolony was reduced at least 4.5-fold in the AMP-treated group compared to non-treated GC (Figure
5B). These results suggest that PB2, PIS, and TP4 can reduce the microcolony formation of GC, thus
potentially preventing GC biofilm formation.
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FIGURE 4: Effects of PB2, PIS, and TP4 on GC microcolony formation.
MS11 were seeded in a coverslip-bottom chamber in the presence or absence of designated AMP, incubated for
four hours and imaged by ZEISS Axio Observer light microscope. Representative images of (A) non-treated GC
(Ct) and (B-D) AMP-treated GC are shown. Scale bar: 30 μm. All experiments were conducted at least in
triplicates.

AMP, antimicrobial peptides; Ct, control; PB2, flatfish pardaxin; PIS, striped bass piscidin 1; TP4, tilapia piscidin 4

FIGURE 5: Quantification of the size of GC microcolony under PB2, PIS,
and TP4 treatment.
(A) The sizes of aggregations were evaluated by the average occupying area of individual aggregates in each
image using NIH ImageJ (red dashed line). (B) The size of non-treated (Ct) and AMP-treated GC was quantified.
The data were generated from 10 randomly acquired fields from four independent experiments. Each data point
indicates an individual aggregation. The bars represented the means of each group, and the lines on the bars
indicated the standard deviations. Statistical significance was determined using a one-way ANOVA followed by
post hoc Dunnett's test.

***p < 0.001

NIH, National Institutes of Health; AMP, antimicrobial peptides; ANOVA, analysis of variance; Ct, control; PB2,
flatfish pardaxin; PIS, striped bass piscidin 1; TP4, tilapia piscidin 4

PB2, PIS, and TP4 reduced GC adherence to endocervical epithelial
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cells
GC colonization and infection only start after the GC's adherence to epithelial cells in the reproductive tract.
Thus, adherence plays a crucial role in the initial colonization of GC on mucosal surfaces. Investigating
whether PB2, PIS, and TP4 could inhibit GC adherence thereby lays clinical potential. Since these AMP may
also affect epithelial cell viability, examining the effects of three AMP on both epithelial cells, and GC
adherence is needed. To examine the effects of AMP on epithelial cells, ME180 cells were incubated with or
without 10 μg/mL AMP for 24 hours, and the CCK-8 cell viability assay was conducted. Triton-X, a
membrane-disrupting agent at a final concentration of 0.01%, was administered as a positive control. No
significant difference in cell survival was found in cells treated with PB2, PIS, or TP4 compared to non-
treatment control, while a significant 88% decrease was observed in the Triton-X group (Figure 6A). These
results indicate that PB2, PIS, and TP4 have no effects on endocervical epithelial cells at concentrations
above MIC in GC, thus confirming the usage of these AMP in examining their effects on GC adherence.

FIGURE 6: Effects of PB2, PIS, and TP4 on GC adherence onto ME180
endocervical epithelial cell.
ME180 cells were grown on a 96-well plate, and 10 μg/mL of designated AMP was added with or without
inoculating MS11. (A) To measure cell cytotoxicity, cells with or without AMP or 0.1% Triton-X were incubated for
24 hours, and CCK-8 assay was performed to determine the cell survival rate. (B) To evaluate GC adherence,
cells with MS11 were incubated for three hours to determine the adherent GC. GC treated with 0.5 μg/mL of
azithromycin (AZI) served as a positive control. Non-treated GC was served as control (Ct). The bars represented
the means of each group with standard deviations. Statistical significance was determined using a one-way
ANOVA followed by post hoc Dunnett's test. All data were collected from three independent experiments.

***p < 0.001

AMP, antimicrobial peptides; ANOVA, analysis of variance; CCK-8, Cell Counting Kit-8; ns, not significant;
CFU, colony-forming units; PB2, flatfish pardaxin; PIS, striped bass piscidin 1; TP4, tilapia piscidin 4

To assess the effects of AMP on adherence, MS11 was inoculated onto ME180 cells in the presence or
absence of AMP for three hours. The cells were then collected and plated on GCK agar. Adherent GC were
determined by colony counts. Azithromycin was used as a control for comparison. Compared to the non-
treatment control, the AMP-treated groups were found to have a significant 6-10-fold reduction of adherent
GC (p < 0.001, Figure 6B). Adherent GC in PIS treatment, though not significantly, were lower in number
than those in PB2 and TP4. Nevertheless, the azithromycin treatment exhibited a significantly higher
reduction in adherent GC cells compared to the AMP-treated group (p < 001). In conclusion, these data
suggested that PB2, PIS, and TP4 can inhibit GC adherence, indicating colonization prevention.

Discussion
Neisseria gonorrhoeae has become an emerging disease with its increased antibiotic resistance. Finding an
alternative or supportive treatment is needed to prevent the transmission. Among the alternatives,
antimicrobial peptides are easy to generate and have shown promising antibacterial activities. Teleost fish
are one of the resources of antimicrobial peptides. Thus, this study evaluated the effect of major teleost-
derived antimicrobial peptides against GC to assess their potential as prevention or treatment alternatives.
Among the five AMP categorized into three families, piscidin-based PIS and TP4 and pardaxin-based PB2
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had the lowest MIC against GC by 5-7.5 μg/mL. The TEM micrographs showed that the three AMP induced
membrane deformation and the loss of cytoplasmic contents. Furthermore, these AMP could also reduce GC
microcolony formation and adherence to endocervical epithelial cells, suggesting their clinical potential.
Overall, this study provided a preliminary evaluation of teleost-derived AMP and their potential as an
effective antibiotic alternative for future prevention/treatment development.

Antimicrobial peptides inhibit microorganisms differently based on families of AMP and the surface
property of the specific microorganism. In this study, we found that hepcidin-based TH1-5 and piscidin-
based TP3 had no or low inhibitory effect on GC, whereas piscidin-based PIS and TP4, as well as pardaxin-
based PB2, had significant inhibitory effect in the tested concentration range. We reason that the results
were attributed to two significant factors: the type and net charge of AMP. Pardaxin, with the property of
amino acid sequences, has a relatively low net charge and therefore does not belong to the cationic peptide
category. However, antimicrobial activities were found against many gram-positive and gram-negative
bacteria at the AMP concentration range this study used [20]. Bhunia et al. found that pardaxin can bind to
lipopolysaccharide (LPS) as one of the potential inhibitory mechanisms [25]. Thus, we speculate that a
similar mechanism may occur in the lipooligosaccharide of GC. Hepcidin did not work against GC within the
test range in this study.

In the previous study testing TH1-5, the authors also found that only a high concentration of 100 μg/mL or
above could exhibit antibacterial activity against Listeria monocytogenes but not Vibrio spp. [26], indicating
the low efficacy of TH1-5. Piscidins were reported widely as the broadest teleost-derived AMP against
several gram-positive and gram-negative species [27]. Accordingly, different isoforms showed various MIC
ranges against specific bacteria [28]. Our study found that only PIS and TP4 (piscidin-1 and piscidin-4) but
not TP3 (piscidin-3) showed significant inhibition of GC in the tested range. We reason that both PIS and
TP4 had higher isoelectric point (pI) (Table 1), thus giving them high cationic properties for interacting with
GC as GC has a highly negatively charged outer membrane [29]. PIS has been shown to possess the most
potent antimicrobial activity among all other piscidins [17]. Compared to PIS, TP3 and TP4 were reported to
have less antimicrobial efficacy [28]. However, the TP4 used in this study originated from tilapia and was
added with five arginine repeats [21], suggesting the enhanced binding to the GC surface over TP3 in
alignment with PIS. Moreover, a similar observation by Zairi et al. examining amphibian-derived
dermaseptin and its derivatives also showed that the increase of positively charged amino acid could
increase the efficacy of AMP against GC by reducing MIC 10-fold [15]. Future work can involve the amino
acid replacement for positively charged residues into these AMP to examine if increased efficacy can be
obtained.

Many human cells showed different susceptibility from these AMP. Pardaxin has been shown to inhibit HeLa
but not HT1080 cells at 15 μg/mL or more [30]. Piscidins also showed antitumor activity against HeLa and
HT1080 cells at 20-25 μg/mL or more [31]. Our study used 10 μg/mL of these AMP as our working
concentration and found no effect on the ME180 endocervical epithelial cells used in the infection model,
suggesting the minimal working concentration for GC in the clinical setting. We found that the adherence
GC was reduced under the treatment of the three AMP, yet the reduction level does not match the time-kill
curve, whereas GC was mostly cleared. Two explanations are proposed: first, these AMP may neutralize the
electronic charges. The reduction of GC surface charge has been shown to help GC adherence to the
epithelial cells [29]. Positively charged PIS and TP4 may neutralize the electronic charge on the GC surface,
thus potentially reducing the adherence to epithelial cells. Second, AMP can be absorbed by epithelial cells,
thus reducing AMP's effects. Travkova et al. have shown that AMP can be absorbed by epithelial cells, which
may affect the final concentration of AMP due to the interaction and binding of AMP to epithelial and
bacterial cells [32]. It would be essential to examine the cytotoxicity of other associated reproductive
epithelial cells in vitro or in vivo to determine the final concentration for clinical usage.

A retrospective study has summarized that the higher MIC of AMP may exist in resistant strains [33],
implying strain specificity in susceptibility. Consistent with our study, we found that the azithromycin-
resistant WHO Z strain, compared to MS11, has a higher MIC in PB2, PIS, and TP4. We hypothesized that the
efflux pump may contribute to the elevated MIC. GC has an efflux pump system that can export
antimicrobials such as antimicrobial peptides from the cytoplasm and periplasmic space. Such a system is
mediated by the MtrCDE operon, which encodes major functional proteins for efflux pump [34]. The WHO Z
strain has azithromycin resistance due to its mutation in an efflux pump-based MtrCDE system, increasing
the efficiency of pumping out antimicrobials [35]. Studies using mice have shown that the mutation can also
enhance the fitness of gonococci during the experimental infection of the lower genital tract of female mice
[36], which supports the concept that the MtrCDE efflux pump is of importance to export host-derived
antimicrobials such as cationic AMP. Therefore, these teleost-derived AMP, like others, have restrictions in
efflux pump-based antibiotic resistance in GC. Future work will involve structural modification or adding
efflux pump inhibitors, such as peptides targeting MtrCDE [16] for potential clinical usage.

Our previous work has evaluated the effects of a tellurium-based inorganic compound (AS101) on GC [37].
Comparing teleost-derived AMP to AS101, we found that the teleost-derived AMP possess more bactericidal
properties than AS101, as shown in the time-kill curve and TEM, thus suggesting that less antibiotic
resistance could occur using AMP. Nevertheless, AMP may not be as effective in the azithromycin-resistant
strain as in the nonresistant strain, whereas AS101 showed similar inhibition between both strains.
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Nevertheless, AMP and AS101 reduce GC microcolony formation and colonization on epithelial cells.
Therefore, AMP and AS101, two antimicrobials, may work in different clinical settings to treat GC infection.

Although this study explored the efficacy of teleost-derived AMP in GC, it has limitations. First, assays in
this study were performed in an in vitro environment, thus lacking evidence of GC inhibition in the actual
reproductive organs. Besides, the female reproductive tract harbors a unique niche of microbiota to maintain
low pH in the vaginal region. How these AMP inhibit GC while interacting with microbiota under low pH will
be of clinical importance. Second, the time-kill assay and TEM allow us to conclude AMP's bactericidal
property in inducing GC membrane damage and the loss of cytoplasmic contents. However, whether these
damaging events were dependent or independent of each other was not known. It would be essential to
examine if these AMP possess multiple GC inhibitory functions by investigating the membrane blebbing,
breakage, and the loss of cell contents in a time-dependent manner.

Conclusions
The present study shows that pardaxin- and piscidin-based AMP derived from teleost fish are effective
against pathogenic Neisseria gonorrhoeae at a concentration nontoxic to epithelial cells. Therefore, these
AMP against more recent clinical isolates can be evaluated for developing a clinical prevention and
treatment. For the future development of these AMP against reproductive pathogens, one can combine
AMP and existing antibiotics for examining synergistic inhibition and may also assess the inhibitory effects
on other harmful bacteria in the reproductive tract, such as Chlamydia, Gardnerella, and Mycoplasma. The
teleost-derived AMP thereby may individually serve or be combined with antibiotics as the potential medical
regimens for not only sexually transmitted infections but also overall reproductive health.

Additional Information
Author Contributions
All authors have reviewed the final version to be published and agreed to be accountable for all aspects of the
work.

Concept and design:  Liang-Chun Wang, Tsung-Ying Yang, Po-Wei Huang

Acquisition, analysis, or interpretation of data:  Liang-Chun Wang, Chung-Yi Liou, Han-Chen Ho, Po-
Wei Huang, Tzu-Yu Wei, Ying-Chen Lee

Drafting of the manuscript:  Liang-Chun Wang, Tsung-Ying Yang, Chung-Yi Liou, Po-Wei Huang

Critical review of the manuscript for important intellectual content:  Liang-Chun Wang, Tsung-Ying
Yang, Chung-Yi Liou, Han-Chen Ho, Po-Wei Huang, Tzu-Yu Wei, Ying-Chen Lee

Supervision:  Liang-Chun Wang, Tsung-Ying Yang

Disclosures
Human subjects: All authors have confirmed that this study did not involve human participants or tissue.
Animal subjects: All authors have confirmed that this study did not involve animal subjects or tissue.
Conflicts of interest: In compliance with the ICMJE uniform disclosure form, all authors declare the
following: Payment/services info: Po-Wei Huang declares a grant from the Zuoying Branch of Kaohsiung
Armed Forces General Hospital (KAFGH-ZY-A-110007). Tsung-Ying Yang declares a grant from I-Shou
University (ISU-112-02-03A and ISU112-S-03) and Taiwan's National Science and Technology Council
(NSTC112-2320-B-214-009). Liang-Chun Wang declares a grant from Taiwan's National Science and
Technology Council (NSTC113-2327-B-037-001). Financial relationships: All authors have declared that
they have no financial relationships at present or within the previous three years with any organizations
that might have an interest in the submitted work. Other relationships: All authors have declared that
there are no other relationships or activities that could appear to have influenced the submitted work.

Acknowledgements
The authors are grateful to the staff of the Electron Microscopy Laboratory at Tzu Chi University for
technical support. Tsung-Ying Yang and Liang-Chun Wang contributed equally to the correspondence of this
work and thereby are considered as co-corresponding authors.

References
1. Report on global sexually transmitted infection surveillance 2018 . (2018).

https://www.who.int/publications/i/item/9789241565691.
2. Sexually transmitted disease surveillance 2019 . (2019). https://www.cdc.gov/std/statistics/2019/std-

surveillance-2019.pdf.
3. Hananta IP, van Dam AP, Bruisten SM, Schim van der Loeff MF, Soebono H, de Vries HJ: Gonorrhea in

2024 Huang et al. Cureus 16(3): e57168. DOI 10.7759/cureus.57168 11 of 13

https://www.who.int/publications/i/item/9789241565691
https://www.who.int/publications/i/item/9789241565691
https://www.cdc.gov/std/statistics/2019/std-surveillance-2019.pdf
https://www.cdc.gov/std/statistics/2019/std-surveillance-2019.pdf


Indonesia: high prevalence of asymptomatic urogenital gonorrhea but no circulating extended spectrum
cephalosporins-resistant Neisseria gonorrhoeae strains in Jakarta, Yogyakarta, and Denpasar, Indonesia.
Sex Transm Dis. 2016, 43:608-16. 10.1097/OLQ.0000000000000510

4. Alirol E, Wi TE, Bala M, et al.: Multidrug-resistant gonorrhea: a research and development roadmap to
discover new medicines. PLoS Med. 2017, 14:e1002366. 10.1371/journal.pmed.1002366

5. Unemo M, Seifert HS, Hook EW 3rd, Hawkes S, Ndowa F, Dillon JR: Gonorrhoea. Nat Rev Dis Primers. 2019,
5:79. 10.1038/s41572-019-0128-6

6. Hook EW 3rd, Golden M, Jamieson BD, Dixon PB, Harbison HS, Lowens S, Fernandes P: A phase 2 trial of
oral solithromycin 1200 mg or 1000 mg as single-dose oral therapy for uncomplicated gonorrhea. Clin Infect
Dis. 2015, 61:1043-8. 10.1093/cid/civ478

7. Taylor SN, Marrazzo J, Batteiger BE, et al.: Single-dose zoliflodacin (ETX0914) for treatment of urogenital
gonorrhea. N Engl J Med. 2018, 379:1835-45. 10.1056/NEJMoa1706988

8. Jacobsson S, Mason C, Khan N, Meo P, Unemo M: In vitro activity of the novel oral antimicrobial SMT-571,
with a new mechanism of action, against MDR and XDR Neisseria gonorrhoeae: future treatment option for
gonorrhoea?. J Antimicrob Chemother. 2019, 74:1591-4. 10.1093/jac/dkz060

9. Jacobsson S, Mason C, Khan N, Meo P, Unemo M: High in vitro activity of DIS-73285, a novel antimicrobial
with a new mechanism of action, against MDR and XDR Neisseria gonorrhoeae. J Antimicrob Chemother.
2020, 75:3244-7. 10.1093/jac/dkaa322

10. Wimley WC, Hristova K: Antimicrobial peptides: successes, challenges and unanswered questions . J Membr
Biol. 2011, 239:27-34. 10.1007/s00232-011-9343-0

11. Brogden KA: Antimicrobial peptides: pore formers or metabolic inhibitors in bacteria? . Nat Rev Microbiol.
2005, 3:238-50. 10.1038/nrmicro1098

12. Roy A, Sarangi NK, Ghosh S, Prabhakaran A, Keyes TE: Leaflet by leaflet synergistic effects of antimicrobial
peptides on bacterial and mammalian membrane models. J Phys Chem Lett. 2023, 14:3920-8.
10.1021/acs.jpclett.3c00119

13. Hancock RE, Lehrer R: Cationic peptides: a new source of antibiotics . Trends Biotechnol. 1998, 16:82-8.
10.1016/s0167-7799(97)01156-6

14. Shafer WM, Qu X, Waring AJ, Lehrer RI: Modulation of Neisseria gonorrhoeae susceptibility to vertebrate
antibacterial peptides due to a member of the resistance/nodulation/division efflux pump family. Proc Natl
Acad Sci U S A. 1998, 95:1829-33. 10.1073/pnas.95.4.1829

15. Zairi A, Tangy F, Ducos-Galand M, Alonso JM, Hani K: Susceptibility of Neisseria gonorrhoeae to
antimicrobial peptides from amphibian skin, dermaseptin, and derivatives. Diagn Microbiol Infect Dis. 2007,
57:319-24. 10.1016/j.diagmicrobio.2006.11.006

16. Evert BJ, Slesarenko VA, Punnasseril JM, et al.: Self-inhibitory peptides targeting the Neisseria gonorrhoeae
MtrCDE efflux pump increase antibiotic susceptibility. Antimicrob Agents Chemother. 2022, 66:e0154221.
10.1128/AAC.01542-21

17. Raju SV, Sarkar P, Kumar P, Arockiaraj J: Piscidin, fish antimicrobial peptide: structure, classification,
properties, mechanism, gene regulation and therapeutical importance. Int J Pept Res Ther. 2021, 27:91-107.
10.1007/s10989-020-10068-w

18. Performance standards for antimicrobial susceptibility testing . (2024).
https://clsi.org/standards/products/microbiology/documents/m100/.

19. Bergman P, Johansson L, Asp V, Plant L, Gudmundsson GH, Jonsson AB, Agerberth B: Neisseria gonorrhoeae
downregulates expression of the human antimicrobial peptide LL-37. Cell Microbiol. 2005, 7:1009-17.
10.1111/j.1462-5822.2005.00530.x

20. Oren Z, Shai Y: A class of highly potent antibacterial peptides derived from pardaxin, a pore-forming
peptide isolated from Moses sole fish Pardachirus marmoratus. Eur J Biochem. 1996, 237:303-10.
10.1111/j.1432-1033.1996.0303n.x

21. Peng KC, Lee SH, Hour AL, Pan CY, Lee LH, Chen JY: Five different piscidins from Nile tilapia, Oreochromis
niloticus: analysis of their expressions and biological functions. PLoS One. 2012, 7:e50263.
10.1371/journal.pone.0050263

22. Pan CY, Peng KC, Lin CH, Chen JY: Transgenic expression of tilapia hepcidin 1-5 and shrimp chelonianin in
zebrafish and their resistance to bacterial pathogens. Fish Shellfish Immunol. 2011, 31:275-85.
10.1016/j.fsi.2011.05.013

23. Foerster S, Unemo M, Hathaway LJ, Low N, Althaus CL: Time-kill curve analysis and pharmacodynamic
modelling for in vitro evaluation of antimicrobials against Neisseria gonorrhoeae. BMC Microbiol. 2016,
16:216. 10.1186/s12866-016-0838-9

24. Wang LC, Litwin M, Sahiholnasab Z, Song W, Stein DC: Neisseria gonorrhoeae aggregation reduces its
ceftriaxone susceptibility. Antibiotics (Basel). 2018, 7:48. 10.3390/antibiotics7020048

25. Bhunia A, Domadia PN, Torres J, Hallock KJ, Ramamoorthy A, Bhattacharjya S: NMR structure of pardaxin, a
pore-forming antimicrobial peptide, in lipopolysaccharide micelles: mechanism of outer membrane
permeabilization. J Biol Chem. 2010, 285:3883-95. 10.1074/jbc.M109.065672

26. Huang PH, Chen JY, Kuo CM: Three different hepcidins from tilapia, Oreochromis mossambicus: analysis of
their expressions and biological functions. Mol Immunol. 2007, 44:1922-34. 10.1016/j.molimm.2006.09.031

27. Lee SA, Kim YK, Lim SS, et al.: Solution structure and cell selectivity of piscidin 1 and its analogues .
Biochemistry. 2007, 46:3653-63. 10.1021/bi062233u

28. Silphaduang U, Noga EJ: Peptide antibiotics in mast cells of fish . Nature. 2001, 414:268-9. 10.1038/35104690
29. Heckels JE, Blackett B, Everson JS, Ward ME: The influence of surface charge on the attachment of Neisseria

gonorrhoeae to human cells. J Gen Microbiol. 1976, 96:359-64. 10.1099/00221287-96-2-359
30. Hsu JC, Lin LC, Tzen JT, Chen JY: Pardaxin-induced apoptosis enhances antitumor activity in HeLa cells .

Peptides. 2011, 32:1110-6. 10.1016/j.peptides.2011.04.024
31. Lin HJ, Huang TC, Muthusamy S, Lee JF, Duann YF, Lin CH: Piscidin-1, an antimicrobial peptide from fish

(hybrid striped bass morone saxatilis x M. chrysops), induces apoptotic and necrotic activity in HT1080 cells.
Zoolog Sci. 2012, 29:327-32. 10.2108/zsj.29.327

32. Travkova OG, Moehwald H, Brezesinski G: The interaction of antimicrobial peptides with membranes . Adv

2024 Huang et al. Cureus 16(3): e57168. DOI 10.7759/cureus.57168 12 of 13

https://dx.doi.org/10.1097/OLQ.0000000000000510
https://dx.doi.org/10.1097/OLQ.0000000000000510
https://dx.doi.org/10.1371/journal.pmed.1002366
https://dx.doi.org/10.1371/journal.pmed.1002366
https://dx.doi.org/10.1038/s41572-019-0128-6
https://dx.doi.org/10.1038/s41572-019-0128-6
https://dx.doi.org/10.1093/cid/civ478
https://dx.doi.org/10.1093/cid/civ478
https://dx.doi.org/10.1056/NEJMoa1706988
https://dx.doi.org/10.1056/NEJMoa1706988
https://dx.doi.org/10.1093/jac/dkz060
https://dx.doi.org/10.1093/jac/dkz060
https://dx.doi.org/10.1093/jac/dkaa322
https://dx.doi.org/10.1093/jac/dkaa322
https://dx.doi.org/10.1007/s00232-011-9343-0
https://dx.doi.org/10.1007/s00232-011-9343-0
https://dx.doi.org/10.1038/nrmicro1098
https://dx.doi.org/10.1038/nrmicro1098
https://dx.doi.org/10.1021/acs.jpclett.3c00119
https://dx.doi.org/10.1021/acs.jpclett.3c00119
https://dx.doi.org/10.1016/s0167-7799(97)01156-6
https://dx.doi.org/10.1016/s0167-7799(97)01156-6
https://dx.doi.org/10.1073/pnas.95.4.1829
https://dx.doi.org/10.1073/pnas.95.4.1829
https://dx.doi.org/10.1016/j.diagmicrobio.2006.11.006
https://dx.doi.org/10.1016/j.diagmicrobio.2006.11.006
https://dx.doi.org/10.1128/AAC.01542-21
https://dx.doi.org/10.1128/AAC.01542-21
https://dx.doi.org/10.1007/s10989-020-10068-w
https://dx.doi.org/10.1007/s10989-020-10068-w
https://clsi.org/standards/products/microbiology/documents/m100/
https://clsi.org/standards/products/microbiology/documents/m100/
https://dx.doi.org/10.1111/j.1462-5822.2005.00530.x
https://dx.doi.org/10.1111/j.1462-5822.2005.00530.x
https://dx.doi.org/10.1111/j.1432-1033.1996.0303n.x
https://dx.doi.org/10.1111/j.1432-1033.1996.0303n.x
https://dx.doi.org/10.1371/journal.pone.0050263
https://dx.doi.org/10.1371/journal.pone.0050263
https://dx.doi.org/10.1016/j.fsi.2011.05.013
https://dx.doi.org/10.1016/j.fsi.2011.05.013
https://dx.doi.org/10.1186/s12866-016-0838-9
https://dx.doi.org/10.1186/s12866-016-0838-9
https://dx.doi.org/10.3390/antibiotics7020048
https://dx.doi.org/10.3390/antibiotics7020048
https://dx.doi.org/10.1074/jbc.M109.065672
https://dx.doi.org/10.1074/jbc.M109.065672
https://dx.doi.org/10.1016/j.molimm.2006.09.031
https://dx.doi.org/10.1016/j.molimm.2006.09.031
https://dx.doi.org/10.1021/bi062233u
https://dx.doi.org/10.1021/bi062233u
https://dx.doi.org/10.1038/35104690
https://dx.doi.org/10.1038/35104690
https://dx.doi.org/10.1099/00221287-96-2-359
https://dx.doi.org/10.1099/00221287-96-2-359
https://dx.doi.org/10.1016/j.peptides.2011.04.024
https://dx.doi.org/10.1016/j.peptides.2011.04.024
https://dx.doi.org/10.2108/zsj.29.327
https://dx.doi.org/10.2108/zsj.29.327
https://dx.doi.org/10.1016/j.cis.2017.06.001


Colloid Interface Sci. 2017, 247:521-32. 10.1016/j.cis.2017.06.001
33. Xuan J, Feng W, Wang J, et al.: Antimicrobial peptides for combating drug-resistant bacterial infections .

Drug Resist Updat. 2023, 68:100954. 10.1016/j.drup.2023.100954
34. Rouquette-Loughlin CE, Reimche JL, Balthazar JT, et al.: Mechanistic basis for decreased antimicrobial

susceptibility in a clinical isolate of Neisseria gonorrhoeae possessing a mosaic-like mtr efflux pump locus.
mBio. 2018, 9:e02281-18. 10.1128/mBio.02281-18

35. Unemo M, Golparian D, Sánchez-Busó L, et al.: The novel 2016 WHO Neisseria gonorrhoeae reference
strains for global quality assurance of laboratory investigations: phenotypic, genetic and reference genome
characterization. J Antimicrob Chemother. 2016, 71:3096-108. 10.1093/jac/dkw288

36. Warner DM, Shafer WM, Jerse AE: Clinically relevant mutations that cause derepression of the Neisseria
gonorrhoeae MtrC-MtrD-MtrE efflux pump system confer different levels of antimicrobial resistance and in
vivo fitness. Mol Microbiol. 2008, 70:462-78. 10.1111/j.1365-2958.2008.06424.x

37. Yang TY, Tseng SP, Ho HC, et al.: In vitro evaluation of tellurium-based AS101 compound against Neisseria
gonorrhoeae infectivity. Microbiol Spectr. 2023, 11:e0149622. 10.1128/spectrum.01496-22

2024 Huang et al. Cureus 16(3): e57168. DOI 10.7759/cureus.57168 13 of 13

https://dx.doi.org/10.1016/j.cis.2017.06.001
https://dx.doi.org/10.1016/j.drup.2023.100954
https://dx.doi.org/10.1016/j.drup.2023.100954
https://dx.doi.org/10.1128/mBio.02281-18
https://dx.doi.org/10.1128/mBio.02281-18
https://dx.doi.org/10.1093/jac/dkw288
https://dx.doi.org/10.1093/jac/dkw288
https://dx.doi.org/10.1111/j.1365-2958.2008.06424.x
https://dx.doi.org/10.1111/j.1365-2958.2008.06424.x
https://dx.doi.org/10.1128/spectrum.01496-22
https://dx.doi.org/10.1128/spectrum.01496-22

	The Evaluation of Teleost-Derived Antimicrobial Peptides Against Neisseria gonorrhoeae
	Abstract
	Introduction
	Methods
	Results
	Conclusion

	Introduction
	Materials And Methods
	Bacterial strains
	Epithelial cells
	Antibiotic susceptibility testing
	Minimal inhibitory concentration (MIC)
	TABLE 1: Details and properties of antimicrobial peptides used in this study [20-22].

	Time-kill assay
	Inhibition of microcolony formation
	Cytotoxicity assay
	Adherence assay
	Transmission electron microscopy (TEM)
	Statistical analysis

	Results
	Minimum inhibitory concentration
	TABLE 2: Antibiotic susceptibility and minimal inhibitory concentration (MIC) of AMP in MS11 and WHO Z strain.

	Time-kill curve
	FIGURE 1: Time-kill curve of PB2, PIS, and TP4.

	Cellular effects of PB2, PIS, and TP4 on GC
	FIGURE 2: Morphological and structural impact of PB2, PIS, and TP4 on GC.
	FIGURE 3: Quantification of morphological and structural changes of GC under PB2, PIS, and TP4 treatment.

	PB2, PIS, and TP4 reduced the formation of GC microcolony
	FIGURE 4: Effects of PB2, PIS, and TP4 on GC microcolony formation.
	FIGURE 5: Quantification of the size of GC microcolony under PB2, PIS, and TP4 treatment.

	PB2, PIS, and TP4 reduced GC adherence to endocervical epithelial cells
	FIGURE 6: Effects of PB2, PIS, and TP4 on GC adherence onto ME180 endocervical epithelial cell.


	Discussion
	Conclusions
	Additional Information
	Author Contributions
	Disclosures
	Acknowledgements

	References


