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Abstract. Nosocomial infections with Pseudomonas 
aeruginosa (PA) are difficult to treat due to the low outer 
membrane permeability of the bacterium and the develop-
ment of resistance. In the present study, the anti‑microbial 
peptide (AMP) mutant chensinin‑1 (MC1) was revealed to 
exhibit anti‑bacterial activity against a multidrug‑resistant 
PA (MRPA) strain in  vitro, and the minimum inhibitory 
concentration was 25 µM, which was 4‑fold higher than that 
of the native strain. MC1 was able to disrupt the integrity of 
the cytoplasmic membrane in the native PA strain and MRPA 
and had a similar membrane depolarization ability in these 
strains, but the outer membrane permeability of MRPA cells 
was lower than that of native PA cells, as determined by a 
1‑N‑phenylnaphthylamine assay. In addition, the abundance of 
the gene Psl encoding for biofilm‑associated polysaccharides 
was detected using Congo red, and a high concentration of 
MC1 inhibited the formation of MRPA biofilms. Furthermore, 
the expression levels of biofilm‑associated genes affected by 
the AMP, MC1, were quantified by polymerase chain reaction 
analysis. The results indicated that MC1 induced biofilm inhi-
bition by downregulating the relative expression of specific 
biofilm polysaccharide‑associated genes, including pelA, algD 
and pslA. The present results indicated that the AMP MC1 
may be an effective antibiotic against MRPA strains.

Introduction

The rise of multidrug‑resistant bacteria poses a severe threat 
to human health and is a major cause of death in the clinical 
setting (1,2). Among such bacteria, Pseudomonas aeruginosa 
(PA) is an opportunistic pathogen and a leading cause of 
nosocomial infections  (3). Numerous infections caused by 
PA occur in immunocompromised patients and this species 
is the major cause of ventilator‑associated pneumonia  (4). 
Pneumonia caused by PA frequently leads to acute lung injury 
and secondary sepsis, resulting in high infection‑associated 
mortality. Antibiotics are effective for the majority of the infec-
tions caused by PA; however, PA has a natural resistance and 
the capacity for exposure‑induced resistance against antibiotics 
with various mechanisms of action, leading to an increasing rate 
of resistance (5). Therefore, developing antibiotics with novel 
mechanisms of action has attracted the interest of researchers.

Anti‑microbial peptides (AMPs), which are encoded by 
specific genes, are a class of low‑molecular‑weight polypeptides 
with potent anti‑microbial activity against a broad spectrum 
of microorganisms (6). They are a fundamental component 
of innate immunity and are nontoxic to mammalian cells. 
AMPs initially bind to the negatively charged bacterial cell 
membrane by electrostatic interactions and then insert into 
the hydrophobic core and perturb its structure to increase the 
bacterial membrane permeability, which induces the leakage 
of cytoplasmic components and ultimately the death of the 
microorganism (7). Due to the unique bactericidal mechanism 
of AMPs, it is not easy for bacteria to develop resistance 
through evolution, and the entire evolutionary process is slow; 
therefore, AMPs are among the most promising candidates 
for novel antibiotics for the treatment of multidrug‑resistant 
bacteria (8).

In a previous study, the AMP chensinin‑1 was isolated 
from the skin secretions of the Chinese brown frog, 
Rana chensinensis, comprising 18 amino acid residues in the 
sequence SAVGRHGRRFGLRKHRKH (9,10). Chensinin‑1 
exhibited a moderate anti‑microbial activity against gram‑posi-
tive bacteria, but no activity against gram‑negative bacteria, 
which may be due to its low hydrophobicity, amphipathicity 
and random coil conformation in the membrane environment. 
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Chensinin‑1 is able to form aggregates when it attaches to the 
outer cell membrane, as indicated by the quenching of the 
fluorescence intensity of rhodamine‑labeled chensinin‑1 in 
the presence of lipopolysaccharides, which serve as the major 
component of the outer membrane of gram‑negative bacteria. 
Previous research has indicated that in AMP sequences, 
bulky and hydrophobic Trp residues are not present in a large 
proportion, but that such residues may facilitate the anchoring 
and insertion of the peptide into the bilayer surface of the cell 
membrane (11,12). Therefore, to improve the broad‑spectrum 
anti‑microbial activity of chensinin‑1, a novel mutant analog 
of chensinin‑1, MC1, was designed by replacing three Gly 
residues with Trp residues. MC1 is an 18‑amino acid peptide 
with the sequence SAVWRHWRRFWLRKHRKH  (13). 
MC1 exhibits potent anti‑microbial activity against selected 
gram‑positive bacteria and gram‑negative bacteria, including 
PA cells. Mechanistically, the action of the AMP MC1 is 
initiated through electrostatic interactions, causing the adsorp-
tion of AMPs onto the surface of the negatively charged cell 
membrane. The majority of AMPs then perform membrane 
permeabilization by inserting into the hydrophobic core of 
the outer membrane and disrupting the bacterial membrane, 
leading to cell death. Of note, MC1 has no hemolytic activity 
and is therefore suitable as a novel antibiotic. However, it 
remains elusive whether MC1 possesses bactericidal activity 
against multidrug‑resistant pathogens encountered in the 
clinic. In the present study, the anti‑bacterial activity of MC1 
against multi‑drug resistant PA (MRPA), which was isolated 
from a clinical setting, was investigated in vitro. In particular, 
the ability of PA to grow in a biofilm may enhance its aversion 
of host defenses and resistance to chemotherapy, and there-
fore, the ability of MC1 to inhibit biofilm formation was also 
examined in the present study. For this, the effect of MC1 on 
the relative expression of specific biofilm‑associated genes in 
multi‑drug resistant PA was investigated.

Materials and methods

Peptide synthesis. The AMP MC1 was synthesized by 
KareBay Biochem Inc. (Ningbo, China) using a standard 
Fmoc solid‑phase peptide synthesis protocol. The peptides 
were purified to near homogeneity (95%) by reverse‑phase 
high‑performance liquid chromatography using a Vydac 
218TP1022 C‑18 column (2.2 x 25 cm; Separations Group, 
Hesperis, CA, USA) with a mobile phase of acetoni-
trile/water/trifluoroacetic acid. The relative mass of the 
peptide was determined using matrix‑assisted laser desorption 
ionization‑time of flight mass spectrometry (Shimadzu, Kyoto, 
Japan).

Bacterial strains. PA was acquired from the China General 
Microbiological Culture Collection Centre (Beijing, China). 
The MRPA strain was obtained from the Department of 
Central Laboratory of Hunan Cancer Hospital (Changsha, 
China) (14) and exhibited multidrug resistance to amikacin, 
cefepime, aztreonam, ciprofloxacin and piperacillin. Antibiotic 
susceptibility testing of the strains had been performed by 
the Department of Central Laboratory of Hunan Cancer 
Hospital (15), the precautions taken with regard to biosafety 
when handling the pathogens were described previously (16).

Anti‑microbial assay. The minimum inhibitory concentration 
(MIC) of the MC1 peptide for the multidrug‑resistant strain 
MRPA and the susceptible strain PA was determined using 
the two‑fold dilution method (17). The peptide was two‑fold 
serially diluted to achieve concentrations between 1.56 and 
200 µM. Subsequently, 50 µl of the peptide solution mixed with 
50 µl of a log‑phase bacterial inoculum [2x105 colony‑forming 
units (CFU)/ml] in PBS was added to the wells of a 96‑well 
microtiter plate. The cultures were incubated for 24 h at 37˚C 
in air. The absorbance at 600 nm for each sample was recorded 
using a microtiter plate reader. The MIC was defined as the 
lowest peptide concentration that inhibited 95% of bacterial 
growth.

Bactericidal kinetics assay. The bactericidal kinetics of 
the peptide against PA and MRPA were assessed by gener-
ating time‑kill curves according to a previously described 
method (9). Log‑phase bacterial cultures were incubated with 
the peptide at its MIC at 37˚C for 0‑180 min. After being 
washed twice with sterile Meuller‑Hinton broth (MHB; 
Sigma‑Aldrich; Merck KGaA, Darmstadt, Germany) and 
centrifuged at 4˚C and 1,064 x g for 10 min, the surviving 
bacteria were diluted 102‑ or 105‑fold and then spread on agar 
plates (Beijing Solarbio Science & Technology Co., Ltd., 
Beijing, China). Bacterial colonies were counted after the 
plates were incubated for 24 h at 37˚C. Polymyxin B (PMB), 
the positive control drug, was tested under the same condi-
tions. Bactericidal kinetics were determined by plotting the 
number of surviving bacteria against the time.

Post‑antibiotic effect (PAE). PA and MRPA bacteria were 
grown until they reached the log phase and then diluted to 
2x106 CFU/ml. The bacteria were incubated with MC1 at its 
MIC. After being washed twice with sterile MHB, the cultures 
were centrifuged at 4,000 x g for 10 min at 4˚C, and the pellets 
were re‑suspended and incubated with shaking at 37˚C for 8 h. 
The cell numbers were determined using the spiral‑plating 
method (18). PMB‑treated bacteria were included as the posi-
tive control. The time required for the colonies to reach 1.0 
log10 CFU was recorded. The post‑antibiotic effect (PAE) 
was defined as the time difference between an experimental 
culture and the control culture to achieve an increase of 1.0 
log10 CFU/ml.

Membrane depolarization assay. Bacterial membrane 
depolarization was measured using the previously reported 
method (19). Mid‑log phase bacterial cells were centrifuged, 
washed twice with 5 mM HEPES containing 20 mM glucose 
and 100 mM KCl and then re‑suspended in HEPES buffer at a 
final concentration of 2x106 CFU/ml. After EDTA was added 
at a final concentration of 0.5 mM, the bacterial suspensions 
were incubated with 3,3'‑dipropylthiadicarbocyanine iodide 
(DiSC3‑5; 4 µM) to allow for the uptake of the DiSC3‑5 probe 
in a 96‑well microtiter plate. Once DiSC3‑5 was taken up by 
the bacteria, MC1 was added to the bacterial samples at a final 
concentration of 1‑, 2‑ or 4‑fold of its MIC, and the change in 
fluorescence intensity was recorded.

Bacterial outer membrane permeability. The outer membrane 
permeability was analyzed using the 1‑N‑phenylnaphthylamine 
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(NPN) dye (20). The bacterial cells were grown to mid‑log 
phase, harvested by centrifugation and then washed and 
re‑suspended in buffer (5 mM HEPES, 1 mM NaN3) at a 
density of 2x106 CFU/ml. NPN was added to 500 µl of the 
diluted bacterial cells at a final concentration of 10 µM, and 
the peptide was then added at increasing concentrations. After 
1 h, the basal fluorescence intensity was recorded with an 
excitation wavelength of 350 nm and an emission maximum of 
420 nm using a microplate reader. Gentamicin with MC1 (the 
two were incubated at the following concentrations: 1.56, 3.13, 
6.25, 12.5, 25 and 50µM) served as positive controls.

Biofilm susceptibility assay. Biofilm formation was detected 
using a previously published method (17). The bacterial cells 
were grown to mid‑log phase and diluted to 2x105 CFU/ml. The 
peptide was two‑fold diluted from 50 to 1.56 µM and added to 
50 µl of the bacterial suspension in a 96‑well microtiter plate. 
The untreated control groups were setup at the same time. The 
planktonic cells were removed after incubation at 37˚C for 
24 h, and the biofilms in the wells were washed two times with 
PBS. The adherent bacteria were fixed with methanol at room 
temperature for 15 min, and each well was stained with 0.1% 
(w/v) crystal violet (CV) dye at room temperature for 5 min 
and washed with water. Subsequently, 200 µl of 95% ethanol 
was added to each CV‑stained well. The absorbance of the 
biofilm biomass was measured at 600 nm. PMB was used as a 
positive control. The percentage of inhibition for each sample 
concentration was calculated according to the following equa-
tion: Inhibition (%)=1‑(Absorbancesample/Absorbancecontrol)
x100% (21,22).

Activity against 1‑day‑old biofilms was determined 
according to a previously described method  (10). The 
bacterial cells were grown to mid‑log phase and diluted to 
2x105 CFU/ml. Equal volumes of water and bacteria (50 µl) 
were added to a 96‑well microtiter plate and then incubated 
at 37˚C for 24 h. The biofilms were washed with PBS and 
incubated with different concentrations of peptide for 24 h. 
Subsequently, the adherent bacteria were fixed with methanol 
at room temperature for 15 min and each well was stained 
with 0.1% (w/v) CV dye at room temperature for 5  min 
and washed with water prior to addition of 200 µl of 95% 
ethanol to each CV‑stained well. After agitation for 30 min, 
the absorbance at 600 nm was measured with a microtiter 
plate reader. The minimum biofilm reduction concentration 
was defined as the minimum concentration of the peptide 
required to reduce the biofilm by >50%. PMB was used as a 
positive control.

Polysaccharide Psl assay. Psl is a crucial adhesive scaf-
folding component of the biofilm matrix, promoting cell‑cell 
interactions and surface attachment  (23,24), which can 
be examined by using the liquid Congo red (CR) method 
according to a published protocol  (5). The mid‑log phase 
bacterial suspension [optical density at 600 nm (OD600), ~1.0] 
was inoculated with the MC1 peptide at a final concentration 
of 1‑, 4‑, 8‑ or 16‑fold of its MIC in unsalted Luria‑Bertani 
medium (Beijing Solarbio Science & Technology Co., Ltd., 
Beijing, China) containing 40 µg/ml CR. Subsequently, the 
sample was incubated with agitation overnight at 37˚C. To 
determine the OD600, 1 ml of the culture liquid was removed. 

The remaining bacterial cells were centrifuged for 10 min 
at 4˚C and 4,000 x g, and the supernatant was measured at 
490 nm to determine the binding ability of bacterial cells to 
unbound CR, a dye that detects neutral polysaccharides or 
polysaccharides (25).

Reverse transcription‑quantitative polymerase chain reac‑
tion (RT‑qPCR) analysis. Mid‑log phase bacterial cells were 
divided into two groups: One group was treated with AMPs 
at a final concentration equal to the MIC for 24 h and the 
other group was incubated without the peptides. One milli-
liter of sample was removed and centrifuged at 13,000 x g 
for 1 min at 4˚C. The supernatant was removed, 10 mg/ml 
lysozyme (Takara Biotechnology Co., Ltd., Dalian, China) 
was added to the sample and the sample was incubated at 4˚C 
for 10 min. Subsequently, 1 ml TRIzol reagent (Invitrogen; 
Thermo Fisher Scientific, Inc., Waltham, MA, USA) was 
added, and the samples were vortexed for 20 sec and incu-
bated at 4˚C for 5 min. The supernatant was transferred into 
a fresh 1.5 ml Eppendorf tube, chloroform was added, and 
the tube was vortexed for 1 min. The sample was incubated 
for 15 min to develop a milky appearance and centrifuged 
at 4˚C. Subsequently, an equal volume of isopropanol was 
added to the supernatant, and the sample was incubated 
for 4 min and centrifuged at 12,000 x g for 15 min at 4˚C. 
Anhydrous ethanol was added for precipitation, the superna-
tant was removed by centrifugation, and 50 µl DEPC‑treated 
water was added. The RNA bands were separated by agarose 
gel electrophoresis.

The extracted RNA was reverse‑transcribed into comple-
mentary DNA and qPCR was performed using a Super 
ScriptÔ III One‑Step RT‑PCR System with Platinum™ Taq 
DNA Polymerase (cat. no. 12574026; Invitrogen; Thermo 
Fisher Scientific, Inc.) according to the manufacturer's 
protocol and an ABI Prism 7000 sequence detection system 
(Thermo Fisher Scientific, Inc.). The primers were designed 
and synthesized by Takara Biotechnology Co., Ltd. The 
following primers were used: PlsA (gene ID, 879717) 
forward, 5'‑AAA​CGC​TAC​GGC​TAC​AAC​AAC​C‑3' and 
reverse, 5'‑TAT​TCG​CTG​ACC​GCC​TCC​T‑3'; PelA (gene ID, 
878833) forward, 5'‑ACG​CCC​TTC​GCC​TAT​CTG​T‑3' and 
reverse, 5'‑GAG​GTC​CAT​TAC​CTG​GCT​GTT​C‑3'; alginate 
(Alg)D (gene ID, 879004) forward, 5'‑CTC​ATC​ACC​AGC​
CAC​GAC​A‑3' and reverse, 5'‑AGC​ACC​AGC​ACA​TCG​GAA​
C‑3'; and GAPDH forward, 5'‑ACC​ACA​GTC​CAT​GCC​ATC​
AC‑3' and reverse, 5'‑TCC​ACC​ACC​CTG​TTG​CTG​TA‑3'. 
GAPDH expression was used as an internal control. The 
reaction conditions were set as follows: 94˚C for 30  sec, 
followed by 40 cycles at 94˚C for 5 sec, 55˚C for 15 sec and 
72˚C for 10 sec. After normalization to the internal control 
GAPDH, fold changes were calculated using the comparative 
cycle threshold method (26).

Statistical analysis. All experiments were repeated 
three times, independently. Values are expressed as the 
mean ± standard deviation. Differences between groups were 
assessed using one‑way analysis of variance followed by 
the Student‑Newman‑Keuls post‑hoc test in SAS 9.2 software 
(SAS Institute Inc., Shanghai, China). P<0.05 was considered 
to indicate a statistically significant difference.
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Results

Anti‑bacterial activity of MC1 against multidrug‑resistant 
bacteria. The AMP MC1 exhibited anti‑bacterial activity 
against the tested multidrug‑resistant bacteria. In detail, MC1 
exhibited a marked anti‑bacterial activity against PA, with an 
MIC of 6.25 µM, while an MIC of 25 µM was obtained for the 
MRPA strain, which was significantly higher than that for the 
susceptible PA strain.

Bactericidal kinetics and PAE of MC1. The bactericidal 
kinetics curves revealed that at its MIC, MC1 killed the MRPA 
cells in a time‑dependent manner; the growth of MRPA cells 
was completely inhibited at 90 min when the concentration 
of MC1 was 25 µM and a reduction of >4 log10 CFU/ml was 
observed. MC1 had no effect on the growth of MRPA cells 
at a concentration of 1.56 µM (Fig. 1A), at which the growth 
of PA cells was inhibited, but the exponentially growing PA 
cells were completely eliminated after incubation with 25 µM 
MC1 for 90 min (Fig. 1B). PMB served as the positive control 
and exhibited a similar anti‑bacterial activity against PA 
and MRPA. The PAE is defined as persistent suppression of 
bacterial growth after a brief exposure (1‑2 h) of bacteria to an 
antibiotic (27). No PAE was observed when MRPA cells were 
treated with 1.56 µM MC1, but when the concentration was 
increased to 25 µM, an effect was detected at 3 h (Fig. 1C). 
A PAE for PA was observed at peptide concentrations of 1.56 
and 25 µM at 4‑6 h (Fig. 1D).

MC1 affects the inner membrane permeability of PA cells. The 
fluorescent probe DiSC3‑5 was used to determine the effect of 
the AMP MC1 on the cytoplasmic membrane depolarization 
of PA and MRPA. As presented in Fig. 2, when the dye was 
added to the bacterial cells, its fluorescence decreased rapidly 
as the dye self‑quenched in the membranes. At 18 min, the 
fluorescence reached a steady state. The peptide was then 
added and the fluorescence increased rapidly. As depolariza-
tion was completed, the maximum fluorescence intensity was 
27 absorption units (AU) for MRPA and 29 AU for PA. The 
slope change of the susceptible PA strain was clearly steeper 
than that of the MRPA strain, indicating that the capacity 
of MC1 to change the inner membrane permeability of the 
MRPA was relatively low. The slope changes were positively 
associated with the concentration of the peptide.

Outer membrane permeability is affected by MC1. As presented 
in Fig. 3, the AMP MC1 dose‑dependently permeabilized the 
outer membrane of MRPA, reflected by the change in the fluo-
rescence intensity of the NPN dye. Initially, the fluorescence 
intensity increased gradually. At the peptide concentration of 
25 µM, a fluorescence intensity of 165 AU was reached and the 
increase stagnated at concentrations beyond this. However, at the 
same concentration, the ability of the peptide to permeabilize 
the outer membrane of the susceptible PA strain was relatively 
higher, as the maximum fluorescence intensity reached 350 AU, 
suggesting that the ability of the AMP MC1 to permeabilize 
the outer membrane of PA is greater than that to permeabilize 
the outer membrane of the drug‑resistant strain. However, the 
permeability of the sensitive and drug‑resistant strains also 
depended on the concentration of the peptide. The permeability 

of MC1 in the drug‑resistant strain was lower than that in the 
sensitive strain. Furthermore, the ability of the AMP MC1 to 
permeabilize the outer membrane of the bacteria was inferior to 
that of the positive control gentamicin.

Anti‑biofilm activity of the AMP MC1. The biomass of PA 
and MRPA was quantified by CV. As presented in Fig. 4, 
compared to the sensitive strain, the multidrug‑resistant strain 
had a greater biofilm biomass after 24 h of incubation. It may 
be concluded that the ability of MRPA to form a biofilm is 
stronger than that of the susceptible strain under the same 
culture conditions.

The inhibitory effect of the AMP on the MRPA biofilm was 
determined by measuring the OD600. As presented in Fig. 5, 
the inhibition of biofilm formation by the peptide occurred in a 
dose‑dependent manner. For MRPA, with MC1 at a concentra-
tion of 1.56 µM, the inhibition rate was only ~4%. However, for 
the susceptible strain, the inhibition rate was ~41%. For MC1 
at a concentration of 25 µM, the inhibition rate of MRPA was 
~46%, which was similar to that observed for biofilms of the 
sensitive strain with 1.56 µM peptide. The results suggested 
that MC1 inhibits biofilm formation, and as the concentration 
of the AMP increases, the inhibition rate of the biofilm also 
increases, but the inhibition was less distinct for MRPA than 
for PA. Furthermore, the positive control PMB more effectively 
inhibited the biofilm formation of PA and MRPA than MC1, and 
its effects on these two strains were similar.

Effect of MC1 on the biofilm polysaccharide Psl. Previous 
studies have indicated that at least three types of polysaccha-
ride, namely Psl, Pel and AlgD, are produced by PA to constitute 
the biofilm (28,29). The biofilms of the sensitive strain and the 
multidrug‑resistant strain mainly contain two polysaccharides, 
Psl and Pel, which are important factors in preventing antibi-
otics from entering drug‑resistant cells. Therefore, the effect 
of AMPs on the synthesis of the biofilm polysaccharide Psl 
reflects the effect of AMPs on biofilms (Fig. 6A and B). In the 
present study, the OD600 represented suspended cells and the 
OD490 indicated that the dye did not bind to the bacteria. When 
Psl is overproduced, the binding of Psl to the dye CR increases 
the OD600 value but decreases the absorbance at 490 nm. As 
the number of bacteria decreases, the synthesis of Psl is also 
inhibited, which decreases the binding capacity of the dye, and 
the OD490 increases. The experimental results indicate that the 
OD600 values of the multidrug‑resistant strain were larger than 
those of the sensitive strain, indicating that the multidrug‑resis-
tant strain exhibited less cell death compared with the PA strain. 
With the addition of the AMP MC1, the OD600 value decreased 
and the OD490 value increased, suggesting that MC1 inhibited 
Psl synthesis. This inhibition was dependent on the peptide 
concentration. In addition, at a peptide concentration of 1X 
MIC (6.25 µM for PA and 25 µM for MRPA strain), the OD490 
value of the multidrug‑resistant bacteria was less than that of 
the sensitive bacteria, indicating that the multidrug‑resistant 
strain produced more biofilm, which suggested that MRPA had 
a relatively greater capacity to synthesize Psl.

Gene expression of the biofilm components PslA, PelA and 
AlgD is affected by MC1. To examine the relative expression 
of polysaccharide‑associated genes in the multidrug‑resistant 
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strain during biofilm formation, RT‑qPCR was used to deter-
mine the effect of MC1 on the relative expression of the genes 
PelA, PslA and AlgD, which encode for biofilm components. 
PMB was used as a positive control drug. As presented in Fig. 7, 
the level of transcription of the PslA and PelA genes in the 
MRPA cells was almost 2‑fold higher than that observed in 
the PA cells. In the absence of MC1 and PMB, the three genes 
were stably expressed, and the gene expression levels of MRPA 
were higher than those in the sensitive strain. When MC1 was 

added, all three genes were inhibited, and the relative expression 
of the genes was downregulated, particularly that of PslA.

Discussion

P. aeruginosa is resistant to most antibiotics due to its low 
outer membrane permeability (30). The present study focused 
on the anti‑microbial activity of the AMP MC1 against 
MRPA and its effect on biofilm formation. The membrane 

Figure 2. Cytoplasmic membrane depolarization of (A) multidrug‑resistant PA and (B) PA by mutant chensinin‑1 peptide. The fluorescence of the membrane 
potential‑sensitive dye diSC3‑5 was detected. PA, Pseudomonas aeruginosa; MIC, minimum inhibitory concentration.

Figure 1. Antibacterial activity of MC1. Killing kinetics of agents against (A) MRPA and (B) PA. Post‑antibiotic effect of agents on (C) MRPA and (D) PA. Each 
data‑point represents an average of six independent experiments. PA, Pseudomonas aeruginosa; MRPA, multidrug‑resistant PA; CFU, colony‑forming units; 
PMB, polymyxin B; MC1, mutant chensinin‑1 peptide.
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permeability of pathogenic microorganisms affects whether 
AMP molecules enter pathogenic microorganisms and 
kill them. Therefore, the effect of the MC1 peptide on the 
permeability of the internal and external membranes of a 
multidrug‑resistant strain and a sensitive strain was tested. 
Depolarization of the bacterial plasma membrane provides a 
direct assessment of effects on membrane permeability (31). 
A depolarization experiment demonstrated that the degree of 
depolarization of the multidrug‑resistant strain and the sensi-
tive strain by MC1 were similar at 30 min, but the slope of the 
depolarization trend was clearly different as the fluorescence 
intensity was increased from 9.9 AU to 15.06 for MRPA, while 
the fluorescence intensity was sharply increased from 8.15 AU 
to 18.35 AU in 1 min for PA in the presence of 4 x MIC at 
the interval between 17 and 18 min. However, as the peptide 
concentration increased, there was no significant increase in 
depolarization for PA and MRPA. An outer membrane pene-
tration test indicated that the permeability of the AMP MC1 in 

the sensitive strain was significantly higher than that observed 
in the multidrug‑resistant strain, which was also dependent on 
the peptide concentration. However, with increasing peptide 
concentrations, the permeability of MRPA exhibited relatively 
lesser increases and approached a maximum, which may be 
due to the low permeability of the outer membrane.

The mechanism of drug resistance in MRPA is associated 
with its biofilm formation ability. By quantifying the biofilm 
formed by the bacteria within 24 h, it was determined that the 
multidrug‑resistant strain MRPA was able to produce more 
biofilm under normal conditions. By comparing the inhibitory 
effect of the AMP MC1 on the biofilm formation of the sensi-
tive strain PA and the multidrug‑resistant strain MRPA, it was 
revealed that MC1 inhibited the biofilm formation of the sensi-
tive strain PA at a low concentration, while the inhibition rate 
in the MRPA groups was relatively low, which indicated that 
MRPA produced more biofilm biomass and was resistant to the 
inhibitory effects on biofilm formation. In the biomass inhibition 
experiment using biofilms produced by the sensitive strain PA 
and the multidrug‑resistant strain MRPA over 24 h, MC1 had a 
comparatively greater effect on the decomposition of the biofilm 
from the sensitive strain. In addition, as MRPA produced more 
biofilm than the sensitive strain, the effect on biofilm decompo-
sition was low at the same peptide concentration.

With respect to biofilm components, the effect of the 
AMP MC1 on the amount of the biofilm polysaccharides, 
Psl and Pel, and the expression of the genes PslA, PelA and 
AlgD, which encode for biofilm components, was assessed. It 
was revealed that, compared to the susceptible strain PA, the 
multidrug‑resistant strain MRPA contained a larger amount 
of PslA, PelA and AlgD, and the polysaccharide Psl in each 
strain was reduced with the addition of AMP. The RT‑qPCR 
results suggested that the AMP MC1 inhibited the relative 
expression of polysaccharide‑associated genes. In general, the 
multidrug‑resistant strain MRPA and the susceptible strain PA 
produce biofilm; however, the biofilm formation by MRPA is 
faster, and the structure is denser, so the biofilms are more 
difficult to decompose (32,33). P. aeruginosa produces at least 
three polysaccharides (alginate, Pel, and Psl) to stabilize the 
biofilm structure (28,29). The data in the current study also 

Figure 5. Inhibitory effect of MC1 on bacterial biofilm formation. Values 
are expressed the mean ± standard deviation (n=3). PA, Pseudomonas aeru‑
ginosa; MRPA, multidrug‑resistant PA; MC1, mutant chensinin‑1 peptide.

Figure 4. Biofilm formation of MRPA and PA cells. The biofilm biomass was 
stained with crystal violet dye and quantified by measuring the absorbance 
at 600 nm without mutant chensinin‑1 peptide. **P<0.01 vs. MRPA. PA, 
Pseudomonas aeruginosa; MRPA, multidrug‑resistant PA.

Figure 3. MC1‑induced 1‑N‑phenylnaphthylamine uptake in MRPA and PA 
cells. The fluorescence intensity of the dye that entered the hydrophobic inte-
rior of the outer membrane was quantified. PA, Pseudomonas aeruginosa; 
MRPA, multidrug‑resistant PA; MC1, mutant chensinin‑1 peptide.
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demonstrated that MC1 significantly inhibited Pel and Psl 
synthesis in MRPA cells as the transcription levels of the algD 
and PslA genes were significantly downregulated following 
the treatment of MRPA 0108 cells with MC1. Therefore, a 
peptide‑driven downregulation of polysaccharide biosynthesis 
may occur as MC1 inhibited the expression of the algD and 
PslA genes to decrease the structural stability of biofilms and 
interfere with the formation of MRPA‑containing biofilms.

For the development of novel antibiotics against 
multi‑drug‑resistant pathogens, the bacterial cell membrane 
may serve as the major target, as the evolution of membrane 
composition changes may be a slow process. Therefore, 
membrane‑targeted AMPs are expected to be effective 
compared with traditional antibiotics with a single target. MC1 
exhibited a similar ability to permeate the cell membrane of 
the susceptible and the MRPA strain, suggesting that it has 
the potential to be developed as an anti‑microbial agent with 
membrane‑perforating activity against MRPA.

In summary, the present study demonstrates that the AMP 
MC1 decreases the drug resistance of MRPA by reducing the 
outer membrane permeability and the production of biofilm 
biomass. The AMP MC1 inhibited biofilm formation and 
exhibited an anti‑biofilm effect. In addition, MC1 potently 

inhibited the expression of biofilm‑associated genes. These 
results indicated that MC1 may serve as an effective antibiotic 
against multidrug‑resistant bacterial strains.
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