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Antimicrobial peptides (AMPs) are garnering attention as possible alternatives to antibiotics. Here, we describe the antimicro-
bial properties of epinecidin-1 against a multidrug-resistant clinical isolate of P. aeruginosa (P. aeruginosa R) and a P. aerugi-
nosa strain from ATCC (P. aeruginosa ATCC 19660) in vivo. The MICs of epinecidin-1 against P. aeruginosa R and P. aerugi-
nosa ATCC 19660 were determined and compared with those of imipenem. Epinecidin-1 was found to be highly effective at
combating peritonitis infection caused by P. aeruginosa R or P. aeruginosa ATCC 19660 in mouse models, without inducing
adverse behavioral effects or liver or kidney toxicity. Taken together, our results indicate that epinecidin-1 enhances the rate of
survival of mice infected with the bacterial pathogen P. aeruginosa through both antimicrobial and immunomodulatory effects.

Sepsis and septic shock develop as complications of hospitaliza-
tion in intensive care units (ICUs) and result in high health

care costs. In most cases, the offending pathogens are multidrug
resistant (MDR), and their resistance to available antibiotics
makes treatment difficult (1). This emerging problem may be
combated through a greater understanding of the pathogenesis
underlying MDR bacterium-induced sepsis and the identification
of novel antimicrobial agents. The opportunistic Gram-negative
bacterium Pseudomonas aeruginosa is a frighteningly dangerous
pathogen that can give rise to both localized and systemic infec-
tions, including burn wound infections, pneumonia, abdominal
infections, chronic ulcers, cystic fibrosis, and sepsis (2–5). There
have been several outbreaks of MDR or even panresistant P.
aeruginosa worldwide, and these have been associated with high
morbidity and mortality (6). Strains of P. aeruginosa have devel-
oped resistance to many antibiotics, including imipenem, cepha-
losporins, piperacillin-tazobactam, aztreonam, carbapenems, cip-
rofloxacin, and aminoglycosides (7, 8). Recent reports of
intestinal carriage of imipenem-resistant, Gram-negative bacilli in
ICU patients have necessitated the search for new antimicrobial
agents, such as eukaryotic antimicrobial peptides (AMPs) (9–11).

AMPs are key components of the innate immune response in
all multicellular organisms (12, 13). AMPs have been predicted to
facilitate the development of new, powerful antimicrobial drugs
on the basis of their mechanism of action, which involves perme-
ation of bacterial membranes through the following models: the
barrel-stave, Shai-Matsuzaki-Huang, aggregate, and carpet and
toroidal pore models (14–17). However, the action of AMPs is not
limited to the disruption of bacterial membranes, as they have also
been reported to translocate across the bacterial cytoplasmic
membrane to inhibit various cellular processes, including synthe-
sis of cell walls and DNA/RNA, translation, and protein folding
(18–20).

The central role of AMPs in host defense makes them potential
candidates for the treatment of infections (21–23), and the effects
of several AMPs on P. aeruginosa infection have been analyzed in
vitro (21). Recently, we identified a cDNA sequence from Epi-
nephelus coioides that encodes a peptide named epinecidin-1; we
found that epinecidin-1 is active against Gram-negative and -pos-

itive bacteria, viruses, Candida albicans, and Trichomonas vagina-
lis in vitro and in vivo (23–26). Morphological changes in bacteria
treated with epinecidin-1 suggest that the peptide disrupts mem-
branes (24) and may thus prevent or delay the development of
microbial resistance. In addition to its direct antibacterial effects, ep-
inecidin-1 appears to regulate the host innate immune system in re-
sponse to Vibrio vulnificus infection in zebrafish and also mediates
cytokine secretion in response to bacterial infection in mice (27,
28). Consequently, epinecidin-1, like other AMPs, possesses sev-
eral important activities, including broad antibacterial, antiendo-
toxin, antitumor, antiviral, and immunomodulatory properties.

We speculated that the host-friendly epinecidin-1 may be suit-
able for use as an antibacterial agent against P. aeruginosa infec-
tion. In this study, we examined the antibacterial and immuno-
modulatory effects of epinecidin-1 using a mouse model of
infection with susceptible P. aeruginosa isolates or imipenem-re-
sistant clinical isolates of P. aeruginosa as a first step toward the in
vivo use of epinecidin-1 as an alternative to antibiotics. We report
that epinecidin-1 effectively rescued mice from imipenem-resis-
tant P. aeruginosa-mediated death and the peptide possesses anti-
inflammatory and antibacterial activities.

MATERIALS AND METHODS
Bacteria and cells. The Pseudomonas aeruginosa R strain is a clinical iso-
late from stool obtained from Taipei City Hospital (Heping Fuyou
Branch); it is resistant to meropenem, imipenem, ciprofloxacin, cefo-
taxime, levofloxacin, and ampicillin-sulbactam. A second P. aeruginosa
strain, ATCC 19660, was purchased from the American Type Culture
Collection (ATCC; Manassas, VA). All bacterial strains were identified by
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routine laboratory methods and stored in 20% (vol/vol) glycerol at
�80°C. Mueller-Hinton broth was used as the culture medium.

Peptides, reagents, and antibodies. Reagents and chemicals were
purchased from Sigma (St. Louis, MO). Standard laboratory powders of
clarithromycin (catalog no. C9742; Sigma, St. Louis, MO) and imipenem
(catalog no. 1337809; USP, Rockville, MD) were used and prepared ac-
cording to the guidelines of the CLSI. Epinecidin-1 (H-GFIFHIIKGLFH
AGKMIHGLV-OH) was synthesized by solid-phase peptide synthesis and
purified by reverse-phase high-performance liquid chromatography to a
grade of �98.19% by GL Biochemistry (catalog no. 080571; Shanghai,
China). For pharmacokinetic studies, the epinecidin-1 peptide was
purchased from Genesis Biotech Inc. (purity, 100%; catalog no.
GCP0822A95; Taipei, Taiwan). Synthetic epinecidin-1 was dissolved in
0.8% phosphate-buffered saline (PBS; pH 7.4) for all experiments. Inter-
leukin-6 (IL-6; murine IL-6 mini-enzyme-linked immunosorbent assay
[mini-ELISA] development kit; catalog no. 900-M50) and tumor necrosis
factor alpha (TNF-�; murine TNF-� ELISA development kit; lot no.
0510054; catalog no. 900-K54) were purchased from Peprotech (Rocky
Hill, NJ). Pseudomonas aeruginosa serotype 5c antibody (PAS) SD6930
(catalog no. ab69232) and IL-1� antibody (catalog no. ab8320) were pur-
chased from Abcam.

Bacterial infection model in vivo. Male C57BL/6 mice (age, 8 to 10
weeks; weight, 20.21 � 0.10 g) were housed under standard conditions of
light, temperature, and water and food availability. All experiments were
approved by the laboratory animal ethics committee of Southern Taiwan
University. Mice were injected intraperitoneally with 107 CFU P. aerugi-
nosa per mouse. Ten minutes after P. aeruginosa injection, mice were
injected intraperitoneally with clarithromycin (0.01 mg/g mouse body
weight), imipenem (0.01 mg/g mouse body weight), or epinecidin-1
(0.005 mg/g mouse body weight). In a second set of experiments, mice
were given intraperitoneal injections of epinecidin-1 (0.005 mg/g mouse
body weight) at 10, 60, 120, 180, or 360 min after P. aeruginosa injection.
The survival rate and status were recorded every 24 h for up to 168 h. The
strains used were P. aeruginosa ATCC 19660 and P. aeruginosa R. The R
indicates MDR. To examine bacterial dissemination, mice were sacrificed
at 48 h after injection with antibiotics or epinecidin-1, and the bacterial num-
bers in blood, peritoneum, spleen, liver, and mesenteric lymph nodes were
recorded. Experiments were performed as previously described (29). Colony
counts from the diluted bacterial solutions were expressed relative to those at
the start of treatment. These experiments consisted of four groups, and each
group contained 27 mice (with 10 mice each being used for two independent
time points and 7 being used for the third time point).

In vivo toxicity and pharmacokinetics. For acute toxicity studies,
epinecidin-1 was dissolved in PBS and administered as intramuscular
bolus injections in the left thigh (5, 25, 50, 75, or 100 mg/kg). Mice were
observed for signs of systemic toxicity (see the footnotes to Table 2). For
pharmacokinetic analyses, epinecidin-1 was dissolved in sterile PBS and
injected intravenously, subcutaneously, or intraperitoneally into healthy
Wistar rats (body weight, 276.46 � 1.35 g; BioLASCO, Taipei, Taiwan).
Two Wistar rats were used for each time point. Two soft tubes
(BioLASCO) were inserted into the carotid artery and jugular vein of each
rat. Each Wistar rat received single doses of 25 �g peptide per rat for phar-
macokinetic experiments. About 1 to 3 ml of blood was taken from the ca-
rotid artery at 10, 20, 30, 60, 120, and 180 min. Control blood was obtained
from untreated rats. The blood samples were centrifuged, and sera were col-
lected. The concentration of epinecidin-1 in sera was determined by liquid
chromatography-mass spectrometry/mass spectrometry (LC-MS/MS), fol-
lowing a previously published protocol and procedure (23).

Determination of endotoxin and cytokine levels in vivo. To deter-
mine the concentrations of endotoxin, P. aeruginosa, IL-1�, IL-6, and
TNF-� in plasma, 0.2 ml of blood was collected from the tail vein at 0, 2,
6, 12, 24, and 48 h after injection (antibiotics or epinecidin-1) and trans-
ferred to tubes containing EDTA tripotassium salt. Endotoxin concentra-
tions were measured by the Limulus amebocyte lysate test (Cape Cod,
Inc.), according to the manufacturer’s protocol. The endotoxin concen-

trations for the standard curve ranged from 0.005 endotoxin units
(EU)/ml to 50 EU/ml. The sensitivity (�) of the assay was defined as the
lowest concentration used in the standard curve. Endotoxin standards (0,
0.015, 0.03, 0.06, 0.125, 0.25, and 0.5 endotoxin units/ml) were analyzed
in each run, and the concentrations of endotoxin in the experimental

FIG 1 Effects of epinecidin-1 (epi) treatment on mice infected with P. aerugi-
nosa R or P. aeruginosa ATCC 19660. (A and B) Mice were injected with P.
aeruginosa ATCC 19660 (A) or P. aeruginosa R (B), and independent groups
(n 	 27) were subsequently injected with epinecidin-1, clarithromycin, or
imipenem. The survival rate was monitored on a daily basis for up to 7 days. (C
and D) To determine the curative potential, mice were first injected with P.
aeruginosa ATCC 19660 (C) or P. aeruginosa R (D) and then with epinecidin-1
(0.005 mg/g) 10, 60, 120, 180, or 360 min later. At these injection times, the P.
aeruginosa ATCC 19660 experimental groups exhibited survival rates of
93.3%, 73.3%, 60.0%, 46.6%, and 33.3%, respectively, while the P. aeruginosa
R experimental groups exhibited survival rates of 93.3%, 60.0%, 60.0%,
46.6%, and 20.0%, respectively.
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groups were calculated by comparison with the standard curve. The P.
aeruginosa concentrations in mouse sera were measured using an ELISA
with a P. aeruginosa antibody. The plasma concentrations of IL-1�, IL-6,
and TNF-� were determined using immunosorbent assays, in accordance
with the manufacturer’s instructions. All experimental results were com-
pared with the standard curve to determine the amounts of cytokines
present. All samples were analyzed in triplicate.

Microarray analysis and real-time PCR. The TRIzol reagent was used
to extract RNA from the livers of mice treated with epinecidin-1 or PBS
alone. Two independent RNA replicates were obtained and stored sepa-
rately. RNA from mice treated with epinecidin-1 was individually com-
pared to RNA from PBS-treated control mice. Total RNA was isolated and
quantified using a NanoDrop ND-1000 spectrophotometer (Wilmington,
DE). Total RNA (1.5 �g) from each sample was amplified and labeled with
cyanine-3 (Cy3), according to the 1-color labeling protocol of a low-
RNA-input linear amplification kit (Agilent Technologies, Santa Clara,
CA). The resulting cDNA samples were hybridized to 4 
 44K mouse
oligonucleotide microarrays using Agilent reagents and protocols and fol-
lowing our previously published methods (26). All data were entered into
Agilent GeneSpring GX7 software (Agilent Technologies) and Pathway
Studio software (Ariadne Genomics, Rockville, MD) for analysis and data
mining. Genes with an expression level change of �2-fold (average ratio
of biological duplicates, �2 or �0.5) were considered to be significantly
affected by treatment. The gene list was converted to a log2 ratio and
analyzed using Pathway Studio (version 6.2) software. Genes which
showed a direct relationship with the entities based on protein expression
or regulation were mapped using the Adriane ontology. After microarray
analysis, total RNA was isolated from mouse liver and spleen and purified
using a Qiagen RNeasy kit. Reverse transcription was performed with an
iScript cDNA synthesis kit (Epicentre), according to the manufacturer’s
recommendations. Real-time PCR was used to analyze gene expression, in
accordance with standard protocols, with SYBR green (Toyobo, Japan),
2
 SYBR green PCR buffer, 0.5 �l cDNA, and 500 nM specific forward
and reverse primers (primer sequences are provided in Table S1 in the
supplemental material). GAPDH (glyceraldehyde-3-phosphate dehydro-
genase) was used as the reference gene. Quantitative PCR (qPCR) was
performed under the following conditions: 40 cycles of 10 min at 95°C, 15
s at 95°C, and 1 min at 60°C. The threshold cycle (CT) number was calcu-

lated with ABI software. Relative transcript quantities were calculated
using the �CT method with Ef1a as the internal reference gene. �CT is the
difference between the threshold cycle number of the gene of interest and
the threshold cycle number of GAPDH. Real-time PCR was performed in
triplicate for each experimental group.

Statistical analyses. Three biologically independent replicates were per-
formed for each experiment, and each replicate was performed in triplicate.
Univariate analysis of variance (ANOVA), performed with SPSS software
(Chicago, IL), was used to identify significant differences between treatments.
Error bars represent the standard deviation or standard error of the mean
(SEM). Differences were defined to be significant at a P value of �0.05 or
�0.01. Different letters indicate significant differences between groups, while
the same letter indicates no difference between groups.

Microarray data accession number. Microarray data are available un-
der GEO accession number GSE57976.

RESULTS
Epinecidin-1 enhances the survival of mice infected with P.
aeruginosa and exhibits in vivo bacteriostatic properties against
P. aeruginosa. We first analyzed the in vitro antimicrobial activity
of epinecidin-1 using the broth microdilution method. Both the P.
aeruginosa ATCC 19660 strain and the MDR P. aeruginosa R strain
showed susceptibility to epinecidin-1, with MIC90s (the MIC at
which 90% of growth was inhibited) of 50 and 3.12 �g/ml, respec-
tively (see Table S2 in the supplemental material). The MIC90 of
epinecidin-1 was higher than that of imipenem for ATCC 19660
(50 versus 3.12 �g/ml, respectively), whereas the MIC of epineci-
din-1 was lower than that of imipenem for P. aeruginosa R (3.12
versus 200 �g/ml, respectively). Transmission electron micro-
graphs revealed membrane disruption and a lighter electron den-
sity in the cytoplasm of epinecidin-1-treated P. aeruginosa cells
than untreated cells (see Fig. S1 in the supplemental material).
This finding suggests that the bactericidal activity of this peptide is
mediated through membrane lysis.

We proceeded to investigate the bactericidal effects of epineci-
din-1 in vivo, by monitoring the survival of mice infected with P.

TABLE 1 Effect of epinecidin-1, clarithromycin, and imipenem on mouse survival following intraperitoneal injection of 107 CFU of P. aeruginosa
ATCC 19660 or P. aeruginosa Ra

Strain and
treatment

%
lethality

Mean � SD bacterial count (CFU/ml) in:

Blood Peritoneum Spleen Liver
Mesenteric lymph
nodes

P. aeruginosa
ATCC 19660

No treatment 93.34C 8.9 
 106 � 2.4 
 106B 2.6 
 109 � 1.0 
 109B 2.8 
 109 � 1.6 
 109B 3.3 
 109 � 1.0 
 109B 4.3 
 109 � 2.1 
 109B

Clarithromycin
(0.01 mg/g)

95.34D 8.9 
 106 � 1.0 
 106B 3.4 
 109 � 1.4 
 109B 2.6 
 109 � 1.2 
 109B 3.6 
 109 � 2.0 
 109B 4.3 
 109 � 1.0 
 109B

Imipenem
(0.01 mg/g)

0A 0A 1.7 
 106 � 1.0 
 106A 2.2 
 106 � 0.6 
 106A 2.8 
 106 � 1.0 
 106A 1.8 
 106 � 1.0 
 106A

Epinecidin-1
(5 �g/g)

5B 0A 3.1 
 106 � 1.2 
 106A 1.3 
 106 � 1.0 
 106A 3.8 
 106 � 1.4 
 106A 1.3 
 106 � 1.6 
 106A

P. aeruginosa R
No treatment 88.6C 7.9 
 106 � 1.4 
 106B 4.6 
 109 � 1.6 
 109C 2.8 
 109 � 1.6 
 109C 3.3 
 109 � 1.0 
 109B 4.3 
 109 � 2.1 
 109B

Clarithromycin
(0.01 mg/g)

88.6C 8.4 
 106 � 1.0 
 106B 2.4 
 109 � 1.4 
 109C 2.6 
 109 � 1.2 
 109C 3.6 
 109 � 2.0 
 109B 4.3 
 109 � 1.0 
 109B

Imipenem
(0.01 mg/g)

60.97B 1.7 
 106 � 1.0 
 106B 4.7 
 107 � 1.0 
 107B 1.2 
 107 � 0.2 
 107B 3.6 
 109 � 2.0 
 109B 1.7 
 106 � 1.0 
 106A

Epinecidin-1
(5 �g/g)

0A 0A 4.1 
 105 � 1.0 
 105A 5.3 
 106 � 1.8 
 106A 3.5 
 107 � 1.4 
 107A 2.4 
06 � 1.0 
 106A

a Lethality was monitored for 48 h following the injection of epinecidin-1 or antibiotics. Different letters indicate a significant difference between two groups.
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aeruginosa prior to treatment with epinecidin-1. All untreated
mice infected with either P. aeruginosa ATCC 19660 or P. aerugi-
nosa R died within 72 h of infection, whereas cotreatment with
epinecidin-1 decreased the mortality rate. At 7 days after ATCC
19660 infection, the survival rates were 100%, 88.4%, and 0% for
mice treated with imipenem (0.01 mg/g), epinecidin-1 (0.005 mg/
g), and clarithromycin (0.01 mg/g), respectively. On the other
hand, at 7 days after P. aeruginosa R infection, the survival rates
were 88.4%, 16.1%, and 0% for mice treated with epinecidin-1,
imipenem, and clarithromycin, respectively (Fig. 1A). The rates of
lethality by 48 h in the untreated groups were 93.3% and 88.6% in
mice infected with ATCC 19660 and R, respectively, and treat-
ment with imipenem or epinecidin-1 significantly decreased the
rate of mortality (Table 1). Bacteriologic evaluation revealed that
untreated mice infected with either strain exhibited 100% positive
blood cultures and a high level of bacterial colonization (with the
numbers of CFU/g being no lower than 106) for all organs tested
(Table 1). Epinecidin-1 treatment significantly reduced the bacte-
rial burden in all examined organs compared to that for the un-
treated controls (P � 0.05); clarithromycin and imipenem were
less effective in mice infected with ATCC 19660 (Table 1). In the R
infection model, the bacterial burdens in all examined organs were
also reduced to a significantly greater extent by epinecidin-1 than
by the tested antibiotics. These data indicate that epinecidin-1 can
efficiently control the multiplication of ATCC 19660 and R in the
organs of infected mice. To determine the curative potential, mice
were first injected with P. aeruginosa ATCC 19660 or P. aeruginosa
R and then injected with epinecidin-1 (0.005 mg/g) 10, 60, 120,
180, or 360 min later. At these injection times, the P. aeruginosa

ATCC 19660 experimental groups exhibited survival rates of
93.3%, 73.3%, 60.0%, 46.6%, and 33.3%, respectively, while the P.
aeruginosa R experimental groups exhibited survival rates of
93.3%, 60.0%, 60.0%, 46.6%, and 20.0%, respectively (Fig. 1B).

TABLE 2 Gross toxicity in mice following intramuscular injection of
epinecidin-1a

Dose (mg/kg) No. of mice, effect after receiving epinecidin-1a

5 3, no effect
25 3, no effect
50 3, no effect
75 2, no effect; 1, toxicity level 1
100 2, no effect; 1, toxicity level 1
a Toxicity level 1, narrowing of eyes. Most mice recovered by 5 h after treatment.

FIG 2 Serum pharmacokinetics of epinecidin-1, following administration of
single doses by intravenous (IV), subcutaneous (SC), or intraperitoneal (IP)
injection into healthy Wistar rats. Each symbol represents the mean concen-
tration from two rats. Data with different letters differ significantly (P � 0.05)
between time points.

FIG 3 Plasma levels of endotoxins and PAS (P. aeruginosa) in mice infected
with P. aeruginosa R or ATCC 19660 after treatment with antibiotics or epine-
cidin-1. epi, epinecidin-1; CLE, clarithromycin; IMP, imipenem. Data with
different letters differ significantly (P � 0.05) between treatments.
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The survival rates of mice treated with epinecidin-1 were consis-
tently greater than those of untreated mice (PBS-treated control
mice). These data indicate that immediate application of epineci-
din-1 (0.005 mg/g) is important to prevent severe infection. Ap-
plication within 10 to 120 min of P. aeruginosa infection enabled
epinecidin-1 to act as an effective curative agent.

Toxicity and pharmacokinetics. We did not observe systemic
toxic effects of intramuscularly injected epinecidin-1 at the high-
est tested concentration of 100 mg/kg or lower concentrations.
One of the three epinecidin-1-treated mice exhibited eye narrow-
ing (level 1) after injection of 75 mg/kg or 100 mg/kg of epineci-
din-1 (Table 2). Intraperitoneal injections of epinecidin-1 at dos-
ages consisting of the 50% effective dose (ED50; 50 �g/mice) or
ED100 (150 �g/mice) did not induce any side effects, as deter-

mined by measurement of biochemical factors; no significant
changes in the levels of glutamic oxaloacetic transaminase (GOT),
glutamic pyruvic transaminase (GPT), blood urea nitrogen
(BUN), creatinine (CRE), total bilirubin (TBIL), or uric acid (UA)
were observed (see Table S3 in the supplemental material). We
next investigated the pharmacokinetic properties of epinecidin-1
administered through different routes. We delivered epinecidin-1
at a dose of 25 �g/rat by intravenous, subcutaneous, or intraper-
itoneal injection into healthy Wistar rats. The serum concentra-
tion of epinecidin-1 delivered by intravenous injection decreased
over time, from 3,833 ng/ml at 10 min after injection to 950 ng/ml
at 180 min (Fig. 2). However, the concentration of free epineci-
din-1 in the blood did not exceed 1,100 ng/ml between 10 and 180
min after subcutaneous or intraperitoneal injection. These results

FIG 4 Plasma levels of IL-1�, IL-6, and TNF-�. Sera for ELISA were removed from the tail vein at 0, 2, 6, 12, 24, and 48 h during the treatment period. Data with
different letters differ significantly (P � 0.05) between treatments.
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indicate that intravenous injection results in an epinecidin-1 bio-
availability of 15.3%, while subcutaneous and intraperitoneal in-
jection results in an epinecidin-1 (or single degradation product)
bioavailability of 4.4% at 10 min after injection.

Anti-inflammatory effect of epinecidin-1 on endotoxin and
cytokine levels. We subsequently investigated the effect of epine-
cidin-1 and antibiotics on bacterial endotoxins. To this end, mice
infected with P. aeruginosa were treated with 5 �g/g epinecidin-1,
10 �g/g clarithromycin, or 10 �g/g imipenem, and blood samples
were taken at 2, 6, 12, 24, and 48 h during the treatment period.
Control mice were infected with P. aeruginosa but left untreated.
Plasma concentrations of endotoxin and P. aeruginosa serotype 5c
antibody (PAS) were consistently higher in control mice than in
mice treated with epinecidin-1 or antibiotics over a 48-h period
(Fig. 3). In addition, plasma levels of endotoxin and PAS were
generally higher for mice infected with the R strain than mice
infected with the ATCC 19660 strain. Furthermore, mice treated
with antibiotics had significantly higher plasma concentrations of
endotoxin and PAS than epinecidin-1-treated mice at 48 h postin-
jection. Of the inflammatory mediators, IL-6, IL-1�, and TNF-�
are of particular importance, because they play a major role in
coordinating proinflammatory mechanisms. As shown in Fig. 4
(left), epinecidin-1 significantly decreased the concentrations of
IL-6, IL-1�, and TNF-� in the blood of mice infected with ATCC
19660. Conversely, treatment with epinecidin-1 or antibiotics sig-
nificantly increased the plasma concentrations of IL-1� and
TNF-� in mice infected with the R strain, with mean peak levels
being achieved at 48 h postinjection. Overall, epinecidin-1 exhib-
ited stronger antimicrobial activity than the tested antibiotics and

induced a greater reduction in plasma endotoxin and cytokine
levels.

Gene expression profiles are altered by injection of epineci-
din-1. Finally, we used microarray analysis to examine the effect of
epinecidin-1 on gene expression profiles in mouse. Experimental
mice were treated with epinecidin-1 for 24 h, while control mice
were untreated. RNA was subsequently extracted from the liver,
and three biological replicates were analyzed. Of the probes exam-
ined, 1,796 exhibited a multiple of change of �2.0 and a P value of
�0.05. Of these 1,796 probes, 759 probes (42%) were down-
regulated and 1,037 probes (57.7%) were upregulated between
epinecidin-1-treated and control mice (a detailed list is provided
in Data Set S1 in the supplemental material). Several of the down-
regulated genes are well-characterized proinflammatory cyto-
kines, chemokines, and associated genes, suggesting that epineci-
din-1 negatively regulates several immune-related genes. On the
other hand, genes induced by epinecidin-1 are related to several
signal transduction pathways, metabolic processes, protein com-
plex assembly, protein complex biogenesis, and protein folding,
among other processes (Table 3). We used qPCR to confirm the
up- or downregulation of selected genes in the liver (Fig. 5A) and
spleen (Fig. 5B) (see Table S1 in the supplemental material). In the
liver, epinecidin-1 treatment increased the expression of MITF
(after 6 h of treatment) and RIKEN cDNA 2210404J11 (6 to 48 h)
but decreased the expression of SAA1, SAA3, LCN2, OLFR914,
and APC. Conversely, in the spleen, the expression levels of
ORM3, SAA3, CYP4a31, TRIM55, RIKEN cDNA 2210404J11,
OLFR914, and MYH2 were increased by epinecidin-1 treatment,
while the expression levels of CYP4, LBP, APC, GSK3b, and

TABLE 3 Genes up- and downregulated by epinecidin-1 in mice, as determined by microarray analysis

GO no. Function Count (no. of genes) P value

GO:0007166 Cell surface receptor-linked signal transduction 200 0.03687171
GO:0007186 G-protein-coupled receptor protein signaling pathway 159 0.01237965
GO:0016071 mRNA metabolic process 30 0.06115789
GO:0034621 Cellular macromolecular complex subunit organization 28 0.01568345
GO:0034622 Cellular macromolecular complex assembly 27 0.00627889
GO:0006461 Protein complex assembly 26 0.01967148
GO:0070271 Protein complex biogenesis 26 0.01967148
GO:0032940 Secretion by cell 24 0.00674446
GO:0046903 Secretion 24 0.04300132
GO:0008380 RNA splicing 21 0.08089444
GO:0006457 Protein folding 16 0.03637995
GO:0010817 Regulation of hormone levels 16 0.03861235
GO:0016042 Lipid catabolic process 15 0.0956397
GO:0007018 Microtubule-based movement 14 0.02684929
GO:0003001 Generation of a signal involved in cell-cell signaling 13 0.01552742
GO:0006887 Exocytosis 13 0.0916722
GO:0033365 Protein localization in organelle 12 0.08372683
GO:0046942 Carboxylic acid transport 12 0.09359128
GO:0015931 Nucleobase, nucleoside, nucleotide, and nucleic acid transport 11 0.03636812
GO:0034504 Protein localization in nucleus 10 0.0278588
GO:0032269 Negative regulation of cellular protein metabolic process 10 0.06888556
GO:0006022 Aminoglycan metabolic process 8 0.0742951
GO:0006953 Acute-phase response 7 0.01744936
GO:0046879 Hormone secretion 7 0.06848175
GO:0009914 Hormone transport 7 0.07531571
GO:0030072 Peptide hormone secretion 6 0.09087306
GO:0006970 Response to osmotic stress 5 0.02885352
GO:0010741 Negative regulation of protein kinase cascade 5 0.09817185
GO:0030433 Endoplasmic reticulum-associated protein catabolic process 4 0.06021506
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WNT5 were decreased by epinecidin-1 treatment (2 to 48 h).
These results indicate that sepsis- and inflammation-oriented
genes are suppressed by epinecidin-1.

DISCUSSION

Severe sepsis and septic shock remain the leading causes of mul-
tiple organ failure and mortality in surgical intensive care units.

Early antibiotic therapy has become problematic with the in-
creased number of infections caused by MDR bacteria, with
Gram-negative bacteria such as Klebsiella pneumoniae and Pseu-
domonas aeruginosa being the most frequently cultured pathogens
(30). There is thus an urgent need to identify new strategies to
treat these infections. One possibility is the use of antimicrobial
peptides (AMPs), such as the newly identified epinecidin-1. Ep-

FIG 5 Epinecidin-1 modulates gene expression profiles in mice. Adult mice were injected with epinecidin-1, while controls were untreated. After 24 h, total RNA
was isolated from the liver (L) (A) and spleen (S) (B) and reverse transcribed for use in real-time qPCR analysis.
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inecidin-1 has been reported to have antisepsis, antitumor, anti-
virus, and immunomodulatory activities and may be useful in
combating MDR infections (26, 27, 31–33).

This study aimed to evaluate the potential clinical use of epine-
cidin-1, whose effects were compared with those of conventional
antibiotics, which are generally the last line of defense against
infections caused by MDR P. aeruginosa. Infected mice immedi-
ately treated with 0.005 mg/g of epinecidin-1 were most effectively
protected against sepsis. Another AMP, A3-APO, also demon-

strated a protective effect when it was administered to mice im-
mediately after infection (34). No toxic or other side effects were
observed following treatment of mice with epinecidin-1, even at
relatively high concentrations (5 to 100 mg/kg). Moreover, epine-
cidin-1 exhibits antibacterial activity greater than that of other
AMPs identified from grouper or tilapia to date (30, 35). In addi-
tion, 50 �g/ml epinecidin-1 caused hemolysis in human erythro-
cytes, but not in tilapia erythrocytes (Fig. S2 in the supplemental
material). Tilapia erythrocytes may somehow be resistant to its

FIG 5 continued
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hemolytic activity. Although high hemolytic activity is a potential
barrier to the application of epinecidin-1, our systemic toxic effect
analysis revealed that injection of 50 mg/kg epinecidin-1 does not
cause serious side effects in mice. Intraperitoneal injection of mice
with 50 mg/kg of another AMP, the A3-APO dimer, is lethal, as it
causes hemolysis (36). The A3-APO dimer is thought to be de-
graded into shorter fragments within the mouse body, generating
the active metabolite (37). Most peptides, including defensins,
protegrins, and clavanins, are inactivated in the presence of blood
or have reduced antimicrobial activities at pHs of �7 (38, 39).
Proteolytic degradation and sequestration by serum are two major
hurdles for the in vivo application of AMPs (40). Currently, we do
not know whether epinecidin-1 forms a peptide dimer or cleavage
products in the blood. However, our pharmacokinetic analysis
revealed a steady decrease in serum epinecidin-1 levels when ep-
inecidin-1 was administered by the subcutaneous and intraperi-
toneal routes. Consequently, it seems that to maintain bioactivity
epinecidin-1 may require stringent conditions similar to those
encountered at the onset of clinical treatment.

Epinecidin-1 demonstrated potent bactericidal activity when it
was administered to mice after challenge with P. aeruginosa. Ep-
inecidin-1 treatment resulted in 100% clearance of P. aeruginosa
ATCC 19660 and P. aeruginosa R bacteria from blood after 48 h.
Moreover, the numbers of CFU of the ATCC 19660 and R strains
decreased in the peritoneum, spleen, liver, and mesenteric lymph
nodes after 48 h of epinecidin-1 treatment. Epinecidin-1 treatment
was also previously reported to reduce the bacterial (Riemerella
anatipestifer) load in duck (41). Taken together, these findings
highlight the utility of epinecidin-1 in treating P. aeruginosa-in-
fected mice.

The data reported here illustrate the potential antiendotoxin
properties of epinecidin-1. We used our in vivo system to demon-
strate that intraperitoneal administration of 0.005 mg/g of epine-
cidin-1 was effective at treating an MDR infection, increasing the
survival rate, and reducing endotoxin and PAS plasma levels com-
pared to the results obtained with the antibiotic-treated groups.
The inhibition of lipopolysaccharide-induced cytokine/chemo-
kine release by epinecidin-1 suggests that the peptide may bind
this agonist, as has been demonstrated for other AMPs (42).
TNF-� is an indicator of endotoxin shock and tissue injury during
bacterial infection (43). We report here that epinecidin-1 rapidly
blocked P. aeruginosa-stimulated TNF release in mouse blood,
and temporal analyses of mouse experiments have suggested that
peptide-macrophage interactions are the critical determinant of
the TNF blockade. Alternatively, circulation of the peptide to the
entire mouse body may be the critical determinant of the TNF
blockade, as the peptide may kill bacteria in every organ, thereby
decreasing the bacterial load and decreasing PAS plasma levels.

Epinecidin-1 treatment also affected the expression of several
immune-responsive genes. This may result in modulation of the
mouse immune response, possibly enhancing the survival of mice
with bacterial infections. Notably, epinecidin-1 upregulated oro-
somucoid 3 expression in mice; orosomucoid interacts with bac-
terial lipopolysaccharides and protects against sepsis, suggesting
that it may help mediate the effect of epinecidin-1 on bacterial
infection (44). Monitoring of urinary excretion of orosomucoid
(as protein/creatinine ratios) may provide a window for the clin-
ically relevant, real-time observation of changes in acute inflam-
matory processes.

Epinecidin-1 also affected the expression of other genes, in-

cluding those encoding serum amyloid A (SAA) protein and li-
pocalin 2. SAA proteins, which represent a family of low-molecu-
lar-weight acute-phase proteins, are secreted by hepatocytes in
response to infection and inflammatory stimuli (45). Neutrophil
gelatinase-associated lipocalin is secreted by injured kidney cells
and also by activated neutrophils in response to bacterial infec-
tions (38). Lipocalin 2 is either a marker of deactivated macro-
phages or deactivates macrophages upon attenuating the early in-
flammatory response and bacterial clearance, which impairs the
survival of mice with pneumococcal pneumonia (38). Epineci-
din-1 also modulated several genes associated with transcription
factors, interleukins, and interferons, which may facilitate control
of the immune response at the level of transcription.

In this paper, we have demonstrated the potent antimicrobial
activities of epinecidin-1 against P. aeruginosa strains (an MDR
clinical isolate and the ATCC 19660 strain) in vitro and in vivo.
Epinecidin-1 killed the P. aeruginosa strains rapidly, indicative of a
high therapeutic index in the mouse peritonitis sepsis model. Ep-
inecidin-1 treatment significantly increased the survival rate of
these mice compared to that of untreated controls or mice treated
with antibiotics. Importantly, the dose of epinecidin-1 used in
these experiments did not induce liver, kidney, or behavioral
defects. Furthermore, the rapid induction of bacterial death by
epinecidin-1 decreased TNF-� production in mice, by reduc-
ing endotoxin and plasma PAS levels. In addition, epinecidin-1
modulated the expression of immune-responsive genes, such
as ORM3, SAA3, TRIM55, CYP4a31, MYH2, OLFR914, and
CXCL13. Therefore, the epinecidin-1 peptide is a promising
candidate for treating MDR infections caused by various fam-
ilies of microbes.
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