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Epinecidin-1 peptide induces apoptosis which enhances antitumor effects
in human leukemia U937 cells
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A B S T R A C T

Epinecidin-1 is an antimicrobial peptide present in the grouper (Epinephelus coioides). In this study, the

antitumor activity of a synthetic epinecidin-1 peptide was tested. The in vitro results showed that

epinecidin-1 inhibited the proliferation of human leukemia U937 cells and increased the ADP/ATP ratio

after 24 h of treatment. The DNA fragmentation assay, flow cytometric assay, and caspases-3, -8, and -9

assays indicated that epinecidin-1 could induce apoptosis in U937 cells. Real-time RT-PCR results

showed regular increases in tumor necrosis factor (TNF)-a after treatment with 4 mg/ml epinecidin-1

from 4 to 24 h; interleukin (IL)-10, interferon (INF)-r, p53, IL-15, and IL-6 increased after treatment with

2 mg/ml epinecidin-1 for 4–12 h. These results suggest that the epinecidn-1 inhibited U937 cells,

induced apoptosis in response to cytokine production, and may have pleiotropic effects on different cells.

� 2009 Elsevier Inc. All rights reserved.
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1. Introduction

Epinecidin-1, a type of cationic peptide isolated from genes of a
complementary (c)DNA library of the grouper (Epinephelus

coioides), shows antibacterial activities with similar efficiencies
for both gram-negative bacteria, gram-positive bacteria, and the
fungus, Trichomonas vaginalis [24,25]. It consists of 21 amino acid
residues, with a structure determined by computer software
showing that it contains no disulfide bonds, and which is similar to
pleurocidin (amino acids 23–47) in possessing a coiled pattern
[8,9]. The cationic synthesized peptide of epinecidin-1 interacts
with anionic phospholipids present in bacterial membranes
thereby disrupting membrane function [25].

We previously reported that the epinecidin-1 peptide can
inhibit the growth of several types of tumor cells through an
antitumor effect similar to that of lytic peptides [20]. Moreover,
most antimicrobial peptides such as cecropin, melittin, and
lactoferricin B cause cytolytic effects on plasma membranes
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independent of internalization [4,11,13]. From the above
description, it was proposed that epinecidin-1 can bind to and
disrupt cell membranes resulting in lethal damage. It can interact
with membranes of prokaryotic and eukaryotic cells, and it is
thought that epinecidin-1 can also interact with the mitochon-
drial membrane of tumor cells. Previous studies demonstrated
that disruption of mitochondria brings about cytochrome c and
Samc release and activates caspases that can trigger the
apoptotic cascade [10,19]. So it seems possible that epineci-
din-1 has similar antitumor activities as tachyplesin, GGN6, and
PTP7 in inducing apoptosis in tumor cells due to plasma
membrane blebbing and DNA fragmentation of peptide-treated
tumor cells [6,17].

To explore this possibility, we examined a chemically
synthesized peptide of epinecidin-1 in human leukemia U937
cells. These U937 cells are reported to be a model for studying
apoptosis in anticancer drug development [7]. We found that this
synthetic epinecidin-1 inhibited the proliferation of leukemia
U937 cancer cells in a dose-dependent manner by inducing
programmed cell death in an in vitro test.

2. Materials and methods

2.1. Peptide, cell lines, and MTT viability assay

Epinecidin-1 was synthesized with an amidated C-terminus
(GFIFHIIKGLFHAGKMIHGLV-NH2) by GL Biochem (Shanghai,
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Table 1
Primers used in this paper.

Primer name Sequence (50–30)

Human IL-8-F CTTTCCACCCCAAATTTATCAAAG

Human IL-8-R AGAGCTCTCTTCCATCAGAAAGCT

Human IL-12-F CCTGGACCACCTCAGTTTGG

Human IL-12-R GACGGCCCTCAGCAGGTT

Human IL-15-F TCGTATTGTATTGTAGGAGGCATTG

Human IL-15-R TCAAAGCCACGGTAAATCCTTAA

Human IL-13-F GCCTCATGGCGCTTTTGTT

Human IL-13-R AGCTCCCTGAGGGCTGTAGAG

Human IL-6-F CCTGACCCAACCACAAATGC

Human IL-6-R CCTTAAAGCTGCGCAGAATGA

Human IL-2-F CTGCTGGATTTACAGATGATTTTGA

Human IL-2-R TGGCCTTCTTGGGCATGT

Human IL-10-F CTGGGTTGCCAAGCCTTGT

Human IL-10-R AGTTCACATGCGCCTTGATG

Human TGFb1-F AACGAAATCTATGACAAGTTCAAGCA

Human TGFb1-R AGAGCAACACGGGTTCAGGTA

Human IFN-r-F TGGCTTAATTCTCTCGGAAACG

Human IFN-r-R TTTTACATATGGGTCCTGGCAGTA

Human p53-F GGGTTAGTTTACAATCAGCCACATT

Human p53-R GGGCCTTGAAGTTAGAGAAAATTCA

Human TNF-a-F CTCGAACCCCGAGTGACAA

Human TNF-a-R TTGGCCAGGAGGGCATT

Human GAPDH-F ACACCCACTCCTCCACCTTT

Human GAPDH-R TAGCCAAATTCGTTGTCATACC
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China) at >95% purity following our previous publication [24].
Synthetic peptides were reconstituted in phosphate-buffered
saline (PBS; pH 7.4) for the experiments. U937 (human histiocytic
lymphoma) cells were obtained from American Type Culture
Collection (ATCC; Rockville, MD). Cells were cultured using ATCC-
suggested medium and conditions. U937 cells were cultured at
5000 cells/well in 96-well plates and treated with different
concentrations of epinecidin-1. The number of viable cells in each
well was estimated by adding 10 ml of a 0.5 mg/ml solution of 3-
(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide
(MTT) (Sigma, Louis, MO). Cells were dissolved in 100 ml of
solution containing 20% sodium dodecylsulfate (SDS) and 50%
dimethyl formamide after cells had been incubated for 240 min at
37 8C. The optical density was measured spectrophotometrically at
570 nm on a microtiter plate reader. Experiments were repeated
three times. Results are expressed as a percentage of the inhibition
rate of viable cells, and values were subtracted from the PBS-
treated group [6].

2.2. Cell variation assay, DNA fragmentation assay, and flow

cytometric assay

To detect cell variations, we used acridine orange (AO)/
ethidium bromide (EtBr) staining as described before [5]. A DNA
fragmentation assay (Suicide Track TM DNA ladder isolation kit)
followed the company-provided protocol with no modification
(Calbiochem/Novabiochem/Novagen, Darmstadt, Germany; cat.
no. AM41). Cytotoxicity was measured by flow cytometry. In brief,
U937 cells were plated in 6-well plates at a density of 1 � 106 cells/
Fig. 1. Effects of epinecidin-1 on U937 cell proliferation. (a) U937 cells were treated

concentration was repeated in eight wells for three independent experiments. (b) U937 c

without tumor necrosis factor (TNF)-a/zVAD by flow cytometric analysis shows that the

letters significantly differ (p < 0.05) among groups for treatment at different concentratio
well and immersed for 24 h. Different concentrations of epineci-
din-1 were then added to the cells at a final concentration of 1, 1.5,
or 2 mg/ml in a mixture with human tumor necrosis factor (TNF)-a
(10 ng/ml) or zVAD (50 mM). There were four groups for the cell
with different doses of epinecidin-1 for 24 h, followed by an MTT assay. Each

ells with different concentrations of epinecidin-1 (1, 1.5, or 2 mg/ml) for 24 h with or

survival rate was similar to that of the MTT assay. Data (mean � SE) with different

ns.
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viability assay including one group treated with TNF-a and zVAD;
a second group treated with TNF-a, zVAD, and epinecidin-1; a
third group treated with epinecidin-1 (1, 1.5, and 2 mg/ml) only;
and a fourth group which was not treated with any drugs or
peptide. After 24 h, cells were harvested, stained with a propidium
iodide (PI) staining kit, and analyzed by flow cytometry
(FACSCalibur; Becton Dickinson, San Jose, CA) with laser excitation
at 488 nm. Emissions at >590 nm were collected in a linear/log
scale fashion. Percentages of cells with fluorescence were
determined using standard Modifit and Cell Quest software
Fig. 2. Morphological variations in U937 cells after treatment with epinecidin-1 for 24 h

indicated times and then stained with acridine orange (AO)/ethidium bromide (EtBr). AO

containing condensed or fragmented chromatin. Arrows indicate apoptotic cells.
(Becton Dickinson). To understand the necrotic and apoptotic
effects, U937 cells were plated in 24-well plates at a density of
1 � 105 cells/well and immersed for 24 h. U937 cells were divided
into groups which were either untreated, treated with epinecidin-
1 (0.5, 1, 1.5, 2, 3, and 4 mg/ml), or treated with actinomycin D (0.25
or 0.5 mg/ml) for 2, 4, 8, 12, 19, or 24 h. PI and annexin V (AnxV)
were added to the samples and allowed to incubate for 10 min at
room temperature. Samples were analyzed by flow cytometry
using a Becton Dickinson FACSCalibur using the FL-1 channel to
detect the AnxV-FITC and the FL-2 channel for PI.
followed by incubation with or without epinecidin-1. Cells were harvested at the

/EtBr staining produced green nuclei in live cells and orange nuclei in apoptotic cells



Fig. 2. (Continued ).
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2.3. Caspases-3, -8, and -9 activity assays

Caspases-3, -8, and -9 activities were assayed following the
protocol provided by the respective companies. The caspase-3 kit
was from BD PharmingenTM, and the Caspase-Glo1 8 Assay and
Caspase-Glo1 9 Assay kits were both from Promega (Madison,
USA).

2.4. Measurement of the ADP/ATP ratio and real-time reverse-

transcription polymerase chain reaction (RT-PCR)

The ADP/ATP ratio in U937 cells was measured by an ADP/
ATP ratio assay (BioVision), following a previous publication
with no modification [3]. U937 cells were treated with
epinecidin-1 (0, 1, 2, and 3 mg/ml), or treated with actinomycin
D (0.5 mg/ml) for 4 or 24 h for the mitochondrion activation test.
A real-time RT-PCR analysis was used to analyze the gene
expressions of TNF-a, INF-r, p53, tumor growth factor (TGF)b1,
IL-2, IL-6, IL-8, IL-10, IL-12, IL-13, IL-15, and glyceraldehyde 3
phosphate dehydrogenase (GAPDH). The primers used are
shown in Table 1, and GAPDH was used as the reference gene.
U937 cells were treated with epinecidin-1 (0, 2, or 4 mg/ml) for
4, 8, 12, or 24 h for the real-time PCR test, and the real-time PCR
experimental conditions were the same as those described by
Lin et al. [20]. The real-time RT-PCR was performed in triplicate
for each experimental group.



Fig. 3. Mitochondrion activation analysis in U937 cells. Concentration effects of

U937 cells incubated with different dosages of epinecidin-1 for 4 or 24 h. The ADP/

ATP ratio suggested that the cellular preparation exhibited a significant level of

apoptosis. Each bar represents the mean value from three determinations with the

standard error (SE). Data (mean � SE) with different letters significantly differ

(p < 0.05) among treatments.
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3. Results

3.1. In vitro cytotoxicity and epinecidin-1-evoked apoptosis

function in U937 cells

As shown in Fig. 1a, epinecidin-1 demonstrated a significant
dose-dependent cytotoxic effect against U937 cells. Epinecidin-1
at 2–5 mg/ml proved to be the most effective at inhibiting U937
cells according to the MTT assay. Our flow cytometric results
revealed that incubation of U937 cells with different concentra-
tions (1, 1.5, or 2 mg/ml) of epinecidin-1 for 24 h with or without
TNF-a/zVAD produced survival rates similar to those of the MTT
assay (Fig. 1b). These results provide strong evidence that
epinecidin-1 was responsible for the death of the cells, and led us
to perform further experiments to understand the dose-
dependency of epinecidin-1-induced U937 apoptosis. In order
to quantify the degree of apoptosis in U937 cells, we used an
EtBr/AO morphological staining method to differentiate live and
apoptotic cells by nuclear staining color. In our results, an
increase in the concentration of epinecidin-1 produced an
increase in orange color (Fig. 2). As is generally known, the
method of EtBr/AO staining shows nuclei of live cells as green,
while nuclei of apoptotic cells containing condensed or
fragmented chromatin appear orange. With 0 mg/ml treatment,
we found no apoptotic cells after 24 h of treatment. In contrast,
cells treated with 4 mg/ml epinecidin-1 showed an apoptotic
pattern. These results suggest that the degree of apoptosis
observed in these studied cells was related to epinecidin-1
inhibition of U937 cells.

3.2. The ADP/ATP ratio increases after 24 h of treatment with

3 mg/ml epinecidin-1

Inasmuch as epinecidin-1 exhibits significant inhibitory activ-
ity in U937 cells, these results suggest that the degree of apoptosis
observed in these studies was related to mitochondrial function. To
test this hypothesis, we next incubated U937 cells with epinecidin-
1 for 4 or 24 h. Because ATP synthesis depends on the
mitochondrial membrane potential, mitochondrial dysfunction
produced by epinecidin-1 should cause a rapid increase in the ADP/
ATP ratio (Fig. 3). Accordingly, the ADP/ATP ratio significantly
increased within 24 h after 3 mg/ml treatment. In contrast, after
treatment with 0.5 mg/ml actinomycin D for 24 h, there was a
significant increase in the ADP/ATP ratio compared to 4 h of
treatment.

3.3. Epinecidin-1 induces apoptosis in U937 cells

The mitochondrial dysfunction after epinecidin-1 treatment
suggests that mitochondria have a role in initiating apoptosis
from our results. We then examined DNA fragmentation in
epinecidin-1-treated cells following incubation for 24 h with
different concentrations of epinecidin-1. DNA fragmentation was
readily apparent at 1.5–3 mg/ml and clearly visible by agarose gel
electrophoresis (Fig. 4a). In order to understand whether the
reduction in cell viability was due to apoptosis, we confirmed that
cell death occurred via apoptosis by the FACS analysis after AnxV-
FITC/PI staining (Fig. 4b and c). Flow cytometry is an excellent
method to differentiate live, early-apoptotic, and late-apoptotic
cells. Therefore, co-treatment of U937 cells with PI and AnxV
allows the discrimination of early apoptotic (AnxV-positive/PI-
negative) from terminal stages of apoptosis (AnxV-positive/PI-
positive). As shown in Fig. 4b, apoptotic cell populations increased
following treatment of cells with epinecidin-1 (4 mg/ml) at 2–
24 h. In contrast, necrotic cells treated with epinecidin-1 (3 or
4 mg/ml) were observed to have decreased at 2–24 h (Fig. 4c).
Thus, these results clearly show that treating U937 cells with
epinecidin-1 caused virtually all cells to undergo some degree of
apoptosis.

3.4. Epinecidin-1 activates caspases-3, -8, and -9 within 4 h and

inactivates them after 24 h

Mitochondrial damage is well known to cause activation of
caspase-9 and then downstream to induce apoptosis by caspase-3.
We therefore evaluated epinecidin-1s involvement in caspase
activation. As expected, epinecidin-1 (3 mg/ml) activated cas-
pases-3, -8, and -9 in U937 cells, with each compound’s activity
reaching 3–3.5-fold at 4 h of treatment (Fig. 5a–c). Contrary to
expectations, epinecidin-1 significantly inactivated caspases-3, -8,
and -9 after 24 h of treatment. Collectively, these results led to the
conclusion that epinecidin-1 activates caspases-3, -8, and -9 in
U937 cells with 4 h of treatment.

3.5. Gene expressions increase in U937 cells after treatment

with the epinecidin-1 peptide

To investigate the effects of epinecidin-1 on U937 cell
function, we performed a real-time RT-PCR analysis of TNF-a,
INF-r, p53, TGFb1, IL-2, IL-6, IL-8, IL-10, IL-12, IL-13, and IL-15.
As shown in Fig. 6, we observed regular increases in TNF-a of
cells treated with 4 mg/ml epinecidin-1 from 4 to 24 h; IL-10,
INF-r, p53, IL-15, and IL-6 showed regular increases after
treatment with 2 mg/ml epinecidin-1 from 4 to 12 h. These
results suggest that epinecidin-1-treated U937 cells induced
cytokine production and may have pleiotropic effects on
different cells.

4. Discussion

It was demonstrated that the antitumor activity of epinecidin-1
is similar to that of lytic peptides [20]. The mechanism of the
apoptotic function underlying the corresponding in vitro activity of
epinecidin-1 has not been reported. Nonetheless, it was suggested
that epinecidin-1 exerts its antitumor activities by different
mechanisms in different cell types. In the present study, we found
that epinecidin-1 was cytotoxic against the U937 cell line in vitro

according to our MTT and flow cytometric analyses. Our earlier
studies revealed that epinecidin-1 inhibited cell growth in a highly
aggressive fibrosarcoma cell line, HT-1080, although we failed to



Fig. 4. Epinecidin-1 induces apoptotic cell death in human leukemia U937 cells. (a) After treatment with different concentrations of epinecidin-1 for 24 h, DNA ladder

formation was observed in U937 cells. Actinomycin D (0.5 mg/ml) was used as the control group. (b) Induction of apoptosis in U937 cells by epinecidin-1. U937 cells were

treated with different concentrations of epinecidin-1 for different times, and U937 cells were collected to conduct the annexin V-propidium iodide assay, as described in
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Fig. 5. Effects of epinecidin-1 on caspase activation. Caspases involved in

epinecidin-1-induced apoptosis were identified as caspases-3 (a), -8 (b), and -9

(c). The functional relevance of caspases-3, -8, and -9 activation during epinecidin-

1-induced apoptosis was evaluated by a caspase assay kit. Each bar represents the

mean value from three determinations with the standard error (SE). Data

(mean � SE) with different letters significantly differ (p < 0.05) among treatments.

Section 2. (c) The necrosis-positive cell treatment was the same as that described in (b). Ea

(SE). Data (mean � SE) with different letters significantly differ (p < 0.05) among treatme
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reduce HT1080 cell growth or metastasis in athymic mice.
Moreover, antimicrobial peptides are amphipathic peptides with
cytotoxic specificity for negatively charged prokaryotic mem-
branes and which also disrupt mitochondria to selectively induce
apoptosis in tumor cells [1,22,26]. Epinecidin-1 was able to
selectively induce apoptosis in U937 cancer cells and induce
apoptosis in a caspase-dependent manner as revealed by the use of
zVAD that strongly prevents any pro-apoptogenic activity accord-
ing to the flow cytometric analysis and EtBr/AO staining. In
contrast, expression of other antimicrobial peptides such as
prepromelittin in cancer cells resulted in a slight reduction in
the frequency of tumor formation [28], suggesting that not all
antimicrobial peptides possess the ability to inhibit tumor
formation.

The present observations in the U937 cell line reveal a
correlation between epinecidin-1 treatment and mitochondrial
activity as reflected by ATP levels and the energy status.
Mitochondria are reported to play a key role in regulating
apoptosis [14]. Mitochondrial dysfunction includes loss of the
mitochondrial membrane potential, permeability transition, and
induction of apoptosis associated with movement of cytochrome
c from mitochondria to the cytosol [15,27]. These data suggest
that apoptosis induced by epinecidin-1 is dependent on the
mitochondrial membrane integrity, which has been reported to
be disrupted due to opening of the permeability transition pores.
Disruption of the mitochondrial membrane potential is thought
to be a common event in the induction of apoptosis [18]. In
another report, agents which caused depletion of ATP induced
apoptosis and enhanced the effect of chemotherapy in tumor-
bearing mice [23]. Our data show a significant correlation
between the ADP/ATP ratio and the degree of DNA fragmentation
as measured by gel electrophoresis. As fragmentation of DNA is a
late event in apoptosis and measurement of the ADP:ATP ratio in
cell lines can be used as an indicator of cell viability, necrosis, and
apoptosis [2], one could conclude that variations in the ADP/ATP
ratio are involved in late apoptosis in epinecidin-1-treated U937
cells.

Our results suggest that epinecidin-1 upregulates apoptosis
related to caspases-3, -8, and -9 activation at 4 and 8 h.
Presumably, this resulted from the release of cytochrome c, which
activated downstream caspase-9 and then caspases-3, -7, and -6
[16,21]. In addition, we found that one of the members of the death
receptor pathway (caspase-8) was also upregulated after epine-
cidin-1 (2 or 3 mg/ml) treatment for 4 and 8 h. Epinecidin-1 might
bind to some death receptor(s) and trigger the death receptor
signal transduction pathway. Thus, epinecidin-1 may have multi-
ple effects on U937 cells in terms of the mitochondrial pathway
and the death receptor pathway. There are several reports
regarding the two signal transduction pathways of gossypol and
RGD-tachyplesin [6,29].

Our results suggest that epinecidin-1 upregulates interleu-
kin-related genes. Therefore, epinecidin-1s involvement in
interleukin’s function was indicated by the real-time RT-PCR
analysis in the presence of epinecidin-1 treatment. The
important interleukin which highly increased after epinecidin-
1 treatment was IL-10. IL-10 inhibits cytokine synthesis by a Th2
clone and inhibits IFN-g expression in Th1 cells [12]. In the
present study, we found that epinecidin-1 not only possessed an
apoptosis function in U937 cells but also stimulated interleukin
expression, suggesting that epinecidin-1 may have the potential
to serve as a drug for therapy against human leukemia U937
cells.
ch bar represents the mean value from three determinations with the standard error

nts.



Fig. 6. Quantification of transcript levels by comparative real-time RT-PCR. RNA from U937 cells was co-treated with 2 or 4 mg/ml epinecidin-1. The control group (con) was

not treated with peptide. Samples were collected after treatment for 4, 8, 12, and 24 h. Transcript abundance, normalized to GAPDH expression, is expressed as the relative

expression and graphed on a rational scale. Each bar represents the mean value from three determinations with the standard error. Data (mean � SE) with different letters

significantly differ (p < 0.05) among treatments. An example of an x-coordinate is 2-24, where 24 is the number of hours, and 2 is the dosage (mg/ml) for epinecidin-1; i.e., 2-24 was

treated with 2 mg/ml epinecidin-1 for 24 h.
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Fig. 6. (Continued ).
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