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Abstract Centipedes, a kind of arthropod, have been

reported to produce antimicrobial peptides as part of an

innate immune response. Scolopendin 2 (AGLQFPV-

GRIGRLLRK) is a novel antimicrobial peptide derived

from the body of the centipede Scolopendra subspinipes

mutilans by using RNA sequencing. To investigate the

intracellular responses induced by scolopendin 2, reactive

oxygen species (ROS) and glutathione accumulation and

lipid peroxidation were monitored over sublethal and lethal

doses. Intracellular ROS and antioxidant molecule levels

were elevated and lipids were peroxidized at sublethal

concentrations. Moreover, the Ca2? released from the

endoplasmic reticulum accumulated in the cytosol and

mitochondria. These stress responses were considered to be

associated with yeast apoptosis. Candida albicans cells

exposed to scolopendin 2 were identified using diagnostic

markers of apoptotic response. Various responses such as

phosphatidylserine externalization, chromatin condensa-

tion, and nuclear fragmentation were exhibited. Scolo-

pendin 2 disrupted the mitochondrial membrane potential

and activated metacaspase, which was mediated by cyto-

chrome c release. In conclusion, treatment of C. albicans

with scolopendin 2 induced the apoptotic response at

sublethal doses, which in turn led to mitochondrial dys-

function, metacaspase activation, and cell death. The

cationic antimicrobial peptide scolopendin 2 from the

centipede is a potential antifungal peptide, triggering the

apoptotic response.
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Abbreviation

AMP Antimicrobial peptide

YPD Yeast extract-peptone dextrose

ROS Reactive oxygen species

H2-DCFDA 20,70-Dichlorodihydrofluorescein diacetate

MDA Malondialdehyde

TCA Trichloroacetic acid

TBA Thiobarbituric acid

SSA 5-Sulfosalicylic acid

GSSG Oxidized glutathione

GSH Reduced glutathione

PS Phosphatidylserine

DAPI 40-6-Diamidino-2-phenylindole

JC-1 5,50,6,60-Tetrachloro-1,10,3,30-tetraethyl-

imidacarbocyanine iodide

Introduction

Despite the development of major antimicrobial drugs that

are currently used in the clinic, microbial resistance to most

antibiotics has increased drastically in recent times [1].

Pathogenic microorganisms have acquired resistance to

various antibiotics by means of efflux of the antibiotic from
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the cell, interaction of the drug with its target, or direct

destruction or modification of the antibiotics [2]. The dis-

covery of broad-spectrum, novel antibiotics with rapid

bactericidal activity and the ability to limit the induction of

microbial resistance might not be keeping up with the pace

at which pathogens are developing resistance [3, 4].

Antimicrobial peptides (AMPs) secreted by numerous

living organisms are novel antimicrobial agents with

diverse functions such as the induction of innate immunity

effectors in mammalians cells [5], stimulation of epithelial

cell production [6], low cytotoxicity, and broad antimi-

crobial properties. They mostly cause a disruption of the

membrane integrity of the pathogen and are unlikely to

initiate the development of resistance. Owing to these

properties, positively charged AMPs have been used as a

part of the polyelectrolyte multilayer architecture to defend

bacterial or fungal infection [7]. Studies on industrial or

medicinal applications of AMPs are consistently increasing

because of their antipathogenic potential and lower pre-

disposition to induce resistance.

Peptides from venomous animals have been highlighted

owing to their structural diversity and multiple pharmaco-

logical activity [8]. These peptides have not been studied

in-depth and have only been well-explored in a few spe-

cies, including snakes, spiders, cone snails, and scorpions

[8]. Centipedes are the oldest venomous arthropods using

toxins as their defense system [8]. The venom of the cen-

tipede bears no resemblance to any characterized protein or

peptide family [9] and was recently demonstrated to be a

unique, disulfide-rich peptide modulating the activity of

mammalian voltage-gated ion channels [10]. Peptides from

the body and venom of centipede, such as scolopendrisin I

and scolopin I and 2, have been reported [11]. The novel

antimicrobial peptide scolopendin 2 was recently identified

in the centipede body, and it exhibits broad antimicrobial

activity by inducing membrane disruption [12]. In the

present study, intracellular stress response to scolopendin 2

from the centipede Scolopendra subspinipes mutilans was

investigated in Candida albicans.

Materials and methods

C. albicans strain and growth conditions

C. albicans (ATCC 90028) was obtained from the Amer-

ican Type Culture Collection (ATCC) (Manassas, VA,

USA) and cultured in aerated YPD (Yeast extract-peptone

Dextrose) broth (BD) at 28 �C. Transcriptome sequencing

and AMP selection were performed as described by Choi

et al. [13]. Peptide synthesis was performed by AnyGen

Co. (Gwangju, Korea). Melittin was used as a positive

control for comparison in terms of the physiological

responses elicited by scolopendin 2 [14].

Measurement of cell viability

C. albicans cells (2 9 106 cells/mL) were incubated with

scolopendin 2 at three concentrations, including the mini-

mum inhibitory concentration (MIC). The concentrations

were chosen on the basis of a published report [12]. The

treatment concentrations of scolopendin 2 used were

1.6 lM (1/4 MIC), 3.1 lM (1/2 MIC), and 6.3 lM (MIC)

[12]. The cultures were acquired after incubation for 4 h

and spread onto YPD agar plates. Colony-forming units

were counted after incubation for 24 h at 28 �C [15]. The

percentage survival was determined relative to the

untreated cells. All experiments were performed three

times independently. Statistical significance was deter-

mined by Student’s t test.

Reactive oxygen species assessment

Intracellular reactive oxygen species (ROS) accumulation

was assessed using 20,70-dichlorodihydrofluorescein diac-

etate (H2-DCFDA) (Molecular probes, Eugene, OR, USA)

[16]. To detect ROS, C. albicans cells (2 9 106 cells/mL)

were treated with 1.6, 3.1, and 6.3 lM scolopendin 2 and

2.5 lM melittin for 4 h. The treatment concentration was

chosen on the basis of a previous report [17]. After the cells

were washed in PBS, they were stained with H2-DCFDA

(excitation [Ex.] 495 nm, emission [Em.] 525 nm) for

analysis by spectrofluorophotometry (Shimadzu RF-

5301PC, Shimadzu, Japan). Fluorescence quantum yields

were obtained using RFPC software. Statistical signifi-

cance was determined by Student’s t-test.

Lipid peroxidation analysis

Lipid peroxidation was quantified based on malondialde-

hyde (MDA) levels. After treatment with 1.6, 3.1, and

6.3 lM scolopendin 2 for 4 h, the C. albicans cell sus-

pension was centrifuged at 12,000 rpm for 5 min, after

which the pellet was sonicated twice on ice with lysis

buffer (2 % Triton-X 100, 1 % SDS, 100 mM NaCl,

10 mM Tris–HCl, 1 mM EDTA [pH 8.0]). The mixture

was centrifuged, and the supernatant was added to an equal

volume of 0.5 % (w/v) thiobarbituric acid (TBA) solution

in 5 % trichloroacetic acid (TCA). The mixture was heated

at 95 �C for 30 min and then cooled on ice. The absor-

bance of the reaction mixture was measured at 532 and

600 nm [18], and each experiment was performed in trip-

licate. Statistical significance was determined by Student’s

t-test.
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Glutathione quantification

C. albicans cells (2 9 106 cells/mL) were treated with

1.6 lM scolopendin 2 and 2.5 lM melittin for 4 h, after

which samples were added to 3 volumes of 5 % 5-sulfos-

alicylic acid (Sigma-Aldrich) before being sonicated.

Deproteinated supernatants were analyzed using a glu-

tathione assay kit (Sigma-Aldrich). Oxidized glutathione

(GSSG) was specifically determined by derivatizing

reduced glutathione (GSH) with 2-vinylpyridine. The

absorbance of the reaction mixture was monitored at

415 nm with a microtiter ELISA reader (Molecular Devi-

ces Emax, Sunnyvale, CA, USA) [19].

Analysis of cytosolic and mitochondrial Ca21 levels

Fura-2AM (Molecular Probes) and Rhod-2AM (Molecular

Probes) were used to analyze cytosolic and mitochondrial

Ca2? levels, respectively. After incubation of C. albicans

cells (2 9 106 cells/mL) with 1.6 lM scolopendin 2 and

2.5 lM melittin for 4 h, the cells were washed twice in

Krebs buffer (pH 7.4) and treated with 0.01 % pluronic

F-127 (Molecular Probes) and 1 % BSA. The cells were

stained with 5 lM Fura-2AM or 10 lM Rhod-2AM and

incubated at 37 �C for 40 min. Two washes were carried

out with calcium-free Krebs buffer at 37 �C for 30 min.

The fluorescence intensities of Fura-2AM (Ex. = 335 nm,

Em. = 505 nm) and Rhod-2AM (Ex. = 550 nm,

Em. = 580 nm) were monitored with a spectrofluoropho-

tometer [20]. The fluorescence intensities were obtained

using the calculation software (RFPC software) installed in

the spectrofluorophotometer. Statistical significance was

determined by Student’s t-test.

Phosphatidylserine externalization and DNA

and nuclear fragmentation

To prepare protoplasts, C. albicans cells were incubated

with 0.1 M potassium phosphate buffer (pH 6.0) containing

1 M sorbitol and 20 mg/mL lysing enzyme (Sigma) for 2 h

at 28 �C. The protoplasts were incubated with 1.6 lM

scolopendin 2 and 2.5 lM melittin for 2 h, and an FITC

Annexin V apoptosis detection kit (BD Pharmingen) was

used according to the manufacturer’s instructions. The

stained cells were analyzed with a FACSVerse flow

cytometer (Becton–Dickinson, Franklin Lakes, NJ, USA)

[21]. Nuclear fragmentation and condensation were

examined using a TUNEL assay [22] as follows. Cells

(2 9 106 cells/mL) treated with 1.6 lM scolopendin 2 and

2.5 lM melittin for 6 h were washed in PBS (pH 7.4) and

then suspended in permeabilization solution (0.1 % Triton

X-100 and 0.1 % sodium citrate) for 2 min on ice. After

the cells were washed again in PBS, they were stained

using an in situ cell death detection kit (Roche) for 1 h at

37 �C and were assessed by fluorescence microscopy

(Nikon Eclipse Ti-S) and spectrofluorophotometry (Ex.

495 nm, Em. 519 nm). Nuclear fragmentation and con-

densation were examined with 40-6-diamidino-2-phenylin-

dole (DAPI) staining [23] as follows. After incubation with

1.6 lM scolopendin 2 and 2.5 lM melittin, the cells were

washed in PBS, stained with 1 lg/mL DAPI for 20 min,

and examined by fluorescence microscopy and spectroflu-

orophotometry (Ex. 340 nm, Em. 488 nm). The fluores-

cence intensity was obtained using the RFPC software

installed in the RF-5301 PC. Statistical significance was

determined by Student’s t-test.

Analysis of mitochondrial membrane potential

5,50,6,60-Tetrachloro-1,10,3,30-tetraethyl-benzimidazolyl

carbocyanine iodide (JC-1; Molecular Probes) was used to

examine changes in mitochondrial membrane potential

[24]. C. albicans cells (2 9 106 cells/mL) incubated with

1.6 lM scolopendin 2 and 2.5 lM melittin for 4 h were

stained with 2.5 lg/mL JC-1 and incubated in warm PBS

for 20 min. The mean of the fluorescence intensities at FL1

and FL2 was analyzed with a FACSVerse flow cytometer.

The ratio of the fluorescence intensities of aggregated JC-1

(FL2) to monomer (FL1) was calculated.

Cytochrome c release assay

C. albicans cells (2 9 106 cells/mL) incubated with

1.6 lM scolopendin 2 and 2.5 lM melittin for 4 h were

subsequently homogenized in buffer A (50 mM Tris,

2 mM EDTA, 1 mM phenylmethylsulfonyl fluoride [pH

7.5]), after which 2 % glucose was added, and the mixture

was centrifuged at 20,0009g for 10 min. The supernatants

were collected for the quantification of released cytoplas-

mic cytochrome c. To obtain pure mitochondria, the pellet

was centrifuged in buffer B (50 mM Tris, 2 mM EDTA

[pH 5.0]) at 12,000 rpm for 30 s and was then suspended in

2 mg/mL Tris–EDTA buffer. After treatment with 500 mg/

mL ascorbic acid for 5 min, the cytochrome c content in

the cytoplasmic or mitochondrial samples was determined

by spectrophotometric analysis at 550 nm (DU530; Beck-

man) [22]. The protein content was quantified using the

standard Bradford method [25]. Statistical significance was

determined by Student’s t-test.

Metacaspase activation assay

Metacaspase activation was investigated using the Cas-

pACETM FITC-VAD-FMK in situ marker (Promega). C.

albicans cells (2 9 106 cells/mL) treated with 1.6 lM

scolopendin 2 and 2.5 lM melittin for 4 h were centrifuged
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at 12,000 rpm for 5 min and stained with 2.5 lM

CaspACE FITC-VAD-FMK for 30 min at 28 �C. The

resulting fluorescence levels were assessed using a

FACSCalibur flow cytometer (Becton–Dickinson, San

Jose, CA, USA) [22].

Results

Cell growth and intracellular oxidative stress

response

To determine whether the decrease in scolopendin 2-trea-

ted cells reflected growth inhibition or loss in cell viability

and possibly cellular death, we measured cell viability. For

a comparison of antifungal activities, melittin was used as a

positive control. Untreated C. albicans cells was observed

94.6 % plating efficiency, the percentage of forming

colonies per inoculated cells. The result of this test showed

that scolopendin 2 exerts anticandidal activity in a dose-

dependent manner compared to untreated cells (Fig. 1).

Furthermore, to assess the effect of scolopendin 2 on

intracellular ROS production, the fluorescent H2-DCFDA

probe was used as a ROS indicator, where the fluorescent

probe is oxidized by ROS [26]. The results of the ROS

assessment showed that scolopendin 2 induced ROS pro-

duction in a dose-dependent manner (Fig. 2a), where the

peptide concentrations used were based on a previous study

[12]. To measure lipid peroxidation, MDA is routinely

measured by reaction with TBA-reactive substances

(TBARS) [27]. The MDA levels in the scolopendin

2-treated cells were found to be 1.02, 0.86, and 0.65 nM at

1/4 MIC, 1/2 MIC, and MIC, respectively (Fig. 2b). The

intracellular levels of GSH and GSSG were quantified

using spectrophotometry. The concentrations of GSH and

GSSG, as well as the ratio of GSH to GSSG (GSH/GSSG),

Fig. 1 Viability of Candida albicans in the presence of scolopendin

2 (1.6, 3.1, and 6.3 lM). All the experiments were performed in

triplicate. Statistically significant differences with respect to the

untreated cells are marked with asterisks (*p\ 0.1; **p\ 0.05;

***p\ 0.01)

Fig. 2 a C. albicans cells were treated with scolopendin 2 (1.6, 3.1,

and 6.3 lM) and melittin (2.5 lM) for 4 h at 28 �C with 10 lM H2-

DCFDA dye. The fluorescence intensities of the stained cells were

measured using a spectrofluorophotometer. b Dose-dependent

increase in MDA level (lipid peroxidation). Cells were treated with

1.6, 3.1, and 6.3 lM scolopendin 2. MDA concentration of cells were

determined using the TBARS assay after treatment. p values are

compared to the untreated cells. The data represent the average,

standard deviation (SD), and p values of three independent experi-

ments (*p\ 0.1; **p\ 0.05; ***p\ 0.01)
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were used to assess the redox balance in the C. albicans

cells (Table 1). A general decrease in the GSH/GSSG ratio

was observed in scolopendin 2-treated cells, indicating that

the peptide induced an oxidative stress response.

Effects on free cytoplasmic Ca21 levels

To determine whether calcium signaling is involved in cell

death, intracellular calcium levels were measured with the

membrane-permeable derivatives of the ratiometric cal-

cium indicators Fura-2AM and Rhod-2AM. The free

cytoplasmic Ca2? concentration in C. albicans was found

to be significantly higher in the scolopendin 2-treated

group than in the untreated group. The fluorescence

intensity of Rhod-2AM was also shown to increase in cells

treated with scolopendin 2 (Fig. 3). The Ca2? levels in the

cytoplasm, as well as in the mitochondria, were higher in

the cells treated with scolopendin 2 than in the untreated

cells (Fig. 3), indicating that calcium signaling is involved

in fungal cell death.

Detection of yeast apoptotic features

To examine if the C. albicans cell death induced by sco-

lopendin 2 occurs via the induction of apoptosis and/or

necrosis, annexin V and PI assays were carried out to detect

the extent of phosphatidylserine (PS) externalization. The

cell population in the lower right quadrant, which repre-

sents the early apoptotic cells (annexin V-positive/PI-neg-

ative) was found to increase to 12.6 % following

scolopendin 2 treatment and to 37.0 % following melittin

treatment at the lowest test concentration (Fig. 4A). The

fungal cell death caused by scolopendin 2 was therefore

shown to exhibit features of early apoptotic cell death. To

confirm that scolopendin 2 also induces late-stage apop-

totic cell death, morphological changes in the DNA were

assessed using a TUNEL assay in which apoptotic DNA

breakage is monitored by labeling free 30-OH termini with

fluorescent dUTP catalyzed by terminal deoxynucleotidyl

transferase [18, 21]. C. albicans cells exposed to scolo-

pendin 2 exhibited green fluorescent spots, indicating

increased DNA fragmentation (Fig. 4B, C). Morphological

changes in the nuclei were further monitored by DAPI

staining [22, 28]. Both fluorescence microscopy analyses

revealed that cells treated with scolopendin 2 exhibited

higher levels of fluorescence compared to untreated cells

(Fig. 4B, D), indicating nuclear condensation and

fragmentation.

Mitochondrial dysfunction

To assess changes in mitochondrial function, JC-1 staining

was used. In the mitochondrial matrix of normal cells, the

lipophilic cationic JC-1 dye appears as red aggregates. In

contrast, in apoptotic cells with depolarized mitochondria,

JC-1 remains in the cytoplasm and appears green [29]. The

Fig. 3 Changes in the fluorescence intensity of Fura-2AM (a) and

Rhod-2AM (b) were expressed as arbitrary fluorescence units, after

the cell suspensions were treated with 1.6 lM of scolopendin 2 and

2.5 lM of melittin. The data represent the mean ± SD of three

independent experiments. The data represent the average, SD, and

p values of three independent experiments (*p\ 0.1; **p\ 0.05;

***p\ 0.01)

Table 1 Amount of glutathione under scolopendin-2-treated and

untreated conditions

lM/mg GSH GSSG GSH/GSSG

Untreated 102.5 5.6 18.2

Scolopendin 2 87.5 15.6 5.6
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ratio of FL2/FL1 was shown to be lower in cells treated

with both scolopendin 2 (FL2/FL1 = 0.8) and melittin

(FL2/FL1 = 0.1) than in untreated cells (FL2/FL1 = 1.4)

(Fig. 5A). These findings reveal that mitochondrial depo-

larization is involved in scolopendin 2-induced cell death.

Cytochrome c release from the mitochondria to the cyto-

plasm is a crucial step in apoptotic cell death. Hence, the

translocation of cytochrome c from the mitochondria to the

cytoplasm was examined. The results of this experiment

revealed that, compared with untreated cells, cells treated

with scolopendin 2 exhibited decreased cytochrome

c levels in the mitochondria and increased levels in the

cytoplasm (Fig. 5B).

Activation of metacaspase

The FITC-VAD-FMK FITC-conjugated peptide pan-cas-

pase inhibitor was used to assess the activation of caspases

Fig. 4 A Phosphatidylserine externalization of plasma membranes

was detected by annexin V-FITC fluorescence. a Untreated, b 1.6 lM

scolopendin 2, c 2.5 lM melittin. B DNA and nuclear damage during

late-stage apoptosis was visualized by fluorescence microscopy after

C. albicans cells were treated with 1.6 lM of scolopendin 2 and

2.5 lM of melittin. a–c DAPI indicates nuclear condensation and

fragmentation. d–f DNA fragmentation was observed by the TUNEL

assay. Fluorescence intensity of C DAPI and D TUNEL staining by

spectrofluorophotometry. The error bars represent the SD for three

independent experiments. The data represent the average, SD, and

p values of three independent experiments (*p\ 0.1; **p\ 0.05;

***p\ 0.01)
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during scolopendin 2-induced cell death. The FITC-labeled

caspase inhibitor VAD-FMK irreversibly binds to activated

metacaspases in apoptotic cells [29]. Compared with

untreated cells, the scolopendin 2-treated cells exhibited a

12.1 % increase in fluorescence, indicating that scolo-

pendin 2 induced metacaspase activation (Fig. 5C).

Discussion

The mechanisms of the antimicrobial activities exerted by

agents such as amphotericin B, melittin, and caspofungin

are well studied. However, the physiological mechanisms

by which they cause cell death are not clear [17, 30, 31].

Other mechanisms of action were recently proposed for

these agents, including effects on cell viability and apop-

tosis [17, 23, 31]. Natural AMPs acts various effect

including membrane disruption [32, 33], interaction with

intracellular target, resulted antimicrobial [34], anti-in-

flammation [35], and anticancer activity [36]. Among

them, scolopendin 2 (AGLQFPVGRIGRLLRK), a peptide

identified in centipedes, reportedly exhibits broad-spectrum

antimicrobial activity against pathogenic bacteria and fungi

via membrane permeabilization [12]. Lower concentra-

tions, known to induce membrane damage, cause signifi-

cant cell death. However, the suggested mechanism is

insufficient to explain the mechanism of cell death

induction.

While intracellular ROS induced by scolopendin 2 may

leak out of cells at high concentrations, intracellular ROS

levels might increase the intracellular response at low

concentrations. The toxic effects of ROS are crucial in the

destruction of intracellular pathogens by macrophages and

reflect the ability to damage essential cellular components

such as nucleic acids, lipids, and proteins [37]. To inves-

tigate lipid damage, the levels of MDA, a biomarker of

lipid peroxidation and a decomposition product of

polyunsaturated fatty acid hydroperoxidase, were assessed

[38]. Lipid peroxidation occurs as a result of oxidative

damage induced by exposure to sublethal dose of scolo-

pendin 2. However, even slight detection of lipid peroxi-

dation under high doses is thought to induce membrane

damage. Under conditions of ROS-induced stress, glu-

tathione has been shown to play an antioxidant role in

Fig. 5 A Mitochondrial depolarization was detected with the fluo-

rescent dye JC-1. C. albicans cells (2 9 106 cells/mL) were incu-

bated with 1.6 lM scolopendin 2 and 2.5 lM melittin for 4 h at

28 �C. a Untreated, b scolopendin 2, c melittin. B Cytochrome

c release from mitochondria to the cytosol in C. albicans was

determined by measuring the absorbance at 550 nm. The data

represent the average, SD, and p values of three independent

experiments (*p\ 0.1; **p\ 0.05; ***p\ 0.01). C Metacaspase

activation in C. albicans after treatment with peptides for 4 h at 28 �C
using 10 lM CaspACE FITC-VAD-FMK in situ marker. a Untreated,

b 1.6 lM scolopendin 2, c 2.5 lM melittin
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yeast, and the ratio of GSH to GSSG is used as a marker of

oxidative stress [39]. Reduced glutathione is the main non-

enzymatic antioxidant agent of defense, and its importance

in the elimination of organic peroxides has already been

emphasized in different organisms [40]. The present data

demonstrating glutathione depletion, ROS generation, and

lipid peroxidation following treatment with scolopendin 2

indicate that the peptide induces oxidative stress.

The oxidative stress observed in C. albicans cells treated

with scolopendin 2 is associated with calcium ion levels,

which play important roles in the regulation of cellular

processes. ROS production by mitochondria is closely

related to Ca2? homeostasis [41]. In C. albicans cells

exposed to sublethal concentrations of scolopendin 2, Ca2?

from the endoplasmic reticulum leaked into the cytosol,

and the mitochondria imported this Ca2?, resulting in

disrupted Ca2? homeostasis. Increased cytosol Ca2? pro-

motes elevated ROS production by the respiratory chain

[41]. Ca2? is furthermore considered one of the most

important messengers in organisms as it is involved in a

series of biological processes, including cell growth, pro-

liferation, apoptosis, and mating morphogenesis [42].

Intracellular calcium overload has always been regarded as

an important pathological link in cell damage. The mode of

cell death induced by scolopendin 2 seems to involve

features of apoptotic cell death, including ROS accumu-

lation, lipid peroxidation, glutathione depletion, and dis-

ruption of Ca2? homeostasis.

The apoptotic events relating to multiple key markers of

the early and late stages were assessed to investigate a

potential mechanism of scolopendin 2-induced cell death.

The influx of Ca2?, which activates a scramblase with

subsequent PS externalization, is induced by ROS at the

cell surface [43]. PS is known to play an important role in

the regulation of apoptosis in response to particular cal-

cium-dependent stimuli [44]. Fungal cell death caused by

scolopendin 2 also exhibits early apoptotic features. Our

findings suggest that low concentrations of scolopendin 2

induce apoptotic mechanisms, while high concentrations

induce the membrane damage mechanism. Apoptotic

response also involves a number of cellular processes such

as chromatin condensation, DNA fragmentation, and PS

externalization to the outer leaflet of the plasma membrane

[45]. DNA fragmentation and nuclear condensation can be

observed as typical features of late stages of apoptotic

death [46]. TUNEL and DAPI staining demonstrated that

scolopendin 2 treatment induced DNA fragmentation, as

well as nuclear fragmentation and condensation, indicating

early progress to the late stage of apoptosis. Taken toge-

ther, these data indicate that scolopendin 2 induces the

hallmark features of apoptotic cell death.

Mitochondria play a pivotal role in yeast apoptosis since

they represent the major site of ROS production and

contain many pro-apoptotic factors [47]. The dissipation of

mitochondrial membrane potential is a key cellular event

during early apoptosis and leads to the opening of the

transition pores of the mitochondrial membrane and the

subsequent release of apoptotic factors into the cytosol

[31]. During the apoptotic response in scolopendin 2-trea-

ted C. albicans, mitochondrial dysfunction results in the

depolarization of mitochondrial membrane potential and

translocation of cytochrome c, the main apoptotic factor,

from the mitochondria to the cytosol. When cytochrome

c is released into the cytosol, metacaspases are activated,

which in turn play an important role in yeast apoptosis

[48]. Caspases are a class of cysteine-aspartic acid pro-

teases regulated at the posttranslational level. When

cleaved, caspases convey a signal via a proteolytic cascade

that induces apoptotic cell death and leads to cell death

[31]. In C. albicans, a putative caspase encoded by meta-

caspase has been shown to play a role in apoptotic cell

death [49]. Recently, the existence of caspase-like pro-

teases and other unidentified caspases, named metacas-

pases, in C. albicans was reported [50]. Cell death of C.

albicans cells exposed to scolopendin 2 proceeds, at least

in part, in a metacaspase-dependent manner. Cytochrome

c release from mitochondria following treatment with

scolopendin 2 is suggestive of caspase activation. In each

of the assays, an increase in oxidative damage was evident

at sublethal concentrations of scolopendin 2. Glutathione is

required to minimize Ca2?-induced ROS-dependent dam-

age to mitochondria and mitochondrial membrane perme-

abilization [41]. The accumulated ROS triggered

mitochondrial dysfunction, causing mitochondrial depo-

larization and cytochrome c release from the mitochondria

to the cytosol. Eventually, the released cytochrome

c stimulated yeast metacaspase activation.

In conclusion, scolopendin 2 was identified as a novel

cationic AMP from S. s. mutilans, and it facilitated mito-

chondrial- and caspase-mediated apoptotic mechanisms at

sublethal concentrations.
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