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Glochidioboside was obtained from Sambucus williamsii and its biological effect has not been reported. Its
antifungal activity against pathogenic fungi and the mode of action involved in its effect were examined.
Glochidioboside exerted antifungal effect with almost no hemolytic effect against human erythrocytes.
To understand its antifungal mechanisms, membrane studies were done. Using two dyes, 3,30-dipropyl-
thiacarbocyanine iodide [DiSC3(5)] and propidium iodide, membrane depolarization and permeabiliza-
tion by glochidioboside were confirmed. Furthermore, the membrane-active mechanism was proven
by synthesizing a model membrane, calcein-encapsulating large unilamellar vesicles (LUVs), and also
by observing the influx of different sized fluorescent dyes, such as calcein, FD4 and FD10, into the fungal
cells. The membrane-active action was pore-forming action with radii between 1.4 and 2.3 nm. Finally,
three dimensional (3D) flow cytometric analysis showed the shrinkage of the fungal cells from the mem-
brane damage. In conclusion, this study suggests that glochidioboside exerts an antifungal activity
through a membrane-disruptive mechanism.

� 2014 Elsevier Inc. All rights reserved.
1. Introduction

The importance of antifungal agents is continually highlighted
by increasing invasive fungal diseases. However, the discovery
and development of antifungal drugs is extremely slow [1,2]. To
date, only a few groups of antifungal drugs such as polyenes, azoles
and echinocandins have been used. Among them, azoles and
polyenes, the largest group of antifungal drugs, act on ergosterol
in the fungal membrane, but each has a different mechanism.
Azoles inhibit ergosterol biosynthesis and polyenes disrupt the
fungal membrane by binding to ergosterol. Additionally,
echinocandins inhibit the synthesis of glucan in the fungal cell wall
[2].

However, incurable fungi, such as azole-resistant Candida spp.
seem to be common nowdays. Even amphotericin B-resistant
Candida and Cryptococcus strains have been reported [3]. Par-
tients infected by antibiotics-resistant organisms continually
fight the infection but it is difficult to treat fungal infections
due to delays in diagnosis, restrictions in the route of adminis-
tration and cytotoxicity of the drugs [1,4,5]. In view of this situ-
ation, the discovery of novel antifungal agents that are safer is
necessary [2,5].

Plants are rich in a wide variety of secondary metabolites, such
as tannins, terpenoids, alkaloids, flavonoids, lectins [6–8] and lign-
ans [9], which have been found in vitro to have antimicrobial prop-
erties [10]. These compounds called phytochemicals serve as the
plant immune system against microorganisms, insects, and herbi-
vores [11]. Phytochemicals are an important natural resource for
the discovery of antifungal agents because of their long-term use
without human toxicity [12]. The herb Sambucus williamsii is a folk
plant with medicinal properties. The genus Sambucus, widely
found in Europe, Asia and North Africa, has been used in pharma-
ceutical products as an analgesic, antivirus, anti-inflammatory,
homoeostatic, and diuretic drugs, which act on bruises, fractures,
and edema by traditional users [12,13]. In this study, glochidiobo-
side, a neolignan glucoside, was derived from S. williamsii. To date,
glochidioboside has been extracted from Acer truncatum and
Glochidion obovatum [14,15]. However, its bioactive property has
not been reported. Therefore, its antifungal effect and mode of
action(s) were investigated.
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2. Materials and methods

2.1. Extraction and isolation of glochidioboside

The air-dried stem bark of S. williamsii (840 g) was cut and ex-
tracted with methanol (MeOH) at 80 �C for 4 h. The MeOH extract
(57.1 g) was suspended in water and then partitioned sequentially
with equal volumes of dichloromethane (CH2Cl2), ethyl acetate
(EtOAc), and n-butanol (n-BuOH). The EtOAc fraction (4.2 g) was
subjected to column chromatography over a HP-20 column by
eluting it with a MeOH:H2O (5:95 ? 25:75 ? 40:60 ? 100:0) gra-
dient system. Based on their TLC pattern, the fractions were com-
bined to yield subfractions, which were designated as E1–E4. The
subfraction E1 (1.49 g) was then purified by column chromatogra-
phy over a HP-20 column with a MeOH:H2O (0:100 ?
50:50 ? 15:85 ? 100:0) gradient system to yield four subfractions
(E1-1–E1-4). The subfraction E1-1 was subjected to repeated col-
umn chromatography (Silica gel, CHCl3:MeOH:H2O, 10:1:0.1 ?
1:1:0.1) to yield glochidioboside (2.3 mg). The physico-chemical
data including 1H NMR, 13C NMR, and HSQC of the glochidioboside
were identical with those reported in the literature [14,16].
2.2. Antifungal activity assay

Candida albicans (ATCC 90028) and Candida parapsilosis (ATCC
22019) were obtained from the American Type Culture Collection
(ATCC) (Manassas, VA, USA). Trichosporon beigelii (KCTC 7707)
and Malassezia furfur (KCTC 7744) were obtained from the Korean
Collection for Type Cultures (KCTC) at the Korea Research Institute
of Bioscience and Biotechnology (KRIBB) (Daejeon, Korea). The fun-
gal strains were cultured in YPD broth (Difco) with aeration at
28 �C, and M. furfur was cultured at 32 �C in a modified YM broth
(Difco) containing 1% olive oil. Fungal cell suspensions were ad-
justed to obtain standardized populations by measuring the tur-
bidity with a spectrophotometer (DU530; Beckman, Fullerton, CA,
USA). Fungal cells (1 � 106 cells/ml) were incubated in 0.1 ml/wells
containing YPD or YM broth. The minimum inhibitory concentra-
tions (MICs) were determined with a twofold serial dilution of
the test compounds, based on the Clinical and Laboratory
Standards Institute (CLSI) method [17] and the 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay
[18]. After 48 h of incubation, the minimal concentration of the
compounds required to prevent the growth of the microorganisms
was determined, and defined as the MIC. The growth was mea-
sured with a microtiter ELISA Reader (Molecular Devices Emax,
CA, USA) by monitoring the absorption at 580 nm. The MIC values
were determined by three independent assays [19].
2.3. Hemolytic activity assay

Fresh human erythrocytes were centrifuged at 2000 rpm for
10 min and washed three times with phosphate buffered saline
(PBS: 35 mM phosphate buffer/150 mM NaCl, pH 7.4). The final
concentration of the erythrocytes was 4%. The erythrocyte suspen-
sion was transferred to sterilized 96-well plates and twofold serial
dilutions of the compound were added to the wells of a 96-well
plate. The samples were then incubated with the compounds at
37 �C for 1 h and the plate was centrifuged at 1500 rpm for
10 min. An aliquot of the supernatant was taken, and then, the
hemolytic activity of the compounds was evaluated by measuring
the release of hemoglobin from a 4% suspension of human erythro-
cytes at 414 nm with an ELISA reader. Hemolytic levels of zero and
100% were determined in PBS alone and with 0.1 Triton X-100,
respectively. The hemolysis percentage was calculated with the
following equation: hemolysis (%) = [(Abs414nm in the peptide
solution � Abs414nm in PBS)/(Abs414nm in 0.1% Triton X-
100 � Abs414nm in PBS)] � 100 [20].

2.4. Detection of changes in membrane electrical potential

C. albicans cells (1 � 106 cells/ml) were washed with Ca2+ and
Mg2+ free PBS and changes in the membrane potential were mea-
sured with membrane potential sensitive probe 3,30-dipropylthia-
carbocyanine iodide [DiSC3(5)]. Changes in fluorescence due to
the collapse of the cytoplasmic membrane potential by 6.5 lg/ml
of compounds were continuously monitored using a spectrofluoro-
photometer (Shimadzu, RF-5301PC, Shimadzu, Kyoto, Japan) at an
excitation wavelength of 622 nm and an emission wavelength of
670 nm. The experiment was repeated three times under each con-
dition to ensure reproducibility [21].

2.5. Propidium iodide influx assay

To analyze fungal membrane permeabilization after treatment
with the compound, C. albicans cells (1 � 106 cells/ml), suspended
in PBS, were treated with 6.5 lg/ml of the compounds and incu-
bated for 4 h at 28 �C. After incubation, the cells were harvested
by centrifugation and resuspended in PBS. Subsequently, the cells
were treated with 6 lM of propidium iodide and incubated for
5 min at room temperature. Flow cytometric analysis was per-
formed with a FACSCalibur flow cytometer (Becton Dickinson,
San Jose, CA, USA) [22].

2.6. Calcein leakage measurement

Large unilamellar vesicles (LUVs) encapsulating calcein, com-
posed of phosphatidylcholine (PC)/phosphatidylethanolamine
(PE)/phosphatidylinositol (PI)/ergosterol (5:4:1:2, w/w/w/w), were
prepared by vortexing dried lipids in a dye buffer solution (70 mM
calcein, 10 mM Tris, 150 mM NaCl, and 0.1 mM EDTA [pH 7.4]). The
suspension was freeze-thawed in liquid nitrogen 13 times and ex-
truded through polycarbonate filters (two stacked 200 nm pore
size filters) with a LiposoFast extruder (Avestin Inc., Ottawa, Can-
ada). Untrapped calcein was removed using a gel filtration process
on a Sephadex G-50 column. For the assay, a suspension of lipo-
somes including calcein was treated with the compounds. The
mixture (1 ml, final volume) was stirred for 10 min in the dark
and centrifuged at 13,000 rpm for 10 min. The supernatant was
transferred, and the release of calcein from the LUVs was moni-
tored at 25 �C by measuring the fluorescence intensity at an exci-
tation wavelength of 490 nm and an emission wavelength of
520 nm with a spectrofluorophotometer (Shimadzu, RF-5301PC,
Shimadzu, Kyoto, Japan). Twenty microliters of 10% Triton X-100
was added to the vesicles to determine 100% calcein leakage. The
percentage of calcein leakage caused by the compounds was
calculated as follows: calcein leakage (%) = 100 � (F � F0)/(Ft � F0),
where F represents the fluorescence intensity achieved after addi-
tion of the compounds and F0 and Ft represent the fluorescence
intensities without the compounds and with Triton X-100, respec-
tively [23].

2.7. Estimation of the pore size in C. albicans membrane

C. albicans cells (1 � 106 cells/ml) were suspended in PBS, trea-
ted with 6.5 lg/ml of the compound and incubated for 4 h at 28 �C.
After incubation, the cells were harvested by centrifugation and
resuspended in PBS. Subsequently, the soluble fluorescent mole-
cules calcein, FD4 and FD10, were added to the C. albicans cells
to a final concentration of 2 lM, 0.1, and 0.1 mg/ml, respectively
[24]. All FDs were purchased from Sigma Chemical Co. (USA). The
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influx of the fluorescent molecules was observed with a fluorescent
microscope (Nikon eclipse Ti-S, Japan).

2.8. Three dimensional (3D) flow cytometric contour plot analysis

C. albicans cells (1 � 106 cells/ml), suspended in PBS, were trea-
ted with 6.5 lg/ml of the compounds and incubated for 4 h at
28 �C. After incubation, the cells were harvested by centrifugation
and resuspended in PBS. The morphological changes were analyzed
with a FACSCalibur flow cytometer (Becton Dickinson, San Jose, CA,
USA). Non-stained living cells were evaluated for each sample by
excitation with 488 nm light from an argon ion laser by determin-
ing their position on a forward scatter (FSC) versus side scatter
(SSC) contour plot [22].
3. Results and discussion

3.1. Antifungal and hemolytic effects of glochidioboside

Antimicrobial and anti-inflammatory effects of phytochemicals
have been taken advantage of humans due to low human toxicity
[25–27]. In this sense, the antifungal properties of glochidioboside,
which is a phytochemical was derived from S. williamsii, were
investigated. First, Glochidioboside possessed an inhibitory effect
against various pathogenic fungi including C. albicans, C. parapsilo-
sis, T. beigelii, and M. furfur. They are representative fungal strains
which cause diverse infections in humans. Particularly, C. albicans,
one of the fungal strains against which the susceptibility to gloch-
idioboside was tested, is not only the most widespread fungal
pathogen but also the primary cause of candidiasis [28,29]. There-
fore, C. albicans was selected as a model organism for the experi-
ments in this study. Amphotericin B used as a positive control is
widely known to form pores, by binding the sterol in the cell mem-
brane, and then, the immediate action induces cell death [30]. In
antifungal activity assay, the fungal strains are highly susceptible
to glochidioboside with a MIC range of 3.3–6.5 lg/ml (Table 1).
Amphotericin B shows a more potent activity with a range of
1.4–2.9 lg/ml.

Furthermore, to observe hemolytic effect of glochidioboside
against human erythrocytes, the release of hemoglobin was mea-
sured. As shown in Table 1, glochidioboside has no hemolytic activ-
ity until concentration of 50 lM whereas amphotericin B showed
100% of hemolysis at 50 lM. These results suggest that glochidi-
oboside has more activity against fungal cells compared to human
erythrocytes (Table 1).

3.2. Membrane damage induced by glochidioboside

The targets of antifungal agents are various such as membranes,
cell walls, nuclei and microtubules. Considering most antifungal
agents possess a membrane-active action [31], the effect of gloch-
idioboside was investigated as to whether it can affect the func-
tions of the fungal plasma membrane. DiSC3(5) is a membrane
Table 1
The antifungal and hemolytic effect of glochidioboside and amphotericin B.

Cells MIC (lg/ml)

Glochidioboside Amphotericin B

C. albicans ATCC90028 6.5 2.9
C. parapsilosis ATCC22019 3.3 1.4
T. beigelii KCTC7707 6.5 1.4
M. furfur KCTC7744 6.5 2.9
Human erythrocyte cells 0%a 100%a

a Percentage of hemolytic effect induced by the compound at 50 lM
concentration.
potential sensitive fluorescent probe and detects changes in the
membrane potential. Its fluorescence intensity is increased due
to membrane depolarization by the compound [32,33]. After
quenching the fluorescence of the DiSC3(5), treatment with gloch-
idioboside (at 180 s) resulted in a gradually increase in the fluores-
cence intensity, whereas amphotericin B resulted in a rapid
increase in the fluorescence intensity, indicating membrane depo-
larization. Additionally, NaCl, as a negative control, was added, and
an increase in the fluorescence intensity was not observed
(Fig. 1A). The results support that glochidioboside has the ability
to dissipate the cytoplasmic membrane potential of C. albicans.

Generally, the disruption of intracellular electrochemical gradi-
ents is associated with an increase in plasma membrane perme-
ability [34]. Hence, change in C. albicans membrane permeability
induced by the addition of glochidioboside was determined using
flow cytometry analysis with propidium iodide. Propidium iodide
penetrates cells with membrane damage and then fluoresces
[35–37]. In the flow cytometric analysis, 14.9% and 75.0% of the
cells treated with glochidioboside and amphotericin B showed an
influx of propidium iodide, respectively, compared to the untreated
cells (Fig. 1B). In other words, DiSC3(5) assay and propidium iodide
influx assay certainly suggest that glochidioboside causes
membrane damage such as membrane depolarization and
permeabilization.

3.3. Pore-forming action of glochidioboside

Propidium iodide influx is considered pore formation in the cell
membrane [38]. Therefore, the membrane-active mechanism of
glochidioboside was examined by forming a model membrane.
LUV mimics the outer leaflets of the plasma membrane of C. albi-
cans composed of PC/PE/PI/ergosterol (5:4:1:2, w/w/w/w). The
interaction between liposomes and various substances is tested
by measuring the leakage of internal contents such as fluorescent
probes from a LUV suspension [39]. Calcein leakage caused by
glochidioboside and amphotericin B at 6.5 lg/ml was 33.8% and
58.3%, respectively, and occurred in a dose-dependent manner.
The level of calcein leakage by glochidioboside was lower than that
of amphotericin B, which is in agreement with the results from a
previous experiment (Fig. 2A). The leakage of water soluble fluo-
rescent probes, such as calcein, from the LUVs induced by a sub-
stance means the formation of pores in the lipid membrane
[40,41]. This calcein leakage from the LUVs clearly suggests that
the membrane-destabilizing effect of glochidioboside is through
pore formation in the fungal membrane.

To determine the size of the pores caused by glochidioboside in
the membrane, we observed the fluorescent influx into viable C.
albicans cells using the water soluble fluorescent molecules, such
as calcein, FD4 and FD10 which have different radii. After the
addition of glochidioboside to the C. albicans cells, the influx of
calcein (average molecular weight = 623 Da, Stokes–Einstein ra-
dius = 0.74 nm) [42] and FD4 (average molecular weight = 4 kDa,
Stokes–Einstein radius = 1.4 nm) were observed. However, FD10
(average molecular weight = 10 kDa, Stokes–Einstein radius =
2.3 nm) [43] did not enter the cytoplasm of the cells (Fig. 2B).
The radii of the pores formed by glochidioboside could be between
1.4 and 2.3 nm. Amphotericin B caused the leakage of all fluores-
cent dyes and the result indicates that the pore size by amphoter-
icin B is bigger than 2.3 nm (Fig. 2B). The size of the pore induced
by glochidioboside is smaller than a ribosome, the smallest cell
organelle; thus, it has no alternative but to allow only the migra-
tion of just ions and small molecules. Taken together, when C. albi-
cans was exposed to glochidioboside, pores were formed in its
membrane, resulting in membrane permeabilization and depolar-
ization. With membrane damage like pore formation, it is hard to
maintain important functions of the cell membrane to selectively



Fig. 1. (A) Depolarization of the membrane potential was detected by DiSC3(5). DiSC3(5) was added at t = 60 s. After internalization of the probe, at t = 180 s, 6.5 lg/ml of the
compounds were added to monitor the changes in fluorescence (Ex. 622 nm and Em. 670 nm). (B) Flow cytometric analysis of membrane permeabilization detected by the
propidium iodide influx assay. C. albicans cells (1 � 106 cells/ml) were treated with 6.5 lg/ml of the compounds for 4 h at 28 �C. (a) Untreated cells, (b) cells treated with
glochidioboside and (c) cells treated with amphotericin B.

Fig. 2. (A) Calcein leakage from LUVs composed of PC/PE/PI/ergosterol (5:4:1:2, w/w/w/w), by glochidioboside (6.5, 13.0, 26.0 lg/ml). The data represent the mean ± SD for
three independent experiments. (B) Determination of the size of the pores formed by 6.5 lg/ml of glochidioboside in the membranes of C. albicans. (a) Untreated cells, (b) cells
treated with glochidioboside, (c) cells treated with amphotericin B and (d) influx percentage of fluorescent dye into C. albicans cells. The data represent the mean ± SD for
three independent experiments.
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exclude detrimental compounds and retain valuable metabolites
[44].

3.4. Shrinkage of C. albicans cells by glochidioboside

Morphological changes in the cells were investigated by flow
cytometric analysis plotting the FSC (cell size, x-axis) and SSC
(granularity, y-axis) of compound-treated and -untreated cells.
The result shows that in cells treated with glochidioboside and
amphotericin B, 18.0% and 37.9% of the cell population showed de-
crease in FSC values, respectively, compared to the untreated cells,
indicating cell shrinkage (Fig. 3). Generally, cell shrinkage is caused
by various reasons such as the consequence of apoptosis, inhibition
of biomass production and damage to the cell membrane



Fig. 3. Three dimensional (3D)-flow cytometric contour-plot analysis of C. albicans treated with 6.5 lg/ml of glochidioboside for 4 h at 28 �C. FSC is an indicator of cell size
and SSC is an indicator of cell granularity. I represents the cellular population intensity.
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[21,45,46]. From the above-mentioned experiments, the results
strongly support that glochidioboside decreases the size of the cells
due to the collapse of the electrochemical gradient balance in
membrane.

In conclusion, glochidioboside was derived from S. williamsii and
it exerted a significant antifungal activity against pathogenic fungi
with low hemolysis. Further membrane studies suggested that
glochidioboside exhibited a membrane-disruptive mechanism.

Acknowledgments

This work was supported by the National Research Foundation
of Korea (NRF) Grant funded by the Korea government (MEST) (No.
2008-0062618).

References

[1] K.A. Marr, R.A. Carter, F. Crippa, A. Wald, L. Corey, Epidemiology and outcome
of mould infections in hematopoietic stem cell transplant recipients, Clin.
Infect. Dis. 34 (2002) 909–917.

[2] F.C. Odds, A.J. Brown, N.A. Gow, Antifungal agents: mechanisms of action,
Trends Microbial. 11 (2003) 272–279.

[3] D.P. Kontoyiannis, R.E. Lewis, Antifungal drug resistance of pathogenic fungi,
Lancet 359 (2002) 1135–1144.

[4] L. Silva, A. Coutinho, A. Fedorov, M. Prieto, Competitive binding of cholesterol
and ergosterol to the polyene antibiotic nystatin. A fluorescence study,
Biophys. J. 90 (2006) 3625–3631.

[5] D. Emrick, A. Ravichandran, J. Gosai, S. Liu, D.M. Gordon, L. Smit, The antifungal
occidiofungin triggers an apoptotic mechanism of cell death in yeast, J. Nat.
Prod. 76 (2013) 829–838.

[6] M.M. Cowan, Plant products as antimicrobial agents, Clin. Microbial. Rev. 12
(1999) 564–582.

[7] B.H. Havsteen, The biochemistry and medical significance of the flavonoids,
Pharmacol. Ther. 96 (2002) 67–202.

[8] K.T. Chung, T.Y. Wong, C.I. Wei, Y.W. Huang, Y. Lin, Tannins and human health:
a review, Crit. Rev. Food Sci. Nutr. 38 (1998) 421–464.

[9] S. Apers, A. Vlietinck, L. Pieters, Lignans and neolignans as lead compounds,
Phytochem. Rev. 2 (2003) 201–217.

[10] N. Khullar, Antimicrobials from plants and their use in therapeutics and drug
discovery, IIOABJ 1 (2010) 31–37.

[11] D.S. Daniel, N.R. Farnsworth, The value of plants used in traditional medicine
for drug discovery, Environ. Health Perspect. 109 (2001) 69–75.

[12] F. Xie, C.F. Wu, Y. Zhang, X.S. Yao, P.Y. Cheung, A.S. Chan, M.S. Wong, Increase
in bone mass and bone strength by Sambucus williamsii HANCE in
ovariectomized rats, Biol. Pharm. Bull. 28 (2005) 1879–1885.

[13] Y. Zhang, Q. Li, H.Y. Wan, H.H. Xiao, W.P. Lai, X.S. Yao, M.S. Wong, Study of the
mechanisms by which Sambucus williamsii HANCE extract exert protective
effects against ovariectomy-induced osteoporosis in vivo, Osteoporos. Int. 22
(2011) 703–709.

[14] L.P. Dong, W. Ni, J.Y. Dong, J.Z. Li, C.X. Chen, H.Y. Liu, A new neolignan glycoside
from the leaves of Acer truncatum, Molecules 11 (2006) 1009–1014.

[15] Y. Takeda, C. Mima, T. Masuda, E. Hirata, A. Takushi, H. Otsuka,
Glochidioboside, a glucoside of (7S,8R)-dihydrodehydrodiconiferyl alcohol
from leaves of Glochidion obovatum, Phytochemistry 49 (1998) 2137–2139.

[16] E. Sueyoshi, H. Liu, K. Matsunami, H. Otsuka, T. Shinzato, M. Aramoto, Y.
Takeda, Bridelionosides A-F: Megastigmane glucosides from Bridelia glauca f.
balansae, Phytochemistry 67 (2006) 2483–2493.

[17] CLSI, Clinical and Laboratory Standards Institute Performance Standards for
Antimicrobial Susceptibility Testing, Fifteenth ed., CLSI, Wayne, PA, 2005.

[18] B. Jahn, E. Martin, A. Studeben, S. Bhakdi, Susceptibility testing of Candida
albicans and Aspergillus species by a simple microtiter menadione-augmented
3-(4,5-dimethyl- 2-thiazolyl)-2,5-diphynyl-2H-tetrazolium bromide assay, J.
Clin. Microbiol. 33 (1995) 661–667.

[19] J. Lee, J.S. Hwang, I.S. Hwang, J. Cho, E. Lee, Y. Kim, D.G. Lee, Coprisin-induced
antifungal effects in Candida albicans correlate with apoptotic mechanisms,
Free. Radical Biol. Med. 52 (2012) 2302–2311.

[20] M. Taniquchi, A. Ikeda, S. Nakamichi, Y. Ishiyama, E. Saitoh, T. Kato, A. Ochiai, T.
Tanaka, Antimicrobial activity and mechanism of action of a novel cationic a-
helical octadecapeptide derived from heat shock protein 70 of rice, Peptides 48
(2013) 147–155.

[21] S.C. Park, M.H. Kim, M.A. Hossain, S.Y. Shin, Y. Kim, L. Stella, J.D. Wade, Y. Park,
K.S. Hahm, Amphipathic a-helical peptide, HP (2–20), and its analogues
derived from Helicobacter pylori: pore formation mechanism in various lipid
compositions, Biochim. Biophys. Acta 1778 (2008) 229–241.

[22] J. Cho, H. Choi, J. Lee, M.S. Kim, H.Y. Sohn, D.G. Lee, The antifungal activity and
membrane-disruptive action of dioscin extracted from Dioscorea nipponica,
Biochim. Biophys. Acta 2013 (1828) 1153–1158.

[23] C.D. De Freitas, J.L. Lopes, L.M. Beltramini, R.S. de Oliveira, J.T. Oliveira, M.V.
Ramos, Osmotin from Calotropis procera latex: new insights into structure and
antifungal properties, Biochim. Biophys. Acta 2011 (1808) 2501–2507.

[24] S.C. Park, J.Y. Kim, C. Jeong, S. Yoo, K.S. Hahm, Y. Park, A plausible mode of
action of pseudin-2, an antimidrobial peptide from Pseudis paradoxa, Biochim.
Biophys. Acta 2011 (1808) 172–182.

[25] R.J. Grayer, J.B. Harborne, A survey of antifungal compounds from higher
plants, 1982–1993, Phytochemistry 37 (1994) 19–42.

[26] M. Sato, H. Tanaka, R. Yamaquchi, K. Kato, H. Etoh, Synergistic effects of
mupiroin and an isoflavanone isolated from Erythrina variegata on growth and
recovery of methicillin-resistant Staphylococcus aureus, Int. J. Antimicrob.
Agents 24 (2004) 241–246.

[27] K.W. Lee, A.M. Bode, Z. Dong, Molecular targets of phytochemicals for cancer
prevention, Nat. Rev. Cancer 11 (2011) 211–218.

[28] R.A. Calderone, W.A. Fonzi, Virulence factors of Candida albicans, Trends
Microbiol. 9 (2001) 327–335.

[29] E. Lee, K.W. Jeong, J. Lee, A. Shin, J.K. Kim, J. Lee, D.G. Lee, Y. Kim, Structure–
activity relationships of cecropin-like peptides and their interactions with
phospholipid membrane, BMB Rep. 46 (2013) 282–287.

[30] T.S. Yang, K.L. Ou, B.C. Peng, W.T. Wang, Y.C. Huang, C.M. Tsai, C.H. Su,
Quantifying membrane permeability of amphotericin B ion channels in single
live cells, Biochim. Biophys. Acta 2013 (1828) 1794–1801.

[31] C. Spampinato, D. Leonardi, Candida infections, causes, targets and resistance
mechanisms: traditional and alternative antifungal agents, Biomed. Res. Int.
2013 (2013) 204237.

[32] M. Wu, E. Maier, R. Benz, R.E. Hancock, Mechanism of interaction of different
classes of cationic antimicrobial peptides with planar bilayers and with the
cytoplasmic membrane of Escherichia coli, Biochemisty 38 (1999) 7235–7242.

[33] L. Zhang, P. Dhillon, H. Yan, S. Farmer, R.E. Hancock, Interactions of bacterial
cationic peptide antibiotics with outer and cytoplasmic membranes of
Pseudomonas aeruginosa, Antimicrob. Agents Chemother. 44 (2000) 3317–
3321.

[34] A. Peña, N.S. Sánchez, M. Calahorra, Effects if chitosan on Candida albicans:
conditions for its antifungal activity, Biomed. Res. Int. 2013 (2013) 527549.

[35] L. Li, Y. Shi, M.J. Cheserek, G. Su, G. Le, Antibacterial activity and dual
mechanisms of peptide analog derived from cell-penetrating peptide against
Salmonella typhimurium and Streptococccus pyogenes, Appl. Microbiol.
Biotechnol. 97 (2013) 1711–1723.

[36] T. Suzuki, K. Fujikura, T. Higashiyama, K. Takata, DNA staining for fluorescence
and laser confocal microscopy, J. Histochem. Cytochem. 45 (1997) 49–53.

[37] C. Pina-Vaz, F. Sansonetty, A.G. Rodrigues, S. Costa-Oliveira, C. Tavares, J.
Martinezede-Oliveira, Cytometric approach for a rapid evaluation of
susceptibility of Candida stains to antifungals, Clin. Microbiol. Infect. 7
(2001) 609–618.

[38] C.A. Spyr, F. Kasermann, C. Kempf, Identification of the pore forming element
of Semliki Forest virus, FEBS Lett. 375 (1995) 134–136.

[39] Y. Tamba, M. Yamazaki, Magainin 2-induced pore formation in the lipid
membranes depends on its concentration in the membrane interface, J. Phys.
Chem. 113 (2009) 4846–4852.

http://refhub.elsevier.com/S0006-291X(14)00034-5/h0005
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0005
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0005
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0010
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0010
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0015
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0015
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0020
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0020
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0020
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0030
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0030
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0030
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0035
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0035
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0040
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0040
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0045
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0045
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0050
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0050
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0055
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0055
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0060
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0060
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0065
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0065
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0065
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0070
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0070
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0070
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0070
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0075
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0075
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0080
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0080
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0080
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0085
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0085
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0085
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0095
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0095
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0095
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0095
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0100
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0100
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0100
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0105
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0105
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0105
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0105
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0110
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0110
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0110
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0110
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0115
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0115
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0115
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0120
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0120
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0120
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0125
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0125
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0125
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0130
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0130
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0135
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0135
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0135
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0135
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0140
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0140
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0145
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0145
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0150
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0150
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0150
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0155
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0155
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0155
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0160
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0160
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0160
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0165
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0165
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0165
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0170
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0170
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0170
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0170
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0175
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0175
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0180
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0180
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0180
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0180
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0185
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0185
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0190
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0190
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0190
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0190
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0195
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0195
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0200
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0200
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0200


H. Lee et al. / Biochemical and Biophysical Research Communications 444 (2014) 30–35 35
[40] K. Matsuzaki, K. Sugishita, N. Ishibe, M. Ueha, S. Nakata, K. Miyajima, R.M.
Epand, Relationship of membrane curvature to the formation of pores by
magainin 2, Biochemistry 38 (1998) 118–11863.

[41] J.M. Alam, T. Kobayashi, M. Yamazaki, The single-giant unilamellar vesicle
method reveals lysenin induced pore formation in lipid membranes containing
sphingomyelin, Biochemistry 51 (2012) 5160–5172.

[42] Y. Tamba, H. Ariyama, V. Levadny, M. Yamazaki, Kinetic pathway of
antimicrobial peptide magainin 2-induced pore formation in lipid
membranes, J. Phys. Chem. B 114 (2010) 12018–12026.

[43] C.M. Sandoval, B. Salzameda, K. Reyes, T. Williams, V.S. Hohman, L.A. Plesniak,
Anti-obesity and anti-tumor pro-apoptotic peptides are sufficient to cause
release of cytochrome c from vesicles, FEBS Lett. 581 (2007) 2463–5468.
[44] L.A. Royce, P. Liu, M.J. Stebbins, B.C. Hanson, L.R. Jarboe, The damaging effects
of short chain fatty acids on Escherichia coli membranes, Appl. Microbiol.
Biotechnol. 97 (2013) 8317–8327.

[45] A. Pradhan, S. Seena, D. Dobritzsch, S. Helm, K. Gerth, M. Dobritzsch, G.J.
Krauss, D. Schlosser, C. Pascoal, F. Cassio, Physiological responses to nanoCuO
in fungi from non-polluted and metal-polluted streams, Sci. Total Environ.
466–467 (2013) 556–563.

[46] M.L. Narasimhan, B. Damsz, M.A. Coca, J.I. Ibeas, D.J. Yun, J.M. Pardo, P.M.
Haseqawa, R.A. Bressan, A plant defense response effector induces microbial
apoptosis, Mol. Cell 8 (2001) 921–930.

http://refhub.elsevier.com/S0006-291X(14)00034-5/h0205
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0205
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0205
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0210
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0210
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0210
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0215
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0215
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0215
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0220
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0220
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0220
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0225
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0225
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0225
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0230
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0230
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0230
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0230
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0235
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0235
http://refhub.elsevier.com/S0006-291X(14)00034-5/h0235

	Antifungal effect and mode of action of glochidioboside against  Candida albicans membranes
	1 Introduction
	2 Materials and methods
	2.1 Extraction and isolation of glochidioboside
	2.2 Antifungal activity assay
	2.3 Hemolytic activity assay
	2.4 Detection of changes in membrane electrical potential
	2.5 Propidium iodide influx assay
	2.6 Calcein leakage measurement
	2.7 Estimation of the pore size in C. albicans membrane
	2.8 Three dimensional (3D) flow cytometric contour plot analysis

	3 Results and discussion
	3.1 Antifungal and hemolytic effects of glochidioboside
	3.2 Membrane damage induced by glochidioboside
	3.3 Pore-forming action of glochidioboside
	3.4 Shrinkage of C. albicans cells by glochidioboside

	Acknowledgments
	References


