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a b s t r a c t

Ethnopharmacological relevance: Pleurotus eryngii (DC. ex Fr.) Quel has been collected from the wild,
cultivated and used in traditional medicines to treat various disorders and diseases since antiquity.
In traditional Chinese medicine, the powdered fruiting bodies of Pleurotus eryngii were used for
immunostimulation, skin-care, wound-healing, cancer and lumbago treatment. In the current study,
we investigated the antiproliferative activity of Pleurotus eryngii powder on A549, BGC-823, HepG2 and
HGC-27 cancer cells and its immunomodulating activity on macrophage, RAW 264.7 cells based on its
active compound.
Materials and methods: A novel bioactive protein (PEP) was extracted from Pleurotus eryngii fruiting
bodies powder and purified on DEAE-52, CM-52 and Superdex 75 column chromatographies using an
ÄKTA purifier. Its cytotoxicity on A549, BGC-823, HepG2, HGC-27 and RAW 267.4 cell lines was then
evaluated using MTT, alamar blue (AB), trypan blue (TB), neutral red (NR), lactate dehydrogenase (LDH),
Annexin V FITC/PI and morphological change assays. Moreover, lysosomal enzyme activity, pinocytosis,
nitric oxide (NO) and hydrogen peroxide (H2O2) production assays were used to examine immunomos-
timulatory activity of PEP on RAW 267.4 cells.
Results: Based on high performance gel permeation chromatography (HPGPC), Fourier transform
infrared (FT-IR) and nuclear magnetic resonance (NMR) analyses, the isolated protein (PEP) had a
molecular weight of 63 kDa, a secondary (α-helical) structure and was mainly composed of arginine,
serine and glycine. PEP significantly (Po0.05) inhibited A549, BGC-823, HepG2 and HGC-27 tumor cells
proliferation dose-dependently with an IC50 range of 36.570.84 to 229.071.24 mg/ml. Contrarily, PEP
stimulated the proliferation of macrophages.
Conclusion: Pleurotus eryngii fruiting bodies powder has a potential application as a natural antitumor
agent with immunomodulatory activity, proposedly, by targeting the lysosomes of cancerous cells and
stimulating macrophage-mediated immune responses.

& 2014 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

For millennia, humankind has valued mushrooms as an important
edible and medical resource (Fujita et al., 2005; Synytsya et al., 2009).
Currently, mushroom-derived substances with antitumor and immu-
nomodulating properties are used as dietary supplements or drugs
(Yang et al., 2013). Most of the cultivated medicinal mushrooms such
as Ganoderma lucidum, Lentinus edodes (Shiitake) and Pleurotus

species have been collected and used for centuries in Korea, China,
Japan and eastern Russia for food, phytomedicine and functional food
(Fujita et al., 2005; Synytsya et al., 2009; Yang et al., 2013).

Mushrooms from Pleurotus species have been demonstrated to
possess many medicinal functions including hepatoprotective and
hypolipidemic (Wasser and Weis, 1999; Wasser, 2002; Chen et al.,
2012), antioxidant (Synytsya et al., 2009), antitumor (Yang et al.,
2013) and immunomodulating activities (Jeong et al., 2010). Pleurotus
eryngii (DC. ex Fr.) Quel, a well-known culinary-medicinal mushroom
is generally grown on a wide range of lignocellulosic materials (Liang
et al., 2011). Pleurotus eryngii is a typical component of the Medi-
terranean mycoflors. It grows in close association with umbelifers
and produces highly priced edible mushrooms. It was first artificially
cultivated in the USA, though production is now worldwide (Wasser,
2002). Pleurotus eryngii has an established history of use in tradi-
tional oriental medicine, where most of its preparations are regarded
as tonics, that is, they have beneficial health effects without known
negative side-effects and can apparently be used moderately on
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a regular basis without harm (Hobbs, 1995; Wasser and Weis, 1999).
Pleurotus eryngii has been used in traditional medicine for at least 35
disorders or diseases. In china, it was referred to as “the mushroom of
flower heaven” in the Sung dynasty (A.D. 420–479) and it was
recommended in Chinese traditional medicine for preparing an
invigorating and immune stimulating tea (immune tonic) (Hobbs,
1995; Mizuno, 1995; Chang, 1999). It was also used for treating
debility and exhaustion as well as many other ailments including
skin-care, wounds and for joint and muscle relaxation (Hobbs, 1995).
Moreover, the powdered fruiting bodies of Pleurotus eryngii were
used as effective cancer, lumbago, numbed limbs and tendon and
blood vessel discomfort treatment (Wiel, 1987; Wasser and Weis,
1999). The medicinally beneficial effects of the Pleurotus species were
discovered independently in different continents, hence, the aware-
ness of their medicinal properties comes not only from Asia but from
the folklore of central Europe, South America and Africa (Gunde-
Cimerman, 1999; Wasser, 2002). The historical usage of this medic-
inal mushroomwas mostly as a whole mushroom, hot water extract,
concentrate, liquor or powder and it was used directly, in health
tonics, tinctures, teas, soups or herbal formulae (Mizuno et al., 1995;
Gunde-Cimerman, 1999; Wasser, 2002). Previous pharmacological
studies have confirmed the cytotoxic activity of the extracts, con-
centrates, liquors, powders and purified macromolecules including
protein from Pleurotus eryngii on various human carcinomas. Their
immunostimulation ability in splenocytes and NK cells has been
reported. However, the antiproliferative activity of the powder from
the fruiting bodies of Pleurotus eryngii on A549, BGC-823, HepG2 and
HGC-27 cells and its immunostimulation ability in macrophages,
RAW 264.7 cells has not been reported. Thus, a dose-dependent
cytotoxicity of the Pleurotus eryngii fruiting bodies powder (based on
the active component, a protein; PEP), on A549, BGC-823, HepG2 and
HGC-27 cancer cells and its immunomodulating activity on macro-
phage, RAW 264.7 cells have been reported in the present study.

2. Materials and methods

2.1. Plant material

Fruiting bodies of Pleurotus eryngii (DC. ex Fr.) Quel were
purchased from a local market (Nanjing, P.R. China). The fruits
were washed in water, dried at room temperature to constant
weight and then ground to pass through 80 mesh screen. The
powder obtained was stored at 4 1C until used.

2.2. Cell lines

The non-small cell lung cancer A549 (NSCLC), human stomach
adenocarcinoma BGC-823, human liver hepatocellular carcinoma
HepG2, human gastric carcinoma HGC-27 and macrophage RAW
264.7 cell lines were obtained from State Key Laboratory of
Pharmaceutical Biotechnology, School of Life Sciences, Nanjing
University (Nanjing, P.R. China). They were maintained in Dulbecco's
Modified Eagle medium (DMEM) (Gibco, NY, USA) supplemented
with 10% fetal bovine serum (FBS) and 1% Pen Strep (Gibco) at 37 1C
in a humidified incubator (Thermo Scientific, Marietta, USA) with 5%
carbon dioxide (CO2).

2.3. Chemicals

Alamar blue dye was purchased from Invitrogen (NY, USA)
while trypan blue (TB) dye, dimethyl sulfoxide (DMSO), Griess
reagent and Superdex 75 column were purchased from Sigma-
Aldrich Co. (St. Louis, MO, USA). Positive controls; paclitaxel (PTX)
for A549, doxorubicin (Dox) for BGC-823 and HepG2, mitomycin C
(MMC), HGC-27 and lipopolysaccharide (LPS) for RAW 264.7 cells

respectively, were purchased from Kayon Biological technology Co.
Ltd (Shanghai, P.R. China). Bovine serum albumin (BSA), phosphate
buffered saline (PBS, pH 7.4) and 3-(4,5-dimethylthiazole-2-yl)-
2,5-dimethyltetrazolium bromide (MTT) were purchased from
Gibco. Preswollen diethylaminoethyl cellulose (DEAE-52) and
carboxymethyl cellulose (CM-52) columns were obtained from
Whatman (Kent, UK), while 0.22 and 0.45 μm filters were from
Millipore Co. (Bedford, UK). All other chemicals and reagents used
were of analytical grade, and were purchased from Shanghai
Chemical Reagent Co. (Shanghai, P.R. China).

2.3.1. Protein extraction from Pleurotus eryngii fruiting bodies

The protein was isolated and purified according to the method
described by Chang et al. (2007) with slight modification. Briefly,
the powdered fruiting bodies of Pleurotus eryngii, approximately
150 g were homogenized in 3000 ml ice-cold 5% acetic acid and the
homogenate was centrifuged (Model: TDL-5-A, Shanghai, P.R.
China) at 5000 rpm for 30 min. The soluble protein in the super-
natant was subsequently precipitated overnight by saturated (95%)
ammonium sulfate ((NH4)2SO4) at 4 1C. Centrifugation at 5000 rpm
for 35 min followed and the pellets obtained were pooled, solubi-
lized in de-ionized water and dialyzed at 4 1C for 24 h against de-
ionized water using 10 kDa molecular weight cut-off dialysis
membranes. Consequently, the dialysate was lyophilized to obtain
crude protein (CP) fraction. The protein concentration of the CP was
ultimately determined by the Bradford (1976) method using BSA as
the standard.

2.3.2. Purification

Preswollen DEAE-52 resin was pretreated and packed into a
2.6�30 cm (inside diameter (id) � length (l)) Bio-Rad column.
The column was subsequently equilibrated with three column
volumes (CV) of 10 mM tris(hydroxymethyl)-aminomethane/
hydrochloric acid (Tris–HCl, pH 8.0) buffer at a flow rate of
0.8 ml/min. Five-hundred milligrams of crude protein was dis-
solved in 5 ml Tris–HCl buffer, applied to the column and was
eluted with 200 ml of the buffer. Following the removal of the
unadsorbed fraction, the column was successively eluted with a
linear 0–0.5 M NaCl gradient in the starting buffer (Tris–HCl) and
the column effluent was collected using a fraction collector. All
fractions were monitored for the protein presence at 280 nm using
a UV Bluestar A spectrophotometer (Shanghai, P.R. China). From
the elution pattern, the absorption peaks were collected, pooled,
dialyzed against de-ionized water and lyophilized (Labconco,
Kansas, USA) before quantification of the protein content. The
active fraction (DE 2) was further applied to CM-52 column and
was eluted with a linear gradient of 0–0.5 M NaCl in 10 mM
NH4OAc buffer (pH 4.6) at 0.8 ml/min. The unadsorbed fraction
was eluted with the buffer and was collected as fraction CM 1.
Fraction CM 1 (active) was finally purified by gel filtration on a
Superdex 75 column using an ÄKTA Purifier System (GE Health-
care, Sweden) in 0.2 M NH4HCO3 buffer (pH 8.5) at 1.0 ml/min. A
single peak (SU) was obtained, which was eventually dialyzed,
lyophilized, and designated as PEP. PEP was then stored at �20 1C
until used.

2.3.3. Homogeneity and molecular weight determination

The homogeneity and molecular weight of PEP was determined
by high-performance gel-permeation chromatography (HPGPC),
which was performed on a Agilent 1200 series system (Agilent
Technologies, Waldbronn, Germany) fitted with a TSKgel-
G4000PWXL column (7.8�300 mm) (TOSOH Corp., Tokyo, Japan).
PEP was dissolved in de-ionized water (2 mg/ml), passed through
a 0.45 μm filter, injected (20 μl) for HPGPC analysis and was eluted
with acetonitrile/TFA (100% CH3CN in 0.1% TFA, v/v) at 0.3 ml/min
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at 25 1C. The molecular mass was estimated by reference to a
calibration curve which was obtained from a series of standard
proteins; aprotonin (6.5 kDa), glutamic dehydrogenase (36 kDa),
ovalbumin (45 kDa), albumin bovine serum (66 kDa) and blue
dextran (200 kDa) following the method described by Zhou et al.
(2013).

2.3.4. Fourier transform infrared (FT-IR) and nuclear magnetic

resonance (NMR) characterization of PEP

The purified protein was characterized using a FT-IR spectro-
photometer (Nexus-870 Thermo-Nickolet, Madison, USA). Briefly,
the freeze-dried protein was ground with potassium bromide
(KBr) powder at a ratio of 1:50 and pressed into discs of halide
salt for FT-IR spectral measurement in the frequency range of
4000–400 cm�1. For 1H NMR study, PEP (30 mg) was dissolved in
D2O (0.6 ml), centrifuged to remove undissolved particles and all
spectra were recorded on a Bruker Avance III 400 NMR (Bruker
Biospin, Rheinstetten, Germany). Chemical shift was expressed
in ppm.

2.4. in vitro cytotoxicity evaluation

2.4.1. MTT assay

The IC50 of PEP and the positive controls was generated from
the dose–response curves for each tumor cell line using the MTT
colorimetric assay method developed by Mosmann (1983). The
obtained IC50 values, 0, 40 (lowest) and 320 (highest) mg/ml were
subsequently used throughout the study.

Cells were harvested from the maintenance cultures in their
exponential growth phase and 100 μl of the cell suspension was
inoculated into each well of 96-well plates (Corning Co., NY, USA)
at a density of 2�105 cells/ml. After 24-h growth period to
subconfluent state, the medium was aspirated and replaced with
100 μl of PEP (at 0–320 μg/ml and 0–160 μg/ml for tumor and RAW
264.7 cell lines respectively) and positive controls, followed by
incubation at 37 1C, 5% CO2 for additional 24 h. The supernatant
was discarded and 100 μl MTT solution (5 mg/ml prepared in PBS
and filtered through a 0.22 mm Millipore filter) was added. The
supernatant was discarded after 2 h of incubation and 100 μl of
DMSO was added to solubilize the formed formazan crystals. After
shaking the plates for 10 min, the absorbance (Abs.) of each well
was read at 570 nm by a uQuant ELISA analyzer (BioTek Instru-
ments, Winooski, USA). Cell viability was expressed as a percen-
tage of alive cells and the data was presented as mean7standard
deviation (SD) from three independent experiments (n¼6 repli-
cates per sample in each experiment). The cell viability was
calculated as

Viabilityð%Þ ¼ ðAbs:experimental group=Abs:blank control groupÞ

�100% ð1Þ

2.4.2. Alamar blue (AB) cell viability assay

This assay was carried out according to the method described
by Mukherjee et al. (2012) with slight modification. After treating
the tumor cells with the predetermined IC50 values, 40 and
320 mg/ml of PEP (or 0–160 mg/ml PEP for macrophages), 10 μl
(1/10th volume) of oxidized alamar blue (AB) dye was directly
added to the cells (100 μl) in the culture medium to indicate
cytosol integrity. Afterwards, the cells were incubated for 2 h and
the absorbance of the reduced dye was monitored at 570 nm,
using 600 nm as a reference wavelength. To calculate the cell
viability after treatment, the abovementioned Eq. (1) was used.

2.4.3. Trypan blue (TB) dye exclusion assay

Plasma membrane integrity was evaluated through trypan blue
dye exclusion assay according to the method described by Pareek
et al. (2013) with modifications. A half ml aliquot of cell suspension
(obtained from treated and non-treated cells), was mixed with 0.5 ml
of 0.4% TB dye and left for 5 min at room temperature. The cells were
later counted in a haemocytometer under an inverted light micro-
scope (Nikon Eclipse TS100, Japan) and categorized as alive (trans-
parent and clear) or dead (stained blue). The percentage of cellular
integrity was then calculated for each treatment condition as;

Viabilityð%Þ ¼ ðNumber of viable cells=Total number of cellsÞ � 100%

ð2Þ

2.4.4. Neutral red (NR) uptake

The NR uptake assay was evaluated as described by Taner et al.
(2013) with some modifications. After treatment, the medium was
replaced with 0.1 ml of DMEM per well containing 1% (v/v) NR,
and the plates were re-incubated for 3 h to allow the lysosomes of
viable cells to take up the dye. The incorporated dye was then
eluted from the cells by adding 0.1 ml elution medium (50%
ethanol, 49% de-ionized water and 1% acetic acid, v- v- v) into
each well followed by gentle shaking for 10 min. The absorbance
was read at 540 nm and the results were expressed as a percent of
the untreated cells using Eq. (1) above.

2.4.5. Determination of LDH release

Toxicity of PEP to the various cell lines was determined by the
release of lactate dehydrogenase (LDH) into the culture medium as
described by Biswas et al. (2013) with modifications. Approximately
2�105 cells/ml were plated onto each well of a 96-well plate and
the plates were incubated for 24 h. Cells were then treated with PEP
or control and incubated for 24 h. Following exposure to PEP, the
culture medium was aspirated and centrifuged at 3000 rpm for
5 min to obtain a cell free supernatant. The supernatant (20 μl) from
each sample was pipetted in triplicate into the 96-well plates and
LDH activity was determined using a commercially available kit
(LD-L50) from Sigma Diagnostics (St. Louis, MO, USA). The sub-
strate/dye/enzyme (20 μl) mix was added to each well, the plates
were covered with paper towels and shaken for 5 s. The plates were
then stored in the dark for 20–30 min at room temperature before
measuring the absorbance at 492 nm. The percent release of LDH
was expressed as the units of LDH activity (U/L) in the medium of
treated cells divided by the LDH activity units in the medium of
untreated cells (�100). LDH activity was calculated as

LDHðU=LÞ ¼ ððtest OD–contrast ODÞ=ðstandard OD–blank ODÞÞ
�0:2� 1000 ð3Þ

2.4.6. Annexin V-FITC/propidium iodide assay

Apoptosis-mediated cell death of tumor cells was examined
using a FITC-labeled Annexin V/propidium iodide (PI) apoptosis
detection kit (Molecular Probes, OR, USA) according to the man-
ufacturer's instructions. After inducing apoptosis in the cells using
PEP and controls, the cells were harvested by trypsinization,
washed in PBS, centrifuged at 2000 rpm for 5 min and resus-
pended in 195 μl binding buffer (10 mM HEPES, 140 mM NaCl,
2.5 mM CaCl2, pH 7.4). On mixing the buffer with 5 μl Annexin
V-FITC, the sample was incubated in the dark for 15 min at room
temperature and thereafter centrifuged at 2000 rpm for 5 min. The
supernatant was later removed, the cells were resuspended in
190 μl binding buffer and 5 μl of propidium iodide (PI) was added
for detection. A minimum of 1�106 cells/ml were analyzed using
a BD FACS Calibur flow cytometer (Becton Dickinson, CA, USA)
within 30 min after supravital staining.
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2.4.7. Cellular morphology analysis

Changes in cell morphology were determined as described by
Hsu et al. (2011) with slight modifications. Cell suspension (100 μl
in DMEM) was inoculated into each well of 96-well plates at
2�105 cells/well and incubated for 24 h. Next, the medium was
removed and the cells were incubated with 100 μl of PEP or
controls for 24 h. Morphological changes were observed and
recorded using a microscope digital eyepiece camera (Ou Pulin
OPLENIC, Hangzhou, P.R. China) mounted onto an inverted phase-
contrast light microscope at 20�magnification.

2.5. Immunostimulation

2.5.1. Proliferation of macrophages

Macrophage proliferation was determined using MTT, alamar
blue, trypan blue, LDH, Annexin V-FITC/propidium iodide and
morphological assays as described in Sections 2.4.1., 2.4.2.,
2.45.3., 2.4.5., 2.4.6. and 2.4.7 respectively, using LPS (5 mg/ml) as
the positive control.

2.5.2. Nitric oxide (NO) production

The NO released by macrophages was measured by determin-
ing the amount of accumulated nitrite (NO2

�) in cell free super-
natants via the Griess reaction (Jacobo-Salcedo et al., 2013; Krifa et
al., 2013). Cells (2�105 cells/ml) were suspended in DMEM in 96-
well culture plates and were incubated for 48 h at 37 1C and 5%
CO2. Thereafter, 100 μl of media from each well was aspirated,
replaced with the same amount of fresh media, and further
incubated for 48 h with different concentrations of PEP (0–
160 mg/ml). LPS (5 mg/ml) was used as the positive control. Cell
free supernatant (100 μl) was then mixed with an equal volume of
the Griess reagent at room temperature for 10 min. Absorbance
was determined at 540 nm in a microtiter plate reader and NO was
estimated using a sodium nitrite standard curve. Results were
presented as means obtained from mean OD of triplicate wells of
each group and were expressed as mM.

2.5.3. Hydrogen (H2O2) peroxide release

Release of H2O2 by macrophages was determined according to
Alonso-Castro et al. (2012). Cell culture supernatants (100 μl) of
macrophages were mixed with equal volumes of fresh phenol red
solution in 96-well plates and incubated for 3 h. Reaction was
stopped by adding 10 μl 1N NaOH solution and the absorbance was
spectrophotometrically read at 620 nm. Concentration of H2O2

was then determined by a standard curve of H2O2 (0–40 mM) and
was expressed as mM.

2.5.4. Lysosomal enzyme activity

Cellular lysosomal enzyme activity was used to determine acid
phosphatase (AcP) activity in macrophages as described by Jacobo-
Salcedo et al. (2013) with modifications. Briefly, macrophage
suspensions (100 μl aliquot of 6�106 cells/ml) were seeded into
96-well plates, treated with different concentrations of PEP (0–
160 mg/ml) and incubated for 48 h. The mediumwas discarded and
20 ml of 0.1% Triton X100 (Sigma, St. Louis, MO), 100 ml of 100 mM
p-nitrophenyl phosphate solution and 50 ml of citrate buffer (pH
5.0, 0.1 M) were added to each well. The plates were further
incubated for 30 min before 150 ml of borate buffer (pH 9.8, 0.2 M)
was added to each well. The absorbance was read at 405 nm and
the percentage of lysosomal enzyme activity was calculated as

Lysosomal enzyme activityð%Þ

¼ 100� ðOD sample–OD negative controlÞ=OD negative control

ð4Þ

2.5.5. Pinocytosis

The pinocytic activity of PEP was evaluated using the neutral
red assay as described by del Carmen Juárez-Vázquez et al. (2013)
with slight modifications. Following the treatment of macrophages
with PEP and control for 48 h, the culture medium was discarded,
200 μl of 0.7% neutral red was added into each well of a 96-well
plate and cultured for another 1 h. The supernatant was then
discarded and each well was washed with PBS. Lysing solution
(200 μl, 0.1 M acetic acid: alcohol¼1:1) was lastly added to each
well and the plates were kept overnight at 4 1C. The absorbance at
492 nm was read with PBS serving as a blank.

2.6. Statistics analysis

The results shown were from at least three independent experi-
ments and were expressed as mean7standard deviation (SD). They
were subjected to a one-way analysis of variance (ANOVA) followed
by a t-test for multiple comparisons. For a single comparison, the
significance of differences between the means was determined by
the Student's t-test. Po0.05 was considered as statistically signifi-
cant. All computations were done using statistical software (SAS,
version 8.0).

3. Results

3.1. Extraction, purification and partial characterization

After extraction and purification through DEAE-52, CM-52 and
Superdex 75 columns, a pure form of PEP was obtained (Fig. 1A–C).
It was then applied to high-performance gel-permeation chroma-
tography (HPGPC) for purity and molecular weight determination.

HPGPC has been shown to be an effective method for homo-
geneity and molecular weight determination. Therefore, it was
utilized in our study to determine the purity and molecular weight
of PEP, which yielded a single and symmetrically sharp peak
(Fig. 2A). The developed calibration curve correlated the molecular
weight with the HPGPC retention time of the standards, and was
subsequently used for molecular weight evaluation. The molecular
weight-retention time equation developed by the calibration curve
was logMw¼8.011�0.429t with R2¼0.997 (where Mw was the
average molecular weight of the sample and t was the sample's
retention time). The HPGPC retention time for PEP was 7.49 min.
Based on the molecular weight-retention time equation, PEP
therefore had a molecular weight of about 63 kDa.

The infrared spectrum of PEP showed a broad peak in the range
of 3600–3200 cm�1 and other obvious absorption peaks at 1654
and 1577 cm�1 (Fig. 2B). A significant resonance emerged at 3.9–
4.5 ppm in the 1H –NMR spectrum (Fig. 2C). Moreover, sharp
intense peak at 4.7 ppm and multiple small peaks at 4.9 to
5.7 ppm were observed.

3.2. Cytotoxicity assays

3.2.1. MTT, AB, TB and NR assays

According to MTT assay results, the IC50 for A549, BGC-823 and
HepG2 were 229.071.24, 41.271.1 and 36.570.84 mg/ml respec-
tively (Fig. 3A). PEP toxicity was least on HGC-27 and highest on
HepG2 cells. Compared to PEP, the conventional cancer drugs
demonstrated greater toxicity at even low concentrations (Fig. 3B–E).

Based on AB assay, inhibitory effects on cell viability were
dependent on PEP concentrations (Fig. 4A). At IC50 PEP signifi-
cantly inhibited 48.8871.22, 49.2870.74 and 49.0570.6% of
A549, BGC-823 and HepG2 cells respectively. However, only at
the highest concentration did PEP has a significant (Po0.05)
inhibition (21.9371.00) in HGC-27 cells (Fig. 4A). Additionally,
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remarkable cytotoxicity was observed in HepG2 cells with appro-
ximately 60% inhibition recorded at 320 mg/ml.

As indicated by TB assay results, plasma membrane damage
was negligible at lower PEP concentrations but at higher concen-
trations (320 mg/ml), it increased to 29.6471.77, 31.4972.15,
24.7772.05 and 19.03.0370.75% for A549, BGC-823, HepG2 and
HGC-27 cells respectively (Fig. 4B). The basic NR dye distributes to
the acidic compartments in the cell and therefore acts as a marker
for the integrity of lysosomes and possibly the Golgi apparatus
(Varma et al., 2013). A sharp increase in percent toxicity occurred,
with up to 23.1271.15% cell (HepG2) survival rate at the highest
concentration (Fig. 4C). Remarkably, lowest concentration (40 mg/
ml) also resulted in significantly (Po0.05) higher inhibition values
of 29.2671.54, 50.3772.18, 65.9971.21 and 23.8371.01% in
A549, BGC-823, HepG2 and HGC-27 cells respectively.

3.2.2. Cell membrane integrity

Release of lactate dehydrogenase (LDH) in the media by apopto-
tic/necrotic cells was quantified and a concentration-dependent
response was observed when the tumor cells were exposed

to PEP (Fig. 4D). At the highest concentration, PEP resulted in a
13.3671.13, 24.5171.23, 30.2371.14 and 10.9771.00% increase of
LDH leakage in A549, BGC-823, HepG2 and HGC-27 cells compared
to the untreated cells, respectively (Fig. 4D).

3.2.3. Annexin V-FITC/PI staining

Annexin V/PI staining and flow cytometric analysis were used to
determine PEP induced phosphatidylserine externalization, which is
an early biomarker of apoptosis induction and increased membrane
permeability, which indicate cell death. The percentage of early
apoptotic cells (Annexin Vþ/PI�) ranged from 6.13% to 25.36% while
late apoptotic cells (Annexin Vþ/PIþ) ranged from 5.05% to 10.35%
on treatment of tumor cells with PEP. However proliferation of RAW
264.7 cells did not change significantly (Fig. 5A).

3.2.4. Morphological characterization

On exposure to PEP, tumor cells shrunk, vacuolated, plasma
membrane blebs and detachment occurred gradually as the
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Fig. 2. (A) Purity and molecular weight determination of PEP on HPGPC. (B) FT-IR
and (C) 1H –NMR spectra of PEP.
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concentration increased (Fig. 5B). However, the hallmarks of
apoptosis such as irregular cytoplasm membrane, cytoplasmic
vacuolation and chromatin condensation did not develop after
treatment of RAW 264.7 cells with PEP (Fig. 5B). These observa-
tions were in agreement with MTT, AB, NR, TB, LDH, Annexin V/PI
assay results.

3.3. in vitro immunostimulation

3.3.1. Proliferation, LDH release, lysosomal and pinocytic activity

of macrophages

Based on MTT, AB and TB assays, PEP significantly (Po0.05)
stimulated macrophage proliferation by 12.971.50, 17.3572.76 and
20.8371.84% respectively at 160 μg/ml (Fig. 6A). Notwithstanding,

less than 0.01% of RAW 264.7 cells had PEP-associated membrane
rupture in LDH assay (Fig. 6B).

Lysosomal enzyme activity of macrophages was stimulated
by PEP in a concentration-dependent manner, but with lower
potency than LPS (Fig. 6C). At increasing PEP concentration, the
lysosomal enzyme activity of RAW 264.7 cells increased by
21.8972.82% compared to the untreated cells (Fig. 6C). Pinocytic
function of macrophages was measured by quantitative determi-
nation of neutral red dye in the cells. At 160 μg/ml pinocytosis of
PEP-treated macrophages increased by 25.9371.1% compared to
the untreated macrophages after 48 h of incubation (Fig. 6C).

3.3.2. Nitric oxide (NO) and hydrogen peroxide release

PEP-treated macrophages displayed a significant dose-dependent
NO production increase (Fig. 6D). As PEP concentration increased
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from 0 to 160 μg/ml, NO release increased significantly (Po0.05)
from 5.670.11 μM to 8.9170.67 μM respectively (Fig. 6D). Likewise,
as concentration of PEP increased from 0 to 160 μg/ml, H2O2 release
increased significantly (Po0.05) from 3.570.04 μM to 10.017
0.52 μM respectively. When tested at 160 mg/ml, PEP showed a higher
potency than LPS (Fig. 6D).

4. Discussion and conclusion

After the last purification step on Superdex 75 (Fig. 1C), the
purity and molecular weight of PEP were confirmed using HPGLC
which yielded a single symmetrical peak (2A), demonstrating
homogeneity. From HPGLC results, PEP had a molecular weight
of 63 KDa. PEP had a higher molecular mass than the previously
reported proteins from Pleurotus eryngii and other oyster mush-
rooms. Antifungal peptides designated as eryngin and pleureryn
with molecular masses of 10 kDa (Wang and Ng, 2004) and
11.5 kDa (Wang and Ng, 2001) have been isolated from the fruiting
bodies of Pleurotus eryngii. A novel hemolysin has also been
isolated from the edible mushroom Pleurotus nebrodensis (Lv et
al., 2009). The hemolysin, nebrodeolysin, a monomeric protein
with a molecular weight of approximately 27 kDa, exhibited
hemolytic activity towards rabbit erythrocytes. It also showed
cytotoxicity against HepG2 and HeLa cells. In general, high
molecular weight biomolecules have been shown to exhibit higher
bioactivity (Enshasy and Hatti-Kau, 2013). This therefore infers
that PEP would possess greater biological activity than the
reported molecules.

The intense band at 3385 cm�1 represented the stretching vibra-
tion of N–H (Fig. 2B). Peaks ranging from 3000 to 2800 cm�1

represent the vibrating absorption of the expanding and contracting
N–H in the protein (Guo et al., 2013). Amide I and II are the two major
bands of a protein infrared spectrum. Amide I band is in the region of
1600 and 1700 cm�1 and is mainly associated with the CQO (70–
85%) and C–N (10–20%) groups stretching vibration (Guo et al., 2013).
Amide II band is between 1510 and 1580 cm�1 wavenumbers and it
corresponds to N–H bending at 40–60% (de Campos Vidal and Mello,
2011). In our IR spectrum results, peak 1577 cm�1 corresponded to
this band (Fig. 2B). Besides, correspondence between the peak
frequency of the amide I band and the secondary structure of protein
has been well known where α-helices give rise to a main absorption
band close to 1655 cm�1 (Barth, 2007). Thus, FT-IR spectral data
suggested that the isolated protein connoted a secondary (α-helix)
structure.

According to NMR spectrum (Fig. 2C), the broad multiply signal
at 3.9–4.5 ppm in the aliphatic region corresponded to CH–O, which
was mainly attributed to Hα of glycine (Zainuddin et al., 2008).
Moreover, the intense and sharp peak at 4.7 ppm corresponded to
N–H and was mainly attributed to arginine, while the smaller peaks
appearing at 4.9–5.7 ppm corresponded to OH and were mainly
attributed to serine (Zainuddin et al., 2008). The appearance of few
very narrow peaks in the NMR spectra (3.4, 4.4, 4.9 and 5.1 ppm)
suggested that PEP contained small portion of lowmolecular weight
peptides which were free from hydrogen bonding. FT-IR and NMR
analyses results therefore implied that PEP was a secondary α-
helical protein, mainly composed of arginine, glycine and serine.

Naturally occurring compounds present in human diets have
utmost significance in promoting and maintaining health, especially,
those with low toxicity to normal cells. These compounds include
phenols, resveratrol, curcumin and antioxidant peptides. Phenols
have been shown to have antioxidant activity (Shahidi and Zhong,
2010) and antiproliferative activity against colorectal and lung cancer
(Di Domenico et al., 2012). Equally, resveratrol has been found to be
an active antioxidant and toxic to malignant gliomas and hepatocel-
lular carcinoma cells (Colagiuri et al., 2013). Cytotoxicity of curcumin
against cervical cancer cells has also been reported (Di Domenico et
al., 2012) while antioxidant peptides have been shown to prevent
and treat different disorders, such as arthrosclerosis, cancer, diabetes
mellitus, and coronary heart (Shahidi and Zhong, 2010). Owing to
their non-toxicity and potent biopharmacological activity, metabo-
lites derived from mushrooms have received increasing attention in
cancer therapy. More interestingly, antitumor activity of extracts
from Pleurotus eryngii fruiting bodies on mice bearing renal cancer
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Fig. 5. (A) Contour diagram of FITC-Annexin V/PI flow cytometry of A549, BGC-823, HepG2 and HGC-27 after 24 h. The lower left quadrants of each panel show the viable
cells, FITC-Annexin V�/PI� . The upper right quadrants contain the non-viable, necrotic cells, FITC-Annexin Vþ/PIþ , uptake. The lower right quadrants represent the
apoptotic cells, FITC-Annexin Vþ/PI� , demonstrating cytoplasmic membrane integrity. One representative experiment out of three is shown. (B) Morphological cellular
examination of A549, BGC-823, HepG2, HGC-27 and RAW 264.7 cells.
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has been reported (Yang et al., 2013). A hemolytic protein from
Pleurotus nebrodensis mushroom with apoptosis-inducing and anti-
HIV-1 effects has also been reported (Lv et al., 2009). Studies have
also reported that an extract from Pleurotus pulmonarius can suppress
liver cancer development and progression through inhibition of
VEGF-induced PI3K/AKT signaling Pathway (Bauer et al., 2012).

Cell viability assays are vital steps in determining the cellular
response to a toxicant, hence giving information on cell death,
survival and metabolic activities (Deng et al., 2013). In this study,

the assays were conducted using the PEP obtained from the
fruiting bodies powder of Pleurotus eryngii. Based on the cytotoxi-
city assays results (Figs. 3–5), the possibility of the existence of
more than one potential target of PEP toxicity in tumor cells, some
more susceptible to PEP-associated damage than others was
demonstrated. Data showed that NR assay was the most sensitive
in revealing PEP-associated cytotoxicity in the tumor cells (Fig. 4C).
Nonetheless, mitochondrial and cytosol damages seemed to be
intermediate features whereas, plasma membrane damage was a
late feature of PEP cytotoxicity. NR assay results suggested that in
tumor cells, lysosomes readily interacted with the PEP (Fig. 4C).
Based on NR results, we propose that intralysosomal localization
of PEP may have led to damage of the lysosomal membranes, with
ensuing leak to the cytosol of lytic enzymes, resulting in autolysis
and apoptotic loss of viability. Lysosomes, also known as “suicidal
bags” are highly vibrant membrane-bound organelles that act as
the terminal degradative compartment of the endocytic, phago-
cytic and autophagic pathways (Repnik and Turk, 2010; Varma et
al., 2013). Lysosomal cathepsins (cysteine cathepsins and the
aspartic cathepsin D) are enzymes enclosed in the lysosomes.
They help to maintain the homeostasis of the cell's metabolism by
participating in the degradation of heterophagic and autophagic
material and are most commonly associated with cell death
(Repnik and Turk, 2010). Thus, following PEP treatment, the
lysosomal membranes were destabilized, the cathepsins were
released into the cytosol and the lysosomal pathway of apoptosis
was initiated (Repnik and Turk, 2010; Varma et al., 2013). Damage
to the plasma membrane required high PEP concentrations, as
shown by the TB exclusion assay (Fig. 4B). The results showed that
plasma membrane was resistant to PEP damage in all cancer cells
thus, high concentrations of PEP were required before any sig-
nificant damage to the plasma membrane occurred. In conclusion,
we showed that in tumor cells the lysosomes/Golgi apparatus
were most sensitive to PEP-mediated toxicity as reflected by the
significantly higher percent toxicity values in the NR assay
(Fig. 4C).

Determination of LDH leakage gives an idea on the viability of
cells. This assay is based on the measurement of LDH activity in
the extracellular medium. The loss of intracellular LDH and its
release into the culture medium is an indicator of irreversible cell
death due to cell membrane damage (Biswas et al., 2013). Our
results showed that exposure to PEP induced significant mem-
brane damage in tumor cell with HepG2 cells being the most
sensitive, having up to 30% LDH increase at 320 μg/ml (Fig. 4D).
The LDH leakage assay results were in good agreement with TB
assay results (Fig. 4B). Nevertheless, LDH release assay is not only
used to indicate cytotoxicity, but also to measure cell necrosis and
apoptosis (Zhang et al., 2008). Hence, the increase in LDH released
from the cells with increasing PEP concentrations suggested that
the exposure of cells to PEP may have induced necrosis or
apoptosis, consequently decreasing their viability (Fig. 4D).

Apoptosis has been recognized as the principal mechanism by
which chemotherapeutic agents and radiotherapy kill cancer cells.
Apoptosis can be triggered by various forms of physiologic stimuli
or stresses, such as cytokines, free radicals and DNA damage (Zhou
et al., 2012; Chen et al., 2013). Apoptotic cells represent membrane
alterations, like transfer of phosphatidylserine from the inner side
of the plasma membrane to the outer layers (Zhou et al., 2012).
Annexin V is a recombination protein that specifically binds to
phosphatidylserine residues with high affinity. It can be combined
with specific membrane-impermeant nucleic acid dyes to discri-
minate apoptosis from necrosis (Zhou et al., 2012). To validate the
cytotoxicity results, flow cytometry analysis based on Annexin
V-FITC/PI staining was conducted and apoptosis was effectively
induced within 24 h of PEP treatment (Fig. 5A). Although positive
controls-induced cytotoxicity was higher in cancer cells than PEP
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cytotoxicity, early apoptotic cells (Annexin Vþ/PI�) increased
significantly (Po0.05) from 0.43% in untreated tumor cells group
to 25.36% in PEP-treated group (Fig. 5A). This indicated that
induction of apoptosis accounted for the growth retardation of
the tumor cells after the treatment with PEP as confirmed by MTT,
AB, TB and NR results. Furthermore, PEP might have affected the
expression of proteins involved in the apoptotic process of the
tumor cells. Treatment of A549, BGC-823, HepG2 and HGC-27 cells
with PEP may have caused an increase in the levels of p53, a
protein involved in apoptosis (Vaz et al., 2012). Based on the
results, this effect was cell- and concentration-dependent. The
levels of p21, whose expression is regulated by p53 and is related
to cell cycle arrest (Ding et al., 2012), might have been also
elevated. Anticancer agents may alter regulation of the cell cycle
machinery, resulting in cellular arrest at different phases of the cell
cycle and, thereby, reducing the growth and proliferation of, and
even inducing apoptosis in cancerous cells (Hseu et al., 2008).
Apoptosis is detected as a sub-G0/G1 peak in the cell cycle analyses
(Ding et al., 2012). Thus, given the apoptotic results, PEP might
have induced expression of p53 and sub-G0/G1 cell cycle arrest
hence inhibiting cell proliferation.

Morphological examination results (Fig. 5B) demonstrated
transformation of tumor cells that had interacted with PEP into
floating (detached), shrunken cells with long and slender pro-
cesses, blebbed cytoplasm and condensed nuclei deducing apop-
tosis (Chen et al., 2013). This corroborated the MTT, AB, TB, NR,
LDH and Annexin V-FITC/PI results. However, there were no
notable morphological changes in RAW 264.7 cells indicative of
apoptosis.

The immune system is the human's ultimate defense against
infectious diseases, tumor and cancer growth (Krifa et al., 2013). The
fight against cancer cells in the human body involves a defense
system that is comprised of the innate and adaptive immunities. This
system is controlled by a series of immune responses mediated by
different immune cells and their secretory substances including
cytokines, chemokines, NO and H2O2 (Wong et al., 2011). In cancer
treatment, chemo- and radiotherapy are always accompanied by
immunosuppression (Alonso-Castro et al., 2012; Yang et al., 2013).
Therefore, it is inevitable to find new antitumor regimens with
potential to stimulate the immune system. It is well known that
macrophages play a crucial role in cellular defense mechanisms
against pathogens, tumor and cancer growth through phagocytosis,
synthesis and release of NO and H2O2 (Pinheiro et al., 2013).
Activated macrophages characteristically demonstrate increased
membrane ruffling, increased adhesion and spreading. There is also
stimulation of DNA synthesis, modified monokine secretion,
increased NO and H2O2 release, elevated lysosomal enzyme levels,
altered phagocytic activity and increased bactericidal/tumoricidal
activity (Alonso-Castro et al., 2012). Phagocytosis, a mechanism by
which cells internalize, degrade and eventually present peptides
derived from particulate antigens in order to defend the body, is very
prominent in macrophages and is critical for their functions (Lopes et
al., 2006). In this study, we showed that PEP enhanced macrophage
spreading and proliferation (Fig. 5B and Fig. 6A respectively). It was
also less toxic to the cell membranes of macrophages (Fig. 6B).
Additionally, PEP stimulated lysosomal enzyme and pinocytic activ-
ities (Fig. 6C), and NO and H2O2 release (Fig. 6D) comparably with
LPS. Lysosomes and endosomes are both implicated in macrophage
killing ability (Repnik and Turk, 2010). Increase in lysosomal enzyme
activity is accompanied by the release of lysosomal enzymes like acid
phosphatase (AcP) that are used for the killing and digesting of
microbial pathogens through phagocytosis (Nandakumar et al., 2011).
The higher the AcP activity, the greater the phagocytic stimulation
and intracellular killing capacity (Repnik and Turk, 2010). Besides, the
NR dye uptake assay is based on the ability of viable cells to
incorporate and bind this dye in their lysosomes via active transport

hence quantifying the pinocytic ability of macrophages (del Carmen
Juárez-Vázquez et al., 2013). Based on lysosomal enzyme activity and
NR uptake assay results, we can infer that PEP also targeted
lysosomes in the macrophages where it induced phagocytic and
pinocytic activities of the cells. Moreover, NO is an important
signaling molecule synthesized from L-arginine by NO synthase in
immunoreactive cells and is known to play key roles including
bactericidal and tumoricidal functions (Krifa et al., 2013). Indeed, a
major role of NO is to mediate bactericidal and tumoricidal actions of
activated macrophages (Son et al., 2006). The current study demon-
strated that PEP has an inductive effect on the macrophage activation
leading to NO production. Therefore, the PEP-stimulated macro-
phages would have the potential to eliminate transformed cells and
infectious pathogenic microorganisms. Additionally, PEP-mediated
NO production would have signaled movement, proliferation
(Fig. 6A), pinocytosis (Fig. 6C) and phagocytosis in macrophages thus
enhancing their immune function. On treating macrophages with
PEP, H2O2 production was significantly increased. After interaction
with particles or certain soluble stimuli, phagocytic cells strongly
enhance their consumption of oxygen and release superoxide anion,
which rapidly undergoes dismutation into H2O2. H2O2 is considered a
major factor in macrophage-mediated cytotoxicity and parasite kill-
ing (Arany et al., 2004). Therefore, it is probable that PEP would affect
the expression of a number of various biological factors including
H2O2 playing a key role in host defense, such as immunity to
infections and anti-cancer activity.

In conclusion the present study showed that PEP was not only
cytotoxic to tumor cells, but also had different organelle targets in
the cells. However, the isolated Pleurotus eryngii protein was less
toxic, it stimulated the proliferation, lysosomal enzyme and pino-
cytosis activities, nitric oxide and hydrogen peroxide release in
macrophage, RAW 264.7 cells. This confirmed that PEP was not only
toxic to tumor cells but also activated the macrophage-mediated
immune responses. Hence, Pleurotus eryngii fruiting bodies powder
is an active antitumor agent with immunomodulatory activity,
where, it targets the lysosomes of cancerous cells concomitantly
stimulating macrophage-mediated immune response.
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