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ABSTRACT

The current work aimed to study the antitumour activity of a phenolic extract of the
edible mushroom Leccinum vulpinum Watling, rich essentially in hydroxybenzoic acids.
In a first approach, the mushroom extract was tested against cancer cell growth by using
four human tumour cell lines. Given the positive results obtained in these initial
screening experiments and the evidence of some studies for an inverse relationship
between mushroom consumption and breast cancer risk, a detailed study of the
bioactivity of the extract was carried out on MCF-7 cells. Once the selected cell line to
precede the work was the breast adenocarcinoma cell line, the human breast non-
malignant cell line MCF-10A was used as control.

Overall, the extract decreased cellular proliferation and induced apoptosis. Furthermore,
the results also suggest that the extract causes cellular DNA damage. Data obtained
highlight the potential of mushrooms as a source of biologically active compounds,

particularly with antitumour activity.
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apoptosis, DNA damage.



1. Introduction

It is recognized worldwide that mushrooms are an excellent food both from a nutritional
and bioactive point of view (Cheung, 2010; Roupas et al., 2012; Wasser, 2011). Indeed,
according to the literature, in addition to their nutritional value, mushrooms have also
been recognized for their therapeutic value (Oztiirk et al., 2015).

Among these health benefits, the antitumor potential of different mushroom species
and/or their components is well recognized by the scientific community (Ferreira et al.,
2010). Actually, there is some evidence (from case-control studies in humans subjected
to controlled diets) of an inverse relationship between the consumption of mushrooms
and breast cancer risk (Hong et al., 2008; Roupas et al., 2012; Shin et al., 2010; Zhang
et al., 2009). Moreover, there are some studies attesting the beneficial effects of some
mushroom extracts in cancer patients. An Agaricus blazei extract has been reported to
have beneficial effects in gynecological cancer patients undergoing chemotherapy,
maintaining their immune activities and improving their quality of life (Ahn et al.,
2004). Furthermore, the efficacy of PSK (Polysaccharide-K, obtained from Trametes
versicolor) as an adjuvant immunotherapy agent after surgery has been described, in
patients with colorectal cancer by increasing the patients survival and reducing the
recurrence risk (Ito et al., 2004; Mitomi et al., 1992; Ohwada et al., 2004; Torisu et al.,
1990), as well as in patients with gastric cancer (Nakazato et al., 1994; Tsujitani et al.,
1992). In addition, dietary supplementation with an extract from Agaricus sylvaticus
showed to be beneficial in postsurgical patients with colorectal cancer (Fortes et al.,
2009).

The phenolic compounds are amongst the compounds with higher bioactivity (Oztiirk et
al., 2015). Indeed, the phenolic compounds, present in both wild and cultivated
mushrooms, have been recognized as bioactive compounds which may be extracted for

the purpose of being used as functional constituents (Cheung, 2010; Palacios et al.,
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2011; Patel and Goyal, 2012; Reis et al., 2012; Vaz et al., 2012a). Likewise, mushrooms
might be used directly in diet, promoting health benefits and taking advantage of the
additive and synergistic effects of their bioactive compounds (Ferreira et al., 2009).
There are very few studies on the Leccinum vulpinum Watling mushroom species. To
our knowledge, such studies have only outlined its morphological description (Ellis and
Ellis, 1990), as well as some of its ecological (Iwanski and Rudawska, 2007; Saxén and
Ilus, 2008; Vaaramaa et al., 2009) and enzymatic characteristics (Chen et al., 2001 and
2003).

Taking into account the facts aforementioned regarding the potential of mushrooms and
their components, and since there are no studies on L. vulpinum bioactivity, in the
present work the antitumour potential of a phenolic extract obtained from this species
was evaluated. The extract was initially chemically characterized by chromatographic
techniques so as to measure their phenolic acids content. Afterwards, the extract was
tested against a panel of four human tumour cell lines, in order to perform a first
assessment of its effect on the growth of human tumour cell lines. Moreover, some
functional assays were performed in order to further evaluate the effects of the phenolic
extract on the MCF-7 cells (i.e., cell proliferation, cell cycle profile and apoptosis).
Additionally, the effects of the extract as an inducer of DNA damage were also
evaluated, given that DNA damage is a mechanism of action of several cytotoxic drugs,

which may lead to cell cycle arrest (inhibiting proliferation) and apoptosis.

2. Material and methods
2.1. Mushroom species and samples preparation
Leccinum vulpinum Watling wild samples were collected in Braganca (Northeast of

Portugal) in the autumn of 2012. Authentications were undertaken at the Polytechnic



Institute of Braganca and voucher specimens were deposited at the herbarium of the
School of Agriculture of the Polytechnic Institute of Braganga, Portugal.

All samples were lyophilised (FreeZone 4.5 model 7750031, Labconco, Kansas City,
MO, USA), reduced to a fine dried powder (20 mesh), mixed and stored in a desiccator,

protected from light.

2.2. Extraction procedure and chromatographic characterization of the extract

The extraction procedure and chromatographic characterization were performed
according to the procedure described by other authors (Reis et al., 2012). Briefly,
approximately 1.5 g of lyophilized sample was extracted with methanol:water (80:20,
v/v; 30 mL) at -20°C. The analysis of phenolic compounds contained in the sample was
performed by ultra fast liquid chromatography (UFLC, Shimadzu 20A series; UFLC,
Shimadzu Coperation, Kyoto, Japan) and the detection was carried out in a photodiode
array detector (PDA), using 280 nm as the preferred wavelength. The phenolic
compounds present in the studied extract were characterised according to their UV and
retention times compared with commercial standards. The quantitative analysis of the
compounds, was based on the calibration curve obtained by the injecting of known
concentrations of each standard compound: cinnamic acid, gallic acid, p-
hydroxybenzoic acid and protocatechuic acid. The results were expressed in pg per g of
extract.

For the biological assays, the residue extracts were re-dissolved in distillated water (8

mg/mL).

2.3. Screening for the cell growth inhibitory activity in human tumour cell lines and

cytotoxicity evaluation



The screening for tumour cell growth inhibitory activity was carried out using the
sulforhodamine B (SRB) assay, a procedure adopted by the NCI’s in vitro anticancer
drug screening (Neves et al., 2011; Vichai and Kirtikara, 2006). This colorimetric assay
estimates the cell number indirectly, by staining cellular protein with SRB. Four human
tumour cell lines were used: MCF-7 (breast adenocarcinoma), NCI-H460 (non-small
cell lung cancer), HCT-15 (colorectal adenocarcinoma) and AGS (gastric
adenocarcinoma). The choice of the cell lines was performed in accordance with the
mortality rate of the cancer type. As reported by the Cancer Research UK (data from
2012; Cancer Research UK, 2014), lung cancer is definitely the most common cause of
cancer deaths, in both men and women. It accounts for just about 23% of all male
deaths and 21% for female deaths. The second leading cause of cancer death in women,
is the breast cancer (15% of all female cancer deaths), therefore the importance of its
study. HCT-15 cell line was chosen since the bowel cancer is the 3™ cause of death in
both men and women, responsible for 10% of cancer deaths. Although stomach cancer
mortality is strongly related to age, this type of cancer is the 3™ most common cause of
cancer death worldwide (considering both genders) and the 4™ most common cause of
cancer death in Europe. Therefore, this cell line was also selected to be included in the
studied panel of human tumour cells. Cells were routinely maintained as adherent cell
cultures in RPMI-1640 medium containing 5% heat-inactivated FBS, in a humidified air
incubator containing 5% CO,. Cells were plated in 96-well plates at an appropriate
density (5.0 x 10’ cells/well for MCF-7 and NCI-H460, 1.0 x 10* cells/well for HCT-15
and 7.5 x 10° cells/well for AGS) and allowed to adhere for 24 h. Since different cells
have different growth rates, the optimal cell density to be plated for each cell line was
previously optimised, based on NCI’s in vitro anticancer drug screening with some
alterations, in order to prevent the cells from reaching confluence during the duration of

the assay (which per se would cause cell cycle arrest and apoptosis) (Azevedo et al.,
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2013; Vaz et al., 2010). Cells were then incubated for 48 h with five serial dilutions of
the extract, ranging from 12.5 pg/mL to 400 pg/mL (Lima et al., 2014). Following 48 h
of incubation with the extract (or immediately for the Ty plate), plates were fixed by
adding ice-cold 10% trichloroacetic acid (w/v, final concentration; Panreac, Barcelona,
Spain) and stained with 0.4 % SRB (Sigma Aldrich,St. Louis, MO, USA) in 1% (v/v)
acetic acid. Bound dye was solubilised by adding 10 mM Tris base (Sigma Aldrich, St.
Louis,MO, USA) and the absorbance was measured at 510 nm in a microplate reader
(BioTek® Synergy HT, Winooski, VT, USA) (Vaz et al., 2012a). The results were
expressed as Glso values (the concentration that inhibited cell growth by 50%) as
described by Monks et al. (1991). Doxorubicin (tested concentrations from 1.25 x 10®
to 2 x 107 M) and etoposide (tested concentrations from 9 x 107 to 14 x 10° M) were
used as positive controls. The H,O (vehicle used to dissolve the extracts) concentrations
used (5%) were also tested (control treatments). Another control was included,
consisting in cells growing in complete culture medium only (blank treatment).

For the cytotoxicity evaluation, the human breast non-malignant cell line MCF-10A was
used. The cell line was obtained from ATCC (American Type Culture Collection,
Manassas, VA). MCF-10A cells were cultured in Dulbecco’s modified Eagle’s medium
(DMEM): F12, supplemented with 5% heat inactivated horse serum, 10 pg/ml insulin,
0.5 pg/ml hydrocortisone, 20 ng/ml epidermal growth factor (EGF), and 100 ng/ml
cholera toxin (Sigma-Aldrich, St Louis, MO). The cells were routinely cultured in a
humidified atmosphere with 5% CO, and at 37°C and used in experiments when
reached 70% — 80% confluence. Cells were plated in 96-well plates at the same density
as MCF-7 (5.0 x 10’ cells/well) and allowed to adhere for 24 h. Cells were treated for
48 h with the different diluted sample solutions and a similar procedure described
previously for the SRB assay was followed. The results were also expressed as Glsg

values and doxorubicin was used as a positive control.



2.4. Cell biological assays used to assess the antitumour activity

2.4.1. Preparation of cells for subsequent assays

MCE-7 cells were plated at 1.0 x 10° cells/well in 6-well plates and incubated for 24 h
to adhere to the plates. Cells were then treated with the phenolic extract of L. vulpinum
at its Glso and Gl7s concentrations for the following assays: cell proliferation, cell cycle
analysis, apoptosis and analysis expression of some proteins (i.e., p5S3, p21, Bcl-2, Bel-
xL, procaspase 9, PUMA, Bax, PARP, p-H2AX) which are associated with cell cycle
and apoptosis. Blank cells (treated with medium) or control cells (treated with H,O
volumes corresponding to the ones used in the treatments with the extract) were also
included. The percentage of viable cells in relation to Blank cells was also confirmed,
with the trypan blue exclusion assay.

For the DNA damage assay, cells were treated with 200 and 250 pg/mL of the phenolic
extract for 24 h. Blank and control cells were also included and the percentage of viable

cells was also confirmed.

2.4.2. Cell proliferation analysis

Cell proliferation was analysed with the BrdU assay, according to the protocol
previously described by Palmeira et al. (2010). Briefly, cells were treated for 48 h
(Blank, control or with the different concentrations of the extract). One hour before
harvesting, cells were incubated with 10 uM BrdU (Sigma Aldrich, St.Louis, MO,
USA) and were then harvested and fixed in 4% paraformaldehyde (PFA; Panreac,
Barcelona, Spain) in PBS for 30 min at room temperature. After centrifugation, cell
pellets were re-suspended in PBS and stored at 4°C. Cell cytospins were prepared and
incubated in 2 M HCI for 20 min. Following incubation with mouse anti-BrdU antibody

(diluted 1/10; Dako) for 1 h at room temperature, cells were incubated with anti-mouse-
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Ig-FITC (diluted 1/100; Dako) for 30 min at room temperature. Slides were then
prepared with Vectashield mounting medium (with DAPI). BrdU incorporation was
observed in a DM2000 microscope (LEICA; Wetzlar, Germany) and a semi-quantitative

evaluation was carried out by counting a minimum of 500 cells per slide.

2.4.3. Cell cycle distribution analysis

Following the 48 h treatments, cells were harvested and fixed with ice-cold 70% ethanol
and stored at 4°C for at least 12 h, until further analysis. Cells were re-suspended in
PBS containing RNase A (0.1 mg/mL) and propidium iodide (5 pg/mL). Cellular DNA
content was analysed by flow cytometry (BD Accuri™ C6 Flow cytometer, USA) and
the percentage of cells in the G1, S and G2/M phases of the cell cycle (as well as the
percentage of cells in the sub-G1 peak) was determined using the FlowJo 7.6.5 software
(Tree Star, Inc., Ashland, OR, USA) after cell debris and aggregates exclusion and

plotting at least 15 000 events per sample (Vasconcelos et al., 2000).

2.4.4. Apoptosis analysis

Induced apoptosis was assayed by Flow cytometry using the Human Annexin V-
FITC/PI apoptosis kit (Bender MedSystems, Vienna, Austria), according to the
manufacturer's instructions, as previously described (Queiroz et al., 2013). Flow
cytometry was carried out using the flow cytometer mentioned above and plotting at
least 15 000 events per sample. Data were analysed using the BD Accuri C6 Software

(version 1.0.264.21).

2.4.5. Protein expression analysis
For analysis of protein expression, following 48 h of treatments, cell pellets were lysed

in Winman's buffer (1% NP-40, 0.1 M Tris—HCI pH 8.0, 0.15 M NaCl and 5 mM
9



EDTA) complemented with protease inhibitor cocktail (Roche). The total protein
content was quantified using the DC™ Protein Assay kit (Biorad, Hercules, CA),
according to manufacturer's instructions. Proteins (20 pug) were loaded on 12% SDS-
PAGE gel and transferred into a nitrocellulose membrane (Amersham, Pittsburgh, PA,
USA). The following primary antibodies were used: mouse anti-p53 (1:5000; Santa
Cruz Biotechnology), mouse anti-p21 (1:250; Calbiochem), mouse anti-PUMA (1:500;
Santa Cruz Biotechnology), mouse anti-Bax (1:500; Santa Cruz Biotechnology), rabbit
anti-caspase 9 (1:1000; Cell Signalling Technology), mouse anti-BCl, (1:100; Dako),
rabbit BClxp (1:200; Santa Cruz Biotechnology), rabbit anti-PARP (1:2000; Santa Cruz
Biotechnology), rabbit anti-p-H2A.X (1:200, Santa Cruz Biotechnology) and goat anti-
actin (1:2000, Santa Cruz Biotechnology). The corresponding secondary antibodies
were: anti-mouse IgG-HRP (1:2000, Santa Cruz Biotechnology), anti-rabbit IgG-HRP
(1:2000, Santa Cruz Biotechnology) or anti-goat IgG-HRP (1:2000, Santa Cruz
Biotechnology). The Amersham™ ECL Western Blotting Detection Reagents, the
Amersham Hyperfilm ECL and the Kodak GBX developer and fixer were used for

signal detection, as previously described (Lima et al., 2006).

2.4.6. Analysis of DNA Damage

DNA damage was analysed with the Alkaline Comet Assay 24 h after treatment with
the phenolic extract or control treatments. This incubation period was selected (instead
of 48 h) to evaluate the first DNA degradation stages that occurred, prior to cellular
apoptosis. Hydrogen peroxide was used as positive control (1 mM) and it was added 10
min before cells harvesting. Harvested cells were stored in 10% DMSO in FBS at -
80°C, following a procedure previously described by other authors (Seca et al., 2014).
Briefly, after thawing, cells were washed with PBS, resuspended in 0.6% low melting

point agarose and quickly poured onto slides, precoated with 1% agarose in water, with
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the aid of a coverslip. Slides were kept 10 min on ice. After removing the coverslip,
cells were lysed with ice-cold lysis buffer (100mM Na,EDTA, 2.5M NaCl, 10mM Tris-
HCI, pH 10.0, 1% Triton X-100) for 2 h, in the dark, at 4 °C, and then washed twice in
ice-cold distilled water for 10 min. Slides were placed on an electrophoresis tank filled
with electrophoresis buffer (10 M NaOH; 200mM Na,EDTA) and incubated for 20 min
to let DNA to unwind. Electrophoresis was carried out for 20 min at 23 V, 300 mA.
After this period, slides were flooded with neutralisation buffer (0.4 M Tris, pH 7.5) for
20 min and then rinsed in ice-cold water for 10 min before being allowed to dry at room
temperature overnight. Slides were rehydrated with distilled water (for 30 min), covered
with 2.5 pg/mL of propidium iodide solution and incubated for 20 min at room
temperature in the dark. Propidium iodide was rinsed with distilled water for 30 min and
slides dried at 37°C. Comets were visualized using the fluorescent microscope
mentioned above and representative photographs were taken. The analysis was made
using the ‘Comet Assay IV v4.3” imaging system (Perceptive Instruments). A minimum

of 100 cells per condition were analysed.

2.5. Statistical analysis

All experimental data is presented as mean + standard deviation (SD) or standard error
(SE), from at least three independent experiments (most of them performed in
duplicate). Statistical analysis was carried out using an unpaired student’s t-test. All
analyses were performed comparing cells treated with the phenolic extract with Blank

cells (cells incubated with medium only). *Indicates p < 0.05.

3. Results and discussion

3.1. Chromatographic characterization of the phenolic extract from L. vulpinum
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To our knowledge, there are no studies concerning the chemical characterization of L.
vulpinum extracts. Based on the statement that mushrooms and their components have
numerous positive health benefits, in the present work it was intend to discover new
bioactive extracts from unstudied species. For that, we tested a phenolic extract from L.
vulpinum for its antitumour properties, initiating the study with its chemical

characterization.
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Fig. 1. Phenolic acids individual profile of the studied phenolic extract from Leccinum

vulpinum Watling. 1- gallic acid; 2- protocatechuic acid; 3- p-hydroxybenzoic acid; 4-
cinnamic acid.
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Table 1
Phenolic acids and cinnamic acid present in the phenolic extract from Leccinum
vulpinum Watling (ng/g extract)

Gallic acid  Protocatechuic acid p-Hydroxybenzoic acid Cinnamic acid  Total phenolic acids

I0) @) OH
HO ' o
HO OH
o L, HO
18.4+0.3 77+ 1 20+1 38.0+0.2 115.0+ 1

Values correspond to the mean + SD.

As previously referred, mushroom phenolic compounds have been reported to
contribute to the bioactivity of several species. The studied phenolic extract exhibited
the presence of gallic acid (18.4 pg/g extract), protocatechuic acid (77 pg/g extract) and
p-hydroxybenzoic acid (20 pg/g extract; Fig. 1; Table 1).

Accordingly, the main molecular group of phenolic compounds found in this mushroom
specie was the hydroxybenzoic acids one, which comprises, besides p-hydroxybenzoic
acid, gallic and protocatechuic acids. Gallic acid has been referred as having anticancer
properties in several models such as prostate carcinoma DU145 and 22Rv1 cells (Kaur
et al., 2009), non-small-cell lung cancer NCI-H460 cells (Ji et al., 2009), HeLa cervical
cancer cells (You et al.,, 2010), leukaemia K562 cells (Reddy et al., 2012), and
glioblastoma U87 and U251n cells, and having been pointed out as a valuable candidate
for treatment of brain tumour (Lu et al., 2010). Protocatechuic acid has also been
referred as having antitumour potential, namely as an inducer of cell death in HepG2
hepatocellular carcinoma cells (Yip et al., 2006), human breast cancer MCF-7 cells,
lung cancer A549 cells, cervix HeLa cells, and prostate cancer LNCaP cells (Yin et al.,
2009). Even though there are not many publications regarding the antitumour potential

of p-hydroxybenzoic acid, it has been reported as a component of some phenolic
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extracts with cytotoxicity/antitumour activity. This is the case of fermentation products
of the medicinal plant Houttuynia cordata (Senawong et al., 2014) or honey samples
(Spilioti et al., 2014). In some studies with mushrooms, the synergistic effects
concerning the cytotoxicity of phenolic acids in human tumour cell lines have been
reported, even when the isolated compounds (e.g. p-hydroxybenzoic acid) do not have
such activity on their own (Heleno et al., 2014; Vaz et al.,, 2012a). Thus, p-
hydroxybenzoic acid may exert antitumour effects when associated with other
compounds, since there is also evidence that their own derivatives have antiproliferative
and proapoptotic activities (Seidel et al., 2014).

Cinnamic acid was also found in the studied mushroom extract (38.0 pg/g extract).
Cinnamic acid has been also reported as having anticancer properties. This natural
compound inhibits the proliferation and modulates brush border membrane enzyme
activities in colorectal adenocarcinoma Caco-2 cell line (Ekmekcioglu et al., 1998).
Considering these aspects, the presence of the mentioned phenolic compounds (and of
the related compound cinnamic acid) in L. vulpinum phenolic extract is possibly

responsible for its bioactive properties.

3.2. Cell growth inhibitory activity of the phenolic extract from L. vulpinum in human
tumour cell lines and cytotoxicity in MCF-10A cells

There are some reports on tumour cell growth inhibitory activity of some phenolic
extracts/compounds from other species of mushrooms (Heleno et al., 2014; Patel and
Goyal, 2012; Vaz et al., 2012a). Nevertheless, to our knowledge such activity has never
been previously investigated in the phenolic extracts of the L. vulpinum species.
Therefore, in this work its effect on tumour cell growth inhibition was evaluated using a

panel of four human tumour cell lines (MCF-7, NCI-H460, HCT-15 and AGS).
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Table 2
Determined Glso concentrations of the phenolic extract from Leccinum vulpinum
Watling

HCT-15 NCI-H460 AGS MCEF-7 MCF-10A

- 53+6pug/mL 116+ 8 pg/mL  135+2 pg/mL 99+ 11 pg/mL 297 + 9 pg/mL
50 :

values ..
Positive controls

Etoposide Doxorubicin Doxorubicin Doxorubicin Doxorubicin
6.8 £0.6 uM 25+2nM 23+2nM 263nM ¢ 19+3nM

Values correspond to the mean + SE of three independent experiments, carried out with
duplicates.

The extract inhibited the cell growth of all the cell lines tested (Table 2) and the lowest
GlIsy concentrations were obtained in HCT-15 and MCF-7 cell lines. Positive controls
were used for all the tested cells. Doxorubicin and etoposide are both used in cancer
chemotherapy (Varaprasad et al., 2010; Chabner and Longo, 2011). Doxorubicin was
selected as the main positive control; however, since the HCT-15 cell line was not very
sensitive to this drug, presenting Glso values higher than the maximum tested (200 nM),
etoposide was used as a positive control in this case.

It was decided to continue the studies in the MCF-7 cells since, as aforementioned,
there is evidence for an inverse relationship between mushroom consumption and breast
cancer risk.

In order to assess the safety of using this phenolic extract, its cytotoxicity was tested in
the human breast non-malignant cell line, MCF-10A. Although the phenolic extract of

L. vulpinum exhibited some cytotoxicity on these cells, the values of Glsy obtained were
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much higher than those obtained in the breast tumour (MCF-7) cells (three times higher;
Table 2). Therefore, the phenolic extract from L. vulpinum inhibited the growth of
different human tumour cell lines, but was less toxic to the non-tumourigenic breast

cancer cell line.

3.3. Effects of the phenolic extract of L. vulpinum on the human MCF-7 breast cancer
cell line

L. vulpinum phenolic extract decreased proliferation of MCF-7 cells

There are some reports regarding the effect of mushroom extracts of other mushroom
species on the proliferation of human tumour cell lines (dos Santos et al., 2013 and
2014; Yu et al., 2014). In order to verify if the L. vulpinum phenolic extract interfered
with the proliferation of MCF-7 cells, the levels of BrdU incorporation were analysed
following 48 h treatment. As shown in Fig. 2, the studied extract reduced cellular
proliferation. Nevertheless, the effect on cell proliferation was only considered
statistically significant with the GI7s concentration (159 pg/mL). The fact the Gls
concentration of the extract did not cause a statistically significant reduction on cell
proliferation, may be due to an effect on cellular apoptosis at that concentration (see
section 3.3.3. below) rather than an effect on cell cycle (proliferation). Indeed, it is

possible that, although there is a decrease in the cell number following treatment with
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Glso concentration, the % of cells in the S-phase (which incorporate BrdU) is not

altered.

Fig. 2. Cellular proliferation of MCF-7 cells treated with a phenolic extract of Leccinum
vulpinum Watling analysed by the BrdU incorporation assay. Cells were treated with the
Glsp and Gl7s concentrations of the phenolic extract for 48 h. Appropriate controls were
included: untreated cells (Blank) and cells treated with the corresponding volumes of
the extract solvent (H,O; Control 1 and Control 2). Results represent the mean + SE of
three independent experiments. *Represents p < 0.05 when comparing the effect of the
studied phenolic extract with the Blank cells.

L. vulpinum phenolic extract did not alter cell cycle distribution of MCF-7 cells

Once differences in cellular proliferation were observed, the next step was to determine
whether the extract caused cell cycle arrest. As previously referred, MCF-7 cells were
treated with the Glso and Gl7s concentrations of the phenolic extract under study. From

the analysis of the results obtained, no significant differences were observed in the

different phases of the cell cycle (Fig. 3).
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Fig. 3. Cell cycle analysis of MCF-7 cells treated with a phenolic extract of Leccinum
vulpinum Watling. Cells were treated with the Glso and Gl;5s concentrations of the
phenolic extract for 48 h. Appropriate controls were included: untreated cells (Blank)
and cells treated with the corresponding volumes of the extract solvent (H,O; Control 1
and Control 2). Results represent the mean = SE of at least three independent
experiments. *Represents p < 0.05 when comparing the effect of the studied phenolic
extract with the Blank cells.

Having decreased cellular proliferation, we would expect that the extract would cause
cell cycle arrest. These discrepancies may also be justified by the fact that cells may be
dying by apoptosis (see section 3.3.3. bellow). Indeed, even though no significant
differences in the cell cycle profile were observed, there was a significant increase in
the sub-G1 peak of the cells that had been treated with the Gl;s concentration of the
extract, which is suggestive of cellular apoptosis. Nevertheless, this sub-G1 peak cannot
be used as a conclusive marker of apoptosis (Kajstura et al., 2007). In conclusion, these

results suggest that one of the possible mechanisms of action of this phenolic extract is

the induction of apoptosis.

L. vulpinum phenolic extract induced apoptosis in MCF-7 cells
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Due to the above mentioned results (sections 3.3.1 and 3.3.2), the apoptotic levels of
MCF-7 cells treated with the phenolic extract of L. vulpinum were studied, with the
Annexin V-FITC/PI flow cytometry assay. The results obtained are presented in Table
3.

The studied phenolic extract increased apoptosis in MCF-7 cells that had been treated
for 48 h. In Blank and control cells the apoptosis levels were approximately 6 to 9%,
which were within the normal values usually obtained for this cell line (Vaz et al.,
2012b). When cells were treated with the Glso concentration of the extract the
percentage of cells undergoing apoptosis increased to 13.4% and when cells were
treated with the Gl;s concentration of the extract the levels of apoptosis increased to
27%; in both cases, the increase was considered statistically significant (Table 3).
Although flow cytometry is a very sensitive method, in order to corroborate the results
obtained, a fluorescence microscopic examination of cells was performed. Cellular
treatment with the studied phenolic extract caused formation of apoptotic bodies
(marked with arrows), which is more visible with the GI7s treatment (Fig. 4).

Table 3

Percentage of MCF-7 cells undergoing programmed cell death following treatment with
a phenolic extract of Leccinum vulpinum Watling

Treatment
Blank Control 1 Control 2 Glsg Gl
6=+1 83+0.6 9+ 1 13.4+0.8* 27 + 4%

Values correspond to the mean = SE of three independent experiments. *Represents p < 0.05
when comparing the effect of the studied phenolic extract with the Blank cells.
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Blank Glso Glys

20pm

1

Fig. 4. Analysis of the apoptotic bodies i MCF- cells treated with a phenolic extract
of Leccinum vulpinum Watling. Fluorescence microscopy images are representative of 3
independent experiments. Cell nuclei are stained with DAPI (blue). Arrows indicate
apoptotic bodies; bar corresponds to 20 pm.

Therefore, it was confirmed that cellular treatment with this extract induced apoptosis.
In addition, the effect of the mushroom extract on the expression of some proteins
involved in apoptosis was determined by Western blot (Fig. 5). Results show that
treatment of MCF-7 cells for 48 h with the GI;5s concentration of the extract caused a
significant increase in the p53 tumour suppressor protein. This protein becomes
activated in response to stress conditions and induces p21 expression, which acts as a
regulator of the cell cycle at the G1 checkpoint (Tsujitani et al., 2012). Accordingly,
p21 levels were also found increased following cellular treatment with the Glys
concentration of the extract.

Considering the verified increase in p53 levels and since p53 is a transcriptional factor
which enhances the expression of genes involved in apoptosis such as Bax and PUMA,
the cellular levels of Bax and PUMA were also evaluated (Charvet et al., 2011). No
alterations were observed in Bax and PUMA expression levels with either of the
treatments (Glso and Gl7s; Fig. 5A and 5B). Being regulated by p53, their expression
levels would be expected to be enhanced; however, the results obtained may be justified
by the fact that only the 48h time point was analysed or that other mechanisms of

apoptosis induction are being induced. Therefore, the levels of Bcl-2 and Bel-xL were

also evaluated by Western Blot. The cellular levels of both protein levels were reduced
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following treatment with the extract (Fig. 5A), and in the case of Bcl-xL this reduction
was found to be statistically significant for both concentrations of the extract (Glspand
Glys; Fig. 5B). The verified decrease in the Bcl-2 levels may be a cause or a
consequence of the verified apoptosis. Indeed, apoptosis results in the activation of
caspases which cause a series of cascade reactions that cleave essential proteins
throughout the cell. Bcl-2 and Bcl-xL (anti-apoptotic proteins) may be cleaved by
caspases, causing a reduction in their cellular levels and therefore further potentiating
the apoptotic process (Fujita et al., 1998; Kirsch et al., 1999; Liang et al., 2002). So, the
verified decrease in Bcl-2 and Bcel-xL may be a cause and/or a consequence of the
verified increase in apoptosis.

Caspase-9 is the initiator caspase, whose activation is required for subsequent
downstream caspase activation (Wu, 2014). Treatment of MCF-7 cells with the
mushroom extract caused a decrease in procaspase-9 levels, suggesting that caspase-9
was activated. Usually, this decrease is accompanied by an appearance of a 37 kD
cleavage product in the Western Blots (Sharma et al., 2012); however, we were not able
to detect this band with the used antibody. Additionally, treatment with the Glys
concentration of the phenolic extract significantly decreased total PARP levels (Fig. SA
and 5B), which is also typical of the activation of the mitochondrial pathway of

apoptosis (Huang et al., 2012).
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Fig. 5. Expression of apoptosis- and DNA damage-related proteins in MCF-7 cells
treated with a phenolic extract of Leccinum vulpinum Watling. (A) Western blot images
representative of at least three independent experiments. Actin was used as a loading
control. (B) Densitometry analysis of the Western blots. Cells were treated with the Gls
and Gl7s concentrations of the phenolic extract for 48 h. Appropriate controls were
included: untreated cells (Blank) and cells treated with the corresponding volumes of
the extract solvent (H,O; Control 1 (CTR1) and Control 2 (CTR2)). Results represent
the mean + SE of three independent experiments and are expressed after normalization
of the values obtained for each protein with the values obtained for actin and further
expressed in relation to Blank cells. *Represents p < 0.05 when comparing the effect of
the studied phenolic extract with the Blank cells.

L. vulpinum phenolic extract induced DNA damage

One of the causes of apoptotic cell death, namely via the intrinsic pathway, is DNA
damage (Roos and Kaina, 2013). Accordingly, it was decided to analyze the levels of p-
H2A.X, a protein also related to DNA damage and repair. Although the results observed
in the Fig. 5A (Western blot) seem to indicate an increase in p-H2A.X levels, we found
that this increase was not statistically significant (Fig. 5B).

In order to confirm if the mushroom extract induced DNA damage, the comet assay was
performed. As aforementioned, cells were treated for 24 h with two different and high
extract concentrations, 200 and 250 pg/mL (both higher than the Glys), in order to see
the induction of DNA damage before the reduction in the number of viable cells due to
apoptosis occurred (which would mean that a very small number of cells would be
analysed). By measuring the percentage of tail DNA obtained, a significant increase
upon treatment with 250 pg/mL of the extract was observed (Fig. 6). Therefore, it can

be concluded that the phenolic extract from L. vulpinum causes effectively DNA

damage.
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Fig. 6. Quantification of the % of Tail DNA representative of DNA damage induced in
MCF-7 cells treated with a phenolic extract from Leccinum vulpinum Watling. Cells
were treated with 200 pg/mL and 250 pg/mL of the studied phenolic extract for 24 h.
Appropriate controls were included: untreated cells (Blank), cells treated with the
positive control (H,O,, 1 mM) and cells treated with the corresponding volumes of the
extract solvent (Control 1 and Control 2).

Overall, the phenolic extract from L. vulpinum seems to affect the human MCF-7 breast
cancer cell line by causing DNA damage, which then probably caused a decrease in
cellular proliferation and an increase in cell dead by apoptosis.

Indeed, the results obtained by flow cytometry (as well as fluorescence microscopy)
were conclusive and reported an increase in the percentage of MCF-7 cells undergoing
programmed cell death following treatment with the studied phenolic extract. Moreover,
it is well known that PARP is involved in the repair of DNA damage, being cleaved
during apoptosis. In fact, cleavage of PARP by caspases is considered to be a hallmark
of apoptosis (Chaitanya et al., 2010; Yang et al., 2004). Therefore, our findings clearly
suggest the induction of apoptosis by this extract. The decrease in procaspase-9 levels
following treatment means that caspase-9 was activated. This protease is known to then
activate the downstream caspases-3 and/or -7, which in turn cleave PARP (Ferguson et

al., 2003).
24



Additionally, even though the results obtained for p-H2AX have not been conclusive,

the Comet assay proved that the extract induced DNA damage of MCF-7 cells.

4. Conclusions

This work was the first to report the bioactivity of L. vulpinum phenolic extract. This
extract is characterised by the presence of hydroxybenzoic acids (gallic, protocatechuic
and p-hydroxybenzoic acids) and the related compound cinnamic acid.

This mushroom extract seems to inhibit the growth of the human MCF-7 breast cancer
cell line, by inducing DNA damage, inhibiting cellular proliferation and leading to cell
death by apoptosis. This extract also revealed cytotoxic effects in the human breast non-
malignant cell line, but at much higher concentrations.

This work has provided further knowledge on the potential of L. vulpinum phenolic

extract as a source of bioactive compounds with antitumour potential.

Acknowledgements

IPATIMUP integrates the i3S Research Unit, which is partially supported by FCT, the
Portuguese Foundation for Science and Technology. This work is funded by FEDER
funds through the Operational Programme for Competitiveness Factors-COMPETE and
National Funds through the FCT-Foundation for Science and Technology, under the
projects "PEst-C/SAU/LA0003/2013", NORTE-07-0162-FEDER-00018 - Contributos
para o refor¢o da capacidade do IPATIMUP enquanto actor do sistema regional de
inovagdao" and NORTE-07-0162-FEDER-000067 - Reforco e consolidagdo da
capacidade infraestrutural do IPATIMUP para o sistema regional de inovagao", both
supported by Programa Operacional Regional do Norte (ON.2 — O Novo Norte),
through FEDER funds under the Quadro de Referéncia Estratégico Nacional (QREN).

Authors also thank COMPETE/QREN/EU for the financial support to CIMO (strategic

25



project PEst-OE/AGR/UI0690/2014) and L. Barros. The authors also thank QREN for
the grant of F.S. Reis (NORTE-07-0124-FEDER-000023) and FCT for the grant of D.
Sousa (SFRH/BD/98054/2013), Dr. Maria Jodo Sousa for helping in the harvesting of

samples.

References

Ahn, W.S., Kim, D.J.,, Chae, G.T., Lee, JM., Bae, SM., Sin, JI, Kim, Y.W.,
Namkoong, S.E., Lee, I.P., 2004. Natural killer cell activity and quality of life
were improved by consumption of a mushroom extract, Agaricus blazei Murill
Kyowa, in gynecological cancer patients undergoing chemotherapy. Int. J.
Gynecol. Cancer 14, 589-954.

Azevedo, C.M.G., Afonso, C.M.M., Sousa, D., Lima, R.T., Vasconcelos, M.H., Pedro,
M., Barbosa, J., Corréa, A.G., Reis, S., Pinto, M.M.M., 2013. Multidimensional
optimization of promising antitumor xanthone derivatives. Bioorg. Med. Chem.
21, 2941-2959.

Cancer Research UK, 2014. Cancer Statistics Report - Cancer incidence and mortality
in the UK, September 2014 (incidence 2011, mortality 2012). Available at
http://www.cancerresearchuk.org/; Accessed on February 2, 2016.

Chabner, B.A. and Longo, D.L., 2011. Cancer chemotherapy and biotherapy: Principles
and practice. Lippincott Williams & Wilkins: Philadelphia.

Chaitanya, G.V., Alexander, J.S., Babu, P.P., 2010. PARP-1 cleavage fragments:
signatures of cell-death proteases in neurodegeneration. Cell Commun. Signal. 8§,
31.

Charvet, C., Wissler, M., Brauns-Schubert, P., Wang, S.-J., Tang, Y., Sigloch, F.C. et
al., 2011. Phosphorylation of Tip60 by GSK-3 determines the induction of PUMA

and apoptosis by p53. Mol. Cell 42, 584-596.

26



Chen, D.M., Bastias, B.A., Taylor, A.F.S., Cairney, J.W.G., 2003. Identification of
laccase-like genes in ectomycorrhizal basidiomycetes and transcriptional
regulation by nitrogen in Piloderma byssinum. New Phytol. 157, 547-554.

Chen, D.M., Taylor, A.F.S., Burke, R.M., Cairney, J.W.G., 2001. Identification of
genes for lignin peroxidases and manganese peroxidases in ectomycorrhizal fungi.
New Phytol. 152, 151-158.

Cheung, P.C.K., 2010. The nutritional and health benefits of mushrooms. Nutr. Bull. 35,
292-299.

dos Santos, T., Oliveira, M., Sousa, D., Lima, R.T., Martins, A., Ferreira, I.C.F.R.,
Vasconcelos, M.H., 2014. Suillus luteus methanolic extract inhibits proliferation
and increases expression of p-H2A.X in a non-small cell lung cancer cell line. J.
Funct. Foods 6, 100-106.

dos Santos, T., Tavares, C., Sousa, D., Vaz, J.A., Calhelha, R.C., Martins, A., Almeida,
G.M., Ferreira, I.C.F.R., Vasconcelos, M.H., 2013. Suillus luteus methanolic
extract inhibits cell growth and proliferation of a colon cancer cell line. Food Res.
Int. 53, 476-481.

Ekmekcioglu, C., Feyertag, J., Marktl, W., 1998. Cinnamic acid inhibits proliferation
and modulates brush border membrane enzyme activities in Caco-2 cells. Cancer
Lett. 128, 137-144.

Ellis, M.B. and Ellis, J.P., 1990. Fungi without gills (Hymenomycetes and

Gasteromycetes): An identification handbook. Chapman and Hall: London.
Ferguson, H.A., Marietta, P.M., Van Den Berg, C.L., 2003. UV-induced apoptosis is
mediated independent of caspase-9 in MCF-7 cells A MODEL FOR
CYTOCHROME c RESISTANCE. J. Biol. Chem. 278, 45793-45800.
Ferreira, I.C.F.R., Barros, L., Abreu, RM.V., 2009. Antioxidants in wild mushrooms.

Curr. Med. Chem. 16, 1543-1560.

27



Ferreira, .C.F.R., Vaz, J.A., Vasconcelos, M.H., Martins, A., 2010. Compounds from
wild mushrooms with antitumor potential. Anticancer Agents Med. Chem. 10,
424-436.

Fortes, R.C., Novaes, M.R., Recéva, V.L., Melo, A.L., 2009. Immunological,
hematological, and glycemia effects of dietary supplementation with Agaricus
sylvaticus on patients' colorectal cancer. Exp. Biol. Med. 234, 53-62.

Fujita, N., Nagahashi, A., Nagashima, K., Rokudai, S., Tsuruo, T., 1998. Acceleration
of apoptotic cell death after the cleavage of Bcl-XL protein by caspase-3-like
proteases. Oncogene 17, 1295-1304.

Heleno, S.A., Ferreira, I.C.F.R., Calhelha, R.C., Esteves, A.P., Martins, A., Queiroz,

M.J.R.P., 2014. Cytotoxicity of Coprinopsis atramentaria extract, organic acids
and their synthesized methylated and glucuronate derivatives. Food Res. Int. 55,
170-175.

Hong, S.A., Kim, K., Nam, S.-J., Kong, G, Kim, M.K., 2008. A case—control study on
the dietary intake of mushrooms and breast cancer risk among Korean women.
Int. J. Cancer 122, 919-923.

Huang, Y., Hu, J., Zheng, J., Li, J.,, Wei, T., Zheng, Z., Chen, Y., 2012. Down-
regulation of the PI3K/Akt signaling pathway and induction of apoptosis in CA46
Burkitt lymphoma cells by baicalin. J. Exp. Clin. Cancer Res. 31, 1-9.

Ito, K., Nakazato, H., Koike, A., Takagi, H., Saji, S., Baba, S., Mai, M., Sakamoto, J.-i.,
Ohashi, Y., 2004. Long-term effect of 5-fluorouracil enhanced by intermittent
administration of polysaccharide K after curative resection of colon cancer. Int.
J. Colorectal Dis. 19, 157-164.

Iwanski, M. and Rudawska, M., 2007. Ectomycorrhizal colonization of naturally
regenerating Pinus sylvestris L. seedlings growing in different micro-habitats in

boreal forest. Mycorrhiza 17, 461-467.
28



Ji, B., Hsu, W., Yang, J., Hsia, T., Lu, C., Chiang, J., Yang, J., Lin, C., Lin, J., Suen, L.,
Wood, W.G., Chung, J., 2009. Gallic acid induces apoptosis via caspase-3 and
mitochondrion-dependent pathways in vitro and suppresses lung xenograft tumor
growth in vivo. J. Agr. Food Chem. 57, 7596-7604.

Kajstura, M., Halicka, H.D., Pryjma, J., Darzynkiewicz, Z., 2007. Discontinuous
fragmentation of nuclear DNA during apoptosis revealed by discrete “sub-G1”
peaks on DNA content histograms. Cytom. Part A 71A, 125-131.

Kaur, M., Velmurugan, B., Rajamanickam, S., Agarwal, R., Agarwal, C., 2009. Gallic
acid, an active constituent of grape seed extract, exhibits anti-proliferative, pro-
apoptotic and anti-tumorigenic effects against prostate carcinoma xenograft
growth in nude mice. Pharm. Res. 26, 2133-2140.

Kirsch, D.G., Doseff, A., Chau, B.N., Lim, D.S., de Souza-Pinto, N.C., Hansford, R.,
Kastan, M.B., Lazebnik, Y.A., Hardwick, J.M., 1999. Caspase-3-dependent
cleavage of Bcl-2 promotes release of cytochrome c. J. Biol. Chem. 274, 21155-
21161.

Liang, Y., Nylander, K.D., Yan, C., Schor, N.F., 2002. Role of caspase 3-dependent
Bcl-2 cleavage in potentiation of apoptosis by Bcl-2. Mol. Pharmacol. 61, 142-
149.

Lima, M.J., Sousa, D., Lima, R.T., Carvalho, A.M., Ferreira, I.C.F.R., Vasconcelos,
M.H., 2014. Flower extracts of Filipendula ulmaria (L.) Maxim inhibit the
proliferation of the NCI-H460 tumour cell line. Ind. Crops Prod. 59, 149-153.

Lima, R.T., Martins, L.M., Guimaraes, J.E., Sambade, C., Vasconcelos, M.H., 2006.
Chemosensitization effects of XIAP downregulation in K562 leukemia cells. J.

Chemother. 18, 98-102.

29



Lu, Y., Jiang, F., Jiang, H., Wu, K., Zheng, X., Cai, Y., Katakowski, M., Chopp, M.,
To, S.S., 2010. Gallic acid suppresses cell viability, proliferation, invasion and
angiogenesis in human glioma cells. Eur. J. Pharmacol. 641, 102-107.

Mitomi, T., Tsuchiya, S., lijima, N., Aso, K., Suzuki, K., Nishiyama, K., Amano, T.,
Takahashi, T., Murayama, N., Oka, H., et al., 1992. Randomized, controlled
study on adjuvant immunochemotherapy with PSK in curatively resected
colorectal cancer. The cooperative study group of surgical adjuvant
immunochemotherapy for cancer of colon and rectum (Kanagawa). Dis. Colon
Rectum 35, 123-130.

Monks, A., Scudiero, D., Skehan, P., Shoemaker, R., Paull, K., Vistica, D., et al., 1991.
Feasibility of a high-flux anticancer drug screen using a diverse panel of cultured
human tumour cell lines. J. Natl. Cancer Inst. 83, 757-766.

Nakazato, H., Koike, A., Saji, S., Ogawa, N., Sakamoto, J., 1994. Efficacy of
immunochemotherapy as adjuvant treatment after curative resection of gastric
cancer. Study group of immunochemotherapy with PSK for gastric cancer. Lancet
343, 1122-1126.

Neves, M.P., Cidade, H., Pinto, M., Silva, A.M., Gales, L., Damas, A.M., Lima, R.T.,
Vasconcelos, M.H., Nascimento, M.S.J., 2011. Prenylated derivatives of baicalein
and 3,7-dihydroxyflavone: synthesis and study of their effects on tumor cell lines
growth, cell cycle and apoptosis. Eur. J. Med. Chem. 46, 2562-2574.

Ohwada, S., lkeya, T., Yokomori, T., Kusaba, T., Roppongi, T., Takahashi, T.,

Nakamura, S., Kakinuma, S., Iwazaki, S., Ishikawa, H., Kawate, S., Nakajima,
T., Morishita, Y., 2004. Adjuvant immunochemotherapy with oral
Tegafur/Uracil plus PSK in patients with stage II or III colorectal cancer: a

randomised controlled study. Br. J. Cancer 90, 1003-1010.

30



Oztiirk, M., Tel-Cayan, G., Muhammad, A. Terzioglu, P., Duru, M.E., 2015.
Mushrooms: a source of exciting bioactive compounds, in: Atta-ur-Rahman, FRS
(Eds.), Studies in natural products chemistry. Elsevier, Amsterdam, pp. 363-456.

Palacios, 1., Lozano, M., Moro, C., D’Arrigo, M., Rostagno, M.A., Martinez, J.A.,
Garcia-Lafuente, A., Guillamoén, E., Villares, A., 2011. Antioxidant properties of
phenolic compounds occurring in edible mushrooms. Food Chem. 128, 674-678.

Palmeira, A., Paiva, A., Sousa, E., Seca, H., Almeida, G.M., Lima, R.T., Fernandes,
M.X., Pinto, M., Vasconcelos, M.H., 2010. Insights into the in vitro antitumor
mechanism of action of a new pyranoxanthone. Chem. Biol. Drug Des. 76, 43-58.

Patel, S. and Goyal, A., 2012. Recent developments in mushrooms as anti-cancer
therapeutics: a review. 3 Biotech. 2, 1-15.

Queiroz, M.J.R.P., Peixoto, D., Calhelha, R.C., Soares, P., Santos, T., Lima, R.T.,
Campos, J.F., Abreu, RM.V., Ferreira, [.C.F.R., Vasconcelos, M.H., 2013.
Newdi(hetero)arylethers and di(hetero)arylamines in the thieno[3,2-b]
pyridineseries: synthesis, growth inhibitory activity on human tumor cell lines and
non-tumor cells, effects on cell cycle and on programmed cell death. Eur. J. Med.
Chem. 69, 855-862.

Reddy, T.C., Reddy, D.B., Aparna, A., Arunasree, K.M., Gupta, G., Achari, C., Reddy,
G.V., Lakshmipathi, V., Subramanyam, A., Reddanna, P., 2012. Anti-leukemic
effects of gallic acid on human leukemia K562 cells: downregulation of COX-2,
inhibition of BCR/ABL kinase and NF-kB inactivation. Toxicol. in Vitro 26, 396-
405.

Reis, F.S., Martins, A., Barros, L., Ferreira, [.C.F.R., 2012. Antioxidant properties and
phenolic profile of the most widely appreciated cultivated mushrooms: a
comparative study between in vivo and in vitro samples. Food Chem. Toxicol. 50,

1201-1207.

31



Roos, W.P. and Kaina, B., 2013. DNA damage-induced cell death: From specific DNA
lesions to the DNA damage response and apoptosis. Cancer Lett. 332, 237-248.

Roupas, P., Keogh, J., Noakes, M., Margetts, C., Taylor, P., 2012. The role of edible
mushrooms in health: Evaluation of the evidence. J. Funct. Foods 4, 687-709.

Saxén, R. and Ilus, E., 2008. Transfer and behaviour of 137Cs in two Finnish lakes and
their catchments. Sci. Total Environ. 394, 349-360.

Seca, H., Lima, R.T., Almeida, G.M., Sobrinho-Simdes, M., Bergantim, R., Guimaraes,
J.E., Vasconcelos, M.H., 2014. Effect of miR-128 in DNA damage of HL-60
Acute Myeloid Leukemia cells. Curr. Pharm. Biotechnol. 15, 492-502.

Seidel, C., Schnekenburger, M., Dicato, M., Diederich, M., 2014. Antiproliferative and
proapoptotic activities of 4-hydroxybenzoic acid-based inhibitors of histone
deacetylases. Cancer Lett. 343, 134-146.

Senawong, T., Khaopha, S., Misuna, S., Komaikul, J., Senawong, G., Wongphakham,
P., Yunchalard, S., 2014. Phenolic acid composition and anticancer activity
against human cancer cell lines of the commercially available fermentation
products of Houttuynia cordata. ScienceAsia 40, 420-427.

Sharma, V., Anderson, D., Dhawan, A., 2012. Zinc oxide nanoparticles induce
oxidative DNA damage and ROS-triggered mitochondria mediated apoptosis in
human liver cells (HepG2). Apoptosis 17, 852-870.

Shin, A., Kim, J., Lim, S.-Y., Kim, G., Sung, M.-K., Lee, E.-S., Ro, J., 2010. Dietary
mushroom intake and the risk of breast cancer based on hormone receptor status.
Nutr. Cancer 62, 476-483.

Spilioti, E., Jaakkola, M., Tolonen, T., Lipponen, M., Virtanen, V., Chinou, I., Kassi,
E., Karabournioti, S., Moutsatsou, P., 2014. Phenolic acid composition,
antiatherogenic and anticancer potential of honeys derived from various regions in

Greece. PLOS One 9, €94860.

32



Torisu, M., Hayashi, Y., Ishimitsu, T., Fujimura, T., Iwasaki, K., Katano, M.,
Yamamoto, H., Kimura, Y., Takesue, M., Kondo, M., et al., 1990. Significant
prolongation of disease-free period gained by oral polysaccharide K (PSK)
administration after curative surgical operation of colorectal cancer. Cancer
Immunol. Immunother. 31, 261-268.

Tsujitani, S., Kakeji, Y., Orita, H., Watanabe, A., Kohnoe, S., Baba, H., Anai, H.,
Machara, Y., Sugimachi, K., 1992. Postoperative adjuvant
immunochemotherapy and infiltration of dendritic cells for patients with
advanced gastric cancer. Anticancer Res. 12, 645-648.

Tsujitani, S., Saito, H., Wakatsuki, T., Ikeguchi, M., Shirabe, K., Morita, M., Kakeji,
Y., Yano, T., Maehara, Y., 2012. Relationship between expression of apoptosis-
related proteins and the efficacy of postoperative chemotherapy in patients with
T3 gastric cancer. Surg. Today, 42, 225-232.

Vaaramaa, K., Solatie, D., Aro, L., 2009. Distribution of 210Pb and 210Po
concentrations in wild berries and mushrooms in boreal forest ecosystems. Sci.
Total Environ. 408, 84-91.

Varaprasad, K., Ravindra, S., Reddy, N.N., Vimala, K., Raju, K. M., 2010. Design and
development of temperature sensitive porous poly (NIPAAm-AMPS) hydrogels
for drug release of doxorubicin-a cancer chemotherapy drug. Journal of applied
polymer science, J. Appl. Polym. Sci. 116, 3593-3602.

Vasconcelos, M.H., Beleza, S.S., Quirk, C., Maia, L.F., Sambade, C., Guimaraes, J.E.,
2000. Limited synergistic effect of antisense oligonucleotides against ber-abl and
transferrin receptor mRNA in leukemic cells in culture. Cancer Lett. 152, 135-
143.

Vaz, J.A., Almeida, G.M., Ferreira, I.C.F.R., Martins, A., Vasconcelos, M.H., 2012a.

Clitocybe alexandri extract induces cell cycle arrest and apoptosis in a lung cancer

33



cell line: Identification of phenolic acids with cytotoxic potential. Food Chem.
132, 482-486.

Vaz, J.A., Ferreira, I.C.F.R., Tavares, C., Almeida, G.M., Martins, A., Vasconcelos,
M.H., 2012b. Suillus collinitus methanolic extract increases p53 expression and
causes cell cycle arrest and apoptosis in a breast cancer cell line. Food Chem. 135,
596-602.

Vaz, J.A., Heleno, S.A., Martins, A., Almeida, G.M., Vasconcelos, M.H., Ferreira,
I.C.F.R., 2010. Wild mushrooms Clitocybe alexandri and Lepista inversa: In vitro
antioxidant activity and growth inhibition of human tumour cell lines. Food
Chem. Toxicol., 48, 2881-2884.

Vichai, V. and Kirtikara, K., 2006. Sulforhodamine B colorimetric assay for
cytotoxicity screening. Nat. Protoc. 1, 1112-1116.

Wasser, S.P., 2011. Current findings, future trends, and unsolved problems in studies of
medicinal mushrooms. Appl. Microbiol. Biotechnol. 89, 1323-1332.

Wu, H., 2014. Cell death mechanism and disease. Springer, New York.

Yang, Y., Zhao, S., Song, J., 2004. Caspase-dependent apoptosis and -independent
poly(ADP-ribose) polymerase cleavage induced by transforming growth factor
betal. Int. J. Biochem. Cell Biol. 36, 223-234.

Yin, M.C., Lin, C.C., Wu, H.C., Tsao, S.M., Hsu, C.K., 2009. Apoptotic effects of
protocatechuic acid in human breast, lung, liver, cervix, and prostate cancer cells:
Potential mechanisms of action. J. Agric. Food Chem. 57, 6468-6473.

Yip, E.C.H., Chan, A.S.L., Pang, H., Tam, Y.K., Wong, Y.H., 2006. Protocatechuic
acid induces cell death in HepG2 hepatocellular carcinoma cells through a c-Jun

N-terminal kinase-dependent mechanism. Cell Biol. Toxicol. 22, 293-302.

34



You, B.R., Moon, H.J., Han, Y.H, Park, W.H., 2010. Gallic acid inhibits the growth of
HeLa cervical cancer cells via apoptosis and/or necrosis. Food Chem. Toxicol. 48,
1334-1340.

Yu, J., Sun, R., Zhao, Z., Wang, Y., 2014. Auricularia polytricha polysaccharides
induce cell cycle arrest and apoptosis in human lung cancer A549 cells. Int. J.
Biol. Macromol. 68, 67-71.

Zhang, M., Huang, J., Xie, X, Holman, C.D.J., 2009. Dietary intakes of mushrooms and
green tea combine to reduce the risk of breast cancer in Chinese women. Int. J.

Cancer 124, 1404-1408.

35



