
ORIGINAL ARTICLE

A novel acid polysaccharide from Boletus edulis: extraction,
characteristics and antitumor activities in vitro

Ting Meng1,2
& Sha-sha Yu1,2

& Hai-yu Ji1,2,3 & Xiao-meng Xu1,2
& An-jun Liu1,2

Received: 5 October 2020 /Revised: 1 December 2020 /Accepted: 3 January 2021
# The Author(s), under exclusive licence to Springer Science+Business Media, LLC part of Springer Nature 2021

Abstract
A novel cold-water-soluble polysaccharide (BEP), with a molecular weight of 6.0 × 106 Da, was isolated from Boletus edulis.
BEP consists of galactose, glucose, xylose, mannose, glucuronic, and galacturonic acid in a ratio of
0.34:0.28:0.28:2.57:1.00:0.44. The IR results showed that BEP was an acid polysaccharide, containing α-type and β-type
glucoside bonds. MTT assay showed BEP could inhibit cell proliferation significantly. Morphological observation demonstrated
that BEP-treated MDA-MB-231 and Ca761 cells exhibited typical apoptotic morphological features. Flow cytometry analysis
revealed that BEP caused mitochondrial membrane potential collapse. Annexin V-FITC/PI staining indicated that BEP induced
apoptosis of MDA-MB-231 and Ca761 cells through cell block in S phase and G0/G1 phase, respectively. Western blot results
showed that BEP could increase the Bax/Bcl-2 ratios, promote the release of cytochrome C, and activate the expression of
caspase-3 and caspase-9 in MDA-MB-231 and Ca761 cells. In conclusion, our results demonstrated that BEP could inhibit the
proliferation of breast cancer cells and induce apoptosis through mitochondrial pathways.
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Introduction

Breast cancer is one of the most common cancers among
women in the world, and its incidence is increasing year by
year [1, 2]. Since 2013, breast cancers have been divided into
four different subgroups by molecular characterize, which de-
termine the imparity recommended standard treatments and
the patient’s prognosis [3]. Because triple-negative breast can-
cer (TNBC) lacks the expression of three common tumor
markers, estrogen receptor (ER), progesterone receptor (PR),
and human epidermal growth factor receptor 2 (HER2), so it
appears to be more aggressive than the other breast cancer
subtypes [4]. TNBC is also often characterized by younger
age, higher rates of “spaced” breast cancer (detected between

screenings), and adverse features such as cell necrosis and
high mitotic index [5–7]. TNBC is resistant to the usual treat-
ment of breast cancer, such as endocrine therapy, and is prone
to metastasis and recurrence [8]. Therefore, it is necessary to
find new natural anti-tumor active substances to reduce side
effects. Studies have shown that polysaccharide HPA extract-
ed from the marine fungus Hansfordia sinousae can inhibit
the proliferation of HeLa and MCF-7 cells and induce cell
apoptosis through mitochondrial apoptosis [9].

Apoptosis, also known as programmed cell death, is crucial
for normal tissue development [10]. Abnormalities in this
pathway can lead to various diseases and even cancer [11].
Most of the chemotherapeutic agents kill cancer cells by
inhibiting their proliferation and inducing their apoptosis path-
ways [12]. During apoptosis, some typical apoptotic charac-
teristics occur in cells, such as vesiculation, cell contraction,
the formation of apoptotic bodies, condensation chromatin,
DNA fragmentation, and activation of cysteinyl aspartate-
specific proteinases: the caspases [13]. The apoptotic pathway
can be divided into extrinsic and intrinsic apoptotic pathways
[14]. The activation of the intrinsic apoptotic pathway plays a
role throughmitochondria, which is the center of the apoptosis
pathway [15]. The mitochondrial apoptosis pathway starts
from mitochondrial depolarization, which is regulated by
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members of the Bcl-2 protein family, leads to the release of
cytochrome c, thereby activates caspase-9 and caspase-3, ul-
timately leads to apoptosis, forming the apoptosome [16, 17].

Mushrooms have been consumed for centuries because
they are a good source of valuable nutraceuticals and medi-
cines, which are rich in protein, polysaccharides, dietary fi-
bers, essential minerals, and secondary metabolites [18, 19].
The main components of mushroom bioactivity are polysac-
charides and polysaccharide-protein complexes. Some of
these compounds have good anti-tumor, anti-inflammatory,
and antioxidant activities that can regulate the immune system
[20], such as the bioactive ingredients extracted from
Ganoderma lucidum [9]. Boletus edulis (Boletus edulis Bull.
Fr.), also known as “king bolete”, is a kind of edible wild-
growing mushroom that is very popular around the world
[21]. The modern pharmacological studies show that it has
anti-diabetes, antioxidant and anti-tumor activity [22]. At
present, most studies on polysaccharides from Boletus edulis
concentrate on the optimization of extraction conditions [23],
structure analysis [24], and anti-oxidation [25], while there are
few studies on its anti-tumor [26, 27]. Moreover, the extrac-
tion method is mostly traditional hot water extraction, and the
obtained polysaccharides are neutral polysaccharides with
small molecular weight. Therefore, the extraction of new ac-
tive polysaccharides from Boletus edulis and the study of its
anti-tumormechanism provides a theoretical foundation for its
practical application in the future. In this study, a novel water-
soluble polysaccharide fromBoletus edulis (BEP) was extract-
ed and purified at 4 °C, and its preliminary structure and anti-
tumor activity in MDA-MB-231 and Ca761 cells were
studied.

Materials and methods

Reagents and chemicals

Dried fruiting bodies of Boletus edulis were purchased from
Lingyutang Group Co. Ltd. (Yunnan, China). D-glucose
(Glc), L-rhamnose (Rha), L-arabinose (Ara), D-mannose
(Man), D-galactose (Gal), D-xylose (Xyl), D-glucuronic acid
(GlcA), D-galacturonic (GalA) and trifluoroacetic acid (TFA)
were purchased from Solarbio Science & Technology Co.,
Ltd. (Beijing, China). RPMI-1640 Medium was provided by
GIBCO (Carlsbad, CA, USA). MTT and DMSOwere provid-
ed by Sigma Chemical Co. (St. Louis, MO, USA). Annexin
V-FITC/PI apoptosis detection kit was purchased from
Keygen Biotech (Nanjing, China). Hoechst 33258, Hoechst
33342/PI double-staining, Bradford protein assay (BCA),
Rhodamine 123, ROS assay kits, PMSF, and ECL kit were
obtained from Solarbio Science & Technology Co. Ltd.
(Beijing, China). The antibodies specific to β-actin, Bcl-2,
Bax, caspase-9, caspase-3, and cytochrome C were provided

from Beyotime Institute of Biotechnology (Shanghai, China).
All other chemical reagents were of analytical grade.

Extraction, separation and purification of BEP

The dried Boletus edulis were shattered to powder and then
extracted by cold water method (liquid-solid ratio of 15:1,
extraction temperature of 4 °C, extraction time of 7 h). The
extracting solution was then precipitated with ethanol at a
concentration of 60%. The protein was removed by sevage
method [28], and small molecular impurities were removed
by dialysis with 100,000 dialysis bags to obtain pure BEP
polysaccharide.

Chemical components of BEP

Total sugar content and protein content in BEP were deter-
mined by the phenol sulfuric acid method (glucose as stan-
dard) and Coomassie bright blue method (bovine serum pro-
tein as standard) [29–31]. The contents of protein and nucleic
acid [32] in BEP were detected by the UV-2550 spectropho-
tometer between 200 and 800 nm (CARY 50 UV–Vis,
Agilent).

Determination of homogeneity and molecular weight

The homogeneity and molecular weight of BEP were deter-
mined by HPLC (HPGPC, Agilent-1200, USA) equipped
with TSK-GELG4000PWXL (7.8mm× 300mm), a refractive
index detector. The linear regression was calibrated with T-
series standards (T10, T40, T70, T110, T500, T2000) [24].
The sample was dissolved to a concentration of 1 mg/mL by
distilled water, and 20 μL of supernatant was injected for each
run and eluted with ultrapure water at a flow rate of 0.8 mL/
min at 35 °C. [33].

FT-IR spectrum analysis

Weigh 1 mg sample, 150 mg dried potassium bromide pow-
der, ground them fully until they were attached to the wall,
then put them into the mold for tablet pressing (pressurized to
8 t, lasting 30 s). After collecting the background, the FT-IR
spectrum (KBr pellets) of the polysaccharide sample was col-
lected in the wavelength range of 4000–400 cm−1 on the FT-
IR (Bruker VECTOR-220, German) [34].

Monosaccharide composition analysis

The monosaccharide compositions of BEP were detected by
the IC (Ion Chromatography) on a Dionex ICS5000 chro-
matographic system, with a Dionex pulsed amperometric de-
tector with an Au electrode and an efficient anion exchange
column of Dionex Carbopac PA10 column (250 mm ×
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2.0 mm) [35]. 10 mg BEP was hydrolyzed with 2 mL of 2 M
TFA and degraded in an oil bath at 110 °C for 3 h. After that,
adding 1 mL of methanol and also dried with N2, and repeated
3 times. Finally, the degraded blow-dried polysaccharides
were dissolved in ultra-pure water and diluted to a final con-
centration of 50 ppm for IC analysis. D-rhamnose, L-arabi-
nose, D-galactose, D-glucose, L-xylose, D-mannose, D-
glucuronic acid, and D-galacturonic acid were applied as
standards.

Cell culture

The human breast cancer MDA-MB-231 and mouse breast
cancer Ca761 cell line (Tianjin Medical University, Tianjin,
China) were cultured in RPMI-1640 containing 10% heat-
inactivated fetal bovine serum. The cells were cultured in a
humidified incubator containing 5% CO2 at 37 °C. All exper-
imental cells were performed by passage 5–10 times after
MDA-MB-231 and Ca761 cells had grown to exponential
growth stage.

MTT assay

The MDA-MB-231 and Ca761 cells viability were evalu-
ated by MTT assay. When the cells were in the logarith-
mic growth stage, the MDA-MB-231 and Ca761 cells
were cultured in 96-well plates with the final concentra-
tion of 5 × 103 cells/well. After the cells adhered to the
plate wells, different concentrations of BEP (25, 50, 75,
100, 125, 150, 200, 400, 600 μg/mL) were added and
cultured by incubation for 24 h and 48 h at 37 °C in a
5% CO2 incubator, respectively. Then, 20 μL MTT solu-
tion (5 mg/mL) was added to each well, followed by in-
cubation for another 4 h at 37 °C. After the supernatant
was removed, 150 μL DMSO was added to dissolve the
crystals. The absorbance of the solution at 570 nm was
detected by a microplate reader (Model 680, Bio-Rad,
Hercules, CA, USA). The cell growth inhibition rate was
calculated as follows:

Inhibition rate %ð Þ
¼ untreated groups−experimental groupsð Þ=untreated groups

� 100

Cell morphology observation

Observed under an inverted fluorescence microscope

When the cells reached the logarithmic growth stage, they
were treated with different concentrations of BEP (0, 75,
150, 300 μg/mL) and cultured in a humidified incubator con-
taining 5% CO2 at 37 °C for 24 h before being photographed

under an inverted fluorescence microscope. (Nikon, Tokyo,
Japan).

Hoechst 33258 staining

Hoechst 33258 staining was used to observe the morpholog-
ical changes of the apoptotic cell nucleus [36]. The treated
cells were washed twice with PBS buffer, fixed with parafor-
maldehyde (4%) for 15 min. Next, the cells were stained with
Hoechst 33258 of 10 μg/mL for 20 min at room temperature.
Finally, the stained nuclei were observed with an inverted
fluorescence microscope (Nikon ECLIPSE 90i, Tokyo,
Japan).

Hoechst 33342/PI double staining

The treated cells with BEP for 24 h were fixed with 4% form-
aldehyde, then stained with Hoechst 33342 and PI for 20 min,
and finally, the cell morphology was observed [36].

Cell apoptosis assay

The cell apoptosis rates were determined byAnnexin V-FITC/
PI staining. According to the manufacturer’s instructions, the
control and experimental cells were collected and resuspended
in 500 μL 1 × Binding Buffer, followed by 5 μL Annexin V-
FITC and 5 μL PI, which were incubated for 10 min at 37 °C
in the dark. Finally, the apoptosis rate of the stained cells was
determined by flow cytometry within 1 h.

Mitochondrial membrane potential (ΔΨm) analysis

The cationic fluorescent dye rhodamine 123 was used to de-
tect mitochondrial membrane potential changes inMDA-MB-
231 and Ca761 cells treated with different concentrations of
BEP for 24 h. According to the manufacturer’s instructions,
the cells were collected and stained with rhodamine 123 dye
(10 μg/mL) at 37 °C for 30 min in the dark. Finally, the cells
were washed with PBS for 3 times, resuspended with 500 μL
PBS and detected by flow cytometry.

Measurement of intracellular ROS generation

Changes in DCFH-DA fluorescence intensity can be used to
quantitatively detect intracellular reactive oxygen species.
According to the ROS detection kit, the cells were harvested
and washed with PBS. After that, the cells were resuspended
with 1 mL PBS containing DCFH-DA (10 μM) and incubated
at 37 °C for 20 min in the dark. Finally, after the residual
DCFH-DA was washed with PBS, the cells were detected
by flow cytometry.
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Cell cycle analysis

The control and treated cells were collected and resuspended
with 1 mL PBS, added to 70% ethanol drop by drop, and fixed
overnight at 4 °C. Finally, the fixed cells were washed and
incubated with 50 μL RNase A (1 mg/mL) at 37 °C for
30 min, and stained with 50 μL PI (0.5 μg/mL) at 4 °C for
10 min in the dark. The proportion of cells in each phase were
detected by flow cytometry.

Western blotting

Western blotting was used to detect the expression of
apoptosis-related proteins in MDA-MB-231 and Ca761 cells
after BEP treatment for 24 h. The cells were digested with
trypsin, washed with PBS for three times, and lysed on ice
with RIPA lysate containing PMSF for 30 min, followed by
centrifugation (12,000 g for 8 min) at 4 °C. Bradford protein
assay kit was used to quantify the obtained proteins. After that,
the proteins were mixed with 2× loading buffer and boiled for
5 min. Protein samples were separated with 12% SDS-PAGE
and transferred to PVDF membrane by the Trans-Blot SD
Semi-Dry Transfer Cell (BIO-RAD). The membrane was
blocked with 5% BSA at room temperature for 2 h and then
incubated with the corresponding primary antibodies (anti-β-
actin, anti-Bax, anti-Bcl-2, anti-cytochrome C, anti-caspase-3,
and anti-caspase-9) overnight at 4 °C. The membranes were
washed with TBST for 3 times (15 min each time) and incu-
bated with the corresponding horseradish peroxidase-labeled
secondary antibodies at room temperature for 1.5 h. The pro-
tein bands were detected with the ECL assay kit and exposed
to an X-ray in a darkroom.

Statistical analysis

All experiments were performed at least three times, and all
the data were presented as mean ± standard deviation. One-
way analysis of variance and Student’s t test were used to
analyze the statistical significance of the results. P < 0.05
was considered to be significant.

Results and discussion

Chemical compositions

The sugar contents and uronic acid contents of BEP extracted
by 60% alcohol precipitation at 4 °C were 92.20% and
12.62%, respectively. As shown in Fig. 1e, there was a weak
absorption peak at 260 nm and 280 nm by UV-vis spectro-
photometer, indicating that BEP contains a trace of proteins
and nucleic acids.

Molecular weights of BEP

The HPGPC showed that the BEP presented a symmetrical
and narrow peak (Fig. 1c). According to the standard curve:
y = −0.5416x + 10.363, R2 = 0.9944, the average molecular
weight of BEP was 6.0 × 106 Da.

Analysis of FT-IR spectral characteristics

The FT-IR spectra of BEP were shown in Fig. 1d. The strong
absorption peaks at 3397.31 cm−1 and 2926.10 cm−1 were
respectively the characteristic stretching vibration peaks of
the hydroxyl group and C-H on the polysaccharides. The ab-
sorption peaks at 1643.69 cm−1 and 1412.56 cm−1 are gener-
ated by the stretching vibration of carbonyl in the functional
group -COOH, indicating that BEP may contain uronic acid.
The absorption peaks at 1135.91 cm−1 and 1053.15 cm−1

showed that the presence of pyranose ring in BEP [37].
Besides, the absorption at 917.25 cm−1 and 826.96 cm−1 in-
dicated that the β-glycosidic bond and α-glycosidic bond
existed in BEP [38].

The monosaccharide composition

IC results (Fig. 1a, b) showed that BEP was mainly composed
of mannose, glucuronic and galacturonic acid, and contained a
small amount of galactose, glucose and xylose in a ratio of
2.57:1.00:0.44:0.34:0.28:0.28, indicating that BEP was an
acidic polysaccharide, which is consistent with the results of
IR.

Inhibitory effect of BEP on breast cancer cells

MTT assay was used to detect the proliferation inhibition ef-
fect of BEP on MDA-MB-231 and Ca761 cells after exposed
for 24 h and 48 h. As shown in Fig. 2a, BEP significantly
inhibited the proliferation of MDA-MB-231 and Ca761 cells
in a dose-dependent manner. The inhibition rate of BEP under
75 μg/mL on MDA-MB-231 and Ca761 cells were less than
30%, and the inhibition effect was not evident. After treatment
of BEP on MDA-MB-231 and Ca761 cells, the IC50 values
were 152.76 μg/mL and 134.55 μg/mL for 24 h, were
120.62 μg/mL and 105.37 μg/mL for 48 h, which indicated
that Ca761 cells were more sensitive to BEP. Therefore, the
concentration of 0, 75, 150 and 300 μg/mL of BEP were
selected in the following experiments.

Cell morphological observation

As shown in Fig. 3a, d, the untreated MDA-MB-231 and
Ca761 cells had smooth surfaces, clear edges and normal
shape. However, after BEP treatment, the morphology of
MDA-MB-231 and Ca761 cells changed significantly, the
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Fig. 1 Ion chromatography
(Dionex pulsed amperometric
detector) analysis of the standard
monosaccharides (a) and BEP
(b): (1) rhamnose (Rha); (2)
arabinose (Ara); (3) glucosamine
(GlcN); (4) galactose (Gal); (5)
glucose (Glc); (6)
acetylglucosamine (GlcNAc); (7)
xylose (Xyl); (8) mannose (Man);
(9) glucuronic acid; (10)
galacturonic acid; the big peak
between peaks 8 and 9 was the
solvent peak representing for the
NaOH and NaAC. c The weight-
average molecular weight of
BEP, which was determined by
HPLC (HPGPC, Agilent-1200,
USA), and with a refractive index
detector. d FT-IR spectrum of
BEP in KBr. eUV spectra of BEP
from 200 to 600 nm
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surface of the cell membrane began to shrink, and adherent-
wall cells gradually decreased. As the concentration increases,
the cells shrink severely and some break up into small
particles.

As shown in Fig. 3b, e, the untreated breast cancer cells
showed uniform pale blue fluorescence after staining with
Hoechst 33258, indicating the nuclear morphology was com-
plete. The blue fluorescence in the treated cells was gradually
enhanced and showed lumpy bright blue fluorescence with the
increase of BEP concentration, indicating that the chromatin
of the nucleus was consolidated, which was consistent with
the above morphological results.

The morphological changes of apoptotic cells (Fig. 3c, f)
were observed by Hoechst 33342/PI double staining under an
inverted fluorescence microscope. The results showed that the
untreated group of cells was stained weak blue by Hoechst

33342, whereas the low dose treatment groups present bright
blue, suggesting they were in the early apoptosis state. With
the increase of BEP concentration, most of the cells were
stained bright blue, and part of the cells with pale purple,
indicated that the cells were stained by Hoechst33342 and PI
dyeing at the same time and in a state of late apoptosis. When
the concentration of BEP was 300 μg/mL, some cells showed
a fuchsia color, indicating that the membrane of the cells was
broken and necrotic.

Cell apoptosis rate

The Annexin V-FITC/PI staining was used to detect the apo-
ptosis rate. As shown in Fig. 2b, compared with the untreated
groups, viable cells of the BEP-treated MDA-MB-231 and
Ca761 cells were reduced, while apoptotic cells were

Fig. 2 a Inhibitory effect of BEP on MDA-MB-231 and Ca761 cells,
respectively. b The apoptosis rates of MDA-MB-231 and Ca761 cells
treated with BEP at different concentrations for 24 h and were detected

by flow cytometry after Annexin V-FITC/PI staining, p < 0.05 was con-
sidered statistically significant, compared with the control group
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increased. With the concentration of BEP increased from
75 μg/mL to 300 μg/mL, the apoptosis rate of MDA-MB-
231 cells increased from 7.31% to 42.15% (p < 0.05), and
Ca761 cells increased from 3.14% to 63.62% (p < 0.05),
which suggested that Ca761 cells were more sensitive to
BEP than MDA-MB-231 cells. The results showed that BEP
could induce apoptosis and in a concentration-dependent
manner.

Effect of BEP on the ΔΨm

More and more evidence indicated that mitochondrial mem-
brane potential collapse is a significant signal in the early

apoptosis [39, 40]. As shown in Fig. 4a, c, the positive cells
significantly decreased from 96.37% to 39.43%, and 92% to
37.69% (P < 0.05), respectively. The results indicated that
BEP induced the apoptosis of MDA-MB-231 and Ca761 cells
in a concentration-dependent manner through the mitochon-
drial apoptosis pathway.

ROS generation analysis

With DCFH-DA as a fluorescent probe, the fluorescence in-
tensity of cells at different periods was collected by flow cy-
tometry to detect changes in intracellular ROS content. The
results (Fig. 4b, d) showed that compared with the control

Fig. 3 Morphological changes of
MDA-MA-231 and Ca761 cells
were observed after BEBP treat-
ment for 24 h. a, dMorphological
changes were observed under a
fluorescence inverted microscope
(×20). b, e The changes of apo-
ptotic nuclei after Hoechst 33258
staining were observed by a fluo-
rescence inverted micro-
scope(×20). c, f Hoechst 33324
and PI double staining was used
to detect apoptotic cells by fluo-
rescence inverted microscope
(×20)
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group, the ROS content in MDA-MB-231 and Ca761 cells in
the treated group was dose-dependence, from 5.03% to
54.96% and 4.99% to 72.58%, respectively, suggesting that
BEP could induce apoptosis by increasing intracellular ROS
damage.

BEP induced cell cycle arrest

The effects of BEP on the cell cycle of MDA-MB-231 and
Ca761 cells were detected by PI staining. As shown in Fig. 5,
the treated cells appeared sub-diploid peak (sub-G1), which
were getting bigger compared with the untreated cells, indi-
cating that MDA-MB-231 and Ca761 cells were gradually
apoptotic, which was consistent with Annexin V-FITC/PI
double-staining results. Our results showed that with the in-
crease of BEP concentration, the S-phase of MDA-MB-231
cells increased from 6.4% to 36.69%, and the G0/G1 phase of
Ca761 cells increased from 26.01% to 72.24%, indicating that
MDA-MB-231 and Ca761 cells were respectively blocked in
the S-phase and G0/G1 phase.

Effect of BEP on the expressions of apoptosis-related
proteins

To further confirm whether BEP induced apoptosis of breast
cancer cells through the mitochondrial pathway, western blot-
ting was used to detect the expression changes of apoptosis-
related proteins in breast cancer cells after treatment with dif-
ferent concentrations of BEP. As shown in Fig. 6a, b, c, e, f,
and g, the levels of cytochrome C in the cytosol were in-
creased in a dose-dependence manner after BEP treatment
compared with the control group. Also, the pro-apoptotic pro-
tein Bax was significantly increased, while anti-apoptotic pro-
tein Bcl-2 was significantly decreased, thereby increasing the
Bax/Bcl-2 protein ratio (p < 0.05). Figure 6d, h showed that
the cleaved-caspase-3 and cleaved-caspase-9 significantly in-
creased compared to the control group in MDA-MB-231 and
Ca761 cells treated with different concentrations of BEP. This
suggested that the BEP induced apoptosis of MDA-MB-231
and Ca761 cells were activated by caspase-3 and caspase-9
proteins, which was dependent on the mitochondrial apoptosis
pathway.

Fig. 4 a Histograms of the Rh
123-stained cells by flow cytom-
etry. b Histograms of the DCFH-
DA-stained cells by flow cytom-
etry. c Columns represent the mi-
tochondrial membrane potential
changes. d Columns represent the
ROS changes. Data are expressed
as means ± S.D. of three inde-
pendent experiments. *p < 0.05,
compared with control groups
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Discussion

With the increase of cancer morbidity and mortality, there
were more and more cancer therapeutic methods, most of
which were to induce apoptosis of cancer cells to achieve
effective treatments, but which cause lots of unexpected toxic
effects [41]. Polysaccharides extracted from natural sources
are being used in clinical and therapeutic trials for patients,
which exhibit include anti-oxidant, anti-cancer, anti-sclerotic,
neuroprotective, anti-inflammatory, anti-allergic, antibacteri-
al, antiviral, and hyperglycemic properties [9]. Boletus edulis
is a kind of medicinal and food homologous fungus. Studies
have shown that polysaccharides extracted from Boletus
edulis had indirect antitumor activity achieved by improving
the immune response [27]. However, its antitumor mechanism
is still unclear.

In this study, we detected the cytotoxicity of BEP on
MDA-MB-231 and Ca761 cells byMTT assay and found that

it inhibited the proliferation of both breast cancer cells in a
dose-dependent manner, but Ca761 cells were more sensitive
to BEP, which may be related to different cell types. After
BEP treatment, the typical morphological features of apopto-
sis onMDA-MB-231 and Ca761 cells were observed under an
inverted fluorescence microscope, including chromatin con-
densation, cytoplasmic concentration, cell membrane bubbles
and the formation of apoptotic bodies. Besides, Honest
33,342/PI and Annexin V-FITC/PI staining showed that
BEP could induce apoptosis (early apoptosis and late apopto-
sis) and even necrosis of these two breast cancer cells. Also,
the absence of checkpoints leads to the dysregulation of the
cell cycle could also lead to apoptosis [42]. By flow cytom-
etry analysis, we found that BEP induced apoptosis of
MDA-MB-231 and Ca761 cells by blocking them in the
S phase and G0/G1 phase, respectively. These results in-
dicated that BEP could induce apoptosis of MDA-MB-
231 and Ca761 cells.

Fig. 5 The cell cycle distribution of MDA-MB-231 and Ca761 cells was changed after BEBP treatment with different concentrations for 24 h.
Figures represent the distribution of different cell cycle phases. Bar graph of the cell population in G0/G1, S, and G2/M phases
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Apoptosis is a process of programmed cell death regulated by
genes, which plays an important role in maintaining the stability
of the intracellular environment, including the extrinsic death
receptor pathway, mitochondrial pathway and endoplasmic retic-
ulum pathway [43]. Mitochondrial apoptosis pathway is one of
the classical apoptosis pathways [44]. The decreased mitochon-
drial membrane potential is an early marker of apoptosis in the
mitochondrial apoptosis pathway, which may be related to the
release of apoptotic factors, indicating the occurrence of apopto-
sis [45]. The Bcl-2 family proteins are themain regulatory factors
of apoptosis, whereas caspases, a family of cysteine proteases,
are the main executor of this process [46]. The Bcl-2 protein
family includes pro-apoptotic and anti-apoptotic proteins, in
which Bax can activate or inhibit Bcl-xl and Bad, while Bcl-2

can inhibit Bax [47]. Studies have shown that the ratio of Bax/
Bcl-2 activity level, rather than the levels of individual proteins,
is the key to apoptosis [48]. Reactive oxygen species (ROS) also
play an important role in apoptosis and may inhibit cancer
growth when endogenous oxidative stress levels are high [49].
Studies have shown that in the apoptosis of the intrinsic pathway,
cytochrome C is released from mitochondria to cytoplasm, by
targeting and activating caspase-9, thus leading to the activation
of effector caspases-3 [50]. In our study, we found that BEP
could increase of Bax/Bcl-2 ratio, promote the intracellular mi-
tochondria permeability transition pore opening, significantly de-
crease the mitochondrial membrane potential, the release of cy-
tochrome C, the elevation of ROS level, further activated
caspase-9 and caspase-3, eventually lead to apoptosis.

Fig. 6 a, e Western blotting
analysis of Bax, Cytochrome c,
Bcl-2, Pro-caspase-3, Pro-
caspase-9, Cleaved-caspase-3,
and Cleaved-caspase-9 expres-
sions in MDA-MB-231 and
Ca761 cells. b, f Quantitative
analysis for a relative ratio of Bax
to Bcl-2 in MDA-MB-231 and
Ca761 cells. c, g Quantitative
analysis for Bax, Bcl-2 and cyto-
plasmic cytochrome C levels
normalized to β-actin in MDA-
MB-231 and Ca761 cells. d, h
Quantitative analysis for Pro-cas-
pase-9/−3 and cleaved-caspase-9/
−3 levels normalized to β-actin in
MDA-MB-231 and Ca761 cells.
Data were expressed as means ±
S.D. of three independent experi-
ments. *p < 0.05, compared to
untreated group
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Conclusion

In the present study, the polysaccharide (BEP) with a molec-
ular weight of 6.0 × 106 Da were first extracted from Boletus
edulis. IC indicated that BEPwas an acid polysaccharide com-
posed of galactose, glucose, xylose, mannose, glucuronic, and
galacturonic acid (molar ratio: 0.34:0.28:0.28:2.57:1.00:0.44).
We found that the polysaccharide (BEP) extracted in this
study could inhibit the proliferation of MDA-MB-231 and
Ca761 cells and induce them apoptosis through the mitochon-
drial pathway.
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