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ARTICLE INFO ABSTRACT

Hohenbuehelia serotina, is not only one important source of polysaccharides but also a good origin of polyphenols
with antineoplastic functions in non-clinical researches. In this study, the polyphenols from H. serotina (HSP)
were mainly composed by caffeic acid dimer, (—)-epicatechin-3-(3’-o-methyl)-gallic acid dimer, quercetin-
acetyl-rutinoside hexoside, (—)-epigallocatechin derivatives, rutin derivatives, catechin trimer and 3-caffeoyl-
quinic acid. HSP significantly inhibited the proliferation of HeLa cells in vitro, and induced intracellular ROS
accumulation. It was also observed that induction of HeLa cells apoptosis and termination of cell cycle at GO/G1
phase were associated with the anti-tumor activity of HSP. On the basis of the expanded investigations of anti-
neoplasm mechanism, HSP could decrease the mRNA expressions of cell cycle related genes including cyclin D1,
Ckd2 and Cdk4, and increase the mRNA expressions of p53 and p21. In addition, the mitochondrial apoptosis
pathway in HeLa cells was initiated by HSP through activation of Bax, cytochrome ¢ and Caspase-3, as well as
inhibition of Bcl-2. This study might provide a theoretical basis for the application of H. serotina polyphenols as
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tumor preventive agent.

1. Introduction

Mushroom is an important edible resource for human with a long
history. In the ancient time of China, people did not only use the
mushroom as the food material, but also for curing the sickness (Feng
et al., 2016). According to Compendium of Materia Medica, mushroom
possesses the anti-decrepitude function that could strengthen the body
with long term intake (Luo et al., 2009; Liu et al., 2016). Nowadays, it is
used for the medicinal and edible material approved by China Food and
Drug Administration (CFDA). Therefore, mushroom has been attracted
more attention due to their biological and pharmacological effects
(Pluchino et al., 2015; Stojkovi¢ et al., 2017). Almost all of the litera-
ture had focused on the polysaccharides in mushroom as the major
bioactive compounds, and as well as a small amount of nucleotides (Liu
et al., 2014; Meng et al., 2016). However, little attention was devoted
on the other constituents of mushroom, such as polyphenols, proteins,
pigments and etc, which might have various functional activities as well
(Hwang et al., 2015; Ismaya et al., 2016; Prados-Rosales et al., 2015).
Therefore, the exploration of new bioactive components in mushroom
appears extremely important.

Tumor, which defines as the most fatal disease for human body, is
difficult to completely cure in nowadays (Ammar et al., 2016). With the
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deterioration of the living environment, such as smog, chemical pesti-
cides, automobile exhaust, industrial waste water and gas, and the in-
crease of life pressure, the incidence of tumor presents a rising trend
year by year. Among all the neoplasms, cervical carcinoma is one of the
most common diseases. The research found that the occurrence of
cervix was closely correlated to viral infection, sexual behavior, the
number of parturitions, and unhealthy lifestyle (Xie et al., 2017). Once
the normal cell cancerated, the neoplasm fast turned into a complicated
and multistep tumor metastasis process, leading to the initiation of
surrounding tissues invasion (Braster et al., 2017). At present, che-
motherapy and radiotherapy have been widely used in the treatment of
various tumors. However, due to the autoimmune response and im-
mune tolerance, the treatments unavoidably brought some severe ad-
verse effects, such as nausea and vomiting, hyperpyrexia, alopecia,
stomatitis and etc (Wang et al., 2013). Therefore, the therapy based on
the healthy and functional food becomes more important and popular.
Polyphenolic compounds are the main secondary metabolites in natural
plants and fungi (Carito et al., 2017). Many in vivo and in vitro studies
showed that polyphenols possessed the significant inhibitory effect on
tumor growth, exerting the adjuvant for cancer therapies. Rocha-
Guzman et al. (2009) reported that the phenolic compounds from
Quercus resinosa leaves possessed the significant inhibitory activity on
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viability of HeLa cells through genotoxic effect. Subsequently, the anti-
proliferation functions of polyphenols were further confirmed by
Kchaou et al. (2016). Pires et al. (2018) proved that the suppression of
HeLa cell proliferation was intimately associated with the phenolic
compositions. On the basis of structure-activity relationship analysis,
the functional hydroxyl groups contributed to the excellent biological
activities of polyphenols through donation of electrons or hydrogen
atoms (Lewandowska et al., 2016). However, the anti-proliferation ef-
fect of mushroom polyphenols is still rarely reported.

Previously, we have investigated the significant bioactivities of H.
serotina polysaccharides including antioxidant, immunomodulation,
anti-cancer and radioprotective effects. In China, H. serotina, belongs to
Pleurotaceae, is widely distributed in the northeast region, especially in
Heilongjiang Province. H. serotina is consumed as a kind of rare
mushroom due to its good flavour and abundant nutrient compositions,
such as polysaccharides, nucleotides, polyphenols, etc. Nevertheless, up
to now, no investigation has ever been concentrated on the anti-pro-
liferation of the polyphenols from H. serotina. Therefore, the objective
of this study was to extract and purify the H. serotina polyphenols,
identify the polyphenolic compositions through HPLC-ESI-MS/MS, and
then reveal the inhibitory mechanism against the HeLa cell growth.

2. Material and method
2.1. Materials and chemicals

H. serotina mushroom was purchased from a local market. The
mushroom was produced in Shangzhi, Heilongjiang Province, China.
The voucher specimen was characterized by Professor Zhenyu Wang,
School of Chemistry and Chemical Engineering, Harbin Institute of
Technology, China. 2, 2-azino-bis-(3-ethyl-benzthia-6-sulfonic acid)
(ABTS), dimethyl sulfoxide, ascorbic acid were bought from Sigma-
Aldrich (St. Louis, USA). The kits of mitochondrial apoptosis proteins
(Bax, Bcl-2, cytochrome ¢ and Caspase-3) were purchased from Nanjing
Jiancheng Bioengineering Institute (Nanjing, China). All other reagents
were of analytical grade.

2.2. Preparation of H. serotina polyphenols (HSP)

Mushroom was powdered through 60 mesh. The extraction process
of HSP was performed according to the method of Wang et al. (2016b)
with some modifications. Briefly, 10 g of the dried mushroom powder
was extracted with 60% alcohol aqueous solution in a ratio of 1:20 (g/
mL). The mixture was treated with the ultrasonication at 50 °C for
30 min, and then centrifuged at 4000 rpm for 10 min. The supernatant
was collected, and the precipitate was reextracted for another two times
by the method as mentioned above. The extraction yield was
0.62 = 0.08% by measurement of Folin-ciocalteu method with gallic
acid as standard. After the isolation process, the fraction of supernatant
was mixed, and concentrated under the vacuum condition. Crude
polyphenolic extracts were obtained, and then separated by macro-
porous resin AB-8 column chromatography. The elution process was
employed by 40% alcohol aqueous solution with the volume of 2 BV.
Then the elution with the purity of 99.47 + 0.74% was concentrated,
lyophilized and then stored at 4 °C for further research.

2.3. Compositional analysis of the polyphenolic compounds by HPLC-ESI-
MS/MS

The phenolic compounds presented in H. serotina were identified by
HPLC-ESI-MS/MS analysis. The instrument was conducted on Agilent
1290 HPLC coupled to an Agilent triple-quadruple mass-selective de-
tector (Agilent Technologies, Waldbronn, Germany). The sample
(20 pL) was injected into a reversed phase Agilent Symmetry C18
column. The mobile phase was composed of 0.1% formic acid aqueous
solution (solvent A) and methanol (solvent B) with in a linear gradient.
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The condition of chromatographic was performed as follows: 2.0 min
with 80% A +20% B; 4.0 min with 60% A +40% B; 6.0 min with 40%
A +60% B; 8.0 min with 40% A +60% B; 10.0 min with 10% A 4+ 90% B;
15 min with 10% A +90% B. Mass spectrometer was equipped with an
ESI ion source operating in MS/MS positive mode with the condition of
The mass range explored was 100-1000 m/z.

2.4. Fourier transform-infrared spectroscopic analysis (FT-IR)

The FT-IR spectrum of HSP was carried out using FT-IR spectro-
meter (Thermo Co., USA) through KBr pellet method in a wavelength
range of 4000-400 cm ™.

2.5. X-ray diffraction

The crystalline structure of HSP was analyzed by an X-ray dif-
fractometer (Rigaku Inc., Tokyo, Japan). The sample was equilibrated
for 24 h under the condition of room temperature, and then measured
according to the following parameters: Cu Ko radiation, 40 kV, 200 mA,
the scanning range of 5-90° with the scan rate of 0.5°/min.

2.6. Morphology analysis

The microstructure configuration of HSP was analyzed by scanning
electron microscopy (SEM). The sample was sputtered and coated with
vacuum spray gold. Then, field emission scanning electron microscopy
(SUPRA 55, ZEISS Co., Germany) was implied to observe the mor-
phology of HSP.

2.7. Anti-proliferation effect of HSP on HeLa cell in vitro

2.7.1. Cell viability and morphology assay

The cell viability was performed by MTT method. Briefly, the cell
was cultured in RPMI 1640 with 10% fetal bovine serum, 100 IU/mL of
penicillin and 100 ug/mL of streptomycin. Then the cell (2 x 10° cells/
well) was seeded into 96-well plates, and respectively treated with
different concentration (0, 10, 20, 30, 40, 50 ug/mL) of HSP for 48 h.
After the incubation, 20 L. of MTT was added to form formazan crys-
tals, and then dissolved by 100 uL of DMSO. The absorbance of the
mixture was measured at 570 nm using a microplate reader (Spectra
Max M2e, Molecular Devices CO., USA). The morphological alterna-
tions of HeLa cells treated with different concentration of HSP were
observed by inverted fluorescence microscope (LWD300-38LFT,
Shanghai, China). In order to test the anti-proliferation effect of HSP on
other cancer cells, human colon carcinoma HCT116 cells were used to
incubate with different concentration of HSP, and the viabilities were
analyzed by MTT method.

2.7.2. Cytotoxicity analysis

The cytotoxicity of HSP was performed on the viabilities of uterine
cervical fibroblasts. The uterine cervical fibroblasts were isolated from
the normal and healthy cervical tissue in mice. Briefly, the specific
pathogen-free mouse was bred on a 12h dark/12h light cycle at
22 + 2°C. The mouse was sacrificed by cervical dislocation. The
uterine cervical was quickly collected and washed by PBS buffer solu-
tion under sterile condition. After that, the uterine cervical was mod-
erately scarped by sterile scalpel, and the uterine cervical fibroblasts
were obtained. The isolated cells were incubated in DMEM media
containing 10% fetal bovine serum, 100 IU/mL of penicillin and
100 pg/mL of streptomycin. The effect of HSP on viabilities of uterine
cervical fibroblasts was measured by MTT methods, as mentioned
above.

2.7.3. Measurement of intracellular ROS level
ROS level was analyzed by monitoring the fluorescent intensity of
DCF, which was produced from oxidation of DCFH-DH by ROS. The
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HeLa cells were incubated in a 12-well plate with different concentra-
tion of HSP at 37 °C under a humidified atmosphere containing 5%
carbon dioxide. After incubation of 48 h, the cells were harvested, and
washed by PBS for twice. The cells were continued to incubate with
10 uM DCFH-DH at 37 °C for 1 h. The fluorescent intensity was detected
at an excitation wavenumber of 485 nm, and an emission wavenumber
of 525 nm.

2.7.4. Cell cycle distribution analysis

The HeLa cells were treated as mentioned above. After cleaning by
PBS, the cells were resuspended and fixed with cold 70% ethanol for
overnight at 4 °C. The sample was subsequently subjected to PI labelling
(PI/RNase Staining Buffer), and then the cell cycle was analyzed by
flow cytometer (FACS Calibur, BD).

2.7.5. Cell apoptosis assay

The apoptosis-associated changes of HeLa cells were measured by
flow cytometer using Annexin V-FITC cell apoptosis kit. Briefly, the
cells were treated as the method described above. After the treatment,
the cells were labelled with PI and Annexin V-FITC for 10 min at room
temperature in the dark. Finally, the apoptosis cells were analyzed by
flow cytometer (FACS Calibur, BD).

2.7.6. ELISA assay

The HeLa cells were incubated at the same condition as mentioned
above. The protein expression (Bax, Bcl-2, cytochrome c and Caspase-3,
Nanjing Jiancheng Bioengineering Institute, Nanjing, China) in HeLa
cells treated with different concentration of HSP (0, 10, 30 and 50 pg/
mL) was determined by ELISA method according to the instruction of
kit.

2.7.7. Real-time qPCR assay

HeLa cells were administrated with different concentration of HSP
(0, 10, 30 and 50 pg/mL) for 48 h. The total RNA was isolated from
HeLa cells by TRIzol reagent. Then, reverse-transcription reaction was
performed to synthesize first-strand cDNA for real-time qPCR reaction.
SYBR Green was carried out to detect the dsDNA products during the
real-time qPCR reaction. The reaction was repeated in triple. The spe-
cific primer sequences were exhibited in Table 1.

2.8. Statistical analysis
All the values were expressed as means + SD (n = 3). Statistical

Table 1
The sequence of primer used in RT-PCR.

Gene Primer Sequence (5-3")
Bax Forward AGTAACATGGAGCTGCAGAGG
Reverse ATGGTTCTGATCAGTTCCGG
Bcl-2 Forward GGAGCGTCAACAGGGAGATG
Reverse GATGCCGGTTCAGGTACTCAG
Cytochrome ¢ Forward CCTCTGGGGCATTATCCATC
Reverse ATATTTGCACAGTGAAACATAGGA
Caspase-3 Forward TGGACTGTGGCATTGAGACA
Reverse CAGGTGCTGTGGAGTATGCA
p53 Forward CCTCAGCATCTTATCCGAGTGG
Reverse TGGATGGTGGTACAGTCAGAGG
p21 Forward GCGGAACAAGGAGTCAGACA
Reverse GAACCAGGACACATGGGGAG
Cyclin D1 Forward ATGGAACACCAGCTCCTGTGCTGC
Reverse TCAGATGTCCACGTCCCGCACGT
Cdk2 Forward CCTGCTTATCAATGCAGAGGG
Reverse TGCGGGTCACCATTTCAGC
Cdk4 Forward ATGGCTGCCACTCGATATGAA
Reverse TCCTCCATTAGGAACTCTCACAC
B-actin Forward GAACCAGGAGTTAAGAACACG
Reverse AGGCAACAGTGTCAGAGTCC
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analysis was performed by one-way analysis of variance (ANOVA) using
SPSS (version 16.0). Differences at p < 0.05 and p < 0.01 were con-
sidered statistically significant by Duncan's new multiple-range test.

3. Results and discussion
3.1. FT-IR spectrum of HSP

Fig. la showed the FT-IR spectrum of HSP through KBr pellet
method. The broad band at 3400 cm ™' in the FT-IR spectra was mainly
assigned to the stretching vibration of O—H bonds derived from the
phenolic structure (Zhang et al., 2017a). The peaks in the region of
2952-2920 cm ™! were attributed to the stretching vibration of C—H
bonds, which was the characterized aromatic structure. The peak
around 1560 cm ™! was considered as the presence of phenolic com-
ponents. Especially, the peaks at 1318 cm ™! and 1260 cm ™! were be-
longed to the stretching vibration of phenyl-OH structure, which was
also recognized as the characteristic groups in polyphenols (Pawlaczyk-
Graja et al., 2016). The results described as above suggested HSP pos-
sessed the characteristic groups of polyphenols.

3.2. X-ray diffractogram of HSP

X-ray diffractometer was performed to investigate the crystalline
property of HSP. The spectrum of X-ray diffractogram was recorded in
the range of 5-90°, as shown in Fig. 1b. The result suggested that the
nature of HSP tended to be semi-crystalline with the “bun” shape of
crystalline reflection at 21°. The crystalline property plays an important
role in the physicochemical characteristics, such as solubility, swelling
and viscosity, which directly affect the development and application of
natural products in health food field (Ktari et al., 2017).

3.3. Morphological observation

The scanning electron micrograph (SEM) of HSP was exhibited in
Fig. 1c. HSP possessed the relative smooth surface with lump clusters.
The clusters linked with each other. In addition, there were some uni-
form holes on the micro-structural surface of HSP. The reason might be
due to that the polyphenols stablely existed in the form of phenolic-
glycosides, leading to molecular crosslinking (see Table 2).

3.4. Phenolic composition of HSP

In order to identify the composition of H. serotina polyphenols,
HPLC-ESI-MS/MS was conducted to characterize these compounds.
Table 1 exhibited the retention time, MS and inferred characterization
results of the phenolic compounds. On the basis of mass measurement
of molecular ions and subsequent fragment ions, as well as the re-
ference of ESI-MS and MS/MS data in the literature (Zhang et al., 2015,
2017b; Hsu et al., 2017; Wang et al., 2008; Xie et al., 2011; Vallverda-
Queralt et al., 2015; Papetti et al., 2017), the compositions of poly-
phenols in H. serotina extract were tentatively identified, mainly in-
cluding caffeic acid dimer, (—)-epicatechin-3-(3’-o-methyl)-gallic acid
dimer, quercetin-acetyl- rutinoside hexoside, (—)-epigallocatechin de-
rivatives, rutin derivatives, catechin trimer and 3-caffeoylquinic acid.

3.5. Anti-proliferative effect of HSP on HeLa cell in vitro

3.5.1. Cell viabilities

The anti-proliferative effect of HSP on HeLa cells was measured by
cytotoxic MTT assay. As shown in Fig. 2a, the cell viabilities were in-
hibited by administration with HSP in a dose-dependent manner. When
the concentration of HSP was 50 pug/mL, the inhibitory rate on HeLa cell
viability reached to 45.04 * 1.52%. The result suggested that HSP
played an important cytotoxic role in the survival of HeLa cells. In order
to evaluate the anti-neoplasm effect of HSP on other tumor cells, the
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Fig. 1. Structural characteristics and morphology of HSP (a: X-ray diffraction spectrum; b: FT-IR spectrum; c¢: SEM image).

inhibitory activity of HSP on viabilities of HCT116 cells were also
measured. The result exhibited that HSP possessed the similar anti-
proliferation function on HCT116 as HeLa cells, suggesting that HSP
had the bright potential to be served as natural food anticancer agent.

3.5.2. Cell morphology

The morphology of HeLa cells treated with HSP for 48 h was ob-
served, and the images were exhibited in Fig. 3. The density of HeLa
cells was decreased in a dose-dependent manner. Moreover, the HeLa
cells exposed to different concentration of HSP showed the abnormal
morphologies. The cells were transformed to round shape, and peeled
off from the wall of cell culture flask, as well as turned to shrink. The
result showed that administration with HSP significantly influenced the
morphology of HeLa cells.

3.5.3. Cytotoxicity

As the natural anticancer agent, HSP must have no toxic and side
effects on normal tissue or cells. Therefore, the cytotoxicity of HSP on
fibroblasts from uterine cervical of mice was investigated, as shown in
Fig. 2b. After treatment with different concentration of HSP, the vi-
abilities of fibroblasts did not change significantly, indicating that HSP
did not exhibited the toxic and side effects on growth of fibroblasts

Table 2
Composition of monomers in HSP.

within the experimental concentration range. The result also illustrated
that HSP might be served as a potential therapeutic agent for cancer.

3.5.4. Intracellular ROS level

Fig. 2c showed the ROS content in HeLa cells administrated with
different concentration of HSP. The level of ROS was increased in a
concentration-dependent manner. Furthermore, the ROS content in the
50 ug/mL of HSP treated group was significantly far higher that the
non-treated group (p < 0.01). Above result suggested that HSP could
induce ROS accumulation in HeLa cells.

3.5.5. Apoptosis

Flow cytometry with Annexin-V/PI double staining was performed
to measure the effect of HSP on HeLa cell early/late apoptosis or ne-
crosis, as shown in Fig. 4. As a whole, early apoptosis cells increased
after treatment with HSP for 48h in a dose-dependent manner. In
comparison with the non-administration group (4.66%), at the con-
centration of 50 pug/mL, HSP exerted the inductive function on early
apoptosis of HeLa cells with the value of 7.11%. However, the pro-
portion of HelLa cells in late apoptosis or necrosis state significant in-
creased from 5.10% to 9.16%, and the total quantities of apoptosis and
necrosis cells were significantly increased after treatment with HSP.

No. Retention time (min) m/z [M+H] + err (mDa) Fragments Proposed compound

1 6.0 792.6 -1.56 396.9 Caffeic acid dimer

2 6.3 905.7 -0.20 453.4 (—)-Epicatechin-3-(3'-O-methyl)-gallic acid dimer
3 9.7 814.5 -1.20 299.2 Quercetin-acetyl-rutinoside hexoside

4 10.3 814.5 0.12 149.1/301.2 (—)-Epigallocatechin derivatives

5 10.8 814.4 -0.71 299.1 Rutin derivatives

6 11.2 814.5 —0.65 289.3 Catechin trimer

7 11.8 814.6 1.40 303.3/353.3 3-Caffeoylquinic acid
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Fig. 2. The effects of HSP on (a) the viabilities of HeLa cells and HCT116 cells by MTT method, (b) the viabilities of fibroblasts from uterine cervical of mice and (c)
ROS level in HelLa cells. The ROS level in HeLa cells was measured after treated with different concentration (10, 30 and 50 pg/mL) of HSP for 48 h * vs. non-treated

group, p < 0.05; ** vs. non-treated group, p < 0.01.

3.5.6. Cell cycle

To investigate the reason of HeLa cell apoptosis induced by HSP, cell
cycle was measured using flow cytometry. As shown in Fig. 5, HSP
significantly inhibited the physiological differentiation process of HeLa
cells, and induced the cells accumulation in GO/G1 phase compared
with non-treatment group, while the amounts of cells in S and G2/M
phases were correspondingly decreased in dose dependent manner.
Compared to non-treated group (26.72%), at the concentration of

b-c
d e-

50 ug/mL, the number of HelLa cells arrested at GO/G1 phase was the
most, with the value of 45.34%.

3.5.7. Expression of apoptosis protein in mitochondrial pathway

The effects of HSP on the activity of Bax, Bcl-2, cytochrome ¢ and
Caspase-3 in HeLa cells were respectively investigated, as shown in
Fig. 6. The result clearly showed that administration with HSP could
increase the expressions of Bax, cytochrome ¢ and Caspase-3 in a dose-

Fig. 3. The morphology of HeLa cell treated different concentration of HSP for 48 h (a—e: 10, 20, 30, 40, 50 pg/mL) in vitro. The images were observed by an inverted

fluorescence microscope. The arrows represent the apoptosis bodies.
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Fig. 4. The late apoptosis of HeLa cell induced by HSP through analysis of Annexin V FI-TC and PI staining. a: HeLa cells without any treatment; b: HeLa cells with
treatment of 10 ug/mL HSP; c: HeLa cells with treatment of 20 ug/mL HSP; d: HeLa cells with treatment of 30 pg/mL HSP; e: HeLa cells with treatment of 40 ug/mL

HSP; f: HelLa cells with treatment of 50 pg/mL HSP.

dependent manner. However, the expression of Bcl-2 was correspond-
ingly decreased by administration with HSP. Our results showed that
the mitochondrial apoptosis pathway was initiated by HSP in HeLa
cells.

3.5.8. The mRNA expression of mitochondrial apoptosis pathway related
gene

To further elucidate the anti-neoplasm effect of HSP through mi-
tochondrial pathway in vitro, the mRNA expression was measured by
RT-qPCR reaction. As shown in Fig. 7, among all three individual ad-
ministrations, the mRNA expression levels of Bax, cytochrome ¢ and
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Caspase-3 were all increased at different degrees. However, the mRNA
expression content of Bcl-2 was correspondingly decreased.

3.5.9. The mRNA expression of cell cycle related gene

Since GO/G1 phase arrest was observed in HeLa cell treated with
different concentration of HSP, efforts were made to elucidate whether
HSP influenced the mRNA expression of related gene including p53,
p21, Cyclin D1, Cdk2 and CDK4. Fig. 8 showed that the mRNA ex-
pressions of p53, p21, Cyclin D1, Cdk2 and CDK4 were all elevated by
administration with HSP for 48 h in comparison with the non-treated
control, suggestion that HSP played an important role in induction of
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Fig. 5. The effect of HSP on HeLa cell cycle arrest. a: HeLa cells without any treatment; b: HeLa cells with treatment of 10 pg/mL HSP; c: HeLa cells with treatment of
20 pg/mL HSP; d: HeLa cells with treatment of 30 ug/mL HSP; e: HeLa cells with treatment of 40 ug/mL HSP; f: HeLa cells with treatment of 50 pg/mL HSP.

cell cycle arrest at GO/G1 phase.

4. Discussion

Nowadays, polysaccharides have been regarded as the main func-
tional constituents in mushrooms due to multiple biological and phar-
macological activities, such as immunomodulation, antioxidant, anti-
tumor, radioprotection, hypoglycemic and etc (Ruthes et al., 2016; Li

and Wang, 2016). Nevertheless, the other active ingredients in mush-
rooms are generally ignored. In recent years, the researchers gradually
found that the polyphenols isolated from mushrooms also possessed
kinds of bioactive effects. For instance, Hwang et al. (2015) in-
vestigated the anti-influenza activities of polyphenols from the mush-
room Phellinus baumii; Jaworska et al. (2014) found that the phenolics
isolated from Suillus luteus (L.) Roussel mushroom possessed the sig-
nificant antioxidant activities; Kaewnarin et al. (2016) discovered that
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Fig. 6. The expressions of mitochondrial apoptosis pathway related protein in
HSP treated HeLa cells. The protein expression was measured after treated with
different concentration (10, 30 and 50 pg/mL) of HSP for 48 h by ELISA

methods. * vs. non-treated group, p < 0.05; ** vs. non-treated group,
p < 0.01.
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Fig. 7. The mRNA expression profile of mitochondrial apoptosis pathway re-
lated genes in HSP treated HeLa cells. The mRNA expression of related gene was
measured after treated with different concentration (10, 30 and 50 pug/mL) of
HSP for 48 h * vs. non-treated group, p < 0.05; ** vs. non-treated group,
p < 0.01.

the phenolic compounds from various edible mushrooms (Rugiboletus
extremiorientalis, Russula emetica, Russula sp. and Phlebopus portentosus)
had the excellent antioxidant, anti-tyrosinase and hyperglycaemic in-
hibitory activities; Nowacka et al. (2014) investigated and found that
the phenolic constituents from edible mushrooms possessed the re-
markable antimicrobial activity. However, only a small amount of re-
search is concentrated on the anti-tumor effect of mushroom poly-
phenols. Liu et al. (2017) isolated the phenolic compounds from
mushroom Inonotus sanghuang, and investigated the antiproliferative
activity of the phenolics. They found that the phenolics from Inonotus
sanghuang exhibited the strongest antiproliferative effect against tumor
cell PC3. Until now, the research on the anti-tumor mechanism of
mushroom polyphenols is still rarely reported.

H. serotina is a kind of precious mushroom distributed in northeast
of China. H. serotina is abundant in nutrition substances, such as
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in HSP treated HeLa cells. The mRNA expression of related gene was measured
after treated with different concentration (10, 30 and 50 pg/mL) of HSP for 48 h
* vs. non-treated group, p < 0.05; ** vs. non-treated group, p < 0.01.

polysaccharides, proteins, nucleotides and polyphenols. We tentatively
extracted the phenolic compounds from H. serotina by ultrasonic-as-
sisted method, and then purified by macroporous resin AB-8 column
chromatography to obtain the purified polyphenols (HSP). After char-
acterization by HPLC-ESI-MS/MS, FT-IR, XRD and SEM, we found that
HSP was a semi-crystalline substance, and possessed the relative
smooth surface with lump clusters. HSP was mainly composed by caf-
feic acid dimer, (—)-epicatechin-3-(3’-o-methyl)-gallic acid dimer,
quercetin-acetyl-rutinoside hexoside, (—)-epigallocatechin derivatives,
rutin derivatives, catechin trimer and 3-caffeoylquinic acid.

The cytotoxicity effect of HSP on HeLa cells was comprehensively
determined to elucidate the anticancer mechanism. HSP presented the
significant inhibitory activity on viabilities of HeLa cells in dose-de-
pendent manner, which was also demonstrated by the morphological
alternations. According to literature, polyphenols including resveratrol,
quercetin, and catechin possessed the similar remarkable inhibition on
neoplasm cell proliferation (Omidian et al., 2017). The anti-prolifera-
tion effect might be associated with the induction of oxidative stress in
neoplasm cells. Many researchers reported that oxidative stress induced
by polyphenols through accumulation of reactive oxygen species (ROS),
such as gallic acid, ellagic acid and procyanindin, contributed to
apoptosis of cancer cells due to changing the intracellular micro-
environment (Gonzélez-Sarrias et al., 2017). Therefore, oxidative stress
might be characterized as the main cause of cell apoptosis or necrosis.

ROS widely exists in the cells of living organisms, which is regarded
as growth factors and intracellular signal molecules. ROS dose not only
play an important role in energy metabolism but also in cell physiolo-
gical processes (Wang et al., 2016a). Under the condition of harmful
stimulation, excessive ROS is accumulated to induce oxidative stress in
cell. Therefore, ROS accumulation is considered as one of the major
targets for cancer treatment. As expected, our result found that HSP
could obviously elevate the level of ROS in HeLa cells with dose de-
pendent manner. Excessive production of ROS would directly result to
cell apoptosis.

Apoptosis defines as the programmed cell death, which is a phy-
siological process of cell. Induction of apoptosis is considered as the
major pathway to inhibit the tumor cell proliferation by biological
agents. This study suggested that the early and late apoptosis rate or
necrosis rate was obviously increased by treatment with HSP compared
with non-treated group. The apoptosis induction of HSP might be as-
sociated with the intracellular ROS levels in HeLa cells. Excessive ROS
may interact with the biomembrane lipids, proteins and other
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components, causing the oxidative damage. Apoptosis mainly divides
into endogenous mitochondrial pathway and exogenous death receptor
pathway, which all refer to a set of dormant proteases, such as Caspase
family, which could cleave and activate the downstream apoptosis
protein factors. The manifestation patterns of apoptosis mainly include
cell shrinkage, mitochondrial depolarization, membrane rupture, DNA
fragmentation and formation of apoptotic body (Wang et al., 2017).
Growing evidence in cancer research by phenolic compounds suggested
that mitochondrial pathway was regarded as the principal tumor sup-
pressed pathway (Pal et al., 2016; Hsu et al., 2018). Bax and Bcl-2, both
belong to Bcl-2 family, are respectively served as pro-apoptosis mole-
cule and anti-apoptosis molecule in mitochondrial apoptosis pathway.
In apoptosis process, Bax and Bcl-2 turn into binding with their re-
ceptors, leading to the changes of conformations. In addition, the ratio
of Bax/Bcl-2 also changed seriously. Subsequently, the permeability of
mitochondrial membrane is disrupted, resulting in the release of cyto-
chrome ¢ from mitochondrial to cytoplasm. Cytochrome c is a main
constituent involving in electron transport, which can activate the ex-
pression of Caspase-3. Caspase-3 serves as the effector and executor in
endogenous mitochondrial apoptotic pathway, which has crystal sub-
unit, and possesses the pocket active site (Pandurangan et al., 2016).
Once Caspase-3 is activated, the endogenous mitochondrial apoptosis
process is switched on. In addition, the activated Caspase-3 is closely
associated with the intracellular pH status and bioenergy metabolic in
the cell (Sergeeva et al., 2017). Therefore, to further illustrate the
apoptosis mechanism of HeLa cells induced by HSP, the expressions of
mitochondrial related genes were analyzed by RT-qPCR. Our data
found that HSP could effectively increase the mRNA expressions of Bax,
cytochrome ¢ and Caspase-3, as well as decrease the expression of Bcl-2
in HeLa cells, indicating that the endogenous mitochondrial apoptosis
pathway was triggered by administration with HSP. Many literature
reported that oxidative stress could be induced by polyphenols in
cancer cells, leading to cell cycle disarrangement, mitochondrial dys-
function, DNA fracture, and ultimately apoptosis (Ma et al., 2017;
Mondal and Bennett, 2016).

Cell cycle has a vital impact on regulation of cell physiology, such as
cell proliferation and apoptosis. Therefore, cell cycle is regarded as
central hinge to elucidate the anti-neoplasm mechanism (Liang et al.,
2017). Therefore, next measurement was focused on the impact of HSP
on HelLa cell cycle. The result showed that HSP caused an increase in
the percentage of GO/G1 phase cells, leading to interdiction of cell
physiological process. Cell cycle arrest of tumor cells induced by che-
mical intervention generally divides into two strategies: G1/S-phase
arrest and G2/M-phase arrest (Wang et al., 2018). Accumulation of
HeLa cells in GO/G1 phase by HSP contributed to the mediation of cell
proliferation and apoptosis. Induction of apoptosis, arrest of cell cycle
and inhibition of cell proliferation have been considered as the pro-
mising interventions on neoplasm, which were confirmed by our study
(Chang et al., 2017). In order to further illuminate the regulatory me-
chanism, RT-qPCR analysis was performed to measure the mRNA ex-
pressions of cell cycle related genes. Cell cycle progression is controlled
by cyclins, cyclin-dependent kinases (Cdks), and their complexes. Cdk2,
Cdk4 and cyclin D1 are the three specific regulators in GO/G1 phase.
Generally, Cdks are the binding partners of cyclin D, which are also
activated by cyclin D to mediate the cell cycle progression (Yaguchi
et al., 2018). Therefore, next issue was to detect the mRNA expressions
of Cdk2, Cdk4 and cyclin D1 in HSP-treated HeLa cells. After treatment
of HSP, the mRNA expressions of Cdk2, Cdk4 and cyclin D1 were all
decreased at different degrees in dose-dependent manners, suggesting
that HSP inhibited the activations of Cdk2, Cdk4 and cyclin D1 to in-
duce the HeLa cells arrest at GO/G1 phase. As the inhibitor of Cdk, p21
could inhibit the formation of cyclin/Cdk complex. Once the expression
of p21 is overwhelmed that will inhibit the activity of cyclin/Cdk
complex, leading to cell cycle arrest (Xu and Kim, 2014). The p53 gene,
described as the upstream regulator of p2l, is a tumor suppressor,
which is involved in regulation of cell cycle, DNA repair and apoptosis
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(Pereira et al., 2018). According to literature, p53 was associated with
the activation of Bax in tumor cells (Wu and Shen, 2018). Through
analysis of real time-qPCR, the mRNA expressions of p21 and p53 were
significantly increased by administration of HSP in HeLa cells, sug-
gesting that HSP triggered the expression of p53 to activate the up-
stream p21, and then regulated the activations of Cdk2, Cdk4 and cy-
clin D1, ultimately lead to GO/G1 phase block.

In summary, HSP belonged to semi-crystalline substances, and was
mainly composed by caffeic acid dimer, (—)-epicatechin-3-(3’-0-me-
thyl)-gallic acid dimer, quercetin-acetyl-rutinoside hexoside, (—)-epi-
gallocatechin derivatives, rutin derivatives, catechin trimer and 3-caf-
feoylquinic acid. HSP significantly inhibited the growth of HeLa cells in
vitro. HSP could induce HeLa cell arrest at GO/G1 phase by up-regula-
tion of p53 and p21, and down-regulation of cyclin D1, Cdk2 and Cdk4.
Furthermore, through activation of Bax, cytochrome ¢ and Caspase-3, as
well as inhibition of Bcl-2, the mitochondrial apoptosis pathway was
induced by administration with HSP in HeLa cells. The core mechanism
for anti-tumor effect of HSP included increase of intracellular ROS ac-
cumulation as initiate the apoptosis progression and termination of cell
cycle at GO/G1l phase, ultimately leading to HeLa cells excessive
apoptosis (Fig. 9). Our study supported a role for H. serotina poly-
phenols as natural protective agent against cervical carcinoma. How-
ever, the present research possessed certain limitations due to the ex-
periments performed in vitro. Life body is an extremely complicated
physiological system, hence, the anti-neoplasm activity of HSP need to
be systemically investigated in vivo. So, the future research will be
concentrated on the anti-tumor mechanism of HSP in vivo model.
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