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Abstract One main fraction of Selenium-enriched Pleurotus ostreatus (P. ostreatus) polysaccharide

(Se-POP-1) was extracted and purified by DEAE-52 and sephadex G-100. Se-POP-1 was an approx-

imate homogenous polysaccharide with an average molecular weight of 1.62 � 104 Da, and mainly

composed of glucose, mannose and galactose, with molar ratio of 5.30:1.55:2.14. The absorption

peaks at 941 cm�1 and 1048 cm�1 in FT-IR analysis were ascribed as C-O-Se and Se=O bonds.

Pr-treatment of Se-POP-1 (400 lg/mL) increased the cell survival of H2O2-stimulated PC12 cells

and inhibited intrinsic apoptosis and oxidative stress in H2O2-stimulated PC12 cells via limiting

DNA degradation and decreasing the reactive oxygen species (ROS) generation. In addition, up-

regulation of anti-apoptotic protein Bcl-2, down- regulation of pro-apoptotic protein Bax, cleaved

caspase 3, and cytochrome c were also observed. Se-POP-1 presented an obvious effect to alleviate

oxidative damage and apoptosis in PC12 cells induced by H2O2. Therefore, Se-POP-1 possessed

potent antioxidant and biological activities with the ability to prevent oxidation via scavenging

ROS and free radicals in cells. It could be developed as organic selenium dietary supplement and

functional food.
� 2022 Published by Elsevier B.V. on behalf of King Saud University. This is an open access article under

the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Reactive oxygen species (ROS) are predominantly produced
from the respiratory chain of mammalian cellular mitochon-

dria and peroxisomes, as well as from exogenous sources.
ROS are essential components of the cells of living organisms
in normal conditions and play a dual role in the physiological

processes, including phagocytosis, intracellular signalling, cell
proliferation, metabolism, apoptosis and muscle contraction
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(Wang et al., 2016). But when the accumulation of ROS
beyonds the defense capacity of living cells, or when the cellu-
lar antioxidant system is insufficient, the oxidative stress

occurs. As a consequence, the excess accumulation of ROS
in cell can cause oxidative damage to cell membranes, lipids,
proteins and DNA leading to cell injury or even death of cells.

ROS has also been implicated in various diseases, such as
atherosclerosis, rheumatoid arthritis, neurodegenerative and
carcinogenesis (Zhang et al., 2018; Tang et al., 2017). Conse-

quently, oxidative stress from increased ROS and/or insuffi-
cient antioxidant defense systems has been widely considered
as a major cause of cell damage (Guo et al., 2013; Mao
et al., 2014). The antioxidant defense has been demonstrated

to be one of the most effective means for protecting the cells
from oxidative injury.

The rat pheochromocytoma cell line 12 (PC12) was derived

from an adrenal pheochromocytoma and has been widely used
as a model for exploring cytoprotective agents (Hu et al., 2017;
Chu et al., 2019). Recent studies indicated the oxidative dam-

age initiated mitochondrial dysfunction and apoptosis in vari-
ous cells such as PC12 cells via ROS production and oxidative
stress formation (Maroto and Perez-Polo, 1997; Hwang and

Yen, 2008). Among various ROS, hydrogen peroxide (H2O2)
has been widely used to induce oxidative damage in cell culture
models. There are numerous natural compounds that have
been succeed in preventing H2O2-induced oxidative injuries

in PC12 cells. For instance, polysaccharides are considered
as important antioxidants and provide protective effects
against ROS-induced oxidative insult and intrinsic apoptosis

in PC12 cells (Guo et al., 2019; Sheng et al., 2017; Wang
et al., 2016b; Chu et al., 2019; Shen et al., 2011; Wang et al.,
2018). Additionally, Se was reported to serve as the potential

protective roles in reducing mercury, arsenic and cadmium
induced cytotoxicity in PC12 cells by autophagy/apoptosis-
regulation apoptosis inhibition (Hossain et al., 2021;

Rahman et al., 2018; Fang et al., 2017). It is also reported that
Se contributes to increasing antioxidant activity of polysaccha-
rides in many different cell types (Wang et al., 2012). There-
fore, many researchers have focused more on the Se-enriched

polysaccharides in recent years.
Pleurotus ostreatus is one of the most popular commercial-

ized edible fungi that has been widely cultivated. It has also

been used as traditional foods for a long period time in many
Asian countries such as China, Korea and Japan for its abun-
dant biological substances (e.g. polysaccharides, protein and

trace elements) as well as low fat. Pleurotus ostreatus can effec-
tively absorb selenium from cultivated medium and transform
inorganic selenium to organic forms via binding to protein and
polysaccharide. Pleurotus ostreatus polysaccharide (POP) has

been found to have antioxidant, immunomodulatory, anti-
tumor and antiviral activities (Zhang et al., 2012; Yang
et al., 2012). Previous studies on the selenium (Se)-containing

polysaccharides of P. ostreatus were focused on the chemical
structure analysis and antioxidant and anticancer activities.
However, there is relatively little known about the protective

effects of selenium enriched P. ostreatus polysaccharides at
the cellular level. The detailed biomolecular mechanisms of
ameliorations of Se contrary to H2O2-toxicity still remains

ambiguous and needs further investigations. In this study, we
used injury model of PC12 cells induced by H2O2 to explore
the protective effects of selenium polysaccahride from P.
ostreatus and its mechanism of action.

2. Materials and methods

2.1. Samples

The fresh fruiting bodies of P. ostreatus fortified with sodium
selenite to the medium were cultivated in Zituan Ecological

Agriculture Co., Ltd (Changzhi, Shanxi, China).

2.2. Chemicals

Sodium selenite (Na2SeO3) was purchased from Xiya
Chemical Reagent Co., Ltd. (Chengdu, China). The standard
monosaccharides including D-glucose, D-galactose, D-xylose,

D-mannose, L-rhamnose, L-arabinose and trifluoroacetic acid
(TFA) were obtained from Sigma Co. (St. Louis, MO, USA).
DEAE-52 cellulose and Sephadex G-100 were acquired from
Solarbio Bioscience & Technology Corporation Limited.

(Beijing, China). PC12 cell was obtained from College of Food
Science and Engineering of Tianjin University of Science and
Technology (Tianjin, China). Antibodies against Bax, Bcl-2,

Cytochrome C, cleaved Caspases 3, Nrf2 as well as b-actin
were purchased from Cell Signaling Technology (Beverly,
MA, USA). Annexin V-FITC Apoptosis Detection Kit, Cell

cycle detection kit, The Reactive oxygen species (ROS) kit
and the other kits used in assays were bought from BioSource
International, Inc. (Camarillo, CA, USA). All other chemicals

were of the highest purity and commercially grade available.

2.3. Extraction and purification of polysaccharides

The air-dried fruit bodies of P. ostreatus were ground into

powder (particle size: 200–300 lm), then the powder was pre-
treated with 95% ethanol for three times to remove some col-
ored materials, fats and other low molecular compounds.

Then the residue was collected with nylon cloth filter. After-
wards, 10 g of pretreated samples were mixed with 300 mL
distilled water at 90 ◦C and stirred for 3 h, and the process

was repeated for three times. All supernatants were collected
and condensed by rotary evaporator. The extracting samples
were precipitated with four-fold volume of 95% ethanol and

kept overnight at 4◦C. The polysaccharide was obtained after
centrifugation at 5000g for 10 min.Thereafter, polysaccharide
was deproteinated with Sevag reagent (chloroform: nbu-
tanol = 3:1), followed by exhaustive dialysis with tap water

for 48 h and distilled water for 48 h. Finally, the water sol-
uble crude selenium-polysaccharide was obtained by
lyophilizing.

The crude polysaccharide was dissolved in distilled water
and loaded onto DEAE-52 cellulose column (2.6 � 40 cm).
The column was first equilibrated with distilled water, then

eluted with a linear gradient NaCl solution (0–0.5 M) at a flow
rate of 1 mL/min. Different fractions (5 mL/tube) were col-
lected according to the total carbohydrate content as quanti-
fied by the phenol–sulfuric acid method, the main fractions

were obtained, dialyzed and lyophilized. Next, the fractions
were further purified on sephadex G-100 column
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(30 � 2.6 cm) and eluted with ultrapure water at a flow rate of
0.8 mL/min. The main fraction was obtained and named Se-
POP-1.

2.4. Preliminary characterization of Se-POP-1

2.4.1. Chemical component analysis

The total carbohydrate content was determined by the phenol–
sulfuric acid method with D-glucose as a standard (Dubois

et al., 1956). The protein content was estimated by Coo-
massie brilliant blue G-250 method with bovine serum albumin
as the standard (Bradford, 1976). Uronic acid content was

determinated by the carbazole–sulfuric acid method using glu-
curonic acid as standard (Bitter and Muir, 1962). Sulfate con-
tent was measured according to the gelatin barium chloride
method (Kawai et al., 1969). The selenium content in Se-

POP-1 was detected by a graphite furnace atomic absorption
spectrometer (WFX-210, Rayleigh, China). Briefly, the sample
was predigested with mixed acid (HNO3: HClO4 = 4:1, v/v)

for 2 h until the solution became colorless and clear. After
cooling, the solution was diluted with 20% HCl for further
determination (Wang et al., 2015).

2.4.2. Molecular weight distribution

Molecular weight (Mw) of Se-POP-1 was determined by High-
performance gel-permeation chromatography (HPGPC) with

Refractive Index Detector, The TSK-gel G4000 PW
(7.8 � 300 mm) column was employed. The Se-POP-1 solution
was filtered through 0.45 lm pore membrane, and 20 lL of

sample (2 mg/mL) was injected and eluted with ultrapure
water at a flow rate of 0.6 mL/min. Calibration curve was
established through T-series Dextran standards (T-10, T-40,
T-70, T-500 and T-2000). The molecular weight of Se-POP-1

was calculated according to the standard curve (Zhu et al.,
2011).

2.4.3. Fourier transformed infrared spectral analysis

One milligram polysaccharide and 150 mg spectroscopic grade
KBr powder were grinded and pressed into 1 mm pellet.
Fourier transform infrared (FT-IR, VECTOR-22) spectrum

of Se-POP-1 was obtained by FT-IR spectrophotometer with
scanning range of 4000–400 cm�1 (Yan et al., 2010).

2.4.4. Monosaccharide composition analysis

Five milligram sample was dissolved with 2 M trifluoroacetic
acid (TFA) and hydrolyzed at 110℃ for 5 h, then the TFA
was removed by washing with methanol. Pyridine and acetic

acid anhydride were added to acetylation at 90◦C for 1 h.
The acetylated sample was completely dissolved in dichloro-
methane for further GC (GC2010, Shimadzu, Japan) analysis

(Zhang et al., 2016). D-glucose, D-xylose, D-galactose,
L-rhamnose, D-mannose and L-arabinose were also derivated
as standards.

2.4.5. Scanning electron microscopy analysis

The polysaccharide was placed on a specimen holder and fixed
onto a copper stub and then coated with a thin gold layer

under reduced pressure. The SEM analysis was performed
on a SU1510 scanning electron microscope (SU1510, Hitachi
High Technologies, Japan) (Lai and Yang, 2007).
2.5. Cell culture and treatment

PC12 cells were cultured in Dulbecco’s Modified Eagle’s Med-
ium (DMEM) supplemented with 10% (v/v) heat inactivated
fetal bovine serum (FBS), 100 U/mL penicillin and 100 lg/
mL streptomycin. The cell was kept at 37 ℃ in an incubator
with a humidified atmosphere of 5% CO2. When the PC12
cells reached 80% confluence, they were treated with 0.25%
trypsin in 0.02% EDTA solution. Prior to exposure to H2O2

with concentration of 400 lM for 2 h, cells were pretreated
with Se-POP-1 at concentrations of 200 lg/mL and 400 lg/
mL for 24 h. Cells without treatment were used as the control,

while cells treated with H2O2 alone for 2 h served as the model
group.

2.5.1. Cell apoptosis assay

To evaluate the protective effect of Se-POP-1 on H2O2-induced
oxidative stress on PC12 cells, cell apoptosis including early
apoptosis and late apoptosis was detected using Annexin V-

FITC/PI staining. PC12 cells were seeded in 6-well plates at
a density of 1 � 105 / mL. After treatments as above, cells were
harvested and were washed with PBS, and then suspended in

500 lL 1 � binding buffer. And the cells were incubated with
5 lL Annexin V-FITC and 5 lL PI for 10 min at room temper-
ature in the dark. Finally, the levels of apoptotic cells were
analyzed by flow cytometry (Song et al., 2015).

2.5.2. Cell cycle analysis

Cell cycle distributions were determined by PI staining. PC12

cells were treated as describe above, then cells were harvested,
washed with PBS and fixed with ice-cold 70% (v/v) ethanol
overnight at 4℃. Then the cell pellets were washed twice and
resuspended in PBS buffer. Afterwards, 20 lL of RNase A

solution was added and the cells were incubated for 30 min at
37℃. Finally, the cells were incubated with 400 lL of PI at
4℃ for 30 min in the dark. The percentage of apoptotic cells

was quantified by sub-G1 DNA content and the distribution
of cell cycle was determined by flow cytometer (Zhu et al.,
2013).

2.5.3. Cell morphology observation

After the treatment as describe above, PC12 cells were washed
with ice-cold PBS and fixed with 4% paraformaldehyde in PBS

for 10 min at room temperature, then the fixed cells were
stained with DAPI (1.5 lg/mL in PBS) for 15 min and washed
with PBS for three times. Cells were examined to assess

changes in nuclear morphology and analyzed by a fluorescence
microscope (Lee et al., 2005).

2.5.4. Intracellular ROS generation analysis

Intracellular formation of ROS was measured by flow cytom-
etry and the H2O2-sensitive DCFH-DA fluorescence was used
as a substrate. The treated cells were collected and adjusted to

2 � 105, and then incubated with 40 lM DCFH-DA for
30 min at 37℃. Afterwards, the cells were washed twice with
PBS and monitored by flow cytometry with excitation at
488 nm and emission at 525 nm. For each condition, 10,000

cells were counted. Quadrant analysis was done using
WinMDI software (Ding et al., 2016).



Fig. 1 The elution curve of Se-POP on the DEAE-52 cellulose

column (A) and on the Sephadex G-100 column (B).
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2.5.5. GSH-Px activity and GSH level determination

After treatment, PC12 cell lysate was collected, the GSH-Px

activity and GSH level were detected with an assessment kit
according to the manufacturer’s protocol (Shi et al., 2014).

2.5.6. Western blotting

After treatments, cells were washed 3 times with cold PBS and
the lysate from caspase assay was centrifuged at 14,000g for
15 min. The supernatants were collected and the protein con-

centration was quantitated by the BCA Protein Assay Kit.
Equal amounts of protein (30 mg) from the supernatant

was loaded on to 10% SDS-PAGE apparatus (Bio-Rad, Her-

cules, CA, USA) at 100 V for 2 h, and transferred to 0.22 lm
PVDF membranes in transfer buffer. After blocking with
5% non-fat milk in Tris-buffered saline containing 0.1% (v/

v) Tween-20 (TBST) for 1 h at room temperature, the mem-
brane was incubated overnight at 4℃ with various primary
antibodies. After washing with TBST for three times, a second
incubation was carried out with horseradish peroxidase-

conjugated secondary antibodies for 1 h at room temperature.
Finally, the membrane was incubated with the enhanced ECL
immunoblotting detection kit and exposed with an X-ray film.

The protein expression level of each strap was quantitated by
the ImageJ-Pro Plus 5.1 software The relative amount of target
proteins in each strap was obtained after normalization with

the b-actin values (Chu et al., 2019; Fang et al., 2017).

2.6. Statistical analysis

Results were reported as the means ± SD (standard devia-
tion). SPSS version 16.0 software was used for all statistical
calculations (SPSS Inc., Chicago, USA). An ANOVA was
used to determine the differences between the sample results.

All values with p < 0.05 were considered significantly
different.

3. Results and discussion

3.1. Chemical contents and monosaccharide compositions

The crude Se-POP was obtained by the series procedures as
extraction, sedimentation, deproteinization, dialysis and

lyophilization. Two main components were purified by
DEAE-52 cellulose column chromatography (Fig. 1A). The
elution peak was narrower at the concentration of NaCl of

0.3 mol/L. The fraction was further purified on Sephadex G-
100 column and a signal peak was obtained (Fig. 1B). The
purified fraction showed higher antioxidant activity compared
with other fractions. Therefore, one major polysaccharide frac-

tion, named Se-POP-1 was selected for further research.
The total carbohydrate content, protein content, uronic

acid content, sulfate content, and selenium content of Se-

POP-1 were 82.74%, 6.81%, 1.89%, 4.32% and 3.69 mg/g,
respectively, indicating that it is the Se-containing polysaccha-
ride. The selenium content was much higher than the native P.

ostreatus polysaccharide, while the content was similar to those
of Se-polysaccharide from Ziyang green tea and Se-enriched
Maitake polysaccharide, with organic selenium contents of

2.14 mg/g and 4.50 mg/g, respectively (Wang et al., 2013; Mao
et al., 2014). However, the selenium content in the Se-POP-1
was slightly lower than in other selenium modified polysaccha-

rides, such as Catathelasma ventricosum Se-polysaccharides
(41.77 mg/g) and Coprinus comatuson Se-polysaccharides
(15.21 mg/g) (Liu et al., 2013; Yu et al., 2009).

Monosaccharide composition was detected by GC and the

results were recorded in Fig. 2. Six standard monosaccharides
of L-rhamnose, L-arabinose, D-xylose, D-mannose, D-glucose
and D-galactose were used as standard monosaccharides. As

shown in Fig. 2A, all identified peaks were separated rapidly
within 20 min. The sample was identified by matching their
retention time with those of monosaccharide standards under

the same analytical conditions. As shown in Fig. 2B, the
monosaccharide composition showed that Se-POP-1 was
mainly consisted of glucose, mannose and galactose with

molar ratio of 5.30:1.55:2.14.

3.2. FTIR spectroscopy analysis

FT-IR spectroscopy is usually used for identification of char-

acteristic organic groups in polysaccharides. IR absorbance
of the polysaccharide was shown in Fig. 3. The band at
3339 cm�1 was due to the stretching of the hydroxyl groups.

Whereas the spectrum of xylan with b(1? 4) backbone was
dominated by an intense ring and (COH) side group band at
1048 cm�1. The peak at 2933 cm�1 reveals the presence of

the C-H vibration. The characteristic absorbance around
1606 cm�1 was attributed to N-H sretching. All absorption
bands were typical absorption peaks of polysaccharides. Two
stretching peaks at 1408 cm�1 and 1161 cm�1 in the IR spectra
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suggested the presence of C-O bonds. The absorptions at
1078.36 cm�1 was designated to a pyranose form of sugars.
These common peaks suggest that introduction of selenium
does not affect the main structure of the polysaccharide, which

was in accordance with other result (Yu et al., 2009). The bind-
ing of Se on polysaccharides was generally recognized as C-O-
Se and Se=O form with the absorption peaks at 941 cm�1 and

1048 cm�1 (Wei et al., 2015; Xiao et al., 2017)

3.3. The molecular weight properties

The molecular weight distribution of Se-POP-1 and T-series
dextran standard was shown in Fig. 4, and the standard curve
equation was y= � 0.3863x + 8.7216 (R2 = 0.9938,

y = lgMw, x= Rt). It could be seen that the HPGPC chro-
matogram of Se-POP-1 showed a relative single peak, which
indicated that the Se-POP-1 was an approximate homoge-
neous polysaccharide. The average molecular weight of

Se-POP-1 was determined to be 1.62 � 104 Da in reference
to universal calibration curve and the retention time.

3.4. Morphological analysis

The scanning electron microscopy can be used as a commonly
useful tool to analyze and predict the physical properties and
surface morphology of polysaccharides. As shown in Fig. 5,
the SEM images showed the aggregation structure of Se-
POP-1, specifically. Its surface was big lamellar structured
and with small irregular pores, which was similar to the

Se-enriched tea polysaccharides (Wang et al., 2015). The regu-
larity of structure was crumble, intertwined and rather rough.
Furthermore, it can be speculated that the Se-POP-1 was com-

posed of relative homogeneous matrix. It was reported that the
surface morphology and structure of polysaccharides might be
changed by selenylation modification, and thus affected the

functional and biological properties of polysaccharides.

3.5. Effect of Se-POP-1 on H2O2-induced apoptosis in PC-12
cells

Compelling evidence has supported that oxidative stress-
induced apoptosis, also known as programmed cell death,
plays a critical role in neuronal and hepatic injury. The cells

were stained with Annexin V-FITC and PI, and the apoptosis
was assayed through flow cytometry. The results were shown
in Fig. 6. The cells in the lower left quadrant were double neg-

ative and recognized as viable cells, and the early and late
apoptotic cells were appeared in the lower right quadrant
and the upper right quadrant, respectively. The AV+/PI

+ cell population in upper left quadrant has been identified
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Fig. 6 Cell apoptosis for different treatment of PC12 cells.(a) control; (b) model (H2O2 400 lΜ);(c) H2O2 (400 lΜ) + Se-POP-1 (200 lg/
mL); (d) H2O2 (400 lΜ) + Se-POP-1 (400 lg/ mL).
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as advanced apoptotic or necrotic. In early and late apoptotic
cells, the percentage of apoptotic cells in the H2O2-treated
group was significantly increased to 8.31% and 15.40% com-
pared with the control group (p < 0.05, p < 0.01). However,

the apoptosis was decreased in a concentration-dependent
manner in Se-POP-1 treated groups. The apoptosis decreased
to 5.74% and 7.93% (p < 0.05) after being pretreated with

Se-POP-1 at 200 lg/mL, and the percentage was further nota-
ble decreased to 3.92% and 6.55% at the concentration of
400 lg/mL (p < 0.05). It was observed that apoptosis of

H2O2-induced PC12 cells could be significantly alleviated after
pretreated with the Se-POP-1, which obviously suggested that
the Se-POP-1 could effectively mediate oxidative damage and

significantly protect PC12 cells against H2O2-induced apopto-
sis. The mechanisms of Se-POP-1 for ameliorative effects on
H2O2 induced apoptosis in PC12 cells were as follows: it was
proposed that selenium possibly existed in the form of selenyl

group (-SeH) or seleno-acid ester in the selenium polysaccha-
rides, the new two groups could activate the hydrogen atom
of the anomeric carbon and have the capacity of hydrogen

atom-donating, in turn they could be able to convert more free
radicals to stable products (Liu et al., 2013). Additionally, the
two new groups may regulate the cellular antioxidant enzymes,

such as glutathione peroxidase (GSH-Px) (Mou et al., 2003).
GSH-Px is one of major cellar antioxidant enzyme and plays
an important role in protecting cells from oxidative damage.

Our results demonstrated that pretreatment of H2O2-induced
PC12 cells with Se-POP-1 increased the level of GSH-Px and
GSH (Fig. 9). GSH-Px can catalyze the reduction of harmful
peroxides and radicals, and protect the cells from oxidative

damage by converting reduced glutathione (GSH) to its oxi-
dized form (GSSG).

3.6. Effects of Se-POP-1 on the DNA damage of H2O2-induced
PC12 cells

Severe oxidative stress usually contributed to DNA damage

which can be monitored by Flow cytometry with PI-staining,
and the sub-G1 peak was traditional considered as one of
the important apoptosis characteristics. As shown in Fig. 7
(A), Compared with the control group (1.46%), a distinct rise
in the sub-G1 peak (23.82%) was discovered in groups expo-
sured to H2O2. The progression of cell cycle arrested at G0/
G1 phase was to prevent damaged DNA from being dupli-
cated, but a dose-dependent decrease of sub-G1 peak were

observed when incubating the H2O2-induced PC12 cells with
different concentrations of Se-POP-1. The percentage of sub-
G1 peak decreased to 14.35% and 7.27% when pretreated with

200 lg/mL and 400 lg/mL of Se-POP-1, respectively. The
results demonstrated that H2O2 caused G0/G1 cell cycle arrest
leading cells to death (Ding et al., 2016) and the ratio of G0/

G1 phase could be significantly decreased by pretreating with
Se-POP-1. It was confirmed that hydrogen peroxide inhibited
cell proliferation and caused DNA fragmentation in cultured

PC12 cells. However, pretreatment with Se-POP-1 could pro-
mote DNA synthesis and cell proliferation and provide protec-
tion against DNA damage induced by H2O2. The mechanism
was probably due to treatment of Se-POP-1 induced increases

of GSH and GSH-Px in PC12 cells (Fig. 9). Increased GSH
and GSH-Px may modulate DNA-repair activity (Chatterjee,
2013). Similar result was also reported that Se and Se induced

GSH-Px provided protection on cell membrane integrity and
against DNA damage induced by iHg and UV (Hossain
et al., 2021; Baliga et al., 2007).

3.7. Effects of Se-POP-1 on the morphology of H2O2-induced

PC12 cells

In order to further understanding the protective effects of
Se-POP-1 on the DNA and nuclear structure in PC12 cells,
morphological changes were examined by monitoring the
H2O2-induced morphological features of cultured PC12 cells

in the absence or presence of Se-POP-1 under Laser confocal
microscope. As presented in Fig. 7 (B), treatment of cultured
PC12 cells with 400 lM H2O2 alone led to a considerable pro-

portion apoptosis, which representing a lot of small bright blue
dots and chromatin condensation or nuclear fragmentation.
Meanwhile, cells pretreatment with Se-POP-1 (200 lg/mL

and 400 lg/mL) significantly decreased the apoptotic cells with
nuclear condensation and fragmentation, and most of cell
nuclei were close to their normal shape and size. Taken
together, pretreatment of cells with Se-POP-1 could inhibit



Fig. 7 Cell cycle (A) and Morphological changes for different treatment of PC12 cells (B). (a) control; (b)model (H2O2 400 lΜ);(c) H2O2

(400 lΜ) + Se-POP-1 (200 lg/ mL); (d) H2O2 (400 lΜ) + Se-POP-1 (400 lg/ mL).
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the nucleic morphological changes and alleviate the oxidative
damage in PC12 cells from the oxidative stress induced by
hydrogen peroxide.

3.8. Effect of Se-POP-1 on H2O2-induced ROS production in

PC-12 cells

It is commonly used PC12 cells as a oxidative stress model in
test of possible cytoprotection of the antioxidative compounds,
and especially in the assessment of their intracellular ROS

scavenging ability. The intracellular ROS level and the intra-
cellular ROS-scavenging activity of Se-POP-1 in oxidized
PC12 cells induced by H2O2 were evaluated, and the results
were shown in Fig. 8. The group exposured to H2O2 alone

had the higher intracellular ROS level compared to control
group (p < 0.01), indicating that H2O2 triggered oxidative
Fig. 8 ROS production for different treatment of PC12 cells. (a) c

(200 lg/ mL) ;(d) H2O2 (400 lΜ) + Se-POP-1 (400 lg/ mL). ##p < 0

H2O2 group.
stress in PC12 cells through the accumulation of intracellular
ROS. As expected, the groups that had been pretreated with
Se-POP-1 significantly decreased ROS levels in H2O2-

stimulated cells in a dose-dependent manner (p < 0.05).
Group treated with 400 lg/mL of Se-POP-1 significantly sup-
pressed H2O2-induced intracellular ROS production

(p < 0.01). Therefore, It suggested that excessive ROS genera-
tion acts a critical role in H2O2-induced oxidative stress and
pr-treatment of Se-POP-1 exhibited excellent ROS-

scavenging capacities through its antioxidant properties. Our
results demonstrated that treatment of H2O2 induced increase
of ROS (Fig. 8), increased ROS damages cellular membrane
lipids and cellular DNA (Fig. 7A), excess organelle damages

lead to inability of maintaining cellular function, thus induces
apoptosis and cell death (Fig. 6, Fig. 7B). We found that pre-
treatment with Se-POP-1 could reduce the intracellular ROS
ontrol; (b)model (H2O2 400 lΜ);(c) H2O2 (400 lΜ) + Se-POP-1

.01 vs normal group; *p < 0.05 vs H2O2 group and **p < 0.01 vs
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level induced by H2O2. It was probably due to increases of
GSH-Px and GSH, which were considered as the highly abun-
dant cellular scavengers of ROS.

3.9. Effect of Se-POP-1 on H2O2-induced GSH-Px and GSH in

PC-12 cells

GSH-Px plays a central role in protecting the cells from oxida-
tive damage induced by H2O2 with high concentration, and the
restored GSH-Px activity can utilize the GSH to catalyze the

reduction of peroxides (H2O2 or lipid peroxides) in the cells
and protect the cells from oxidative stress consequently. The
activity of GSH-Px and level of GSH were determined in dif-

ferent treatment of PC 12 cells, and the results were shown as
in Fig. 9. The activity of GSH-Px and level of GSH decreased
significantly under H2O2-induced oxidative stress in PC12 cells
(p < 0.01), whereas pretreatment of Se-POP-1 (200 lg/mL and

400 lg/mL) enhanced GSH-Px activity and GSH level dramat-
ically in H2O2-treated cells (p < 0.05, p < 0.01). This result
may be explained by the fact that Selenium is a cofactor of glu-

tathione peroxidase (GSH-Px) and Se induced increase of
GSH-Px and GSH in PC12 cells pretreated with Se-POP-1.

3.10. Effects of Se-POP-1 on the expression of apoptotic
proteins in H2O2 induced PC12 cells

Bcl-2 proteins, a large family of apoptosis-regulating proteins,
can be classified into two groups according to the structure and

function: anti-apoptotic like Bcl-2 and Bcl-XL and pro-
apoptotic including Bax and Bak (Ramkumar et al., 2012).
Bcl-2 proteins play a crucial role in the mitochondrial-

mediated apoptosis pathway and have been identified as major
regulators in blocking cytochrome c efflux into the outer mito-
chondrial membrane (Reed, 2001). Bax proteins induce apop-

tosis by disintegrating the outer mitochondrial membrane and
causing the release of cytochrome c (Dan and Yamori, 2011).
Bcl-2 inhibits apoptosis while Bax promotes apoptosis. The

balance between these two proteins is commonly used to deter-
mine the cell survival or death. An increase in Bcl-2 level
antagonizes the promotion effect of Bax to apoptosis and lim-
its the release of cytochrome c from mitochondria, which could

suppress the activation of caspase cascade and apoptosis
Fig. 9 GSH-Px activity and GSH level for different treatment of PC1

**p < 0.01 vs H2O2 group.
(Czabotar et al., 2014). Caspase-3, a frequently activated cys-
teine protease and can be activated by ROS, also connected
with the mitochondrial apoptotic pathway and has been iden-

tified as important regulators in the intrinsic apoptotic path-
way (Mazumder et al., 2008). Nrf 2 is a transcription factor
that regulates the expression of a series of phase II detoxifying

enzyme and the expression of antioxidant enzymes (such as
SOD, HO-1, CAT, GSH, GST, etc.), activation of Nrf2 could
diminish ROS production and improve the ability of anti-

oxidative stress (Hossain et al., 2021).
To investigate the protective effect of Se-POP-1 on H2O2-

induced mitochondrial depolarization in PC12 cells, the
changes in the expressions of apoptosis-related proteins includ-

ing Bcl-2, Bax, Nrf2 and cleaved caspase-3 in PC12 cells after
H2O2 exposure were determined. As described in Fig. 10, an
increased expression of pro-apoptotic protein Bax (p < 0.01)

and decreased expression of anti-apoptotic protein Bcl-2
(p < 0.05) were observed in PC12 cells under H2O2 stress
lonely in comparison with that of control group, meanwhile,

the ratio of bax/bcl-2 was 3.09. However, the observation
was reversed in a dose-dependent manner by pre-incubation
with Se-POP-1. Se-POP-1(400 lg/mL) treatment resulted in

an increased level of Bcl-2 expression and decreased level of
Bax expression (p < 0.05), leading to an decrease in the pro-
apoptotic/anti-apoptotic Bcl-2 ratio, especially, the ratio of
bax/bcl-2 was decreased to 1.45. The results were in accor-

dance with the previous related studies (Deng et al., 2015;
Shan et al., 2015). The expression of cleaved caspase-3 was ele-
vated obviously in PC12 cells treated with H2O2 alone as com-

pared with control group (p < 0.05). However, pretreating
with Se-POP-1 with concentration of 400 lg/mL could dra-
matically converse the increase of cleaved caspase-3 expression

compared with H2O2-treated alone (p < 0.05). Previous data
has illustrated that H2O2 exposure could result in cytotoxicity
and the over expression of caspase-3, while various polysac-

charides could alleviate the oxidative stress induced cell apop-
tosis via blocking the caspase-3 (Sheng et al., 2017; Spencer
et al., 2001; Martı́n et al., 2010). Similarly, the cytosolic cyto-
chrome c levels were significantly increased in PC12 cells incu-

bated with H2O2 alone compared to the control (p < 0.01),
which suggests the disruption of mitochondrial outer mem-
brane and origination of intrinsic apoptosis. However, pre-

treatment with Se-POP-1 significantly attenuated the
2 cells. ##p < 0.01 vs normal group; *p < 0.05 vs H2O2 group and



Fig. 10 Protein expression in PC12 cells for different treatment. #p < 0.05 vs normal group; ##p < 0.01 vs normal group; *p < 0.05 vs

H2O2 group and **p < 0.01 vs H2O2 group.
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cytochrome c release from the mitochondria as compared with
H2O2-treated group (p < 0.05). The transcription factor Nrf2
is an essential mediator in the coordinated regulation of some

cytoprotective genes. Western blot results showed that Nrf2
expression was improved notably under H2O2 stress in com-
parison with that of control group (p < 0.05). Interestingly,
this increase was further enhanced to defense oxidative stress

by pre-treating with Se-POP-1(400 lg/mL) compared to the
H2O2 treated group (p < 0.05). The results suggested that
H2O2 caused down-regulating protein expressions of Bcl-2

and Nrf2; whereas resulted in up-regulating of Bax, cleaved
caspase 3 and cytochrome c expressions synergistically, which
demonstrated oxidative stress and intrinsic apoptosis were

occurred. Se-POP-1 treatment could inhibit apoptosis by up-
regulating the pro-survival proteins (Bcl-2 and Nrf2) and
decreasing the ratio of Bax/Bcl-2, as well as down-regulating
the expression of proapoptotic proteins (Bax, cytochrome c

and cleaved caspase-3). Similarly, it was reported that Se
induced the down-regulation of cytochrome c in cadmium
induced cytotoxic on PC12 cells (Hossain et al., 2018), Se

induced down-regulation of cleaved caspase 3 and cytochrome
c in iHg-induced toxicity PC12 cells (Hossain et al., 2021), and
Se induced inhibition of apoptosis by down-regulation of cas-

pase 3 (Ren et al., 2016).
4. Conclusion

The selenium-enriched P. ostreatus polysaccharide (Se-POP-1)
with the selenium content of 3.69 mg/g was obtained by hot
water extraction and DEAE-52 and G-100 purification. It
was mainly composed of glucose, mannose and galactose with
the molar ratio of 5.30:1.55:2.14, and the average molecular
weight was approximately 1.62 � 104 Da. Se-POP-1 exhibited

excellent inhibition against severe oxidative damage in H2O2-
induced PC12 cells by improving cell membrane integrity, lim-
iting DNA injury, inhibiting ROS generation, decreasing the
ratio of Bax/Bcl-2 and diminishing pro-apoptotic cytochrome

c and cleaved caspase 3, and finally arresting apoptosis. These
protection of Se-POP-1 was estimated to be resulted from the
antioxidant properties of Se-POP-1. Se-POP-1 have potent

antioxidant properties and could be explored as functional
food ingredient or component of medicines with organic sele-
nium supplements.
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