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ARTICLE INFO ABSTRACT

Keywords: In this study, Lactiplantibacillus plantarum ATCC14917 was used to ferment Ganoderma lucidum spore powder.
Ganoderma l‘u“'d“m Two polysaccharides were purified from unfermented (GLP) and fermented (FGLP) Ganoderma lucidum spore

}S)‘)lysa“hande powder. The chemical structure and antioxidant activity of the polysaccharides were studied. Finally, the effect
tructure

of GLP and FGLP on the oxidative stress regulation pathway in HepG2 cells was explored. The results showed that
the main structural characteristics of Ganoderma lucidum polysaccharides remained unchanged during the
fermentation. However, the average molecular weight (M,,) of Ganoderma lucidum polysaccharides decreased
from 1.12 x 10° Da to 0.89 x 10° Da. Besides this, the contents of mannose, galactose, and glucuronic acid
increased, while the contents of xylose and glucose were decreased. In addition, the content of uronic acid was
raised, and the apparent structure was changed from smooth and hard to porous and loose. In antioxidant
studies, intracellular ROS and MDA contents in the oxidative stress model were decreased, and T-AOC content
was increased under GLP and FGLP intervention. In the investigation of the regulation pathway, Nrf-1 gene
expression was up-regulated, and Keapl gene expression was down-regulated under GLP and FGLP intervention.
The antioxidant genes NQO1 and NO-1 expressions were increased to activate the activities of antioxidant en-
zymes CAT, SOD and GSH-PA to resist oxidative stress. Compared with GLP, FGLP has a stronger regulatory role
in this pathway, thus showing more potent antioxidant activity. This experiment is beneficial to the further
utilization of Ganoderma lucidum spore powder.

Antioxidant activity

Introduction crucial biological functions (Tan et al., 2018; Zhao et al., 2010). Anti-

oxidant activity of GLP from Ganoderma lucidum has become a hot topic,

To face the improvement of health concepts and requirements in
contemporary society, people are searching for materials to regulate
oxidative stress in the body (Veljovic et al., 2017). Ganoderma lucidum
Spore powder, a high-value healthcare food, has attracted public
attention because of its remarkable antioxidant ability (Cor et al., 2018).
Ganoderma lucidum polysaccharide (GLP) is the most studied substance
in Ganoderma lucidum due to its inestimable nutritional value (Garuba
et al., 2020). GLP has immunomodulatory (Shi et al., 2013), hypogly-
cemic (Kan et al., 2015), anti-ulcer (Li et al., 2007), antioxidant activity
(Pan et al., 2013), anti-aging (Xu et al., 2019), anti-tumor and other
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in which Li et al. (Li et al., 2020) have studied the effect of GLP on
oxidative stress injury in mouse myoblasts induced by HoO». They found
that reactive oxygen species (ROS) in cells can be decreased by adding 1
mM of H0, into myoblast cells, which would increase the cell survival
rate up to 81.70%. Meanwhile, this study has demonstrated that GLP has
antioxidant activity.

However, GLP has a considerable molecular weight and a complex
structure, making it difficult to absorb efficiently by the human body
(Liu et al., 2021). The function of polysaccharides is closely associated
with their structures. The structure of polysaccharides can be modified
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through physical and chemical methods. However, these methods have
complex operations and high energy consumption. Biological methods
(fermentation) can be used to efficiently modify polysaccharides to
improve their biological activity (Nie et al., 2019; Sun et al., 2016). For
example, Bacillus sp. DU-106 fermentation can alter the molecular
weight and monosaccharide composition of Dendrobium officinale poly-
saccharide and improve its immune activity (Tian et al., 2019). At pre-
sent, food production by probiotic fermentation has become a hot topic.

Lactiplantibacillus plantarum is a common material for probiotic
fermentation. For example, Lactiplantibacillus plantarum NCU116
fermentation can alter physicochemical characterization, mono-
saccharide composition, molecular weight (Mw), and viscosity of
Asparagus officinalis polysaccharides, leading to their superior antioxi-
dant and immunomodulatory activity (Zhang et al., 2018). The modi-
fication of polysaccharides by Lactiplantibacillus plantarum has broad
application prospects. Currently, abundant investigations focus on nat-
ural polysaccharides in Ganoderma lucidum spore powder. Nevertheless,
there are few reports on Ganoderma lucidum spore powder fermentation.
Herein we have utilized Lactiplantibacillus plantarum ATCC14917 for the
fermentation of Ganoderma lucidum spore powder. Lactiplantibacillus
plantarum ATCC14917 is a probiotic with a stable reproductive ability
and stable metabolic performance (Li et al., 2018). After fermentation,
the fermentation alteration of the structure and antioxidant activity of
polysaccharides in Ganoderma lucidum spore powder was investigated.
Finally, the effect of GLP and FGLP on the oxidative stress regulation
pathway in HepG2 cells was explored. The innovation of our study lies in
the purpose of improving the value of Ganoderma lucidum by using
probiotics to ferment Ganoderma lucidum spores powder, and compre-
hensively evaluating the structure and antioxidant activity of Gano-
derma lucidum polysaccharides in order to explore the mechanism of it’s
antioxidant activity after fermentation. Our investigation may provide a
research basis for improving the antioxidant activity of polysaccharides
in Ganoderma lucidum spore powder fermented by Lactiplantibacillus
plantarum ATCC14917 and show scientific support for the development
of Ganoderma lucidum spore powder.

Materials and methods
Materials

Ganoderma lucidum spore powder is obtained from Changbai
Mountain, Lactiplantibacillus plantarum (ATCC14917), and HepG2 cells
were obtained from the Center for excellence in molecular cell science,
Chinese Academy of Sciences, China. N-butanol, chloroform, trifluoro-
acetic acid, pyridine, and silylation reagent were purchased from Sino-
pharm Chemical Reagent Co., Ltd (Beijing, China), before use without
further treatment and purification. Mannose, Ribose, Rhamnose, and
other standard monosaccharides, T-2000, T-500, T-70, and other
Dextran standards, DO, Fetal bovine serum, DMEM (high glucose)
medium, trypsin, MTT, DMSO were purchased from Sigma-Aldrich
(USA). Reactive oxygen species (ROS) assay kit and Trace malondial-
dehyde (MDA) assay kit were purchased from Nanjing Jiancheng Bio-
logical Engineering Research Institute Co. LTD. All the other reagents
were used analytic purity and purchased from Sinopharm Chemical
Reagent Co., Ltd (Beijing, China).

Fermentation and extraction of polysaccharides from Ganoderma lucidum
spore powder

Fermentation

Lactiplantibacillus plantarum ATCC14917 was used to ferment Gano-
derma lucidum spore powder. 2% (w/w) Ganoderma lucidum spore
powder was added to MRS Broth medium. Lactiplantibacillus plantarum
ATCC14917 (106 CFU/mL) was added to MRS Broth medium and
cultured at 37 °C, with stirring of 90 r/min for 24 h. After fermentation,
the supernatant of the fermentation broth was collected.
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Extraction

Polysaccharides from Ganoderma lucidum spore powder were
extracted by ultrasonic-assisted extraction. 2.0 g of Ganoderma lucidum
spore powder was added to 114 mL of HyO and extracted in a water bath
at 80 °C for 5 h. The solution was centrifuged at 9000 r/min for 20 min
to remove the insoluble substance. A rotary evaporator was then used to
condense solutions to 1/5 of their original volume. Afterwards, proteins
in polysaccharides were eliminated by the Sevag method (Li et al.,
2017): one-third volume of the volume of the Sevag reagent (chloro-
form: n-butanol = 4:1, v/v) was added to the solution. The solution was
then centrifuged at 1000 rpm for 5 min to remove the oil phase con-
taining protein in the upper layer. This process was repeated several
times until there was no white precipitation at the boundary of the re-
agent layer after centrifugation. The solution was then dialyzed by a
dialysis bag with 3000 Da. Ethyl alcohol (4-fold amount) was added to
the above solution and stored at 4 °C for 24 h. The polysaccharide
precipitates were obtained by centrifugation (9000 r/min, 10 min) and
freeze-dehydrated. Finally, crude polysaccharides were obtained and
stored at —4 °C.

Determination of monosaccharide composition

To clarify the monosaccharide composition of GLP and FGLP, gas
chromatography (GC) was performed (Li et al., 2018). First of all, 4.0 M
trifluoroacetic acid (TFA, 1 mL) was added to 10 mg of GLP and FGLP
samples to hydrolyze at 110 °C for 3 h. After drying, 1 mL of pyridine
was added to the hydrolyzed polysaccharide, and then 1 mL of silani-
zation reagent (N, O-bistrimethylsilyl trifluoroacetamide (BSTFA): tri-
methylchlorosilane (TMCS) = 99:1, v/v) was quickly added. The above
solution was reacted in a drying oven at 70 °C for 30 min. The tem-
perature of the mixed solution was lowered to room temperature, and
the supernatant was taken for GC determination. The monosaccharide
standards including rhamnose, arabinose, fucose, xylose, mannose,
glucose and galactose were silanized by the same protocol.

Gas chromatographic conditions: A high-performance capillary col-
umn, DB-17 (30 mL x 0.25 mm ID, 0.25 pm film thickness, Agilent), was
used. Inlet temperature was 280 °C, and FID detector temperature was
300 °C. The carrier gas was nitrogen, and the column pressure was 73.0
kPa. The column flow was 1 mL/min, and the split ratio was 10:1. The
temperature was set as 50 °C for 3 min. Then it was increased to 280 °C
at 10 °C/min and finally kept 280 °C for 5 min. The injection volume
was 1 pL.

Determination of molecular weight

High-performance gel permeation chromatography (HPGPC) was
used to determine the molecular weight of samples (Wang et al., 2013).
The mobile phase (2.5 mg/mL) was used to dilute the sample. 0.45 pm
microfiltration membrane was used to remove insoluble impurities. The
above solution was then taken for HPGPC determination. The same
method was used to determine the Dextran standards of different
concentrated molecular weights (5, 25, 50, 80, 150 kDa) and draw the
calibration curve. The molecular weight of the samples was calculated
by comparing them with Dextran standards.

Chromatographic conditions: TSK Gel 3000SWXL column (7.8 mm
x 300 mm) was equipped, and the column temperature was set as 35 °C.
The mobile phase was 0.025 M of NaH,PO4, 0.025 M of NaoHPO4 (pH =
6.7), and 0.05 M of NaNs3. The flow rate was 0.8 mL/min. The detector
was a differential refraction detector (RID) with a constant temperature
of 35 °C.

FTIR determination

Fourier transform infrared spectra of GLP and FGLP were determined
22, The wavelength range is 4000-400 cm ™ *.
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NMR spectroscopy

GLP and FGLP (about 30 mg) were dissolved in 0.55 mL D50,
respectively, and placed in NMR tubes. Then '3C NMR and 'H NMR
spectra were measured were recorded (at 60 °C) on JNM-ECZR NMR
spectrometer (JEOL, Japan) at 600 and 150 MHz, respectively.

SEM determination

After the samples were completely dried, the sample surfaces were
sputter-coated with gold, and the surface of the samples was scanned by
Gemini 360 scanning electron microscope (Zeiss, German). The
magnification of the images was 2000 and 5000 times, respectively.

Cell culture and grouping

HepG2 cells were cultured by referring to HAO’s method (Hao, 2018;
Chiroma et al., 2020): The medium consists of 10% fetal bovine serum
(FBS), 1% penicillin-streptomycin, and 89% DMEM (high glucose). The
above cells were incubated under saturated humidity with 5% CO5 and
95% air. The temperature was set as 37°C.

To determine the effects of different concentrations of GLP and FGLP
on cell viability, 100 pL of HepG2 cells were cultured for 24 h, and the
waste liquid was discarded. GLP and FGLP with concentrations of 0, 10,
50, 100, 200, 300, 400 and 500 pg/mL were added to the medium,
respectively. After culturing for 24 h, the supernatant was discarded.
The cell survival rate of each group was measured by the MTT method
(Zhu et al., 2017): After discarding the culture medium, 100 pL of MTT
(5 mg/mL) was used to treat cells for 4 h without light. After throwing
away the supernatant, 150 pL of DMSO was used to make precipitates
wholly dissolved. A microplate reader was used to record the absorbance
value at 490 nm. Each group was set up with six parallel tests. Cell
survival rate was calculated, Eq. (1):

R(%) = (f/fy) x 100 €h)

Where R is cell survival rate, f is the absorbance value of the control
group, and fj is the absorbance value of the experimental group.

The optimal concentration of Hy02, which was used to construct the
oxidative stress model, was investigated by the above method, and six
parallel tests were also set for each group.

The cell cultures were grouped, and the indexes were determined
based on the above analysis.

Intracellular ROS content analysis

HepG2 cells were treated according to the grouping results. After
discarding the culture medium, DCFH-DA (10 uM) was added to treat
cells without light at 37 °C for 30 min. After throwing away the su-
pernatant, PBS was used to clean the cells 2 times. After digesting by
trypsin, the supernatant was thrown away. The cells were re-suspended
by PBS and transferred to a 96-well plate blackboard. A fluorescence
microplate reader was used to read the ROS relative intensity of cells.
The excitation wavelength was 502 nm, and the emission wavelength
was 530 nm.

Intracellular MDA and T-AOC content analysis

HepG2 cells were treated according to the grouping results. After
discarding the culture medium, cells were suspended again using 100 uL
PBS. The cells were broken by ultrasound at a power of 300 W. The
protein concentration of cells was detected using a BCA kit, while the
MDA and the T-AOC content of each group were detected using an MDA
kit and T-AOC Kkit, respectively.
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Table 1
The primer of different genes.
Gene name Name sequence
Keapl F 5'-GGCCCTCTCTAGTTCCCAG-3'
R 5-CAGCATAGATACAGTTGTGCAG-3'
Nrf2 F 5-GCGTGTAGCCGATTACCGAGTG-3'
R 5-CATGATGAGCTGTGGACCGTGTG-3'
HO-1 F 5-CCTCCCTGTACCACATCTATGT-3'
R 5-GCTCTTCTGGGAAGTAGACAG-3'
NQO1 F 5-CCACCTCCTGAGTTCAAGCGATTC-3’
R 5'-GAGTTCAAGACCAGCCTGACCAAC-3'
Table 2

qRT-PCR reaction system.

Reagent Amount (uL)
TB Green Premix Ex Taq II (Tli RNaseH Plus) (2 x ) 12.5
PCR Forward Primer (10 pM) 1.0
PCR Reverse Primer (10 pM) 1.0
DNA template (<100 ng) 2.0
H,0 8.5
Total 25.0

Intracellular CAT, SOD, and GSH-Px content analysis

HepG2 cells were treated according to the grouping results. After
discarding the culture medium, cells were suspended again using 100 uL
PBS. The cells were broken by ultrasound at a power of 300 W. The
protein concentration of cells was detected using a BCA kit, while the
CAT, SOD, and the GSH-Px content of each group was detected using a
CAT kit, SOD kit and GSH-Px Kkit, respectively.

Gene expression analysis

RNA extraction from HepG2 cells: HepG2 cells were treated ac-
cording to the grouping results. After discarding the culture medium, 1
mL of Trizol was added to fully lysed the cells. Then, 200 pL of precooled
chloroform was mixed with the above solutions and centrifuged at
12000 rpm for 15 min. The upper colourless water was transfored to a
new centrifuge tube. An equal volume of precooled isopropanol was
added to the new centrifuge tube and centrifuged at 12000 rpm for 5
min to discard the supernatant. The precipitation was dried for 2-5 min,
10-20 uL of DEPC H;0 was added to dissolve the precipitation.

cDNA reverse transcription: The DNA in the above solutions was
removed, and then cDNA was synthesized by reverse transcription. The
above operation was performed according to the instructions of the
reverse transcription kit (PrimeScript™ RT Reagent Kit with gDNA
Eraser).

Primer design: Published Human gene sequence was found in NCBI
databases. qRT-PCR primers were designed using the primer design
program provided by Sangong Bioengineering (Shanghai) Co., LTD. The
primers were synthesized by Kumei Biotechnology (Changchun) Co.,
LTD. The primers are shown in Table 1.

qRT-PCR: Sample loading solution was prepared according to
Table 2, and then the obtained cDNA was amplified by qRT-PCR. The
conditions are as follows: predenaturation at 95 °C for °C, denaturation
at 95 °C for 10 s, annealing at 57 °C for 30 s, and extension at 72 °C for
30 s. The total number of cycles was set as 40 cycles. The melting curve
was set automatically according to the instrument program. At the end
of amplification, Ct values were recorded, and then 2-AAC method
(Livak and Schmittgen, 2001) was used to calculate mRNA relative
expression levels.
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Fig. 1. Monosaccharide composition analysis of GLP and FGL. (A): GC chromatography of standard. (B): GC chromatography of GLP. (C): GC chromatography of
FGLP. 1: Arabinose, 2: Rhamnose, 3: Ribose, 4: Fucose, 5: Xylose, 6: Fructose, 7: Mannose, 8: Galactose, 9: Glucose, 10: Galacturonic acid, 11: Glucuronic acid.

Table 3
Monosaccharide composition and molecular weight of GLP and FGLP.

Samples Mw Monosaccharide composition (mol%)

Ara Xyl Man Gal Gle GlcA
GLP 1.12 x 10° 0 1.53 15.64 1.84 80.60 0.39
FGLP 8.89 x 10* 0.42 0.82 34.31 3.32 59.47 1.66

Data analysis

All data were expressed in mean + SD, and all data were processed
and statistically analyzed by Excel 2013, Origin 2018, SPSS 23.0, and
GraphPad Prism (version 7.0).

Results and discussions
Monosaccharide composition analysis of GLP and FGLP

Monosaccharides are the most basic units of polysaccharides. The
accurate determination of monosaccharide composition is crucial to
elucidate the properties and structures of polysaccharides, and is bene-
ficial to further understand the structure-activity relationship (Liu et al.,
2021; Zhang et al., 2020). In this study, GC of polysaccharide samples
was detected, and the monosaccharide composition of GLP and FGLP
was analyzed. The results are shown in Fig. 1 and Table 3. The mono-
saccharide composition in this study is similar to the results of other
studies, and it should be noted that the ratio of monosaccharides affects
the bioactivity of polysaccharides (Liu et al., 2020; Shi et al., 2013). The
mole ratio of xylose (Xyl), mannose (Man), galactose (Gal), glucose
(Glc), and Glucuronic acid (GlcA) in GLP was 1.53: 15.64: 1.84: 80.6:
0.39, and the molar ratio of arabinose (Ara), Xyl, Man, Gal, Glc, and
GlcA in FGLP was 0.42: 0.82: 34.31: 3.32: 59.47: 1.66. It indicated that
both GLP and FGLP both were heteropolysaccharides, and their main
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Fig. 2. High-performance gel permeation chromatogram of GLP and FGLP.
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Fig. 3. FT-IR spectra of GLP and FGLP.

chains were composed of Glc. However, compared with GLP, the content
of Man, Gal and GlcA in FGLP was increased. In contrast, the contents of
Glc and Xyl were decreased, and a new monosaccharide, Ara, appeared
in FGLP. In previous studies, the monosaccharide composition of
Momordica charantia polysaccharides was significantly altered by Lac-
tiplantibacillus plantarum NCU116 fermentation (Gao et al., 2018).
Similarly, the monosaccharide composition of polysaccharides from
Ganoderma lucidum spore powder in this experiment was also altered
after fermentation.

Molecular weight analysis of GLP and FGLP

In this study, HPGPC of polysaccharide samples was detected. The
results are shown in Fig. 2 and Table 3. The molecular weight of FGLP
was 8.89 x 10* Da, and that of GLP was 1.12 x 10° Da. The antioxidant
activity of Ganoderma lucidum polysaccharide was affected by its Mo-
lecular weight. Studies have shown that the reduction of molecular
weight might increases the biological activity of polysaccharides (Kang
et al., 2019). As a result, it is preliminarily speculated that fermentation
could improve the antioxidant activity of Ganoderma lucidum
polysaccharide.

Fourier infrared spectroscopy analysis of GLP and FGLP

The structure of polysaccharides can be determined by observing the
characteristic absorption peak of the sample. As shown in Fig. 3, the
absorption peaks at 3402.21 cm ™! of GLP and FGLP were caused by
O—H stretching vibration (Wang et al., 2015). Due to C—H stretching
vibration, the absorption peaks of GLP and FGLP appeared at 2926.85
em ™! (Wang & Li, 2019). Due to CH, angular vibration, the absorption
peaks of GLP and FGLP appeared at 1423.88 cm ™! (Zeng et al., 2019).
The absorption peaks at 1400 ~ 1200 cm™! were caused by C—H
angular vibration. The absorption peaks at 1200 ~ 1000 cm™! were
caused by the stretching vibration of C—O—C and C—O—H. It indicated
that the characteristics of GLP and FGLP were pyranose configurations.
GLP and FGLP both had absorption peaks near 888.02 cm™". It indicated
that p-glycosidic bonds were existed in GLP and FGLP (Zheng et al.,
2016). In addition, the absorption peak near 1700 cm ™! indicated the
presence of uronic acid. The peak value of FGLP was higher than that of
GLP, indicating that the content of uronic acid of polysaccharides was
increased after fermentation (Rozi et al., 2019). The bioactivity of
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polysaccharides was proportional to the content of uronic acid, and the
structures rich in uronic acid had higher antioxidant activity (Yin et al.,
2021).

In conclusion, FGLP and GLP had extremely similar absorption peaks
from 4000 to 400 cm ™, indicating that fermentation could not affect the
main structure of polysaccharides in Ganoderma lucidum spore powder.
However, the content of uronic acid in FGLP was increased, leading to
improved antioxidant capacity. The above results were consistent with
monosaccharide composition and NMR analysis.

NMR analysis

H, '3c, and HSQC spectra were scanned to identify the structural
characteristics of GLP and FGLP. The spectra are shown in Fig. 4. Several
anomeric signals were identified from NMR spectra in combination with

the monosaccharide composition. The chemical shift of proton peaks on
the heteropolar carbon of polysaccharides within the range of 4.4-4.9
ppm corresponded to the p type configurations (Sheng et al., 2021).
Anomeric H/C signals at 4.95/100.9 were assigned to H-1/C-1 of starch
or dextrin by combining NMR data and previous literature (Sheng et al.,
2021). The anomeric signals of 4.75/103.5 and 4.53/103.4 indicated
B-1,6-Glcp and p-1,3-Glcp linkages were existed (Wan et al., 2021),
which were located isolatedly to other anomeric signals. In the down-
field of HSQC spectra, two anomeric signals were observed at 5.07/
102.16 and 5.00/98.5. They were the characteristic signals of Galp
(Yang et al., 2021). The signal intensity increased obviously after
fermentation. It was worthy to record the intensity of 3.2-4.0 ppm in *H
spectra and 60-70 ppm in 3¢ spectra. A unique anomeric signal at
105.0 ppm was observed in '3C spectra, which might be assigned to
B-Glcp and decrease dramatically after fermentation. In addition, in the
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Fig. 6. Effect of different concentrations of GLP and FGLP on the viability of HepG2 cells.

13¢C spectrum, the chemical shifts at 170.0-180.0 ppm was presumed to
be the signal of uronic acid, and the signal was significantly enhanced
after fermentation (Zhou et al., 2021; Xu et al., 2019). In conclusion, the
Ganoderma lucidum polysaccharides before and after fermentation were
both p-type glucose (Sheng et al., 2021). It was found that fermentation
did not affect the main structure of Ganoderma lucidum polysaccharides.
However, the glucose content of FGLP was decreased, while the content
of uronic acid was increased. The above results were the same as
infrared and monosaccharide composition.

SEM analysis

The apparent structure of polysaccharides is very diverse, and it is
difficult to observe the same apparent structure of different poly-
saccharides, but the changes of the apparent structure of poly-
saccharides before and after treatment can be well observed by electron
microscopy (Cui and Zhu, 2021; Yi et al., 2011). Previous studies have
shown that ultrasound can change the apparent structure of Ganoderma

lucidum polysaccharides, making its surface area significantly larger (Xu
et al., 2019). In this experiment, the structure of Ganoderma lucidum
polysaccharides also changed due to fermentation treatment. As shown
in the electron microscopy (SEM) image of GLP and FGLP (Fig. 5), GLP
had a smooth surface structure with loose holes, and the holes were
small. The texture of GLP exhibited hard. However, FGLP had a rough
surface structure with many holes, and the surface area increased
significantly. From the changes of the apparent structure of poly-
saccharides, it can be seen that glycosidic bonds of polysaccharides in
Ganoderma lucidum spore powder were degraded and modified to a
certain extent, resulting in the changes of its apparent structure.

Cell culture and grouping

The cytotoxicity of GLP and FGLP was analyzed. The effect of GLP
and FGLP on cells was represented by cell survival rate (Weng et al.,
2009). The results are shown in Fig. 6. FGLP and GLP at concentrations
of 10-500 pg/mL were not toxic to HepG2 cells. Therefore, the
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Fig. 7. Effect of different concentrations of H,O, on the viability of
HepG2 cells.

concentrations of GLP and FGLP were both set as 250 pg/mL.

Hydrogen peroxide (H202) acts as a cell signaling molecule under
normal physiological conditions. However, excessive HyOs-induced
toxicity in HepG2 cells eventually leads to oxidative stress (Han et al.,
2019; Zhao et al., 2021). In addition, the concentration of H,O- added to
induce HepG2 was analyzed. The results are shown in Fig. 7. Within the
concentration range of 0-1 mM, the cell viability of HepG2 cells was
decreased sharply, and the trend got very slowly within the concentra-
tion range of 1-10 mM. It indicated that the inhibitory effect of 1 mM
H20; on HepG2 cells has reached saturation, and the survival rate was
45.6%. Therefore, the H,05 concentration was set to 1 mM.

Based on the above results, the cells were grouped as follows. Control
group: The cells grew normally without additional treatment. Model
group: Cells were induced by Hy0, solution (1 mM). Experimental
groups: After being incubated with an Hy05 solution (1 mM), the cells
were regulated with 250 pg/mL GLP or FGLP.
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Effects of GLP and FGLP on intracellular ROS content in the oxidative
stress model

When exogenous H205 causes oxidative stress damage, cells produce
excessive reactive oxygen species (ROS) (Li et al., 2020). DCFH-DA (2,7-
dichlorfuorescin diacetate) is a classical method for detecting ROS.
DCFH-DA was hydrolyzed by esterase to dichlorofluorescin(DCFH) once
it entered the cell. DCFH was oxidized into dichlorofluorescein (DCF) by
ROS. DCF can emit green fluorescence (Zou et al., 2018). Therefore, the
accumulation of ROS in cells was exhibited by the fluorescence intensity
of DCF. From Fig. 8A, the fluorescence intensity in Con was the weakest,
and the fluorescence intensity in Mod was the strongest. Compared with
Mod, the fluorescence intensity in the GLP group and FGLP group was
weaker. It indicated that the regulatory effect of GLP and FGLP on
cellular oxidative stress. For further investigation, the fluorescence in-
tensity of each group was measured. As shown in Fig. 8B, ROS content in
Mod was significantly higher than Con, indicating the oxidative stress
model was successfully constructed. In contrast with the Mod group,
ROS content in the GLP group and FGLP group was significantly
improved. It indicated that both GLP and FGLP could significantly
improve oxidative stress injury of HepG2 cells. Meanwhile, The ROS
content of HepG2 cells in the GLP groups was significantly higher than
that in the FGLP groups. It indicated that FGLP had a stronger ability to
scavenge ROS in HepG2 cells than GLP, which preliminarily proved that
the antioxidant ability of FGLP has been improved.

Effects of GLP and FGLP on intracellular MDA and T-AOC content in the
oxidative stress model

When cells are severely damaged by oxidative stress, excessive free
radicals will cause the oxidation reaction of unsaturated fatty acids on
the cell membrane, and malondialdehyde (MDA) is produced. MDA will
attack the cell membrane and cause damage. Therefore, MDA content
can reflect the severity of cell damage caused by free radical attack
(Hsieh & Wu, 2011). The level of T-AOC content can indirectly reflect
the scavenging ability of cells to free radicals, which is one of the in-
dicators to comprehensively reflect the antioxidant ability of cells (Ding
and Zhao, 2018). Therefore, the antioxidant capacity of GLP and FGLP
was reflected by the determination of MDA and T-AOC content in
different groups. From Fig. 9, MDA content in Mod was significantly
increased in contrast with Con, T-AOC content was significantly
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Fig. 8. The effect of GLP/FGLP on ROS activities induced by H>O5 in HepG2 cells. A, The intracellular ROS in HepG2 cells after fluorescence staining was exhibited
by the image; B, The relative intensity of fluorescence in different groups. Values are means + SD (n = 3). Different letters (a-d) indicate significant differences

among the different samples (p <.05, one-way ANOVA test).
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significant differences among the different samples (p <.05, one-way ANOVA test).

decreased. It Shows that the oxidative stress model was successfully
constructed. Compared with Mod, MDA contents in GLP and FGLP were
significantly decreased. Meanwhile, T-AOC contents in GLP and FGLP
were both increased, which was significantly in FGLP group. It indicated
that both GLP and FGLP could significantly improve oxidative stress
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injury of HepG2 cells. MDA content in FGLP groups was significantly
higher than in the GLP groups, and T-AOC content was significantly
lower. It indicated that FGLP has a more robust regulatory ability for
oxidative stress model and higher antioxidant activity. The above results
indicated that the antioxidant activity of Ganoderma lucidum
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Fig. 11. Effect of GLP and FGLP on expression of antioxidant genes in H,O,-induced in HepG2 cells. Values are means + SD (n = 3). Different letters (a—d) indicate

significant differences among the different samples (p <.05, one-way ANOVA test).

polysaccharides was enhanced in the fermentation process.

Effects of GLP and FGLP on intracellular antioxidant enzyme system in the
oxidative stress model

Under oxidative stress, the body will activate the antioxidant defense
system to resist oxidative damage. The antioxidant defence system can
be divided into the enzyme antioxidant system and non-enzyme anti-
oxidant system. Among them, the enzyme antioxidant system plays an
irreplaceable role in maintaining the dynamic balance of oxidative
stress. SOD could catalyze the decomposition of 072 into H,05 and O, to
scavenge free radicals. CAT could catalyze the decomposition of HyOq
into Ho0 and Oy, resulting in maintaining the dynamic redox balance of
the body. GSH-Px, as a peroxide-decomposition enzyme widely existing
in cells, could decompose Hy0O, into HoO and hydroxyl compounds.
Meanwhie, GSH-Px could catalyze the reaction between GSH and
peroxide to remove oxides and free radicals generated in the process of
cell metabolism and ultimately protect cells and the body from free
radical damage. From Fig. 10, CAT, SOD, and GSH-Px contents in Mod
were significantly increased in contrast with Con, indicating that the
oxidative stress model was successfully constructed. CAT, SOD, and
GSH-Px contents in GLP and FGLP groups were significantly decreased
compared with Mod. It indicated that both GLP and FGLP could increase
the content of antioxidant enzymes to improve oxidative stress injury of
HepG2 cells. Previous studies have found that ganoderma lucidum
polysaccharides can achieve antioxidant purposes by stimulating cell
secretion of antioxidant enzymes (Sharma et al., 2019; Jia et al., 2009),
and the results of this study once again confirm this view. CAT, SOD, and
GSH-Px contents in the FGLP group were significantly higher than that
in the GLP group. It indicated that FGLP could stimulate the body to
produce more antioxidant enzymes to show more vital antioxidant

ability.

11

Effects of GLP and FGLP on expression of antioxidant genes in the
oxidative stress model

Nrf2-ARE signalling pathway is the most important oxidative stress
pathway in cells. Under normal conditions, Nrf2 binds to Keapl and
remains in a static state in the cytoplasm. However, when cells are
damaged by oxidative stress, Nrf2 will dissociate from Keapl and
transfer to the nucleus. It will bind to Maf protein to form dimer firstly
and then bind to ARE. As a result, downstream antioxidant enzyme
genes and phase II detoxification enzymes will be activated, including
HO-1 and NQOL1, to protect cells from oxidative stress damage (Chen
et al., 2019). Previous studies have preliminarily explored the antioxi-
dant mechanism of GLP (Li et al., 2020), and this study further verified
this pathway. In this study, Keapl, Nrf2, HO-1, and NQO1 gene
expression level of HepG2 cells in each group was detected to explore
the mechanism of GLP and FGLP regulating oxidative stress. From
Fig. 11, Nrf2 gene expression in Mod was significantly decreased in
contrast with Con, while in GLP and FGLP groups were both significantly
increased compared with Mod. Besides, Nrf2 gene expression in the
FGLP group was higher than GLP group. Keapl gene expression in Mod
was significantly increased in contrast with Con, while in GLP and FGLP
groups were both significantly decreased compared with Mod. Besides,
Keapl gene expression in the FGLP group was significantly lower than
the GLP group. It indicated that FGLP and GLP could promote the
dissociation of Keapl and Nrf2 complex through down-regulation of the
Keapl gene and up-regulation of the Nrf2 gene to release more Nrf2 to
resist HyOz-induced oxidative stress injury. Among them, FGLP has a
more substantial promoting effect compared with GLP. With the transfer
of Nrf2, the downstream antioxidant enzyme genes could be activated.
HO-1 and NQO1 gene expressions in Mod were significantly decreased
in contrast with Con, while in GLP and FGLP groups were both signifi-
cantly increased compared with Mod. Besides, HO-1 and NQO1 gene
expression in the FGLP group were higher than GLP group. It indicated
that the antioxidant gene HO-1 and NQO1 were activated to resist HyOo-
induced oxidative stress injury. Compared with the GLP group, the
activation was more pronounced in FGLP group.
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Conclusions

In summary, Lactiplantibacillus plantarum ATCC14917 was used to
ferment Ganoderma lucidum spore powder, and the changes in structure
and antioxidant activity of polysaccharides after fermentation were
investigated. The results showed that the main structure of poly-
saccharides remains unchanged. FGLP still maintained the characteris-
tics of Ganoderma lucidum polysaccharide. After fermentation, the
molecular weight of FGLP decreased significantly. In the mono-
saccharide composition, GlcA, Gal, and Man of FGLP increased signifi-
cantly, while Glc and Xyl decreased significantly. The surface structure
was changed from smooth and hard to porous and loose.

In terms of antioxidant activity, compared with GLP, ROS and MDA
content of HepG2 cells regulated by FGLP were reduced significantly. In
contrast, T-AOC content was significantly decreased, which indicated
that Lactiplantibacillus plantarum ATCC14917 fermentation significantly
improved the antioxidant activity of Ganoderma lucidum poly-
saccharides. In terms of the regulatory mechanism, the Nef2-ARE
pathway in cells was regulated by GLP and FGLP to release antioxi-
dant enzymes CAT, SOD, and Gsh-Ps. Compared with the GLP group, the
activation was more pronounced in FGLP group.

The biological activity of polysaccharides is closely associated with
their structure. The increased antioxidant activity of FGLP may be
caused by the increased uronic acid and the decreased molecular weight.
Nonetheless, the mechanism of the increased antioxidant activity of
FGLP still needs to be further investigated.
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