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Background: Ganoderma lucidum (G. lucidum) is one of China’s traditional medicinal
materials. G. lucidum polysaccharide has a wide range of promising pharmacological
applications. However, there are many kinds of G. lucidum and they contain different
kinds of polysaccharides. The biological mechanism through which Ganoderma Ilucidum
polysaccharides (GLP) is able to protect human skin fibroblasts (HSFs) from H,O,-induced
oxidative damage is still unclear.

Methods: Six polysaccharides were obtained from G. lucidum to evaluate their free radical
scavenging ability (DPPH free radical, ABTS free radical, hydroxyl-free radical, superoxide
anion-free radical) in vitro, and their protective and reparative effects on oxidative damage
induced by H,0O, in human skin fibroblasts. One polysaccharide was selected to detect oxidative
damage markers and gene expression in the Keap1-Nrf2/ARE signaling pathway in HSFs.
Results: All six polysaccharides showed the ability to scavenge free radicals and enhance the
tolerance of human skin fibroblasts to H202 damage. Among them, GLP1 was selected and
separated into two components (GLP11 and GLP11II). The results showed that GLP1, GLP1I and
GLPII could significantly reduce the levels of reactive oxygen species (ROS) and malondialde-
hyde (MDA). The protective effect of GLP11I was stronger than that of positive control vitamin
C. In addition, GLP1, GLP1I and GLP1II could significantly increase the levels of superoxide
dismutase (SOD), catalase (CAT) and glutathione peroxidase (GSH-Px). And GLP11I works best
in both ways. Meanwhile, Nrf2, a key regulator of keAP1-NRF2/ARE signaling pathway, was
activated, while Keap1, a negative regulator, was inhibited, thus promoting the expression of
downstream antioxidant enzyme genes (GSTs, GCLs, Nqol, and Ho-1).

Conclusion: The results showed that GLP could protect human skin fibroblasts from
oxidative damage caused by H,0O, peroxide by enhancing enzyme activity and activating
Keap1-Nrf2/ARE signaling pathway. GLP will act as a natural antioxidant to protect the skin
from oxidative stress damage.

Keywords: Ganoderma lucidum, polysaccharide, oxidative stress, Keapl-Nrf2/ARE
signaling pathway

Introduction

Ganoderma lucidum (G. lucidum) is a traditional Chinese medicinal material with
peculiar medicinal value." The most attractive characteristic of G. lucidum is that it
can regulate immunity and inhibit tumor activity.” In recent years, in vivo and

in vitro studies have shown that G. lucidum can lower blood glucose and has an

Received: 16 August 2021
Accepted: 4 October 2021
Published: 14 October 2021

Clinical, Cosmetic and Investigational Dermatology 2021:14 1481-1496 1481
© 2021 Shi et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms.php

A 2nd incorporate the Creative Commons Attribution — Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work
you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).


mailto:xiaochan8787@163.com
mailto:wangct@th.btbu.edu.cn
http://www.dovepress.com/permissions.php
https://www.dovepress.com

Shi et al

Dove

Graphical Abstract

Ganoderma lucidum

9-1d19)

Screening

A.
Scavenging radicals A
(DPPH, ABTS, -OH, 0**) GLP 11T

Oxidative damaged
Human skin fibroblasts (HSF)

Keap1-Nrf2/ARE
signaling pathway
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11 The main active

aging effects. ingredients of
G. lucidum are G. lucidum polysaccharide (GLP), triter-
pene, and G. lucidum acid.'”> More than 200 kinds of
polysaccharides have been isolated, most of which are -
glucan and a few are a -glucan. The polysaccharide chain
is composed of three monosaccharide chains, which is
a helical stereostructure, its stereostructure is similar to
DNA and RNA, and the helical layers are mainly fixed
by hydrogen bonds. Ganoderma polysaccharides are
mostly heterosaccharides, that is, in addition to glucose,
most of them also contain a small amount of arabinose,
xylose, fucose, rhamnose, galactose and other monosac-
charides. Triterpenoids of G. lucidum were mainly distrib-
uted in the outer part of the fruiting body, and the content
increased with the maturity of the fruiting body. Some
triterpenoids are bitter, some are not bitter, and the content
of triterpenoids varies with varieties, culture conditions
and different

a triterpenoid substance. However, the main active phar-

growth stages. Ganoderic acid is
macodynamic component of G. lucidum is GLP, with
a wide range of pharmacological activities.'”> GLP has
a complex structure and molecular weight ranging from
100 to 100,000 of kDa. Up to now, more than 200 different
polysaccharides have been discovered.'* It has been found
that GLP has an excellent performance in terms of anti-
oxidant efficacy.'>'® As an effective antioxidant, GLP can
effectively reduce oxidative damage by scavenging DPPH-
, O-, and OH-free radicals and enhancing the antioxidant
enzyme activities (SOD, CAT and GPx)."” The antioxidant
effect of GLP has become a research hotspot, but the
understanding of the antioxidant mechanisms of specific

polysaccharides in G. lucidum is still limited.

With improved living standards, the fast-paced work-
ing and living environment can easily cause a state of
oxidative stress in the body.?’*' People are paying increas-
ing attention to skin problems caused by oxidation, such as
skin aging, inflammation, and even cancer. The human
body has its antioxidant enzyme and non-enzyme system
(free metals or metal complexes) to resist oxidative
damage, including superoxide dismutase (SOD), catalase
(CAT), glutathione peroxidase (GSH-Px), and other
enzymes that can slow down oxidative damage by scaven-
ging excess-free radicals.”” Sometimes, the oxidative
damage caused by excessive reactive oxygen species
(ROS) might be too extended for the intrinsic protection
system. In this case, lipid peroxidation, DNA damage, and
abnormal protein expression will occur. Oxidative stress
refers to a state of imbalance between oxidation and anti-
oxidant effects in the body, tending to oxidation, leading to
neutrophil inflammatory infiltration, increased protease
secretion, and the production of a large number of oxida-
tive intermediates. Oxidative stress is a negative effect
caused by free radicals in the body and is considered to
be an important factor in aging and disease. In addition,
oxidative stress is considered to be the early stage of
aging. Most of the health problems associated with
aging, such as wrinkles, heart disease and Alzheimer’s
disease, are linked to excessive oxidative stress in the
body.>*2® people are increasingly seeking more natural
and safer antioxidants and anti-aging drugs. Natural anti-
oxidants are widely used in functional foods, cosmetics,
and pharmaceuticals.

Keap1-Nrf2-ARE signaling pathway is one of the most
important mechanisms of cellular defense against oxida-
tive stress injury. Transcriptional regulation of many
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proteins with detoxification and antioxidant defense func-
tions depends on the activation of Nrf2 signaling pathway.
Under oxidative stress, the increase of intracellular Nrf2
may be maintained at a high level by decreasing ubiquiti-
nation and Nrf2 degradation.’’” When oxidative stress
occurs in the body, whether acute or chronic oxidative
stress, excessive ROS is produced to cause damage to
cell lipids, proteins and DNA, resulting in cell death and
tissue damage.”® However, the body also has its own
antioxidant mechanism, among which the most extensive
is the KEAP1-NRF2-ARE pathway mechanism, which can
protect a variety of cells and tissues.”” Yuan et al investi-
gated the protective effect of aloe polysaccharides on skin
cells from UVB oxidative damage through Keapl/Nrf2/
ARE signaling pathway.*’

This study was aimed at screening G. lucidum poly-
saccharides through assessing antioxidant activity in vitro.
We established an oxidative damage model by inducing
oxidative stress in human skin fibroblasts with H,O,, and
exploring the protective mechanism of Ganoderma luci-
dum polysaccharides against oxidative damage. It provides
the theoretical basis for the development of natural
antioxidants.

Materials and Methods

Reagents and Instruments

The following reagents were used following the manufac-
turers’ instructions. The fifth generation of Immortalized
Human skin fibroblasts (HSFs) (Cell Resource Centre,
Beijing Union Medical College, China); Ascorbic acid
(VO),1-diphenyl-2-picrylhydrazyl (DPPH), ABTS and pyr-
ogallol (Banxia Technologies, China); Fetal bovine serum
(FBS), phosphate-buffered solution (PBS), Dulbecco’s mod-
ified Eagle’s medium (DMEM), pancreatin, and 1% antibio-
(100 U-mL™
streptomycin  and 100 U-mL™' amphotericin) (Gibco
Carlsbad, CA, USA); Dimethyl sulfoxide (DMSO),
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium  bro-
mide (MTT) (Sigma St. Louis, USA); ROS, SOD, CAT,
GSH-Px and Malondialdehyde (MDA)
(Beyotime Biotechnologies, Shanghai, China); EasyScript™
One-Step gDNA Removal and cDNA Synthesis SuperMix
and TransStart® Top Green qPCR SuperMix (TransGen
China). DEAE-52 Anion Exchange
Chromatography Column (Beijing Yinglik Technology

tic-antimycotic  solution penicillin/

assay kits

Biotech Beijing,

Development Co., Ltd., China); Olympus Inverted fluores-
cent microscope (Shanghai Tulsen Vision Technology Co.,

LTD, Shanghai, China); Infinite M200 PRO fluorescence
marker (Deken Trading Co., LTD).

Measurement of Antioxidant Activity

in vitro

Polysaccharides of 6 different sources of G. lucidum
(GLP1~6) were prepared according to the method of Zhang

et al.3!

The activated liquid strains of Ganoderma lucidum
were inoculated in potato culture medium at a volume ratio of
1:10, and cultured in a 180 r/min incubator at 28°C for 7
days. The obtained Ganoderma Ilucidum mycelium was
washed twice and lyophilized powder was obtained by
freeze-drying. The lyophilized powder was mixed with
water at a ratio of 1:30 (m/V) and extracted for 1 h at 70°C
to obtain GLP. The six GLPs are different from the
G. lucidum strains. GLP1 ~ 6 were all purchased from
CGMCC of China, with CGMCC numbers 5.896, 5.1817,
5.1816, 5.862, 5.848 and 5.709, respectively.

The DPPH, O*"-, hydroxyl (-OH), and ABTS-free radi-
cal scavenging abilities were measured following pre-
viously published methods.>* > The 759S ultraviolet and
visible spectrophotometer was used to determine the
absorbance of DPPH at 517 nm, ABTS at 750 nm, HO*
at 230 nm, and O*"~ at 560 nm.

Cell Culture and MTT Assay

HSFs were maintained in DMEM containing 10% heat-
inactivated FBS, and a 1% antibiotic-antimycotic solution
consisting of 100 U-mL™" penicillin/streptomycin, and 100
U-mL™" amphotericin. Cells were incubated at 37°C in
a humidified atmosphere with 5% CO,. The MTT assay was
studies.*
Specifically, discard the old medium, wash the plate with
PBS, add MTT solution to the washed PLATE with PBS, add
100pL MTT solution (1g/L) to each well, and put into the cell
culture box for incubation for 4h; After discarding MTT solu-
tion, 150uL OF DMSO was added to each well, and placed in
an incubator for 10min. The OD490 value of each well was
measured by an Infinite M200 PRO fluorimeter. Five sub-wells
were set in each group, and the average value was taken. Set

conducted as in our previously published

a blank hole. The blank hole means that no operation is carried
out in the culture plate and equal amount of DMSO is added.

Hydrogen Peroxide-Induced Skin Damage
Model Establishing

Hydrogen peroxide (H,O;) was used to establish the oxi-
dative damage model of HSFs. A wide range of
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concentrations of HyO, (50~1000 pmol-L ") was used to
evaluate the effects on the viability changes of HSFs.
Cells were seeded in 96-well plates at a density of 1 x
10* cells/well and cultured in DMEM for many hours (1,
2, 3 and 4h). The medium was then discarded, and differ-
ent concentrations of H,O, solution diluted in FBS-free
DMEM were added for the following two hours. Cell
viabilities were determined using the colorimetric MTT
assay. Morphology changes were observed by Olympus
Fluorescence Inverted Microscope (40x). Finally, H,O,
stimulation at a concentration of 100 pmol-L-1 for 2
hours was selected as the modeling condition according
to cell viability, and the survival rate was 50%. The
number of HSF cells decreased, and the cell morphology
changed from normal thin to short round to death and
abscission.

When the oxidative damage type was established, the
cell survival rate was usually in the range of 50%~70%. If
the survival rate is too high, the cells cannot cause obvious
oxidative damage; However, if the cell survival rate is too
low, it is easy to cause irreversible damage, which is not
conducive to the establishment of oxidative damage
model.

Experimental Groups

Control group: Cells were seeded in 96-well plates at
a density of 1 x 10* cells/well and cultured in DMEM
for 24 hours. Then, the medium was discarded, and FBS-
free medium was added for the next 24 hours.

Model group in protective study: Cells were seeded in
96-well plates at a density of 1 x 10* cells/well and
cultured in DMEM for 24 hours. Then, cells were treated
by FBS-frce DMEM for 24 hours, followed by 100
umol-L-1 H,O, for 2 hours.

Model group in reparative study: Cells were seeded in
96-well plates at a density of 1 x 10* cells/well and
cultured in DMEM for 24 hours. Then, cells were treated
by 100 pmol-L-1 H,O, for 2 hours, followed by FBS-free
DMEM for 24 hours.

Protective group: After culturing for 24 hours, GLP
solutions of different concentrations (or the positive con-
trol) were added to the culture medium for another 24-
hour culturing period, followed by the addition of 100
umol~L_1 H,0, to stimulate the cells for 2 hours.

Reparative group: After culturing for 24 hours, cells
were treated with 100 pmol-L™' H,O, for 2 hours, and
then GLP solutions of different concentrations (or the

positive control) were added for another 24-hour culturing
period.

Purification and Separation of GLPI
Deproteinization was performed following the Sevage
method.*” The crude polysaccharides after deproteiniza-
tion were separated on DEAE-52 ion exchange column.
The crude polysaccharide solution of 10 g-L™" was added
into Sevage’s reagent (chloroform: n-butanol = 5:1 (V/V))
at a volume ratio of 1:5. After 30 min of electromagnetic
stirring, the solution was transferred to a separating funnel
and stood for 10 min to remove the denaturated protein at
the junction of the two phases.

Determination of Intracellular MDA,
ROS, and SOD, CAT, GSH-Px

The HSF cells were grouped and cultured based on the
experimental design. According to the manufacturer’s
instructions, the supernatant was used to detect MDA
content (Beyotime, China). The supernatant’s total protein
concentrations were determined using the BCA method
(Beyotimes, Shanghai, China). The MDA level was quan-
tified and expressed as umol-g ' protein. Intracellular ROS
levels were detected using a dichloro-dihydro-fluorescein
diacetate (DCFH-DA) fluorescent probe (Beyotime,
Shanghai, China). DCFH-DA is a general indicator of
oxidative stress. Cell membrane permeability, no fluores-
cence itself. Once in the cell, DCFH is hydrolyzed by
cytoesterase to produce DCFH, which is then rapidly
oxidized to produce DCF, which can be detected by fluor-
escence spectroscopy (Ex/Em = 504/529nm). Suitable for
the detection of reactive oxygen species (ROS) and nitric
oxide (NO), as well as the determination of total oxidative
stress levels. It is widely used to monitor cell REDOX
processes.

Cell samples were harvested, homogenized, and cen-
trifuged. The total protein concentrations were determined
using the BCA kit (Beyotimes, Shanghai, China). Then,
the levels of SOD, catalase, and GSH-Px were measured
according to the Beyotime assay protocols. The above
mentioned three parameters, U-mg !, U'mg ', and U-g !
protein, respectively.

Quantitative Reverse Transcriptional PCR
According to the manufacturer’s instructions, total RNAs
in different treatment groups were extracted using the
RNAprep Pure Cell/Bacteria Kit. Then, cDNA was
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synthesized from the RNA using the EasyScript ® One-
Step gDNA Removal and cDNA Synthesis SuperMix,
according to the manufacturer’s instructions. The cDNA
was subjected to PCR amplification using gene-specific
primers for Keapl, Nrf2, Nqgol, Ho-1, Gclm, Gelc,
Gstml, Gsttl, and B-actin.

Quantitative real-time PCR (qRT-PCR) was performed
using the B-actin gene as an internal control to normalize
all RNA expression levels. The subsequent PCR amplifi-
cation was carried out under the following conditions: the
cDNAs were denatured for 2 min at 95°C, followed by
PCR (40 cycles of 15 s at 95°C, 20 s at 57°C, and 30 s at
72°C) and a final extension at 95°C for 15 s using Ampli
Taq Gold (PerkinElmer).

The Ct (threshold cycle) was calculated at the intersec-
tion between an amplification curve and a threshold line. The
normalized specific gene expression level was calculated and
expressed as follows: ACt1 = Ct (target gene treated) — Ct (B-
actin treated); ACt2 = Ct (target gene control) — Ct (B-actin
control); AACt = ACtltreated — ACt2control, and the fold
change of the specific gene was 2-AACt.

Statistical Analysis

GraphPad Prism (GraphPad Software, La Jolla, CA) soft-
ware was used for all statistical analysis. All experiments
were performed in triplicate at the minimum. All the data
were expressed as mean * standard deviation (SD) and
analyzed using the Student’s #-test or one-way ANOVA
followed by Turkey’s test. Statistical significance was con-
sidered to be p<0.05.

Results

Antioxidation of GLP in vitro

Scavenging abilities of DPPH, ABTS, hydroxyl, and
superoxide anion free radicals (O*) of GLP1-6 in differ-
ent concentrations are shown in Figure 1. GLP displayed
a different antioxidant potential.

GLP quenched DPPH-free radicals in a concentration-
dependent manner (Figure 1A). Based on the ECso (50%
free radical scavenging concentration, Table 1) value of
each GLP, the DPPH scavenging abilities of GLP in
a decreasing order were as follows: GLP4 > GLP1 >
GLP2 > GLP3 > GLP6 > GLP5. Based on the results
obtained, we were unable to calculate the ECsy value of
GLPS5. Therefore, GLP5 is considered to have the poorest
capacity in quenching DPPH-free radicals.

The ABTS-free radicals were used to evaluate total
antioxidant capacity. GLP1~6 all showed high scavenging
abilities. As shown in Figure 1B, GLP1 displayed
a relatively high antioxidant potential. GLP1 concentra-
tions ranging from 5g-L' to 25 g-L™", showed high anti-
oxidant abilities with the Trolox-equivalent antioxidant
capacity ranging from 1.91 to 2.89 mmol-L™".

GLP discussed in the study had different scavenging
abilities of hydroxyl radicals (Figure 1C). Among them,
GLP1 displayed a relatively high antioxidant potential. At
the same concentration (20 g-L '), GLP1 showed (80.45 +
0.89) % scavenging ability, while GLP6 showed (19.33 +
6.00) %. Based on the ECso value (Table 1), the scaven-
ging abilities of hydroxyl radicals of GLPs were as fol-
lows: GLP1 > GLP4 > GLP3 > GLP2 > GLP5 and GLP6.
ECso values of GLPS5 and GLP6 were impossible to be
calculated because 50% scavenging value was not
obtained within the range of concentrations involved in
the study. Each of them quenched hydroxyl radicals in
a concentration-dependent manner.

The O scavenging ability of GLP is shown in
Figure 1D. GLP4, and GLP6 increased in a concentration-
dependent manner. On the other hand, the abilities of
GLP2, GLP3, and GLP5 were around 40%~60%. Based
on the ECsg (50% free radical scavenging concentration,
Table 1) value of each GLP, the O*-scavenging abilities of
GLP in a decreasing order were as follows: GLP5 > GLP4
> GLP3 > GLP2 > GLP6 > GLPI.

Effects of GLP Pre-Treatments and
Post-Treatments on Oxidative Stress HSF
Model

The protective and reparative effects of GLP on H,O,-
induced damaged HSFs were analyzed and discussed for
morphological changes and viabilities. Results are
shown in Figure 2. Cells in the control group showed
long spindle-shaped radiating cytoplasmic extensions,
strong intercellular connection with centrally located
nuclei, and were firmly attached to the cell culture
dish (Figure 2A1 and A2). However, HSFs in the
model group did not have normal morphology
(Figure 2B1 and B2). The regular long spindle-shaped
radiating shapes were not apparent in the H,O, alone
group. The connection between cells was loose, and the
distance between cells was broadened. The cell conflu-
ence was significantly decreased in the simple H,O,

group, and most of the cells were detached from the
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Figure | The antioxidant potential of GLPs at different concentrations. Scavenging effects of GLPs on DPPH-free radicals (A), ABTS-free radicals (B), hydroxyl radicals (C),

and superoxide anion-free radicals (D). Results are expressed as mean + SD (n = 3).

culture dish surface and floated in the medium. This cell
morphological change was more evident in the repair
experimental model group than in the protective experi-
mental model group.

Ascorbic acid (VC) treatment at the concentration of
86 mg-L_1 for 2 hours (IC80) was also chosen as
a positive control method. The morphology and the num-
ber of cells were improved after the VC treatment in the

Table | ECs Value of Different Scavenging Abilities

protective experiment, compared with the control
(Figure 2C1 and J1). HSFs pre-treatment with GLP1~6
followed by 100 pmol-L ™' H,0, for 2 hours and improved
cells states (Figure 2D1-I1), compared with the model
group. GLP5 group had the highest cell viability, GLP1
group had higher cell viability than the positive control
(p < 0.001), and there was no significant difference with

GLP5 group (p = 0.5652) (Figure 2J1).

Samples EC;so of GLPs (mg/mL) EC;5o of GLPs (mg/mL) EC;so of GLPs (mg/mL)
DPPH or. OH

GLPI 3.15+0.23 9.56%0.71 7.61£0.55

GLP2 4.41+0.51 6.70+0.23 13.34£0.10

GLP3 8.61+0.32 2.78+0.15 12.65+0.85

GLP4 2.85+0.05 2.03£0.11 9.47+0.73

GLP5 - 1.10£0.01 -

GLP6 3.15£0.23 9.56+0.71 7.61+0.55

1486 "= Clinical, Cosmetic and Investigational Dermatology 2021:14

Dove!


https://www.dovepress.com
https://www.dovepress.com

Dovepress Shi et al

J1

150+
_ o *i* . *kk T .
°\° Kokok
‘3'.’100-
2 it
>
= 50+
[
o
o NN S & L VPP P
N/ AN N e & ¥ o o o o o
NN S T o eeee
1 N 2

=z

150+
g
> 1001
= kK
:E #it - dekw  KEE
: 504 *hk .
©
o

Figure 2 Protective and reparative effects of GLPs treated on H,O,-induced oxidative damaged HSFs. (A1-J1) shows the protective effects of GLPs. (Al) The morphology
of HSFs in normal conditions (Control). (BI) The morphological changes of cells pretreated with DMEM without FBS for 24h followed by 100 umol L' H,0O, for 2
h (model). (C1) The morphology of HSFs pretreated with 86 mg L' ascorbic acid (VC, considered as a positive control) followed by 100 pmol L™' H,O, for 2 h. (DI-11)
The morphology of HSFs pretreated respectively with GLPI~GLP6 at the concentration of 1.25 gL' followed by 100 pmol L' H,0, for 2 h. (JI) Cell viability was
determined using MTT assay. A2 to J2 shows the reparative effects of GLPs. (A2) The morphology of HSFs in normal conditions (Control). (B2) The morphological changes
of cells pretreated with 100 umol L' H,0, for 2 h followed by DMEM without FBS for 24h (Model). (€2) The morphology of HSFs pretreated with 100 pmol L-1 H202
for 2 h followed by 86 mgL-1 VC. (D2-12) The morphology of HSFs pretreated with 100 umol L' H,O, for 2 h followed by GLPI~GLP6 at the concentration of 1.25
gL', respectively. (J2) Cell viability was determined using MTT assay. Changes in morphology were observed by Olympus Fluorescence Inverted Microscope (40%). Results
are expressed as the mean * SD (n = 3). The Student’s t-test was performed to determine statistical significance (***P < 0.001, versus the control group; “##p <0.001, versus
the model group).
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As shown in Figure 2J2, the cell viability after GLP1
repair was the highest and it was significantly higher than
that of the model and positive control groups 1 (p < 0.001).

In conclusion, combined with the results of GLPs’
antioxidant activity in vitro and GLPs’ protective and
reparative effects on HSFs, GLP1 was selected for further
study. In order to find out the proper components that play
part in the activity, we performed preliminary purification
of GLP1. The deproteinized GLP1 was obtained by
Sevage method, and the isolated GLP1I and GLP1II was
purified by DEAE-52 ion exchange resin (Elution curve
could be seen in Figure S2 in Supplementary Material).

The monosaccharide composition of each component was
analyzed by gas chromatography-mass spectrometry (GC-
MS, shown in Figure S3 in Supplementary Material).
Table S1 exhibited the standard curves of 10 kinds of
monosaccharide. And the results showed that GLP1 and
the two components were all composed of three mono-

saccharides, and glucose had the highest proportion. The
other two common monosaccharides are mannose and
galactose. Besides, rhamnose and fucose were found in
GLP1I, which was considered to be caused by enrichment
after purification. Molar ratio of each sample can be found
in Table S2 in the Supplementary Material.

Effects of GLP| on the Levels of

Antioxidant Enzymes

Figure 3A—-C shows the activity results of antioxidant
enzymes (CAT, GSH-Px and SOD) in cells under the two
treatments of protective and reparative. Compared with the
model group, the GLP1, GLP1I, GLP1II can significantly
improve CAT expression in HSF (p<0.001) in both treat-
ments (Figure 3A1 and A2). In the protective way, the
ability to enhance CAT was as follows: GLP1I > VC >
GLI1P > GLP1II (Figure 3A1). In the reparative way, it
was as follows: GLP1I > GLPIII > VC > GLPI
(Figure 3A2); Compared with model group, GLPI,
GLPI1I, GLPI1II can significantly improve the GSH-Px
level of HSFs (p<0.001) in both treatments (Figure 3B1
and B2). In the protective way, the GSH-Px expression
reached (12.19 + 0.61) U-g" after GLP1I treated, higher
than the model group by 36.84% (Figure 3B1). In the
reparative way, the GLP1I group of GSH-Px level is
7.56 times that of the model (Figure 3B2), the GSH-Px
levels after three kinds of GLP treated were higher than
positive control VC. Compared with the model group,
GLPI1, GLP1I, and GLPI1II can significantly improve the

HSF intracellular SOD activity (p<0.001). Both for protec-
tion and repair, SOD activity was higher than in the
positive control. Among the different components,
GLPI1I was the most efficient, compared with the model
group. With GLP1I, the expression of SOD was nearly
three times higher (Figure 3C1 and C2).

ROS generation is a common response to cell damage
and contributes to apoptotic process.”® In the two ways of
protective and reparative, the effects of GLP1 and its
components (GLP1I and GLPIII) on ROS production
and MDA level results are shown in Figure 3D and E.
Ascorbic acid was used a positive control. ROS and MDA
levels were significantly increased (p<0.001) after H,O,
stimulation. Compared with the model group, the GLPI,
GLP1I, and GLP1II could significantly reduce ROS levels
in HSFs. GLP1I was able to remove ROS better than VC
Compared with the model, the GLP1, GLP1I, and GLP1II
could significantly reduce the accumulation of MDA in
HSF. Regarding the protective effect, the sample’s ability
to reduce the MDA accumulation was as follows: GLP11I
> VC > GLP1 > GLPII (Figure 3D1). For the repair
function, on the other hand, the sample’s ability to reduce
the MDA accumulation was: VC > GLP1II > GLP1 >
GLPI1I (Figure 3D2). The effects of VC and GLP1II had
no significant difference (P>0.05). These results suggest
that GLP can protect cells from H,O, oxidative damage by
reducing ROS levels (Figure 3E1 and E2).

Effects of GLPI on the Expression
Alterations of Keap|-Nrf2/ARE Signaling

Pathway Markers

The MTT assay showed the noncytotoxic ability of GLPs
at concentrations ranging from 0.3125 to 5 g-L™' (cell
viabilities were all above 80%) (data not shown).
Therefore, we selected three concentrations (2.5, 1.25,
0.50 g-L™") for further study. VC was chosen to be
a positive control at the concentration of 86 mg-L™'
(IC80).

The results of relative gene expressions (Keapl, Nrf2,
Gstml, Gsttl Gcele, Gelm, Ho-1, and Nqol) related to
Keapl Nrf2/ARE signaling pathway are shown in
Figure 4.

Under the two treated ways, compared with the model
group, the GLP1 (1.25 g-L™"), GLP1I (1.25 g-L™"), and
GLPIII (0.5 g-*") can significantly inhibit the expres-
sion of negative regulatory factors Keapl more than VC.
In the repair way, GLPII showed a dose-dependent
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Figure 3 Protective and reparative effects of GLPI, GLPII, and GLPIII treated on H,O,-induced oxidative damaged HSFs. VC was considered as a positive control. (Al-
El) shows the protective effects of GLPI, GLPII, and GLPIII. HSFs were pretreated respectively with GLPI, GLPIl, and GLPIIl at the concentration of 1.25 g L™ followed
by 100 pmol L' H,0, for 2 h. (A2-E2) shows the reparative effects of GLPI, GLPII, and GLPIII. HSFs were pretreated with 100 umol L-1 H,O, for 2 h, followed by
GLPI, GLPII, and GLPIIl at the concentration of 1.25 g-L ™', respectively. (Al and A2) catalase activities; (Bl and B2), GSH-Px activities; (C | and €2) SOD activities; (D
and D2) MDA contents; (El and E2) ROS levels represented by fluorescence intensity. Results are expressed as the mean * SD (n = 3). The Student’s t-test was performed
to determine statistical significance (**P < 0.01, **P < 0.001, versus the control group; “*P < 0.001, versus the model group).
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Figure 4 Continue.

(Figure 4A1 and A2) (p < 0.001); The GLP1 (1.25
g-L™"), GLPII (0.5 g-'L™") and GLPIII (1.25 g-L™")
could significantly activate the expression of key regula-
tory factors Nrf2 (Figure 4Bl and B2). Glutathione
S transferase (GSTs) is the body’s most important II
metabolic enzymes. GSTs to ROS and MDA activation
of electrophilic reagents give play to the role of detox-
ification. In the protect way, only GLP1 (2.5 g-L™') sig-
nificantly of Gstml
(Figure 4C1) (p< 0.001), but all sample groups signifi-
cantly increased the expression of Gsttl (Figure 3D1). In
the repair way, GLP1 (1.25, 0.5 g-L™"), GLP1I (1.25, 0.5
g-L™") and GLPIII (2.5, 1.25 g'L™") could significantly
increase the expression of Gstml and Gsttl (Figure 4C2

enhanced the expression

and D2); Glutamate cysteine ligase (Gcl) is a critical
enzyme in the synthesis of GSH, and its catalytic subunit
(Gcle) and regulatory subunit (Gelm) play crucial roles in

enhancing the ability of anti-oxidative stress. Under the
two treated ways, a high concentration of GLP1, GLP1I
and GLPIII (2.5, 1.25 g-L™") can significantly increase
the expression of Gclc (Figure 4E1 and E2). In the
protect way, the expression of Gclm was significantly
enhanced by GLP1 and GLP1II. However, GLP1I pro-
motes Gelm expression in a dose-dependent manner, as
long as the high concentration showed a boost
(Figure 4F1). In the repair way, GLP1 could significantly
increase the expression of Gelm (Figure 4F2). Heme
oxygenase-1 (Ho-1) plays an important role in eliminat-
ing ROS and protecting against peroxides, peroxynitrites,
hydroxyl groups, and superoxide free radicals. GLPI,
GLP1I, and GLP1II significantly promoted the expres-
sion of Ho-1 (Figure 4G1 and G2). GLP1 (2.5 g-'L™") and
GLPIII (1.25 g-L™") could significantly increase the

expression of Nqol (Figure 4H1 and H2) (p< 0.001).
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Figure 4 Continue.

Discussion

GLP is one of the main active ingredients of Ganoderma
lucidum. A large number of studies have shown that it has
high development value in the aspect of antioxidants. Li
et al suggested the GLP may serve as an effective strategy
for fatty liver treatment.'> There have been reported GLP
is a potent antioxidant against the pathogenesis of athero-
sclerosis instable angina in high-risk patients.** GLP can
also exert hypolipidemic, antioxidant, and antiapoptotic
effects in HD-induced obese mice.'® However, GLP has
a wide variety and molecular weight distribution. In this
study, a total of 6 GLPs were extracted to study their
antioxidant activity in vitro and their protective and
reparative effects on oxidation-damaged HSFs. The results
showed that GLP1 had an outstanding ability to scavenge
ABTS-free radicals, hydroxyl-free radicals, and DPPH-
free radicals and had great protective and reparative effects

on oxidative damage of HSF. In addition, GLP1 showed
the most significant improvement in cell viability under
the two treatments. Interestingly, in our study, we found
a difference in cell morphology between the two treat-
ments. Compared with normal cells, morphological
changes were more obvious in the repair experimental
model group than in the protection experimental model
group. The reason for this may be the different order in
which the culture medium and the hydrogen peroxide were
added. After being treated with DMEM for 24 hours, the
cells were more tolerant to the cell damage caused by
H,0,. However, after H,O, damaged the cells, the mor-
phology changed, and oxidative stress occurred. When the
cells were further cultured in the FBS-free DMEM envir-
onment, the cells’ repair system could not resist the exter-
nal starvation environment, resulting in more severe cell

oxidative damage. Finally, GLP1 was selected as the
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optimal polysaccharide. We separated GLP1 and obtained
two components, namely GLP1I and GLP1II. By compar-
ing the GC spectra of the two components, we found that
both polysaccharides contained mannose, galactose and
glucose, but rhamnose and fucose were found in GLP1I,
which we thought might be caused by enrichment after
purification. Previous studies have isolated polysaccharide
structures containing galactose, rhamnose and glucose
from the structure characterization of G. lucidum fruit
body polysaccharides.*® Another study also isolated two
components of GLP, and the antioxidant results showed
that both had antioxidant activity.*' In the future, the two
polysaccharide components can be systematically charac-
terized and physicochemical analysis, comparative analy-
sis of their structural differences, and then discuss their
efficacy.

When oxidative stress occurs, excessive accumulation
of ROS can lead to dysregulation of the body’s antioxidant

- 250125 0.50
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system.*? The oxidation product MDA destroys cell mem-
brane integrity, affects cell structure, changes ion trans-
port, and leads to dysfunction of cell energy metabolism.
The content of MDA can reflect the level of lipid perox-
idation and the damage degree of cell lipid peroxidation to
some extent.* Antioxidant enzymes SOD, CAT, and
GSH-Px are the primary substances for scavenging free
radicals in organisms, and their levels in organisms indi-
cate an intuitive index of oxidative damage rate.** Most
studies have shown that antioxidants are an important step
in preventing aging because the build-up of ROS can lead
to DNA damage, which has been shown to have
a significant impact on aging.*>*® In the past, the role of
DNA damage response in aging has been described.*” The
results of this study indicate that GLP1 and its components
can significantly reduce ROS and MDA contents in the
oxidative damage model. In addition, whether in repara-
tive or protective, GLP1, GLP1I, GLP1II can significantly
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Figure 4 Effects of GLPI, GLPII, and GLPIIl on the expressions of genes related to Keap |/Nrf2-ARE signaling pathway. (Al and A2) Keapl; (Bl and B2) Nrf2; (Cl and
C2) Gstml; (DI and D2) Gsttl; (El and E2) Gclc; (FI and F2) Gclm; (G and G2) Ho-I; (HI and H2) Nqol. Al to HI shows the protective effects of GLPI, GLP1l, and
GLPIII. HSFs were pretreated respectively with GLPI, GLPII, and GLPIIl at the concentration of 0.5,1.25, and 2.5 g L' followed by 100 umol L' H,O, for 2 h. (A2-E2)
shows the reparative effects of GLPI, GLPII, and GLPIIl. HSFs were pretreated with 100 umol L-1 H,O, for 2 h, followed by GLPI, GLP1l, and GLPIII at the concentration
of 0.5,1.25 and 2.5 gL', respectively. Results are expressed as the mean * SD (n = 3). The Student’s t-test was performed to determine statistical significance (**P < 0.0,

4P < 0,001, versus the control group; *#P < 0.001, versus the model group).

improve three kinds of antioxidant enzymes (SOD, CAT,
and GSH-Px) expression, GLP1I had the most significant
effect. This indicates that GLP1 and its components can
scavenge free radicals by reducing oxidation products and
increasing the expression of antioxidant enzymes, thus
protecting HSF from oxidative damage caused by H,O,,
which in turn acts as an anti-aging agent. This is consistent
with previous review reports on the potential mechanism
of Ganoderma lucidum’s anti-aging effect and its clinical
application.'" In addition, there have been reports showing
that degraded polysaccharides from G. lucidum have stron-
ger hypolipidemic and antioxidant activities than natural
polysaccharides from Ganoderma lucidum.*®
Keap1/Nrf2-mediated signaling pathway is an essential
signaling pathway for maintaining oxidative stress and redox

balance in the body.*’ Nrf2 is a key transcription factor that
regulates redox balance. Under normal physiological condi-
tions, Keap1 and Nrf2 combine to form a complex, and Nrf2
is degraded continuously, which keeps the Nrf2 content in the
body at a low level.’® When the body is under oxidative
stress, the conformational change of cysteine residue of
Keapl makes the bound Nrf2 disintegrate and enter the
nucleus to bind to ARE, regulate the expression of down-
stream antioxidant proteins and detoxifying enzymes, and
transcribe Ho-1 and Nqol, reducing the effect of oxidative
stress on cells and tissues.”'~* Previous studies have reported
that Keap1-Nrf2/ARE signaling acts as a key pathway for the
cellular antioxidant activity of fisetin.>® The protective effect
of sulforaphane on cadmium-induced oxidative damage of
mouse stromal cells has been studied through the Nrf2/ARE
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signaling pathway.>* Therefore, we studied the mechanism of
antioxidant damage of GLP through the Keapl-Nrf2/ARE
signaling pathway. As one of the active oxygen species,
H,0, is not only easy to pass through the cell membrane
and react with intracellular iron ionons to generate highly
active free radicals but also easy to obtain and stable in
nature, and has become an important tool for studying var-
ious kinds of cell oxidative damage at home and abroad.>>>°
The gene expression of antioxidant enzymes is mediated by
antioxidant response elements (ARE), and nuclear factor-
related factor-2 (Nrf2) can up-regulate the gene expression
of ARE-mediated antioxidant enzymes. The results showed
that GLP1 and its components can significantly increase the
levels of SOD, CAT and GSH-Px. Meanwhile, Nrf2, a key
regulator of keAPI-NRF2 /ARE signaling pathway, was
activated, while Keapl, a negative regulator, was inhibited,
thus promoting the expression of downstream antioxidant
enzyme genes (GSTs, GCLs, Nqol, and Ho-1). Therefore,
GLP1 and its components protected HSFs from oxidative
damage of H,O, by activating the Keap1-Nrf2/ARE signal-
ing pathway.

Conclusion

Through the determination of antioxidant activity and cell
viability in vitro, we screened the optimal polysaccharide
GLP1 from six GLPs, separating the two components from
GLP11 (GLP1I, GLP11I). The study found that GLP1 and its
components can reduce ROS and MDA content, increase the
antioxidant enzymes SOD, CAT, and GSH-Px of expression,
and through the activation of Keapl-Nrf2/ARE signaling
pathway to protect HSFs from oxidative damage induced by
H,0,. GLP has the potential to be used as a natural antioxidant
in cosmetics and health products. This study provides
a theoretical basis and data support for the development of
anti-aging cosmetics based on natural plant materials. In future
studies, complete characterization and structure analysis of the
two polysaccharide components can be carried out.
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