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Xanthoria elegans, a drought-tolerant lichen, is the original plant of the traditional Chinese medicine “Shihua” and
effectively treats a variety of liver diseases. However, thus far, the hepatoprotective effects of polysaccharides,
the most important chemical constituents of X. elegans, have not been determined. The aim of this study was to
screen the polysaccharide fraction for hepatoprotective activity by using free radical scavenging assays and a
H,02-induced Lieming Xu-2 cell (LX-2) oxidative damage model and to elucidate the chemical composition of the
bioactive polysaccharide fraction. In the present study, three polysaccharide fractions (XEP-50, XEP-70 and XEP-
90) were obtained from X. elegans by hot-water extraction, DEAE-cellulose anion exchange chromatography
separation and ethanol gradient precipitation. Among the three polysaccharide fractions, XEP-70 exhibited the
best antioxidant activity in free radical scavenging capacity and reducing power assays. Structural studies
showed that XEP-70 was a pectin-containing heteropolysaccharide fraction that was composed mainly of (1 —
4)-linked and (1 — 4,6)-linked a-D-Glcp, (1 — 4)-linked a-D-GalpA, (1 — 2)-linked, (1 — 6)-linked and (1 — 2,6)-
linked a-D-Manp, and (1 — 6)-linked and (1 — 2,6)-linked p-D-Galf. Furthermore, XEP-70 exhibited effectively
protect LX-2 cells against HoO»-induced oxidative damage by enhancing cellular antioxidant capacity by acti-
vating the Nrf2/Keap1l/ARE signaling pathway. Thus, XEP-70 has good potential to protect hepatic stellate cells
against oxidative damage.

causes of oxidative stress in cells and is commonly used to assess anti-
oxidant capacity and cellular ROS scavenging capacity [4].

The liver is an important organ for detoxification and metabolism in
the body, and studies have shown that liver cell damage is closely

1. Introduction

In biological systems, elevated levels of reactive oxygen species
(ROS) and low levels of antioxidant mechanisms can lead to oxidative
stress in cells [1]. Under normal conditions, ROS are produced in
response to mitochondrial oxygen metabolism and are involved in
cellular signaling. However, excessive ROS production and impaired
antioxidant capacity can induce structural cellular damage and destroy
tissue. This change is thought to be associated with the development of
many chronic diseases, such as inflammation, diabetes, cancer and aging
[2,3]. Hydrogen peroxide (ROS, a nonfree radical) is one of the main

associated with increased ROS, while oxidative stress is thought to be
one of the pathological mechanisms contributing to the development
and progression of various liver diseases [5,6]. Therefore, antioxidants
are considered good agents for the treatment of liver diseases. Although
synthetic antioxidants are able to prevent the radical chain reactions of
oxidation, they cause almost unavoidable side effects and might be
responsible for liver damage and carcinogenesis [6]. Thus, it is essential
to develop natural antioxidants that can protect the human body from
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Abbreviations
ABTS 2,2-Azinobis [3-ethylbenzothiazoline-6-sulfonic acid]-
diammonium salt

ANOVA analysis of variance

CAT catalase

CCK-8  Cell Counting Kit-8

DEAE diethylaminoethyl

DPPH 2,2-Diphenyl-1-picrylhydrazyl

GCLC glutamate-cysteine ligase catalytic subunit
GCLM  glutamate-cysteine ligase modifier subunit

GSH glutathione
HO-1 heme oxygenase 1
LDH lactate dehydrogenase

MDA malondialdehyde

NMR nuclear magnetic resonance

NQO1 NAD(P)H quinone oxidoreductase 1
PMP 1-phenyl-3-methyl-5-pyrazolone
ROS reactive oxygen species

SOD superoxide dismutase

SEM scanning electron microscope
T-AOC total antioxidant capacity

XEP Xanthoria elegans polysaccharide

free radicals and retard the progression of liver diseases, and medicinal
plants have been shown to be good resources of natural antioxidants
[7-9].

In recent years, polysaccharides have attracted increasing amounts
of attention owing to their diverse health-promoting effects, nontoxicity,
extensive accessibility and renewability [10-12]. In recent years, poly-
saccharides from natural sources have been linked to antioxidant effects
in both in vitro chemical and biological models and found to play key
roles in regulating excessive oxidative stress [13-15]. The reported
structures, which are claimed to act as antioxidants, include chitosan,
pectic polysaccharides, glucans, mannoproteins, alginates, fucoidans,
and many others from all types of biological sources [10-17]. However,
compared with those of natural polysaccharides from herbs and woody
plants, less research has been conducted on the antioxidant and hep-
atoprotective effects of natural polysaccharides from lichens.

Xanthoria elegans, a common drought-tolerant lichen, belongs to the
Teloschistaceae family and is widely distributed in cool-temperate
Europe, North America and East Asia [18]. X. elegans is the original
plant of the traditional Chinese medicine “Shihua” and is used to treat
diseases such as blurred vision, waist and knee pain, and hematemesis.
The main effect of this treatment is to nourish the liver and kidney.
There are many pharmacological components in X. elegans, including
phenolic compounds, organic acids, polysaccharides and volatile oils,
which have pharmacological activities, such as antiulcer, anticancer,
antioxidative and antiviral activities [19-23]. However, the chemical
composition and antioxidant and hepatoprotective effects of poly-
saccharides, which are the most important chemical constituents of
X. elegans, have not been fully elucidated. Thus, the aim of this study was
to screen the polysaccharide fraction with hepatoprotective activity by
using free radical scavenging assays and a hydrogen peroxide-induced
Lieming Xu-2 cell (LX-2) oxidative damage model and to elucidate the
chemical composition of the bioactive polysaccharide fraction by using
monosaccharide composition, FT-IR, NMR, SEC and AFM analyses.

2. Materials and methods
2.1. Materials and reagents

Xanthoria elegans was collected from the Laji Mountain habitat
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(101°33'E, 36°19'N; 3820 m altitude) in Qinghai Province, China. It was
identified by L.S. Wang, Kunming Institute of Botany, Chinese Academy
of Sciences.

DEAE cellulose was obtained from Yuanye BioTechnology
(Shanghai, China). BCA and T-AOC were obtained from Beyotime
(Shanghai, China). CAT, MDA, ROS, GSH, LDH and SOD were acquired
from Nanjing Jiancheng Bioengineering (Nanjing, China). LX-2 cells
(CL-0560) and DMEM (PM1500210) were obtained from Procell
(Wuhan, China), and FBS (10099-141C) was obtained from Gibco (New
York, USA). All antibodies used in the experiments were obtained from
Abcam (Cambridge, UK), except for the goat anti-rabbit (HRP) antibody
(AS1107), which was purchased from Aspen (Wuhan, China). All the
other chemical reagents were of analytical grade.

2.2. Extraction and purification of XEP

Xanthoria elegans (1 kg) was extracted three times with boiling
distilled water (10L) and concentrated to a small volume of approxi-
mately 1 L at 95 °C [24,25], after which the polysaccharides were
precipitated with 80 % ethanol. The extracts were detached by centri-
fugation at 4500 rpm for 15 min (3-18 K, SIGMA, Germany) and freeze-
dried (FD-1A-80, BIOCOOL, Beijing, China). X. elegans polysaccharide
(XEP) was collected.

XEP (200 mg) was dissolved in distilled water (5 mL) and loaded into
a DEAE-cellulose column (20 mm x 20 cm) with distilled water (200
mL) and 0.5 M NaCl solution (200 mL) at a flow rate of 1.8 mL/min [26].
The eluents were collected in 7.4-mL aliquots in each tube, and the sugar
content was measured using the phenol-sulfuric acid assay. Following
collection, the major fractions were dialyzed with distilled water for 24
h (cutoff MW 3500 Da) and running water for 24 h before being
lyophilized. The 0.5 M NaCl-eluted polysaccharide was named XEP-1.

XEP-1 was dissolved in distilled water (10 mg/mL), and anhydrous
alcohol was slowly added to the XEP solution (10 mg/mL) to a final
ethanol concentration of 50 % (v/v). After the solution was incubated for
48 h at 4 °C, the precipitates (XEP-50) were collected by centrifugation
at 12,000 rpm for 15 min and subsequently dried under vacuum [27,28].
Similar results were achieved for subfractions XEP-70 and XEP-90 with
final ethanol concentrations of 70 % and 90 %, respectively. The
distilled water used in the experiment was prepared with a multieffect
tubular water distiller (LD500-5; Guanyu Environmental Protection
Equipment Co., Ltd., Hebei, China), and the electrical conductivity was
2 ps/cm.

2.3. Structural characterization of XEP samples

2.3.1. Homogeneity and molecular weight determination

SEC-MALLS-RI was used to measure the molecular weight [29].
Shodex OH-pak SB-805, 804 and 803 columns (8 mm ID x 300 mm;
Showa Denko K.K., Tokyo, Japan) were used in tandem. XEP (1 mg) was
dissolved in 1 mL of 0.1 NaNO3 aqueous solution, and the solution (0.45
pm) was passed through the membrane. Detection was performed at a
column temperature of 45 °C, an injection volume of 100 pL, a mobile
phase of 0.02 % NaNg and 0.1 % NaNOs3, and a flow rate of 0.4 mL/min.
ASTRA 6.1 (Wyatt Technology, USA) was used for data processing.

2.3.2. Chemical composition analysis

Six monosaccharides were used as references, and the phenol-H,SO4
method was used to calculate the total carbohydrate content by
combining the correction factors of the monosaccharides [30]. Gal-
acturonic acid was used as a reference to quantify the amount of uronic
acid using the m-hydroxydiphenyl colorimetric method [29]. Using
bovine serum albumin as a reference, the amount of protein was
determined using the Coomassie brilliant blue method [31].

2.3.3. Monosaccharide composition analysis
The monosaccharide compositions of the polysaccharide samples
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Fig. 1. (A) Process of extraction, isolation and purification of Xanthoria elegans polysaccharide. (B) Elution profiles of Xanthoria elegans polysaccharide fractions on

Ohpak SB columns. (C) FT-IR spectra of Xanthoria elegans polysaccharide fractions.

were identified by our previously reported approach [31]. XEP (3 mg)
was dissolved in 1 mL of 2 M trifluoroacetic acid (TFA) and sealed in an
ampoule for 2 h at 120 °C. The remaining TFA was then removed with
anhydrous ethanol, and the solution was evaporated to dryness below
70 °C. 0.5 mL of NaOH (0.3 M) and 0.5 mL of 1-phenyl-3-methyl-5-pyr-
azolone (PMP, 0.5 M) were used to derivate the polysaccharide hydro-
lysate at 70 °C for 30 min. The mixture was extracted three times with
chloroform after being neutralized with 0.5 mL of 0.3 M HCL. The de-
rivative was tested using an Ultimate 3000 UHPLC system and a Kinetex
C18 column (100 x 4.6 mm i.d.) with a guard column. UV absorbance at
a wavelength of 245 nm was used to record this process.

2.3.4. FT-IR spectroscopy analysis [31]

The FT-IR spectra of the polysaccharide samples were recorded using
a Fourier transform infrared spectrophotometer (Nicolet-IS50, US). The
samples (2 mg) were ground with KBr powder, condensed into pellets,
and then recorded on an FT-IR spectrometer (resolution, 4 cm™ D) in the

frequency range of 4000-400 cm ™! (mid-infrared region).

2.3.5. Scanning electron microscopy (SEM) analysis [31]

A small amount of the XEP-70 sample was placed on conductive
adhesive and sprayed with gold. SEM images of XEP-70 were recorded
on a ZEISS GeminiSEM 300 (ZEISS, Germany). The images were viewed
in a high-vacuum setting at a voltage of 3.0 kV with 400- and 4000-fold
magnification.

2.3.6. Atomic force microscopy (AFM) analysis [31]

AFM was used to examine the morphological characteristics of XEP-
70 (Bruker Dimension Icon, Germany). XEP-70 was dissolved in ultra-
pure water (5 g/mL). Next, 5 pL of the polysaccharide solution was
placed on the exterior of a pristinely cleaved mica sheet and allowed to
dry at room temperature. The photographs were taken at a scan rate of
1.0 Hz and a scan size of 600 nm.
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Table 1
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The yield, total sugar content, protein content, uronic acid content and monosaccharide composition of Xanthoria elegans polysaccharides.

Fraction  Yield (%) Total sugar Protein content  Uronic acid Monosaccharide composition (%)
tent (% % tent (%
content (%) (%) content (%) Man GalUA Gle Gal Xyl Ara
XEP-50 0.57 + 89.00 + 0.19% 0.91 + 0.02 1.13 + 0.09* 55.00 + 2.56 + 26.48 + 13.96 + 2.00 &+ ND
0.03* 2.13"% 0.22* 1.697 2.07* 0.43"*
XEP-70 0.83 + 99.05 £ 0.15* ND 13.09 + 0.31* 39.28 + 16.09 + 17.56 + 23.20 £ 3.87 + ND
0.05* 2.12* 1.03* 1.74* 1.94* 0.85*
XEP-90 0.37 + 82.42 £ 0.11%% ND 7.22 + 0.27*% 32,63 + 8.64 + 15.65 + 34.67 + 1.17 £ 7.24 +
0.03** 1.25% 0.54** 1.93* 2.25+% 0.61% 0.03

Each value represents the mean + SD (n = 6). Significant differences were evaluated using Student's t-test; *p < 0.05 vs XEP-50; #p < 0.05 vs XEP-70.

ignal A=InLens Mag=4.00kx WD=6.1 mm

Height Sensor 600.0 nm

Fig. 2. SEM and AFM images of XEP-70. SEM images, A: 400x; B: 4000x; AFM images, C: Two-dimensional image; D: Three-dimensional image.

2.3.7. Nuclear magnetic resonance (NMR) analysis of XEP-70 [31]

XEP-70 (20 mg) was dissolved in D20 (99.8 % D, 0.5 mL), freeze-
dried, redissolved in D,O (0.5 mL), and centrifuged to remove excess
sample. Then, the aqueous solution of XEP-70 was transferred to an
NMR tube (177.8 x 5.0 mm o.d.). NMR analyses, including *H NMR and
13C NMR, were performed using a Bruker 5 mm broadband observation
probe at 20 °C with a Bruker Avance 600 MHz spectrometer (Germany)
operating at 600 MHz for 'H and 150 MHz for 3C. All the experiments
were recorded using standard Bruker software.

2.4. Free radical scavenging capacity and reducing power assays
2.4.1. DPPH free radical scavenging activity test [32]

DPPH was dissolved in anhydrous ethanol (0.2 mM), and 2 mL of
DPPH solution was mixed with 2 mL of the three polysaccharides at

different concentrations (0.125-4 mg/mL). After the mixture had reac-
ted for 35 min in the dark, the absorbance of the DPPH free radicals was
recorded at 517 nm, which was repeated 4 times.

The clearance rate was calculated as DPPH = [1-(A1-Ag)/A2]1*100 %.

where A is the absorbance of deionized water replacing poly-
saccharide solution, A; is the absorbance of polysaccharide solution, and
A, is the absorbance of deionized water instead of DPPH or other
reagents.

2.4.2. ABTS free radical scavenging activity test [33]

For the preparation of the ABTS experimental reagent, Na,HPO4 and
NaH,PO, were dissolved in deionized water (50 mM PBS). Other
chemical reagents were dissolved in PBS. Using Trolox as a reference,
ABTS (5 mM), HRP (1 pM), H20; (0.018 %) and PBS (50 mM) were
added to the three polysaccharide solutions (0.125-4 mg/mL). After the
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Fig. 4. Effects of XEP-70 and H,0, on the viability of LX-2 cells.

mixture had reacted for 10 min in the dark, the absorbance was recorded
at 730 nm, which was repeated 4 times.

The clearance rate was calculated as ABTS = (1 — A; /A,)*100%

where Ag is the absorbance of deionized water replacing the poly-
saccharide solution and A; is the absorbance of the polysaccharide
solution.

2.4.3. Superoxide free radical scavenging activity test [34]

NBT, NADH and PMS were dissolved in deionized water, and 1 mL
each of NBT (156 pmol/L), NADH (468 pmol/L) and PMS (60 pmol/L)
was added to 1 mL of the three polysaccharide solutions at different
concentrations (0.125-4 mg/mL). After the mixture had reacted for 5
min in a water bath at 25 °C, the absorbance was recorded at 560 nm,
which was repeated 4 times.

The clearance rate was O°~ = [1—(A;—A2)/Ap]*100%

where A is the absorbance of deionized water replacing polysaccharide
solution, A; is the absorbance of polysaccharide solution, and A; is the
absorbance of deionized water instead of NBT or other reagents.

2.4.4. Hydroxyl free radical scavenging activity test [35]

The hydroxyl radical scavenging experiment was based on a previous
method with some modifications. Then, 0.5 mL each of ferrous sulfate
(7.5 mM), salicylic acid (5 mM) and hydrogen peroxide (10 mM) were

added sequentially to 0.5 mL of the three polysaccharide solutions at
different concentrations (0.125-4 mg/mL). Finally, 2 mL of deionized
water was added to each mixed solution. After the mixture had reacted
for 20 min in a water bath at 37 °C, the absorbance was recorded at 510
nm, which was repeated 4 times.

The clearance rate was calculated as OH™ = [1 — (A; — Ay)/A,]*100%

where A is the absorbance of deionized water replacing polysaccharide
solution, A; is the absorbance of polysaccharide solution, and Aj is the
absorbance of deionized water instead of FeSo4 or other reagents.

2.4.5. Reducing power test [36]

The determination of reducing power was based on a modification of
previous methods. The three polysaccharides were dissolved in 0.2 M
phosphate buffer (pH 6.6), and 2.5 mL of different concentrations of
polysaccharide solution (0.125-4 mg/mL) was mixed with 2.5 mL of
potassium ferricyanide (1 % w/v). After the mixture had reacted for 20
min in a water bath at 50 °C, 2.5 mL of trichloroacetic acid (10 % w/v)
was added, and the mixture was mixed and centrifuged (3000 rpm for
20 min). Then, 2.5 mL of the supernatant from each solution was added
to 2.5 mL of deionized water and 250 pL of ferric chloride (0.1 % w/v)
and incubated for 10 min. The absorbance was recorded at 700 nm,
which was repeated 4 times.

The reducing power = A;*100%
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Table 2
1H and '3C NMR chemical shifts for residues A-H of XEP-70.

Residue Chemical shift (ppm)
H1/C1 H2/ H3/ H4/ H5/ H6,H'6/ -CH3
Cc2 C3 c4 C5 Cé6
A 5.27 3.39 3.75 3.52 3.65  3.28,
3.37
—4)-a-D- 102.3 73.04 75.58 79.51 72.62 62.73
Glep-
-
B 5.16 4.04 3.71 3.62 3.85 3.63,3.78
—2,6)- 96.3 77.97 69.44 66.58 70.09 65.9
o-D-
Manp-
-
C 5.11 3.54 3.98 4.00 411 - 1.19
—4)-0-D- 103.55 70.88 7195 80.97 7275 173.82 16.68
GalpA-
a-
D 4.97 4.19 3.92 4.09 3.9 3.59,
3.66
—2,6)- 106.93 83.03 75.21 81.94 73.36 68.9
p-D-
Galf-
-
E 4.81 4.16 3.9 4.09 3.81 3.78,
3.59
—6)-p-D- 107.88 81.94 77.89 80.97 71.17 69.93
Galf-
(1-
F 4.93 3.35 3.61 3.75 3.64 32,34
—4,6)- 100.14 73.22 7496  79.51 71.44  66.36
o-D-
Glep-
-
G 5.24 4.04 3.71 3.6 3.62 3.86
—2)-o-D- 99.39 76.85 7273 69.19 70.11 61
Manp-
-
H 5.00 3.92 3.71 3.64 3.56  3.69
—6)-a-D- 97.89 72.12 72.6 68.72 81.32 65.2
Manp-
-

where A; is the absorbance of the polysaccharide solution.

2.5. The antioxidant effects of XEP on LX-2 cells

2.5.1. Culture of LX-2 cells

LX-2 cells were grown in high-glucose DMEM supplemented with 20
% (v/v) FBS, 1 % (v/v) streptomycin, and penicillin at 37 °C in an
incubator with humidified 5 % CO5 [37].

2.5.2. The toxicity test of XEP-70 [38]

LX-2 cells were seeded in a 96-well plate at a density of 5 x 10 cells/
well. According to the reported safe dose range of polysaccharides for
LX-2 cells [39,40], different concentrations of XEP-70 (12.5, 25, 50, 100
and 200 pg/mL) were added to these wells and incubated for 24 h. CCK-
8 reagent was added to each well, after which the plate was cultured for
another hour, after which the absorbance was detected.

2.5.3. Screening the concentration of H,03 [41]

LX-2 cells were seeded in a 96-well plate at a density of 5 x 10> cells/
well. In accordance with the reported doses of H;O, that cause oxidative
damage in LX-2 cells [41,42], different concentrations of HyO5 (20, 25,
30, 35 and 40 pg/mL) were added to these wells, and the cells were
incubated for 24 h. CCK-8 reagent was added to each well, after which
the plates were cultured for another hour to determine the absorbance.

2.5.4. The antioxidant activities of LX-2 [40]
LX-2 cells were seeded in a 96-well plate at a density of 5 x 103 cells/
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well. According to the reported effective dose range of polysaccharide
against oxidative damage [10-17,33,40] and the results of the cyto-
toxicity test of XEP-70 in LX-2 cells, media containing different con-
centrations of XEP-70 (25, 50 and 100 pg/mL) were added to these wells
and incubated for 24 h. After removing the drug-containing medium by
centrifugation, media containing H»O5 (30 pg/mL) was added to stim-
ulate the cells for 24 h, after which the CCK8 test was performed.

2.5.5. Antioxidase activities and metabolism content-test [33]

LX-2 cells were seeded in a 6-well cell plate at a density of 2 x 10°
cells/well. Then, medium containing Vc (100 pg/mL) was added to the
wells of the positive control group, and medium containing XEP-70 (25,
50 or 100 pg/mL) was added to the wells of the experimental groups.
After incubating for 24 h, the drug-containing medium was removed by
centrifugation. Then, medium containing HoO (30 pg/mL) was added
to the wells of the model control, positive control and experimental
groups. After stimulating for 24 h, the cells were washed with PBS three
times and then lysed in RIPA lysis buffer (Beyotime, Shanghai, China).
The protein content in the cell lysates was determined using a BCA kit.
After the cells were collected and processed, the activities of T-AOC,
ROS, LDH, CAT, GSH and SOD and the content of MDA in each group
were detected according to the manufacturer's recommendations.

2.5.6. Western blotting [43]

The cells were collected and processed as described in Section 2.5.5.
The protein concentrations of the samples were measured by an
Enhanced BCA Protein Assay Kit (Beyotime, Shanghai, China). All the
samples in the experiment were normalized to an equal protein con-
centration (20 ng/pL) and then denatured. Protein lysates were sepa-
rated by 10 % SDS-PAGE electrophoresis and transferred to PVDF
membranes, followed by the addition of blocking solution at room
temperature for 1 h. The blocking solution was removed, and prediluted
specific primary antibodies were added overnight at 4 °C. The diluted
secondary antibody was added, and the mixture was incubated at room
temperature for 30 min. Luminescence development was performed
using an enhanced chemiluminescence (ECL) kit, followed by exposure
in a dark room and development and fixation.

2.6. Statistical analysis

All the experimental data are expressed as the mean + standard
deviation (SD) of six replicates and were subsequently analyzed by an
independent sample t-test using GraphPad Prism 8.6.0 software to
determine the significance of the treatment sets. Differences with a p
value <0.05 were considered to indicate statistical significance.

3. Results
3.1. Extraction and purification of polysaccharide fractions

As shown in Fig. 1A, Xanthoria elegans was subjected to hot water
extraction and 80 % ethanol precipitation to obtain the crude poly-
saccharide XEP in 8.62 % yield. The XEP was further purified by a DEAE
anion change column into the 0.5 M NaCl fraction XEP-1 (2.48 % yield).
Then, XEP-1 was subjected to sequential ethanol precipitation, and three
subfractions were obtained, which were termed XEP-50 (0.57 % yield),
XEP-70 (0.83 % yield) and XEP-90 (0.37 % yield).

3.2. Molecular weight distribution and homogeneity analysis

As shown in Fig. 1B, the molar masses of the three polysaccharides
were determined by a refractive index detector. XEP-50 had only one
elution peak with an MW of 322.25 kDa, XEP-70 had one main elution
peak with an MW of 430.98 kDa, and XEP-90 had two elution peaks with
an MW of 76.36 kDa.
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Table 3
DPPH free radical scavenging capacity of Xanthoria elegans polysaccharides.
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Table 4
ABTS free radical scavenging capacity of Xanthoria elegans polysaccharides.

Group dose Scavenging rate (%) Group dose (mg/  Scavenging rate (%)
(mg/mL) mL)
Ve XEP-50 XEP-70 XEP-90 Ve XEP-50 XEP-70 XEP-90
0.125 84.67 + 339+1.31 6.05+0.82 4.16+0.73 0.125 23.99 + 0.63+0.24 0.63+0.28  0.53+0.15
H#& &
0.77 0.61
0.25 96.43 + 7.24 + 13.72 + 10.6 + 0.9 0.25 53.32 + 0.97 £0.47 1.2+ 0.42 1.17 £ 0.21
0.42+#& 1.26% 0.27% 0.68*#&
0.5 97.27 + 15.15 + 25.83 + 22.71 + 0.5 99.13 + 1.57 £0.50 3.7 +0.39 3.07 + 0.58
0.31+#& 2.1%& 0.85% 1.84% 0.20%#&
1 98.12 + 26.62 + 40.96 + 37.28 + 1 100 + 373+ 8.1 +0.77*  6.54+
0.01+#& 1.53%& 0.96% 1.45% 0.00%#& 0.71%& 0.57*
2 98.21 + 33.96 + 54.02 + 50.14 + 2 100 + 5.56 + 14.84 + 11.87 +
0.16*%% 1.20%& 0.42* 0.73* 0.00%#& 0.647¢ 0.82* 0.77*
3 98.22 + 38.38 + 63.10 + 57.24 + 3 100 + 8.13 + 2227 + 18.14 +
0.13+#& 0.72%& 0.87%% 0.46*"* 0.00%#& 0.90%& 1.01% 0.95*
4 98.40 + 40.17 + 70.39 + 61.78 + 4 100 + 10.3 + 30.44 + 25.38 +
0.31%#& 0.96%& 1.43+% 0.60** 0.00%#& 0.77%& 0.76%% 0.69**

Each value represents the mean + SD (n = 6). Significant differences were
evaluated using Student's t-test; *p < 0.05 vs XEP-50; *p < 0.05 vs XEP-70; ¥p <
0.05 vs XEP-90.

3.3. Preliminary characterization of XEP-50, XEP-70 and XEP-90

3.3.1. Chemical composition analysis

The chemical composition and yield of each polysaccharide fraction
from Xanthoria elegans are summarized in Table 1. The total carbohy-
drate contents of XEP-50, XEP-70 and XEP-90 were 89.00 %, 99.05 %
and 82.42 %, respectively. The uronic acid contents of XEP-50, XEP-70
and XEP-90 were 1.13 %, 13.09 % and 7.22 %, respectively. According
to the protein assay results, 0.91 % of the protein was present in XEP-50,
and no protein was detected in XEP-70 or XEP-90.

3.3.2. Monosaccharide composition analysis

Table 1 shows that XEP-50 contained mainly mannose (55.00 %),
galacturonic acid (2.56 %), glucose (26.48 %), galactose (13.96 %) and
xylose (2.00 %); XEP-70 contained mainly mannose (39.28 %), gal-
acturonic acid (16.09 %), glucose (17.56 %), galactose (23.20 %) and
xylose (3.87 %); and XEP-90 contained mainly mannose (32.63 %),
galacturonic acid (8.64 %), glucose (15.65 %), galactose (34.67 %),
xylose (1.17 %) and arabinose (7.24 %).

3.3.3. FT-IR analysis

As shown in Fig. 1C, the FT-IR spectra of the purified XEP-50, XEP-70
and XEP-90 fractions showed polysaccharide absorption peaks in the
4000-400 cm ™! range. The characteristic strong absorption bands at
approximately 3428.23 cm? (XEP-50), 3417.36 cm! (XEP-70) and
3422.12 cm™! (XEP-90) represented the stretching vibrations of the
O—H bonds [44]. The stretching vibrations of the C—H bonds in the
sugar ring were assigned to the peaks at approximately 2924.01 cm ™!
(XEP-50), 2927.40 cm™! (XEP-70) and 2927.90 cm ™! (XEP-90) [45].
The bands at 1643.71 cm™' (XEP-50), 1651.46 cm ' (XEP-70) and
1651.11 cm ! (XEP-90) were attributed to the C=0 stretching vibra-
tions of uronic acids [46]. The signals at 1438.46 cm ! (XEP-50),
1438.09 cm™! (XEP-70) and 1411.75 cm ™! (XEP-90) were attributed to
in-plane bending vibrations of the C—H bond. The bands at 1048.41
em™! (XEP-50), 1067.18 cm™! (XEP-70) and 1067.38 cm ™! (XEP-90)
were attributed to the stretching vibrations of the pyranose rings [47].
The bands at 868.29 cm ™! (XEP-50), 876.01 cm ™! (XEP-70) and 869.74
em ™! (XEP-90) indicated the presence of p-glycosidic linkages in these
fractions [48]. The absorption peaks at 868.29 em ! (XEP-50), 876.01
em™! (XEP-70) and 869.74 cm ™! (XEP-90) are characteristic of mannose
[44]. It is worth mentioning that the peaks at approximately 810 and
870 cm™! appear together and represent peaks of the typical f-domi-
nanting configurations, consisting of glucose and mannose in the form of
pyranose [49].

Each value represents the mean + SD (n = 6). Significant differences were
evaluated using Student's t-test; *p < 0.05 vs XEP-50; #p < 0.05 vs XEP-70; %p <
0.05 vs XEP-90.

3.3.4. SEM analysis of XEP-70

Fig. 2A and B show the surface morphology of XEP-70 in the SEM
images. At a magnification of 400, XEP-70 appeared to be a stable and
irregular reticular structure. When the image was magnified to 4000
times, the closed structure was composed of a large number of sheet
structures and ribbon fibers.

3.3.5. AFM analysis of XEP-70

In this study, the chain features and thickness of dispersed XEP
molecules on the mica substrate surface were observed. Fig. 2C and D
show that the AFM image of XEP-70 displayed many chain structures.
Morphological analysis revealed that the XEP-70 molecule existed as a
flexible chain with an average thickness of 0.863 nm between a single
polysaccharide chain (approximately 0.1-1.0 nm). indicating that most
branches in the structure of XEP are independent of each other.

3.3.6. NMR analysis of XEP-70

The XEP-70 structure was analyzed using NMR techniques. As shown
in Fig. 3A, the region at § 4.8-5.3 ppm in the H NMR spectrum is
associated with ectopic protons, in which 8 signals at 5.27, 5.24, 5.16,
5.11, 5.00, 4.97, 4.93 and 4.81 ppm are shown. These signals were
named A-H according to the order based on the magnitude of the
chemical shifts. The signals present in the 83.1-4.3 ppm region were
considered to be associated with H2-H6. As shown in Fig. 3B, the region
at 590-110 ppm in the 13CNMR spectrum was associated with anomeric
carbons, and 8 anomeric carbon signals were observed, which could be
assigned to correspond to the 'H NMR spectra, with A-H signals of
107.88, 106.93, 103.55, 102.30, 100.14, 99.39, 97.89 and 96.30 ppm,
while chemical shifts at 5 60-85 ppm were associated with nonanomeric
carbons. The signal at 106.93 ppm is characteristic of the anomeric
carbons of the p-galactofuranose moiety because of their extremely low
field shifts. The signal at 173.82 ppm is attributed to XEP-70 containing
galacturonic acid [50].

The signals corresponding to each residue of XEP-70 in the one-
dimensional NMR spectra (Fig. 4) were compared with the NMR data
in the literature [51-54], and the results are summarized in Table 2. The
signals of B (85.16/96.3), G (85.24/99.39) and H (85.00/97.89) repre-
sent three different a-mannopyranose residues; the signals of A (5.27/
102.30) and F (4.93/100.14) represent two different a-glucopyranose
residues; the signals of D (4.97/106.93) and E (4.81/107.88) represent
two different galactofuranose residues; and the signals of C (5.11/
103.55) are from a galacturonic acid residue. Due to the overabundance
of various monosaccharide residues in the one-dimensional NMR
spectra, the spectra were too complex; therefore, the next step of linkage
and structural speculation was not carried out.
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Table 5
Superoxide free radical scavenging capacity of Xanthoria elegans
polysaccharides.
Group dose Scavenging rate (%)
(mg/mL)
Ve XEP-50 XEP-70 XEP-90
0.125 94.51 + 1.78 + 0.62 3.15 + 0.66 2.65 £ 0.31
0.39**&
0.25 97.16 + 3.42 + 6.18 + 4.48 + 0.60
0.09*#& 0.46* 0.64*
0.5 98.41 + 6.39 + 13.2 + 11.58 +
0.20%#& 0.99%¢ 0.73* 0.63*
1 98.89 + 12.88 + 24.04 + 22.42 +
0.05+"& 0.79% 0.76* 0.53*
2 99.13 + 21.23 £ 38.64 + 35.44 +
0.05*#& 0.50%% 0.76* 0.60*
3 99.23 + 27.96 + 52.40 + 44.31 +
0.05+*& 0.62%% 0.63* 0.85**
4 99.42 + 32.60 + 59.34 + 50.07 £
0.05*#& 0.467% 0.60*& 0.56*%

Each value represents the mean + SD (n = 6). Significant differences were
evaluated using Student's t-test; *p < 0.05 vs XEP-50; *p < 0.05 vs XEP-70; ¥p <
0.05 vs XEP-90.

Generally, polysaccharides are produced by both lichen symbionts.
The mycobiont cell wall contains three structurally different poly-
saccharides, namely, p-glucans, a-glucans, and galactomannans. f-glu-
cans, o-glucans, and galactomannans have linear, lightly substituted,
and branched structures. Lichenan, isolichenan, and gal-
actoglucomannans are common examples of -glucans, a-glucans, and
galactomannans typically isolated from various lichen species. In addi-
tion to these three basic types of lichen polysaccharides, complex het-
eroglycans consisting of monosaccharides differing from or in addition
to galactose, glucose, and mannose have also been reported [55].
However, in addition to four acid polysaccharides with 0.50 %-0.83 %
uronic acid content from Umbilicaria esculenta [56], there are no reports
on polysaccharides containing pectin from lichens. In the present study,
XEP-70 was a pectin-containing heteropolysaccharide fraction
comprising 16.09 % galacturonic acid; this fraction was composed
mainly of (1 — 4)-linked a-D-GalpA, (1 — 4)-linked and (1 — 4,6)-linked
a-D-Glcp; (1 — 2)-linked, (1 — 6)-linked and (1 — 2,6)-linked a-D-Manp;
and (1 — 6)-linked and (1 — 2,6)-linked p-D-Galf. This study provides
new insights into the structure of lichen polysaccharides.

3.4. Free radical scavenging capacity and reducing power of X. elegans
polysaccharides

The free radical group is an unpaired group in the human body that
has strong oxidative properties. Excessive free radicals induce protein
denaturation and cell damage and eventually lead to human disease and
aging [13-16]. According to the reported effective dose range of poly-
saccharides for free radical scavenging and reducing power
[10-17,33,40], the antioxidant activities of the three polysaccharides
were evaluated at doses ranging from 0.125 to 4 mg/mL in this study.
The antioxidant activities of the three polysaccharides at different
concentrations are depicted in Tables 3-7, including the scavenging
radicals (ABTS, DPPH, 0% and OH") and reducing power. DPPH is a
relatively stable free radical that is usually used to evaluate the free
radical scavenging activity of natural compounds. The three poly-
saccharides had good DPPH free radical scavenging ability at concen-
trations ranging from 0.125 to 4 mg/mL, and the scavenging ability
increased with increasing polysaccharide concentration. As shown in
Table 3, at the same concentration, the scavenging ability of XEP-70 was
better than that of the other two polysaccharides, with a maximum of
70.38 % =+ 1.42 %. Similarly, the ABTS scavenging ability of the three
polysaccharides is shown in Table 4. The increases in polysaccharide
concentration and scavenging ability were synchronized, and the scav-
enging effect of XEP-70 was significantly greater than that of the other
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Table 6
Hydroxyl free radical scavenging capacity of Xanthoria elegans polysaccharides.

Group dose (mg/
mL)

Scavenging rate (%)

Ve XEP-50 XEP-70 XEP-90

0.125 20.93 + 0.97 +0.21 210 +0.41  1.61 £ 0.57
0.61+%&

0.25 39.77 + 2,08+ 050  4.39+0.77 3.52+0.44
0.41%%&

0.5 66.41 + 4.40 + 9.26 + 0.4*  7.64 +
0.30%%& 0.55%% 0.45*

1 91.4 + 7.53 + 20.64 + 17.12 +
0.42+%& 0.77%& 0.69* 0.60%

2 98.38 + 15.13 + 34.03 + 32.33 +
0.06*#% 0.57%% 0.49* 0.46*

3 99.15 + 22.24 + 46.46 + 43.45 +
0.04x#& 0.54%& 0.65* 0.68*

4 99.45 + 25.59 + 52.14 + 48.48 +
0.07+#& 0.67%& 0.55* 0.56*

Each value represents the mean + SD (n = 6). Significant differences were
evaluated using Student's t-test; *p < 0.05 vs XEP-50; #p < 0.05 vs XEP-70; %p <
0.05 vs XEP-90.

two polysaccharides.

In the human body, superoxide anions are present in certain amounts
and are usually harmless, but the product of their combination with
hydroxyl radicals (which have extremely strong oxidation properties)
can damage cellular DNA, causing oxidative damage to cells and dis-
rupting body functions [15,16]. As shown in Tables 5 and 6, the abilities
of the three polysaccharides to scavenge 0%~ radicals and OH™ radicals
were similar, and the scavenging ability increased as the polysaccharide
concentration increased. The best effect was achieved by XEP-70, which
reached a maximum clearance at 4 mg/ml, at 59.34 + 0.60 % and 52.14
=+ 0.55 %, respectively.

The reducing power trends of the three polysaccharides were similar
to the free radical scavenging ability trends described above but
exhibited less significant differences than did the free radical scavenging
ability (Table 7). Therefore, it is known from the above results that all
three polysaccharides have certain free radical scavenging and reducing
abilities, among which XEP-70 has the strongest antioxidant activity and
was selected for subsequent study.

3.5. The antioxidant activity of XEP-70 in LX-2 cells

3.5.1. Concentration screening of H;02 and XEP-70

LX-2 cells and the H;0, oxidative damage model were selected to
investigate the antioxidant activity of the XEP-70 polysaccharide frac-
tion. The toxicity of XEP-70 on LX-2 cells at 12.5, 25, 50, 100, 200 and
400 pg/mL was examined, and as shown in Fig. 4A, XEP-70 significantly
promoted cellular proliferation at concentrations ranging from 25 to
100 pg/mL (P < 0.05). Therefore, we selected 25, 50 and 100 pg/mL
XEP-70 for subsequent experiments to evaluate its antioxidant effect on
LX-2 cells.

In the present study, HoO2 was used to stimulate oxidative damage in
LX-2 cells. HyO, concentrations ranging from 10 to 40 pg/mL were
tested. As shown in Fig. 4B, cell damage started with 20 pg/mL Hy0o,
and cell activity decreased as the concentration increased; therefore, we
chose the ICso concentration (30 pg/mL) as the modeling concentration
for oxidative damage in LX-2 cells.

Using the XEP-70 polysaccharide fraction to protect oxidative dam-
age in LX-2 cells, as shown in Fig. 4C, different concentrations of XEP-70
were found to protect cells and increase cell activity compared with
those in the damage model group, with 100 pg/mL having the greatest
effect, which was close to that of the positive control group.

Normal: untreated control cells. Model: Cells were treated with blank
medium for 24 h and then treated with medium containing 30 pg/mL
H,0; for 24 h. Other groups: cells were treated with medium containing
Vc or XEP-70 for 24 h and then treated with medium containing 30 pg/
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Table 7
Reducing power of Xanthoria elegans polysaccharides.

Group dose (mg/ Reducing power (A700 nm)

mL)

Ve XEP-50 XEP-70 XEP-90

0.125 0.53 + 0.00+£0.00  0.01£0.00 0.01+
0.01%%& 0.00

0.25 0.89 + 0.01 +£0.00 0.03+0.00 0.01 +
0.01%#& 0.01

0.5 1.46 + 0.02+0.00  0.06+£0.00 0.03+
0.02*#& 0.01

1 1.72 + 0.04 + 0.11 + 0.05 +
0.01%#& 0.01% 0.01%% 0.01

2 1.77 + 0.08 + 0.22 + 0.09 +
0.01*#& 0.01%* 0.01% 0.01

3 1.79 + 0.11 + 0.31 + 0.15 +
0.02%#& 0.01% 0.01%% 0.01

4 1.80 + 0.14 + 0.43 + 0.20 +
0.01%#& 0.01%¢ 0.01%% 0.01*

Each value represents the mean + SD (n = 6). Significant differences were
evaluated using Student's t-test; *p < 0.05 vs XEP-50; *p < 0.05 vs XEP-70; *p <
0.05 vs XEP-90.

mL Hy0; for 24 h. All the data are expressed as the means + SDs (n = 6).
*p < 0.05, **p < 0.01 and ***p < 0.001 vs. the normal control group;
##p < 0.01 and *##p < 0.001 vs. the model control group.

3.5.2. XEP-70 improves LX-2 antioxidant activity

In the present study, the antioxidant activity of LDH, ROS, T-AOC,
GSH, SOD, and CAT and the content of MDA were determined in LX-2
cells. As shown in Fig. 5A, XEP-70 significantly reduced the MDA con-
tent in cells in a dose-dependent manner (P < 0.05), and the changes in
LDH and ROS activities are shown in Fig. 5B and C. These trends were
similar to the above results. As shown in Fig. 5D-G, the activities of T-
AOC, GSH, SOD and CAT in the model group were significantly lower
than those in the blank group, but the activity of the above enzymes was
reversed and significantly enhanced in a dose-dependent manner in the
experimental group with preadded XEP-70 (p < 0.05). Taken together,
these results indicated that XEP-70 could effectively protect LX-2 cells
from oxidative damage caused by HoO2 by modulating the activities of
antioxidant enzymes.

3.5.3. The Nrf2/Keap1/ARE signaling pathway is activated by XEP-70

Nrf2 is a key regulator of cellular oxidative stress and maintains
cellular redox homeostasis. The Nrf2-mediated pathway is induced and
activated by electrophilic reagents of different origins and structures.
Activated Nrf2 subsequently binds to ARE elements in the nucleus and
induces and regulates the expression of many downstream antioxidant
factors. Keapl is a sensor in the oxidative stress pathway; it binds to Nrf2
to form a dimer that negatively regulates Nrf2 and inhibits Nrf2 activity
[17,57,58]. Fig. 6A and B shows that HyO, treatment significantly
reduced cellular Nrf2 expression in the model group, but pretreatment
with XEP-70 significantly reversed this change, as indicated by a sig-
nificant increase in Nrf2 expression. In contrast, Keapl expression was
increased in the cells of the model group and significantly decreased
after pretreatment with XEP-70. The above results suggest that XEP-70
can downregulate Keapl in the Nrf2-Keapl dimer in the cellular
oxidative pathway and promote the release and upregulation of Nrf2
from the dimer.

3.5.4. Influence on the expression of NQO1, HO-1, GCLC and GCLM in LX-
2 cells

HO-1 and NQO1 are important downstream antioxidant enzymes
produced by Nrf2 activation and are important expression products of
cellular antioxidants. It has been shown that HO-1 protects mitochon-
dria, promotes heme degradation and produces active substances to
scavenge ROS [59]. NQO1 can catalyze the electron reduction of various
organic compounds and reduce the free radical load in cells [60]. GCLC
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and GCLM can work together as two subunits from GCL, providing
catalytic activity and promoting GSH synthesis, thus enhancing cellular
antioxidant capacity [61].

Fig. 6A and B shows that the expression of NQO1, HO-1, GCLC and
GCLM was significantly greater after pretreatment with XEP-70 at con-
centrations of 50 and 100 pg/mL than in the model group (p < 0.01);
thus, XEP-70 activated Nrf2 in the Nrf2/Keap1/ARE signaling pathway,
which was transferred to the nucleus to further promote the expression
of NQO1, HO-1, GCLC and GCLM, resulting in a reduction in the
oxidative damage caused by H,O5 and antioxidant effects.

Normal: untreated control cells. Model: Cells were treated with blank
medium for 24 h and then treated with medium containing 30 pg/mL
H»0; for 24 h. Other groups: cells were treated with medium containing
Ve or XEP-70 for 24 h and then treated with medium containing 30 pg/
mL Hy05 for 24 h. All the data are expressed as the means + SDs (n = 6).
*p < 0.05, **p < 0.01 and ***p < 0.001 vs. the Model control group.

4. Discussion

Lichens are composed of both fungi and algae and form a stable and
mutually beneficial complex of organisms that carry out photosynthesis
to produce carbohydrates [62]. Approximately 13,500 species of lichens
have been identified around the world, approximately 4500 of which
have been studied on the basis of low-molecular-weight compounds,
compared to <100 high-molecular-weight compounds such as poly-
saccharides. There are three main structures of lichen polysaccharides
that have been studied: a-glucan, f-glucan and galactomannan. Various
pharmacological activities of lichens, such as antiviral, antitumor,
antibacterial, analgesic and antipyretic activities, have been demon-
strated. Lichen polysaccharide is an important active ingredient in li-
chens [63].

According to the results of the free radical scavenging assay, XEP-70
exhibited the strongest scavenging ability, followed by XEP-90 and XEP-
50. This result is related to its uronic acid content, which has previously
been shown to reduce hydroxyl radical synthesis by chelating Fe?* in
polysaccharides and increasing reducing power, while the aldehyde and
ketone groups in uronic acids are thought to facilitate the separation of
hydrogen from O—H bonds [64,65]. Huang et al. reported that five
polysaccharides were isolated from Inonotus obliquus, and all four
polysaccharides containing uronic acid (7.5 %-23.3 %) had greater
radical scavenging capacities than those without uronic acid [66]. In
addition to the uronic acid content, the antioxidant capacity of poly-
saccharides may be related to molecular weight, as the antioxidant ac-
tivity of polysaccharides increases with increasing molecular weight, as
reported by Song et al. [67]. Notably, XEP-50 has a higher molecular
weight than XEP-90 but does not have the same free radical scavenging
capacity as XEP-90, which may be related to the different mono-
saccharide compositions; the contents of galactose, rhamnose and
arabinose in the monosaccharide composition may have an effect on the
antioxidant capacity, as reported by Kang et al. [68]. This may have an
effect on the antioxidant capacity of both plants. In summary, the
antioxidant capacity of polysaccharides is determined by a combination
of factors, and it is difficult to explain the complex mechanism from a
single factor. Therefore, the relationship between the antioxidant ac-
tivity of XEP and its structure needs to be further investigated.

LX-2 is a cell lineage of hepatic stellate cells (HSCs) that is closely
associated with the health status of the liver. HSCs are activated
following stimulation or injury, and activated HSCs undergo morpho-
logical and functional changes, eventually transforming into fibroblasts
or myofibroblasts while leading to liver fibrosis, which may further
contribute to cirrhosis and liver cancer [69]. There are many factors that
can activate and damage HSCs, such as ROS, inflammatory factors and
lipid peroxidation. However, many of the different factors that cause
liver damage are accompanied by increased oxidation and reduced
antioxidant capacity [2]. Therefore, it is logical to use a natural anti-
oxidant to help counteract the oxidative stress produced by hepatocytes
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and reduce the potential for oxidative damage, thus protecting the liver.

ROS consist of many different chemicals, among which hydrogen
peroxide, which is stable and free from diffusion, is often used to study
the oxidative stress response of cells [13-16,69]. Hydrogen peroxide has
emerged as a major redox metabolite involved in redox sensing,
signaling and redox regulation. The generation, transport and capture of
H>0; in biological settings as well as its biological consequences can
now be addressed. Recent studies revealed that higher concentrations of
H30, lead to adaptive stress responses via master switches such as Nrf2/
Keapl or NF-kB. Supraphysiologic concentrations of HoO2 (> 100 nM)
can lead to damage of biomolecules, denoted as oxidative distress
[70,71]. In the present study, H,O2 was applied to induce oxidative
stress, as many previous studies have suggested that HyO5 is a highly
reactive oxygen species that can diffuse throughout mitochondria and
across cell membranes, causing many types of cellular injury; therefore,
H,02 seems to be a suitable agent for investigating reactive oxygen
metabolite-induced hepatocellular oxidative damage. HyO, can be
metabolized to several ROS, including hydroxyl radicals, which are
considered to be the most dangerous compounds to organisms. An
excess of uneliminated H>0O5 and its metabolites can oxidize virtually all
types of macromolecules, including carbohydrates, nucleic acids, lipids
and proteins. Increased levels of ROS overwhelm antioxidant defenses
and subsequently lead to a state of oxidative stress, which may further
impair body function and result in clinical deterioration [70-73]. The
present data indicated that HyO5 inhibited CAT, SOD, and T-AOC ac-
tivities, caused a substantial reduction in GSH content and increased
MDA levels, suggesting a significant disruption in the oxidative balance
after exposure to HyO9 treatment. In the present study, the protective
effect of XEP-70 on H2O2-induced oxidative damage caused by LX-2 cells
was investigated by preaddition of different concentrations of XEP-70 to
the experimental group. XEP-70 at concentrations of 50 and 100 pg/mL
significantly increased the activities of various antioxidant enzymes
while significantly reducing the levels of MDA, LDH and ROS (p < 0.05).

Nrf2 is a basic “cap and collar” leucine zipper transcription factor
that regulates the environmental stress response by regulating the
expression of genes encoding antioxidants and detoxifying enzymes. The
Nrf2-directed environmental stress response protects cells against a
variety of stressors, including environmental pollutants such as elec-
trophiles and oxidizing agents, immunotoxicants, and inflammatory
agents [74,75]. Keapl, a cysteine-rich protein that acts as a substrate
adaptor for the ubiquitination of Nrf2 by the Cul3-Rbx1 E3 ubiquitin
ligase complex, targets Nrf2 for proteasomal degradation and maintains
the transcription factor at a low level under nonstress conditions. Under
oxidative stress and in the presence of excess ROS, the oxidation or
conjugation of key cysteine residues in Keapl increases, and the modi-
fication of Keapl generally weakens its activity as an E3 ligase adaptor.
The net effect of such Keapl modification is disrupted; thus, c is no
longer degraded in the cytosol and translocates into the nucleus and
induces transcription of its target genes [76-78]. In the present study,
supraphysiological concentrations of HyO (30 mM) produced a large
amount of ROS in LX-2 cells, which led to a significant decrease in the
expression of Nrf2 and a remarkable increase in the expression of Keapl,
as well as a significant decrease in the expression of downstream anti-
oxidant proteins, including NQO1, HO-1, GCLC and GCLM. However,
pretreatment with XEP-70 for 24 h significantly increased Nrf2 expres-
sion and decreased Keapl expression, allowing Nrf2 to bind to ARE el-
ements and further promoting the significant expression of downstream
antioxidant proteins, such as NQO1, HO-1, GCLC and GCLM (P < 0.05),
thereby maintaining cellular activity and enhancing the antioxidant
capacity of LX-2 cells. These findings suggested that XEP-70 may have
some potential protective effects against oxidative damage in hepato-
cytes by activating the Nrf2/Keapl/ARE signaling pathway. However,
this study is supported by only in vitro characterization. Further efforts
need to be made to characterize these polysaccharides in vivo by using a
suitable animal model of liver disease.
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5. Conclusions

Three mannose-containing heteropolysaccharide fractions (XEP-50,
XEP-70 and XEP-90) were isolated from X. elegans, in which XEP-70
exhibited the best antioxidant activity in free radical scavenging ca-
pacity and reducing power assays. Structural studies showed that XEP-
70 was composed mainly of (1 — 4)-linked and (1 — 4,6)-linked a-D-
Glcp, (1 — 4)-linked a-D-GalpA, (1 — 2)-linked, (1 — 6)-linked and (1 —
2,6)-linked a-D-Manp, and (1 — 6)-linked and (1 — 2,6)-linked p-D-Galf.
Bioactivity analysis revealed that XEP-70 could effectively protect LX-2
cells against HyO»-induced oxidative damage by enhancing cellular
antioxidant capacity by activating the Nrf2/Keapl/ARE signaling
pathway. Thus, XEP-70 has good potential to protect hepatic stellate
cells against oxidative damage.
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