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KEYWORDS Abstract PFSV-2 is a purified polysaccharide with good hypolipidemic activity from artificially
Sanghuangporus vaninii; cultivated Sanghuangporus vaninii. In this study, PFSV-2 was characterized by scanning electron
Purified polysaccharide; microscopy, atomic force microscopy, X-ray diffraction, zeta potential, thermogravimetric analysis
Antioxidant activity; and the Congo red test. To assess the protective effect of PFSV-2, H,O,-induced oxidant injury on
Zebrafish; L929 cells and larval zebrafish models was employed. PFSV-2 significantly reduced H,O,-induced
1929 cells cytotoxicity in 1929 cells by decreasing intracellular ROS levels and cell apoptosis. Furthermore,

PFSV-2 had an obvious protective effect against H>O,-stimulated oxidative stress in larval zebrafish
by decreasing heart rate and reducing ROS generation and cells death. Additionally, PFSV-2
decreased the production of MDA and increased the activity of antioxidant enzymes SOD and
CAT in both L1929 cells and larval zebrafish. These results suggested that PFSV-2 may be useful
as an antioxidant in the medical and cosmetic industries.
© 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open
access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Reactive oxygen species (ROS) are attracting considerable attention

due to their important role in the biological functions of organisms

T . (Kim and Jiang, 2010). At low concentrations, ROS mainly act as
orresponding author. . . .

E-mail address: 22£2050@ 163.com (Z. Zuofa). intercellular signaling molecules an<.1 growth factors (Wang ct-ul..
2016). However, excessive accumulation of ROS can have deleterious
effects on biological macromolecules and induce the disorganization
of cell structures (Barzilai and Yamamoto, 2004). Indeed, the funda-
mental pathogenic mechanisms of many diseases have been found to
originate from oxidative damage (Poprac et al., 2017). Searching for
antioxidants as functional foods or medicines has attracted consider-
able attention (Hui and Gao, 2022).
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In recent years, many natural antioxidants with no side effects have
been employed to help protect the human body from oxidative dam-
age. Epidemiological studies have revealed that intake of fresh veg-
etable, fruits, tea and wines (good source of natural antioxidants) is
related to the reduction of the incidence of disease (Davovobasha
et al., 2018). Dietary antioxidants include numerous phytochemicals
such as vitamin A, vitamin C and vitamin E, a-tocopherol, B-
carotene and phenolic compounds (Chandra et al., 2019). Mushrooms
have been documented as a source of potentially safer natural antiox-
idants (Sanchez, 2017). Various antioxidant compounds such as
polysaccharide, phenolic compounds, ascorbic acid, tocopherols and
ergosterol have been isolated from mushrooms (Trznadel et al.,
1990; Tsai et al., 2007).

The use of Sanghuangporus as a traditional medicine can be traced
back 2000 years in China. As one of the most important species in
Sanghuangporus, Sanghuangporus vaninii can be artificially cultivated,
thus it occupies the largest share of the ‘Sanghuang’ application mar-
ket (Zhou et al., 2022). A variety of active components including
polysaccharides, terpenoids, flavonoids, polyphenols, etc., have been
found in S. vaninii (Zhang et al., 2019). Polysaccharides, the major
components of S. vaninii, have been the subject of several previous
studies (Zhang et al., 2019).

Previously, our research group extracted and purified a novel
polysaccharide (PFSV-2) with a molecular weight of 20.377 kDa from
the fruiting body of S. vaninii; this was a heteropolysaccharide that was
rich in fucose, galactose and mannose (Zhang et al., 2023). The back-
bone of PFSV-2 was composed of an — 6)-a-Galp (1-, -2, 6)-f-
Manp(l — and — 2)-a-Fucp (1 — and was branched at the O-2 posi-
tion of the t-z-Manp(1 —, the primary structure of PFSV-2 was exhib-
ited in supplementary Fig. 1. It was found that PFSV-2 had
outstanding lipid-lowering activity through decreasing lipid accumula-
tion and levels of TC and TG in larval zebrafish. There is no doubt that
the polysaccharides from S. vaninii are valuable for functional foods.
However, the antioxidant activity of PFSV-2 has not been investigated.
Accordingly, the present study investigated the antioxidant activity of
PFSV-2 in L929 cells and zebrafish models.

2. Materials

2.1. Materials and reagents

PFSV-2 was extracted and purified from S. vaninii by our
research group. Trypsin, H,O,, and the BCA protein test kit
were obtained from Shanghai Baoman Biotech. Co., Ltd.
Superoxide dismutase (SOD), catalse (CAT) and malondialde-
hyde (MDA) test kits were bought from the Nanjing Jiancheng
Bioengineering Research Institute. 1929 cells were obtained
from China Infrastructure of Cell Line Resources (Beijing
China). 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyl(MTT), acri-
dine orange, 2,7- dichlorofluorescein diacetate (DCFH-DA)
and dimethyl sulfoxide (DMSO) were purchased from Sigma
(St. Louis, MO, USA).All other reagents were analytic
reagents.

2.2. Characterization of PFSV-2

The surface morphology of PFSV-2 was observed by scanning
electron microscopy (SEM, Philips XL 30 ESEM, Philips, Hol-
land). The samples were fixed onto the sample stand and then
sputter-coated with platinum powder for observation.
Atomic force microscopy (AFM, Multimode 8, Brooke
Corporation, USA) of PFSV-2 was conducted according to
the reported methods (Jin et al., 2006). Polysaccharide solution
(1 pg/mL, 1 mL) was filtered through a 0.45 pm membrane and

then dropped onto a mica sheet for AFM analysis. A SizNy
probe was used to determine the micromorphological charac-
teristic of PFSV-2.

X-ray diffraction (XRD) analysis of PFSV-2 was deter-
mined using an X-ray diffractometer (Siemens D 5000, Bruker,
Germany). Patterns were recorded with a scanning speed of 1°
/min and an incident current of 40 mA over a diffraction angle
(20) range of 5-90.

A Zetasizer Nano S90 instrument (Malvern Instruments,
UK) was used to determine the zeta potential of PFSV-2.
Briefly, PFSV-2 was dissolved in distilled water (I mg/mL)
and analyzed in triplicate at 25 °C.

The thermal stability and mass loss of PFSV-2 during ther-
mal treatment were monitored by differential scanning
calorimetery (Discovery series DSC, TA Instruments, USA)
and thermogravimetric analyzer (Discovery SDT 650, TA
Instruments, USA). PFSV-2 powder (10 mg) was weighed
and heated from 20 to 800 °C at a heat rate of 10 °C/min.

The conformation of PFSV-2 was determined by the Congo
red test. Various concentrations of NaOH were added to a
mixture of PSV (2 mg:mL™") and Congo red (80 uM) and
the mixtures were left to stand for 10 min. The maximum
absorption wavelength of the samples was recorded using a
spectrophotometer (Shanghai Precision and Scientific Instru-
ment Co., Ltd, Shanghai, China).

2.3. Investigation of the protection of PFSV-2 on 1929 cells
against H,O0-induced oxidative damage

2.3.1. Cell culture

1929 cells were cultured in a 5% CO, humidified atmosphere
(37 °C). The cells were cultured using DMEM supplemented
with fetal bovine serum (10%), of sodium pyruvate (110 pg/
mL), streptomycin (100 pg/mL) and penicillin (100 unit/mL).
The cells were incubated for 2 days and then seeded on a 96-
well plate with a density of 1 x 10* cells/well.

2.3.2. Assessment of cell viability

After the medium was changed to serum-free medium for the
L929 cells, different doses of PFSV-2 (100 and 200 pg/mL)
and H,0, (300 uM) were added to each well. After 24 h, the
medium was removed and the cells were treated with MTT-
containing medium (100 pg /mL) for 3 h.The medium was then
aspirated and DMSO (100 pL) was added to the wells. The
absorbance at 540 nm was recorded using a microplate reader
(Model 680, Bio-Rad, USA).

2.3.3. Intracellular ROS generation

After the L929 cells medium was changed to the serum-free
medium, the cells were pretreated with different concentrations
of PFSV-2 (100 and 200 pg/mL) and incubated for 1 h. Then,
H,0, (300 uM) was added to the cells and allowed to incubate
for 1 h. Then, the cells were treated with DCFH-DA solution
(1.0 pg/mL). After 30 min, the fluorescence was measured with
a microplate reader at 485 nm (excitation)/535 nm (emission).

2.3.4. Nuclear staining with propidium iodide (PI)

L1929 cells were seeded on 24-well cell imaging plates with of
5% 10* cells/well for 24 h. Then, the cells were pretreated with
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PFSV-2 (100 and 200 pg/mL). After 24 h, the cells were treated
with H,O, (300 uM). After 30 min, cells were stained with PI
(100 pg/mL, 1.0 mL) and incubated for 20 min at 37 °C.
Finally, the cells were washed twice with PBS and observed
by fluorescence microscopy (Nikon Instruments Co., Ltd,
Tokyo, Japan) at 535 nm (excitation)/615 nm (emission).

2.3.5. Analysis of mitochondrial membrane potential (MMP)

Rh123, a cell-permeant cationic dye, was used to monitor the
mitochondrial membrane. MMP depolarisation results in the
loss of Rh123 from the mitochondria and a decrease in intra-
cellular fluorescence (Satoh et al., 1997). After the cells were
treated with PFSV-2 plus H,O, as described above, Rh123
(10 uM) was added to the cell culture and allowed to incubate
for 30 min at 37 °C. The cells were then washed twice with PBS
and then observed by flow cytometry. The laser emission was
at 480 nm, and a 530 nm long-pass filter was used (Shimizu
et al., 1996).

2.3.6. Detection of apoptotic cells with acridine orange/ethidium
bromide (AO/EB) staining

The AO/EB double staining method was used for the morpho-
logical assessment of apoptotic cells. L929 cells were seeded in
24-well microtiter plates (1 x 10* cells per well) for 24 h. The
cells were pretreated with PFSV-2 for 3 h, then incubated with
H>0, (300 pM) for 3 h at 37 °C before dye solution (AO and
EB 100 pug/mL, 4 pL) was added to each well. The cells were
observed and photographed with a fluorescence light
microscope.

2.3.7. Flow cytometric analysis of apoptotic cells

L929 cells were treated with PFSV-2 (100 or 200 pg/mL) for
3 h prior to exposure to H,O, (300 pM). After 3 h, the cells
were collected, washed and then resuspended in binding buffer
(1 x 10° cells/mL). Then, annexin V-FITC (5 pL) and PI
(5 pL) were added, and the cells were incubated for 15 min
in the dark. Finally, the apoptotic cells were quantified and
analyzed by flow cytometry.

2.3.8. Evaluation of MDA levels, and SOD and CAT activities
of 1929 cells

The 1929 cells were pretreated with PFSV-2 (100 or 200 ng/
mL) for 3 h and then exposed to H,O, (300 uM). After 3 h,
the 1929 cells were harvested, washed and lysed with lysis buf-
fer. The supernatant was utilised for the SOD, CAT and MDA
analyses.

2.4. In vivo antioxidant activity against H>O ,-induced oxidative
stress in zebrafish model

2.4.1. Maintenance of zebrafish

This study was conducted in conformity with the guide for the
Care and Use of Laboratory Animals. AB-type zebrafish were
purchased from Suzhou Murui Biotech. Co. Ltd. The zebrafish
were raised in a 3 L acrylic tank at 28.5 °C, with a 14/10 h

light/dark cycle. Embryos were collected within 30 min after
natural spawning.

2.4.2. Application of PFSV-2 and H>0; to zebrafish embryos

Approximately 8 h post-fertilization (hpf), embryos were
transferred to individual wells and maintained in embryo med-
ium containing PFSV-2. After | h of incubation, the embryos
were treated with H,O, (5 mM) until 24 hpf. The surviving fish
were then used for further experiments.

2.4.3. Measurement of heart rate, ROS generation and cell death
in larval zebrafish

The zebrafish heart rates were measured according to the
method of Kim et al. (2016). The zebrafish heart rates in all
the groups were recorded at 2 days post-fertilization (dpf)
under a microscope. Intracellular ROS generation and cell
death were measured in live embryos using DCFH-DA stain-
ing and acridine orange according to the method of Kim
et al. (2016). The zebrafish were observed and photographed
under a fluorescence microscope. The Image J program was
used to quantify the fluorescence intensity.

2.4.4. Evaluation of MDA levels, and SOD and CAT activity in
larval zebrafish

The treated zebrafish larvae were used to prepare a homoge-
nate with halogenation buffer (pH 7.8, 1 mL) at 4 °C. The
homogenate was centrifuged (9000 rpm, 15 min) and then
the supernatant was utilized for the SOD, CAT and MDA
analyses.

2.5. Statistical analysis

All the results are expressed as mean + standard deviation.
Statistical analyses were performed using one-way analysis of
variance (ANOVA). The statistical significance of differences
between the groups was assessed using the Student’s z-test
and a level of P < 0.05 was considered to be statistically
significant.

3. Results and discussion
3.1. Characteristics of PFSV-2

The surface morphology of PSFV-2 was determined by SEM,
with the results shown in Fig. la. A relatively complete lamel-
lar structure with some holes was observed, indicating the
entanglement and aggregation of PFSV-2 induced by the
polysaccharide chains and electrical charges (Wan et al., 2022).

AFM was used to determine the molecular morphology of
PSFV-2with the results shown in Fig. 1b. The polysaccharide
chain formed flame-like aggregates of uniform size and regu-
larity. The height of PSFV-2 reached 24.5 nm, which was much
higher than that of a single polysaccharide (0.1-1.0 nm) and
suggested that the molecular aggregation of PFSV-2 was
involved (Yang et al., 2022). The hydroxyl groups in the
polysaccharide chains and hydrogen bond interactions caused
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Fig. 1 Characterization of PFSV-2. (a) SEM, (b) AFM, (c) XRD pattern, (d) TGA trace, XRD pattern,(e) zeta potential, and (f)
Maximum absorption wavelengths of Congo red and the Congo red/ PFSV-2 complex as functions of NaOH concentrations.
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the chains to entangle with each other and form nonlinear
ellipsoids or cylindrical structures (Henriksen et al., 2004).

XRD is a highly efficacious method for revealing the crys-
talline or amorphous nature of a polysaccharides. As shown in
Fig. lc, the XRD profile of PFSV-2 was characteristic, with
one major reflection observed in the 5-90° 20 region at
19.6°. This indicated that PFSV-2 contained one main crys-
talline component; hence, it was concluded that PFSV-2 was
a semicrystalline polymer (Ren and Liu, 2020).

Stability is an important property when considering the
biological applications of polysaccharides. In this study, the
stability of PFSV-2 was examined by TGA. As shown in
Fig. 1d, three main steps were involved in the decomposition
of PFSV-2. In the first stage, 10% weight loss occurred below
220 °C, which was attributed to the loss of absorbed or
hydrogen-bound water in the polysaccharide pores and the
volatilization of a small amount of organic solvent (Archana
et al., 2013). This indicated that PFSV-2 was stable at rela-
tively low temperatures. The main weight-loss peak was
observed at 250 °C, where the weight of PFSV-2 began
decreasing sharply: approximately 70% of the initial weight
was lost as the temperature was increased from 250 to
350 °C, which was mainly due to depolymerization reactions
and the degradation of volatile components (Xie et al.,
2013). During this stage, PFSV-2 underwent strong thermal
cracking and its backbone began to break. Similar to the first
stage, slow weight loss was observed during the third stage,
during which the polysaccharide completely decomposed.
Approximately 5% of the weight of PFSV-2 was lost during
this stage (Ballesteros et al., 2015).

The charge of a polysaccharide can affect its stability,
which directly determines its potential applications (Chen
et al., 2021). As shown in Fig. le, the PFSV-2 solution had a
charge of —13.03 mV, which indicated the strong electron-
donating capacity and ease of coagulation of PFSV-2 (Li
and Wang, 2016). For a polysaccharide, factors such as the
charge density, physicochemical environment, molecular
weight and type of wet-end additive are important factors that
influence its zeta potential. The above results revealed the rel-
ative instability of the PFSV-2 solution (Wang et al., 2019a,
2019b). The polydispersity index (PDI) can reflect the distribu-
tion of individual molecular masses in a batch of polymers
(Deng et al., 2021). According to our previous results, the
PDI for PFSV-2 was 1.10, indicating that this polysaccharide
had a narrow distribution of molecular weight without large
aggregates (Zhang et al., 2023).

The conformation of the polysaccharide was analyzed by
the Congo red test (Wang et al., 2019a, 2019b). Triple-helix
polysaccharides react with Congo red, shifting to longer wave-
lengths at low concentrations and shorter wavelengths at
higher concentrations of NaOH (Guo et al., 2018). As shown
in Fig. 1F, the maximum absorption wavelength of PFSV-2
first increased and then decreased with increasing NaOH con-
centration. These results suggested that PFSV-2 had a triple-
helix conformation.

3.2. Cell experiments

3.2.1. Influence of PFSV-2 on the survival rate of L929 cells

To evaluate the protective effect of PFSV-2 against H,O,-
induced injury in L929 cells, the MTT assay was used to mea-

sure the viability of the 1929 cells. As shown in Fig. 3a, the
decreased cell viability induced by H,O, (45.35 + 3.87%)
was significantly attenuated by PFSV-2 pretreatment in a
concentration-dependent manner (100 pg/mL and 200 pg/mL
PFSV-2remarkable increased cell viability to 67.28 £+ 4.25%
and 70.82 + 3.62%, respectively). PFSV-2 These observations
suggested that PFSV-2 protected L1929 cells from H,0,-
induced cell injury.

3.2.2. Effects of PFESV-2 on the ROS levels in L929

The DCFH-DA probe was used to evaluate the ROS levels in
H,0,-treated 1.929 cells. As shown in Fig. 2a, a significant
increase in DCF fluorescence was observed after H,O, treat-
ment, indicating high ROS levels (p < 0.05). The pretreat-
ments of 1929 cells with PFSV-2 (100 or 200 upg/mL)
suppressed the increase in ROS in a dose-dependent manner
(100 pg/mL and 200 pg/mL PFSV-2 inhibited intracellular
ROS generation by up to 6.47 £ 0.67% and 4.28 £+ 1.02%,
respectively).

3.2.3. Protection of PFSV-2 against H>O0,-induced nuclear
damage in 1929 cells

As shown in Fig. 2b, the red fluorescence of the H,O,-treated
cells was significantly higher than that of the control groups.
Pretreatment with PFSV-2 significantly reduced the red fluores-
cence (100 pg/mL and 200 pg/mL PFSV-2 reduced the nuclear
damage to 38.16 = 4.28% and 21.35 £ 3.16%, respectively).
H,0, treatment disrupted the cell membrane of 1.929, which
resulted in more PI passing through the damaged cell mem-
brane and improved the fluorescence intensity (Fan et al., 2022).

3.2.4. PESV-2 prevented the loss of MMP in L929 cells

To assess the effect of PFSV-2 on the changes in MMP induced
by H,O, in 1929 cells, flow cytometric analyses were carried out
using Rh123. After the incubation of L1929 cells with 300 pM
H-0, for 30 min, the MMP level was 16.72 + 2.04% that of
the control (Fig. 2¢). Pretreatment with PFSV-2 protected cells
against the H,O,-induced lowering of MMP: compared with
the MMP in the control, the MMP level in cells incubated with
300 uM H,0, was 31.50 + 1.89% and 74.52 + 4.42% in the
presence of 100 and 200 pg/mL PFSV-2, respectively.

3.2.5. Effect of PFSV-2 on the nuclei of 1L929 cells

The morphological changes in L.929 cells, as revealed by AO/
EB staining, are shown in Fig. 2d. In the control group, the
nucleus was arranged closely, chromatin was distributed uni-
formly and most of the cells emitted green light. After incuba-
tion with 300 pM H,O, most of the L929 cells were in a state
of apoptosis (orange and red, the ratio of dead cells reached
86.59 + 3.86%). Pretreatment with PFSV-2 could reduce the
apoptosis of cells in a dose-dependent manner (the ratios of
dead cell reduced to 49.64 + 4.18% and 11.41 + 1.64% of
100 pg/mL and 200 pg/mL PFSV-2, respectively). This result
indicated the PFSV-2 could diminish the ratio of apoptosis
cells in 1.929 cells.

3.2.6. Effects of PESV-2 on H,0 ,-induced apoptosis in L929
cells by flow cytometry

To verify the protective effect of PFSV-2 against H,O»-
induced apoptosis in L929 cells, the annexin V-FITC/PI dou-
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Fig.2 PFSV-2 protects L929 cells against H202-induced oxidative damage. (a) ROS level using DCFH-DA staining, (b)nuclear damage
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ble staining method was used to measure the cell apoptosis
rates in different groups (Fig. 2e). In the scatter plot of flow
cytometry, the Q4 quadrant shows living cells; the Q3 quadrant
represents early apoptotic cells; the Q, quadrant stands for late
apoptotic cells and the Q, quadrant acts for the dead cells. As
displayed in Fig. 2F, the percentage of apoptotic cells was
higher in the H,O, group (20.41% early apoptosis and
8.72% late apoptosis) than that in the control group (0.41%
early apoptosis and 0.21% late apoptosis). But a marked
dose-dependent decrease in both the early and late stages of
apoptosis occurred in the L929 cells after 100 and 200 pg/
mL PFSV-2 treatments when compared with the H,O, treated

group.

3.2.7. Evaluation of MDA levels, and SOD and CAT activity

As shown in Fig. 3b, ¢ and d, compared with the control group,
H,0,; (300 uM) treatment could induced a significant decrease
in the activity of SOD and CAT and an increase in the MDA
levels in the 1929 cells. However, the pretreatment of cells with
PFSV-2 (100 and 200 pg/mL) distinctly ameliorated the
decreased activity of SOD and CAT as well as markedly reduc-
ing the increased MDA levels induced by H,O,, in a
concentration-dependent manner.

3.3. Protective effect of PFSV-2 against H>0; in zebrafish

3.3.1. Influence of PFSV-2 on heart rate of zebrafish

The close relationship between oxidative stress and the heart
rate of zebrafish has previously been reported (Kim et al.,
2014). As shown in Fig. 4a, an elevation of the heart rate in
zebrafish was observed after challenge with H,O, when com-
pared to the control. In contrast, pretreatment with different
PFSV-2 concentrations significantly lowered the heart rate in
a concentration-dependent mode. This result showed that
PFSV-2 can alleviate H,O,-induced oxidative damage in the
zebrafish model.

3.3.2. Effect of PESV-2 on ROS production and cell death in
zebrafish

DCFH-DA was used to measure the ROS production
induced by H,0, in zebrafish. As shown in Fig. 4b, the ROS
levels in zebrafish treated with H,O, increased significantly
to 542.35 £ 31.96 % compared to the control group. In
contrast, the zebrafish that were pretreated with different
concentrations of PFSV-2 (100 and 200 pg/mL) had
significantly decreased ROS levels of 312.42 + 35.31 % and
283.57 £+ 23.44 %, respectively. These results suggested the
intracellular ROS abatement potential of PFSV-2 in zebrafish.
Acridine orange, as a nucleic acid-selective fluorescent dye,
was used to detect cell death in zebrafish. As shown in
Fig. 4c, the cell death levels increased significantly to
286.36 = 26.96% in the H,O»-treated group. However, in
the presence of PFSV-2, the incidence of H,O,-induced cell
death was significantly decreased.

3.3.3. Evaluation of MDA levels, and SOD and CAT activities in
zebrafish

To further confirm the antioxidant effect of PFSV-2, the
effects of H,O, and PFSV-2 on the larval zebrafish were tested.
As shown in Fig. 5.a, b and ¢, H>O, reduced the activity of
SOD and CAT, and PFSV-2 pretreatment resulted in the sig-
nificant enhancement of SOD and CAT activity. Furthermore,
compared with the control group, the H,O,-treated group
showed significantly higher MDA levels and the PFSV-2 treat-
ment exhibited a concentration-dependent decrease in MDA
levels. All of the above results indicated that PFSV-2 could
ameliorate the oxidative stress condition in zebrafish.

4. Discussion

As a type of ROS with non-free radical form, H,O, can easily
cross the cell membrane and injure the cell (Akhtar et al.,
2017). Currently, H>,O, is used widely as an inducer of oxida-
tive stress injury in the body (Fang et al., 2018). To explore
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whether PFSV-2 could protect cells and larval zebrafish from
H,0,-induced oxidative damage, 1.929 cells and larval zebra-
fish were pretreated with PFSV-2 at two different concentra-
tions and then treated with H,O,.

After exposure to H,O,, the survival rate of the cells that
were pretreated with PFSV-2 was higher than that of the injury
group, indicating that PFSV-2 exerted a protective effect on
L1929 cells against H>O,. In this study, H,O, induced the rapid
accumulation of ROS in L929 cells and larval zebrafish but
PFSV-2 significantly decreased the ROS levels compared with
the injury group. It is widely shared that excessive ROS gener-
ation can damage the mitochondrial membrane and result in
cell death (Kroemer and Galluzzi, 2007). PFSV-2 could allevi-
ate the damage induced by ROS by decreasing the aggravation
of the MMP.

As an analogue of ethidium bromide, PI is a DNA staining
reagent. PI can pass through the damaged cell membrane but
not the intact living cell membrane (Kobayashi and Odake,
2017). Therefore, PI staining can be used to determine the
integrity of the cell membrane. In the present study, the red flu-
orescence of the H,O,-treated groups was significantly higher
than that of the control groups, indicating that H,O, treat-
ment disrupted the cell membrane. However, pretreatment
with PFSV-2 significantly decreased the red fluorescence, indi-
cating that PFSV-2 could alleviate the cell membrane damage
induced by ROS.

AO/EB staining was used to distinguish between living and
apoptotic cells (Xiang et al., 2020). Compared to the control,
after 1929 cell were exposed to H,O», a higher percentage of
apoptotic cells were detected. Pretreatment with PFSV-2
decreased the ratio of apoptotic L929 cells. This result indi-
cated that PFSV-2 could protect the L929 cells against
apoptosis.

Annexin V-FITC/PI labeling, followed by flow cytometry
analysis, was used to confirm cell apoptosis. This assay could
distinguish the viable cells, necrotic cells, and cells in early
and late apoptosis. It was found that PFSV-2 pretreatment
could decrease in both early- and late-stages apoptosis in
L929 cells.

Over exposure to ROS can result in lipid peroxidation of
the unsaturated fatty acids in the cell membrane (Amara
et al., 2022). In this study, the MDA content was ascertained,
which is the end product of lipid peroxidation and a biological
marker of oxidative damage (Ferrer et al., 2009). PFSV-2
decreased the MDA levels in both cell and larval zebrafish
models, exhibiting its protective effect. These results suggested
that PFSV-2 could decrease the effects of oxidative stress and
exhibit protective effects on L1929 cells and larval zebrafish
(Fig. 2C, Fig. 3C).

To further confirm the protective effect of PFSV-2 against
oxidative stress, the activity of SOD and CAT (key antioxi-
dant enzymes that scavenge ROS) following H,O,-induced
oxidative injury in L929 cells and larval zebrafish models
was assessed. The results showed that H,O, treatment
decreased the activity of SOD and CAT in both cells and lar-
val zebrafish, while PFSV-2 could restore the activity of both
enzymes in the H,O,-induced injury model in vitro and
in vivo. Thus, PFSV-2 could restore the antioxidant system,
which was a possible reason for the scavenging of ROS from
injured cells and larval zebrafish. In a word, PFSV-2 could
reduce the oxidative damage of H,O, through scavenging
intracellular ROS, protecting cell membrane, increasing the

activities of antioxidant enzymes and reducing the cell apop-
tosis (Hu et al., 2022).

The antioxidant properties of polysaccharides are a result
of the synergistic effects of various factors (Liu et al., 2021).
Molecular weight, glycosidic bond type, monosaccharide com-
position and uronic acid content are the key factors that influ-
ence the antioxidant properties of polysaccharides (Ji et al.,
2022). The antioxidant activity of polysaccharides is related
to their electron- or hydrogen-donating capacity. Low molec-
ular weight polysaccharides with good water solubility, higher
surface areas and numerous exposed reducing ends have a
higher chance of counteracting free radicals, granting them
better antioxidant activity (Shang et al., 2021). Uronic acid
can react with the hydrogen atom on the anomeric caribon,
so the presence of uronic acid is considered to be another fac-
tor that is indicative of the antioxidant activity of polysaccha-
rides (Wang et al., 2010).

The antioxidant activity of polysaccharides may be affected
by the monosaccharide composition, which is due to the effects
of the monosaccharide composition on the chain structure of
polysaccharides (Chen et al., 2010). Lo et al. (2011) have
reported that polysaccharides with a high proportion of man-
nose and rhamonse exhibited higher antioxidant activity.
Additionally, polysaccharides with low glucose content are
reported to have good antioxidant capacity (Chen et al.,
2019). Recent studies have also found that polysaccharides
with triple-helical structural integrity possess high antioxidant
activity (He et al., 2016). Taking together, the strong antioxi-
dant activity of PFSV-2 may be attributed to its low glucose
content, low molecular weight and triple-helical structures.
Further, research on the structure-effect relationship will
inform the development of polysaccharide products with
potential functional effects. Therefore, further studies are
urgently needed to clarify the structure—activity relationship
of PFSV-2.

5. Conclusion

The study indicated that the PFSV-2 purified from S. vaninii exhibited
pronounced antioxidant activity in vitro and in vivo. PFSV-2 exhibited
cytoprotective activity through increasing cell viability and the MMP,
while decreasing ROS levels and 1.929 apoptosis. Additionally, PFSV-
2 counteracted ROS generation and cell death and reduced the heart
rate in the H,O,-induced oxidative stress in vivo zebrafish model. Fur-
thermore, FPSV-2 decreased the production of MDA and increased
the activity of antioxidant enzymes SOD and CAT in both the L929
cells and larval zebrafish. The above results open the possibility of
exploitation of PFSV-2 as a novel therapeutic agent for oxidative stress
diseases.
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