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ARTICLE INFO ABSTRACT

Keywords: This study mainly aimed to explore the intervention effect of an unsaturated mannuronate oligosaccharide
Unsaturated mannuronate oligosaccharide (MOS) on Parkinson’s disease (PD) and its potential mechanism at the cellular level. MOS, which possesses high
(MOS)

water solubility and excellent biocompatibility, was prepared by enzyme degradation of alginate-derived poly-
mannuronate. In 6-hydroxydopamine (6-OHDA)-induced SH-SY5Y cell culture, MOS treatment effectively
augmented the expression of tyrosine hydroxylase (TH), PTEN-induced putative kinase 1 (PINK1) and parkin but

Parkinson’s disease (PD)
Cell culture model

Antioxidant
Anti-apoptosis suppressed the expression of a-synuclein (a-syn). Moreover, MOS exerted antioxidant activity by suppressing the
Autophagy excessive generation of reactive oxygen species and enhancing the activity of superoxide dismutase. MOS also

inhibited 6-OHDA-induced apoptosis by enhancing mitochondrial membrane potential and mitigating the Bax/
Bcl-2 pathway and improving autophagy that was blocked by 6-OHDA. In summary, these results have
demonstrated the significant neuroprotective effect of MOS on SH-SY5Y cells, indicating that MOS has a certain
intervention effect on the development of PD. This provides a promising foundation for developing novel
therapeutic strategies targeting neurodegenerative disorders.

1. Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder
with a prevalence of over 1 % among individuals aged 65 and above, and
this figure is anticipated to double by 2030, imposing a heavy economic
burden on society [1]. The pathological characteristics of PD include the
loss of dopaminergic neurons and the Lewy bodies formed by abnormal
aggregation of a-synuclein (a-syn) in the pars compacta of the substantia
nigra [2]. At present, no drugs can completely cure PD and most of the
existing drugs for PD have side effects. The first PD medication, levo-
dopa, which acts as a direct dopamine precursor, relieves symptoms by
promoting dopamine production in dopaminergic neurons [3]. How-
ever, this therapy is only effective in treating bradykinesia and is linked
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to significant side effects, including hallucinations, delusions, drowsi-
ness, dystonia, and other adverse effects [4]. Alternative therapeutics
based on the pathological mechanisms of PD have emerged to address
the continuously present symptoms of the disease, including the mod-
ulation of a-syn aggregation [5], oxidative stress [6], mitochondrial
dysfunction [7], and the impairment of autophagy [8]. However, the use
of two non-dopaminergic medications, trihexyphenidyl and amanta-
dine, has also been limited due to various side effects [9,10].
Therefore, the search for highly efficacious, non-toxic and neuro-
protective therapeutic agents from natural products is a prospective
strategy for PD treatment [11]. For example, quercetin, a dietary poly-
phenolic flavonoid, could alleviate 6-hydroxydopamine (6-OHDA)-in-
duced PD-like behavior by promoting mitochondrial autophagy and
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a-syn clearance [12]. Another well-known dietary polyphenol with a
variety of biological activities, resveratrol, could inhibit neuro-
inflammation to relieve PD [13]. However, a major disadvantage of
these natural products is their poor water solubility and low bioavail-
ability [14].

Active carbohydrate substances with good water solubility and
diverse structural characteristics in alleviating oxidative stress, inflam-
mation and neuronal apoptosis in in vitro Parkinson’s disease models
have been widely explored by researchers, such as trehalose, a prom-
ising candidate for PD therapy [15]. Polygonatum sibiricum poly-
saccharides also have been found to alleviate the deficiency of
locomotor activity and loss of dopaminergic neurons in the PD mouse
model [16]. Alginate is an acidic polysaccharide existing as a composite
of p-D-mannuronate and a-L-guluronate in edible marine brown alga
[17]. With its unique physicochemical properties and beneficial health
effects, alginate and its derivatives have found extensive application in
food and pharmaceutical industries, such as surgical dressing, gels,
edible films, and thickeners[17-19]. Studies have demonstrated the
potential of alginate-derived polymannuronate (PM) in strengthening
motor functions and preventing dopaminergic neuronal loss by
enhancing the expression of TH in the midbrain of PD mouse models
[20]. However, the large PM polysaccharide molecules encounter some
limitations in terms of bioavailability and blood-brain barrier crossing.
Oligosaccharides produced by alginate degradation have the advantages
of high water solubility, high stability and high bioavailability, and
improved biological activities [17]. MOS was obtained from PM by
enzymatic degradation, with the degree of polymerization varying from
M2 to M11 and a double bond at the C-4 and C-5 positions of the
non-reducing end (Scheme 1) [21], which could improve the patho-
logical characteristics of Alzheimer’s disease (AD) by enhancing auto-
phagy in AD cell models [22]. Based on the above studies, we speculate
that MOS might have similar effects in the alleviation of PD
development.

In this study, the structural characteristics of MOS were analyzed and
the potential effect of MOS on preventing the PD-like pathological
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process and the related molecular mechanism were investigated in 6-
OHDA-triggered SH-SY5Y cell culture. The findings from this study
would addresses a specific gap by investigating the neuroprotective role
of MOS and could provide key insights into understanding the patho-
logical mechanism of MOS intervention in PD, helping to establish the
fundamental basis for MOS as food supplements for PD treatment.

2. Materials and methods
2.1. Materials and reagents

Sodium alginate (20 cps) and 6-OHDA were provided by Sigma-
Aldrich (St. Louis, MO, USA). Antibiotics, fetal bovine serum (FBS),
dulbecco’s modified eagle medium (DMEM), and DMEM/F-12 were
provided by Gibco (Grand Island, NY, USA). All antibodies were pur-
chased from Cell Signaling Technology (Beverly, MA, USA). The cell
counting kit-8 (CCK-8), lactate dehydrogenase (LDH) cytotoxicity assay
kit, 2/,7-dichlorofluorescin diacetate (DCFH-DA) reagent, total super-
oxide dismutase (SOD) assay kit, JC-1 fluorescence probe and RIPA
buffer were purchased from Beyotime (Jiangsu, China). The enhanced
chemiluminescent kit was from Thermo Scientific (Hudson, NH, USA).
Other chemicals were provided by Macklin Biochemical Technology
(Shanghai, China).

2.2. Procedure for preparation of MOS from alginate

The unsaturated mannuronate oligosaccharide (MOS) was prepared
as reported previously, including the acid fractionation of alginate to PM
and enzymatic degradation of PM (Scheme 1) [21,23]. Firstly, 20 g of
alginate was dissolved in 1000 mL of 0.5 M HCI and heated for 7 h at
90 °C. After centrifugation, the sediment was obtained and dissolved in
8 % NaHCOs. The pH value of the solution was adjusted to 2.85 and the
PG precipitation was removed by centrifugation (2000 g, 10 min). Then,
three times the volume of anhydrous ethanol was added to make PM
precipitate. Following freeze-drying by vacuum-freeze dryer (DGJ-7C,
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Scheme 1. Preparation of MOS from alginate-derived PM.
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BODENG, Shanghai, China), 0.5 g of PM was dissolved in 20 mL of 0.05
M phosphate buffer and then mixed with 20 pL of 0.3 mg/mL alginate
lyase, which was a gift from Professor Tatsuya Oda of Nagasaki Uni-
versity. An equal enzyme solution was added after 2 h incubation and
further incubated for 24 h. Then, the MOS was obtained after filtration
and freeze-drying.

2.3. Cell culture and treatment

SH-SY5Y cells were cultured in DMEM supplemented with 50 %
DMEM/F-12, 10 % FBS, and 1 % each of antibiotics, nonessential amino
acids, sodium pyruvate and L-glutamine at 37 °C with 5 % COs. For the
experiment on MOS treatment effects on 6-OHDA-stimulated responses,
the cells were seeded in 96-well (5 x 10* cells/well) or 6-well (5 x 10°
cells/well) plates overnight and then pretreated with 1, 10, or 100 pg/
mL MOS for 4 h in the medium without FBS. Following co-stimulation
with 50 pM 6-OHDA for 24 h, the cells were collected for subsequent
experiments.

2.4. Cell viability assay

After various treatments, SH-SY5Y cells were incubated with 100 pL
CCK-8 reagent for 1.5 h. Then, the absorbance of all samples was
detected at 450 nm by a Spectra Max microplate reader (Thermo Sci-
entific, Hudson, NH, USA).

2.5. LDH release assay

After various treatments, the cell-culture medium in 96-well plates
was totally removed and 150 pL of LDH release reagent was added. After
1 h incubation in the incubator with 5 % CO5, 100 pL of the supernatant
was mixed with 50 pL of LDH detection working solution and incubated
at 25 °C for 30 min in the darkness without CO,. Subsequently, the
absorbance of all samples was determined at 490 nm by a microplate
reader.

2.6. Measurement of intracellular ROS and SOD activity

Intracellular ROS level was determined with a DCFH-DA probe. After
the treatments, the cell-culture medium in 6-well plates was completely
removed and 10 pM DCFH-DA in 2 mL of new medium was added. After
30 min incubation at 37 °C, the fluorescence of each group was analyzed
using flow cytometry (FACS, BD, New Jersey, USA) with an excitation
wavelength of 488 nm and an emission wavelength of 525 nm.

For SOD measurement, 100 pL of SOD preparation solution was
added to 96-well plates for cell lysis. After 30 min incubation, 20 pL of
supernatant was mixed with the working solution and incubated for
another 30 min. Subsequently, the absorbance was detected at 450 nm
by a microplate reader.

2.7. Mitochondrial membrane potential (MMP) analysis

After the treatments, SH-SY5Y cells were resuspended and probed by
JC-1 at 37 °C for 20 min. After being washed, the cells were analyzed by
FACS with excitation at 485 nm and emission at 590 nm.

2.8. Western blot analysis

The protein from SH-SY5Y cells was collected using RIPA buffer and
quantified by the BCA Protein Quantitation kits. Then 10 pg of each
protein was separated using SDS-PAGE and transferred onto PVDF
membranes (100 mA, 120 min). After being blocked, the PVDF mem-
branes were incubated with primary antibodies (Table S1) at 4 °C
overnight and HRP-conjugated secondary antibody at RT for 1 h. After
rinsing, the membranes were scanned by the automatic chem-
iluminescence imaging system (Tanon 5200, Guangdong, China) with
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an ECL kit, and the grayscale value of each band was analyzed using Fiji
software (NIH, Bethesda, MD, USA).

2.9. Immunofluorescence analysis

Following various treatments, cells grown on confocal dishes were
fixed using 4 % paraformaldehyde and permeabilized using 0.2 % Triton
X-100. After blocked, the SH-SY5Y cells were administrated with anti-
a-syn antibody. For the assessment of mitochondrial function, the SH-
SYS5Y cells were exposed to JC-1. Following rinses, the cells were incu-
bated with DAPI or fluorescently labelled secondary antibody.
Following three washes, the cells were observed by confocal microscopy
(ZEISS LSM 880, Leica, Germany).

2.10. Statistical analysis

The experimental data were analyzed by GraphPad Prism 5.0 soft-
ware (GraphPad Software, CA, USA) and presented as the mean +
standard deviation (SD). The significance of a treatment effect was
determined by two-tailed Student’s t-test at p < 0.05.

3. Results
3.1. Effects of MOS on cell cytotoxicity induced by 6-OHDA

The results of cytotoxicity assay showed that MOS alone improved
the cell viability of SH-SY5Y cells slightly (Fig. 1A). When the cells were
treated with 10 pg/mL MOS, the viability reached a maximum of 118 %
+ 2.69 %, and then decreased to 108 % + 1.70 % at 100 pg/ml MOS
concentration, but all were higher than the blank control group (p <
0.01) (Fig. 1A). This biphasic trend may reflect a mild cytostatic effect or
cellular stress response triggered at higher concentrations, a phenome-
non commonly observed with bioactive oligosaccharides and other
natural compounds [24]. Treatment with 6-OHDA alone caused a
reduction in the viability of SH-SY5Y cells by approximately 68 % +
2.63 % in comparison with the control group; MOS pretreatment was
found to effectively attenuate the 6-OHDA-induced cytotoxicity in a
concentration-dependent manner (Fig. 1A). These results indicated that
MOS’s protective effects are predominant over its effects on cell
viability.

From Fig. 1B, it could be found that treatment with 6-OHDA effec-
tively increased the release of LDH from SH-SY5Y cells compared to the
control group (p < 0.01). As expected, the 6-OHDA-triggered LDH
release from SH-SYSY cells was significantly eliminated by MOS pre-
treatment in a dose-dependent manner (p < 0.01) (Fig. 1B).

3.2. Effects of MOS on the protein expression of TH and a-syn

TH and o-syn are important markers of PD pathology [25] and the
effect of MOS on their expression induced by 6-OHDA were determined
by Western blotting analysis. As shown in Fig. 2A and B, stimulation
with 6-OHDA alone resulted in an obvious reduction in the expression
level of TH and a significant increase in the expression level of a-syn (p
< 0.05). When pretreated with MOS, this situation was significantly
reversed in contrast to the model group (p < 0.05), indicating that MOS
could reduce the PD-related pathological characteristics induced by
6-OHDA. In addition, the effect of MOS on the expression of a-syn was
further confirmed by immunofluorescence using confocal microscopy,
which showed that MOS treatment could significantly reduce the a-syn
expression and aggregation in 6-OHDA-treated SH-SY5Y cells (Fig. S1).

3.3. Effects of MOS on the mitochondrial homeostasis
Mitochondrial dysfunction can exacerbate the PD process [26]. It

was shown that 6-OHDA notably reduced the expression of PINK1 and
parkin protein in SH-SY5Y cells in comparison to the control group (p <
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Fig. 2. Effects of MOS on TH and a-syn protein expression in SH-SY5Y cells induced with 6-OHDA. SH-SY5H cells were pretreated with 1, 10, or 100 pg/mL MOS for
4 h followed by 50 uM 6-OHDA for 24 h. (A) The expression level of TH and o-syn evaluated by Western blotting analysis and (B) normalized to GAPDH. Data
presented as the mean + SD (n = 3). *p < 0.05, compared to control group. *p < 0.05 compared to 6-OHDA group.

0.05), and MOS treatment could effectively reverse the 6-OHDA-trig-
gered reduction of these proteins (p < 0.05) (Fig. 3A and B). The
expression of mitochondrial fission and fusion proteins in SH-SY5Y cells
is also closely related to mitochondrial homeostasis. It was shown that
6-OHDA notably reduced the expression of mitofusin-2 and increased
the expression of dynamin-related protein 1 (DRP1) in SH-SY5Y cells in
comparison to the control group (p < 0.05), and MOS treatment could
effectively reverse this situation (p < 0.05) (Fig. 3C and D). This suggests
that MOS can effectively regulate mitochondrial homeostasis, thereby
helping to slow down the process of PD.

3.4. Effects of MOS on ROS generation and SOD activity

As reported, 6-OHDA can cause cell damage by inducing large
amounts of ROS production and reducing SOD activity [27], which was
confirmed in this study. The ROS production in 6-OHDA-induced
SH-SY5Y cells was 2.8 times higher than that of the control group (p
< 0.001), and the SOD activity was reduced to 54 % of the control group
(p < 0.01) (Fig. 4A and B). Interestingly, the MOS pretreatment signif-
icantly attenuated the excessive ROS generation and the 6-OHDA-sup-
pressed SOD activity in SH-SY5Y cells in a dose-dependent manner
(Fig. 4).

3.5. Effects of MOS on mitochondrial membrane potential (MMP)

To further evaluate the effect of MOS on 6-OHDA-induced MMP, the

JC-1 probe was used. JC-1 probe can selectively enter mitochondria, and
when the mitochondrial membrane potential is reduced, JC-1 changes
from red fluorescence to green fluorescence. It could be seen that JC-1
red fluorescence was dominant in untreated SH-SY5Y cells, while JC-1
green fluorescence was dominant in 6-OHDA-treated SH-SY5Y cells.
When pre-treated with MOS, the red fluorescence of JC-1 was enhanced
and superimposed with the green fluorescence, presenting a certain
yellow color (Fig. 5A), which was also confirmed by flow cytometry
analysis. As expected, in SH-SY5Y cells treated with 6-OHDA alone, the
MMP decreased by 43.31 % in comparison to the control group (p <
0.001) and MOS pretreatment significantly reversed the 6-OHDA-
induced reduction in MMP (p < 0.01) (Fig. 5B). These results indicate
that MOS could effectively relieve mitochondrial damage induced by 6-
OHDA.

3.6. Effects of MOS on the mitochondrial apoptosis pathway

The reduction of MMP will trigger a series of signaling cascades
leading to apoptosis, which was further confirmed in this study. After 6-
OHDA treatment, the levels of Bax and cleaved caspase 3 were increased
in the SH-SY5Y cells, whereas the level of Bcl-2 was decreased compared
to the control group (Fig. 6). As expected, MOS pretreatment can reverse
these proteins’ expression (Fig. 6A). From the band density analysis, it
can be found that the 6-OHDA-triggered augmentation in cleaved cas-
pase 3 expression (p < 0.01) and Bax/Bcl-2 ratio (p < 0.05) was
significantly decreased by MOS pretreatment (p < 0.01) (Fig. 6B). This
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suggests that MOS could attenuate 6-OHDA-induced activation of
mitochondria-mediated endogenous apoptosis signaling pathway and
antagonize cell apoptosis.

3.7. Activation effects of MOS on the autophagy pathway

As illustrated in Fig. 7, treatment with 6-OHDA alone resulted in an
increased expression of phosphorylated mammalian target of rapamycin
(p-mTOR) and a higher LC3-II/LC3-I ratio compared to the control
group (p < 0.05). As expected, pre-treatment with MOS could effectively
attenuate this trend (p < 0.05). To confirm the relationship between the
inhibition of apoptosis and autophagy augmented by MOS, the expres-
sion level of cleaved caspase 3 in 6-OHDA-triggered SH-SY5Y cells
supplemented with autophagy inhibitors (3-methyladenine, 3-MA, 0.35
mM) was detected. From Fig. 8, it was observed that the level of cleaved
caspase 3 was obviously augmented in the presence of autophagy in-
hibitors compared to treatment with 6-OHDA alone (p < 0.05). In
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addition, the decreased production of cleaved caspase 3 by MOS was
effectively restored by co-incubation with 3-MA (p < 0.01) (Fig. 8).

4. Discussion

Recent investigations have demonstrated that some saccharides
extracted from seaweeds have neuroprotective activity. A fucoidan
extracted from Laminaria japonica has been found to ameliorate motor
disorders and dopaminergic neurodegeneration [28] and another iso-
lated from Fucus vesiculosus can prevent apoptosis and oxidative stress in
PD-like cell models [29]. Trehalose has been documented to enhance
autophagy and prevent MPTP-induced dopaminergic neuron damage
[30]. Our previous studies have shown that alginate-derived saccharides
can inhibit lipopolysaccharide (LPS)-induced neuroinflammation and
facilitate the phagocytosis of BV-2 cells to f-amyloid [31]. In the current
study, MOS, an oligosaccharide derived from enzymatic depolymeriza-
tion of PM, was found to enhance cell viability and decrease cytotoxicity
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Fig. 7. The effects of MOS on the autophagy pathway in 6-OHDA-induced SH-SY5Y cells. SH-SY5H cells were pretreated with 1, 10, or 100 pg/mL MOS for 4 h
followed by 50 pM 6-OHDA for 24 h. (A) The expression levels of p-mTOR, mTOR and LC3 were evaluated by Western blot analysis, (B) normalized to GAPDH. Data
presented as the mean + SD (n = 3). #p < 0.05 compared to control group. *p < 0.05, ***p < 0.001.
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100 pg/mL MOS for 4 h followed by 50 pM 6-OHDA and 3-MA (0.35 mM) for
24 h. (A) The expression level of cleaved caspase 3 was evaluated by Western
blot analysis, (B) normalized to GAPDH. Data presented as the mean + SD (n =
3). *p < 0.05, **p < 0.01.

in 6-OHDA-stimulated SH-SY5Y cells (Fig. 1), suggesting that MOS has
neuroprotective activity.

The loss of dopaminergic neurons is a widely recognized hallmark of
PD, with TH serving as a crucial marker for the viability of dopaminergic
neurons [2]. Our findings revealed that MOS effectively increased TH
expression in SH-SY5Y cells (Fig. 2), indicating MOS could inhibit the
reduction in the number of dopaminergic neurons. This observation
further confirmed the neuroprotective potential of MOS. The abnormal
expression and aggregation of o-syn represents another significant
pathological feature of PD. Notably, our investigation demonstrated that
MOS treatment significantly reduced o-syn protein expression in
6-OHDA-mediated neuronal cell death model (Fig. 2). The finding
indicated that MOS treatment might also protect the function of the
mitochondria function of SH-SY5Y cells. As expected, MOS treatment
maintained mitochondrial homeostasis by enhancing the levels of PINK1
and parkin (Fig. 3A and B), which could collaborate to ubiquitinate the
damaged mitochondria and remove the damaged organelles through
mitochondrial autophagy [32]. Mitochondria regulate their structural
integrity and functionality through continuous cycles of fission and
fusion, ensuring the dynamic equilibrium of the mitochondrial network.
Disruptions in this balance can lead to structural abnormalities and
functional impairments. Excessive mitochondrial fission results in
fragmentation, which can compromise mitochondrial function. Main-
taining this dynamic interplay is crucial for cellular homeostasis [33].
Western blot analysis revealed that exposure to 6-OHDA significantly
reduced mitofusin-2 expression while increasing DRP1 levels, indicating
dysregulated mitochondrial dynamics. Notably, MOS post-treatment
reversed these changes by upregulating mitofusin-2 and down-
regulating DRP1, suggesting its role in restoring mitochondrial network
balance (Fig. 3C and D). These findings imply that MOS mitigates the
abnormal mitochondrial fission and fusion induced by 6-OHDA, thereby
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preserving mitochondrial integrity and function.

ROS is reported to act a critical role in cell homeostasis. However,
when its production is unlimited, ROS can, in turn, damage cells [34].
MOS pretreatment significantly reduced the ROS level in 6-OHDA-trig-
gered SH-SY5Y cells (Fig. 4A) and enhanced the activity of SOD
(Fig. 4B). These results indicated that MOS possesses significant anti-
oxidant activity, which might be due to the unsaturated double bonds
present at the C-4 and C-5 positions of MOS [35,36]. However, the po-
tential involvement of receptor-mediated or signaling pathway-based
mechanisms cannot be excluded and further studies are needed to
clarify whether MOS interacts with specific cellular receptors or
redox-sensitive transcription factors. The previous study has reported
that the MMP of PD patients in peripheral blood mononuclear cells was
much lower than that of healthy controls [37]. Interestingly, our study
demonstrated that MOS effectively prevented the reduction of MMP
induced by 6-OHDA in SH-SY5Y cells (Fig. 5). Given the lack of evidence
for direct mitochondrial targeting, we speculate that MOS may regulate
mitochondrial dynamics indirectly by alleviating oxidative stress and
restoring mitochondrial membrane potential, two critical upstream
signals known to influence mitochondrial dynamics proteins [32].

Furthermore, MOS significantly increased the levels of anti-apoptotic
Bcl-2 protein while decreasing the levels of pro-apoptotic proteins in 6-
OHDA-treated SH-SY5Y cells (Fig. 6), indicating MOS can effectively
inhibit cell apoptosis and exert a neuroprotective role in neuro cells. This
finding parallels the effects of the polysaccharide prepared from Antro-
dia camphorate, which played a neuroprotective role by reducing the
production of ROS and inhibiting neuronal apoptosis in 6-OHDA-medi-
ated neuronal cell death models [38].

Evidence has demonstrated that autophagy defects play a significant
role in the pathophysiology of PD [39], which was also confirmed in this
study. In 6-OHDA-treated SH-SY5Y cells, the increase of the level of
p-mTOR and the ratio LC3-II to LC3-I indicated the initiation of auto-
phagy and the fusion of autophagosomes and lysosomes were inhibited,
respectively [40]. Notably, MOS treatment could effectively reduce the
level of p-mTOR and LC3-1I/LC3-I ratio (Fig. 7A and B), suggesting that
MOS could effectively regulate autophagy in nerve cells, consistent with
our previous reports [21]. To confirm the relationship between
increased autophagy and inhibited apoptosis, autophagy inhibitor 3-MA
was used. As anticipated, the cleaved caspase 3 level in the presence of
3-MA was significantly elevated compared to those treated with MOS
alone (Fig. 8). This finding demonstrated that the anti-apoptotic effects
of MOS can be disrupted by using autophagy inhibitors, which confirm
that autophagy is related to the neuroprotective effects of MOS on nerve
cells. Similarly, astragalus polysaccharide also has been shown to exert
neuroprotective effects by activating autophagy through the mTOR
pathway in 6-OHDA-induced PC12 cells [41].

The antioxidant and anti-inflammatory effects of MOS likely
contribute to the beneficial effects observed in this study, with these
biological activities being closely linked to the molecular structure of
MOS. Specifically, MOS possess an unsaturated double bond at the C-4
and C-5 positions, forming conjugated structures with carboxyl groups.
According to resonance hybrid theory, the parent radicals of MOS un-
dergo delocalization through allylic rearrangement, enabling the con-
jugated structure to effectively neutralize oxygen free radicals when
encountering radical oxidants [36]. Furthermore, the conjugated alkene
acid structure renders MOS an acidic saccharide, potentially allowing
MOS to modulate the functions of certain organelles upon cellular entry,
such as maintaining the acidic environment of lysosomes to enhance
autophagy. Compared to conventional neuroprotective agents, MOS
demonstrates a unique profile. Levodopa is a dopamine precursor widely
used in Parkinson’s disease to alleviate motor symptoms, but it neither
addresses underlying neuroinflammation nor prevents neuronal loss,
and long-term use can lead to motor complications [42]. In contrast,
quercetin and resveratrol are polyphenols that exert neuroprotective
effects by scavenging ROS, inhibiting pro-inflammatory cytokines, and
modulating pathways such as Nrf2 and NF-xB [43]. In addition,
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compared to other algal-derived polysaccharides, MOS features a lower
molecular weight and an unsaturated structure, which may enhance its
cell permeability and antioxidant potency. Furthermore, MOS appears
to exert a multifaceted protective effect, simultaneously modulating
oxidative stress, mitochondrial integrity, and autophagy. This integrated
mechanism may distinguish it from other algal polysaccharides [44].

Currently, studies on MOS have concentrated on their potential
therapeutic effects. However, the current limitations in the alginate
lyase industry hinder the large-scale production of MOS. As advance-
ments in the alginate lyase sector progress, it is anticipated that the
production of enzymatically derived alginate oligosaccharides will
significantly increase. Consequently, MOS could become more widely
available as a nutritional supplement, potentially at a much lower cost.

In summary, at the cellular level, MOS can effectively ameliorate PD-
related pathological features, while simultaneously reducing oxidative
stress and apoptosis in 6-OHDA-mediated neuronal cell death. More-
over, the enhancement of autophagy by MOS likely plays a pivotal role
in these protective effects. Of course, these findings are based on un-
differentiated SH-SY5Y cells, which presents certain limitations.
Although undifferentiated SH-SY5Y cells are commonly used as a rapid
and cost-effective in vitro model for neurotoxicity screening, they lack
the mature neuronal characteristics of differentiated cells, such as
extended neurite outgrowth, synaptic activity, and specific neurotrans-
mitter profiles. These limitations restrict the translational relevance of
the current findings. In future work, we plan to utilize retinoic acid-
differentiated SH-SY5Y cells, which more closely resemble mature
dopaminergic neurons, to assess whether MOS confers similar protective
effects in a more neuron-like environment. Furthermore, in vivo vali-
dation will be performed using a well-established PD animal model to
evaluate the therapeutic efficacy of MOS in a complex biological system,
including its impact on motor function, dopaminergic neuron survival,
and neuroinflammation in the substantia nigra and striatum.

5. Conclusions

This study suggests MOS has the potential for reducing abnormal
expression of o-syn, promoting dopaminergic neuron repair, and
enhancing mitochondrial quality control by increasing the expression of
PINK1 and parkin. Moreover, MOS may exert a neuroprotective effect by
inhibiting oxidative stress and apoptosis and enhancing autophagy.
These findings indicate that MOS has a protective effect on SH-SY5Y
cells to against 6-OHDA, laying a foundation for future exploration of
candidate compounds or functional food ingredients for PD treatment.
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