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SVHRSP protects against rotenone-
induced neurodegeneration in mice by
inhibiting TLR4/NF-kB-mediated

neuroinflammation via gut microbiota
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Strong evidence indicates that remodeling gut microbiota may be an effective approach to combat
Parkinson’s disease (PD). Scorpion Venom Heat-Resistant Synthesized Peptide (SVHRSP), a
synthesized peptide discovered from scorpion venom, displays potent neuroprotection in multiple PD
models. However, the potential mechanisms remain unclear. In this study, we demonstrated that
SVHRSP effectively attenuated gastrointestinal function impairments and reinstated the microbiota
composition in rotenone-induced PD mouse model. Microbiota depletion and FMT verified that the
restored gut microbiota was necessary for SV HRSP-mediated neuroprotection against dopaminergic
neurodegeneration in rotenone PD mice. Furthermore, SVHRSP gut microbiota-dependently
attenuated BBB impairment, microglial activation, and gene expression of pro-inflammatory factors in
rotenone-treated mice. Mechanistically, SVHRSP decreased the concentrations of LPS and HMGB1
in both serum and brain tissue, thereby inhibiting the TLR4/NF-kB signaling pathway in the brain of
rotenone-treated mice. Together, our findings provided fresh perspectives on the mechanisms

underlying SVHRSP-induced neuroprotection in PD.

Parkinson’s disease (PD) ranks as the second most prevalent neurodegen-
erative disease with its occurrence increasing year by year. PD is dis-
tinguished by the degeneration of dopaminergic neurons within the
substantia nigra (SN) and the intraneuronal aggregation of a-synuclein'.
The clinical features of PD include motor symptoms and non-motor
symptoms”. Non-motor symptoms in PD usually appear prior to motor
symptoms, such as olfactory dysfunction, constipation, and REM sleep
behavioral disorder’. Currently, the treatment of PD mainly focuses on
symptom relief and fails to halt the neurodegenerative process. Therefore,
the development of innovative therapeutic strategies aimed at halting
neurodegeneration is urgently needed.

Recent investigations have uncovered a strong link between gastro-
intestinal dysfunction and the onset and progression of PD. Fecal micro-
biota analyzed using 16S rRNA sequencing showed a significant reduction
in bacterial taxa related to neuroprotection in PD patients compared to
control individuals’. Further studies revealed a significant positive

correlation between decreased Enterobacteriaceae and increased postural
instability in PD patients’. Additionally, a negative association between PD
severity/duration and cellulose-degrading microorganisms was observed”.
Notably, when feces from PD patients were transplanted into mice, the
neuropathological manifestations of PD, such as dopaminergic neurode-
generation and motor dysfunction were replicated”. Germ-free or
microbiota-depleted mice showed more resistance to feces-induced neu-
ropathological damage from PD patients than normal mice*’, indicating
that microbiota dysbiosis contributes to the advancement of PD.
Disruptions in the bacterial microbiota have been shown to induce
intestinal inflammation. Evidence from experiments, clinical observations,
and population studies indicates that intestinal inflammation is one of the
mechanisms underlying the development of PD'*". PD patients show a
notable rise in pro-inflammatory bacteria such as Lactobacillus, Akker-
mansia, Helicobacter, and Enterobacter in the intestinal mucosa compared
with non-PD controls. In contrast, PD patients have reduced levels of
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Roseburia bacteria, which can modulate genes associated with anti-
inflammatory effects, compared to healthy individuals”’. Heightened level of
pro-inflammatory cytokines and glial markers has been observed in the
colons of PD patients". This pro-inflammatory dysbiosis evident in PD
patients might lead to misfolding of a-synuclein and compromise the
integrity of the intestinal barrier, ultimately leading to breakdown of the
blood-brain barrier (BBB) and subsequent neuroinflammation and neu-
rodegeneration in the brain'>'’. Some studies have suggested that certain
natural drugs may exert neuroprotective effects through modulation of the
gut microbiota. For instance, curcumin-induced protection in PD mice was
associated with the levels of Lactobacillaceae and Aerococcaceae'”. Coffee
improved gut microbiota dysbiosis induced by MPTP in a mouse model and
this improvement was linked to a reduction of dopaminergic neurode-
generation in mice'®. Therefore, reshaping the gut microbiota could be
explored as an innovative direction for developing PD treatment strategies.

The Scorpion Venom Heat-Resistant Synthesized Peptide (SVHRSP),
derived from the venom of East Asian scorpions, is obtained through a
combination of liquid chromatography-mass spectrometry, solid-phase
chemical synthesis, chromatographic purification, and mass spectrometry
identification techniques by our laboratory. We have recently demonstrated
that SVHRSP exhibits neuroprotective effects in various mouse models of
PD"*’. However, the mechanisms underlying SVHRSP-afforded neuro-
protection remain unclear. The study aimed to explore the impact and
underlying mechanisms of SVHRSP on gut dysbiosis employing a
rotenone-induced mouse PD model, aiming to provide a deeper insight into
the mechanisms responsible for SVHRSP’s neuroprotection.

Results

SVHRSP alleviates constipation behaviors in rotenone-induced
PD mice

To assess the potential of SVHRSP in alleviating intestinal dysfunction in a
rotenone (Rot)-induced PD mouse model, we assessed the defecation fre-
quency, fecal water content, and intestinal motility among the groups.
Rotenone-induced PD mice exhibited a notable decrease in defecation
frequency and fecal water content when compared to the control mice
(Fig. 1a,b). Notably, SVHRSP treatment significantly mitigated the decrease
in defecation frequency and fecal water content induced by rotenone in mice
(Fig. la, b). Additionally, the impaired intestinal transit distance in
rotenone-induced PD mice was also alleviated by SVHRSP treatment
(Fig. 1c). These results indicate that SYHRSP might alleviate rotenone-
induced intestinal dysfunction.

SVHRSP attenuates fecal microbiota dysbiosis in rotenone-
induced PD mice

The composition and abundance of bacteria have been noted to change in
both PD patients and mouse models. To study the influence of SVHRSP on
the intestinal microbiota, we performed 16S rRNA sequencing on fecal
samples obtained from mice in different groups. Initially, alpha-diversity
analysis was used to assess the richness and variety of bacterial species. As

shown in Fig. 2a, ¢, we observed an elevated Shannon index and Simpson
index in the rotenone-induced PD mice in comparison to the control mice.
In contrast, compared with the rotenone-induced PD mice, the mice in the
Rot + SVHRSP group displayed decreased values for both indices
(Fig. 2a, b). Subsequently, beta diversity, determined using weighted Uni-
Frac distances, was used to assess the consistency of microbiota composition
among these three groups. The bacterial compositions of the control,
rotenone, and Rot + SVHRSP groups were found to be significantly distinct
(Fig. 20).

To evaluate the impact of SVHRSP on the microbiome, a comparison
of microbial groups was executed at the phylum level. Rotenone PD mice
exhibited elevated Actinobacteria compared to the control mice, which was
notably reduced by SVHRSP (Fig. 2d). Similarly, at the genus level, Allo-
baculum and Bifidobacterium showed elevated relative abundances in
rotenone PD mice compared to the control mice. SVHRSP treatment
reduced the rotenone-induced elevation of Allobaculum and Bifidobacter-
ium in mice (Fig. 2e). We then identified the most significant differential
amplicon sequence variants (ASVs) between Rot versus Con and Rot +
SVHRSP versus Rot group. Subsequently, we identified the overlaps of the
most highly differential ASV's between the Rot group versus Con group and
the Rot + SVHRSP group versus Rot group (Fig. 2f), defining these taxa as
SVHRSP-sensitive ASVs. Among these ASVs, ASV_6 annotated as
g Allobaculum and ASV_151 and ASV_11 annotated as g_Bifidobacter-
ium were downregulated after SVHRSP treatment compared with the Rot
group. In contrast, ASV_57 annotated as g_Desulfovibrio was upregulated
after SVHRSP treatment. These findings imply that the microbiota could
have a significant impact on alleviating intestinal dysfunction mediated by
SVHRSP.

To elucidate alterations in the functional pathway of the gut micro-
biota, we conducted KEGG enrichment analysis. Significant pathways
enriched between the Rot group versus Con group and the Rot + SVHRSP
group versus Rot group were identified (Fig. 2g). Among these pathways,
both the ‘Superpathway of Glycerol Degradation to 1,3-Propanediol’ and
‘Mevalonate Pathway I” were involved in lipid synthesis, which have been
indicated to have a role in PD and were inhibited after SVHRSP treatment
compared with the Rot group. Additionally, the ‘.-Glutamate Degradation
VIII (to Propanoate)’ pathway, associated with excitotoxicity of glutamate,
was also inhibited following SVHRSP treatment compared to the Rot group.
Taken together, these results suggested that the quantity and population of
gut microbes in rotenone-induced PD mice were both restored after
SVHRSP administration.

SVHRSP reverses abnormalities in metabolites of the microbiota
in rotenone-induced PD mice

Metabolites serve as signal molecules and substrates for metabolic reactions
within the intestinal microbiota. Changes in the population of gut microbes
can result in modifications in metabolite profiles. To explore the correlation
between SVHRSP and the gut microbiota, we performed a comparative
analysis of fecal metabolic profiles among the groups using untargeted

Fig. 1 | SVHRSP alleviates the constipation-like a =z b ct
behaviors and intestinal motility in rotenone- % 20 S
induced PD mice. a The frequency of defecation. 5] Y 801 xx 607
_ L = * % o) %% 2 * %k
b Fecal water content. n = 14-15. ¢ The intestinal 845/ £ 604 s — %k K
transit distance of mice. n = 6-8. **p < 0.01. = %% v S % 040 ° ! 1
o o0 A = o T 038 A
£10{ o A vy 240 =
) % ® >
=] HS = 204
T &
® 54 09 = 20+ 5
Y- (2] —
5 015 £o o
S 0 = 04 = 0.
s ]
© &L R S & R R ] & L0 R R
§ © & ngo Ry O & ng.: o2 £ & & Qgg: ey
3 2 2 2N
o XX KX X
(9 (9 (9
< < <&

npj Parkinson’s Disease| (2025)11:43


www.nature.com/npjparkd

https://doi.org/10.1038/s41531-025-00892-6

Article

a X b X c | Con d g
§ 70 § 0.98 ; B RotsSVHRSP 8 100 e
=] =096 - - £ 0.75- [l Actinobacteria
% 651 = Tw &@ 2 0504 Bacteroidetes
S 6.0 - $ 0.94- N - < 3 PFirmicutes
S 55 5 | 8 ° S o025 [l Proteobacteria
c” c 0.92 arT o 2
g 5.0 T T T 8 T T T o a - Té 0.001—— —
P I TP B < $ e
S P& & £ P & -3-2-10123 4 14 o Q.Oqg,
n & (7 S PC1(29.1%) &
& & °
< < oy
e Allobacul - - f
§ 020 G| /llelok (Ui 0,05 Bifidobacterium . Rot vs. Con ASV_60-| I
S Rot+SVHRSP vs. Rot asv_ar4 ]
g 015+ 0.06 - ASV_22| |
® 0.10 0.04 - o ASV_1041 |
@ p_Firmicutes g_Allobaculum Asv_6- ||
£ 0057 - ﬁ 0.02 . p_Proteobacteria g_Desulfovibrio AsSV_57{ |
@ . == ASV_11
000+ - 1000 T p_Actinobacteria g_Bifidobacterium ASV ; ]
S 4 KX P S - 1514 _
O @9 9
(&) Q.AQ‘Q. (&) q'AQg‘ -5 0 5
o2 K2 log2Foldchange
& POy
g Teichoic Acid (Poly-Glycerol) Biosynthesis- ]
Superpathway Of L-Alanine Biosynthesis- B
Superpathway Of Glycerol Degradation To 1,3-Propanediol- Il
Peptidoglycan Biosynthesis V (&Beta;—Lactam Resistance)- ]
Peptidoglycan Biosynthesis li (Staphylococci)- ]
Nitrate Reduction Vi (Assimilatory)- [l . Rot vs. Con
Mevalonate Pathway |- |
L-Glutamate Degradation Viii (To Propanoate)- B Rot+SVHRSP vs. Rot
L-1,2-Propanediol Degradation- N
Formaldehyde Oxidation |4 [Nl
Formaldehyde Assimilation li (Rump Cycle)- B

Fig. 2 | SVHRSP treatment mitigates dysbiosis in the fecal microbiota in
rotenone-induced PD mice. a Alpha-diversity result of gut microbiota using
Shannon index. b Alpha-diversity result of gut microbiota using Simpson index.
¢ PCoA plots showing beta diversity via weighted UniFrac analysis across various
groups. d Relative prevalence of gut microbiota at the phylum level. e Relative
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abundances of Bifidobacterium and Allobaculum in the three groups. f Bar plot

showing the overlap of amplicon sequence variants (ASVs) between Rot versus Con
and Rot + SVHRSP versus Rot, presented as log2fold change. ASVs are listed with
corresponding genus or phylum levels. g Overlap of KEGG pathways in fecal pellets
between Rot versus Con and Rot + SVHRSP versus Rot, depicted aslog2fold change.

LC-MS (Fig.3 and Supplementary Fig. 1). PLS-DA clustering revealed dis-
tinct separation among three clusters, indicating significant differences in
fecal metabolites among the Con, Rot, and Rot + SVHRSP group mice (Fig.
3a). We then identified the most highly differential metabolites in fecal
pellets between the Rot group versus Con group and Rot + SVHRSP group
versus Rot group comparisons. There were 54 metabolites identified
between the Rot group and Con group mice, and 75 metabolites between the
Rot + SVHRSP group and Rot group mice (Fig. 3b). A total of seven
metabolites, including Epigallocatechin, (S)-Abscisic Acid, 3-epiecdysone,
3-methoxy-4-hydroxyphenylglycolaldehyde = (MOPEGAL), Catechin,
Cytosine, and 5,7-dihydroxyflavone, overlapped between the differential
metabolites observed in the Rot group versus Con group and Rot+
SVHRSP group versus Rot group comparisons (Fig. 3b, c). All seven
metabolites were downregulated in the rotenone-induced PD mice com-
pared with the Con group and were conversely upregulated in the Rot +
SVHRSP group mice compared with the Rot group (Fig. 3c). Subsequently,
we used MetaboAnalyst to conduct pathway enrichment analysis for the
metabolites between the Rot + SVHRSP and Rot group mice (Fig. 3d).
Further exploration of associations between the abundances of specific

bacterial genera and differentially altered metabolites was performed. The
abundances of some genera, such as Allobaculum and Bifidobacterium,
showed significant correlations with the differentially altered metabolites
(Fig. 3e).

Gut microbiota depletion mitigates the neuroprotective effects of
SVHRSP in rotenone-induced PD mice

To investigate the role of gut microbiota in SVHRSP-mediated neuro-
protection, mice were pretreated with antibiotics (Abx) for 3 weeks to
deplete the microbiota, followed by rotenone and SVHRSP treatment
(Fig. 4a). Consistent with previous findings'’, SVHRSP improved gait
abnormalities and enhanced rotarod activities in rotenone-induced PD
mice with gut microbiota (Fig. 4b, ¢). However, gut microbiota depletion
using Abx significantly reduced the beneficial impact of SVHRSP on
alleviating rotenone-induced gait abnormalities and decreased rotarod
activity (Fig. 4b, c). We further investigated whether gut microbiota
depletion affects SVHRSP-mediated neuroprotection in mice. SVHRSP
treatment effectively attenuated the degeneration of dopaminergic
neurons in both the SNpc and striatum in rotenone-treated mice with
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Fig. 3 | Fecal metabolism in rotenone PD mice and upon SVHRSP reversal. a PLS-
DA plots of metabolites among different groups. b Examination of the number of
differentially altered metabolites from Rot versus Con and from Rot + SVHRSP
versus Rot. ¢ Boxplot showing the levels of different metabolites across various

groups. d Pathway overrepresentation analysis of differential metabolites for

Rot + SVHRSP versus Rot. e Heatmap of the Spearman’s correlation analysis
between microbiota at the genus level and differentially altered metabolites among
Con, Rot, and Rot + SVHRSP groups. *p < 0.05, **p < 0.01, ***p < 0.001.

gut microbiota (Fig. 4d). In contrast, the neuroprotective effects of
SVHRSP against rotenone-induced dopaminergic neurodegeneration
were significantly diminished by gut microbiota depletion (Fig. 4d). The
role of gut microbiota in SVHRSP-mediated neuroprotection was fur-
ther confirmed by assessing the expression of tyrosine hydroxylase (TH)
and Neu-N protein in the SN of mice. SVHRSP treatment significantly
prevented rotenone-induced reduction in TH expression in mice with
gut microbiota, but not in mice with microbiota depletion (Fig. 4e). The
results for Neu-N protein were similar to those for TH (Supplementary
Fig. 2). Similarly, rotenone-induced Serl29-phosphorylation of a-
synuclein was also significantly inhibited by SVHRSP in a microbiota-
dependent way (Fig. 4e). Collectively these data indicate that gut

microbiota depletion diminishes the neuroprotective effects of SVHRSP
in rotenone-induced PD mice.

SVHRSP attenuates inflammation and intestinal barrier perme-
ability in the colon of rotenone-induced PD mice

Given the distinct fecal metabolites between the rotenone-treated and
rotenone and SVHRSP co-treated group mice, which were related to
antioxidant and anti-inflammatory activities, we further examined the
inflammatory changes within the intestinal tissue. HE staining of the
colons revealed that SVHRSP exhibited protective effects against
rotenone-induced immune cell infiltration in the mice’s colons (Fig. 5a).
Considering the pivotal role of the NF-kB pathway in gut inflammation,
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we assessed the impact of SVHRSP on its activation. Western blot
analysis demonstrated an elevation in phosphorylated NF-kB in
rotenone-treated mice, a response significantly mitigated by SVHRSP
treatment, suggesting the inhibition of the NF-«xB pathway (Fig. 5b).
Additionally, SVHRSP treatment resulted in reduced mRNA levels of
iNOS, TNF-qa, and IL-1p in the colons of rotenone-treated mice (Fig. 5¢).

Overall, these results demonstrate that SVHRSP significantly mitigated
immune infiltration and decreased the release of inflammatory factors in
the colons of rotenone-treated mice.

Intestinal inflammation often triggers an increase in intestinal
barrier permeability, resulting in the release of toxic factors into the
periphery"”. Therefore, we further examined the integrity of the
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Fig. 5 | SVHRSP attenuates inflammation in the colon of mice among groups.
a Representative images depicting H&E staining and corresponding histological
scores in the colon of mice. Scale bars represent 200 pm. b Western blot bands of the
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intestinal barrier and the presence of inflammatory factors in the serum
of mice. Western blot analysis indicated a notable decrease in the
expression of the three major tight junction proteins, including Zonula
occludens-1 (ZO-1), Claudin-1, and Occludin, in the colon of
rotenone-treated mice compared to control mice. Remarkably,
SVHRSP treatment markedly restored the expression of ZO-1, Clau-
din-1, and Occludin in rotenone-treated mice (Fig. 6a, b). Immuno-
histochemical staining of ZO-1 in the colon further supported the
protective effect of SVHRSP against rotenone-induced decrease in
tight junction protein (Fig. 6c, d).

To evaluate whether the restoration of intestinal barriers led to a
decrease in the release of pro-inflammatory factors, we evaluated the con-
tent of lipopolysaccharide (LPS) and HMGBI, two common pro-
inflammatory and toxic factors released due to gut dysbiosis, in the circu-
lation. ELISA analysis showed a notable increase in the extent of both LPS
and HMGBI in the serum of rotenone-treated mice, which were notably
decreased by SVHRSP treatment (Fig. 6e).

SVHRSP elevates BBB integrity via gut microbiota in rotenone-
induced PD mice

The entry of pro-inflammatory molecules from the intestine into the sys-
temic circulation may result in disruption of BBB, enabling inflammatory
cytokines to enter the brain and trigger an inflammatory response.

Neuroinflammation is a key factor in the ongoing neurodegenerative pro-
cess seen in PD. To further survey the role of gut microbiota in SVHRSP-
mediated neuroprotection in PD, we evaluated changes in BBB permeability
and neuroinflammation in the presence or absence of gut microbiota.
Western blot analysis showed a significant decrease in fibrinogen, a marker
for BBB permeability, in mice co-treated with rotenone and SVHRSP
compared to mice treated with rotenone alone. Conversely, Abx-mediated
microbiota depletion nullified the reduction effects of SVHRSP against
rotenone-induced fibrinogen accumulation in the brains of mice, indicating
that the protective effects of SVHRSP against rotenone-induced increases in
BBB permeability in mice are mediated by the gut microbiota (Fig. 7a). This
finding was further reinforced by the detection of the expression of ZO-1,
Claudin-5, and Occludin, three major tight junction proteins for the BBB.
SVHRSP restored the expression of these tight junction proteins in
rotenone-treated mice with microbiota, but not in mice without microbiota
(Fig. 7b, ¢).

SVHRSP inhibits microglial activation and the activation LPS/
HMGB1/TLR4/NF-kB pathway via gut microbiota in rotenone-
induced PD mice

Due to the increased levels of LPS and HMGBI in the serum of
rotenone-treated mice, we hypothesized that pathogenic LPS and
HMGBI1 might enter the brain through a disrupted BBB, leading to
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Fig. 6 | SVHRSP decreases intestinal barrier permeability in the colon and
reduces the contents of LPS and HMGBI in the serum of rotenone-induced
PD mice. a Representative western blot bands of ZO-1, Claudin-1, and Occludin in
the colon. b Quantitative assessment of ZO-1, Claudin-1, and Occludin expression.

¢ Representative images of ZO-1 immunostaining in the colon. Scale bars represent
250 um. d Statistical result of ZO-1 density. e Levels of LPS and HMGBI in mouse
serum. n = 4. ¥p < 0.05, *¥p < 0.01, ****p < 0.0001.

microglia-mediated neuroinflammation. Increased LPS and HMGB1
were observed in the brains of rotenone-treated mice, and this was
significantly reduced by SVHRSP. Interestingly, microbiota depletion
notably diminished the inhibitory effects of SVHRSP against rotenone-
induced increases in LPS and HMGBI1 in mice (Fig. 8a, b). Further-
more, SVHRSP treatment also microbiota-dependently inhibited
rotenone-induced activation of microglia in the brain, as evidenced by
decreased density of Iba-1 immunostaining in mice co-treated with
rotenone and SVHRSP compared with mice treated with rotenone
alone (Fig. 8¢, d). Western blot analysis showed a reduction in the
expression of CD11b, another marker for microglial activation, in
SVHRSP-treated mice with the presence of microbiota (Fig. 8e, f). A
previous study demonstrated that both LPS and HMGBI can induce
microglial activation through the TLR4-dependent pathway”'. The
effects of SVHRSP on rotenone-induced expression and activation of
the TLR4 and NF-kB signaling pathway were determined. In line with
the inhibition of microglial activation, SVHRSP reduced rotenone-
induced TLR4 expression and NF-kB activation in the brains of mice
with microbiota, but not in those with Abx-mediated microbiota
depletion (Fig. 8e, f). Additionally, the mRNA levels of TNF-a and
iNOS in the brain of mice showed the similar results (Fig. 8g, h). In
summary, these findings underscore the role of gut microbiota in the
SVHRSP-induced inhibition of neuroinflammation in the rotenone
mouse PD model.

FMT from SVHRSP mice attenuates dopaminergic neurodegen-
eration and motor deficits in rotenone-induced PD mice

The above results suggest that SVHRSP exerts neuroprotective effects in a
rotenone-induced mouse PD model by reshaping the gut microbiota. To
further confirm gut microbiota remodeling mediates the neuroprotective
effects of SVHRSP, we obtained fecal samples from mice treated with both
rotenone and SVHRSP. These samples were transplanted into mice treated
with rotenone alone for 21 days, forming the Rot + FMT (fecal microbiota
transplantation) group (Fig. 9a). Mice in the Rot + FMT group showed
improved gait performance and rotarod activities compared to those in the
Rot alone group (Fig. 9b, ¢). Immunostaining for TH neurons and western
blot analysis of TH expression further confirmed that EMT attenuated
rotenone-induced degeneration of dopaminergic neurons in the nigros-
triatal pathway in mice (Fig. 9d-g). Additionally, electron microscopy
revealed that the mitochondria in rotenone-treated mice were swollen with
reduced mitochondrial cristae and indistinct axonal synapses, which were
also notably attenuated by FMT (Fig. 9h). These findings further validate the
important role of gut microbiota in mediating the protective efficacy of
SVHRSP.

Discussion

In this study, we explored how the gut microbiota influences the neu-
roprotective benefits of SVHRSP in a mouse model of PD induced by
rotenone. Our results showed that SVHRSP improved gastrointestinal
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Fig. 7 | SVHRSP elevates BBB integrity via gut microbiota in rotenone-induced
PD mice. a The representative image and quantitative analysis of fibrinogen blot in
the midbrain of mice. n = 3. b The representative images and quantitative analysis of
Occuldin, Claudin-5, and ZO-1 in the midbrain of mice. n = 4-5. ¢ The

representative images and quantitative analysis of Occludin immunostaining in the
midbrain of mice. Scale bars represent 20 um. n = 3. *p < 0.05, **p < 0.01;
FHEp < 0,001, FFF¥p < 0.0001.

function, modified the composition and metabolites of gut microbiota,
and reduced intestinal barrier damage and the release of toxic factors
into the bloodstream in rotenone-treated mice. Consumption of gut
microbiota reduced the neuroprotective effects, while FMT from
SVHRSP co-treated mice replicated the dopaminergic neuroprotection
seen in rotenone-induced PD mice. Additionally, we observed that
SVHRSP inhibited rotenone-induced microglial activation in the SN
and the activation of the TLR4/NF-xB pathway in a microbiota-

dependent manner. These findings suggest that SVHRSP’s ability to
protect neurons might involve reshaping the composition of gut bacteria
to perform anti-inflammatory roles.

PD patients and animal models exhibited notable variances in both the
abundance and composition of gut bacteria compared with controls™*. 16S
rRNA gene sequencing of fecal samples demonstrated that SVHRSP
treatment resulted in alterations of gut microbiota abundance and diversity
compared to the PD mouse model, with a notable increase in species like
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Fig. 8 | SVHRSP inhibits microglial activation and TLR4/NF-kB pathway acti-
vation via gut microbiota in rotenone-induced PD mice. Levels of LPS (a) and
HGM1 (b) in serum measured by ELISA (n = 4). Representative images (c) and
statistical analysis (d) of Iba-1 immunostaining in the substantia nigra (SN) of mice

(n=5). Scale bars represent 100 pm. Representative western blots (e) and densito-
metry analysis (f) of CD11b, TLR4, NF-kB, and P-NF-«B in the midbrain tissues of
mice (n = 4). The mRNA expression levels of TNF-a (g) and iNOS (h) in the mid-
brain of mice (n =4). *p < 0.05, ¥*¥p < 0.01, ***p < 0.001, ****p < 0.0001.
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Fig. 9 | FMT from SVHRSP mice mitigates dopaminergic neurodegeneration and
motor impairments in rotenone-induced PD mice. a Experimental design: mice in
the Rot group received daily rotenone treatment for 3 weeks, whereas mice in the
Rot + FMT group were first administered rotenone, followed by fecal microbiota
freshly prepared from Rot + SVHRSP mice. Behavioral tests were conducted fol-
lowing 3 weeks of rotenone treatment. b Rotarod activity. ¢ Gait performance.
n=11-14. d Immunostaining of TH+ neurons in the substantia nigra (SN) and

Rot+FMT

striatum of mice. Scale bars represent 500 pm. e Quantitative assessment of the
number of TH+ neurons in the substantia nigra pars compacta (SNpc). f Density of
TH immunostaining in the striatum. g The protein expression levels of TH in the
midbrain of mice were evaluated using western blot. h Electron microscopy showing
the morphology of mitochondria in the SN. n =4-5. *p < 0.05, **p < 0.01,

*HRH¥p < 0.0001.
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Allobaculum. While alterations in other bacterial strains were observed
between SVHRSP co-treatment mice and rotenone alone mice, the most
significant changes were observed in Allobaculum strains. A previous study
reported an increase in Allobaculum species in a PD rat model*, which can
degrade mucin, leading to increased intestinal permeability and inflam-
mation. This phenomenon is analogous to what is observed in diabetic mice
that are fed a high-fat diet*". The function of gut microbiota in SVHRSP-
mediated protection was further investigated by depleting gut microbiota.
Gut microbiota depletion, typically achieved via Abx treatment, is a com-
monly employed approach to explore the role of microbiota in the neuro-
pathology of neurodegenerative disease models'”. Our research showed that
a reduction in gut microbiota using Abx attenuated the neuroprotective
effects of SVHRSP on behavioral abnormalities, dopaminergic neuron loss,
and the expression of TH and a-synuclein proteins. Additionally, FMT from
mice co-treated with Rot and SVHRSP also ameliorated rotenone-induced
behavioral abnormalities, dopaminergic neuron loss, and mitochondrial
morphological abnormalities in mice. These findings underscore the ther-
apeutic potential of fecal microbiota derived from mice co-treated with
SVHRSP in the PD mouse model. In alignment with our findings, the
pivotal role of gut microbiota in other potential anti-PD drugs has also been
reported. Cui et al. discovered that curcumin treatment effectively alleviated
motor deficits and neuropathological changes in a mouse model of PD
induced by MPTP, which were linked to an improved balance of gut flora.
Microbiota depletion mediated by ABX confirmed that the gut microbiota
was necessary for the protective effects of curcumin in MPTP-induced PD
mice". Similarly, through ABX and FMT experiments, Hou et al. demon-
strated the role of gut microbiota in the neuroprotective effects of osteo-
calcin, an osteoblast-secreted protein, in a mouse model of PD induced by
6-hydroxydopamine (6-OHDA)".

We then investigated the mechanisms through which SVHRSP
exerts neuroprotective effects by modulating the gut microbiota. Our
metabolomics profiling of mouse fecal samples revealed differences in
metabolites primarily associated with oxidative stress and inflamma-
tory responses between the SVHRSP and rotenone co-treated groups
and the rotenone alone group. The differential metabolites included
epigallocatechin, (S)-abscisic acid, 3-epiecdysone, 3-methoxy-4-
hydroxyphenylglycolaldehyde, catechin, cytosine, and 5,7-dihydrox-
yflavone. Importantly, most of the identified metabolites have been
reported to reduce neuronal damage in PD models, in both in vivo and
in vitro studies. For instance, (S)-abscisic acid has been shown to
alleviate neuronal damage induced by 6-OHDA” and inhibit protein
expression related to neuroinflammation in an in vitro PD model™.
Catechin is also effective in preventing neuronal damage in a 6-OHDA
cell PD model”, while 5,7-dihydroxyflavone has shown anti-oxidative
properties on dopaminergic neurons in PD*”. MOPEGAL is a meta-
bolite derived from the breakdown of neurotransmitters like nor-
epinephrine and epinephrine’’. Norepinephrine has been reported to
provide potent dopaminergic neuroprotection in both in vivo and
in vitro PD models™. These differential metabolites not only further
demonstrate the neuroprotective effect of SVHRSP but also suggest
that anti-inflammatory and antioxidant mechanisms contribute to
SVHRSP-afforded neuroprotection.

Multiple studies have shown that in various PD mouse models, the
intestinal barrier is compromised, leading to elevated levels of intestinal
inflammation and increased serum levels of inflammatory factors, as well
as upregulation of inflammation-related proteins in the midbrain
region”. Intestinal inflammation, in turn, can increase intestinal barrier
permeability, potentially allowing inflammatory and toxic factors to
enter the bloodstream'. The increased permeability of the intestinal
barrier and the presence of toxic factors, such as LPS and HMGBI, in the
serum were detected in rotenone-induced PD mice. Notably, SVHRSP
significantly blocked the rotenone-induced increase in intestinal barrier
permeability and the release of LPS and HMGBI. Similarly, other neu-
roprotective drugs, such as Eucommiae and Sodium Butyrate, can also
mitigate the disruption of the intestinal barrier and inhibit

inflammation™". Inflammatory and toxic factors in the blood can target
the BBB, increasing its permeability and allowing toxic factors to enter
the brain, triggering inflammation and neuronal damage®. We hypo-
thesize that the inhibitory effects of SVHRSP on intestinal and peripheral
inflammation could alleviate BBB damage and the subsequent entry of
toxic factors into the brain, thereby reducing neuroinflammation. The
findings from this study indicated elevated levels of fibrinogen and
reduced expression of tight junction proteins in the brains of PD mice
induced by rotenone, which were significantly attenuated by SVHRSP in
a microbiota-dependent manner. Additionally, SVHRSP and rotenone
co-treated mice showed reduced levels of LPS and HMGBI, as well as
decreased microglial activation and expression of the TLR4/NF-xB
pathway compared to mice treated with rotenone alone. Importantly,
these protective effects of SVHRSP were found to be dependent on gut
microbiota. These results suggest that SVHRSP reduced BBB perme-
ability, brain entry of toxic factors, and neuroinflammation by inhibiting
intestinal inflammation through reshaping the gut microbiota. Similarly,
using an MPTP-induced mouse PD model, Dong et al. discovered that a
polysaccharide derived from brown seaweed, specifically poly-
mannuronic acid, notably enhanced the integrity of both the intestinal
barrier and the BBB. This compound also mitigated inflammation in the
gut, brain, and systemic circulation by modulating the brain-gut-
microbiota axis. PM treatment significantly reduced the mRNA
expressions of pro-inflammatory cytokines in the mice colon, and
improved ZO-1 and occludin mRNA expressions in either the colon or
SNpc of PD mice™.

Although the protective effect of SVHRSP on the intestine has been
confirmed in this study, it remains unclear whether this protection is dose-
dependent. Furthermore, the potential correlation between the time course
of SVHRSP-induced improvement of colon disorder and the protection of
dopaminergic neurons has not been investigated. Therefore, these may be
the focus of our future research.

Methods

Reagents

Rotenone (Rot, R8875) was obtained from Sigma-Aldrich (St. Louis, MO,
USA). LPS (437627) was purchased from Merck Millipore (Darmstadt,
Germany). The antibodies against tyrosine hydroxylase (TH, 25859-1-AP),
Zonula occludens-1 (ZO-1, 21773-1-AP), Occludin (27260-1-AP),
Claudin-1 (13050-1-AP), Toll-like receptor 4 (TLR4, 66350-1-Ig), and
HMGBI (10829-1-AP, Proteintech, Wuhan, China) were purchased from
Proteintech (Wuhan, China). The anti-ionized calcium-binding adapter
molecule-1 (Iba-1, 019-19741) was purchased from Wako Chemicals
(Tokyo, Japan). The antibodies against Claudin-5 (VB298617) and Alexa
FluorTM594 goat anti-rabbit IgG (A11012) were purchased from Invitro-
gen (Waltham, USA). The antibodies against ser129-a-synuclein (ab51253)
and CD11b (ab133357) were purchased from Abcam (Cambridge, UK).
The antibodies against GAPDH (ABL1020) and anti-rabbit IgG (A21020)
were purchased from Abbkine (Wuhan, China). The anti-mouse IgG
(7076S) was purchased from Cell Signaling Technology (Boston, USA). The
ELISA kit LPS (CSB-E13066m) was purchased from CUSABIO Biology
(Wuhan, China).

Animal treatment

Adult male C57BL/6 mice were maintained in a standard laboratory pro-
vided with access to both food and water, and then partitioned into four
distinct groups (1 = 15/group): control (Con), rotenone (Rot), rotenone +
SVHRSP (Rot 4+ SVHRSP), and SVHRSP alone. Rotenone was prepared
daily using 0.1% DMSO and 10% PEG400 in normal saline, following
previous reports with minor modifications”~*. Mice in the Rot group were
administered intraperitoneal injections of 1.5 mg/kg/day rotenone for 3
consecutive weeks. Mice in the Rot + SVHRSP groups were treated with
SVHRSP (0.4 mg/kg) 30 min after each rotenone injection. The control
group mice received an equivalent volume of vehicle. All animal care and
experimental procedures were conducted in accordance with the principles
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and guidelines outlined in the National Institutes of Health Guide for the
Care and Use of Laboratory Animals under the approval of animal ethics
document number AEE22008.

Antibiotics treatment

Adult male C57BL/6 mice were allocated to either the antibiotic (Abx)-free
group or the Abx group (1 = 45/group) through a randomized process. Each
of these two groups was further subdivided into three groups: Con, Rot, and
Rot + SVHRSP (n = 15/group). The antibiotic solution, consisting of
Ampicillin 200 mg/kg, Neomycin 200 mg/kg, Vancomycin hydrochloride
100 mg/kg, and Metronidazole 200 mg/kg in saline, was freshly prepared as
previously described***’. The mice were given the combination of anti-
biotics once daily for three consecutive days. Subsequently, the treatment of
rotenone and SVHRSP in both the Abx-free and Abx group mice was
consistent with the aforementioned protocol.

Fecal microbiota transplantation

In the EMT experiment, mice were randomly allocated into Con, Rot, and
Rot + EMT groups (n = 15/group). Mice in the Rot group were adminis-
tered 1.5 mg/kg/day rotenone (i.p.) for 3 consecutive weeks. Mice in the
Rot + EMT groups received FMT (100 uL) by gavage 30 min after each
rotenone injection. The fecal microbiota was prepared from mice according
to a previous protocol”. Briefly, fresh fecal samples from mice in the
Rot + SVHRSP group were collected and immersed in sterile saline solution
(100 mg feces/1 mL physiological saline) for 1 min. The fecal solution was
homogenized, followed by centrifugation at 1000 x g, 4 °C for 3 min. Then,
the supernatant (100 uL) was administered to mice in the Rot + FMT group
within 10 min. The control group mice received an equivalent volume of
vehicle.

Gait measurement

Gait analysis was used to evaluate the motor behavior of mice according to
previous studies'*"’. The mice were led along a darkened box measuring
50 cm in length and 10 cm in width. Different colored dyes were applied to
the fore and hind limbs of the mice, leaving footprints on paper. Two distinct
footprints were chosen for each mouse, and the distances between the left
forelimb, left hind limb, right forelimb, and right hind limb were measured,
as well as the interlimb distances for both forelimbs and hind limbs.

Rotarod

The rotarod experiment was employed to assess the movement coordina-
tion of mice by measuring the length of time they were able to maintain their
balance on the rotating rod. Before the actual test, the mice underwent 3-day
training on the rotarod, at a speed of 4 revolutions per minute (r.p.m) for
5 min each day. In the formal assessment phase, mice were positioned on the
accelerating rod, which ranged from 4 to 40 r.p.m, and the duration of their
retention was documented. Each mouse underwent three times and the
mean duration was computed for subsequent analysis®.

One-hour stool collection

On the final day of the experiment, the mice were subjected to a 12-h fasting
period. Following this, each mouse was individually housed in a sanitized
cage for a 1-h observation session. Feces were promptly collected after
expulsion and transferred to sterilized tubes. The frequency of defecation
and fecal weight were recorded. In line with previous studies™, fecal
moisture content (%) was determined using the following formula: (wet
weight — dry weight)/wet weight x 100%.

Intestinal transit distance and colon length measurement

The mice underwent a 12-h fasting period before the experiment. The
following day, they were administered ink and euthanized 30 min later. The
subsequent step involved measuring the length from the pylorus to the
furthest position of the ink in the colon**.

16S rRNA sequencing and metabolomics

According to a previously published method for detecting 16S rRNA",
mice were selected at random from each group for microbiota sequen-
cing analysis. Each mouse was individually placed in an individual
empty sterilized cage, and 3-4 fresh fecal pellets were obtained from each
mouse. The gathered fecal pellets were immediately transferred into a
sterile EP tube. The fecal samples were preserved at —80 °C for sub-
sequent processing. The fecal samples were sent to PANOMIX Com-
pany for library construction and sequencing. Microbial genomic DNA
was acquired using the QIAamp Fast DNA Stool Mini Kit (Qiagen,
Germany), and the V3-V4 regions of the 16S RNA gene were amplified
with the paired primers (forward primer: 5-CCTACGGGRS GCAG-
CAG-3/; reverse primer: 5-GGACTACVVGGG TATCTAATC-3').
Sequencinglibraries were constructed using the TruSeq DNA LT Sample
Preparation Kit (Illumina, Catalog No. FC-121-2001). DNA sequencing
was conducted using an Illumina HiSeq 2500 platform to generate
paired-end reads with a length of 250 base pairs.

Fecal samples from different groups were collected and sent to
PANOMIX Company for metabolite detection. The fecal metabolites were
then extracted using MeOH, which contained 2-Amino-3-(2-chloro-phe-
nyl)-propionic acid (4 ppm)*, and detected using a Vanquish UHPLC
System and Q Exactive (Thermo Fisher Scientific, USA) with an ESI ion
source’*”.

Bioinformatic analysis

We primarily analyzed sequence data using QIIME2 and R software
(v3.6.0). Alpha-diversity indices at the ASV level were computed using the
AS table in QIIME2. Beta diversity analysis was carried out to examine the
heterogeneity in microbial community structure across samples using
UniFrac distance metrics. The distinction of microbiota composition
among groups was evaluated using ANOSIM (Analysis of similarities) in
QI2. R was utilized to visualize the taxonomic profiles and relative
abundance.

The initial step involved converting the raw metabolic data into
mzXML format using MSConvert in the ProteoWizard software package
(v3.0.8789) and processed with R XCMS (v3.12.0) for feature detection,
retention time correction, and alignment. Subsequently, batch effects were
removed, and high-quality metabolites were filtered for further data ana-
lysis. Metabolites were recognized using accurate mass and the MS/MS
database. PLS-DA was performed using the R ropls (v1.22.0) package. The
enriched pathways of differential metabolites were analyzed using Meta-
boAnalyst. The metabolites along with their associated pathways were
graphically using the R ggplot2 package.

Hematoxylin and eosin (HE) staining

The mice were flushed with PBS, followed by 4% paraformaldehyde
(PFA). Then, the colon located below the cecum was collected and was
immersed in 4% formalin for 48 h. Then, the tissue was paraffin-
embedded, cut into sections, and stained with HE. Subsequently, the
pathological alterations in the colon tissue were evaluated and randomly
scored as shown in Table 1.

Table 1 | The criteria for histological analysis of the colonic damage score

Score 0 1 2 3 4

Crypt damage None Basal 1/3 Basal 2/3 Crypt loss Crypt and surface epithelial destruction
Inflammation severity None Mild Moderate Severe

Inflammation infiltration None Mucosa Mucosa and submucosa Transmural
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Table 2 | Primers list

Reagent Forward Reverse

GAPDH 5-TTCAACGGCACAGTCAAGGC-3’ 5'-GACTCCACGACATACTCAGCACC-3/
Z0-A1 5'-CATCTCCAGTCCCTTACCTTTC-3' 5'-CCTCCAGGCTGACATTAGTTAC-3’
Occludin 5'-GAGCTTACAGGCAGAACTAGAC-3' 5’-CAGCCATGTACTCTTCACTCTC-3'
Claudin-1 5-GGTTATCGGAACTGTGGTAGAA-3' 5'-GTGCTCAGGGAAGATGGTAAG-3'
TNFa 5'-GACCCTCACACTCAGATCATCTTCT-3’ 5- CCTCCACTTGGTGGTTTGCT-3'
IL-1B 5-TGACCTGTTCTTTGAGGCTGAC-3’ 5-GATGCTGCTGTGAGATTTGAAG-3'
iNOS 5’-CTGCCCCCCTGCTCACTC-3’ 5-TGGGAGGGGTCGTAATGTCC-3'

Immunohistochemistry

For immunohistochemistry, mice were initially flushed with PBS, followed
by 4% PFA. The brains were cut and then immersed in 4% PFA at 4 °C for
48 h, followed by immersion in a 30% sucrose solution for 2 days. Subse-
quently, the brains were sectioned into 30 pm slices using a Leica CM1950
cryostat (Leica Biosystems, Germany) based on previous research™. Slices
containing the SN region spanning approximately —2.46mm to
—4.0 mm™** or the striatum from approximately 1.10-0.02 mm relative to
Bregma coordinates (Paxinos and Watson, 2006) were collected. After
sectioning, brain slices underwent a series of procedures: a triple wash with
PBS, a 15-min incubation with 3% H,O, to deactivate endogenous perox-
idase activity, followed by a 1-h blocking step in a solution comprising 4%
goat serum, 0.3% TritonX-100, and 1% BSA dissolved in PBS. Subsequently,
brain slices were incubated overnight at 4 °C with TH (1:1000), Iba-1
(1:500), and ZO-1 (1:250) antibodies. The following day, the sections were
treated with anti-rabbit IgG for 2h, followed by processing using an
avidin-biotin complex (ABC) kit and visualization using 3,3’-diamino-
benzidine. Digital slide scanners were used for image capture.

The quantification of TH-positive neurons was carried out following
established procedures™. Every three sections from the rostral of a series of
24 sections that cover the entire extent of SN were selected for
immunostaining™. The total number of THir neurons in the SNpc was
counted manually by two individuals blind to the treatment. The final count
was obtained by averaging their counting results. Previous reports
demonstrated that it’s rather consistency for quantification of THir neurons
in mice between manual and stereology counts™**.

Density analysis of Iba-1 or ZO-1 was performed utilizing Image]
software. Staining images underwent conversion into 32-bit grayscale
image, followed by the selection and measurement of both background and
quantified areas. Data were relatively quantified by analyzing pixel density

within specific brain regions, calculated as total pixels per area™*.

Western blot

Equal amounts of brain tissue samples from each mouse were weighed and
homogenized in ice-cold RIPA buffer with added PMSF (at a ratio of 1:100)
and protease and phosphatase inhibitors (at a ratio of 1:200). The homo-
genates were then shaken, thoroughly mixed, and centrifuged at 10,000 x g
for 15 min. The resulting supernatant was gathered, and the protein con-
centration was assessed using the BCA Assay. Subsequently, the proteins
were adjusted to a consistent concentration, mixed with 5x loading buffer,
and boiled at 100 °C for 5 min. Equal amounts of proteins were loaded on an
8%-12% Bis-Tris-polyacrylamide gel and subsequently transferred onto
poly-vinylidene fluoride membranes. These membranes were blocked at
room temperature for 2 h using Tris-buffered saline and Tween-20 (TBST)
with 5% nonfat milk. Subsequently, they were left to incubate overnight at
4 °Cwith antibodies against TH (1:1000), a-synuclein (1:500), TLR4 (1:800),
NE-kB (1:1000), P-NE-kB (1:1000), Fibrinogen (1:1000), ZO-1 (1:1000),
Occludin (1:1000), Claudin-5 (1:1000), CD11b (1:1000), and GAPDH
(1:5000). The following day, the membranes were washed three times with
TBST and then incubated at room temperature for 2 h with anti-rabbit IgG
(1:5000) and anti-mouse IgG antibodies (1:5000). After incubation, the
membranes were washed three times, and the bands were detected using
ECL reagents. All blots or gels were derived from the same experiment and
they were processed in parallel.

gRT-PCR

The tissue’s RNA was extracted using TRIzol reagent (Invitrogen,
Carlsbad, CA, USA). Subsequently, the purity and integrity of RNA were
measured using the NanoDrop2000 instrument. Only samples with
RNA purity between 1.8 and 2.0 were included in subsequent experi-
ments. Following that, the RNA was reverse transcribed into cDNA
employing the Evo MuLV RT kit (Accurate Biology®, China). Real-time
PCR analysis was carried out on an Agilent Mx3005P instrument
employing the SYBR Green Pro Taq HS qPCR kit”. The primer
sequences are listed in Table 2.

ELISA assay

For HMGBI assay, the 96-well plate was coated manually with HMGB1
antibody (1 ug/mL; 100 uL/well) overnight at 4 °C. Subsequently, the plate
was flushed once with wash buffer and then blocked with 1% BSA for 1 h at
room temperature. Serum or midbrain tissue samples of mice (100 pL/well)
were introduced into the wells that had been coated with antibody HMGB1
and were incubated for 2 h at RT. After 1 h of incubation, the wells were
washed with washing buffer and then were incubated with HRP-conjugated
goat anti-rabbit IgG secondary antibody (1:5000) for 1h at RT. The plate
was then washed and incubated for 20 min at RT with TMB (50 uL/well).
Stop solution for TMB substrate (50 pL/well) was appended to halt the
reaction, and the optical density (OD) was measured at 450 nm using a
microplate reader.

The contents of LPS in serum or midbrain tissue samples of mice were
detected according to the instructions of the manufacturer’s instruction. An
EnSpire ELISA (PerkinElmer, USA) was used to measure the OD values of
each group at 450 nm. The contents of LPS were calculated according to the
standard curve.

Transmission electron microscopy

Transmission electron microscopy procedures were conducted as pre-
viously described”. Briefly, the SN region of the midbrain, with a tissue
volume of 1 mm x 1 mm x 1 mm, was rapidly collected and immersed in
2.5% glutaraldehyde at 4 °C for 2-4 h. Subsequently, the tissue was fixed at
RT for 2 h using 1% osmium tetroxide in 0.1 M phosphate buffer, followed
by three 15-min washes with 0.1 M phosphate buffer. The tissues then
underwent sequential dehydration in a graded series of alcohols, with each
step lasting 15 min. The specimens were then incubated in a mixture of
acetone and embedding resin at ratios of 1:1 for 2-4 h, 2:1 overnight, and
pure resin for 5-8 h. Following this, the specimens were incubated overnight
in a 37 °C and polymerized for 48 h at 65 °C. Subsequently, sections of
60-80 nm were cut using an ultramicrotome (Leica UC7) and stained in 2%
uranium acetate and lead citrate. Finally, samples were examined using a
transmission electron microscope (JEM1400PLUS, JEOL, Japan), and
images were captured for subsequent analysis.

Statistical analysis

The data were presented as mean values with accompanying standard
deviations (SD). One-way analysis of variance (ANOVA) or two-way
ANOVA was used for conducting statistical analysis for multiple compar-
isons. Spearman correlation analysis was used to assess correlations among
various experiments, conducted using R. Statistical significance was set at a
threshold of P < 0.05 to determine statistically significant results.
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