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Orally administered neohesperidin attenuates
MPTP-induced neurodegeneration by inhibiting
inflammatory responses and regulating intestinal
flora in micet

Dewei He, © 12 Xiyu Gao,1? Jingru Wen,® Yiming Zhang,? Shuo Yang,? Xiaojia Sun,?
Mingchi Cui,® Zhe Li,® Shoupeng Fu, ©2° Juxiong Liu*° and Dianfeng Liu*?

Parkinson’'s disease (PD), a neurodegenerative disease, is the leading cause of movement disorders.
Neuroinflammation plays a critical role in PD pathogenesis. Neohesperidin (Neo), a natural flavonoid
extracted from citric fruits exhibits anti-inflammatory effects. However, the effect of Neo on PD pro-
gression is unclear. This study aimed to investigate the effects of Neo on 1-methyl-4-phenyl-1,2,3,6-tet-
rahydropyridine (MPTP)-induced PD in mice and its underlying mechanism. Our results indicated that
Neo administration ameliorated motor impairment and neural damage in MPTP-injected mice, by inhibiting
neuroinflammation and regulating gut microbial imbalance. Additionally, Neo administration reduced
colonic inflammation and tissue damage. Mechanistic studies revealed that Neo suppressed the MPTP-
induced inflammatory response by inhibiting excessive activation of NF-kB and MAPK pathways. In
summary, the present study demonstrated that Neo administration attenuates neurodegeneration in MPTP-
injected mice by inhibiting inflammatory responses and regulating the gut microbial composition. This
study may provide the scientific basis for the use of Neo in the treatment of PD and other related diseases.

Introduction

Parkinson’s disease (PD), the second most common neurode-
generative disease worldwide, mainly affects those middle-
aged and older. Currently, the prevalence of PD in people over
65 years of age exceeds 1.5% and is increasing annually.
Patients with PD exhibit pronounced motor dysfunction
characterized by rigidity and bradykinesia, seriously diminish-
ing their quality of life."”> The etiology of PD is unclear, but
genetics, aging, and environmental factors are considered pre-
disposing factors. These factors could lower immunity, pro-
moting immune dysregulation, mitochondrial dysfunction,
and oxidative stress. Subsequently, degeneration of nigrostria-
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tal dopaminergic neurons occurs, and the release of striatal
dopamine (DA) decreases, causing PD symptoms.>™

Emerging research points to neuroinflaimmation as a key
factor in PD progression. Microglia, the resident immune cells
in the brain, are the main effector cells involved in
neuroinflammation.®® In early PD, activated microglia amass at
injury sites to mediate the inflammatory response and clear
damaged cells or harmful substances, thus providing neuropro-
tection. However, as the disease advances, these activated micro-
glia release excessive pro-inflammatory mediators such as inter-
leukin (IL)-6 and tumor necrosis factor (TNF)-a, which ultimately
damage neurons and exacerbate PD progression.”™" Therefore,
inhibition of microglial over-activation is important for PD treat-
ment, especially in patients with mid to late-stage PD.

Gut microbiota, a community of bacteria that resides in the
human intestine, has a close relationship with human health.
Recent discoveries indicate that gut microbes may regulate the
nervous system of the host through the gut-brain axis and that
imbalances in these microbes are strong associated with
numerous inflammation-related diseases."*** Clinical studies
have shown that the composition of the gut flora differs in
patients with PD compared to healthy individuals."”™”
1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) is a dopa-
minergic neurotoxin that induces neurochemical, behavioral,
and histopathological alterations in nonhuman primates

This journal is © The Royal Society of Chemistry 2024


http://rsc.li/food-function
http://orcid.org/0000-0003-3062-0633
http://orcid.org/0000-0002-2545-8929
https://doi.org/10.1039/d3fo04714h
https://doi.org/10.1039/d3fo04714h
https://doi.org/10.1039/d3fo04714h
http://crossmark.crossref.org/dialog/?doi=10.1039/d3fo04714h&domain=pdf&date_stamp=2024-02-01
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo04714h
https://pubs.rsc.org/en/journals/journal/FO
https://pubs.rsc.org/en/journals/journal/FO?issueid=FO015003

Open Access Article. Published on 13 January 2024. Downloaded on 2/15/2026 2:40:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Food & Function

similar to those seen in patients with PD. The study shows that
the intestinal flora of mice injected with MPTP differs from that
of control mice.">'® Furthermore, one study reported that flora
transplantation modifies the composition of intestinal flora,
improving motor impairment and neuroinflammation in
mice.” Another study showed that Lactobacillus plantarum
DP189 reduced MPTP-induced a-synuclein accumulation in
mice by modulating oxidative damage, inflammation, and intes-
tinal flora imbalances.”® Thus, neuroinflammation, gut
microbial composition, and their interplay might play a role in
PD development. Therefore, targeting neuroinflammation and
gut microbiota might lead to the development of new neuropro-
tective drugs and provide a therapeutic approach for PD.

Current PD treatments primarily involve pharmacological
control of the symptoms combined with exercise rehabilita-
tion. However, the long-term use of existing drugs is associated
with substantial side effects.>’>* Therefore, to identify new
treatment candidates, the pathogenesis of PD should be
further investigated. Recent studies indicate that many food
components or extracts may inhibit the progression of neuro-
degenerative diseases.”*>® Neohesperidin (Neo), a natural fla-
vonoid extracted from citrus fruits, exhibits potent bioactivity
such as cough and phlegm relief, blood lipid reduction, and
antioxidant, anti-aging, anti-cancer, anti-allergy, and anti-
atherosclerosis properties, etc.>’”>° It is also an important raw
material for the synthesis of dihydrochalcone sweetener and
has extensive uses in the food, chemical, and pharmaceutical
industries. Neo protected against methotrexate-induced nephro-
toxicity by inhibiting oxidative stress and inflammation in male
rats.*° It also attenuated the pathological damage and immune
imbalance in rats with myocardial ischemia-reperfusion injury
by inactivating Jun N-terminal kinase (JNK) and nuclear factor
kappa B (NF«B) p65 signaling pathways.’’ Additionally, Neo
reduced high-fat diet-induced obesity in rats and exerted a ben-
eficial role in inflammation-related diseases by altering the
composition of the gut microbiota.>> However, whether Neo can
positively impact PD by modulating neuroinflammation and gut
microbial composition is still unclear. Herein, we aimed to
clarify the effect of Neo on neuroinflammation and gut
microbial composition in MPTP-injected mice, hoping to ident-
ify a potentially effective drug for the treatment of PD.

Materials and methods

Reagents

MPTP (purity > 98%) and dimethyl sulfoxide (DMSO) were
obtained from Sigma-Aldrich (Louis, MO). Neo (purity > 98%)
was purchased from Chengdu Ruifensi Biotechnology
(Chengdu, China). NP-40, antibiotics (vancomycin, neomycin,
metronidazole, and penicillin) and PMSF solution were
obtained from (Beyotime Biotech, Beijing, China).

Animals and treatment

Male mice (C57BL/6j, ten-week-old) were purchased from
Liaoning Chang Sheng (Liaoning, China). Animals were
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allowed to drink and eat freely in a 12 h light 12 h dark
environment. All animal experiments complied with Jilin
University’s Animal Care and Use Committee regulations
(approval number: $Y202302005).

In the first experiments, thirty mice were randomly divided
into 5 groups (n = 6): saline group (saline, orally), Neo group
(Neo 50 mg kg™ orally), MPTP group (MPTP 25 mg kg™ ", dis-
solved in saline, intraperitoneally), N25+M group (MPTP
25 mg kg™ intraperitoneally+Neo 25 mg kg ' orally), and
N50+M group (MPTP 25 mg kg™" intraperitoneally+Neo 50 mg
kg™ orally). Neo was dissolved in saline and administered by
gavage once daily for 24 days. On the fourth day, MPTP was
injected intraperitoneally once daily for 7 d. After 24 days of
Neo treatment, all mice underwent a week of daily acclimation
and behavioral training in the test environment, before pro-
ceeding with further experiments.

In the second batch of experiments, thirty six mice were ran-
domly divided into donor and recipient mice. The three groups
of donor mice (saline, MPTP, N+M) were treated as above. Three
groups of recipient mice (FMT-saline, FMT-MPTP, FMT-N+M)
were transplanted daily with feces from the corresponding reci-
pient group for 4 weeks and injected MPTP (25 mg kg™, intra-
peritoneally) at second week. After that, all recipient mice were
executed for further experiments.

Behavioral testing

Once behavioral training concluded, mice underwent behavior-
al tests (open field, pole climbing, and rotarod experiments) to
assess their motor performance (Fig. 1A).

Open field test. It was used to assess the motor activity and
exploratory behavior of mice. The animals were free to move
within a 50 cm x 50 cm x 30 cm open field. A computerized
tracking system recorded their movements over five minutes,
with total travel distance and time spent in the central area
being analyzed using behavioral analysis software (Stoelting
Co, US). All mice were allowed to adapt to the environment for
3 d before the test. The open field was cleaned after the test.

Pole climbing test. This test evaluated the balance and limb
coordination of mice. They were placed atop a 50 cm long and
1 cm diameter rod and allowed to climb down freely. The time
taken from top to bottom was recorded. Mice were given time
to acclimatize to the environment for 3 d before the test.

Rotarod test. It was used to measure fatigue tolerance. Mice
were positioned on a rod rotating (ZS-RDM, Zongshen
Technology Co., Ltd, Beijing) at a constant speed of 40 rpm.
The length of time they maintained balance without falling
was recorded with the Super Maze software system. Mice were
allowed to acclimatize to the environment for 3 d before the
test. The apparatus was cleaned up after the test.

Immunohistochemical (IHC) assay

After testing, mice were euthanized, and midbrain tissues were
collected to assess nerve damage (Fig. 2A). Neuron damage
and microglia activation in the substantia nigra (SN) were
assessed using IHC. The midbrain tissue was fixed in 4% par-
aformaldehyde for 24 h, dehydrated using gradient alcohol
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Fig. 1 Impact of neohesperidin (Neo) on 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced weight loss and locomotor behavior in

mice. (A) Schematic of the experimental design (B) Mouse body weight variations (C) Travel patterns of mice in the open field (D) Total distance tra-
versed by mice within the zone for 5 min. (E) Duration spent by mice in the central zone for 5 min. (F) Time taken by mice to descend from the top
to the bottom of the pole. (G) Duration mice were able to remain on the rotarod. Data are presented as mean + SEM (n = 6). *#P < 0.01 vs. saline

group. *P < 0.05, **P < 0.01 vs. MPTP-treated group.

(70%, 80%, 90%, 95%, and 100% alcohol for one hour each),
and cleared in xylene (40 min). The tissue was embedded in
paraffin and cut into 5 pm slices. Dopaminergic neurons in
the SN were labeled with rabbit anti-tyrosine hydroxylase (TH)
antibodies (Abcam, ab137869, Cambridge, UK), and microglia
with rabbit anti-ionized calcium binding adapter molecule 1
(IBA-1) antibodies (Abcam, ab178846, Cambridge, UK), using
the Ultrasensitive TMS-P kit (Boster Biological Technology Co.,
Ltd Wuhan, China) according to the manufacturer’s instruc-
tions. Finally, the number of TH and IBA-1 positive cells was
quantified using Image J software.

Western blot

Protein levels and inflammatory pathways in tissues were ana-
lyzed via western blot. First, tissues were lysed using NP-40
reagent, and total protein concentration was measured using a
bicinchoninic acid protein assay kit according to the manufac-
turer’s instructions (Beyotime Biotech, Beijing, China).
Afterward, 40 pg of protein underwent electrophoresis at 100 V
for 2 h. After completion of electrophoresis, proteins were
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transferred to polyvinylidene fluoride membranes (PVDF)
(Millipore, Billerica, MA, USA) at 60 V for 2 h. Subsequently,
the protein-containing PVDF membrane was closed using 5%
skim milk powder for 3 h. Upon completion of the closure, the
membranes were incubated with primary antibodies against
p-actin (1:10000), OX42 (1:500), TH (1:1000), NF-kB p65
(1:2000), p-NF-kB p65 (1:1000), ERK (1:2000), p-ERK
(1:1000), JNK (1:2000), p-JNK (1 :1000), p38 (1:2000), p-p38
(1:1000), followed by binding to secondary antibodies sheep
anti-rabbit (1:5000). All antibodies were purchased from
Proteintech (Wuhan, China). Finally, we detected the protein
using ECL western blotting Detection Reagents (Millipore, MA,
US). The results were analyzed using Image J software.

High-performance liquid chromatography (HPLC) assay

HPLC was used to measure the content of DA and its metab-
olite 3,4-dihydroxyphenylacetic acid (DOPAC) in mouse stria-
tum. Briefly, 0.2 g striatum was dissolved in 1 mL perchloric
acid 0.1 M and centrifuged at 12 000 rpm for 10 min, and the
supernatant was collected. An equal volume of potassium dihy-

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Effect of Neo administration on MPTP-induced neuronal damage in mice. (A) Schematic of the experimental design (B and C) Tyrosine
hydroxylase (TH)-positive cells in the substantia nigra (SN) were measured using immunohistochemistry (IHC) (scale bar = 50 pm) (D and E) The
expression of TH at protein level measured in mouse midbrain using western blot (F and G) The content of dopamine (DA) and its metabolite 3,4-
dihydroxyphenylacetic acid (DOPAC) in mouse striatum assessed using high-performance liquid chromatography (HPLC). Results are presented as
mean + SEM (n = 3). *#P < 0.01 vs. saline group. **P < 0.01 vs. MPTP-treated group.

drogen phosphate solution (300 mM) was added to the super-
natant. The mix was centrifuged again at 12000 rpm for
10 min. The supernatant was collected and filtered through a
0.22 pm filter. A 20 pL sample of this solution was loaded into
an HPLC system for analysis.

Enzyme-linked immunosorbent assay (ELISA)

Brain and colon tissues were ground using PMSF-containing
PBS at a ratio of 1 mLPBS per 200 mg of tissue. The levels of
pro-inflammatory factors (IL-6, TNF-a, and IL-1f) in the
brain, colon, and serum and the levels of LPS in the serum
were detected using commercially available ELISA Kkits
(Biolegend, San Diego, CA) according to the manufacturer’s
instructions.

This journal is © The Royal Society of Chemistry 2024

Gut microbiota analysis

Mice feces were collected for gut microbial composition ana-
lysis using 16S rRNA sequencing (Shanghai Personal
Biotechnology, China). DNA was extracted from fecal samples,
isolated, quality-checked, and further used for high-through-
put sequencing. The resulting sequences were filtered and
trimmed to obtain high-quality sequences. They were clustered
into operational taxonomic units (OTUs) based on a similarity
threshold set at 97%. Following cluster analysis, OTUs were
annotated to obtain species-specific taxa, which facilitated
further analysis such as OTU phylogenetic diversity studies.
The alpha (a) diversity of gut microbiota was evaluated using
the Chao, Faith, and Observed species indexes. The beta ()
diversity was evaluated using the principal coordinate analysis

Food Funct., 2024, 15,1460-1475 | 1463


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo04714h

Open Access Article. Published on 13 January 2024. Downloaded on 2/15/2026 2:40:49 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Paper

(PCoA) and non-metric multidimensional scaling (NMDS).
Furthermore, differences in bacterial species abundance
between groups were analyzed using the linear discriminant
analysis (LDA) effect size (LEfSe) algorithm.

Hematoxylin-eosin (H&E) staining

Colonic tissue damage was assessed using H&E staining. Fresh
colonic tissue samples were fixed in 4% paraformaldehyde for
24 h, dehydrated through a gradient alcohol series (70%, 80%,
90%, 95%, and 100% alcohol for one hour each), and cleared
with xylene for 40 min, before paraffin embedding. Embedded
tissue was sectioned into 5 pum slices using a microtome.
Subsequently, these sections were deparaffinized in xylene (for
30 min), rehydrated through a reverse alcohol gradient (100%,
95%, 90%, 80%, and 70% alcohol for 5 min each), and stained
sequentially with hematoxylin (for 3 min) and eosin (for
3 min). After staining, sections were dehydrated, cleared,
mounted, and finally visualized under a microscope.

Fecal microbiota transplantation (FMT)

Recipient mice were treated with antibiotics by gavage daily for
7 days prior to performing fecal microbiota transplants.
Antibiotics included vancomycin (100 mg kg™), neomycin
(200 mg kg™'), metronidazole (200 mg kg™'), and penicillin
(200 mg kg™"). During fecal transplantation, 200 mg of feces
from donor rats was dissolved in sterile water. After sufficient
shaking and centrifugation, the supernatant was gavaged to
recipient rats approximately 200 pL each. Feces of donor mice
were obtained freshly every day. The fecal microbiota trans-
plantation procedure was performed in the evening of each
day for 4 weeks.

Statistical analysis

Data were presented as mean + standard error of the mean
(SEM). Statistical analysis was performed, and figures were
generated using Graph Pad Prism 8. Shapiro-Wilk test was
used to test the normality of data distribution. Brown-Forsythe
test for homoscedasticity of variance was used. The differences
among multiple groups were analyzed using one-way analysis
of variance (ANOVA) combined with multiple comparisons and
followed by Tukey’s post hoc test. A p-value < 0.05 was con-
sidered statistically significant.

Results

Neo prevents MPTP-induced weight loss and behavioral
deficits in mice

In patients, PD primarily presents as mental depression and
loss of motor skills. To investigate the potential therapeutic
effect of Neo on PD, we induced PD symptoms in mice by
intraperitoneal injection of MPTP (25 mg kg~ d', 7d), and
subsequently administered Neo by gavage (25 mg kg™, 50 mg
kg™"). Initially, the analysis focused on the impact of Neo on
weight loss in MPTP-injected mice, revealing that Neo signifi-
cantly mitigated MPTP-induced body weight loss (Fig. 1B).
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Subsequently, we examined the effects of Neo on the loco-
motor behavior of MPTP-injected mice using open field, pole
climbing, and rotarod tests. In the open-field test, Neo signifi-
cantly enhanced the locomotor and exploratory abilities of
MPTP-injected mice (Fig. 1C-E). The pole climbing test
revealed that Neo improved balance and coordination in
MPTP-injected mice (Fig. 1F). The rotarod test demonstrated
that Neo administration increased fatigue tolerance in MPTP-
injected mice (Fig. 1G). These results demonstrate that Neo
alleviates both MPTP injection-induced weight loss and behav-
ioral deficits in mice.

Neo ameliorates MPTP-induced nigrostriatal dopaminergic
neuronal damage in mice

The main pathological feature of PD is damage to the
nigrostriatal dopaminergic neurons. To explore the effect of
Neo on this phenomenon, we used IHC staining methods to
assess the number of TH-positive cells in the SN. Compared
to the MPTP group, the Neo group presented a significantly
higher number of TH-positive cells (Fig. 2B and C). Further
supporting this, a western blot assay revealed that Neo
administration significantly increased the expression of TH
at the protein level in the midbrain of mice compared to
MPTP alone (Fig. 2D and E). The health of midbrain dopa-
minergic neurons is pivotal as their damage affects the
levels of striatal DA and its metabolites, leading to motor
impairment. Therefore, we evaluated the content of DA and
its metabolite DOPAC in mouse striatum using HPLC. The
results showed that compared to the MPTP group, Neo
group presented higher levels of striatal DA and DOPAC
(Fig. 2F and G).

These results demonstrate that Neo mitigates the damage of
nigrostriatal dopaminergic neurons induced by MPTP in mice.

Neo attenuates the MPTP-induced hyper-activation of
nigrostriatal microglia in mice

In PD, microglial hyper-activation contributes to the inflam-
matory response and neuronal damage. To explore the effect
of Neo on this phenomenon, we examined the number of
IBA-1-positive cells in the SN using IHC. MPTP group pre-
sented a significantly higher number of IBA-1-positive cells
compared to the control group, while Neo administration
mitigated this effect (Fig. 3A and B). Subsequently, we used
western blot to assess the expression of OX42 in the midbrain
of mice. The results indicated that Neo also reduced the
expression of OX42 at the protein level in the midbrain of
MPTP-injected mice (Fig. 3C and D). Subsequently, we exam-
ined the expression of pro-inflammatory mediators (IL-6,
IL-1B, and TNF-a) in the mouse midbrain using an ELISA
assay. Neo treatment reduced the level of expression of pro-
inflammatory mediators in the midbrain of MPTP-injected
mice (Fig. 3E-G).

These results demonstrate that Neo reduces the hyper-
activation of microglia and neuroinflammation in MPTP-
injected mice.

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Effect of Neo administration on MPTP-induced microglial activation in mice. (A and B) The ionized calcium-binding adapter molecule 1
(IBA-1)-positive cells in the substantia nigra measured using immunohistochemistry (scale bar = 20 pum) (C and D) Expression of OX42 at protein
level in mouse midbrain measured using western blot (E-G) The expression of pro-inflammatory factors IL-6, IL-1p, TNF-«a in the mouse midbrain
measured using ELISA. Results are given as mean + SEM (n = 3). *#P < 0.01 vs. saline group. **P < 0.01 vs. MPTP-treated group.

Neo alters gut microbiota composition in MPTP-treated mice augmented the o diversity of the gut microbiota in mice
(Fig. 4D). Additionally, p diversity analysis revealed that com-
pared to the MPTP group, the gut microbial composition of
the NM group was more similar to that of the control group
(Fig. 4E and F). These results demonstrate that Neo alters the
gut microbiota composition in MPTP-injected mice.

Numerous studies have established an important association
between gut microbial composition and neuroinflammation,
as well as inflammation-related neurodegenerative diseases.
To gain further insight into the effect of Neo on this relation-
ship, we analyzed the gut microbiota composition of mice
using 16S rRNA sequencing. As the number of samples
increased, the rarefaction curve representing operational taxo-
nomic unit (OUT) levels gradually reached saturation, indicat-
ing that the sequencing depth was sufficient (Fig. 4A and B). To further delineate the effect of Neo on gut microbial compo-
Additionally, the Venn diagram revealed 4042, 4749, and 5764 sition, we used LEfSe to identify statistically significant bio-
independent OTUs detected in the saline, MPTP, and NM markers across different treatment groups. Compared to the
(Neo+MPTP) groups, respectively (Fig. 4C). saline group, the MPTP group presented higher levels of

Subsequent o diversity analysis showed an increase in the Allobaculum, Psychrobacter, Corynebacterium, while the
Chaol, Faith, and observed species indexes in the Neo group Neo+MPTP group presented higher levels of Prevotella and
compared to the MPTP group, suggesting that Neo treatment Bacteroides (Fig. 5A and B).

Neo attenuates the MPTP-induced imbalance in the gut
microbiota of mice

This journal is © The Royal Society of Chemistry 2024 Food Funct., 2024, 15, 1460-1475 | 1465
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(E and F) B diversity evaluation using principal coordinates analysis and nonmetric multidimensional scaling. Results are presented as mean + SEM

(n=6). *P<0.05.

Next, we analyzed the effect of Neo on the abundance of
gut microbiota species at the phylum, family, and genus
levels (Fig. 5C, E and G). At the phylum level, Neo treatment
significantly increased the abundance of Bacteroidetes and
decreased the abundance of Actinobacteria and Proteobacteria
(Fig. 5C and D) in MPTP-injected mice. At the family level,
Neo treatment significantly increased the abundance of
Lactobacillaceae and S24-7 while decreasing that of
Erysipelotrichaceae, Desulfovibrionaceae, and Ruminococcaceae
(Fig. 5E and F) in MPTP-injected mice. At the genus level,
Neo treatment significantly increased the abundance of
Lactobacillus and decreased that of Adlercreutzia, Allobaculum,
Oscillospira, and Psychrobacter (Fig. 5G and H) in MPTP-
injected mice.

These results demonstrate that Neo mitigates MPTP-
induced gut microbiota imbalance in mice.

1466 | Food Funct, 2024, 15,1460-1475

Neo mitigates MPTP-induced colonic damage and
inflammatory responses in mice

Several studies have demonstrated a correlation between gut
flora imbalance and colonic injury. We further investigated the
effects of Neo on colonic tissue damage. Our results revealed
that Neo administration increases the integrity of colonic
tissue and reduces inflammatory cell infiltration in MPTP-
injected mice (Fig. 6B). Subsequently, we examined the
expression of barrier proteins (ZO-1, claudin-3) in colonic
tissue. Neo administration elevated the expression of ZO-1 and
claudin-3 compared to MPTP alone (Fig. 6C-E), indicating Neo
inhibited MPTP-induced colonic tissue damage in mice.
Additionally, we quantified pro-inflammatory mediators in
colonic tissues. Neo administration significantly reduced the
expression of IL-6, IL-1p, and TNF-« in colonic tissues (Fig. 6F-H).

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3fo04714h

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 13 January 2024. Downloaded on 2/15/2026 2:40:49 PM.

(cc)

Food & Function

‘The current LDA threshold is 3

saline
MPTP
NM

8 8 &

3

Relative Abundance (%)
3 88 88

3

®
8

View Article Online

Paper

(@]

8

W Bacteroidetes

W Firmicutes

W Proteobacteria
Actinobacteria
Vernucomicrobia

8

8

B Tenericutes

o TM7

M Cyanobacteria
1 Defernbacteres
W Chioroflexi

W Others

3 3

Relative Abundance (%)
8

phylum

saino. (=3

D Bacteroidetes

Actinobacteria

Proteobacteria

*

Relative abundance
Relative abundance

°
@

°

&
e
2

4
2
3

»
3
S

°
N
Relative abundance

Relative abundance
°
b
e o
s 8
g8 2

K
X
%

%

«

W Lactobacillus
W [Prevotella]
W Provotella
Allobaculum
Akkermansia
W Adlercreutzia
W Oscillospira

38 88

3

Relative Abundance (%)
§ 8388 s
[
H

°

@ 555F
D F3é3
2 '
0 g 3
Relative abundance T i m
S,

3
H

Fig. 5

0.03: 0.008:

o ax

0.006:

0.004-

Relative abundance
Relative abundance

0.002:

0.000
RIRIIRN
& &

Impact of Neo on gut microbial composition in MPTP-injected mice. (A and B) Statistically significant biomarkers across different treatment

groups revealed by linear discriminant analysis effect size analysis (linear discriminant analysis cut-off score > 3, P < 0.05) (C and D) Relative abun-
dance differences of gut microbes at the phylum level (E and F) Relative abundance differences of gut microbes at the family level (G and H) Relative
abundance differences of gut microbes at the genus level. Results are presented as mean + SEM (n = 6). *P < 0.05, **P < 0.01.

These results demonstrate that Neo mitigates colonic
damage and inhibits inflammatory responses in MPTP-
injected mice.

Neo attenuates MPTP-induced activation of NF-kB and
mitogen-activated protein kinase (MAPK) pathways in mice

The expression of inflammatory mediators is regulated by
specific inflammatory pathways. We examined the effect of
Neo on key inflammatory pathways (NF-kxB and MAPK) in the
midbrain and colonic tissue of MPTP-injected mice. We
initially observed significantly higher phosphorylation levels of
NF-kB p65 (Fig. 7A and B), ERK (Fig. 7A and C), JNK (Fig. 7A
and D), and p38 (Fig. 7A and E) in the midbrain of MPTP-
injected mice compared to saline-treated mice. This effect was
inhibited by Neo. Similar results were obtained for the colonic
tissue (Fig. 7F-]). These results demonstrate that Neo reduces

This journal is © The Royal Society of Chemistry 2024

MPTP-induced activation of the NF«xB and MAPK signaling
pathways in mice.

Lipopolysaccharide (LPS) and inflammatory cytokines mediate
the association between PD-like nerve injury, colitis, and gut
microbiota

To investigate the potential association between neuroinflam-
mation and colonic inflammation, we evaluated the serum
levels of LPS and pro-inflammatory mediators. Our results
revealed that serum levels of LPS and pro-inflammatory cyto-
kines (IL-6, IL-1B, and TNF-a) were significantly higher in the
MPTP group than in the saline group, while Neo treatment
reduced the MPTP-induced serum elevation of LPS (Fig. 8A) in
mice (Fig. 8B-D).

Additionally, we analyzed the correlation between neural
damage, colonic damage, serum levels of pro-inflammatory
factors, and gut microbiota using Spearman’s rank correlation

Food Funct., 2024, 15,1460-1475 | 1467
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analysis (Fig. 8E). We found positive correlations among
neural damage, colonic injury, and serum levels of LPS and
pro-inflammatory factors. At the phylum level, Proteobacteria

and Actinobacteria  were positively correlated, while
Bacteroidetes were negatively correlated with serum inflam-
mation levels. At the family level, Erysipelotrichaceae,

Desulfovibrionaceae, and Ruminococcaceae were positively corre-
lated, while S24-7 and Lactobacillaceae were negatively corre-
lated with serum inflammation levels. At the genus level,
Adlercreutzia, Allobaculum, Oscillospira, and Psychrobacter were
positively correlated, while Lactobacillus were negatively corre-
lated with serum inflammation levels.

1468 | Food Funct,, 2024, 15,1460-1475

In summary, these results suggest that gut microbiota are
involved in Neo’s mitigation of neural damage and colonic
injury and that LPS and pro-inflammatory factors might be
crucial in this process.

FMT alleviates motor symptoms and neurodegeneration in
MPTP-intoxicated PD mice

To further elucidate the role of gut microbes in Neo exerting
neuroprotection, we performed fecal microbial transplantation
experiments (Fig. 9A). First we evaluated the effect of FMT on
nerve injury and microglia activation in MPTP-injected mice
by IHC experiments. The results showed that after MPTP injec-

This journal is © The Royal Society of Chemistry 2024
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Fig. 7

Impact of Neo administration on the nuclear factor (NF)-kB and mitogen-activated protein kinase (MAPK) pathways in MPTP-injected mice.

(A) The protein levels of phosphate (p)-Jun N-terminal kinase (IJNK), INK, p-p38, p38, p-p65, p65, p-extracellular signal-regulated kinase (ERK), and
ERK in the mouse midbrain measured by western blot (B—E) Gray-scale analysis results of phosphorylated protein relative to total protein content (F)
The protein levels of p-INK, INK, p-p38, p38, p-p65, p65, p-ERK, and ERK in the mouse colonic tissues measured by western blot (G-J) Gray-scale
analysis results of phosphorylated protein relative to total protein content. Results are presented as mean + SEM (n = 6). ##P < 0.01 vs. saline group.

*P < 0.05, **P < 0.01 vs. MPTP-treated group.

tion, mice transplanted with feces from the MPTP group
showed a significant decrease in dopaminergic neurons and
an increase in microglia activation compared to mice trans-
planted with saline. In contrast, mice that inhibited feces from
the N+M group showed reduced neuronal damage and
decreased microglia activation (Fig. 9B-D). Similarly, protein
assays for neuronal markers and microglia activation markers
presented the same results (Fig. 9E-G). These results suggest

This journal is © The Royal Society of Chemistry 2024

that FMT alleviated neurodegeneration in MPTP-intoxicated
PD mice.

Subsequently, we evaluated the effect of FMT on motor
symptoms in MPTP-injected mice by behavioral experiments.
The results of the open-field experiment showed that mice in
the FMT-N+M group exhibited greater locomotor activity and
exploratory ability compared to the FMT-MPTP group (Fig. 9H
and I). The results of pole-climbing experiments showed that
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FMT ameliorated the decrease in balance caused by MPTP-
injected mice (Fig. 9]). The results of the rod-turning experi-
ment showed that FMT ameliorated the decrease in fatigue tol-
erance caused by MPTP-injected mice (Fig. 9K). These results
suggest that FMT alleviated motor symptoms in MPTP-intoxi-
cated PD mice.

Discussion

PD, the second most prevalent neurodegenerative disease
worldwide, is typically characterized by motor dysfunction
such as bradykinesia and rigidity."** To investigate the poten-

1470 | Food Funct, 2024, 15, 1460-1475

tial therapeutic role of Neo, we developed a mouse model of
PD induced by intraperitoneal injection of MPTP. In this
study, we evaluated the effects of Neo on MPTP-induced
inflammation and neurodegeneration in mice. Our results
revealed that Neo not only ameliorated MPTP-induced motor
impairment and neuronal damage but also inhibited neuroin-
flammation and modulated gut microbiota imbalance.
Additionally, Neo mitigated MPTP-induced colonic inflam-
mation and tissue damage. Mechanistic studies revealed that
Neo suppressed the inflammatory response by inhibiting
MPTP-induced excessive activation of the NF-xB and MAPK
pathways. These results collectively demonstrate that in MPTP-
injected mice, Neo administration attenuates neurodegenera-

This journal is © The Royal Society of Chemistry 2024
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Fig. 9 Effect of FMT on MPTP-induced neuronal damage and motor symptoms in mice. (A) Schematic of the experimental design (B and C) TH-
positive cells in the SN were measured using IHC (scale bar = 50 pm). (B and D) IBA-1-positive cells in the SN were measured using IHC (scale bar =
20 pm) (E-G) The expression of TH and OX-42 at protein level measured in mouse midbrain using western blot. Results are presented as mean +
SEM (n = 3). (H) Total distance traversed by mice within the zone for 5 min. (I) Duration spent by mice in the central zone for 5 min. (J) Time taken by
mice to descend from the top to the bottom of the pole. (K) Duration mice were able to remain on the rotarod. Data are presented as mean + SEM
(n = 6). #P < 0.05, *#P < 0.01 vs. FMT-saline group. *P < 0.05, **P < 0.01 vs. FMT-MPTP-treated group.

tion by suppressing inflammation and regulating the compo-
sition of gut microbiota (Fig. 10).

The main pathological change in PD is the degeneration of
nigrostriatal dopaminergic neurons, resulting in reduced stria-
tal DA levels.*?* Therefore, we investigated the effects of Neo
on MPTP-induced damage of the nigrostriatal dopaminergic
neurons and the striatal DA metabolism. Neo administration
significantly mitigated the damage of nigrostriatal dopamin-

This journal is © The Royal Society of Chemistry 2024

ergic neurons and increased the levels of striatal DA and its
metabolite DOPAC in MPTP-injected mice. These results
demonstrate Neo ameliorates PD symptoms in MPTP-injected
mice, revealing its possible beneficial role in PD treatment.
Although the exact etiology of PD remains unclear, inflam-
mation has been involved in its pathogenesis. Pro-inflamma-
tory mediators released by over-activated microglia induce
neuronal damage and exacerbate the progression of PD.”%?°
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Neo has been reported to inhibit inflammation in peripheral
tissues. Herein, we demonstrated that Neo administration sig-
nificantly inhibited the hyper-activation of microglia and the
release of pro-inflammatory mediators in MPTP-injected mice,
suggesting that Neo may exert neuroprotective effects by sup-
pressing neuroinflammation. However, the exact underlying
mechanism remains to be clarified.

Gut microbes regulate the nervous system of the host via
the gut-brain axis. Imbalances in the gut flora are associated
with several inflammation-related diseases. Furthermore, an
imbalance in intestinal flora is also an important trigger of
neuroinflammation, and regulation of gut microbial compo-
sition mitigates neuroinflammation.">*%*” In our experiments,
we first found that administration of Neo ameliorated PD-
associated symptoms such as MPTP-induced dyskinesia and
neurological damage in mice. Further studies, we also found
that Neo administration inhibited neuroinflammation in
MPTP-injected mice. To further explore the role of neohesperi-
din, we assessed the gut microbial composition of mice by 16S
sequencing. The results showed that Neo administration was
able to modulate the intestinal microbial imbalance in MPTP-
injected mice, as evidenced by an increase in the abundance
of beneficial bacteria and a decrease in the abundance of
harmful bacteria. Studies have shown that some harmful bac-
teria may cause inflammation in the body by releasing
harmful factors such as LPS that flow through the circulatory
system.*®?° In this experiment, we examined serum levels of
LPS and pro-inflammatory mediators. It was found that the
levels of LPS and pro-inflammatory mediators in the serum of
mice in the Neo-administered group were significantly lower
compared with those in the MPTP group, which further
suggests that Neo administration may regulate neuroinflam-

1472 | Food Funct, 2024, 15, 1460-1475

mation by modulating the microbiota composition of the
intestinal tract. In this study, we demonstrated that Neo
administration ameliorated colonic tissue damage and
the of expression of pro-inflammatory
mediators in the colon of MPTP-injected mice. These results
indicate that Neo has beneficial effects in MPTP-injected mice
by modulating intestinal microbial composition and prevent-
ing colonic tissue damage. Also, our results lay the foundation
for targeting gut microbes to further investigate the role of Neo
in neurodegenerative diseases.

NF-kB is a critical regulator of cellular responses, with its
activation often triggered by various bacterial metabolites
and surface receptors. This activation regulates the transcrip-
tion of pro-inflammatory mediators, such as IL-6, TNF-a, and
IL-1.*" The MAPK pathway, another important cellular
signal transmitter, has been associated with inflammation
upon activation of its subunits, including ERK, JNK, and
p38.*>** Studies have shown that neuroinflammation plays
an important role in the pathogenesis of PD. In this experi-
ment, we found that Neo inhibited neuroinflammation in
MPTP-injected mice. And further studies have found that gut
microbes play a role in this. It has also been reported that gut
microbes may regulate inflammatory responses by releasing
factors such as LPS that modulate the activation of NF-kB and
MAPK pathways.***> It has been shown that LPS mediates
inflammatory responses by activating NF-kB and MAPK path-
ways through TLR4 receptors on the cell surface.*®*” To
clarify the mechanism by which Neo acts, we explored the
effects of Neo on NF-xB and MAPK pathways in MPTP-
injected mice. The results showed that Neo administration
improved the activation of NF-xB and MAPK pathways in
MPTP-injected mice.

reduced levels

This journal is © The Royal Society of Chemistry 2024
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LPS, the main component of the cell wall of Gram-negative
bacteria, often induces NF«xB and MAPK pathway
activation.”®*® In this study, we found that Neo adminis-
tration significantly reduced the serum levels of LPS and pro-
inflammatory mediators in MPTP-injected mice. Additionally,
Spearman’s rank correlation analysis revealed that the levels
of LPS and pro-inflammatory mediators were positively
associated with neuronal damage and colonic injury and cor-
related with gut microbial abundance at different levels.
These results suggest that LPS and pro-inflammatory
mediators may mediate the association between gut micro-
biota, inflammation, and nerve injury. To further demon-
strate the role played by gut microorganisms in the ameliora-
tion of PD symptoms in mice by Neo, we performed a flora
transplantation experiment. We found that behavioral and
neurological impairments were significantly improved in
mice with Neo+MPTP group feces compared to mice with
MPTP group feces. However, mice with Neo+MPTP group
feces still had motor behavioral deficits and neurological
impairments compared to mice with control group feces by
gavage. These results suggest that gut microbes play a role in
Neo ameliorating dyskinesia and neurological damage in
MPTP-injected mice, but Neo does not only act through this
one pathway.

In summary, this study provides the first evidence that Neo
attenuates MPTP-induced neurodegeneration in mice and
exerts neuroprotective effects by inhibiting the excessive acti-
vation of NF-kB and MAPK signaling pathways. These effects
were associated with the ability of Neo to increase intestinal
flora diversity and significantly alter its composition, further
lead to an increase in the abundance of beneficial bacteria
and a decrease in that of harmful bacteria. Combined with the
fact that it comes from fruit and has properties such as non-
toxicity and easy access, Neo may offer therapeutic benefits in
PD by targeting neuroinflammation and the composition of
gut microbiota. However, its specific role and its application in
PD need to be further investigated.
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