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Pectin-Zein-IPA nanoparticles promote D
functional recovery and alleviate
neuroinflammation after spinal cord injury
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Abstract

Introduction Spinal cord injury (SCI) impairs the balance of gut microbiomes, which further aggravates inflammation
in the injured areas and inhibits axonal regeneration. The intestinal microbiome plays an important role in SCl and
regulating intestinal microbiome promotes SCl repair. However, current studies have shown that indole-3 propionate
(IPA), a metabolite of gut bacteria, can promote axonal regeneration. However, the short half-life of IPA limits its
effectiveness. Gut microbiota plays a role in the progression of SCI, but the studies about diet regulates intestinal flora
metabolites to improve SCl are still limited and lack guiding significance.

Results The results showed that Pectin-Zein-IPA NPs treatment improves motor function recovery, inhibits the
activation of oxidative stress, enhances axonal regeneration and activates AKT/Nrf-2 signaling pathway following

SCl. Further analysis showed that Pec-Zein-IPA NPs treatment reduced the intestinal flora metabolite accumulation of
L-methionine, and alleviated neuroinflammation by improving autophagy and inhibiting pyroptosis. Pec-Zein-IPA may
reduced neuroinflammation after SCl by decreasing the abundance of Clostridia_UCG-014, Clostridia_vadinBB60_group,
Shewanella (positively correlated with L-Methionine) and increasing the abundance of Parasutterella (negatively
correlated with L-Methionine).

Conclusions Our findings provide a strategy for oral drug research in SCI. The results suggest that Pectin-Zein-IPA
NPs have potential advantages for treatment and management of SCI. Reducing L-methionine intake may help
reduce neuroinflammation after SCI.
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Changes in intestinal flora composition

Pec-Zein-IPA treatment
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Intestinal flora disorder

Spinal cord injury

Introduction

Spinal cord injury (SCI) induces loss of sensory and
motor functions and burdens patients and families
worldwide [1]. SCI causes an imbalance in the intesti-
nal microbes, leading to leaky intestines, which trigger
pathogenic bacteria and endotoxins including LPS, enter-
ing blood circulation and aggravating neurological condi-
tions [2-5].

Accumulating studies have demonstrated that gut
microbes play a crucial role in the functions of the central
nervous system (CNS) including neurodevelopment, the
synthesis of neurotransmitters, the formation of blood-
brain barrier and the maturation of glial cells [6-8]. SCI
requires long-term intervention and repair. Therefore,
diet regulats gut microbiota to improve injured site
microenvironment is an attractive treatment strategy. In
ancient China, the earliest food therapy can be traced
back to 621 ~ 713 years of the Tang Dynasty famous med-
icine writer Meng Shen’s “food therapy Materia Medica”.
Compared with drug therapy and surgery, the advantage

of dietary therapy is that it has almost no toxic side
effects on the body and reduces the invasiveness of sub-
stances such as hydrogels [9]. Research has shown that
gut microbiota plays a role in the progression of SCI, but
the studies about diet regulates intestinal flora metabo-
lites to improve SCI are still limited and lack guiding sig-
nificance. In addition, there is a lack of carriers for dietary
regulation of intestinal microbiota and drug release.
Biomaterials of Zein protein are derived from corn and
are versatile, low-cost, biocompatible and degradable.
Current research indicates that Zein protein biomateri-
als are often prepared into nanoparticles for drug deliv-
ery [10]. Zein delivers excellent potential for biomedical
applications. It was found that Zein can be loaded with
IPA by using the nano-precipitation method. Evidence
shows that Zein is very sensitive to digestive system deg-
radation enzymes, resulting in an early release of IPA
from Zein [11]. Pectin is a common food additive, which
is a polygalacturonic acid polysaccharide found in citrus,
lemon, grapefruit and other peels. However, pectin is
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not digested by saliva, gastric juices and intestinal juices
[12, 13]. A high-protein diet is recommended for the SCI
treatment [14], zein and pectin are ideal for delivery car-
riers and diets.

Currently, spinal cord injury (SCI) induces distur-
bances in the gut microbiota, yet the exploration of the
role of gut microbiota in the repair process following SCI
remains limited. Previous studies have shown that resve-
ratrol promotes the production of short-chain fatty acids,
which are metabolites of the gut microbiota, and inhibits
inflammatory responses after SCI [3]. Additionally, fecal
microbiota transplantation from healthy individuals has
been found to enhance motor function recovery after
SCI by increasing the abundance of Firmicutes, Blautia,
and Anaerostipes [7]. This suggests that the gut micro-
biota and its metabolites play a significant role in the
repair process following SCI. Indole-propionic acid (IPA)
is a metabolite of Clostridium sporogenes, a microbe
found in the intestine. IPA has been shown to promote
the regeneration of dorsal root ganglion neurons and to
provide excellent neuroprotection [15, 16]. However, IPA
appears to have a short half-life, which seems to limit
its effectiveness [17]. In this study, we tried to load IPA
(Pec-Zein-IPA NPs) in mice with SCI by using pectin and
zein. IPA was slowly released to promote axon regen-
eration. Pec-Zein was involved in regulating intestinal
microbial metabolites, reducing neuroinflammation and
improving the microenvironment at the injured site. We
assessed the levels of inflammation and oxidative stress
after administration of Pec-Zein-IPA NPs in injured mice
and evaluated axonal regeneration in the injured areas
following SCI. We also examined the effects of intraintes-
tinal Pec-Zein-IPA NPs on intestinal permeability, intes-
tinal microorganisms and metabolites in mice following
administration of these NPs. Collectively, the results of
our study confirm that intestinal flora metabolites inter-
fere with the microenvironment at the injured region,
suggesting that Pec-Zein-IPA NPs can be beneficial for
the treatment and management of SCI.

Materials and methods

Preparation of Pec-Zein and Pec-Zein-IPA NPs

Zein (240 mg) (aladdin, Z304904) was dissolved in 6 mL
of 80% ethanol. The mixture was added to 20 mL of ultra-
pure water containing 1.25% sodium deoxycholate (SD)
(aladdin, S104198) and stirred at 1000 g for 10 min. The
amount of IPA (MCE, HY-W015229) added to Zein NPs
was 0.1-1.0 mg/mL. Zein-IPA NPs solution was stirred at
800 g for 10 h to evaporate ethanol. Zein-IPA NPs were
then placed in a dialysis bag (12000—14000 Da, Solarbio),
PBS was added to 37°C and stirred for 1 h to remove free
IPA and Zein-IPA NPs were obtained after freeze-drying.
Pec-Zein-IPA NPs were prepared for animal experiments
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by mixing 60 mg pectin (aladdin, P112756) with 200 mL
ultrapure water and stirring it for 30 min at 1000 g.

Characteristics of Zein-IPA NPs and Pec-Zein-IPA NPs

The Zein-IPA NPs and Pec-Zein-IPA NPs were dissolved
in PBS and the particle size and Zeta potential were
determined using the Zetasizer Nano ZS90. FEI Tecnai
G2 F30 and SU8020 instruments were used to exam-
ine the Zein-IPA NPs and Pec-Zein-IPA NPs surface
morphology.

The encapsulation efficiency and release of IPA in vitro and
in vivo

Using FITC-labeled BSA (Solarbio, SF063) instead of
IPA to observe drug release in vivo. Prepare Pec-Zein
NPs loaded with FITC-labeled BSA using the above
method. After freeze-drying the nanoparticles, reconsti-
tute NPs for oral gavage administration to SCI mice. At
corresponding time points, the mice were anesthetized
with isoflurane, and images were captured using a small
animal in vivo imaging system (IVIS Spectrum). Pepsin
(Aladdin, P755347) and trypsin (Aladdin, E757753) were
purchased from Aladdin to simulate the stomach and
small intestine environment. As previously described
[18], Zein-IPA NPs and Pec-Zein-IPA NPs were placed
in a dialysis bag suspended in (100 mL PBS with 1%
Tween80 and pepsin, pH 1.2) simulated gastric fluid
(sgf) and stirred at 100 g to induce the gastric transport
state at 37°C. To simulate the intestinal tract, the dialy-
sis bags were suspended (100 mL PBS with 1% Tween
80 and trypsin, pH 6.8) and stirred at 100 g at 37°C. The
dialysis bag was then placed in 100 mL PBS containing
1% Tween80, pH 7.4, harvested from a 20% microbiota
filter and stirred at 37°C at 100 g. Next, the 2 mL PBS
was collected after 0.5, 1, 2, 4, 8 and 24 h, respectively,
and the new medium was added to PBS. NPs prepared
with Zein-IPA were centrifuged at 4°C for 1 h using the
BeckmanOtimalO0 instrument. Afterward, supernatant
was collected and the absorbance of IPA was detected at
283 nm. The encapsulation of Zein-IPA NPs was finally
calculated using the following formula:

Encapsulation efficiency
the amountof free IPA
in the supernatant
the amount of total IPA

Animals

Healthy two hundred female C57BL6/] mice were pur-
chased from Gempharmatech Co.Ltd. and kept in
standard conditions. The experimental protocols and
procedures were approved by the Experimental Animal
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Ethics Committee at Wenzhou Medical University, Zhe-
jiang Province, (No. wydw2018-0043), and in accor-
dance with the ARRIVE guidelines (Animals in Research:
Reporting In Vivo Experiments) [19].

SCl mice and drug intervention

Female mice were fully anesthetized with isoflurane.
Then, skin and muscles and the dorsal cord were exposed
using an anesthesia machine. SCI model was established
by using a vascular clamp for 1 min (30 g force, Oscar)
after a T9-T10 segmental laminectomy [20]. The skin and
muscles from back in the sham group were isolated with-
out being injured. The mice were randomly allocated into
groups of SCI, IPA, Pec-Zein NPs and Pec-Zein-IPA NPs.
The mice in the IPA group received 40 mg/kg/day of IPA,
while the mice in Pec-Zein-IPA group received nanopar-
ticles (containing same amount of IPA compared to the
IPA treatment group) daily. The mice of Pec-Zein group
received the same nanoparticles without IPA and those in
the SCI group received normal saline solution. The body
function of all mice was restored by artificial bladder
emptying twice daily following injury.

Motor function recovery

BMS scores were calculated according to the previously
described method for 1, 3, 7, 14 dpi in mice following SCI
[21]. The BMS score ranged from 0 (paralyzed) to 9 (nor-
mal) based on coordination, retro ankle range of motion,
tail pose, trunk stability and sole pose. Neuroexam M-800
(medcomtech) was used to evaluate nerve function at the
injured site 14 days after injury. Electrodes were placed
on the gastrocnemius muscle of the hind limb to record
the amplitude of the action potential.

HE and nissl staining

HE and Nissl staining kits (Solarbio) were used to stain
the spinal cords of mice after the tissue was fixed and the
5 cm tissue sections were dewaxed and hydrated. The
spinal cords were then stained as described in the kit
instructions. The images were finally captured using a
Nikon microscope.

Immunofluorescence staining

Spinal cord tissue sections were sufficiently dehydrated
and blocked for endogenous catalase, repaired with
sodium citrate under high pressure and incubated with
primary antibody for Arg-1 (Proteintech, 66129-1-lg),
GFAP (Santa Cruz Biotechnology, sc-33673), Neun
(Abcam, ab104224), C-caspase 3 (Affinity, AF7022),
iNOS (Abcam, ab178945), NF200 (Abcam, ab207176),
TOM?20 (Proteintech, 11802-1-AP), ZO-1 (Proteintech,
66452-1-1g) and Occludin (Proteintech, 27260-1-AP) at
4°C overnight. Next, tissue slide was adequately incu-
bated with secondary antibody at room temperature for
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1.5 h. DAPI-labeled nucleus and spinal cord images were
obtained and analyzed by Nikon C2si and OLYMPUS
VS$200.

Western blot assay

The spinal cord protein was extracted using a protein
extraction kit, isolated using Epizyme Biotech’s 7.5-
12.5% PAGE Gel Fast Preparation Kit (Epizyme Biotech)
and transferred to PVDF membranes. Afterward, the
samples were adequately blocked with QuickBlockTM
Western (Beyotime) for 15 min and then incubated with
primary antibodies such as Bcl-2 (Proteintech, 26593-1-
AP), SOD2 (Proteintech, 24127-1-AP), NQO1 (Protein-
tech, 11451-1-AP), HO-1 (Proteintech, 10701-1-AP),
Bax (Proteintech, 50599-2-lg), Nrf-2 (ZENBIOSCI-
ENCE, 380773), p-AKT(ZENBIOSCIENCE, 381555),
AKT (ZENBIOSCIENCE, R23412), p-p65 (ZENBIO-
SCIENCE, 310013), p65 (ZENBIOSCIENCE, 250060),
p-mTOR (ZENBIOSCIENCE, 381557), mTOR (ZEN-
BIOSCIENCE, 660108), NLRP3 (Abcam, 263899), Cas-
pasel (Affninty, AF4005), GSDMD (Affninty, AF4012),
LC3 (HUABIO, ET1701-65), p62 (ZENBIOSCIENCE,
380612), SAMTOR (Proteintech, 21744-1-AP) and
GAPDH (ZENBIOSCIENCE, 380626) overnight at 4°C.
The secondary antibodies were then incubated for 2.5 h.
The images of PVDF membranes were finally obtained
using the chemiDoc XRS + software and quantified using
Image Lab 5.2.

Quantitative RT-PCR (qRT-PCR)

Trizol (takera) reagent was used to extract total RNA
from spinal cord tissue according to the supplier’s
instructions. cDNA was synthesized by PrimeScriptTM
RT Master Mix (Takara) and qRT-PCR was performed
using the TB green method. Finally, the mRNA expres-
sion was calculated and analyzed by 2 - AACt. Forward
primer (5-3): IL-1 (TTTGAAGTTGACGGACCCCA
A), CD86 (ACAGAGAGACTATCAACCTG), TNF-a (A
CGGCATGGATCTCAAAGAC), GAPDH (GGCAAAT
TCAACGGCACAGTCAAG), IL-6 (CTCCCAACAGAC
CTGTCTATAC); Reverse primer (5-3’): IL-1p (CACAG
CTTCTCCACAGCCACA), CD86 (GAATTCCAATCA
GCTGAGAAC), TNF-a (AGATAGCAAATCGGCTGA
CG), GAPDH (TCGCTCCTGGAAGATGGTGATGG),
IL-6 (CCATTGCACAACTCTTTTCTC).

Amplification, sequencing and analysis of 16S rRNA gene

Fecal (30 mg) were sequenced for 16S RNA analysis.
The quality of DNA extraction was determined by 1.2%
agarose gel electrophoresis after DNA extraction using
Nanodrop. The Quant-iTPicoGreen dsDNA Assay Kit
and Microplate Reader (BioTek, FLx800) were used to
amplify the recovered products using a Fluorescence
Assay Kit and PCR amplification. The samples were
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mixed according to their sequencing quantities based
on the fluorescence quantitative results. The sequencing
libraries were prepared utilizing Illumina’s TruSeq Nano
DNA LT Library Prep Kit. Magnetic bead screening was
used to remove joint self-contiguous segments and puri-
fication of the library system was performed after the
addition of the joint. BECKMAN AMPure XP Beads
were used to obtain the library enrichment products after
amplifying the DNA fragments involved in splices by
PCR. The library was finalized using 2% agarose gel elec-
trophoresis to select and purify the fragments. The sam-
ples were sorted and categorized according to index and
barcode information from the original sequence of qual-
ity preliminary screening. QIIME2 dada2 or Vsearch soft-
ware analysis flows were followed for sequence denoising
or OTU clustering. The sparse curve was evaluated using
ASV/OUT distributions in different samples. ASV/OTU
level distance matrix calculations, p and « diversity mea-
surement were conducted using unsupervised sorting,
clustering and statistical analyzing methods.

Extraction and analysis of fecal metabolites

A total of 25 female mice were were used for fecal
metabolome analysis. The sample (50 mg) was placed in
an EP tube with 2 medium steel balls. Then, 200 pL of
pre-cooled 80% methanol aqueous solution was mixed
and homogenized in a tissue breaker. Next, 800 pL was
added, ultrasounded in an ice bath for 20 min and fro-
zen at -20°C for 1 h. The supernatant was obtained by
centrifuging 16,000 g at 4°C for 20 min, then drying
in high-speed vacuum enrichment centrifuges. Mass
spectrometry analysis was performed with 100 mL of
methanol-aqueous solution (1:1, v/v) redissolved and
centrifuged for 15 min and the supernatant was collected
for analysis. The sample volume was 4 pL, the column
temperature was 40°C and the flow rate was 0.3 mL/
min. For chromatographic gradient elution, the chro-
matographic mobile phase A is 0.1% formic acid solu-
tion and the mobile phase B is acetonitrile. In 2—6 min,
B changes linearly from 0 to 48%. 6—10 min, B changed
linearly from 48 to 100%; 10-12 min, B maintained at
100%; At 12-12.1 min, B changed linearly from 100 to
0% and at 12.1-15 min, B remained at 0%. The positive
(+) and negative (-) modes of each sample were detected
utilizing electrospray ionization (ESI). The samples were
then separated by UPLC, analyzed by mass spectrometry
using QE Plus mass spectrometer (Thermo Scientific)
and ionized using an HESI source. Peak alignment, reten-
tion time correction and peak area extraction for raw
data were performed using MSDIAL software. The total
peak area of the positive and negative data for positive
and negative ions was normalized, the peaks of the posi-
tive and negative ions were integrated and patterns were
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recognized using Python. The data were preprocessed by
Unit variance scaling (UV) before being analyzed.

Fecal supernatant transplantation

For fecal transplantation, the feces of mice with SCI were
collected and 50 mg feces were diluted with 1 mL ster-
ile saline. The mixed sample was centrifuged at 100 g,
4°C, for 5 min, and the supernatant was filtered through
70 um filter. SCI mice were given 100 pL fecal superna-
tant daily.

BV2 cells culture and drug treatment

The BV2 cells were purchased from Shanghai Zhonggqia-
oxinzhou Biotech (ZQ0397). BV2 cells were cultured in
MEM medium with 10% fetal bovine serum, 1% penicil-
lin-streptomycin solution and 5% CO, at 37°C. BV2 cells
were treated with SAM or Met for 2 h after being divided
into LPS+ ATP, LPS+ATP + Met and LPS+ATP +SAM
groups.

Intestinal permeability analysis

Briefly, the mice were fasted for 4 h at 14 dpi, and intra-
gastric administration with 12 mg/20 g FITC-dextran
(Sigma, FD4), then blood centrifugation was taken
to obtain the supernatant after 4 h. The absorbance
of the supernatant was analyzed at Em=520 nm and
Ex=481 nm using a microplate reader.

Molecular docking

To evaluate the binding energy and interaction pat-
terns of candidate SAM with SAMTOR, we employed
AutodockVina 1.2.2, a computerized protein-ligand
docking software. We from PubChem compound data-
base (https://pubchem.ncbi.nlm.nih.gov/), SAM, Met
and SAMTOR were downloaded from PDB (http://www
.resb.org/). We first prepared the protein and ligand files,
converted all the protein and molecular files to PDBQT
format, removed all the water molecules, and added polar
hydrogen atoms. The grid frame is centered to cover
each protein domain and accommodate free molecular
motion. Molecular docking studies by Autodock Vina
1.2.2 (http://autodock.scripps.edu/) is used to model
visualization.

Statistical analysis

The analysis and modeling of multivariate data were per-
formed using R (version 4.0.3) and R packages. The data
were mean-centered using Pareto scaling. The mod-
els were developed using principal component analy-
sis (PCA), orthogonal partial least-square discriminant
analysis (PLS-DA), and partial least-square discriminant
analysis (OPLS-DA). Permutation tests were performed
to evaluate all models for overfitting. The OPLS-DA
method was used to identify discriminating metabolites
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Table 1 Zein NPs size with different concentration IPA

IPA Size Polydispersity Encap-
(mg/mL) (nm) index sulation
(PDI) efficiency
(EE%)
0.6 548.2+9 041+0.04 77.14+£0.026
0.8 638945255 0.5+0.06 81.76£0.56
1.0 651.7+18.88 0.25+0.01 85.2+£0.38

Table 2 The size of Zein, Zein-IPA and pec-Zein-IPA NPs

Size (nm) PDI
Zein NPs 388.8+848 0.11£0.03
Zein-IPA NPs 657.1+18.8 0.25+0.01
Pec-Zein-IPA NPs 6712+£11.67 0.32+0.02

based on the variable importance of projection (VIP).
The discriminating metabolites were obtained using a
statistically significant threshold of VIP values obtained
from the OPLS-DA model and two-tailed Student’s t
test on the normalized raw data at univariate analysis
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level. Experimental data were analyzed using GraphPad
Prism 8.0.2 software and were presented as mean + SEM.
ANOVA and Tukey’s multiple comparison tests were
used to compare two or more groups. VIP>1, p<0.05
was considered statistically significant.

Results

Characterization of Pec-Zein-IPA NPs and release of IPA
Our results suggest that intestinal flora and metabolites
are disturbed after SCI in mice (Figure S1). In order to
verify the therapeutic effect of food therapy on intesti-
nal flora and SCI, pec-zein was synthesized to regulate
intestinal flora and IPA release.The Pec-Zein-IPA NPs
were freeze-dried after mixing zein with pectin and IPA.
Tables 1 and 2 showed that Zein NPs containing 1 mg/
mL IPA retained 85% IPA with an average particle size of
651.7 nm. It was found that Pec-Zein NPs with IPA had
the average particle size of 671.2 nm and the potential of
-22.47 (Fig. 1A-B). We found that Zein NPs did not sig-
nificantly increase IPA encapsulation efficiency when the

Zein NPs J
Pec-Zein-FITC-BSA treatment conwecee

Radiant Efficency
2sr
CWiems )

[Color Scale

Fig. 1 Characterization and release of Zein-IPA and Pec-Zein-IPA NPs. (A) The NPs of Zein, Zein-IPA and Pec-Zein-IPA size. (B) The image of Pec-Zein-IPA NPs
zeta potential. Zein NPs size with different concentration IPA. (C) Release of Pec-Zein-IPA and Zein-IPA NPs in the simulated gastric environment in vitro.
(D) The release of Pec-Zein-IPA and Zein-IPA NPs in the simulated small intestine. (E) The release of Pec-Zein-IPA and Zein-IPA NPs in the simulated large
intestine, n=3 per group. (F) The TEM image of Pec-Zein-IPA NPs. (G-1) The SEM NPs of Zein, Zein-IPA and Pec-Zein-IPA, scale bar =1 ym, 2 um and 50 nm,
respectively. (J) In vivo fluorescent images of SCI mice at different time points after Pec-Zein-FITC-BSA NPs treatment. (K) Imaging of Pec-Zein-FITC-BSA
NPs in the heart, liver, spleen, lungs, kidneys, and intestines of mice 24 h after treatment for SCI
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IPA concentration continued to increase, but the par-
ticle size increased. Therefore, we subsequently selected
NPs containing IPA (1 mg/mL) to continue the experi-
ment. Zein-IPA NPs and Pec-Zein-IPA NPs released
IPA in the simulated stomach, small intestine and large
intestine in vitro, demonstrating that the stomach could
release a substantial amount of IPA (Fig. 1C-E). Taken
together, the results indicated that Pec-Zein-IPA NPs
are more suitable for administration. Additionally, we
employed FITC-labeled BSA as a substitute for IPA in
the sustained-release experiment for the gastrointestinal
tract. In vivo imaging of small animals demonstrated that
Pec-Zein-FITC-BSA NPs can achieve slow release in the
intestine over a period of 24 h (Fig. 1J-K).

Pec-Zein-IPA NPs promoted motor function recovery in SCI
mice

To evaluate histomorphologic altetions of Pec-Zein-
IPA NPs intervention in SCI mice, we executed HE and
Nissl staining. The HE staining at 7 and 14 days indi-
cated that the SCI group lost more tissue than the sham
group (Fig. 2B and C). In contrast, the Pec-Zein-IPA
NPs treatment group exhibited a more complete tissue

A Zein B

- 0D 45 9B
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morphology. The results from the Nissl staining also indi-
cated that neurons in the Pec-Zein-IPA group retained
more neurons than in the SCI group (Fig. 2B). We further
analyzed the promising effect of Pec-Zein-IPA NPs on
motor function recovery in mice following SCI (Fig. 2E
and F). The results showed that the BMS scores in the
SCI model group were markedly reduced (Fig. 2G and
H).

In contrast, the BMS scores in the Pec-Zein-IPA treat-
ment group were augmented at 14 days compared to
other injured groups. Our results showed that the ampli-
tudes of the action potentials significantly correlated with
the trend of BMS scores at 14 days post-injury (dpi) in
the SCI group, but increased after treatment with Pec-
Zein-IPA NPs in SCI group. Taken together, these results
suggested that Pec-Zein-IPA NPs improved function
recovery in injured mice.

Pec-Zein-IPA NPs inhibited the activation of OS and
alleviated neuronal apoptosis in SCl mice

Reactive oxygen species (ROS) can induce OS and pro-
mote neuronal apoptosis following SCI. The level of
ROS and apoptosis was determined in injured mice by
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DHE, western blotting and immunofluorescence stain-
ing, respectively. Immunofluorescence staining results
indicated that Cleaved-caspase3 (C-caspase3) fluores-
cence intensity and DHE were significantly higher in the
SCI group than in the sham group (Figure S2A, G). Our
results also showed that the delivery Pec-Zein-IPA NPs
significantly minimized the C-caspase3 and DHE fluores-
cence intensity. In addition, western blot assay revealed
that Pec-Zein-IPA NPs treatment down-regulated the
expression levels of pro-apoptotic protein Bax and up-
regulated the expression levels of anti-apoptotic protein
Bcl-2 and anti-oxidative stress-related proteins HO-1,
NQO1 and SOD2 in mice following SCI (Figure S2B-K).
Taken together, these results revealed that Pec-Zein-IPA
could efficaciously inhibit the activation of OS and pro-
mote neuronal survival in mice following SCI.

Pec-Zein-IPA NPs alleviated neuroinflammation following
SClin mice

The release of several inflammatory factors following SCI
further impairs the recovery of the injury [22-24]. Thus,
we executed immunofluorescence staining to examine
the expression of M1 and M2 microglia at the injured
area in 7 and 14 days in mice following SCI. More impor-
tantly, figure S3A and B indicated that the fluorescence
intensity of iNOS (M1-type microglia) was markedly
enhanced between 7 and 14 days in SCI group. And we
found that Pec-Zein-IPA NPs decreased the iNOS fluo-
rescence intensity and enhanced the Arg-1 and CD206
(M2-type microglia) fluorescence intensity in mice fol-
lowing SCI. In addition, we further measured the mRNA
expression levels of pro-inflammatory factor IL-6, TNF-a
and IL-1f at 7 dpi in injured mice. The qRT-PCR analy-
sis showed that the administration of IPA and Pec-Zein
NPs down-regulated mRNA expression level of pro-
inflammatory factor IL-6, TNF-a and IL-1f in mice
following SCI. Furthermore, administration of Pec-Zein-
IPA NPs also efficaciously suppressed the expression of
pro-inflammatory factors in SCI mice (Figure S3E-G).
Overall, above results confirmed that intervention of Pec-
Zein-IPA NPs alleviated neuroinflammation in mice fol-
lowing SCIL

Pec-Zein-IPA NPs enhanced axon regeneration in mice
following SCI

Previous study has shown that glial scars formation fol-
lowing SCI further hinders the regeneration of axons
[25]. A recent study suggested that IPA significantly pro-
moted axonal regeneration in the dorsal root ganglion
neurons [15]. We utilized immunofluorescence staining
to analyze whether IPA promoted axon regeneration in
SCI region. Immunofluorescence result showed that the
intensity of NF200 fluorescence was decreased in injured
area at 14 days in SCI group. We found that IPA and
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Pec-Zein NPs could enhance the expression of NF200
in glial scar area. Intriguingly, the results also showed
that Pec-Zein-IPA NPs further enhanced the expres-
sion of NF200 in damaged tissue regions in injued mice
(Fig. 3A). Taken together, our findings indicated that Pec-
Zein-IPA promoted axon regeneration in SCI mice.

Pec-Zein-IPA NPs treatment provided energy to promote
axonal regeneration and activated the AKT/Nrf-2 signaling
pathway

In our study, we demonstrated that IPA inhibits the
activation of OS and protects neuronal survival. We
investigated the underlying molecular mechanisms by
which IPA suppresses the activation of OS. The results
indicated that IPA treatment interfered with the AKT/
Nrf-2 signaling pathway. Western blot assay showed that
SCI down-regulated protein expression level of p-AKT
and Nrf-2 compared with the sham group, whereas IPA
intervention up-regulated these protein expression lev-
els (Fig. 3B). Furthermore, we found that Pec-Zein and
Pec-Zein-IPA NP administration significantly augmented
protein expression level of p-AKT and Nrf-2 in injured
mice. The administration of Pec-Zein-IPA NPs also
downregulated the expression of endoplasmic reticu-
lum stress-related protein GRP78 (Fig. 3B-I), which
may be associated with the inhibition of OS. Study has
demonstrated that oral energy supplies facilitate mito-
chondrial transfer and enhance axonal regeneration in
injured tissue regions following SCI [26]. Based on the
fact that Pectin and Zein are food-derived polysaccha-
rides and proteins, we hypothesized that Pec-Zein-IPA
NPs may also provide an additional source of energy to
enhance SCI recovery. NF200, GFAP, and TOMM20
were used to label axons, glial scars and mitochondria,
respectively. The results of immunofluorescence analysis
confirmed that the administration of Pec-Zein and Pec-
Zein-IPA NPs significantly enhanced the colocalization
of TOMM20 and NF200 in the injured regions at 14 dpi
(Fig. 3F). Taken together, above findings suggested that
Pec-Zein-IPA NPs intervention provided energy and acti-
vated the AKT/Nrf-2 pathway in SCI mice.

Pec-Zein-IPA decreased intestinal permeability and
attenuated intestinal inflammatory responses by inhibiting
the activation of NF-kB signaling pathway

SCI further induces intestinal microbial imbalance,
increases intestinal permeability and triggers intestinal
inflammation [7]. Therefore, we employed the immu-
nofluorescence technique to detect the intestinal bar-
rier and FITC fluorescence in blood was examined by
intragastric administration of FITC-labeled dextran at
14 days post-infection. The results revealed that inter-
vention of Pec-Zein-IPA NPs reversed the reduction in
intestinal compact connector protein ZO-1 and Occludin
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each group. (C-E) Quantitative analysis of membrane intensity of p-AKT, AKT, Nrf-2 and GRP78 in each group at 7 dpi, n=3 per group. (F) Immunofluores-
cence image of NF200 (Green), GFAP (Pink) and TOMM20 (Red) in each group at 14 dpi, scale bar =1 mm, 100 um, respectively. (I) Immunofluorescence
result of GRP78 (Red) and Neun (Green) in each group at 7 dpi, scale bar =50 um. (G-H) Quantitative analysis of immunofluorescence intensity NF200
and GRP78 from A and D at 7 dpi in mice, n=3 per group. (J) Schematic diagram of the role of mitochondria in SCI. *p<0.05, **p <0.01, ***p <0.001,
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expression induced by SCI (Fig. 4A-C). We also detected
high levels of FITC in the blood of SCI mice, whereas the
levels of FITC in the Pec-Zein-IPA NPs treated group
were significantly lower (Fig. 4D). We next analyzed
mRNA expression level of pro-inflammatory factors
IL-1B and TNF-a and activation of the NF-kB pathway
in gut in SCI mice. Results of qRT-PCR and western blot
analyses indicated that IPA and Pec-Zein NPs treatment
down-regulated the ratio of p-p65/p65 proteins and the
level of pro-inflammatory factors such as TNF-a and
IL-1B in injured mice. Intriguingly, Pec-Zein-IPA NPs
treatment group showed the similar results (Fig. 4E-H).
Taken togther, our results indicated that intervention of
Pec-Zein-IPA NPs decreased intestinal permeability and
attenuated intestinal inflammatory responses following
SCI in mice.

Pec-Zein-IPA NPs altered the composition of gut microbe
after SCI

We performed 16S rRNA sequencing to determine
whether Pec-Zein-IPA NPs have a regulatory effect on
the intestinal microorganisms following SCI to fur-
ther verify this hypothesis. Figure 5A demonstrates no
significant difference between SCI and Pec-Zein-IPA
NPs groups in a-diversity analysis (Fig. 5A). Intrigu-
ingly, Fig. 5D and E indicate that microbial communi-
ties differed following injury. It was observed that the
abundances of Fusobacteriota, Cyanobacteria, Actinbac-
teriota, Patescibacteria, Desulfobacterota, Bacteroidota,
Firmicutes, Proteobacteria and Verrucomicobiota were
altered at the phylum level (Fig. 5B). We first selected
the 20 microorganisms with considerable variation at
the genus level including Rikenella, Muribaculaceae,
Colidextribacter and Escherichia_Shigella (Fig. 5F). We
found that SCI reduced the number of Muribaculaceae
and increased Candidatus_Saccharimonas, Bacterioi-
des, Rikenella, Alistipes and Ligilactobacillus compared
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to the Pec-Zein-IPA group. Our results showed that the
Pec-Zein-IPA NPs group exhibited a lower abundance of
Firmicutes and augmented the abundance of Bacteroi-
data and Proteobacteria at the phylum level compared
to the SCI group. Furthermore, the results also showed
that Pec-Zein-IPA treatment decreased the abundance of
Candidatus-Saccharimonas, Rikenella, Alistipes, Lach-
nospiraceae-NK4A136 and Lachnospiraceae_ UUCG_001
at the genus level while dramatically increasing Murib-
aculaceae. The diagram illustrates the ratio of common
and solitary species in each group based on the petals
(Fig. 5I). In addition, our results also showed microorgan-
isms with significant changes and statistical differences

through LEFSe and heat maps (Fig. 5D, G). Overall, the
above findings revealed that intervention of Pec-Zein-
IPA NPs altered the composition of gut microbe in mice
following SCI.

Pec-Zein-IPA NPs altered fecal metabolites after SCI

A growing body of evidence suggests that intestinal
microbiota metabolites regulate the SCI prognosis and
the intestinal microbiota is profoundly associated with
the development of the nervous system [2, 3, 7, 27]. To
investigate the effects of dietary therapy Pec-Zein on SCI,
the SCI mice were treated with fecal flora supernatant
transplantation from Pec-Zein and Pec-Zein-IPA groups.
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The results revealed that the mRNA expression levels of
CD86 (M1-type microglia marker) and pro-inflammatory
factors including IL-1p, IL-6 and TNF-a were markedly
down-regulated in mouse feces from the Pec-Zein group
and Pec-Zein-IPA group (Fig. 6A-E). Our results also
demonstrated that gut microbial metabolites alleviated
neuroinflammation following SCI in mice. We further
analyzed the composition of metabolites in mouse feces.
We identified 663 metabolites with significant varia-
tions. In addition, we identified 365 down-regulated and
298 up-regulated metabolites in the Pec-Zein-IPA group
compared to the SCI group (Fig. 6F, G). KEGG path-
way analysis revealed several amino acid metabolism-
related metabolites including -alanine, L-phenylalanine,
L-Methionine, L-Glutamine, Tryptophan, Indole, Argi-
nine, Tyrosine and L-isoleucine, which were substantially
different (Fig. 7A). Based on microbiome and metabo-
lite analysis, Odoribacter, Candidatus_Saccharimonas,
Clostridia_UCG-014, Shewanella, Escherichia_Shigella,
Rikenella, Parabacteroides and Achromobacter were posi-
tively and negatively correlated with these amino acids

(Fig. 7A). We further identified elevated levels of creatine
in the identified metabolites. We previously found that
Pec-Zein promotes axonal regeneration following SCI
and this energy supplier improves mitochondrial trans-
port and axonal regeneration (Fig. 7A). Taken together,
intervention of Pec-Zein-IPA NPs regulated fecal metab-
olites in mice following SCI.

Methionine (Met) increased inflammation levels in SCI
mice

Previous study has shown that fecal metabolites L-Glu-
tamine, L-Glutamate, L-Methionine, L-Valine, L-Trypto-
phan and L-Proline has significant changes in SCI mice
at 21 dpi [6]. Accumulation of L-leucine, L-methionine,
L-phenylalanine, L-isoleucine and L-valine was also
observed in SCI mice [28]. Combined with our data anal-
ysis and screening, we found that L-Methionine had sig-
nificant changes in feces and local injury sites after SCI in
mice. Therefore, we speculated that L-Methionine might
interfere with the molecular events of SCI. We further
found that Met accumulation after SCI may exacerbate
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Fig. 6 Pec-Zein-IPA NPs altered microbiome compositionand fecal metabolites in SCI. (A) Schematic diagram of mouse feces treatment. (B-E) Quantita-
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neuroinflammation. We conducted qPCR analysis and
the results showed that proinflammatory factors such
as IL-1p, IL-6, and TNF-a were significantly upregu-
lated, along with an increased expression level of CD86,
a marker of M1-phenotype microglia (Fig. 7B-G). Based
on KEGG and previous studies indicating that amino
acids may be involved in autophagy pathways, we specu-
late that Met may affect neuroinflammation by regulating
autophagy after SCI. To further analyze the mechanism
of how Met exacerbates SCI neuroinflammation, we used
western blotting to detect the expression levels of mTOR
pathway and autophagy. Our results showed that Met sig-
nificantly increased the activation of the mTOR pathway,
upregulated the protein expression levels of the pyrop-
tosis indicators caspasel and GSDMD, but inhibited the
level of autophagic flux after SCI in mice (Fig. 7H-I). We
previously results found that Pec-Zein NPs treatment
similarly alleviated neuroinflammation after SCI, and
metabolome analysis showed that Pec-Zein NPs reduced
L-methionine accumulation, suggesting that Pec-Zein
NPs could improve inflammation in SCI by reducing

L-methionine accumulation. We further analyzed the
relevant intestinal flora, and our results showed that SCI
resulted in a significant increase in the abundance of the
flora Clostridia_UCG-014, Clostridia_vadinBB60_group,
Shewanella, which are positively associated with
L-methionine. Pec-Zein-IPA and Pec-Zein NPs treatment
increased the abundance of associated bacteria and pro-
moted the abundance of L-methionine negatively asso-
ciated bacteria Parasutterella (Figure S4). Our results
suggested that Pec-Zein-IPA may reduced neuroinflam-
mation after SCI by regulating the abundance of these
flora and altering L-methionine accumulation.

S-adenosylmethionine could directly induce microglial
inflammation

To evaluate whether Met participated in autophagy and
modulates inflammation, we conducted experiments in
vitro using BV2 cells. We found that Met did not directly
upregulate the levels of proinflammatory factors in LPS
and ATP stimulated BV2 cells (Fig. 8A-B). We hypoth-
esize that Met may not directly participate in autophagy
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and inflammation regulation. Therefore, we investigated
Met metabolite, S-adenosylmethionine (SAM), which is
a direct metabolite produced by the enzymatic catalysis
of methionine with ATP. Previous studies have shown
that increased SAM concentrations can promote mTOR
pathway activation [29]. Consequently, we further ana-
lyzed the role and mechanism of SAM in autophagy and
inflammation. Our results demonstrate that SAM can
directly increase the expression of proinflammatory fac-
tors IL-1p and IL-6 in LPS and ATP induced BV2 cells
(Fig. 8C-D).

To elucidate the proinflammatory mechanism of SAM,
we further analyzed how SAM regulated the mTOR
pathway. Further molecular docking simulation results
showed that SAM could be docked with SAMTOR, and
the binding energies of SAM and MET were - 6.711 kcal/
mol and -4.436 kcal/mol, respectively, indicating that
the binding of SAM and SAMTOR were stable (Fig. 8E,
S5). Previous studies have shown that SAMTOR inhib-
its mTORC1 signaling by interacting with GATOR1
(GTPase-activating protein (GAP) for RagA/B), and that

SAM can directly disrupt SAMTOR and GATOR]1 inter-
actions without the direct intervention of Met. This may
explain why Met does not directly promote inflamma-
tion in BV2 cells while SAM does. Next, we used siRNA
to silence SAMTOR in BV2 cells to evaluate the regula-
tory effect of SAM. Our results showed that SAM pro-
moted mTOR pathway activation, significantly increased
the pyroptosis level in BV2 cells, but inhibited autophagic
flux (Fig. 8F-M). In the presence of siRNA, the expression
levels of these proteins are even higher. In summary, our
results suggest that increasing SAM concentration can
alter the autophagy flow by regulating mTOR pathway,
thereby promoting the release of inflammatory cytokines
in BV2 cells. (Fig. 8N-P).

Discussion

Increasing evidence indicates that intestinal microbes
play a role in central nervous system development and
neurological diseases and loss of gastrointestinal control
following SCI can exacerbate microenvironment homeo-
stasis [3, 30]. In addition, SCI requires a lengthy recovery
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period. Therefore, the regulation of gut microbes follow-
ing SCI may be a safe and effective strategy for promoting
endogenous nerve regeneration. However, how intesti-
nal flora metabolite regulates the progression of SCI and
which microbial flora metabolite plays a major role in it
remains to be studied. Food therapy from ancient China
and spread to the present day, can be used for disease
prevention and disease treatment, and provide non-inva-
sive methods of treatment, which has an important role
in the development of safe and effective SCI treatment.
In this study, we believe that the use of zein and pectin
polysaccharide to provide energy and regulate metabo-
lites of intestinal flora can improve the inflammatory

environment at the injured site, and provide a good envi-
ronment for IPA to promote axon regeneration.

The main treatment methods for SCI include surgical
decompression therapy and medicine intervention. Cur-
rently, there is no specific and effective drug for the treat-
ment of SCL. Clinically, high-dose intravenous infusion of
the steroid medication methylprednisolone (MP) is used
during the acute phase of SCI to alleviate symptoms [31].
However, MP only inhibits inflammation and does not
exert neuroprotective effects, and its use is controver-
sial [32—36]. Additionally, MP is associated with severe
side effects including nausea, infection, and even patient
death [31]. In mammals, there are often limitations to the
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regeneration of mature neuronal axons. Current research
rarely mentions any drugs that can promote axon regen-
eration or elucidate the underlying mechanisms. Indole-
propionic acid (IPA), as an endogenous product in
animals, is also present in human blood and has been
reported to promote axon regeneration after sciatic nerve
injury in mice [15, 37]. This suggests that IPA has poten-
tial therapeutic significance for SCI. In this study, our
results showed that IPA treatment alleviated oxidative
stress in neurons by activating the AKT/Nrf signaling
pathway, promoted axonal regeneration, and improved
functional recovery after SCI in mice, suggesting that
intestinal microbiota metabolites played an important
role in SCI. Therefore, we hypothesized that dietary
regulation of intestinal flora metabolites could reduce
inflammation at the SCI site and promote the recovery of
motor function after SCI combined with IPA therapy. In
this study, Pectin-Zein NPs were used as a drug carrier
to deliver IPA through the intestine. Plant polysaccha-
rides and fruit proteins such as pectin and zein have vast
sources, are biocompatible and can be used as drug carri-
ers in biomedical applications [38, 39]. Our results found
that Pectin-Zein-IPA NPs increased neuronal survival,
inhibited OS at the injured site, activated M2 glial cells
and alleviated neuroinflammation following SCI in mice.
Our study also demonstrated that Pectin-Zein-IPA NPs
increased axonal regeneration following SCI compared
with the IPA treatment group.

Based on the results of 16S rRNA sequencing and
metabolomic analysis, although we confirmed that intes-
tinal flora changes after SCI, intestinal flora metabolites
are important factors involved in the pathological pro-
cess in SCI. The analysis and verification of metabolites,
we screened methionine and showed that the metabo-
lite of methionine s-adenosylmethionine activates the
mTOR pathway to inhibit autophagy and promote neu-
roinflammation by binding to SAMTOR (an S-adeno-
sylmethionine sensor). Our results further suggested
that Pec-Zein and Pec-Zein-IPA may reduced neuro-
inflammation after SCI by decreasing the abundance of
Clostridia_UCG-014, Clostridia_vadinBB60_group, She-
wanella (positively correlated with L-Methionine) and
increasing the abundance of Parasutterella (negatively
correlated with L-Methionine) and altering L-methionine
accumulation. However, we have not yet verified which of
these gut flora play a major role in L-methionine accu-
mulation. We found that some amino acids accumulate
abnormally. Specifically, the abnormal accumulation of
phenylalanine and isoleucine in the periphery promotes
immune cell infiltration and activates M1 microglia,
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leading to Alzheimer’s disease-related neuroinflamma-
tion [40]. Glutamine metabolism regulates the activa-
tion of the NLRP3 inflammasome through mitophagy in
microglia [41]. Arginine intervenes in intestinal inflam-
mation by regulating macrophages [42]. These findings
indicate that amino acid metabolism plays a crucial role
in various diseases. However, the roles of these amino
acids following SCI remain to be investigated.

Next, our results showed that methionine did not
directly affect LPS+ATP-stimulated BV2 cells. We
believed that this result may be caused by the short time
of methionine pretreatment and the fact that methio-
nine did not directly affect SAMTOR. To explore the
factors most directly related to inflammation, therefore,
we chose SAM and BV2 cells for validation instead of
methionine. In this study, we found that Pectin-Zein-IPA
NPs changed the gut microbiome immune axis, thereby
altering the microenvironment at the injury site. Our
results also found that although IPA can also be involved
in altering intestinal microbiota metabolites, IPA has a
smaller effect on amino acid metabolism. The above find-
ings indicate that Pectin-Zein-IPA NPs may be advanta-
geous in the management and treatment of SCI (Fig. 9).
As an essential amino acid, L-methionine should be
obtained by the body from food. Although intestinal flora
may be involved in regulating L-methionine synthesis, we
have not yet verified which intestinal flora play a major
role in L-methionine synthesis after SCI. Our results sug-
gest that reducing L-methionine uptake is beneficial for
reducing neuroinflammation after SCI. Overall, our find-
ings provide a strategy for drug treatment research in
SCI. As a carrier, the natural ingredients in food arrive
in the intestine in the form of nanoparticles loaded with
drugs for safe and effective release, and can also be used
as food to provide energy for long-term damage repair,
which provides a reference for the transformation of sci-
entific and technological achievements in the future.

In this study, we examined the composition of gut
microbes and metabolites after the administration of
Pec-Zein-IPA NPs to mice after SCI. Our results revealed
that Pec-Zein-IPA NPs significantly altered amino acid
metabolism of intestinal flora and that amino acids are
involved in the life activities of immune cells. In addi-
tion, we could not explain how changes in other amino
acids metabolism in intestinal microflora further affected
immune cell function in the injured regions. Therefore,
further investigations are highly required to determine
whether these changes in other amino acids metabolism
positively or negatively affect the immune system.
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Fig.9 A schematic diagram of Pec-Zein-IPA NPs promotes motor function recovery following SCl in mice

Conclusion

In our work, we successfully prepared Pec-Zein NPs to
serve as carriers for IPA and further analyzed the char-
acterization of the NPs. In vivo results suggested that
Pec-Zein-IPA NPs could promote motor function recov-
ery after SCI, and provide energy to promote axon regen-
eration, reduce neuroinflammation and oxidative stress,
which may be related to intestinal flora and reducing
L-methionine accumulation. Our results imply that Pec-
Zein-IPA NPs are beneficial for the management and
treatment of SCI. Reducing L-methionine intake can help
reduce neuroinflammation after SCI.
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