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Preparation of microgels loaded with lycopene/
NMN and their protective mechanism against
acute liver injury
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This study aimed to enhance the stability and bioavailability of lycopene (LYC) and nicotinamide mononu-
cleotide (NMN) by incorporating them into porous microgels after loading LYC into liposomes. The par-
ticle size, zeta potential, encapsulation rate (%), scanning electron microscopy images, and stability and
release kinetics characteristics in simulating digestion confirmed that the microgels had high LYC and
NMN encapsulation rates (99.11% + 0.12% and 68.98% + 0.26%, respectively) and good stability and
release characteristics. The protective effect and potential mechanism of microgels loaded with LYC and
NMN on lipopolysaccharide (LPS)-induced acute liver injury in C57BL/6 mice were investigated by intra-
gastric administration for 28 days prior to LPS exposure. The results showed that the microgels loaded
with LYC and NMN significantly ameliorated LPS-induced liver injury and reduced the inflammatory
response and oxidative stress. In addition, LYC and NMN can not only act on the Toll-like receptor 4
(TLR4)/MD2 complex but also regulate TLR4-related miRNAs (miR-145a-5p and miR-217-5p) in serum
extracellular vesicles, thereby synergistically inhibiting the TLR4/NF-xB signaling pathway. In addition, the
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microgels loaded with LYC and NMN were able to enrich beneficial bacteria that produced short-chain
fatty acids and reduce harmful bacteria. In conclusion, LYC and NMN protected against LPS-induced
acute liver injury via inhibition of oxidative stress and inflammation, as well as regulating the gut
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Introduction

The liver is an important metabolic organ in the body. Gut-
derived toxins ingested in the body can hinder liver metab-
olism and cause damage. When the gut microbiota is dis-
turbed, a large amount of endotoxin leaks from the intestine
to the liver through the portal vein, also causing liver injury
through inflammation, oxidative stress, and liver necrosis.! A
single intraperitoneal injection of lipopolysaccharide (LPS), as
a unique component in the outer membrane of Gram-negative
bacteria, is the most commonly used model reagent to simu-
late acute injury caused by bacterial infection and external
stimulation.”

Lycopene (LYC) is a natural lipid-soluble pigment abundant
in fruits and vegetables.? The rich conjugated double bonds in
the structure enable it to capture peroxide free radicals or
quench singlet oxygen.? LYC can also promote the activation
of nuclear factor erythroid 2-related factor 2 (Nrf2) to regulate
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antioxidant enzymes and thus enhance the antioxidant
defense system in vivo.” In addition, LYC can inhibit the
secretion of inflammatory factors and reduce the inflammatory
response by preventing the activation of nuclear factor kappa-
B (NF-kB) and downregulating the expression of cyclooxygen-
ase-2 (COX-2).° However, LYC may show poor stability, by
undergoing processes such as cis-trans isomerism and oxi-
dative degradation, at any time due to various environmental
factors. Moreover, due to poor water solubility and low intesti-
nal permeability, the bioavailability of LYC is only 0.1%-
1.6%.”

Nicotinamide mononucleotide (NMN) is a water-soluble
natural bioactive nucleotide with a and p isomers,® of which
the latter is an active form. At present, the biological function
of NMN has not been fully discovered. However, as the most
direct complementary precursor of NAD', NMN was proven to
rely on its transformation into NAD" to exhibit antioxidant and
anti-inflammatory effects through various mechanisms. First,
NAD' can inhibit the production of ROS, thus preventing oxi-
dative stress and inflammation.’ Second, NAD" is a dependent
substrate for many important enzymes. Some researchers
found that the activity of silencing information regulator
2-related enzyme-1 (SIRT1), whose deacetylation can regulate
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various transcription factors, including Nrf2 and NF-«B,
increases after NMN supplementation.’® In addition, as an
important hydrogen-transmitting co-enzyme in cells, NAD" is a
key signaling molecule that controls cell function and
survival.'

Microgels are a class of network structure polymers formed
by the crosslinking of bio-polymer molecules under various
forces, such as covalent, hydrogen, and ionic bonds. They have
high packing capacity owing to their large specific surface area
and high porosity. Microgels can improve not only the stability
of substances but also target release to increase bio-
availability."® Proanthocyanidins from Bayberry (Myrica rubra
Sieb. Et Zucc.) leaves (BLPs) and chitosan (CS) are two kinds of
polymer materials widely used in the food industry. BLP is a
good natural antioxidant,” and CS can prolong the interaction
time and increase the transmembrane absorption of sub-
stances through electrostatic force with the cell membrane.'*
Microgels prepared with CS and BLP can play a role in slowly
releasing and reducing the oxidative degradation of encapsula-
tion under the premise of safety and nontoxicity.

In this study, LYC was encapsulated by liposomes and a
microgel bilayer structure to improve its stability and bio-
availability. Using liposomes and microgels as carriers, a co-
existing system of lipid-soluble (LYC) and water-soluble (NMN)
functional active substances was constructed. An acute liver—
intestinal model of mice was established by LPS induction,
and the protective effects and mechanisms of LYC and NMN
on inflammation and oxidative stress were further studied.

Materials and methods

Materials and reagents

CS (deacetylation > 75%) and LPS (from E. coli O55:B5) were
provided by Sigma-Aldrich (St Louis, MO, USA). LYC (purity of
80%) and NMN (purity of 95%) were obtained from Shanghai
Yuanye Biotechnology Co., Ltd (Shanghai, China).

Preparation of liposomes and microgels

Liposomes containing LYC (LYC-LPs) were prepared by a thin-
film ultrasound method."® Soybean phospholipids (Shanghai
Taiwei Pharmaceutical Co., Ltd, Shanghai, China), cholesterol
(Shanghai Adamas Reagent Co., Ltd, Shanghai, China), and
LYC were dissolved in chloroform. The organic solvent was
evaporated by rotary evaporation to form a homogeneous film,
which was then dispersed with 0.05 M phosphate buffered
saline (PBS). LYC-LP was obtained by probe ultrasonic hom-
ogenization in an ice bath for 5 min (100 W, 5 s each time, 5 s
intermittently) and filled with nitrogen for closed storage.

CS was completely dissolved in 1% acetic acid solution, and
LYC-LP and NMN solutions were added to the CS solution
drop by drop under the conditions of magnetic agitation. In
the laboratory, BLP was extracted in the early stage and separ-
ated by using a Sephadex LH-20 column to obtain BLP with an
average polymerization degree of 3.53. The BLP solution was
carefully added to the above mixed solution, and the mixture
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was thoroughly stirred until it was evenly mixed to obtain an
LYC-loaded microgel (CS-LYC-BLP), NMN-loaded microgel
(CS-NMN-BLP), and LYC and NMN co-loaded microgel
(CS-LYC/NMN-BLP).'®

Particle size and zeta potential

Distilled water was used as the dispersion medium, and 1 mL
of the 500-fold diluted sample was added to the sample cell of
zeta sizer Nano ZS90 (Malvern Instruments Co., Ltd, Malvern,
UK) to determine the particle size and zeta potential.

Encapsulation efficiency

Free LYC was extracted with hexane'” and centrifuged at 3000
rpm for 5 min. The extract was dried with N, and redissolved
in the mobile phase containing 10% chloroform. The content
of free LYC was detected by HPLC.

The content of free NMN was determined by an ultrafiltra-
tion centrifugal method. The microgel was placed into an
ultrafiltration centrifugal tube with an interception molecular
weight of 3000 and centrifuged at 4000g for 30 min. The
content of NMN in the filtrate was detected by HPLC.

my —m

Encapsulation = L% 100%

moy
where m, is the total content of LYC or NMN, and m, is the
free content of LYC or NMN.

Stability under different influencing factors

CS-LYC-BLP was exposed to 2500 Lux light, metal ions (Cu**
and Fe®"), or oxygen. The LYC retention content was detected
at 2, 4, 8, 12, and 24 h separately. The protective effect of the
microgel on the stability of LYC was investigated using LYC
solution and LYC-LP as the controls.

CS-NMN-BLP was exposed to different pH levels (pH 3.0,
5.0, 9.0, and 11.0) and temperatures (40 °C, 60 °C, and 80 °C).
The sampling conditions were consistent with those of LYC,
and NMN solution was used as the control.

Simulated gastrointestinal digestion in vitro

The simulated gastric fluid (SGF) contained 2 g L™ NaCl and
3.2 g L™ pepsin (1:3000, Beijing Solarbio Technology Co.,
Ltd, Beijing, China), and the pH was adjusted to 2.0 with HCI.
The simulated small intestinal fluid (SIF) was composed of
6.8 g L™! KH,PO,, 5 mmol L™" CaCl,, 10 g L™ trypsin (1: 250,
Shanghai Yuanye Biotechnology Co., Ltd, Shanghai, China),
and 5 mg mL™" porcine bile salt (Beijing Solarbio Technology
Co., Ltd, Beijing, China). The pH was adjusted to 7.5 with
0.2 mol L™ NaOH."®

The sample was mixed with SGF at a ratio of 1: 1, and simu-
lated digestion was carried out at 100 rpm at 37 °C. After 2 h
of gastric digestion, the enzyme was inactivated, and NaHCO;
was added to adjust the pH to 7.0. An equal-volume SIF was
added for 2 h of intestinal digestion. The digestive stability
was examined every 0.5 h.

The content of LYC release was determined by extraction
with hexane. Samples were mixed with SGF or SIF, and simu-

This journal is © The Royal Society of Chemistry 2024
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lated release was performed at 100 rpm at 37 °C. Samples were
taken at 0.25, 0.5, 1, 2, and 4 h, and an equal amount of blank
medium was supplemented. The release of NMN was investi-
gated by dialysis."® The samples were mixed with SGF or SIF
into a dialysis tube, placed in the release medium with the pH
levels 2.0 and 7.5, and released under the same conditions as
above.
i=t—1
> oaVit+ oV,

i—t

Cumulative release rate = x 100%

where c¢; and c¢; are free concentrations at the i and ¢ times of
sampling, respectively; V; and V, are the i and t sampling
volumes, respectively; and m is the total amount.

Appearance observation through SEM

A small amount of freeze-dried sample was dipped on the
sample table with a double-sided conductive adhesive and
gilded by sputter coating. The micromorphology of the
samples was analyzed by scanning electron microscopy (SEM)
under high vacuum at an accelerating voltage of 3 kV.

Animal experiments

Healthy 8-week-old male C57BL/6] mice (20 + 2 g) with SPF
(Special Pathogen Free) grade were purchased from SLACK
Laboratory Animal Co., Ltd (Shanghai, China), with the animal
qualification certificate number (Shanghai) 2022-0004. The
environment was guaranteed to be suitable for temperature
and humidity, and the mice were kept under an alternating
day/night cycle (12 h/12 h). During the experiment, the mice
were not restricted from drinking clean water and eating feed.
All animal experiment programs were performed in accord-
ance with the Guidelines for Care and Use of Laboratory
Animals of China Jiliang University and approved by the
Laboratory Animal Ethics Committee (2023-003) of China
Jiliang University (Hangzhou, China). The ingredients of
mouse feed are shown in Table 1.

After 1 week of adaptive feeding, the C57BL/6 mice were
randomly divided into six groups. The control group and
model group were gavaged with normal saline daily, and the
CS-BLP group was gavaged with a blank microgel. According to
the literature,”>*! the CS-LYC-BLP group was gavaged with a
LYC-loaded microgel containing 10 mg kg™ LYC, the

Table 1 Nutrient composition of mouse feed

Raw material Proportioning (g kg™)

Corn 280
Flour 360
Soybean meal 160
Fish meal 50
Soybean 25
Soybean oil 22
Yeast powder 8
Alfalfa powder 5
Bran 30
Premix 60

This journal is © The Royal Society of Chemistry 2024
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CS-NMN-BLP group was gavaged with a NMN-loaded microgel
containing 100 mg kg™' NMN, and the CS-LYC/NMN-BLP
group was gavaged with a LYC and NMN co-loaded microgel
containing 5 mg kg~' LYC and 50 mg kg~' NMN. And the LYC
and NMN concentrations were converted and calculated
according to their purities (%). After 28 days of treatment, the
control group was intraperitoneally injected with the same
amount of PBS, whereas the other groups were treated with
10 mg kg~ LPS.*>* The mice were sacrificed after 12 h, and the
serum, liver tissue, and cecum contents were collected. The
serum inflammatory factors and tissue oxidative stress levels
of the mice were detected in accordance with the requirements
of the corresponding kit. The liver tissue was fixed in 10% for-
malin, dehydrated, embedded in paraffin, and stained with
hematoxylin-eosin (H&E).

Real-time quantitative PCR (RT-PCR) analysis

In accordance with the instructions of a TRIzol Plus RNA
Purification kit and SuperScript III First-Strand Synthesis
SuperMix kit, total RNA was extracted from the liver, and cDNA
was synthesized by reverse transcription. RT-PCR was con-
ducted to determine the expressions of Sirtl and Toll-like
receptor 4 (TLR4) in the liver. The quantitative PCR primers
were designed using Primer Premier 6.0 and Beacon designer
7.8 software. They were synthesized by Shenggong
Bioengineering Co., Ltd (Shanghai, China). The primer
sequences are shown in Table 2. RT-PCR was performed using
the PowerUp™ SYBR™ Green Master Mix (Applied Biosystems,
Foster City, CA, USA) that was programmed for denaturation at
95 °C for 60 s, followed by 40 cycles of 95 °C for 15 s and 63 °C
for 25 s. Relative expressions levels of target genes were nor-
malized to GAPDH, evaluated by the 27*“* method and given
as a ratio to control in the experiment.

Western blotting

Completely broken liver tissues were cleaved on ice and centri-
fuged for protein extraction. The total protein concentration
was determined using a BCA quantitative kit. The extracted
total protein was separated by SDS-PAGE and transferred to a
PVDF membrane. The membrane was sealed with T-TBS (con-
taining 5% BSA) at room temperature for 1 h and then rinsed
with T-TBS three times. The corresponding primary antibodies
were added: rabbit anti-NF-kB p65 (1:1000, CST 8242, Boston,
USA), anti-p-p65 (1:1,000, CST 3033, Boston, USA), anti-Nrf2
(1:500, Thermo Fisher PA5-88084, Waltham, MA, USA), anti-p-
Nrf2 (1:1000, Thermo Fisher PA5-67520, Waltham, MA, USA),
and anti-GAPDH (1:1000, Abcam ab181602, Cambridge, UK).
They were used as internal parameters and incubated over-
night at 4 °C. After the membranes were rinsed with T-TBS,
they were incubated with a HRP-conjugated goat anti-mouse
IgG secondary antibody (1:5000, Thermo Pierce 31160,
Waltham, MA, USA) and a goat anti-rabbit IgG secondary anti-
body (1:5000, Thermo Pierce 31210, Waltham, MA, USA) at
room temperature for 1 h. Protein expression was visualized
on X-ray films by following the instructions of the SuperSignal
West Dura Extended Duration Substrate (Thermo Pierce,
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Table 2 Real-time PCR primers in the mouse liver
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Gene GenBank accession number Reverse transcription primer sequences (5’ - 3') Size (bp)

Mouse GAPDH GU_214026.1 GAAGGTCGGTGTGAACGGATTTG 127
CATGTAGACCATGTAGTTGAGGTCA

Mouse Sirt1l NM_019812.3 GGGAACCTTTGCCTCATCTACATT 90
CACCACCTAGCCTATGACACA

Mouse TLR4 NM_021297.2 GGCATGGCATGGCTTACACCA 134

Waltham, MA, USA). Image] software was used to analyze the
optical density of bands to calculate the relative protein
expression.

Isolation and characterization of serum extracellular vehicles
(EVs)

Ultrafast centrifugation was applied to extract serum EVs. The
serum was centrifuged at 10 000 rpm for 30 min, and the pre-
cipitation was discarded. The supernatant was transferred to a
Beckman L-100XP super-centrifuge (Brea, CA, USA) at 100 000g
for 2 h, and then the supernatant was aspirated and aban-
doned. The precipitates were centrifuged again at 100 000g for
2 h after being washed and suspended with PBS.
Subsequently, the supernatant was abandoned, and the pre-
cipitates were resuspended with 200 ul of PBS to obtain EVs.
Quantification was performed using a BCA kit (Thermo Fisher
Ltd, Waltham, MA, USA). The EVs were characterized using
transmission electron microscopy (TEM, HT7700, Hitachi
Instruments Co., Ltd, Shanghai, China). The average particle
size of the EVs was detected using a Flow NanoAnalyzer N30E
(Xiamen Fuliu Biological Technology Co., Ltd, Xiamen, China).
EV-labeled proteins tetraspanins (CD9 and CD63) and endo-
some or membrane-binding proteins (TSG101) were detected
by western blotting.

miRNA prediction

miRNAs in mammals exert post-transcriptional regulation by
binding to the 3" UTR region of the transcript sequence.
Therefore, TargetScan (https:/www.targetscan.org/vert) and
miRanda (https:/www.microrna.org) were used to predict
TLR4 as the miRNA target gene. First, all miRNAs related to
TLR4 in mice were analyzed on miRDB. They were input into
TargetScanMouse for further verification to ensure reliability
of the results. Finally, miR-145a-5p and miR-217-5p were
screened for possible interactions with TLR4.

MiRNA levels in EVs detected by RT-qPCR

MiRNAs were extracted from EVs in accordance with the
instructions of a PureLink miRNA Isolation Kit and a
SuperScript III Reverse Transcriptase kit, and the reverse tran-
scribed miRNA stem ring primer sequences are shown in the
Table 3. The expression levels of miR-145a-5p and miR-217-5p
in the mouse serum exosomes in each group were detected by
RT-gPCR. The RT-gPCR primer sequence is shown in Table 4.

812 | Food Funct, 2024,15, 809-822

GAGAGGCCAATTTTGTCTCCACA

Double luciferase assay

To verify the interaction of TLR4 3’ UTR fragments with
miR-217-5p putative binding sites, the pmirGLO vector with
TLR4 3' UTR WT or MUT was constructed. 293T cells were
seeded in a 96-well plate at a density of 1 x 10° cells per well.
After 24 h, the pmirGLO vector, miR-217-5p mimics and the
corresponding controls (miRNA-NC) were co-transfected into
the 293T cells. After 48 h of transfection, Firefly and Renilla
luciferase activities were sequentially measured using the Dual
Glo Luciferase Assay system (Promega Co., Ltd, USA).

Molecular docking

Considering NMN plays a functional activity in the form of
NAD" after absorption in the body, molecular docking was used
to simulate the interaction of LYC and NAD" with a TLR4-MD2
protein complex.”® The three-dimensional structure of LYC was
obtained from the TCMSP database (no. 10267-310), and that of
the TLR4-MD2 protein complex was obtained from the PDB
protein database (no. 2Z65). The three-dimensional structure of
NAD' was obtained using alcohol dehydrogenase from a
Drosophila lebanonensis binary complex with NAD" (no. 1B14),
and then excess enzymes and small molecules were removed.
The molecular docking operations were as follows: before
docking, PYMOL was used to remove excess proteins and small
molecules in the structure, and then the AutoDockTools version
1.5.7 program was used to remove H,O, hydrogenation, etc., set
a ligand, detect the twist key, and the file was saved in the pdbqt
format. Docking was performed using AutoDock version 4.2.6,
and the docking number was set to 50.

Gut microbiota composition analysis

Microbial DNA was extracted from the mouse cecal samples in
accordance with the instructions of the FastLee DNA kit for
feces (Hangzhou Legenomics Bio-Pharm Technology Co., Ltd,
Hangzhou, China). The V3-V5 region of the bacterial 16S ribo-
somal RNA gene was amplified using primers 515 F (5'-
GTGCCAGCMGCCGCGG-3) and 907 R (5
CCGTCAATTCMTTTRAGTTT-3'). Then, the amplicon library
was paired-end sequenced (2 x 250) on an Illumina Novaseq
platform (Mingke Biotechnology (Hangzhou) Co., Ltd) in
accordance with the standard protocols.

Statistical analysis

Statistical comparisons were analyzed by one-way ANOVA fol-
lowed by Duncan’s post hoc test using SPSS version 18.0. All

This journal is © The Royal Society of Chemistry 2024
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Gene GenBank accession number

Reverse transcription primer sequences (5’ — 3')

mmu-miR-145a-5p-RT MIMAT0000157
mmu-miR-217-5p-RT MIMAT0000679
[8[9 M10329.1

Table 4 Real-time PCR primers of miRNAs

Forward primer and universal primer (5

Gene to 3')

mmu-miR-145a-5p-F CGGTCCAGTTTTCCCAGGAA

mmu-miR-217-5p-F CGCGTACTGCATCAGGAACTG
U6-F CGCTTCGGCAGCACATATACTAA
Universal reverse primer AGTGCAGGGTCCGAGGTATT
(micro-R)

differences were regarded as significant at P < 0.05. Data were
shown as mean + standard deviation (SD).

Result

Particle size, zeta potential and encapsulation efficiency

As shown in Table 5, the encapsulation efficiency of LYC by
liposomes was 60.37%, which was further improved after
microgel re-encapsulation. The average encapsulation efficien-
cies of LYC by CS-LYC-BLP and CS-LYC/NMN-BLP were 99.20%
and 99.11%, respectively, and those of NMN by CS-NMN-BLP
and CS-LYC/NMN-BLP were 66.80% and 68.98%, respectively.
Meanwhile, the particle size and zeta potential of LYC-LP were
404.8 nm and +4.75 mV, respectively. The average particle sizes
of CS-LYC-BLP, CS-NMN-BLP, and CS-LYC/NMN-BLP were
1490, 1668.33, and 1218.33 nm, respectively; their average zeta
potentials were —30.93, —30.03, and —29.47 mV, respectively.
When the absolute value of zeta potential reached 30, the
system was considered stable. The values of microgels were all
close to or greater than 30, indicating that the systems were
stable.

Microgels significantly increased the stability of LYC and NMN

The LYC in solution had the worst stability. Specifically, under
the influence of light and metal ions, it was completely lost
within 24 h. In addition, the retention rate was only 20% after
24 h of exposure to oxygen. After the encapsulation treatment

Table 5 Characterization of liposomes and microgels

Encapsulation efficiency

(%)
Particle Zeta

Sample LYC NMN size/nm potential/mv
LYC-LP 60.37 £ 0.14 — 404.8 +22.58 4.75 £ 0.11
CS-LYC-BLP  99.20 £ 0.09 — 1490 + 134.26 -30.93 +1.21
CS-NMN-BLP — 66.80 + 0.61 1668.33 +£164.10 —-30.03 +2.60
CS-LYC/ 99.11 +0.12 68.98 +0.26 1218.33 +77.78 —29.47 +£0.23
NMN-BLP

This journal is © The Royal Society of Chemistry 2024

GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACAGGGAT
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACTCCAGT
GTCGTATCCAGTGCAGGGTCCGAGGTATTCGCACTGGATACGACGTCATCC

with liposomes, the LYC retention rate increased after 24 h of
exposure to various influencing factors. The microgel further
improved the stability of LYC, and the retention rate of LYC
under various influencing factors reached more than 50%
after 24 h (Fig. 1).

The stability of NMN was relatively stable at 40 °C, but it
worsened with the increase in temperature. When the temp-
erature reached 80 °C, the NMN in solution and microgel com-
pletely degraded within 12 h. Under heating conditions, the
microgels did not significantly protect the stability of NMN. In
addition, NMN was decreased in acidic or alkaline environ-
ments but markedly ameliorated after microgel encapsulation

(Fig. 2).

Simulating gastrointestinal digestion and in vitro release

LYC was significantly degraded in SGF, but it remained stable
in SIF. After in vitro gastrointestinal simulation digestion for
4 h, the retention rates of LYC in CS-LYC-BLP and CS-LYC/
NMN-BLP were 53.52% and 60.84%, respectively (Fig. 3A).
However, NMN was relatively stable in the gastrointestinal
digestion stage. Although a small amount of degradation was
observed in SGF, NMN still had more than 80% retention rate
after 4 h of gastrointestinal simulated digestion (Fig. 3B).

LYC was released in SGF at a lower rate (<20%) and a higher
rate in SIF (Fig. 4A). However, the release characteristic of
NMN was different from that of LYC, which showed continu-
ous release, with release rates of more than 80% in SGF or SIF
(Fig. 4B).
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Appearance observation

The overall structure of the macromolecular crosslinking was
observed at x1000 magnification. The freeze-dried CS samples
showed a porous, spongy structure (Fig. 5A), and more fila-
mentous antennae adhesions appeared after BLP was added
(Fig. 5B). The existence of LYC-LP and NMN in CS-LYC/
NMN-BLP was clearly observed at x10 000 magnification. Most
LYC-LP showed a spheroid or ellipsoidal shape with uniform
size, and a few liposomes adhered to one another, resulting in
enlarged particles (Fig. 5C). Moreover, fewer pores were found
in CS-LYC/NMN-BLP (Fig. 5D), indicating that LYC-LP and
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Fig. 5 Appearance observation by SEM: (A) CS, (B) CS-BLP, (C) LYC-LP,
and (D) CS-LYC/NMN-BLP. The red arrows pointed to a porous, spongy
structure (A), more filamentous antennae (B), enlarged particles (C) and
filled cavities (D), respectively.

NMN entered the pores of the microgel and filled the cavities
in its structure.

Obvious reduction in serum inflammatory cytokines in LPS-
induced mice by microgels loaded with LYC and NMN

The obtained results showed that the serum levels of TNF-a,
IL-6, and IL-1f in the model and CS-BLP groups significantly
increased (P < 0.05) compared with those in the control group,
indicating that LPS promoted the secretion of inflammatory
factors in serum. As expected, the inhibitory effects on inflam-
matory cytokines in LPS-induced mice were demonstrated in
the CS-LYC-BLP, CS-NMN-BLP, and CS-LYC/NMN-BLP groups

(Fig. 6).

Significant alleviation in LPS-induced oxidative stress levels in
the liver by microgels loaded with LYC and NMN

The MDA levels and the GSH-px and SOD activities were
measured to investigate the effect of LYC and NMN on LPS-

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Levels of inflammatory cytokines in serum. (A) Level of TNF-a in
serum. (B) Level of IL-6 in serum. (C) Level of IL-1p in serum. No signifi-
cant difference between groups is represented by the same letter (P >
0.05), and significant difference is represented by different letters (P <
0.05). Note: CS-BLP: chitosan and proanthocyanidins from Bayberry
leaves, CS-LYC-BLP: lycopene-loaded microgel, CS-NMN-BLP: nicoti-
namide mononucleotide-loaded microgel, CS-LYC/NMN-BLP: lycopene
and nicotinamide mononucleotide co-loaded microgel.
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Fig. 7 Levels of oxidative stress in the liver. (A) Activity of SOD in the
liver. (B) Activity of GSH-px in the liver. (C) Content of MDA in the liver.
No significant difference between groups is represented by the same
letter (P > 0.05), and significant difference is represented by different
letters (P < 0.05). Note: CS-BLP: chitosan and proanthocyanidins from
Bayberry leaves, CS-LYC-BLP: lycopene-loaded microgel, CS-NMN-BLP:
nicotinamide mononucleotide-loaded microgel, CS-LYC/NMN-BLP:
lycopene and nicotinamide mononucleotide co-loaded microgel.

induced oxidative stress in the liver (Fig. 7). Compared with
the control group, the model and CS-BLP groups showed a sig-
nificant decrease in SOD and GSH-px activities and a signifi-
cant increase in MDA content (P < 0.05). Compared with those
of the LPS group, the activity of antioxidant enzymes obviously
increased and the MDA content significantly decreased after
LYC and NMN pretreatment (P < 0.05).

Liver H&E staining

Whether the histological changes in the liver differed among
groups was further investigated with H&E staining. As shown
in Fig. 8, the hepatocytes in the control group were intact,
whereas hepatocyte necrosis, inflammatory cell infiltration,
and vacuolar degeneration were observed in the model group
(arrow points). The other groups, especially the CS-LYC-BLP
group, CS-NMN-BLP, and CS-LYC/NMN-BLP groups, showed
significant improvement in the above liver histological
changes.

Significantly modulated inflammatory response and oxidative
stress signaling pathways in the liver by microgels loaded with
LYC and NMN

TLR4/NF-kB and Sirt1/Nrf2 signaling pathways were analyzed
to explore the underlying molecular mechanisms by which

This journal is © The Royal Society of Chemistry 2024
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Fig. 8 Morphological changes in the livers of mice (H&E staining,
%x200). (A) The control group, (B) model group, (C) CS-BLP group, (D)
CS-LYC-BLP group, (E) CS-NMN-BLP group and (F) CS-LYC/NMN-BLP
group.

° 2 2

Relative Sirtl mRNA expression

Relative TLR4 mRNA expression

e‘;‘}sgfec
&

PNF-xB p6s

NE-kB p6s

p-NF-«B p65/NF-kB p65

Fig. 9 Effects of LYC and NMN on the inflammatory response and oxi-
dative stress signaling pathways in the liver. (A) Relative TLR4 mRNA
expression. (B) Relative Sirtl mRNA expression. (C) The image of western
blotting. (D) The activation of NF-kxB. (E) The activation of Nrf2. No sig-
nificant difference between groups represented by the same letter (P >
0.05), but significant difference by different letters (P < 0.05). Note:
CS-BLP: chitosan and proanthocyanidins from Bayberry leaves,
CS-LYC-BLP: lycopene-loaded microgel, CS-NMN-BLP: nicotinamide
mononucleotide-loaded microgel, CS-LYC/NMN-BLP: lycopene and
nicotinamide mononucleotide co-loaded microgel.

LYC and NMN mitigate LPS-induced liver inflammation. The
relative mRNA levels of TLR4 (Fig. 9A) and Sirt1 (Fig. 9B) in the
liver were detected by RT-qPCR. LPS administration upregu-
lated the hepatic mRNA level of TLR4 and downregulated the
Sitr1 mRNA level drastically compared with the control (P <
0.05). Compared with the model group, the CS-LYC-BLP,
CS-NMN-BLP, and CS-LYC/NMN-BLP groups demonstrated a
significant decrease in the hepatic mRNA level of TLR4 and a
significant increase in the Sirt1 level (P < 0.05). Moreover, the
synergistic effect of LYC and NMN was significantly exhibited
by inhibiting the TLR4 transcription level (P < 0.05).
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The activation of NF-kB and Nrf2 is shown in Fig. 9C-E.
Compared with the control group, the model and CS-BLP
groups had significantly upregulated values of p-NF-kB p65/
NF-kB p65 and significantly downregulated values of p-Nrf2/
Nrf2 (P < 0.05), indicating that LPS promoted the activation of
NF-kB and inhibited Nrf2. The phosphorylation level of NF-«xB
p65 in the CS-LYC-BLP, CS-NMN-BLP, and CS-LYC/NMN-BLP
groups significantly decreased, whereas the phosphorylation
level of Nrf2 significantly increased compared with those in
the model group (P < 0.05). In particular, the phosphorylation
of NF«B p65 and Nrf2 was more significant when LYC and
NMN acted together (P < 0.05).

Identification of serum EVs

As shown in the TEM observation in Fig. 10A, the EVs had a
saucer-like shape, and the particle sizes in all groups were dis-
tributed in the range of 50-120 nm (Fig. 10B). The marker pro-
teins CD9, CD63, and TSG101 were detected for EV characteriz-
ation (Fig. 10C).

Significantly regulated miRNA level in serum EVs by microgels
loaded with LYC and NMN

As shown in Fig. 11, compared with the model group, the
other groups showed significantly increased expression levels
of miR-145a-5p and miR-217-5p (P < 0.05). The expression in
the CS-LYC/NMN-BLP group was the highest. According to the
RT-qPCR results of TLR4 and bioinformatics analysis in the
TargetScan and miRDB databases, the expression levels of
miRNAs, especially miR-217-5p, may be strongly associated
with the TLR4 mRNA levels.

In vitro interaction of miR-217-5p with TLR4 mRNA

The RT-qPCR results elucidated that the expression levels of
miR-217-5p in the serum EVs significantly differed among the
groups and showed negative correlation with the levels of
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Fig. 10 Identification of serum extracellular vehicles. (A) Serum EVs
observed by transmission electron microscopy (TEM) at the scale of
100 nm. (B) Particle size analysis. (C) Expression levels of CD9, CD63,
and TSG101 determined by western blotting.
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Fig. 11 MiRNA expression of EVs. No significant difference between
groups is represented by the same letter (P > 0.05), and significant
difference is represented by different letters (P < 0.05). Note: CS-BLP:
chitosan and proanthocyanidins from Bayberry leaves, CS-LYC-BLP:
lycopene-loaded microgel, CS-NMN-BLP: nicotinamide mononucleo-
tide-loaded microgel, CS-LYC/NMN-BLP: lycopene and nicotinamide
mononucleotide co-loaded microgel.

TLR4 mRNA. The interactions of miR-217-5p and TLR4 mRNA
were further tested by constructing reporter plasmids of the
potential action points of TLR4 mRNA and conducting a dual-
luciferase reporter assay (Fig. 12A). As shown in Fig. 12B, the
relative fluorescence value of the mmu-miR-217-5p + TLR4-WT
co-transfection group was lower (P < 0.05) than that of the
miR-NC + TLR4-WT co-transfection group. After TLR4 mRNA
mutation, no difference in the relative fluorescence value was
observed between the co-transfection of miR-NC + TLR4 and
mmu-miR-217-5p + TLR4 groups (P > 0.05). The above results
implied the existence of interaction sites for miR-217-5p and
its respective target mRNAs, TLR4. These sites may be the key
to relieve inflammation by a post-transcription mechanism
between miRNAs and mRNAs.

LYC and NMN interactions with TLR4/MD2 complexes

The molecular docking results showed that the optimal
binding energy of NAD+ and the TLR4/MD2 complex was
—5.13 kecal mol™, and the binding site was on the structure of
TLR4. It was predicted that NAD+ was able to interact with
TLR4 residues Ile218, Ser240, Arg268, Lys239, and Asn216,
with four predicted hydrogen bonds between NAD+ and TLR4
residues Lys239 and Arg268 (Fig. 13A). Meanwhile, the optimal
binding energy of LYC and the TLR4/MD2 complex was

A
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IE L]
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ﬁﬁ

Relative luciferase activity

Fig. 12 TLR4 is a molecular target of miR-217-5p. (A) The alignment of
miR-217-5p and TLR4 3'-UTR by computational prediction using
TargetScan and miRanda. (B) The dual-luciferase reporter assay was
performed in 293T cells. *P < 0.05.
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Fig. 13 Results of molecular docking. (A) NAD+ interaction with the TLR4/MD2 complex; (B) LYC interaction with the TLR4/MD2 complex; and (C)

LYC and NAD+ interaction with the TLR4/MD2 complex.

—8.01 kecal mol™, and its binding site was in the hydrophobic
cavity of MD2, which suggested that an interaction existed
between LYC and MD2 residues Lys89, Lys91, Pro88, Arg90,
Glu92, Ser118, Tyr102, Asp100, Asp101, Cys95, Arg96, and Val93
(Fig. 13B). The binding energy in molecular docking can evalu-
ate the strength of the interaction between small molecules and
proteins. A binding energy below —5 keal mol™" indicates good
binding. The results indicated that LYC and NMN can spon-
taneously bind to the TLR4/MD2 complex, with good binding
activity and no competitive binding. In addition, docking NAD+
to TLR4/MD2 and then docking LYC to the TLR4/MD2/NAD+
complex was feasible, because the binding energy was
—6.89 keal mol ™, which can help in binding spontaneously and
resulted in good binding activity (Fig. 13C). These results indi-
cated that LYC and NMN could interact together with the TLR4/
MD2 complex, thereby inhibiting the downstream NF-xB
pathway activation and reducing the inflammatory response.

Significantly ameliorated composition and diversity of the gut
microbiota in LPS-induced mice by microgels loaded with LYC
and NMN

16S rRNA sequencing analysis was performed to explicate the
influence of LYC and NMN on the gut microbiota diversity and
abundance in LPS-treated mice. Analysis of the species
accumulation curves (Fig. 14A) showed that the curve tended
to be stable, indicating that the sample was sufficiently large
to show species richness. Chao, Shannon, and Simpson
indices were used to assess microbial diversity within individ-
ual samples, and no significant differences were found
between groups (Fig. 14B). Principal coordinate analysis
(PCoA) was used to assess the f diversity of the gut microbiota
(Fig. 14C). PC1 and PC3 accounted for 30.09% and 7.75% of
the total analysis data, respectively. After LPS induction, the

This journal is © The Royal Society of Chemistry 2024

model and control groups were obviously separated. Based on
PC1, the composition structure of the gut microbiota in the
CS-BLP and CS-LYC-BLP groups was not significantly different
from that of the model group, whereas those of the
CS-NMN-BLP and CS-LYC/NMN-BLP groups were closer to that
of the control group.

The relative abundance of the gut microbiota was analyzed
at the phylum level. Firmicutes and Bacteroidetes were found to
be the primary phyla of the gut microbiota. After LPS induction,
the abundance of Firmicutes decreased, whereas that of
Bacteroidetes increased, and the ratio of Firmicutes and
Bacteroidetes (F/B) decreased. However, the F/B ratio increased
after the intervention of microgels loaded with LYC or NMN.
Linear discriminant analysis effect size (LEfSe) was calculated to
identify the statistically dominant microbiota among these
groups. Enterorhabdus and Bilophila were the dominant genera
in the LPS group (P < 0.05), but they returned to normal levels
after the intervention of microgels loaded with LYC or NMN. In
addition, Helicobacter, Escherichia Shigella, Eubacterium fissica-
tena, Streptococcus, Proteus, and Butyricimonas were the domi-
nant genera in the CS-BLP group. Acinetobacter, Roseburia,
Exiguobacterium, Corynebacterium 1, and Kurthia were signifi-
cantly enriched in the CS-LYC-BLP group. The Ruminococcus
torques group and Clostridium innocuum group were confirmed
to be the dominant genera in the CS-NMN-BLP group.
Meanwhile, CS-LYC/NMN-BLP significantly enriched
Paraprevotella and Rikenellaceae RC9 gut group (Fig. 14D-G).

Discussion

Microgels composed of edible natural polymers not only can
protect and target bioactive substances but also have the
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Fig. 14 Microgels loaded with LYC and NMN altered the composition and diversity of the gut microbiota in LPS-induced mice. (A) OTU sparsity
curves. (B) a-Diversity index (observed, Chaol, Shannon, and Simpson indices). (C) The Bray—Curtis PCoA plot based on the OTU abundance of each
mouse. (D) Heat map of bacterial taxonomic profiling at the phylum level of intestinal bacteria based on each rat from different groups: control
group (A1-A5), model group (B1-B5), CS-BLP group (C1-C5), CS-LYC-BLP group (D1-D5), CS-NMN-BLP group (E1-E5), and CS-LYC/NMN-BLP
group (F1-F5). (E) Linear discriminant analysis (LDA) scores. (F) Cladogram generated from linear discriminate analysis effect size (LEfSe) analysis. (G)
The relative abundance of gut microbiota at the phylum level. (H) The relative abundance of gut microbiota at the genus level. No significant differ-

ence between groups represented by the same letter (P > 0.05), but significant difference by different letters (P < 0.05).

advantages of safety, nontoxicity, and good biocompatibility.
Previous studies'®>* showed that crosslinking between CS and
proanthocyanidins can occur through hydrogen bonding and
electrostatic interactions. In the present study, LYC liposomes
and NMN were encapsulated by microgels prepared by CS and
BLP, and a system of co-existence of fat-soluble and water-
soluble substances was constructed. The microgels improved
the stability of LYC and NMN under various influencing
factors. In simulated digestion, the microgels can avoid the
degradation of LYC and NMN by stomach acid and successively
target their release in the intestine. In addition, liposomes and

818 | Food Funct, 2024, 15, 809-822

a phospholipid bilayer with a similar structure of bio-mem-
brane can fuse with each other to promote the absorption of
functional factors.>® CS is able to adsorb with the cell mem-
brane through electrostatic interactions and activate ion chan-
nels and the corresponding protein transporters to increase
the transmembrane absorption of functional factors.**
Therefore, microgels could achieve more efficient absorption
of LYC and NMN and achieve long-term lasting effects. The
bioavailability of lycopene is low, and it loses its activity after
metabolism. Some studies have used different encapsulation
systems to protect lycopene and ameliorate its stability.”® NMN

This journal is © The Royal Society of Chemistry 2024
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has low bioavailability, and its metabolite nicotinamide is
highly active,”” while nicotinamide is poorly absorbed and
metabolized quickly.*®*° Therefore, protecting the stability of
NMN in the digestive tract and improving its bioavailability are
capable of maximizing its activity.

LPS, as an important component of the outer membrane of
cell wall from Gram-negative bacteria, can cause many dis-
eases. In daily life, stimulation by bad diet, drugs, or other bac-
terial infections can disrupt the homeostasis of the intestinal
flora, causing damage to the intestinal mucosal barrier and
bacterial translocation. A large amount of endotoxin leaks
from the intestine through the portal vein into the liver,
causing oxidative stress and inflammatory reactions, and ulti-
mately liver tissue damage.! Considering the liver serves as the
core organ of immune homeostasis and metabolism, the
research for function factors that are effective in preventing
acute liver injury has become critical. The present study
showed that LYC and NMN significantly protected mice
against LPS-induced acute liver injury by co-inhibiting the
TLR4/NF-kB and Sirt1/Nrf2 signaling pathways.

When the body fails to remove a large number of free rad-
icals and peroxides stimulated by LPS in cells or tissues in a
timely manner, the homeostasis between oxidation and anti-
oxidation in the body immediately induces cell necrosis or
apoptosis, resulting in tissue damage.*® Lipid peroxidation is a
clear mechanism that causes animal cell damage. As an end
product of membrane lipid peroxidation, MDA can damage
the structure and function of proteins by forming a stable
adduct, and it is used as a marker of oxidative stress.*’ SOD
and GSH-px are important contributors to maintaining intra-
cellular REDOX balance and can improve the body’s anti-
oxidant capacity.®” Consistent with previous reports,>* LPS
stimulation increased the MDA content in the liver and inhib-
ited the activity of antioxidant enzymes, resulting in the
accumulation of lipid peroxides and oxidative stress in the
liver. LYC and NMN can restore the activity of antioxidant
enzymes and inhibit further oxidation of excess lipid per-
oxides. Nrf2 is a transcription factor that plays a crucial role in
enhancing cellular protection against oxidative damage. Nrf2
is normally coupled to Keapl and present in the cytoplasm in
an inactive form. However, under the stimulation of LPS, Nrf2
is phosphorylated and separated from Keap1 and translocated
to the nucleus, binds to antioxidant reaction elements and
promotes its related targets, regulates a series of antioxidant
enzymes, and thus achieves the role of anti-oxidative stress
damage. Studies showed that Sirtl can dissociate Nrf2 and
promote its activation and nuclear translocation by changing
the configuration of Keap1.’? Activation can also be achieved
by directly promoting the deacetylation of Nrf2.** In the
present study, LPS inhibited the transcription of Sirt1, thereby
inhibiting the activation of Nrf2 and resulting in a decrease in
the antioxidant capacity of the system, which cannot remove
free radicals and peroxides in time. This phenomenon resulted
in oxidative damage, which also explained the decreased
activity of antioxidant enzymes and the accumulation of MDA
in the livers of mice. LYC and NMN promoted Nrf2 phos-
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phorylation activation and nuclear translocation by upregulat-
ing the transcription level of Sirtl, thus improving the anti-
oxidant capacity of the body.

Oxidative stress is closely related to inflammation, which
stimulates cells to release ROS and thus aggravates oxidative
stress. Oxidative stress and inflammation can cause more
serious damage by interacting and amplifying each other’s
damage. TNF-a, IL-6, and IL-1f are important pro-inflamma-
tory factors in the inflammatory response. TNF-a can induce
the production of other inflammatory factors or adhesion
molecules.?® IL-6 can synergistically cascade with other inflam-
matory cytokines to promote and amplify the inflammatory
response.*® In addition, IL-1B can stimulate antigen-presenting
cells and indirectly promote neutrophils to reach inflammatory
sites and release oxygen free radicals and lysosomal
enzymes.?” LPS stimulation can increase the level of inflamma-
tory factors in serum, thus causing systemic inflammation.®
The same result was obtained in the present study.

TLR4 is LPS-specific recognition receptor that binds to acti-
vate by LPS. When LPS enters the cell, its lipid A structure is
recognized by an LPS-binding protein and forms a CD14-LPS
complex with its receptor (CD14). Subsequently, the CD14-LPS
complex, together with myeloid differentiation protein 2
(MD2), a key adaptor of the TLR4 signaling pathway, promotes
the activation of TLR4 to form the TLR4/MD2/LPS complex,
which triggers the innate immune response and inflammatory
cascade.’® NF-xB p65 is an evolutionarily conserved transcrip-
tion factor that is normally bound by kappa B (IkB) and exists
in an inactive form in the cytoplasm. Upon stimulation by
LPS; NF-kB p65 dissociates and phosphorylates IkB, transfers
from the cytoplasm to the nucleus, transcribes genes encoding
pro-inflammatory mediators, and ultimately promotes the pro-
duction of inflammatory factors, ROS, and active nitrogen.*®
The three main methods to inhibit the overactivation of the
TLR4 signaling pathway include downregulation of TLR4
expression, direct binding to TLR4 or the TLR4/MD2 complex
to inhibit TLR4 activity, and direct binding to MD2 to inhibit
the TLR4 signaling pathway.’’ The present study found that
LYC and NMN intervention can co-downregulate TLR4 mRNA
levels. Molecular docking was used to simulate the interaction
of LYC and NAD' on the TLR4/MD2 complex to further under-
stand the co-inhibition mechanism of LYC and NMN on the
TLR4 pathway. LYC and NMN were able to bind uncompeti-
tively to different sites of the TLR4/MD2 complex, inhibiting
TLR4 activity and thereby preventing downstream NF-kB p65
activation. Consequently, the secretion of inflammatory factors
was inhibited, and the inflammatory response was reduced.

MiRNAs are important endogenous short-strand noncoding
RNAs involved in transcription and post-transcriptional regu-
lation. Studies showed that miRNAs are abundant, sensitive,
and efficient in vivo, and they can be used as a new class of
immune regulatory factors to bind to target genes through
special sequences, inhibit gene expression, and participate in
the regulation of the innate immune response and inflamma-
tory response. Previous studies reported that miR-217-5p can
not only inhibit cell damage and reduce the production of pro-
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inflammatory factors by targeting YY1 associated factor 2,*?
but also inhibit the expression of NF-kB to reduce the inflam-
matory response.*? Although some of the molecular targets are
unknown, miR-217-5p can undeniably inhibit the inflamma-
tory response. However, whether miR-217-5p plays an anti-
inflammatory role in the LPS-induced inflammatory response
remains unclear. Therefore, the possible role of miR-217-5p in
LPS-induced inflammatory responses was elucidated in the
present study by using LPS-induced liver injury in mice. The
detection results showed that the expression of miR-217-5p
was significantly different among the six groups and negatively
correlated with the expression of TLR4. The dual luciferase
reporter gene assay confirmed a significant interaction
between miR-217-5p and TLR4. Therefore, the mitigation
mechanism of LYC and NMN microgels on LPS-induced liver
inflammation may be related to the regulation of miRNA sig-
naling pathways.

The liver is closely related to the intestinal flora, and its
health cannot be separated from the balance of the intestinal
flora. Ecological imbalance of the intestinal flora could affect
immune homeostasis, thus leading to the inflammatory
response of the body.** Although the gut microbiota can regu-
late the immune system by releasing LPS, excessive LPS levels
can disrupt its homeostasis.*> According to the PCoA results,
LPS stimulation significantly changed the composition of the
intestinal flora. Firmicutes is an important indicator of intesti-
nal health,"® and an increased relative abundance of
Proteobacteria may induce inflammatory responses.’”
Therefore, the F/B ratio is an important parameter to measure
the homeostasis of the intestinal flora. After LPS stimulation,
the F/B ratio decreased, indicating that the inflammatory
response destroyed the homeostasis of the body’s intestinal
environment, consistent with the findings of Wang et al*®
LEfSe analysis showed that the dominant bacteria in the LPS
group were Bilophila and Enterorhabdus, which were closely
related to inflammation.”®*° In the study of Xia et al,*
Bilophila was confirmed to be positively correlated with inflam-
matory proteins, oxidative stress parameters, and TLR4 in the
liver, consistent with the results obtained in the present study.
In addition, Roseburia,®* Ruminococcus torques group,®® and
Rikenellaceae RCY gut group,”® as probiotics that can produce
short-chain fatty acids, can protect the body against pathogens
and diseases; they were enriched in the CS-LYC-BLP,
CS-NMN-BLP, and CS-LYC/NMN-BLP groups, respectively. In
other words, the intervention of LYC and NMN inhibited the
infection and reproduction of harmful bacteria and enriched
the intestinal probiotic flora.

Conclusions

Overall, the packaging of LYC and NMN in microgels improved
their stability and targeted release in the small intestine, alle-
viating LPS-induced oxidative stress and inflammation by regu-
lating the TLR4/NF-kB and Sirt1/Nrf2 signaling pathways and
the intestinal flora. This study has a certain reference value for
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the development of food additives and the mechanistic study
of functional factors.
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