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Editorial on the Research Topic
Immune-boosting effects of dietary bioactive polysaccharides

In recent year, polysaccharides currently represent a hot research field. Dietary
bioactive polysaccharides have attracted more attention due to its non-harmful and
non-toxic properties (1, 2). Abundant studies have identified valuable biological activities
of dietary bioactive polysaccharides, especially immunomodulating activity (3, 4).
Previous studies have shown that the mechanisms involved in immunomodulating
effects are due to the modulation of innate immunity and macrophage function
(5). However, the underlying cellular signaling and molecular mechanisms of their
immune-boosting activity are not clear.

This Research Topic is aimed at collecting and summarizing the immune-boosting
effects of dietary bioactive polysaccharides (such as inulin, dietary gum, fucoidan, glucan,
glucomannan, heteropolysaccharides, etc.) from different natural sources (such as fruits
and vegetables, cereal grains, edible mushrooms, sea foods, medicinal plants) in immune
cells, animal study and clinical study as well.

In this special e-collection there are nine papers covering the above-mentioned
aspects. Roselli et al. investigated the anti-inflammatory activity of galactooligosaccharide
in an in vitro model of ulcerative colitis (UC)-like inflamed intestinal cells. The
findings indicated that Bimuno GOS at different concentrations, while not affecting
cell monolayer permeability, was shown to counteract UC-like intestinal inflammatory
responses and damages induced by DSS. Indeed, Bimuno GOS was able to counteract the
detrimental effects of DSS on cell permeability, determined by transepithelial electrical
resistance, phenol red apparent permeability, and tight- and adherent junction protein
distribution. Furthermore, Bimuno GOS inhibited the DSS-induced NE-kB nuclear
translocation and pro-inflammatory cytokine secretion. Further analyses showed that
Bimuno GOS was able to revert the expression levels of most of the proteins involved
in the NF-kB cascade to control levels (Roselli et al.).
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Lycium barbarum polysaccharides have been widely
explored for their potential health properties. Zhang et al. tested
the mechanisms of L. barbarum residue (RW) and fermented
L. barbarum residue (RFW) on meat quality and immunity
of sheep. Fifty-four Tan sheep were randomly divided into
control, RFW or RW treatments. Data showed that RFW and
RW increased the carcass weight, fat content, ash content
and reduced the cooking loss of lamb. RFW performed more
significant effects on activating immune-related genes than
those of RW. The expression of chemokines and immune-
related pathways, such as signaling pathways of interleukin-17
signaling pathway and NOD-like receptor signaling pathway,
were elevated in sheep fed RFW. RW increased the diversity in
rumen metabolites, especially compositions of lipids, organic
acids and organ heterocyclic compounds (Zhang et al.).

Park et al. assessed the immune-enhancing effect of
co-treatment with Kalopanax pictus Nakai Bark and
Nelumbo nucifera Gaertner leaf extract (KPNN) in a
(Cy)-induced
model. KPNN significantly increased phospho-NF-kB and

cyclophosphamide immunosuppressed  rat
phospho-ERK protein levels and cell viability in macrophages.
KPNN significantly increased the NK cell activity in splenocytes
compared to that in the control. Cy treatment decreased tumor
necrosis factor (TNF)-a, interleukin (IL)-6, and interferon-y
production. In the Cy-induced immunosuppression rat model,
KPNN-treated rats had significantly higher body weights and
tissue weights than the Cy-treated rats. Additionally, KPNN
treatment restored the immune-related factors, such as total
leukocyte, lymphocyte, and intermediate cell contents, to their
normal levels in the blood. The blood cytokines (TNF-a and
IL-6) were increased, and spleen tissue damage was significantly
alleviated (Park et al.).

In this Research Topic, there are two papers covering
the fucoidan research. Fucoidan is a type of polysaccharide
rich in sulfuric acid groups and is mainly found in brown
algae. In this study, the effect of sterile fucoidan on the T-cell
response and the subsequent modulation of osteogenesis is
investigated. The physicochemical features of fucoidan treated
by high-temperature autoclave sterilization are characterized by
UV-visible spectroscopy, X-ray diffraction, Fourier transform
infrared and nuclear magnetic resonance analysis. It is
demonstrated that high-temperature autoclave treatment
resulted in fucoidan depolymerization, with no change in
its key bioactive groups. Further, sterile fucoidan promotes
T cells proliferation and the proportion of differentiated T
cells decreases with increasing concentration of fucoidan. In
addition, the supernatant of T cells co-cultured with fucoidan
greatly suppresses the osteogenic differentiation of MC3T3-El
by downregulating the formation of alkaline phosphatase and
calcium nodule compared with fucoidan (Huang et al.).

In another study, the effects of Laminaria japonica fucoidan
(LF) on immune regulation and intestinal microflora in
cyclophosphamide (CTX)-treated mice were investigated in
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this work. Results indicated that LF significantly enhanced
the spleen and thymus indices, promoted spleen lymphocyte
and peritoneal macrophages proliferation, and increased
the immune-related cytokines production in serum.
Moreover, LF could regulate intestinal flora composition,
increasing the abundance of Lactobacillaceae and Alistipes,
and inhibiting Erysipelotrichia, Turicibacter, Romboutsia,
Peptostreptococcaceae, and Faecalibaculum (Tang et al.).

Yang et al. investigated the structural characterization
and immunological activity in vitro and in vivo of a
polysaccharide from the rhizome of Menispermum dauricum. A
new polysaccharide named MDP was isolated from the rhizome
of M. dauricum by hot water extraction, ethanol precipitation,
anion-exchange, and gel-filtration chromatography. MDP was
homogeneous and had a molecular weight of 6.16 x 10° Da,
and it was an a-D-glucan containing a (1— 6)-linked backbone,
with a glucosyl residue at the C-3 position along the main
chain. MDP exhibited immunological activity in vitro, which
could significantly promote the proliferation and phagocytosis
of RAW264.7 cells and the release of TNF-a and IL-6 factors.
MDP also could significantly increase the thymus and spleen
indices, enhance the macrophage function, increase the level
of cytokine (IL-6 and TNF-a) and immunoglobulin IgM in the
serum and regulate T lymphocyte subsets (Yang et al.).

Both edible and medicinal mushrooms possess strong
therapeutic and biological activities (6). There are two
papers covering the immune-boosting effects of mushroom
polysaccharides in this special e-collection. Flammulina
velutipes polysaccharides could improve gut health through
gut microbiota and metabolism regulation. Data from Liang
et al. showed that compared with the model group, F. velutipes
polysaccharide could increase thymus and spleen indices and
improve thymus tissue structure in mice; IL-2 and IL-4 contents
were significantly increased and IL-6 and TNF-a contents
were significantly decreased; serum acid phosphatase (ACP),
lactate dehydrogenase (LDH) and total antioxidant capacity
(T-AOC) activities were increased (P < 0.05); in the liver,
superoxide dismutase (SOD) and catalase (CAT) activities
were increased (P < 0.001), while malondialdehyde (MDA)
content was decreased (P < 0.001). Proteomics discovered that
F. velutipes polysaccharides may exert immune modulatory
effects by participating in signaling pathways such as immune
diseases, transport and catabolism, phagosomes and influenza
A, regulating the immune-related proteins Transferrin receptor
protein 1 (TFRC) and Radical S-adenosyl methionine domain-
containing protein 2 (RSAD2), etc. Gut microbial studies
showed that F. velutipes polysaccharides could increase the
abundance of intestinal flora and improve the flora structure
(Liang et al.).

Furthermore, to investigate the effect of F. velutipes
polysaccharides (FVPs) on mice intestinal inflammation, FVPs
were extracted from F. velutipes (FV) using a solid anaerobic
fermentation technique. The antioxidant and anti-inflammatory

frontiersin.org
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capacities of FVP and fermented FVP (FFVP) induced by
lipopolysaccharide (LPS) were investigated in vitro and in vivo.
The results showed that the yield of FFVP (9.44%) was higher
than that of FVP (8.65%), but the molecular weight (MW) of
FFVP (15,702 Da) was lower than that of FVP (15,961 Da).
The antioxidant and anti-inflammatory capacities of FFVP were
higher than that of FVP in preventing mice diarrhea, enhancing
antioxidant capacities, and reducing the secretion and mRNA
expression of interleukin-1f (IL-18), IL-6, IL-18, and tumor
necrosis factor-o. (TNF-a). The anti-inflammatory mechanisms
of FVP and FFVP were analyzed by inhibiting the activation of
the NLRP3 signaling pathway using an LPS-induced mice model
(Ma et al.).

Li et al. employed RNA-sequencing (RNA-seq) to determine
the level and function of differentially expressed genes
(DEGs) and further explore the mechanism of the HRP anti-
inflammatory and immune process. The differential expression
analysis indicated that 3622, 1216, and 2100 DEGs in the IPEC-
J2 cells were identified in C vs. L, L vs. H6-L, and C vs. H6-L,
respectively. The Kyoto Encyclopedia of Genes and Genomes
(KEGG) enrichment analysis found six identified pathways
related to the immune system. Additionally, the authors used the
Science, Technology, Engineering, and Math (STEM) program
to categorize the 3,134 DEGs that were differentially expressed
in H2-L, H4-L and H6-L into eight possible expression profiles,
in which 612 were clustered into two profiles. The accuracy
and consistency of RNA-seq data were validated by the results
of qRT-PCR of the nuclear factor of kappa light polypeptide
gene enhancer in B-cells 2 (NFKB2), MAP kinase interacting
serine/threonine kinase 2 (MKNK2), mitogen-activated protein
kinase 1 (MAP2K1), mitogen-activated protein kinase kinase
kinase 8 (MAP3KS8), Ras-related protein R-Ras (RRAS), TNF
receptor-associated factor 1 (TRAF1), NF-kappa-B inhibitor
alpha (NFKBIA), interleukin 8 (IL8), tumor necrosis factor,
alpha-induced protein 3 (TNFAIP3), and transforming growth
factor beta-1 (TGFBL1). Transcriptome sequencing also indicated
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In summary, the results of the above-mentioned studies will
fill the gap between the knowledge on significant therapeutic
immune-boosting activities of dietary polysaccharides and their
underlying cellular signaling and molecular mechanisms. It also
aims to accumulate new knowledge and methods for discovery
and development of novel therapeutic agents and adjuvants that
exhibit beneficial immune-boosting properties.
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Proteomics and intestinal flora were used to determine the mechanism of immune
modulatory effects of Flammulina velutipes polysaccharide on immunosuppressed mice.
The results showed that compared with the model group, £ velutipes polysaccharide
could increase thymus and spleen indices and improve thymus tissue structure in
mice; IL-2 and IL-4 contents were significantly increased and IL-6 and TNF-a contents
were significantly decreased; serum acid phosphatase (ACP), lactate dehydrogenase
(LDH) and total antioxidant capacity (T-FAOC) activities were increased (P < 0.05); in
the liver, superoxide dismutase (SOD) and catalase (CAT) activities were increased (P <
0.001), while malondialdehyde (MDA) content was decreased (P < 0.001). Proteomics
discovered that F velutipes polysaccharides may exert immune modulatory effects by
participating in signaling pathways such as immune diseases, transport and catabolism,
phagosomes and influenza A, regulating the immune-related proteins Transferrin receptor
protein 1 (TFRC) and Radical S-adenosyl methionine domain-containing protein 2
(RSAD2), etc. Gut microbial studies showed that F velutipes polysaccharides could
increase the abundance of intestinal flora and improve the flora structure. Compared
to the model group, the content of short-chain fatty acids (SCFAs) and the relative
abundance of SCFA-producers Bacteroides and Alloprevotella were increased in the £
velutipes polysaccharide administration group, while Lachnospiraceae_NK4A136_group
and f_Lachnospiraceae_Unclassified decreased in relative abundance. Thus, F. velutipes
polysaccharide may play an immunomodulatory role by regulating the intestinal
environment and improving the balance of flora.

Keywords: Flammulina velutipes, Flammulina velutipes polysaccharide, immunomodulation, proteomics,
intestinal flora

INTRODUCTION

Immunosuppression is a distinctive feature of immune disorders (1), which predispose to the
development of tumors, infections, cardiovascular diseases and diabetes, so the improvement of
immune modulatory effects has become an urgent problem. Edible mushrooms are collected and/or
cultivated worldwide and considered to be an important part of a healthy human diet (2, 3). In
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recent years, the immune modulatory effect of edible mushrooms
polysaccharides has attracted much attention (4). Schizophyllum
commune polysaccharides can increase RAW264.7 cell activity
and promote the production of large amounts of NO by cells
to exert immune effects (5). Hericium erinaceus polysaccharide
(HEP) can improve immune function by enhancing cellular
and humoral immunity, macrophage phagocytosis and NK cell
activity in mice, in addition, Sheng et al. found that HEP can
upregulate intestinal SIgA secretion and activate MAPK and AKT
cell signaling pathways (6).

Flammulina velutipes is one of the most popular edible
mushrooms that contain triterpenes, polysaccharides, sterols and
vitamins. F. velutipes polysaccharides have anti-inflammatory,
antioxidant, anti-aging, immune modulatory, and intestinal
flora activities (7-10). Earlier experiments of our group found
that F. velutipes polysaccharides were non-toxic and could
promote intestinal motility and improve constipation in rats
(11). Liang obtained two polysaccharides CHFVP-1 (24.44 kDa)
and CHFVP-2 (1,497 kDa) from F. velutipes and found that
CHFVP-1 had procoagulant activity in vitro (12). A review
of the literature shows that F. velutipes polysaccharides can
modulate the intestinal microbiota of healthy mice and has
potential immunomodulatory abilities (13, 14). However, the
target proteins of immunomodulatory effects of this biologically
active polysaccharide in immunocompromised mice remains to
be investigated.

Proteomics can elucidate the composition of proteins and
their action patterns in tissues and cells at a holistic level,
can rapidly and precisely identify the key functional proteins
between polysaccharides and immunity, lay the foundation
for the study of disease mechanisms, drug action targets and
new drug development (15-18). Zhao et al. investigated the
key proteins and immune-related pathways stimulated by LPS
after pretreatment with Hippophae rhamnoides polysaccharide
in IPEC-J2 cells by proteomics techniques, and identified 42
key proteins related to immune pathways, and MAPKs/NF-
kB signaling pathway may be the target for the efficacy of
the drug (19). Yang et al. analyzed the effect of Taishan Pinus
massoniana pollen polysaccharide on chicken peripheral blood
lymphocyte proteome and identified 10 differentially expressed
candidate proteins. Candidate proteins, and some differentially
expressed proteins were associated with host innate immune
response, stress-induced immune response and lipid synthesis-
related pathways (20). The intestine is the largest immune
organ and contains a large number of immune cells (21). The
intestinal flora and its metabolites can play an important role
in host immune homeostasis by promoting the development
of the immune system, activating the immune response and
regulating immune cell function (22). Numerous studies have
shown that a variety of plant-derived polysaccharides can act
directly as prebiotics or indirectly induce changes in the intestinal
flora (23). Chen et al. found that food polysaccharide could
reduce intestinal damage in immunosuppressed mice, regulate
the composition of intestinal microorganisms, increase the levels
of SCFAs, and exert intestinal immunomodulatory effects (24).
Coptis chinensis Franch polysaccharides, when utilized by the
intestinal flora, dynamically regulates the diversity, composition

and distribution of the intestinal flora and has a regulatory effect
on the intestinal immune microenvironment (25). The use of
proteomic techniques and flora analysis will help to explore
the mechanism of action of polysaccharide immunomodulation.
Therefore, the immunosuppression model was established to
investigate the immune modulatory mechanism of F. velutipes
polysaccharides in immunocompromised mice, and to infer the
target proteins of F. velutipes polysaccharides by proteomics
in vivo.

MATERIALS AND METHODS

Materials and Reagents

Cyclophosphamide: Jiangsu Hengrui Pharmaceutical Co., Ltd
(batch number: 20031125); Lentinus edodes Polysaccharide
Tablets: Hubei Guangren Pharmaceutical Co., Ltd (batch
number: 1909080); Biochemical kit: Nanjing Jiancheng Institute
of Biological Engineering; ELISA kit: Beijing Si Zhengbai
Biotechnology Co., Ltd; Paraformaldehyde fixative: Wuhan
Xavier Biotechnology Co., Ltd; antibody TFRC: abcam; antibody
RSAD2: Wuhan Sanying Biotechnology Co. Multiskan GO full
wavelength enzyme standardizer: Thermo Fisher; Analytical
balance: Sartorius.

Extraction of Polysaccharides
Flammulina velutipes polysaccharides was extracted according to
the literature (26) with the extraction rate of 1.49%.

Animals

Specific pathogen free (SPF) grade, male, Kunming (KM) mice,
4-5 weeks old, 18-22 g. All mice were placed in a light-dark cycle
at 24 + 2°C for 12h. Mice were acclimated for 7 d before the
start of the experiment and were fed standard chow and had free
access to water. Animals were acclimatized and fed for 1 week.
The study received ethical approval from the Ethics Committee
of Henan University School of Medicine (HUSOM2021-76) and
was conducted in accordance with the guidelines of the Ethics
Committee of the Animal Experimentation Ethics Committee.

Establishment of Immunosuppressed

Mouse Model

Fifty-four mice were randomly divided into 6 groups of 9 mice
each according to body weight, namely, blank group (BC), model
group (MC), positive control group (PC), high-dose group (HD,
200 mg/kg), medium-dose group (MD, 100 mg/kg) and low-dose
group (LD, 50 mg/kg) of F. velutipes polysaccharide. The BC
and MC groups were given saline (0.1 mL/10 g) daily by gavage,
the PC group was administered Lentinus edodes polysaccharide
tablets by gavage at 3 mg/kg body weight as a positive control
once daily for 21 d. Except for the BC group, which was
administered saline intraperitoneally, the remaining groups were
molded with CTX at 80 mg/kg intraperitoneally on days 18, 19,
20, and 21 of the experiment.

Measurement of Organ Indices
The mice were fasted for 12h after the last administration, and
the body weight of each group was weighed. After removing the
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eyeballs, they were executed. The thymus and spleen tissues of the
mice were immediately taken, washed with PBS solution, blotted
dry on filter paper and weighed. The immune organ indices of
mice were calculated according to the following formula.

Immune organ index = weight of thymus or spleen (mg)/
body weight(g*10)

Determination of Lactate Dehydrogenase

and Acid Phosphatase Activity

The prepared sera were taken and the activity of LDH and ACP
were determined by microplate method and microenzymatic
assay, respectively, according to the instructions of the kit.

Determination of Cytokine Content in Mice

Serum

Blood was taken into 1.5mL EP tubes by the eyeball removal
method, and serum was prepared by centrifugation at 4°C and
3,500 r/min for 10 min. The cytokines interleukin 2 (IL-2),
interleukin 4 (IL-4), interleukin 6 (IL-6), and tumor necrosis
factor o (TNF-a) were detected in the serum by ELISA according
to the kit instructions.

Determination of Antioxidant Stress
Capacity

The prepared serum was taken and the total antioxidant capacity
(T-AOC) level in mice was determined according to the kit
instructions. The mouse liver tissues were weighed accurately,
and 10% tissue homogenate was prepared by homogenization
method under ice water bath conditions according to the ratio
of weight (g) to volume (mL) of 1:9, and the supernatant was
centrifuged at 2,500 rpm/min for 10 min. The supernatant was
taken and the malondialdehyde (MDA), superoxide dismutase
(SOD) and catalase (CAT) were measured in mouse liver tissues
according to the kit instructions, respectively.

Pathological Observation

The mouse thymus specimens were rinsed with PBS, placed
in 4% paraformaldehyde solution for fixation, dehydrated with
gradient ethanol solution, and paraffin-embedded sections. H&E
staining was performed by hematoxylin-eosin for 5 min, followed
by dehydration, sealing of the sections with neutral gum,
microscopic examination, and image acquisition for analysis.

Proteomics Studies

The spleens of mice in the BC, MC, and HD groups were
taken, and after washing, the spleen tissues of each three mice
were combined into one sample, and the obtained samples were
subjected to proteomic assay (27).

Western Blotting Analysis

According to the amount of protein supernatant, 1/4 of loading
buffer was added and mixed, and then heated at 100°C
for 10 min. Forty microgram of sample protein solution was
taken and analyzed by SDS-PAGE method for protein TFRC
and RSAD2.

Diversity Sequencing of Cecum Contents

Flora

Under aseptic conditions, the cecum contents of mice were taken,
the contents of three mice from each group were pooled, and the
obtained samples were sequenced for flora diversity analysis (28).

Content Determination of SCFAs
The contents of acetic acid, propionic acid and butyric acid in
cecum contents were analyzed with reference to literature (29).

Bioinformatics Analysis

The identified proteins and peptides were firstly obtained under
a filtering criterion of 1% FDR (PSM-level FDR < 0.01). The
differential proteins were clustered and analyzed by Euclidean
distance and systematic clustering method (Hierarchical Cluster).
The identified differential proteins were also subjected to GO
functional annotation, Pathway enrichment analysis, protein
interactions analysis, and subcellular localization analysis.

The forward and reverse reads obtained from double-end
sequencing were spliced two-by-two, and after quality filtering
to remove chimeric sequences, the final valid sequences obtained
were subjected to OTU clustering analysis by Vsearch (1.9.6)
(sequence similarity was set to 97%), and the reference database
Silva 132 was used for sequence comparison analysis, and the
representative sequences of OTU were analyzed for species
taxonomy. Based on the analysis results obtained from OTU,
sample Alpha diversity analysis, Beta diversity analysis, and
colony function prediction were performed.

Statistical Analysis

The results were expressed after arithmetic mean and standard
deviation, and the data were statistically compared for significant
differences by one-way analysis of variance (One-Way ANOVA)
using SPSS 19.0 software.

RESULTS

Effect of Flammulina velutipes
Polysaccharide on Thymus Index and

Spleen Index of Mice

In Table 1, compared with the BC group, the thymus index and
spleen index of the MC group was decreased, indicating the
model was established. Compared with the MC group, the spleen
index of mice in the polysaccharide administration group and
the thymus index in the PC and HD groups were significantly
increased, the thymus index in the MD and LD groups had no
the significant level, but it was an increasing trend compared with
the MC group. It showed that F. velutipes polysaccharide could
improve the atrophy of immunosuppressed mice constructed by
CTX, and promote their development and enhance the immunity
of the organism.
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TABLE 1 | Effect of F. velutipes polysaccharide on the index of immune organs.

Group Thymus index (mg/10*g) Spleen index (mg/10*g)
BC 10.96 + 4.66 26.77 £ 214

MC 5.54 +1.31" 21.28 £+ 3.80"

PC 9.37 + 4.06% 24.09 £+ 3.27

HD 9.63 + 3.38** 30.63 + 4.53*#

MD 6.72 +£ 0.95 26.91 + 4.10*

LD 6.19 £+ 0.99 30.83 + 8.22%##

Compared with BC group: P < 0.001, "P < 0.05; Compared with MC group: *#*P <
0.001, #P < 0.01, *P < 0.05.

TABLE 2 | Effect of F. velutipes polysaccharide on serum ACP and LDH activity.

Group ACP (unit/100 mL) LDH (U/L)
BC 7.75+£1.26 5703.86 + 529.04
MC 4.94 + 1,207 4814.77 + 706.42"
PC 527 +1.32 5736.72 + 431.79"
HD 6.79 + 2.00* 6761.14 + 1148.801
MD 5.39 + 0.80 6376.81 + 72282
LD 4.46 +0.74 5080.80 + 1041.74%*

Compared with BC group: P < 0.001, "P < 0.05; Compared with MC group: *#p <
0.001, *P < 0.01, *P < 0.05.

Effect of Flammulina velutipes
Polysaccharide on ACP and LDH Activity in
Mice

In Table 2, the ACP and LDH activity in serum of MC group
was significantly reduced compared with BC group. After the
administration treatment, the ACP vitality in the HD group was
significantly increased compared with the MC group, and the
LDH vitality in both the PC group and the administered group
was improved, especially in the polysaccharide administered
group. It indicated that the F. velutipes polysaccharide is
beneficial to improve the ACP and LDH activity in mice.

Effect of Flammulina velutipes
Polysaccharide on the Content of

Cytokines in Mice Serum

In Figure 1, the levels of IL-2 and IL-4 were significantly
decreased and the levels of IL-6 and TNF-o were extremely
significantly increased in the MC group compared with the
BC group (P < 0.001), indicating that cyclophosphamide could
suppress immune activity in mice. The levels of IL-2, IL-
4, IL-6, and TNF-a were improved by administration of the
drug, and the best results were achieved in the HD group
with highly significant levels (P < 0.001). It showed that
F. velutipes polysaccharide could restore cyclophosphamide-
induced immunosuppression and improve immune activity by
regulating the levels of cytokines.

Effect of Flammulina velutipes
Polysaccharide on Antioxidant Capacity of
Mice

In Figure 2, compared with the BC group, the T-AOC content
and SOD and CAT activity in the MC group were highly
significant decreased (P < 0.001) and the MDA activity was
significantly increased (P < 0.001), indicating the model was
established. Compared with the MC group, T-AOC content
and SOD and CAT viability values were significantly increased
and MDA activity was significantly decreased in the PC
group and the high and medium dose administration groups,
and SOD viability was significantly increased and MDA
activity was highly significantly decreased in the low dose
group, and it proved that F. velutipes polysaccharide had
antioxidant capacity.

Effect of Flammulina velutipes
Polysaccharide on Pathological Changes

of Mouse Thymus Organs

In Figure 3, the thymus cells of mice in BC group were abundant
and well-arranged, there were no abnormalities, and the thymus
staining was darker. Compared with the BC group, the thymus
cells in the MC group were arranged in a disorganized and
irregular manner with unclear edges, and the decrease of thymus
cells led to the overall lighter staining of the thymus. Compared
with the MC group, the treatment of F. velutipes polysaccharide
alleviated the CTX-induced pathological changes in the thymus
of mice, indicating that polysaccharide could alleviate the
atrophy of the thymus caused by CTX and protect the thymus
of mice.

Protein Identification and Protein GO

(Gene Ontology) Annotation Analysis
A total of 717,312 secondary spectra were generated for
the 3 sets of samples in this experiment. A total of 31,743
peptides and 5,975 proteins were identified under the “1%
FDR” filtering criteria. The differentially expressed proteins
between groups were compared by screening for differential
ploidy and significance. In Figure 4A, the protein quantification
results statistics were presented in the form of volcano plots.
One hundred and thirty four differentially expressed proteins
were identified in the MC group compared with the BC group,
of which 52 were up-regulated and 82 were down-regulated.
Compared with the MC group, there were 46 differentially
expressed proteins after administration of F. velutipes
polysaccharide treatment, of which 30 were up-regulated and 16
were down-regulated. The reproducibility of the quantification
was assessed by the CV value, CV = standard deviation SD/mean,
the lower the value, the better the reproducibility. In Figure 4B,
the mean CV value was equal to 0.091 and the percentage of
proteins with CV values within 20% was 93.6%, and the results
indicated that the biological reproducibility was good between
sample groups.

All the identified proteins were compared with NR database
for GO gene function annotation and enrichment analysis,
and it was found that they mainly have molecular functions
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such as binding, catalytic activity, molecular function regulator,
transcription regulator activity, etc.; contain cellular components
such as cell, cell part, organelle, membrane, macromolecular
complex, etc.; participate in cellular process, metabolic process,
biological regulation, regulation of biological process, signaling,
immune system process and other biological processes, as shown
in Figure 4C.

GO Enrichment Analysis of Differential
Proteins

The GO entries with significant enrichment of differential
proteins were analyzed by clustering in Figure 5A, the horizontal
axis represents the GO annotation entries, and the vertical
axis represents the up- and down-regulated differential
proteins. In Figure5A, the GO functional Cclassification
of differential proteins in the HD group was more up-
regulated compared with the MC group, among which cellular
process, cell part, cell, binding was the more the GO entries
were significantly different. The relationship network was
used to observe the relationship between each GOterm in
Figure 5B, the significantly enriched GOterms in the HD
group and MC group were mainly related to the biological
process function.

Differential Protein Pathway Enrichment

Analysis and Subcellular Localization
Pathway enrichment analysis of differential proteins was
performed by the Kyoto Encyclopedia of Genes and Genomes.
In Figure 6A, the differentially expressed proteins in the HD and
MC groups were mainly involved in transport and catabolism,
signal transduction, infectious diseases: viral, immune diseases,
carbohydrate metabolism, immune system and other metabolic
pathways. The analysis revealed that TFRC (Transferrin receptor
protein (1) and RSAD2 (Radical S-adenosyl methionine domain-
containing protein (2) protein content changed significantly.
The number of differential proteins annotated to the pathway
was divided by all the proteins identified to the pathway as the
RichFactor, and the larger the value, the larger the proportion
of differential proteins in the pathway, and the size of its
point represents the number of differential proteins annotated
to the pathway. In Figure 6B, differential proteins could play
a role in phagosome, antigen processing and presentation,
autoimmune thyroid disease, and intestinal immune network
for IgA production by participating in the pathway immune
modulatory effects.

Subcellular localization of proteins is an important part of
protein function annotation. Protein subcellular localization
prediction was performed by WoLF PSORT software. In
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FIGURE 3 | Effect of £, velutipes polysaccharide on thymus organ in mice.

Figure 6C, the differential protein subcellular localization of
HD and MC differential proteins were more distributed in
cyto (cytosol), nucl (nucleus), plas (plasma membrane) and
extr (extracellular).

Protein Validation

In Figure 7, the protein expression in the spleen of TFRC and
RSAD2 mice was highly significantly down-regulated in the MC
group compared with the BC group (P < 0.001), and highly

Frontiers in Nutrition | www.frontiersin.org 12

January 2022 | Volume 9 | Article 841230


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Liang et al.

Immunization Effect of F. velutipes Polysaccharide

A ® Down ® None @ Up
lyg
1 .
103
Qs .
LT .
2‘.
§5
$ o3
g 88
g il
g% B
T3s
30 .
43
15 ®
10
05
00 - d
-1.9 19
leg2(Fold change)
B
g CV distribution
g
2
maanCV : 0.001
1% 002
20% 10836
g“ 0% :0.877
s wn:0m |8 %
50% :0.996 s
g 0% (0508 s
< 70% :0.999
gﬂ 80% : 1.000
0% : 1.000 g
100% - 1.000
»100% : 1.000
§ 2
: - I
"0 0% 3 40 5% o oN o 20% 100%  >100%
SeRriaton
annotation histogram (C).

FIGURE 4 | Volcano plots of differentially expressed proteins in MC/BC (left) and HD/MC (right) (A), distribution of CV values of replicate experiments (B) and GO

® Down ® None @ Up

<og10(Qvalue)

A et

earve rag oo of 5353 2 pesomt
v v ered esoum

regEIve ragie <o of t333 T Geocms

o wm

n
Number of Proteins

| e ey ey |

significantly up-regulated in the HD group compared with the
MC group (P < 0.001), which is consistent with the results
of proteomics.

Taxonomic Analysis of Intestinal Flora
Species

OTUs clustering analysis was performed on mouse intestinal
microorganisms, and the Top 30 dominant species were
selected for analysis by comparing the database for Silva_132
16S rRNA database. In Figure 8A, at the phylum Ilevel,
the phylum Firmicutes and the phylum Bacteroidetes were
the major dominant groups in the mouse intestinal flora,
accounting for more than 95% of all bacteria, followed by the
phylum Proteobacteria. The relative abundance of Firmicutes
decreased, the relative abundance of Bacteroidetes increased
and Proteobacteria showed no significant change in the F.

velutipes polysaccharide administration group compared with the
MC group.

To further understand the changes in the intestinal flora,
the relative abundance of the dominant flora was analyzed
at the genus level in Figure 8B. Compared to the MC group,
the relative abundance of Lachnospiraceae_NK4A136_group and
f_Lachnospiraceae_Unclassified was reduced in the blank and
high and medium dose administration groups. While the relative
abundance of f Muribaculaceae_Unclassified, Bacteroides, and
Alloprevotella was relatively increased in the HD and MD groups
compared with the MC group.

Colony Diversity Analysis and PICRUSt

Functional Prediction Analysis

The alpha diversity of the flora was carried out by randomly
sampling the sample sequences. Alpha diversity allows
assessment of species abundance and diversity. In Figure 9A,
the Chaol index was higher in the HD and LD groups than in
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FIGURE 6 | Statistical plots of Pathway classification of differential proteins (A), statistical plots of significantly enriched pathway (B) and histogram of subcellular
localization (C) in HD and MC groups.

the MC group, indicating that the high and low dose groups
of F. velutipes polysaccharide could increase the abundance of
intestinal flora in immunosuppressed mice. Figure 9B showed
that the Shannon index value increased in the LD group
compared with the MC group, and there was no significant
change in the HD and MD groups, indicating that the low-dose
administration group could improve the diversity of intestinal

flora in mice.

In order to reflect the diversity differences among different
samples, the samples were analyzed by beta diversity between
groups. In Figure 9C, the composition of intestinal flora of
immunosuppressed mice treated with F. velutipes polysaccharide
was significantly different from that of mice in the MC group,
indicating that F. velutipes polysaccharide had a good effect
on the structural composition of intestinal microorganisms in

immunosuppressed mice.

PICRUSt Functional Prediction Analysis
The metabolic functions of the colony were predicted based
on the PICRUSt analysis platform. In Figure 10, the metabolic

functions of the colony were concentrated in energy production
and conversion, amino acid transport and metabolism,
carbohydrate transport and metabolism, lipid transport and
metabolism, signal transduction mechanisms, etc. It can be
predicted that the intestinal flora may play a regulatory role by
affecting the signaling pathways of amino acid, carbohydrate,
lipid transport and metabolism and signal transduction.

Effect of Flammulina velutipes
Polysaccharide on the Content of SCFAs

The effects of F. velutipes polysaccharide on the content of
SCFAs were determined by extracting SCFAs from the intestine
of mice. In Table 3, compared with BC, the contents of acetic
acid, propionic acid and butyric acid were all down-regulated
in the MC group, and the contents of acetic acid and butyric
acid reached a significant level (P < 0.05), indicating that
CTX had an inhibitory effect on the production of SCFAs.
Compared with the MC group, the content of SCFAs was
improved in both the PC and polysaccharide treatment groups,
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changes of intestinal microbial composition by improving the
content of SCFAs, with the most obvious improvement in the

high-dose group.

with the content of acetic acid, propionic acid and butyric
acid reaching significant levels in the HD group. It was
speculated that F. velutipes polysaccharide might regulate the
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DISCUSSION

Thymus and spleen are two important immune organs for
the proliferation and growth of human immune cells, and
the immune organ index is known as the main indicator of
immune function (30). It has been shown that polysaccharide
can significantly increase thymus index and spleen index in
immunosuppressed mice (31, 32). CTX is a chemotherapeutic
drug that has a suppressive effect on the body’s immune
system, which is manifested by a decrease in spleen and thymus
index (1). It was found that the thymus and spleen indices
of mice in the MC group were significantly lower than those
of normal mice, indicating that the immune function of mice
was suppressed by CTX, and when the polysaccharide was
gavaged, the thymus and spleen indices of mice in each dose
group increased to different degrees, and the spleen indices
of the polysaccharide administration group and the thymus

indices of the HD group increased significantly, and the thymus
tissue structure was improved, indicating that F. velutipes
polysaccharide could improve the immune organ damage and
enhance the immunity of the organism, which is consistent with
the results of Zhang et al. (33). Panax japonicus polysaccharide
can improve spleen and thymus indices of immunosuppressed
mice induced by cyclophosphamide.

Macrophages arise from the differentiation of monocytes and
play a unique role in the immune system with the function of
activating the innate immune response (34). Macrophage enzyme
activity can reflect the functional status of macrophages. ACP
is the marker enzyme of macrophage lysosomal enzymes in
higher animals, and its activity reflects the degree of macrophage
activation. LDH is an enzyme necessary for intracellular glucose
enzymes, and the energy required by phagocytes is also derived
from glycolysis. Lactic acid produced during LDH enzymes can
cause a decrease in intracellular pH in macrophages, which
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TABLE 3 | Effect of F. velutipes polysaccharide on the content of SCFAs.

BC MC PC HD MD LD
Acetic acid 1.68 £0.84 0.35 £ 0.05* 115+ 1.1 1.68 & 1.86" 114+ 0.82 0.8 £0.55
Propionic acid 3.17 £ 0.47 2.09+0.73 447 £3.71% 5.9 £ 0.77% 3.71 £ 0.69 4.11 £ 0.59*
Butyric acid 4.54 +1.16 2.6+ 0.87" 4.03+24 5.32 £ 1.43% 3.47 +£0.69 3.55 +1.02

Compared with BC group: "P < 0.05; Compared with MC group: **P < 0.001, *#P < 0.01, *P < 0.05.

facilitates the immune response of macrophages and is one
of the hallmarks of macrophage activation (35). Paecilomyces
sinensis polysaccharides can increase the activity of LDH and
ACP in rat and human monocytes AM¢$ and PM¢ (36). Water-
soluble Ginseng marc polysaccharide can activate macrophages
by regulating the activity of lysosomal phosphatases, affecting
the ability of lysosomal enzymes to respond appropriately
to exogenous substances and increasing the proportion of
phagocytic macrophages (37). The ACP activity in the HD
group and LDH in the polysaccharide administration group
were significantly increased after the administration treatment,
indicating that ACP and LDH activities in immunocompromised
mice can be regulated by the F. velutipes polysaccharide.
Cytokines have an important regulatory role in cell growth,
cell differentiation and cell-cell interactions and have a significant
effect on the immune inflammatory response (38). In this
experiment, IL-2 and IL-4 levels were significantly decrease
and TNF-a and IL-6 levels were significantly increase in
the MC group compared to the BC group, indicating that
CTX has a suppressive effect on the immune function of the
body. IL-2 is mainly expressed by Thl cells and is a soluble
factor that mediates T cell proliferation and has an important
role in the innate and adaptive immune system (39). IL-4
is mainly expressed by Th2 cells and is an important anti-
inflammatory cytokine that plays an important role in humoral
immunity and has an important regulatory role in the immune
function and inflammatory process of the body. Wen et al.

found that low molecular-weight seleno-aminopolysaccharides
significantly increased cyclophosphamide-induced secretion of
serum cytokines IL-2 and IL-4 in immunosuppressed mice
to restore immune function (40). It is consistent with our
research, F. velutipes polysaccharides can significantly increase
the levels of serum cytokines IL-2 and IL-4 to exert immune
modulatory effects. IL-6 and TNF-a have dual effects on the body.
Moderate concentrations can enhance the immune function of
the organism, regulate a variety of immune cells, and have a
protective effect on the organism, but large production and
release can disrupt the immune balance of the organism, produce
an overly violent immune response, present toxic effects, and
cause damage to the organism (41, 42). Cheng et al. (43)
showed that Bupleurum smithii var. Parvifolium polysaccharides
can inhibit lipopolysaccharide induced production of pro-
inflammatory cytokines IL-6 and TNF-a. It has been reported
that CTX can induce elevation of inflammatory cytokines TNEF-
a, IL-6 through activation of nuclear factor-kB (NF-«kB) and
P38 mitogen-activated protein kinase (p38-MAPK) (44-46). F.
velutipes polysaccharides could exert immune modulatory effects
by inhibiting the CTX-induced increase in the levels of pro-
inflammatory cytokines IL-6 and TNF-a.

CTX causes immunosuppression along with damage to the
liver and antioxidant enzymes, induces oxidative stress in
the body, generates large amounts of ROS, causes oxidative
damage to immune cells (47-49), and further decreases the
immune function of the body. Excess ROS leads to an increase
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in the membrane lipid peroxidation product MDA (50, 51),
which reflects the overall level of lipid peroxidation. SOD
is an important oxygen radical scavenger widely present in
living organisms, catalyzing the disproportionation of superoxide
anions and converting them into hydrogen peroxide, which
is decomposed into H;O and O, catalyzed by CAT (52-54).
Antioxidant the proteins SOD and CAT can act as cellular
detoxification systems to prevent ROS damage (55). T-AOC
represents the total antioxidant capacity of the organism. It
has been shown that polysaccharides can enhance antioxidant
activity in immunosuppressed mice (26). Our research found that
F. velutipes polysaccharide could reduce the level of MDA and
alleviate oxidative stress in the body by increasing the activity of
SOD, CAT and T-AOC, which is consistent with the results of Xu
et al. (56).

Proteomics research involves the large-scale detection,
identification and characterization of proteins, making it
highly promising for biomarker discovery in many diseases
(57). Chen et al. (58) investigated the effect of Sargassum
fusiforme polysaccharides (SFP) on the antioxidant capacity of
liver tissue in mice by proteomics techniques. The effect of
SFP on the antioxidant capacity of mouse liver tissues was
investigated by proteomic techniques, and 38 out of 49 protein
spots were found to be up-regulated and 11 down-regulated.
Functional analysis revealed that the differentially expressed
proteins were mainly involved in redox, amino acid metabolism
and energy metabolism, and the results indicated that SFP
could regulate antioxidant enzymes to scavenge excess free
radicals and prevent oxidative damage. Jiang et al. investigated
the immune modulatory function of Durio zibethinus Rind
polysaccharide at the proteomic level and found a total of
13 shared differential proteins by comparing the differential
proteins in untreated, immunosuppressed and D. zibethinus
Rind polysaccharide-treated mice. These shared differential
proteins were mostly associated with biological functions such
as lolalization, biological regulation and immune system process.
Liang et al. (59) used proteomics to find that Nigella sativa
seed polysaccharides could participate in immune regulation by
regulating metabolism-related pathways such as Autoimmune
thyroid disease, Primary immunodeficiency, and PI3K-Akt
signaling pathway through the regulation of differential proteins
such as PI3K and PTEN. The aim of this study was to
investigate the immune modulatory effects of F. velutipes
polysaccharide at the proteomic level through the quantitative
technique of homogeneous isotope labeling. By comparing the
differential proteins in spleen tissues of different treated mice,
52 differential proteins were up-regulated and 82 differential
proteins were down-regulated in the MC group compared
with the BC group, and 30 differential proteins were up-
regulated and 16 differential proteins were down-regulated in F.
velutipes polysaccharide treated group compared with the MC
group. These differential proteins were mostly associated with
functions such as biological regulation, immune system process
and signal transducer activity, and were involved in transport
and catabolism, infectious diseases: viral, immune diseases,
phagosome and other pathways to play immune regulatory roles.
Differential protein function enrichment analysis revealed that

among the immune-related proteins, TFRC and RSAD2 were
significantly upregulated in HD compared with MC group.
Iron is essential for the generation of immune responses and
is required for the growth, proliferation and differentiation of
immune cells (60). Iron deficiency leads to a decrease in the
number of T cells, a lower proportion of mature T cells and
suppressed cytokine synthesis (61-63). Cellular iron uptake is
largely dependent on iron transporters (64, 65). The transferrin
receptor is a cell surface receptor that mediates iron uptake
through receptor-mediated endocytosis and is required for
cellular iron uptake (66, 67). It has been suggested that mutations
in the transferrin receptor gene may lead to severe combined
immunodeficiency (68). Promoting the expression of transferrin
receptor protein (TFRC) increases cellular iron uptake and
helps to enhance host antitumor immunity (69). RSAD2 is a
key enzyme of the innate immune response, localized to the
cytoplasmic face of the endoplasmic reticulum (70) and/or to
lipid droplets via the N-terminal hydrophobic structural domain
(71), and its expression is induced by interferon-dependent or
non-dependent pathways (72). The inhibition of GAPDH activity
by the ddhCTP product of RSAD2 radical SAM activity may
improve the rate of NADPH regeneration by affecting upstream
metabolic pathways and increasing the flux of the pentose
phosphate pathway (PPP). It is also able to increase the rate of
reduction of glutathione disulfide (GSSG) to reduced glutathione
(GSH), thus protecting cells from reactive oxygen species (ROS)
damage (73). In macrophages, the cellular activity of RSAD2 may
provide a protective mechanism for cells against viral infection
or other conditions that increase ROS levels (74). The results
of the present study showed that F. velutipes polysaccharide
may alleviate CTX-induced oxidative stress capacity as well as
increase the body’s iron uptake and immune response through
upregulation of TFRC and RSAD?2 protein expression, and exert
immune modulatory effects through drug metabolism-related
pathways such as immune diseases, transport and catabolism,
phagosomes and influenza A.

The intestinal flora has an important role in immune
system development and regulation of immune function (75).
Dysfunctional gut microbial structure affects physiological
processes such as energy metabolism, immune regulation and
liver injury in humans (76-78). Niu et al. evaluated the
effect of Pinus massoniana pollen polysaccharides (PPPS) on
the intestinal flora of mice by 16S rRNA high-throughput
sequencing technology and showed that PPPS can regulate the
composition of mouse intestinal microorganisms and increase
the proportion of probiotic bacteria, and also regulate the
systemic immune system by modulating the immunosuppressive
status of lymphocytes in Peyers patches (79). N. sativa
seed polysaccharides can exert immune modulatory effects
by improving the structure of the intestinal flora, increasing
flora diversity, and regulating metabolic pathways such as lipid
metabolism, polysaccharide synthesis and signal transduction
(59). The results of the present study showed that F. velutipes
polysaccharides improved the composition and diversity of the
intestinal flora of mice in a CTX-induced immunosuppression
model. At the phylum level, the thick-walled phylum Firmicutes
and Bacteroidetes were the predominant intestinal flora in mice, it
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is consistent with the Tremaroli et al. research. Bacteroidetes and
Firmicutes accounted for more than 90% of the total intestinal
microorganisms (80). It has been shown that Bacteroidetes can
interact with cellular receptors using lipopolysaccharide and
flagellin components to enhance the immune response through
cytokine synthesis (81), and that an increase in thick-walled
Bacteroidetes promotes energy absorption by the body, leading
to obesity (82). In the present study, F. velutipes polysaccharides
decreased the relative abundance of Firmicutes and increased
the relative abundance of Bacteroidetes, which had a beneficial
regulatory effect on the intestinal flora. The literature reports that
intestinal microorganisms have a large system of carbohydrate-
active enzymes that can further utilize polysaccharides (83). After
entering the intestine, polysaccharides are converted into SCFAs
by microbial metabolism (84). Short-chain fatty acids are not
only an important source of energy for intestinal epithelial cells,
but it also regulates the production of inflammatory factors
and reduces intestinal inflammation and tumorigenesis (85, 86).
Among the various microbial metabolites, acetic acid, butyric
acid, and propionic acid are the key bacterial metabolites that
promote the development and maintenance of the immune
system (87). In the present study, it was found that F. velutipes
polysaccharides increased the content of acetic acid, propionic
acid, and butyric acid, with the most significant increase in
the high-dose administration group. Tan et al. (88) found
that the intervention of Bacteroides reduced the destruction of
intestinal flora by LPS treatment, maintained the integrity of
the intestinal epithelium, had a role in promoting intestinal
homeostasis, and its content was proportional to the acetic acid
content in short-chain fatty acids (89). Propionate is a health-
promoting microbial fermentation metabolite in the human gut
that provides energy to the intestine and plays an inhibitory role
in the development of disease (90). Butyrate is the preferred
source of energy for colon cells and is locally consumed,
and has been more extensively studied in inflammation and
cancer, where it inhibits colorectal cancer and inflammation
(87). Alloprevotella belongs to the genus Bacteroides of the
phylum Synechococcus and is SCFA-producers, whose abundance
is negatively correlated with obesity and diabetes (91, 92).
Lachnospiraceae_NK4A136 group is a discriminatory feature
of intestinal dysfunction (93), and Wang et al. (94) studied
found that Chrysanthemum morifolium polysaccharides could
improve intestinal dysfunction by decreasing the abundance
of Lachnospiraceae_NK4A136_group flora and increasing the
relative abundance of beneficial bacteria. In the present study,
the relative abundance of Lachnospiraceae_NK4A136_group flora
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Lycium barbarum residue contains abundant bioactive nutrients which can be used as
feed supplement. The fermentation treatment of plant residue can promote the utilization
of nutrients, rumen digestion, and the growth and immunity of animals. Based on ultra-
performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS)
metabolomics and in-depth transcriptome analysis, the study tested the mechanisms
of Lycium barbarum residue (RW) and fermented Lycium barbarum residue (RFW) on
meat quality and immunity of sheep. Fifty-four Tan sheep were randomly divided into
control, RFW or RW treatments. Data showed that RFW and RW increased the carcass
weight, fat content, ash content and reduced the cooking loss of lamb. RFW performed
more significant effects on activating immune-related genes than those of RW. The
expression of chemokines and immune-related pathways, such as signaling pathways of
interleukin-17 signaling pathway and NOD-like receptor signaling pathway, were elevated
in sheep fed RFW. RW increased the diversity in rumen metabolites, especially
compositions of lipids, organic acids and organ heterocyclic compounds. RFW affected
numerous compounds which are closely correlated with the activation of immune genes.
In conclusion, RFW could represent a valuable strategy to improve growth performance
and immunity of sheep.
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1 INTRODUCTION

Disease resistance and meat quality are critically important for
Tan sheep production. Bioactive metabolites from plants have
gained increasing interest as being developed as growth-
promoting antibiotics for ruminant animals (1). Various plants
have been used as fodder additives for their particular
metabolites with antimicrobial, antioxidant, anti-inflammatory
and promoting immunity activities (2-5). Thus, developing
effective plant-derived fodder additives will improve the
production of ruminant animals.

Lycium barbarum is one of the important agricultural species,
and has been widely used in traditional Chinese medicine. Lycium
barbarum contains amino acids, polysaccharide (LBP), flavonoids,
betaine, vitamins and other active nutrients (6). A wealth of
vitamins in Lycium barbarum can promote the proliferation of
hepatocytes, enhance non-specific immunity, and improve disease
resistance and the phagocytosis of phagocytes. In addition, the by-
products of Lycium barbarum contain a variety of nutrients that
could be used as high-quality feed materials for animal. Previous
studies have confirmed that the addition of Lycium barbarum
residue in feed could improve the immunity and growth
performance of animals (7). Chemical, physical and biological
fermentation could break down the cellulose, hemicellulose, and
lignin of plant residues, improving the utilization of nutrients and
the efficiency of the animal production. Fermentation technology
has been shown to effectively improve the nutrient utilization rate
of Lycium barbarum and to reduce the feed/gain ratio (8-10).
Remarkably, it also can provide readily available nutrients for
rumen microorganisms (11, 12), and enhance animal immunity
by increasing the levels of immunoglobulin G (IgG),
immunoglobulin M (IgM) and interleukin-10 (IL-10) (13). The
fermentation treatment of plant residue further promotes the
absorption of nutrients and rumen digestion by animals, and
has various effects on the growth and immunity of ruminants.
Thus, elucidating the mechanisms of Lycium barbarum residue
and its fermented products on animal immunity and meat quality
would contribute to make full use of them and improve
animal productivity.

Overall, Lycium barbarum residue has the characteristics of
green pollution-free, no drug resistance, and can be used as feed
ingredients to improve immunity and disease resistance.
Although the effect of Lycium barbarum residue on the growth
and immunity of animals has been investigated, only simple
indicators of immunity were revealed, which does not elaborate
the mechanism that are sufficient enough to realize the effect of
Lycium barbarum residue. An integrated investigation of the
detailed mechanism of Lycium barbarum residue before and
after fermentation on sheep immunity remains to be tested.

Recently, with the advancement of multi-omics technology,
the changes of animal immune system and meat quality under
different conditions can be systematically evaluated, which
provides the opportunity for us to deeply understanding the
biological process of fermented products in vivo (14-17). Based
on ultra-performance liquid chromatography-tandem mass
spectrometry (UPLC-MS/MS) metabolomics and in-depth
transcriptome analysis, the present study investigated the

mechanisms of Lycium barbarum residue (RW) and fermented
Lycium barbarum residue (RFW) on meat quality and immunity
of sheep. This study aimed to provide the theoretical basis and
method for rational utilization of Lycium barbarum residue as
feed sources.

2 MATERIALS AND METHODS

The experimental protocols were approved by the Institutional
Animal Care and Use Committee of Ningxia
University (NXUC20200618).

2.1 Sample Collection and Preparation

In total, fifty-four ram Tan sheep (120 days, 19.86 + 0.62 kg) with
similar genetic background were selected and randomly divided
into 3 experimental groups. Three experimental groups of sheep
were feed with basal diet (RCON), basal diet supplemented with
Lycium barbarum residue (RW) and basal diet supplemented
with fermented Lycium barbarum residue (RFW) for 70 days.
During the feeding trial, sheep were fed twice at 8:00 and 16:00
every day with free access to drinking water. At the end of trial,
six biological replicates of sheep in each treatment were selected
and slaughtered for further experiment analysis. All sheep were
fasted for 16 h before slaughter. Carcass weight was obtained.
The rumen was collected for metabolomics and transcriptome
analyses, and venous blood was obtained from the jugular vein.
The 10 mL venous blood of each sheep was collected. After the
blood was fully coagulated, the serum was obtained by
centrifugation at 2500 r/min for 15 min and stored at -20°C,
then series serum immune indexes were determined, including
the contents of immunoglobulin A (IgA), immunoglobulin G
(IgG), immunoglobulin M (IgM), interleukin-1f (IL-1B) and
interleukin-6 (IL-6).

2.2 RNA Extraction

Total RNA was extracted from the rumen of each sample using a
total RNA extraction kit (#AM1561, Ambion), following the
manufacturer’s instructions. RNA purity was checked using the
NanoPhotometer® spectrophotometer (IMPLEN, CA, USA). An
Agilent Bioanalyzer 2100 (Agilent Technologies) was used to
ensure RNA integrity by determining the RNA integrity number.
The sequencing reagent was prepared according to the HiSeq
2500 user guide. Then, clusters were generated.

2.3 Transcriptome Sequencing

and Assembly

A total amount of 1.5 ug RNA per sample was used as input
material for the RNA sample preparations. Sequencing libraries
were generated using NEBNext® Ultra'™ RNA Library Prep
Kit for Ilumina® (NEB, USA) following manufacturer’s
recommendations and index codes were added to attribute
sequences to each sample. The library fragments were purified
with AMPure XP system (Beckman Coulter, Beverly, USA) to
select cDNA fragments of preferentially 250~300 bp in length.
Then 3 uL USER Enzyme (NEB, USA) was used with size-
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selected, adaptor-ligated cDNA at 37°C for 15 min followed by 5
min at 95°C before PCR. Then PCR was performed with Phusion
High-Fidelity DNA polymerase, Universal PCR primers and
Index (X) Primer. At last, PCR products were purified
(AMPure XP system). The library quality was assessed on the
Agilent Bioanalyzer 2100 system.

Raw data (raw reads) of fastq format were firstly processed
through in-house perl scripts. In this step, clean data (clean
reads) were obtained by removing reads containing adapter,
reads containing ploy-N and low quality from raw data. At the
same time, Q20, Q30, GC-content and sequence duplication level
of the clean data were calculated. All the downstream analyses
were based on clean data with high quality. Transcriptome
assembly was accomplished based on the left.fq and right.fq
using trinity with min kmer cov set to 2 by default and all other
parameters set default (18).

2.4 Differential Expression Analysis

Gene expression levels were estimated by RSEM for each sample.
Clean data were mapped back onto the assembled transcriptome,
and read count for each gene was obtained from the mapping
results. Differential expression analysis of two conditions/groups
was performed using the DESeq R package (1.10.1). DESeq
provide statistical routines for determining differential
expression in digital gene expression data using a model based
on the negative binomial distribution. The resulting P values
were adjusted using the Benjamini and Hochberg’s approach
for controlling the false discovery rate. Genes with FDR < 0.05
and |log,FC| >1 found by DESeq were assigned as
differentially expressed.

2.5 Function Analysis of Differentially
Expressed Genes

Genes were classified by GO annotation into three categories:
biological process, cellular compartment and molecular function.
For each category, a two-tailed Fisher’s exact test was employed
to test the enrichment of the differentially expressed proteins
against all identified genes. KEGG database was used to identify
enriched pathways by a two-tailed Fisher’s exact test to test the
enrichment of the differentially expressed genes against all
identified genes. The pathways and GO terms with P < 0.05
were considered significant. All differentially expressed genes
were searched against the STRING database for protein-protein
interaction analysis. All interactions with a confidence score >
0.7 (high confidence) were used.

2.6 LC-MS/MS Analysis

In total, 1g of rumen from each sample was transferred to an EP
tube. After the addition of 400 uL of extract solution (acetonitrile:
methanol = 1: 1, containing isotopically-labelled internal
standard mixture), the samples were vortexed for 30 s,
sonicated for 10 min in ice-water bath, and incubated for 1 h
to precipitate proteins. Then the sample was centrifuged at
12,000r/min for 15 min. The supernatant was transferred to a
fresh glass vial for analysis. The quality control (QC) sample was
prepared by mixing an equal aliquot of the supernatants from all
of the samples (19).

LC-MS/MS analyses were performed using an UHPLC
system (Vanquish, Thermo Fisher Scientific) with a UPLC
BEH Amide column (2.1 mm x 100 mm, 1.7 um) coupled to
Q Exactive HFX mass spectrometer (Orbitrap MS, Thermo). The
mobile phase consisted of 25 mmol/L ammonium acetate and 25
ammonia hydroxides in water (pH = 9.75) (A) and acetonitrile
(B). The auto-sampler temperature was 4°C, and the injection
volume was 3 UL (20). The raw data were converted to the
mzXML format using ProteoWizard and processed with an in-
house program, which was developed using R and based on
XCMS, for peak detection, extraction, alignment, and
integration. Then an in-house MS2 database (BiotreeDB) was
applied in metabolite annotation. The cutoff for annotation was
set at 0.3 (21).

2.7 Analysis of Metabolomics Profiles

The analysis of data variation was performed by R packages
XCMS software. The Principal Component Analysis (PCA) and
pathway enrichment analysis were performed by Metaboanalyst
3.0. PCA was performed on the three-dimensional metabolic
data involving the metabolite name, sample name and
normalized peak area. The data were further treated through
mean centering and unit variance scaling. The PCA plots were
generated to interpret cluster separation. And the therapy P <
0.05 and fold change (FC) > 2 was used for identification of
significantly differential metabolites.

3 RESULTS

3.1 Dramatic Variations Between RW

and RFW in the Transcriptomic Patterns

of Sheep

To investigate the effect of RW and RFW on the sheep, rumen
with six replicates for each treatment were collected for
transcriptome sequencing, and the rumen with basic ration was
used as control. In total, 823,571,490 paired-end reads were
generated from high-throughput sequencing of all samples, and
44,415,297 clean reads were obtained from 45,753,971 per library
in average (Table 1). All reads were mapped to the reference
genome of sheep (Oar_rambouillet_v1.0), and 95.95% of clean
reads were aligned to the genome of sheep in average. Finally,
35,671 genes were obtained for further functional analysis to
elucidate the effect of RW and RFW on the transcriptomic
pattern of sheep (Table 1).

Subsequently, based on the transcriptome profiles of the three
experimental treatments of RW, RCON and RFW, two
algorithms, correlation analysis and PCA, were further used to
study the overall impact of RW and RFW treatments on the
transcriptome profiles of sheep (Figure 1). The correlation
analysis displayed an obvious cluster containing all samples
from RFW treatment, whereas samples from other two
treatments (RW and RCON) irregularly clustered into another
cluster (Figure 1A). This suggests that RFW treatment caused
more significant variations in transcriptomic patterns of sheep
than those of RW and RCON treatment. Further PCA analysis
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TABLE 1 | Characteristics of sheep transcriptome assembly under RFW and RW treatments.

Sample Raw reads Clean reads Clean bases Total map
RCON1 45232800 44092650 6.61G 42788762 (97.04%)
RCON2 42219944 40888960 6.13G 39591387 (96.83%)
RCON3 43444466 41659558 6.25G 40050506 (96.14%)
RCON4 42946476 41714970 6.26G 40189419 (96.34%)
RCONS5 45723612 44575256 6.69G 43235768 (96.99%)
RCON6 45899104 44166626 6.62G 42598564 (96.45%)
RW1 45946156 44674048 6.7G 42923559 (96.08%)
RW2 53574850 51574902 7.74G 49474581 (95.93%)
RW3 44084436 42681690 6.4G 41138358 (96.38%)
RW4 47272822 45844162 6.88G 44022901 (96.03%)
RW5 47793996 46327334 6.95G 44360148 (95.75%)
RW6 46289582 45130724 6.77G 43245909 (95.82%)
RFW1 46547690 45206554 6.78G 42911105 (94.92%)
RFW2 44450046 43092694 6.46G 40130860 (93.13%)
RFW3 46325768 45126570 6.77G 43229285 (95.8%)
RFW4 46189858 44887138 6.73G 43013512 (95.83%)
RFW5 46195812 44935596 6.74G 43096286 (95.91%)
RFW6 43434072 42895926 6.43G 41031677 (95.65%)
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FIGURE 1 | Landscape of the transcriptomic patterns of sheep after RFW and RW treatments. (A) Correlation analysis on all samples showing two distinct clades:
samples of RFW and RW+RCON. The correlation value between samples were represented by the color of each cell. (B) Principal component analysis (PCA) on the
metabolic profiles of sheep after RFW and RW treatments. Three regions within 95% confidence intervals were formed in the PCA plots, including RCON, RW and
RFW. (C) Volcano plots showed the differentially expression genes in RW vs. RCON (left) and RFW vs. RCON (right) pairwise comparisons. The upregulated and
downregulated genes were shown in pink and green, respectively, whereas blue dots represented the genes without significance in each comparison.
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reached a consensus with the correlation analysis that all RW and
RCON samples distributed into one region, whereas RFW
samples separated with both groups and formed another
region (Figure 1B). The top two components of PCA analysis
explained 44.7% and 11.9% of the variances caused by RFW and
RW treatments, represented by principal component PC1 and
PC2 (Figure 1B). PCA analysis supported that RFW caused
more transcriptomic variations of sheep than those of RW
treatment. Then, we set threshold value of FDR < 0.05 and
[log,FC| > 1 to identified the differentially expression genes
(DEGs) in two pairwise comparisons (Figure 1C). Compared
with RCON, 83 genes were altered to differentially express in RW
treatments, with 35 upregulated genes and 48 downregulated
genes (Figure 1C). By contrast, RFW dramatically induced
variations in gene expression of 2,298 genes, with 1,471
upregulated genes and 827 downregulated genes (Figure 1C).
Thus, these DEGs from both pairwise comparisons were used for
further function analysis to elucidate the detailed effects of RW

3.1.1 RW Altered Transcription Patterns of
Metabolisms Relevant to Amino Acids

and Fatty Acids

To investigate the function of genes of RW treatments, we
performed Gene Ontology (GO) enrichment analysis on the 83
DEGs. Functional enrichment results showed that these DEGs
(FDR < 0.05) were involved in 805 GO categories, with 35
significant GO terms among three main groups, including
biological process, molecular function and cellular component
(Supplementary Table 1, P < 0.05). Two significantly enriched
terms relevant to cellular component were ribosome and
ribonucleoprotein complex (Figure 2A). Among molecular
function categorizes, 13 terms were significantly enriched in
the RW vs. RCON comparison, including structural
constituent of ribosome, structural molecule activity, RNA
binding, unfolded protein binding, translation initiation factor
activity, translation factor activity, RNA binding, transcription
regulator activity, DNA binding transcription factor activity,
isomerase activity, rRNA binding, oxidoreductase activity,
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FIGURE 2 | Function enrichment analysis on the significant differential genes in RW vs. RCON comparison. (A) Gene ontology enrichment analysis on all differential
genes in RW vs. RCON comparison. Three main kinds of terms relevant to biological process, cellular component and molecular function were shown in pink, green
and blue, respectively. The vertical coordinate represented the P value of each GO term. (B) Dot plots showing the results of KEGG pathway enrichment analysis on
upregulated genes upon RW treatment. The dot size represented the gene number involved in each pathway, whereas the dot color represented the P value of each
pathway. The abscissa represented the P value. (C) Protein-protein interaction network of RW-associated genes. The dot color represented the importance of each
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chemokine activity and chemokine receptor binding  metabolism (Figure 2B). Further pathway analysis on 48
(Figure 2A). We noted that RW mainly altered genes with ~ downregulated genes showed that RW-suppressed genes
chemokine and transcription activity, demonstrating that RW  mainly functioned in pathways relevant to metabolisms.
might affect the chemokine production of sheep. For biological =~ Various pathways relevant to amino acid and fatty acid
processes, 20 categories were significantly identified, especially =~ metabolisms, such as valine, leucine and isoleucine
genes with protein modification and transcription activity, such ~ degradation, butanoate metabolism, sulfur metabolism, fatty
as amide biosynthetic process, translation, peptide biosynthetic =~ acid degradation, propanoate metabolism, tryptophan
process, cellular amide metabolic process, peptide metabolic =~ metabolism and fatty acid elongation, thiamine metabolism,
process, protein folding, chromatin assembly or disassembly, = were significantly enriched (Supplementary Figure 1A).
translational initiation, nucleosome assembly, chromatin =~ Meanwhile, these genes involved in a duplicated interaction
assembly, protein-DNA complex assembly and regulation of  network in vivo, suggesting that RW altered transcriptional
hydrolase activity (Figure 2A). patterns in sheep on a global scale, leading to activation and
Subsequently, pathway enrichment analysis was performed  metabolic redirection of immune-related genes associated with
on the upregulated and downregulated genes in RW vs. RCON fatty acids and amino acids in sheep (Figure 2C).
comparison based KEGG database. 35 upregulated genes were
enriched in 257 pathways, with 16 significant pathways  3.1.2 RFW Triggered Expression of Genes Involved
(Figure 2B, P < 0.05). We noted various immune-related  in Sheep Immune System
pathways were significantly activated upon RW treatment,  Similarly, GO and pathway enrichment analysis were also
such as IL-17 signaling pathway, Toll-like receptor signaling  performed in RFW vs. RCON comparison to investigate the
pathway, TNF signaling pathway, autophagy and phagocytosis,  effect of RFW on transcriptomic variations of the sheep. GO
as well as the expression of cytokines (Figure 2B). In addition,  enrichment analysis on 2,298 DEGs showed that RFW mainly
RW also altered the gene expression relevant to metabolisms,  altered 157 GO terms among biological process, molecular
such as glycosaminoglycan degradation and alpha-linolenic acid ~ function and cellular component (Supplementary Table 2, P <

A
s
= Cat
= ategory
i e
2 B oo
g IIIII MF
PP
. . " .
r
Description
Small cell lung cancer-
B c

Signaling pathways regulating pluripotency of stem cells -
Regulation of actin cytoskeleton -
Rap1 signaling pathway -
Platelet activation- ~logyo(Pvalue)
PI3K-Akt signaling pathway -
Phospholipase D signaling pathway - 0 125
MicroRNAS in cancer- 100
MAPK signaling pathway - 75
Human papillomavirus infection () —
Growth hormone synthesis, secretion and action- .
Focal adhesion-@

Gene number
. 30

Pathway Name

ECM-receptor interaction- & ° 5
Cushing syndrome- e
Cortisol synthesis and secretion- ® 2
Cholinergic synapse - o ® 110

Breast cancer-
Axon guidance - &

Aldosterone synthesis and secretion-

AGE-RAGE signaling pathway in diabetic complications -

06400 26-06 4e-06 Ge-06
P value

FIGURE 3 | Genes triggered by RFW treatments mainly involved in the immune system of sheep. (A) GO enrichment analysis on all DEGs from RFW vs. RCON
comparison. Biological process, cellular component and molecular function terms were shown in pink, green and blue, respectively. The vertical coordinate
represented the P value of each GO terms. (B) Dot plots showing the results of KEGG pathway enrichment analysis on upregulated genes upon RFW treatment.
The dot size and color represented the gene number and P value of each pathway, respectively. The abscissa represented the P value. (C) Protein-protein
interaction network of RFW-associated genes. The dot color represented the importance of each gene in this topological network.
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0.05). For biological process, various terms relevant to
transcription and metabolisms were affected by RFW
treatment, including peptide metabolic process, translation,
amide biosynthetic process, phosphorylation, nucleoside
phosphate catabolic process, protein localization, intracellular
transport, pyridine nucleotide biosynthetic process, ATP
metabolic process, cation homeostasis, purine ribonucleotide
biosynthetic process, cell differentiation, coenzyme biosynthetic
process and lipid catabolic process (Figure 3A). The various
related cellular component terms were significantly enriched,
including whole membrane, mitochondrion, organelle
membrane, ribosome, extracellular space, peptidase complex,
mitochondrial outer membrane, envelope, cytoplasmic vesicle
part and golgi-associated vesicles (Figure 3A). Similarly, RFW
also affected various genes with transcription function.
Numerous molecular function related terms were significantly
identified in RFW treatment, such as structural constituent of
ribosome, transmembrane receptor protein serine/threonine
kinase activity, RNA binding, protein kinase activity, 5-3
RNA polymerase activity, RNA polymerase activity and ferric
iron binding (Figure 3A).

Remarkably, the pathway analysis of 1,471 upregulated genes
were mainly involved in various immune-related pathways, such
as, IL-17 signaling pathway, NOD-like receptor signaling
pathway and Chemokine signaling pathway (Figure 3B).
Various studies have well documented these pathways in
animal immune system (22-25). The 1,471 upregulated genes
also involved in a complex interaction network (Figure 3C),
demonstrating the effect of REW on the sheep immune system
were comprehensive. Remarkably, RFW activated more
immune-related pathways and the activation degree was more
significant than RW treatment (Figure 3B). In parallel, among
the 827 downregulated genes, pathway analysis showed that
some metabolism-related pathways were significantly inhibited
in vivo, while immune-related pathways have not identified
significantly in RFW treatment (Supplementary Figure 1B).
Furthermore, we determined the levels of immune indexes under
RW and RFW treatments. The results showed that both RW and
RFW treatments could increase the IgG, IgA, IgM and GLB
levels. The effect of RFW was more significant in increasing
immune-related factors, with 242 ug/mL of IgG, 135 ug/mL of
IgA, 105 pg/mL of IgM and 34.9 pug/mL of GLB (Table 2). It
supported that RFW could trigger the expression of more
immune-related genes in sheep.

3.1.3 Effects of RFW and RW on Acting
Immune-Related Genes

To investigate whether RFW and RW could trigger common
immune-related response, we identified the 60 DEGs that were
common in RFW vs. RCON and RW vs. RCON comparisons. As
shown in Figure 4A, RFW and RW specifically affected 2,238
and 23 genes, respectively. Notably, RFW and RW had similar
effects on these genes, which were both induced or suppressed by
RFW or RW in sheep (Figure 4B). Protein-protein interaction
analysis showed that these genes were involved in a simple
network with only 11 proteins that could interact with others
(Figure 4C). Further pathway enrichment analysis of these genes
showed that these genes were mainly involved in ribosome, and
no obvious immune or metabolism-related pathways were
identified in these 60 genes (Table 3). These results suggested
that RFW could specifically trigger the immune response and
promote the immunity of sheep. Although RW could also trigger
immune-related genes in vivo, its effects were not as obvious as
RFW. RW mainly altered the metabolic flux of sheep, which may
cause differences in meat quality.

3.2 Dramatic Variations Between RW and
RFW in the Metabolic Patterns of Sheep
Presently, we found that RFW and RW treatment could increase
the carcass weight, fat content and ash content (Table 4). The
increase of these three indicators was higher in RFW than in RW
treatment. Meanwhile, RFW and RW treatments could reduce
the cooking loss of sheep (Table 4). Thus, we concluded that
RFW and RW could affect the meat quality. Numerous
indicators of meat quality were closely associated with the
changes in metabolisms in vivo. Considering the influences of
RFW and RW on metabolisms of sheep at transcription levels,
we performed metabolomics analysis on the rumen in RFW and
RW treatment after 70 days (Figure 5). Ten replicates of each
treatment were collected for metabolomics analysis based on
high resolution LC-MS platform. The rumen with basic ration
was set as control (RCON). Totally, 329 and 1,034 metabolites
were identified in negative and positive modes, respectively
(Figure 5). As shown in Figure 5A, PCA analysis was
conducted on the metabolic profiles among three treatments.
The results indicated that the metabolic patterns of three
treatments were significantly different, and the three
treatments were distributed in different regions. The differences

TABLE 2 | Influences of RFW and RW on the immune indicators of sheep.

Name RCON RW RFW SEM P-
value

19G ng/ 170.56° 200.03° 242.28° 39.61 0.04

mL

IgA ng/ 102.48 110.08 135.49 23.55 0.26

mL

IgM ng/ 53.542 76.72% 105.04° 20.67 0.01

mL

GLB g/L 29.58% 31.00° 34.95° 2.48 0.04

abDjfterent letters within a row means values with significantly different (P < 0.05).
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TABLE 3 | Pathway enrichment results of genes involved in the protein-protein interaction network.

Pathway Gene count FDR

Matching proteins in your network (labels)

Ribosome 5 0.00036

RPL9, ENSOARP00000004395, RPS15A, LOC101103232, RPL35A

TABLE 4 | Effects of RFW and RW treatments on slaughter performance of sheep.

Term RCON RW RFW SEM P-values
Carcass weight (kg) 15.322 16.83° 16.88° 0.53 0.04
Pure meat percentage (%) 63.54 61.81 63.04 2.34 0.87
Cooking lost (%) 46.912 44.39° 44,05° 0.48 0.02
Water content (%) 74172 75.37° 75.05° 0.48 0.04
Fat (%) 14.85% 17.17° 18.47° 1.76 0.02
Ash content (%) 4.012 4.57° 4.61° 0.07 0.03

abDifferent letters within a row means values with significantly different (P < 0.05).

RFW vs. RCON RW vs. RCON

protein-protein interaction network of the genes shared in both comparisons.

FIGURE 4 | Immune-related genes were shared in RFW vs. RCON and RW vs. RCON comparisons. (A) Venn diagram showed that genes shared in RFW vs.
RCON and RW vs. RCON pairwise comparisons. The DEGs from RFW vs. RCON and RW vs. RCON were represented by blue and orange circles, respectively.
(B) Heatmap displayed the expression pattern of 60 DEGs shared in RFW vs. RCON and RW vs. RCON pairwise comparisons. The up- and down-regulated
genes were shown in red and blue, respectively. The gene expression levels were represented by the normalized FPKM values of gene in each sample. (C) The

may be concentrated in a few highly affected metabolites or may
exist in all metabolic patterns. Remarkably, the region of RFW-
treated samples was close to the RCON region, indicating similar
metabolic patterns between the two groups (Figure 5A).
However, RW-treated samples distinctly separated with RCON
and RFW, which was consistent with the transcriptomic results
that RW altered more genes involved in metabolic pathways than
those of RFW and RCON treatments (Figure 5A). The top two
main components could explain 54.5% of the RFW/RW-
associated variations in the data (Figure 5A). Further
unsupervised hierarchical clustering analysis was performed to
identify the variances of metabolic patterns among both REW wvs.
RCON and RW vs. RCON pairwise comparisons (Figure 5B).
Data showed that all samples under the same treatments were

closely clustered on one branch, and the comparison difference
between RW vs. RCON was more significant than that between
RFW vs. RCON (Figure 5B). These data were in good agreement
with the PCA results.

Subsequently, we set threshold (|log,FC| > 1, P-value < 0.05,
and VIP > 1) to identified differential metabolites in both
comparisons (Figure 5C). The VIP values of each metabolite
were calculated from the PLS-DA model. A total of 508
metabolites changed significantly between the RW and RCON
treatment, with 31 downregulated metabolites and 477
upregulated metabolites (Figure 5C). However, RFW only
significantly altered the levels of 199 metabolites, with 189
metabolites decreased and 10 metabolites increased (Figure 5C).
Therefore, we concluded that the metabolic patterns of sheep in
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FIGURE 5 | Overview of metabolic profiles of rumen after RFW and RW treatments. (A) Principal component analysis on the metabolic profiles from three experiment
treatments. The PCA plots showed the separation of three treatments and stability of replicates from same treatment. Each dot represented a sample. Three ellipses
were the 95% confidence intervals formed in the PCA plots, representing RCON, RW and RFW treatments. PC1 for metabolomics explains 44.6% of variance and PC2
explains 9.9% of variance using integral metabolomics data. (B) Heatmap showing the square of Pearson correlation coefficient between samples. The correlation
analysis showed tree clades in the heatmap, representing biological replicates from three experiment treatments. (C) Volcano plots of differential metabolites in RFW vs.
RCON and RW vs. RCON pairwise comparisons. Each plot represented a metabolite identified in metabolomics profiles. The increased and decreased metabolites were
shown in purple and black dots. The metabolites without significance were shown in pink.

RFW and RW treatments were significantly different, and RW had
a greater impact on the metabolic patterns of sheep.

3.2.1 Compositions of Fatty Acids and Amino

Acids in Rumen

In this study, we identified 338 and 176 metabolites which were
closely associated with RW and RFW treatment, respectively
(Figure 6A). Among 338 RW-related metabolites, 297
compounds were specifically induced by RW treatment that
they increased to high levels (Figures 6A, C). 18 metabolites
were specifically decreased in RW treatment (Figures 6A, C). 10
metabolites were commonly upregulated in RW and RFW
treatment, while 13 metabolites were commonly downregulated
in RW and RFW treatment (Figures 6A, C). Additionally, we
identified 176 metabolites in the RFW treatment (Figure 6A).
Among these 176 metabolites, 6 compounds were specifically
decreased in RFW treatment, whereas 170 metabolites were
downregulated by RFW treatment and upregulated by RW

treatment (Figures 6A, D). We recognized these 176
metabolites as the candidate metabolites which contributed to
activation of immune responses by RFW treatment. The 338
metabolites were the candidate compounds which explained the
influences of RW on the metabolic pattern of sheep.
Subsequently, we analyzed the categorizes of these two sets of
metabolites (Figure 6B). The results showed that among 338
RW-related metabolites, lipid, organic acid and organ
heterocyclic compound-related metabolites were the main
components, of which 108 and 82 compounds belonged to
both categorizes of metabolites (Figure 6B). Thus, it suggested
that RW could alter the composition of lipid and organic acid to
affect the meat quality of sheep. It has been reported that
alterations in lipid, amino acid and organic acid-related
metabolites could affect the meat quality of various ruminant
animal (26, 27). Additionally, benzenoids, organic oxygen
compounds and nucleotides also accounted for a certain
percentage (Figure 6B). By contrast, RFW had no significant
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effect on lipid composition in sheep, only on 17 lipid levels
(Figure 6B). Similarly, RFW also significantly affected the levels
of 70 organic acid and 31 organ heterocyclic compound-related
metabolites (Figure 6B). However, the overall metabolic changes
caused by RFW were significantly less than those of
RW treatment.

3.2.2 The Immune System and Metabolism Network

KEGG pathway enrichment analysis was performed to
investigate the detailed pathways involved in these RFW and
RW-related metabolites in vivo (Figure 7 and Table 5). The
results showed that RW-related metabolites were involved in 43
biosynthetic pathways, in which the biosynthesis of valine,
leucine and isoleucine and the metabolism of linoleic acid were
all highly enriched (Figure 7A). The biosynthesis of valine,
leucine and isoleucine was the most significant pathway, P <
0.05 (Figure 7A), indicating that RW mainly altered the
biosynthesis of valine, leucine and isoleucine in sheep, resulting
in changes in meat quality. Remarkably, the top 10 related
pathways mainly involved in amino acid and fatty acid
metabolism, including valine, leucine and isoleucine

Alkaloids and derivatives

23 4 Benzenoids

1 0 tal

1 0 Hydrocarbon derivatives

1 0 Lignans, neolignans and related compounds
- 17 Lipids and lipid-like molecules 70

14 24 i and

[ [ ———

4 1 Organic nitrogen compounds

19 15 Organic oxygen compounds

54 31 Organoheterocyclic compounds fg
1 2 Organonitrogen compounds 0.0
3 4 Organooxygen compounds

3 2 Organosulfur compounds

11 5 Phenylpropanoids and polyketides

T

I L] Group

4 Group
W Reon
RFW

2 [rw

FIGURE 6 | Identification of candidate RFW- and RW-associated metabolites. (A) Upset diagram showed the specific metabolites identified in RFW vs. RCON and RW
vs. RCON pairwise comparisons. RFW- and RW-associated metabolites were shown in black and light green, respectively. (B) Classifications of metabolites closely
correlated with RFW and RW treatments. The color represented the metabolite number in each classification, and the number were shown in each cell. (C, D) Heatmap
displayed the relative level of RW (C) and RFW -associated (D) metabolites. The metabolites with high levels were shown in red, whereas the metabolites with low levels
were shown in green. The normalized peak area of each metabolite was used to represent the levels.

biosynthesis, linoleic acid metabolism, glycerophospholipid
metabolism, pyrimidine metabolism, lysine degradation,
ascorbate and aldarate metabolism, phenylalanine, tyrosine and
tryptophan biosynthesis, caffeine metabolism, alpha-linolenic
acid metabolism, cysteine and methionine metabolism and
arginine and proline metabolism (Figure 7A). Subsequently,
pathway analysis results also displayed overrepresentation of
pathways involved in primary biosynthesis based on RFW-
related metabolites (Figure 7B). Series amino acid-related
pathways were significantly affected by RFW treatments,
including histidine metabolism, arginine biosynthesis,
phenylalanine, tyrosine and tryptophan biosynthesis, alanine,
aspartate and glutamate metabolism, arginine and proline
metabolism and D-Glutamine and D-glutamate metabolism
(Figure 7B). It suggested that RFW also affected the meat
quality by redirecting amino acid composition and may trigger
immune-related genes through this strategy. Additionally,
glycine, serine and threonine metabolism, valine, leucine and
isoleucine biosynthesis, glutathione metabolism, beta-alanine
metabolism and phenylalanine metabolism were also altered
(Figure 7B). However, we did not identify fatty acid-related
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pathways in RFW-related metabolites (Figure 7B), indicating
that RFW did not affected the meat quality by changing fatty acid
composition in vivo. The aminoacyl-tRNA biosynthesis pathway
was the most significantly affected pathway in RFW treatment,
P < 0.01 (Figure 7B). Various researches suggested that
aminoacyl-tRNA biosynthesis could influenced the immune
responses (28-30). Thus, we analyzed the correlation between
RFW-related metabolites and RFW-triggered immune genes
(Figure 7C). The coexpression network analysis revealed that
the metabolites were closely associated with immune-related
genes (Figure 7C), suggesting that RFW could reorganize the
transcriptome to influence metabolic composition and trigger
immune-related responses. Furthermore, we identified 71 hub

metabolites such as 2-(3,4-Dihydroxybenzoyloxy)-4,6-
dihydroxybenzoate, triethanolamine, indoleacetaldehyde,
urocanic acid, istanbulin B, 2-Indolecarboxylic acid,
norpropoxyphene and Beta-D-galactose, which may be related
to the activation of immune-related genes (Supplementary
Table 3 and Figure 7C). These metabolites mainly derived
from purine metabolism and pyrimidine metabolism, and
some metabolites were derived from amino acid metabolisms
(Supplementary Table 3 and Figure 4). In conclusion, both
RFW and RW treatments affected amino acid composition, and
RW could also affect fatty acid composition. RFW may change
the serial metabolism of purines and pyrimidines in sheep,
thereby exerting its immune system-promoting effect.
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TABLE 5 | Pathway enrichment results on hub metabolites involved in the topological network.

Pathway

Purine metabolism

Pyrimidine metabolism

Caffeine metabolism

Histidine metabolism

Starch and sucrose metabolism

Alanine, aspartate and glutamate metabolism
Arginine and proline metabolism

Tryptophan metabolism

_4 a4 a4 W

4 DISCUSSION

4.1 The Effects of RFW on IgA and

IgG of Sheep

Traditional technology for the usage of plant-derived feed
resources could not meet the development of animal feeding
industry. However, the advanced fermentation technology
contributed the usage of plant-derived fodder source,
improving resource utilization rate and saving feed costs.
Although this study did not reveal the mechanism of how
fermented Lycium barbarum residue improves meat
productivity of sheep without changing rumen metabolism, it
provided plenty of evidences to decipher the detailed metabolic
changes of rumen caused by fermented and non-fermented
Lycium barbarum residue. Importantly, the addition of RFW
can effectively improve the overall immunity of sheep, which is
conducive to improving the resistance of sheep to a variety of
pathogenic microbial and diseases in production sheep.
Fermented feed refers to artificially controlled feed with
microorganisms and enzymes as starter agents. The nutrients
and anti-nutritional factors of feed raw materials could be
decomposed or transformed into biological feed containing
microbial protein and bioactive peptide amino acids, which
were easy for animals to digest and absorb without toxic
effects. Lycium barbarum residue is rich in nutrients and
beneficial metabolites, which are more conducive to animal
rumen digestion and absorption after fermentation. It could
improve animal growth performance, daily gain, composition
of rumen microflora and reduce the ratio of feed consumption to
gain (8-10). Importantly, the use of Lycium barbarum residue
and its fermented products can effectively improve animal
immunity. The levels of immunoglobulin in animal blood
directly reflect the immune activity of animals. Previous studies
found that Lycium barbarum residue can increase the levels of
IgA and IgG in serum of Tibetan sheep, thereby improving
immunity (31, 32). Similarly, our results also showed that
fermented Lycium barbarum could promote the levels of IgA
and IgG of sheep.

4.2 The Effects of RFW on Acting
Immune-Related Genes

Various studies have shown that the increases in
immunoglobulin in vivo is mainly caused by the high levels of
Lycium barbarum polysaccharide (1, 31). Our study showed that
RFW-induced multiple carbohydrates are involved in the
network of immune-related genes and metabolites, such as

Hits

P-value Impact
0.046 0.156
0.080 0.086
0.141 0.000
0.184 0.123
0.204 0.000
0.300 0.000
0.385 0.023
0.408 0.013

cellobiose, Beta-D-galactose and trehalose. Researcher proved
that Lycium barbarum-related polysaccharide protein complex
(LBP3P) can promote the expression of interleukins and TNF-a.
at mRNA and protein levels, regulate the immune response of
animal, and improve immune performance (32). Additionally,
our results showed that RFW triggered various immune-related
genes involved in PI3K-Akt signaling pathway, Rap1 signaling
pathway, Hedgehog signaling pathway, Wnt signaling pathway,
Hippo signaling pathway, IL-17 signaling pathway, and
Chemokine signaling pathway. As an important part of cellular
immunity, cytokines are divided into anti-inflammatory
cytokines and pro-inflammatory cytokines (IL-1fB, IL-6 and
tumor necrosis factor o, TNF-ot), which have the functions of
regulating immunity, hematopoiesis and anti-inflammatory
effect (33). Immunoglobulin is an important part of humoral
immunity and plays an important role in the body’s immune
defense. Similarly, researchers showed that fermented wheat
bran increased the levels of IgG, IgM and interleukin-10, but
did not affect the levels of IL-1f3, IL-6 and TNF-a, indicating that
fermented wheat bran could stimulate the secretion of
immunoglobulin and anti-inflammatory cytokines (13).
The researchers also confirmed that fermented feed can
significantly increase the serum IgG and IgM levels of sheep,
as well as the level of IL-6. The above results showed that
fermented feed can improve the immune level of sheep to a
certain extent, which may be because fermentation promotes the
absorption of nutrients, thereby improving the immunity of
animals. Thus, we proposed that RFW has specific metabolic
components and is more advantageous than RW in improving
immunity in sheep.

4.3 The Effects of RFW and RW on
Ruminal Metabolic Patterns

We compared the effects of RW and RFW on ruminal
metabolic patterns. RW induced more striking variations in
metabolic patterns than that of RFW treatment. We assumed
that this variation is mainly caused by the degradation of Lycium
barbarum residue caused by fermentation. Indeed, fermentation
could enormously change the physical and chemical properties
of plant residues, leading more conducive absorption of nutrients
which have been degraded into macromolecules with more
comfortable solubility and sizes (34). Bacillus siamensis
involved fermentation could make the soybean residue
loosened and poriferous, leading increases of crude protein and
small peptide and decreases of antinutritional factor globulins in
fermented soybean residue, which improved the digestibility of
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sheep (35). Meanwhile, the crude fat content in fermented corn
and soybean meal mixture were lower than that in unfermented
feed, leading increases of ash, calcium and total phosphorus
contents of pig meats during lactation (36). Similarly, RFW and
RW also caused the increases of carcass weight, fat and ash
contents. Considering the degradation of 80% anti-nutritional
factors in soybean residue caused by fermentation (36), thus we
proposed that RFW also promoted the degradation of anti-
nutritional factors and macromolecular fat, which provided a
shortcut for nutrients uptake and economized energy expense in
comparison to RW treatment. Indeed, non-fermented Lycium
barbarum residue will also be fermented in rumen of ruminants
for further absorption of nutrients. Due to the large number and
variety of microorganisms in the rumen, it is a natural anaerobic
fermenter and is also the main place for material degradation and
nutrient absorption (37). Meanwhile, rumen also provides a
suitable environment for the development of microbes, in
return these microbials further functioned in vivo to affect the
host immunity and homeostasis (38). Considering the conducive
nutrient absorption of RFW, the microbials could deploy the
nutrient more fully in rumen, resulting in the promotion of
sheep immunity and meat performance. However, RW
treatment also compelled rumen to burden the task for
disintegration of organic macromolecules, which could be dealt
by fermentation. Integrated metabolomics and transcriptome
showed the activation of series nutrient and energy-related
pathway in RW treatment, supporting our hypothesis that
rumen need to deploy more resources to participate in the
assimilation process and nutrient absorption. Overall, RWF
treatment could improve the physicochemical properties and
structure of Lycium barbarum residue and optimize its nutrient
composition, contributing to the utilization efficiency of
nutrients and resources.

5 CONCLUSION

In conclusion, we performed integrated transcriptome and
metabolomics on the rumen fed with RW and RFW. RFW
significantly increased levels of IgG, IgA, IgM and GLB, and
induced the expression levels of immune-related pathway genes,
thereby improving the immunity of sheep. Although RW could
also induce some immune-related genes, its effect was far less
than that of RFW. Remarkably, both RFW and RW treatment
significantly increased sheep carcass weight, fat content and ash
content. RW significantly affected the metabolic patterns of
rumen, mainly altering the compositions of lipid acids, organic
acids and organ heterocyclic compounds, thereby affecting meat
quality. However, RFW only altered the compositions of organic
acids and organ heterocyclic compounds in the rumen, and had
little effect on the level of lipid acid. In summary, both RW and
RFW could improve the production performance of sheep. REW
could further promote overall immunity in sheep. Our results
illustrated the mechanism of the effect of RW and RFW on the

immunity and production performance of sheep, and provided a
theoretical basis and strategy for the rational utilization of
Lycium barbarum residue feed resources.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are publicly
available. This data can be found here: https://www.ncbinlm.nih.
gov/ accession number PRJNA815909 and https://www.ebi.ac.uk/
metabolights/ accession number MTBLS4507.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Care and Use Committee of Ningxia
University (NXUC20200618).

AUTHOR CONTRIBUTIONS

YZ and YG drafted the original manuscript and prepared the
table and figure. GZ designed the experiments. YL, XY, MD, and
XX provided critical feedback. All authors read and approved the
submitted version.

FUNDING

This study was supported by the National Natural Science
Foundation of China (31960672), Top Discipline Construction
Project of Pratacultural Science (NXYLXK2017A01) and the Key
Research and Development Program of Ningxia Hui
Autonomous Region (2021BBF02034).

ACKNOWLEDGMENTS

The financial supports from the National Natural Science Foundation
of China and Ningxia University are gratefully acknowledged.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fimmu.2022.
889436/full#supplementary-material

Supplementary Figure 1 | Pathway analysis on RW- and RFW-suppressed
genes. Scatter plots showing the results of KEGG pathway enrichment analysis on
downregulated genes upon RW (A) or RFW (B) treatment. The dot size and color
represented the gene number and P value of each pathway.

Frontiers in Immunology | www.frontiersin.org

36

April 2022 | Volume 13 | Article 889436


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
https://www.ebi.ac.uk/metabolights/
https://www.ebi.ac.uk/metabolights/
https://www.frontiersin.org/articles/10.3389/fimmu.2022.889436/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fimmu.2022.889436/full#supplementary-material
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhang et al. Promoting Ovis aries Immunity
REFERENCES 18. Martin JA, Wang Z. Next-Generation Transcriptome Assembly. Nat Rev
Genet (2011) 12(10):671-82. doi: 10.1038/nrg3068
1. Wang B, Ma MP, Diao QY, Tu Y. Saponin-Induced Shifts in the Rumen 19. Dunn WB, Broadhurst D, Begley P, Zelena E, Francis-Mcintyre S, Anderson
Microbiome and Metabolome of Young Cattle. Front Microbiol (2019) 10:356. N, et al. Procedures for Large-Scale Metabolic Profiling of Serum and
doi: 10.3389/fmicb.2019.00356 Plasma Using Gas Chromatography and Liquid Chromatography
2. Martins N, Petropoulos S, Ferreira ICFR. Chemical Composition and Coupled to Mass Spectrometry. Nat Protoc (2011) 6(7):1060-83.
Bioactive Compounds of Garlic (Allium Sativum L.) as Affected by Pre- doi: 10.1038/nprot.2011.335
and Post-Harvest Conditions: A Review. Food Chem (2016) 211:41-50. 20. WangJ, Zhang T, Shen X, Liu ], Zhao D, Sun Y, et al. Serum Metabolomics for
doi: 10.1016/j.foodchem.2016.05.029 Early Diagnosis of Esophageal Squamous Cell Carcinoma by UHPLC-QTOF/
3. Castrica M, Menchetti L, Balzaretti CM, Branciari R, Ranucci D, Cotozzolo E, Ms. Metabolomics (2016) 12(7):116. doi: 10.1007/s11306-016-1050-5
et al. Impact of Dietary Supplementation With Goji Berries (Lycium 21. Smith CA, Want EJ, O’Maille G, Abagyan R, Siuzdak G. XCMS: Processing
Barbarum) on Microbiological Quality, Physico-Chemical, and Sensory Mass Spectrometry Data for Metabolite Profiling Using Nonlinear Peak
Characteristics of Rabbit Meat. Foods (2020) 9(10):1480. doi: 10.3390/ Alignment, Matching, and Identification. Anal Chem (2006) 78(3):779-87.
foods9101480 doi: 10.1021/ac051437y
4. Panyod S, Wu WK, Ho CT, Lu KH, Liu CT, Chu YL, et al. Diet 22. Brubaker SW, Bonham KS, Zanoni I, Kagan JC. Innate Immune Pattern
Supplementation With Allicin Protects Against Alcoholic Fatty Liver Recognition: A Cell Biological Perspective. Annu Rev Immunol (2015) 33
Disease in Mice by Improving Anti-Inflammation and Antioxidative (1):257-90. doi: 10.1146/annurev-immunol-032414-112240
Functions. ] Agric Food Chem (2016) 64(38):7104-13. doi: 10.1021/ 23. Reeves RK, Li H, Jost S, Blass E, Li H, Schafer JL, et al. Antigen-Specific NK
acs.jafc.6b02763 Cell Memory in Rhesus Macaques. Nat Immunol (2015) 16(9):927-32.
5. Wanapat M, Cherdthong A, Phesatcha K, Kang S. Dietary Sources and Their doi: 10.1038/ni.3227
Effects on Animal Production and Environmental Sustainability. Anim Nutr 24. Kaufmann E, Sanz ], Dunn JL, Khan N, Mendong¢a LE, Pacis A, et al. BCG
(2015) 1(3):96-103. doi: 10.1016/j.aninu.2015.07.004 Educates Hematopoietic Stem Cells to Generate Protective Innate Immunity
6. LuF, Zhai R, Ruan S, Yang X, Alenyorege EA, Wang Y, et al. Enhancement of Against Tuberculosis. Cell (2018) 172(1-2):176-90. doi: 10.1016/j.cell.
Ultrasound on the Dynamic Decolorization of Wolfberry (Lycium Barbarum) 2017.12.031
Polysaccharides. Lwt (2021) 145:111384. doi: 10.1016/j.lwt.2021.111384 25. Sun JC, Madera S, Bezman NA, Beilke JN, Kaplan MH, Lanier LL.
7. Abdallah A, Zhang P, Zhong Q, Sun Z. Application of Traditional Chinese Proinflammatory Cytokine Signaling Required for the Generation of
Herbal Medicine By-Products as Dietary Feed Supplements and Antibiotic Natural Killer Cell Memory. ] Exp Med (2012) 209(5):947-54. doi: 10.1084/
Replacements in Animal Production. Curr Drug Metab (2018) 20(1):54-64. jem.20111760
doi: 10.2174/1389200219666180523102920 26. McCormick R]. The Flexibility of the Collagen Compartment of Muscle. Meat
8. Choi Y, Rim JS, Na Y, Lee SR. Effects of Dietary Fermented Spent Coffee Sci (1994) 36(1-2):79-91. doi: 10.1016/0309-1740(94)90035-3
Ground on Nutrient Digestibility and Nitrogen Utilization in Sheep. Asian- 27. Smith SB, Johnson BJ. 0794 Marbling: Management of Cattle to Maximize the
Australasian ] Anim Sci (2018) 31(3):363-8. doi: 10.5713/ajas.17.0654 Deposition of Intramuscular Adipose Tissue. | Anim Sci (2016) 94
9. Naseer R, Hashmi AS, Zulfigar-ul-Hassan, Rehman H, Naveed S, Masood F, (suppl_5):382-2. doi: 10.2527/jam2016-0794
et al. Assessment of Feeding Value of Processed Rice Husk for Lohi Sheep in 28. Moutiez M, Belin P, Gondry M. Aminoacyl-tRNA-Utilizing Enzymes in
Growing Phase. Pak ] Zool (2017) 49(5):1725-9. doi: 10.17582/journal.pjz/ Natural Product Biosynthesis. Chem Rev (2017) 117(8):5578-618.
2017.49.5.1725.1729 doi: 10.1021/acs.chemrev.6b00523
10. Su Y, Chen G, Cai Y, Gao B, Zhi X, Chang F. Effects of Broussonetia 29. Mun CH, Kim JO, Ahn SS, Yoon T, Kim SJ, Ko E, et al. Atializumab, a
Papyrifera-Fermented Feed on the Growth Performance and Muscle Humanized anti-aminoacyl-tRNA Synthetase-Interacting Multifunctional
Quality of Hu Sheep. Can ] Anim Sci (2020) 100(4):771-80. doi: 10.1139/ Protein-1 (AIMP1) Antibody Significantly Improves Nephritis in (NZB/
cjas-2018-0167 NZW) F1 Mice. Biomaterials (2019) 220:119408. doi: 10.1016/j.biomaterials.
11. Haro AN, Carro MD, de Evan T, Gonzalez J. Protecting Protein Against 2019.119408
Ruminal Degradation Could Contribute to Reduced Methane Production. 30. Li L, Boniecki MT, Jaffe JD, Imai BS, Yau PM, Luthey-Schulten ZA, et al.
J Anim Physiol Anim Nutr (Berl) (2018) 102(6):1482-7. doi: 10.1111/ Naturally Occurring Aminoacyl-tRNA Synthetases Editing-Domain
jpn.12973 Mutations That Cause Mistranslation in Mycoplasma Parasites. Proc Natl
12. Liu C, Zhang L, Yang J, Zhang W, Wang Q, Zhang J, et al. Study on the Acad Sci USA (2011) 108(23):9378-83. doi: 10.1073/pnas.1016460108
Nutritional Value and Ruminal Degradation Characteristics of Fermented 31. Planchais C, Mouquet H. Easy Pan-Detection of Human IgA
Waste Vinegar Residue by N. Sitophila. Trop Anim Health Prod (2019) 51 Immunoglobulins. ] Immunol Methods (2020) 484:112833. doi: 10.1016/
(6):1449-54. doi: 10.1007/s11250-019-01822-4 jjim.2020.112833
13. Wang Y, Wang R, Hao X, Hu Y, Guo T, Zhang J, et al. Growth Performance, 32. Gan L, Zhang SH, Liu Q, Xu HB. A Polysaccharide-Protein Complex From
Nutrient Digestibility, Immune Responses and Antioxidant Status of Lambs Lycium Barbarum Upregulates Cytokine Expression in Human Peripheral
Supplemented With Humic Acids and Fermented Wheat Bran Blood Mononuclear Cells. Eur ] Pharmacol (2003) 471(3):217-22.
Polysaccharides. Anim Feed Sci Technol (2020) 269:114644. doi: 10.1016/ doi: 10.1016/S0014-2999(03)01827-2
j.anifeedsci.2020.114644 33. Turner MD, Nedjai B, Hurst T, Pennington DJ. Cytokines and Chemokines:
14. Arreola-Ramirez JL, Vargas DMH, Manjarrez-Gutiérrez G, Alquicira J, At the Crossroads of Cell Signalling and Inflammatory Disease. Biochim
Gutierrez J, Cordoba G, et al. Modifications of Plasma 5-HT Biophys Acta - Mol Cell Res (2014) 1843(11):2563-82. doi: 10.1016/j.bbamcr.
Concentrations During the Allergic Bronchoconstriction in Guinea Pigs. 2014.05.014
Exp Lung Res (2013) 39(7):269-74. doi: 10.3109/01902148.2013.805855 34. Bhatia SK, Jagtap SS, Bedekar AA, Bhatia RK, Rajendran K, Pugazhendhi A, et al.
15. Lechin F, van der Dijs B, Orozco B, Jara H, Rada I, Lechin ME, et al. Renewable Biohydrogen Production From Lignocellulosic Biomass Using
Neuropharmacologic Treatment of Bronchial Asthma With the Fermentation and Integration of Systems With Other Energy Generation
Antidepressant Tianeptine: A Double-Blind, Crossover Placebo-Controlled Technologies. Sci Total Environ (2021) 765:144429. doi: 10.1016/j.scitotenv.
Study. Clin Pharmacol Ther (1998) 64(2):223-32. doi: 10.1016/S0009-9236 2020.144429
(98)90156-4 35. Lio J, Wang T. Solid-State Fermentation of Soybean and Corn Processing
16. Berger M, Gray JA, Roth BL. The Expanded Biology of Serotonin. Annu Rev Coproducts for Potential Feed Improvement. ] Agric Food Chem (2012) 60
Med (2009) 60:355-66. doi: 10.1146/annurev.med.60.042307.110802 (31):7702-9. doi: 10.1021/jf301674u
17. Cloutier N, Allaeys I, Marcoux G, Machlus KR, Mailhot B, Zufferey A, et al. 36. Wang C, Lin C, Su W, Zhang Y, Wang F, Wang Y, et al. Effects of

Platelets Release Pathogenic Serotonin and Return to Circulation After
Immune Complex-Mediated Sequestration. Proc Natl Acad Sci USA (2018)
115(7):1550-9. doi: 10.1073/pnas.1720553115

Supplementing Sow Diets With Fermented Corn and Soybean Meal Mixed
Feed During Lactation on the Performance of Sows and Progeny. J Anim Sci
(2018) 96(1):206-14. doi: 10.1093/jas/skx019

Frontiers in Immunology | www.frontiersin.org

April 2022 | Volume 13 | Article 889436


https://doi.org/10.3389/fmicb.2019.00356
https://doi.org/10.1016/j.foodchem.2016.05.029
https://doi.org/10.3390/foods9101480
https://doi.org/10.3390/foods9101480
https://doi.org/10.1021/acs.jafc.6b02763
https://doi.org/10.1021/acs.jafc.6b02763
https://doi.org/10.1016/j.aninu.2015.07.004
https://doi.org/10.1016/j.lwt.2021.111384
https://doi.org/10.2174/1389200219666180523102920
https://doi.org/10.5713/ajas.17.0654
https://doi.org/10.17582/journal.pjz/2017.49.5.1725.1729
https://doi.org/10.17582/journal.pjz/2017.49.5.1725.1729
https://doi.org/10.1139/cjas-2018-0167
https://doi.org/10.1139/cjas-2018-0167
https://doi.org/10.1111/jpn.12973
https://doi.org/10.1111/jpn.12973
https://doi.org/10.1007/s11250-019-01822-4
https://doi.org/10.1016/j.anifeedsci.2020.114644
https://doi.org/10.1016/j.anifeedsci.2020.114644
https://doi.org/10.3109/01902148.2013.805855
https://doi.org/10.1016/S0009-9236(98)90156-4
https://doi.org/10.1016/S0009-9236(98)90156-4
https://doi.org/10.1146/annurev.med.60.042307.110802
https://doi.org/10.1073/pnas.1720553115
https://doi.org/10.1038/nrg3068
https://doi.org/10.1038/nprot.2011.335
https://doi.org/10.1007/s11306-016-1050-5
https://doi.org/10.1021/ac051437y
https://doi.org/10.1146/annurev-immunol-032414-112240
https://doi.org/10.1038/ni.3227
https://doi.org/10.1016/j.cell.2017.12.031
https://doi.org/10.1016/j.cell.2017.12.031
https://doi.org/10.1084/jem.20111760
https://doi.org/10.1084/jem.20111760
https://doi.org/10.1016/0309-1740(94)90035-3
https://doi.org/10.2527/jam2016-0794
https://doi.org/10.1021/acs.chemrev.6b00523
https://doi.org/10.1016/j.biomaterials.2019.119408
https://doi.org/10.1016/j.biomaterials.2019.119408
https://doi.org/10.1073/pnas.1016460108
https://doi.org/10.1016/j.jim.2020.112833
https://doi.org/10.1016/j.jim.2020.112833
https://doi.org/10.1016/S0014-2999(03)01827-2
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.1016/j.bbamcr.2014.05.014
https://doi.org/10.1016/j.scitotenv.2020.144429
https://doi.org/10.1016/j.scitotenv.2020.144429
https://doi.org/10.1021/jf301674u
https://doi.org/10.1093/jas/skx019
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Zhang et al.

Promoting Ovis aries Immunity

37. Jami E, Israel A, Kotser A, Mizrahi I. Exploring the Bovine Rumen Bacterial
Community From Birth to Adulthood. ISME ] (2013) 7(6):1069-79.
doi: 10.1038/isme;j.2013.2

38. Nur Atikah I, Alimon AR, Yaakub H, Abdullah N, Jahromi MF, Ivan M, et al.
Profiling of Rumen Fermentation, Microbial Population and Digestibility in
Goats Fed With Dietary Oils Containing Different Fatty Acids. BMC Vet Res
(2018) 14(1):1-9. doi: 10.1186/s12917-018-1672-0

Conlflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Zhang, Guo, Luo, Du, Yin, Xu and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice. No
use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Immunology | www.frontiersin.org

38

April 2022 | Volume 13 | Article 889436


https://doi.org/10.1038/ismej.2013.2
https://doi.org/10.1186/s12917-018-1672-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

& frontiers | Frontiers in

ORIGINAL RESEARCH
published: 14 April 2022
doi: 10.3389/fnut.2022.862974

OPEN ACCESS

Edited by:

Bin Du,

Hebei Normal University of Science
and Technology, China

Reviewed by:

Ding-Tao Wu,

Chengdu University, China
Oswaldo Hernandez-Hernandez,
Spanish National Research Council
(CSIC), Spain

Jiali Chen,

Jinan University, China

*Correspondence:
Alberto Finamore
alberto.finamore@crea.gov.it

Specialty section:

This article was submitted to
Nutritional Immunology,

a section of the journal
Frontiers in Nutrition

Received: 26 January 2022
Accepted: 04 March 2022
Published: 14 April 2022

Citation:

Roselli M, Maruszak A, Grimaldi R,
Harthoorn L and Finamore A (2022)
Galactooligosaccharide Treatment
Alleviates DSS-Induced Colonic
Inflammation in Caco-2 Cell Model.
Front. Nutr. 9:862974.

doi: 10.3389/fnut.2022.862974

Check for
updates

Galactooligosaccharide Treatment
Alleviates DSS-Induced Colonic
Inflammation in Caco-2 Cell Model

Marianna Roselli’, Aleksandra Maruszak?, Roberta Grimaldi?, Lucien Harthoorn? and
Alberto Finamore ™

" Research Centre for Food and Nutrition, CREA (Consiglio per la ricerca in agricoltura e I'analisi dell’economia agraria),
Rome, Italy, 2 Clasado Biosciences Ltd., Reading, United Kingdom

The biological activities of dietary bioactive polysaccharides have been largely explored.
Studies on the immunomodulating effects of oligosaccharides and polysaccharides
have shown that they are able to modulate innate immunity. Prebiotics are a class of
poorly digested carbohydrates that are mainly produced from dietary fibers, which are
carbohydrate polymers with ten or more monomeric units as defined by the Codex
Alimentarius Commission in 2009. Considering the capacity of prebiotics in reducing
gut inflammation, the aim of this study was to investigate the anti-inflammatory activity of
galactooligosaccharide (Bimuno® GOS) in an in vitro model of ulcerative colitis (UC)-like
inflamed intestinal cells. Differentiated Caco-2 cells were exposed to 2 % dextran-sulfate-
sodium salt (DSS) to induce inflammation, and then with different concentrations of
Bimuno GOS (1-1,000 iwg/ml). Cell monolayer permeability, tight- and adherent junction
protein distribution, pro-inflammatory cytokine secretion, and NF-kB cascade were
assessed. Bimuno GOS at different concentrations, while not affecting cell monolayer
permeability, was shown to counteract UC-like intestinal inflammatory responses and
damages induced by DSS. Indeed, Bimuno GOS was able to counteract the detrimental
effects of DSS on cell permeability, determined by transepithelial electrical resistance,
phenol red apparent permeability, and tight- and adherent junction protein distribution.
Furthermore, Bimuno GOS inhibited the DSS-induced NF-kB nuclear translocation and
pro-inflammatory cytokine secretion. Further analyses showed that Bimuno GOS was
able to revert the expression levels of most of the proteins involved in the NF-kB cascade
to control levels. Thus, the prebiotic Bimuno GOS can be a safe and effective way to
modulate the gut inflammatory state through NF-kB pathway modulation, and could
possibly further improve efficacy in inducing remission of UC.

Keywords: Inflammatory Bowel Disease, ulcerative colitis, prebiotic, galactooligosaccharides, cytokines, gut
barrier, gut inflammation

INTRODUCTION

Inflammatory Bowel Disease (IBD), including Crohn’s disease (CD) and ulcerative colitis (UC),
are chronic inflammatory disorders characterized by a progressive disease course involving the
gastrointestinal tract. Traditionally, IBD has been considered as a disease of the Western world,
however, data from the last 10 years describe a continuous increase of its incidence in newly
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industrialized geographies such as Asia and Latin America
(1, 2). The etiology of UC is still not completely known,
multiple factors such as genetic background, environmental
factors, microbiota, and mucosal immune dysregulation seem
to be involved in its onset (3, 4). UC generally affects the
colon and rectum with a relapsing and remitting pattern. It is
an idiopathic intestinal inflammatory disease presenting typical
symptoms (3), such as rectal bleeding, bloody and mucous
diarrhea, and abdominal pain, however, the presence of extra-
intestinal manifestations is also known and used for the diagnosis
of UC (5). UC characteristic pathophysiology involves epithelial
barrier and increased uptake of luminal antigens caused by
defects in colonic mucin secretion and tight junctions damages
(6). An increased number of activated and mature dendritic
cells with a high expression of Toll-Like Receptor (TLR)2 and
TLR4 has been observed in the lamina propria of patients
affected by IBD (7), and loss of negative regulation of TLR
signaling has been associated with the disruption of intestinal
homeostasis (8). An atypical T-helper (Th)-cell response, as well
as a specific pro-inflammatory cytokine pattern, have been shown
to exist in patients affected by UC (9). Conventional therapies
consist of pharmacologic agents including aminosalicylates
and corticosteroids, which are able to induce remission and
mucosal healing and to prevent relapses to avoid colectomy in
patients affected by UC. New pharmacological strategies such
as monoclonal antibodies targeted to specific pro-inflammatory
cytokines, adhesion molecules, T-cell activation, as well as agents
inducing anti-inflammatory cytokines [i.e., IL-10, transforming
growth factor (TGF)-B], have been also used, however, they are
often associated with adverse effects including headache, nausea,
abdominal pain and cramping, loss of appetite, vomiting and
rash (10).

Clinical and animal studies indicate that UC pathophysiology
is strongly associated with changes in the gut microbiota
composition (11, 12) including reduced species richness
(13). Microbiome dysbiosis in UC plays a critical role in
the innate intestinal immunity, however, whether these
changes are a cause, or a consequence of the disease
remains to be elucidated (14). Overall, considering
the close connection between intestinal microbiota
and UC pathogenesis, several studies have shown that
intestinal dysbiosis contributes to the pathogenesis of this
disease (13).

In animal models, experimental colitis is commonly induced
by dextran sodium sulfate (DSS) dissolved in drinking water.
Rodents treated with DSS exhibit clinical features very similar
to those observed in humans affected by UC, including
increased intestinal mucosal permeability and gut inflammation
characterized by the secretion of specific cytokines (15).
Moreover in vitro models of intestinal cells treated with DSS
are also used to investigate mechanisms associated with UC
pathogenesis (16-18). In particular, it has been shown that DSS
alters Caco-2 cell tight junctions, cell cycle metabolism, as well as
cytokine release (18). DSS in Caco-2 cells leads to an increased
pro-inflammatory cytokine expression pattern (IL-2, IL-8, TNF-
o) and gut barrier damages characterized by loss of zonula
occludens-1 (ZO-1), occludin, and claudin-1, that are similar

to the changes observed in in vivo models and patients with
UC (19).

Considering that on one hand, IBD patients have been
shown to have dysbiosis and reduced microbiota diversity,
and on the other hand, a relationship between UC and gut
microbiota has been observed, several studies investigated if
microbiota modulation can ameliorate UC symptoms. There is
growing evidence that probiotic and prebiotic supplementation
can positively modulate gut microbiota composition by inducing
microbiota restitution, which is fundamental to ensure gut health
maintenance and immune homeostasis in UC patients.

Prebiotics are defined as “a substrate that is selectively
utilized by host microorganisms conferring a health benefit”
(20). Prebiotics are a substrate for beneficial gut bacteria able to
produce short-chain fatty acids (SCFAs), which have been shown
to play a key role in the suppression of inflammation in IBD
(21). Thus, prebiotics or fiber-rich diets lead to an increase in
SCFAs-producing microbiota.

Prebiotics include galactooligosaccharides (GOS), fructo-
oligosaccharides (FOS), inulin, and B-glucans (22). The potential
use of prebiotics in IBD has been suggested since they are able
to promote probiotic microorganisms’ growth and stimulate
innate immunity (23). GOS is a term indicating a group
of carbohydrates composed of oligo-galactose with lactose
molecules and glucose monomers (24). The products of lactose
extension are classified into two smaller groups, the GOS with
excess galactose at C3, C4, or C6 and the GOS manufactured from
lactose through enzymatic trans-glycosylation (25). A recent
study demonstrated normalization of stools and a reduction of
the incidence and severity of loose stools alongside lower urgency
and a specific prebiotic effect by GOS in a cohort of patients
with UC (26). Some preclinical and clinical studies highlighted
that prebiotics may exert beneficial effects on UC symptoms
(27) including a reduction of gut inflammation (28), bloating,
diarrhea, constipation, abdominal pain, fecal pH reduction, as
well as promoting regular intestinal peristalsis and preventing the
mucus layer degradation (27). It has been recognized that one
of the SCFA, butyrate, is associated with decreased inflammation
and may alleviate UC symptoms (29). For the above-described
reasons, prebiotics can be considered a valid alternative to
conventional UC therapies.

A reduction of markers of intestinal inflammation, such
as fecal calprotectin, has also been observed in patients with
UC with active disease after supplementation with inulin (30).
Experimental evidence suggests that GOS are metabolized by
bacteria that possess P-galactosidases, such as Bifidobacterium
species (31, 32). In particular, the major bifidogenic effect has
been observed with a specific GOS (Bimuno GOS) (33, 34). This
GOS has an important role in the immune function modulation,
as observed in a study on a population of elderly supplemented
with the GOS, where it induced IL-10 increase and reduction
of IL-1B. This specific GOS has also been shown to reduce
serum IL-8, C-Reactive Protein (CRP), and to improve NK cell
activity (34).

In in vitro models, GOS has also been shown to modulate
the epithelial barrier function by inducing differentiation and
epithelial wound repair, and by promoting the growth of specific
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gut bacteria, associated with changes in SCFA profiles (35). The
effect of GOS on epithelial cells has been further confirmed by
a transcriptomic analysis performed on Caco-2 cells, showing
that GOS was able to modulate the expression of several genes
implicated in digestion and transepithelial transport, which
contribute to intestinal cell integrity and function (36).

Several studies have suggested that prebiotics, in addition to
the ability to modulate the intestinal microbiota, can also exert a
direct action on the intestinal epithelium through the induction
of an anti-inflammatory response (37-39). In the present study,
we aimed to analyze the direct effect of a specific GOS (Bimuno)
in an in vitro model of UC-like inflammation. We treated the
intestinal Caco-2 cells with DSS to mimic the inflammatory state
present in the intestinal mucosa of UC patients, and we identified
the possible mechanisms associated with GOS treatment for
improvement of the inflammatory status in the context of UC.

MATERIALS AND METHODS
Epithelial Cell Culture

The Caco-2/TC7 cells, a clone derived from parental human
intestinal Caco-2 cell line at late passage, were a kind gift
from Dr. Monique Rousset (Institute National de la Santé
et de la Recherche Médicale, INSERM, France). These cells
are characterized by a more homogeneous expression of
differentiation traits with more developed intercellular junctions
and have been observed to exhibit higher metabolic and transport
activities, being more similar to enterocytes of the small intestine
than the original cell line (40).

Caco-2/TC7 cells were maintained at 37°C in an atmosphere
of 5% CO,/95% air at 90% relative humidity on plastic tissue
culture flasks (75 cm? growth area, Becton Dickinson, Milan,
Italy), in Dulbecco’s modified minimum essential medium
(DMEM,; 3.7 g/L NaHCO3), supplemented with 4 mm glutamine,
10% heat-inactivated fetal calf serum, 1% non-essential amino
acids, 10° U/L penicillin, and 100 mg/L streptomycin. The cell
culture media and reagents were purchased from Euroclone
(Milan, Italy). The cells were used between 80 and 105 passages.
For the experimental assays, the cells were seeded at a density of
1 x 10° cells/filter on polyethylene terephthalate semipermeable
filters (Transwell®), 12 mm diameter,0.45 pm pore size, Becton
Dickinson), which allow epithelial differentiation between
apical (AP) and basolateral (BL) compartments. After reaching
confluency, the cells were left for 17-21 days to allow full
differentiation. The medium was changed 3 times a week.
To induce inflammation, differentiated Caco-2/TC7 cells were
exposed to dextran sulfate sodium salt (DSS, MW: 40.000; Sigma,
Milan, Italy). Preliminary experiments were performed to choose
the optimal DSS concentration in the 0.05-5 % range, as well as
the suitable time of treatment.

Cell Permeability Assessments

Cell membrane permeability was assayed by measuring the
transepithelial electrical resistance (TEER), according to Ferruzza
et al. (41). TEER was monitored every day until differentiation
using a Millicell Electrical Resistance system (Merck Millipore,
Darmstadt, Germany), and expressed as Ohm (resistance) x cm?

(surface area of the filter), after subtracting the resistance value
of the filter without cell monolayer. The TEER was checked
before each experimental assay, and only cell monolayers with
TEER values higher than 1,000 Ohm x cm? were used, as
this TEER value was identified in preliminary experiments as
indicative of correct differentiation in Caco-2/TC7 cells. During
the experiments, TEERs were recorded every 30-60 min. Cell
permeability was also measured at the end of treatments by
measuring phenol red passage, as reported by Ferruzza et al.
(41). Briefly, after three washes with phosphate buffered saline
(PBS) containing Ca** and Mg™™ (PBS™ ™), 0.5 ml 1 mm phenol
red was added to the AP compartment of cell monolayers,
whereas 1 ml PBS™" was added in the BL compartment. After
1h incubation at 37°C, 0.9ml, the BL medium was collected,
added with 0.1 ml 0.1 N NaOH, and read at 560 nm to determine
the phenol red concentration (Tecan Infinite M200 microplate
reader, Tecan Italia, Milan, Italy). This concentration was used to
calculate the phenol red apparent permeability coeflicient (Papp)
by applying the following formula: Papp = Ct x Vpr/At x-Cy
x A, where Vg is the volume of the BL compartment (cm?),
A is the filter area (cm?), At is the time interval (s), Ct is the
phenol red concentration in the BL compartment at the end
of time interval, and Cy is the phenol red concentration in the
AP compartment at the beginning. The tight junctions were
considered open and indicative of an absence of cell monolayer
integrity when the phenol red Papp values were above 1 x
107% cm/s, as evaluated by previous reports in the literature
(42). Differences observed among samples with such values of
phenol red Papp were thus considered biologically irrelevant,
irrespective of statistical significance.

GOS Preparation

Bimuno®) in powder form with a content of 80% active GOS,
14% lactose, 5% glucose, and ~1% galactose on dry matter,
was supplied by Clasado Biosciences Ltd. (Reading, UK). The
composition of the active GOS in terms of the degree of
polymerization (DP), which refers to the number of monomeric
units, was as follows: DP2 25%, DP3 41%, DP4 20%, DP5 9%, and
DP>5 5%. Final concentrations of active GOS were made from 1
to 1,000 pg/ml by dissolving it as a powder in a serum free-cell
culture medium.

Cell Toxicity of GOS

Several GOS concentrations were tested on Caco-2/TC7 cells
differentiated on Transwell filters to assay the potential toxicity,
by measuring TEER every 60 min for 24 h and phenol red Papp at
the end of treatment. The concentrations tested ranged from 1 to
1,000 pg/ml (calculated from the percentage of active GOS). The
cell monolayers were kept in the serum-free medium overnight
before the experiments, to avoid possible interferences with
serum proteins.

Inflammation Induction by DSS

Dextran-sulfate-sodium salt was used to induce inflammation
in differentiated Caco-2/TC7 cells. In order to identify the
suitable concentration of DSS to activate inflammatory status
without inducing serious damages to cell monolayers, different
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concentrations of DSS, ranging from 0.05 to 5 % were tested
for 5.5h, and TEER, phenol red Papp, and induction of NF-kB
activation were measured.

Cell Treatment With DSS and Bimuno GOS
There were three different experimental setups: differentiated
Caco-2/TC7 cells were either: 1-untreated cells (Blank Control;
C), 2- treated with 2% DSS alone (6 h, positive control; DSS),
3-treated with 2 % DSS for 2h, then several concentrations of
Bimuno GOS (1-1,000 pg/ml) were added for further 4 h, or 4-
treated with different Bimuno GOS concentrations alone (4 h).
The different time points, according to the different experiments
performed, are shown in Figure 1.

Western Blot Assay of TLR4 Signaling

Proteins

Differentiated Caco-2/TC7 cells were treated according to the
three different experimental setups, with GOS concentrations
100 or 200 pLg/ml. At the end of treatments, the cells were washed
with cold PBS and lysed in a cold radioimmunoprotein assay
buffer (RIPA: 20 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.1% SDS,
1% Na deoxy-cholate, 1% Triton X-100) supplemented with
I mm phenylmethylsulphonyl fluoride, and protease inhibitor
(Complete Mini, Roche, Milan, Italy) and phosphatase inhibitor
(PhosSTOP, Roche) cocktails, according to Finamore et al. (43).
Cell lysates (50 pg total proteins) were dissolved in sample
buffer (50 mM Tris-HCI pH 6.8, 2 % SDS, 10 % glycerol, 100
g/L bromophenol blue, 10mm B-mercaptoethanol), heated
for 5min, fractionated by SDS-polyacrylamide gel (4-20%
gradient) electrophoresis and transferred to nitrocellulose
filters (Trans-Blot Turbo, Biorad, Milan, Italy). Membranes
were incubated with the following primary antibodies: rabbit
polyclonal anti-human TLR4, MyD88, IKKa, IKK, phospho(P)-
IKKa/B, TkBa, P-IkBa, NF-kB p65, P-p65, IRAK-M, Tollip,
from Cell Signaling Technology (Danvers, MA), mouse
monoclonal a-tubulin. Proteins were detected with horseradish
peroxidase-conjugated secondary antibodies (Cell Signaling
Technology) and enhanced chemiluminescence reagent (ECL
kit Lite Ablot Extend, Euroclone), followed by the analysis of
chemiluminescence with the charge-coupled device camera
detection system Las4000 Image Quant (GE Health Care
Europe GmbH, Milan, Italy). Relative levels of TLR4, MyD88,
Tollip, and IRAK-M were normalized to a-tubulin, whereas the
phosphorylated proteins were normalized to their corresponding
unphosphorylated forms.

Cytokine Secretion

Differentiated Caco-2/TC7 cells were treated according to the
three different experimental setups, with GOS concentrations
1-200 pg/ml. Secretion of pro-inflammatory cytokines IL-1B,
IL-6, IL-8. and TNF-o was measured by ELISA (Biolegend,
San Diego, CA) in the cell supernatants collected from the
AP compartments at the end of treatments, following the
manufacturer’s instruction. Supernatants were centrifuged at
650xg for 5 minin at 4°C to remove cell debris, aliquoted, and
immediately frozen at —80°C. In the preliminary experiments,
cytokines were measured also in the culture media collected from

the (BL) compartment, but results showed undetectable levels
(data not shown).

Localization of TJ (ZO-1 and Occludin)
Proteins, AJ (E-Cadherin and g-Catenin)
Proteins, and P-P65

Differentiated Caco-2/TC7 cells were treated according to the
three different experimental setups, with GOS concentrations
100 or 200 pg/ml. The effect of GOS on membrane damage
induced by DSS was assessed by evaluating tight and adherent
junctions” principal proteins immunolocalization, as well as P-
p65 immunolocalization. Briefly, at the end of the experiments,
Caco-2/TC7 cells were washed with cold PBS++, fixed in ice-
cold methanol for 3 mins, and then incubated with rabbit
polyclonal anti-ZO-1 and mouse monoclonal anti-occludin, or
mouse monoclonal anti-B-catenin and rabbit polyclonal anti-
E-cadherin antibodies (Zymed Laboratories, San Francisco,
CA), or rabbit polyclonal anti-P-p65 antibody (Cell Signaling
Technology, Danvers, MA) for 1h. For secondary detection,
cells were incubated with fluorescein isothiocyanate (FITC)
or tetramethylrhodamine isothiocyanate (TRITC) conjugated
secondary antibodies (Jackson Immunoresearch, Milan, Italy),
for 1 h. 4’,6-diamidino-2-phenylindole (DAPI) was used to label
DNA in nuclei. Stained monolayers were mounted on glass
slides using the Prolong Gold antifade reagent (Molecular
Probes, Invitrogen, Milan, Italy) and analyzed using a confocal
fluorescence microscope (LSM 700, Zeiss, Jena, Germany).

Statistical Analysis

All experiments were performed at least in triplicate. The
statistical significance of the differences was evaluated by one-
way ANOVA followed by a post-hoc Tukey HSD test, after
verifying the normality and homogeneity of variance by Shapiro-
WilK’s and Levene’s tests, respectively. Statistical significance was
set at P < 0.005. In the figures, mean values with different
superscript letters significantly differ. P < 0.01 or 0.001 are
indicated, where appropriate. In TEER figures, only final and
initial time points were compared for statistical analysis. The
statistical analyses were executed with the “Statistica” software
package (version 5.; StatSoftInc., Tulsa, OK, USA).

RESULTS

The different experimental setups and different timepoints are
shown in Figure 1.

Effect of GOS and DSS on Caco-2/TC7 Cell
Permeability

Preliminary experiments were performed to evaluate the toxicity
of GOS on Caco-2 cells. TEER and phenol red Papp were
measured in differentiated Caco-2 cells after treatment with
several GOS concentrations for up to 24h. The results show
that GOS treatment did not affect cell permeability, except for
the highest GOS concentration, which induced a TEER drop
after 3h, which was maintained until the end of the experiment
(Figure 2A). However, this TEER decrease was not associated
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FIGURE 1| Experimental design. Three different experimental setups were employed, as differentiated Caco-2 cells were: (1) treated with 2% dextran-sulfate-sodium
salt (DSS) alone (6 or 24 h), (2) treated with 2% DSS for 2 h, then several Bimuno galactooligosaccharides (GOS) concentrations (1—1,000 j.g/ml) were added for
further 4 or 22 h, or (3) treated with different Bimuno GOS concentrations alone (4 or 20 h). The different analyses performed at each time point are indicated.

with a biologically relevant phenol red Papp increase, as the
values were all below 1 x 107® cm/s, indicating that the tight
junctions were not open. On the contrary 2% DSS treatment
induced a strong increase on phenol red passage (P < 0.001,
Figure 2B; Supplementary Table S1).

Dextran-sulfate-sodium salt was used to induce inflammation
in differentiated Caco-2 cells. In order to determine the
DSS concentration able to trigger inflammation without
inducing serious damages to the cell monolayer, different
DSS concentrations were tested for 5.5h, by measuring TEER
and phenol red passage (Figures 3A,B). Treatment with DSS
concentrations ranging between 0.05 and 1% did not alter
cell permeability, as shown by both TEER measurements and
phenol red Papp (Figures 3A,B, respectively). On the contrary,
3 and 5% DSS induced a dramatic TEER drop starting from
2.5h until 55h (Figure3A), which was accompanied by a
phenol red Papp higher than 1 x 107® cm/s (Figure 3B). The
2% DSS induced a lower TEER drop as compared to 3 and
5% (Figure 3A), and a slight increase of phenol red passage,
borderline with the threshold value of 1 x 10~¢ cm/s (Figure 3B;
Supplementary Table S2), thus this concentration was chosen
for further experiments, as supposed to be able to induce
inflammation, without seriously damaging cell monolayers.

GOS Exerted a Protective Effect Against

DSS-Induced Membrane Barrier Damage

To induce inflammation differentiated Caco-2 cells were pre-
treated with 2 % DSS for 2 h, then GOS was added for additional
4h, to test its protective effect. TEER analysis showed that GOS
concentrations ranging from 50 to 1,000 g/ml were able to
prevent the TEER decrease induced by DSS, whereas 1 and
10 pg/ml concentrations only partially protected the cells from
the DSS-induced TEER drop (Figure 4A). Analysis of phenol red

Papp showed that all GOS concentrations were able to protect
the cells from DSS damage, except for the lowest one (1 pg/ml,
Figure 4B; Supplementary Table S3). Based on these data, the
100 and 200 pg/ml GOS concentrations were chosen for further
experiments, considering that these concentrations were not
detrimental for cell monolayers and were able to protect cells
against DSS-induced cell damages.

GOS Reduced the DSS-Induced

Pro-Inflammatory Cytokine Secretion
Considering the role of pro-inflammatory cytokines in the
mucosal damages occurring in patients with UC, the principal
cytokines involved in the UC pathogenesis were investigated in
Caco-2 cells. In particular, secretion of IL-18, IL-6, IL-8, and
TNF-o was analyzed in Caco-2 cell culture supernatants after
treatment with DSS alone, GOS alone, or first with DSS for 2h
and then GOS for the following 4h. GOS alone did not induce
apical secretion of IL-1p, IL-6, IL-8, and TNF-a by Caco-2 cells,
while DSS induced a significant increase (P < 0.01) of all the pro-
inflammatory cytokines, as compared to control untreated cells
(Figure 5; Supplementary Tables S4a-d).

GOS at concentrations from 1 to 50 pg/ml administered 2 h
after DSS did not change IL-1p secretion in comparison to
DSS-treated cells, whereas 100 and 200 pg/ml GOS significantly
reduced IL-1f secretion induced by DSS (P < 0.05) compared
to DSS alone. However, this reduction in IL-1p secretion was
still significantly higher compared to the control (P < 0.05,
Supplementary Table S4a).

Similar results were obtained for IL-6, which was induced by
DSS as compared to the control (P < 0.01), and was significantly
reduced in cells first treated with DSS and then either with 100 or
200 pg/ml GOS (P < 0.01, Supplementary Table S4b).
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FIGURE 2 | Bimuno GOS effects on membrane barrier of Caco-2 cells. Transepithelial electrical resistance (TEER) (A) and phenol red apparent permeability (Papp)
(B). Cells were untreated (Control, C), treated with different Bimuno GOS concentrations (1-1,000 wg/ml), or treated with 2% DSS. TEER values are reported as Ohm
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without a common letter significantly differ, P < 0.001.
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DSS salt significantly increased IL-8 secretion, as compared to
the control (P < 0.01). GOS concentrations ranging from 50 to
200 jvg/ml were effective in reducing the IL-8 secretion in DSS-
treated Caco-2 cells (P < 0.01), whereas GOS concentrations
from 1 to 10 ig/ml were not able to counteract the DSS-induced
IL-8 secretion (Supplementary Table S4c).

DSS salt also induced TNF-a secretion as compared to the
control (P < 0.01), this increase was partially reduced by
50 pg/ml GOS (P < 0.05), and totally inhibited by treatment with
100 or 200 pg/ml GOS (P < 0.01, Supplementary Table S4d).

Overall, 100 and 200 pg/ml GOS concentrations were the
most effective in reducing the pro-inflammatory cytokine
secretion induced by DSS. In particular, we observed that
treatment with 100 or 200 pg/ml GOS was able to reduce to
control level IL-6, IL-8, and TNF-« (Figure 5).

GOS Inhibited NF-kB Pathway Signaling
Induced by DSS

In order to clarify the mechanism of action of this specific
GOS on the inflammatory cascade, the expression level of the
key proteins involved in the activation of the NF-kB pathway
was analyzed by Western blot. DSS induced a significant
increase of expression of TLR4, MyD88, P-IKKa, P-IKKf (P
< 0.05), P-IkBa, and P-p65 (P < 0.01), as compared to the
control (Figure 6A; Supplementary Tables S5a-f). In addition,
the expression of Tollip and IRAK-M, negative regulators of NF-
kB cascade, was significantly reduced (P <0.01) as compared
to the control (Figure 6B; Supplementary Tables S5g,h). No
significant differences for all the analyzed proteins could be

observed in cells treated with 100 or 200 pg/ml GOS alone, as
compared to the control.

On the other hand, Caco-2 cells treated first with DSS
and then with GOS had similar expression levels of all the
activator proteins involved in the NF-kB inflammatory pathway
(Figure 6A) and of Tollip and IRAK-M negative regulators
(Figures 6B,C), as compared to control cells.

Data on P-p65 protein expression levels were confirmed by
immunolocalization analysis. Immunolabeling of P-p65 showed
that treatment with DSS induced a strong migration into the
nucleus of P-p65, as indicated by the high fluorescence signal
intensity, whereas in control cells or in cells treated with 100 or
200 g/ml GOS alone the positive signal into the nucleus was
slight or absent. In agreement with the results of Western blot
analysis, treatment with 100 or 200 pLg/ml GOS was able to inhibit
the P-p65 migration induced by DSS treatment (Figure 7).

All these results indicate that GOS was able to counteract the
DSS-induced inflammatory NF-kB cascade activation.

Maintenance of Tight and Adherent

Junction Protein Localization by GOS

In order to evaluate the ability of the GOS to counteract the
membrane barrier damage induced by DSS in Caco-2 cells,
immunolocalization of the principal tight and adherent junction
proteins was performed. As reported in Figure 8A, DSS induced
several damages in both ZO-1 and occludin protein distribution,
as ZO-1 resulted in discontinuous cell boundaries, whereas
occludin disappeared from cell boundaries and partly localized
in the cell cytoplasm. Several damages induced by DSS were
also present in the adherens junctions. Indeed, DSS induced the
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FIGURE 6 | Inhibition of DSS induced-NF-kB signaling pathway by Bimuno GOS in Caco-2 cells. Cells were untreated, or treated with 2% DSS alone for 6 h, or
treated with 2% DSS for 2 h and then with Bimuno GOS (100 or 200 pg/ml) for a further 4 h, or treated with 100 or 200 pg/ml Bimuno GOS alone for 4 h. Protein
expression was analyzed by Western blot. The relative expression levels of TLR4, MyD88, Tollip, and IRAK-M were normalized to a-tubulin, whereas the
phosphorylated IKK-a, IKK-g, kB-a, and p65 were normalized to their corresponding unphosphorylated forms. (A) TLR4, MyD88, P-IKK-a, P-IKK-B, P-IkB-a, P-p65
(densitometric values). (B) Tollip and IRAK-M (densitometric values). (C) Representative Western blot of the analyzed proteins. Values represent means + SD of three
independent experiments, carried out in triplicate. Means without a common letter significantly differ, P < 0.05.
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FIGURE 7 | Inhibition of DSS induced-P-p65 translocation by Bimuno GOS in Caco-2 cells. Cells were untreated (C), or treated with 2% DSS for 6 h, or treated with
Bimuno GOS (100 or 200 pg/ml) for 4 h, or treated with 2% DSS for 2 h and then with Bimuno GOS (100 or 200 pg/ml) for further 4 h. Cell nuclei were stained with
DAPI, while P-p65 was labeled with rabbit polyclonal anti-P-p65 antibody, followed by TRITC-conjugated secondary antibody. Each figure is representative of three
independent assays (63 x magnification). Bars represent 10 um.
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FIGURE 8 | Localization of tight and adherent junction proteins in Caco-2 cells. Cells were either untreated (C), or treated with 2% DSS for 6 h, or treated with Bimuno
GOS (100 or 200 pg/ml) for 4 h, or treated with 2% DSS for 2 h and then with Bimuno GOS (100 or 200 wg/ml) for further 4 h. Cells were labeled with specific primary
antibodies for tight (A) and adherent (B) junction proteins, followed by TRITC- and FITC-conjugated secondary antibodies for occludin and ZO-1, and for B-catenin
and E-cadherin, respectively. Cell nuclei were stained with DAPI. Dissociation of occludin from the membrane is indicated by arrows. Each figure is representative of

three independent immunofluorescence assays (63x magnification). Bars represent 10 um.

disappearance of both E-cadherin and B-catenin from the cell
boundaries associated with a loss of co-localization of the two
proteins. A total of 100 and 200 ug/ml GOS were able to rescue
the damages induced by DSS in both tight and adherent junction
protein distribution, as shown in Figure 8B.

DISCUSSION

In this study, the potential benefits of a specific GOS (Bimuno
GOS) for UC were tested in an established cell culture model of
gut inflammation, i.e., the Caco-2 intestinal cell line, where DSS
was used to induce gut inflammation and cell damage.

This study demonstrates that the specific GOS tested
can counteract UC-like inflammatory characteristics, gut
permeability markers, and tissue damages induced by DSS in
the in vitro model. Several in vivo and in vitro studies have
shown that in UC cellular junctions damages are associated
with increased permeability of intestinal mucosa (44, 45). In
line with these studies, we observed that DSS treatment induced
cell junction opening, increased monolayer permeability, and
the disappearance of tight and adherent junction proteins.
Importantly, we observed that GOS on its own did not affect
membrane permeability, as indicated by TEER and Papp
measurements, which is essential for being a safe and potentially
effective way of improving the gut inflammatory state in IBD.
All damages induced by DSS to the epithelial barrier were
reversed after treatment with GOS, including the DSS-induced
cell damage and permeability determined by the localization of
the tight junction proteins ZO-1 and occludin, and the adherent

junction proteins E-cadherin and B-catenin. This demonstrates
that the specific GOS could be beneficial in preventing gut barrier
disruption in challenging conditions such as gut inflammation.
In active UC, expression of pro-inflammatory cytokines such
as IL-1B, IL-6, IL-8, and TNF-a is usually increased, and pro-
inflammatory cytokines have been clearly demonstrated to play
a key role in epithelial junction remodeling and disruption (46,
47). In the present study, we demonstrated that GOS on its
own did not induce the secretion of pro-inflammatory cytokines
IL-1B, IL-6, IL-8, and TNF-a, whereas DSS alone as the pro-
inflammatory stimulant triggered secretion of all these cytokines
through the activation of the NF-kB pathway, as indicated
by translocation of the phosphorylated form of p65 into the
nucleus. The secretion of IL-18, IL-6, IL-8, and TNF-a was
significantly decreased when GOS was added to DSS-treated
cells, compared to the DSS treatment alone. Our results are in
agreement with those obtained by Hwang and colleagues, who
observed that inflammatory status induced in Caco-2 cells by
LPS challenge was reduced by treatment with low-molecular-
weight polysaccharides showing prebiotic activity (48). It was also
shown that low-molecular-weight fucoidan and high-stability
fucoxanthin were able to inhibit IL-1f and TNF-a secretion to
promote IL-10 and IFN-y secretion in cells treated with LPS,
indicating that these compounds could exert anti-inflammatory
activity on intestinal cells. In this study, the most effective
GOS concentrations in dampening pro-inflammatory cytokine
secretion were 100 and 200 pg/ml. A more detailed analysis
demonstrated that proteins of the NF-kB signaling pathway
were involved in the pro-inflammatory cascade induced by DSS.
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Indeed, 2% DSS induced the NF-kB inflammatory pathway, as
shown by the increase of TLR4, MyD88, P-IKKa, P-IKKf, P-
IkBa, and P-p65 and the reduction of negative regulators Tollip
and IRAK-M protein expression levels. Bimuno GOS inhibited
the DSS-induced expression levels of TLR4, MyD88, P-IKKa,
P-IKKB, P-IkBa, and P-p65, which were restored to control levels.

Our results are in agreement with those shown in a previous
study conducted by Wu et al.,, where Caco-2 cells were treated
with several pro-inflammatory agents, however, other prebiotics,
such as inulin or FOS, were used (38). Interestingly, we also
observed that GOS was able to restore the expression levels
of NF-kB negative regulators, Tollip and IRAK-M. Although
the role of Tollip and IRAK-M in IBD is not yet clarified,
in a study conducted on biopsies from CD and UC patients,
Fernandes et al. reported a reduced Tollip expression, similar
to our findings (49). However, in contrast to our data reported
here, these authors observed an increase in IRAK-M, and
concluded that the up-regulation of IRAK-M was a mechanism
to counteract the high level of inflammation. Nevertheless, the
role of IRAK-M has been highlighted in the TRAK-M ~/~
mice model orally treated with DSS (50). In line with our
findings, the authors showed that IRAK-M plays a key role in
downregulating the induction and progression of DSS colitis
through the modulation of proinflammatory cytokines such as
TNF-a and IL-6. The role of IRAK-M has been extensively
investigated in several studies reporting its role in LPS and DSS
inflammatory state induction. Both LPS and DSS act through
TLR4 signaling and modulate NF-kB and MAPK cascade in in
vitro and in vivo studies. IRAK-M deficiency was shown to be
responsible for the intestinal inflammation onset, suggesting a
possible impairment in the negative regulation of TLR signaling
causing IBD (51, 52). In our model, the ability of GOS to
modulate the expression of both negative regulators Tollip and
IRAK-M is important, since they were able to block the pro-
inflammatory NF-kB pathway by inhibiting the transcription of
inflammatory mediators.

The role of pro-inflammatory cytokines such as IL-1f,
IL-6, IL-8, and TNF-a in UC pathogenesis has been well
described in the literature. These cytokines are involved in
pro-inflammatory responses through immune cells recruitment,
followed by amplification and propagation of inflammation (53).
In our model, Caco-2 cells exposed to DSS showed increased
secretion of all the analyzed pro-inflammatory cytokines, as
compared to the control. GOS was able to abolish the increase of
pro-inflammatory cytokines induced by DSS and this indicates
that GOS is able to reduce inflammation. The involvement
of cytokines in the epithelial damages of UC is well known,
however, only a few studies have analyzed the effect of prebiotic
molecules on inflammatory process repair, as well as their ability
to modulate cellular response without involving microbiota (38,
48, 54). In all these studies, the authors showed that prebiotics
was able to induce an immunomodulatory effect by modulating
the NF-kB pathway and cytokine secretion. Pistol and colleagues
reported that in LPS-pretreated Caco-2 cells a synbiotic (grape
extract plus lactobacilli mixture) treatment for 24h induced a
decrease of inflammatory cytokine secretion associated with the
prevention of MAPK and NF-kB markers induction. In addition,

Wu and colleagues (38) showed in an in vitro model of Caco-2
cells treated with FOS, prebiotics could directly influence the
signal transduction mediated by protein kinases.

Prebiotics have been also tested in the context of irritable
bowel syndrome (IBS). In an in vitro model of IBS, obtained
by infection of Caco-2 cells with Salmonella typhimurium and
post-infection treatment with a prebiotic blend (FOS plus GOS),
prebiotics were shown to inhibit the pro-inflammatory cytokine
secretion by suppressing inflammation, and this activity was not
mediated by microbiota (55). Similarly, in our study, we show
that GOS was able to reduce the inflammatory status in an in
vitro UC-like model by acting in a microbiota-independent way.
From all our data we can speculate that in DSS treated cells,
GOS was able to counteract the inflammatory status and the
membrane barrier damage induced by inflammatory cytokines
that reverted to control level. The ability of GOS to regulate
immune response was previously suggested, as it has been shown
to be effective in modulating cytokine secretion in intestinal cells
through TLR4 binding (56), as well as through a direct effect
on intestinal cell transcriptome by modulating the expression of
several genes, including some involved in antimicrobial activity
and inflammatory response (36). According to previous studies,
our results strongly suggest that a specific prebiotic can have a
direct effect on the regulation of inflammation.

Overall, the present study identifies mechanisms of how GOS
can support gut cells by improving their function, including gut
barrier function, and decreasing inflammation in the context
of UC, through modulation of the NF-kB pathway and pro-
inflammatory cytokine secretion. The current study, although
with the limitations of being a preclinical experimental setup,
shows the potential of the specific GOS for the management of
a challenging condition such as IBD, where gut barrier integrity
and function are compromised by chronic inflammation.

We used differentiated Caco-2 epithelial cells as a suitable,
reliable, and widely used model of intestinal barrier, that mimics
the in vivo intestinal mucosa and allows the understanding of
some mechanisms of action. We demonstrated that Bimuno GOS
has direct effects in such model, by reducing pro-inflammatory
cytokines and damage caused by DSS. It is noteworthy that
in addition to direct effects, the Bimuno GOS used in this
study has been demonstrated to have potent indirect effects
involving growth stimulation of beneficial gut bacteria such as
bifidobacteria (26, 33) on gut microbiota modulation, which
in turn have been associated with immune system modulation
(57). The gut-immune interplay is pivotal in the induction
and maintenance of a non-inflammatory status and a local
tolerogenic environment (58, 59). A recent study in a cohort
of patients with UC demonstrated that the administration of
Bimuno GOS for 6 weeks results in overall normalization of
stools and reduced incidence and severity of loose stools, in
addition to decreased urgency (26). A subset of patients in the
remission stage had increased bifidobacterial counts. Although
Wilson et al. study (26) did not investigate immune markers in
patients with UC, it demonstrated a clinical improvement. The
results from the current study, using the DSS model suggest a
potential mechanism of action for the observed clinical outcomes
in Wilson et al. (26). It remains to be explored how the
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immune markers are affected in the cohort of UC patients taking
a prebiotic.

Finally, it is common knowledge that GOS is a mixture of
multiple oligosaccharide structures. The specific GOS in this
study had a relatively high abundance of the lower DP fractions,
which is inherent to the manufacturing of GOS by enzymatic
processes. Interestingly, a previous study conducted by Newburg
and colleagues (60) has shown that trisaccharide (DP3) structures
in particular and at a relatively high quantity in this GOS
have strong immunological, i.e., anti-inflammatory responses
in different human intestinal cell lines. This warrants further
research into the specific structure—bioactivity relationships
of individual GOS structures to further understand their
contribution to biological, and thus immune activities. More
detailed GOS structure analyses and comparisons between
different GOS’s, including Bimuno GOS used in the present
study, have previously been published by Hernandez-Hernandez
et al. (61) and Van Leeuwen et al. (62). Further to that, it should
also be emphasized that generic extrapolation of effects between
different GOS’s cannot be made. Structure analyses have shown
clear differences between individual GOS types (61, 62), and
therefore each GOS product or GOS-derived fraction should be
tested separately for their biological properties and activities in
future research.

CONCLUSIONS

In conclusion, using DSS-treated Caco-2 cells as an in vitro UC
model, we suggest that the specific GOS tested in this study can
be a safe and effective way not only to modulate gut inflammation
but also to potentially prevent or restore gut barrier disruption
and further improve efficacy in inducing remission, although in
vivo validation is necessary. Currently, various pharmaceutical
options are available for the treatment of IBD, however, all with
their own limitations related to efficacy, side effects, and costs
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Objective: Immune system disorders can result in various pathological conditions,
such as infections and cancer. Identifying therapies that enhance the immune response
might be crucial for immunocompromised individuals. Therefore, we assessed the
immune-enhancing effect of co-treatment with Kalopanax pictus Nakai Bark and
Nelumbo nucifera Gaertner leaf extract (KPNN) in a cyclophosphamide (Cy)-induced
immunosuppressed rat model.

Materials and Methods: For in vitro studies, macrophages and splenocytes were
treated with various KPNN doses in the presence or absence of Cy. Macrophage viability,
nitric oxide production, splenocyte viability, cytokine production and natural killer (NK)
cell activity were analyzed. For in vivo studies, analysis of weekly body weight, dietary
intake, tissue weight, immune-related blood cell count, cytokine levels, and spleen
biopsy was performed in a Cy-induced immunocompromised animal model.

Results: KPNN significantly increased phospho-NF-kB and phospho-ERK' protein
levels and cell viability in macrophages. KPNN significantly increased the NK cell
activity in splenocytes compared to that in the control. Cy treatment decreased tumor
necrosis factor (TNF)-a, interleukin (IL)-6, and interferon-y production. In the Cy-induced
immunosuppression rat model, KPNN-treated rats had significantly higher body weights
and tissue weights than the Cy-treated rats. Additionally, KPNN treatment restored
the immune-related factors, such as total leukocyte, lymphocyte, and intermediate cell
contents, to their normal levels in the blood. The blood cytokines (TNF-a and IL-6) were
increased, and spleen tissue damage was significantly alleviated.

Conclusions: Collectively, KPNN exerts an immune-enhancing effect suggesting their
potential as an immunostimulatory agent or functional food.

Keywords: Kalopanax pictus Nakai Bark, Nelumbo nucifera Gaertner, immune enhancement, cyclophosphamide,
macrophage, immunosuppressed rat, ERK, NF-kB
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INTRODUCTION

An underactive immune system, caused by conditions such as
immunodeficiency, is more prone to infection by pathogenic
organisms. Thus, immune system disorders can provoke
the development of various pathological conditions, such
as infections and cancers (1-3). Therefore, identifying
therapies that enhance the immune response are vital for
immunocompromised individuals.

The immune monitoring function in humans plays a vital role
as a biological host defense mechanism against the development
of cancer and the proliferation of tumor cells. This anti-tumor
immune function is carried out by lymphocytes, macrophages,
and natural killer cells (4, 5). The activation of macrophages, B
and T lymphocytes are essential steps in the initial regulation of
the immune system, which is the defense mechanism of the body
(6). Recently, immunotherapy has been used to induce cancer
tissue destruction through the activation of cancer antigen-
specific T helper (Th) and cytotoxic T (Tc) cells, macrophages,
and natural killer (NK) cells (6, 7). The continued activation of
immune cells results in the secretion of various cytokines during
cell proliferation and differentiation, enabling the continuous
amplification and control of immune functions. Therefore, recent
studies have focused on discovering natural products and their
immune-modulating ingredients that may serve as potential
immune boosters, which can be used as ingredients in functional
foods (1, 8).

Cyclophosphamide ~ (Cy)  exerts  anti-tumor  and
immunomodulatory effects through immunosuppression,
myelosuppression, and cytotoxicity (9, 10). Cy can cause
a drastic change in the Thl/Th2 ratio bias, resulting in
immunosuppression. The immunological effect of Cy reduced
lymphocyte proliferation, including that of T cells, which was
confirmed by a decrease in the levels of cytokines (tumor
necrosis factor (TNF)-a, interferon (IFN)-y, interleukin (IL)-2,
and IL-12) produced by Thl cells and cytokines (IL-4, IL-6, and
IL-10) produced by Th2 cells (11, 12).

Since plants have beneficial pharmacological effects, low
toxicity, and fewer side effects on human health, they have
traditionally been used in oriental medicine. Kalopanax pictus
Nakai Bark (KP) and Nelumbo nucifera Gaertner leaf (NN)
have been shown to have various pharmacological activities,
including anti-inflammatory (13-16), anti-nociceptive (14), anti-
diabetic (15, 16), and anti-cancer (15-19) effects. The main
components of KP and NN have been identified as liriodendrin
and kalopanaxaponin (20, 21), and flavonoids and alkaloids
(22, 23), respectively. These components are pharmacologically
active in KP and NN, and are directly involved in therapeutic
efficacy. Natural products are often blended to maximize the
therapeutic effect. Although the anti-inflammatory effects of
KP and NN extracts have been demonstrated in vitro and
in vivo (13-16), the effects of KP and NN combination (KPNN)
treatment on the immune response are yet to be elucidated.
Therefore, we investigated the immune-enhancing effects and
synergistic effect of KPNN in macrophages, splenocytes, and an
immunosuppressed rat model.

MATERIALS AND METHODS

Preparation of Samples

Plant extracts were prepared and purified by Hanpoong Pharm
& Foods Co., Ltd. (Jeonju, Jeonbuk, South Korea). Briefly, KP
was extracted twice in 50% ethanol (v/v, HPS-3C) at 84-90°C
or distilled water (HPS-3A) for 3 h. NN was extracted with
50% ethanol (v/v, HPS-3D) at 84-90°C or distilled water (HPS-
3B) for 3 h. Each sample solution was separated through a
5-um membrane filter, evaporated under reduced pressure at
60°C, and then vacuum-dried. The extract was lyophilized to
produce a powder, and aliquots were stored at -80°C until
use. KP and NN sample was extracted in water and 50%
ethanol, respectively; HPS-3A: KP water extract, HPS-3C: KP
ethanol extract, HPS-3B: NN water extract, HPS-3D: NN ethanol
extract. The KPNN sample was extracted by mixing KP and
NN in 50% ethanol at a ratio of 0.5:1 (KP:NN, HPS-3E), 1:1
(HPS-3F), 1:0.5 (HPS-3G). A screening test was performed
using KP, NN, and KPNN extract to determine the optimal
concentration and sample showing immune-enhancing effects.
Cell viability analysis revealed that RAW 264.7 macrophages and
splenocytes had the highest non-toxic concentrations of < 500
and 100 pg/ml, respectively, in all samples (Supplementary
Figures 1, 2). Therefore, subsequent in vitro experiments were
performed at a concentration of < 500 pg/ml. Cy-treated
splenocytes viability was analyzed after treatment with the
highest non-toxic concentration of the sample or Cy. As a
result, HPS-3G (KP:NN = 1:0.5) sample showed the highest cell
viability by Cy treatment. When considering cytotoxicity tests
and cell viability tests of Cy-induced splenocytes were collected,
HPS-3G samples were selected for this study (Supplementary
Figure 3). For the animal study, 50, 100, and 200 mg
of the tested KPNN (HPS-3G) extract/kg body weight was
used. Escherichia coli lipopolysaccharide (LPS) and Cy were
purchased from Sigma-Aldrich (St. Louis, MO, United States),
and HemoHIM was purchased from Kolmar BNH Co., Ltd.,,
(Sejong, South Korea).

Cell Culture

RAW 264.7 macrophage cell lines were purchased from the
Korean Cell Line Bank (Seoul, South Korea) and grown
in DMEM (Invitrogen, Carlsbad, CA, United States) culture
medium supplemented with 10% fetal bovine serum (FBS)
(Gibco BRL, Gaithersburg, MD, United States) with 1% penicillin
and streptomycin (Invitrogen) at 37°C in a humidified incubator
with 5% CO,. Splenocytes were obtained by aseptically dissecting
the Wistar rat spleens. The spleen was gently pressed with forceps
and passed through a 70-wm cell strainer (SPL Life Sciences,
Pocheon, Gyeonggi, South Korea). The cells were harvested
and washed thrice in RPMI-1640 (Invitrogen) by centrifugation
(80 x g 3 min, 4°C). The cells were then treated with red
blood cell lysis buffer (Sigma-Aldrich). Isolated splenocytes were
maintained in RPMI-1640 media supplemented with 10% FBS
(Gibco BRL) and 1% penicillin/streptomycin (Invitrogen) at
37°C in a humidified incubator with 5% CO,.
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Cell Viability Assay

For cell viability analysis, RAW 264.7 cells were seeded in 96-
well plates (1 x 10 cells/90 nl/well) and treated with varying
concentrations of KPNN or LPS (300 ng/ml) and incubated at
37°C and 5% CO, for 24 h. Additionally, to analyze the viability
of Cy-treated splenocytes, the isolated splenocytes were aliquoted
at 1 x 10° cells/90 pl/well in a 96-well plate. After incubation for
24 h, various KPNN concentrations were applied to the cells in
the absence or presence of Cy (1.6 mg/ml). After incubation for
24 h, the WST-1 (10 pl; ITSBio, Inc., Seoul, South Korea) solution
was added to the cell culture medium (100 pl) and incubated
for 1 h. The absorbance values were then measured at 405 nm
using a Multi-Detection Reader (Infinite 200, TECAN Group
Ltd., Switzerland). The percentage of cell viability was calculated
using the following equation: (mean OD of treated cells/mean
OD of control cells) x 100.

Nitric Oxide Measurement

Nitric oxide (NO) production was determined as previously
described (24). Briefly, after dispensing RAW 264.7 cells in a 48-
well plate at a concentration of 8 x 10* cells/400 j11/well, KPNN
(0, 30, 50, 100, 300 500, or 1,000 pg/ml) or LPS (300 ng/ml)
was added and incubated for 24 h. The supernatant (100 pl)
was transferred to another plate. Griess reagent (100 pl) was
added, and the plate was incubated at room temperature for
5 min. The absorbance was measured using a microplate reader
(TECAN Group Ltd.) at a wavelength of 540 nm. Absorbance
was calculated and analyzed according to the standard curve
of sodium nitrite.

Western Blotting Analysis

After dispensing the RAW 264.7 cells (1 x 10° cells/ml) in
a 100 mm dish, the samples were treated and incubated for
24 h. Cells were then washed with ice-cold PBS and lysed
with lysis buffer (PRO-PREP™ protein extraction solution,
iNtRON, South Korea). After disrupting the cell line by
vortexing, the lysates were precipitated at 14000 rpm for
10 min at 4°C using a centrifuge. The supernatant was
quantified with the same amount of protein lysates using
Bradford reagent (Bio-Rad, Hercules, CA, United States). Then,
electrophoresis was conducted on a sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) gel. The protein
was then transferred to a polyvinylidene fluoride (PVDEF)
membrane and blocked with 5% skim milk solution for 1 h.
The membranes were then incubated with primary antibodies
overnight at 4°C. After washing the membranes with Tris-
buffered saline containing Tween 20 (TBS-T), they were treated
with secondary antibodies containing horseradish peroxidase
(HRP) for 1 h and then washed with PBS-T. The washed
membrane was treated with enhanced chemiluminescence (ECL)
solution (EZ-Western Lumi Pico, DoGen, South Korea) and
detected using a C-Digit western scanner (LI-COR, Lincoln,
NE, United States). The following primary antibodies purchased
from Cell Signaling Technology (Beverly, MA, United States)
were used: anti-NF-kB p65, anti-phospho-NF-kB p65, anti-
p44/42 MAPK (Erk1/2), anti-Phospho-p44/42 MAPK (Erk1/2)

(Thr202/Tyr204). Anti-B-actin was purchased from Sigma-
Aldrich.

Natural Killer Cell Activity Assay

Briefly, AR42] rat pancreatic tumor cells obtained from the
American Type Culture Collection (ATCC, Manassas, VA,
United States) were used as target cells for the NK cell activity
assay. Control or KPNN-treated splenocytes were used as effector
cells. Splenocytes were co-cultured with AR42] cells in 96-well
plates at a 20:1 ratio of effector to target cells and incubated
for 24 h. The viability of AR42J cells was assessed using the
CytoTox detection kit (TaKaRa, Shiga, Japan) on a microplate
reader. NK cell activity was calculated as the viability of AR42]
cells compared to that of control cells.

Cytokine Measurement in Splenocytes

To analyze immune-related cytokine levels, the culture medium
was treated with Cy (1.6 mg/ml) and KPNN (5, 10, 30, 50,
100 pg/ml) for 24 h. TNF-a, IL-6, and IFN-y levels were
detected using the Cytokine Activation Analysis Kits (R&D
Systems Inc., Minneapolis, MN, United States), according to the
manufacturer’s instructions.

Animals and Experimental Design
Five-week-old specific pathogen-free (SPF) male Wistar rats
(n = 60) were purchased from Orient Bio Inc., (Seongnam,
Gyeonggi-do, South Korea) and adapted to the following
conditions (12-h light/dark cycle; temperature, 22 £ 3°C;
humidity, 50 & 5%) for 7 days. The experiment was conducted
using a standard diet and drinking water. The experiments
were conducted after a week of acclimatization. A model
for inducing immunosuppression was established by orally
administering Cy (5 mg/kg). The 60 rats were divided into
six groups of 10 animals each, after weighing each group:
normal control group (normal), immunosuppression group
(control), immunosuppression + KPNN 50 mg/kg group
(KPNN 50), immunosuppression + KPNN 100 mg/kg
group (KPNN 100), immunosuppression + 200 mg/kg
group (KPNN 200), and immunosuppression + HemoHIM
1,000 mg/kg group (HemoHIM 1000). All drugs and
vehicles were administered orally for 4 weeks. Body weight
was measured once per week for clinical evaluation. All
animal experiments were approved by the Institutional
Animal Care and Use Committee of INVIVO Co., Ltd.
(IV-RB-17-2105-11-01).

Complete Blood Cell (CBC) Count and

Cytokine Analyses in Animal Models

Briefly, Wistar rats were orally administered KPNN (0, 50, 100, or
200 mg/kg/day) and Cy (5 mg/kg once per day) for 4 weeks. After
the final administration of KPNN, whole blood was collected
from the abdominal vena cava of the animals after inhalation
anesthesia and divided into ethylenediaminetetraacetic acid
(EDTA)-coated tubes (DB Caribe, Ltd., United States) and
conical tubes for analysis. The number of total white blood cells
(WBCs), lymphocytes, granulocytes, and the mid-range absolute
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counts (Mid) collected in EDTA-coated tubes were analyzed
using a Hemavet 950 counter (Drew Scientific Group, Dallas, TX,
United States). For cytokine analysis, blood collected in a conical
tube was coagulated at room temperature for 30 min and then
separated in a centrifuge at 3000 rpm for 10 min to collect serum.
The separated serum was analyzed for TNF-a, IL-6, and IFN-y
levels using an ELISA kit (R&D Systems).

Histological Analysis

After the animals were euthanized, the spleens were removed,
weighed, and the extracted spleen tissue was cut, fixed in 10%
formalin solution (trimming), fixed again with 10% formalin
solution, embedded in paraffin, and cut into sections with a
thickness of 4-7 pm. For hematoxylin-eosin staining, paraffin
was removed from xylene and dehydrated, followed by staining
with hematoxylin for 4 min and eosin for 2 min. The stained
tissue preparations were observed and photographed using an
optical microscope (BX50 F4; Olympus, Fukuoka, Japan).

Statistical Analysis

All experimental results were calculated as mean + SEM using
a statistical analysis program (SPSS ver.12.0, SPSS Inc., Chicago,
IL, United States). Statistical analysis to evaluate the significant
difference between each experimental group was performed
using ANOVA (one-way analysis of variance test) and Duncan’s
multiple range tests. Each value represents the mean of at
least three independent experiments for each group. Statistical
significance was set at p < 0.05.

RESULTS

Effects of KPNN-Mediated Cell
Proliferation and Nitric Oxide Production

in RAW 264.7 Cells

To confirm the immune-enhancing effect of KPNN (HPS-3G)
extracts on macrophages, toxic concentrations were first tested.
The cell viability of the group treated with different KPNN
concentrations was analyzed based on the control group to
confirm the KPNN concentration that was toxic for macrophages.
The viability of RAW 264.7 cells increased in the range of 30-
300 pg/ml but decreased in a concentration-dependent manner
from a concentration of 500 pg/ml or higher (Figure 1A).
An experiment was conducted to analyze the amount of NO
production in KPNN-treated RAW 264.7 cells. NO production
was not notably different between the KPNN-treated and control
groups but was increased in the LPS-treated group (Figure 1B).

Activation of ERK and NF-kB Proteins by
KPNN in RAW 264.7 Cells

To investigate the mechanism of KPNN-mediated immune
enhancement, activation of the extracellular-signal-regulated
kinase (ERK) and nuclear factor-kappa B (NF-kB) pathways in
response to KPNN was evaluated in RAW 264.7 cells by western
blotting analysis. Our results showed that KPNN increased
the phospho-NF-kB and phospho-ERK levels (Figure 2A). The

expression of each protein was normalized, and the relative
expression levels of the control group were analyzed. We
confirmed that the p-ERK and p-NF-kB protein levels in
the KPNN-treated group were higher than that of the LPS
(300 ng/ml)-treated (positive control) group (Figure 2B).

Cell Viability Effect of KPNN on

Cy-Induced Splenocytes

To confirm the cytotoxicity of KPNN against splenocytes, cells
were incubated with various KPNN concentrations for 24 h. Cell
viability was unaffected at KPNN concentrations of < 100 pg/ml
(Figure 3A). Based on these results, 100 pg/ml was set as
the optimal non-cytotoxic concentration, and cell viability was
analyzed according to Cy (1.6 mg/ml) treatment at < 100 pg/ml
KPNN. The analysis of splenocyte viability after treatment with
KPNN or Cy revealed that the group treated with Cy alone
showed a significant decrease in cell viability to 62.0 + 2.4%
compared to that of the untreated control group. However, the
cell viability of the group co-treated with Cy and KPNN was 58-
62% at all concentrations, similar to that of the group treated with
Cy alone, and no significant difference was observed (Figure 3B).

Effects of KPNN on Natural Killer Cell
Activity in Splenocytes

An NK cell activity assay was used to evaluate the effect
of functional foods on non-specific cell-mediated immunity.
Therefore, we examined the effect of KPNN on NK cell activity.
Splenocyte cytotoxicity was tested in NK-sensitive tumor cells
(AR42] cells). NK cell activity increased after treatment with
various concentrations of KPNN (Figure 4A). As shown in
Figure 4B, the activity of NK cells significantly increased after
exposure to KPNN compared to that of the control group.

Effect of KPNN on Cytokine Expression
in Cy-Treated Splenocytes

To determine the effect of KPNN on cytokine production in
splenocytes by Cy treatment, the amounts of TNF-a, IL-6, and
IFN-y produced were analyzed. The cells were incubated with Cy
(1.6 mg/ml) and KPNN (5, 10, 30, 50, and 100 g/ml) for 24 h.
KPNN increased cytokine levels, confirming that KPNN restored
the decreased levels of TNF-a, IL-6, and IFN-y in Cy-induced
immune-reduced splenocytes (Figure 5).

Effects of KPNN on Thymus and Spleen
Damage From Cy-Induced

Immunosuppression Rats

To evaluate the effect of a 4-week regimen of KPNN feeding
in vivo, 6-week-old Wistar rats were orally administered KPNN
at three different concentrations (50, 100, or 200 mg/kg). Weekly
changes in body weight, water, and food intake were monitored
for animals and compared between the groups. The results
confirmed that the body weight of the control group administered
only Cy (5 mg/kg) was significantly lower than that of the normal
control group. In contrast, the group administered various KPNN
concentrations in the Cy-induced immunosuppression rat model
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FIGURE 1 | Effect of the KPNN extract on cell survival rate and NO production by macrophages. (A) RAW 264.7 cells were seeded in 96-well plates (1 x 10*
cells/90 pl/well) and treated with KPNN (0, 30, 50, 100, 300, 500, and 1,000 pwg/ml) or LPS (300 ng/ml) and incubated at 37°C and 5% CO, for 24 h. Next, cell
viability was measured using a WST-1 assay. (B) RAW 264.7, cells were dispensed in a 48-well plate (8 x 10* cells/400 pl/well) and treated with KPNN (0, 30, 50,
100, 300, 500, and 1,000 pg/ml) or LPS (300 ng/ml) for 24 h. NO concentrations in the culture supernatants were assessed using the Griess assay. Bars labeled with
different superscripts are significantly different (p < 0.05 vs. control). The results are expressed as mean + SEM of at least three independent experiments (n = 3).
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FIGURE 2 | Activation of ERK and NF-kB by KPNN in RAW 264.7 cells. (A) RAW 264.7 were aliquoted at 1 x 10° cells/ml in a 100 mm dish/well and treated with
KPNN (0, 30, 100, 300 pg/ml) or LPS (300 ng/ml) and incubated for 24 h. The expression levels of phospho-ERK and phospho-NF-«B were examined by western
blot analysis using anti-NF-kB p65, p-NF-kB p65, p44/42 MAPK (Erk1/2), and p-p44/42 MAPK (Erk1/2) antibodies. (B) Western blots were quantified using the
Quantity One 4.6.6 software. Values are presented as mean 4+ SEM (n = 3). Bars labeled with different superscript numerals indicate p < 0.05.
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FIGURE 6 | Effects of KPNN on thymus and spleen damage in rats with Cy-induced immunosuppression. The 60 Wistar rats were divided into six groups of 10
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p < 0.05 compared to the control group (n = 10). Bars labeled with different superscript numerals indicate p < 0.05.

showed significantly increased body weight compared to that of
the control group. The rats in the KPNN 200 and HemoHIM
(1,000 mg/kg, positive control) groups registered similar body
weights (Figure 6A). To investigate the effect of KPNN on
immune-related tissues in an immunosuppressed rat model, the
weights of the spleen and thymus tissues were measured. The
indices of representative immune organs, i.e., the spleen and
thymus, were significantly reduced by oral administration of Cy
(Figures 6B,C). However, these decreases in Cy-treated rats were
significantly recovered by orally administering KPNN. These
findings were similar in terms of relative ratio to body weight
(Figures 6D,E).

Effects of KPNN on Immune Cell Number

in Cy-Induced Immunosuppressed Rats

In this study, hematological analysis was performed to confirm
the effect of KPNN on the blood immune cell content
in immunocompromised rat models. The decreased number
of immune cells, such as total white blood cells (WBCs),
lymphocytes, mid-size cells (Mid), and granulocytes, in the
Cy-induced immunosuppression model were increased in the
KPNN-administered group (Figure 7).

Effect of KPNN on the Cytokine Level of
Serum in Cy-Induced

Immunosuppressed Rats
To confirm the immune-enhancing effect of KPNN, the serum
cytokine content of each group was analyzed 4 weeks after

sample administration. In the Cy-treated group, the immune-
related cytokines TNF-a, IL-6, and IFN-y were significantly
reduced compared with those in the normal group. In contrast,
decreased TNF-a levels in the control group were increased
when KPNN > 100 mg/kg was administered, and IL-6 levels
were increased when KPNN 200 mg/kg was administered
(Figures 8A,B). However, the IFN-y levels were not significantly
different from that in the control group at varying KPNN
concentrations (Figure 8C).

Effects of KPNN on Spleen Damage in

Cy-Induced Immunosuppressed Rats

We observed the splenic tissue lesions in each group under a
microscope to determine the effect of KPNN on morphological
changes in the Cy-treated spleens. The white pulp surrounding
the central artery in the normal group and the lymph nodes at
the edges were visibly demarcated from the red pulp (Figure 9A).
However, atrophy of the white pulp and lymphoid depletion was
observed in the control group (treated only with Cy), confirming
Cy-induced immune suppression (Figure 9B). In the case of the
KPNN-administered group, the marginal zone (MZ) region that
separates the red and white pulp was not apparent in the KPNN
50 mg/kg group, but white pulp atrophy was better than that of
the control group (Figure 9C). KPNN 100 mg/kg group had less
white pulp atrophy and relatively minor damage (Figure 9D).
This pattern was prominent in the KPNN 200 mg/kg group,
where the marginal area around the red pulp was clearly visible,
and there was no disruption of the white pulp (Figure 9E). In the
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FIGURE 7 | Effects of KPNN on immune cell numbers in Cy. Wistar rats were treated with saline, cyclophosphamide (Cy; 5 mg/kg/day), oral KPNN (0, 50, 100, and
200 mg/kg/day), or oral HemoHIM (1,000 mg/kg/day) once daily for 4 weeks. Whole-blood samples were collected for analysis. The levels of (A) total WBCs, (B)
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FIGURE 8 | Effect of KPNN on serum cytokine levels in rats with Cy-induced immunosuppression. Wistar rats were treated with saline, cyclophosphamide (Cy;

5 mg/kg/day), oral KPNN (0, 50, 100, and 200 mg/kg/day), or oral HemoHIM (1,000 mg/kg/day) once daily for 4 weeks. For cytokine analysis, blood collected in a
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positive control group, tissue condensation did not appear, and it ~ and adaptive immunity by promoting immune-related cytokine
was significantly improved compared to that in the control group ~ production and improving the histopathological characteristics
(Figure 9F). These results showed that KPNN stimulated innate  of Cy-induced spleen damage.
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FIGURE 9 | Effects of KPNN on spleen damage in immunosuppressed rats. Wistar rats were treated with saline, cyclophosphamide (Cy; 5 mg/kg/day), oral KPNN
(0, 50, 100, and 200 mg/kg/day), or oral HemoHIM (1,000 mg/kg/day) once daily for 4 weeks. Subsequently, damage to the spleen was analyzed histologically.
Representative images of sectioned (A) normal (saline-treated), (B) control (only Cy-treated), and (C-E) KPNN-treated rats [treated with Cy and (C) KPNN 50 mg/kg,
(D) KPNN 100 mg/kg, (E) KPNN 200 mg/kg, or (F) HemoHIM 1000 (HemoHIM 1,000 mg/kg)]. Scale bar = 100 wm. CV, central vein; LN, lymph nodule; MZ,

marginal zone; RP, red pulp; WP, white pulp.

A : Normal

B : Control

C : KPNN 50 mg/kg

D : KPNN 100 mg/kg

E : KPNN 200 mg/kg

F : HemoHIM 1000 mg/kg
(10X, scale bar =100 pm)

DISCUSSION

Immunity plays a vital role in maintaining homeostasis by
inducing biological responses to effectively block external
invasions (2, 3). Recently, research has been actively conducted
to identify bioactive substances that can alleviate adverse
effects on the immune function caused by various drugs used
for anti-cancer treatment (1, 8, 25). Although KP or NN
extracts as candidate substances are being studied extensively
in vitro and in vivo (13, 15, 17, 19), the effect of KP and
NN combination treatment on the immune response was not
explored. Therefore, in this study, the immune-enhancing effects
of KPNN were investigated using an immunosuppressed animal
model. Our results suggest that KPNN extract promoted RAW
264.7 cell proliferation up to a concentration of 100 pg/ml
and increased the levels of phospho-NF-kB and phospho-ERK
proteins. Furthermore, the activity of NK cells was significantly
increased after KPNN exposure. KPNN treatment protected
splenocytes from Cy-induced cytotoxicity and increased the
levels of immune-related serum cytokines, TNF-a, IL-6, and
IFN-y. Administration of KPNN extract to a Cy-treated
immunosuppressed rat model significantly increased body
weight compared to that in the control group. The damages in the
representative immune organs, such as the spleen and thymus,
were significantly alleviated. Furthermore, oral administration of
KPNN increased total WBCs, lymphocyte, Mid, and granulocyte
counts, as well as the immunity-related serum cytokines,
TNF-a and IL-6, and restored normal splenic histology. These

results suggest that KPNN restores the immunosuppressive
response induced by Cy.

Cy, an alkylating agent with anti-cancer and
immunosuppressive properties, has been widely used for
immunosuppression in leukemia, rheumatoid arthritis,
lymphoma, multiple myeloma, and bone marrow
transplantation. However, the non-selective toxicity of Cy
renders it toxic to normal cells, thereby causing bone marrow
failure, which exacerbates anemia symptoms along with
thrombocytopenia, and physiological phenomena, such as poor
body growth and decreased immune function (26, 27). Thus,
there is an increasing demand to identify and develop bioactive
substances capable of lowering the side effects and toxicity of
immunosuppressive drugs with non-selective toxicity (28-30).

Splenocytes consist of various cell types with different
immune functions, including macrophages, dendritic cells, and
T- and B-lymphocytes (31). Macrophages play important roles
in both innate and adaptive immune responses. LPS-induced
activation of macrophages produces pro-inflammatory cytokines
(IL-1, TNF-a, IL-6, and IFN-y), leading to the activation
of phospholipase A2, which produces lipid metabolites of
arachidonic acid, such as prostaglandins, and NO. Macrophages
also induce MAPK-dependent phosphorylation, thereby
activating multiple transcription factors (32-35). LPS upregulates
TNF-o and iNOS expression by activating multiple transcription
factors and inducing MAPK-dependent phosphorylation. NF-kB
is also a major activator of TNF-a production by macrophages
(35). Stimulation of splenocyte viability may consequently
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increase the secretion of cytokines, potentially explaining the
observed immune-enhancing and anti-cancer capacity (36). In
this study, KPNN-treated RAW 264.7 cells showed increased
cell viability in the range of 30-100 pg/ml KPNN concentration
compared to that in the control group; however, the NO
levels were not significantly altered. Despite the unaltered
NO production, these findings suggest that KPNN promotes
non-toxic and immune-enhancing effects in macrophages. In
contrast, p-ERK and p-NF-«B protein levels in the KPNN-treated
group were higher than those in the control and positive control
groups. NF-kB and MAPK signaling play essential roles in
immune responses (37, 38). A previous study reported that Red
Platycodon grandiflorus root extract could enhance immunity
by increasing the NF-kB phosphorylation level as well as the
p38 MAPK-induced NF-kB activation in RAW 264.7 cells (39).
KP or herbal mixture including KP showed anti-inflammatory
effects by down-regulating IkBa, NF-kB, and JNK/p38 MAP
kinase signaling pathways (13, 14, 40-43). In addition, NN
exerts anti-inflammatory effects on LPS-stimulated RAW 264.7
macrophages through inhibition of NF-kB and MAPK pathways
(44-48). Similar to a previous study (35, 40-48), our results
showed that KPNN increased the p-NF-kB and p-ERK in RAW
264.7 cells. These findings are thought to be because of the
positive role of KPNN in activating cytokines in Thl cells,
stimulating immune factors in the body, and increasing the
activity of NK cells (49). However, downstream signal pathway
of these proteins and further studies are required to identify
the precise immunomodulatory mechanisms. Collectively, these
results suggest that KPNN could induce immunostimulatory
effects by regulating ERK and NF-kB signaling in macrophages.

In previous studies, Cy-induced immunosuppression in
splenocytes reduced cell proliferation and cytokine levels and
suppressed splenic NK cell activity (29, 50). NK cells can target
and kill foreign and abnormal cells and play an important role in
the early immune response. It is also activated by cytokine and
chemokine stimulation and plays a pivotal role in tumor growth,
metastasis regulation, and virus clearance (51). Therefore, NK
cell activity is a valuable parameter to evaluate the cellular
immune response of the host (52). As in previous reports,
our results showed that the KPNN-treated group promoted the
activity of NK cells and increased the production of cytokines,
TNF-a, IL-6, and IFN-y, in Cy-induced immunosuppressed
splenocytes. NK cells were activated by IFN- or macrophage-
derived cytokines. Only the infected cells selectively induced
apoptosis by recognizing changes in MHC class expression and
blocking the activation of uninfected cells (53). KPNN might play
an effective role in activating NK cells and increasing cytokine
production to remove cells infected by viruses and bacteria. These
results suggest that KPNN modulates NK cell activity to improve
cell-mediated immune responses.

Cy administration disrupts immune homeostasis in the body
by damaging the spleen and thymus, which are representative
immune organs that elicit immune responses (54). In vitro and
in vivo, Cy-induced immunosuppression significantly reduced
blood cell counts, suppressed the activity of splenic NK cells and
Tc cells, and decreased cytokine (IL-2, IFN, and IL-10) levels (55,
56). In this study, as in a previous report (57), the spleen and

thymus weights were reduced by Cy treatment, and the decreased
indices were recovered upon KPNN treatment. Notably, in the
high-dose KPNN group, body weight and spleen weight were
restored to that in the HemoHIM (positive control) group.
Blood, one of the most important indicators of immune function,
defends the body in various ways, such as clotting during bleeding
and phagocytosis during bacterial invasion (58). Additionally,
immune cells, such as T and B lymphocytes, monocytes, and
macrophages, play an important role in regulating the immune
response (59). The contents of total leukocytes, lymphocytes,
granulocytes, and intermediate cells in the control group were
significantly reduced in a Cy dose-dependent manner compared
to that in the normal group. In this study, as in a previous
report (29), KPNN administration increased the number of
total leukocytes, lymphocytes, and mid-size cells, compared to
that in the control group. KPNN extract could act on blood
cells that perform immune functions in the body, thereby
reducing the Cy toxicity and exhibiting an immune-enhancing
effect. Collectively, these findings suggest that KPNN enhances
immunostimulatory activity by protecting against Cy-induced
immune cell damage.

Cytokines perform crucial functions, including lymphocyte
differentiation, inflammation regulation, cell survival, apoptosis,
and immune responses (60). Among the diverse immune cells, T
lymphocytes are essential regulatory cells in the adaptive immune
system (61). The different cytokines secreted by T cell subtypes,
Thl and Th2, are important determinants of cell function.
Thl and Th2 cells are mainly involved in cell-mediated and
humoral responses, respectively, and promote the secretion of
IL-2, TNF-a, and IFN-y, and IL-4, IL-6, and IL-10, respectively
(11, 12, 35). TNF-a is produced by T cells, B cells, NK cells,
and macrophages and regulates inflammation and host defense
by inhibiting bacterial infection and acute stress (62). IFN-
vy promotes Thl cell differentiation and stimulates B cells to
promote Ig production, leading to antibody immunoreactivity
(35). Our study on the mouse RAW 264.7 macrophages suggested
that KPNN might be involved in the production of macrophage-
associated cytokines (TNF-a, IFN-y, IL-1p, IL-6, and IL-12) via
MAPK and NF-kB signaling. TLR4 is one of the most widely
studied receptors for immune activity, mainly recognizing LPS,
lipoic acid, and polysaccharides (35, 63). CLM (ceriporia lacerata
mycelia) plays an immunostimulatory role in macrophages via
TLR4-induced TNF-a, IL-1B, and IL-6 production (35). In
previous reports, KP treatment inhibited LPS- or TNBS-induced
TNF-a and IL-6 expression and production in vitro and in vivo
(40, 42, 43). In vitro and in vivo studies revealed that NN
reduced inflammation through downregulated proinflammatory
cytokines TNF-a, IL-6, IL-1f8, and IFN-y in LPS- and DSS-
induced inflammation model (44-46). Our results showed that
KPNN restored the decreased levels of TNF-a, IL-6, and
IFN-y in a Cy-induced immunosuppressed splenocyte model.
Additionally, the reduced TNF-a and IL-6 levels in the Cy-
induced immunosuppression rat model were ameliorated by
KPNN. However, further studies are required to precisely
determine the immune-enhancing effects of KPNN. Collectively,
these results suggest that KPNN may play a role in enhancing
humoral and cell-mediated immune responses.
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The spleen tissue lesions observed in the Cy-treated groups,
the collapse of white pulp, and cell coagulation of red pulp
observed in the control group tended to improve gradually in the
KPNN-treated group. Notably, in the high-concentration KPNN-
administered group, the white pulp was evenly distributed
around the central vein, and the borders of the margins were
visibly separated. These observations suggested that the damage
to spleen tissue caused by the immunosuppressed substances
was significantly reduced by KPNN treatment. Therefore, KPNN
treatment can restore Cy-induced atrophy in the spleen.

CONCLUSION

In conclusion, combined treatment with KP and NN extracts
increased cell viability, the levels of phospho-NF-kB and
phospho-ERK proteins in macrophages, NK cell activity, and
cytokine production in splenocytes. In vivo studies, KPNN
extract was shown to strengthen immunity by increasing body
weight, tissue weight, immune cells, and the cytokine content
in the blood and reducing Cy-induced damage to the spleen.
Therefore, these findings suggest that KPNN treatment effectively
enhances immunity and may help develop therapeutic strategies
or functional products.
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The effects of Laminaria japonica fucoidan (LF) on immune regulation and intestinal
microflora in cyclophosphamide (CTX)-treated mice were investigated in this work.
Results indicated that LF significantly enhanced the spleen and thymus indices,
promoted spleen lymphocyte and peritoneal macrophages proliferation, and increased
the immune-related cytokines production in serum. Moreover, LF could regulate intestinal
flora composition, increasing the abundance of Lactobacillaceae and Alistipes, and
inhibiting Erysipelotrichia, Turicibacter, Romboutsia, Peptostreptococcaceae, and
Faecalibaculum. These results were positively correlated with immune characteristics.
Overall, LF could be useful as a new potential strategy to mitigate CTX
immunosuppression and intestinal microbiota disorders.

Keywords: fucoidan, cyclophosphamide, immunosuppression, immunomodulatory, gut microbiota

INTRODUCTION

The immune system comprises immune organs, cells, and immune-reactive substances, which play
vital roles in the host’s defense against foreign pathogens and microorganisms (1-3). The
interaction between the natural and specific immune systems is necessary to maintain host
health, and therefore, infections and various diseases will occur when the immune system is
dysfunctional or impaired (4). Cyclophosphamide (CTX) is a potent immunosuppressant widely
used in treating several immune diseases and malignant tumors (5, 6). However, numerous studies
indicated that CTX could disrupt the DNA structure and immune cells and reduce normal
lymphocytes and macrophages, thereby inhibiting cellular and humoral immune responses (7, 8).
On the other hand, long-term or high doses usage of CTX (80 or 100 mg/kg body weight (BW)) can
cause intestinal injury and intestinal microbiota disruption (9-11). Therefore, it is essential to
discover effective immunomodulators to reduce the CTX side effects.
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Fucoidan Enhanced the Mice’s Immunity

Recently, numerous natural polysaccharides have attracted
more attention due to their various physiological activities
without side effects (12-15). Polysaccharides have been
developed as novel immunomodulators, enhancing host
immunity and preserving intestinal health (16-18). It has been
described that sulfated yam polysaccharide possesses stronger
immunomodulatory activity to modulate gut microbiota
structure in CTX-treated mice (11). Mulberry leaf
polysaccharide has immunomodulatory activity by restoring
the injured intestinal barrier and gut microbiota composition
in CTX-treated mice (16). At the same time, one report indicated
that Millettia Speciosa Champ polysaccharide modulates gut
health and ameliorates immunosuppression and intestinal
injury in CTX-treated mice (17). Considering all these studies,
polysaccharides have the potential to be used as an effective
immunomodulator to enhance immune function and regulate
intestinal flora.

Due to the exploitation and utilization of marine resources,
marine natural products have become a research hotspot (19,
20). Fucoidan, a sulfated polysaccharide, has numerous
biological activities, including antitumor, antioxidant, anti-
inflammatory, immunoregulatory, among others (21-24).
Kjellmaniella crassifolia or Undaria pinnatifida fucoidan could
stimulate RAW264.7 cell proliferation in vitro and induce a
significant immune enhancement in vivo (22). Hwang et al. (23)
indicated that low-molecular-weight fucoidan from Laminaria
japonica could enhance the innate and adaptive immune
responses and protects against Mycoplasma pneumoniae
antigen stimulation. Sun et al. (24) indicated that low-
molecular-weight fucoidan from Laminaria japonica could
play an antiviral role by improving the quality of immune
organs, improving immune cell phagocytosis and humoral
immunity. Nevertheless, there is still a lack of systematic
studies regarding the link between the immune regulation
function of Laminaria japonica fucoidan and intestinal flora.

In our previous studies, we discovered that Laminaria
japonica fucoidan (LF) could effectively ameliorate CTX-
induced liver and kidney injury (25). Herein, the
immunomodulatory function of LF was investigated using
immunosuppressed mice. In addition, the link between
immunomodulatory function and gut microbiota was also
evaluated. This systematic research could provide insights into
the link between immune regulation function and intestinal
flora, and also provided a better understanding of the
LF applicability.

MATERIALS AND METHODS

Materials and Reagents

LF, with an average molecular weight of 250 kDa, is composed
of mannose, rhamnose, galactose, xylose, and fucose in a molar
ratio of 2.04: 0.58: 1.04: 3.91: 12.43, respectively (25). CTX
was supplied by Hengrui Medicine (Lianyungang, China).
Concanavalin A (ConA) and lipopolysaccharide (LPS) were
purchased from Sigma-Aldrich (Sigma-Aldrich, USA).

Tumor necrosis factor (TNF)-q, interleukin (IL)-6, and IL-1§
ELISA kits were purchased from Boster (Wuhan, China).
Immunoglobulin G (IgG) ELISA kit was purchased from
Solarbio (Beijing, China).

Animals and Design

Male ICR mice (18-22 g, 6-8 weeks) were purchased from the
Zhejiang Academy of Medical Sciences. All mice were
maintained in a breeding environment (23 + 2°C, 60% + 5
humidity) on a 12 h light/12 h dark cycle. After 7 days of adaptive
feeding, mice were randomly divided into 4 groups (n = 8 per
group) as follows: control (only treated with a saline solution),
model (mice treated with 80 mg/kg BW CTX), 20 LF (mice
treated with 20 mg/kg BW LF), and 40 LF (mice treated with 40
mg/kg BW LF). The control group received gavages with saline
solution for 19 days (once daily), while the remaining three
groups were firstly injected with CTX (80 mg/kg BW) for 5 days
(once daily) and then saline solution or 20 and 40 mg/kg BW of
LF for another 14 consecutive days (once daily) were received
by gavage.

Spleen and Thymus Indices Determination
The spleen and thymus indices were calculated as follows:

spleen or thymus indices (mg/g)

= spleen or thymus weight (mg)/body weight (g)

Splenic Lymphocyte Proliferation Assay
Splenic lymphocyte was prepared according to Han and
collaborators (26). Briefly, the mouse spleen was grinding, and
splenic lymphocytes were collected. Next, erythrocyte lysis buffer
was added to lyse the red blood cells, and the supernatant was
collected by centrifugation (at 1500 x g, 5 min). After removing
adherent cells, the cells were incubated in a 6-well plate for 6 h,
and the suspended cells were collected as splenic lymphocytes.
Then, the cells (1 x 10° cells/mL) were seeded in 96-well plates
(final volume of 100 UL). Then, ten microliters of ConA (5 g/
mL) or LPS (1 pg/mL) were added and incubated for 72 h at 37°C
with 5% CO,. Next, the MTT solution (10 pL, 5 mg/mL) was
added, and the absorbance at 490 nm was detected on a
microplate reader (Molecular Devices, CA, USA).

Macrophages Proliferation Assay

The mice were intraperitoneally injected with 5 mL sterile saline
solution, and the abdomen was gently pressed for 2 min. After, the
abdominal wall was cut open with sterilized scissors, and the
abdominal fluid was sucked into a centrifuge tube with a sterile
straw. The cell suspension was centrifuged (2000 rpm, 10 min) and
resuspended with DMEM medium. The supernatant was discarded
to obtain purified macrophages after incubation at 37°C with 5%
CO, for 4 h. After this, the cells (1 x 10* cells/mL) were seeded in a
96-well plate (final volume of 200 uL). After 24 h at 37°C with 5%
CO,, an MTT solution (10 pL, 5 mg/mL) was added, and the
absorbance at 490 nm was detected on a microplate reader.

Frontiers in Immunology | www.frontiersin.org

69

May 2022 | Volume 13 | Article 916618


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Tang et al.

Fucoidan Enhanced the Mice’s Immunity

Phagocytic Activity of

Peritoneal Macrophages

The macrophages (1 x 10* cells/mL) were seeded in a 96-well
plate (final volume of 200 pL). After 36 h, the medium was
discarded, and a neutral red solution (0.1%) was added. After 3h
incubation, the excess neutral red was removed by washing twice
with 0.1 M PBS, and lysis solutions (200 uL) were added and
shaken for 10 min at 25°C. The absorbance at 540 nm was
detected on a microplate reader.

Serum Cytokines and IgG

Content Analysis

The blood was collected from eyeball extirpation, and serum was
acquired by centrifugation (6000 x g, 3 min, 4°C) of the blood.
The serum levels of TNF-o, IL-6, IL-1B, and IgG were
determined using Boster’s ELISA Kits.

Histological Analysis

The spleen and thymus cross-sections were fixed (4%
paraformaldehyde) and embedded in paraffin (10%). The
hematoxylin-eosin (HE) staining was performed as in previous
studies (20, 27). Micrographs were taken using a light
microscope CX31 (Olympus, Japan).

Oxidative Stress Index Analysis

The spleen was ground in saline, and the supernatant was
collected by centrifugation. Malondialdehyde (MDA),
glutathione peroxidase (GSH-Px), superoxide dismutase
(SOD), and catalase (CAT) levels in spleen tissues were
measured using Jiancheng’s commercial kits (Nanjing, China).

Fecal Microbiota Analysis

The genomic DNA of mice feces was extracted, and 338F and
806R primers were used to amplify the V3-V4 region of bacterial
16S rRNA as previously described (27, 28). The MiSeq library
was constructed by adding the Illumina official connector
sequences to the target area of the PCR products (Shanghai
Origingene Bio-pharm Technology Co.Ltd., China). Then, the
Ilumina Novaseq6000 platform (Illumina, San Diego, USA) was
applied for paired sequencing, and the paired-end reads were
chosen according to the overlapping relationship. Operational
taxonomic units (OTUs) clustering analysis and taxonomic
analysis were performed to analyze the diversity indices and
community structure at different taxonomic levels, respectively.

Correlation Between Key Microbes and
Immunity-Related Parameters

The correlation heatmap analysis was used to calculate the
Spearman rank correlation coefficient between the intestinal
key microbial species and basic immunity-related parameters
(29). In addition, the microorganisms expressing the highest
correlation with LF to enhance the CTX-induced
immunosuppression were screened out.

Statistical Analysis

Results are expressed as the mean + standard deviation (SD). Data
analysis was performed using SPSS 24.0 (SPSS Inc., Chicago, IL,
USA). P < 0.05 was considered statistically significant.

RESULTS
Effect of LF on Spleen and Thymus Indices

In the model group, the spleen and thymus indices were
significantly decreased compared to the control group
(Figure 1A). However, when treated with LF, the spleen and
thymus indices showed a significant increase compared to the
model (P < 0.05 or P < 0.01), suggesting that LF treatment could
effectively alleviate the CTX-induced atrophy of the spleen
and thymus.

Effect of LF on Splenic

Lymphocyte Proliferation

When treated with ConA or LPS, spleen lymphocytes were
induced into T and B lymphocytes, respectively (30, 31).
Compared to the control, the proliferation of T and B
lymphocytes was significantly reduced (P < 0.01) in the model,
suggesting that CTX could modulate and reduce the cellular
immune response (Figure 1B). On the other hand, when treated
with both LF treatments, the proliferation indices were
significantly enhanced compared with the model (P < 0.01),
suggesting that LF could improve cellular immune response by
promoting spleen lymphocytes proliferation. Compared to the
model, the macrophages’ relative proliferation rate and the
phagocytic index were significantly increased in the 20 LF and
40 LF groups (Figures 1C, D, P < 0.01), suggesting that LF could
promote the macrophages’ proliferation and overcome the
immunosuppressed activity induced by CTX.

Serum Cytokines and IgG

Content Analysis

Compared to the control, the IL-6, IL-1B, TNF-c, and IgG levels
in the model group were significantly decreased (Figure 2, P <
0.01), suggesting that CTX inhibited the immune regulation
system of mice. However, after treatment with LF, these levels
in the 20 LF and 40 LF groups were significantly restored
compared to the model (P < 0.01), suggesting that LF could
improve mice immunosuppression via enhancing the cytokines
and IgG production.

Histological Analysis

To observe the effect of LF on the immune organs, HE staining
was applied to detect alterations in the spleen and thymus
(Figure 3A). The splenic vesicles in the control group
remained structurally intact, and a clear demarcation line
between the red and white marrow was observed. The splenic
cords in the red marrow were connected as a whole, and the
blood cells around the exterior of the splenic vesicles were
surrounded orderly (Figure 3A). However, there were no
clearly formed splenic vesicles in the spleen in the model
group, and the white and red medullae were partially mixed.
The thinning of the lymphatic sheath around the small central
artery implies that CTX could damage the spleen immune cells,
resulting in spleen atrophy. When treated with 20 mg/kg LF, the
general structure of the splenic vesicles could be observed, but
the boundary among the red and white medulla remained
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unclear. Moreover, after treatment with 40 LF, the red and white
medulla could be observed, and the marginal area of the white
medulla was widened. Overall, the morphology of the spleen in
the LF group gradually returned to a similar shape found in the
control, suggesting that LF could restore the spleen injury caused
by CTX.

Moreover, the cortical and medullary structures of the control
were clear and distinct, and evident thymus vesicles could be
observed in the medulla (Figure 3B). However, when treated
with CTX, the structure of the cortex and medulla in the model
group was diffused, and few and not evident thymus vesicles were
observed in the visual field. On the other hand, there was a clear
distinction between the cortex and medulla when treated with
LF, mainly in the 40 LF group. Furthermore, the morphology was
similar to the control, suggesting that LF could restore the
thymus injury caused by CTX.

Oxidative Stress Index Analysis

The MDA levels and the activities of GSH-Px, SOD, and CAT
were also assessed in the spleen. Compared to the control, the
MDA contents were significantly increased, and the GSH-Px,
SOD, and CAT activities were significantly decreased in the

model (Figure 4) (P < 0.01). After being treated with LF,
the MDA contents were significantly reduced (P < 0.01), and
the GSH-Px, SOD, and CAT activities were significantly
increased compared to the model group (P < 0.01). These
results suggest that LF could improve CTX-induced oxidative
stress in the spleen tissues.

Diversity Analysis of the Intestinal Flora

To investigate the LF effect on intestinal microflora composition
in mice, a 16S rRNA sequencing was performed. The Venn
diagram showed common and unique OTUs between different
samples (Figure 5A), and 803 OTUs in all samples were
identified. Additionally, 640 shared OTUs in the four groups,
accounting for 79.70% of the total OTUs, indicating that the
bacterial compositions of all groups were similar. Non-metric
multi-dimensional scaling (NMDS) analysis can reflect the
relationship between microbial communities of different
samples. As shown in Figure 5B, there are significant
differences in the microbial community structure between the
control and the model group, while the microorganisms of the 20
LF and 40 LF groups are relatively similar to those of the control
group. In addition, the alpha diversity change (Shannon and
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Chao indices) was shown in Figures 5C, D. Except for the Chao  changes in the abundance and diversity of fecal bacteria caused
index of the 40 LF group, the results of alpha diversity were by CTX.

significantly different from the CTX group after different doses of Principal coordinates analysis (PCOA) and cluster tree analysis
LF intervention (P < 0.05), indicating that LF could reverse the  were performed to analyze the similarity of microbial communities

FIGURE 3 | Histomorphology of spleen (A) and thymus (B) in mice (x100).
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among different groups. The PCOA results suggested that CTX and
LF intervention significantly affected the intestinal flora composition
(Figure 5E). Furthermore, the distance between the 40 LF and control
groups was smaller than that between the control and model groups,
suggesting that the intervention of LF could cause a shift in gut flora
composition. In addition, the cluster analysis results based on bray
curtis distance were consistent with the PCOA results (Figure 5F),
suggesting that CTX and LF could effectively influence the intestinal
flora composition. In addition, the intestinal flora of the LF group was
more similar to the control.

Analysis of Community Differences of
Intestinal Flora

To identify specific taxa associated with LF, we assessed the relative
abundance of species at phylum and family levels. The mouse
intestinal flora comprises Firmicutes, Bacteroidetes, and
Proteobacteria, together accounting for over 90% (Figure 6A). The
differences in the relative abundance of these three major bacteria
were further analyzed (Figure 6B). It was observed that CTX
treatment significantly decreased the abundance of Firmicutes and
significantly increased the abundance of Proteobacteria (P < 0.05).
After LF treatment, the changes of relative abundance of the three
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phyla were reversed, but only changes of Proteobacteria abundance in
the 20 LF group were significantly different. The gut flora varied
significantly at the family level (Figure 6C), where the top 10 species
with relative abundance were Lactobacillaceae, Lachnospiraceae,
Bacteroidales_S24-7_group, Ruminococcaceae, Rikenellaceae,
Porphyromonadaceae, Enterobacteriaceae, Helicobacteraceae,
Bacteroidaceae, and Peptostreptococcaceae (Table 1). CTX
significantly altered the relative abundance of Lactobacillaceae,
Bacteroidales_S24-7_group, and Peptostreptococcaceae compared to
the control, and LF treatment at different doses reversed these
changes caused by CTX (Figure 6D, P < 0.01).

LEfSe Analysis of Intestinal Flora in Mice

LEfSe was performed to identify taxa with significant differences
in abundance, while linear discriminant analysis (LDA)
was performed to estimate the influence of the abundance
of each component on the differential effect. From the
Lefse results (Figure 7), it was observed that the CTX treatment
mainly suppressed the relative abundance of Lactobacillales,
Bacilli, Enterobacteriales, and Gammaproteobacteria, and
promoted the relative abundance of Family XIII_UCG_001,

Frontiers in Immunology | www.frontiersin.org 73

May 2022 | Volume 13 | Article 916618


https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Tang et al.

Fucoidan Enhanced the Mice’s Immunity

C
x
[
T
=
c
[}
c
c
©
£
(2]
Control Model 20LF 40 LF
E
0.4
* e
0.3 N A 40LF
° 0.2 A40LF
~ A40LF
N
L o1
i . f
o
o 0.0 + 20 LF ®Control
Conlrol. .Conlr?l AdOILF = Model
—o4l Control® 20 Lf 46 LF = Model
: *Model
= Model
-0.2{
T T T T T T T
-03 -02 -0.1 0.0 0.1 0.2 0.3

PC1(26.96% )

FIGURE 5 | Effects of LF treatment on the gut microbiota composition of the CTX-induced mice (0 = 4). (A) Venn diagrams. (B) Non-metric multi-dimensional scaling
(NMDS) analysis. (C) Shannon indices. (D) Chao indices. (E) Principal coordinates analysis. (F) Cluster tree analysis based on the unweighted UniFrac at the genus level.
*P < 0.05, **P < 0.01 vs contral; *P < 0.05, #P < 0.01 vs model, and ns means no significant difference.

B
eControl
= Model
0.41 1a0cF
0.21 A40LF o
A 40 LF ¢ 20 LF
o
%]
o
; 0.0] VaoLE " = Model
Contid) CORtrol, 40 | F = Model
% Gonirgil 22! =Model  _ Model
-0.2|
A40LF
-0 stress=0.1453
04 -0.2 0.0 02 0.4
NMDS1
D
750 q
700 4
3
3 650
£
o
£ 600+
o
550
04
Control Model 20LF 40 LF
F
Model
Model
Model
20LF
Model
20 LF
Control
20 LF
Control
Control
Control
40 LF
40 LF
40 LF
40 LF
20 LF
I T T T T 1
0.5 04 0.3 0.2 0.1 0.0

Eubacterium_brachy_group, Blautia, Lachnoclostridium,
Romboutsia, Peptostreptococcaceae, Anaerotruncus,
Ruminococcaceae_UCG_010, Faecalibaculum, Turicibacter,
Erysipelotrichia, Helicobacteraceae, Campylobacterales, and
Epsilonproteobacteria. Compared to the model, 40 LF treatment
significantly suppressed the relative abundance of the CTX-
stimulated microorganisms, especially the relative abundance of
Erysipelotrichia-related groups, and promoted the relative
abundance of Alistipes, Gastranaerophilales, Cyanobacteria,
and Streptococcus.

Correlation Between Key Microbes and
Host Parameters

The correlation heatmap analysis was used to calculate the Spearman
rank correlation coefficient between the intestinal key microbial
species and host parameters. In addition, the key microorganisms
expressing the highest correlation with LF to enhance the CTX-
induced immunosuppression were screened out. As depicted in
Figure 8, 5 types of microbes (Romboutsia, Peptostreptococcaceae,
Faecalibaculum, Turicibacter, and Erysipelotrichia) presented a
significant negative correlation with the CAT, SOD, and GSH-Px
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activities, pro-inflammatory cytokine levels (IL-1f3 and TNF-cx), while
also being positively correlated with the MDA content (P < 0.05).
These bacteria were the key species of intestinal microbiota in the
model group and were also inhibited by LF. In contrast, 3 types of key
microorganisms (Lactobacillaceae, Bacilli, and Lactobacillus)

presented a positively correlated with pro-inflammatory cytokine
levels (IL-6 and TNF-ov), IgG, CAT activity. Moreover, the LF group
was also enriched with Alistipes, presenting a significant negative
correlation with MDA levels and positively correlated with SOD and
GSH-Px activities.
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TABLE 1 | Changes of intestinal microorganisms in the top 10 relative abundance at the family level (n = 4).

Microorganisms

Lactobacillaceae
Lachnospiraceae

Bacteroidales_S24-7_group

Ruminococcaceae

Porphyromonadaceae

Rikenellaceae
Helicobacteraceae
Bacteroidaceae
Enterobacteriaceae

Peptostreptococcaceae

Control

0.486 + 0.026
0.164 + 0.036
0.093 + 0.030
0.062 + 0.006
0.050 + 0.018
0.044 + 0.009
0.017 + 0.007
0.008 + 0.002
0.007 + 0.002
0.0015 + 0.0008

Model

0.215 +0.019 ™
0.285 + 0.049 ™
0.225 +0.042 *
0.083 + 0.012 **
0.029 + 0.013
0.029 + 0.008
0.053 + 0.026 *
0.004 + 0.003
0.001 + 0.0006 *

0.0359 + 0.0025 **

20 LF

0.353 + 0.080 ***
0.179 + 0.074
0.094 + 0.024 **
0.050 = 0.020
0.035 + 0.007
0.050 + 0.014
0.031 = 0.019
0.021 + 0.027
0.053 = 0.007

0.0047 + 0.0006 *#

40 LF

0.344 + 0.024 =
0.175 + 0.019
0.092 + 0.027 **
0.058 = 0.008
0.072 +0.033 *
0.054 + 0.014
0.035 + 0.022
0.017 + 0.016
0.043 + 0.074
0.0024 + 0.0015 *#

*P < 0.05, *P < 0.01 vs the Control, *P < 0.05, **P < 0.07 vs model.

DISCUSSION

CTX is an effective immunosuppressant, widely applied as a vital
drug in cancer treatment and both blood and bone marrow

transplants (5). However, CTX treatment can induce
immunosuppression and intestinal flora dysfunction (32, 33).

Polysaccharides could be used to alleviate the CTX-induced
immunosuppression and intestinal dysbacteriosis (16, 17).
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FIGURE 8 | Spearman correlation analysis between the key microbial communities and immune-related biochemistry parameters. *P < 0.05, **P < 0.01.

Forexample, Mulberry leaf-derived polysaccharide has the
potential to modulate the immune response and gut
microbiota composition in immunosuppressed mice (16).
Millettia Speciosa Champ roots polysaccharides could
modulate gut health and ameliorate CTX-induced intestinal
injury and immunosuppression (17). In this work,
immunosuppression was induced in mice to investigate the
possible positive effects of LF treatment on such
immunosuppression, as well as the intestinal flora dysfunction
caused by CTX.

The ability of the spleen to induce lymphocytic proliferation
is an important index of the body’s immune response (26). As
another important immune cell, macrophages exist in various
cellular tissues and, together with neutrophils, constitute the first
line of the body’s immune defense, playing vital roles in non-
specific and specific immunity (30). Macrophages are phagocytes
derived from monocytes and play key roles in natural and
specific immune systems (31). Activated macrophages can
actively phagocytose and remove foreign antigens or directly
kill pathogenic microorganisms. In this study, CTX significantly
decreased the mice’s T and B lymphocyte proliferation,
suggesting an impaired cellular immune response, consistent
with previous studies (26, 34). However, LF (20 mg/kg or 40 mg/
kg) treatment could significantly promote the T and B
lymphocytes proliferation. Moreover, the proliferative capacity
and phagocytosis indices of peritoneal macrophages were also
significantly increased after LF treatment. These results showed
that LF treatment ameliorated the CTX injury to immune cells
and enhanced the immune response of mice.

Cytokines are soluble extracellular polypeptides or
glycoproteins indispensable in the immune response (29, 32).

Immunoglobulins, secreted by B cells, are an important part of
the immune response (29). CTX could decrease the serum levels of
cytokines or immunoglobulins, causing a decrease in immunity
(29, 31). Our results indicated that the IL-6, IL-13, TNF-0,, and
IgG serum levels were decreased in the model group, which was
consistent with previous studies (29, 31). However, after treatment
with LF, both cytokines (IL-6, IL-13, TNF-o) and IgG serum levels
were significantly increased compared with the model, indicating
that LF could promote IL-6, IL-1f, TNF-0,, and IgG serum levels
to improve immune function, consistent with the previous studies
(23). The spleen and thymus are two important immune organs
(35). In this work, the spleen and thymus indices were decreased
significantly after CTX treatment, and HE staining results also
indicated that CTX could induce apoptosis of the spleen and
thymus, but LF treatment could reverse these adverse effects,
suggesting that LF had a rescue effect. Sun et al. (24) that low-
molecular-weight fucoidan from Laminaria japonica could
increase the thymus and spleen index in the virus-infected mice,
and our results were consistent with their studies. Furthermore,
previous studies have shown a correlation between immune
ecology and oxidative stress, and immune organ damage is
closely related to oxidative stress (29, 36). Moreover, the
dynamic balance between the oxidative and antioxidant states of
the body plays a vital role in safeguarding the organism’s health
(30, 37). Polysaccharides have strong antioxidant properties and
can ameliorate the CTX-induced low immunity by alleviating
oxidative stress damage (30, 38). In this work, the spleen levels of
GSH-Px, CAT, and SOD were significantly decreased, and MDA
levels were significantly increased in the model group, consistent
with previous studies (38). While GSH-Px, CAT, and SOD levels
were significantly enhanced after LF treatment, MDA levels were
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significantly reduced. These results suggested that LF could
ameliorate the CTX-induced oxidative stress, consistent with our
previous studies (25).

Gut flora plays key roles in shaping the immune system (39). CTX
could modulate the intestinal flora composition, while
polysaccharides also can modulate intestinal flora composition after
CTX treatment, thus regulating the host’s immunity (11, 29). In this
work, after CTX treatment, the relative abundances of
Lactobacillaceae, Porphyromonadaceae, Rikenellaceae,
Bacteroidaceae, and Enterobacteriaceae were decreased, and the
relative abundances of Bacteroidales_S24-7_group,
Ruminococcaceae, Lachnospiraceae, Helicobacteraceae, and
Peptostreptococcaceae were significantly increased. These results are
in agreement with the work performed by Ding and collaborators
(40). However, LF can reverse the CTX-induced changes in the
abundance of bacteria at the family level. A comprehensive analysis of
Lefse and community composition found that LF treatment
significantly reversed the intestinal flora disturbance caused by
CTX by significantly inhibiting the relative abundance of
Erysipelotrichia, Peptostreptococcaceae, Faecalibaculum, Turicibacter,
Romboutsia, and Helicobacteraceae. The relative abundance of
Erysipelotrichia related groups, and beneficial strains, including
Lactobacillaceae, Alistipes, Gastranaerophilales, Cyanobacteria, and
Streptococcus, increased significantly. Further, the Spearman rank
correlation coefficient was used to calculate the association between
the intestinal key microbial species and host parameters. The results
showed that 5 types of key microorganisms (Romboutsia,
Peptostreptococcaceae, Faecalibaculum, Turicibacter, and
Erysipelotrichi) were negatively correlated with immune
characteristics, and 4 types of key microorganisms
(Lactobacillaceae, Bacilli, Lactobacillus, and Alistipes) were positively
correlated with immune characteristics.

CONCLUSION

In summary, LF enhanced the immune response by enhancing
the secretion of cytokines and IgG, alleviating spleen and thymus
injury in CTX-treated mice. In addition, LF could also regulate
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The purpose of this study was to investigate the structural characterization and
immunological activity in vitro and in vivo of a polysaccharide from the rhizome of
Menispermum dauricum. A new polysaccharide named MDP was isolated from the
rhizome of Menispermum dauricum by hot water extraction, ethanol precipitation,
anion-exchange, and gel-filtration chromatography. MDP was homogeneous and
had a molecular weight of 6.16x10° Da, and it was an a-D-glucan containing a
(1— 6)-linked backbone, with a glucosyl residue at the C-3 position along the main
chain. MDP exhibited immunological activity in vitro, which could significantly promote
the proliferation and phagocytosis of RAW264.7 cells and the release of TNF-a and IL-6
factors. For immunological activity in vivo. MDP could significantly increase the thymus
and spleenindices, enhance the macrophage function, increase the level of cytokine (IL-6
and TNF-a) and immunoglobulin IgM in the serum and regulate T lymphocyte subsets.
Furthermore, MDP elevated the expression of the critical nodes in the TLR4-MyD88
signaling pathways in vivo. These results support the concept that MDP may exhibit
immunological activity through TLR4-MyD88 signaling pathway in vivo.

Keywords: Menispermum dauricum DC, polysaccharide, structure characterization, immunological activity, TLR4

INTRODUCTION

The immune system is an essential defense system which can defend against foreign invasion. It has
the capacity to cooperate with other body systems to sustain the stability and physiological balance
of the body (1, 2). Immunosuppression is the inhibition of the immune response, which can bring
about a variety of diseases such as urinary tract infection, meningitis, and sepsis (1, 2). Therefore,
maintaining the normal state of the immune system to reduce immunosuppression is significant in
preventing the occurrence of various diseases.
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The traditional treatment of immunosuppression has so
far been mainly chemical drugs. The immunopotentiators
commonly used in clinical practice currently include levamisole,
isoprinosine, interferon, interleukin, BCG, etc. Among them,
levamisole and isoprinosine are chemically synthesized
drugs; interferon, interleukin and BCG are originated from
microorganisms (3). However, these drugs are generally
accompanied by many side effects, such as nausea, vomiting,
abdominal pain and other gastrointestinal reactions; some
drugs may lead to anaphylactic shock and even death, take
BCG, for example (4). Due to the drawbacks of pharmaceutical
therapy, the interest of researchers in the active ingredients
of natural origin had remarkably increased throughout the
past decades, especially for polysaccharide components of
various traditional Asian medicines. Many pharmacological
effects of polysaccharides have been recently discovered,
including liver protection, resistance to oxidation and aging, and
anticancer properties. Polysaccharides obtained from various
traditional medicinal plants also had been proven to exert
profound effects on the immune system in vivo and in vitro
through their capacity to modulate immune function, including
cytokine/chemokine production, reactive oxygen species (ROS)
production, and cell proliferation. It has promising possibilities
as an immunomodulator having no significant side effects (5).

The  rhizome of  Menispermum  dauricum  DC
(Menispermaceae), called Bei Dou Gen in Chinese, is a traditional
Chinese medicinal herb that has been used widely in clinical
practice for treating rheumatic arthralgia, dysentery, colitis, and
sore throats (6). Alkaloids are the main chemical components of
the rhizome of M. dauricum and possess various bioactivities,
including antiarrhythmic, antitumor and cardiovascular effects
(7-9). Moreover, the injection of total alkaloids has been applied
clinically for a long time to treat chronic tracheitis, throat sores
and arthralgia (10). Nevertheless, the polysaccharides from the
rhizome of M. dauricum have received little attention. Only a
few researchers reported its preparation, antitumor (11, 12),
and anti-mutagenic (13) activities. Unfortunately, there was
no research on the structure and the immunological activity
of the polysaccharide of the rhizome of M. dauricum, which
greatly limits its further development and utilization. Thus, an
in-depth study of the immunological activity and structural
characterization of polysaccharides from the rhizome of M.
dauricum requires thorough studies.

In the present research, isolation of the novel polysaccharide
(MDP) was conducted from the rhizome of M. dauricum and
its structural characterization was performed. Furthermore, the
immunological effects and potential mechanism of action of
MDP were carried out.

MATERIALS AND METHODS

Materials and Chemicals

Shandong Baiweitang Chinese Herbal Pieces Co., Ltd. (Jinan,
Shandong Province, China) supplied the rhizome of M.
dauricum (No. 181201). The voucher sample of rhizome of M.
dauricum was deposited in the School of Pharmaceutical Sciences

of Shandong University of Traditional Chinese Medicine,
Jinan, China.

Chemicals: Yuanye Biological Co., Ltd. (Shanghai, China)
supplied the DEAE-cellulose-52. GE Healthcare Life Sciences
(Piscataway, NJ, USA) supplied Sephadex G-50 and Sephacryl
S-100. Guoyao Group Co., Ltd. (Beijing, China) supplied
galactose and glucose. Macklin Biochemical Technology Co.,
Ltd. (Shanghai, China) supplied arabinose and xylose. The
purchase of DMEM was achieved from GIBCO (USA) with
supplementing of 1% streptomycin, 10% FBS, and 1% penicillin.
Sigma-Aldrich (St. Louis, MO, USA) supplied LPS. Enzyme-
linked Biotechnology Co., Ltd. (Shanghai, China) supplied
ELISA kits, which were used in the NO, TNF-a, IL-6, and
IgM tests. Injectable levamisole (LMS) was purchased from
Yuanye Biological Co., Ltd. (Shanghai, China). Injectable
cyclophosphamide (CTX) was purchased from Jiangsu Hengrui
Medicine Co. (Lianyungang, Jiangsu, China). Antibodies against
MyD88, NFkB, and JNK were purchased from ABclonal (Wuhan,
China) and other antibodies were obtained from Cell Signaling
Technology (Beverly, MA, USA).

Extraction and Purification of
Polysaccharide

The extraction of crude polysaccharides from the rhizome of
M. dauricum was conducted with distilled water every 3h at
a temperature of 87°C at a ratio of 20:1 (w/w). The aqueous
extract was concentrated under vacuum after three rounds of
extraction. Subsequently, four times the volume of ethanol was
added for the purpose of precipitating the polysaccharide, and
the mixture was allowed to stand at 4°C overnight (14). The
precipitate was collected and deproteinized by means of the TCA-
n-butanol method (15) and then subjected to freeze-drying so as
to yield a crude polysaccharide fraction (CMDP).

The CMDP was purified with the DEAE-52 cellulose column
(5.5 x 30cm) and eluted using distilled water as well as 0.1 M,
0.2M, 0.3M, and 0.5M NaCl. The fraction eluted using 0.2 M
NaCl was found to have the highest polysaccharides yield.
As a result, it was collected and dialyzed to remove NaCl
and then further purified by Sephacryl S-100 column (1.75 x
66 cm) and Sephadex G-50 column (1.75 x 66 cm) eluted with
deionized water. The solution obtained after elution was then
collected based on the phenol-sulfuric acid approach, and the
major fraction was collected and lyophilized for the purpose of
acquiring a white purified polysaccharide (MDP).

Determination of Total Carbohydrate and

Protein

The determination of the contents of total carbohydrates and
proteins was performed by performing a phenol-sulfuric acid test
(16) as well as a Folin—phenol test (17), respectively.

Analysis of the Molecular Weight

The estimations for the homogeneity and average molecular
weight of MDP were performed with the aid of the Agilent
1200 system (Agilent Technologies, Palo Alto, CA, USA) utilizing
the high-performance gel permeation chromatography (HPGPC)
coupled with PL aquagel-OH MIXED-M gel column (7.5 x
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300 mm, Agilent, Palo Alto, CA, USA) as well as refractive index
detector (RID, Agilent Technologies, Palo Alto, CA, USA). The
column was subjected to an elution at a flow rate of 1 mL/min
with the use of a 0.1 mol/L NaNOj3. Dextrans having different
molecular weights (Sigma, USA) were utilized as the standard for
molecular weight determination (18).

Structure Characterization

Analysis of the Monosaccharide Composition

An analysis of the MDP monosaccharide composition was
conducted by means of thin-layer chromatography (TLC)
and GC-MS (Agilent Technologies, USA) coupled with an
HP-5 capillary column (30 mx250pum id., 0.25um film
thickness). MDP (10mg) was added to 6mL of 2 mol/L
trifluoroacetic acid (TFA) and hydrolyzed at 110°C for 3h.
Through concentrating under reduced pressure, the mixture was
classified into two parts after removing TFA. TLC was used to
analyze one part of the hydrolysate to determine whether the
sample was hydrolyzed completely and contained uronic acid.
Monosaccharide standards and hydrolyzed MDP were acetylated
through the addition of acetic anhydride and pyridine, after
which analysis was performed by GC-MS. The temperature
program was 170°C for 3 min, 170-178°C at a rate of 0.5°C/min
for 3min, and then increased to 210°C for 5min at a rate
of 2°C/min.

Methylation Analysis
Methylation of polysaccharides was carried out in accordance
with Need’s method with some adjustments (19). After
methylation, hydrolysis, reduction, and acetylation, which are
the basic steps of methylation, the polysaccharide samples were
subjected to GC-MS analysis. The dried MDP (10mg) was
dissolved with the use of 3 mL of dimethyl sulfoxide and stirred at
room temperature until the polysaccharide sample was dissolved
entirely. Sodium hydroxide (60 mg) was added and ground into
a fine powder, and then the mixture was stirred for 1h at room
temperature. After the reaction, 2.5mL of CH3I was gradually
dropped into the sample under a nitrogen environment, and
the reaction was continued at 20°C for 1 h while avoiding light.
For the purpose of terminating the reaction, 2mL of distilled
water was then added. Three extractions of the methylated
polysaccharides were performed with 5ml of chloroform, and
the chloroform extract was collected and then extracted with
deionized water 4 times to remove water-soluble impurities in the
chloroform extract. This methylation procedure was carried out
4 times, and confirmation of the full methylation was established
based on the absence of hydroxyl peaks in the IR spectrum.
Depolymerization of the dried permethylated product was
performed at 100°C with 90% HCOOH for 6h and further
hydrolyzed for 3 h with the use of 2 M TFA at 110°C. Reducting of
the residues was conducted with NaBHy, followed by acetylation
with the use of the acetic anhydride. Lastly, redissolving of the
methylated alditol acetates were achieved in CHCI3, followed
by GC-MS analysis. The GC temperature program was 170°C
for 3min, 170-178°C for 3min at a rate of 0.5°C/min, and
increased to 210°C for 5min at a rate of 2°C/min. These alditol
derivatives were obtained by GC-MS database and published

literature combined with the relative retention times on GC-MS,
and the assessment of the molar ratios was completed according
to the response factors and the peak areas.

Periodate Oxidation and Smith Degradation

The reported approach was used in treating the MDP sample
(20). In short, MDP was dissolved in 15 mmol/L sodium
periodate and kept in darkness at room temperature. Monitoring
of NalO4 consumption was performed with the aid of a UV-2550
spectrophotometer every 12h at 223nm until the absorption
value observed became stable. After the completion of the
oxidation reaction, excess NalO4 was removed through the
addition of ethylene glycol. Determination for the production
of formic acid was performed by titration with 0.01 M NaOH.
The reaction solution was then dialyzed for 48h (MW cutoff:
500 Da) and the addition of 50mg of NaBH,; was done
to reduce and dialyze again. Next, 2M TFA was added to
hydrolyze the polysaccharide solution. After complete hydrolysis,
methanol was added under a reduced pressure to remove the
acid by evaporation. Lastly, by performing GC-MS analysis, we
investigated the acetylated product.

Analysis for FT-IR and UV Spectroscopy

MDP was ground with the use of KBr powder, after which it
was pressed into pellets. Then, FT-IR analysis was conducted
on Fourier transform infrared (FT-IR, PerkinElmer Co., Ltd,,
USA) instrument in the 4,000-400 cm~! region. We recorded
the UV spectra of MDP in a 200-400 nm wavelength range with
the aid of a UV-2800 UV-visible spectrophotometer (Shimadzu
Inc., Japan).

NMR Spectroscopy Analysis

A total of 20 mg MDP fraction that was already dried was kept
over P,Os5 under vacuum for several days, followed by dissolving
in 0.5mL of D,0. The 'H-13C HSQC, HMBC, 'H NMR, 13C
NMR, and 'H-'H COSY spectra were observed using a Bruker
AV-600 spectrometer (Germany) at 28°C.

Immunological Activity in vitro

Cell Culture

We acquired RAW264.7 cells from Beina Chuanglian
Biotechnology Co., Ltd. (Beijing, China). The cells were
subjected incubation in DMEM supplemented with
penicillin (100 units/mL), 10% FBS, and streptomycin sulfate
(100 pLg/mL) at a temperature of 37°C in a humidified 5% CO,
incubator atmosphere.

to

Cell Viability Test

The impact of MDP at different concentrations on RAW264.7
cell viability was explored by performing the MTT assay in
vitro. In short, RAW264.7 cells were seeded at a density of 1
x 10* cells/well into 96-well microplates. After the cells were
subjected to incubation at 37°C for 24h with 5% CO,, then
incubated for 24h with MDP samples (0, 10, 50, 100, 200,
and 400 pg/mL) or LPS (1 wg/mL, positive control) additionally.
After incubation, an addition of 20 wL of the MTT solution
(5 mg/mL) was added to each well and then incubated again
at 37°C for an additional 4h in the medium. Afterward, each
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well was subjected to treatment with 150 pL of DMSO for the
purpose of dissolving formazan crystals after careful aspiration
of the medium. Finally, we utilized a microplate reader (BioTek
Instruments Inc., Winooski, VT, USA) with the purpose of
detecting the absorbance at 570 nm.

Cell viability % = (OD treatment group)/ (OD control group) x100%.

NO, TNF-«, and IL-6 Measurement

After incubation of RAW264.7 cells for 24 h with polysaccharide
samples as shown above, determination of the expression levels
of NO, TNF-a, and IL-6 in the culture supernatants was
performed with the aid of the enzyme-linked immunosorbent
assay (ELISA) kits (ML BIO Biotechnology, Shanghai, China).
Assays were conducted following the instructions provided by the
manufacturer, and cytokine concentrations were computed based
on the standard curves.

Phagocytic Activity Determination

An analysis of the phagocytic activity was performed through
flow cytometry. RAW264.7 macrophages were cultured in an
incubator at a density of 1 x 10° cells/well in a 24-well plate
for 24 h. Subsequently, cells were subjected to incubation for 24 h
with MDP (50, 100, 200, and 400 pug/mL) or LPS (1 pg/mL), after
which the medium was changed with 1 mL PBS comprising 100
L FITC-dextran (1 mg/mL). The plate was then allowed to be
incubated in an incubator for an additional 30 min. Afterward,
phagocytosis was halted through the addition of 2 mL of ice-cold
PBS, after which cold PBS was utilized for the purpose of washing
the cells 3 times (21). Flow cytometry was used in analyzing
the phagocytic activity (Beckman, Sanjose, CA, USA) using Flow
Jo software.

Measurement of Reactive Oxygen Species (ROS)
RAW 264.7 cells (1 x 10° cells/mL) were subjected to seeding in
a 6-well flat-bottom plate and incubation for 24 h. Each well was
cultured with the aid of several concentrations of MDP solutions
(50, 100, 200, and 400 pg/mL). The positive control group was
treated with 50 ug/mL Rosup provided in the kit for 30 min.
Next, the cells were exposed for an additional 30 min to DCFH-
DA (10 wM), after which they were washed 3 times with PBS.
Finally, flow cytometry was utilized in measuring fluorescence.

Immunological Activity in vivo

Animal Treatment and Experimental Design

SPF Male BALB/c mice (18-22g) were procured from
Weitonglihua Laboratory Animal Technology Co., Ltd. (Beijing,
China). The animals were provided with water and mouse
chow ad libitum, and were housed in a rodent facility at 22
£ 1°C with a 12h light-dark cycle for acclimatization. After
5 days environmental adaptation period, mice were randomly
divided into five groups: the control group, CTX model group,
the positive group (CTX+LMS), the low and high doses of
MDP groups (CTX+MDP-L and CTX+MDP-H). MDP groups
were treated with MDP (100, 200 mg/kg, i.g.) once daily on a
continuous basis for 14 days. All experiments used 12 mice per
group. The positive group was given LMS at a dose of 10 mg/kg

(i.p.) at the same frequency. While only saline was given to the
control and CTX groups. On the 10-12th days, CTX (80 mg/kg,
i.p.) was given to all the groups with the exception of the control
group to induce the state of immunosuppression.

Phagocytosis of Mononuclear

Mice were given a tail vein injection of diluted India ink (100
nL/10g). Blood samples were collected from the retroorbital
vein at 2min (t;) and 10 min (t;), and 20 pL of blood samples
were mixed with 2mL of 0.1% sodium carbonate solution.
The absorbance was measured by UV-Vis spectrophotometer at
675 nm, where OD; was the absorbance at t; and OD, was the t;.
The phagocytic index was calculated as the following formula:

K= (lgODl — lgODz)/(tz — tl)
1)
Phagocytic index o = v/KxA/(B + C)

Where A is the body weight, B is the liver weight and C is the
spleen weight.

Spleen and Thymus Indices

Twenty-four hours after the last dose, mice were weighed and
sacrificed. The spleen and thymus were removed and weighed.
The spleen and thymus indices were calculated according to the
following formula: thymus or spleen index (mg/g) = (weight of
thymus or spleen/body weight).

Measurements of IgM, IL-6, and TNF-« in Serum
Serum levels of IgM, IL-6, and TNF-a were determined by
colorimetry. The colorimetry was read with an enzymatic reader
using the mouse ELISA kit according to the instructions.

Histochemical Examinations of Spleen

The Hematoxylin and eosin (HE) staining of the spleen tissues
were performed to assess the histopathological condition and
photographed under the microscope.

Immunohistochemistry of Spleen

Positioning of CD4 and CD8 was visualized by
immunohistochemical staining as previously described (22).
Histological sections (4um) were prepared from formalin-
fixed, paraffin-embedded tissues. After deparaffinization and
rehydration for antigen retrieval, slides were heated in 10 mM
citrate buffer (pH 6.0) in a microwave oven and cooled to
room temperature.

Western Blot Assay

Spleen tissue stored at —80°C was centrifuged (12,000 g, 20 min,
4°C) after homogenization in an ice bath with lysis buffer
for 5min. BCA assay was used to determine the protein
content. The proteins denatured were separated with loading
onto 10% SDS-PAGE by electrophoresis and transferred to
PVDF membranes. 10% skim milk (made in TBS that contains
0.1% Tween 20) was utilized to block the membrane at room
temperature for 4h. The membranes were incubated with
primary antibodies against TLR4 (1:1000), MyD88 (1:1500), p-
NFkB (1:1000), NF«B (1:1500), p-JNK (1:2000), JNK (1:1500),
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FIGURE 1 | The physicochemical properties and structure characterization of MDP. (A) HPGPC chromatogram of MDP; (B) FT-IR of MDP. (C) GC-MS study of the
monosaccharide composition of MDP; (D) GC-MS analysis of mixed standards. (1) Ara; (2) Xyl; (3) Glc; (4) Gal; (5) internal standard; (E) GC-MS analysis of the MDP
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TABLE 1 | GC-MS data of alditol acetate derivatives from the methylated product

of MDP.

Methylated Linkage type Molar Mass fragments (m/z)

sugars (as alditol ratio

acetates)

2,3,4,6-O-Mey- Glep-(1— 2.24 43; 71; 87; 101; 117; 129;

Glc 145; 161; 205

2,3,4-O-Me3-Glc ~ — 6)-Glcp-(1— 31.27  43;87;113; 117; 129; 161;
173; 189; 233

2,4-0-Me,-Glc — 3,6)-Glcp-(1— 1.00 43; 87;99; 101; 117; 129;

189; 233

p-ERK (1:1500), ERK (1:1500), p-P38 (1:1000), P38 (1:750)
according to the manufacturer’s instructions. After being washed
3 times with TBST, the membranes were incubated with the
secondary antibody (1:5000) at room temperature for 1h.
The signal was detected with an ECL chemiluminescence
detection kit (Millipore, Massachusetts, USA) and quantified by
Amersham Imager 600 Chemiluminescence imaging system (GE,
Boston, USA).

Statistical Analysis

All data obtained were expressed as mean =+ standard deviation
(SD). One-way method of variance (ANOVA) was used to
determine the statistical significance of different groups. The
SPSS 20.0 software was used for all statistical analyses, *P < 0.05
was regarded as statistically significant.

RESULTS AND DISCUSSION

Extraction and Purification of MDP

CMDP was acquired from the rhizome of M. dauricum with
a yield of 3.00 & 0.14% (w/w), after a number of processing
steps, which include hot water extraction, ethanol precipitation,
and deproteinization by the TCA-n-butanol method. CMDP was
purified through DEAE-cellulose with 0.2M NaCl solution as
the eluent and then further purified by Sephacryl S-100 and
Sephadex G-50 chromatography with deionized water for the
purpose of obtaining a purified polysaccharide (MDP), the yield
of MDP was 0.72 %+ 0.05%. The results showed that MDP
is predominantly composed of polysaccharides (95.32%) with
almost no protein (0.38%).

Physicochemical Properties of MDP

The appearance of MDP was a white powder. Monitoring UV
absorption at 280 or 260 nm revealed that there were hardly any
proteins or nucleic acids. The HPGPC elution profile of MDP
(Figure 1A) displayed a single symmetrical and narrow peak,
suggesting that it was a homogeneous polysaccharide. According
to the calibration curve of the dextran standard (y = —0.7982x
+ 9.753, r = 0.9992) obtained by Agilent GPC software, the
molecular weight of MDP was ~6.16 x 10° Da. The FT-IR
spectrum of MDP (Figure 1B) revealed that the absorption was
highly significant at 3,391.5 cm ™!, which attributed to the angular
vibration and stretching vibration of the O-H linkage of the

polysaccharide. The signal at 2,931.07 cm™! contributed to the
stretching vibration of C-H in the sugar ring. The presence of
a-configuration glycosidic bonds in MDP was confirmed by a
characteristic absorption at 849.51 cm™!.

Structural Characterization of MDP

TLC  (Supplementary Figure1) and GC-MS analysis
(Figures 1C,D) suggested that MDP did not contain uronic
acid and consisted only of glucose.

The completely methylated MDP product was hydrolyzed
with acid, transformed into alditol acetate, and subjected
to a GC-MS analysis (Figure1E). Three main peaks
were observed with retention times of 7.9421, 11.6674,
and 12.3668, and the three kinds of derivatives were
identified as 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-glucitol,
1,5,6-tri-O-acetyl-2,3,4-tri-O-methyl-glucitol, and 1,3,5,6-tetra-
O-acetyl-2,4-di-O-methyl-glucitol. The results revealed that
MDP was composed of (1— 6)-linked, (1— 3, 6)-linked, and
terminal glucosyl residues in a molar ratio of 31.27:1.00:2.24
(Table 1), indicating that MDP has a backbone consisting of
(1— 6)-linked glucosyl residues, with a single glucose branch
at the C-3 position and one terminal glucosyl residue at the
non-reducing end together with the main chain.

The periodate oxidation concerning MDP led to a
consumption of 2.04 mol of periodate and output of a formic
acid of 1.03 mol per sugar residue, suggesting the presence of
1— or 1— 6 linkages. The degradation products following
Smith degradation of the oxidized product were subjected to
GC-MS analysis. Glycerol was mainly found, suggesting a large
amount of 1— , 1— 6, or 1— 2 linkages. The periodate that was
consumed was about twice the formic acid obtained, suggesting
that there was no 1— 2 linkage. These findings were in good
agreement with multiple studies regarding MDP methylation.

The sugar residues were assigned by applying 1D (‘H NMR
and *C NMR) and 2D (‘H-'H COSY, 'H-"*C HSQC, and
HMBC) NMR spectra. As most sets of signals overlap, there was
a challenge in the identification of non-anomeric proton signals
in the MDP 'H NMR spectrum (Figure 2A). However, there
was a presence of three anomeric proton signals in the 'H-'H
COSY correlations (Figure 3A), confirming the presence of three
anomeric protons at § 4.97, 5.23, and 5.29, which were allocated
to H-1 of (1— 3,6)-linked (A), (1— )-linked (B), and (1— 6)-
linked (C) glucosyl residues (Figure 4), respectively. The sugar
residues A, B and C were all a-configuration units according
to the chemical shifts for the anomeric protons as well as the
published literature comparison (23).

Three anomeric signals at § 99.52, 99.81, and 103.25 were
included in the '*C NMR spectrum (Figure 2B) and they were
assigned to C-1 of (1— 6)-linked (C), (1— )-linked (B),
and (1— 3,6)-linked (A) glucosyl residues. The C-3 signal of
(1— 3,6)-linked glucosyl residues and the C-6 of (1— 3,6)-
linked, (1— 6)-linked glucosyl residues underwent a downfield
shift caused by the glycosylation effect. The signal at § 81.09
was assigned to C-3 of (1— 3,6)-linked glucosyl residues,
and the signals at & 71.40 and 71.47 were assigned to O-
substituted C-6 of (1— 3,6)-linked and (1— 6)-linked glucosyl
residues, respectively.
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FIGURE 2 | NMR spectra of MDP. (A) "H NMR spectrum of MDP and (B) '*C NMR spectrum of MDP.

The identification of three groups with related signals was
achieved from the COSY spectrum (Figure 3A): H-1/H-2 at §
4.97/4.00, H-2/H-3 at § 4.00/4.03, H-3/H-4 at § 4.03/3.92, H-4/H-
5at$3.92/3.72, H-5/H-6a, H-6b at 8 3.72/3.52, 3.73; H-1/H-2 at 3
5.23/3.53, H-2/H-3 at § 3.53/3.60, H-3/H-4 at 4 3.60/3.31, H-4/H-
5 at § 3.31/3.52, H-5/H-6a, H-6b at § 3.52/3.66, 3.77; H-1/H-2
at 8 5.29/3.52, H-2/H-3 at § 3.52/3.85, H-3/H-4 at § 3.85/3.75,
H-4/H-5 at 8 3.75/3.55, and H-5/H-6a, H-6b at § 3.55/3.52, 3.73.

The 'H-3C HMQC (Figure 3B) spectrum of MDP suggested
data on the relationship of *C and its linked 'H: H-1/C-1 at §
4.97/103.25, H-2/C-2 at § 4.00/70.25, H-3/C-3 at § 4.03/81.09,
H-4/C-4 at  3.92/70.11, H-5/C-5 at § 3.72/76.37 and H-6a, H-
6b/C-6 at d 3.52, 3.73/71.40 for (1— 3,6)-linked glucosyl residue;
H-1/C-1 at § 5.23/99.81, H-2/C-2 at § 3.53/70.28, H-3/C-3 at 8
3.60/73.19, H-4/C-4 at § 3.31/69.20, H-5/C-5 at 8 3.52/73.12 and

H-6a, H-6b/C-6 at § 3.66, 3.77/60.36 for (1— )-linked glucosyl
residue; H-1/C-1 at 8 5.29/99.52, H-2/C-2 at § 3.52/71.47, H-3/C-
3atd3.85/73.55, H-4/C-4 at 3 3.75/71.00, H-5/C-5 at § 3.55/76.86,
and H-6a, H-6b/C-6 at § 3.52, 3.73/71.47 for (1— 6)-linked
glucosyl residue.

To deduce glycosidic bonds between sugar residues in
MDP, long-range proton-carbon correlations were determined
using 'H-'*C HMBC (Figure 3C). In the anomeric region
of the HMBC spectrum, associations from H-1 (3 4.97) of
the (1— 3,6)-linked glucosyl residue to C-6 (3 71.47) of
the (1— 6)-linked glucosyl residue and from H-1 (§ 5.23)
of the (1— )-linked glucosyl residue to C-3 (8§ 81.09) of
the (1— 3,6)-linked glucosyl residue were found. MDP had
a (1— 6)-linked backbone, and a (1— )-linked glucosyl
residue was connected to the C-3 of the main chain according
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FIGURE 4 | Schematic of the structure of MDP.

to this finding. The entire structural features of MDP were
obtained from the above results, and the proton and carbon
chemical shifts of different glucose residues are displayed
in Table 2.

On the above basis of the results, it can be concluded as
follows: MDP is an a-D-glucan that has a (1— 6)-linked
backbone, with a single glucose branch at the C-3 position in the
main chain. The predicted structure is shown in Figure 4.

Immunological Activities of MDP in vitro
Effect of MDP on RAW264.7 Cell Viability

In the innate immune system, Macrophages are the key
cells. Furthermore, they are the primary cells underlying
host inflammatory and other immune processes. A number
of polysaccharides have been proven to promote activity
and proliferation of RAW264.7 cells (24). Therefore,
we assessed the influence of MDP on RAW264.7 cell
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TABLE 2 | "H and '*C NMR chemical shifts of polysaccharide MDP in D,O.

Linkage type H-1/C-1 H-2/C-2 H-3/C-3 H-4/C-4 H-5/C-5 H-6/C-6
— 3,6)-Glcp-(1— 4.97/103.25 4.00/70.25 4.03/81.09 3.92/70.11 3.72/76.37 3.52,3.73/71.40
Glep-(1— 5.23/99.81 3.53/70.28 3.60/73.19 3.31/69.20 3.52/73.12 3.66,3.77/60.36
— 6)-Glcp-(1— 5.29/99.52 3.52/71.47 3.85/73.55 3.75/71.00 3.55/76.86 3.562,3.73/71.47
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FIGURE 5 | The immunological activities of MDP in vitro. (A) Effects of MDP on the viability of RAW264.7 cells. (B) Effect of MDP on the secretion of NO in RAW264.7
cells. (C) Effect of MDP on the secretion of the cytokine IL-6 in RAW264.7 cells. (D) Effect of MDP on the secretion of the cytokine TNF-a in RAW264.7 cells. The
values are presented as the mean + SD, n = 3. **P < 0.01 vs. control group.

viability, and the findings were presented in Figure 5A.
The cell viability levels of different groups were 120.66,
123.64, 118.76, 130.02, and 114.73%, respectively, at
dosages of 10, 50, 100, 200, and 400 pg/mL, (P > 0.05),

Effect of MDP on the Secretion of NO, TNF-«, and
IL-6 in RAW264.7 Cells

Macrophages are the most crucial immune defense-related cells
in the body. After activation, they can generate a variety of

which showed that MDP could remarkably enhance cytokines and chemokines. The release of a series of biological
RAW?264.7 proliferation. factors (NO, TNF-q, IL-6, and etc.) is a fundamental mechanism
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FIGURE 7 | Effect of MDP on the production of ROS in RAW264.7 cells. (A) The production of ROS was examined by flow cytometry (a) Control group; (b) 50 wg/mL

Rosup; (c) 50 pg/mL MDP; (d) 100 pwg/mL MDP; (e) 200 pg/mL MDP; (f) 400 wg/mL MDP. (B) Quantitative analysis of the ROS production in RAW264.7 cells. The
values are reported as the mean + SD, n = 3. *P < 0.05 or **P < 0.01 vs. control group.

of immunomodulators (25). As a type of essential molecule
generated by macrophages, NO exerts a crucial role in apoptosis
regulation and host defense against tumor cells and pathogens.
Moreover, NO might also enhance the phagocytosis as well as
the lysis of macrophages. As a result, the capacity of releasing
NO by macrophages indicates the impacts of polysaccharides on
immune function. The primary active molecules in organisms,
including IL-6 and TNF-a, play crucial functions in the process
of inflammation, cancer, and immune diseases (26). When

the host is invaded by exogenous pathogen threats, activated
macrophages generate IL-6 and TNF-a to mediate the immune
system (27). The results were displayed in Figure5. After
MDP administration, there was a remarkable elevation in the
expression of NO (Figure 5B), IL-6 (Figure 5C), and TNEF-
a (Figure 5D) levels. These results suggested that MDP has
significant immunomodulatory activities via the mechanism of
increasing the release of NO and cytokines (IL-6, TNF-a) in
RAW264.7 cells.
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FIGURE 8 | The immunological activities of MDP in vivo. (A) Effect of MDP on the phagocytic index a. (B) Effect of MDP on the spleen and thymus indices in mice
induced by CTX. (C) Effect of MDP on the secretion of IgM in serum of mice induced by CTX. (D) Effect of MDP on the secretion of IL-6 in serum of mice induced by
CTX. (E) Effect of MDP on the secretion of TNF-a in serum of mice induced by CTX. Values are given as means + S.D [n = 3 of (A,C-E) and n = 12 of (B)]. #P <
0.05, ##P < 0.01 vs. control group; *P < 0.05, **P < 0.01 vs. CTX group.

Effect of MDP on the Phagocytic Activity of the concentration of intracellular ROS is a viable biomarker
RAW264.7 Cells for indicating the immuno-stimulating impact of samples in
Macrophages have the ability to swallow big foreign particles =~ RAW264.7 cells. As demonstrated in Figure 7, the intensity of
and multiple organelles or macromolecules in the cells, thus  DCF fluorescence enhanced gradually with the increase of the
exerting a critical role in resisting infection and maintaining  dosage of MDP. In other words, the generation amount of ROS
normal physiological functions. The phagocytic ability of FITC-  was elevated significantly in a dose-dependent way in comparison
dextran in RAW264.7 cells was performed with the aid of to the control group, indicating that MDP might improve the
flow cytometry (Figure 6). In comparison to the control group, — immune ability by stimulating the production of ROS.

50-400 pg/mL MDP treatment improved the RAW264.7 cells’ . . i :
phagocytic capacity in a dose-dependent way, the percentages Immunological Activities of MDP in vivo

of positive cells in MDP-induced RAW264.7 cells (50, 100, ~Effect of MDP on the Phagocytosis of Mononuclear
200, and 400 pg/mL) were 20.65, 35.33, 56.28, and 58.69%, Macrophages
respectively. These results revealed that MDP has significant ~ The carbon clearance tests can reflect the monocytes’ phagocytic
immunomodulatory activity by moderately improving the  function. The removal rate of carbon particles was found to be
phagocytic ability of the large molecules in RAW264.7 cells. related to the enhancement of phagocytosis (1). The phagocytic
ability of mononuclear macrophages is usually denoted by the
Effect of MDP on the Production of ROS in RAW264.7  phagocytic index a. As shown in Figure 8A, it was observed that
Cells the phagocytic index o was markedly decreased in the model
ROS plays a role in the production of multiple inflammatory  group compared with the control group (P < 0.01). MDP were
factors or capacity enhancement of cells to phagocytose, effective in increasing the phagocytic index o in CTX-treated
eliminating bacteria as well as other foreign materials (28). Thus, = mice in a dose-dependent manner, and the phagocytic activities
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TABLE 3 | Effect of MDP on the body weight in mice induced by CTX.

Groups Final bodyweight Increase of
bodyweight
Control 22.42 +£0.47 3.18 +0.44
CTX 17.92 4+ 1.03%# —1.63+0.74
CTX+LMS 19.93 £ 0.38* —1.00 £ 0.41
CTX+MDP-L 18.94 + 0.51* —0.83 £ 0.31
CTX+MDP-H 19.10 + 0.41* —-0.12 £ 0.36

Values are given as means + S.D (n = 12).
#P < 0.01 vs. control group.
*P < 0.05, **P < 0.01 vs. CTX group.

were nearly reinstated to the control levels at a dose of 200 mg/kg,
demonstrating that MDP capable of improving the macrophage
function in CTX-induced mice.

Effect of MDP on the Bodyweight, Spleen, and
Thymus Indices

Body weight is an indicator of the growth status of mice,
while thymus and spleen are the major organs of immunity,
so they can be a reflection of the immunity functions of mice
induced by CTX. The effect of MDP on the bodyweight of mice
was presented in Table 3. CTX was found to cause a marked
reduction in bodyweight to just 17.92 g compared to the control
value of 22.42 g, which indicated that the immunosuppressive
modeling was built successfully. Bodyweight was significantly
restored when mice were treated with MDP, indicating that MDP
could alleviate the weight loss caused by CTX. The spleen and
thymus indices were shown in Figure 8B. Compared with the
control group, CTX-treatment mice had much lower thymus and
spleen indices, reflecting the worse immune activity. The thymic
and splenic indices were ameliorated in LMS than in model
groups, and MDP also increased the splenic and thymic indexes
in CTX-induced BALB/c mice, which suggested that MDP could
reverse the immune organ atrophy induced by CTX.

Effect of MDP on Cytokines and Immunoglobulin in
Serum

Immuneglobulin (Ig) and cytokines are both engaged in
immune response and regulation. Thus, we measured the
releases of IgM, IL-6 and TNF-a in serum by ELISA according
to the manufacturer’s protocols. The results were shown in
Figures 8C-E, the serum levels of IgM, IL-6 and TNF-a in
the model group reduced significantly compared to the control
group (P < 0.01). However, the addition of MDP resulted
in an increase of IgM and IL-6 in immunosuppressive mice.
MDP also increased the levels of TNF-a, but there was no
significant difference. These results suggested that MDP could
enhance the cytokine and immunoglobulin levels in serum of
mice dramatically.

Effect of MDP on the Histological Morphology of
Spleen

As shown in Figure9, clear demarcation between the white
and the red pulp was observed in the spleen of the control

group, and the spleen cells were dense and arranged in good
order with a clear nucleus. In contrast, in the CTX group,
no visible demarcation was observed between the spleen white
and red pulp. What' more, CTX group displayed the small
splenic corpuscle with irregular shape and discrete lymphocyte
arrangement. After the intervention of MDP, the area of splenic
corpuscle increased, and the dividing line became obvious. This
result showed that MDP could repair the damage of CTX on the
spleen through protecting the splenic corpuscle and recovering
lymphocyte quantity.

Effect of MDP on the CD4* and CD8* T
Lymphocytes of Spleen

To investigate the effects of MDP on cellular immunity,
CD4% and CD8" T lymphocyte levels were determined by
immunohistochemistry. The percentages of splenic CD4" T
lymphocytes (Figure 10A) were significantly higher in the MDP-
treated groups than in the CTX group. Compared with the CTX
group, the increases in CD8" T lymphocytes (Figure 10B) in
the MDP-treated groups were not statistically significant. The
CD4%/CD8™ (Figure 10C) of the MDP-treated groups also led
to a significant increase when compared with the CTX group,
indicating that MDP improved immune function by regulating
T lymphocyte subsets.

Effect of MDP on the TLR4-MyD88 Pathways in vivo
TLR4, a canonical receptor for LPS, is known to recognize
a variety of natural polysaccharides. TLR4 has two distinct
downstream signaling pathways, including MyD88- and
TRIF-dependent signaling pathways. Subsequent activation of
MAPK/NF-kB signaling pathway by MyD88-dependent pathway
induces the secretion of effector cytokines (29). To further
verify whether TLR4-MyD88 mediates the immunomodulatory
effects of MDP, we measured the effect of MDP on the protein
expression levels of key nodes in the TLR4-MyD88 signaling
pathway in the CTX-treated mice. The results showed MDP
significantly elevated the protein expression (Figure 11) of TLR4,
MyD88, p-NFkB, and p-JNK. The results demonstrated that
MDP activates MyD88-dependent signaling pathways through
TLR4 to promotes immune activity (Figure 12).

DISCUSSION

According to the findings of the present research, MDP
presented significant immunomodulatory activity as a plant-
originated polysaccharide. In recent years, more and more
glucans with immunomodulatory activity have been reported.
Bao et al. (30) found that branched (1— 3)-a-d-Glcp isolated
from Ganoderma lucidum spores may boost both in vitro
and in vivo lymphocyte proliferation as well as antibody
production. Yang et al. (31) extracted a polysaccharide called
NGP from ginger that had a main chain of 1,4-linked a-D-Glcp
and a-D-Glcp residues branched at the C-6 position. NGP
could boost macrophage proliferation significantly without
cytotoxicity and promote immune substances production
(NO, TNF-a, IL-1B, and IL-6). Nair et al. (32) revealed that
a-glucan containing a (1— 4) linked backbone and (1— 6)
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linked branches from Tinospora cordifolia presented distinctive  containing (1—  6)-a-D-glucan have great immunological
immune-stimulating characteristics. Many polysaccharides  activity. Zhao et al. (33) reported that (1— 6)-a-D-glucan
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FIGURE 12 | The proposed mechanism underlying the immunological effects
of MDP.

from the Ipomoea batatas root could contribute to an
improvement in the immune system and be considered as
a biological response modifier. Yang et al. (34) extracted an
a-(1—  6)-D-glucan from banana, its immunostimulatory
activities had similarities to a clinical immunostimulatory
drug known as B-(1—  3)-D-glucan. Similarly, in our
study, MDP could also activate macrophages to promote
immune activity, which may be related to the inclusion of
a-(1— 6)-D-glucan.

In summary, a new water-soluble polysaccharide called MDP
containing a molecular weight of 6.16 x 10> Da was acquired in
the present research with the use of DEAE-52 cellulose, Sephacryl
§-100, and Sephadex G-50 column chromatography. MDP is an
a-D-glucan, which has a (1— 6)-linked backbone branched at
the C-3 position with a glucosyl residue. MDP could remarkably
enhance the proliferation, phagocytosis, and release of ROS, NO,
TNF-a, and IL-6 factors in RAW264.7 cells. For immunological
activity in vivo, MDP could significantly increase the thymus and
spleen indices, enhance the macrophage function, increase the
level of cytokine (IL-6 and TNF-a) and immunoglobulin (IgM)
in the serum and regulate T lymphocyte subsets. Furthermore,
MDP elevated the expression of the critical nodes in the TLR4-
MyD88 signaling pathways in vivo. The results indicate that MDP
has the capacity of becoming an immunomodulator and could
further be applied in the pharmaceutical as well as functional
food industries.
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To investigate the effect of Flammulina velutipes polysaccharides (FVPs) on mice intestinal
inflammation, FVPs were extracted from Flammulina velutipes (FV) using a solid anaerobic
fermentation technique. The antioxidant and anti-inflammatory capacities of FVP and
fermented FVP (FFVP) induced by lipopolysaccharide (LPS) were investigated in vitro
and in vivo. The results showed that the yield of FFVP (9.44%) was higher than that
of FVP (8.65%), but the molecular weight (MW) of FFVP (15,702 Da) was lower than
that of FVP (15,961 Da). The antioxidant and anti-inflammatory capacities of FFVP were
higher than that of FVP in preventing mice diarrhea, enhancing antioxidant capacities,
and reducing the secretion and mRNA expression of interleukin-1g (IL-18), IL-6, IL-18,
and tumor necrosis factor-a (TNF-a). The anti-inflammatory mechanisms of FVP and
FFVP were analyzed by inhibiting the activation of the NLRP3 signaling pathway using an
LPS-induced mice model. This study indicated that FFVP could be used as a functional
antioxidant, indicating a potential application in functional food and health products.

Keywords: Flammulina velutipes polysaccharides, solid anaerobic fermentation, anti-inflammatory capacities,
NLRP3 signaling pathway, antioxidant capacities

HIGHLIGHTS

- First report the extraction of fermented Flammulina velutipes polysaccharides (FFVP).
FFVP with low molecular weight has higher anti-inflammatory capacities than FVP.
FFVP regulates inflammatory response by inhibiting NLRP3 signal pathway activation.

INTRODUCTION

Flammulina velutipes (FV), as one of the four major cultivated edible fungi, is widely artificially
cultivated in the world (1). It is well-known that FV mainly contains abundant polysaccharides
and proteins, and among them, FV polysaccharides (FVP) have shown many excellent biological
activities, including antioxidant, antimicrobial, anti-aging, anti-tumor, and immunomodulatory
properties (2, 3). For instance, previous studies have reported that FVP could improve antioxidant
capacities and anti-inflammatory properties by increasing the immunoglobulin and immune
factors in mice serum (4, 5), and play an immunomodulatory role in regulating the intestinal
environment and improving the balance of flora (6).
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It is well-known that the preparation and purification of
polysaccharides are critical to investigating their functional
capacities. The traditional extraction methods of polysaccharides
include hot water extraction (HWE), enzyme extraction (EE),
chemistry assisted extraction (CAE), and pressurized liquid
extraction (PLE) (7). However, the low extraction efficacy, high
cost, and environmental pollution are the pitfalls of these
methods. Recently, microbial fermentation has been widely
employed to extract bioactive compounds and is applied in food,
agriculture, environment, and medicine fields (8). Moreover, the
solid-state fermentation, one of the most common forms of
microbial fermentation, is an alternative method to produce large
amounts of fungal polysaccharides, which has the advantages
of a shorter production cycle, less environmental pollution,
higher yield, and better product quality (9, 10). For instance,
polysaccharides were extracted from Monascus purpureus using
microbial fermentation, which enhanced immunomodulatory
capacities by significantly improving pinocytic and phagocytic
capacities (11). Moreover, polysaccharides were extracted from
Inonotus hispidus using solid-state fermentation, showing
that they had high yields and antioxidant capacities and
could reduce H;O;-induced oxidative damage to cells in
vitro (12).

NLRP3 (Nucleotide- binding oligomerization domain,
leucine- rich repeat and pyrin domain- containing 3)
inflammasome is a multiprotein complex located in the
cytoplasm and has been proven to be closely related to
the pathological process of intestinal inflammation (13).
Cui et al. (14) reported that colitis could be ameliorated
by polysaccharides from Scutellaria baicalensis Georgi via
suppressing NLRP3 inflammasome activation. Thus, FVP has
excellent antioxidant and anti-inflammatory capacities. There
has few research on the extraction of fermented FVPs and their
antioxidant and anti-inflammatory capacities. Therefore, we
hypothesized that FVP extracted using microbial fermentation
has higher extraction efficacy and biological functions than
unfermented ones in vitro and in vivo. In this work, the yields
and molecular weight (MW) of FFVP and unfermented FVP
were compared, and anti-inflammatory capacities were studied
using lipopolysaccharide (LPS)-induced mice model. This study
could provide a new idea for developing a functional additive to
alleviate intestinal inflammation.

Abbreviations: FV, Flammulina velutipes; FVP, Flammulina velutipes
polysaccharides; FFVP, fermented Flammulina velutipes polysaccharides; LFVP,
low dose FVP group; HFVP, high dose FVP group; LFFVP, low dose FFVP
group; HFFVP, high dose FEVP group; LPS, lipopolysaccharide; SDS-PAGE,
sodium dodecyl sulfate polyacrylamide gel electrophoresis; PVDE, polyvinylidene
fluoride; TBST, Tris buffered saline tween; RIPA, radio immunoprecipitation
assay; ECL, electrochemical luminescence; HWE, hot water extraction; EE,
enzyme extraction; CAE, chemistry assisted extraction; PLE, pressurized liquid
extraction; MW, molecular weight; MDA, Malondialdehyde; CAT, catalase; GSH-
Px, Glutathioneperoxidase; SOD, Super oxide dismutase; T-AOC, total antioxidant
capacity; H&E, hematoxylin and eosin; V/C, villi height to crypt depth; HRP, horse
radish peroxidase; NCVP, Nostoc commune Vauch polysaccharides; PEDV, porcine
epidemic diarrhea virus; GPP, Gynostemma pentaphyllum herb polysaccharides.

TABLE 1 | The ratio of villus height to crypt depth (V/C value).

Group  Villus height (um)  Crypt depth (um) V/C value
Jejunum CON 354.50+£35.242 62.30+2.86° 5.69+1.232
LPS 206.56+21.37¢ 99.23+6.022 2.08+0.319
LFVP 241.62423.949 93.2645.68° 2.59+0.174
HFVP 281.47+£23.58° 88.29+4.06° 3.194+0.32°
LFFVP 260.054:24.319 90.44+4.27° 2.88+0.264
HFFVP 283.19+31.45° 85.42+4.31¢ 3.324+0.51¢
lleum CON 238.96+31.252 60.38+6.15° 3.96+0.582
LPS 123.23+24.98° 89.72+8.242 1.3740.09°
LFVP 142.67+25.019 86.22+7.512 1.6540.74°4
HFVP 161.57+24.14° 78.71+7.18° 2.05+0.14°
LFFVP 149.90+25.679 84.33+7.042 1.78+0.82°
HFFVP 165.88+27.36° 78.0447.23° 2.13+0.36°
Colon CON 341.61+£36.182 61.02+2.86° 5.60+£1.202
LPS 229.58+26.49° 95.61+6.022 2.4040.129
LFVP 257.124+19.84¢ 91.03+5.68° 2.82+0.254
HFVP 275.13+£12.04° 86.0444.16° 3.20+0.87¢
LFFVP 268.71£22.57¢ 85.64+4.27° 3.14+1.03¢
HFFVP 284.37+£21.24° 82.77+4.19° 3.444+0.69°

The same letters (a—e) in the same column indicate no significant difference (P > 0.05),
while the different letters in the same column indicate significant difference (P < 0.05).
CON, control group; LFVR, low dose FVP group,; HFVR, high dose FVP group; LFFVF, low
dose FFVP group; HFFVF, high dose FFVP group.

MATERIALS AND METHODS

Materials and Reagents

Flammulina velutipes was obtained by Shanghai Guangming
Senyuan Biotechnology Co., Ltd., China. The microbial
culture starter, including Bacillus subtilis CMCCB 63501,
Bifidobacterium longum ATCC 15707, and Saccharomyces
cerevisiae ATCC 9763, was a kind gift from Shanghai Chuangbo
Ecological Engineering Co., Ltd., China (production batch No.
CB08190529). LPS was obtained from Sigma-Aldrich (St. Louis,
MO, United States). Other chemicals and reagents were of
analytical grade and were purchased from Sigma-Aldrich (St.
Louis, MO, United States).

Extraction of FFVP

Flammulina velutipes was pulverized using Waring blender
(Shanghai Shibang Machinery Co., Ltd., China) and passed
through a 0.75 mm sieve. Microbial culture starter (0.10%, v/w)
was then added to the smashed FV and stirred (200 rpm) in
a fermentation tank (Shanghai xiaohan industrial development
co., Ltd., Shanghai, China) at the ambient room temperature.
The optimal fermentation conditions, including the amounts of
molasses contents (3%), temperature (28°C), moisture contents
(40%), and culture time (10 days), were previously reported for
the production of FFVP (15).

Ultrahigh pressure (HPP600/5L, Suzhou, China)-ultrasonic
extraction method (HA131-50-01, Nantong supercritical
extraction Co., Jiangsu, China) was used to extract the FVP
and FFVP from FV and FFV, respectively. The optimized
extraction conditions, including pH = 5, ultrahigh pressure of
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FIGURE 1 | Molecular weight (MW) of FVP (A) and FFVP (B). FVP and FFVP are Flammulina velutipes polysaccharides and fermented Flammulina velutipes
polysaccharides.
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FIGURE 2 | Serum inflammatory factor contents, including IL-18 (A), IL-6 (B), IL-18 (C), and TNF-a (D). Mice were stimulated with 3 mg/kg LPS and/or 50 and 100
mg/kg FVP and FFVP. CON group, LPS group (3 mg/kg LPS), FVP and FFVP groups (50/100 mg/kg FVP and FFVP plus 3 mg/kg LPS). FV, Flammulina velutipes; FVP,
Flammulina velutipes polysaccharides; CON, control group; LPS, lipopolysaccharide; LFVP, low dose FVP group; HFVP, high dose FVP group; LFFVP, low dose FFVP
group; HFFVP, high dose FFVP group. **P < 0.01 represents LPS vs. CON group; a, b and ¢ (P < 0.05) represent FVP and FFVP groups vs. LPS treated mice.

360 MPa, ultrahigh pressure time of 5min, ultrasonic power  (15). During the FVP extraction, lipids, pigments, and small

of 180W, extraction temperature of 80°C, and extraction
time of 40 min, have been reported based on a previous study

molecular compounds were all washed out from FV first.
The residues were then extracted with distilled water, and
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FIGURE 3 | Jejunum (A), ileum (B), and colon (C) intestinal morphology of CON group (1), LPS group (2), LFVP group (3), HFVP group (4), LFFVP group (5), HFFVP
group (6). The magnification is 20x. FV, Flammulina velutipes; FVP, Flammulina velutipes polysaccharides; CON, control group; LPS, lipopolysaccharide; LFVP, low
dose FVP group; HFVP, high dose FVP group; LFFVP, low dose FFVP group; HFFVP, high dose FFVP group.
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FIGURE 4 | LPS-induced IL-18 (1), IL-6 (2), IL-18 (3) and TNF-a (4) mRNA expression treated by FVP and FFVP in jejunum (A), ileum (B), and colon (C). Mice were
stimulated with 3 mg/kg LPS and/or 50 and 100 mg/kg FVP and FFVP. CON group, LPS group (3 mg/kg LPS), FVP and FFVP groups (50/100 mg/kg FVP and FFVP
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FVP and FFVP groups vs. LPS treated mice.

the supernatant was filtered, combined, and concentrated.
The crude polysaccharides were then precipitated by adding
ethanol and washed successively with anhydrous ethanol,
acetone, and petroleum ether (16). The extracted crude FVP
was then harvested after deproteinization with Sevag solution
(chloroform: butylalcohol = 5:1) and fractionated through
diethylaminoethyl (DEAE)-Sepharose fast flow column (elution
conditions: distilled water and 0.05, 0.1, 0.2, 0.3, and 0.5 mol/L
NaCl gradient solutions) (1).

Molecular Weight Determination

The MW of FVP and FFVP was determined using HPLC (Waters
Arc HPLC, Shanghai, China) equipped with a diode array and
differential detector. Analyses were performed on a charged
surface hybrid (CSH) C'® column (5pum, 4.6 x 150 mm). The
treatment conditions consisted of a mobile phase: 0.1% formic

acid aqueous solution (A) and methanol (B), a flow rate of
0.6 ml/min, and an injection volume of 20 pl, respectively.
A standard curve with the elution volume plotted against the
logarithm of MW was constructed using the Dextran T standards
and glucose according to Tang’s method (17), and the MW
of FVP/FFVP was calculated by the calibration curve equation
based on their elution volume (18).

Animals and Experimental Design

Four-week-old male BALB/c mice obtained from Shanghai
JieSiJie Laboratory Animals Co., Ltd. (Shanghai, China) were
put in polypropylene cages. All mice were raised under standard
conditions of 12 h light/dark cycle at 25 & 2°C, with a relative
humidity of 55 £ 5%. The mice had free access to a basal diet
(Jiangsu Xietong Inc., Nanjing, China) and water. After one week
adaption, 60 mice were randomly divided into 6 groups with 10
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mice in each group and filled the stomachs with 2mL sample
everyday as follows: CON group (normal saline), LPS group
(normal saline), LFVP group (50 mg/kg FVP), HFVP group (100
mg/kg FVP), LEFVP group (50 mg/kg FFVP) and HFFVP group
(100 mg/kg FFVP). The experiment lasted for 60 days. On the last
day, the CON group was injected intraperitoneally with normal
saline (2 ml), while the LPS group, LFVP group, HFVP group,
LFFVP group, and HFFVP group were injected intraperitoneally
with LPS (2ml, 3 mg/kg) to induce intestinal inflammation in
mice (19). All experimental procedures were approved by the
Institutional Animal Ethics Committee of Shanghai Jiao Tong
University under animal protocol number 202101207.

Behavior and Appearance Observation of
Mice

A total of three mice were randomly selected from each group
and placed in a box after intraperitoneal injection. The behavior

and appearance, including diarrhea occurrence and mice hair,
were observed after 4 h (20).

Serum Oxidative Stress and Inflammatory
Factor Analysis

Blood was collected from the eyeball of mice under anesthesia,
and then the serum was obtained after centrifugation (5420,
Eppendorf, Hamburg, Germany; 4,000 rpm, 10min). The
H,0; and malondialdehyde (MDA) levels, catalase (CAT),
glutathione peroxidase (GSH-Px), superoxide dismutase (SOD)
capacities, and total antioxidant capacities (T-AOC) in serum
were detected using an assay kit (Beyotime Biotechnology,
Shanghai, China). Besides, the levels of interleukin-1f (IL-1p),
IL-6, IL-18, and tumor necrosis factor-a (TNF-a) in serum
were detected by enzyme linked immunosorbent assay method
(ELISA) using ELISA Kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China).

Histological Analysis of Mice Intestine

The jejunum, ileum, and colon tissue sections were fixed in 10%
formalin and embedded in paraffin to analyze the pathological
changes. Sections (5 um thick) were stained with a hematoxylin
and eosin (H&E) stain kit (D006-1-1, Nanjing Jiancheng
Bioengineering Institute, Nanjing, China) and observed under a
light microscope (Eclipse Ci-L, Nikon, Tokyo, Japan). Image-Pro
Plus 6.0 (Media Cybernetics, Rockville, MD, United States) was
used for analysis. The height of intact villi and the depth of crypts
in each section were measured, respectively, and the ratio of villi
height to crypt depth (V/C value) was calculated (n = 5).

Quantitative Real-Time Polymerase Chain

Reaction Analysis

Total RNA of intestinal samples was isolated with Trizol
Reagent (Takara, Kyoto, Japan) after incubation for 24h
(21). RNA amount and quality were determined using
the spectrophotometer (GeneQuant 1300 GE, Austin, TX,
United States). The absorbance of samples between 1.8 and
2.0 at 260-280nm was subjected to acceptable quality and
integrity. The ¢cDNA was synthesized with TransScript First-
Strand complementary DNA synthesis SuperMix (AT341-01,

Roche, Basel, Switzerland). The primer sequences are shown
in Supplementary Table 1. Polymerase chain reaction (PCR)
was performed in StepOnePlus Real-time PCR system (ABI,
Carlsbad, CA, United States) using SYBR Green PCR Core
Reagents (Roche, Basel, Switzerland). The housekeeping gene,
B-actin, was used as a reference gene for normalization. Data
were analyzed according to the 2742t method. Results were
expressed as relative mRNA levels.

Western Blot Analysis

The intestinal samples were lysed in radio immunoprecipitation
assay (RIPA) buffer (Beyotime, Shanghai, China) with protease
and phosphatase inhibitor cocktails (Sigma Co., St. Louis, MO,
United States) for 10 min on a rocker at 4°C. Proteins of samples
were analyzed using sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and then transferred onto
polyvinylidene fluoride (PVDF) membranes (0.45 pm, Millipore,
Billerica, MA, United States). Each PVDF membrane was blocked
with tris buffered saline tween (TBST; 100 mM Tris-HCI, 150 mM
NaCl, 0.05% Tween 20, pH 7.5) with 5% non-fat dried milk for
2h, and then incubated with the following primary antibodies:
NLRP3 (1:1,500), ASC (1:100), Caspase-1 (1:800), IL-1p (1:400),
and B-actin (1: 5,000, Sungene biotech, China) overnight at 4°C
on a shaker (SC390C, Shanghai Brave Construction Development
co., Ltd., Shanghai, China). The goat anti-rabbit of 1:3000 (ZSGE-
BIO, China) horse radish peroxidase (HRP) conjugate secondary
antibody was then added and the WB results was observed
through electrochemical luminescence (ECL) imaging system
after adding the enhanced ECL reagent (Beyotime, Shanghai,
China). The B-actin was used as a protein loading control.
Quantitative analysis was carried out using Amersham Imager
600 (Cytiva, Montana, United States).

Statistical Analysis

All analysis was performed with the SPSS 22.0 software
(SPSS Incorporated, Armonk, NY, United States), and statistical
significance was analyzed using one-way ANOVA followed by an
LSD test as a post-test. Data were expressed as mean =+ standard
error, and all measurements were conducted in triplicate. The
values of P < 0.05 and P < 0.01 were considered significant and
markedly significant, respectively, in different treatment groups.

RESULTS AND DISCUSSIONS

Physicochemical Analysis of FVP and FFVP
The vyields of FVP and FEFVP were 8.65 and 9.44%,
respectively, and MW of 15961 and 15,702 Da (Figure 1),
respectively. Besides, the MW/MN (Weight-average Molecular
Weight/Number-average Molecular Weight) of FVP and FFVP
were 1.20 and 1.09 (Supplementary Figure 2), respectively,
which was similar to a previous report (1.042) (16). A previous
study has also reported that the contents and MW of tea
polysaccharides, compared with the unfermented group,
were, respectively, increased and decreased after fermentation
treatment, and the biological capacities of fermented fractions
were also better than unfermented ones (22). For instance,
the MW of Nostoc commune Vauch polysaccharides (NCVP)
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was higher than that of fermented ones, while the antioxidant
capacities were significantly improved during in vitro digestion
(23). Thus, microbial fermentation treatment could increase
extraction yield and decrease MW of FVP, and the reason could
be that one or more glycosidic bonds of FVP may be broken
during the fermentation (24, 25).

Behavior and Appearance Observation of
Mice

Diarrhea is a life-threatening condition and could cause extreme
loss of fluid and salts from the animal body (26). Compared
with the CON group, the mice of the LPS group had diarrhea
with shaggy hair (Supplementary Figure 1). All of the LFVP
group, HFVP group, LFFVP group, and HFFVP group did
not have diarrhea, and only the LFVP group was shaggy.
Besides, the mice of the CON group and HFFVP group were
vigorous with shiny hair, while others gathered in the corner.
A previous study has also reported that diarrhea could be
prevented using plant polysaccharides including banana, guar,
and soya polysaccharides (27). For instance, polysaccharides
from S. chinensis could prevent diarrhea in rats by improving
the ultrastructure of the gut (28). Besides, the polysaccharides
from Alpiniae oxyphyllae and Pogostemon cablin also decreased
diarrhea by inhibiting porcine epidemic diarrhea virus (PEDV)
reproduction (29, 30).

Serum Antioxidant Capacities and
Inflammatory Factor Contents of FVP and
FFVP

Serum antioxidant capacities of FVP and FFVP are shown in
Supplementary Table 2. Compared with the CON group, H,0,
(3.66 nmol/ml) and MDA (7.64 nmol/ml) contents of LPS group’s
serum was increased significantly (P < 0.05), while the CAT (0.49
U/ml), GSH-Px (1,319.61 U/ml), SOD (226.87 U/ml), and T-
AOC (1.23 U/ml) were decreased significantly (P < 0.05). The
antioxidant capacities gradually increased after FVP and FFVP
gavage. Serum inflammatory factor contents of FVP and FFVP
are shown in Figure 2. Compared with the CON group, the
contents of IL-1B, IL-6, IL-18, and TNF-«a in the LPS group’s
serum were increased significantly (P < 0.05). For instance, the
IL-1B contents of the LPS group (38.17 pg/ml) were 1.45 times
more than the CON group (26.34 pg/ml). Serum inflammatory
factor content of the LEFVP group, HFVP group, LEFVP group,
and HFFVP group decreased significantly (P < 0.05) compared
with the LPS group, whose IL-1f contents were 33.05, 31.97,
31.83, and 27.65 pg/ml, respectively. Besides, IL-1, IL-6, and
IL-18 contents of the HFFVP group were lower than that of the
HFVP group.

Wang et al. (31) reported the antioxidant and anti-
inflammatory effects of Gynostemma pentaphyllum herb
polysaccharides (GPP) in diabetic mice, and the results indicated
that GPP could enhance SOD, CAT and GSH-Px capacities,
as well as decreasing MDA and IL-6 contents, which was
consistent to the present study. Moreover, the antioxidant
and anti-inflammatory activities of FFVP were also better
than that of FVP. Jiang et al. (32) also reported that low MW

Enteromorpha prolifera polysaccharides could enhance anti-
inflammatory capacities and decrease inflammatory response
through multiple signaling pathways, including TLR2/NF-kB,
PKC/ERK/MAPK, and PI3K/Akt pathways (33, 34). Besides, low
MW polysaccharides had higher antioxidant capacities than high
MW ones (35).

Histological Analysis of Mice Intestine

The jejunum, ileum, and colon intestinal morphology are shown
in Figure 3 and the ratio of villus height to crypt depth (V/C
value) is show in Table 1. For the LPS group, intestinal epithelial
tissue structure was dissolved, most of the inflammatory cells
were infiltrated, and mucosa was severely damaged with a
large range of ulcers. Compared with the LPS group, intestinal
epithelial tissue and intestinal villi were improved in the LEVP
group, HFVP group, LFFVP group, and HFFVP group to
varying degrees. Meanwhile, intestinal inflammatory damage in
the LFVP and HFVP groups were more serious than that in
the LFFVP and HFFVP groups, respectively. A previous study
showed that FVP could ameliorate bowel inflammation and
modulate the gut microbiota on dextran sulfate sodium (DSS)-
induced inflammatory bowel disease (36). Besides, FVP could
also improve the clinical symptoms and attenuate the mRNA
and protein expressions of inflammatory cytokines and oxidative
markers in colon tissue.

mRNA Expression of Inflammatory Factors
Lipopolysaccharide-induced IL-1p, IL-6, IL-18, and TNF-a
mRNA expression treated by FVP and FFVP in jejunum,
ileum, and colon are shown in Figure 4. The mRNA expression
of inflammatory factors in the LPS group was significantly
increased compared with the CON group (P < 0.05). The
LFVP group, HFVP group, LFEVP group, and HFFVP group’s
mRNA expression of inflammatory factors were lower than
that of the LPS group. For instance, IL-13 mRNA expression
of the LPS group in the colon was 1.94, while in the LEVP
group, HFVP group, LFEVP group, and HFFVP group were
1.87, 1.69, 1.67, and 1.49, respectively. Besides, HFVP’s mRNA
expressions of all four inflammatory factors were significantly
higher than that of HFFVP’s (P < 0.05). Han et al. (37) also
reported that Gracilaria Lemaneiformis polysaccharides could
prevent colitis in Balb/c mice and inhibited pro-inflammatory
cytokines expression to attenuate acute inflammation, which was
consistent with this study. Therefore, FVP and FFVP play an anti-
inflammatory effect by inhibiting pro-inflammatory cytokines
mRNA expression.

Protein Expression of NLRP3 Signaling
Pathway

The NLRP3 signaling pathway was one of the most important
anti-inflammatory signaling pathways (38). It could be
activated by LPS and mediated by immune response of
host to microbial infection and cell injury via agglomeration
of NLRP3 inflammasome, resulting in producing activated
Caspase-1 and mature IL-18 and IL-18 (39). As the colon
was sensitive to LPS-induced inflammatory response, the
colon was selected for the subsequent Western Blot test.
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Compared with the CON group, protein expression of
NLRP3, ASC, Caspase-1, and IL-1p were significantly
increased in the LPS group. Protein expressions of LFVP,
HFVP, LFFVP, and HFFVP groups were lower than that
of the LPS group. At the same dose, protein expression
of FFVP group was significantly lower than that of FVP
group (Figure 5).

Pan et al. (40) reported that polysaccharides from Smilax
china L. could ameliorate ulcerative colitis by inhibiting
the galectin-3/NLRP3 inflammasome pathway. Besides,
Chayote polysaccharides could also reduce active Caspase-
1 protein levels and downregulate NLRP3 and IL-1f gene
expression (41), suggesting that the NLRP3 inflammasome
activation was dependent on the processing of inactive pro-
Caspase-1 to active Caspase-1, which enhances IL-1p release,
reactive oxygen species (ROS) production, and pyroptosis,
an inflammatory form of programmed cell death (42). In
this work, protein expression of NLRP3 ASC, Caspase-1
and IL-1p were significantly increased in the LPS group
compared with CON group. Besides, these protein expression
decreased after treated by FVP/FFVP compared with LPS
group. Thus, the anti-inflammatory capacities of FVP
and FFVP were also inhibited via activation of an NLRP3
signaling pathway.

CONCLUSION

The FFVP has higher antioxidant and anti-inflammatory
capacities than FVP in preventing diarrhea, enhancing
antioxidant capacities, and reducing the secretion and mRNA
expression of IL-1p, IL-6, IL-18, and TNF-a. Besides, the
anti-inflammatory capacities of FVP and FFVP are to inhibit
the activation of an NLRP3 signaling pathway. This study
indicated that FFVP could be used as functional additives and

REFERENCES

. Hao Y, Liao X, Wang X, Lao S, Liao W. The biological regulatory activities of
Flammulina velutipes polysaccharide in mice intestinal microbiota, immune
repertoire and heart transcriptome. Int J Biol Macromol. (2021) 185:582—
91. doi: 10.1016/j.ijbiomac.2021.06.175

. Chen E Zhang Q, Wu P, Zhao Y, Chen Y. Green fabrication of seedbed-
like Flammulina velutipes polysaccharides—derived scaffolds accelerating full-
thickness skin wound healing accompanied by hair follicle regeneration. Int |
Biol Macromol. (2021) 167:117-29. doi: 10.1016/j.ijbiomac.2020.11.154

confered to its beneficial functions such as antioxidant and anti-
inflammation.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author/s.

ETHICS STATEMENT

The animal study was reviewed and approved by Institutional
Animal Ethics Committee of Shanghai Jiao Tong University.

AUTHOR CONTRIBUTIONS

SM, WX, JZ, WZ, and JX: design and conceptualization. SM,
HZ, and JX: manuscript writing and proofreading. SM, TL, WX,
JZ, HZ, WZ, and JX: experimental work, data analysis, and
interpretation. JX: funding acquisition. All authors have read and
agreed to the published version of the manuscript.

FUNDING

This research was funded by Shanghai Agriculture Applied
Technology Development Program, China (Grant No. X2019-02-
08-00-08-F01155) and National Natural Science Foundation of
China (Grant No. 31872367).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fnut.2022.
934073/full#supplementary-material

. Hao W, Wang SE, Zhao J, Li SP. Effects of extraction methods on immunology
activity and chemical profiles of Lycium barbarum polysaccharides.
] Pharmaceut Biomed. (2020) 185:113219. doi: 10.1016/j.jpba.2020.11
3219

. Jiang Z, Mao J, Huang J, Wu Y, Cai C, Fan Y. Changes in antioxidant activity
of blueberry-ferment during natural fermentation process, Sci Technol Food
Ind. (2013) 2:194-201. doi: 10.13386/j.issn1002-0306.2013.02.059.

. Meshram V, Saxena S, Paul K, Gupta M, Kapoor N. Production, purification
and characterization of a potential fibrinolytic protease from endophytic
Xylaria curta by solid substrate fermentation. Appl Biochem Biotechnol. (2016)

3. Zhang T, Ye ], Xue C. Structural characteristics and bioactive properties of 181:1-17. doi: 10.1007/s12010-016-2298-y
a novel polysaccharide from Flammulina velutipes. Carbohydr Polym. (2018) 10. Singhania RR, Patel AK, Soccol CR, Pandey A. Recent advances in solid-state
197:147-56. doi: 10.1016/j.carbpol.2018.05.069 fermentation. Biochem Eng J. (2009) 44:13-8. doi: 10.1016/j.bej.2008.10.019
4. Wu M, Luo X, Xu XY, Wei W, Yu MY, Jiang N, et al. Antioxidant and 11. Xie LM, Huang ZB, Meng H, Shi XY, Xie JH. Inmunomodulation effect of
immunomodulatory activities of a polysaccharide from Flammulina velutipes. polysaccharides from liquid fermentation of Monascus purpureus 40269 via
J Tradit Chin Med. (2014) 34:733-40. doi: 10.1016/50254-6272(15)30089-3 membrane TLR-4 to activate the MAPK and NF-kB signaling pathways. Int |
5. Zhao RQ, Hu QH, Ma GX, Su AX, Xie MH, Li XF, et al. Effects of Flammulina Biol Macromol. (2022) 201:480-91. doi: 10.1016/j.ijbiomac.2022.01.045
velutipes polysaccharide on immune response and intestinal microbiota in 12. Liu X, Hou RL, Xu KQ, Chen L, Wu XP, Lin WX, et al. Extraction,
mice. ] Funct Foods. (2019) 56:255-64. doi: 10.1016/j.jff.2019.03.031 characterization and antioxidant activity analysis of the polysaccharide
6. Liang QX, Zhao QC, Hao XT, Wang JM, Ma CY, Xi XE et al from the solid-state fermentation substrate of Inonotus hispidus. Int J Biol
The effect of Flammulina velutipes polysaccharide on immunization Macromol. (2019) 123:468-76. doi: 10.1016/j.ijbiomac.2018.11.069
analyzed by intestinal flora and proteomics. Front Nutr. (2022) 9:1- 13. Bauer C, Duewell P, Mayer C, Lehr HA, Fitzgerald KA, Dauer M, et al.
17. doi: 10.3389/fnut.2022.841230 Colitis induced in mice with dextran sulfate sodium (DSS) is mediated by
Frontiers in Nutrition | www.frontiersin.org 104 June 2022 | Volume 9 | Article 934073


https://www.frontiersin.org/articles/10.3389/fnut.2022.934073/full#supplementary-material
https://doi.org/10.1016/j.ijbiomac.2021.06.175
https://doi.org/10.1016/j.ijbiomac.2020.11.154
https://doi.org/10.1016/j.carbpol.2018.05.069
https://doi.org/10.1016/S0254-6272(15)30089-3
https://doi.org/10.1016/j.jff.2019.03.031
https://doi.org/10.3389/fnut.2022.841230
https://doi.org/10.1016/j.jpba.2020.113219
https://doi.org/10.13386/j.issn1002-0306.2013.02.059
https://doi.org/10.1007/s12010-016-2298-y
https://doi.org/10.1016/j.bej.2008.10.019
https://doi.org/10.1016/j.ijbiomac.2022.01.045
https://doi.org/10.1016/j.ijbiomac.2018.11.069
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Ma et al.

Fermented F. velutipes Polysaccharides Anti-inflammatory Effect

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

the NLRP3 inflammasome. Gut. (2010) 59:1192-9. doi: 10.1136/gut.2009.
197822

Cui L, Wang W, Luo Y, Ning Q, Xia Z, Chen ], et al. Polysaccharide
from Scutellaria baicalensis Georgi ameliorates colitis via suppressing NF-«kB
signaling and NLRP3 inflammasome activation. Int J Biol Macromol. (2019)
132:393-405. doi: 10.1016/j.ijbiomac.2019.03.230

Ma S, Shen C, Xu JX. Extraction, structure and antioxidant activity of
polysaccharide from fermented Flammulina velutipes root. Food Sci Technol.
(2021) 46:147-54. doi: 10.13684/j.cnki.spkj.2021.03.026

Liang ZH, Zheng KW, Zhao QC, Shao WJ, Li CQ, Wang JM, et al. Structural
identification and coagulation effect of Flammulina velutipes polysaccharides.
Appl Sci. (2021) 11:1736. doi: 10.3390/app11041736

Tang W, Lin LH, Xie JH, Wang ZJ, Wang H, Dong Y], et al. Effect of ultrasonic
treatment on the physicochemical properties and antioxidant activities of
polysaccharide from Cyclocarya paliurus. Carbohydr Polym. (2016) 151:305-
12. doi: 10.1016/j.carbpol.2016.05.078

Xie JH, Liu X, Shen MY, Nie SP, Zhang H, Li C, et al. Purification,
physicochemical ~ characterization and anticancer activity of a
polysaccharide from Cyclocarya paliurus leaves. Food Chem. (2013) 136
1453-60. doi: 10.1016/j.foodchem.2012.09.078

Liu R, Xiao N, Tian K. The role of PMN apoptosis delay in acute lung injury
induced by administrating LPS. Zhonghua Yi Xue Za Zhi. (2001) 81:617-21.
(in Chinese).

Lainiol M, Linden AM, Aitta-aho T. Behavioral responses of mGluR3-
KO mice to the lipopolysaccharide-induced innate inflammatory reaction.
Pharmacol Biochem Behav. (2020) 190:172852. doi: 10.1016/j.pbb.2020.172852
Wei MJ, Wang ZN, Yang Y, Zhang SJ, Bi CL. Selenium attenuates S. aureus-
induced inflammation by regulation TLR2 signaling pathway and NLRP3
inflammasome in RAW 264.7 macrophages. Biol Trace Elem Res. (2021)
2021:1-7. doi: 10.1007/s12011-021-02676-4

Qin H, Huang L, Teng ], Wei B, Xia N, Ye Y. Purification, characterization,
and bioactivity of Liupao tea polysaccharides before and after fermentation.
Food Chem. (2021) 353:129419. doi: 10.1016/j.foodchem.2021.129419

Li HL, Liu S, Liu Y, Li WN, Niu AJ, Ren P et al. Effects of
in vitro digestion and fermentation of Nostoc commune Vauch.
polysaccharides on properties and gut microbiota. Carbohyd Polym.
(2022) 281:119055. doi: 10.1016/j.carbpol.2021.119055

Wu D, Yuan Q, Guo H, Fu Y, Li £ Wang S, et al. Dynamic changes of
structural characteristics of snow chrysanthemum polysaccharides during in
vitro digestion and fecal fermentation and related impacts on gut microbiota.
Food Res Int. (2021) 141:109888. doi: 10.1016/j.foodres.2020.109888

Luo Z, Wang L, Zhou P, Feng R, Li X. Effect of in vitro simulated
gastrointestinal digestion on structural characteristics and anti-proliferative
activities of the polysaccharides from the shells of Juglans regia L. Food Chem
Toxicol. (2021) 150:112100. doi: 10.1016/j.fct.2021.112100

Qi X, Tester RF. Starch containing formulations for diarrhea therapy. Clin
Nutr ESPEN. (2018) 122:572-7. doi: 10.1016/j.clnesp.2018.08.003

Qi X, Tester RF. Utilization of dietary fiber (non-starch polysaccharide and
resistant starch) molecules for diarrhea therapy: a mini-review. Int ] Biol
Macromol. (2019) 122:572-7. doi: 10.1016/j.ijbiomac.2018.10.195

Qi YL, Chen LX, Gao K, Shao ZJ], Huo XH. Effects of Schisandra chinensis
polysaccharides on rats with antibiotic-associated diarrhea. Int ] Biol
Macromol. (2019) 124:627-34. doi: 10.1016/j.ijbiomac.2018.11.250

Chen Y, Zhang Y, Luo QY, Zhu Y], Du HJ, Liao SY, et al. Inhibition of porcine
epidemic diarrhea virus by Alpiniae oxyphyllae fructus polysaccharide 3. Res
Vet Sci. (2021) 141:146-55. doi: 10.1016/j.rvsc.2021.10.026

Chen Y, Luo QY, Li SM, Li CH, Liao SY, Yang X, et al. Antiviral activity
against porcine epidemic diarrhea virus of Pogostemon cablin polysaccharide.
] Ethnopharmacol. (2020) 259:113009. doi: 10.1016/j.jep.2020.113009

Wang Z, Wang Z, Huang W, Suo J, Zhang H. Antioxidant and anti-
inflammatory activities of an anti-diabetic polysaccharide extracted from
Gynostemma pentaphyllum herb. Int ] Biol Macromol. (2020) 145:484—
91. doi: 10.1016/j.ijbiomac.2019.12.213

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Jiang E Ding YY, Tian Y, Yang RX, Quan ML, Tong ZY, et al. Hydrolyzed
low-molecular-weight polysaccharide from Enteromorpha prolifera exhibits
high anti-inflammatory activity and promotes wound healing. Mater Sci Eng
C Mater Biol Appl. (2021) 112637. doi: 10.1016/j.msec.2021.112637

Huang L, Shen M, Morris GA, Xie J. Sulfated polysaccharides:
immunomodulation and signaling mechanisms. Trends Food Sci Technol.
(2019) 92:1-11. doi: 10.1016/j.tifs.2019.08.008

Hou C, Chen L, Yang L, Ji X. An insight into anti-inflammatory
effects of natural polysaccharides. Int J Biol Macromol. (2020) 153:248-
55. doi: 10.1016/j.ijbiomac.2020.02.315

Zhang L, Ma L, Pan Y, Zheng X, Qiao H. Effect of molecular
weight on the antibacterial activity of polysaccharides produced by
Chaetomium globosum CGMCC 6882 Int ] Biol Macromol. (2021) 188:863—
9. doi: 10.1016/j.ijbiomac.2021.08.059

Tsopmejio ISN, Ding M, Wei JL, Zhao C, Jiang Y, Li YT, et al. Auricularia
polytricha and Flammulina velutipes ameliorate inflammation and modulate
the gut microbiota via regulation of NF-kB and Keapl/Nrf2 signaling
pathways on DSS-induced inflammatory bowel disease. Food Biosci. (2022)
47:101426. doi: 10.1016/j.bi0.2021.101426

Han R, Wang L, Zhao ZG, You L], Pedisicd S, Kulikouskaya
V, et al. Polysaccharide from Gracilaria Lemaneiformis
colitis in  Balb/c via enhancing
and attenuating intestinal inflammation.
109:106048. doi: 10.1016/j.foodhyd.2020.106048

He Y, Hara H, Nuez G. Mechanism and regulation of NLRP3
inflammasome activation. Trends Biochem Sci. (2016) 41:1012-
21. doi: 10.1016/j.tibs.2016.09.002

Hou B, Zhang Y, Liang P, He Y, He X. Inhibition of the NLRP3-inflammasome
prevents cognitive deficits in experimental autoimmune encephalomyelitis
mice via the alteration of astrocyte phenotype. Cell Death Dis. (2020)
11:377. doi: 10.1038/s41419-020-2565-2

Pan XL, Wang HY, Zheng ZM, Huang X, Yang LL, Liu JX, et al. Pectic
polysaccharide from Smilax China L. ameliorated ulcerative colitis by
inhibiting the galectin-3/NLRP3 inflammasome pathway Carbohyd Polym.
(2022) 277:118864. doi: 10.1016/j.carbpol.2021.118864

Castro-Alves VC, Shiga TM, Nascimento JRO. Polysaccharides from
chayote enhance lipid efflux and regulate NLRP3 inflammasome
priming in macrophage-like THP-1 cells exposed to cholesterol crystals.
Int ] Biol Macromol. (2019) 127:502-10. doi: 10.1016/j.ijbiomac.2019
.01.048

Rajamiéki K, Lappalainen ], Oorni K, Vilimaki E, Matikainen S, Kovanen
PT, et al. Cholesterol crystals activate the NLRP3 inflammasome in
human macrophages: a novel link between cholesterol metabolism and
inflammation. PLoS ONE. (2010) 5:11765. doi: 10.1371/journal.pone.
0011765

prevents
function
(2020)

intestinal barrier
Food  Hydrocoll.

mice

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Ma, Xu, Lai, Xu, Zhang, Zhang and Zhang. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Nutrition | www.frontiersin.org

105

June 2022 | Volume 9 | Article 934073


https://doi.org/10.1136/gut.2009.197822
https://doi.org/10.1016/j.ijbiomac.2019.03.230
https://doi.org/10.13684/j.cnki.spkj.2021.03.026
https://doi.org/10.3390/app11041736
https://doi.org/10.1016/j.carbpol.2016.05.078
https://doi.org/10.1016/j.foodchem.2012.09.078
https://doi.org/10.1016/j.pbb.2020.172852
https://doi.org/10.1007/s12011-021-02676-4
https://doi.org/10.1016/j.foodchem.2021.129419
https://doi.org/10.1016/j.carbpol.2021.119055
https://doi.org/10.1016/j.foodres.2020.109888
https://doi.org/10.1016/j.fct.2021.112100
https://doi.org/10.1016/j.clnesp.2018.08.003
https://doi.org/10.1016/j.ijbiomac.2018.10.195
https://doi.org/10.1016/j.ijbiomac.2018.11.250
https://doi.org/10.1016/j.rvsc.2021.10.026
https://doi.org/10.1016/j.jep.2020.113009
https://doi.org/10.1016/j.ijbiomac.2019.12.213
https://doi.org/10.1016/j.msec.2021.112637
https://doi.org/10.1016/j.tifs.2019.08.008
https://doi.org/10.1016/j.ijbiomac.2020.02.315
https://doi.org/10.1016/j.ijbiomac.2021.08.059
https://doi.org/10.1016/j.fbio.2021.101426
https://doi.org/10.1016/j.foodhyd.2020.106048
https://doi.org/10.1016/j.tibs.2016.09.002
https://doi.org/10.1038/s41419-020-2565-2
https://doi.org/10.1016/j.carbpol.2021.118864
https://doi.org/10.1016/j.ijbiomac.2019.01.048
https://doi.org/10.1371/journal.pone.0011765
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

:' frontiers ‘ Frontiers in Immunology

ORIGINAL RESEARCH
published: 23 June 2022
doi: 10.3389/fimmu.2022.911390

OPEN ACCESS

Edited by:

Bin Du,

Hebei Normal University of Science
and Technology, China

Reviewed by:

Chao Zhao,

Fujian Agriculture and Forestry
University, China

Lei Chen,

Guangdong Ocean University, China

*Correspondence:
Changqing Yuan
yuancq@qdu.edu.cn
Qihui Zhou
qgihuizhou@qdu.edu.cn

Specialty section:

This article was submitted to
Nutritional Immunology,

a section of the journal
Frontiers in Immunology

Received: 02 April 2022
Accepted: 30 May 2022
Published: 23 June 2022

Citation:

Huang H, Guo F, Deng X, Yan M,
Wang D, Sun Z, Yuan C and Zhou Q
(2022) Modulation of T Cell Responses
by Fucoidan to Inhibit Osteogenesis.
Front. Immunol. 13:971390.

doi: 10.3389/fimmu.2022.911390

Check for
updates

Modulation of T Cell Responses by
Fucoidan to Inhibit Osteogenesis

Hailin Huang "%, Fangze Guo ", Xuyang Deng "%, Mingzhe Yan®, Danyang Wang 2%,
Zhanyi Sun®, Changqing Yuan™?* and Qihui Zhou"*%°

" Department of Stomatology, The Affiliated Hospital of Qingdao University, Qingdao University, Qingdao, China, 2 School of
Stomatology, Qingdao University, Qingdao, China, S Institute for Translational Medicine, The Affiliated Hospital of Qingdao
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Fucoidan has sparked considerable interest in biomedical applications because of its
inherent (bio)physicochemical characteristics, particularly immunomodulatory effects on
macrophages, neutrophils, and natural killer cells. However, the effect of fucoidan on T
cells and the following regulatory interaction on cellular function has not been reported. In
this work, the effect of sterile fucoidan on the T-cell response and the subsequent
modulation of osteogenesis is investigated. The physicochemical features of fucoidan
treated by high-temperature autoclave sterilization are characterized by UV-visible
spectroscopy, X-ray diffraction, Fourier transform infrared and nuclear magnetic
resonance analysis. It is demonstrated that high-temperature autoclave treatment
resulted in fucoidan depolymerization, with no change in its key bioactive groups.
Further, sterile fucoidan promotes T cells proliferation and the proportion of
differentiated T cells decreases with increasing concentration of fucoidan. In addition,
the supernatant of T cells co-cultured with fucoidan greatly suppresses the osteogenic
differentiation of MC3T3-E1 by downregulating the formation of alkaline phosphatase and
calcium nodule compared with fucoidan. Therefore, our work offers new insight into the
fucoidan-mediated T cell and osteoblast interplay.

Keywords: marine polysaccharide, fucoidan, T cell, osteogenesis, osteoimmunology

1 INTRODUCTION

Due to their distinctive (bio)physicochemical features, such as outstanding biocompatibility,
bioactivity, immunomodulation, and structural functions, marine polysaccharides have gained
increasing attention in nutraceutical and biomedicine in recent decades (1-8). It is noteworthy that
fucoidan is a sulfated polysaccharide extracted from brown algae with a variety of biological

Abbreviations: NK, natural killer; HFD, Fucoidan sterilized by high-temperature autoclave; Mw, Molecular weight; AxV,
Annexin V-fluorescein-5-isothiocyanate; PI, propidium iodide; CFSE, 5-(and-6)-Carboxyfluorescein diacetate, succinimidyl
ester; DMEM, Dulbecco’s modified Eagle’s medium; CCK8, Cell Counting Kit-8; ARS, Alizarin red S; UFD, unsterilized
fucoidan; HPLC, high performance liquid chromatography; XRD, X- ray diffraction; NMR, Nuclear magnetic resonance; FT-
IR, Fourier transform-infrared spectroscopy; OD, The optical density; MC3T3-E1, The murine osteoblastic cell line; ALP,
Alkaline phosphatase.

Frontiers in Immunology | www.frontiersin.org 106

June 2022 | Volume 13 | Article 911390


https://www.frontiersin.org/articles/10.3389/fimmu.2022.911390/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.911390/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:yuancq@qdu.edu.cn
mailto:qihuizhou@qdu.edu.cn
https://doi.org/10.3389/fimmu.2022.911390
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.911390
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.911390&domain=pdf&date_stamp=2022-06-23

Huang et al.

Fucoidan-Mediated Osteoimmunology

activities, such as immunomodulatory activity, osteogenesis,
anti-inflammatory, anti-tumor, anti-bacterial, anti-viral, anti-
oxidant, anti-coagulant, anti-thrombotic, and anti-fibrotic (3,
9-12). Particularly, it has a critical option for a range of
biological applications due to its immunomodulatory
characteristic. For instance, fucoidan prevented the
development of macrophages into foam cells and the migration
of smooth muscle cells into the intimal layer of the aorta, thereby
inhibiting the formation of atherosclerotic plaques (10).
Intraperitoneal administration of fucoidan has been reported to
accelerate the recovery of leukocytes and neutrophils with
activity exceeding that of recombinant human granulocyte
colony-stimulating factor (11). Fucoidan also significantly
restores cytotoxicity and granzyme B release levels in natural
killer (NK) cells (13). Furthermore, intranasal fucoidan
treatment increased the activation of dendritic cells, and NK
cells, in the mediastinal lymph node (14). Fucoidan as a dietary
supplement has been reported to promote the activation of
tumor-infiltrating T cells and thus may be used synergistically
with immune checkpoint blockade in the treatment of
malignancies (15). Thus, it is critical to elicit how fucoidan
modulates the immune cells, particularly T cells.

The immune system is known to be implicit in tissue repair
and regeneration, where adaptive immunity, especially T cells,
plays a critical role in modulating surrounding (stem) cell
behavior and function/differentiation (16-21). It has been
suggested that the mechanism by which T cells promote tissue
repair and regeneration may be related to the control of
neutrophil behavior and the regulation of inflammation (22-
25). In particular, the ability of bone to heal without scar tissue
formation has led to widespread interest in T cell-related bone
repair and regeneration (26, 27). In studies of cyclosporine A-
induced osteoporosis, it has been reported that the lack of T-
lymphocyte function led to the formation of demineralized bone
matrix and the loss of existing bone tissue density (28). And, it
has been demonstrated that T cells had an inhibitory effect on
osteoclast formation and changes in bone resorption, which is
mediated by interferon- y produced by T cells acting by
interfering with the RANKL-RANK signaling pathway (29). In
addition, studies on osteogenic differentiation of human
mesenchymal stromal cells confirmed that media derived from
CD4 T cells could increase osteogenic mineralization in vitro
(30). Several studies have reported that T cells had an effect on
osteogenesis and fucoidan had a modulating effect on a wide
range of immune cells. However, the effect of fucoidan on T cells
in vitro has not been studied. Considering the effect of T cells on
osteogenesis, it is necessary to elucidate the role of fucoidan on T
cells and consequently the subsequent effects on osteogenesis.

Fucoidan sterilized by high-temperature autoclave (HFD) was
employed in this study to explore its influence on T cell
responses. It was found that that although high-temperature
autoclave treatment resulted in fucoidan depolymerization, there
were no changes in its key bioactive groups. The proliferative
effect of HFD on T cell proliferation increased with an increasing
concentration within a certain range (0.4-50 mg/mL). On the
contrary, HFD inhibited the differentiation of T cells, and the

higher the concentration, the more pronounced the inhibitory
effect. HFD could inhibit osteogenesis by affecting T cells. This is
the first report of fucoidan being employed in vitro to modulate T
cell responses and thereby research its effects on osteogenesis, to
the best of our knowledge.

2 EXPERIMENTAL SECTION

2.1 Materials

Fucoidan [Molecular weight (Mw) = 276 kDa, purity >95%,
sulfate: 29.65%] was provided by Qingdao Bright Moon Seaweed
Group Co., Ltd. (China). EasySep " Mouse T Cell Isolation Kit
was acquired from Stemcell Technologies (Vancouver, BC,
Canada). The anti-mouse CD3 (Clone 17A2) and anti-mouse
CD28 (Clone 37.51) were acquired from BioGems. Annexin V-
fluorescein-5-isothiocyanate (AxV), propidium iodide (PI), anti-
mouse CD80,, phycoerythrin-cyanine 7 (PE-Cy7, Clone: 53-6.7),
anti-mouse CD4, PE (Clone: GK1.5) and Flow cytometry
Straining buffer were supplied by Multi Sciences (LianKe)
Biotech,CO.,LTD. 5-(and-6)-Carboxyfluorescein diacetate,
succinimidyl ester (CFSE) was provided by Abbkine
Bioadvisers. RPMI 1640 and Tris-(hydroxymethyl)
aminomethane (Tris) was purchased from Solarbio. Dulbecco’s
modified Eagle’s medium (DMEM), fetal bovine serum and
penicillin/streptomycin were acquired from Biological
Industries, Israel. Cell Counting Kit-8 (CCK-8) was provided
by MedChemExpress Co.Ltd (Shanghai, China). Alizarin red S
(ARS) staining kit for osteogenesis was purchased from Beyotime
(Shanghai, China). All the experimental water was
deionized water.

2.2 Chemical Composition Analysis
Unsterilized fucoidan (UFD) was dried in a lyophilizer after being
treated with high-temperature autoclave sterilization (121°C,
20 min). The composition of monosaccharides was determined
using high performance liquid chromatography (HPLC1260,
Agilent, USA). Specific experimental methods are as follows:
chromatographic conditions: C column, 250mm x 4.6mm, 5hm,
or equivalent; The column temperature was 40 °C The flow rate
was 1.0 mL/min; Mobile phase: solvent A: acetonitrile-0.05mol/L
potassium dihydrogen phosphate buffer (15 + 85), solvent B:
acetonitrile-0.05mol/L potassium dihydrogen phosphate buffer
(40 + 60).

2.3 UV-Visible Spectroscopy Analysis

2 mg of UFD and HFD were completely dissolved in 2.5 mL
deionized water respectively and the spectrum was measured in
the range of 200-450 nm using UV -vis spectrophotometer (UV-
1800 spectrophotometer, Shimadzu, Japan).

2.4 X-Ray Diffraction (XRD) Analysis

XRD spectroscopy was performed using DX2700 (Dandong,
China) to examine the crystal structure of fucoidan. The
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samples were tested between 10° and 70°, at a voltage of 40 kV, a
current of 30 mA, and Cu Ko radiation (A=1.5418 A) at a scan
rate of 0.05° (20)/min.

2.5 Nuclear Magnetic Resonance

(NMR) Analysis

'"H NMR analysis was performed using a Sophisticated
Spectrometer (400 MHz Bruker model). Simply, 5 mg of UFD
and HFD were dissolved in 0.55 mL of deuterium oxide and
placed in NMR tubes respectively. NMR spectrum was analyzed
at 27°C and proton chemical shifts were expressed in parts per
million (ppm).

2.6 Fourier Transform Infrared

(FT-IR) Analysis

The functional groups of UFD and HFD were analyzed in the
FT-IR spectroscopy (Nicolet iS10, Thermo Scientific, USA). The
infrared spectrum was measured in the wavenumber range of
4000-500 cm’".

2.7 Primary T Lymphocytes Extraction and

Activation

Murine cells were acquired from adult (6-12 week old) C57BL/6
mice spleens, approved by the Ethics Committee of the Affiliated
Hospital of Qingdao University (approval number: QYFYWZLL
26850) (31, 32). T lymphocytes were isolated from splenocytes by
negative selection using EasySep  Mouse T Cell Isolation Kit
according to the manufacturer’s instructions. Plate fixed anti-
mouse CD3 (1 pg/mL) and free anti-mouse CD28 (1 pg/mL)
were used overnight at 4°C to activate primary T cells. The purity
of extracted T cells is tested by the anti-mouse CD3e Antibody,
Clone 145-2C11 and is sufficient for subsequent experiments. T
cells were cultured in the T cell culture media (RPMI 1640
supplemented with phenol sulfonphthalein, hepes, Sodium
Pyruvate, L- glutamine, D-glucose, sodium bicarbonate, 10%
fetal bovine serum and 1% penicillin/streptomycin), in a
humidified incubator of 5% CO, at 37°C.

2.8 Cell Proliferation

T cells were cultured in 96-well plates at a density of 1x10°
cells/mL, and different concentrations of HFD (0.4, 2, 10, and
50 mg/mL) were added to the medium. A simple medium
without HFD was used as a control and incubated for 1, 3 and
5 d, respectively. Subsequently, 10% CCK-8 was added to the
medium and incubated for 4 h at 37°C. The optical density
(OD) values of the medium at 450 nm were measured using a
microplate reader (SynergyH1/H1M, Bio-Tek, China). In
addition to this, the cells were stained using CFSE according
to the instructions of the manufacturer before culturing, and
after co-culture with different concentrations of HFD for 3 d,
they were washed and analyzed using a BD FACSCanto (BD
Bioscience, USA).

2.9 Cell Apoptosis

Potential toxic effects of HFD were tested using flow cytometry.
Different concentrations of HFD were used to co-culture with T
cells for 2 d as described previously, also with the normal
medium as a control. Cells were stained using a mixture
containing 0.5 uL/mL of AxV and 0.5 puL/mL of PI and
incubated for 15 minutes at room temperature protected from
light. The cells were then washed twice with phosphate buffer
solution and assayed using flow cytometry.

2.10 Cell Differentiation

For cell differentiation analysis, after spreading the plates and
culturing the cells for 5 d as described previously, the cells were
resuspended using flow cytometry staining buffer and stained
with anti-CD4, anti-CD8, both at a concentration of 0.5 pL/mL
and incubated for 15 minutes at room temperature and under
protection from light. Cells were washed with flow cytometry
staining buffer and resuspended again before being detected
using flow cytometry.

2.11 MC3T3-E1 Cell Viability

The murine osteoblastic cell line (MC3T3-E1) was provided by
the Cell Culture Centre of Shanghai Institutes for Biological
Science Chinese Academy of Sciences (Shanghai, China).
MC3T3-E1 cells were grown at a density of 5x10* cells/mL in
96-well plates, DMEM medium was used as the control group
(CON), while the remaining three groups were added with 20%
of 0.4 mg/mL HFD supernatant (HFD), 20% of T cell
supernatant (T) and 20% of supernatant from co-culture of T
cells with HFD (CM), respectively. After 1 and 3 d of incubation,
10% of the Cell Counting Kit 8 (Absin Bioscience Inc., China)
was added to the culture medium and incubated for 1 h at 37°C.
The OD values of the medium at 450 nm were measured using a
microplate reader (SynergyH1/H1M, Bio-Tek, China).

2.12 Alkaline Phosphatase (ALP) Staining
and Activity

To obtain conditioned medium (CM), T cells were inoculated
into 6-well plates at a density of 1x 10° cells/mL and co-
cultured with 0.4 mg/mL HFD. Cell suspensions were
collected after 24 h, centrifuged, and the supernatants were
collected and stored in a -80°C freezer until use. For ALP
staining, MC3T3-E1 cells were inoculated at a density of 2 x 10*
cells per well in 24-well plates and treated with osteogenic
induction medium (0.1 mM dexamethasone, 10 mM -
glycerophosphate and 50 pug/mL L-ascorbic acid in basic
DMEM medium) containing CM at 20% concentration. The
osteogenic induction medium alone group (CON), the group
containing 20% 0.4 mg/mL HFD supernatant (HFD) and the
group containing 20% T cell supernatant (T) were used as
controls, and HFD, T, and CM were added at each medium
change (33). Following the manufacturer’s instructions, the
ALP activity of MC3T3-El cells was determined using an
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ALP assay kit (Nanjing Jiancheng Bioengineering Institute,
Nanjing, China) after 14 days of incubation. Inverted
Fluorescence Microscopy (Nikon A1 MP, Japan) was used to
capture the photos. The ALP staining positive rate was
quantified using Image] software. For standardization, total
cellular protein concentration was determined by the BCA
protein assay kit (Beyotime, Shanghai, China). ALP activity
was shown as total cellular protein content (king unit/g prot).
The ALP staining positive rate was quantified using Image]J
software. For standardization, total cellular protein
concentration was determined by the BCA protein assay kit
(Beyotime, Shanghai, China). ALP activity was shown as total
cellular protein content (king unit/g prot).

2.13 ARS Staining

Calcium accumulation was determined by ARS staining.
MC3T3-E1 cells were treated and cultured in the same way as
before. After 14 d of incubation, the cells were treated with 70%
(v/v) ice-cold ethanol for 1 h at 4°C, stained with 40 mM ARS
solution, and imaged using a microscope.

2.14 Statistical Analysis

All data points were displayed as mean values + standard deviation
(SD). Graphpad Prism 8 or Origin 9 were used to evaluate all
statistical analysis. To determine differences between groups, a one-
way analysis of variance (ANOVA) with Tukey’s test was used.
Statistical significance was defined as a value of p < 0.05.

3 RESULTS AND DISCUSSION

3.1 Physicochemical Characterization

of Fucoidan

In general, biomaterial sterilization is an essential part of
microbial eradication in biomedical applications. Because of its
capacity to remove nanoscale bacteria (e.g., virus and
mycoplasma), a high-temperature autoclave was used to
sterilize the aqueous solution of fucoidan in this situation.

The impact of a high-temperature autoclave on the Mw of
fucoidan was examined using HPLC, as indicated in Table 1.
The chemical composition of HFD remained unchanged,
however, the Mw and the ratio of the components changed.
The result shows that the MW of the HFD (14 kDa) was
significantly lower than that of the UFD (223 kDa),
indicating that the high-temperature autoclave treatment led
to the depolymerization of the fucoidan. Studies have reported
that low-molecular-weight fucoidan has higher absorption and

TABLE 1 | The Mw and chemical composition of UFD and HFD.

Samples Mw (kDa) Total sugar (%) Sulfate (%) Uronic acid (%)
UFD 223 78.61 28.42 0.9
HFD 14 70.91 30.23 10.7

bioavailability than high-molecular fucoidan, so autoclaved
fucoidan may be more beneficial for our subsequent cellular
experiments (7). The total sugar content of UFD was 78.61%,
sulfate group content was 28.42%, and uronic acid content was
0.9%. Compared with UFD, the total sugar content of HFD
decreased significantly, sulfate group content increased slightly
and uronic acid content increased greatly.

UV-visible spectroscopy, XRD, '"HNMR, and FT-IR
measurements were used to further evaluate the
physicochemical characterizations of fucoidan. Both UFD and
HFD appeared the typical absorbance peak at 260 nm within
the UV-visible which indicates the covalent holding of
aromatic compounds with the polysaccharides (Figure 1A).
Additionally, the absorption band of fucoidan suggested fucose
enriched sulfated polysaccharides (34). The changes in
microstructure were determined by XRD analysis. As shown
in Figure 1B, both the UFD and HFD powder at 23° showed a
low overall crystallinity, which indicates that it could be a
semicrystalline polymer, in line with previous research findings
(35, 36).. In addition, NMR spectroscopy has served as a useful
tool for studying the anomeric configuration and sulphation
modes of polysaccharides. In this study, the 'HNMR spectrum
of UFD and HFD is shown in Figure 1C. Signals at 4.32 and
4.66 ppm corresponded to o.-L-fucose and 3-linked o-L-fucose,
which were the primary components of fucoidan (34, 37). The
3-linked B-D-galactose was represented by the signal at 4.00
ppm. The presence of o-L-rhamnopyranosyl residues was
suggested by the signal at 3.70 ppm (38). FT-IR was used to
investigate the influence of high-temperature autoclave
sterilization on the chemical group of fucoidan. The key
characteristic peaks (3440, 2937, 1640, 1250, 1053, and 840
cm') were found in the FT-IR spectra of UFD and HFD, as
shown in Figure 1D. The O-H group stretching vibrations
related to a large peak between 3600 and 3000 cm. Signals at
2936 and 1632 cm-1 were ascribed to C-H and C=0 stretching
vibration, and the band at 2936 cm™ was recognized as the
typical absorption of polysaccharides (39, 40). The band at 1250
cm™ was considered to correlate to the S=O stretching
vibration, which was regarded as the most prominent feature
of fucoidan, indicating the existence of sulfate groups. The peak
at 832 cm™' was attributed to the C-O-S bending vibration,
which indicated sulfate groups at the axial C-4 position of
fucose (3, 34). Taken together, these results indicate that
although high-temperature autoclave treatment resulted in
fucoidan depolymerization, there were no changes in its key
bioactive groups.

3.2 The Interactions Between HFD

and T Lymphocytes

CCK-8 was used to detect the effect of fucoidan on T cell
viability. CCK-8 viability was measured after 1, 3 and 5 d of co-
cultured with HFD. As presented in Figure 2A, on the first day,
the addition of HFD resulted in a significant increase in cell
viability, and the higher the concentration, the more significant
the increase in cell viability. On days 3 and 5, the addition of
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FIGURE 1 | (A) UV-visible spectroscopy, (B) XRD diffraction patterns, (C) '"HNMR spectrum, and (D) FT-IR spectra of UFD and HFD.

HFD still had an increasing effect on cell viability, and the
higher concentration groups (i.e., 10, and 50 mg/mL) still
greatly increased cell viability. Furthermore, T cell
proliferation was assessed by flow cytometry and CFSE
staining. CFSE was chosen because the two acetate groups
made it more cell-permeable and non-fluorescent than CFSE
(41). Intracellular esterase cleaved the acetate groups of CFSE,
resulting in the luminous, non-cell permeable CFSE. This dye
was uniformly distributed between the two daughter cells
during each cell division, resulting in a 50% reduction in

A goo— M 04mg/mL M 10 mg/mL
M 2mg/mL M 50 mg/mL
- %
X 004 L T
600
~ K kK
T 400 *
3
>
= 200
Q
0_
1 3 5
Culture time (day)

(B) Representative CFSE diagram on various samples.

CFSE fluorescence intensity with each cell division. The
proliferation of the cells could be tracked in this way, and the
flow cytometry results for 3 d following stimulation are
presented in Figure 2B. The HFD group at 50 mg/mL
showed a double peak, proving that this group had the best
proliferation-promoting effect. Collectively, these data
demonstrated that HFD greatly enhanced the growth of T cells.

Apoptotic and necrotic cells were detected with AxV and
PI. As shown in Figure 3, the percentage of viable cells in the
control group was 19.8% after 3 d of incubation. The addition

0 mg/mL
M 0.4 mg/mL
M 2 mg/mL
M 10 mg/mL
B 50 mg/mL

FIGURE 2 | (A) T cell viability on different groups treated with HFD after 1, 3 and 5 d. Data are mean + SD (n = 3) (*p < 0.05, **p < 0.01, ***p < 0.001).
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FIGURE 3 | Effect of HFD on the viability of mouse primary T cells.

of HFD increased the percentage of viable cells, and it
gradually increased with the increase of HFD concentration.
In details, the percentages of viable cells at 0.4, 2, 10, and 50
mg/mL of HFD were 25.9%, 30.6%, 46.1% and 52.6%,
respectively. In addition, the addition of HFD resulted in a
decrease in the ratio of late apoptotic to necrotic cells. To be
specific, the ratios of late apoptotic and necrotic cells in the
control, 0.4, 2, 10, and 50 mg/mL fucoidan were 75.4%, 65.2%,
38.3%, 18.8% and 27.2% respectively. The low overall percentage
of live cells may be since IL-2 is not added to the cultures as it has
been reported that T cells themselves can produce IL-2 to
participate in certain feedback loops (42-45). Therefore, our
results demonstrate that HFD reduces T cell apoptosis even in
the absence of IL-2.

Differentiation experiments were performed on day 5 after
seeding to evaluate the phenotype of the T cells after
proliferation. Specifically, naive T (CD4/CD8"), CD4", and
CD8" T cells were identified by flow cytometry. In the control
group, the naive T cells ratio was 27.9% and the ratio of CD4"
to CD8" cells was 1.53 (Figure 4). The ratio of CD4" to CD8"
did not show a trend with concentration after the addition of
HED, but the ratio of initial T cells gradually increased with the
increase of HFD addition, with the ratios of 37.9%, 68%, 56.5%,
and 82.0%, respectively. The 0.4 mg/mL HFD group had the
greatest effect on T cell differentiation, and the ratio of CD4" to
CD8" cells was 1.66. Differentiated T cells in this group may

produce more cytokines, which may have the greatest effect on
subsequent osteogenic differentiation.

3.3 MC3T3-E1 Cell Viability and
Osteogenic Differentiation

Based on the differentiation of T cells above, 0.4 mg/mL HFD
was chosen for the following experiments. In conjunction with
studies by others, supernatants from one day after co-culture of
HFD with T cells were used as CM (33). After 1 and 3 d of
culture, we examined the effect of CM on MC3T3-El cell
activity by CCK-8. As shown in Figure 5, MC3T3-E1 cell
activity increased significantly with time in all groups.
However, compared with the CON, the CM group did not
significantly increase the viability of MC3T3-E1 cells.
Therefore, HFD did not contribute to the viability of MC3T3-
E1 cells by regulating T cells.

ALP has been regarded as an important biochemical marker
for osteogenic differentiation and new bone production (46-
49). Figure 6A represented microscopic photographs of
cellular ALP expression in CON, HFD, T, and CM after 14 d
of culture. It was found that the area of ALP staining was larger
in the HFD and T compared with the CON, while the area of
ALP staining was significantly reduced in the CM compared to
other groups. To better understand the ALP staining results,
we quantified the stained area (Figure 6B). Quantitative
analysis of ALP staining also confirmed these results above.
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FIGURE 5 | MC3T3-E1 cell viability on various samples for 1 and 3 d. HFD: the group containing HFD; T: the group containing T cell supernatant; CM: supernatant
from co-culture of T cells with HFD.

HFD or T alone slightly promoted the expression of ALP
compared with the CON, while CM caused a decrease in ALP
expression. Figure 6C presented the cellular ALP activities of
each group using the ALP assay kit. ALP expression decreased
in the CM group compared with other groups. Further, ARS, a

dye that binds to Ca ions, was used to color mineralized
nodules generated by extracellular matrix Ca deposition (50).
As shown in Figure 6D, in all groups, the ARS staining
revealed a brilliant red color of calcified nodules. The area
stained with ARS was less in the CM group compared with the
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FIGURE 6 | (A) ALP activity of MC3T3-E1 cells on different groups after 14 d of culture. (B) ImageJ was used to quantify the ALP staining results (‘o < 0.05).
(C) ALP test after 14 d for each group using the ALP assay kit. (D) The mineralized nodules were stained with ARS after 14 d.
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control group. Taken together, our results demonstrate that
HFD could inhibit the osteogenic differentiation of MC3T3-E1
cells by regulating T cells.

4 CONCLUSIONS

In summary, high-temperature autoclave sterilization had no
negative effect on the bioactive group of UFD. The molecular
weight of UFD was reduced due to depolymerization. HFD
modulated the proliferation and differentiation of T cells, and
the proliferative effect of HFD on T cell proliferation increased
with an increasing concentration within a certain range (0.4-50
mg/mL). On the contrary, HFD inhibited the differentiation of
T cells, and the higher the concentration, the more pronounced
the inhibitory effect. HFD could inhibit osteogenesis by
affecting T cells. Thus, our findings provide new insight into
the fucoidan-mediated T cells and the following regulatory
on osteogenesis.
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Early weaning increased the economic benefits of piglets. However, early weaning
damages the intestinal barrier of piglets and causes immunological stress. The
mechanism by which Hippophae rhamnoides polysaccharide (HRP) alleviates
lipopolysaccharide (LPS)-induced intestinal porcine epithelial cells (IPEC-J2)
inflammatory damage was investigated using proteomics in our previous studies.
In this study we employed RNA-sequencing (RNA-seq) to determine the level and
function of differentially expressed genes (DEGs) and further explore the mechanism of
the HRP anti-inflammatory and immune process. The differential expression analysis
indicated that 3622, 1216, and 2100 DEGs in the IPEC-J2 cells were identified in C
vs. L, L vs. H6-L, and C vs. H6-L, respectively. The Kyoto Encyclopedia of Genes
and Genomes (KEGG) enrichment analysis foundsix identified pathways related to
the immune system. Additionally, we used the Science, Technology, Engineering, and
Math (STEM) program to categorize the 3,134 DEGs that were differentially expressed
in H2-L, H4-L and H6-L into eight possible expression profiles, in which 612 were
clustered into two profiles. The accuracy and consistency of RNA-seq data were
validated by the results of gRT-PCR of the nuclear factor of kappa light polypeptide
gene enhancer in B-cells 2 (NFKB2), MAP kinase interacting serine/threonine kinase
2 (MKNK2), mitogen-activated protein kinase kinase 1 (MAP2K1), mitogen-activated
protein kinase kinase kinase 8 (MAP3K8), Ras-related protein R-Ras (RRAS), TNF
receptor-associated factor 1 (TRAF1), NF-kappa-B inhibitor alpha (NFKBIA), interleukin
8 (IL8), tumor necrosis factor, alpha-induced protein 3 (TNFAIP3), and transforming
growth factor beta-1 (TGFB1). Transcriptome sequencing also indicated that HRP
reduced the expression levels of related DEGs and inhibited the activation of the
mitogen-activated protein kinase (MAPK)/nuclear factor kappa-B (NF-«B) signaling
pathway. Our findings indicate that the application of HRP in piglet diets during the
early weaning period can improve intestinal epithelial function and integrity, and relieve
intestinal damage, and improve piglet health.

Keywords: IPEC-J2 cells, HRP, anti-inflammatory, MAPK/NF-kB signaling pathway, transcriptome
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HRP Relieves IPEC-J2 Immunological Stress

INTRODUTION

With the acceleration of the large-scale and intensified process
of pig production, early weaning techniques for piglets have
been gradually implemented (1). Weaned piglets are affected
by stresses such as nutrition, immunity, and environment,
and piglets have early weaning syndromes such as reduced
feed utilization, poor growth, and diarrhea (2, 3). Piglet
weaning is accompanied by the occurrence of intestinal
inflammation, which causes a series of negative reactions
in the incompletely developed intestinal tracts of piglets,
such as intestinal mucosal injury, intestinal villi damage, and
intestinal wall injury, Intestinal inflammation also affects the
digestive and absorptive function of the intestinal tract in
piglets and leads to sluggish growth, diarrhea, and even
death, causing great economic losses to the swine industry
(4). The intestinal mucosa is the host’s first line of defense
against pathogenic microorganisms. Intestinal epithelial cells
(IECs) are an important part of the intestinal mucosal barrier
(5, 6). Injury to IECs is an important pathological basis
for intestinal dysfunction. IECs can produce severe immune
stress in a variety of physiological, pathological, dietary, or
environmental conditions, and the accumulation of excessive
inflammatory cytokines can damage intestinal epithelial cells,
resulting in intestinal dysfunction. Therefore, the key to
reducing the diarrhea rate and improving the production
performance of weaned piglets is to reduce weaning stress
and protect the intestinal structure and function of piglets (7).
Seeking immunostimulants to promote growth and reduce the
intestinal inflammation caused by weaning has become a hot
scientific issue.

In recent years, plant extracts as immunomodulators have
received worldwide attention due to their nutritional and
medicinal potential (8, 9). Hippophae rhamnoides L. (sea
buckthorn) is a traditional medicinal plant (10). H.rhamnoides
extracts have shown antioxidant, anti-inflammatory, and
anti-viral effects by decreasing cytotoxicity and reactive
oxygen species (ROS) generation (11, 12). A recent study
showed that Hippophae rhamnoides polysaccharide (HRP)
protected mice livers from CCly-induced damage through its
anti-inflammatory effect and the modulation of the balance
between anti-inflammatory cytokines inimmune cells (13).
The protective mechanism of chitosan oligosaccharide
against LPS-induced inflammatory responses in IPEC-]J2
and in mice with DSS dextran sulfate sodium-induced
colitis is reported (14). In our previous study, the role
of several key regulatory genes and proteins involved in
HRP immunoregulation was examined (15, 16). However,
the composition and mechanisms of the underlying global
regulatory networks at the transcriptome levels are still
poorly understood. To confirm the pre-protective effect of
HRP on lipopolysaccharide (LPS)-induced intestinal porcine
epithelial cells (IPEC-J2) in terms of anti-inflammatory
or immunoregulatoryproperties, the pathways enriched by
differentially expressed genes (DEGs) should be biologically
validated. We employed RNA-sequencing (RNA-seq) to
determine the abundance and function of genes (17, 18) and
lay the foundation for further study of the anti-inflammatory
immune response of HRP in order to provide a theoretical
basis and technical support for the treatment and prevention
of diseases such as diarrhea caused by intestinal damage in
early-weaned piglets.

TABLE 1 | Summary statistics for sequence quality and alignment information of IPEC-J2 cells sample in every group.

Sample Group Rawreads Cleanreads BF_Q30 AF_Q30 BF_GC AF_GC Total Mapped Mapping_ Unique_Mapped Multiple_Mapped
(%) (%) (%) (%) rate (%)
C-1 C 2,08,95,136  2,08,62,498 9387 9399 57.06 57.06 2,08,31,961 97.78 1,97,11,071 6,20,890
C-2 2,10,28,680  2,09,87,072 9343 9354 5514 5513 2,08,48,751 97.45 1,97,28,826 6,19,925
C-3 2,25,18,632  2,247,2688 9348  93.61 5532 5532 2,17,40,753 97.47 2,10,55,186 6,85,567
L1 L 2,03,00,292 20262572 9365 9379 5617  56.16 1,95,66,822 97.52 1,88,75,343 6,91,479
L2 2,37,783966  2,37,31,954 9368 9381 56.09  56.09 2,30,56,064 97.61 2,22,76,195 7,79,869
L-3 2,36,25,640  2,3582,508 9351 9363 5597 5596 2,29,31,153 97.66 2,21,51,500 7,79,653
H2-L-1 H2-L 2,11,43,164  2,11,06,066 939 9402 5649 56.49 2,04,55,400 97.63 1,97,62,846 6,92,554
H2-L-2 2,24,45906  2,2396,664 9319  93.32 56.14  56.14 21629948 97.26 2,09,15,053 7,14,895
H2-L-3 2,46,04,618 2,4558,736 93.66 93.78 56.04  56.03 2,37,74,066 97.56 2,29,82,487 7,91,579
H4-L-1 2,87,80,640 2,87,16,008 93.13 9327 56.38 56.38 2,77,37,5640 97.33 2,68,17,089 9,20,451
H4-L-2  H4-L 2,45,62,664 24506630 9295  93.1 56.62  56.63 2,37,01,504 97.27 2,29,11,180 7,90,324
H4-L-3 2,77,16,820  2,76,60,210 9349 9361 5568 5568 2,67,26,026 97.32 2,58,29,866 8,96,160
He-L-1 2,68,24,310  2,67,75974 9344 9356 5613  56.13 2,58,68,459 97.4 2,50,02,306 8,66,153
He-L-2  H6-L 2,55,24,164  2,64,70,010 9345 936  56.27  56.27 2,45,00,614 97.06 2,36,43,298 8,567,316
H6-L-3 2,31,67,684 2,31,17,728 9337 935 5593 5592 2,23,36,845 97.25 2,15,99,289 7,37,556

C1-C3 represent the control-group IPEC-J2 cells without treatment, L1-L3 represent the replicates of treatment IPEC-J2 cells induced by LPS with 10 wg/mL, H2-L-1- H2-L-3 represent
the replicates of pre-treatment IPEC-J2 cells with 200 wg/mL HRP and followed by co-treatment with 10 wg/mL LPS, H4-L-1- H4-L-3 represent the replicates of pre-treatment IPEC-J2
cells with 400 wg/mL HRP and followed by co-treatment with 10 wg/mL LPS, and H6-L-1- H6-L-3 represent the replicates of pre-treatment IPEC-J2 cells with 600 wg/mL HRP and
followed by co-treatment with 10 wg/mL LPS.
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MATERIALS AND METHODS

Materials

HRP, >98% (HPLC) purchased from Nanjing Zelang Biological
Technology Co., Ltd., China. HRP was extracted by water
decoction and alcohol precipitation as described previously
(19, 20). The protein in the filtrate was removed primarily
by the Sevage method, HRP was purified on a Sephadex
G150 gel (Pharmacia) and the purity was also verified
by HPLC. HRP consists of 70% carbohydrate and 14.2%
uronic acid. The polysaccharide is composed of mannose,
arabinose, glucose, galactose and rhamnose with a ratio
of 2.02:1.02:4.24:1:9.22 as the indication of chromatographic
analysis of HRP (19).

Cell Culture and Treatment

The IPEC-J2 cell line source and cells culture method was
as described in our previous study (21). HRP was pretreated
for 24h. Subsequently, cells were exposed to LPS for 16h.
The cells were collected, and quickly frozen in liquid nitrogen,
and stored at —80°C for future transcriptome analysis. This
study included five treatments C represents the control group
IPEC-]2 cells without treatment. L represents the treatment
group of IPEC-J2 cells induced by 10ug/mL LPS. H2-
L, H4-L, and H6-L represent the pre-treatment of IPEC-
J2 cells with 200, 400, and 600ug/mL HRP, respectively,
followed by treatment with 10 pg/mL LPS. The HRP and LPS
concentrations used were based on the results of our previous
articles (16, 17).
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Total RNA Extraction, cDNA Library

Construction, and RNA-seq

According to the manufacturer’s instructions, TRIzol reagent was
used to extract RNA from the IPEC-J2 cells in different groups.
cDNA library construction and RNA-seq were as described by
Shao et al. (17).

Bioinformatics Analysis

High quality clean reads were obtained by removing reads
containing adapters, more than 10% unknown nucleotides
(N), and low-quality reads containing more than 50% low
quality (Q-value <20) bases. The short reads alignment tool
Bowtie2 (22) was used to map reads to the ribosome RNA
(rRNA) database. The rRNA mapped reads were removed. The
remaining reads were further used in the assembly and analysis
of the transcriptome. Gene abundances were quantified by the
RSEM software (23). Transcript abundance was normalized to
fragments per kilobase of exon model per million mapped reads
(FPKM). DEGs between groups were analyzed using the DEGs R
package (http://www.rproject.org/). Genes with fold change (FC)
>1.2 and a false discovery rate (FDR) <0.02 were considered
significant. Significant enrichment of the Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways determined the
most important biochemical metabolic pathways and signal
transduction pathways that the protein participated in. The
KEGG website (http://www.kegg.jp/kegg/) was used to query
the immune-related signal pathways involved in significantly
differently changed genes, and heat map analysis was performed
on the significantly differentially expressed genes involved in
immune-related signal pathways. For each treatment group, it is
included three replicates to increase reliability of the data.

Verification of Transcriptome Data Using

qRT-PCR
To validate the accuracy of the RNA-seq data, the DEG
expressions for the nuclear factor of kappa light polypeptide

gene enhancer in B-cells 2 (NFKB2), MAP kinase interacting
serine/threonine kinase 2 (MKNK2), mitogen-activated
protein kinase kinase 1 (MAP2K1), mitogen-activated protein
kinase kinase kinase 8 (MAP3K8), Ras-related protein R-Ras
(RRAS), TNF receptor-associated factor 1 (TRAF1), NF-
kappa-B inhibitor alpha (NFKBIA), interleukin 8 (IL8), tumor
necrosis factor, alpha-induced protein 3 (TNFAIP3), and
transforming growth factor beta-1 (TGFB1) were determined
by qRT-PCR analyses as described previously (16). We
focused on the 600pug/mL concentration of H. rhamnoides
polysaccharide to pre-treat the IPEC-J2 cells in the following
results (16, 21). The primers for the selected genes are listed in
Supplementary Table S1.

Statistical Analysis

For the qPCR analysis, all data analyses were performed by using
SPSS software (SPSS version 20.0, Chicago, IL, USA). Tukey’s
multiple range test was used to compare the mean values (P
< 0.05) to indicate significant differences and the results were
expressed as mean + SD.

RESULTS

Transcriptome Profiles
The aggregate of 356,912,016 raw reads were accumulated by
using the High-throughput RNA sequencing to do the paired-
end sequencing of the fifteen constructed libraries. After quality
control, assessment of contaminated rRNA and low-quality
sequences, 356,207,308 qualified Illumina reads were obtained.
Approximately 97.44% of the clean reads were mapped to the
reference genome and then used for further gene expression
analysis (Table 1). We focused on C, L, and H6-L samples in the
following experiment.

DEGs were identified using digital gene expression tags. The
expression analysis indicated that 3,622, 1,216, and 2,100 DEGs
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shown in blue.

FIGURE 4 | A heat map of the DEGs related to immune pathways in IPEC-J2 cells. The sample gene expression of the C (C1-C3) and L (L1-L3), L (L1-L3) and H6-L
(H6-L-1-H6-L-3), C (C1-C3), and HB-L (HB6-L-1-H6-L-3) groups is shown using a pseudo color scale, with high levels of expression shown in red and low levels
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in the IPEC-J2 cells were identified in C vs. L, L vs. Hé6-
L, and C vs. H6-L, respectively (FC >1.2 and FDR <0.02)
The most DEGs were identified from C to L (Figures 1A-D
and Supplementary Tables S2-S4). These results demonstrated
that number of inflammatory cytokines were accentuated after
LPS induction. However, number of inflammatory cytokines in
HRP pre-treated groups were significantly reduced. The volcano
plot shows that HRP plays an important role in the immune
regulation of cellular inflammatory damage.

Functional Enrichment of DEGs

DEGs were categorized into three Gene Ontology (GO)
groups:  biological ~process, cellular component, and
molecular function. In the biological process group, many
DEGs were categorized as the cellular process, single-
organism process, and metabolic process. In the cellular
component group, many DEGs were categorized as the
cell, cell part and organelle. In the molecular function
group, many DEGs were categorized as the binding,
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TABLE 2 | Significant differentially expressed genes related to the main immune
pathways in the L-vs-HB-L comparison group.

Gene ID Gene Description
name
LOC100153829  NFKB2 Nuclear factor of kappa light polypeptide gene
enhancer in B-cells 2
LOC100517077  MKNK2 MAP kinase interacting serine/threonine kinase 2
LOC100233191 MAP2K1 Mitogen-activated protein kinase kinase 1
LOC396648 HSPA1s Heat shock 70kda protein 1/2/6/8
LOC100158082  PPP3C Serine/threonine-protein phosphatase 2B
catalytic subunit
LOC100152997  GADD45  Growth arrest and dna-damage-inducible protein
LOC100622217  MAP3K8  Mitogen-activated protein kinase kinase kinase 8
LOC100240743  DDIT3 DNA damage-inducible transcript 3
LOC493184 HSPB1 Heat shock protein beta-1
LOC100513084  CSF1 Macrophage colony-stimulating factor 1
LOC100516558  RRAS Ras-related protein R-Ras
LOC110259297  RRAS2 Ras-related protein R-Ras2
LOC396985 PLAU urokinase plasminogen activator
LOC100627029  TRAF1 TNF receptor-associated factor 1
LOC406188 NFKBIA NF-kappa-B inhibitor alpha
LOC100125555  LY96 Lymphocyte antigen 96
LOC100623776  TRIF Toll-like receptor adapter molecule 1
LOC396750 ICAM1 Intercellular adhesion molecule 1
LOC100153830  MALT1 Mucosa-associated lymphoid tissue lymphoma
translocation protein 1
LOC396880 IL8 Interleukin 8
LOC100518917 PARP Poly
LOC100622156 ~ TNFAIP3  Tumor necrosis factor, alpha-induced protein 3
LOC100622590  BIRC2_3  Baculoviral IAP repeat-containing protein 2/3
LOC100515635  CREB5 Cyclic amp-responsive element-binding protein 5
LOC396915 EDN1 Endothelin-1
LOC397454 ITPR1 Inositol 1,4,5-triphosphate receptor type 1
LOC397278 PMAIP1 Phorbol-12-myristate-13-acetate-induced
protein 1
LOC407245 LDH L-lactate dehydrogenase
LOC396823 GAPDH Glyceraldehyde 3-phosphate dehydrogenase
LOC445512 HMOX1 Heme oxygenase 1
LOC407608 PGK Phosphoglycerate kinase
LOC100512013  ALDO Fructose-bisphosphate aldolase, class |
LOC100126864  IFNGR2 Interferon gamma receptor 2
LOC397062 TFRC Transferrin receptor
LOC396862 TIMPA Metallopeptidase inhibitor 1
LOC100623582  NBL1 Neuroblastoma suppressor of tumorigenicity 1
LOC397490 INHBB Inhibin beta B chain
LOC100518554  INHBE Inhibin beta e chain
MSTRG.7730 PDGFB Platelet-derived growth factor subunit b
LOC100517416  DUSP10  Dual specificity phosphatase 10
LOC397260 SMAD2_3 Mothers against decapentaplegic homolog 2/3
LOC100152069  SMADG6 Mothers against decapentaplegic homolog 6
LOC100522839  ID1 DNA-binding protein inhibitor ID1
LOC100522677 E2F4_5 Transcription factor e2f4/5
LOC396691 BMPR1B  Bone morphogenetic protein receptor type-1b

(Continued)

TABLE 2 | Continued

Gene ID Gene Description
name
LOC654298 D2 DNA-binding protein inhibitor ID2

LOC100626978  ID3
LOC100144508  ID4

DNA-binding protein inhibitor ID3
DNA-binding protein inhibitor ID4

LOC100521305 SMAD7 Mothers against decapentaplegic homolog 7

LOC100516289  PFKFB3  6-phosphofructo-2-kinase /
fructose-2,6-biphosphatase 3

LOC100156226  EP300 E1A/CREB-binding protein

LOC100192445  PDPK1 3-phosphoinositide dependent protein kinase-1

LOC397027 CAPN1 Calpain-1

LOC493186 SOCS3 Suppressor of cytokine signaling 3

LOC100621398 MRAS Ras-related protein M-Ras

LOC100620969 EREG Epiregulin

LOC397078 TGFB1 Transforming growth factor beta-1

LOC100524751 RIPK1 Receptor-interacting serine/threonine-protein
kinase 1

LOC100157144  DUSP Dual specificity MAP kinase phosphatase

MSTRG.7893 NR4A1 Nuclear receptor subfamily 4 group A member 1

LOC100524021 CACNB3  Voltage-dependent calcium channel beta-3

LOC102166564 PDGFRB  Platelet-derived growth factor receptor beta

LOC100514115  FGFR3 Fibroblast growth factor receptor 3

LOC654328 MET Proto-oncogene tyrosine-protein kinase Met

catalytic activity, and transporter activity (Figures2A-C
and Supplementary Tables S5-S7).

As shown in Figures 3A-C and Supplementary Tables S8-
$10, in C vs. L, 1,442 DEGs were mapped into 322 KEGG
pathways. The key pathways were Apoptosis (ko04210) and
the NF-kappa B signaling pathway (ko04064). In L vs. H6-L,
531 DEGs were mapped into 307 KEGG pathways. The key
pathways were MAPK (ko04010), NF-kappa B (ko04064), TNF
(ko04668), Apoptosis (ko04210), HIF-1 (ko04066), and the TGF-
beta signaling pathway (ko04350). In C vs. H6-L, 892 DEGs were
mapped into 318 KEGG pathways. The key pathway was the
IL-17 signaling pathway (ko04657).

Heat Map of the DEGs Related to Immune
Pathways in L vs. H6-L

In Figure 4 and Table 2, the sample gene expression of the C
and L, L and H6-L, C and H6-L groups is shown using a pseudo
color scale, with high levels of expression shown in red and low
levels shown in blue. The results showed that most of the gene
expression levels were down-regulated after HRP pre-treatment
compared with the LPS group. The Log2-fold change and p-value
statistics of DEGs related to the main immune pathways in the
L-vs.-H6-L group are shown in Table 3. This data indicated that
genes were significantly expressed in six immune pathways.

Cluster Analysis of DEGs Among the Three

HRP Concentrations
To determine the gene expression trajectories, we used the
STEM program to categorize the 3,134 DEGs that were
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TABLE 3 | Log2-fold change and p-value statistics of significant differentially
expressed genes related to the main immune pathways in the L-vs-HB6-L group.

Gene ID Gene Log2 fold change P-value
name

C-vs-L  L-vs-H6-L C-vs-L L-vs-H6-L
LOC100153829 NFKB2 1.16 —0.43 9.63E-39  2.65E-18
LOC100517077  MKNK2 1.16 -0.35 5.10E-65  2.88E-39
LOC100233191  MAP2K1 0.61 —0.45 2.23E-12  3.99E-12
LOC396648 HSPA1s 0.82 -0.59 2.61E-19  7.87E-114
LOC100158082 PPP3C 0.48 -0.29 5.85E-07 0.00045
LOC100152997 GADD45  2.28 -2.18 9.91E-06  8.74E-06
LOC100622217 MAP3K8 1.77 -0.76 1.82E-22 5.36E-09
LOC100240743 DDIT3 1.61 —0.76 2.11E-28 8.35E-09
LOC4 93184 HSPB1 1.98 —0.65 4.03E-80  1.82E-68
LOC100513084 CSF1 2.07 —1.01 8.41E-28 1.90E-11
LOC100516558 RRAS 1.40 -0.42 4.76E-52  5.56E-15
LOC110259297 RRAS2 0.61 -0.29 4.70E-12  3.17E-13
LOC396985 PLAU 1.28 -0.57 1.14E-58  1.10E-70
LOC100627029 TRAF1 2.28 —-0.88 2.27E-11 0.00050
LOC406188 NFKBIA 0.97 -0.77 4.03E-21 5.22E-21
LOC100125555  LY96 1.79 -0.84 2.07E-16  1.29E-07
LOC100623776  TRIF 0.02 -0.48 0.28430 0.00119
LOC396750 ICAM1 0.82 —0.33 9.75E-18 1.23E-11
LOC100153830 MALTH 1.49 -0.78 1.83E-17 1.33E-08
LOC396880 IL8 1.71 —0.98 4.04E-37 2.07E-18
LOC100518917 PARP 0.40 -0.35 0.00013 0.00022
LOC100622156  TNFAIP3 1.58 -0.99 4.94E-37  4.43E-28
LOC100622590 BIRC2_3  0.50 —0.61 0.00108 1.80E-05
LOC100515635 CREB5 2.53 -1.27 5.95E-17  4.61E-07
LOC396915 EDN1 0.11 —-0.68 0.02909 6.20E-11
LOC397454 ITPR1 0.81 -0.39 1.26E-19  2.07E-08
LOC397278 PMAIP1 0.90 —0.69 1.34E-09 1.72E-07
LOC407245 LDH 0.24 -0.32 1.63E-07 3.24E-28
LOC396823 GAPDH 0.71 —0.28 3.78E-19 8.99E-41
LOC445512 HMOX1 2.38 —-1.37 6.68E-53 2.62E-28
LOC407608 PGK 0.59 —0.44 4.28E-23  4.92E-58
LOC100512013  ALDO 0.98 —0.60 3.18E-17  2.34E-12
LOC100126864  IFNGR2 1.39 —0.50 9.80E-31 5.24E-10
LOC397062 TFRC 0.03 —0.61 0.07717 8.04E-21
LOC396862 TIMPA1 0.81 -0.28 1.02E-16  4.82E-06
LOC100623582  NBL1 1.29 -0.34 1.58E-22 0.00014
LOC397490 INHBB 1.95 -0.99 7.16E-10  6.23E-05
LOC100518554  INHBE 0.80 -0.37 4.79E-15  2.46E-08
MSTRG.7730 PDGFB 1.40 —0.40 1.78E-26 1.14E-05
LOC100517416 DUSP10 2.1 —1.00 5.37E-25 1.01E-10
LOC397260 SMAD2_3 -0.46 0.39 5.08E-06  3.01E-17
LOC100152069 SMAD6 —1.57 0.99 1.65E-13  6.05E-07
LOC100522839 D1 —1.89 1.64 2.86E-63  3.67E-217
LOC100522677 E2F4_5 —0.90 0.38 7.12E-11 2.86E-06
LOC396691 BMPR1B  —1.08 0.41 2.31E-14  2.66E-05
LOC654298 D2 -1.34 1.03 3.63E-13  2.60E-12
LOC100626978 ID3 —-1.07 0.81 2.45E-19 5.13E-26
LOC100144508 D4 —-1.75 0.66 8.12E-18 0.00041

(Continued)

TABLE 3 | Continued

Gene ID Gene Log2 fold change P-value
name
C-vs-L  L-vs-H6-L C-vs-L L-vs-H6-L

LOC100521305 SMAD7 -0.97 0.63 7.04E-07  9.90E-05
LOC100516289 PFKFB3 ~ —0.80 0.68 3.84E-06  2.42E-11
LOC100156226 ~ EP300 -1.15 0.52 3.85E-19  3.15E-08
LOC100192445  PDPK1 -0.73 0.31 3.17E-07 0.00189
LOC397027 CAPN1 —0.66 0.36 2.47E-06  1.36E-13
LOC493186 SOCS3 —-1.11 0.94 0.00058 1.46E-06
LOC100621398 MRAS 2.52 —1.47 2.76E-06 0.00043
LOC100620969 EREG -0.76 1.81 2.39E-06 0.00046
LOC397078 TGFB1 —0.56 0.43 2.25E-05  5.57E-13
LOC100524751  RIPK1 —-0.81 0.35 1.44E-08 0.00057
LOC100157144  DUSP -0.26 0.35 0.41187 6.08E-05
MSTRG.7893 NR4A1 -0.29 0.85 0.39207 7.41-17
LOC100524021 CACNB3  —0.27 0.36 0.39343 0.00266
LOC102166564 PDGFRB  —1.20 1.13 0.00016 8.65E-06
LOC100514115  FGFR3 —1.20 0.57 8.41E-21 3.70E-35
LOC654328 MET —1.04 0.48 5.19E-23 2.23E-17

differentially expressed in H2-L, H4-L, and H6-L into eight
possible expression profiles (P < 0.05) (Figures 5A,B, 6A-H,
and Supplementary Table S11), in which 612 were clustered into
two profiles (P < 0.05), including two up-regulated patterns
(Profile 6 and Profile 7). Profile 6 and 7 contained 452 and
160 DEGs, respectively. The consistent up-regulation of genes
of Profile 6 in H2-L, H4-L, and Hé6-L indicated that DEGs may
contribute to stimulatory functions during the polysaccharide
anti-inflammatory function. The up-regulated genes of Profile 7
between only H2-L and H4-L revealed that these DEGs played
a key role in the anti-inflammatory process. There was no
significant difference in the up-regulated genes between H4-L
and H6-L.

KEGG Pathway Enrichment Analysis of
Differentially Expressed Genes Among the

Three HRP Concentrations

A total of 11.1% (940/8,499) of the DEGs could be annotated.
As shown in Table4, the metabolic pathways (ko01100),
Cytokine-cytokine receptor interaction (ko04060), Neuroactive
ligand-receptor interaction (ko04080), Pathways in cancer
(ko05200), Olfactory transduction (ko04740), PI3K-Akt
signaling pathway (ko04151), Calcium signaling pathway
(ko04020), Human papillomavirus infection (ko05165), Jak-
STAT signaling pathway (ko04630), and Systemic lupus
erythematosus (ko05322) pathways were significantly enriched.
The 13 genes among 125 DEGs (22.40%) in Profile 6, and five
genes accounting for 11.63% of 43 DEGs in Profile 7 were
annotated to the cytokine-cytokine receptor interaction. The
three genes among 125 DEGs (2.40%) in Profile 6, and two genes
accounting for 4.65% of 43 DEGs in Profile 7 were annotated
to the PI3K-Akt signaling pathway. The seven genes among
125 DEGs (5.60%) in Profile 6, and two genes accounting for
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FIGURE 5 | (A) Eight profiles of DEGs with unique expression alterations over H2-L, H4-L, and H6-L. The profile number and the number of genes are shown on top
of each square. The number of genes assigned is used to order the profiles. The profiles with color (P < 0.05): significant enrichment trend. The profiles without color:
non-significant enrichment trend. (B) Trend DEGs number and P-value histogram. X-axis indicates the eight profiles; Y-axis shows DEGs number of every profile. The
color of the column represents P-value.

4.65% of 43 DEGs in Profile 7 were annotated to the Jak-STAT
signaling pathway.

Validation of RNA-seq Data Using qRT-PCR
Ten genes (NFKB2, MKNK, MAP2K1, MAP3K8, RRAS, TRAFI,
NFKBIA, IL8, TNFAIP3, and TGFBI1) were selected for qRT-
PCR analysis.The results showed a strong correlation between
the RNA sequencing data and the qRT-PCR data (Figure 7).
This suggested that the expression results generated by RNA
sequencing were reliable.

DISCUSSION

In the current piglet production system, early weaning is an
important means to improve the efficiency of pig production
(24, 25). However, early weaning is very stressful to piglets, and

can easily cause piglet immune stress and affect the healthy
growth of piglets. How to alleviate the immune stress of
piglets has become an area of concerning the piglet industry
(26, 27). Hippophae rhamnoides extracts are widely used to
enhancing immunity in both healthy and diseased animals (28).
Polysaccharide is the main active ingredient of H.rhamnoides.
HRP has been shown to have immunomodulatory effects (10).
No research has been conducted on the molecular mechanism of
HRP in piglets by transcriptome sequencing. Variation in gene
expression may provide a key to uncovering the mechanisms
of diseases. Transcriptome sequencing, also called RNA-seq,
provides a new technique to quantify whole-genome expression
profiling in any organism. It promises digital transcriptome
profiling with high resolution and is rapidly replacing microarray
technology (29, 30). Studies have used RNA-seq technology to
explore the protective mechanism of IPEC-J2 cells stimulated
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FIGURE 6 | DEGs expression profiles (A-H) in the IPEC-J2 cells induced by LPS after HRP pre-treatment. (A,B), (C,D), (E,F), and (G,H) are two antagonistic profiles
of DEGs curves, respectively. Each X-axis indicates the concentration of HRP pre-treated IPEC-J2 cells (H2-L, H4-L, and H6-L), Y-axis shows expression changes.

by LPS after astragalus polysaccharide (APS) pretreatment. APS
relieves cell damage by inhibiting the activation of the MAPK
and NF-kB inflammatory pathways, thereby reducing intestinal
inflammation (31). Cluster analysis revealed 3134 DEGs that
were differentially expressed in H2-L, H4-L, and H6-L into eight
possible expression profiles, in which 168 were clustered into
two profiles. The up-regulated genes of Profile 6, only between
H2-L and H4-L, revealed that these DEGs played a key role
in the anti-inflammatory process. The consistent up-regulation
of genes of the Profile 7 in H2-L, H4-L, and H6-L indicated
that DEGs may contribute to stimulatory functions during the
polysaccharide anti-inflammatory process. KEGG enrichment
analysis found that the six identified pathways were related to
the immune system. Among the six identified pathways related
to the immune system, the MAPK signaling pathway and NEF-
kB signaling pathway play important immunomodulatory roles
in our study. Finally, we selected 10 DEGs (NFKB2, MKNK2,
MAP2K1 (MEK1), MAP3K8, RRAS, TRAFI, NFKBIA, ILS,
TNFAIP3, and TGFB1) related to the main immune pathways to
validate the RNA-Seq data using qRT-PCR.

The downstream signal transduction pathways mediated by
LPS mainly include the NF-kB signal transduction pathway
and the MAPK signal transduction pathway (32). Extracellular
regulated protein kinases (ERK), c-Jun N-terminal kinase (JNK),
and p38 mitogen-activated protein kinase (p38 MAPK) belong
to the three subtypes of the MAPK signaling pathway (33).
The Ras/Mitogen-activated protein kinase kinase (MEK)/ERK
pathway is one of the most important signal transduction
pathways among the MAPK pathways. The Ras/MEK/ERK
pathway involves the regulation of a variety of physiological
functions of cells and plays a key role in the pathogenesis
and pathophysiology of various diseases (34). The activation
of ERK is a key step in transferring signals from surface
receptors to the nucleus. The activation of ERK induced
by LPS leads to the secretion of large amounts of tumor
necrosis factor-alpha (TNF-a), as well as interleukin-6 (IL-
6) and IL-8, and increases the expression of inducible nitric

TABLE 4 | 10 top KEGG pathways with high representation of the DEGs.

pathways No. of DEGs with pathway annotation Pathway ID

All profiles Profile Profile

(940) 6 (125) 7 (43)

Metabolic pathways 162 (17.23%) 28 (22.40%) 5(11.63%) ko01100
Cytokine-cytokine 81(8.62%) 13(10.40%) 4 (9.30%) ko04060
receptor interaction
Neuroactive 73 (7.77%) 9(7.20%) 1(2.33%) ko04080
ligand-receptor
interaction
Pathways in cancer 69 (7.34%) 5(4.00%) 4 (9.30%) k005200
Olfactory transduction 67 (7.13%) 8(6.40%) 3(6.98%) ko04740
PI3K-Akt signaling 48 (56.11%) 3(2.40%) 2 (4.65%) ko04151
pathway
Calcium signaling 42 (4.47%) 5(4.00%) 1(2.33%) ko04020
pathway
Human papillomavirus 42 (4.47%) 2(1.60%) 4 (9.30%) ko05165
infection
Jak-STAT signaling 40 (4.26%) 7 (5.60%) 2 (4.65%) ko04630
pathway
Systemic lupus 37 (3.94%) 5(4.00%) 1(2.33%) ko05322

erythematosus

oxide synthase and nitric oxide. Son of Sevenless (SOS) binds
to RRAS-Guanosine diphosphate (GDP), prompting guanosine
triphosphate (GTP) to replace GDP on RRAS and activate
RRAS protein, then activate MEK and ERK sequentially. In
recent years, some initial reports on targeting SOS to inhibit
the activation of RRAS, thereby inhibiting the activation of
the MAPK signaling pathway, have also achieved satisfactory
results (35). The activation of ERK promotes the secretion of
MKNK. MKNK is an important downstream protein kinase
of ERK that has an important immunomodulatory function.
MKNK dysfunction can inhibit the inflammatory signal of
upstream ERK and affect downstream eIf4E and CREB and other
effector proteins, thereby preventing cell inflammation. MAP3K8
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is essential for the activation of the intracellular MAPK/ERK
pathway induced by LPS in cells (36). Therefore, MAP3KS8 is a
critical factor for the production of pro-inflammatory cytokines
during immune responses (37). Therefore, in our study, the
results showed that MKNK2, MAP2K1, MAP3K8, and RRAS
gene expression levels were down-regulated after HRP pre-
treatment compared with the LPS group. The reduction of
MKNK2, MAP2K1, MAP3K8, and RRAS gene levels plays an
important immuno-regulatory role in HRP alleviating LPS-
induced cell damage.

LPS, a trigger of inflammation, can activate the NF-«kB
signaling pathway (38). NFKBIA is a specific inhibitor of NF-
kB that binds to NF-kB at a resting state to cause NF-kB to
enter an inactive state. Phosphorylated NFKBIA is separated
from NF-kB, and NF-kB is activated. Activated NF-kB migrates
to the nucleus, where NF-kB nuclear transcription factor can
up-regulate the levels of inflammation-related genes TNE IL-
6, and IL-8 and down-regulate the level of TGFB1 (39).
Studies have proven that LPS promotes the degradation of
NFKBIA, activates the DNA binding ability of NF-kB, and
regulates the gene expression level of cytokines (40). Moreover,
TRAFs are key regulatory proteins in NF-«B signaling pathways.
TRAF1 enhances the activation of TNF-R2 induced by NF-
kB (41), therefore promoting the release of a large number of
inflammatory cytokines. A previous study showed that TRAFI is
over-expressed in a variety of lymphoma and leukemia cell lines
and is a crucial mediator of diverse oncogenic signaling in the
development of lymphoid malignancies. TNFAIP3 is a cytokine-
induced protein that inhibits apoptosis and activates NF-kB
(42). The main function of TNFAIP3 is to inhibit the activity
of NF-kB and inhibit TNF-mediated apoptosis, thereby having
an important impact on immune regulation and inflammatory
processes (43, 44). The release of NFKB2, TRAF1, NFKBIA,
IL8, and TNFAIP3, as important regulatory genes of NF-kB,
can activate the upstream pathway NF-«B. Jayashankar et al.
found that the intervention of supercritical carbon dioxide
extract from seabuckthorn leaves can inhibit the expression
levels of TNF-a and IL-6 after LPS-induced inflammatory
damage, inhibit the activation of the MAPK/NF-kB signaling
pathway, reduce inflammation, and play a immunomodulatory
role (45). Our study indicated that NFKB2, TRAF1, NFKBIA,
IL8, and TNFAIP3were increased and TGFB1 was reduced
after LPS induction. However, after HRP pre-treatment, the
gene expression level showed the opposite trend and they
played an important immune-regulatory role in HRP alleviating
LPS-induced cell damage, which provided more targets and
prevention directions for theoretical and basic research on
intestinal health. Studies have shown that APS may block
radiation-induced bystander effects (RIBE) in bone mesenchymal
stem cells (BMSCs) induced by the irradiated A549 through
regulating the MAPK/NF-kB pathway (46).

CONCLUSIONS

This study was the first using a RNA-Seq technique to establish
a dynamic transcriptomic profile of three stages (C, L, and H6-L)
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related to pre-treatment with HRP followed by challenge with
LPS in IPEC-J2 cells. Subsequently, bioinformatics analysis
(GO, KEGG, and series cluster) helped us to identify key
regulatory genes (IL8 and NFKB2, among others.) related
IPEC-J2 cellular immune regulation. Transcriptome analysis
also showed that HRP protected IPEC-J2 cells from LPS-
induced inflammation and decreased the expression of
inflammatory cytokines by mainly inhibiting the MAPK/NEF-
kB signaling pathway. This study does not only provide the
useful transcriptomic reference for HRP to effectively protect
LPS-induced inflammatory damage in IPEC-J2 cells, but also
provides a benchmark for the discovery of biomarkers related to
HRP immune regulation.
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