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1. Introduction

Effects of Pinus massoniana pollen
polysaccharides on intestinal microenvironment
and colitis in micet

Xiangyun Niu, & 2° Honggi Shang,1*° Siyan Chen,?® Ruichang Chen,*?
Jin Huang,®® Yonggiang Miao,?® Wenping Cui,>® Huan Wang,*° Zhou Sha,*®
Duo Peng*® and Ruiliang Zhu*®®°

The stability of the intestinal microenvironment is the basis for maintaining the normal physiological
activities of the intestine. On the contrary, disordered dynamic processes lead to chronic inflammation
and disease pathology. Pinus massoniana pollen polysaccharide (PPPS), isolated from Taishan Pinus mas-
soniana pollen, has been reported with extensive biological activities, including immune regulation.
However, the role of PPPS in the intestinal microenvironment and intestinal diseases is still unknown. In
this work, we initiated our investigation by using 16S rRNA high-throughput sequencing technology to
assess the effect of PPPS on gut microbiota in mice. The result showed that PPPS regulated the compo-
sition of gut microbiota in mice and increased the proportion of probiotics. Subsequently, we established
immunosuppressive mice using cyclophosphamide (CTX) and found that PPPS regulated the immunosup-
pressive state of lymphocytes in Peyer's patches (PPs). Moreover, PPPS also regulated systemic immunity
by acting on intestinal PPs. PPPS alleviated lipopolysaccharide (LPS) -induced Caco?2 cell damage, indicat-
ing that PPPS has the ability to reduce the damage and effectively improve the barrier dysfunction in
Caco2 cells. In addition, PPPS alleviated colonic injury and relieved colitis symptoms in dextran sodium
sulfate (DSS)-induced colitis mice. Overall, our findings indicate that PPPS shows a practical regulatory
effect in the intestinal microenvironment, which provides an essential theoretical basis for us to develop
the potential application value of PPPS further.

intestinal homeostasis, participate in the metabolism of nutri-
ents in the intestinal tract, and promote the growth and differ-

The gut is one of the largest organs in the animal body and
also an immune organ. The microenvironment of the intesti-
nal tract is composed of gut microbiota, local mucosal
immune systems and intestinal epithelial cells, which synergis-
tically stabilize the intestinal functions and health." Any
abnormality breaks the balance and leads to the occurrence of
diseases. The adult human intestine is home to a vast number
of microorganisms.” In the long-term evolution process, intes-
tinal microbiota continually interacts with the host to regulate
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entiation of intestinal epithelial cells, which resists the inva-
sion and reproduction of external harmful microorganisms,’
and regulates the intestinal immune function.® Intestinal
mucosal immunity is the essential component of the mucosal
immune system, and the immune cells in the mucosal tissue
account for 80% of all the immune cells.” Peyer’s patches (PPs)
are mucous follicular tissues throughout the small intestine of
humans and mice. At the terminal ileum, PPs are most
evident, which is the primary immune response site exposed
to food antigens, pathogens, and vaccines in the gut.® The
intestinal epithelial barrier in the intestine is the first point of
contact with these substances, which is the structural basis of
the intestinal mucosal barrier and composed of a mucous
layer covering the surface of the intestinal epithelial cell (IEC)
with tight junction (TJ). The intestinal epithelial barrier is a
selective barrier that allows nutrients, salt, and water from the
lumen to enter the bloodstream,” and also a protective barrier
that prevents intracellular antigens, microorganisms, and
toxins from entering the body.® Breakdown of the intestinal
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microenvironment, especially immune regulatory networks in
the intestine, can lead to chronic inflammatory diseases, such
as inflammatory bowel disease (IBD).” IBD is a chronic, non-
specific inflammatory bowel disease of uncertain etiology,
including Crohn’s disease (CD) and ulcerative colitis (UC). UC
mainly affects the colonic mucosa and submucosa, with a
gradually increasing incidence rate, especially in adults and
children in recent years.' the current therapeutic approaches
for IBD include control of inflammatory responses and regu-
lation of immune disorders, which only reduce symptoms or
suppress exacerbations. On the other hand, available treat-
ments for severe cases are limited without an effective cure.'*
Therefore, the discovery of a safe and effective drug for
patients with UC is crucial.

Polysaccharides are polymerized carbohydrate macro-
molecules formed by long-chain monosaccharide units con-
nected by glycoside linkages.'* Plant polysaccharides have a
long history of being considered as a kind of living and energy
substance. While a number of studies have revealed that they
have various pharmacological effects, including immune regu-
lation,” anti-oxidant,'*anti-tumor,"* anti-virus,"> hypoglyce-
mic'® and so on.'” Some polysaccharides (e.g. Astragalus poly-
saccharides) have been developed as commercial immunosti-
mulants and adjuvants for the control of animal diseases. Pine
pollen, known as the “king of pollen” in China, is nutritional
pollen with a variety of biological activities. Previous efforts in
our laboratory have led to the identification of Taishan Pinus
massoniana pollen polysaccharides (PPPS) that exhibited good
antioxidant, immunoregulatory, and anti-viral activities.'®
However, it is still unclear that if PPPS is able to interact with
intestinal microenvironment and have effects on gut-related
diseases.

In this study, our results showed that PPPS regulated gut
microbiota and increased the proportion of probiotics in the
intestinal tract in mice. In a CTX-induced immunosuppressive
mouse model, PPPS maintained the portion of B and T cells
and their subsets in PPs while raising the secretion of sIgA in
the intestine to normal levels under immunosuppression. We
also found that PPPS regulated systemic immunity through
PPs. We demonstrated that PPPS mitigated lipopolysaccharide
(LPS)-induced intestinal epithelial damage in
Caco2 monolayer cells. In the end, orally administrated PPPS
significantly alleviated the colitis injury in dextran sodium
sulfate (DSS)-induced colitis mice. Therefore, PPPS has the
ability to maintain the homeostasis of the intestinal micro-
environment, which is a promising strategy in treating inflam-
matory intestinal diseases.

2. Materials & methods

2.1 Preparation of polysaccharide

PPPS was extracted from the pollen of the Taishan pinus mas-
soniana based on a previously established protocol.'® The
purity of the obtained PPPS was analyzed by phonel-sulfate
method and was shown to be 90.6%.
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2.2 Microbiota 16S rRNA gene sequencing

BALB/c mice were administered by PPPS (150 mg kg™ ") or equal
volume phosphate buffered saline (PBS) gavage for two weeks
(n = 3 mice). Bacterial DNA from fecal samples were isolated
with CTAB method. The purity of DNA were determined by
agarose gel electrophoresis. Bacterial strains were investigated
using 16S rRNA gene sequencing. DNA was used as a template
to amplify using a Phusion® High-Fidelity PCR Master Mix
(New England Biolabs, USA). The v4 regions of 16S ribosomal
RNA gene were amplified using specific primers with Barcode
515F (5-GTGCCAGCMGCCGCGGTAA-3') and 806R (5™
GGACTACHVGGGTWTCTAAT-3'). PCR products were detected
by electrophoresis with 2% agarose gel and recovered by
GeneJET PCR Kit (Thermo Scientific, USA). Ion Plus Fragment
Library Kit 48 RXNS construction Kit (Thermo Scientific) was
used for Library construction, Ion S5TMXL Sequencing plat-
form (Thermo Scientific, USA) was used for sequencing. By
applying Uparse software (Uparse v7.0.1001, http:/www.drives5.
com/uparse/) the species clustering was determined based on
the operational taxonomic unit (OTU) using amplicon sequen-
cing of 16S RNA. The reference sequences allowed sorting of
the results into OTUs by clustering 97% sequence similarity.
The microbial classification was performed with Mothur
method and SILVA132 (http:/www.arb-silva.de/) SSUTRNA data-
base and classification according to various taxonomic ranks
(phylum, order, class, family, genus, and species). The alpha
diversity index was analyzed using QIIME software (Version
1.9.1, http:/www.qiime.org) and percentage of each bacterial
species was virtualized with R software (Version 2.15.3).

2.3 Quantitative of gut bacteria using qPCR

For gut bacteria identification, qPCR was performed from fecal
samples isolated with CTAB method. Quantitation was per-
formed using ChamQ Universal SYBR qPCR Master Mix
(vazyme, China) according to the user manufacturer’s instruc-
tions, and the bacterial specific primers are listed in Table 1.
gPCR was performed using ABI 7500 Real-Time PCR system
(Applied Biosystems, USA) with each reaction run in triplicate.
Analysis and fold-change were determined using the compara-
tive threshold cycle (Ct) method.

2.4 Experimental animals and immunosuppressive model

The BALB/c female mice were provided by Shandong
Laboratory Animal Center and adapted in Specific Pathogen
Free (SPF) level environment. Thirty 6-week-old mice at 6
weeks of age were housed based on their genotypes and used.
During the experiment, animals were raised with constant
temperature (21-23 °C) and constant humidity (50-60%), 12 h
of light and 12 h of darkness, and free intake of drinking
water and feed. Seven days after oral administration of PPPS in
the experimental group and equal volume of PBS in the
control group, mice (n = 6 mice) were injected with CTX (CAS#
6055-19-2, Aladdin, China) intraperitoneally and used at a
dose of 100 mg kg™'. And we set up three different concen-
trations of PPPS, PPPS low dosage (PPPSL, 50 mg/kg/day),
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Name Forward (5'-3") Reverse (5'-3")

Lactobacillaceae CGCATAACAACTTGGACCGCATGG CTCAGGTCGGCTACGTATCATTGC
Bacteroidaceae CGATGATACGCGAGGAACCTTACC CGGCACGAGCTGACGACAAC
Muribaculaceae GCTGCCTAAGCGGAACCTCTAAC CCTTCGCCATCGGTGTTCTTCC
Xanthobacteraceae CTAGCGTTGCTCGGAATCACTGG CGCCTTCGCCACTGGTGTTC
Rikenellaceae GATGCGGTAGGCGGAATGTATGG TGGTAAGCTGCCTTCGCAATCG
Prevotellaceae TGGTCAATGGACGCAAGTCTGAAC CGGCTGCTGGCACGGAATTAG

Sphingomonadaceae

GCATCGCTTGAATCCAGGAGAGG

CCTTCGCCACTGGTGTTCTTCC

Bifidobacteriaceae TCGAATAAGCACCGGCTAACTACG GGCGCGGATCCACCGTTAAG
Paenibacillaceae TCTTCCGCAATGGACGCAAGTC CGGCTGCTGGCACGTAGTTAG
Lachnospiraceae AGCTGGAGTGCAGGAGAGGTAAG CGCCTTCGCCACTGGTGTTC
168 Universal CCTACGGGAGGCAGCAG ATTACCGCGGCTGCTGG

PPPS moderate dosage (PPPSM, 125 mg/kg/day) and PPPS high
dosage (PPPSH, 250 mg/kg/day) for the experiment. The flow
cytometry analysis and ELISA test was performed 24 hours
later, and the operation process of the experiment will be
briefly described below. The animal experiments were
approved by Animal Protection and Utilization Committee of
Shandong Agricultural University (Permit number: 20010510)
and executed in accordance with Guide to Animal Experiments
of Ministry of Science and Technology (Beijing, China). This
study did not involve any endangered or protected species.

2.5 Enzyme-linked immunosorbent assay (ELISA)

The cytokine IL-6 and GM-CSF levels in cell culture super-
natants and the sIgA in mouse colon mucus were quantified
using ELISA kits (Lengton, China) according to the manufac-
turer’s instructions. The absorbance (OD value) of each hole
was measured by SpectraMax i3x (Molecular Devices, USA) in
sequence at the wavelength of 450 nm and zero of blank air
conditioner.

2.6 Isolation of lymphocytes and flow cytometry

The isolation of lymphocytes was performed as previously
described.’ The mice were euthanized by carbon dioxide
asphyxiation. Before surgery, 75% ethanol was used to
cleansed the abdomen of the mice, the abdominal cavity was
opened, and the small intestine of the mice was completely
separated. Lay the small intestine flat on a soaked gauze, and
the individual lymph nodes can be clearly seen on the anti-
mesenteric side of the intestine. The entire PPs was separated
with scissors and placed into cold Hank’s Balanced Salt
Solution (HBSS). In order to obtain the single-cell suspension,
lymph nodes were transferred to a 70-micron size sieve, and
the piston base of a 1 ml syringe was used to press the lymph
nodes to grind the tissue. Finally, the sieve was rinsed and cell
suspension was collected. EDTA was added to make the final
concentration 1 mM. The cell suspension was centrifuged
(5 min, 450g), and the cells were resuspended with flow buffer
(phosphate buffered saline containing 1% fetal calf serum).
Cells were stained with 0.1% trypan blue (TBD, China), the
number of cells was counted, and the cell concentration was
adjusted to 1 x 10%cells in 100 pl. FACS antibodies include:
APC anti-mouse CD3 (BioLegend, USA), FITC anti-mouse CD4
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(BioLegend, USA), PE anti-mouse CD8 (BioLegend, USA),
PerCP/Cyanine5.5 anti-mouse CD19 (BioLegend, USA). Single
cell suspensions were labeled with antibodies in flow buffer
for 30 min on ice. Data were acquired using a BD LSRFortessa
4 flow cytometer (BD Biosciences, San Jose, CA) and analyzed
using Flow]Jo software (Tree Star Inc., Ashland, OR).

2.7 Intestinal immune system modulating activity assay

Intestinal immune system modulating activity through Peyer’s
patch was measured according to the previously described.”®
Briefly, suspensions of Peyer’s patch cells in RPMI
1640 medium (Solarbio, China) supplemented with 5% FBS
(RPMI 1640-FBS) were prepared from a small intestine of
BALB/c mice (6 weeks old). 200 pl cell suspension (2 x 10° cells
per ml in RPMI 1640-FBS) were cultured with test sample in 96
well flat bottom plate for 5 days at 37 °C in a humidified atmo-
sphere of 5% CO,-95% air. The resulting culture supernatant
(50 pL) was incubated with bone marrow cells suspension (2 x
10 cells per ml) from BALB/c mice for 6 days in a humidified
atmosphere of 5% CO,-95% air. After 20pl of Alamar Blue™
solution (Maokang Biotechnology, China) was added to each
well, the cells were then continuously cultured for 5-24 h. The
fluorescence intensity was measured to count cell numbers by
SpectraMax i3x (Molecular Devices, USA) at an excitation wave-
length of 544 nm and emission wavelength of 590 nm during
cultivation.

2.8 Cell culture

Caco2 cells were grown in a culture medium composed of
minimum Eagle’s medium (MEM) medium (Solarbio, China),
100 U ml™" penicillin,0.1 mg ml™" streptomycin, and 10% (v/v)
heat-inactivated FBS in 25 ¢cm® tissue culture flasks (Beaver,
China). The cells were maintained at 37 °C in an atmosphere
of 5% CO,/95% air incubator.

2.9 Cell viability

Cell viability was measured by Cell Counting Kit-8 (MCE, USA)
according to the manufacturer’s instructions. Caco2 cells were
plated in 96-well culture plates at a density of 6000 cells per well
before treatment. Caco2 cells were treated or not treated with
PPPS 3, 6, 12 and 24 h prior to addition of 100 pg ml™" LPS
and the cell viability was measured at 24 h, 10 pL of the CCK-8
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solution was added to each filter, and reaction was allowed to
occur under standard culture conditions for 1 h. Absorbance
was measured at 450 nm using a SpectraMax i3x (Molecular
Devices, USA).

2.10 Transepithelial electrical resistance (TER)

Caco2 cells were seed at 10° cells per mL in the 0.33 and
1.12cm” transwells insert (Costar, Corning, USA) with 0.4 pm
sizes pore. Medium should be changed on days 4, 8, 12, 16
and 18 until complete differentiation had taken place. Caco2
cells were treated or not treated with PPPS 3 h prior to addition
of 100 pg ml™" LPS and the transepithelial electrical resistance
(TER) was measured at 3 h. The electrical resistance was
measured using the Millicell-ERS electrical resistance system
(Millipore, Bedford, MA). During measurement, both apical
and basolateral sides of the epithelium were bathed with
buffer solution. Electrical resistance was measured until
similar values were recorded for three consecutive measure-
ments. TER values were expressed as Q cm®.

2.11 Epithelial paracellular permeability

Paracellular permeability was determined using the nonab-
sorbable FITC-conjugated dextran probe (CAS# 60842-46-8,
MW: 3000-5000, Aladdin, China). Caco2 cells were seeded in
0.33 cm® Transwell chamber with 0.4 mm pores. Caco2 cells
were treated or not treated with PPPS 3 h prior to addition of
100 pg ml™" LPS. Before experimental treatment, the apical
and basolateral compartments were washed with sterile PBS.
Then PBS was added to the apical and basolateral compart-
ment, and the FITC-dextran (10 mg ml™") was added to the
apical compartment with 5 pL. After 1 h incubation at 37 °C,
100 pL buffer from the basolateral compartment was added to
a 96-well plate, and the absorbance was determined by using a
SpectraMax i3x (Molecular Devices, USA). The excitation and
emission wavelengths were 490 and 520 nm, respectively.

2.12 Western blot

1 x 10° Caco2 cells per well were seeded in 6-well tissue culture
and treated or not treated with PPPS 3 h prior to addition of
100 pg ml™' LPS. At the end of the experiment,
Caco2 monolayers were immediately washed with ice-cold PBS,
and cells were lysed with radio-immunoprecipitation assay
(RIPA) lysis buffer (Beyotime, China) with the addition of pro-
tease and phosphatase inhibitors for 5 min. Cell lysates were
centrifuged at 14 000g for 30 min. The supernatant was col-
lected, and protein was measured using the BCA Protein Assay
Kit (Beyotime, China). SDS-PAGE Sample Loading Buffer (5—;
Beyotime, China) was added to the lysate containing 20-30 pg
of protein and boiled for 10 min, after which equal amounts
of protein for each sample was separated on 10% SDS-PAGE
gel. Proteins from the gel were transferred to nitrocellulose
membrane (Millipore, USA). The membranes were blocked in
5% non-fat milk in TBS containing 0.05% Tween-20 (TBST)
buffer for 1 h, and then incubated with appropriate primary
antibodies anti-ZO-1 (Proteintech, China) at 1:1000, anti-
Occludin (Proteintech, China) at 1:2000 and anti-GAPDH

This journal is © The Royal Society of Chemistry 2021
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(Beyotime, China) at 1:2000 overnight at 4 °C. After being
washed in TBS-T buffer, the membranes were incubated with
appropriate secondary antibodies for 1 h at room temperature.
Signal was detected with an ECL kit (Beyotime, China) and
western blot densitometry analysis was performed using
Image-] software (http:/rsbweb.nih.gov/ij/). The band density
was normalized to the endogenous reference GAPDH.

2.13 Mouse model with DSS-induced colitis

Colitis was induced by addition of dextran sulfate sodium
(DSS, MW 36 000-50 000, Aladdin, China) to autoclaved drink-
ing water at 3% (w/v) for 7 days (n = 5 mice). The DSS solutions
were made freshly every three days. Similarly, we set up three
different concentrations of PPPS, PPPS low dosage (PPPSL,
50 mg/kg/day), PPPS moderate dosage (PPPSM, 125 mg/kg/
day) and PPPS high dosage (PPPSH, 250 mg/kg/day). The devel-
opment of colitis was monitored by measuring the mice’s daily
weight and blood in the stool. Stool consistency and rectal
bleeding were scored according to a previously described pro-
tocol.”* Briefly, stool scores were determined as: 0 = normal
stool, 1 = soft stool but still formed, 2 = very soft stool, 3 = diar-
rhea. Bleeding scores were determined as: 0 = no bleed, 1 =
positive hemoccult, 2 = visible blood in stool, 3 = gross rectal
bleeding. Stool scores and bleeding scores were added as clini-
cal score.

2.14 Histological analysis

For hematoxylin and eosin (H&E) staining, the colon tissue
was fixed overnight with 4% formalin buffer at 4 °C, then
soaked in 70%, 80%, 95% and 100% graded ethanol for
40 minutes, dehydrated, and transparent with xylene. The
slices were then cut into ultrathin slices (5 pm) with a slicer,
baked in a 60 °C incubator for 1 hour, dewaxed in xylene,
hydrated and stained with H&E, and sealed with neutral resin.
Histologic change scores was performed as previously
described.*" Briefly, histological scores were determined as: 0
= no evidence of inflammation, 1 = low level of inflammation
with scattered infiltrating mononuclear cells (1-2 foci), 2 =
moderate inflammation with multiple foci, 3 = high level of
inflammation with increased vascular density and marked wall
thickening, 4 = maximal severity of inflammation with trans-
mural leukocyte infiltration and loss of goblet cells.

2.15 Quantitative real-time PCR for RNA expression

Total RNA of colon tissue isolated by using the TRIzol reagent
(CWBIO, China). ¢cDNA was synthesized with HiScript IIQ RT
SuperMix (Vazyme, China) according to the manufacturer’s
instructions. qRT-PCR was performed with ChamQ Universal
SYBR qPCR Master Mix (Vazyme, China) in ABI 7500 Real-
Time PCR system (Applied Biosystems, USA). Relative mRNA
levels were normalized to the endogenous control gene
GAPDH. PCR system with each reaction run in triplicate.
Analysis and relative expression were determined using the
comparative threshold cycle (Ct) method. Primers used in this
paper were listed in Table 2.
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Name Forward (5'-3") Reverse (5'-3")

TNF-a CTGGCCTCTCTACCTTGTTGC CTGGCCTCTCTACCTTGTTGC
IL-1B TCTGAAGCAGCTATGGCAAC TTCATCTTTTGGGGTCCGTCA
IL-6 AGTCAATTCCAGAAACCGCTA GTCACCAGCATCAGTCCCAA
IL-10 ACCTGCCTAACATGCTTCGAG TTGGCAACCCAGGTAACCCTT
1L-4 TGAGCTCGTCTGTAGGGCTT CTGCAGCTCCATGAGAACACT
1L-22 CCTATATCACCAACCGCACCT CGCTCACTCATACTGACTCCG
GAPDH GGTTGTCTCCTGCGACTTCA TGGTCCAGGGTTTCTTACTCC

2.16 Bacterial translocation

The transfer of bacteria from the intestinal tract to the peri-
pheral blood and liver is indicated by the number of
Lactobacillus and Escherichia coli (E. coli). Among them,
Lactobacillus is used as probiotic indicator bacteria, and E. coli
is as indicator bacteria of harmful bacteria. 50 pl of anti-
coagulant blood were cultured on MRS and EMB agar for 36 h
at 37 °C. Liver tissue samples were homogenized in 0.5%
Triton X-100/PBS, and 100 pL of the homogenates were cul-
tured on MRS and EMB agar plates similarly. After 36 h of
incubation, CFUs were counted, and the results are expressed
as number of bacteria detected per mL of blood or gram of
liver.

2.17 Statistics

All statistical analyses in this study were performed with SPSS
17.0 software. The data are presented as values with standard
deviation (as the mean + SD). Differences between individual
groups were analyzed via one- or two-way ANOVA. P values were
indicated and P < 0.05 was considered significant. *P < 0.05;
**P < 0.01; ***P < 0.001; ns, not significant. “n” indicates bio-
logical replicates for in vitro experiments and number of mice
for in vivo studies. Animals subjects were randomly assigned
to a control group and different experimental condition groups
matched for age and sex using simple randomization.

3. Results

3.1 PPPS can affect the composition of gut microbiota in
mice

To explore the effect of PPPS on the gut microbiota of mice, we
used 16S rRNA sequencing to analyze the gut microbiota
changes in mice. The dilution curve showed a definite turning
point when the sequencing volume was around 30000, fol-
lowed by an extended period, which indicates that the sequen-
cing depth was sufficient (Fig. 1A). Alpha diversity analysis
showed that PPPS-treated mice had more abundant gut micro-
biota than that of the PBS group mice (Fig. 1B). The histogram
of the intestinal microbial community structure revealed the
microbial species and their relative abundance. At the phylum
level, compared with PBS group, Firmicutes, Bacteroidetes,
Proteobacteria, Actinobacteria, Cyanobacteria, Melainabacteria,
and Armatimonadetes had higher relative abundance in PPPS
group mice relative to the PBS group. In comparison, the rela-
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tive abundance of Tenericutes and Deferribacteres was lower
(Fig. 1C). At the family level, the relative abundance of
Bacteroidaceae, Muribaculaceae, Xanthobacteraceae,
Rikenellaceae, Prevoteliaceae, Sphingobacteriaceae,
Bifidobacteriaceae, and Paenibacillaceae in the PPPS group was
higher than that in the PBS group. In contrast, Lactobacillaceae
and Lachnospiraceae were less (Fig. 1D). qPCR assay was per-
formed to verify the results of the sequencing analysis at the
level of the family. We found that there was a significant
increase in the relative abundance of Bacteroidaceae,
Muribaculaceae, Rikenellaceae, Prevoteliaceae, Bifidobacteriaceae,
and Lachnospiraceae after treating with PPPS, which is consist-
ent with the 16S rRNA sequencing results (Fig. 1E). These find-
ings indicate that PPPS can increase the proportion and diver-
sity of gut beneficial bacteria in mice, which plays a decisive
role in slowing down metabolic disorders and resisting inflam-
matory factors.

3.2 PPPS activates the immune response of PPs lymphocytes
in CTX-induced immunosuppressive mice

To investigate the effect of PPPS in intestinal mucosal immu-
nity, especially in PPs, we generated immunosuppressed mice
with CTX injections. The results showed that CTX injections
reduced the secretion of sIgA (Fig. 2G) and proportion of B
cells (Fig. 2I) and CD3'CD4'T cells (Fig. 2D) in intestinal.
Firstly, the gavage administration of PPPS did not affect the
weight of mice and the size of Peyer’s patches as compared to
the PBS group mice (data not shown). The intestinal sIgA
secretion and lymphocyte percentage in PPs were measured in
immunosuppression mice. Lymphocytes in PPs were isolated,
and the B, T cells and their subsets were analyzed by flow cyto-
metry. In the immunosuppression mice, PPPS significantly
increased the proportion of CD3'T cells (Fig. 2A and B) and
restored the reduced percentage of CD3'CD4'T cell subsets
caused by CTX (Fig. 2C and D) while maintaining the ratio of
CD3'CD4'/CD3'CD8'T cell subsets (Fig. 2F). At the same time,
there was no statistically significant difference in CD3'CD8'T
cells (Fig. 2E). The ELISA results showed that PPPS signifi-
cantly relieved the decrease of sIgA (Fig. 2G). PPPS significantly
increased the proportion of B cells (Fig. 2H and I). These
results suggest that PPPS has an activation effect on the intesti-
nal mucosal immune system and activates the immune
response to PPs lymphocytes under immunosuppressed
conditions.

This journal is © The Royal Society of Chemistry 2021
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3.3 PPPS have PP-mediated intestinal immune system
modulating activity

The effects of the PPPS on PP-mediated intestinal immune
system modulation were investigated in mice. In ex vivo experi-
ment, when the mice were orally given PPPS for 14 days, a sig-
nificant increase in activity of bone marrow cells was observed
on the 5th day and activity was maintained until the 14st day
(Fig. 3A). These results indicate that PPPS is a potent inducer
of hematopoietic growth factor. In order to know whether
PPPS induces granulocyte-macrophage colony stimulating
factor (GM-CSF) and/or Interleukin-6 (IL-6) secretion from PPs
cells, PPs cells from mice were cultured and treated with culti-
vated with PPPS for 5 days in vitro. The ELISA results showed
that PPPS could significantly increase the secretion of GM-CSF
and IL-6 in cell culture supernatant in comparison with the

258 | Food Funct, 2021, 12, 252-266

PBS group (Fig. 3B and C), and Alamar Blue™ test results
showed that supernatant of lymphocytes treated with PPPS
showed the significantly promoted proliferation of mouse
bone marrow cells (Fig. 3D). This study results demonstrate
that PPPS can modulate intestinal immune activity through
the PP-mediated mucosal immunity but also the systemic
immune system through PPs.

3.4 PPPS attenuated LPS-induced epithelial barrier damage

Furthermore, we initially examined the effect of PPPS on the
viability of human colon epithelial Caco2 cells to explore the
role of PPPS in the intestinal epithelial barrier. The results
showed that PPPS did not affect the viability of Caco2 cells
under no stress (Fig. 4A). Therefore, we used LPS to induce
Caco2 cell barrier damage, and then examined the changes in

This journal is © The Royal Society of Chemistry 2021
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cell viability, barrier integrity, permeability, expression distri-
bution, and levels of tight junction proteins, such as occludin
and ZO-1, after PPPS pretreatment. The results showed that
PPPS significantly increased the cell viability (Fig. 4B),
improved the transepithelial electrical resistance (TER)
(Fig. 4C), and reduced the FITC-dextran permeability (Fig. 4D)
compared to the PBS group. We further found that the protein
levels of occludin and ZO-1 determined by western-blot assay
were also higher in PPPS treated Caco2 cells (Fig. 4E and F).
These data indicate that PPPS can alleviate the Caco2 cell
barrier damage induced by LPS while protecting the function
of the intestinal epithelial barrier.

3.5 PPPS protected mice from DSS-induced colitis

Given the positive regulation of PPPS on the intestinal tract
microenvironment, a DSS-induced colitis mice model was
established to explore the role of PPPS in mouse colitis. It was
evident that PPPS partially rescued the weight loss of mice
(Fig. 5A) and reduced the clinical scores indicated by diarrhea
and rectal bleeding (Fig. 5B). Mice were sacrificed and dis-
sected on day 8, and we found that PPPS significantly
increased the length of the colon compared to the group
treated with DSS only (Fig. 5C and D). Histological analysis
revealed that PPPS reduced mucosal damage and dampened
inflammatory responses in the colon, while the groups treated
with PPPS had lower histological scores (Fig. 5E and F).
Additionally, we examined the mRNA expression of cytokine
related to Inflammation response in the colon tissues. The
results suggested that the expression levels of TNF-«, IL-1f,
and IL-6 were significantly reduced, while the levels of IL-4,
IL-10, and IL-22 were significantly increased in the colon of
PPPS treated mice compared to those mice only treated with
DSS (Fig. 6). Bacterial translocation analysis showed that PPPS
reduced the migration of Lactobacillus (Fig. S1At and Fig. 7A)
and E. coli (Fig. S1BY and Fig. 7B) into the bloodstream and
liver in mice compared to the vehicle group. These results
demonstrate that PPPS can significantly relieve DSS-induced
colitis while retaining intestinal stability in mice.

4. Discussion

Intestinal microbiota, mucosal immunity, and epithelial cells
play an important role in maintaining the dynamic balance of
the intestine. On the contrary, abnormalities in the aforemen-
tioned three factors, and primarily intestinal mucosal
immune, are significant causes of the pathogenesis of inflam-
matory bowel disease (IBD).>> Many plant polysaccharides
possess biological activities including various regulatory func-
tions in the physiological activities of humans and animals.
Our previous studies have demonstrated that PPPS, as a new
type of plant polysaccharide, has antiviral, including subgroup
B/J avian leukosis virus,®*** and immunomodulatory pro-
perties. However, it is still unknown if PPPS affects intestinal
microenvironment and has therapeutic effects on gut-related
diseases. Here we report that PPPS can regulate gut microbiota
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and increase the proportion of probiotics in the intestinal
tract in mice. Moreover, PPPS can activate the immune
response in the intestine of immunosuppressed mice and also
affect the cytokine secretion in PPs. In addition, we have
revealed that PPPS can alleviate LPS-induced intestinal epi-
thelial damage and relieve the damage by DSS-induced colitis
in mice.

Gut microbiota and organisms depend on each other while
constituting the intestinal micro-ecosystem. In a balanced
state, the micro-ecosystem can promote the digestion of food
(e.g., cellulose), produce a variety of nutrients, and stimulate
the immune response of the body to resist the invasion of
foreign pathogens.”®*” In our study, 16S rRNA deep sequen-
cing and 16S qPCR results have demonstrated that PPPS can
change the composition of the gut microbiome in mice,
including the increased proportion of Bacteroidaceae,
Muribaculaceae, Rikenellaceae, Prevotellaceae, Bifidobacteriaceae,
and Lachnospiracea. The gut microbiome is dominated by four
Phyla:  Firmicutes,  Bacteroidetes,  Proteobacteria,  and
Actinobacteria.”® Among them, Bacteroidaceae, Muribaculaceae,
Rikenellaceae, Prevotellaceae belong to Bacteroidetes, which help
the host decompose complex polysaccharides to improve nutri-
ent acquisition,”® accelerate the formation of intestinal
mucosa vessels,”® maintain the intestinal microecological
balance,*! and produce the short-chain fatty acids acetate and
propionate. All these microbes can be considered as a source
of energy, participants of metabolism of substances, and
assistants in high fiber and high carbohydrate dietary intake.*?
Bifidobacteriaceae, which belongs to Actinobacteria, mainly
residing in the gastrointestinal tract of the human body, has a
variety of physiological effect, including nutritional,*® bacterio-
static,*® laxative,?® anti-aging,*® cardiovascular disease preven-
tion,”” immunity and anti-cancer®® roles. On the other hand,
Lachnospiracea, which belongs to Firmicutes, has the ability to
affect the number and function of Ty, cells. It has been specu-
lated that Lachnospiraceae may regulate the immune balance of
Tree/Th17 by regulating the protein expression level in CD4'T
cells.*® In previous studies have shown that the pine pollen
can reduce the fecal germ contents of Proteus mirabilis and
E. coli,*® and PPPS may be the main component in pine pollen
that plays a critical role in the effect on gut microbiota. The
network regulated by these gut bacteria after PPPS treatment
remain unclear, thus requiring further study.

Peyer’s patches (PPs) are considered as the leading induc-
tion site of the intestinal mucosal immune response in the
gut-associated lymphoid tissue (GALT). Targeted delivery of
drugs or bioactive substances to PPs benefits the treatment of
intestinal immune-related diseases. PPs can be anatomically
subdivided into multiple B cell follicles, surrounded by T cell-
rich interfollicular regions (IFR), and covered by specialized
follicle-associated epithelium (FAE) which specialized cells
named microfold (M) cells.*" Intracellular antigen was directly
taken by M cells in PPs and treated by antigen-presenting cells
(APC) to sensitize immature T cells and B cells in the circula-
tion.”” The sensitized T and B lymphocytes can further enter
the blood circulation, and ultimately arrive at the laminae

This journal is © The Royal Society of Chemistry 2021
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*p < 0.05 and **p < 0.01 (two-tailed t test); ns, not significant.

propria (LP) and epithelium of the mucosa where they defend
potential pathogens by producing a specific immunoglobulin
A (IgA) against their antigens. Therefore, they not only partici-
pate in local immunity but also play an essential role in the
systemic immune response.*® It has been demonstrated that
plants polysaccharides can significantly regulate the immune
activity of immune cells in PPs.**** Cyclophosphamide is a
commonly used chemotherapy drug. While killing cancer
cells, it can inhibit the humoral and cellular immune
responses, resulting in immunosuppression of body.*® In this
study, CTX was used to establish an immunosuppression mice
model, resulting in an increase of T cells proportion in PPs
and a decrease in the proportion of B cells, which is consistent
with previous reports.”” As we expected, PPPS eliminates the
immunosuppressive state in PPs and enhances the stability of
intestinal mucosal immunity. PPs cells are mainly composed

This journal is © The Royal Society of Chemistry 2021

of T/B cells. Moreover, T cells are known as a source of colony
stimulating factor (CSFs) and various cytokines, which are
involved in the proliferation response of multiple cells the
bone marrow.*® Our results have shown that T cells activated
by PPPS contribute to the secretion of hematopoietic growth
factors (e.g., GM-CSF and IL-6) from PPs cells, participating in
the systemic immune. Therefore, it could be assumed that
PPPS modulates not only the mucosal immune system but
also the systemic immune system PPs. Previous studies have
demonstrated that PPPS was used as an immune adjuvant in
oral vaccines to enhance the immune response.*’ Given the
results in the present work, PPPS exhibits the immune-enhan-
cing effect on the intestinal mucosal immune system, which
may be associated with its ability to stimulate the immune
activity of T and B lymphocytes in PPs. In addition, PPs also
contain M cells, dendritic cells, macrophages, and other cells
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Fig. 6 PPPS can change the expression level of cytokines in colon tissue of mice with colitis. Relative mMRNA expression of cytokine-related genes
in colon tissue was examined by qPCR. The data are representative of three independent experiments (error bars, SD). PPPSL, PPPS low dosage
(50 mg mL™Y); PPPSM, PPPS moderate dosage (125 mg mL™); PPPSH, PPPS high dosage (250 mg mL™2). *p < 0.05 and **p < 0.01 (two-tailed t test);
ns, not significant.
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affect the physiological functions of the intestinal tract.’’
However, whether PPPS or small molecules decomposed from
PPPS played the leading role on regulating intestinal immunity
needs to be further studied.

that are necessary for immune response.’® In addition, when
polysaccharides enter the posterior segment of the intestinal
tract, they can be degraded by intestinal bacteria into small
molecules, such as short-chain fatty acids, etc., which will also
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Epithelial cell homeostasis is essential for the physiological
function of the intestinal barrier.”* Tight junction (TJ) pro-
teins, which are located at the top of the epithelium, connect
the intestinal epithelial cells and respond to directional
stimuli and transport functions.>® The intestinal mucosal epi-
thelial barrier plays a vital role in maintaining the stability of
the internal environment and its integrity is required to
prevent the occurrence and development of intestinal dis-
eases.”® So far, the epithelial cells are the strongest determi-
nants of the physical intestinal barrier. ZO proteins are the
scaffold-like TJ plaque proteins whose function is to anchor
occludin and claudins to the cytoskeleton mesh network.
Occludin and ZO-1 are required for typical TJ structure and
development of barrier function. The decrease of its expression
level or activities affects the integrity of the tightly connected
structures between cells.”® Lipopolysaccharide (LPS) is the
main component of the cell wall of Gram negative bacteria,
which can directly interact with intestinal mucosal epithelial
cells to destroy the tight junction proteins, or indirectly inter-
fere with the tight junction proteins, resulting in intestinal
mucosal epithelial damage.’® LPS contributes to the down-
regulation and redistribution of TJ proteins in
Caco2 monolayers, leading to an increase in epithelial per-
meability.”” To date, little is known about the exact role of
PPPS in regulating the function of epithelial barrier when
exposed to LPS. In our present study, we have confirmed that
PPPS-treated Caco2 cells can relieve the damage and maintain
complete monolayer cell structure and function.

Colitis is a chronic inflammatory disease characterized by a
continuous mucosal ulcer in the rectum and colon.’® Oral
administration of DSS to mice induces severe colitis, which is
characterized by weight loss, bloody diarrhea, ulcer formation,
loss of epithelial cells, and infiltrations with neutrophils. The
induced mouse model accurately mimics human colitis.>® The
occurrence and development of UC caused by DSS are highly
related to the imbalanced expression of inflammatory factors,
including up-regulation of pro-inflammatory factors (e.g., TNF-
a, IL-1B, and IL-6) and down-regulation of anti-inflammatory
factors (e.g., IL-4 and 1L-10).°>®" The increasing inflammation
in the colon will exacerbate the symptoms of colitis. In our
study, the results have suggested that PPPS can relieve not only
the clinical manifestations of colitis but also reduce the
inflammatory responses in mice. It has been reported that
IL-22 promotes epithelial cell proliferation and restores the
dysregulated epithelial barrier function during DSS-induced
colitis.®® An increase of IL-22 in PPPS-treated colitis mice was
also found, which indicates that PPPS can reduce intestinal
damage. Intestinal bacteria can penetrate the intestinal
mucosal barrier to invade healthy tissues and organs once the
intestinal mucosal barrier is damaged, which may result in
spontaneous peritonitis, bloodstream infection, and even sys-
temic inflammatory response syndrome.®® In this study, we
have noticed that the two intestinal bacteria (Lactobacillus and
E. coli) were significantly reduced in blood and liver of PPPS-
treated mice, suggesting that the mice in the PPPS group had
less colon damage. Besides, bacterial translocation can aggra-
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vate intestinal mucosal necrosis and bacterial translocation,
resulting in a vicious circle. Current studies have shown that
polysaccharides from a variety of plant sources, such as astra-
galus polysaccharides,®"® have preventive and protective
effects on mouse colitis. Astragalus polysaccharides effectively
relieve colitis in rats by restoring the functional status of Tyey
cells and inhibiting the expression of IL-17 in PPs.®® In this
study, our results have only demonstrated that PPPS plays a
role in the treatment of colitis by regulating the inflammatory
response. However, further studies are still needed to assess if
the efficacy is regulated by specific signaling pathways, which
may be similar to Astragalus polysaccharides.

5. Conclusion

Our research has revealed that PPPS maintains intestinal
balance, regulates the composition of gut microbiota, activates
the lymphocytes in PPs, and protects the physical barrier of
the intestinal epithelium. Furthermore, in the DSS-induced
colitis mice model, PPPS can significantly alleviate the damage
of colon. Overall, our results suggest that PPPS is a promising
candidate for the development of a novel supplemental drug
that promotes intestinal health.
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