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Purple sweet potato polysaccharides (PSPP) play an important role in regulating the gut microbiota,
modulating intestinal immunity and ameliorating colonic inflammation. In this study, the impact of two
PSPPs (PSWP-I and PSAP-I) on the metabolomic profiling of feces from dextran sulfate sodium (DSS)-
induced colitis mice was evaluated by ultra-high performance liquid chromatography coupled with triple
time-of-flight tandem mass spectrometry (UPLC-Triple-TOF-MS/MS). Results indicated that there were
twenty-five metabolites with significant changes and four remarkable metabolic pathways, i.e., cutin,
suberine and wax biosynthesis, biosynthesis of unsaturated fatty acids, fatty acid biosynthesis, and steroid
hormone biosynthesis. Two key biomarkers of oleic acid and 17-hydroxyprogesterone were screened
that responded to PSPPs in colitis mice. The identified metabolites were correlated with the amelioration
of intestinal immune function and the modulation of the gut microbiota. Nine pro-inflammatory and
eight anti-inflammatory compounds responded to PSPPs, which were related to Bacteroides,
norank_f__Clostridiales_vadinBB60_group, unclassified_o__Bacteroidales, Rikenella and
Lachnospiraceae_UCG-001. Moreover, PSWP-| and PSAP-I| had different regulating effects on intestinal
metabolites. Our results revealed a possible metabolomic mechanism of PSPPs to regulate intestinal
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1. Introduction

Ulcerative colitis (UC) is a type of inflammatory bowel disease
(IBD). UC is a global chronic inflammatory disease and the
prevalence of UC is very high in Europe and North America.
However, in the past few decades, an unexpected increase in UC
incidence has been observed in Asia and the Middle East, and
the exact etiology and pathogenesis of UC are still unknown.*?
In clinical practice, the drugs 5-aminosalicylic acid, corticoste-
roids and adalimumab are normally adopted for UC therapy.?
However, these drugs are related to several side effects and can
even induce cancer.* Recently, prebiotics derived from natural
and healthy foods (e.g. polysaccharides and oligosaccharides)
have attracted increasing attention for the intervention or
treatment of UC.

“College of Chemistry and Chemical Engineering, Yangzhou University, Yangzhou
225002, Jiangsu, China

"Xuzhou Institute of Agricultural Sciences in Jiangsu Xuhuai Area, Xuzhou 221131,
Jiangsu, China

College of Food Science and Engineering, Yangzhou University, Yangzhou 225127,
Jiangsu, China. E-mail: junliu@yzu.edu.cn; chjin@yzu.edu.cn

T Electronic supplementary available. See
https://doi.org/10.1039/d2ra00310d

information (EST)

NM376 | RSC Adv, 2022, 12, 1376-11390

Natural polysaccharides have been demonstrated to possess
a variety of biological activities. It has been demonstrated that
the modulation of intestinal flora and immunological regula-
tion are two most important biological activities of poly-
saccharides, especially for IBD therapy.® Polysaccharides can
alleviate UC, mainly by improving the structure and composi-
tion of intestinal flora, enhancing the immune response of the
host, and repairing intestinal barrier function and other path-
ways.*” Notably, the consumption of polysaccharides can alter
the metabolism of intestinal flora, producing organic acids,
short-chain fatty acids, vitamins, nucleic acids, amino acids,
and other metabolites. These metabolites act as connecting
messengers between intestinal flora and host by regulating host
immunity and maintaining epithelial cell barrier function.® In
a recent study, polysaccharides from the mycelia of Ganoderma
lucidum were administered to rats. It was found that the content
of 2,2-dimethylsuccinic acid, indolelactate and pyridoxal phos-
phate in the caecum were correlated with the interleukin (IL)-2,
IL-4, and interferon gamma (IFN-y) concentrations in the serum
as well as the secretory immunoglobulin A (SIgA) concentration
in the ileum.® Therefore, metabolites can reflect the relation-
ships between gut microbiota and host immunity. In addition,
fecal metabolomics can provide useful information on host
metabolism. Thus, fecal metabolomics is often employed to
investigate intestinal diseases, such as IBD. However, the
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impact of polysaccharides on the fecal metabolomics of host
with UC has not been thoroughly investigated.

A previous study showed the oral administration of purple
sweet potato polysaccharides (PSPP) modulated the gut micro-
biota of mice with dextran sulfate sodium (DSS)-induced
colitis.” The intestinal microorganisms at the phylum, family,
and genus levels were significantly changed by PSPP. For
example, the relative abundances of Lachnospiraceae, Lactoba-
cillus, and Bifidobacterium increased, while the relative abun-
dances of Bacteroidetes, Erysipelotrichaceae, Parasutterella, and
Desulfovibrio decreased. Moreover, PSPP enhanced host
immunity by inhibiting the expression of pro-inflammatory
cytokines, such as tumor necrosis factor alpha (TNF-o), IL-1B,
and IL-6 in serum and colon.'® However, the effect of PSPP on
the metabolites produced by intestinal microorganisms
remains unknown.

In this study, ultra-high performance liquid chromatography
coupled with triple time-of-flight tandem mass spectrometry
(UPLC-Triple-TOF-MS/MS) was applied to dissect the metabolite
profiles, metabolic pathways, and correlations among metabo-
lites, gut microbiota and colon immunological factors, in the
feces of mice with DSS-induced colitis. The aim of this study was
to evaluate the impact of two PSPPs (PSWP-I, PSAP-I) on the
fecal metabolome of mice with colitis. Our previous study had
documented that PSWP-I and PSAP-I could modulate inflam-
matory cytokines and gut microbiota in colitis mice.'®** Both
PSWP-I and PSAP-I were purified homogeneous polysaccharides
with the molecular weight of 103 kDa and 180 kDa, respectively,
as analyzed by high performance gel permeation chromatog-
raphy (HPGPC).""'> However, the action mechanisms of PSWP-I
and PSAP-I on metabolomics were unknown. The results
provide a potential metabolomic mechanism for the use of
PSPPs for the intervention therapy of UC and a theoretical
foundation for developing PSPPs as functional ingredients.

2. Materials and methods

2.1. Materials and chemicals

Purple sweet potatoes were provided by the Sweet Potato
Research Institute of Chinese Academy of Agricultural Sciences
(Xuzhou, China). DSS with molecular weight of 40 kDa was
purchased from MP Biomedical Co. (Irvine, CA, USA). Meth-
anol, acetonitrile, formic acid, and 2-propanol were purchased
from Thermo Fisher Scientific (Waltham, MA, USA). Enzyme-
linked immunosorbent assay (ELISA) kits for TNF-a, IL-1p, IL-
6, and IL-10 were purchased from Beyotime Institute of
Biotechnology (Shanghai, China). All other chemicals were of
analytical grade and were obtained from Sinopharm Chemical
Reagent Co. (Shanghai, China).

2.2. Isolation and characterization of PSPPs

PSPPs were extracted, purified and characterized according to
the previous method.* Briefly, purple sweet potatoes powder
was first defatted and decolorized, and then extracted sequen-
tially with deionized water and 0.5 mol L™" sodium hydroxide.
Two crude polysaccharide extracts were obtained and further
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purified on DEAE-cellulose 52 and Sephadex G-200 columns.
The resultant fractions were collected, concentrated and
lyophilized to obtain the purified water-soluble polysaccharide
and alkali-soluble polysaccharide, namely PSWP-I and PSAP-],
respectively. Methylation reaction, gas chromatography-mass
spectrometer (GC-MS) and nuclear magnetic resonance (NMR)
were employed to identify the chemical structure of PSWP-I1 and
PSAP-1. PSWP-I was composed of 1,4-a-p-Glcp, 1,6-0-p-Glcp and
1,2-a-p-Manp backbones with B-o-Glcp side chains substituted
at the O-6 position. PSAP-I was composed of 1,4-a-p-Glcp
backbone with side chains substituted at the O-6 position,
consisting of a-p-Manp, «-p-Rhap, B-i-Araf and B-o-Glcp
residues.*>**

2.3. Animals and treatments

Animal experiments were designed and performed according to
a previous method.*® 4 week-old ICR mice (average body weight
22 + 2 g) were purchased from the Institute of Comparative
Medicine at Yangzhou University, China. The mice were housed
in an environment with a 12 h light-dark cycle at 25 + 1 °C and
relative humidity of 60 + 5%. The mice were free access to
standard feed and drinking water during the study. After 1 week
of adaptation, the mice were randomly divided into four groups
(six mice per group), namely the normal control (NC) group,
DSS model control (DSS) group, DSS + PSWP-I group, and DSS +
PSAP-I group. Mice in the NC group drank deionized water,
while mice in the DSS, DSS + PSWP-I, and DSS + PSAP-I groups
drank 2.5% DSS solution for 7 days. The gavage dose of poly-
saccharides was 400 mg per kg body weight. Mice feces were
collected and stored at —80 °C. After consecutive gavage for 28
days, mice were sacrificed and their colon tissues were quickly
collected.

2.4. Detection of inflammatory cytokines in colon

The colon tissue (100 mg) was dissected, cut into pieces and
homogenized in saline at a ratio of 1 : 9. The homogenate was
centrifuged at 12 000 x g and 4 °C for 15 min. The supernatant
was collected for determining the contents of TNF-a, IL-1f3, IL-6,
and IL-10 using ELISA Kits.*

2.5. Characterization of gut microbiota

Mice feces (200 mg) were used for DNA extraction and PCR
analysis. The concentration and purification of DNA were
detected by the NanoDrop 2000 apparatus (Thermo Fisher
Scientific, Wilmington, DE, USA). The 338-forward primer (5'-
ACTCCTACGGGAGGCAGCAG-3’) and 806-reverse primer (5'-
GGACTACHVGGGTWTCTAAT-3’) were used for PCR amplifica-
tion in the V3-V4 hypervariable regions of bacteria 16S rRNA
gene. After PCR products were purified, eluted and tested,
Ilumina Miseq PE300 platform was employed for analyzing the
microbial sequences. The construction of related libraries and
high-throughput sequencing were performed by Shanghai
Majorbio Bio-Pharm Technology (Shanghai, China).*
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2.6. Analysis of fecal metabolomics

2.6.1. Pretreatment of fecal samples. 50 mg mice feces were
pretreated with 20 pL of 1-2-chloro-phenylalanine (0.3 mg mL ™)
and 400 pL of 80% methanol. The mixture was crushed at
—10 °C for 6 min, extracted with ultrasonic at 5 °C for 30 min,
and let stand for 30 min at —20 °C. After centrifugation at
13 000 x g for 15 min, the supernatant was collected in a LC-MS
glass vial for analysis.

2.6.2. Metabolite measurement by LC-MS. UPLC-Triple-
TOF-MS/MS analysis was performed using an ACQUITY ultra-
high performance liquid chromatography (Waters, MA, USA)
coupled with an ABSCIEX-Triple TOF 5600 triple time-of-flight
mass spectrometry (AB Sciex, MA, USA). The chromatographic
conditions were as follows: BEH C18 column (100 mm X
2.1 mm x 1.7 um; Waters, Milford, MA), aqueous solution of
0.1% formic acid as mobile phase A, acetonitrile/isopropanol
solution (1 : 1) containing 0.1% formic acid as mobile phase
B, gradient elution at 0.4 mL min ™", injection volume of 10 pL,
and column temperature of 40 °C. For mass spectroscopy, the
scanning modes of positive ion and negative ion were both
adopted for collecting the mass spectrum signals. The ionspray
voltage at anode (EST') was +5000 V, ionspray voltage at cathode
(ESI") was —4000 V, source temperature was 500 °C, MS/MS
collusion energy was 20-60 V, and mass range was 50-1000 m/z.

2.6.3. Quality control analysis. To evaluate the stability of
instrumental analysis system and the reliability of results
analysis system during the experiment, a quality control (QC)
sample was prepared. The QC sample was a mixture of all the
test samples. In the process of instrument analysis, one QC
sample was inserted for every 7 analysis samples. Based on
analyzing the repeatability and variability of QC sample, the
instrument stability and the results' reliability were acquired.

2.6.4. Data processing and statistical analysis. The Pro-
genesis QI processing software for metabolomics (Waters
Corporation) was used for the database search and identifica-
tion. MS and MS/MS informations were compared with related
metabolic  databases (the public databases https://
www.hmdb.ca/ and https://metlin.scripps.edu/, and the self-
built database Majorbio) for matching, labelling, and
preprocessing. Through these processes, a metabolite list and
data matrix were obtained and different metabolites were
screened by using t-test, variable importance on projection
(VIP) and orthogonal projections to latent structures-
discriminant analysis (OPLS-DA). Metabolite sets including
DSS vs. NC, DSS + PSWP-I vs. DSS, DSS + PSAP-I vs. DSS were
established. Advanced analysis including pathway analysis,
correlation analysis, and cluster analysis were used to further
mine the biological information of different metabolites.

3. Results and discussion

3.1. Alteration of fecal metabolomic profiles

UPLC-Triple-TOF-MS/MS technology was used to analyze mice
fecal metabolites. The total ion chromatograms of all fecal
samples had good peak shapes and relatively uniform distri-
bution. 9025 and 8344 metabolites were identified in the modes
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of positive ion and negative ion, respectively (Fig. S1t). Based on
the Kyoto encyclopedia of genes and genomes (KEGG) and the
human metabolome database (HMDB), all identified metabo-
lites were annotated and classified. In this study, the metabo-
lites in the samples were mainly lipids and amino acids
(Fig. S27).

Principal component analysis (PCA) is an unsupervised
multivariate statistical analysis that usually shows the overall
differences. PCA also highlights outliers and clusters of samples
with high similarity. Partial least squares-discriminant analysis
(PLS-DA) is a supervised discriminant analysis based on the
classic partial least squares regression model. The PLS-DA
model is usually used when PCA fails to distinguish the differ-
ences between groups of samples. As shown in Fig. 1A and B, in
the cation and anion modes, except DSS + PSWP-I group, the
differences of metabolomic profiles among NC, DSS and DSS +
PSAP-I group in PCA plots were indistinguishable. However, the
differences among NC, DSS, DSS + PSWP-I and DSS + PSAP-I
group in PLS-DA plots were perfectly displayed (Fig. 1C-H). It
was suggested that PLS-DA model was more suitable for iden-
tifying the differences between two groups than PCA model. In
addition, there were an obvious difference between QC sample
and the other treatment groups, indicating that the present
results of this experiment were stable and reliable.

A Venn diagram can be used to visually display the distri-
bution characteristics of metabolites in each metabolite set and
specifically clarify the numbers of common and unique
metabolites among the metabolite sets. As shown in Fig. 2, the
number of total metabolites in the sets of DSS vs. NC, DSS +
PSWP-I vs. DSS and DSS + PSAP-I vs. DSS was 65, 214 and 82,
respectively. And the number of metabolites in the DSS + PSWP-
Ivs. DSS set was largest. There were nine common metabolites
that were shared by the three sets, and 19 and 18 common
metabolites that were shared by the sets of DSS + PSWP-1 vs. DSS
and DSS vs. NC, DSS + PSWP-I1 vs. DSS and DSS vs. NC, respec-
tively. The number of unique metabolites in DSS + PSWP-I vs.
DSS set was most with 168, followed by DSS vs. NC and DSS +
PSAP-1 vs. DSS set with 37. Our results indicated that there were
similarities and differences in the regulation effects of PSWP-I
and PSAP-I on metabolites. In the present study, comprehen-
sive informations about total of 28 common metabolites in sets
of DSS + PSWP-I vs. DSS and DSS vs. NC, DSS + PSWP-I vs. DSS
and DSS vs. NC were analyzed in following manuscript.

On the basis of the above common metabolites, 25 metab-
olites with significant changes which responded to PSPPs
(PSWP-I, PSAP-I) were listed in Table 1. Compared with DSS vs.
NC set, levels of eight metabolites including oleic acid, pr-o-
tocopheryl acetate, 17-hydroxyprogesterone, ganolucidic acid C,
neocembrene, methyl linolenate, tanacetol A and ganosporeric
acid A were significant decreased in DSS + PSWP-I vs. DSS set,
while levels of four metabolites including equol, 5'-deoxy-
adenosine, flavanone and (S)-9-hydroxy-10-undecenoic acid
were significant increased (p < 0.05). The results indicated that
PSWP-I has a regulatory effect on the 12 compounds. Compared
with DSS vs. NC set, levels of ten metabolites (oleic acid, pr-o-
tocopheryl acetate, (S)-alpha-amino-4-carboxy-3-furanpropanoic
acid, 5-methoxydimethyltryptamine, 17-hydroxyprogesterone,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 PCA (A and B) and PLS-DA (C—-H) scores of feces metabolic profiles from mice in NC, DSS, DSS + PSWP-| and DSS + PSAP-I group.
Diagrams (A), (C), (E) and (G) are in the mode of positive ion, while diagrams (B), (D), (F) and (H) are in the mode of negative ion. PCA, principle

component analysis; PLS-DA, partial least squares discriminant analysis.

ganolucidic acid C, lysophosphatidyl ethanolamine (lysoPE;
16:1(92)/0:0), desipramine, ceramide (Cer; d18:0/15:0), cis-7-
hexadecenoic acid) were significant reduced in DSS + PSAP-1 vs.
DSS set, while levels of  eight metabolites
(taurochenodeoxycholate-3-sulfate, diosmetin, equol, 24S-OH-
7-DHC, retusin 7-methyl ether, 1-hydroxyvitamin D3 3-p-gluco-
pyranoside, mytilin A, 3-hydroxypentadecanoyl carnitine) were
significant elevated (p < 0.05). The results revealed that PSAP-I
has a regulatory effect on the 18 compounds. The mechanism
of PSWP-I and PSAP-I regulating intestinal inflammation by

© 2022 The Author(s). Published by the Royal Society of Chemistry

interfering gut microbiota might be related to above
compounds produced by intestinal flora.

Variable importance projection (VIP) is an index that is used
to evaluate the importance of different metabolites to the
model. The higher VIP value indicated that the importance to
the model was higher. The order of VIP values for oleic acid and
17-hydroxyprogesterone in the three metabolite sets was DSS vs.
NC > DSS + PSWP-I vs. DSS > DSS + PSAP-I vs. DSS, suggesting
DSS had the greatest impact on the two compounds, followed by
PSWP-I and PSAP-I. PSPPs (PSWP-I, PSAP-I) significantly
affected 25 compounds in mice with colitis, including 14 down-
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Fig. 2 Venn diagram of metabolites in each group.

regulated and 11 up-regulated compounds. PSWP-I and PSAP-I
could both regulate five compounds of oleic acid, pr-o-toco-
pheryl acetate, 17-hydroxyprogesterone, equol and ganolucidic
acid C. In addition, PSWP-I and PSAP-I also adjusted seven and
thirteen different compounds, respectively.

Table 1 Metabolomic changes in faeces of mice in each group®

Paper

In recent years, some researchers had employed metab-
olomics to study the pathogenesis of IBD and identified
potential biomarkers." Based on non-targeted metabolomics
using UPLC-Triple-TOF-MS/MS, this study investigated the
impact of PSPPs (PSWP-I, PSAP-I) intervention on the fecal
metabolites of mice with DSS-induced colitis. PSWP-I and PSAP-
I significantly altered levels of 25 compounds in mice with
intestinal inflammation, such as oleic acid, 17-hydrox-
yprogesterone, equol, 5-methoxydimethyltryptamine,
Cer(d18:0/15:0) and so on. Oleic acid is a fatty acid compound
that induces an oxidative stress response of neutrophils by
activating phospholipase A2 (PLA2), causing tissue cell damage
in the body.” 17-Hydroxyprogesterone is an intermediate
product of corticosteroid metabolism. Abnormal expression of
17-hydroxyprogesterone may be related to autosomal recessive
disorders.'® Equol is a non-steroidal isoflavone compound that
is usually producted via gut microbiota metabolism and has
a strong antioxidant activity."” 5-Methoxydimethyltryptamine is
an indole compound, which are catabolites of tryptophan and
closely related to many diseases, such as IBD. Indole
compounds have toxic effects on the host gut and may induce
gene mutations and even cancers.’ Cer(d18:0/15:0) is a phos-
pholipid compound, which is an important component of cell
membrane and a precursor of sphingolipin synthesis. Its

DSS + PSWP-1 DSS + PSAP-1
DSS vs. NC vs. DSS vs. DSS
Retention

Metabolite time m/z Formula VIP  Change VIP  Change VIP  Change
Oleic acid 8.44 327.25  CigH340, 245  ** 1.92 |k 1.62 | **
pL-a-Tocopheryl acetate 12.09 473.40  C3,H;5,04 1.06 1% 2.68 | *¥¥* 1.31 [ ***
17-Hydroxyprogesterone 6.20 331.23  C,H300;3 2.26  1¥* 2.15 | FE* 1.27 | FF*
Equol 5.27 24310  Cy5H.,0; 1.60 | * 1.36  pEEE 1.73  p*
Ganolucidic acid C 6.52 563.32  CzoH4605 1.36  T** 1.38 | REE 1.00 L REE
5’-Deoxyadenosine 1.19 252.11  CyoH3N50; 2.25 | *** 113 1** — —
Flavanone 3.62 225.09 Cy5H;,0, 224 % 1.20 1% — —
(8)-9-Hydroxy-10-undecenoic acid 5.06 24514  C11H,00;3 1.58 |* 1.00 1% — —
Neocembrene 9.48 273.26  CyoHj3, 1.66 1% 1.04 | ** — —
Methyl linolenate 9.62 293.25  C1oH3,0, 1.62  1** 1.26 | ** — —
Tanacetol A 6.13 277.18  C17H,604 2.34  1F* 1.50 L* — —
Ganosporeric acid A 8.73 549.25  C30H340g 1.45 1* 1.55 | FEE — —
Taurochenodeoxycholate-3-sulfate 4.71 288.62  CycH,sNOoS, 1.89 [ * — — 1.95 T ¥¥*
(8)-Alpha-amino-4-carboxy-3-furanpropanoic acid 1.10 198.04  CgHoNO; 1.38 1% — — 1.27 | ***
Diosmetin 5.38 299.06  Ci6H;,06 212 % — — 121 1%
5-Methoxydimethyltryptamine 5.23 241.13  Cy3H5N,0 3.32 1¥* — — 1.77 L REE
24S5-OH-7-DHC 9.18 401.34  C,,H,,0, 210 [** — — 271 EEE
Retusin 7-methyl ether 5.71 299.09 C;7H1405 213 | * — — 1.92  1¥*
1-Hydroxyvitamin D3 3-p-glucopyranoside 8.07 577.37  Cs3H5,04 1.69 |* — — 1.91  T**
LysoPE(16:1(9Z)/0:0) 8.08 45228 C,H,,NO,P  1.04 1% — — 1.13 | **
Mytilin A 3.68 333.13  Cy3H,oN,05 175 | ** — — 2.06  **
Desipramine 4.98 330.20 CygH,N, 2.98 1 HxE — — 2.33 | REE
Cer(d18:0/15:0) 11.97 526.52  C33He,NO; 2.81 1% — — 1.20 |*
3-Hydroxypentadecanoyl carnitine 6.65 424.31  C,,H,3NO;5 1.56 | ** — — 1.60 1¥*
cis-7-Hexadecenoic acid 7.94 255.23  C16H3z00, 1.82  T** — — 1.69 ¥

“ DSS vs. NC represents the DSS model group (DSS) compared with the normal control group (NC); DSS + PSWP-I vs. DSS represents the PSWP-I
treatment group (DSS + PSWP-I) compared with the DSS model group (DSS); DSS + PSAP-I vs. DSS represents the PSAP-I treatment group (DSS +
PSAP-I) compared with the DSS model group (DSS). m/z: mass-to-charge ratio; VIP: variable importance projection; (1): up-regulated; (| ): down-

regulated; (—): not detected; *: p < 0.05; **: p < 0.01; ***: p < 0.001.
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synthesis is regulated by tumor necrosis factor-o. (TNF-a). And
Cer(d18:0/15:0) is considered as a secondary lipid transduction
messenger in inflammatory diseases, affecting various biolog-
ical processes such as inflammation, apoptosis and prolifera-
tion.” In DSS-induced colitis mice, levels of oleic acid, 17-
hydroxyprogesterone, 5-methoxydimethyltryptamine,
Cer(d18:0/15:0) were significantly increased, while an equol
level was significantly decreased. However, oral administration
of PSPPs (PSWP-I, PSAP-I) could reverse the changes of these
compounds, which might affect the development of intestinal
inflammation in mice with colitis. A Poria cocos polysaccharide
with dose of 300 mg kg™ ' significantly altered the levels of 44
compounds in trinitro-benzene-sulfonic acid (TNBS)/ethanol
induced acute enteritis mice. Up-regulation of 31 compounds,
such as hydroxybutyrate, dihydrotestosterone, glutathione,
androsterone, etc.,, and down-regulation of 13 compounds,
including oleic acid, mannose, hexadecane, etc., might play an
important role in regulating IBD.* In present study, PSPPs
significantly up-regulated 11 compounds (e.g. equol, 5'-deoxy-
adenosine, 3-p-glucopyranoside, carnitine) and down-regulated
14 compounds (e.g. oleic acid, 17-hydroxyprogesterone, pr-o-
tocopheryl acetate, 5-methoxydimethyltryptamine, ganolucidic
acid C). Our results were different, which might be related to the
animal model and polysaccharide structure.

3.2. Characterization of significantly metabolic pathways

Based on KEGG database, topology analysis was used for
analyzing KEGG signal enrichment and significantly metabolic
pathways of 25 common compounds. As shown in Fig. 3, four
significantly metabolic pathways, including cutin, suberine and
wax biosynthesis, biosynthesis of unsaturated fatty acids, fatty
acid biosynthesis, steroid hormone biosynthesis, were discov-
ered in sets of DSS vs. NC, DSS + PSWP-1vs. DSS and DSS + PSAP-
I vs. DSS. Two metabolites of oleic acid and 17-hydrox-
yprogesterone were produced through the four metabolic
pathways. In sets of DSS vs. NC and DSS + PSWP-I vs. DSS,
impact values of cutin, suberine and wax biosynthesis, biosyn-
thesis of unsaturated fatty acids, fatty acid biosynthesis, steroid
hormone biosynthesis were 0.0357 (p = 0.0272), 0.0000 (p =
0.0325), 0.0000 (p = 0.0336) and 0.0955 (p = 0.0470), respec-
tively. In the DSS + PSAP-I vs. DSS set, impact values of cutin,
suberine and wax biosynthesis, biosynthesis of unsaturated
fatty acids, fatty acid biosynthesis, steroid hormone biosyn-
thesis were 0.0357 (p = 0.0182), 0.0000 (p = 0.0218), 0.0000 (p =
0.0226) and 0.0955 (p = 0.0320), respectively (Table S1}). The
results showed that PSPPs (PSWP-I, PSAP-I) could significantly
change the metabolic pathways of colitis mice, which might be
associated with the improvement of gut microbiota disorder.
Daniluk et al* demonstrated that the main metabolic
pathways in IBD (including UC and CD) patients were lipid and
amino acid metabolisms. According to our results, the signifi-
cantly metabolic pathway in DSS, DSS + PSWP-I and DSS + PSAP-
I group was lipid metabolism. Normal lipid metabolism path-
ways, such as cutin, suberine and wax biosynthesis, biosyn-
thesis of unsaturated fatty acids, fatty acid biosynthesis, steroid
hormone biosynthesis, were disrupted in DSS-induced mice

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 KEGG topology analysis for metabolic pathways in DSS vs. NC
(A), DSS + PSWP-1vs. DSS (B) and DSS + PSAP-I vs. DSS (C). For diagram
(A)-(C), a, b, ¢, d represents cutin, suberine and wax biosynthesis,
biosynthesis of unsaturated fatty acids, fatty acid biosynthesis, steroid
hormone biosynthesis, respectively.

with colitis. The lipid metabolites (for instance triglycerides)
that stored in cells and cell membranes were degraded to
release fatty acids to meet the energy needs of the body.>* What's
more, large amounts of fatty acids could induce oxidative stress
and further aggravate the intestinal inflammation.** And dys-
regulated lipid metabolism also affected sugar metabolism.
Oral administration of PSPPs (PSWP-I, PSAP-I) significantly
down-regulated the metabolic pathways of cutin, suberine and
wax biosynthesis, biosynthesis of unsaturated fatty acids, fatty
acid biosynthesis and steroid hormone biosynthesis, then
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ameliorated the lipid metabolism, and thus affected the devel-
opment progress of intestinal inflammation. Astragalus poly-
saccharide had a good regulation effect on metabolic pathway
in DSS-induced colitis mice.”” The mainly metabolic pathway
was also lipid metabolism, including arachidonic acid metab-
olism, fatty acid synthesis, linoleic acid metabolism and glyc-
erophosphatidic acid metabolism, which was similar to our
results.

3.3. Identification of key biomarkers

Receiver operator characteristic (ROC) analysis was ofter used to
evaluate the potential biomarkers. Two compounds of oleic acid
and 17-hydroxyprogesterone were characterized as key
biomarkers responded to PSPPs by ROC analysis (Fig. 4 and 5).
As shown in Fig. 4, in sets of DSS vs. NC and DSS + PSWP-I vs.
DSS, the area under the curve (AUC) and optimal discrimination
threshold (ODT) value of oleic acid was 1.00, 1.000, respectively.
In the DSS + PSAP-1 vs. DSS set, the AUC and ODT value of oleic
acid was 0.75, 0.667, respectively. As shown in Fig. 5, in sets of
DSS vs. NC and DSS + PSWP-1 vs. DSS, the AUC and ODT value of
17-hydroxyprogesterone was 1.00, 1.000, respectively. In the DSS
+ PSAP-I vs. DSS set, the AUC and ODT value of 17-hydrox-
yprogesterone was 0.86, 0.667, respectively. As an evaluation
index of ROC analysis, the higher AUC value implied the better
model. Our results displayed that PSPPs (PSWP-1, PSAP-I) had
a significant modulation effect on the key biomarkers of oleic
acid and 17-hydroxyprogesterone. And PSWP-I had a greater
down-regulation effect on oleic acid and 17-hydroxyprogester-
one than PSAP-I.

ROC is an important statistical analysis method in metab-
olomics. A supervised learning method is adopted by ROC to
conduct linear discrimination analysis (LDA) and classification
modeling for the different groups and discover the key
biomarkers among groups, which is often used to evaluate the
biomarker performance. Chen et al.>* evaluated and predicted
the urine and fecal metabolites of obese mice induced by high-
fat diet after oral administration of lentinan and Flos Lonicera
polysaccharides by ROC analysis. Jin et al.” studied the effects of
Ganoderma lucidum polysaccharide on intestinal metabolites in
mice, and identified two key biomarkers of 2,2-dime-
thylsuccinic acid and indolelactate by ROC analysis. In present
study, two key biomarkers (oleic acid, 17-hydroxyprogesterone)
responded to PSPPs were characterized. In addition, a recent
study performed by Daniluk et al.* evaluated the differences in
serum metabolites between newly diagnosed and untreated
patients with Crohn's disease (CD) or UC using untargeted
metabolomics. Some inflammatory biomarkers including lac-
tosylceramide, lysophosphatidylcholines, phosphatidylcholines
and sphingomyelins were identified for the diagnosis of CD and
UC. In contrast to serum, the fecal metabolome could better
reflect the host-microbiota interrelation and more closely
capture the host metabolism. In our study, two inflammatory
markers of oleic acid and 17-hydroxyprogesterone were grabbed
from fecal metabolites of colitis mice using non-targeted
metabolomics. The investigated results might be helpful to
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improve the noninvasive diagnosis and to monitor IBD patients
based on fecal metabolome.

3.4. Association among fecal metabolites, gut microbiota
and immunological factors

In oder to further elucidate the mechanism of gut microbiota
regulating colonic inflammation in DSS-induced colitis mice
based on metabolites, correlations among fecal metabolites, gut
microbiota and immunological factors were elaborated (Fig. 6-
8). As shown in Fig. 6, six gut microbiota at genus levels were
significantly correlated with more than one inflammatory
cytokines. It was exhibited that the abundances of Bacteroide,
unclassified_o__Bacteroidales, norank_f__Clos-
tridiales_vadinBB60_group were significantly positively corre-
lated with the levels of pro-inflammatory cytokines (TNF-o, IL-
1B, IL-6), the abundances of norank f _Clos-
tridiales_vadinBB60_group, Rikenella were significantly nega-
tively correlated with the levels of anti-inflammatory cytokines
(IL-10). Lachnospiraceae_UCG-001 and Gemella abundances
were significantly negatively correlated with the levels of pro-
inflammatory cytokines, while positively correlated with the
levels of anti-inflammatory cytokines (p < 0.05). In addition,
there were positive correlations between Lactobacillus, Bifido-
bacterium abundances and anti-inflammatory cytokines levels
(p = 0.0590, p = 0.0627). The results indicated that gut micro-
biota was closely related to immunological factors (e.g. IL-1p, IL-
6) that influenced inflammatory bowel disease. Furthermore,
gut microbiota that were positively correlated with the levels of
pro-inflammatory cytokines were belonged to the level of
phylum Bacteroidetes and family Bacteroidaceae, unclassifie-
d_o__Bacteroidales, while positively correlated with anti-
inflammatory cytokines levels or negatively correlated with
pro-inflammatory cytokines levels were belonged to the levels of
phylum Firmicutes and Actinobacteria and family Family_-
XI_o__Bacillales, Lactobacillaceae, Bifidobacteriaceae. The
observations were in concordance with previous studies.

The correlations between metabolites and immunological
factors in colitis mice were shown in Fig. 7. Among the associ-
ated metabolites and inflammatory factors, 19 compounds were
significantly correlated with more than one inflammatory
factors. It was displayed that the concentrations of desipramine,
cis-7-hexadecenoic acid, 5-methoxydimethyltryptamine, (S)-
alpha-amino-4-carboxy-3-furanpropanoic  acid, = 17-hydrox-
yprogesterone and tanacetol were significantly positively corre-
lated with the levels of pro-inflammatory factors (TNF-c, IL-1f
and IL-6), while negatively correlated with that of anti-
inflammatory factors (IL-10). The concentrations of mytilin A,
24S-OH-7-DHC, 1-hydroxyvitamin D3 3-p-glucopyranoside, 5'-
deoxyadenosine, 3-hydroxypentadecanoyl carnitine and retusin
7-methyl ether were significantly positively correlated with the
levels of anti-inflammatory factors, whereas negatively corre-
lated with that of pro-inflammatory factors. Moreover, there
were positive correlations between Cer(d18:0/15:0), Lyso-
PE(16:1(92)/0:0), oleic acid, neocembrene and pro-
inflammatory factors levels, while negative correlations
between diosmetin, taurochenodeoxycholate-3-sulfate,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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flavanone 3 and anti-inflammatory factors levels (p < 0.05). These six compounds might be related to the anti-
Additionally, it was found that six compounds were significantly inflammatory properties of PSWP-I. 15 compounds were
associated with PSWP-I, among which 5'-deoxyadenosine and significantly associated with PSAP-I, among which mytilin A,
flavanone were up-regulated and 17-hydroxyprogesterone, 24S-OH-7-DHC, 1-hydroxyvitamin D3 3-p-glucopyranoside, 3-
tanacetol A, oleic acid, neocembrene were down-regulated. hydroxypentadecanoyl carnitine, retusin 7-methyl ether,
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diosmetin and taurochenodeoxycholate-3-sulfate were up-
regulated, and desipramine, 17-hydroxyprogesterone, cis-7-
hexadecenoic acid, (S)-alpha-amino-4-carboxy-3-
furanpropanoic acid, 5-methoxydimethyltryptamine,
Cer(d18:0/15:0), LysoPE(16:1(92)/0:0) and oleic acid were down-
regulated. The 15 compounds might be related to the anti-
inflammatory properties of PSAP-I1. Furthermore, two common
associated metabolites of oleic acid and 17-hydroxyprogester-
one were found in PSWP-I and PSAP-I treatment group, and

1384 | RSC Adv, 2022, 12, N1376-N1390

unique associated metabolites in that was four and thirteen,
respectively. It was indicated that PSPPs (PSWP-I and PSAP-I)
might modulate the levels of inflammatory factors by intes-
tinal metabolites to alleviate the colonic inflammation. PSWP-I
and PSAP-I had different regulating effects on intestinal
compounds, which might be related to the monosaccharide
composition and structure characteristics of branched chain in
two polysaccharides.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Genus

Bacteroidetes  Bacteroidaceae

Firmicutes Lactobacillaceae
Firmicutes Lachnospiraceae
Firmicutes Staphylococcaceae
Proteobacteria  Moraxellaceae
Firmicutes Ruminococcaceae
Bacteroidetes ~ Prevotellaceae
Bacteroidetes ~ Porphyromonadaceae
Actinobacteria  Bifidobacteriaceae
Actinobacteria  Corynebacteriaceae
Actinobacteria  Coriobacteriaceae

Bacteroidetes  unclassified_o__Bacteroidales

Firmicutes Clostridiales_vadinBB60_group
Proteobacteria  Rhodospirillaceae
Bacteroidetes  Rikenellaceae

Firmicutes Lachnospiraceae

Firmicutes Erysipelotrichaceae

Firmicutes Aerococcaceae

Firmicutes Family XIII

Firmicutes Family XI o__Bacillales

Bacteroides

Lactobacillus
norank_f__Lachnospiraceae
Staphylococcus
Psychrobacter
Ruminococcaceae_UCG-014
Prevotellaceae_UCG-001
Odoribacter

Bifidobacterium
Corynebacterium_1
Enterorhabdus
unclassified_o__Bacteroidales
norank_f_Clostridiales_vadinBB60_group
norank_f__Rhodospirillaceae
Rikenella
Lachnospiraceae_UCG-001
Faecalibaculum

Aerococcus

Anaerovorax

Gemella

Fig. 6 Correlations between gut microbiota and intestinal inflammatory cytokines. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

The correlations between metabolites and gut microbiota in
colitis mice were shown in Fig. 8. Among the associated
metabolites and gut microbiota, 19 compounds were signifi-
cantly correlated with more than one gut microbiota, while 15
gut microbiota at genus levels were significantly correlated with
more than one compounds. Combined with Fig. 7, it was found
that nine compounds of desipramine, cis-7-hexadecenoic acid,
Cer(d18:0/15:0),  5-methoxydimethyltryptamine,  (S)-alpha-

amino-4-carboxy-3-furanpropanoic acid, oleic acid, 17-hydrox-
yprogesterone, neocembrene and tanacetol A were pro-
of

inflammatory metabolites, while eight compounds

diosmetin, taurochenodeoxycholate-3-sulfate, mytilin A, 24S-
OH-7-DHC, 1-hydroxyvitamin D3 3-p-glucopyranoside, 5'-deox-
yadenosine, 3-hydroxypentadecanoyl carnitine and retusin 7-
methyl ether were anti-inflammatory metabolites. The abun-
dances of the gene norank f _Clostridiales_vadinBB60_group,
unclassified_o__Bacteroidales, Rikenella, Bacteroides, Staphylo-
coccus, Odoribacter, norank f _Rhodospirillaceae, Psychrobacter
and Ruminococcaceae_UCG-014 showed significantly positive
correlation with the concentrations of pro-inflammatory
metabolites and negative correlation with that of anti-
inflammatory metabolites. However, the abundances of the

TNF-a IL-1B IL-6

Diosmetin
Taurochenodeoxycholate-3-sulfate
Flavanone

Equol
(S)-9-hydroxy-10-undecenoic acid
Mytilin A
24S-OH-7-DHC
1-Hydroxyvitamin D3 3-D-glucopyranoside
5'-Deoxyadenosine
3-Hydroxypentadecanoyl carnitine
Retusin 7-methyl ether
Desipramine

Methyl linolenate
DL-a-tocopheryl acetate

Ganolucidic acid C

Ganosporeric acid A 1.0
Cis-7-hexadecenoic acid

Cer(d18:0/15:0) 0.5
5-Methoxydimethyltryptamine
(S)-alpha-amino-4-carboxy-3-furanpropanoic acid 0.0
LysoPE(16:1(9Z)0:0)
Oleic acid
17-Hydroxyprogesterone
Neocembrene

Tanacetol A

IL-10

Fig. 7 Correlations between fecal metabolites and intestinal inflammatory cytokines. *: p < 0.05; **: p < 0.01; ***: p < 0.001.
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Equol

Flavanone

5'-Deoxyadenosine
(S)-9-hydroxy-10-undecenoic acid
Taurochenodeoxycholate-3-sulfate
3-Hydroxypentadecanoyl carnitine
Diosmetin

Retusin 7-methyl ether

Mytilin A

24S-OH-7-DHC
1-Hydroxyvitamin D3 3-D-glucopyranoside
Neocembrene

Tanacetol A

Ganosporeric acid A
17-Hydroxyprogesterone
DL-o-tocopheryl acetate

Oleic acid

Ganolucidic acid C

Methy! linolenate

5-Methoxydimethyltryptamine
Cis-7-hexadecenoic acid
(S)-alpha-amino-4-carboxy-3-furanpropanoic acid

Odoribacter
Aerococcus

Staphylococcus
Prevotellaceae_ UCG-001
Corynebacterium_1

Ruminococcaceae_ UCG-014

Fig. 8 Correlations between metabolites and gut microbiota from mice faeces. *: p < 0.05; **: p < 0.01; ***: p < 0.001.

gene Aerococcus, Bifidobacterium, Lachnospiraceae UCG-001,
Gemella, Prevotellaceae_UCG-001 displayed significantly positive
correlation with anti-inflammatory metabolites concentrations
and negative correlation with pro-inflammatory metabolites
concentrations (p < 0.05). Further analysis combined with Fig. 6
exhibited that 6 of the above 14 gut microbiota, including nor-
ank_f _Clostridiales_vadinBB60_group, unclassified_o__Bacter-
oidales, Rikenella, Bacteroides, Lachnospiraceae_ UCG-001 and
Gemella, were significantly correlated with inflammatory
factors. And its correlation was completely consistent with the
trend of the correlation between metabolites and inflammatory
factors, suggesting intestinal metabolites had a close associa-
tion with gut microbiota. Among the 6 gut microbiota, nor-
ank_f_Clostridiales_vadinBB60_group, unclassified_o__Bacter-
oidales, Bacteroides, Rikenella, Lachnospiraceae_UCG-001 were
significantly correlated with PSWP-I, while norank_f _Clos-
tridiales_vadinBB60_group, Bacteroides, unclassified_o__Bacter-
oidales, Rikenella, Lachnospiraceae_UCG-001 and Gemella were
significantly correlated with PSAP-I. The results of above
correlation analysis revealed a close relationship among intes-
tinal metabolites, gut microbiota and colon immunological
factors. PSPPs could alter the concentrations of intestinal
metabolites by adjusting the abundances of gut microbiota,
then regulate the levels of colon inflammatory factors, and
finally ameliorate the intestinal inflammation in colitis mice.
The effects of PSWP-I and PSAP-I on intestinal metabolites and
gut microbiota in DSS-induced colitis mice were different,
which might be related to intestinal flora composition

1386 | RSC Adv, 2022, 12, 1376-11390

modulated by polysaccharides and the decomposition and
utilization characteristics of gut microbiota on polysaccharides.

The interaction between gut microbiota and the immune
system runs through the entire life cycle of the host. Gut
microbiota had a significant impact on the immune system.
Abnormal changes of gut microbiota could induce the auto-
immune diseases, such as IBD, rheumatoid arthritis and
insulin-dependent diabetes.”® A recent study demonstrated that
the interaction between gut microbiota and immune system
was mainly mediated by the small-molecule metabolites. These
intestinal metabolites played an important role in promoting
host health and preventing diseases.> Oleic acid, as a lipid
inflammatory mediator, regulated the inflammatory response
of adipocytes, macrophages and endothelial cells. Oleic acid
concentration in intestinal tract was thus closely related to
obesity, coronary heart disease, diabetes and neurological
diseases.” Gut microbiota metabolized stearic acid to produce
oleic acid through the stearoyl CoA desaturase 1 (SCD1)
pathway.”® SCD1 is a fat synthesis rate-limiting enzyme that
plays an important effect in maintaining the balance of satu-
rated fatty acids (SFAs) and mono-unsaturated fatty acids
(MUFAs) in the body. SCD1 was related to fatty liver, diabetes,
cardiovascular disease, cancer and many other diseases. Some
researchers had documented that toll-like receptor 5 (TLR 5)
deficiency in mice promoted the development of intestinal
flora-dependent metabolic syndrome, and significantly
enhanced SCD1 expression and oleic acid concentration.”” Oleic
acid could adjust the phenotype of myeloid-derived suppressor

© 2022 The Author(s). Published by the Royal Society of Chemistry
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cells (MDSCs) and enhance the expression of the pro-
inflammatory cytokines, such as TNF-a, IL-6 and IL-1B3.*®
However, the intake of non-starch polysaccharides and resistant
starch could maintain the intestinal health of host by regulating
fatty acid metabolism pathways, especially that of related to
oleic acid.” Several intestinal probiotics had been reported to
regulate the metabolism level of oleic acid.””** Administration
of DSS elevated the concentrations of oleic acid in mice colon,
which could promote the expression of IL-1B and inhibit the
growth of Lactobacillus and other beneficial bacteria. The intake
of PSPPs (PSWP-I, PSAP-I) significantly reduced the contents of
free unsaturated fatty acids (such as oleic acid) in the intestine
of mice with colitis, improved their metabolic pathways of
cutin, suberine and wax biosynthesis, fatty acid biosynthesis,
biosynthesis of unsaturated fatty acids. 17-Hydroxyprogester-
one is a steroid hormone that is abnormally expressed in
congenital adrenal hyperplasia due to the loss of 21-hydroxy-
lase. In this study, the 17-hydroxyprogesterone level signifi-
cantly increased in DSS-induced mice with colitis as compared
to that of in normal control mice. This might be due to the
disorder of lipid and amino acid metabolisms to inhibit 21-
hydroxylase activity, and further affect the pathway of steroid
hormone biosynthesis.” An in vitro study showed that 17-
hydroxyprogesterone had a pro-inflammatory effect and could
enhance TNF-a level of the plasma in non-pregnant women
treated with lipopolysaccharides (LPS).** There was a high
concentration of 17-hydroxyprogesterone in DSS-induced mice,
which enhance the expression of IL-18 and block the expression
of IL-10. Production of 17-hydroxyprogesterone might be related
to the metabolism of gut microbiota, such as norank f _Clos-
tridiales_vadinBB60_group, Bacteroides. The oral administration
of PSPPs (PSWP-I, PSAP-I) significantly lowered 17-hydrox-
yprogesterone concentration in mice colon and ameliorated the
pathway of steroid hormone biosynthesis. In addition, PSPPs
could decrease 5-methoxydimethyltryptamine level and
increase 5'-deoxyadenosine level in mice with colitis. 5-
Methoxydimethyltryptamine is an indoles compound that
produces by tryptophan metabolism. Some microorganisms,
such as Clostridia, Escherichia, might decompose and utilize
tryptophan in host gut.** Except the specific physiological
activities, indoles compounds also regulated the host immune
and inflammatory responses.** Aryl hydrocarbon receptor
(AhR), a cytoplasmic receptor and transcription factor, plays an
important role in regulating adaptive immunity, barrier func-
tion, intestinal balance and intestinal inflammation. A study
documented that the dysregulation of AhR signals exacerbated
IBD conditions in mice.** And indoles compounds modulated
the immune response by activating AhR signals, caused the
abnormal expression of inflammatory factors.®® Knarreborg
et al.®>® showed that increasing polysaccharides intake signifi-
cantly reduced the activity of tryptophan metabolism and the
concentration of indoles compounds in the intestine. In the
present study, intake of DSS elevated 5-methoxydimethyltrypt-
amine level of mice colon, which promoted the expression of IL-
6, IL-1B, TNF-a, restrained the expression of IL-10, and inhibi-
ted the proliferation of Lachnospiraceae_ UCG-001 and Pre-
votellaceae_UCG-001.  Nevertheless, PSPPs  significantly

© 2022 The Author(s). Published by the Royal Society of Chemistry
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decreased 5-methoxydimethyltryptamine content in DSS-
induced mice. 5-Deoxyadenosine is an important interme-
diate product in the purine metabolism. A significantly negative
correlation between 5’-deoxyadenosine concentration and
inflammatory factors levels was revealed in genital inflamma-
tion mediated by human papilloma virus (HPV). 5-Deoxy-
adenosine might possess an anti-inflammatory effect by
modulating N-methyl-p-aspartate (NMDA) receptors to block the
release of inflammatory factors.>”*® Our results indicated that
DSS decreased the level of 5-deoxyadenosine, while PSPPs
increased that of 5'-deoxyadenosine in mice colon. 5’-Deoxy-
adenosine could inhibit the expression of IL-1B, IL-6, and
enhance the expression of IL-10, which might be generated by
Bifidobacterium, Lachnospiraceae_UCG-001, Aerococcus and
Gemella. PSWP-I and PSAP-I alleviated the colonic inflammation
of mice through improving the purine metabolism pathway and
then hoisting the 5’-deoxyadenosine concentration.

Innate immune systems of human and animal used the
pattern recognition receptors (PRRs) encoded by germ cells to
monitor, regulate and respond the changes in gut microbiota
and their metabolites. Transmembrane and cytoplasmic PRRs
stimulated or modulated the immune responses by initiating
the cascades of conservative signals, which were critical for host
defense. Although the mechanism underlying the regulation of
host immunity by gut microbiota was not fully understood, it
was known that gut microbiota could induce innate immune
responses based on the microorganism-associated molecular
patterns (MAMPs).** MAMPs were mainly the components of
microbial cell wall, including lipopolysaccharides (LPS), pepti-
doglycans and formyl peptides. These molecules regulated
immune responses via the PRR signaling pathways. Poly-
saccharide A (PSA) that produced by Bacteroides regulated
intestinal immunity by activating toll-like receptor 2 (TLR2).
PSA interacted with dendritic cells (DCs) in the lamina propria
and then transmitted to CD4" T cells, which activated trans-
forming growth factor B (TGF B), and enhanced the function of
FoxP3'CD25" regulatory T cell with anti-inflammatory property
and the expression of IL-10.*° Moreover, PSA also adjusted the
balance between T helper 1 (TH1) and TH2. Formyl peptides
that produced by microorganisms were mainly recognized and
binded by formyl peptide receptors (FPRs), which always existed
in immune cells such as neutrophils. It was reported that formyl
peptide produced by Staphylococcus could induce neutrophils to
accumulate at infection sites through FPR1, then caused toxic
damage of host cells and malignant competition of microbial
cells.” Compared with MAMPs, some metabolites (such as fatty
acids, vitamins) of intestinal flora were diet-dependent
compounds. These metabolites mainly regulated host immu-
nity through G protein-coupled receptors (GPCRs), AhRs, preg-
nane X receptors (PXRs) and others.** Gut microbiota, such as
Lachnospiraceae and Bifidobacterium, could ferment indigest-
ible carbohydrates (for instance polysaccharides) to produce
fatty acid especially short-chain fatty acids (SCFAs). Act as
signaling molecules, the fatty acids modulated the mucosal
immunity by activating GPCRs pathways. Short-chain fatty acids
promoted the differentiation of FoxP3'CD4" regulatory T cells to
produce anti-inflammatory cytokine of IL-10 by activating G-
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protein-coupled receptor 43 (GPR43). And GPR43 could main-
tain intestinal homeostasis by directly acting on intestinal
epithelial cells to activate inflammasomes for releasing IL-18.
SCFAs also enhanced the function of DCs to express IL-10
through a GPR109A signaling pathway.*® Bifidobacterium,
Lactobacillus and other intestinal flora could produce vitamins
B, which induced IL-10 secretion by DCs and macrophages via
a GPR109A-dependent mode to exert anti-inflammatory effects,
thereby alleviating the intestinal inflammation.** Gut micro-
biota metabolized tryptophan to produce indoles compounds
(such as 5-methoxydimethyltryptamine), which had been
confirmed as AhR ligands. As a ligand-inducible transcription
factor, AhR directly targeted and activated the specific genes by
binding to these tryptophan-derived compounds. In the process
of inflammation, AhR was activated to regulate the expression
of target genes, such as IL-6, IL-22 and prostaglandin G/H syn-
thase 2 (PTGS2). And IL-22 also adjusted the release of antimi-
crobial peptides from intestinal epithelial cells and enhanced
the expression of MAMPs.**

Overall, colonic metabolites had a close relationship with gut
microbiota and host immunity. On one hand, gut microbiota
affected the metabolites compositions and metabolic pathways.
And on the other hand, metabolites played an important effect
in regulating the levels of host immunological factors. PSPPs
(PSWP-I, PSAP-I) enhanced host immunity through intestinal
metabolites produced by gut microbiota, thus playing a role in
modulating intestinal inflammation. This manuscript prelimi-
nary clarified the metabolomics mechanism of PSPPs in regu-
lating ulcerative colitis based on the target of gut microbiota.

4. Conclusion

In short, this study exhibited the response of fecal metabolomic
profiles in colitis mice to the administration of polysaccharides
from purple sweet potato (Ipomoea batatas L.). Twenty-five
significant metabolites and four strikingly metabolic pathways
of cutin, suberine and wax biosynthesis, biosynthesis of
unsaturated fatty acids, fatty acid biosynthesis, and steroid
hormone biosynthesis were identified. Oleic acid and 17-
hydroxyprogesterone were key biomarkers that responded to
PSPPs. Furthermore, the change of fecal metabolomes in colitis
mice impacted by PSPPs was correlated with the improvement
of immune function and gut microbiota balance. This benefi-
cial alteration might be partly due to the inflammation-
regulating properties of PSPPs.
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