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Abstract: Polysaccharides from Dendrobium officinale have garnered attention for their diverse and
well-documented biological activities. In this study, we isolated three ethanol-fractionated polysaccha-
rides from Dendrobium officinale (EPDO) and investigated their digestive properties and effects on gut
microbiota regulation in vitro. The results indicated that after simulating digestion in saliva, gastric,
and small intestinal fluids, three EPDOs, EPDO-40, EPDO-60 and EPDO-80, with molecular weights
(Mw) of 442.6, 268.3 and 50.8 kDa, respectively, could reach the large intestine with a retention rate
ChedethF exceeding 95%. During in vitro fermentation, the EPDOs were broken down in a “melting” manner,
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resulting in a decrease in their Mw. EPDO-60 degraded more rapidly than EPDO-40, likely due to its
moderate Mw. After 24 h, the total production of short-chain fatty acids (SCFAs) for EPDO-60 reached
51.2 £+ 1.9 mmol/L, which was higher than that of EPDO-80. Additionally, there was an increase in
the relative abundance of Bacteroides, which are capable of metabolizing polysaccharides. EPDO-60
also promoted the growth of specific microbiota, including Prevotella 9 and Parabacteroides, which
could potentially benefit from these polysaccharides. Most notably, by comparing the gut microbiota
produced by different fermentation carbon sources, we identified the eight most differential gut
microbiota specialized in polysaccharide metabolism at the genus level. Functional prediction of these
eight differential genera suggested roles in controlling replication and repair, regulating metabolism,
and managing genetic information transmission. This provides a new reference for elucidating the
specific mechanisms by which EPDOs influence the human body. These findings offer new evidence
to explain how EPDOs differ in their digestive properties and contribute to the establishment of a
healthy gut microbiota environment in the human body.

Keywords: Dendrobium officinale; polysaccharides; digestion; gut microbiota; 165 rRNA

1. Introduction

Dendrobium officinale has been utilized as a functional food in China for over two
thousand years [1]. Its primary roles include regulating metabolic balance within the
body and protecting bodily organs [2,3]. The polysaccharides of Dendrobium officinale are
biological macromolecules predominantly composed of glucose and mannose, and these
play a crucial role in its functional properties. These properties encompass antioxidant
activity, reduction of blood glucose and lipid levels, and immune regulation [4-7].
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The effect of polysaccharides on the large intestine and gut microbiota has become
attractive because of its meaningful role in demonstrating the mechanisms of polysaccha-
rides in treatment of the human body [8]. Lin et al. demonstrated that polysaccharides
from Laminaria japonica can alleviate gestational diabetes by modulating the gut microbiota
in mice [9]. Similarly, Zhou et al. discovered that polysaccharides from Dendrobium officinale
may indirectly influence the immune system by regulating the intestinal microbiota [10].
The impact of polysaccharides on gut microbiota is specifically evident in the changes they
induce in the intestinal flora and environment [11,12]. Li et al. found that upon entering
the large intestine, Dendrobium officinale polysaccharides exhibited a gradual decrease in
molecular size and stimulated the production of mannose. They also promoted the genera-
tion of polysaccharide metabolites, such as short-chain fatty acids (SCFAs), and affected
the structure and abundance of the gut microbiota [13]. Wu et al. discovered that after
fermentation, the aggregates of Tremella fuciformis polysaccharides were disrupted, with
partial breakage of glycosidic bonds, leading to a decrease in molecular weight (Mw) from
1.8556 x 10° to 0.523 x 10° Da. Furthermore, FT-IR analysis indicated that the degree
of esterification was lower in the fermented samples compared to the unfermented ones.
These fermented products were also found to promote the proliferation of intestinal pro-
biotics [14]. Fu et al. reported that polysaccharides from Dendrobium officinale increased
gene abundance in amino acid and fatty acid metabolic pathways [15]. The results of
metabolites also showed higher amino acid and fatty acid metabolites, which suggested
that Dendrobium officinale polysaccharides had potential as prebiotics and might improve
gastrointestinal health [16]. In our previous study, three fractions of polysaccharides with
different molecular weights were extracted from Dendrobium officinale, which had different
properties in anti-fatigue and affected the abundance of gut microbiota [17]. However,
relationships between the different structural polysaccharides and their fermentation char-
acteristics have never been clearly demonstrated. It has been shown that Mw has important
influence on fermentation differences. The polysaccharide of 60S branched glucomannan
extracted from Artemisia sphaerocephala Krasch seeds had a stronger ability to produce acidic
substances after fermentation than did the 60P branched xylose [18]. It was reported that
okra polysaccharides with (3-1,4-galp as the branch chain showed the ability to promote the
growth of probiotics, highlighting the important role of 3-configuration polysaccharides
in biological activity [19]. However, different structural properties of Dendrobium officinale
polysaccharides in digestion and fermentation have never been studied.

However, conventional studies often demonstrate poor efficacy, as they tend to only
consider the abundance and diversity of a few microbial groups that have been the focus
of research. Li et al. found a correlation between the abundance of polysaccharides and
certain bacteria, but the direct influence of these microbial groups on the functionality
of the gut microbiota remains uncertain [13]. These studies did not delve into a deeper
classification of the gut microbiota and often overlooked differences in the abundance of
polysaccharide-specialized microbial groups, thus missing out on functional analyses of the
benefits derived from these gut microbial communities. Milani et al. conducted a systematic
analysis of the gut microbiota based on functional characteristics, facilitating its organized
classification [20]. Bacteroides to Firmicutes act as key players in carbohydrate degradation,
carrying out metabolic functions in the gut. Bifidobacterium and Faecalibacterium, as gut
microbial groups that utilize oligosaccharides to produce SCFAs, provide a continuous
source of SCFAs through fermentation, benefiting probiotic bacteria. Most importantly,
there are gut microbial groups that benefit from SCFA stimulation, and these groups serve as
determinants of gut microbiota functionality. Lee et al. reviewed polysaccharide-specialized
functional clusters through differential analysis of carbohydrates from different sources [21].
Therefore, the key to identifying functional clusters influenced by polysaccharides lies
in comparative analysis of different types, making it crucial for us to conduct screening
in order to uncover the gut microbial communities that truly exert the functional effects
of polysaccharides.
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In this study, we conducted in vitro simulated fermentation of ethanol-fractional
polysaccharides from Dendrobium officinale (EPDO) to determine the changes in molecular
weight and production of SCFAs during the digestive fermentation process. This revealed
the transformations that occur during polysaccharide fermentation. Additionally, we
performed a comparative analysis of the gut microbiota after simulated fermentation.
Functional predictions were made for eight selected representative genera that exhibited
significant polysaccharide characteristics. This will provide valuable insights for future
research on the functional role of EPDO in the human body.

2. Materials and Methods
2.1. Materials
2.1.1. Chemical Reagents

The reagents used in the digestion and fermentation experiments are listed in Tables
51 and S2. Additionally, phosphate buffer saline (PBS, 0.05 mol/L, pH = 6.8) and HCI were
obtained from Yuan Ye Bio-Technology Co., Ltd. (Shanghai, China). Phenol, concentrated
sulfuric acid, 3,5-dinitrosalicylic acid (DNS), trifluoroacetic acid (TFA), 1-phenyl-3-methyl-
5-pyrazolone (PMP), chloroform, 2-ethylbutyric acid, acetic acid, propionic acid, and
n-butyric acid were purchased from Aladdin Biochemical Technology Co., Ltd. (Shanghai,
China). Standards of D-glucose and D-mannose were obtained from Sigma Aldrich Trading
Co., Ltd. (Shanghai, China). TITANamp stool RNA kit was purchased from Tiangen Bio-
Technology Co., Ltd. (Beijing, China).

2.1.2. Preparation of Polysaccharides

EPDOs used in this study were prepared as our previous studies [17]. EPDOs were
identified as 3 kinds of water-soluble 1,4-Man (p), named EPDO-40, -60 and -80, with differ-
ent Mw about 452.5 kDa, 277.3 kDa and 53.6 kDa, carbohydrate contents of 84.2 + 5.6%,
92.6 £ 3.3% and 88.7 + 5.4%, and protein contents of 1.7 & 0.3%, 1.6 = 0.3% and 1.8 & 0.2%,
respectively.

2.1.3. Fecal Samples

Based on the reported method [22] with modifications, our experimental protocol was
reviewed and approved by the Ethics Committee of Zhejiang University of Technology
(Approval No. MGS20220617147). Three healthy volunteers, aged 20-35 years, with a
regular diet and no antibiotics within 6 months, were employed as subjects. On the day
of experiment, the feces of three volunteers were collected with Anaeropack (Mitsubishi,
Tokyo, Japan) to provide an anaerobic environment. Subsequently, the feces operated
were diluted (1:10, w/v) by sufficient PBS in an anaerobic workstation (Concept 400,
Baker Ruskinn, Konigswinter, Germany). To eliminate the interindividual difference, the
fecal inoculum was prepared after mixing the feces—PBS solution in equal volume from
every volunteer.

2.2. Digestion In Vitro

Simulated digestive fluids of saliva and gastric and intestinal fluids were prepared
according to the reported methods [10]. The saliva digestive fluid was mixed with powders
of EPDO-40, -60 and -80 to reach a final concentration of about 8 mg/mL, respectively,
using a platform shaker (Innova 2300, New Brunswick Scientific, Edison, NJ, USA) with
a rotation speed of 280 rpm at 37 °C. Samples of 1 mL each were collected at 0, 5, 20 min
during digestion and immediately put into a boiling water bath for 10 min and cooled to
room temperature. After being centrifuged at 12,000 rpm for 10 min, the supernatant was
immediately stored at —80 °C for subsequent study. An equal volume of deionized water
was used as the control, and 3 parallel sets of tubes were set for each trial.

The prepared gastric and intestinal digestive fluid were mixed with EPDOs from the
above digestion stage. After mixing, digestion samples were collected at 0, 2, 4 and 6 h for
subsequent analysis. The other operations were the same as in the saliva simulated digestion.



Foods 2024, 13, 1675

40f18

2.3. Fermentation In Vitro

The process of fermentation in vitro is shown in Figure 1, according to the reported
method [9]. A 1 mL quantity of fecal inoculum, 4 mL large intestinal simulated fermentation
fluid, and 40 mg EPDOs were mixed. Each sample was divided into four groups for 0, 6, 12,
and 24 h, fermented at 37 °C. All samples were collected for analysis or kept at —80 °C for
subsequent experiments. Oligofructose (FOS) of 8 mg/mL was set as the positive group,
and carbon source as the blank.

ﬁ Donors
Gut microbiota x3 o
1. Determination of pH

from humans /

Oh 6h 12h 24h
Blank wl |M| ml 2. Determination of SCFAs
EPDO-40 Fermentation
EPDO-60 — E— 3. Carbohydrate consumption
EPDO-80 SmL / % % and reducing sugar
FOS %

Anaerobic culture 4. Molecular weight change

1L \ and monosaccharide analysis

YCFA medium

Figure 1. Process of EPDO fermentation by anaerobic culture.

2.4. Determination of Carbohydrate and Reducing Sugar Contents

Carbohydrate content of sample was determined by the phenol-sulfuric acid method
with D-glucose as standard [23]. The sample reacted with phenol sulfuric acid in a boiling
water bath, and then the absorbance was measured by microplate reader (Multiskan MK3,
Thermo Fisher Scientific, Waltham, MA, USA) at 490 nm.

Reducing sugar content of sample was determined by DNS method with slight modi-
fication, with D-glucose as standard [24]. The sample reacted with DNS in a boiling water
bath, and then the absorbance was measured by microplate reader at 540 nm.

According to Hu & Di’s report [25], the digestibility of EPDOs was calculated as a
ratio of the content of reducing sugar at time t (CR;) to the content of carbohydrate at start
(Cto), as shown in Equation (1). The degradation rate in fermentation was calculated as a
ratio of the content of carbohydrate at time t (C;) to the content of carbohydrate at start
(Cto), as shown in Equation (2).

R
Digestibility (%) = S: £ % 100% 1)
to
Degradationrate(%) = (%t x 100% 2)
(o)

2.5. Determination of Molecule Weights and Monosaccharides

Molecule weights were determined according to the reported method with slight
modification [26]. A 100 uL sample was injected into a Breeze 2 HPLC system (Waters
1515, Waters Corporation, Milford, MA, USA) combined with an RI-detector (Waters 2414,
Waters Corporation, Milford, MA, USA), with a Waters Ultrahydrogel 500 column.

Monosaccharides of polysaccharides were determined according to the reported HPLC
method with slight modification [27]. The 100 uL sample was processed on the HPLC
system after PMP derivatization, with ZORBAX Eclipes XDB-C18 (Agilent Technologies,
Santa Clara, CA, USA) at 40 °C. The mobile phase was MiliQQ water: acetonitrile = 82:18 at
0.5 mL/min, with a standard of D-glucose and D-mannose.

2.6. Determination of pH

The pH was determined according to the reported method [10]. After fermentation
for 0, 6, 12, and 24 h, the sample was measured by a pH meter (PHS-3C, Sanxin, Shenyang,
China) at room temperature.
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2.7. Determination of SCFAs

SCFA determination was carried out according to the reported method [28] with
slight modification. The samples mixed with 10 pL 2-ethylbutyric acid were collected after
fermentation and measured by gas chromatography (Agilent 6890N, Agilent Technologies,
Santa Clara, CA, USA) with HP-INNOWAX column and FID detector. The carrier gas
was nitrogen at a flow rate of 19.0 mL/min and shunt ratio of 1:10. The flow rates of air
and hydrogen were set at 300 and 30 mL/min, respectively. The heating program was
100-180 °C at a speed of 4 °C/min and run for 20.5 min.

2.8. Sequence of Gut Microbiota
2.8.1. DNA Extraction and Microbiota Sequencing

The microbiota was determined by the 16s rRNA method with modification [29]. After
fermentation for 0 and 24 h, RNA of the sample was extracted by Tianamp stool RNA Kkit,
conducting the operation as described in the kit manuscripts. After extraction, 16s rRNA
sequencing was conducted by Mingke Biotechnology Co., Ltd. (Hangzhou, China). Three
random samples from the BLANK, EPDO-40, -60, -80 and FOS groups that were fermented
for 24 h participated in 16s sequencing, where 1, 2, and 3 represent three parallel samples,
respectively, while BLANK-0 was the unfermented sample (f = 0).

For 16s sequence, the V3-V4 region of the bacterial 16S ribosomal RNA genes were am-
plified using barcoded primers: forward primer (5'-3’): CCTACGGGRSGCAGCAG (341 F)
and reverse primer (5'-3'): GGACTACVVGGGTATCTAATC (806 R), with a denaturation
step at 95 °C for 3 min, followed by 30 cycles at 98 °C for 20 s, 58 °C for 15 s, and 72 °C
for 20 s and a final extension at 72 °C for 5 min. All quantified amplicons were pooled to
equalize concentrations for sequencing using Illumina MiSeq (Illumina, Inc., San Diego,
CA, USA).

2.8.2. Bioinformatic Analysis

a-diversity indices, including the observed species, abundance-based coverage esti-
mator (ACE), Chaol estimator, Shannon, Simpson, Evenness and PD whole tree indices,
were calculated at a 97% similarity level.

3-diversity was measured by unweighted UniFrac, weighted UniFrac, Jaccard, and
Bray. Curtis distances were calculated by QIIME2, which were visualized by principal
coordinate analysis (PCoA).

The differences in the composition of the gut microbiota at different taxonomic levels
were analyzed with the Statistical Analysis of Metagenomic Profiles (STAMP) software
package v2.1.3 and the linear discriminant analysis (LDA) effect size (LEfSe) method.

The functional prediction was analyzed using phylogenetic investigation of communi-
ties by reconstruction of unobserved states to identify enrichment of Kyoto Encyclopedia
of Genes and Genomes (KEGG) pathways [30].

2.8.3. Filtration of Gut Microbiota

The screening protocol was developed based on previous studies and findings from
our lab [16,21]. The gut microbiota, after fermentation of other polysaccharides, starch, and
oligosaccharides, were separately included as a contrast of carbohydrate metabolism. The
gut microbiota after flavone and phenolic acid fermentation were included as contrast of
SCFA production. After the LEfse analysis of these different categories of carbon sources
were included, there were significant differences in the unique functional flora produced
after each fermentation.

The intestinal flora sample using EPDO-40 as the fermentation product was classified
into the polysaccharide (APS) category during the analysis, abbreviated as P40 and parallel
to 3 samples, and the data source was this study. Other carbon sources and classifications
are shown in Table S5.
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2.8.4. Bioinformatic Data Accession

The 16s rRNA data from this study were deposited in the GenBank Sequence Read
Archive with accession number PRJNA1097923.

2.9. Statistical Analysis

The experiments were performed in triplicate. The data are presented as the average
= standard deviation (SD). EPDO modification, pH value, and SCFA production data were
analyzed using one-way analysis of variance (ANOVA) and compared using the Tukey
test with a confidence level of 95% using SPSS software (version 22.0, SPSS, Chicago, IL,
USA). R (version 4.3.1) and R packages were used for preparation of graphs. Statistical
significance was determined at a p-value of less than 0.05.

3. Results
3.1. Retention of EPDOs after Digestion In Vitro

The properties of EPDOs’ Mw in saliva, gastric, and small intestine digestion are shown
as HPGPC profiles in Figure 2. Compared to the original samples, the Mw of EPDOs after
digestion had slight reductions. However, these reductions were not significant (p > 0.05),
and the changes of Mw, carbohydrate contents, and reducing sugars are shown in Table 1.

i C .
Saliva digestion Intensity

20 min Mw =
Gastric digestion Mw = . 268.3 kDa
6h '

442.6 kDa

Intestinal digestion

EPDO-80
EPDO-60

EPDO-40
Figure 2. Changes of molecule weight of EPDOs after the digestion.

Table 1. EPDOs variation with time in the digestion.

Total Carbohydrate Reducing Sugar Digestibility

Sample Name Time Muw (kDa) (mg/mL) (mg/mL) (%)
Saliva EPDO-40 0 min 4525 £12.2 6.54 £ 0.02 ND? /P
digestion 5 min 4441 £ 8.5 6.65 £ 0.05 ND /
20 min 449.4 +10.3 6.53 £ 0.04 ND /
EPDO-60 0 min 2673 £72 7.26 = 0.07 ND /
5 min 2742 £ 8.5 7.21 £ 0.06 ND /
20 min 2714 +£5.3 7.18 £ 0.08 ND /
EPDO-80 0 min 53.6+1.9 6.89 & 0.03 ND /
5 min 541+ 37 6.68 + 0.08 ND /
20 min 52.1+£47 6.71 £ 0.01 ND /
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Table 1. Cont.

. Total Carbohydrate Reducing Sugar Digestibility
Sample Name Time Mw (kDa) (mg/mL) (mg/mL) (%)
Gastric EPDO-40 Oh 445.6 £ 11.5 6.64 £+ 0.05 0.135 + 0.005 2.0
digestion 2h 4426 £ 9.8 6.53 + 0.03 0.169 + 0.009 2.6
4h 441.1 £ 89 6.51 & 0.05 0.214 + 0.006 3.3
6h 440.5 £+ 10.8 6.57 +0.03 0.201 + 0.013 3.1
EPDO-60 Oh 2714 £ 8.1 7.31 £0.04 0.155 + 0.008 2.1
2h 2679 +75 7.25 £ 0.05 0.154 + 0.007 2.1
4h 2683 +79 7.21 £0.05 0.167 + 0.006 2.3
6h 264.8 + 8.6 7.26 +£0.07 0.168 + 0.011 2.3
EPDO-80 0Oh 53.5 +2.1 6.84 £+ 0.05 0.042 + 0.007 0.6
2h 51.1 £ 35 6.87 + 0.01 0.055 + 0.012 0.8
4h 50.8 + 6.7 6.68 + 0.09 0.048 + 0.004 0.7
6h 50.7 £ 4.1 6.75 4+ 0.01 0.087 + 0.006 1.2
Intestinal EPDO-40 Oh 4419 £ 8.6 6.49 £+ 0.09 0.197 + 0.008 3.0
digestion 2h 4352 +9.4 6.64 + 0.09 0.211 + 0.015 3.2
4h 441.7 +£10.5 6.58 + 0.02 0.208 + 0.015 3.2
6h 438.5 £ 10.8 6.52 +0.02 0.213 + 0.013 3.3
EPDO-60 Oh 2675+ 6.9 7.19 £0.11 0.171 & 0.012 2.4
2h 2646 £7.8 7.24 £ 0.06 0.167 + 0.009 2.3
4h 2689 +£9.2 7.19 £ 0.08 0.169 + 0.008 24
6h 263.8 + 8.6 7.23 +0.04 0.174 + 0.014 24
EPDO-80 Oh 515+ 44 6.78 £+ 0.05 0.127 + 0.012 2.1
2h 52.8 + 2.8 6.85 + 0.02 0.167 + 0.006 24
4h 50.5 + 5.8 6.83 £+ 0.07 0.195 + 0.011 2.9
6h 51.7 £ 3.7 6.76 £+ 0.05 0.201 + 0.008 3.0

Abbreviation: Mw: molecular weight; EPDO: ethanol-fractional polysaccharides from Dendrobium officinale; ® ND:
These data could not be detected; ® /: These data were not calculated.

It was indicated that in the saliva digestion, the digestibility of these three EPDOs
were all less than 5%. However, three EPDOs showed different degrees of degradation
in gastric digestion. EPDO-40 showed an increase in reducing sugar content from 2% to
3%. The digestibility of EPDO-60 and EPDO-80 remained almost stable in gastric digestion.
Conversely, the reducing sugar content increased in the intestinal digestion. However, the
changes in carbohydrate contents of these three EPDOs after digestion were not significant
(p > 0.05).

3.2. Degradation of EPDOs after Fermentation In Vitro

Carbohydrate content of samples gradually decreased, and the degradation rate
gradually increased during fermentation, as well as the reducing sugar content. This
indicates that the degradation rates of EPDO-40 and EPDO-80 became slower during
fermentation, as shown in Figure 3 and Table 2. This was inconsistent with the phenomena
of EPDO-60 and FOS, but they had larger and continued high degradation rates to be 63.8%
and 70.4%, respectively, after 24 h. The ratio of mannose to glucose was close to the original,
about 2.6:1, 4.0:1 and 2.0:1 for EPDO-40, EPDO-60 and EPDO-80, respectively.

The changes to the EPDOs before and after fermentation are shown in Figure 4. At first,
the peak of polysaccharides appeared at 18—40 min. The main changes in the fermentation
process were that the retention time of these polysaccharides moved backward and the peak
gradually decreased. After 24 h of fermentation, these peaks basically disappeared, while
the area of peak after 40 min increased. This might have been caused by the continuous
reduction of polysaccharides, resulting in small molecules such as monosaccharides and
oligosaccharides being produced.
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Figure 3. Reducing sugar content during the digestion stage. (A) EPDO-40; (B) EPDO-60;
(C) EPDP-80. The value bars with signs denote statistically significant differences, * p < 0.05 in
comparison with 0 h of gastric digestion; # p < 0.05 in comparison with 0 h of intestinal digestion.
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Figure 4. Changes to molecule weight of EPDOs after fermentation for 0, 6, 12, and 24 h.
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Table 2. EPDO variation with time in fermentation.
Sample Ferme.ntatlon Carbohydrate Reducing Sugar Mannose Glucose Degradation
Name Time Content Content (mg/mL) (me/mL) Rate (%)
(h) (mg/mL) (mg/mL) & °
EPDO-40 0 6.56 == 0.04 ND @ ND ND /P
6 5.17 + 0.06 2.10 £ 0.04 1.28 £+ 0.07 0.38 &+ 0.06 21.3
12 408 £0.11 1.37 £ 0.08 0.59 + 0.08 0.24 +0.04 36.4
24 3.47 £0.17 0.32 +0.05 0.13 + 0.02 0.05 £ 0.01 48.7
EPDO-60 0 7.22 £+ 0.08 ND ND ND /
6 511+ 0.14 2.40 £0.15 1.62 £0.16 0.33 £0.12 28.7
12 3.89 £0.18 1.86 £+ 0.22 1.24 £+ 0.06 0.23 4+ 0.09 47.1
24 2.61+0.24 1.50 £ 0.20 0.93 £ 0.07 0.18 £0.11 63.8
EPDO-80 0 6.88 + 0.01 ND ND ND /
6 5.52 +0.07 1.98 £ 0.09 1.21 +0.07 0.52 £ 0.09 21.0
12 428 £0.09 1.30 £0.11 0.71 +0.03 0.29 +0.05 38.2
24 3.32+0.14 0.46 +0.17 0.18 + 0.04 0.10 £ 0.04 53.1
FOS 0 7.91 £+ 0.06 ND -€ - /
6 532 +0.10 2.66 £0.14 - - 30.8
12 291 4+ 0.08 2.01 £ 0.04 - - 63.2
24 223 +0.16 1.52 £ 0.06 - - 70.4
Blank 0 ND ND - - /
6 ND ND - - /
12 ND ND - - /
24 ND ND - - /

Abbreviations: EPDO: ethanol-fractional polysaccharides from Dendrobium officinale; FOS: fructooligosaccharide;
2 ND: These data could not be detected. ® /: These data were not calculated.  -: These data were not detected.

3.3. Effect of EPDOs on Intestinal Environment

As shown in Figure 5, the pH of the fermentation solution of these three EPDOs
decreased during fermentation. Compared to that of the FOS group, the acidity of the
EPDOs decreased slowly, and pH changed less during the last 12 h.

.‘_‘—“_‘_"“‘—-——_
Tt / ._‘_'_'_'_'—ﬁ‘—'—-—-—o
—s— BLANK
EPDO-80
- 6r —v— EPDO-60
= . —ai— EPDO-40
\ —=— FOS
. ﬁ
5t —"
.‘\_\_&.
4 ' Il 'l 'l
Oh 6h 12h 24h
Time

Figure 5. Changes in pH in the EPDO, FOS and blank groups from 0 to 24 h of fermentation.

In Figure 6, the SCFAs in each group gradually increased. FOS had an extremely
strong promotion effect on acetic acid secretion, while EPDO-80 facilitated the production
of propionic acid. After 24 h, levels of n-butyric acid in the EPDO-60 fermentation solution
were significantly higher than in other groups. In general, the acid production capacity of
EPDO-60 was almost comparable to that of FOS, and it showed no reduction after 12 h.
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Figure 6. Production of SCFAs including the acetic acid (A), propionic acid (B), n-butyric acid (C),
and total SCFAs (D) in EPDOs, FOS and blank groups from 0 to 24 h of fermentation.

3.4. Effect of EPDOs on Gut Microbiota

As shown in Figure 7, the gut microbiota of each group had good consistency from
the hierarchical cluster analysis, and clear separation of gut microbiota could be discovered
among different groups. This indicates that the effect of the BLANK-0 group was the
most distinct from that of the BLANK-1, -2, and -3 groups, but similar to that of the

EPDO-60 group.

L
0.01

—— enose
EPDOG60-2

EPDO60-3

BLANK-0

Figure 7. Correlation analysis of gut microbiota clusters.
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EPDOS80-2

BLANK-2
BLANK-1
BLANK-3

The diversity of the communities was calculated by measuring Shannon’s index as
shown in Figure 8A, which accounts for both species’ richness and evenness. This indicates
that gut microbiota in both EPDOs and FOS groups showed a trend of decline, while the

species of gut microbiota increased significantly when no carbon source was given.
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Figure 8. Analysis of gut microbiota « and 3 diversity: (A) Shannon index; (B) abundance on phylum
level; (C) abundance on genus level; (D) uniqueness index between groups.

Figure 8B shows the accumulation of gut microbiota at the phylum level, mainly
considering the ratio of Bacteroides to Firmicutes (B/F). In the BLANK group, the B/F value
decreased. Conversely, it increased after being given EPDOs, of which the EPDO-60 group
was the largest. The change of B/F in the FOS group was insignificant, as listed in Table S3.

An accumulation gut microbiota at the genus level is shown in Figure 8C, which
mainly considered the comparison of gut microbiota abundance in different groups under
specific subdivisions. It was focused on the microbiota, especially Eschcrichia-Shigella,
Proteobact and Megamonas in the EPDO-60 group, and the abundance of these bacteria
decreased compared with that of the BLANK-0 group. On the other hand, the abundance
of Prevotella 9, Lachnospria, and Lachnoclostridiun increased. FOS had a completely different
effect on the abundance of microbiota at the genus level. The abundance of Bifidobacterium
and Lactobacillus increased significantly, as listed in Table S3.

Figure 8D shows the numerical manifestation of gut microbiota in each group after
LDA analysis, which indicated the specific type of gut microbiota. In the EPDO-60 group,
compared with 142 kinds of intestinal bacteria with SCFA-producing genes were listed in
Table S4, Ruminiclostridium, Parabacteroides and Blautia showed positive.

3.5. Filtration Polysaccharide-Specialized Gut Microbiota and Functional Analysis

Figure 9A shows the significant functional differences among groups at Level 2 after
KEGG analysis. The BLANK group exhibited a relatively balanced functionality of the
gut microbiota, including functions related to cellular processes, human diseases, and
environmental information processing. The EPDO group primarily demonstrated functions
related to polysaccharide degradation and metabolism. Many of the significantly different
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functions were categorized under Metabolism (Level 1). Particularly in the P60 group,
almost all the significantly different functions were metabolism-related. The KEGG Level
classification is provided in Table S6. These results did not reflect the advantages of EPDO
in shaping the gut microbiota of the organisms. Instead, some dominant polysaccharide-
specialized bacteria occupied the functional advantages, hindering the analysis of the
specific functional characteristics of polysaccharides.
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Figure 9. Lefse analysis of gut microbiota in KEGG functional analysis before (A) and after (B) filtration.

Therefore, it was crucial to screen the gut microbiota. The differential analysis of the
gut microbiota after fermentation with other polysaccharides, starch, oligosaccharides,
polyphenols, and flavonoids is shown in Figure S1. A total of 25 significantly different gut
microbial groups were selected for polysaccharides. Due to the limitations of the analysis
capacity, this study temporarily selected the top 8 significantly different genera as the
uniquely advantageous bacteria for polysaccharides. These genera were Bacteroides, Dial-
ister, Flavonifractor, Holdemania, Sellimonas, Lachnospira, Parasutterella, and Fusicatenibacter.
These eight genera of gut microbial communities showed good classification attributes
in the gut microbiota compared to other non-APS samples, with AUC values > 50%, as
shown in Figure S2. These eight genera exhibited differences in abundance among different
samples, as demonstrated in Figure 9A. Bacteroides, due to its excellent ability to degrade
polysaccharides, exhibited dominant abundance in the APS group. The other seven genera
seemed to display specific functionality, with their abundance being slightly higher than
that of the non-APS group. Among them, Lachnospira and Fusicatenibacter also exhibited
different abundances in the P40, P60, and P80 groups. However, discussing the functional-
ity of individual gut microbial communities at this point was not meaningful because these
bacteria, as a combination, had different abundances in different groups and performed
different gut functions.

After filtering, KEGG analysis was performed on the eight genera based on their
differential abundance in the P40, P60, and P80 groups. It was found that the BLANK
group exhibited predominantly metabolism-related functions, while the P40 group showed
significant differences in genetic information processing. The P60 group not only had
differences in metabolism-related functions but also exhibited membrane transport and
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cellular processes. The P80 group showed replication and repair. Figure 9B demonstrated
significant differences compared to the previous unfiltered KEGG analysis.

4. Discussion
4.1. EPDOs Achieve into the Large Intestine Steadily

According to the results, the answer was that all three samples of EPDOs could
enter into the large intestine with a retention rate above 95%, which was similar to the
results of Brodkorb’s report [31], which stated that digestion had no significant effect on
polysaccharides. In addition, Dendrobium officinale polysaccharides could be retained in the
large intestine due to lacking CAZymes at this stage [9]. Usually, the decrease of Mw and
the production of reducing sugars happened at the gastric digestion stage. By comparison,
the resulting hydrolysis of polysaccharides might be caused by the strong acidity in the
gastric environment [28]. However, the amount of this hydrolysis was relatively small, and
finally the EPDOs could work in the large intestine with a high retention rate.

4.2. EPDOs Degrade in the Large Intestine in a “Melting” Manner

It was suggested that EPDOs were degraded in a “melting” manner, and the opposite
was the “chewing” way. Citing the “candy model”, some people prefer to bite hard candy
directly for greater sweetness and efficiency, and some like to slowly let it melt in their
mouths, so as to achieve a longer sweetness effect.

According to our analysis, the former hypothesis was rejected because the Mw of
EPDOs decreased after fermentation. However, the peak height of HPGPC curve did
not change, which meant the molar amount of EPDOs might not be changed [32]. It
was obvious that the proportion of degraded monosaccharides and original sample were
approximately consistent [13]. It was speculated that EPDO-60 with a high content of
mannose and glucose exhibited a relative stronger degradation activity by binding to
receptors on the gut microbiota surface with high affinity [9,16,33]. Moreover, EPDO-60
showed a higher degradation rate, indicating that EPDO-60 was favored in fermentation.

The main system for polysaccharide degradation in Firmicutes might be the ATP-
binding cassette transport system [34,35]. The carbohydrate recognition proteins on the
cell surface would recognize monosaccharides exposed to the outside of the molecule,
3-7 units in length, and then transport them into the cytoplasm for decomposition, with
glucose and fructose as the main recognition site [36]. Therefore, more branched chains
meant that there were more opportunities to be recognized by the binding sites on the cell
surface of Firmicutes [37]. In our previous study, low molecular weight of EPDOs such as
EPDO-80 with 53.6 kDa could be degraded easily. Its production of monosaccharides was
slow because the proportion of branched chains was less than that of the others, in which
the 3 linkage site monosaccharide residue contents are EPDO-40: 3.6%, EPDO-60: 2.1%,
and EPDO-80: 1.0% [17]. This indicates that EPDO-80 had a low acid production rate and
low SCFA production, which would merit further analysis.

4.3. Production of SCFA by EPDO in the Large Intestine

The most intuitive explanation from this study was that after EPDOs degraded into
monosaccharides, SCFA was produced by gut microbiota fermentation, which formed
a relatively healthy cycle [38]. Gut microbiota could make the EPDOs decompose and
be utilized, and the SCFA production might have a better effect on the body [39,40]. For
example, EPDO-80 was conducive to the formation of propionic acid, which is an important
manifestation of a certain function [40]. EPDO-60 could produce a lot of n-butyric acid after
being used by intestinal flora. The effect of these n-butyric acids on the body was reflected
in improved immunity [41]. Moreover, the production of SCFA directly leads to a change
of pH in the intestinal environment [10]. This change in the intestinal environment has a
direct selection effect on the gut microbiota [42].

In addition, it was found that EPDO-60 and FOS groups could maintain a high growth
rate in total SCFAs during fermentation, which was not affected by time. This might
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be directly related to the conclusions mentioned that carbon sources were preferred by
gut microbiota because of their structure. An appropriate structure could ensure that
EPDO-60 provided a steady stream of monosaccharides for fermentation when degradation
happened, more SCFAs were produced [43]. Therefore, EPDO-60 had great potential in
promoting the improvement of gut microbiota.

4.4. EPDOs Promoted the Growth of Gut Microbiota

In Figure 7, it can be found that under these various carbon source conditions, the gut
microbiota had different development directions, suggesting that different structures of
carbon sources led to different effects [44]. In the blank group, the gut microbiota would
deviate from its original state. When EPDOs were used as a carbon source, they could
effectively protect the original species and structure of gut microbiota. The reason for
this is likely to be that after polysaccharides were degraded by gut microbiota, various
metabolites produced made changes in the intestinal environment. In this environment,
the original gut microbiota was more competitive, so there was a slight change [45].

As shown in Figure 8A, the growth of gut microbiota species was indeed constrained
under the carbon sources, which was confirmed by the previous study [18]. However,
whether it was caused by metabolites, especially SCFA, needs further analysis.

In Figure 8B, EPDOs could significantly lead to the proliferation of Bacteroides, and the
increase of Bacteroides could promote the secretion of polysaccharide lyase and production
of glycosidic bond hydrolase [17]. This was the inevitable result of carbon source and
could further promote the degradation of polysaccharides. As a result, it could be found
that polysaccharide was one of the main factors affecting the abundance and development
direction of gut microbiota [29].

Eschcrichia-Shigella, Proteobact and Megamonas are considered to be adverse microbiota
to intestinal health [20]. They have the adverse functions of toxin generation, cancer
induction, and infection promotion, respectively [46]. In Figure 8C, the abundance of these
gut microbiota decreased when EPDO-60 was used, which meant EPDO-60 might prevent
intestinal cancer or infection. Prevotella 9, Lachnospria and Lachnoclostridiun family are
considered as having protective effects on intestinal health [47,48]. They have the functions
of regulating immunity, changing metabolism, anti-tumor and protecting intestinal tract
after large intestine inflammation, respectively [49]. The increased abundance of these
gut microbiota suggested that EPDO-60 might have immune-boosting properties. FOS is
a recognized intestinal prebiotic, and Bifidobacterium and Lactobacillus were significantly
increased after FOS treatment [34]. This also revealed that EPDOs and FOS have two
different effect mechanisms. The differences in structure of carbon sources were likely to
be the result of various gut microbiota environmental. Finally, it could be demonstrated
that the main function of EPDO-60 was in the direction of immune regulation and anti-
inflammatory.

The specific type of gut microbiota in EPDO-60 group is shown in Figure 8D. Com-
pared with Zhao's study [50], this indicated that SCFA producers, including Ruminiclostrid-
ium, Parabacteroides and Blautia became competitive in the EPDO-60 group.

4.5. The Gut Microbiota of Polysaccharide-Specialized and Their Functions

Figure 9A describes the results of KEGG functional analysis before filtering. Prior
to the classification filtering, the gut microbiota of the EPDO group, after polysaccharide
fermentation, did not exhibit significant functional advantages. Instead, the BLANK group
showed more beneficial effects on the human body. This was because the intake of polysac-
charides led to a significant increase in the abundance of Bacteroides and an increase in the
diversity of carbohydrate-degrading bacterial species [21,22]. This phenomenon overshad-
owed the growth of beneficial bacteria induced by EPDO, as abundance is an important
factor in KEGG functional analysis. Hu et al. also observed a similar phenomenon in their
study on the gut microbiota after fermentation of a certain polysaccharide, with a significant
increase in carbohydrate-degrading bacteria [25]. In addition, metabolism, carbohydrate
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metabolism, glycan biosynthesis and metabolism, lipid metabolism, biosynthesis of other
secondary metabolites, galactose metabolism, other glycan degradation, and transport and
catabolism were the primary phenotypic enrichment KEGG pathways in the P60 group,
potentially related to its high total SCFA content [51]. According to Fang et al., non-starch
polysaccharides can facilitate the metabolism of starch, sucrose, and oligosaccharides by
boosting the production of short-chain fatty acids in the intestine [52]. However, the spe-
cific aspects of polysaccharide-specialized improvements to the gut microbiota were not
clearly elucidated.

According to previous reports, the gut microbiota can be categorized at least into three
main groups that perform carbohydrate metabolism, short-chain fatty acid production,
and beneficial functions for the human body [15]. After filtering, the unique functions of
various gut microbial communities were revealed, as shown in Figure 9B. Notably, the P80
group exhibited unique functions related to replication and repair. Previous studies by
Lai et al. have shown that gut microbial communities with genera functional annotations
related to replication and repair often have anti-inflammatory and tissue repair-promoting
functions [53]. This finding suggests that EPDO-80 may have a beneficial direction towards
promoting gastrointestinal protection. The P60 group, with gene annotations related to
amino acid synthesis and metabolism, indicates a potential correlation between EPDO-60
and antioxidation and anti-aging effects in the body. In our previous study, EPDO-60
demonstrated significant benefits in alleviating physical fatigue in mice, helping them to
rapidly eliminate metabolic waste after exhaustive swimming [17]. This could be attributed
to the inseparable link with their gut microbiota. The gut microbiota of EPDO-40 after
fermentation showed significant involvement in genetic information processing, suggesting
a potential association with the growth and development of the organism. However, further
experiments are needed to validate the specific underlying reasons.

To summarize, these results successfully made a reasonable connection between the
polysaccharides molecule changes and regulation of gut microbiota. First, the supply of
carbon sources led to SCFA-producing. Second, the produced SCFAs contributed to the
acidic environment of the intestine, creating a suitable growth environment for some bene-
ficial bacteria. Finally, beneficial bacteria contribute to the human body by promoting the
stability of the intestine and playing the role of immune regulation, as shown in Figure 10.

0
\\ A
ow o o= SR

- - :'/ \
s ‘//\V"%__

—on

.

0 w
Rentention time (min)

1 14
N i
P £

Figure 10. The mechanism of EPDO regulating gut microbiota by affecting intestinal environment.

5. Conclusions

This study demonstrated that after simulating saliva, gastric, and small intestinal
digestions, three EPDOs were minimally degraded due to the absence of polysaccharide-
decomposing enzymes in the digestive tract. Only a small fraction of EPDOs underwent
degradation during gastric digestion, which was attributed to the acidic environment of the
stomach. The EPDOs could reach the large intestine with a retention rate exceeding 95%.
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As a carbon source, EPDOs were broken down by the gut microbiota in a “melting” manner,
leading to a significant reduction in molecular weight (Mw). Furthermore, there was an
increase in the relative abundance of Bacteroides, which possess the capability to metabolize
polysaccharides and are subsequently utilized by SCFA-producing bacteria. The SCFAs
could alter the pH of the large intestine, influencing the abundance of gut microbiota.
As functional bacteria unique to polysaccharides, eight gut microbiota exhibited distinct
functional roles, ultimately aiding in the enhancement of the body’s immune system.

All these findings provide evidence to answer the question of how EPDOs exert their
biological activities and offer important guidance for the future development of EPDO-
based health foods. The main function of these foods will be to regulate the intestinal
flora of the human body in the direction of health care products, or as carriers for drugs,
warranting continued in-depth research and development.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods13111675/s1, Figure S1: Lefse analyses of gut microbiota after
filtering of different samples; Figure S2: ROC curves of 8 genus gut microbiota distinguishing between
APS and non-APS groups; Figure S3: The abundance of the eight selected gut microbiota in the
different samples; Table S1: Saliva, gastric and intestine simulated digestive fluid addition table;
Table S2: Large intestinal simulated fermentation fluid addition table; Table S3: Statistical analysis
of partial gut microbiota; Table S4: The list of gut microbiota which has the gene of SCFA produce;
Table S5: Filtration on gut microbiota of different fermentation carbon source; Table S6: The list of
KEGG function analysis before and after filter of BLANK, P40, P60 and P80 group.

Author Contributions: L.X.: Data curation, Visualization, Investigation, formal analysis,
Writing—review and editing; H.Z.: Data curation, Visualization, Investigation, formal analysis,
Writing—review and editing, Conceptualization; P.C.: Conceptualization, Methodology, Software,
Visualization, Investigation; Z.L.: resources; K.Y.: Validation; P.S.: Methodology, Supervision; FE.G.:
Methodology; ].W.: Methodology, Supervision; M.C.: project administration, funding acquisition,
Conceptualization. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported financially by the Key Research and Development Projects of
Zhejiang (2023C04025; 2019C02100).

Institutional Review Board Statement: This experimental protocol was reviewed and approved
by the Ethics Committee of Zhejiang University of Technology (Approval No. MGS20220617147,
17 June 2022).

Informed Consent Statement: Informed consent to perform experiments on human fecal samples
has been obtained from volunteers.

Data Availability Statement: The original contributions presented in the study are included in the
article/Supplementary Materials, further inquiries can be directed to the corresponding authors.

Conflicts of Interest: Author Zhenhao Li was employed by the company Longevity Valley Botanical
Co., Ltd. The remaining authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

1. Zhu, H.; Xu, L.; Wang, J.; Zhang, Z.; Xu, X,; Yang, K.; Sun, P;; Liao, X.; Cai, M. Rheological behaviors of ethanol-fractional
polysaccharides from Dendrobium officinale in aqueous solution: Effects of concentration, temperature, pH, and metal ions. Food
Hydrocoll. 2023, 137, 108311. [CrossRef]

2. Chen, W,; Wu, J.; Li, X;; Lu, J.; Wu, W,; Sun, Y.; Zhu, B.; Qin, L. Isolation, structural properties, bioactivities of polysaccharides
from Dendrobium officinale Kimura et. Migo: A review. Int. J. Biol. Macromol. 2021, 184, 1000-1013. [CrossRef] [PubMed]

3. Yang, L.; Lu, T.; Hsieh, C.; Lin, W. Characterization and immunomodulatory activity of polysaccharides derived from Dendrobium
tosaense. Carbohydr. Polym. 2014, 111, 856-863. [CrossRef] [PubMed]

4. Huang, X.; Nie, S.; Cai, H;; Zhang, G.; Cui, S.; Xie, M.; Phillips, G. Study on Dendrobium officinale O-acetyl-glucomannan
(Dendronan): Part IV. Inmunomodulatory activity in vivo. J. Funct. Foods 2015, 15, 525-532. [CrossRef]

5. Yang, K. Lu, T; Zhan, L.; Zhou, C.; Zhang, N.; Lei, S.; Wang, Y.; Yang, J.; Lv, G.; Chen, M. Physicochemical characterization of
polysaccharide from the leaf of Dendrobium officinale and effect on LPS induced damage in GES-1 cell. Int. ]. Biol. Macromol. 2020,
149, 320-330. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/foods13111675/s1
https://www.mdpi.com/article/10.3390/foods13111675/s1
https://doi.org/10.1016/j.foodhyd.2022.108311
https://doi.org/10.1016/j.ijbiomac.2021.06.156
https://www.ncbi.nlm.nih.gov/pubmed/34197847
https://doi.org/10.1016/j.carbpol.2014.05.007
https://www.ncbi.nlm.nih.gov/pubmed/25037425
https://doi.org/10.1016/j.jff.2015.03.054
https://doi.org/10.1016/j.ijbiomac.2020.01.026
https://www.ncbi.nlm.nih.gov/pubmed/31945440

Foods 2024, 13, 1675 17 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Liu, L.; Xiang, H.; Shen, H.; Dong, Y.; Sun, X.; Cai, Y.; Fan, H. Effects of low phosphorus stress on the main active ingredients and
antioxidant activities of Dendrobium officinale. Ind. Crops Prod. 2021, 173, 114095. [CrossRef]

Wang, Q.; Liang, J.; Liu, H. In vitro effects of four polysaccharides containing beta-D-Glup on intestinal function. Int. ]. Food Prop.
2019, 22, 1064-1076. [CrossRef]

Dou, Z.; Chen, C.; Fu, X. Digestive property and bioactivity of blackberry polysaccharides with different molecular weights. J.
Agric. Food Chem. 2019, 67, 12428-12440. [CrossRef] [PubMed]

Lin, H.; Zhang, J.; Li, S.; Zheng, B.; Hu, J. Polysaccharides isolated from Laminaria japonica attenuates gestational diabetes mellitus
by regulating the gut microbiota in mice. Food Front. 2021, 2, 208-217. [CrossRef]

Zhou, W.; Tao, W.; Wang, M.; Liu, W.; Xing, ].; Yang, Y. Dendrobium officinale Xianhu 2 polysaccharide helps forming a healthy gut
microbiota and improving host immune system: An in vitro and in vivo study. Food Chem. 2023, 401, 134211. [CrossRef]

Wang, P.; Huang, Q.; Chen, C.; You, L.; Liu, R; Luo, Z.; Zhao, M.; Fu, X. The chemical structure and biological activities of a novel
polysaccharide obtained from Fructus Mori and its zinc derivative. J. Funct. Foods 2019, 54, 64-73. [CrossRef]

Zhang, J.; Li, C.; Huang, Q.; You, L.; Chen, C.; Fu, X,; Liu, R. Comparative study on the physicochemical properties and
bioactivities of polysaccharide fractions extracted from Fructus Mori at different temperatures. Food Funct. 2019, 10, 410-421.
[CrossRef] [PubMed]

Li, L.; Yao, H.; Li, X.; Zhang, Q.; Wu, X.; Wong, T.; Zheng, H.; Fung, H.; Yang, B.; Ma, D.; et al. Destiny of Dendrobium officinale
polysaccharide after oral administration: Indigestible and nonabsorbing, ends in modulating gut microbiota. J. Agric. Food Chem.
2019, 67, 5968-5977. [CrossRef] [PubMed]

Wu, D; An, L,; Liu, W.; Hu, Y;; Wang, S.; Zou, L. In vitro fecal fermentation properties of polysaccharides from Tremella fuciformis
and related modulation effects on gut microbiota. Food Res. Int. 2022, 156, 111185. [CrossRef] [PubMed]

Fu, Y,; Zhang, J.; Chen, K;; Xiao, C.; Fan, L.; Zhang, B.; Ren, J.; Fang, B. An in vitro fermentation study on the effects of Dendrobium
officinale polysaccharides on human intestinal microbiota from fecal microbiota transplantation donors. J. Funct. Foods 2019,
53,44-53. [CrossRef]

Wang, Z.; Xie, J.; Nie, S.; Xie, M. Review on cell models to evaluate the potential antioxidant activity of polysaccharides. Food
Funct. 2017, 8, 915-926. [CrossRef] [PubMed]

Cai, M.; Zhu, H,; Xu, L.; Wang, J.; Xu, J.; Li, Z.; Yang, K.; Wu, J.; Sun, P. Structure, anti-fatigue activity and regulation on gut
microflora in vivo of ethanol-fractional polysaccharides from Dendrobium officinale. Int. ]. Biol. Macromol. 2023, 234, 123572.
[CrossRef] [PubMed]

Li, J.; Pang, B.; Yan, X.; Shang, X.; Hu, X.; Shi, ]J. Prebiotic properties of different polysaccharide fractions from Artemisia
sphaerocephala Krasch seeds evaluated by simulated digestion and in vitro fermentation by human fecal microbiota. Int. J. Biol.
Macromol. 2020, 162, 414-424. [CrossRef] [PubMed]

Wu, D; He, Y,; Fu, M;; Gan, R.; Hu, Y; Peng, L.; Zhao, G.; Zou, L. Structural characteristics and biological activities of a pectic-
polysaccharide from okra affected by ultrasound assisted metal-free Fenton reaction. Food Hydrocoll. 2022, 122, 107085. [CrossRef]
Milani, C.; Duranti, S.; Bottacini, F.; Casey, E.; Turroni, F; Mahony, J.; Belzer, C.; Palacio, S.D.; Montes, S.A.; Mancabelli, L.; et al.
The first microbial colonizers of the human gut: Composition, activities, and health implications of the infant gut microbiota.
Microbiol. Mol. Biol. Rev. 2017, 81, e00036-17. [CrossRef]

Lee, H.B.; Kim, Y.S. HY Park. Pectic polysaccharides: Targeting gut microbiota in obesity and intestinal health. Carbohydr. Polym.
2022, 287, 119363. [CrossRef]

Xia, Q.; Zhao, Q.; Zhu, H.; Cao, Y,; Yang, K.; Sun, P.; Cai, M. Physicochemical characteristics of Ganoderma lucidum oligosaccharide
and its regulatory effect on intestinal flora in vitro fermentation. Food Chem. X 2022, 15, 100421. [CrossRef] [PubMed]

Cai, M.; Zhong, H.; Chu, H.; Zhu, H.; Sun, P; Liao, X. Forward osmosis concentration of high viscous polysaccharides of
Dendrobium officinale: Process optimisation and membrane fouling analysis. Int. J. Food Sci. Tech. 2021, 56, 4871-4882. [CrossRef]
Cai, M,; Xing, H.; Tian, B.; Xu, ].; Li, Z.; Zhu, H.; Yang, K.; Sun, P. Characteristics and antifatigue activity of graded polysaccharides
from Ganoderma lucidum separated by cascade membrane technology. Carbohydr. Polym. 2021, 269, 118329. [CrossRef]

Hu, W,; Di, Q.; Liang, T.; Zhou, N.; Chen, H.; Zeng, Z.; Luo, Y.; Shaker, M. Effects of in vitro simulated digestion and fecal
fermentation of polysaccharides from straw mushroom (Volvariella volvacea) on its physicochemical properties and human gut
microbiota. Int. J. Biol. Macromol. 2023, 239, 124188. [CrossRef] [PubMed]

Li, J.; Zhu, Y.; Gu, F; Wu, J. Efficient isolation of immunostimulatory polysaccharides from Lentinula edodes by autoclaving-
ultrasonication extraction and fractional precipitation. Int. J. Biol. Macromol. 2023, 237, 124216. [CrossRef] [PubMed]

Tian, B.; Zhao, Q.; Xing, H.; Xu, J.; Li, Z.; Zhu, H.; Yang, K.; Sun, P,; Cai, M. Gastroprotective effects of Ganoderma lucidum
polysaccharides with different molecular weights on ethanol-induced acute gastric injury in rats. Nutrients 2022, 14, 1476.
[CrossRef] [PubMed]

Guo, D.; Lei, J.; He, C.; Peng, Z.; Liu, R.; Pan, X,; Meng, ].; Feng, C.; Xu, L.; Cheng, Y; et al. In vitro digestion and fermentation by
human fecal microbiota of polysaccharides from Clitocybe squamulose. Int. ]. Biol. Macromol. 2022, 208, 343-355. [CrossRef] [PubMed]
Fang, J.; Lin, Y.; Xie, H.; Farag, M.A ; Feng, S.; Li, J.; Shao, P. Dendrobium officinale leaf polysaccharides ameliorated hyperglycemia
and promoted gut bacterial associated SCFAs to alleviate type 2 diabetes in adult mice. Food Chem. X 2022, 13, 100207. [CrossRef]
Langille, M.G.; Zaneveld, J.; Caporaso, ].G.; McDonald, D.; Knights, D.; Reyes, J.A.; Clemente, J.C.; Burkepile, D.E.; Thurber,
R.L.V,; Knight, R; et al. Predictive functional profiling of microbial communities using 16S rRNA marker gene sequences. Nat.
Biotechnol. 2013, 31, 814-821. [CrossRef]


https://doi.org/10.1016/j.indcrop.2021.114095
https://doi.org/10.1080/10942912.2019.1628778
https://doi.org/10.1021/acs.jafc.9b03505
https://www.ncbi.nlm.nih.gov/pubmed/31668067
https://doi.org/10.1002/fft2.79
https://doi.org/10.1016/j.foodchem.2022.134211
https://doi.org/10.1016/j.jff.2019.01.008
https://doi.org/10.1039/c8fo02190b
https://www.ncbi.nlm.nih.gov/pubmed/30604796
https://doi.org/10.1021/acs.jafc.9b01489
https://www.ncbi.nlm.nih.gov/pubmed/31037938
https://doi.org/10.1016/j.foodres.2022.111185
https://www.ncbi.nlm.nih.gov/pubmed/35651042
https://doi.org/10.1016/j.jff.2018.12.005
https://doi.org/10.1039/c6fo01315e
https://www.ncbi.nlm.nih.gov/pubmed/28146152
https://doi.org/10.1016/j.ijbiomac.2023.123572
https://www.ncbi.nlm.nih.gov/pubmed/36754265
https://doi.org/10.1016/j.ijbiomac.2020.06.174
https://www.ncbi.nlm.nih.gov/pubmed/32569687
https://doi.org/10.1016/j.foodhyd.2021.107085
https://doi.org/10.1128/MMBR.00036-17
https://doi.org/10.1016/j.carbpol.2022.119363
https://doi.org/10.1016/j.fochx.2022.100421
https://www.ncbi.nlm.nih.gov/pubmed/36211736
https://doi.org/10.1111/ijfs.15225
https://doi.org/10.1016/j.carbpol.2021.118329
https://doi.org/10.1016/j.ijbiomac.2023.124188
https://www.ncbi.nlm.nih.gov/pubmed/36996950
https://doi.org/10.1016/j.ijbiomac.2023.124216
https://www.ncbi.nlm.nih.gov/pubmed/36990414
https://doi.org/10.3390/nu14071476
https://www.ncbi.nlm.nih.gov/pubmed/35406089
https://doi.org/10.1016/j.ijbiomac.2022.03.126
https://www.ncbi.nlm.nih.gov/pubmed/35337916
https://doi.org/10.1016/j.fochx.2022.100207
https://doi.org/10.1038/nbt.2676

Foods 2024, 13, 1675 18 of 18

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Brodkorb, A.; Egger, L.; Alminger, M.; Alvito, P.; Assuncao, R.; Ballance, S.; Bohn, T.; Bourlieu-Lacanal, C.; Boutrou, R,;
Carriere, F,; et al. INFOGEST static in vitro simulation of gastrointestinal food digestion. Nat. Protoc. 2019, 14, 991-1014.
[CrossRef] [PubMed]

Chen, G.; Xie, M.; Wan, P; Chen, D.; Ye, H,; Chen, L.; Zeng, X.; Liu, Z. Digestion under saliva, simulated gastric and small
intestinal conditions and fermentation in vitro by human intestinal microbiota of polysaccharides from Fuzhuan brick tea. Food
Chem. 2018, 244, 331-339. [CrossRef]

Lombard, Y.; Giaimis, J.; Makayakumba, M.; Fonteneau, P.; Poindron, P. A new method for studying the binding and ingestion of
zymosan particles by macrophages. J. Immunol. Methods 1994, 174, 155-165. [CrossRef] [PubMed]

Cockburn, D.; Orlovsky, N.; Foley, M.; Kwiatkowski, K.; Bahr, C.; Maynard, M.; Demeler, B.; Koropatkin, N. Molecular details
of a starch utilization pathway in the human gut symbiont Eubacterium rectale. Mol. Microbiol. 2015, 95, 209-230. [CrossRef]
[PubMed]

Foley, M.; Cockburn, D.; Koropatkin, N. The Sus operon: A model system for starch uptake by the human gut Bacteroidetes. Cell.
Mol. Life Sci. 2016, 73, 2603-2617. [CrossRef] [PubMed]

Ramsay, A.; Scott, K.; Martin, J.; Rincon, M.; Flint, H. Cell-associated alpha-amylases of butyrate-producing Firmicute bacteria
from the human colon. Microbiol.-Sgm. 2006, 152, 3281-3290. [CrossRef]

David, Y.; Dassa, B.; Borovok, I.; Lamed, R.; Koropatkin, N.; Martens, E.; White, B.; Bernalier-Donadille, A.; Duncan, S.;
Flint, H.; et al. Ruminococcal cellulosome systems from rumen to human. Environ. Microbiol. 2015, 17, 3407-3426. [CrossRef]
Wang, L.; Li, C.; Huang, Q.; Fu, X.; Liu, R.H. In vitro digestibility and prebiotic potential of a novel polysaccharide from Rosa
roxburghii Tratt fruit. . Funct. Foods 2019, 52, 408-417. [CrossRef]

Cani, P; Neyrinck, A.; Fava, F; Knauf, C.; Burcelin, R.; Tuohy, K.; Gibson, G.; Delzenne, N. Selective increases of bifidobacteria in
gut microflora improve high-fat-diet-induced diabetes in mice through a mechanism associated with endotoxaemia. Diabetologia
2007, 50, 2374-2383. [CrossRef]

Lin, H.; Frassetto, A.; Kowalik, E., Jr.; Nawrocki, A.; Lu, M.; Kosinski, J.; Hubert, J.; Szeto, D.; Yao, X.; Forrest, G.; et al. Butyrate
and propionate protect against diet-induced obesity and regulate gut hormones via free fatty acid receptor 3-independent
mechanisms. PLoS ONE 2012, 7, e35240. [CrossRef]

Gao, Z.; Yin, J.; Zhang, ].; Ward, R.; Martin, R.; Lefevre, M.; Cefalu, W.; Ye, J. Butyrate improves insulin sensitivity and increases
energy expenditure in mice. Diabetes 2009, 58, 1509-1517. [CrossRef] [PubMed]

Peredo-Lovillo, A.; Romero-Luna, H.; Jimenez-Fernandez, M. Health promoting microbial metabolites produced by gut microbiota
after prebiotics metabolism. Food Res. Int. 2020, 136, 109473. [CrossRef] [PubMed]

Peng, M.; Biswas, D. Short chain and polyunsaturated fatty acids in host gut health and foodborne bacterial pathogen inhibition.
Crit. Rev. Food Sci. Nutr. 2017, 57, 3987-4002. [CrossRef] [PubMed]

Martens, E.; Koropatkin, N.; Smith, T.; Gordon, J. Complex glycan catabolism by the human gut microbiota: The bacteroidetes
sus-like paradigm. J. Biol. Chem. 2009, 284, 24673-24677. [CrossRef] [PubMed]

Jandhyala, S.; Talukdar, R.; Subramanyam, C.; Vuyyuru, H.; Sasikala, M.; Reddy, D. Role of the normal gut microbiota. World J.
Gastroenterol. 2015, 21, 8787-8803. [CrossRef] [PubMed]

Ding, Q.; Nie, S.; Hu, J.; Zong, X.; Li, Q.; Xie, M. In vitro and in vivo gastrointestinal digestion and fermentation of the
polysaccharide from Ganoderma atrum. Food Hydrocoll. 2017, 63, 646—655. [CrossRef]

Kovatcheva-Datchary, P.; Nilsson, A.; Akrami, R.; Lee, Y.S.; De Vadder, F,; Arora, T.; Hallen, A.; Martens, E.; Bjorck, I.; Backhed, F.
Dietary fiber-induced improvement in glucose metabolism is associated with increased abundance of Prevotella. Cell Metab. 2015,
22,971-982. [CrossRef] [PubMed]

Tamana, S.; Tun, H.; Konya, T.; Chari, R,; Field, C.; Guttman, D.; Becker, A.; Moraes, T.; Turvey, S.; Subbarao, ; et al. Bacteroides-
dominant gut microbiome of late infancy is associated with enhanced neurodevelopment. Gut Microbes 2021, 13, 1930875.
[CrossRef]

Min, F; Hu, J.; Nie, S.; Xie, J.; Xie, M. In vitro fermentation of the polysaccharides from Cyclocarya paliurus leaves by human fecal
inoculums. Carbohydr. Polym. 2014, 112, 563-568. [CrossRef]

Zhao, L.; Zhang, F; Ding, X.; Wu, G.; Lam, Y.Y,; Wang, X.; Fu, H.; Xue, X.; Lu, C.; Ma, ].; et al. Gut bacteria selectively promoted
by dietary fibers alleviate type 2 diabetes. Science 2018, 359, 1151. [CrossRef]

Wu, T,; Shen, M.; Yu, Q.; Chen, Y,; Chen, X.; Yang, J.; Huang, L.; Guo, X.; Xie, J. Cyclocarya paliurus polysaccharide improves
metabolic function of gut microbiota by regulating short-chain fatty acids and gut microbiota composition. Food Res. Int. 2021,
141, 110119. [CrossRef] [PubMed]

Fang, Q.; Hu, J.; Nie, Q.; Nie, S. Effects of polysaccharides on glycometabolism based on gut microbiota alteration. Trends Food Sci.
Tech. 2019, 92, 65-70. [CrossRef]

Lai, H.; Lin, T.; Chen, T.; Kuo, Y.; Chang, C.; Wu, T,; Shu, C; Tsai, Y.; Swift, S.; Lu, C. Gut microbiota modulates COPD
pathogenesis: Role of anti-inflammatory Parabacteroides goldsteinii lipopolysaccharide. Gut 2022, 71, 309-321. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1038/s41596-018-0119-1
https://www.ncbi.nlm.nih.gov/pubmed/30886367
https://doi.org/10.1016/j.foodchem.2017.10.074
https://doi.org/10.1016/0022-1759(94)90018-3
https://www.ncbi.nlm.nih.gov/pubmed/8083517
https://doi.org/10.1111/mmi.12859
https://www.ncbi.nlm.nih.gov/pubmed/25388295
https://doi.org/10.1007/s00018-016-2242-x
https://www.ncbi.nlm.nih.gov/pubmed/27137179
https://doi.org/10.1099/mic.0.29233-0
https://doi.org/10.1111/1462-2920.12868
https://doi.org/10.1016/j.jff.2018.11.021
https://doi.org/10.1007/s00125-007-0791-0
https://doi.org/10.1371/journal.pone.0035240
https://doi.org/10.2337/db08-1637
https://www.ncbi.nlm.nih.gov/pubmed/19366864
https://doi.org/10.1016/j.foodres.2020.109473
https://www.ncbi.nlm.nih.gov/pubmed/32846558
https://doi.org/10.1080/10408398.2016.1203286
https://www.ncbi.nlm.nih.gov/pubmed/27438132
https://doi.org/10.1074/jbc.R109.022848
https://www.ncbi.nlm.nih.gov/pubmed/19553672
https://doi.org/10.3748/wjg.v21.i29.8787
https://www.ncbi.nlm.nih.gov/pubmed/26269668
https://doi.org/10.1016/j.foodhyd.2016.10.018
https://doi.org/10.1016/j.cmet.2015.10.001
https://www.ncbi.nlm.nih.gov/pubmed/26552345
https://doi.org/10.1080/19490976.2021.1930875
https://doi.org/10.1016/j.carbpol.2014.06.027
https://doi.org/10.1126/science.aao5774
https://doi.org/10.1016/j.foodres.2021.110119
https://www.ncbi.nlm.nih.gov/pubmed/33641986
https://doi.org/10.1016/j.tifs.2019.08.015
https://doi.org/10.1136/gutjnl-2020-322599
https://www.ncbi.nlm.nih.gov/pubmed/33687943

	Introduction 
	Materials and Methods 
	Materials 
	Chemical Reagents 
	Preparation of Polysaccharides 
	Fecal Samples 

	Digestion In Vitro 
	Fermentation In Vitro 
	Determination of Carbohydrate and Reducing Sugar Contents 
	Determination of Molecule Weights and Monosaccharides 
	Determination of pH 
	Determination of SCFAs 
	Sequence of Gut Microbiota 
	DNA Extraction and Microbiota Sequencing 
	Bioinformatic Analysis 
	Filtration of Gut Microbiota 
	Bioinformatic Data Accession 

	Statistical Analysis 

	Results 
	Retention of EPDOs after Digestion In Vitro 
	Degradation of EPDOs after Fermentation In Vitro 
	Effect of EPDOs on Intestinal Environment 
	Effect of EPDOs on Gut Microbiota 
	Filtration Polysaccharide-Specialized Gut Microbiota and Functional Analysis 

	Discussion 
	EPDOs Achieve into the Large Intestine Steadily 
	EPDOs Degrade in the Large Intestine in a “Melting” Manner 
	Production of SCFA by EPDO in the Large Intestine 
	EPDOs Promoted the Growth of Gut Microbiota 
	The Gut Microbiota of Polysaccharide-Specialized and Their Functions 

	Conclusions 
	References

