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Polysaccharides from the rhizome of Polygonatum sibiricum display a variety of biological activities, including the
regulation of intestinal microbiota, but the polysaccharides from the leaves of P, sibiricum have not been studied
extensively. Here, we extracted crude polysaccharides from the leaves of P, sibiricum and further separated and puri-
fied them to study the effects of P, sibiricum polysaccharides (PsPs) on intestinal microbes and short-chain fatty acids
(SCFAs). The PsPs had a total sugar content of 97.48% and a monosaccharide composition comprising mannose,
rhamnose, galacturonic acid, glucose, xylose, and arabinose, with molar ratios of 6.6:15.4:4.5:8.8:40.7:.24, respectively.
The effects of PsPs on intestinal microflora in mice were also studied, with 16S sequencing results showing an increase
in the relative abundance of Firmicutes and a decrease in Bacteroidetes at the phylum level. The abundance of Lac-
tobacillus increased, while those of Lachnospiraceae and Bacteroides reduced (at the genus level) by PsPs treatment.
The composition of microbes changed. Levels of SCFAs in the PsPs group were significantly increased compared with
control mice, including acetic acid, propionic acid, and butyric acid. These results suggest that PsPs can act as prebiot-
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Introduction

The traditional Chinese medicine Polygonatum Rhizoma
includes dried rhizomes of Polygonatum kingianum,
Polygonatum sibiricum, or Polygonatum cyrtonema.
Polygonatum plants, which include more than 40 spe-
cies, are widely distributed throughout the temperate
northern hemisphere (Zhao et al. 2018). The plant invig-
orates the Qi (Traditional Chinese medicine believes
that Qi is one of the basic substances that constitute the
human body and maintain its vital activities) and spleen,
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moistening the lungs and the kidneys, and is used in
clinical medicine (Li et al. 2021). The medicinal value of
Polygonatum is derived from its chemical components,
including polysaccharides (Liu et al. 2007), steroidal sap-
onins (Mi-Jeong et al. 2006), alkaloids (Sun et al. 2005),
flavonoids, and phytosterols (Juan et al. 2016). Accumu-
lating evidence suggests that high-molar-mass polysac-
charides are the major components of herbal medicines
(Jia et al. 2019).

Plant polysaccharides, especially some Chinese herbal
polysaccharides, have a wide range of pharmacologi-
cal properties, including unique effects as antioxidants
(Wang et al. 2017; Debnath et al. 2013), antidiabetics
(Shu et al. 2012), antineoplastics (Senthilkumar et al.
2013; Sajadimajd et al. 2019), anti-inflammatories (Jun
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et al. 2015), and anti-atherosclerosis (Zeng et al. 2011)
and immunocompetence agents (Kim et al. 2019), as well
as having bone-protective effects (Lv et al. 2016). Chi-
nese herbal polysaccharides are basically non-toxic to
the body; as such, they have attracted much interest from
researchers (Zhao et al. 2018) and are gradually being
developed into medical products with clinical value (Xiao
et al. 2018), such as the polysaccharides from Astragalus
(Lv et al. 2017), Ginseng (Shalaby et al. 2018), and Poria
cocos (Wu et al. 2018). Polygonatum polysaccharides
can promote the growth of probiotics by regulating the
structure and composition of intestinal microorganisms
(Wang et al. 2018; Yang et al. 2021). At present, Polygo-
natum polysaccharides are mainly extracted from the
rhizome of plants. Previous studies have shown that for
every ton of rhizomes collected, about 400 kg of stems
and leaves are produced (Yang et al. 2020); however, these
are usually discarded, making the whole plant underu-
tilized. Therefore, multi-angle and deep utilization of
Polygonatum can effectively improve its comprehen-
sive value. In particular, the potential effects, structural
characteristics, and biological activity of polysaccharides
extracted from P sibiricum leaves have not been exam-
ined. Therefore, in this study we extracted, separated, and
purified crude polysaccharides from the leaves of P. sibir-
icum Red. We then investigated the effects of purified P
sibiricum polysaccharides (PsPs) on intestinal microor-
ganisms and short-chain fatty acids (SCFAs) in mice. Our
results suggest that PsPs have the potential to regulate
intestinal flora and protect intestinal health as prebiotics.

Materials and methods

Raw materials and chemical reagents

Mature healthy P sibiricum Red. leaves were collected
from the Polygonatum planting (no dead leaves and
young leaves) base in Xuyong County, Luzhou City,
China. Standard monosaccharides (mannose, rham-
nose, and glucuronic acid) were purchased from Shang-
hai yuanye Bio-Technology Company, China. Standard
SCFAs (acetic acid, butyric acid) were purchased from
SIGMA Company, China. All other reagents provided by
the laboratory were analytical grade.

Preparation of PsPs

Traditional water extraction and alcohol precipitation
methods were used to extract crude polysaccharides (Li
et al. 2020). First, the Polygonatum leaves were placed in
a beaker with twice the volume of water and then heated
in a water bath at 90 °C for 3 h and extracted three times.
The extracts were then concentrated to 2 L, and 1.5-times
the volume of anhydrous ethanol was added to a final
concentration of 60% ethanol. After storing at room tem-
perature for 24 h, the concentrate was filtered to obtain
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the crude polysaccharides. Finally, the extracted crude
polysaccharides were dissolved in 1 L of distilled water
and decolorized with a macroporous resin. Subsequently,
the crude polysaccharide solution was purified with
DEAE cellulose and dialyzed for 72 h in a dialysis bag
(500-1 KD. After dialysis, the purified polysaccharides
were concentrated and freeze-dried.

Characterization of PsPs

The phenol-sulfate method with a glucose standard as
the control was used to determine total sugar content
according to Herbert D (1971). Absorbance was meas-
ured using a UV-visible spectrophotometer at 490 nm,
and the total sugar content was calculated from a stand-
ard curve.

The monosaccharide composition of the polysac-
charides was determined using high performance liq-
uid chromatography (HPLC), as described by Dai et al.
(2010). The operational steps were as follows: (1) Deri-
vatization of single and mixed marks: standard xylose,
mannose, rhamnose, arabinose, galacturonic acid, glu-
cose, glucuronic acid, and galacturonic acid were pre-
pared at 0.5 mg/mL in a mixed standard solution. The
PMP derivatization reaction was performed at 70 °C for
100 min, before cooling the solution at room temperature
for 5-10 min; thereafter, 2 mL of 0.3 M HCI was added
to neutralize added NaOH. After thorough shaking, an
equal volume of chloroform was added for extraction.
The water phase obtained was filtered through a 0.22 mm
membrane and determined by liquid chromatography. (2)
Hydrolysis and derivatization of the sample: an appropri-
ate amount of dried polysaccharide sample was weighed
and placed in a capped reaction tube with 4—6 mL of 2 M
TFA, and reacted with N, for 120-150 min at 121 °C.
The sample was cooled to room temperature, after
which 0.2 mL methanol was added and the pressure was
reduced. The concentrate was then dried. The procedure
was repeated several times until the TFA was completely
removed. After adding distilled water (0.5 mL) to dissolve
the hydrolyzed sample, PMP derivatization followed the
same procedure, including filtering through a 0.22 mm
filter membrane, and analysis by liquid chromatogra-
phy using an Agilent 1100 HPLC system. The chroma-
tographic column used was C18 (250 nm x 4.6 nm). The
injection volume was 20 ml, and an 83:17 volume ratio of
phosphoric acid buffer and acetylene mixture was used as
the mobile phase. The flow rate was 1 ml/min. An SPD-
15C UV-visible detector with a detection wavelength of
254 nm was used and the column temperature was 30 °C.

Animal experiments
Twelve male Kunming mice (BW 20+2 g) were pur-
chased from the Experimental Animal Center of
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Southwest Medical University. The mice were kept in a
room with 60+£10% relative humidity, a temperature
of 23+2 °C, and a 12 h light/dark cycle, with food and
water. All animal care and procedures were performed in
accordance with the approved guidelines and regulations
of the Animal Care and Use Committee of the SWMU.
After 7 days of captive feeding, the mice were randomly
divided into two groups of six mice: (1) control group:
mice were fed once a day and were provided with the
same volume of distilled water as the experimental group;
and (2) PsPs group: mice were fed PsPs (200 mg/kg) once
a day. The only variable was the addition of PsPs; thus,
the background was clear and the repeatability was good.
The activity and mental state of the mice were observed,
and their body weights recorded. Mouse feces were col-
lected at the end of the experiment, and the samples were
stored at —80 °C for further comprehensive analysis.

Short-chain fatty acid (SCFA) analysis

The contents of SCFAs (acetic acid, propionic acid,
butyric acid, iso-butyric acid, valeric acid, isovaleric acid,
hexanoic acid, and iso-hexanoic acid) were determined
by GC-MS.

Stool sample (25 mg) was placed in a 2 ml grind-
ing tube, and 500 pL water (containing 0.5% phos-
phoric acid) was added. N-butanol solvent (containing
the internal standard 2-ethylbutyric acid at 10 pg/mL)
was added for extraction using low-temperature ultra-
sound for 10 min. The samples were then centrifuged
at 13,000 g at 4 °C for 5 min, and then filtered through
a 0.22-um filter membrane. An Agilent Technolo-
gies Inc. (CA, USA) 8890B-5977B GC/MSD GC/MSD
was used as the analysis instrument. Chromatographic
conditions were as follows: HP FFAP capillary column
(30 m x 0.25 mm x 0.25 um; Agilent J&W Scientific com-
pany, Folsom, CA, USA), high purity helium carrying gas,
flow rate of 1.0 mL/min, and inlet temperature of 260 °C.
The injection volume was 1 pL, applied as a split injection
at a split ratio of 10:1 and a solvent delay of 2.5 min. The
initial temperature of the column chamber was 80 °C,
and then the temperature was programmed to cycles of
120 °C at 40 °C/min, 200 °C at 10 °C /min, and then main-
tained at 230 °C for 3 min.

16S ribosomal RNA (rRNA) gene and bioinformatics
analysis

The V3-V4 16S rRNA region, a highly variable region of
the gene, was amplified according to Guo et al. (2020).
High-throughput sequencing of the products was car-
ried out by Majorbio Company (Shanghai, China).
QIIME (version 1.9.1) was used for demultiplexing and
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quality filtering of all sequences before data analysis.
Some reads were discarded, such as reads that could
not be assembled. For 16S rDNA, sequences with 100%
similarity were classified as amplicon sequence variant
(ASVs). Chimeric sequences, which were identified and
using UCHIME program, were deleted. The Wilcoxon
rank sum-test was used to analyze differences among
the experimental group and the control group at dif-
ferent levels (phylum level and genus level). Principal
Coordinate Analysis (PCoA) was used to determine the
component differences between the two groups at the
phylum level, using the R package. Linear discriminant
analysis effect size (LEfSe) was used to analyze bacterial
composition differences. Correlation analysis was used
to explore the interaction between intestinal flora and
SCFAs. The correlation analysis identified significant
correlations, strong correlations, positive correlations,
and negative correlations between microbial commu-
nities and SCFAs. A correlation coefficient 0.6°> and
P <0.05 indicated a positive correlation.

Statistical analysis

Data are expressed as the means =+ standard deviations
(SDs). GraphPad Prism version 7.04 was used to evalu-
ate the significance differences between groups. Statis-
tical significance was set at P <0.05.

Results

Total sugar content and monosaccharide composition

of PsPs

The total sugar content of the purified PsPs was 97.48%
(Table 1). The purified PsPs were composed of man-
nose, rhamnose, galacturonic acid, glucose, xylose, and
arabinose, with molar ratios of 6.6:15.4:4.5:8.8:40.7:24,
respectively.

Table1 Total sugar content and monosaccharides of PsPs

PsPs

Total sugar content (% W/W) 9748
Monosaccharide (mol %)

Man 6.6

Rha 154

Gala 4.5

Glc 8.8

Xyl 407

Ara 24
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Regulation of body weight by intragastric administration
of PsPs

After intragastric administration of PsPs to mice for
3 weeks, their growth and mental condition remained
normal, hair color was normal, and no abnormal deaths
occurred. The t PsPs had no adverse effect on the
growth of mice; during the experiment, the bodyweight
of each group increased. By the end of the experiment,
mice in the PsPs group had gained less body weight
than those in the ConT group (Table 2).

Gut microbiota composition
Six samples were selected from the two groups of mice
for high-throughput sequencing and 12 samples were

Table 2 Effects of PsPs on body weight
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collected. As shown in Fig. 1A, at the phylum level, the
intestinal flora of mice in each group mainly consisted of
Firmicutes, Bacteroidetes, Campilobacterota, and Deferri-
bacterota. Compared with the control group, PsPs treat-
ment resulted in an increase in the relative abundance of
Firmicutes, but a decrease in the relative abundance of
Bacteroidetes at the phylum level. Data can be reflected
by a two-dimensional matrix or a table of heat map color
changes, intuitively representing data values by color
depth. At the genus level, as shown in Fig. 1B, there were
three significant changes in the fecal flora representa-
tion of PsPs-treated mice compared with control mice,
including increased Lactobacillus and decreased Lach-
nospiraceae and Bacteroides. The Wilcoxon rank-sum
test bar plot was used to analyze the diversity of micro-
bial composition at the phylum and genus level (Fig. 2).
At the phylum level, the proportion of Firmicutes in the

Groups Original weight (g) The final weight (g) Percentage of
weight gain PsPs-treated group increased compared with the control
0, . . .
(%) group, while that of Bacteroidetes decreased (Fig. 2A).
ConT 31.70+1.58 37564269 1848 The results are consistent with those in Fig. 1. At the
PsPs 30814140 35.88-4207 16.45 genus level (Fig. 2B), the proportion of Lactobacillus
A Wilcoxon rank-sum test bar plot on phylum level
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Fig. 2 Wilcoxon rank sum test of gut microbiota. A The relative abundance of gut microbiota at the phylum levels. B The relative abundance of gut
microbiota at the genus levels
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increased, but the percentage of Muribaculaceae, Alis-
tipes, Bacteroides, and Odoribacter decreased.

Intestinal flora structure

PCoA analysis was used to study the overall changes in
the intestinal microbial community structure at the genus
level (Fig. 3A). There were two principal components,
and their contribution rate to the cumulative variance
was 49.51%, indicating that the experimental group and
the control group were significantly different in microbial
community structure. Further, LEfSe was used to deter-
mine the bacterial community structure between the
PsPs and conT groups (Fig. 3B). The results indicated that
the genera Alistipes and UBA1819, and family Rikenel-
laceae in the ConT group; and phylum Firmicutes, genus
Clostridium sensu stricto 1, and order Erysipelotrichales
in the PsPs group were the main bacteria that caused the
difference in the structure of intestinal flora between the
two groups.

Effect of PsPs on SCFAs production

Many metabolites exist in the gut microbiota, including
SCFAs, which are indispensable for host metabolism and
immune protection. GC-MS analysis showed that the
main SCFAs in feces were acetic acid, propionic acid, and
butyric acid (Fig. 4). Compared with the ConT group, the
concentrations of acetic acid, propionic acid, and butyric
acid in the PsPs group were significantly increased
(P<0.05), while the concentrations of pentanoic acid,
hexanoic acid, and isohexanoic acid did not significantly
increase. Although the concentrations of iso-butyric and
iso-valeric acids were relatively low in the PsPs group,
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they were considerably higher than those in the ConT
group.

Correlation

We further analyzed the correlation between SCFAs
and the intestinal flora (Fig. 5). The positive correlation,
represented by the red line, and the green line indicates
the negative correlation. Some Firmicutes, Actinobacte-
riota, and Proteobacteria were positively correlated with
SCFAs, such as Clostridium sensu stricto 1 with acetic
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acid, propionic acid, and isobutyric acid. Positive correla-
tions were also observed between acetic acid, propionic
acid, isobutyric acid, and isovaleric acid with Bifidobac-
terium; isovaleric acid, isohexanoic acid, and valeric acid
with Lactobacillus; and isohexanoic acid with Lactoba-
cillus, Candidatus Soleaferrea, Lachnospiraceae-NK4B4,
and Dubosiella. Other bacteria demonstrated a negative
correlation with SCFAs.

Discussion

Polysaccharides are one of the four basic substances
that constitute life; they exist widely in nature, mainly
in plant cell walls, animal cell membranes, and micro-
bial cell walls (Xu et al. 2019). Natural polysaccharides
have a wide-range of biological effects, including acting
as antioxidants (Tang and Huang 2018), immune regula-
tors (Feng et al. 2020), anti-inflammatories (Wang et al.
2019), antibacterial agents (Jridi et al. 2019), hypoglyce-
mic agents (Yang et al. 2019), hypolipidemic agents (Cao

et al. 2020), and liver protection agents (Ying et al. 2020),
as well as affecting the metabolism of substances and
energy in the body to maintain human health (Zhan et al.
2020). However, under normal circumstances, the host
lacks enzymes to degrade polysaccharides; therefore, the
body cannot directly digest and absorb polysaccharides.
Intestinal flora secrete various enzymes to degrade poly-
saccharides into substances that can be absorbed and
utilized by the body, such as SCFAs (Wu et al. 2020),
including acetate, propionate, butyrate, and valerate. Our
results showed that PsPs upregulated the levels of acetic,
propionic, and butyric acid in PsPs-treated mice com-
pared with the ConT group, and these results are consist-
ent with those of previous studies (Wang et al. 2017).

In addition to providing energy for intestinal epithelial
cells, SCFAs play an essential role in maintaining water
and electrolyte balance, adjusting the balance of intestinal
flora, improving bowel function and the resistant micro-
organisms, anti-inflammatory, preventing obesity, and
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type 2 diabetes (T2DM) (Fang et al. 2019; Canfora et al.
2019). In addition to being an important energy source
for intestinal cells, acetic acid also activates G-protein-
coupled receptors, thus activating adipose-insulin signal
transduction (Ikuo 2014). Acetic acid, one of the major
metabolites of the intestinal tract, not only reduces appe-
tite by directly stimulating the nervous system, but it also
prevents obesity-related hyperinsulinemia and hyper-
triglyceridemia (Ana et al. 2018). Propionic acid partici-
pates in immune regulation and reduces high fatty acid
levels in the liver and plasma (Sa’ad et al. 2010). Propionic
acid also increases the number of enteric-derived regu-
latory T cells and positively affects the central nervous
system by increasing myelin regeneration (Hirschberg
et al. 2019). Short-term rectal administration of propi-
onate improved depressive symptoms in chronic unpre-
dictable mild stress (CUMS) model rats (Jianguo et al.
2018). Butyric acid stimulates the expression of fatty
acid oxidation genes, thus lowering total cholesterol in
the liver (Gail et al. 2017). Butyric acid can also increase
the concentration of the central neurotransmitter 5-HT,
promote the expression of brain-derived neurotrophic
factor (BDNF), and significantly improve depression-like
behavior in CUMS model mice (Sun et al. 2016). Our
results show that PsPs are fermented to produce different
SCFAs, suggesting that the intake of PsPs is beneficial to
health.

The intestinal flora is composed of a variety of microor-
ganisms, such as bacteria, fungi, and viruses, that inhabit
the gastrointestinal tract of the host. The human gut flora
affects the expression of genes, the products of which
are involved in the digestion of carbohydrates, proteins,
and drugs, providing nutrients to the body (Strozzi and
Mogna 2008; Arumugam et al. 2011; Pennisi 2010). We
analyzed the gut microbiota profiles of fecal samples
through bioinformatics analysis, showing that PsPs can
influence the microbiota composition and structure.
This is consistent with the results of Gu et al. (2020)
showing that polysaccharides extracted from the rhi-
zomes of Polygonatum can regulate intestinal microbial
structure and composition. Firmicutes and Bacteroidetes
accounted for more than 80% of the total microbiota and
were the most dominant flora. The phyla Firmicutes and
Bacteriaceae contain a large number of glycoside hydro-
lases (Kaoutari et al. 2013) that can aid in the digestion
of non-digestible polysaccharides in the gastrointestinal
tract, and they are the two most abundant bacteria. Fir-
micutes are considered the main butyrate producer and
are difficult to digest in the gut, leading to the degrada-
tion of polysaccharides (Kumar et al. 2018). Lactobacillus
is a typical probiotic among the Firmicutes, which regu-
lates intestinal flora and can effectively inhibit intesti-
nal infections (Meizhong et al. 2013). By promoting the

Page 8 of 10

colonization of beneficial microorganisms in the intesti-
nal tract, the composition and quantity of SCFAs in the
intestinal tract are changed (Maynard et al. 2012), thus
resisting the invasion of pathogenic microorganisms and
enhancing the function of the intestinal barrier (Guillo-
teau et al. 2010). Both Firmicutes and Bacteroidetes can
produce butyric acid (Fei et al. 2018), which is produced
primarily by Lactobacillus, suggesting that there are two
ways to promote gut health: by increasing the number
of probiotics, and by promoting SCFA synthesis. In this
study, Bacteroidetes and Firmicutes were the two major
bacterial phyla in the intestinal tract which could be
regulated by PsPs. PsPs significantly changed the rela-
tive abundance of Firmicutes and Bacteroidetes, consist-
ent with previous results (Yang 2021). Our results suggest
that PsPs have the same prebiotic effects as the polysac-
charides derived from the rhizomes of Polygonatum and
can promote the production of SCFAs by regulating the
composition and structure of intestinal microorganisms.
However, rhizome polysaccharides and leaf polysac-
charides regulate different intestinal flora, which may
be caused by the different sources of polysaccharides
resulting in different compositions and structures of
polysaccharides. Studies have shown that rhamnose can
produce propionic acid by intestinal microbial fermenta-
tion (Harris et al. 2021), whereas arabinose can increase
the production of acetic acid, propionic acid, and lactic
acid (Tiwari et al. 2019). Our results showed that the
monosaccharide composition of PsPs mainly consisted
of rhamnose, arabinose, and xylose, suggesting that PsPs
may be degraded into these monosaccharides by intesti-
nal microorganisms, and then produce SCFAs through
fermentation, thus increasing their content.

In conclusion, Firmicutes, Bacteroidetes, Campilo-
bacterota, and Deferribacterota were the main bacterial
phyla in the intestinal microbiota of control mice. PsPs
change the composition and structure of the intestinal
microbes, but the diversity of intestinal flora in the PsPs
treatment group was not significantly different from that
in the ConT group. PsPs increased the relative abun-
dance of Firmicutes and decreased the relative abun-
dance of Bacteroidetes at the phylum level. Changes in
the composition and structure of intestinal microbiota
correlated with increased levels of SCFAs, including ace-
tic acid, propionic acid, isobutyric acid, n-butyric acid,
and isovaleric acid in PsPs-treated mice. The increase
in SCFAs was related to Clostridium sensu stricto I,
Lactobacillus, and Dubosiella. These results indicate
that PsPs from the leaves of Polygonatum can increase
the production of SCFAs by regulating gut microbiota,
and that PsPs have positive prebiotic effects and can be
used as prebiotics to regulate the intestinal tract. Poly-
saccharides extracted from leaves of Polygonatum have
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similar biological activities with those of polysaccharides
extracted from their rhizomes; thus, the source of poly-
saccharides is not limited to the rhizomes. This not only
reduces plant waste, but makes full use of the resources
of Polygonum. However, this study had some limitations:
PsPs are not a single polysaccharide, and no high and low
doses were compared; the mechanism of PsPs on intes-
tinal flora is not clear at present; and the degradation
mechanism of PsPs by intestinal flora is also unclear and
needs further study.
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