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Polygonatum sibiricum Red. has been used as a medicinal herb and nutritional food in
traditional Chinese medicine for a long time. It must be processed prior to clinical use for safe
and effective applications. However, the present studies mainly focused on crude
Polygonatum sibiricum (PS). This study aimed to investigate the chemical properties,
blood-enriching effects and mechanism of polysaccharide from the steam-processed
Polygonatum sibiricum (SPS), which is a common form of PS in clinical applications.
Instrumentation analyses and chemistry analyses revealed the structure of SPS
polysaccharide (SPSP). A mice model of blood deficiency syndrome (BDS) was induced by
acetylphenylhydrazine (APH) and cyclophosphamide (CTX). Blood routine test, spleen
histopathological changes, serum cytokines, etc. were measured. The spleen
transcriptome changes of BDS mice were detected by RNA sequencing (RNA-seq). The
results showed that SPSP consists predominantly of Gal and GalA together with fewer
amounts of Man, Glc, Ara, Rhaand GIcN. It could significantly increase peripheral blood cells,
restore the splenic trabecular structure, and reverse hematopoietic cytokines to normal levels.
RNA-seq analysis showed that 122 differentially expressed genes (DEGs) were obtained after
SPSP treatment. GO and KEGG analysis revealed that SPSP-regulated DEGs were mainly
involved in hematopoiesis, immune regulation signaling pathways. The reliability of
transcriptome profiling was validated by quantitative real-time PCR and Western blot, and
the results indicated that the potential molecular mechanisms of the blood-enriching effects of
SPSP might be associated with the regulating of JAK1-STAT1 pathway, and elevated the
hematopoietic cytokines (EPO, G-CSF, TNF-a and IL-6). This work provides important
information on the potential mechanisms of SPSP against BDS.

Keywords: steam-processed Polygonatum sibiricum polysaccharide, blood deficiency syndrome, RNA-seq, JAK1-
STAT1, hematopoietic cytokines

Frontiers in Immunology | www.frontiersin.org 1

February 2022 | Volume 13 | Article 813676


https://www.frontiersin.org/articles/10.3389/fimmu.2022.813676/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.813676/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.813676/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.813676/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.813676/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:pengx@nit.zju.edu.cn
https://doi.org/10.3389/fimmu.2022.813676
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.813676
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.813676&domain=pdf&date_stamp=2022-02-17

Wang et al.

Blood-Enriching Effects of Polygonatum sibiricum

INTRODUCTION

In Traditional Chinese Medicine (TCM), blood deficiency is
considered to be related to deficiency in the stomach and spleen,
and insufficient hematogenesis, which resembles to the
symptoms of anemia in modern medicine (1). TCM considers
Qi and blood as the primary factors of blood deficiency, and
blood deficiency syndrome (BDS) is a pathological state caused
by weakness of spleen, excessive blood loss, andaplastic anemia,
and other blood diseases (2). In clinal, patients such as
postoperative and postpartum women with chronic bleeding,
and women with excessive menstruation usually have symptoms
similar to BDS (2). It is usually diagnosed by lower amounts of
hemoglobin, blood cells and so on (3). Hematopoietic cytokines,
such as thrombopoietin (TPO), erythropoietin (EPO),
interleukin-6 (IL-6), and granulocyte colony stimulating factor
(G-CSEF), play vital roles in the progress of haemopoiesis (4).

Oral iron supplements are the most conventional and effective
agents to cure BDS. However, its application is limited for the
adverse effects, such as gastrointestinal discomfort and exacerbate
inflammatory bowel disease in clinic (5). In recent years, several
Chinese medicinal herb recipes that can enrich and regulate blood,
such as E’jiao, Panax notoginseng, Angelica sinensis, Siwu Decoction
have been proved that they have promising effects on prevention
and treatment of BDS as well as anemia (6-9).

The dry rhizome of Polygonatum sibiricum Red. is called as
Polygonatum sibiricum (PS). It possesses a strong effect on
invigorating Qi, nourishing Yin, moistening the lung, and
tonifying spleen and kidney. Besides, PS can be used to treat
coughing, weakness, fatigue, indigestion, premature graying of
hair, anti-aging, etc. (10). Since its beneficial effects on prolonging
one’s life, PS is considered as the “Top grade” herbs in Shennong
Bencao Jing, one of the most respected Chinese classics about
medicinal plants. Numbers of active compounds have been
isolated from PS, mainly including polysaccharides,
monosaccharides, saponins and many other bioactive substances
(11). Specifically, polysaccharides of PS exhibited many biological
activities such as anti-tumor (12), enhancing immunity (13, 14),
antioxidant (13, 15), regulating blood glucose and lipids (13, 16),
lung protection activities (17), etc. The mixture of fructose, glucose,
and sucrose in PS was reported to have blood tonic activity (18).

For safe and effective applications, PS must be processed prior
to clinical use, which usually processed by steam or rice wine to
eliminate the side effects of numbing (19). A study had reported
that the types and molar ratios of monosaccharides were
different between wine-processed PS polysaccharides (WPSP)
and crude PS polysaccharides (CPSP), and the immunological
activity in vitro and vivo of WPSP was significantly better than
that of CPSP (20). Clinical studies have demonstrated that
steam-processed PS (SPS) could enhance the original function
of “invigorating qi and blood, and tonifying the spleen, kidney
and liver” (21). An animal study revealed that SPS could
significantly increase WBC, RBC, HGB, and PLT in peripheral
blood of BDS mice, while there were not significantly improved
in crude PS (22). Nevertheless, little is known regarding the
chemical properties of SPS polysaccharides (SPSP), and the
potential molecular mechanism on BDS. Therefore, the

chemical characteristics of SPSP and its mechanism on blood
deficiency are very worthy of further research. In this study,
instrumentation analyses and chemistry analyses were utilized
together to identify the structure of SPSP. Cyclophosphamide
(CTX) and acetyl phenylhydrazine (APH) were used to establish
the haemolytic, aplastic anaemia and BDS model (23, 24). The
effects of SPSP on BDS were evaluated with a classical BDS model
induced by CTX and APH in this study. Transcriptomics was
used to explore the potential mechanism of SPSP on BDS mice.

MATERIALS AND METHODS

Materials and Chemicals

The steam-processed Polygonatum sibiricum was provided by
Zhejiang Sanxitang Traditional Chinese Medicine Co., Ltd (No.
Y2012301, Wuyi, China). Voucher specimens were deposited at
Zhejiang Pharmaceutical College, Ningbo, China. CTX was
obtained from Hengrui Medicine Co., Ltd. (Jiangsu, China).
APH was purchased from Aladdin Biochemical Technology
Co., Ltd (Shanghai, China). ELISA detection kits for G-CSF,
tumor necrosis factor-o (TNF-), IL-6, and EPO were purchased
from Shanghai Jianglai Biological Technology Co., Ltd.
(Shanghai, China).

Extraction, Isolation, and Purification

of SPSP

1.2 kg steam-processed Polygonatum sibiricum were soaked in
deionized water at a ratio of 1:10 (w/v) for 12 h and refluxed
twice at 80°C, 1.5 h each. The extracts were combined together and
concentrated to a suspension of a solid-liquid ratio of 1:1 by a rotary
evaporator at 60°C. Anhydrous ethanol was slowly added to the
suspension to make its final concentration be 80%. Then, the
suspension was stored at 4°C overnight to obtain the precipitates.
The precipitates were collected by centrifugation and heated on a
60°C water bath to remove the residual ethanol. Subsequently, the
precipitates were dissolved in an appropriate amount of ultrapure
water, and deproteinized using Sevag reagent (n-butanol:
chloroform = 1:4, v/v). The deproteinized solution was dialyzed
with running distilled water (cut-off Mw: 8000 Da) for 72 h.
Following that, the deproteinized samples were observed on a UV
spectrophotometer, which revealed no absorbance peaks at 280 nm.
Finally, a SPSP sample was obtained through vacuum freeze drying
for subsequent experiments.

Partial Structural Characterization of SPSP
Molecular Weights (Mw)

The Mw of SPSP was measured using high performance gel
permeation chromatography (HPGPC) system following a
previously reported method (25). SPSP was dissolved in 0.02
M phosphate buffer (pH 6.8) at a concentration of 5 mg/mL.
Dextran standards with different Mw (1152, 11600, 23800,
48600, 80900, 148000, 273000, and 409800 Da) were used to
obtain the standard calibration curve. Both the sample and
standard solutions were centrifugated at 13000 r-smin™" for 10
min, and 20 uL of supernatant were injected into a HPGPC
instrument (Column: Shodex SB-804, 300x8 mm), respectively.
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The column temperature was kept constant at 25°C, and the
mobile phase was phosphate buffer at a flow rate of 0.5
mLemin ™",

Monosaccharide Composition Analysis

3 M trifluoroacetic acid (TFA) solution was used to dissolve SPSP
(10 mg), and then the solute (1 mg/mL) was hydrolyzed at 120°C
for 3 h. A rotary evaporator was used to evaporate the hydrolysate
before mixing with methanol, followed by another evaporation
session to complete dryness with a termovap sample concentrator.
Then the residue was dissolved in distilled water (5 mL), and diluted
to 50 mL. The Ion chromatography (IC) measurements was
performed with a Dionex ICS5000 system (ThermoFisher, USA)
equipped with an anion exchange column (Dionex CarboPac PA20,
3 mmx150 mm). The column temperature was kept constant at 30°
C. Sixteen standard monosaccharides, namely fucose (Fuc),
rhamnose (Rha), arabinose (Ara), N-acetyl-D-glucosamine
(GIcNAc), galactose (GalA), mannose (Man), glucose (Glc),
xylose (Xyl), mannuronic acid (ManA), fructose (Fru), ribose
(Rib), Galactosamine hydrochloride (GalN), Glucosamine
hydrochloride (GlcN), guluronic acid (GulA), glucuronic acid
(GlcA), and galacturonic acid (GalA) were used as the references.

Fourier Transform-Infrared (FT-IR) Spectra Analysis

2 mg dry SPSP powder were blended along with KBr, and pressed into
sheets in a mold. A Perkin-Elmer FT-IR spectrometer from 4000 to
400 cm ™" was used to collect the samples’ FT-IR spectra (26).

Conformational and Morphological Analysis

The surface morphology of SPSP was observed by a scanning
electron microscope (Nova Nano SEM 230, Fei Czech Republic
S.r.0). The dried SPSP was scattered on a specimen holder with
double-sided tape and covered with a thin gold coating. The
sample was observed with 5000-fold and 50000-fold
magnifications under a low vacuum condition.

X-Ray Diffraction (XRD) Analysis

A drop of SPSP solution was loaded on a glass slide and
measured with an X-ray diffractometer (XRD-DY5261/Xpert3,
CEM, USA) with Cu ko radiation (40 kV and 40 mA).
Diffractograms were taken at the 20 angles of 5° to 90°.

Experimental Design In Vivo

Blood Deficiency Syndrome (BDS) Model

and Treatments

Male and female (1:1) Balb/c mice (18-22 g) were purchased
from Zhejiang Provincial Academy of Medical Sciences
[(Certificate No. SCXK (Zhe)20190002)]. All animals were fed
under standard conditions (24 + 2°C, 50 + 2% RH, and 12-12 h
light-dark cycle) with food and water fed ad libitum.

After acclimatization for one week, 50 mice were randomly
divided into five groups (10 mice each), namely the control
group, BDS model group, the Dangguibuxue oral liquid (DOL)
group, the high-dose SPSP (H-SPSP) group, and the low-dose
SPSP (L-SPSP) group. Distilled water was administered daily to
the mice in the control and model groups intragastrically once
daily, and the other groups received DOL (3 mL/kg), H-SPSP

(400 mg/kg), and L-SPSP (100 mg/kg) treatments daily for 14
consecutive days, respectively. Meanwhile, the BDS model was
established by hypodermic injecting APH saline solution
hypodermically on days 2 and 5 at doses of 20 and 40 mg/kg,
respectively. Two hours after the second injection of APH saline
solution, CTX saline solution was injected into the mice
intraperitoneally for 4 consecutive days at a dose of 40 mg/kg
to reproduce the BDS model (3). In the meantime, mice in the
control group were injected with 0.9% normal saline in an
equivalent amount following the same procedure.

Blood Routine Test

On day 14, mice were anesthetized with sodium pentobarbital,
and orbit blood samples were collected into EDTA«K,
anticoagulant tubes and analyzed a XT1800i full-automatic
blood cell analyzer (SYSMEX, Kobe, Japan) to quantify
hemoglobin (HGB), red blood cell (RBC), white blood cell
(WBCQ), hematocrit (HCT), red cell volume distribution width
(RDW), and packed cell volume (PCV).

Body Temperature (BT), Body Weight Gain (BWG)
and Spleen Index (Sl)

The BT of mice was measured by an electronic thermometer on
day 14. The BW of each group were weighed on day 1 (BW1) and
day 14 (BW14). The spleen were removed and weighed after
blood collection. The body weight gain (BWG) value was
calculated as BWG(%)=(BW14-BW1)/BW1*100%, and the
spleen index (mg/g) = (spleen weight/body weight).

Spleen Histopathological Changes

Spleen samples were fixed in 10% neutral buffered formalin, and
then embedded in paraffin. Sample sections with a thickness of 6
pm were cut from the paraffin blocks by a rotary microtome
(Leica Biosystems, Wetzlar, Germany) and stained with
hematoxylin-eosin (HE) to observe the pathological change in
the spleen. Analysis were performed under a light microscope
and photographed via x20 objective lenses.

Analysis of EPO, G-CSF, TNF-a and IL-6 in

Mice Serum

Blood samples from the orbital vein were centrifuged at 3000 remin™
(10 min, 4 °C) to obtain the supernatant. The activities of hematopoietic
function factors (EPO, G-CSF), and immunomodulatory factors
(TNF-o, IL-6) in serum were determined with enzyme-linked
immunoassays. Operations were conducted following the
manufacturer’s instructions.

RNA Sequencing (RNA-Seq)

The RNA extraction, cDNA library construction and RNA-seq
were completed at Biotranstech (Shanghai, China). Total RNA was
isolated from spleen tissue using Trizol reagent (Invitrogen, USA).
RNA quality was assessed by a 2100 Bioanalyzer (Agilent, USA),
and quantification was determined with a ND-2000
spectrophotometer (Thermo Fisher Scientific Inc., USA). Library
construction was performed using TruSeq protrol (Illumina, USA),
and followed by sequencing on Illumina Novaseq platform.
The RNA-Seq was sequenced with 2x150 bp pair-ed strategy.
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The control group, model group and SPSP group was comprised of
three biological and technical replicates. The clean data were
obtained by discarding low-quality RNA-Seq reads (Qscore < 30).

RNA-Seq Data Analysis

The differentially expressed genes (DEGs) analysis was completed
using the EdgeR package in R (https://r-project.org) (27). DEGs
were screened out under the conditions (Fold Change > 2 and Q-
values < 0.005). Venny 2.1.0 was conducted for the common and
unique DEGs between the groups. Hierarchical clustering was used
to compare the expression of DEGs in model vs control and SPSP vs
model groups using cluster analysis software. Gene ontology (GO),
pathway annotation, and enrichment analyses were carried out
using Goatools (https://github.com/tanghaibao/GOatools) and
KOBAS(http://kobas.cbi.pku.edu.cn/kobas3/?t=1). String11.0 was
used to obtain the protein-protein interaction (PPI) network and
Cytoscape 3.8.2 software was used to make it visualized.

Real-Time Quantitative PCR (RT-qPCR)
According to the manufacturer’s protocols, frozen spleen tissues
(100 mg) were mixed with 1 mL Trizol reagents (Invitrogen) to
extract total RNA. Equal amounts of total RNA was reverse-
transcribed into cDNA using the PrimeScript RT reagent kit with
gDNA Eraser (Takara, Japan). Primer sequences (5'-3") used in
the experiment were shown as follows: JAK1 (250bp) forward:
TGGAGGTAACCACATAGC, reverse: CCGAGAACC
CAAATAGTC. STATI1 (107bp) forward: AAACTGCCAAC
TCAACACCTCT, reverse: AGACCACCTCTCTTCCTGTCGT.
EPO (90 bp): forward: CGCTTGGAAGACTTGGTGTGT,
reverse: CTCACCCTCGAGCTGGTATGA. GATA1 (110 bp):
forward: GGAGGGACAGGACAGGTCACT, reverse:
GTTTGCTGACAATCATTCGCTT. GAPDH (95 bp) forward:
AGGTCGGTGTGAACGGATTTG, reverse: GGGGTCGTTGA
TGGCAACA. RT-qPCR was performed in 20 UL reactions to
detect the expressions of Jakl and Stat] mRNAs in spleen tissues
using a Light Cycler 96 (Roche, Germany). Amplification
parameters included an initial phase of 95°C for 2 min
followed by 40 cycles of 60°C for 34 s and 72°C for 30 s.

Western Blotting

Total proteins were extracted from spleen tissues with a
extraction Kit (KeyGen BioTECH, Nanjing, China), and the
protein samples (30 ug) was separated onto a 8% SDS-PAGE
gel (STAT1), 10% SDS-PAGE gel (JAK1, GATA1, EPOR), and
then transferred onto polyvinylidene difluoride (PVDEF)
membranes. The membranes were blocked with 5% non-fat
milk for 2 h, and then washed with Tris buffered saline Tween
(TBST) for three times, 5 minutes each. Thereafter, PVDF
membranes were incubated with primary antibodies anti-JAK1
(1:1000), (Abcam, Cambridge, USA), anti-STAT1(1:500), anti-
GATA1(1:500), anti-EPOR (1:500), and anti-GAPDH (1:1000),
(Affinity, California, USA), at 4°C overnight. All membranes
were washed with TBST buffer for 3 times, 10 minutes each, and
then incubated with secondary antibodies at room temperature
for 2 h, respectively. All immunoreactive bands were visualized
with a ChemiDoc MP Imaging System (Bio-rad, USA) and
analyzed by Gel-Pro32 software.

Statistical Analysis

The results are expressed as the means + standard deviation
(SD). SPSS 22.0 was employed for data analysis. Statistical
significance was determined by one-way analysis of variances
(ANOVA), and p<0.05 was considered statistically significant.

RESULTS
Molecular Weights

The molecular weight of a polysaccharide is closely related to its
bioactivity (28). As shown in Figure 1A, SPSP exhibited two main
peaks with molecular weights of 3094 Da and 14846 Da, respectively.

Monosaccharide Composition Analysis

As shown in Figure 1B and Figure S1, ICS analysis showed that
the major monosaccharide components of SPSP were Gal and
GalA, followed by lower amounts of Man, Glc, Ara, Rha and
GIeN in molar ratios of 49.7: 25.6: 12.7:6.2:3.2:2.3:0.3.

FT-IR Spectra Analysis

The FT-IR spectrum of SPSP was shown in Figure 1C. The strong and
broad absorption bands at 3452 cm™ were attributed to the stretching
vibration of O-H (14). The weak band around 2935 cm™ was -CH,-
(29). The absorbance around 1700 cm™* was presumed to be C=0
groups, suggesting the presence of uronic acid in SPSP. The absorption
peak at 1435 cm™ was the stretching vibration of carboxylate anions
(COQ), demonstrating the existence of free carboxyl groups (25). The
stretching peak around 1108 cm™ reflected the presence of C-O-C
glycosidic bonds and pyranoid rings (29). The absorption peak around
800 cm™ was characteristic of o-type glycosidic bonds (30). These
results suggested that SPSP had the characteristic absorption spectrum
of common polysaccharides.

XRD Analysis

The XRD pattern of SPSP was depicted in Figure 1D. It could be
seen from the map that the characteristic absorption peak intensity
of SPSP became weaker and gradually disappeared, suggesting weak
crystalline properties of SPSP. Broad peaks around 26 = 20° could be
observed, indicating SPSP was not a polymer with the coexistence of
sub-crystallines and amorphous crystals.

SEM Analysis

The morphological analysis of SPSP was reflected clearly in the
SEM images. As shown in Figure 2, in the scale bar of 300 um,
SPSP had an uneven, rough surface with irregularly particulate
matters. Such irregularity may be the result of phase separation
of the essential oil, which coalesced from the SPS extract and
stayed in the polymer matrix after solvent evaporation (31).
Furthermore, in the scale bar of 3 um, SPSP presented a reticular
structure with compact and porous configurations in the middle,
ensuring good hydrophilicity of SPSP.

BT, BWG and Spleen Index (SI)

As shown in Table 1, compared to the control group, the ratios
of BWG and BT in the BDS group decreased notably (p<0.01),
while the spleen index elevated abnormally (p<0.01). Compared

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 813676


https://r-project.org
https://github.com/tanghaibao/GOatools
http://kobas.cbi.pku.edu.cn/kobas3/?t=1
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles

Wang et al.

Blood-Enriching Effects of Polygonatum sibiricum

00 50 100 150 200 250 300 350 400 450 500 550 min

Transmittance (%)

Wavenumbers (cm™)

(C) FT-IR spectrum. (D) XRD spectroscopy of SPSP film.

4000 3500 3000 2500 2000 1500 1000 500

FIGURE 1 | A combination of instrumentation analysis and chemistry analyses of SPSP. (A) HPGPC analysis of SPSP. (B) monosaccharide composition of SPSP.
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FIGURE 2 | SEM analysis of SPSP.

to the BDS model group, the BT of the L-SPSP, H-SPSP and DOL
groups showed significant increases (p<0.01), while the SI of L-
SPSP and H-SPSP groups decreased remarkably (p<0.01).
Finally, the BWG ratio demonstrated no significant differences
between BDS model group and SPSP groups (p>0.05).

Blood Routine Test

Fourteen days after administering SPSP or DOL, the quantities of
WBC, RBC, HGB, PLT, PCV and RDW in the mice peripheral
blood were measured (Figure 3). As compared to the control
group, the contents of RBC, HGB, PLT, and PCV in the BDS
group dropped significantly (p<0.01), while the levels of WBC
and RDW rose significantly, suggesting the successful

establishment of the anemia model. Compared with the BDS
group, levels of WBC, RBC, HGB, PLT and PCV in mice treated
with SPSP or DOL rose significantly (p< 0.01 or p< 0.05), but the
RDW levels reduced significantly (p< 0.01 or p< 0.05).

Histopathological Features of the Spleen

In the control group, the splenic trabecular structure was intact, the
white pulp of spleen was normal, the central artery was visible, and
the splenic sinus had no dilation or congestion. However, in the BDS
group, the white pulp of spleen atrophied, the number of
lymphocytes reduced, but the number of macrophages increased,
and the splenic red pulp was congested. However, after treatment
with SPSP or DOL, all the adverse phenomena observed in the BDS
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TABLE 1 | Effect of SPSP on ratio of BWG, BT and SI.

Groups Dose (g/kg) Ratio of BWG (%) BT (°C) Sl (%)
Control - 31.60 + 9.09 37.92 +0.27 0.89 +0.10
BDS - 18.61 + 11.39% 36.54 + 0.59"" 1.64 + 0.37%
L-SPSP 0.4 19.90 + 11.05 37.47 + 0.62** 1.16 + 0.38"*
H-SPSP 0.1 23.39 £ 11.76 37.59 + 0.52* 1.13 £ 0.23"
DOL 3 mi/kg 15.77 £ 917 37.51 + 0.56"* 1.49 + 0.26

Values given are the means + SD, with n =10. *'p < 0.01 versus Control group. **p < 0.01 versus BDS. Statistical significant differences were determined using a one-way ANOVA followed

by Dunnett’s multiple comparisons test or post hoc analysis.
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group were reversed, and the boundaries between red and white
pulps became clear (Figure 4).

Analysis of EPO, G-CSF, TNF-a and IL-6 in
Mice Serum

The effects of SPSP on the levels of hematopoietic and
immunomodulatory cytokines in the BDS model mice serum were
described in Figure 5. The levels of EPO, G-CSF, TNF-¢ and IL-6 in
the BDS model group were decreased significantly, when compared to
the control group (p< 0.01 or p< 0.05). Compared with the BDS model
group, the levels of the above four cytokines in BDS mice treated with
SPSP or DOL were elevated significantly (p< 0.01 or p< 0.05).

Spleen Transcriptome Profiling of Control,
BDS Model and BDS-SPSP Groups

To explore potential mechanisms underlying SPSP alleviating BDS,
we performed RNA-seq of spleen tissues in the three groups (control,
model, and SPSP). DEGs in model vs control group (Figure 6A1),

HGB (g/L)

PCV and RDW (%)

FIGURE 3 | Blood parameters of the BDS mice after treatment with different doses of SPSP. (A) RBC and WBC numbers. (B) The content of HGB. (C) The number of PLT.
(D) The ratio of PCV and RDW. Each value is represented as the mean + SD (n = 8); #p < 0.01 versus Control group. *p < 0.05, **p < 0.01 versus BDS.

and SPSP vs model group (Figure 6A2) were visualized using volcano
plots. Totally, there were 1104 DEGs which had fold change >2 and
qValue < 0.05 in BDS spleens compared to the control normal mice,
containing 276 up-regulated, and 828 down-regulated genes
(Figure 6B). Furthermore, 122 DEGs were selected out from SPSP
vs model group, of which 87 DEGs were up-regulated and 35 DEGs
were down-regulated (Figure 6B). Meanwhile, the intersection of
1104 DEGs in the model vs control group and 122 DEGs in the SPSP
vs model group were analyzed, there were 82 overlapped DEGs
(Figure 6C). According to the value of LogFC, a heatmap of the top 30
regulated genes was shown in Figure 6D. These results indicated that
SPSP could recover the expression level of overlapped DEGs altered
by CTX and APH.

Functional Analysis of DEGs

The DEGs between SPSP treatment group and model group were
analyzed by GO enrichment analysis. Most of DEGs were
associated with biological process (BP), only a few were
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FIGURE 4 | Effects of SPSP on the histopathological changes of the spleen.
After SPSP treatment for 14 days, histopathological changes of the spleen were
analyzed by image Pro-Plus 7200 software. The samples were HE stained and
observed under 200x magnification. (A) Normal control group, (B) BDS model
group, (C) L-SPSP (0.1 g/kg) group, (D) H-SPSP (0.4 g/kg) group.

associated with cellular component (CC) and molecular
functions (MF). In terms of BP, both the upregulated and
downregulated DEGs were associated with the growth and

metabolic process of splenocyte, and immune system process
(Figure 7A). The KEGG pathway enrichment analysis was used
to explore a deep insight into gene functions of DEGs
(Figure 7B). The SPSP-regulated DEGs were significantly
related to hematopoietic cell lineage, B cell receptor signaling
pathway, P53 and NF-«xB signaling pathway, Thl and Th2 cell
differentiation, complement and coagulation cascades, leukocyte
transendothelial migration, etc. The results indicated that
multiple immunoregulatory signaling pathways participated in
the treatment of SPSP on BDS. PPI network of overlapped DEGs
was showed in Figure 7C. The top 25 DEGs were selected out for
magnification (Figure 7D). RPS19, RPS8 and RPL5 were the top
three points with higher degree of connectivity, indicating that
they might be the key molecules of SPSP on treating BDS.

Experiments Validated the Jak1, Stat1, EPOR
and GATA1 mRNA Expression in Spleen
Janus-activated kinase (JAK)-signal transducer and activator of
transcription (STAT) signaling pathway play a key role in
regulating many cytokines (EPO, G-CSF, TNF-¢ and IL-6) in
the progress of BDS (32). As shown in Figure 8, Jakl, STAT1
mRNA expression in spleen of BDS mice were significantly
upregulated (p<0.01), on the contrary, the expression of EPOR
and GATA1 mRNA were significantly downregulated compared
to the control group (p<0.01). Compared to the BDS model
group, the treatment of H-SPSP could downregulated the levels
of the Jakl and STATI, and upregulated the levels of GATA1
mRNA notably (p<0.05 or p<0.01).

2 o - ** - 320- -Erﬁl %m '* - *
S0 e bbb
s HlELT T olEE B B e B
E= LA b B R
%%%%% ﬁa%;%&ﬁ
& TS S N

FIGURE 5 | The effect of SPSP on hematopoietic functions (A, B) and immunomodulatory cytokines (C, D) in BDS mice. (A) The level of EPO. (B) The level of G-CSF. (C)
The level of TNF-c. (D) The level of IL-6. Each value is represented the mean + SD (n = 3); o < 0.05, "o < 0.01 versus Control group. *p < 0.05, *p < 0.01 versus BDS.
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FIGURE 6 | General analysis of DEGs. (A1) Volcano plots of DEGs in model (M) vs control (C) group. (A2) Volcano plots of DEGs in SPSP vs mode! group. (B) Numbers
of upregulated and downregulated DEGs. (C) Venn diagram of DEGs in M vs C and SPSP vs M comparisons. (D) Hierarchical clustering of overlapped DEGs.

Western Blotting Analysis

As shown in Figure 9, the protein expression levels of JAKI,
GATAL1, and EPOR in the BDS group were significantly lower
than in the control group (p<0.05 or p<0.01). Compared to the
BDS model group, the treatment of H-SPSP significantly
increased the protein levels of JAK1, GATAI, and EPOR in
BDS mice (p<0.05 or p<0.01). Whereas, there was no significant
difference in the expression of STAT1 among the three groups
(p>0.05). The potential regulation of H-SPSP on the JAKI-
STAT1 signaling pathway in the spleen was shown in Figure 10.

DISCUSSION

In recent years, saccharides from various natural plants have been
attracting great attention for practical applications in
pharmaceuticals and health-care products because of their low
toxicity and multiple biological activities, including anti-tumor,
immunomodulatory, hypoglycemic, and antioxidant activities (33).

Specifically, PS is an important traditional Chinese medicinal food,
and its major bioactive components are exactly polysaccharides. In
clinics, PS are mainly used as processed pieces. According to related
reports, the type and content of polysaccharide in PS will change
after processing (18, 20).

In this study, we focused on the primary structure of SPSP and its
regulatory effect in BDS model mice. The results demonstrated that
the main components of SPSP were Gal and GalA along with fewer
amounts of Man, Glc, Ara, Rha and GIcN in molar ratios of 49.7:
25.6: 12.7:6.2:3.2:2.3:0.3, which differ from the polysaccharides
composition of CPSP (Gal, Man, Glu, and Gal A in molar ration
0f 29.6:36.1:15.1:10.2) and WPSP (Gal, Man, and Gal A in molar
ration of 78.8:5.5:13.8) that have been reported (20).

PS processed by different methods have different biological
functions, and a structural analysis of SPSP is vital to understand
the structure-function relationship (34, 35). Several previous studies
showed that processed PS could enhance the effects on benefiting qi,
nourishing blood as well as invigorating the spleen and kidney after
processing (20, 21). In this study, a BDS mice model established by
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FIGURE 8 | The effects of H-SPSP on mRNA expression of Jak1, Stat1, EPOR and GATA1 in BDS mice. The relative gene expression values were calculated with
the 2~AAC% method. Each value represents the mean + SD (n = 3); "o < 0.01 versus Control group. *p < 0.05, **p < 0.01 versus BDS.

hypodermic injection of APH and intraperitoneal injection of CTX
was used to explore the blood tonification effects of SPSP. After
modeling, the BDS mice revealed an obvious change in their
appearances, demonstrating mental sluggishness, sleepiness,
arched back, movement retardation and weight loss. The blood
routine results showed that the peripheral RBC, HGB, and PLT of

BDS mice were decreased significantly, which were characteristic
clinical manifestations of blood deficiency and anemia (36).
However, the number of WBCs in the BDS group was more than
the control group, suggesting that CTX and APH led to a
compensatory increase in the level of WBCs. After treatment with
SPSP, the body temperature of BDS mice returned to normal, and
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FIGURE 10 | Hematopoietic cytokines (EPO, G-CSF, TNF-a and IL-6) and targets (EPOR, JAK1, STAT1 and GATA1) predicted to be involved in the JAK-STAT pathway.

the peripheral blood cell count was also resumed to its normal
values. The results indicated that SPSP could promote
hematopoietic recovery in BDS mice, verifying its traditional
usage of blood tonification.

In recent years, studies have proven that spleen function is
closely related to blood deficiency and immunity. Spleen is one of
the organs that most likely and first to be affected by anemia, and its
enlargement is also a diagnostic feature for anemia (37, 38). The
accumulation of bone marrow progenitor cells and RBCs could
enlarge the spleen, which could in turn exacerbate the symptoms of
anemia (39, 40). In the present study, the spleen index in the BDS
group increased remarkably, and the number of RBCs dropped
notably. On the other hand, the spleen index and RBCs in mice
treated with SPSP were significantly reversed compared to those of

the BDS group. Moreover, the result of histopathological changes in
the spleen showed that SPSP could prevent the atrophy of the
spleen, and restore all of structural features of the spleen to normal.
It indicated that SPSP could alleviate BDS induced by CTX and
APH, thereby protecting the immune organ.

A series of hematopoietic-related cytokines, such as GM-CSF,
G-CSF, EPO, IL-3, and IL-6, participate in blood cell formation (41,
42). Specifically, EPO is an important glycoprotein hormone in the
regulation of erythropoiesis. Besides, G-CSF promotes erythroblast
survival until they become erythrocytes with impaired cellular
functions (42). G-CSF and EPO showed good synergistic in vivo
and in vitro effects on anemia alleviation (43-45). In the results
reported herein, the blood EPO and G-CSF levels in the BDS group
were lower than the control group but increased significantly upon

Frontiers in Immunology | www.frontiersin.org

February 2022 | Volume 13 | Article 813676


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

Wang et al.

Blood-Enriching Effects of Polygonatum sibiricum

SPSP administration, indicating that SPSP might alleviate
hematopoietic damage by promoting EPO and G-CSF
production. Blood deficiency is often accompanied by impaired
immune functions. Immune cytokines such as TNF-¢, IFN-7 IL-3
and IL-6 play essential roles in the coordination and intercellular
communication of lymphoid cells, inflammatory cells, and
hematopoietic cells in the immune system (46). In this study, the
BDS group revealed significantly lower levels of serum TNF-o and
IL-6 compared to the control group, and such an inhibitory effect of
BDS was reversed with SPSP, indicating that SPSP might alleviate
blood deficiency by enhancing immune functions.

Nowadays, RNA-seq studies have provided insight into the
molecular mechanisms of anemia, and the mechanisms of
traditional Chinese medicine against anemia or BDS.
Transcriptome analysis indicated that P53 dependent pathway,
hematopoiesis, vascular development and apoptosis played vital
role in pathology of diamond-blackfan anemia (47). RNA-seq
study of whole blood showed that inflammatory response,
hematopoiesis, lymphocyte function, coagulation and red blood cell
regeneration were associated with the immune-mediated hemolytic
anemia (48). E’jiao had been used to nourishing blood in China for
more than two thousand years. RNA-seq revealed that the
mechanisms of E’jiao were associated with hematopoietic cell
lineage, ECM-receptor interaction, osteoclast differentiation, etc (6).

Similar to the previous studies, the DEGs were found
significantly enriched in hematopoietic cell lineage, B cell receptor
signaling pathway, P53 signaling pathway, NF-xB signaling
pathway, Thl and Th2 cell differentiation, complement and
coagulation cascades, cell adhesion molecules (CAMs), osteoclast
differentiation, etc in the present study. Our data indicated that the
medicate action of SPSP on BDS were through regulating
hematopoietic cell lineage and multiple immune-related signaling
pathways (B cell receptor signaling pathway, P53 signaling pathway,
Th1 and Th2 cell differentiation, etc). This result was also consistent
with the regulation of SPSP on hematopoietic function factors
(EPO, G-CSF) and inflammatory cytokines (IL-6, TNF-q).

JAK-STAT signaling pathway was demonstrated to be one of
the critical pathways in transduction of cytokines signals involved
in hematopoiesis, immune regulation and inflammation (49, 50).
The binding of EPO and its receptor EPOR could rapidly activate
the JAK-STAT signaling pathway, and promoted the survival,
proliferation and differentiation of EP cells by upregulating
erythroid-specific transcription factor GATA1 (51, 52). In this
pathway, Jakl, Statl, GATAland EPOR were the major targets to
treat BDS (7). Danggui Buxue Tang could significantly attenuated
the levels of key targets (Jakl, Statl and Stat3) of the Jak/Stat
signaling pathway in immune-induced aplastic anemia mice (53).
Jujube polysaccharides have been showed the improvement on
chronic kidney disease-associated anemia by alternating the serum
EPO level, kidney EPO mRNA and protein expression (54).
Steamed Panax notoginseng was reported to attenuate BDS via
up-regulating GATA1 mRNA expression (7). CTX is widely used
to induce immunosuppression in animal model for its inhibiting
activities on humoral and cellular immunity (55, 56). It had been
demonstrated that Polygonatum sibiricum polysaccharide had an
immune boosting effect on CTX-induced immunosuppression in

chickens by promoting the humoral immunity, cellular immunity,
and protecting immune organs (57). The hematopoietic stem cells
in the marrow and peripheral blood cells could deplete by APH,
which resulting in hematopoietic and immune suppression (58).
As shown in this study, the expression of Jakl, GATA1, EPOR
proteins, and GATA1, EPOR mRNA’s were significantly inhibit
by the injection of APH and CTX. However, the treatment of APH
and CTX caused a feedback increase in the mRNA expression of
Jakl and Statl, which was a compensatory mechanism. The
treatment of SPSP can antagonize CTX-induced decrease
protein levels of Jakl, Statl, GATA1, and EPOR, and the
upregulate mRNA levels of GATA1 and EPOR, which was also
consistent with the improved routine blood indexes,
hematopoietic and inflammatory cytokines (IL-6, TNF-0.) in this
study. Therefore, we speculate that the hematinic function of SPSP
on BDS mice might be through regulating the key molecules in
JAK1-STATT1 signaling pathway.

CONCLUSION

It was the first time to isolate and purify polysaccharides from the
steam-processing of P. sibiricum. The results suggested that SPSP
was consisted of Man, Glc, Ara, Rha and GlcN. Furthermore,
SPSP exhibited the hematopoietic effect on BDS mice by
reversing the abnormal decrease of peripheral blood cells,
preventing spleen enlargement, and regulating the levels of
hematopoiesis and immune cytokines. In addition, RNA-seq
analysis elucidated that the potential molecular mechanisms of
the blood-enriching effects of SPSP were mainly involved in
hematopoiesis, immune regulation signaling pathways.
Experimental verification indicated that the effect of SPSP on
BDS might be regulation of JAK1-STAT1 pathway, and elevated
the hematopoietic cytokines (EPO, G-CSF, TNF-« and IL-6).
Our investigations suggested that SPSP might be a potent
immunomodulator to prevent and treat blood deficiency.
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