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Angelica sinensis polysaccharides alleviate the oxidative burden on hematopoietic
cells by restoring 5-fluorouracil-induced oxidative damage in perivascular
mesenchymal progenitor cells
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ABSTRACT
Context: 5-Fluorouracil (5-FU)-injured stromal cells may cause chronic bone marrow suppression; how-
ever, the underlying mechanism remains unclear. Angelica sinensis polysaccharide (ASP), the main bio-
logically active ingredient of the Chinese herb, Angelica sinensis (Oliv.) Diels (Apiaceae), may enrich the
blood and promote antioxidation.
Objective: This study investigated the protective antioxidative effects of ASP on perivascular mesenchy-
mal progenitors (PMPs) and their interactions with hematopoietic cells.
Materials and methods: PMPs were dissociated from C57BL/6 mouse femur and tibia and were subse-
quently divided into the control, ASP (0.1 g/L), 5-FU (0.025g/L), and 5-FUþASP (pre-treatment with
0.1 g/L ASP for 6 h, together with 0.025g/L 5-FU) then cultured for 48h. Hematopoietic cells were co-
cultured on these feeder layers for 24 h. Cell proliferation, senescence, apoptosis, and oxidative indices
were detected, along with stromal osteogenic and adipogenic differentiation potentials. Intercellular and
intracellular signaling was analyzed by real-time quantitative reverse transcription polymerase chain reac-
tion and Western blotting.
Results: ASP ameliorated the reactive oxygen species production/scavenge balance in PMPs; improved
osteogenic differentiation; increased SCF, CXCL12, VLA-4/VCAM-1, ICAM-1/LFA1, and TPO/MPL, Ang-1/Tie-2
gene expression. Further, the ASP-treated feeder layer alleviated hematopoietic cells senescence (from
21.9 ±1.47 to 12.1 ±1.13); decreased P53, P21, p-GSK-3b, b-catenin and cyclin-D1 protein expression, and
increased glycogen synthase kinase (GSK)-3b protein expression in co-cultured hematopoietic cells.
Discussion and conclusions: ASP delayed oxidative stress-induced premature senescence of 5-FU-treated
feeder co-cultured hematopoietic cells via down-regulation of overactivated Wnt/b-catenin signaling.
These findings provide a new strategy for alleviating myelosuppressive stress.
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Introduction

5-Fluorouracil (5-FU) is widely used in the treatment of solid
cancers, particularly colorectal and breast cancers (Pittman et al.
1993; Vodenkova et al. 2020). Large doses or long-term use of
5-FU may lead to acute bone marrow suppression owing to
hematopoietic progenitor cell injury. Notably, if the injury inter-
feres with bone marrow stromal cells and hematopoietic stem
cells (HSCs), potentially incurable bone marrow suppression may
occur, critically affecting the bone marrow’s hematopoietic func-
tion (Parchment et al. 1998). It has been proposed that HSCs
localize mainly in the endosteal niche, which is close to the bone
and is composed of osteoblasts (Van Laere et al. 2003; Zhang
et al. 2003), and in the vascular niche, which includes sinusoids
and their endothelial cells (Kiel et al. 2005). However, these two
niches may not be distinct from each other because large
amounts of vasculature, including an endowment of arterioles
and sinusoids, are very close to the endosteum. Recently, it has
been demonstrated that a population of mesenchymal

progenitors with osteogenic and adipogenic potential plays a vital
role in HSC maintenance (Ding et al. 2012; Sugimura et al. 2017;
Pinho and Frenette 2019). These mesenchymal progenitors reside
perivascularly and travel to the endosteal surface where they dif-
ferentiate into osteoblasts. Therefore, the osteoblastic niche may
be closely related to the function of perivascular mesenchymal
progenitors (Zhang et al. 2003; M�endez-Ferrer et al. 2010; Ding
et al. 2012). Our previous findings confirmed that 5-FU causes
oxidative damage to bone marrow stromal cells, indirectly lead-
ing to the inhibition of hematopoietic progenitor growth (Xiao
et al. 2017). However, whether 5-FU targets the perivascular
hematopoietic niche to exert its toxic effects on hematopoiesis
remains unclear. In the current study, we isolated mesenchymal
progenitors with a population of perivascular niche genes,
including Lepr, Cxcl12 and Nestin, from the endosteum of mouse
femur and tibia, and explored the toxicity of 5-FU on hemato-
poietic supporting function.

The maintenance of hematopoietic stem cells and the differ-
entiation of committed progenitors occur in highly specialized
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niches. These distinct niches produce a broad range of soluble
factors and adhesion molecules that modulate the fate of hem-
atopoietic stem/progenitor cells (HSPCs) fate during normal
hematopoiesis and bone marrow regeneration (M�endez-Ferrer
et al. 2010; Ding and Morrison 2013; Richter et al. 2017). C-X-C
motif chemokine 12 (CXCL12) and stem cell factor (SCF) are
two key chemokines secreted by hematopoietic niche cells that
play important roles in maintaining hematopoietic stem cell qui-
escence and self-renewal (Ponomaryov et al. 2000; Tzeng et al.
2011). In addition, osteopontin is involved in the maintenance of
the HSPCs compartment and the protection of HSPCs from
myelosuppressive stress (Zhang et al. 2003; Zhou et al. 2014).
Ang-1/Tie2, thrombopoietin/myeloproliferative leukemia protein
(TPO/MPL), and Jagged-1/Notch signaling molecules, vascular
cell adhesion molecule-1/very late antigen-4 (VCAM-1/VLA-4)
and lymphocyte function-associated antigen-1/intercellular adhe-
sion molecule-1 (LFA-1/ICAM-1) adhesion molecule pairs medi-
ating hematopoietic niche stroma and HSPC interactions are also
involved in hematopoietic regulation (Arai et al. 2004; Bigas and
Espinosa 2012). Angiopoietin (Ang) and its receptor, tyrosine
kinase (Tie2), are required for the maintenance of quiescent
HSCs while the TPO/MPL interaction upregulates b-integrin and
cyclin-dependent kinase inhibitors in HSPCs and induces quies-
cence of long-term HSPCs. In contrast, the inhibition of the
TPO/MPL pathway with an anti-MPL-neutralizing antibody
reduces the number of quiescent HSPCs. The inhibition of
Notch signaling also compromises reconstitution and increases
HSC differentiation in vivo (Sahin and Buitenhuis 2012). The
adhesion molecule receptor on the hematopoietic cell surface
and the adhesion molecule ligand on the stromal cell surface
mediate adhesion between hematopoietic and stromal cells as
well as signal transduction between cells. VCAM-1 and ICAM-1
play important roles in hematopoietic cell mobilization by assist-
ing hematopoietic cells in adhering to and locating the hemato-
poietic niche and participating in the formation of aggregates
between hematopoietic and stromal cells (Chen et al. 2011).
Hence, in this study, we focused on the effects of chemothera-
peutic drugs on the regulatory function of the perivascular hem-
atopoietic niche and preventative drug treatment.

The senescence of HSCs is the main cause of chronic myelo-
suppression following chemotherapy. Studies have shown distinct
biological effects of Wnt/b-catenin on hematopoietic activity.
Self-renewal of HSCs is predominantly stroma-mediated activa-
tion. In contrast, overactivation of Wnt/b-catenin in HSCs may
compromise HSC maintenance, and lead to hematopoietic failure
due to rapid loss of repopulating HSCs and multilineage hemato-
poietic differentiation block (Staal et al. 2016). In this study, we
found that 5-FU induces apoptosis and senescence in perivascu-
lar mesenchymal progenitor cells due to oxidative stress.
Importantly, 5-FU drives the adipogenic differentiation of mes-
enchymal progenitor cells at the cost of osteogenic differenti-
ation, thus impairing the perivascular hematopoietic niche
function to facilitate proliferation, adhering to HSPCs, and deliv-
ering signals to HSPCs. Subsequently, the damaged niche leads
to hematopoietic cell oxidative stress-induced premature senes-
cence, and the underlying mechanism may be associated with
the overactivation of the Wnt/b-catenin pathway.

Angelica sinensis (Oliv.) Diels (Apiaceae) is a traditional
Chinese herb that enrich blood and regulate blood circulation.
Angelica sinensis polysaccharides (ASP), the main bioactive
ingredients, have the effects of antioxidation, anti-aging, and
antitumor (Liu et al. 2010; Ai et al. 2013; Wei et al. 2016). Our
previous studies have demonstrated that ASP plays a significant

role in antagonizing 5-FU to preserve the reactive oxygen species
(ROS) production/scavenge balance, thus maintaining the
physiological function of bone marrow stromal cells, HSCs, and
hepatocytes (Mu et al. 2017; Zeng et al. 2021). Herein, we further
suggest that the protective antioxidant effects of ASP on perivas-
cular mesenchymal progenitors, the pivotal components of the
hematopoietic niche, may play a role in delaying hematopoietic
cell oxidative stress-induced premature senescence.

Materials and methods

Reagents

ASP was purchased from Ci Yuan Biotechnology Co., Ltd.
(China), dissolved in saline to a concentration of 20 g/L and steri-
lized by ultrafiltration. According to Ci Yuan Biotechnology Co.,
Ltd., ASP was extracted from Angelica sinensis roots through pres-
surized hot water extraction, and proteins were removed from the
crude polysaccharides using the repeated freeze-thaw method to
obtain a mixture of polysaccharides. The purity of derived ASP
was approximately 98%. Its monosaccharides include glucose, gal-
actose, arabinose, rhamnose, mannose, and xylose (Mu et al. 2017;
Ren et al. 2018; Cheng et al. 2019; Chen et al. 2020; Zeng et al.
2021). 5-FU was obtained from Sigma-Aldrich Co., Ltd. (USA)
and dissolved in dimethyl sulfoxide (DMSO) to prepare a storage
solution at a concentration of 0.025 g/L. Dulbecco’s Modified
Eagle Medium (DMEM) medium/nutrient mixture F-12 was pur-
chased from Gibco (USA). Fetal bovine serum (FBS) was pur-
chased from MRC (Australia). Both the superoxide dismutase
(SOD) assay kit and malondialdehyde (MDA) assay kit were
obtained from Jiancheng Bioengineering Institute (China). RNAiso
reagent, SYBR Green I, and the reverse transcription kit were pur-
chased from TAKARA Biotechnology (Japan). b-catenin, glycogen
synthase kinase (GSK)-3b, p-GSK-3b and cyclin D1 antibodies
were purchased from Cell Signaling Technology (USA). The anti-
bodies against P53, P21, and glyceraldehyde-3-phosphate dehydro-
genase (GAPDH) were purchased from Boster Biological
Technology (Beijing, China).

Cell culture and treatment

C57BL/6 mice (6–8weeks old) were purchased from the Medical
and Laboratory Animal Center of Chongqing Medical University.
All animal experiments were approved by the Chongqing Medical
University Animal Care and Use Committee and performed in
accordance with institutional and national guidelines. Bone mar-
row cells were aseptically removed by flushing the femur and tibia
of C57BL/6 mice with DMEM (Sigma-Aldrich) using a 5mL syr-
inge needle. The bone obtained was cut into approximately 1mm
fragments. The perivascular mesenchymal progenitor cells were
isolated from mouse femurs and tibial fragments using type II col-
lagenase twice for 20min each time at 37 �C. Cells were then cul-
tured in DMEM F/12 medium with 10% FBS and 100U/mL
penicillin and 100lg/mL streptomycin in a humidified atmos-
phere in a 35mm2 dish with 5% CO2 at 37 �C. Cells were pas-
saged to the third generation for subsequent experiments. The
cells were subsequently divided into four groups: (1) the control
group, routinely cultured; (2) the 5-FU group, 0.025 g/L 5-FU
administered for 48 h; (3) the ASP group, 0.1 g/L ASP treated for
48 h; (4) the 5-FUþASP group, pre-treatment with a single dose
of 0.1 g/L ASP for 6 h combined with 0.025 g/L 5-FU for 48h.

In the co-culture system, bone marrow cells were flushed
from mouse femurs and tibias, and mononuclear cells were
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isolated with 1.077 g/mL Ficoll and cultured in Iscove’s Modified
Dulbecco’s Medium (IMDM) supplemented with 10% FBS. After
6 h, the non-adherent hematopoietic cells (2.5� 109/L) were col-
lected and plated on four groups of perivascular mesenchymal
progenitor cell (2.5� 108/L) feeder layers as described above,
using IMDM medium with 10% FBS. After 24 h of co-culturing,
the suspended hematopoietic cells were isolated by centrifugation
and adherent perivascular mesenchymal progenitor cells were
collected by 0.25% trypsin digestion. The two groups of collected
cells were subjected to the following tests.

Agarose gel electrophoresis

Total RNA was extracted from the cells using the TRIzol reagent,
and cDNA was obtained by reverse transcription. Taq was added
to the PCR amplification apparatus (primer sequences are listed
in Table 1). The amplification procedure was as follows: 94 �C
pre-denaturation for 30 s, 98 �C denaturation for 10 s, 55 �C
annealing for 30 s, 72 �C extension for 1min, 72 �C final exten-
sion for 2min, and denaturation to extension cycle 35 times.
DNA was separated on a 2% agarose gel. The gel bands were
analyzed using Quantity-One 1D gel imaging software (Bio-Rad,
Hercules, CA, USA).

Trypan blue detects cell survival

In the co-culture system, suspended hematopoietic cells and
adherent perivascular mesenchymal progenitor cells were col-
lected, and the number of viable cells was counted using Trypan
blue staining. A 0.4% Trypan blue solution was added into the
cell suspension (1:10 dilution) for about 2min. Unstained cells
were counted as viable under a light microscope.

Cell counting kit (CCK)-8 cell proliferation assay

Perivascular mesenchymal progenitor cells were plated in 96-well
plates at 3� 103 cells per well and cultured for 48 h.
Subsequently, 20 lL CCK-8 reagents were added to the plates per
well. After incubation for 2 h, the optical density (OD) was
measured at 450 nm using a microplate reader. Cell viability was
calculated as follows:

Cell viability ¼ ½ðOD experimental group –OD blank groupÞ=
ðOD control group –OD blank groupÞ� � 100%:

Senescence-Associated b-Galactosidase (SA-b-gal) staining

Aging perivascular mesenchymal progenitor cells and senescent
co-cultured hematopoietic cells were detected respectively by the

SA-b-gal staining kit according to the manufacturer’s instruc-
tions. Quantifying the percentage of SA-b-gal positive cells and
at least 1000 cells in 10 random fields were scored.

Flow cytometry

Apoptosis was analyzed using flow cytometry. Suspended hem-
atopoietic cells were isolated by centrifugation, and adherent
perivascular mesenchymal progenitor cells were collected by
trypsin digestion. The cell concentration was adjusted to
3� 106/mL. The cells were resuspended in a binding buffer and
incubated with annexin V and propidium iodide (PI) at room
temperature in the dark. Cells were detected using a flow
cytometer.

Detection of oxidative indicators

To detect SOD activity and MDA content, the suspended hem-
atopoietic cells and adherent perivascular mesenchymal progeni-
tor cells were harvested, lysed and centrifuged to collect the
supernatant. SOD activity and MDA content were detected by
chemical colorimetric analysis, according to the manufacturer’s
instructions.

Osteogenic potential detection

The osteogenic differentiation potential of perivascular mesen-
chymal progenitor cells was detected by Alizarin Red S (ARS)
staining. Cells were plated in 6-well plates at a density of 2� 105

cells/well and cultured in an osteogenic differentiation medium.
The culture medium was replaced every two days. After 14 days,
the cells were fixed with 4% paraformaldehyde, stained with
Alizarin Red S solution for 5min, and observed under a micro-
scope. For quantitative analysis, 100 lL isopropyl alcohol was
added to each well to dissolve the Alizarin Red dye, then the
optical density (OD) at 490 nm was analyzed.

Adipogenic potential detection

To test the adipogenic potential of the perivascular mesenchymal
progenitor cells, Oil Red O staining was performed. Cells were
plated in 6-well plates at a density of 2� 105 cells/well and cul-
tured in an adipogenic differentiation medium (Cyagen
Biotechnology, China). The culture medium was replaced every
two days. After 22 d, the cells were fixed with 4% paraformalde-
hyde and stained with Oil Red O solution for 30min. For quan-
titative analysis, isopropyl alcohol was used to dissolve the Oil
Red O dye, and the OD value at 490 nm was analyzed.

Quantitative reverse transcription-polymerase chain reaction
(qRT-PCR)

The adherent perivascular mesenchymal progenitor cells and co-
cultured suspended hematopoietic cells were collected. Total
RNA was extracted using the TRIzol reagent (TAKARA, Japan)
according to the manufacturer’s protocol. cDNA was synthesized
using a reverse transcription kit (TAKARA, Shiga, Japan). The
qRT-PCR was performed using a TaqMan assay. GAPDH was
used as an internal control, and the relative quantification values
for each gene were calculated by the 2�DDCT method. Primers
used are listed in Table 2.

Table 1. Primer sequences of DNA.

Gene Direction Primer sequence (50!30) product length (bp)

Nestin Forward TAAGCAGTGGGGGTCGGATA 485
Reverse AGGTGCTGGTCCTCTGGTAT

LepR Forward CTGCCAGTTAGGCTAGGCAT 201
Reverse AACTGGTCGACGTTCTTCCC

CXCL12 Forward GCACTTTCACTCTCGGTCCA 366
Reverse GCACTTCGCAGAGCACAAAA

OPN Forward TAACCGGATTCAACATGGGCA 298
Reverse GAGCGTTGGTGTTGTACTGC

Runx2 Forward CCTAAATAGCCCCCACCGTC 410
Reverse CCACGAGCTGACAAGCTGTA

PPAR-c Forward TCTCTTACCGCCTCCGAGAT 220
Reverse CGCCCTGGAAACTCAGTACA
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Western blotting analysis

The co-cultured hematopoietic cells were then collected. The
samples were subjected to 12% sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis (SDS-PAGE) and transferred to polyvi-
nylidene difluoride (PVDF) membranes. PVDF membranes were
blocked with 5% skimmed milk powder at room temperature for
1 h and incubated overnight at 4 �C with b-catenin, GSK-3b,
p-GSK-3b, Cyclin D1, P53, P21 and GAPDH primary antibodies.
Membranes were then incubated with secondary antibodies at
room temperature for 1 h. Protein bands were visualized using
an electrochemiluminescence (ECL) kit (Biosharp, Anhui
Province, China). Relative expression levels of the target proteins
were determined using the ratio of the target protein grey value
to the GAPDH protein grey value.

Statistical analysis

All experiments were independently repeated at least three-times.
Data are expressed as mean± standard deviation (SD). Results
were analyzed by one-way analysis of variance (ANOVA) using
SPSS 20.0 (IBM Corp., Armonk, NY, USA). p< 0.05 was consid-
ered statistically significant.

Results

Perivascular mesenchymal progenitor identification

As shown in Figure 1, mouse femur and tibial bone-disassociated
cells were identified with an abundance of perivascular hemato-
poietic niche-related genes by agarose gel electrophoresis, and
the results showed a high positive expression of Lepr, Cxcl12,

and Nestin. Meanwhile, a high expression of osteogenic differen-
tiation-related genes, Runx2 and OPN, and a low expression of
the adipogenic differentiation-related gene, PPARc, indicated the
strong osteogenic potential of bone-disassociated cells. These
indicate that the bone-disassociated cells contain a large popula-
tion of perivascular mesenchymal progenitors.

Angelica sinensis polysaccharides alleviated the inhibitory
effect of 5-FU on perivascular mesenchymal progenitor
growth

Femur and tibial bone-disassociated cells were cultured until the
third generation in vitro. As demonstrated by Trypan blue stain-
ing, the number of viable cells in the 5-FU group was signifi-
cantly lower than that in the control group, whereas the
cellularity increased in the 5-FUþASP group compared to that
in the 5-FU group (Figure 2(A)). Cell growth was assessed using
the CCK-8 assay. As shown in Figure 2(B), 25 lg/mL of 5-FU
treatment at different intervals could inhibit cell growth.
However, 100lg/mL of ASP pre-treatment before 5-FU adminis-
tration significantly decreased the inhibition rate compared to
that of the 5-FU group. These results suggest that ASP alleviates
the inhibitory effects of 5-FU on perivascular mesenchymal pro-
genitor growth. To elucidate the underlying mechanism, senes-
cence-related SA-b-gal staining and flow cytometric apoptosis
assay were performed. The results showed that the 5-FU group
demonstrated a widespread SA-b-gal positive staining, whereas
the 5-FUþASP group revealed a sporadic distribution of posi-
tive cells (Figure 2(C,D)). The apoptosis rate in the 5-FU group
was significantly higher than that in the control group. However,
ASP treatment rescued apoptosis (Figure 2(E,F)). These results
suggest that 5-FU inhibits perivascular mesenchymal progenitor
growth via both senescent and apoptotic mechanisms. However,
ASP pre-treatment may protect perivascular mesenchymal pro-
genitors from senescence and apoptosis.

Angelica sinensis polysaccharides restored 5-FU damaged
perivascular mesenchymal progenitor niche function

Perivascular mesenchymal progenitors have both osteogenic and
adipogenic differentiation potentials, whereas the osteolineage
can promote the formation or maintenance of HSC niches. In
our study, although there was no significant difference in osteo-
genic and adipogenic differentiation between the control group
and the ASP single-treated group, ASP treatment reversed a
decrease in bone nodules caused by 5-FU toxicity (Figure
3(A,C)). In contrast, ASP reduced 5-FU-induced lipid droplet
formation and volume (Figure 3(B,D)). In addition, the RT-PCR

Table 2. A detailed list of primer sequences, species, gene bank numbers and
polymerase chain reaction (PCR) product lengths used in real-time reverse tran-
scription polymerase chain reaction (RT-PCR).

Gene Direction Primer sequence (50!30)

GeneBank
accession
number

PCR
product
size (bp)

Runx2 Forward AACAGCAGCAGCAGCAGCAG NM_001271631.1 192
Reverse GCACCGAGCACAGGAAGTTGG

Osterix Forward GCGGCAAGGTGTATGGCAAGG XM_006520519.5 176
Reverse GCAGAGCAGGCAGGTGAACTTC

OPN Forward AAGAGCGGTGAGTCTAAGGAGTCC NM_001204203.1 91
Reverse TGCCCTTTCCGTTGTTGTCCTG

Ang-1 Forward TAACCGGATTCAACATGGGCA NM_001286062.1 101
Reverse GAGCGTTGGTGTTGTACTGC

CXCL12 Forward TGACGGTAAACCAGTCAGCC NM_001012477.2 129
Reverse CGTGCAACAATCTGAAGGGC

ICAM1 Forward CGGAGGATCACAAACGAAGC NM_010493.3 149
Reverse CTCTTGCCAGGTCCAGTTCC

VCAM1 Forward GTTGTTCTGACGTGTGCTGC NM_011693.3 129
Reverse CACAGAGCTCAACACAAGCG

VLA4 Forward TGTCCTACTGGTCCCGACAT NM_010578.2 87
Reverse CCAAATCAGCAGCAAGGCAA

LFA1 Forward GAAGCTGAGCAGCCTTGTCT NM_001253873.1 102
Reverse CTTGGAGAGTTCCACGGTCC

SCF Forward CGGGATGGATGTTTTGCCTA XM_006513315.4 188
Reverse TCTTCGGTGCGTTTTCTTCC

MPL Forward GCCCAGATGGACTACCGAAG NM_005373.3 110
Reverse TTGGCAATGTGGGTGGTACA

TPO Forward CTGGTTATGGCCTGCACAGA XM_024453093.2 110
Reverse TTGCTTTCCTCCAAGACGCT

Tie-2 Forward CGACTGTAGCCGTCCTTGTA XM_006502930.4 118
Reverse CGGCTCACAAGCTTTCTCAC

Notch Forward GCTCCGAGGAGATCAACGAG NM_008714.3 268
Reverse TTGACATCACCCTCACACCG

Jagged-1 Forward CCATGCAGAACGTGAATGGAG NM_013822.5 139
Reverse GTGACGCGGGACTGATACTC

Figure 1. The bone-disassociated cells were isolated and cultured to the third
generation in vitro, and agarose gel electrophoresis was used to identify perivas-
cular hematopoietic niche-related gene expression.
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results revealed that ASP treatment antagonized the 5-FU-
induced down-regulation of the mRNA expression of the osteo-
genesis-related factors Osterix, Runx2, and OPN (Figure 3(E)).
These results imply that the toxicity of 5-FU drives perivascular
mesenchymal progenitors at the cost of osteoblastic differenti-
ation and that ASP can adjust the imbalance of osteogenic/adipo-
genic differentiation.

The balance of stromal osteogenic/adipogenic differentiation
is strictly regulated by ROS. Hence, we were able to detect these
classic oxidative indicators. The present study showed that 5-FU
caused perivascular mesenchymal progenitors to be in an oxida-
tive stress state as lipid oxidative production of malondialdehyde

(MDA) increased, whereas the antioxidant enzyme SOD level
declined. As expected, ASP treatment alleviated the oxidative
burden on perivascular mesenchymal progenitors by significantly
increasing SOD and decreasing MDA levels (Figure 3(G,H)).

Evidence has demonstrated that hematopoietic growth factors,
including CXCL12 and SCF, as well as the interaction of Ang-
1/tie 2, TPO/MPL, Jagged-1/Notch signaling molecules, VCAM-
1/VLA-4, and LFA-1/ICAM-1 adhesion molecule pairs between
hematopoietic niche stroma and HSPCs are closely related to
osteoblasts in the endosteal niche and play a vital role in hem-
atopoietic regulation. Therefore, we analyzed the toxic effects of
5-FU on the expression of hematopoietic factors. In the current

Figure 2. Angelica sinensis polysaccharides rescued perivascular mesenchymal progenitor growth inhibition via anti-senescence and anti-apoptosis effects. (A)
Perivascular mesenchymal progenitors were cultured in 35mm2 dishes in different groups. The viable cells were counted by Trypan blue staining (���p< 0.001 vs.
control group; #p< 0.05 vs. 5-fluorouracil (5-FU) group, n ¼ 3). (B) A cell counting kit (CCK)-8 assay was performed to detect perivascular mesenchymal progenitor
growth (���p< 0.001 ��p< 0.01 vs. control group; ##p< 0.01 #P< 0.05 vs. 5-FU group, n¼ 3). (C) The representative images of senescent perivascular mesenchymal
progenitors are presented by senescence-associated b-galactosidase (SA-b-gal) staining. Senescent cells are blue-green stained (scale bar ¼ 50lm, n¼ 3). (D) The
histogram of SA-b-gal staining positive rate of perivascular mesenchymal progenitors (���p< 0.001 vs. control group; #p< 0.05 vs. 5-FU group). (E) Annexin V-FITC/PI
double staining was employed to detect cell apoptosis by flow cytometry. LL represented normal living cells, LR and UR represented early and late apoptotic cells,
respectively. (F) The histogram of apoptosis rate of perivascular mesenchymal (���p< 0.001 vs. control group; ##p< 0.01 vs. 5-FU group).
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study, we demonstrated that except for Notch and Jagged-1,
5-FU significantly reduced most hematopoiesis-related factors,
including Ang-1, Tie2, TPO, MPL, CXCL12, and SCF. However,

ASP treatment restored the expression of hematopoietic factors
(Figure 3(F,I)). It has also been found that 5-FU destroys cell
adhesion molecules between hematopoietic cells and perivascular

Figure 3. Angelica sinensis polysaccharides protected the hematopoietic niche function of perivascular mesenchymal progenitors. (A) The representative image of induced
osteogenic differentiation of perivascular mesenchymal progenitors in vitro is visualized by alizarin red staining. (B) The representative image of induced adipogenic differ-
entiation in vitro of perivascular mesenchymal progenitors is stained by oil red O. (C) Alizarin red dye was dissolved in isopropyl alcohol, and the absorbance was meas-
ured at 490 nm, and quantitative analysis was performed by Image J software (n¼ 3). (D) The absorbance of dissolved oil red O dye at 490 nm was analyzed by Image J
software. (n¼ 3) (E) Quantitative analysis of osteogenic-related mRNA expression (n¼ 3). (F) Quantitative analysis of hematopoiesis growth factor mRNA expression (n¼ 3).
(G) Analysis of malondialdehyde (MDA) levels in perivascular mesenchymal progenitors and co-cultured hematopoietic cells. (H) Analysis of superoxide dismutase (SOD) lev-
els in perivascular mesenchymal progenitors and co-cultured hematopoietic cells. (I) Quantitative analysis of mRNA relative expression of hematopoietic cell and perivascu-
lar mesenchymal progenitors interaction signaling molecules (n¼ 3). (J) Analysis of mRNA expression of adhesion molecules between hematopoietic cells and perivascular
mesenchymal progenitors. (���p< 0.001 ��p< 0.01 �p< 0.05 vs. control group; ##p< 0.01 #p< 0.05 vs. 5-fluorouracil (5-FU) group, n¼ 3).
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mesenchymal progenitors. Notably, ASP significantly restored
the number of the corresponding pairs of adhesion molecules
(Figure 3(J)). These results indicate that ASP treatment enhances
the antioxidant capacity of perivascular mesenchymal progeni-
tors, thus protecting the niche function of hematopoietic activity
from 5-FU-induced oxidative damage.

ASP-treated perivascular mesenchymal progenitor feeder
layer protected co-cultured hematopoietic cells from
oxidative stress-induced premature senescence

To elucidate whether injured perivascular mesenchymal progeni-
tors negatively affect hematopoietic cells, a hematopoietic cell and
conditional perivascular mesenchymal progenitor feeder layer co-
culture system was established. The results demonstrated that the
number of hematopoietic cells co-cultured with a 5-FU adminis-
trated feeder layer was significantly reduced than that in the con-
trol group due to senescence rather than apoptosis. Notably, the
ASP-treated perivascular mesenchymal progenitor feeder layer res-
cued senescence, thus restoring the growth of co-cultured hemato-
poietic cells compared with the 5-FU group (Figure 4(A–E)).
Further analysis of underlying mechanisms indicated that the

ASP-treated perivascular mesenchymal progenitor feeder layer
alleviated the 5-FU administrated layer-caused oxidative burden
on hematopoietic cells (Figure 3(G,H)), suggesting that ASP may
indirectly alleviate 5-FU-caused oxidative injury in hematopoietic
cells via the protective mechanism of hematopoietic niche
crosstalk.

Angelica sinensis polysaccharides antagonized oxidative
stress-induced premature senescence of hematopoietic cells
via Wnt/b-catenin signaling

Consequently, we found that the senescence of co-cultured hem-
atopoietic cells was related to Wnt/b-catenin signaling. The
results showed that the 5-FU-administrated feeder layer up-regu-
lated P53 and P21 protein expression in co-cultured hematopoi-
etic cells; however, ASP pre-treatment down-regulated the
pivotal signal for early senescence (Figure 5(A,B)). Furthermore,
the expression of b-catenin, phospho-GSK-3b, and cyclin-D1 in
co-cultured hematopoietic cells in the 5-FU group was up-
regulated, while the expression of GSK-3b protein was down-
regulated. In contrast, compared with the 5-FU group, the
expression of b-catenin, phospho-GSK-3b and cyclin-D1 of the

Figure 4. The Angelica sinensis polysaccharide (ASP)-treated perivascular mesenchymal progenitor feeder layer reversed 5-fluorouracil (5-FU)-induced cell growth inhib-
ition and senescence of co-cultured hematopoietic cells. (A) Survival cell count of co-cultured hematopoietic cells is demonstrated by Trypan blue staining
(��p< 0.001 vs. control group; #p< 0.05 vs. 5-FU group, n ¼ 5). (B) The representative image of senescence-associated b-galactosidase (SA-b-gal) staining of co-cul-
tured hematopoietic cells. The senescent hematopoietic cells were positively stained to be blue-green (scale bar ¼ 50lm). (C) The percentage of SA-b-gal positive
co-cultured hematopoietic cells is presented as mean± standard deviation (SD) (���p< 0.001 vs. control group; #p< 0.05 vs. 5-FU group, n¼ 3). (D) The representa-
tive image of Annexin V-FITC/PI double staining by flow cytometry. (E) Results of co-cultured hematopoietic cell apoptosis are presented as mean± SD (n¼ 5).
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co-cultured hematopoietic cells in the ASP þ 5-FU group was
down-regulated, whereas the expression of GSK-3b protein was
up-regulated (Figure 5(C–G)). These data implied that ASP-
treated perivascular mesenchymal progenitors may protect
surrounding hematopoietic cells from oxidative stress-induced
premature senescence by inhibiting overactivation of the Wnt/b-
catenin signaling pathway.

Discussion

The use of alkylating agents, pyrimidine analogs, anthracyclines,
anthraquinones, nitrosoureas, methotrexate, hydroxyurea, and
mitomycin C chemotherapeutic drugs causing cytotoxicity, bone
marrow stromal rejection of stem cell transplants, and cell-adhe-
sion-mediated drug resistance, is a frequent source of hematopoi-
etic dysfunction after chemotherapy (Schepers et al. 2015;
Yamashita et al. 2020). Myelosuppression is the most common
complication of chemotherapy (Wang et al. 2015; Atkins and He
2019). Acute myelosuppression often occurs because of the death
of hematopoietic progenitors and hematopoietic cells, whereas
long-term bone marrow suppression is much more serious
because of a decrease in HSC reserves and a defect in HSC self-
renewal, which are usually closely related to injury of the hem-
atopoietic niche (Yamashita et al. 2020). In a previous study
(Xiao et al. 2017), we demonstrated that 5-FU causes oxidative
damage to bone marrow stromal cells. However, it is still not
elucidated whether 5-FU injures the hematopoietic niche.

Although the concepts of hematopoietic niche composition
and niche function are controversial, recent evidence has

demonstrated that distinct hematopoietic progenitors have dis-
tinct niches (Richter et al. 2017; Tikhonova et al. 2019). As pre-
viously suggested, osteoblasts do not directly regulate HSC
maintenance. However, they also regulate B-lineage progenitors
to support B lymphopoiesis. In addition to endothelial cells, peri-
vascular mesenchymal cells around the bone marrow sinusoids
and arterioles promote HSC maintenance and produce pivotal
hematopoietic cytokines, such as SCF and CXCL12, to support
primitive hematopoietic cells (Pinho and Frenette 2019). These
perivascular mesenchymal cells are adjacent to bone surfaces in
trabecular-rich areas and are also termed perivascular mesenchy-
mal progenitors as they have both osteogenic and adipogenic dif-
ferentiation potentials, of which the osteogenic potential may be
sufficient to create bony ossicles that are invested in by the host
vasculature and HSCs. Thus, perivascular mesenchymal progeni-
tors from the perivascular niche promote HSC formation and
maintenance (Pinho et al. 2013; Zhou et al. 2014; Rodeheffer and
Horowitz 2016). In the present study, we treated femoral and
tibial fragments with type II collagenase and successfully isolated
perivascular mesenchymal progenitors, which highly expressed
Nestin, Lepr, Cxcl12 niche genes, OPN, and the osteogenesis-
related gene Runt-related transcription factor 2 (Runx2).
Therefore, we focused on whether 5-FU negatively affects the
perivascular niche in the bone marrow.

Previous studies have shown that under physiological circum-
stances, the accumulation of adipocytes accompanied by ROS in
the bone marrow progresses with age, particularly in humans,
and causes dysfunction in bone marrow microenvironments,
thereby compromising hematopoiesis (Ambrosi et al. 2017).
Additionally, long-term chemotherapy may impair the

Figure 5. Angelica sinensis polysaccharides antagonized oxidative stress-induced premature senescence of hematopoietic cells via Wnt/b-catenin signaling. (A) The rep-
resentative image of P53 and P21 protein expression in hematopoietic cells as detected by Western blotting. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
probed as loading control. (B) The histograms of P53 and P21 protein expression are presented. Data are presented as mean± standard deviation (SD) (��p< 0.01�p< 0.05 vs. control group; #p< 0.05 vs. 5-fluorouracil (5-FU) group, n¼ 3). (C) The Wnt signaling-related protein expression in hematopoietic cells was detected by
Western blot. GAPDH was probed as a loading control. (D–G) The histograms of Wnt signaling-related protein expression are presented. Data are presented as
mean±SD (���p< 0.001 ��p< 0.01 �p< 0.05 vs. control group; #p< 0.05 vs. 5-FU group, n ¼ 3).
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hematopoietic microenvironment, resulting in bone marrow adi-
posity, which may be related to oxidative stress (Naveiras et al.
2009). In this study, we first demonstrated that 5-FU causes oxi-
dative stress in perivascular mesenchymal progenitors, leading to
apoptosis or senescence, thus retarding growth. Moreover, oxida-
tive stress impairs diverse facets of hematopoietic niche function.
First, it has been suggested that oxidative stress drives the adipo-
genic differentiation of perivascular mesenchymal progenitors.
Previous studies suggested that the immature state of perivascu-
lar mesenchymal progenitors is important for HSC maintenance.
Osteolineage cells promote hematopoiesis. In contrast, adipocytes
inhibit hematopoiesis. Adipogenic differentiation relies on the
expression of peroxisome proliferator-activated receptor c
(PPARc), and agonists of the PPARc pathway promote the for-
mation of adipocytes at the expense of osteoblasts (Rosen et al.
1999). However, osteogenic differentiation cannot proceed with-
out the expression of RUNX2 and its downstream effects on
osterix expression (Komori 2019). In a study combining OPN-
deficient mice with exogenous OPN, Stier et al. (2005) demon-
strated that OPN modifies primitive hematopoietic cell numbers
and functions in a stem cell-non-autonomous manner. In the
present study, after 5-FU treatment, the number of bone nodules
originating from perivascular mesenchymal progenitors
decreased, whereas the number of lipid droplets increased. In
addition, the gene expression of Runx2, osterix, and OPN dra-
matically decreased, suggesting that the intoxicated perivascular
mesenchymal progenitors are driven towards adipogenic differ-
entiation at the cost of osteogenic differentiation.

It is commonly known that SCF is required for the mainten-
ance of HSCs and c-kit(þ)-restricted progenitors as well as
erythropoiesis, mast cell development, and lymphopoiesis
(Ponomaryov et al. 2000; Waskow et al. 2002). CXCL12 is another
chemokine required for the maintenance and retention of HSCs
in the bone marrow. Global deletion of CXCL12 or the gene
encoding its receptor, Cxcr4, depletes HSCs from the bone mar-
row (Tzeng et al. 2011). Importantly, evidence has shown that
CXCL12 and SCF are primarily expressed by perivascular mesen-
chymal progenitors, that is, CAR cells (CXCL12 abundant reticular
cells) and Nestinþ, Leprþ, or Prx-1þ cells, at 100-fold higher levels
than endothelial cells and 1000-fold higher levels than osteoblasts
(Zhou et al. 2014). Here, we show that 5-FU blunts CXCL12 and
SCF secretion in perivascular mesenchymal progenitors.

Arai et al. (2004) demonstrated that HSCs expressing the
receptor Tie2 are quiescent. Ang-1, the ligand for Tie2, enhances
the ability of HSCs to become quiescent and induces their adhe-
sion to bone, protecting them from stresses that suppress hem-
atopoiesis. TPO and its receptor MPL are the master regulators
of megakaryopoiesis and HSCs. TPO has been shown to increase
HSC interactions with the osteoblastic niche and support HSC
quiescence and expansion post-transplantation (Fox et al. 2002;
Qian et al. 2007; Bigas and Espinosa 2012). Mice deficient in
TPO or MPL display increased HSC cycling and progressive age-
related loss (Qian et al. 2007; Yoshihara et al. 2007). In addition,
it has been reported that the co-culture of murine or human
HSCs with immobilized Notch ligands or feeder cells expressing
such ligands can maintain or even enhance HSC self-renewal
(Stier et al. 2002). Hence, in this study, we focused on three pairs
of ligand receptors. It was found that 5-FU decreased the expres-
sion of Ang-1 and TPO in perivascular mesenchymal progenitors
and decreased Tie2 and MPL expression in hematopoietic cells,
thus abrogating these hematopoietic signaling pathways and
interfering with the cross-talk between the stroma and hemato-
poietic cells.

Cell-cell interactions between stromal cells and HSCs and
cell-matrix interactions in the bone marrow are additional
important factors in HSC maintenance. Integrins and selectins
are essential mediators (Pillozzi and Becchetti 2012; Ding and
Morrison 2013). Membrane-bound receptors of the immuno-
globulin superfamily, including intercellular adhesion molecule-1
(ICAM-1; CD54), vascular cell adhesion molecule-1 (VCAM-1;
CD105), and CD166, also constitute the bone marrow niche.
ICAM-1/LFA-1 and VCAM-1/VLA-4 adhesion pairs are import-
ant for hematopoietic stem cell proliferation in mice (Chen et al.
2011). Overexpression or downregulation of these adhesion mol-
ecules affects HSC function. In the current study, we analyzed
stromal and hematopoietic cell adhesion molecules. It was fur-
ther demonstrated that 5-FU toxicity dramatically impaired
adhesion between perivascular mesenchymal progenitors and
hematopoietic cells. In summary, 5-FU caused oxidative damage
to perivascular mesenchymal progenitors and destroyed diverse
facets of perivascular hematopoietic niche function. We hypothe-
sized that this might result in an ensuing stress response in the
surrounding hematopoietic cells.

To elucidate the direct regulatory role of dysfunctional peri-
vascular mesenchymal progenitors in hematopoietic cells, peri-
vascular mesenchymal progenitors and hematopoietic cell co-
culture systems were established. In accordance with our expect-
ations, the 5-FU treated feeder layer caused an oxidative burden
on hematopoietic cells, and ROS scavenging was impaired, which
is in line with our previous study that showed that the 5-FU-
treated HS-5 feeder layer decreased the expression level of Cx43
gap junction channels, thus reducing ROS transfer scavenging
from HSCs to stromal cells. Interestingly, in the current study, it
was found that the direct effect of the 5-FU treated feeder layer
on hematopoietic cells is senescence rather than apoptosis, and
the underlying mechanism involves the overactivated Wnt/b-cat-
enin signaling pathway in hematopoietic cells. The Wnt/b-cate-
nin signaling pathway is one of the crucial pathways in
hematopoietic regulation, and many signaling molecules are
involved (Nemeth and Bodine 2007; Ahmadzadeh et al. 2016).
Moreover, Wnt/b-catenin signaling pathway is closely related to
cellular senescence (Brack et al. 2007; Zhang et al. 2013). b-cate-
nin is a representative protein of Wnt/b-catenin signaling path-
way, and its expression level is a critical indicator of the
activated Wnt/b-catenin signaling pathway. Inversely, glycogen
synthase kinase-3b (GSK-3b) is a pivotal negative regulator,
which is involved in the formation of a complex that phosphory-
lates and degrades b-catenin. Gsk-3b activity is regulated by
phospho-GSK-3b, which activates the Wnt/b-catenin signaling
pathway (Kim et al. 2013; Ahmadzadeh et al. 2016). Cyclin-d1 is
a key downstream target of b-catenin, which regulates the cell
cycle. Based on our studies, 5-FU damaged perivascular mesen-
chymal progenitors led to oxidative stress-induced premature
senescence of co-cultured hematopoietic cells via the Wnt/b-cat-
enin signaling pathway overactivation.

Angelica sinensis polysaccharides (ASP) are the main biologic-
ally active ingredients of the traditional Chinese medicine
Angelica sinensis and are commonly used to enrich blood and
antioxidant bioactivity (Zhao et al. 2012). In the present study, it
was further suggested that the direct antioxidative protective role
of ASP might be to maintain perivascular niche function via the
regulation of hematopoietic cytokines, cell adhesion molecules,
and hematopoietic cell-stromal cell interaction signaling mole-
cules, thus providing a homeostatic microenvironment for
HSPCs regeneration. Also, ASP may indirectly protect hemato-
poietic cells via inhibition of the overactivation of oxidative
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stress-induced Wnt/b-catenin signaling pathway after chemother-
apy. The underlying mechanism may be that ASP antagonizes
chemotherapeutic drugs and enhances oxidative stress transfer
via perivascular mesenchymal progenitors. Thus, ASP may be a
promising ingredient for the therapeutic prevention of
chemoradiation.

Conclusions

5-FU exerts toxic effects on the perivascular niche. 5-FU induces
oxidative damage in perivascular mesenchymal progenitors, thus
altering the osteogenic/adipogenic balance and downregulating
the expression of hematopoietic cytokines, cell adhesion mole-
cules, and cellular interaction signaling, resulting in stress-
induced premature senescence of co-cultured hematopoietic cells.
ASP may play a direct protective role by improving oxidative
damage, and regulating perivascular niche function, thus indir-
ectly inhibited the Wnt/b-catenin signaling pathway-mediated
premature senescence of hematopoietic cells (Figure 6).
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