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Astragalus polysaccharides augment BMSC
homing via SDF-1/CXCR4 modulation:

a novel approach to counteract peritoneal
mesenchymal transformation and fibrosis

Funing Wang ", Huibo Dai'", Ziren Zhou'?, Yun Shan', Manshu Yu', Jinyi Sun'?, Li Sheng'?, Liyan Huang'?,
Xiaohui Meng'?, Yongging You'? and Meixiao Sheng'”

Abstract

Purpose This study aimed to evaluate the potential of astragalus polysaccharide (APS) pretreatment in enhancing
the homing and anti-peritoneal fibrosis capabilities of bone marrow mesenchymal stromal cells (BMSCs) and to
elucidate the underlying mechanisms.

Methods Forty male Sprague-Dawley rats were allocated into four groups: control, peritoneal dialysis fluid (PDF),
PDF +BMSCs, and PDF +A™BMSCs (APS-pre-treated BMSCs). A peritoneal fibrosis model was induced using PDF.
Dil-labeled BMSCs were administered intravenously. Post-transplantation, BMSC homing to the peritoneum

and pathological alterations were assessed. Stromal cell-derived factor-1 (SDF-1) levels were quantified via
enzyme-linked immunosorbent assay (ELISA), while CXCR4 expression in BMSCs was determined using PCR and
immunofluorescence. Additionally, a co-culture system involving BMSCs and peritoneal mesothelial cells (PMCs) was
established using a Transwell setup to examine the in vitro effects of APS on BMSC migration and therapeutic efficacy,
with the CXCR4 inhibitor AMD3100 deployed to dissect the role of the SDF-1/CXCR4 axis and its downstream impacts.

Results /n vivo and in vitro experiments confirmed that APS pre-treatment notably facilitated the targeted homing

of BMSCs to the peritoneal tissue of PDF-treated rats, thereby amplifying their therapeutic impact. PDF exposure
markedly increased SDF-1 levels in peritoneal and serum samples, which encouraged the migration of CXCR4-positive
BMSCs. Inhibition of the SDF-1/CXCR4 axis through AMD3100 application diminished BMSC migration, consequently
attenuating their therapeutic response to peritoneal mesenchyme-to-mesothelial transition (MMT). Furthermore, APS
upregulated CXCR4 expression in BMSCs, intensified the activation of the SDF-1/CXCR4 axis's downstream pathways,
and partially reversed the AMD3100-induced effects.

fFuning Wang and Huibo Dai contributed equally to this work.

*Correspondence:
Meixiao Sheng
yfy0075@njucm.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12906-024-04483-5&domain=pdf&date_stamp=2024-5-22

Wang et al. BMC Complementary Medicine and Therapies

(2024) 24:204

Page 2 of 15

Conclusion APS augments the SDF-1/CXCR4 axis's downstream pathway activation by increasing CXCR4 expression
in BMSCs. This action bolsters the targeted homing of BMSCs to the peritoneal tissue and amplifies their suppressive

influence on MMT, thereby improving peritoneal fibrosis.
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Cell homing

Introduction

Peritoneal dialysis (PD) serves as a crucial renal replace-
ment therapy for patients with end-stage renal disease,
providing benefits such as the preservation of residual
kidney function, ease of use, cost-effectiveness, signifi-
cant societal benefits, and survival rates comparable to
those of hemodialysis [1]. However, the sustainability
of PD is compromised by the progressive deterioration
of the peritoneal membrane’s structure and function.
Peritoneal mesothelial cells (PMCs), the initial barrier
encountering peritoneal dialysis fluid (PDF), are among
the first to incur damage. They initiate the secretion
of inflammatory cytokines and undergo a mesothelial-
mesenchymal transition (MMT), leading to the eventual
development of peritoneal fibrosis (PF) [2, 3]. Hence, for-
mulating new approaches to modulate PMC-MMT and
mitigate PF is essential for the prolonged viability of peri-
toneal dialysis.

Mesenchymal stem cells (MSCs), particularly those
derived from bone marrow (BMSCs), have garnered
significant attention as potential therapeutic agents for
a variety of fibrotic diseases. Their appeal lies in their
capacity for multidirectional differentiation, robust pro-
liferative abilities, minimal immunogenicity, potent
tissue repair capabilities, and intrinsic chemotactic hom-
ing properties [4, 5]. BMSCs have been documented to
navigate to sites of injury and facilitate the structural
and functional restitution of tissues and organs via para-
crine actions in conditions such as post-infarction fibro-
sis, cirrhosis, and renal fibrosis [6, 7]. Nevertheless, the
therapeutic potential of BMSCs is often hampered by
suboptimal engraftment rates. Emerging research indi-
cates that pre-treatment strategies could substantially
bolster the therapeutic efficacy of MSCs [8].

The SDF-1/CXCR4 axis is pivotal in the homing mech-
anism of stem cells and has become increasingly rel-
evant in addressing fibrotic diseases [9—11]. Interaction
between SDF-1 and CXCR4 triggers a cascade of intracel-
lular signaling pathways, notably MAPK and PI3K/Akt,
which influence cell motility and migration [12—14]. This
activation is critical for the targeted homing of BMSCs to
fibrotic sites and their subsequent anti-fibrotic effects.

Recent research on medicinal plants indicates
that phytochemicals can boost the expression of the
SDE-1/CXCR4 axis [15]. Astragalus polysaccharide
(APS), a principal constituent of the traditional Chi-
nese herb Huangqi, has been demonstrated to mitigate

inflammation and fibrosis by blocking NF-«kB and inhib-
iting the TGF-p1/SMADs pathway [16-18]. Moreover,
a series of studies have revealed that the major active
ingredient of Astragalus membranaceus, when applied
to MSCs, enhances cell proliferation, restores impaired
functions, and increases cell homing to ischemic cardiac
sites [19-21]. These findings suggest that APS interven-
tion may augment the quantity and survival rate of bone
marrow mesenchymal stem cells during their homing
process and ameliorate the repair of damaged tissues.

This study aimed to evaluate whether APS pre-treat-
ment enhances the homing capacity and anti-fibrotic
efficacy of BMSCs in the peritoneum and to elucidate
the underlying mechanisms. Utilizing both in vitro and
in vivo approaches, we examined the influence of APS
on the migration and homing behaviors of BMSCs, with
a particular emphasis on the modulation of the SDF-1/
CXCR4 axis by APS. The outcomes of this research hold
substantial scientific and clinical relevance, offering
deeper insights into the mechanistic role of APS in stem
cell therapy and advancing the therapeutic application of
BMSCs for the management of PF.

Materials and methods

Isolation, culture, and characterization of BMSCs

Male Sprague-Dawley (SD) rats (aged 4-5 weeks old,
weighing 100-120 g) were acquired from Beijing Vital
River Experimental Animal Technology Co., Ltd. BMSCs
were harvested from the femurs and tibias of these rats
by flushing with DMEM/F12 medium (Gibco, CA, USA).
These cells were then cultured in an environment with
5% CO, at 37 °C. After 48 h, non-adherent cells were
removed, and the medium was refreshed every two to
three days. Upon reaching approximately 80% conflu-
ence, cells were detached using trypsin and subcultured.
The third passage of BMSCs was characterized by flow
cytometry using antibodies against CD29 (Thermo-
Fisher Scientific, Bremen, Germany), CD90, CD45, and
CD11b (Biolegend, CA, USA). The differentiation of
BMSCs into adipocytes and osteocytes was induced
using Oricell commercial kits (Guangzhou, China), veri-
fying their stem cell properties. BMSCs from passages 2
to 5 were utilized for the experimental studies.

Isolation, culture, and characterization of PMCs
Under sterile conditions, peritoneal tissue was har-
vested from the retinas of SD rats and finely minced.
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The tissue was then digested using 0.25% trypsin
(Gibco) at 37 °C for 25 min. The digestion was halted
by adding DMEM/F12 medium (Gibco) supplemented
with 10% fetal bovine serum (FBS). Subsequently,
the cell suspension was filtered through a 70 pm cell
strainer, and cells were collected by centrifugation at
1000 rpm for 5 min. The resultant cell pellet was resus-
pended in DMEM/F12 medium (Gibco) enhanced with
10% FBS, 100 IU/ml penicillin, and 100 pg/ml strepto-
mycin, to a total volume of 4 ml. This suspension was
then plated in a 25 cm? tissue culture flask (NEST Bio-
technology Co., Ltd., Wuxi, China). After 24 h of incu-
bation at 37 °C, the medium was replaced, and cellular
confluence was typically observed within 5-7 days. To
identify primary PMCs, immunocytochemical stain-
ing was performed using antibodies against vimentin
(1:1000, CST, MA, USA) and pan-Cytokeratin (1:1000—
4000, Proteintech, Wuhan, China).

Transmembrane migration experiment

An in vitro cell migration assay was established using a
transmembrane chamber system equipped with a mem-
brane filter featuring 8-micrometer pores, provided by
Labselect (Beijing, China). Before initiating the experi-
ment, BMSCs underwent a 24-hour pre-treatment with
or without APS at a concentration of 1 mg/mL. These
cells were then placed in the upper chamber of a 24-well
plate (NEST Biotechnology Co., Ltd., China) at a density
of 2x10* cells per well in a culture medium. The lower
chamber was supplemented with varying concentra-
tions of SDF-1 (0, 25, 50, 100, or 150 ng/mL). For inhibi-
tion treatment, BMSCs were pre-treated with AMD3100
(Plerixafor, a CXCR4-specific inhibitor) (MCExpress,
New Jersey, USA) for 1 h prior to the migration assay.
Cells migrating to the lower side of the filter were stained
with crystal violet, and five random fields (200x magnifi-
cation) were chosen for cell counting under an Olympus
microscope (Tokyo, Japan).

In a 6-well plate (NEST Biotechnology Co., Ltd.), the
lower chamber was filled with 2x10° PMCs, treated
with or without 3% PDF (Deerfield, IL, USA). The upper
chamber was seeded with BMSCs at a comparable den-
sity. For inhibitor treatment, BMSCs were pre-treated
with AMD3100 (25 pug/mL) for 1 h prior to transplanta-
tion. Following a 24-hour migration period, the transwell
apparatus was washed, and non-migrated BMSCs were
removed from the upper side of the membrane using a
cotton swab. Migrated BMSCs were subsequently stained
and evaluated under a microscope, with five random
fields of view analyzed at 40x magnification.

Animals
Forty male SD rats were randomly allocated into four
groups: control, PF, PF+BMSCs, and PF+APSBMSCs,
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each containing ten rats. To induce the PF model, the
PF group received daily intraperitoneal injections of 10
mL/100 g PDF over four weeks. In contrast, the control
group was administered an equivalent volume of nor-
mal saline. Following this, rats in the PF+BMSCs and
PE+APSBMSCs groups were given weekly tail vein injec-
tions of 0.3 mL cell suspension containing 3x 10® BMSCs
or APSBMSCs, respectively. Concurrently, rats in the con-
trol and PF groups received 0.3 mL of phosphate-buffered
saline (PBS) instead. All rats were euthanized 24 h post
the final cell transplantation under sodium pentobarbi-
tal anesthesia for sample collection. This animal study
received approval from the Animal Ethics Committee of
Nanjing University of Chinese Medicine (ACU230205)
and was conducted following the Guide for the Care and
Use of Laboratory Animals (National Institutes of Health,
USA, 1985).

Tracking study of Dil-labeled BMSCs after transplantation
Twelve SD rats were randomly assigned into control,
PDF+BMSCs, and PDF+APSBMSCs, with each group
comprising four rats. The PF model was induced through
daily intraperitoneal injections of 10 mL/100 g PDF for
four weeks. Prior to transplantation, BMSCs and “*>BM-
SCs were labeled with Dil dye (Beyotime Biotechnology,
Shanghai, China). These fluorescently labeled cells were
subsequently administered to the rats via tail vein injec-
tion. To assess the homing of BMSCs to the peritoneal
tissue, peritoneal tissues were harvested 24 h post-trans-
plantation and processed into frozen sections. These sec-
tions were fixed, washed, and then incubated with DAPI
(Beyotime Biotechnology) for nuclear staining. Finally,
the sections were visualized and photographed using a
fluorescence microscope (Nikon Corporation, Tokyo,
Japan).

Histology and immunohistochemical (IHC) analysis of
peritoneal samples

Histological and IHC analyses were performed on sam-
ples obtained from the lateral peritoneal wall to evalu-
ate the pathological condition and thickness of the
peritoneum. Initially, the samples were fixed in 4% form-
aldehyde for 24 h, followed by dehydration and paraffin-
embedding. The embedded samples were then sectioned
into 5-micrometer slices for analysis. To assess the path-
ological condition and thickness, we employed hema-
toxylin and eosin (H&E) staining, as well as Masson’s
trichrome staining, for detailed histological examina-
tion. For IHC analysis, the sections were incubated with
primary antibodies targeting collagen (1:1200, Abcam,
Cambridge, UK) and fibronectin (1:800, CST, Massa-
chusetts, USA) and then with corresponding secondary
antibodies.
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Immunocytochemical staining of PMCs and BMSCs
Immunocytochemical staining was employed to iden-
tify PMCs and to verify CXCR4 expression in BMSCs
through immunofluorescence staining. Initially, cells
were fixed, washed, and permeabilized using Triton
X-100 (Beyotime Biotechnology) for 30 min. Following
this, cells underwent a blocking phase for 1 h with 5%
bovine serum albumin (BSA) (BioFroxx, Einhausen, Ger-
many) to prevent nonspecific binding. Cells were then
incubated overnight at 4 °C with the following primary
antibodies: vimentin (1:100, CST), cytokeratin (1:100,
Proteintech, Wuhan, China), and CXCR4 (1:100, Pro-
teintech). Post-primary antibody incubation, cells were
washed and subsequently incubated with fluorescently
labeled secondary antibodies, Alexa Fluor 594 goat anti-
rabbit IgG (1:100, Proteintech) and Alexa Fluor 488 goat
anti-mouse IgG (1:100, Proteintech), for 2 h to enable
visualization. Finally, nuclear staining was conducted
using DAPI, and the cells were examined under fluores-
cence inverted microscopy.

Enzyme-linked immunosorbent assay (ELISA) for detecting
SDF-1 levels

Samples were collected from both the control and PDF
groups to assess the levels of SDF-1 in the peritoneal and
serum samples of rats. Peritoneal tissues were homog-
enized, and the resultant supernatant was harvested for
analysis. The SDF-1 concentration in these samples was
quantified using an ELISA assay kit (AiFang Biotechnol-
ogy, Wuhan, China). In short, samples and standards
were prepared, followed by their addition to the ELISA
plate for incubation. After the incubation period, the
plate was washed to remove unbound substances. A sub-
strate solution was then added to initiate a colorimetric
reaction, which was subsequently halted by adding a stop
solution. The absorbance was measured to determine the
SDF-1 concentration in the samples.

Table 1 List of Primers Used for gRT-PCR in This Study

Gene Forward sequence (5’-3) Reverse se-
quence (5’-3')
B-actin TCACCCACACTGTGCCCATCTA CATCGGAACCGC
TGA TCATTGCCGATAG
vimentin AATGCTTCTCTGGCACGTCT GTGAGGTCAGGC
TTGGAAAC
a-SMA ATCCGATAGAACACGGCATC CATACATGGCAG
GGACATTG
E-cadherin CCTACAATGCTGCCATCGCCTAC  GGGTAACTCTCT
CGGTCCAGTCC
CXCR4 CATACATGGCAGGGACATTG CCTACAATGCTGC
CATCGCCTAC
SDF-1 GGGTAACTCTCTCGGTCCAGTCC  TCACCCACACTGT
GCCCATCTATGA
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Analysis of protein expression changes in co-cultured
PMCs and BMSCs using the western blot method

To examine the alterations in protein expression resulting
from co-culture with BMSCs, PMCs were initially plated
in a 6-well plate at a density of 2x10° cells per well. Fol-
lowing overnight adherence, the cells were exposed to
3% PDF for 24 h and subsequently co-cultured with
BMSCs. Post 24-hour co-culture, PMCs from the lower
chamber were lysed using ice-cold RIPA buffer (Thermo
Fisher Scientific, Massachusetts, USA) supplemented
with 2% protease and phosphatase inhibitors (Beyo-
time Biotechnology). The lysates were then subjected
to sonication and centrifugation, and the supernatants
were collected. Protein concentrations were determined
utilizing a protein assay kit (Beyotime Biotechnology).
The proteins (20 pg per sample) were then separated by
SDS-PAGE and electroblotted onto PVDF membranes.
These membranes were blocked using PBS containing
5% BSA, followed by overnight incubation at 4 °C with
specific primary antibodies. Subsequent incubation with
horseradish peroxidase-conjugated secondary antibodies
(mouse/rabbit IgG) was performed for one hour. Protein
bands were detected using the enhanced chemilumines-
cence system (Biosharp, Anhui, China) and visualized
with a chemidoc imaging system. The primary antibod-
ies employed in this study included E-cadherin (1:1000—
4000, Proteintech), a-smooth muscle actin (¢-SMA)
(1:1000-8000, Proteintech), vimentin, and p-actin
(1:1000, Santa Cruz Biotechnology, USA), and second-
ary antibodies were mouse/rabbit IgG conjugated with
horseradish peroxidase (1:20000, Zhongshanjingiao, Bei-
jing, China).

Analysis of gene expression in peritoneum and PMCs using
real-time quantitative PCR technique

To evaluate gene expression in the peritoneum and
PMCs, total RNA was isolated from these samples
employing TRIzol reagent (Vazyme Biotech Co., Ltd.,,
Nanjing, China). The extracted RNA was then reversely
transcribed into cDNA using the All-In-Two RT Super-
Mix for qPCR (Vazyme Biotech Co., Ltd., Nanjing,
China). Quantitative real-time PCR (qPCR) analyses were
conducted using the ABI PRISM 7500 system (Applied
Biosystems, New York, USA) with SYBR Green as the
detection dye. The specific gene sequences assessed are
detailed in Table 1.

Statistical analysis

In this study, data analysis and graphical representations
were performed using GraphPad Prism software (version
9.5, GraphPad Software Inc., California, USA) and SPSS
software (version 26.0, IBM Corp., Armonk, USA). All
data are presented as the mean+standard deviation. Sta-
tistical analyses were conducted using students’ t-tests or



Wang et al. BMC Complementary Medicine and Therapies

one-way analysis of variance (ANOVA) for comparisons
of measured data. Post-hoc comparisons among multiple
groups were facilitated using the Least Significant Differ-
ence (LSD) test. P<0.05 was considered to indicate statis-
tical significance.

Results

Identification and differentiation potential of BMSCs: in
vitro culture and surface marker analysis

After 48 h of culture, BMSCs demonstrated a typical
spindle-shaped morphology, forming tight adhesions
and individual colonies. By approximately 7 to 9 days,
the BMSCs achieved 80-90% confluence, displaying a

A

PR RRTI M SRR
NS
&
ES
=
5
R
%
ES

CD29-PE

ol

L B L T IR

10° 10 10° 10°

CD90-FITC

(2024) 24:204

Page 5 of 15

helical arrangement in alignment with the criteria estab-
lished by the International Society for Cellular Therapy
(ISCT) [22]. The passaged cells retained a fibroblast-
like morphology (Fig. 1A-B). Flow cytometric analysis
revealed that in the third passage, BMSCs expressed sur-
face markers CD90 and CD29 at rates of 94.63%16.23%
and 98.82%11.16%, respectively. In contrast, the expres-
sion rates for CD45 and CD11b were notably lower, at
5.34%+0.64% and 0.2%t0.07%, respectively, confirm-
ing the characteristic phenotypic features of BMSCs
(Fig. 1E). Moreover, in vitro induction assays revealed
that BMSCs could differentiate into adipocytes and
osteocytes, as evidenced by Oil Red O and Alizarin Red
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Fig. 1 Identification of BMSCs. (A-B) Morphological characteristics of BMSCs (x40). (C) After staining with Alizarin Red S, abundant calcium deposits were
visualized in the osteoblasts. (D) After Oil Red O staining, lipid droplets were observed in the cytoplasm of adipocytes (x200). (E) Flow cytometry was used
to analyze and identify surface markers of BMSCs, including CD90, CD29, CD45, and CD11b
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Fig.2 APS enhances the ability of BMSCs to improve peritoneal fibrosis in rats. (A) HE staining of the rat peritoneum revealed the accumulation of inflam-
matory cells. Peritoneal thickness was quantitatively assessed using Masson's trichrome staining. Immunohistochemical staining showed the expression
of collagen and fibronectin in the peritoneum (scale bar =50 um). (B) The quality statistical results of Masson’s trichrome staining were represented by a
histogram. (C) Western blot analysis was performed to evaluate the expression of MMT markers in peritoneal tissue treated with 4.25% PDF, with or with-
out injection of BMSCs or A *BMSCs. (D) The quality statistical results of Figure C are represented by a histogram. (E) gRT-PCR analysis of E-cadherin, vimen-
tin, and a-SMA mRNA expression levels in PMCs. The markers are not capable of displaying the images, so the original images for the full-length prints are
not available; the original images for all prints (with the edges of the film clearly visible) have been provided in the Supplementary Information document

S staining, respectively (Fig. 1C-D). These findings dem-
onstrate that BMSCs cultured under specific conditions
not only exhibit morphological characteristics following
ISCT standards but also retain the capacity to differenti-
ate into adipocytes and osteocytes.

APS enhances the ability of BMSCs to improve PF in a rat
model

Following the validation of the morphological charac-
teristics and differentiation capabilities of BMSCs, our
study proceeded to explore the therapeutic potential of
APSBMSCs in a rat PF model. PF typically occurs when
the peritoneum undergoes significant damage, leading
to enhanced proliferation and repair processes in the
interstitial fibrous connective tissue, which culminates
in fibrotic lesions. Consequently, the severity of PF can
serve as a direct indicator of peritoneal injury as well as
the efficacy of stem cell-based treatments. Our experi-
mental findings indicated that BMSCs treated with 1 mg/
mL APS displayed the highest level of cellular vitality
(Figure S1). Based on these results, this concentration
was chosen for subsequent experiments to assess the
therapeutic effects of APSBMSCs on PF.

In comparison to the control group, significant differ-
ences were noted in the peritoneum subjected to PDF
damage, as evidenced by HE and Masson’s trichrome
staining (Fig. 2A). The PDF-induced damage resulted in
severe peritoneal adhesions and a transformation of the
muscular layer into collagenous tissue. Intravenous admin-
istration of BMSCs and “PSBMSCs mitigated the thick-
ening of the peritoneum caused by PDF exposure. IHC
analyses revealed a marked increase in collagen protein
and fibronectin expression within the peritoneal layers of
rats treated with PDE. However, following treatment with
BMSCs and AP>BMSCs, these expression levels significantly
diminished, with AP BMSCs exhibiting more pronounced
reparative effects compared to BMSCs alone (Fig. 2B).

Additionally, a-SMA and vimentin mRNA and protein
levels were significantly elevated in the PDF group, as
evidenced by Western blot and gRT-PCR analyses. These
increases were notably mitigated following treatment
with BMSCs and APSBMSCs. Moreover, the PDF-induced
downregulation of E-cadherin was significantly reversed
upon the administration of both BMSCs and **BMSCs
(Fig. 2C-E). These findings indicate that “"SBMSCs offer a
more pronounced therapeutic benefit in ameliorating PF
in rats compared to BMSCs alone.

APS pretreatment enhances the homing activity of BMSCs
in rats

The effective homing of BMSCs is crucial for their ther-
apeutic effectiveness. To visualize and track the trans-
planted BMSCs in vivo, they were pre-labeled with Dil
prior to transplantation. Twenty-four hours post-trans-
plantation, the distribution and localization of Dil-labeled
BMSCs in the rat peritoneum were assessed. In the nega-
tive control group, where BMSCs were also injected, only
a few BMSCs exhibiting red fluorescence were detected
within the peritoneal tissue. Conversely, in the perito-
neal tissues of rats in both the PDF+BMSCs and PDF+
APSBMSCs groups, a noticeable presence of recruited Dil-
labeled BMSCs showing red fluorescence was observed.
Notably, the APS-pretreated BMSCs demonstrated more
intense red fluorescent signals and a higher abundance in
the peritoneal tissue compared to their non-pretreated
counterparts (Fig. 3A). This suggests that the enhanced
antifibrotic effects observed following APS pretreatment
may be due to improved homing capabilities of BMSCs to
the peritoneal tissues, thereby facilitating increased inter-
actions with PMCs.

APS enhances the ability of BMSCs to reverse MMT induced
by PDF

To further delve into how APS augments the therapeu-
tic mechanisms of BMSCs in ameliorating PF, we isolated
PMCs from rat peritoneal tissue and assessed the impact
of BMSCs and APSBMSCs on PDF-induced MMT.

In vitro experiments revealed that PMCs typically
exhibited a cobblestone-like growth pattern under opti-
cal microscopy. Immunofluorescence analysis verified the
presence of vimentin and pan-cadherin, markers indica-
tive of PMC identity. Initially, PMCs underwent treat-
ment with 3% PDF for 24 h to induce MMT. Post-PDF
exposure, PMCs displayed an elongated morphology, a
decline in the characteristic cobblestone-like cell orga-
nization, and transformations reminiscent of fibroblastic
changes (Fig. 3B-C).

Western blot analysis was utilized to assess the expres-
sion of key proteins, including E-cadherin, a-SMA, and
vimentin in PMCs following co-culture experiments.
Relative to the control group, the PDF group exhibited
a marked increase in a-SMA and vimentin levels. In
contrast, both the PDF+“">BMSCs and PDF+BMSCs
groups displayed reduced expression of these mark-
ers. Notably, the 2®>BMSCs group demonstrated a more
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Fig. 3 APS promotes the homing of BMSCs and inhibits the MMT of PMC. (A) APS pretreatment enhanced the homing activity of BMSCs after injection
into rats. After 24 h of transfer, confocal microscopy was used to observe Dil-labeled BMSCs and APSBMSCs in the peritoneum of the control, PDF +BMSCs,
and PDF +A™BMSCs groups of rats (scale bar =50 um). (B) Immunofluorescent staining of pan-cytokeratin and vimentin (100x magnification, scale bar
=100 um). (C) Morphology of PMCs (40x magnification, scale bar =200 um). (D) Western blot analysis was performed to assess the expression levels of
MMT markers in PMCs after PDF treatment and co-culture with BMSCs. (E) The quality statistics of Figure D are represented as a histogram. (F) gRT-PCR
analysis was performed to assess the mRNA expression levels of E-cadherin, vimentin, and a-SMA in PMCs

pronounced reduction in a-SMA and vimentin levels
compared to the BMSCs alone. Concurrently, E-cad-
herin expression significantly diminished following
PDF treatment. However, while the PDF+“PSBMSCs
and PDF+BMSCs groups showed an increase in E-cad-
herin levels, they did not reach statistical significance
compared to the control group (Fig. 3D-E). qRT-PCR

analysis corroborated these protein expression trends.
Specifically, compared to the PDF group, both the PDF+
APSBMSCs and PDF+BMSCs groups exhibited decreased
levels of a-SMA and vimentin and increased expression
of E-cadherin, with “®>BMSCs showing superior restora-
tion effects (Fig. 3F). These findings suggest that APS can
enhance BMSCs’ capacity to counteract PDF-induced
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MMT, positioning APS-preconditioned BMSCs as a
potentially effective therapeutic strategy for addressing
MMT.

APS pretreatment enhances the migration ability of BMSCs
through SDF-1/CXCR4 chemotaxis

The SDF-1/CXCRA4 axis is recognized as a critical chemo-
tactic factor/receptor pair facilitating cell homing [12, 22,
23]. To evaluate the effect of APS on the migration capac-
ity of BMSCs mediated by the SDF-1/CXCR4 axis, we
conducted the following investigations:

The levels of SDF-1 in the serum, peritoneum, intra-
abdominal lavage fluid, and supernatant of PMCs in the
control and PDF groups were determined by ELISA.
Findings revealed that SDF-1 concentrations were signifi-
cantly elevated in the PDF group compared to controls
(Fig. 4A). This increase suggests an induction of SDF-1
secretion as a response to PD. Additionally, qRT-PCR
assays further confirmed a significant elevation of SDF-1
expression in PMCs after PDF exposure compared to the
control specimens (Fig. 4F).

To evaluate the impact of SDF-1 on the migratory
capability of BMSCs, we performed a transwell migration
assay using SDF-1 concentrations ranging from 0 to 150
ng/mL. The chemotactic response of BMSCs increased
in a dose-dependent manner when exposed to SDF-1
concentrations from 0 to 100 ng/mL. Notably, BMSCs
pre-treated with 1 mg/mL APS exhibited an enhanced
migratory response, surpassing that of untreated BMSCs,
indicating that APS pre-treatment boosts the chemotac-
tic reaction to SDF-1 (Fig. 4B-C).

Furthermore, to understand the mechanism behind
APS’s enhancement of BMSC engraftment efficiency, we
assessed the mRNA expression of CXCR4, a key receptor
mediating MSC chemotaxis. APS treatment significantly
increased CXCR4 mRNA levels in BMSCs. This was cor-
roborated by immunofluorescence analysis, which high-
lighted the upregulation of CXCR4 in BMSCs following
APS treatment (Fig. 4D-E).

To further elucidate the involvement of the SDEF-1/
CXCR4 axis in the in vitro migration of BMSCs, we
utilized a specific CXCR4 antagonist, AMD3100, in
transwell migration assays. After analyzing the in vitro
migration of BMSCs induced by 100 ng/mL of SDF-1, we
opted to use a concentration of 25 pug/mL of AMD3100
for further investigations (Figure S2). BMSCs and
APSBMSCs, either with or without AMD3100 pre-treat-
ment, were placed in the upper chamber of the transwell
setup. PMCs, treated with or without PDF, were added
into the lower chamber, with DMEM-F12 complete cul-
ture solution acting as a negative control. After 24 h, we
followed the number of BMSCs that had migrated across
the membrane in each experimental condition. The data
revealed significant recruitment of BMSCs towards
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PMCs treated with PDF, with APSBMSCs showing even
greater migration than untreated BMSCs. However, the
migratory enhancement was notably reduced when the
SDEF-1/CXCR4 axis was inhibited by AMD3100 (Fig. 5A).
These findings suggest that APS pre-treatment consider-
ably boosts the migratory capacity of BMSCs, predomi-
nantly through the SDF-1/CXCR4 chemotactic pathway.

Blocking the SDF-1/CXCR4 axis reduces the therapeutic
effect of BMSCs on MMT induced by PDF

To delve deeper into the contribution of the SDF-1/CXCR4
axis to the therapeutic efficacy of BMSCs in treating MMT
induced by PDE, this investigation assessed the effects of
inhibiting this axis. The expression of E-cadherin, a-SMA,
and vimentin was analyzed via Western blot and qRT-PCR
(Fig. 5B-C). Relative to the PDF group, the PDF+BMSCs
and PDF+"PSBMSCs groups exhibited significant reduc-
tions in a-SMA and vimentin levels, alongside notable
increases in E-cadherin expression. However, upon addition
of the CXCR4 antagonist AMD3100 to the PDF+BMSCs
and PDF+2"BMSCs groups, there was an observable
increase in a-SMA and vimentin levels and a decrease in
E-cadherin expression, compared to the groups without
AMD3100. These alterations suggest a partial reversal of
the therapeutic effects. The PCR findings corroborated the
Western blot data (Fig. 5D), indicating that blocking the
SDF-1/CXCR4 axis diminishes the healing capabilities of
both BMSCs and APSBMSCs. Furthermore, the results high-
light that the improved efficacy of BMSCs by APS pre-treat-
ment is significantly mitigated by AMD3100, emphasizing
the pivotal role of the SDF-1/CXCR4 axis in mediating the
regenerative effects of these cells.

The effect of APS on the downstream signaling pathway of
SDF-1/CXCR4 in BMSCs

To explore the role of the SDF-1/CXCR4 chemotactic
homing mechanism in BMSCs and the modulatory effects
of APS, we assessed the activation states of key signaling
molecules: ERK1/2, p38, and Akt. Using Western blot
analysis, we evaluated the phosphorylation levels of these
proteins in BMSCs following stimulation with SDF-1,
both with and without APS co-treatment. Our findings
indicated that SDF-1 markedly enhanced the phosphory-
lation of ERK1/2, p38, and Akt, signaling pathways cru-
cial for cell migration and survival. The addition of APS
to SDF-1-treated BMSCs resulted in even greater phos-
phorylation levels of these signaling molecules (Fig. 6A-
B). Interestingly, APS alone did not significantly increase
the phosphorylation of these pathways. Furthermore,
pre-treatment with the CXCR4 antagonist AMD3100
significantly attenuated the SDF-1-induced phosphoryla-
tion of ERK1/2, p38, and Akt. However, this attenuation
was partially mitigated by the subsequent treatment with
APS (Fig. 6C-D). These observations confirm that SDF-1
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engagement with CXCR4 triggers the activation of the
ERK1/2, p38, and Akt pathways and that APS can enhance
this activation in the presence of SDF-1.

Discussion

Recent investigations have highlighted the potential of
MSC transplantation as a viable therapeutic strategy for
fibrosis [24]. MSCs have been demonstrated to extend
the lifespan of the peritoneum and shield PMCs from
the detrimental impacts of PDF [25, 26]. The therapeutic
benefits of transplanted MSCs are derived from various
mechanisms, including their capacity for differentiation,
secretion of diverse growth factors, immunomodula-
tory factors, and extracellular vesicles. These actions
contribute to the inhibition of fibrotic pathways, such as

TGEF-B1, Wnt/p-catenin, and glucosamine, thereby miti-
gating the progression of MMT [27-29]. In our study,
in vitro co-culture with BMSCs mitigated PDF-induced
MMT in PMCs, and in vivo administration via tail vein
injection ameliorated PF induced by intraperitoneal
injection of PDF in rats. These outcomes corroborate
findings from prior research. Notably, we discerned an
enhanced therapeutic efficacy following pre-treatment
with APS in BMSCs, suggesting a promising augmenta-
tion of their therapeutic potential.

The therapeutic success of MSCs is closely tied to their
efficiency of transplantation. In 2023, MSCs were reported
to ameliorate injury by facilitating mitochondrial trans-
fer, which necessitates an optimal contact range [30].
Consequently, optimizing transplantation strategies and
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improving transplantation efficiency remain critical issues.
The methodology of MSC intervention in PF is currently
subject to debate. Although studies have demonstrated that
intraperitoneal injection of MSCs aids in the repair of peri-
toneal mesothelium, no significant aggregation of MSCs
has been observed in the damaged peritoneum [31, 32].
Compared to intraperitoneal delivery, intravenous injec-
tion of BMSCs results in relocation to the abdominal cavity
via the blood circulation, aligning with the distinct targeted
homing characteristics of MSCs [33, 34]. A small Phase I
clinical trial conducted in 2023 revealed that intravenous
infusion of autologous MSCs could diminish the rate of sol-
ute transport across the peritoneal membrane in patients,
without serious adverse effects [35]. Therefore, intravenous
injection appears to be a more physiological and logical
approach [36]. It was found that the combination of herbal
medicine and stem cell therapy can increase the proportion
of donor MSCs in the target organ after intravenous trans-
plantation [37]. In our study, results of fluorescence tracing
indicated that APS enhanced the recruitment of intrave-
nously injected BMSCs to the peritoneal region affected by
PDF injury. Based on these findings, we propose that the

augmented effect of APS pretreatment on BMSCs may be
attributed to its enhancement of BMSC homing.

SDEF-1 is a pivotal chemokine that plays essential roles
in the maintenance, mobilization, and attraction of stem
cells, with its expression notably upregulated at injury sites
to draw MSCs, which express the CXCR4 receptor, to the
damaged regions [38, 39]. Our findings demonstrated that
PDF induced an increase in SDF-1 expression in rat peri-
toneum, peritoneal cavity, peripheral blood, and PMCs.
CXCR4 serves as the primary receptor for SDF-1, however,
after multiple in vitro passages, the expression of CXCR4
on BMSCs declines, potentially diminishing their therapeu-
tic impact [40, 41]. BMSCs pretreated with APS exhibited
heightened surface CXCR4 expression, enhanced sensitiv-
ity to SDF-1, and notably improved migration capabilities.
Thus, we propose that APS may enhance BMSC migra-
tion and homing to PDF-damaged peritoneum through the
SDFE-1/CXCR4 axis. This aligns with prior research indicat-
ing that herbal constituents such as astragalus saponin and
epimedoside can activate cell motility-related signal trans-
duction pathways by increasing CXCR4 expression, thereby
facilitating MSC migration and boosting therapeutic
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outcomes [42, 43]. In our experiments, treatment with
the CXCR4-specific antagonist AMD3100 significantly
reduced APS’s ability to enhance BMSC migration to dam-
aged PMCs and the subsequent inhibitory effects of BMSCs
on MMT. This evidence further supports the notion that
APS enhances the repair function of BMSCs by upregu-
lating the expression of CXCR4, promoting their directed
migration and homing to the site of injury.

The interaction between SDF-1 and CXCR4 triggers the
activation of downstream signaling pathways, including
MAPK and Akt, which are pivotal in regulating cell hom-
ing, migration, apoptosis, and gene expression [44—46]. A
2022 study demonstrated that using the CXCR4 blocker
AMD3100, indirectly suppressed the PI3K/Akt signaling
pathway and significantly reduced the recruitment of trans-
planted MSCs to the ovary [47]. Furthermore, botanicals
(e.g. Icariin) have been reported to enhance BMSC migra-
tion by augmenting the formation of actin stress fibers
through the MAPK signaling pathway [48]. In our experi-
ments, in the presence of SDF-1, APS could further amplify
the phosphorylation levels of downstream efectors such as
Akt, ERK1/2, and p38, while effectively counteracting the
inhibitory effect of AMD3100 on downstream phosphory-
lation. This enhancement is likely mediated by an increase
in CXCR4 expression on the surface of BMSCs.
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Although this study illustrates the enhancing effects
of APS on BMSCs in an animal model, it does not delve
into the specific mechanisms by which BMSCs inhibit
PE. Furthermore, a discrepancy exists between cellu-
lar migration and in vivo recruitment, suggesting that a
more comprehensive experimental design involving the
overexpression or knockdown of CXCR4 in vivo would
provide deeper insights. Additionally, further investiga-
tions are required to ascertain the dose-response rela-
tionship, long-term effects, and safety profile of APS.
Given the variances between animal models and human
conditions, the effectiveness, safety, tissue specificity,
and optimal dosages of MSCs in human patients neces-
sitate further exploration. These initiatives are crucial
for advancing our understanding of the roles of APS and
MSCs in treating fibrotic diseases.

This study elucidates that APS facilitates the targeted
homing of BMSCs via the SDF-1/CXCR4 axis, thereby
amplifying the anti-fibrotic efficacy of BMSCs. This
underscores a novel therapeutic approach for PF. Addi-
tionally, our findings corroborate the effective role of
plant-derived drugs, such as APS, in modulating stem
cell functionality. This opens new avenues for the inte-
gration of botanical compounds in the management and
treatment of fibrotic diseases (Fig. 7).

Astragalus Polysaccharides Augment BMSCs Homing via SDF-1/CXCR4 Modulation:
A Novel Approach to Counteract Peritoneal Mesenchymal Transformation and Fibrosis
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Conclusion

In conclusion, our research verified that APS could aug-
ment the migration and homing capabilities of BMSCs
through the upregulation of CXCR4 expression, thereby
amplifying their anti-fibrotic effects. This suggests
that botanical components capable of enhancing MSC
recruitment to damaged areas might offer novel thera-
peutic avenues for the management of fibrosis.
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