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Astilbin improves the therapeutic effects R

of mesenchymal stem cells in AKI-CKD mice
by regulating macrophage polarization
through PTGS2-mediated pathway
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Abstract

Background Although mesenchymal stem cells (MSCs) have been proven to be appropriate candidates for the treat-
ment of AKI-CKD, their efficacy is limited and variable. Astilbin (AST) had a protective effect on MSCs from oxidative
stress via ROS-scavenging, however, whether it can improve MSCs'renoprotection and the underlying mechanism
need to be elucidated.

Methods AST-pretreated MSCs were administered intravenously into the ischemia—-reperfusion injury mice models
and the renal function, pathological changes and inflammation. Were evaluated. In addition, DARTS, molecular dock-
ing, surface plasma resonance(SPR), dual-luciferase reporter gene assay and the ChIP-PCR were utilized to explore
the potential signaling pathways through which AST exert renal protective effects on MSCs.

Results AST-pretreated MSCs markedly improved kidney function, reduced kidney pathological injury and inflam-
mation in AKl and AKI-CKD mice. RNA-seq results showed that PTGS2 related pathway was significantly up-reg-
ulated in MSCs after AST pretreatment. DARTS assay, molecular docking and SPR assay revealed that AST could

bind with the transcriptional factor of Kruppel-Like Factor 4(KLF4) protein. The promoter of PTGS2 had the binding
and transcriptional activation by KLF4. Furthermore, AST pretreatment promoted the secretion of PGE2 in MSCs.

And then the westren blot results showed that the protein levels of CD163 and CD206 were upregulated after cocul-
ture in AST-pretreated MSCs, indicating that the polarization of RAW264.7 cells towards M2-like macrophages

was induced. Knockdown of PTGS2 reversed the ability of AST-pretreated MSCs in converting macrophages to M2
phenotype and reducing their therapeutic effects on AKI-CKD mice.

Conclusion AST pretreatment enhances the efficacy of MSCs on AKI and AKI-CKD mice by inducing of M2-like phe-
notype polarization in macrophages through the PTGS2-mediated pathway. This approach not only provides a novel
strategy to strengthen the capability of MSCs but also helps elucidate the beneficial effects of the Chinese herbal
medicine AST.
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Background

Previous clinical studies have shown that acute kidney
injury (AKI) predisposes to the development and pro-
gression of chronic kidney disease (CKD) [1, 2]. Identi-
fying effective therapeutic interventions to treat AKI and
prevent its progression to CKD is an urgent matter. Mes-
enchymal stem cells (MSCs)-based therapies have been
demonstrated to be a promising strategy for AKI treat-
ment [3, 4]. MSCs could improve the structural and func-
tional recovery of AKI and these effects were thought
to be attributed to their immunomodulatory and anti-
inflammatory capabilities [5]. However, the efficacy of
MSCs-based treatments are limited and variable [6]. To
address this problem, several priming strategies including
the use of cytokines and natural/chemical compounds,
such as IFN-y, TNF-a, melatonin, Darbepoetin-a(DPO)
and IL-17A have been developed for some specific
disease indications [7-9]. Pretreatments with these
cytokines and compounds have been shown to enhance
the immunomodulatory functions of MSCs and thereby
facilitating their potential therapeutic efficacy [10-12].
Moreover, compounds are easier to synthesize and obtain
compared to cytokines.

Astilbin (AST) is a type of flavonoid having multiple
pharmacological properties including immunomodu-
latory, anti-inflammatory and antioxidant effects [13].
AST can be extracted from various plants such as Rhi-
zoma Smilacis Glabrae and Sarcandra glabra. Numerous
experiments on immunological diseases including sys-
temic lupus erythematosus, arthritis, and psoriasis, have
verified the immune-regulatory properties of AST [14].
Of note, AST has also been suggested to have the ability
to protect MSCs from oxidative stress-induced apopto-
sis and help them exert antioxidant action by directly or
indirectly scavenging reactive oxygen species (ROS) [15].

Therefore,we investigated the effects and mechanism
of AST pretreated MSCs on the treatment of AKI-CKD.
Our results indicated that AST enhanced the immu-
nomodulatory functions of MSCs and attenuated AKI
and AKI-CKD through PTGS2 (prostaglandin-endoper-
oxide synthase 2)-mediated pathway. This approach not
only provides a novel strategy to strengthen the capability
of MSCs in the treatment of AKI-CKD but also helps elu-
cidate the beneficial effects of the Chinese herbal medi-
cine AST.

Materials and methods

Cell culture

Human bone marrow MSCs were obtained from Cyagen
Company (Guangzhou, China) and cultured in MSCs
complete medium (HUXMA-90011; Cyagen). The mouse
macrophage line RAW264.7 were purchased from ATCC
company (Manassas, VA, USA) and cultivated in RPMI
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1640 medium (Cat#C22400500BT, GIBCO) augmented
with 10% foetal bovine serum. All cells were cultured in
an incubator with 5% CO, at 37 °C.

Mice models and surgical procedure

All animal studies were approved by the Animal Ethics
Committee of the Chinese PLA General Hospital. Male
C57 BL/6 ] mice (SPF Biotechnology Co.,Ltd) were used
to established the AKI-CKD mice models. Mice were
individually housed in captivity in the Experimental Ani-
mal Center with controlled temperature and light cycles
(24 °C and 12/12 light cycle) and the study protocols
adhere to the ARRIVE guidelines. Unilateral ischemia—
reperfusion injury(IRI) plus contralateral nephrectomy
mice models were generated by clamping the left renal
pedicle for 35 min followed by clamp release to allow
reperfusion. Contralateral kidney was removed prior to
sample collection. MSCs (10° per mouse) were admin-
istered intravenously via the tail vein into the mice after
reperfusion. The mouse were randomly divided into five
groups as follows (n=6 per group): the Sham group, the
AKI group, the MSC group, the AST-MSC group,the
AST-MSC-shRNA-PTGS2 group. MSCs or AST-pre-
treated MSCs were all washed three times in phosphate
buffered saline before injection. Animals were anaesthe-
tized by intraperitoneal injection of 2% (w/v) pentobar-
bital sodium solution (2.0 ml/kg) in order to minimalize
the stress and suffering of animals. 15 min after admin-
istration of anaesthetics, animals were euthanized by the
disruption of the spinal cord. Blood was harvested at Day
1,3, 5,7, 14, 21 and kidney was harvested at Day 3, 21 for
further processing.

Measurements of serum creatinine (Scr) and blood urea
nitrogen (BUN)

The levels of Scr and BUN were determined utilizing the
Creatinine Assay Kit and Urea Assay Kit (QuantiChrom.
BioAssay Systems) according to the manufacturer’s
instructions.

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of IL-6, IL-10, TNF-a and PGE2 in
the serum or MSC cells culture supernatant were quan-
tified using ELISA (R&D Systems, Minneapolis, MN) in
accordance with the manufacturer’s instructions.

Histopathological assessment

Kidney tissues were fixed in 4% paraformaldehyde
(PFA) for 24 h before standard dehydration and paraf-
fin embedding. Renal tissues were sectioned at 3 pum
and stained with periodic acid Schif (PAS) and Masson’s
trichrome using a standard protocol. The blind method
was utilized to evaluate tubular damage in histological
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examinations. 0 represents normal histology, and 1-4
represent <25%, <50%, <75%, and>75% abnormal his-
tology, respectively Image ] was used to measure the area
of light green-stained collagen fibers in Masson-stained
kidney tissues.

RNA-sequencing (RNA-seq)

MSCs were seeded onto 6-well culture plates and allowed
to grow for 12 h in a complete medium until 70% con-
fluence was obtained. After that, the cells were incu-
bated in a serum-free medium for 12 h to synchronize
the cells. The normal cells were then subjected to routine
culture media and treated with AST (20 pg/ml) for 48 h.
Total RNA was collected using TRIzol reagent (Invitro-
gen, Grand Island, NY) for subsequent RNA-seq. The
sequencing service used was LC-Bio Technology Co.,
Ltd. (Hangzhou, China). The sequencing data supporting
the results are uploaded as supplementary materials.

Evaluation of drug affinity-responsive target stabilization
(DARTS)

DARTS was utilized to identify target proteins that bind
directly to small molecules. MSCs were grown to a con-
fluence of 80-85%, and then washed with ice-cold PBS.
100 pL of M-PER lysis solution containing 1% protease
and phosphatase mixed inhibitor was added to the cells
and lysed on ice for 30 min. The total protein lysates were
centrifuged at 12,000 rpm for 10 min at 4 °C. BCA pro-
tein concentration test was performed to assess the pro-
tein concentration of the supernatant. A total of 500 pg
protein solution and 20 pg/ml AST were mixed and incu-
bated at 4 °C for 12 h. Protease solutions were mixed with
samples and incubated at room temperature for 30 min,
after which the loading buffer was added to terminate
the reaction. The resulting samples were analyzed by
SDS-PAGE for subsequent western blot or LC-MS/MS
examination.

Molecular docking

AST and its targeted proteins were chosen for molecular
docking. The 2D structure of AST was retrieved from the
PubChem database, and the 3D structures (X-RAY DIF-
FRACTION) of targeted proteins were downloaded from
the RCSB PDB database in PDB format [16]. Autodock
Vina was utilized for molecular docking [17, 18], and a
docking score of less than 6.5 was deemed indicative of a
potential binding affinity.

Surface plasmon resonance (SPR)

AST and protein binding was studied by the surface
plasma resonance (SPR) measurement using Biacore
X100 (GE Healthcare). Recombinant human KLF4 pro-
tein (ab169841, Abcam) was covalently coupled to a CM5
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chip (Biacore, GE Healthcare). All data were collected
at 25°C with HBS-EP running buffer. Different dilutions
of AST were passed onto the CM5 chip. The association
rate constant ka and dissociation rate constant kd were
calculated and analyzed by the Biacore evaluation soft-
ware and the equilibrium dissociation constant (K,) was
calculated (K =kd/ka).

Chromatin immunoprecipitation (ChIP)

The ChIP-PCR procedure was performed as previously
described [19]. In brief, ChIP DNA from anti-KLF4
(ab215036, Abcam)-treated human MSC cells was used
to examine the association between KLF4 and PTGS2.
DNA from anti-IgG antibody-treated cells was served
as the control. Purified DNA was used to analyze the
PTGS2 proximal promoter region by real-time PCR. The
PTGS2 primers were as follows: forward: 5'-AAACTA
GGACTGGCCCTTCA-3"; and reverse: 5-TTCCAA
CACAGTGTCGCAGT-3'(Homo sapiens). The relative
amplification of the promoter sequence of the gene was
calculated using the 27*ACT method.

Dual-luciferase reporter assay

The wild-type human PTGS2 promoter, containing the
potential binding site (—1781 ~ —1770 nt), was obtained
by PCR amplification. The promotor was then subcloned
into the pGL3-Basic vector (Promega, Madison,USA)
and designated as pGL3-WT-PTGS2. Additionally, the
binding site -GTCCCCACTCTC- within the PTGS2
promoter was mutated to -CATCGCGCCCTGCT-
and named as pGL3-MT-PTGS2. Plasmid (pReceiver-
M94) containing full-length human KLF4 cDNA was
acquired from GeneCopoeia. Using Lipofectamine 2000,
HEK293T cells were transfected with the KLF4 over-
expression plasmid and either pGL3-WT-PTGS2 or
pGL3-MT-PTGS2 depending on the strain of pGL3 they
contained. The samples were then cotransfected with a
pRL-TK (Promega) plasmid expressing Renilla luciferase.
The luciferase activity levels of both Firefly and Renilla
were evaluated using a dual-luciferase reporter assay
system.

Transwell assay

MSCs were treated with or without AST (20 pg/ml;
HY-N0509, MCE Corporation, USA) for 48 h. The cells
were resuspended in PBS and subjected to in vivo/vitro
analyses as AST-pretreated MSCs or control MSCs. To
examine the effects of AST-pretreated MSCs on mac-
rophage polarization, RAW264.7 and AST-pretreated
MSCs were cocultured for 48 h in a Transwell system
containing membranes with a pore size of 4 m in a 6-well
plate, allowing free diffusion of molecules but not cell
translocation between the two compartments.
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shRNA-PTGS2 transfection
Short hairpin RNAs (shRNAs) to human PTGS2
(ShRNA-PTGS2#1 and shRNA-PTGS2#2) and a scram-
bled control shRNA-NC were obtained from Sigma-
Aldrich. PTGS2 expression plasmid LV-PTGS2 were
procured from Miaolingbio (Wuhan, China), LV-NC was
used as a control. Transfection with shRNA was per-
formed with Lipofectamine 3000 (Invitrogen, L3000-015)
according to the manufacturer’s instructions. The follow-
ing is the shRNA sequences used:

shRNA-PTGS2#1, 5-GCTGAATTTAACACCCTC
TAT-3" (Forward).

shRNA-PTGS2#2,
GAA-3’ (Forward).

5-CCGTACACATCATTTGAA

Immunofluorescent staining

The expression of CD206 in paraffin-embedded slices of
mice kidney tissues was assessed with CD206 monoclo-
nal antibody (ab64693, Abcam). Heat-mediated antigen
retrieval was conducted in citrate buffer (pH 6, epitope
retrieval solution) for 10 min. The tissue sections were
blocked with 10% goat serum and incubated with CD206
antibody at 4 °C overnight. Cy3-conjugated goat anti-
rabbit IgG (A0516, Beyotime) was used as the secondary
antibody at a 1:300 dilution. The sections were incubated
in the secondary antibody at room temperature for 1 h,
followed by counterstained with DAPI. The slides were
imaged by confocal fluorescence microscopy (Olympus,
Tokyo, Japan).

Western blot analysis

Proteins were extracted from cells or tissues using RIPA
lysate, separated by electrophoresis on a 10% SDS—poly-
acrylamide gel, and then transferred to a polyvinylidene
fluoride membrane for further analysis. The membrane
was blocked with 5% skim milk at room temperature
for 1 h before incubated with the following primary
antibodies:

COX2 (66,351-1-Ig, Proteintech), F4/80 (ab300421,
Abcam), CD163 (ab182422, Abcam), CD206 (ab64693,
Abcam),a-SMA (55,135-1-AP, Proteintech), and Colla-
gen Type III (22,734-1-AP, Proteintech). Goat anti-rabbit
IgG (#ab205718, Abcam) conjugated with horseradish
peroxidase was utilized as the secondary antibody. The
blots were detected by enhanced chemiluminescence kit
(Beyotime), and the gray values were analyzed by Image
] software.

Statistical examination

All data are expressed as mean + standard deviation (SD).
Statistical analysis was performed using GraphPad Prism
8.21 software. Comparisons between groups were con-
ducted using one-way analysis of variance (ANOVA),
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followed by Student’s t-test. A value of p<0.05 was indi-
cated statistical significance.

Results

MSCs pretreated with AST improved the renoprotective
efficacy in AKI

To determine the optimal pretreatment condition for
AST on MSCs, we evaluated the effects of prolonged
AST treatment on the proliferation and viability of
MSCs. Cells were treated with various concentrations
(0, 5, 10, 20, 40, 80 pg/ml) of AST and monitored using
the real-time cellular analysis (RTCA) system (Fig. S1A)
and CCK8 assay (Fig. S1B). The results indicated that low
concentrations of (5 and 10 pg/ml) AST had no effects on
the growth and viability of MSCs within 48 h, whereas
20 pug/ml AST obviously enhanced the growth and viabil-
ity of MSCs at 48 h. Intriguingly, with the increase of AST
concentration to 40 pg/ml and 80 pg/ml, the proliferation
and viability of MSCs were inhibited, suggesting that the
optimal concentration and time point for AST pretreat-
ment on MSCs are 20 pg/ml and 48 h. This pretreatment
condition was applied in the subsequent experiments.

We next examined the effectiveness of AST-pretreated
MSCs on IRI-AKI mice. Compared with the AKI group,
MSCs administration significantly reduced serum creati-
nine (Scr) and blood urea nitrogen (BUN) levels at 72 h.
Notably, Scr and BUN levels in the mice of AST-pre-
treated MSCs (AST-MSCs) group were even much lower
than those in the unpretreated MSCs (MSCs) group
(Fig. 1A and B). To determine the severity of renal patho-
logical manifestation, Periodic-Acid Schiff (PAS) staining
was performed. Sham mice did not show any significant
tubular injury. AKI mice showed tubular brush bor-
der loss, cast formation, tubular dilatation, and tubular
necrosis, accompanied by increased renal tubular injury
scores. MSCs administration reduced the renal histologi-
cal injury and acute tubular necrosis (ATN) scores caused
by IRI. And this effect was more significant in AST-MSCs
administration group (Fig. 1C and D).

We also detected the serum levels of the inflammatory
cytokines IL-6, IL-10, and TNF-« in mice of different
groups. As shown in Fig. 1E-G, mice with AKI injected
with either unpretreated or pretreated MSCs led to a
considerable decrease in IL-6 and TNF-a levels and an
increase in IL-10 level. Furthermore, the AKI mice sub-
jected to AST-pretreated MSCs exhibited lower serum
levels of IL-6 and TNF-a and higher levels of IL-10 com-
pared to those subjected to unpretreated MSCs.

AST modulates PGE2 secretion by upregulating PTGS2/
COX2

To understand the role of AST on MSCs, we performed
RNA sequencing on MSCs stimulated with or without
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Fig. 1 AST enhanced the therapeutic efficacy of MSCs in attenuating the histological, functional deterioration and decreasing inflammation for AKI.
(A) Scr and (B) BUN were measured on day 3 after reperfusion. (D) Periodic acid-Schiff staining(200 x magnification) of the kidney and (C) Acute
tubular necrosis (ATN) scores at day 3 after reperfusion. Using ELISA, the serum (E) IL-6, (F) IL-10 and (G)TNF-a levels of various mouse groups were
evaluated. (scan bar= 100 um) (n=6 per group; *p <0.05, *p <0.01, and ***p <0.001)

AST. A total of 2456 differentially expressed genes (DEGs)
were discovered between the AST pretreated and unpre-
treated groups (Fig. 2A). Then, the DEGs were subjected
to GO enrichment and KEGG pathway analysis. The
results revealed that the DEGs were mainly involved in
cell cycle, cell division, DNA repair and other processes
in GO enrichment analysis (Fig. S2), while the majority of
DEGs were enriched in DNA replication, cell cycle, IL-17
signaling pathway and cytokine-cytokine receptor inter-
action in KEGG pathway analysis (Fig. 2B). More impor-
tantly, the expression of prostaglandin-endoperoxide
synthase 2 (PTGS2), a main functional gene in the IL-17
signaling pathway [20], was showed to be significantly
up-regulated (4.08-fold) in MSCs after AST pretreat-
ment. The mRNA level of PTGS2 and the protein level
of COX-2 in MSCs as well as the concentration level of
PGE2 in MSCs supernatant were measured. The results

proved that AST pretreatment significantly increased
the expression of PTGS2 and COX-2 in MSCs as well
as PGE2 in MSCs supernatant (Fig. 2C—E). Collectively,
these findings indicate that AST could enhance the secre-
tion of PGE2 by MSCs via upregulating PTGS2/COX-2.

AST promotes PTGS2 expression by binding with KLF4

in MSCs

As demonstrated above, we found that AST could
upregulate COX-2/PGE2 expression in MSCs. Then,
the specific molecular mechanism of AST on MSCs was
investigated. We identified the direct targets for AST
using the DARTS technique. Figure 3A depicted the
chemical structure of AST. We incubated MSCs lysates
with 20 pg/mL AST at various pronase ratios and
observed the most differential protein bands at 40-55
kD in a 1:1000 pronase ratio (Fig. 3B). Then, LC-MS/
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Fig. 2 Bioinformatics analysis of RNA sequencing performed on MSCs that have been treated with AST. Differentially expressed genes (DEGS)

can be shown in a plot called a volcano plot (A). The genes that have been elevated are represented by red dots, while those that have been
downregulated are represented by blue dots. The results of KEGG analysis showed that there was a total of 20 signaling pathways that had

the highest enrichment (B). Different colors reflect different p values, while different circle sizes represent different gene counts. The relative
amounts of PTGS2 mRNA(C) and COX-2 protein (D) in MSCs were determined with the help of RT-PCR and Western blot analysis, respectively. ELISA
was utilized to determine the PGE2 content that was present in the supernatant of MSCs(E). (n=6 per group; student t-test, *p < 0.05, **p <0.01,
**¥p <0.001). Corresponding uncropped full-length gels and blots are presented in Additional file 1

MS analysis was utilized to find out the unique peptides
targeted by AST in the particular gel band. The target
protein was chosen based on the number of distinct
peptides (> 10), p-value (<0.05), fold change (>1.2) and
literature searching. The final screening results were
shown in Table 1. We focused primarily on transcrip-
tion factor proteins because they play a crucial role in
regulating gene expression under various conditions.

(See figure on next page.)

Among these proteins, KLF4 had the most significant
difference with a p-value less than 0.001.

To validate the combination of AST and KLF4, Auto-
dock Vina for molecular docking was employed. The PDB
ID for KLF4 in RCSB PDB database is 6vtx. The docking
prediction results revealed that the molecular docking
energy score of KLF4-AST was —6.9 kcal/mol. Figure 3C
displayed the molecular docking binding pattern diagram
of KLF4 and AST. Overall, these analyses suggest that

Fig. 3 KLF4, the target for AST, directly binds the PTGS2 promoter to promote its expression in MSCs. (A) Chemical structure of AST. (B) the DARTS
assay detecting a marked increase in the 40-55 kD band following MSCs incubation in pronase-digested MSCs lysates, and (C) the molecular
docking models of KLF4 and astilbin. (D) Real binding of KLF4 with astilbin confirmed by SPR assay. (E) Binding motif of KLF4 identified by WeblLogo
in the JASPAR online tools. (F) The PTGS2 promoter region to which KLF4 binds. (G) The ChIP-PCR results for PTGS2. (H) Dual-luciferase reporter assay
results. The data are presented as the mean standard deviation, with ***p <0.001
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Table 1 Differential proteins screened by the combination of
DARTS and LC-MS/MS

Gene name Peptide Fold change p value
number
KLF4 (54 kDa) 28 1.7 p<0.001
ELK1 (45 kDa) 26 14 0.007
ETST (50 kDa) 16 1.8 0.003
KLF15 (44 kDa) 14 2.1 0.002
ERG (55 kDa) 22 1.5 0.02
Table 2 Candidate transcription factor of PTGS2-binding
predicted by JASPAR
Name Score Start End Strand Predicted
sequence
MA0039.4.KLF4 9.577425 1770 1781 - gtccccactcte
MA0028.1.ELK1 8.760425 1819 1828 - aaatcggaaa
MA1513.1.KLF15 86409645 1540 1550 - ctccegecgec
MA0474.2.ERG 8450432 M7 1126 - aaaggaagcg
MAQQ098.1.ETS1 7.7971845 1668 1673 - cttccg

AST could bind to KLF4 in MSCs. Recombinant KLF4
protein was used to detect the interaction with astilbin
by SPR assay. KLF4 stably docked astilbin with a dissocia-
tion rate (Kp) of 48.9 (uM) (Fig. 3D).

The above experiments showed that AST pretreat-
ment significantly increased PTGS2 mRNA levels in
MSCs. Therefore, we further searched for PTGS2 bind-
ing elements in the 3’-enhancer region using JASPAR, an
online database for transcription factor binding profiles
(http://jaspar.genereg.net/) to ascertain whether there is
a KLF4 binding site in the promoter region of PTGS2.
The JASPAR scores of the transcription factor proteins
screened by DARTS were calculated and the results were
presented in Table 2. We discovered that the predicted
JASPAR score of KLF4 was 9.577, indicating that it might
be the predominant transcription factor for PTGS2.
The JASPAR online tools also revealed that KLF4 con-
tains three C2H2 zinc fingers (Fig. 3E) and the promoter
sequence of PTGS2 contains a C2H2 zinc finger factor
motif at—1781~ —1770 nt (5-GTCCCCACTCTC-3")
(Fig. 3F), suggesting that PTGS2 might be the target of
KLF4.

To further verify the targeting relationship between
PTGS2 and KLF4, dual-luciferase reporter gene assay
in conjunction with ChIP-PCR were utilized. The
results of ChIP-PCR showed that anti-KLF4 antibody
group had higher level of PTGS2 expression than that
of the control group, confirming that KLF4 could bind
to the PTGS2 promoter (Fig. 3G). In addition, we found
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that the wild-type PTGS2 promoter group of MSCs
displayed more luciferase activity than the pGL3 vec-
tor group and the mutant group. This promoter activ-
ity was increased by KLF4 overexpression and could be
reversed through transfection with a plasmid express-
ing the mutant promoter region (Fig. 3H). Collectively,
these data suggest that PTGS2 appeared to be a direct
transcriptional target of KLF4.

AST-pretreated MSCs promote a change in the phenotype
of macrophages to M2 by increasing the secretion of PGE2
As described above, AST pretreatment not only sig-
nificantly increased the mRNA level of PTGS2 and
the protein level of COX2 in MSCs, but also increased
the level of PGE2 in the MSCs supernatants. Previ-
ous studies have reported that MSCs exert their anti-
inflammatory effects partially through the secretion
of PGE2 and PGE2 influences boosting the polariza-
tion of macrophages toward M2 phenotype [21]. Thus,
we then investigated whether AST pretreated MSCs
would affect the phenotypic change of macrophages
in RAW264.7 cells. To examine this, we cocultured
AST-pretreated MSCs with RAW264.7 cells and meas-
ured the expression of CD163, CD206, and F4/80 after
48 h. There was no significant difference in F4/80 pro-
tein levels. Nevertheless, the protein levels of CD163
and CD206 were upregulated after coculture in AST-
pretreated MSCs group compared to those in the
unpretreated group, indicating that the polarization
of RAW264.7 cells towards M2-like macrophages was
induced (Fig. 4A-E).

Based on the above results, we hypothesized that
AST pretreatment improved the efficacy of MSCs by
converting macrophages into M2 phenotype through
PTGS2/PGE2 pathway. To test this hypothesis, first,
we transfected MSCs with shRNA-PTGS2 or nega-
tive control shRNA (shRNA-NC) for 12 h and then
treated them with 20 pg/mL AST for another 48 h.
Compared to those transfected with shRNA-NC, MSCs
transfected with shRNA-PTGS2 exhibited a signifi-
cant decrease in PTGS2 mRNA and PGE2 supernatant
expression(Fig. 4F-G). Next, we cocultured RAW264.7
cells with those transfected MSCs to determine the
effect of shRNA-PTGS2 on macrophage phenotypic
change. The protein level of CD163 was increased in
AST-pretreated MSCs transfected with shRNA-NC,
whereas this upregulation effect was not observed
in AST-pretreated MSCs transfected with shRNA-
PTGS2 (Fig. 4H-J). These results indicated that knock-
down of PTGS2 reversed the ability of AST-pretreated
MSCs in altering macrophage polarization toward M2
phenotype.


http://jaspar.genereg.net/

Geng et al. Stem Cell Research & Therapy ~ (2024) 15:427

Page 9 of 14

,.OO
A o £ B C
~ X B 1.57 .
Q?'.\ é;.\ e":'\ 2 1.5
q{]f Q{b {\'1« = ke ° kK
Qy Qy Qy .‘ﬂ-'! ek dkk .ﬁ Jekk
© 1.0 = 1 *k%k
CD163 v v s 2 1.0
3 L] 53
CD206 — — £ = s
MSC S 05 8. =
RAW264.7 F4/80 Sum S . o 50
: © o
GAPDH s s s 3 rﬁ;‘ r%‘
© 0.0 T T r 0.0 T .
& & & o & &
Qy“ﬂ & S Qy& &g
&%“ A &
& & & &
D E F ¢ G ¢
§ 1.5q 1.5 Fekek c 1.5
*kk [+) *kk
% kk 2 dedese ° B Kk 800
- © [ ) ®
> Kk h @
S 1.0 - oged g 10 of® S10 v 600 $
o L < ° ° 4 .
4 w ° < ® % °
= © = o
] © -
T 05 Sos{ | = ° g 400
R ) o 4 g s
5ol L] : : L w ||
© 00 - : 0.0 ' ' = s
\ o o
&0 s&‘" /\xp“ w“é \@cﬁ g 0.0 0
& ey 2 @:“ A¥ & ShRNA-NCshRNA-PTGS2 shRNA-NCshRNA-PTGS2
& & x°
& $’¥0
&
H o J s
© AX Q&c’% g 5] *kk —kEk
WRCPUOR 2 o
x @(‘3{}&? SL\&‘\ £ 'g [
A 7 &P q, dekk ©
&S s 2 . ]
g ¥ ¥ 2 1.01 g10
I¥ & S hd F
i g w °
CD163 - .ﬁ ° ; °
S 0.51 ©o5{
FA/B0 W — — = ° a °
3 3]
©o
GADPH v e E
©o0—— - - 0.0—— : :
A A A « x
> p L > o O N
& @"g‘; {qu,\(,'v & &o" & o &P
& I & K & & &
& P & .(8"‘;
e o7 ) )
& W~ & &
& v &
I

Fig. 4 AST-pretreated MSCs promote a change in the phenotype of macrophages to M2 by increasing the secretion of PGE2. (A-E) CD163
and CD206 protein expression in RAW264.7 cells after co-cultured MSCs or astilbin (AST) pretreated MSCs. (A)Western blot analysis showing

the expression of CD163, CD206 and F4/80. Phenotypic changes of RAW264.7 cells were evaluated by CD163 (B and C) and CD206 (D and E) protein
levels. CD163 and CD206 protein levels were normalized to the GAPDH and F4/80 levels. The levels of PTGES mRNA (F) and PGE2 (G) in supernatants
were measured using real-time PCR and ELISA, respectively. (H-J) Astilbin-treated MSCs transfected with shRNA-NC increased CD163 protein levels,
whereas astilbin-treated MSCs transfected with shRNA-PTGS2 reversed this upregulation. (n=6 in each group *p < 0.05; ***p <0.001) Corresponding

uncropped full-length gels and blots are presented in Additional file 1

Knockdown of PTGS2 blocked the efficacy of AST-MSCs

on AKl and AKI-CKD

To verify that AST enhanced the therapeutic efficacy of
MSCs through PTGS2-mediated pathway in vivo, we
administered ShARNA-PTGS2 transfected AST-pretreated
MSCs into the AKI and AKI-CKD mice models. As antic-
ipated, a significant decrease in Scr, BUN and ATN scores
were observed in AST-pretreated MSCs mice group on

Day 3 compared with the unpretreated control. How-
ever, these effects were diminished when AST-pretreated
MSCs were transfected with shARNA-PTGS2 (Fig. 5A-C).
The serum levels of the inflammatory cytokines IL-6,
TNF-«, and IL-10 were also measured on Day 3 in mice
undergoing different treatments. Administration of
AST-pretreated MSCs markedly decreased the IL-6 and
TNFEF-alevels and increased the IL-10 levels in AKI mice,



Geng et al. Stem Cell Research & Therapy ~ (2024) 15:427

Page 10 of 14

A, B C
200 AKI AST-MSC AST-MSC-shRNA-PTGS2
@ AKI %
= A e 150 SR o2\
T2 AST-MSC-shRNA-PTGS2 - | N
3 3
b4 =]
§, §, 100 —3
o S .
01 2 35 5 {|
— % % {| 50 :
" Do D1 D3 D5 D7 D14 D21 DO DI D3 D5 D7 D14 D21
D Day 3 E Day 3 F Day 3 G Day 3
y 600 200 600 rkk
. Hkk . dkk dokk - 0 0
= =150 E
03 = £
2 £ 400 . E 5400
3 =) . 2 =Y °
5 Qo - [} =
02 = 100 . ° 5
z © ° e w
b 1 200 A O ® Z 200
1 - = 50 IS
0 AKI AST-MSC AST-MSC- o AKI AST-MSC AST-MSC- o AKI AST-MSC AST-MSC- 3 AKI AST-MSC AST-MSC-
ShRNABTGSZ SHRNAPTGSZ SHRNAPTGS2 SHRNA-PTGS2
AKI AST-MSC AST-MSC-shRNA-PTGS2
AKI AST-MSC

AST-MSC-shRNA-PTGS2
Ly B 8 Ve

J K Day 21 L M Day 21 N Day 21
2007 40 515 320
v [} [
5 S §
& Hekek 3 Hkk S = < EEE
& _ 150 <30 o o S 3 & el $1.5
azs ° LA 1.0 o
O9o * °) ] o = s a
§ % 100 - 2 20 ‘ o-SHA S 55 2 21'0
29 ° <] e COL-IIT e o s 0.5 <
£ . S 2 0. 2
5 = i 10 GADPH wee wms s g 508
ﬁf" ? ]
L a ] I3)
(4 0.0 0.0

AKI AST-MSC  AST-MSC-

ShRNA-PTGS2

AKI AST-MSC ~ AST-MSC-

ShRNA-PTGS2

AKI AKI AST-MSC  AST-MSC-

ShRNA-PTGS2

ASTMSC  ASTH

MSC-
ShRNA-PTGS2
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transfected astilbin-pretreated MSCs. (I,K)Masson staining in various mouse treatment groups. (L,M,N) On Day 21, the expression of a-SMA
and COL-INin the kidneys of distinct mice groups was detected using Western blotting. (scan bar= 100 um) (The data are shown as the mean

standard deviation for n=3-6 samples. *p <0.05, **p <0.01, ***p < 0.001) Corl
in Additional file 1

whereas these anti-inflammatory effects were reversed
by shRNA-PTGS2 transfection (Fig. 5E-G). Consistent
with these findings, there was an increased number of
CD206 + M2 macrophages in mice treated with AST-pre-
treated MSCs on Day 3, which was also attenuated when
MSCs were transfected with shRNA-PTGS2 (Fig. 5H and
J).

Since renal fibrosis is the final common pathway of
nearly all progressive kidney diseases [22], we next exam-
ined whether PTGS2 blockade would alter the thera-
peutic potential of MSCs in mitigating renal fibrosis
in AKI-CKD models. Masson’s trichrome staining was
performed and a-SMA and COL-III protein levels were

responding uncropped full-length gels and blots are presented

measured in the late-phase treatment on Day 21. A mark-
able decrease in the renal fibrosis scores (Fig. 5 I and K) as
well as a-SMA and COL-III (Fig. 5L—N) protein expres-
sion were observed, while blockade of PTGS2 abrogated
these anti-fibrotic effects. Taken together, these findings
indicate that AST potentiates the efficiency of MSCs
through PTGS2-mediated pathway.

Discussion

In our present study, we demonstrated that AST pre-
treatment enhanced the efficacy of MSCs on improv-
ing the renal function and pathological presentation in
AKI and AKI-CKD mice. And found that the possible
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molecular mechanism is AST pretreatment could pro-
mote the M2-type polarisation of macrophages through
activating of PTGS2-mediated signaling in MSCs.

MSCs have attracted much attention for their ability to
regulate inflammatory processes by promoting damaged
tissues to form a balanced inflammatory [23]. Many types
of innate immune cells, such as macrophages, neutro-
phils, dendritic cells and natural killer (NK) cells can be
regulated by MSCs [24]. MSCs possess the ability to sense
environmental alteration and actively alter their epige-
netic landscapes and corresponding functions. MSCs
can be pre-activated to achieve the desired function and
reverse their inactivation because they can recognize the
stimuli in the microenvironment and remember them
[25]. Several studies have shown that pretreatment with
infammatory cytokines and chemical compounds could
enhance the immunomodulatory functions of MSCs and
their potential therapeutic efficiencies. Pretreatment of
MSCs with IENy or IFNy combined with IL-1 or TNF
increased the efficacy of MSCs in animal models of DTH,
liver injury, colitis, GVHD, arthritis and acute ischaemia
[26-29],suggesting that manipulation of MSCs before
infusion increases their therapeutic efficacy.

AST is an active natural compound, which can be
found in various food and medical plants. AST was found
to affecting the immune system extensively by acting on
various immunomodulators and inflammatory modu-
lators [30-32]. Several researches have demonstrated
that AST could alleviate tissue injury through its immu-
nomodulatory effects. AST attenuated the symptoms of
autoimmune myasthenia gravis model by inhibiting Th17
cytokines and up-regulating T regulatory cells [33]. AST
could also inhibit the inflammation in glomerular mesan-
gial cells caused by high glucose via NF-kB pathway
[34]. Compared with simple cytokine stimulation, AST
possesses various benificial pharmacological like anti-
inflammatory activity, antimicrobial activity, and antioxi-
dative action etc. [14]. AST could suppress the generation
of nitric oxide and TNF-a in RAW 264.7 cells [35]. AST,
as an antioxidant, could alleviate DON-induced IPEC-]J2
cell toxicity and inflammation [36]. AST is also believed
to play an antioxidant role in MSCs [15]. AST might be
effective in improving the efficiency of MSCs through
modulating the microenvironment generated by ischemic
injury. Taking the advantage of AST’s various pharmaco-
logical properties, we used AST-pretreated MSCs to treat
in AKI and AKI-CKD mouse model.

According to GO and KEGG pathway enrichment
analysis, we identified a PTGS2-mediated pathway
as the key signaling pathway in MSCs after AST pre-
treatment. PTGS2, a main functional gene in the IL-17
signaling pathway [20] encodes the protein cyclooxyge-
nase-2 (COX-2), which converts arachidonic acid (AA)
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into prostaglandin E2 (PGE2) [37]. To investigate how
AST promotes the expression of PTGS2 in MSCs, we
identified the potential candidates that interacts with
AST using the DARTS method [38]. And the result
indicated that AST can bind to KLF4. Molecular dock-
ing also showed AST could bind with KLF4 protein.
KLF4 is a transcription factor plays a key role in self-
renewal and maintenance of the undifferentiated state
in stem cells [39]. KLF4 is also one of the four original
iPSC reprogramming factors [40]. It acts as a repres-
sor of somatic-specific genes and as a pioneer factor to
activate epigenetically suppressed pluripotency genes
during early reprogramming. It also acts as an activator
of pluripotency genes by binding to super-enhancers of
pluripotency factors to facilitate long-range interactions
among pluripotency factor binding sites [41]. At the same
time, combined with JASPAR database for transcription
factor binding predictions, we found that KLF4 is also
a suitable upstream transcription factor for PTGS2. We
validated PTGS2 as KLF4’s direct transcriptional target
using ChIP-PCR and luciferase assays. AST increases the
expression of PTGS2, which binds to KLF4 and induces
MSCs to secrete PGE2. Based on these novel techniques,
we explain the specific protein binding sites and possible
mechanisms of AST promotes the expression of PTGS2
in MSCs.

Our study examined the immunoregulatory capac-
ity of AST-pretreated MSCs and the results indicated
that the administration of AST-pretreated MSCs down-
regulated the expression of the inflammation markers
in the injured kidneys. In addition, the renal function,
renal pathological changes and the expression of fibro-
sis-related protein were significant decreased in AST-
pretreated MSCs group compared with the unpretreated
MSCs group. According to our study, MSCs treated with
AST produced more PGE2, resulting in a more pro-
nounced polarization of M2 macrophages in vitro. M2
macrophages play a vital role in the progression of renal
fibrosis and inflammation. In the acute phase of inflam-
mation, M2 macrophages secrete growth factors to aid
in the repair of kidney damage. Our study showed that
AST-pretreated MSCs significantly increased the num-
ber of CD206+ M2 macrophages on Day 3 after AKI in
mice. In mice with AKI-CKD, the knockdown of PTGS2
diminished the anti-inflammatory and anti-fibrotic
effects of MSCs treated with AST. These findings indi-
cated that MSCs pretreated with AST exert intrinsic
reparative properties through polarizing macrophages
to an M2 phenotype. PGE2 and M2 macrophages played
significant roles in the immunosuppressive effect of AST-
treated MSCs.

There are also several limitations in the study. Firstly,
Vitro screening by DARTS technology may not provide
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Fig. 6 Schematic illustration depicting the mechanism of AST-pretreated MSCs treat AKI-CKD. By binding with the transcription factor KLF4
in MSCs, astilbin promotes the expression of PTGS2/COX2, enhances the transformation of AA to PGE2, promotes the M2-type polarisation
of macrophages, and ultimately increases the efficacy of MSCs on AKI-CKD mice (This picture is created in BioRender)

absolutely accurate results. Some low abundant proteins
might not be discovered because their positive spots
are easily omitted in the mass spectrometry analysis. In
addition, due to the complexity of protein libraries, some
erroneous binding between small molecules and proteins
may be captured during routine operations. Secondly, we
investigated the expressions of PTGS2 and the related
molecules in MSCs after AST pretreatment in vitro but
didn’t detect other molecules that expressed significant
changes. Therefore, the results could not be comprehen-
sively integrated. Thirdly, due to the absence of neces-
sary resources, this study only examined the changes in
PTGS2-mediated pathway related genes after AST pre-
treatment without their associated molecular mecha-
nisms, which shall be explored in the future. In addition,
the findings of a murine study may not necessarily apply
to humans, and there are differences between human
and mouse MSCs and macrophages. Moreover, further
experiments need to be conducted to address the above
issues and to clarify the different expressed genes in AST
pretreatment and the underlying molecular mechanisms.

Conclusions

In summary, our study demonstrates a new therapeu-
tic application of MSCs in the treatment of AKI and
AKI-CKD. MSCs pretreated with AST showed a better

therapeutic efficacy than untreated MSCs. We observed
MSCs pretreated with AST could significantly amelio-
rate AKI and AKI-CKD in mouse model via PGE2, which
polarizes M2 macrophages. Additionally, AST appears
to bind KLF4 and then promote MSCs through improv-
ing the PTGS2-mediated pathway (Fig. 6). Overall, AST
pretreatment may be a promising strategy to enhance the
therapeutic potential of MSCs in the treatment of kidney
diseases. This approach provides a novel avenue for the
effective application of MSCs treatment.
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