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Quercetin ameliorates senescence and promotes
osteogenesis of BMSCs by suppressing the repetitive
element-triggered RNA sensing pathway
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Abstract. Cell senescence impedes the self-renewal and
osteogenic capacity of bone marrow mesenchymal stem cells
(BMSCs), thus limiting their application in tissue regeneration.
The present study aimed to elucidate the role and mechanism
of repetitive element (RE) activation in BMSC senescence and
osteogenesis, as well as the intervention effect of quercetin.
In an H,0,-induced BMSC senescence model, quercetin
treatment alleviated senescence as shown by a decrease in
senescence-associated P-galactosidase (SA-B-gal)-positive
cell ratio, increased colony formation ability and decreased
mRNA expression of p21 and senescence-associated secretory
phenotype genes. DNA damage response marker y-H2AX
increased in senescent BMSCs, while expression of epigen-
etic markers methylation histone H3 Lys9, heterochromatin
protein la and heterochromatin-related nuclear membrane
protein lamina-associated polypeptide 2 decreased. Quercetin
rescued these alterations, indicating its ability to ameliorate
senescence by stabilizing heterochromatin structure where REs
are primarily suppressed. Transcriptional activation of REs
accompanied by accumulation of cytoplasmic double-stranded
(ds)RNA, as well as triggering of the RNA sensor retinoic
acid-inducible gene I (RIG-I) receptor pathway in H,O,-induced
senescent BMSCs were shown. Similarly, quercetin treatment
inhibited these responses. Additionally, RIG-I knockdown led
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to a decreased number of SA-f3-gal-positive cells, confirming
its functional impact on senescence. Induction of senescence
or administration of dsRNA analogue significantly hindered
the osteogenic capacity of BMSCs, while quercetin treat-
ment or RIG-I knockdown reversed the decline in osteogenic
function. The findings of the current study demonstrated that
quercetin inhibited the activation of REs and the RIG-I RNA
sensing pathway via epigenetic regulation, thereby alleviating
the senescence of BMSCs and promoting osteogenesis.

Introduction

Bone marrow mesenchymal stem cells (BMSCs) possess
robust self-renewal and multi-lineage differentiation potential,
rendering them key cellular resources in bone tissue regenera-
tion engineering (1). However, stress-induced senescence leads
to SC exhaustion and a marked decline in osteogenic differen-
tiation, thereby constraining the application of BMSCs (2,3).
Therefore, elucidating the specific mechanism underlying
BMSC senescence and its impact on SC function, as well as
exploring potential intervention strategies, is key.

Cell senescence is a state of cell cycle arrest caused by
endogenous and exogenous stimuli, accompanied by epigen-
etic changes (4). The observed alterations include disruption
of heterochromatin structure (5), aberrations in DNA meth-
ylation and histone modification patterns (6), as well as
perturbations in nuclear membrane integrity (7). ~50% of
eukaryotic genome sequences are repeats and organized into
densely packed and transcriptionally suppressed heterochro-
matin (8,9). Under certain pathophysiological conditions, such
as cancer, placental development and aging, heterochromatin
is reorganized by epigenetic modification and accompanied
by aberrant transcriptional activation of repetitive elements
(REs) (10-12). REs are classified into tandem and interspersed
repeats based on structural organization. Tandem repeats
consist of satellite and simple repeats, while interspersed
REs primarily refer to transposable elements that actively or
passively integrate into the genome. Transposable elements
are divided into RNA (class I) and DNA transposons (class II
elements) according to the transposition mechanisms. DNA
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transposons mobilize their DNA sequence through a ‘cut
and paste’ process, wherein transposons are excised from
the donor site and inserted into a different genomic loca-
tion (13). By contrast, retrotransposons mobilize via a ‘copy
and paste’ manner, which involves reverse transcription of an
RNA intermediate followed by insertion into a new locus (14).
Retrotransposons are categorized into two subtypes: Long
terminal repeats (LTRs) and non-LTRs. LTRs are commonly
known as endogenous retroviruses (ERVs), whereas non-LTRs
include long interspersed nuclear elements (LINEs) and short
interspersed nuclear elements (15,16). Due to their presence in
the host genome but transcriptional silencing, REs have been
regarded as ‘junk DNA’. However, advancements in sequencing
and computer analysis technologies have led to a re-evaluation
of REs, particularly transposable elements, enabling more
comprehensive exploration of their biological functions (17).
RE transcription leads to accumulation of endogenous cyto-
solic self-nucleic acids, potentially leading to the activation of
intracellular signaling pathways (18-20). Epigenetic resetting
and RE activation during aging and senescence have been
reported (11), however, the internal mechanisms by which they
affect the senescence and function of BMSCs remain poorly
understood.

Quercetin, a natural bioactive flavonoid extracted from a
wide variety of fruits, vegetables is known for its anti-inflam-
matory, antioxidant and anti-cancer properties (21,22).
Quercetin is a well-established senolytic drug that effectively
targets multiple mechanisms to eliminate senescent cells
and suppress the senescence-associated secretory phenotype
(SASP) (23). The activities of this compound are associated
with activation of various pathways, including the PI3K/Akt
and AMPK pathways, and sirtuin 1/PINK1/Parkin-mediated
mitophagy (21). However, the extent to which quercetin can
mitigate or reverse senescence-related decline of BMSC func-
tion and its potential role in regulating epigenetic mechanisms
and inhibiting activation of REs remain largely unexplored.

The present study investigated the effect of quercetin
against oxidative stress-induced senescence of BMSCs and its
role in reversing senescence-associated decline in osteogenic
capacity. The current study aimed to provide new ideas for the
intervention of SC senescence and development of bone tissue
regeneration.

Materials and methods

Isolation and culture of BMSCs. Animal experi-
ments were conducted according to the approved
guidelines for experimental animal ethics and welfare
by the Institutional Animal Care and Use Committee of
Sun Yat-Sen University (Guangzhou, China) (approval
no. SYSU-TACUC-2024-002262). For BMSC isolation,
10 3-week-old male Sprague-Dawley rats weighing about
50 g were purchased from the Laboratory Animal Center
of Sun Yat-Sen University. Rats were sacrificed by cervical
dislocation under anesthetization with isoflurane inhala-
tion (induction, 3%; maintenance, 2%). Animal death was
confirmed by respiratory arrest, cessation of heartbeat and
disappearance of reflexes. Rats were immersed in 75%
ethanol at room temperature for 20 min to sterilize. Tibiae
and femurs were dislocated and both ends were cut off under

aseptic conditions. The bone marrow was flushed out using a
syringe, cut into small fragments and subsequently collected
by centrifugation (250 x g, 5 min, 4°C). The fragments were
resuspended in DMEM (Gibco; Thermo Fisher Scientific,
Inc.) and seeded into a culture flask. Primary BMSCs were
cultured in DMEM containing 10% fetal bovine serum
(Moregate BioTech) and 100 ug/ml Primocin® (InvivoGen)
in a humidified incubator containing 5% CO, at 37°C. The
culture medium was changed every 3 days. Passage three
BMSCs were used for subsequent experiments.

Chemical compounds. Quercetin was purchased from
MedChemExpress and dissolved in DMSO (Sigma-Aldrich;
Merck KGaA). Poly(I:C)-LMW/LyoVec™ [Poly(I:C)], was
purchased from InvivoGen and dissolved following the manu-
facturer's instructions. Briefly, to prepare a stock solution
(50 pg/ml), 25 ug lyophilized Poly(I:C) was added to 500 ul
endotoxin-free water and gently mixed for =15 min. The prod-
ucts were aliquoted and stored at -20°C.

Osteogenic differentiation. For osteogenic induction, BMSCs
(1.5x10° cells/well) were seeded in 12-well plates. After
reaching 70-80% confluence, cells were stimulated with
200 uM H,0, for 1 h or treated with 0.1 yg/ml Poly(I:C) for
24 h at 37°C with 5% CO,. Cells were washed and cultured
with osteogenic induction medium (Cyagen Biosciences Inc.)
at 37°C with 5% CO,. Quercetin at concentration of 1 yM was
added to osteogenic induction medium. The culture medium
was refreshed every 3 days. Alkaline phosphatase (ALP)
staining was conducted after 7 days using a BCIP/NBT ALP
Color Development kit (Beyotime Institute of Biotechnology)
according to the manufacturer's instructions. Alizarin red
staining was performed 14-21 days post-induction. Briefly,
BMSCs were washed with PBS and fixed with 4% para-
formaldehyde at room temperature for 30 min. Cells were
stained with alizarin red for 10 min at room temperature.
After that, the images were captured by an inverted light
microscope (Zeiss Axio; magnification, x100). The stained
area was calculated by Image J 1.48v software (National
Institutes of Health).

Treatment and transfection. To assess the geroprotective effect
of quercetin treatment and RIG-I knockdown, 2x10* BMSCs
were seeded in 24-well plates and cultured at 37°C with 5%
CO, in complete DMEM for 24 h. Next, cells were treated
with 200 M H,0, for 1 h to induce senescence. For quercetin
treatment, cells were washed with phosphate-buffered saline
(PBS) and cultured with fresh complete DMEM containing
quercetin (0.0, 0.1, 1.0, 10.0 and 100.0 xM) at 37°C with 5%
CO, for 3 days. For RIG-I knockdown, cells were washed and
subjected to short-interfering RNA (siRNA) transfection using
Lipofectamine® RNAIMAX Reagent (Invitrogen; Thermo
Fisher Scientific, Inc.; cat. no. 13778-150) according to the
manufacturer's instructions. Briefly, cells were transfected
with 50 nM siRNA at 37°C with 5% CO, for 6 h. The si-RIG-I
(5'-CAUUGAAACCAAGAAAUUACC-3") were synthesized
by GENEray Biotech (Shanghai) Co., Ltd. The si-negative
control (NC, 5-UUCUCCGAACGUGUCACGUTT-3") was
set as the control. To evaluate knockdown efficiency, cells
were harvested for qPCR 48-72 h after transfection.
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Senescence-associated f3-galactosidase (SA-B-gal) staining.
Following treatment with quercetin at 37°C with 5% CO, for
3 days, senescent cells were assessed using a SA-f-gal staining
kit (Beyotime Institute of Biotechnology) according to manu-
facturer's instructions. Briefly, cultured cells were fixed at
room temperature for 15 min, washed with PBS and incubated
with staining solution at 37°C overnight. Images were captured
using an inverted light microscope (Zeiss Axio; magnifica-
tion, x100) and the ratio of stained cells was quantified using
ImagelJ 1.48v software (National Institutes of Health).

Cell Counting Kit-8 (CCK-8) assay. The optimal concentra-
tion of quercetin was selected by assessing its toxic effect
using CCK-8 assay. Briefly, BMSCs (3x10° cells/well) were
seeded in 96-well plates and treated with quercetin (0.0, 0.1,
1.0, 10.0, 100.0 and 1,000.0 pM) at 37°C with 5% CO,. After
3 days, cell viability was measured using CCK-8 (Dojindo
Laboratories, Inc.) according to the manufacturer's protocol.
Briefly, cells were incubated with CCK-8 solution for 2 h at
37°C. Quercetin concentrations that significantly decreased
cell viability compared with the blank control were considered
cytotoxic.

Colony formation assay. The colony formation assay was used
to evaluate the self-renewal ability of BMSCs. In brief, 5x10°
BMSCs were seeded in 12-well plates and stimulated with
200 uM H,0, to induce senescence as aforementioned. Then,
BMSCs were cultured in complete DMEM (Gibco; Thermo
Fisher Scientific, Inc.) at 37°C with addition of quercetin (0.0,
0.1, 1.0, 10.0 and 100.0 #M) for 7-10 days. The number of colo-
nies formed was calculated by crystal violet staining (Beijing
Solarbio Science & Technology Co., Ltd.). Briefly, cells were
fixed with 4% paraformaldehyde for 15 min, then stained with
0.1% crystal violet for 15 min, both at room temperature. The
images were captured and the number of colonies (>50 cells)
were manually calculated.

Reverse transcription-quantitative PCR (RT-qPCR). After
culturing in DMEM or osteogenic induction medium (Cyagen
Biosciences Inc.), total RNA was extracted from cells using
the RNA-Quick Purification kit (cat. no. RNOO1; Yishan
Biotechnology Co., Ltd.). RNA was reverse-transcribed into
cDNA using HiScript IT Q RT SuperMix according to the
manufacturer's protocol for qPCR (Vazyme Biotech Co., Ltd.).
qPCR was performed using Taq Pro Universal SYBR qPCR
Master Mix (Vazyme Biotech Co., Ltd.) on a Light Cycler 480
system (Roche Applied Science). The thermocycling condi-
tions were as follows: Initial denaturation at 95°C for 30 sec,
followed by 40 cycles of denaturation at 95°C for 10 sec,
annealing and extension at 60°C for 30 sec; and a melting curve
between 60 and 95°C. All results were normalized to GAPDH
and the quantitative method of relative mRNA expression was
used 244¢4 (24). The senescence marker gene (p21), SASP
genes (IL6, TNF-a, IL1a and IL1p), and osteogenic marker
genes [osteoprotegerin (OPG), osteocalcin (OCN), osteopontin
(OPN) and type I collagen a 1 (COL1A1)] were detected. The
PCR primers are listed in Table I.

Cellular immunofluorescence. BMSCs (2x10* cells/well)
were seeded on slides in 24-well plates. Following senescence
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Table 1. Sequences for PCR.

Gene Sequence, 5'>3'
p21 F-TGTGATATGTACCAGCCACAGG
R-GCGAAGTCAAAGTTCCACCG
IL6 F-CTGCTCTGGTCTTCTGGAGT
R-GGTCTTGGTCCTTAGCCACT
TNF-a F: GGCGTGTTCATCCGTTCTCT
R: CCCAGAGCCACAATTCCCTT
ILla F: AGGGCACAGAGGGAGTCAA
R:AGAGACAGATGGTCAATGGCA
IL1B F: GGGATGATGACGACCTGCTA
R: TGTCGTTGCTTGTCTCTCCT
OPG F: TGTCCCTTGCCCTGACTACT
R: GTAGCGCCCTTCCTCACATT
OCN F: CCGTTTAGGGCATGTGTTGC
R: CCGTCCATACTTTCGAGGCA
OPN F: AAGCGTGGAAACACACAGC
R: CTTTGGAACTCGCCTGACTG
COL1A1 F: GAGACAGGCGAACAAGGTGA
R: GGGAGACCGTTGAGTCCATC
RIG-1I F: AGCCAATGCGTTCTTACCCA
R: CATCGCCGAGTGCTAAGAGT
IFN-3 F: AGCACTGGGTGGAATGAGAC
R: GACCACCATCCAGGCATAGC
GAPDH F: TATGACTCTACCCACGGCAAG

R: TACTCAGCACCAGCATCACC

F, forward; R, reverse; OPG, osteoprotegerin; OCN, osteocalcin;
OPN, osteopontin; COL1A1, type I collagen al; RIG-I, retinoic
acid-inducible gene I.

induction and quercetin treatment, cellular immunofluores-
cence was used to evaluate expression of y-H2A X, methylation
histone H3 Lys9 (H3K9me3), heterochromatin protein la (Hploy),
lamina-associated polypeptide 2 (LAP2), double-stranded
(ds)RNA clone rJ2 (rJ2), LINE-1 open reading frame 1 protein
(ORFl1p) and dsDNA. BMSCs cultured on microscope cover-
slips at 37°C for 3 days were fixed with 4% paraformaldehyde
for 15 min, permeabilized with 0.4% Triton X-100 in PBS
for 30 min and blocked with 10% goat serum (BOSTER
Biological Technology Co., Ltd.) for 1 h, all at room tempera-
ture. Slides were covered with primary antibodies at 4°C
overnight followed by the Alexa Fluor 488 dye-(1:300; cat.
no. EM35141-01; Beijing Emarbio Science & Technology Co.,
Ltd.) or Alexa Fluor 594 dye-conjugated secondary antibodies
(1:300; cat. no. EM35150-01; Beijing Emarbio Science &
Technology Co., Ltd.) for 1 h at room temperature in the dark.
Nuclei were stained with DAPI for 10 min at room temperature
and slides were mounted using anti-fading mounting medium
(Vector Laboratories, Inc.; cat. no. H-1000). Images were
acquired using a laser scanning confocal microscope (Carl
Zeiss AG; magnification, x400). The mean immunofluores-
cence intensity or proportion of positive cells was quantified
using ImagelJ 1.48v software.


https://www.spandidos-publications.com/10.3892/ijmm.2024.5445

4 SUN et al: REPETITIVE ELEMENT-TRIGGERED RNA SENSING PATHWAY IN SENESCENT BMSCs

The antibodies used for immunofluorescence staining
were as follows: y-H2AX (1:400; cat. no. 9718; Cell Signaling
Technology, Inc.), H3K9me3 (1:400; cat. no. ab8898; Abcam),
Hpla (1:200; cat. no. 2616; Cell Signaling Technology, Inc.),
LAP2 (1:100; cat. no. 611000; BD Biosciences), rJ2 (1:100;
cat. no. MABE1134; MilliporeSigma), ORFI1p (1:200; cat.
no. MABCI1152; MilliporeSigma) and dsDNA (1:400; cat.
no. sc-58749; Santa Cruz Biotechnology, Inc.).

Western blotting. BMSCs (3x10° cells seeded in 6-well
plates) were lysed in RIPA buffer (Beyotime Institute of
Biotechnology) supplemented with protease and phosphatase
inhibitors. Total protein was quantified using BCA Protein
Assay kit (Bio-Rad Laboratories, Inc.). Then, 30 pg/lane
protein were loaded onto SDS-PAGE in 5-15% Bis-Tris precast
gel to separate the different proteins. Subsequently, samples
were transferred to a PVDF membrane (MilliporeSigma)
and blocked with 5% non-fat milk for 1 h at room tempera-
ture. Then, PVDF membranes were incubated with primary
antibodies [H3K9me3, Hpla, LAP2, RIG-I, phosphorylated
TANK-binding kinase 1 (p-TBK1), TBK1 or GAPDH]
at 4°C overnight followed by secondary antibodies (1:10,000;
HRP AffiniPure Goat Anti-Rabbit, cat. no. EM35111-01 or
HRP AffiniPure Goat Anti-Mouse, cat. No. EM35110-01;
Beijing Emarbio Science & Technology Co., LTD.) for 1 h
at room temperature. The signals were detected using the
ECL Immobilon Western Chemilum HRP Substrate (cat.
no. WBKLS0500; Merck Millipore) and an ultra-high
sensitivity chemiluminescence imaging system (Bio-Rad
Laboratories, Inc.) and then quantified using ImageJ 1.48v
software (National Institutes of Health).

The antibodies were as follows: H3K9me3 (1:1,000;
cat. no ab8898; Abcam), Hpla (1:1,000; cat. no. 2616; Cell
Signaling Technology, Inc.), LAP2 (1:500; cat. no. 611000;
BD Biosciences), RIG-I (1:1,000; cat. no. A13407; ABclonal
Biotech Co., Ltd.), p-TBK1 (1:250; cat. no. AP1418; ABclonal
Biotech Co., Ltd.), TBK1 (1:1,000; cat. no. A3458; ABclonal
Biotech Co., Ltd.) and GAPDH (1:3,000; cat. no. 60004-1-Ig;
Proteintech Group, Inc.).

RNA sequencing (RNA-seq) and data processing. Following
H,O, stimulation and quercetin treatment, RNA-seq analysis
of BMSCs was conducted by Shanghai Majorbio Bio-pharm
Technology Co., Ltd. Total RNA was obtained using MJZol
total RNA extraction kit (cat. no. T01-500; Majorbio). RNA
quality was determined by 5300 Bioanalyzer (Agilent)
and quantified using ND-2000 (NanoDrop Technologies).
The loading concentration of the final library was 10 pM.
Agarose gel (Biowest Agarose; Biowest) electrophoresis was
used to detect the RNA integrity. mRNA was enriched with
Oligo (dT) beads, fragmented into short fragments (300 bp),
and reverse-transcribed into cDNA. After being linked to
adaptor and purified, cDNA fragments were sequenced
on an Illumina NovaSeq Xplus platform (Illumina, Inc.).
c¢DNA library was prepared following Illumina® Stranded
mRNA Prep, Ligation (cat. no. 20040534; Illumina, Inc.).
The sequencing library was performed on NovaSeq X plus
platform (PE150) using NovaSeq X Series 10B Reagent Kit
(300cycles; cat. no. 20085594; Illumina Inc.) and 300 bp
paired-end reads were generated. The cleaned reads were

mapped to Rattus norvegicus genome (mRatBN7.2; ncbi.nlm.
nih.gov/datasets/genome/GCF_015227675.2) using hisat2
(version 2.1.0). For RE analysis, transposable elements were
quantified and analyzed using TE transcripts (version 2.2.3).
Differentially expressed REs were counted using R package
DESeq?2 (version 1.38.2) with a cut-off of llog,(fold change)!
>0.3 and P<0.05. The genes significantly affected by H,O,
stimulation or quercetin were determined by setting a
fold change of =1.5 and P<0.05. Venn diagram analysis of
differentially expressed genes, Kyoto Encyclopedia of Genes
and Genomes (KEGG) pathway and Gene Set Enrichment
Analysis (GSEA) were performed on Majorbio Cloud
(majorbio.com).

Statistical analysis. The data are presented as the mean =+ stan-
dard deviation of three independent experimental repeats.
Results were statistically analyzed using GraphPad Prism
(version 5.0; Dotmatics). Comparisons were conducted with
unpaired Student's t-test or one-way ANOVA followed by
Dunnett's post hoc test. P<0.05 was considered to indicate a
statistically significant difference.

Results

Quercetin alleviates oxidative stress-induced senescence
in BMSCs. The accumulation of reactive oxygen species
in BMSCs causes oxidative stress-induced senescence and
impairs SC properties (25). To induce cellular senescence
in the present study, exogenous H,O, was used to stimu-
late BMSCs. Following treatment with 200 xuM H,0O,, the
proportion of SA-B-gal-positive cells significantly increased
(Fig. 1A and B), indicating cellular senescence was success-
fully induced under this condition. To investigate the effect
of quercetin on senescent BMSCs, quercetin (0, 0.1, 1, 10 and
100 uM) were used to treat H,0,-induced BMSCs for 72 h. The
ratio of SA-p-gal-positive cells was reduced with an increase
in quercetin concentration, especially when the concentra-
tion >1 uM (Fig. 1A and B). Additionally, uninduced BMSCs
were treated with quercetin to assess cytotoxicity. Quercetin
had no significant effect on cell viability at concentrations of
0.0,0.1, 1.0 and 10.0 M. However, it exerted toxic effects on
BMSCs when the concentration reached 100 and 1,000 uM
(Fig. 1C). To identify the optimal concentration, the restor-
ative effect of quercetin on proliferation of senescent BMSCs
was further investigated. The colony formation assay
demonstrated the impaired proliferative ability of senescent
BMSCs was rescued by quercetin at 1 yM (Fig. 1D and E).
Consequently, subsequent experiments were conducted using
this concentration. H,0, resulted in upregulation of p21
mRNA expression, which was decreased upon treatment with
quercetin (Fig. 1F). Senescent cells do not divide but retain
the ability to secrete bioactive molecules known as SASP,
which alters the microenvironment for both senescent and
surrounding cells (26). SASP-associated IL6, TNF-a, IL1a
and IL1P showed increased mRNA expression following
H,0, treatment; however, expression decreased following
quercetin treatment (Fig. 1G). These data aligned with the
SA-p-gal staining and colony formation results showing that
quercetin alleviated cellular senescence phenotype induced
by H,0,.
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Figure 1. Optimal concentration of Q for alleviating senescence in BMSCs. (A) BMSCs were exposed to 200 uM H,0, for 1 h to induce senescence, followed
by treatment with Q for 3 days. Subsequently, SA-$-gal staining was performed. (B) Ratio of senescent cells was quantitatively analyzed. (C) Cell Counting
Kit-8 assay was conducted to evaluate the cytotoxic effects of Q on BMSCs. (D) Colony formation assay and (E) quantitative analysis were used to investigate
the effect of Q on proliferation of senescent BMSCs. (F) Reverse transcription-quantitative PCR was used to detect mRNA expression levels of the senescence
marker p21 as well as those of the senescence-associated secretory phenotype-associated (G) IL6, TNF-a, IL1a and IL1f. Data were quantified as fold-change.
"P<0.05, "P<0.01, “"P<0.001, """P<0.0001 vs. H,0,. ns, non-significant; BMSC, bone marrow mesenchymal stem cell; SA-B-gal, senescence-associated
B-galactosidase; Q, quercetin.
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Quercetin restores genomic and epigenomic instability in
senescent BMSCs. The instability of the genome caused by
persistent DNA damage and accumulating mutations, along
with epigenomic instability characterized by loss of hetero-
chromatin structure and RE suppression are mechanisms
underlying senescent phenotypes (27). The dsDNA break
marker y-H2AX is a notable molecular indicator for DNA
damage and serves as a hallmark of genomic instability (28).
Immunofluorescence revealed a significant increase in nuclear
v-H2AX signal in H,0,-induced senescent BMSCs. Quercetin
resulted in a reduced expression of y-H2AX, demonstrating
that quercetin stabilized the genome of BMSCs (Fig. 2A).
In eukaryotic cells, most of the genome is packaged into
condensed and transcriptionally suppressed heterochromatin.
H3K9me?2 and 3 are epigenetic markers of heterochromatin
found on transposable elements to ensure their transcrip-
tional suppression (29). There was a noticeable decrease in
expression of H3K9me3 in H,0,-induced senescent BMSCs;
however, this decrease was rescued by quercetin (Fig. 2B).
Consistently, western blotting demonstrated a decrease in
expression of H3K9me3 in H,0,-induced senescent BMSCs,
which was rescued by quercetin (Fig. 2E). The HP1 family
binds to H3K9me?2 and 3 and interacts with other proteins
to maintain chromatin condensation (30). Both immuno-
fluorescence staining and western blotting revealed that Hpla
expression decreased in the H,O, group but recovered in the
quercetin group (Fig. 2C and E). Additionally, LAP2, involved
in the compaction of heterochromatin by anchoring it on the
inner nuclear membrane (30), exhibited similar expression
patterns as H3K9me3 and Hpla and was downregulated in
the H,O, but rescued in the quercetin group (Fig. 2D and E).
These data demonstrated a decrease in the structural integrity
of heterochromatin during senescence, with quercetin serving
a key role in safeguarding genomic and epigenomic stability,
thereby mitigating senescence.

Quercetin ameliorates senescence by inhibiting the activation
of REs and accumulation of cytoplasmic dsRNA in BMSCs.
Loss of suppressive epigenetic regulation and heterochromatin
structure during cell senescence process may elicit transcrip-
tional activation of REs (9). To elucidate the mechanism by
which quercetin alleviates senescence of BMSCs, bulk mRNA
sequencing was employed to assess the transcriptional levels
of REs. A total of 176 REs was differentially expressed after
H,0, treatment. All differentially expressed REs were tran-
scribed at elevated levels in H,0,-induced senescent BMSCs.
Quercetin resulted in differential expression of 15 repeated
sequences in senescent BMSCs, among which 86.67% (13/15)
were downregulated (Fig. 3A). To identify REs upregulated
by H,0, and rescued by quercetin, Venn diagram analysis
was used. The rescued REs primarily included the LINE-1
and ERV families (Fig. 3B). The heatmap revealed augmented
expression of these REs in the H,O, group, whereas down-
regulation was observed in the quercetin group, suggesting
the involvement of LINE-1 and ERVs in quercetin-mediated
alleviation of cell senescence (Fig. 3C). Activation of RE
transcription results in translocation of endogenous RNA to
the cytoplasm and generation of DNA through reverse tran-
scriptase activity (31). Immunofluorescence using 1J2 antibody
confirmed the accumulation of cytosolic dsSRNA in senescent

BMSCs. Quercetin decreased the proportion of cytoplasmic
rJ2-positive BMSCs (Fig. 3D and E). In accordance with
endogenous expression of dsRNA, there was elevated cyto-
plasmic protein expression of LINE-1 ORFI1p in H,0,-induced
senescent BMSCs, which was be reversed by administration
of quercetin (Fig. 3F and G). RNA derived from retroelements
can also be converted to dsDNA in cytoplasm through endog-
enous reverse transcriptase activity; however, no cytoplasmic
dsDNA was detected in any group, indicating that dsDNA
was not involved in the mechanism underlying H,O,-induced
BMSC senescence (Fig. 3H).

Induction of dsRNA triggers RIG-I receptor signaling and
innate immune response activation, whereas quercetin
inhibits this process. Endogenous cytosolic self-nucleic
acids can directly trigger innate immune receptor signaling
and induce inflammatory responses via recognition of
RNA or DNA (15,20). To identify the downstream effect of
dsRNA, Venn diagram analysis was employed to identify
quercetin-rescued genes that exhibited differential expression
in response to H,0, and displayed similar expression patterns
as dsRNA transcripts. A total of 20 genes were upregulated
by H,0, and differential expression was reversed by quercetin
(Fig. 4A). KEGG analysis revealed that these genes were
significantly enriched in pathways including ‘viral protein
interaction with cytokine and cytokine receptor’, ‘cytosolic
DNA-sensing pathway’, ‘RIG-I-like receptor signaling
pathway’ and ‘toll-like receptor signaling pathway’ (Fig. 4B),
which are associated with innate immune response. Moreover,
GSEA demonstrated activation of innate immune response
in H,0,-induced senescence of BMSCs (Fig. 4C). RIG-I-like
receptor signaling pathway serves a key role in recognizing
cytoplasmic dsRNA and initiating an IFN response. To validate
the activation of this pathway, western blotting was performed,
revealing H,O, treatment upregulated expression of RIG-I
and innate immunity-related protein p-TBK1. Conversely,
quercetin downregulated these proteins (Fig. 4D and E). To
investigate the role of RIG-I-like receptor signaling pathway
in senescence induction, siRNA was used to knock down
RIG-I expression in rat-derived BMSCs. The effectiveness of
knockdown was confirmed by RT-qPCR and western blotting
(Fig. 4F). RIG-I knockdown resulted decreased expression of
downstream innate immune effector IFN-3 which was upregu-
lated in H,0,-induced senescence (Fig. 4G). SA-B-gal staining
was used to assess cell senescence. Notably, RIG-I knockdown
led to a decrease in the proportion of SA-B-gal-positive cells
following H,0, treatment, thereby confirming the functional
impact of RIG-I on cell senescence (Fig. 4H and I). Overall, the
present findings suggested that cytoplasmic dsRNAs induced
by REs contributed to activation of RIG-I receptor signaling
and subsequent innate immune response. This activation lead
to type I IFN response and proinflammatory cytokine produc-
tion, ultimately promoting senescence.

Quercetin promotes osteogenesis in senescent BMSCs by inhib-
iting the dsRNA-induced RIG-I receptor signaling pathway.
To evaluate the effect of quercetin on osteogenic differentia-
tion potential of senescent BMSCs, BMSCs were cultured in
an osteoblast differentiation medium for 7-21 days. Oxidative
stress-induced senescence impaired osteogenic potential of
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Figure 2. Q decreases DNA damage response and restores epigenetic characteristics of senescent BMSCs. Immunofluorescence staining of (A) y-H2AX,
(B) H3K9me3, (C) Hpla and (D) LAP2 was performed in BMSCs. (E) Western blotting of H3K9me3, Hpla and LAP2 protein expression in BMSCs. Data
were quantified as fold-change. "P<0.05, “P<0.01, ““P<0.001, "*“P<0.0001. BMSC, bone marrow mesenchymal stem cell; H3K9me3, methylation histone H3
Lys9; LAP2, lamina-associated polypeptide 2; Hpla, heterochromatin protein la; Q, quercetin.

BMSCs, as indicated by a decrease in ALP and alizarin red
staining. However, quercetin restored the osteogenic differen-
tiation ability of senescent BMSCs (Fig. 5A and B). The results
were further supported by RT-qPCR of osteogenic marker
genes, including OPG, OCN, OPN and COL1A1. mRNA levels
of osteogenic marker genes (OPG, OCN, OPN, COL1A1) were
decreased in senescent BMSCs, whereas they increased after
quercetin administration (Fig. 5C). The aforementioned results
demonstrated that dSRNA contributes to the mechanism by
which quercetin ameliorates BMSC senescence. Furthermore,
the role of dsSRNA and downstream RIG-I receptor signaling

pathway was investigated by adding synthetic dsSRNA analogue
Poly(I:C), which activates the RIG-I signaling pathway, to
the osteoblast differentiation medium. Poly(I:C) resulted in
a concentration-dependent decrease in alizarin red staining
(Fig. 6A), confirming that dSRNA decreased osteoblast differ-
entiation potential of BMSCs. Moreover, the positive area of
alizarin red staining improved with si-RIG-I compared with
the si-NC control (Fig. 6B), indicating knockdown of RIG-I
partially rescued the impaired osteoblast differentiation ability
of BMSCs caused by dsRNA. Similarly, knockdown of RIG-I
improved osteogenic differentiation ability of BMSCs impaired
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Figure 5. Q restores osteogenic ability of H,0,-induced senescent BMSCs. (A) Following 7 days of osteogenic induction, ALP staining was used to evaluate
the effect of Q on impaired osteogenic differentiation ability of BMSCs caused by H,0,. (B) After 14-21 days of osteogenic induction, alizarin red staining
assay was performed. (C) mRNA levels of osteogenic differentiation-related gene including OPG, OCN, OPN and COL1A1 were detected by reverse tran-
scription-quantitative PCR. Data were quantified as fold-change. "P<0.05, ""P<0.01 *"P<0.001, **P<0.0001. OPG, osteoprotegerin; OCN, osteocalcin; OPN,
osteopontin; COL1A1, type I collagen Al; BMSC, bone marrow mesenchymal stem cell; ALP, alkaline phosphatase; Q, quercetin.

by H,0, (Fig. 6C). These data indicated that quercetin restored
the osteogenic differentiation ability of senescent BMSCs,
potentially due to the inhibition of the dsSRNA-triggered RIG-1
receptor signaling pathway.

Discussion

The senescence of mesenchymal SCs markedly impairs
their ability to replicate and differentiate, thereby decreasing
their potential for tissue regeneration and repair (2,3). In the
present study, epigenomic rearrangements occurred during
cellular senescence in BMSCs, as evidenced by a decrease in
the expression of heterochromatin-related indicators Hpla,
H3K9me3 and LAP2. This leads to transcriptional activation

of REs and subsequent induction of downstream RNA-sensing
pathways. Here, quercetin stabilizes heterochromatin,
inhibits the release of REs and suppresses the activation of
RNA-sensing signaling pathways. As a result, it mitigates
oxidative stress-induced senescence in BMSCs and enhances
their osteogenic capability.

Retrotransposons have coevolved with their host genomes
since the emergence of life (12). Certain beneficial interactions
are established during development, such as facilitating neces-
sary chromatin status before implantation in mouse embryos
through transcriptional activation of specific LTR and growth
LINE-1 elements (31) and using LTR enhancers to regulate
key genes involved in human innate immune pathways (32).
However, inadvertent activation of retrotransposons in adult
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somatic tissue is associated with potential deleterious effects.
Both LTR and LINE-1 RNA and protein are upregulated with
age in both Drosophila (33,34) and mammals, including mice,
monkey and human (35,36). Reactivation of LTR and LINE-1
is observed in fibroblasts and keratinocytes in various forms of
cellular senescence, including replicative and oncogene- and
irradiation-induced senescence (37-39). Here, H,0,-induced
senescence in BMSCs resulted in the upregulation of LTR and
LINE-1. The present data suggested that the reactivation of
REs serves a crucial role in stem cell senescence while quer-
cetin reverses this effect.

Retrotransposons are suppressed through a variety
of mechanisms, with the most extensively studied being
the formation of heterochromatin via epigenetic regula-
tion (8,9,34). This occurs by recruiting chromatin remodeling
enzymes and effector proteins to retrotransposon DNA
sequences. Levels of heterochromatin or factors involved in
establishing heterochromatin decrease with age, leading to an
increase in retrotransposon activity (40,41). The present study
revealed that markers of heterochromatin such as H3K9me3
and HPla, along with LAP2, were downregulated following
H,0,-indcued senescence of BMSCs. Meanwhile, transcripts
of LINE-1 and ERVs were upregulated in the present study,

indicating that retrotransposons are activated due to epigenetic
reset and loss of heterochromatin structure. Administration of
quercetin rescues these alterations, suggesting its protective
role in stabilizing heterochromatin.

Recently, activation of retrotransposons has been shown
to exert a detrimental impact on aging and disease, primarily
attributed to recognition of nucleic acids derived from
retrotransposons (11,38). dsDNA or dsRNA in the cytoplasm
is generally perceived as an intruding pathogen, triggering
innate immune pathways (18). Endogenous dsRNA can arise
from bidirectional transcription of retrotransposons or through
imperfect base pairing of identical or similar elements. These
molecules are detected by members of the RIG-I-like receptor
family, namely RIG-I, melanoma differentiation-associated
protein 5 and laboratory of genetics and physiology 2, which
bind mitochondrial antiviral signaling (MAVS) protein. This
leads to TBK1 phosphorylation and activation of down-
stream IFN-I response as well as release of proinflammatory
cytokines (15) that promote SASP and cell senescence (42).
RE-derived RNA can be converted to dsDNA by endogenous
reverse transcriptase activity. Cytoplasmic DNA is sensed by
cyclic GMP-AMP synthase, resulting in formation of cyclic
GMP-AMP, which subsequently binds to stimulator of IFN
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genes thereby initiating innate immune pathways (20). In
the present study, the cytoplasmic accumulation of dSRNA
in senescent BMSCs was observed, while no dsDNA was
detected in the cytoplasm, indicating that REs induced
senescence through the dsRNA-mediated RIG-I pathway.
Additionally, upregulation of RIG-I and p-TBK1 in senescent
BMSCs was revealed. Quercetin effectively decreased cyto-
plasmic dsSRNA aggregation and expression levels of RIG-I
and p-TBKI1. Moreover, knockdown of RIG-I significantly
reversed the senescence of BMSCs and restored the impaired
osteogenic function.

There is substantial evidence indicating a notable decline
in the osteogenic differentiation capacity of BMSCs with
aging, which consequently affects bone regeneration poten-
tial (43,44). However, limited research has been conducted on
the impact of dsRNA and its activation pathway on stem cell
differentiation: The existing studies have yielded conflicting
results, highlighting the need for further investigation (45,46).
Here, osteogenic differentiation ability of BMSCs was signifi-
cantly decreased after induction of senescence by H,O, or
administration of Poly(I:C), a synthetic dsSRNA analogue.
However, blocking the RNA sensing pathway via quercetin or
knockdown of RIG-I effectively improved the compromised
osteogenic differentiation in senescent BMSCs. Lou et al (47)
demonstrated that overexpression of RIG-I impaired the
clonogenicity and osteogenic potential of BMSCs. Overall,
involvement of a non-canonical pathway, dsSRNA/RIG-I, in the
regulation of osteogenic differentiation in BMSCs was eluci-
dated and the underlying regulatory mechanism of quercetin
in this signaling cascade was unraveled.

Collectively, the findings of the present study demon-
strated that the release of REs during senescence triggered
activation of the RIG-I RNA sensing pathway and subsequent
downstream innate immune response, resulting in decreased
osteogenic capacity of BMSCs. Quercetin restored epigenetic
regulation and stabilized heterochromatin, thereby inhibiting
release of REs and preventing the decline in osteogenic
capacity (Fig. 7). The present study offers novel strategies and
targets for alleviating senescence of BMSCs and promoting
bone regeneration.
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