Bioactive Materials 25 (2023) 13-28

Contents lists available at ScienceDirect

KeAi

CHINESE ROOTS
GLOBAL IMPACT

journal homepage: www.keaipublishing.com/en/journals/bioactive-materials

Bioactive Materials

KeAi

BIOACTIVE
MATERIALS

L)

Check for

Repurpose dasatinib and quercetin: Targeting senescent cells ameliorates = [%&s
postmenopausal osteoporosis and rejuvenates bone regeneration

Ying Wang ™', Lin bin Che b1°Xi Chen?, Zirui He?, Dianwen Song ™, Yuan Yuan®,

Changsheng Liu ™

@ Key Laboratory for Ultrafine Materials of Ministry of Education, Frontiers Science Center for Materiobiology and Dynamic Chemistry, Engineering Research Center for
Biomaterials of Ministry of Education, School of Materials Science and Engineering, East China University of Science and Technology, Shanghai, 200237, PR China
Y Department of Orthopedics, Shanghai General Hospital, Shanghai Jiaotong University School of Medicine, Shanghai, 200080, China

ARTICLE INFO ABSTRACT

Keywords:

Postmenopausal osteoporosis
Dasatinib and quercetin
Senescent cells
Mesenchymal stem cell
Bone regeneration

Clinical therapies developed for estrogen-deficiency-driven postmenopausal osteoporosis (PMO) and related
diseases, such as bone degeneration, show multiple adverse effects nowadays. Targeting senescent cells (SnCs)
and the consequent senescence-associated secretory phenotype (SASP) with a combination of dasatinib and
quercetin (DQ) is a recently developed novel therapy for multiple age-related diseases. Herein, we found that
estrogen deficiency induced-bone loss was attributed to a pro-inflammatory microenvironment with SASP se-

cretions and accelerated SnC accumulation, especially senescent mesenchymal stem cells (MSCs) characterized
by exhaustion and dysfunction in middle aged rats. Systematically targeting SnCs with DQ strikingly ameliorated
PMO and restored MSC function. Local administration of DQ and bone morphogenetic protein 2 (BMP2) in
combination promoted osteogenic differentiation of MSCs and rejuvenated osteoporotic bone regeneration. Our
results repurposed DQ as an attractive therapy for treating PMO and related diseases.

1. Introduction

Osteoporosis (OP), one of the most prevalent chronic diseases among
elderly individuals, manifests with notably higher morbidity and a much
higher risk of associated bone fracture in postmenopausal women [][][]
[1-3] [1[1[]. According to pathogenesis and age of onset, osteoporosis is
classified into different types, among which postmenopausal osteopo-
rosis (PMO, type I) and senile osteoporosis (type II) are two main cate-
gories of high incidence. Estrogen deficiency is now undoubtedly
considered as the main contributor to imbalanced bone metabolism,
especially excess bone resorption which leads to bone fragility in women
with PMO [][][] [4-6] [1[1[]. Based on this pathogenesis, current clin-
ical therapies for PMO, including estrogen mediation and bone meta-
bolism regulation, however, have shown multiple adverse effects, as
revealed through accumulated evidence [7-9]. For example, estrogen
supplementation, a menopausal hormone therapy, is recommended in
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the clinic only with precaution because it increases the risk of blood clots
formations, as well as breast and uterus cancer development [10,11].
Bone metabolism regulators, such as bisphosphate and parathyroid
hormone (PTH), are also limited due to increased possibility of atypical
femoral fracture (AFF) and hypercalcemia [12-14]. Therefore, new
therapies for PMO and related diseases are still in urgent demand,
particularly those that show few side effects in untargeted tissues.
Senescent cells (SnCs) are characterized by permanent cell cycle
arrest, combined with autonomous non-cellular activities, as exempli-
fied by the secretion of inflammatory cytokines, chemokines, and pro-
teases, together termed the senescence-associated secretory phenotype
(SASP) [15], which drives the senescence of neighboring normal cells
through paracrine signaling [16,17]. SnCs are proved as culprits of most
age-related diseases [17-22], and by creating a pro-inflammatory
microenvironment, a chronic SASP is also a plausible driver of tissue
impairment and degeneration [23-25]. Notably, recent studies have
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revealed that estrogen  deficiency  exacerbated  cellular
senescence-associated deterioration, such as reactive oxidative stress
(ROS) accumulation [26], decreased expression of Sirtl [27] and
decreased telomerase activity [28]. Cognizant of these results, we hy-
pothesized that PMO may possibly be attributed to SnCs.

The combination of dasatinib and quercetin (DQ), defined as a first
generation of senolytic treatment, has been proven to selectively target
SnCs and attenuate SASP in multiple tissues [22,29,30] since first re-
ported in 2015 [31]. DQ is now demonstrated to be therapeutic for many
aged-related diseases, such as type II diabetes [32], intervertebral disc
degeneration [30], atherosclerosis [33], and senile osteoporosis which is
classified as type II OP [22], and it has also shown promising results in
clinical trials of diabetic kidney disease [34] and idiopathic lung fibrosis
[35]. Considering the plausible relationship between SnCs and PMO, DQ
may also perform a positive therapeutic effect in the context of PMO.
However, to date, the efficacy of DQ treatment to attenuated PMO is still
rarely investigated.

In this study, we thoroughly studied the therapeutic effect of DQ on
PMO and related disease. Accelerated SnC accumulation, which
contributed to severe bone loss and impaired bone regeneration, was
observed in bone tissues of PMO, especially senescent MSCs, as char-
acterized by exhaustion and dysfunction. Targeting SnCs by DQ
improved the bone tissue microenvironment, including decreased
number of SnCs, attenuation of SASP, and the function restored MSCs.
Moreover, systematic treatment with DQ effectively prevented bone loss
in PMO models, while local combinatorial treatment with DQ and bone
morphogenetic protein 2 (BMP2), an osteo-inductive agent, rejuvenated
osteoporotic bone regeneration. Our findings demonstrated that DQ
ameliorated PMO and promoted bone repair by creating a pro-
regenerative microenvironment, and repurposed the senile OP (type
1) -indicated drug DQ as an attractive therapy for treating PMO (type I)
and related diseases.

2. Materials and methods
2.1. Animals

The Animal Care and Use Committee of the School of Medicine of
Shanghai Jiao Tong University approved all experimental animal pro-
cedures and animal care (License number: 20180901). Female rats of
different ages were assigned to three groups: young (6-mo to 8-mo, Y),
middle (12-mo to 14-mo, M) and old (19-mo to 21-mo, O) groups. To
investigate whether PMO can be attributed to SnCs, young, middle-aged
and old female rats were randomized and received either a sham oper-
ation (SHAM, Y-SHAM or M-SHAM) or were ovariectomized (OVX, Y-
OVX or M-OVX), with some in the latter group treated with DQ (Y-DQ or
M-DQ) (n = 6). Rats were orally administrated with DQ for 2 months to
examine the clearance or accumulation of SnCs, the improvement of
microenvironment, and the restoration of MSC function at early stage.
While rats were administrated for 4 months to investigate the long-term
therapeutic effect on bone loss prevention. The lumbar or femurs were
dissected for senescent associated analysis. Furthermore, old female
SHAM (O-SHAM) rats served as natural aging models in the assessments
(n = 6). D and Q were diluted in 10% PEG400 (diluted in DI water) and
administrated every two weeks by oral gavage at dosages of 5 mg kg~!
and 50 mg kg, following methods previously reported [22].

2.2. Micro-CT analysis

Femurs were dissected from Y-SHAM or Y-OVX, M-SHAM or M-OVX,
and O-SHAM rats for micro-CT analysis. A micro computed tomography
instrument (Bruker Optik GmbH, Belgium) was used to evaluate the in
vivo bone regeneration of the models. Femur and lumbar vertebrae were
harvested and fixed in 4% paraformaldehyde 36 h before micro-CT
scanning. Samples were scanned at 18 pm pixel resolution (1 mm
aluminum filter, 65 kV, 380 pA). The femoral defect region was
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visualized in the coronal, sagittal, and transaxial planes with adjacent
tissue using Data Viewer software. A cylinder-shaped region of interest
(ROI) with a 2.5 mm diameter corresponding to the defect site was
selected. The analysis of the regenerated neo tissue was evaluated with
CTAn software, according to factors such as BV, BV/TV, BS, Tb.Th, Tb.N
and Tb.Sp. Representative 2D and 3D reconstructed images were ac-
quired and processed with SkyScan Data Viewer and CTVol software,
respectively.

2.3. Histological and immunohistochemical evaluation

For evaluation of bone histology, samples were fixed in 4% para-
formaldehyde for 48 h and then decalcified in 10% ethylenediamine-
tetraacetic acid for 3 weeks before being dehydrated with gradient al-
cohols and embedded in paraffin, and 5 pm thick contiguous sections
were sliced for hematoxylin & eosin (H&E) and immunofluorescence
(IF) staining analysis. For IF staining, slides were processed for heat-
induced epitope retrieval in a microwave oven by heating in 0.01 M
citrate buffer for 9 min. The sections were incubated in diluted normal
serum for an hour and then incubated with rabbit anti-rat p16 (Abcam,
USA), p53 (Abcam, USA), Runt-Related Transcription Factor 2 (Runx2,
Abcam, USA) and Matrix Metallopeptidase 9 (MMP9, Abcam, USA) at
4 °C overnight. After washing, the slides were stained with Alexa Fluor
488-labeled or 594-labled goat secondary antibody to rabbit (Jakson,
USA) for 90 min after blocking with a 5% bull serum albumin solution at
4 °C overnight. Nuclei were stained with 4’,6-diamidino-2-phenylindole
(DAPI). The samples were observed with a confocal laser scanning mi-
croscope (TCS SP8, LEICA, Germany).

2.4. Protein extraction and Western blot analysis

To examine senescent markers of bone tissue, lumbar vertebrae (L1
to L5) were used for protein extraction. Briefly, vertebrae were
dissected, cleaned of soft tissues, and ground in a liquid nitrogen at-
mosphere. Then, RIPA lysis buffer containing phenylmethanesulfonyl (1
x 1073 M) was added to the ground powder for protein extraction. Ly-
sates were separated on 10% SDS-PAGE polyacrylamide gels and
transferred to PVDF membranes (0.22 pm). After being blocked with
blocking buffer (Beyotime, China) for 15 min at room temperature, the
membranes were incubated with primary antibodies against p16 (Invi-
trogen, USA) and p53 (CST, USA) overnight at 4 °C and then with
horseradish peroxidase (HRP)-conjugated secondary antibodies (Jack-
son Immuno Research, USA) at room temperature for 1 h. Proteins were
quantified by Image J software (V.1.52a) and normalized to SHAM
control.

2.5. RADS51 pathway analysis

For DNA damage and repair experiment, 50,000 BMSCs per well
were seeded in 6-well plates and were cultured in the conditioned me-
dium for 3 days, and proteins were extracted by RIPA lysis buffer for
analysis. The primary antibodies against gamma H2A histone family
member X (YH2AX, Abcam, USA) and p53 (two typical markers of DNA
damage), and RAD51 (an essential protein for homologous recombina-
tion repair, CST, USA) were used in this study. To investigate the syn-
ergistic effect of DQ and BMP2, 50,000 BMSCs per well were seeded in 6-
well plates and were cultured in the conditioned medium. Proteins were
extracted by RIPA lysis buffer after treatment and were analyzed by
Western blot. The primary antibodies against p16, psmadl/5/9 (CST,
USA) and col I (Abcam, USA) were used in this study. As for the
immunofluorescence staining experiments, cells were incubated with
7.5 pM of RS1 (a RAD51-stimulatory compound) in the OVX CM, or 60
pM of RI-2 (a specific RAD51 inhibitor) in the DQ CM for 24 h. Then cells
were treated with 0.1% Trinton X-100 before incubating with rabbit
anti-RAD51 and mouse anti-p53 primary antibodies at 4 °C overnight,
and then were stained with Alexa Fluor 568-labeled donkey anti-mouse
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and 647-labeled goat anti-rabbit secondary antibodies (Jackson Immuno
Research, USA) for 90 min.

2.6. Flow cytometry of MSCs

Tibiae and femurs from M-SHAM or M-OVX rats were dissected,
cleaned of soft tissue and flushed with staining buffer (10% fetal bovine
serum (FBS, Gibco) in PBS). After straining through a 40 pm nylon filter,
the cells were washed in staining buffer and pelleted at 800 rpm at 4 °C
for flow cytometry preparation. The cell pellet was resuspended in
staining buffer with fluorochrome-conjugated antibodies (BioLegend,
USA) against CD45 (202225, 1:500), CD29 (102215, 1:200), and CD44
(203906, 1:500). Flow cytometry was performed with a CytoFLEX
Platform (Beckman, USA).

2.7. Conditioned medium generation

Rat blood samples were obtained from abdominal aorta with 10-mL
vacutainer SST blood collection tubes (BD, 367820, USA) after rats were
anaesthetized by 1 w/v% pentobarbital solution. Subsequently, the
blood was centrifuged at 1200 x g for 30 min and the serum was filtered
through a 0.22-pm membrane after collection.

Condition medium (CM) consisted of «-MEM, 0.2% FBS, 15% serum
collected from 14-mo sham (SHAM CM), 14-mo ovariectomized (OVX
CM), or 21-mo sham (Old CM) rats, and 1% penicillin-streptomycin. To
study the systematic effect of DQ, DQ CM was mixed with serum from
14-mo OVX rats orally treated with DQ for 2 months. For investigation
into local effects, DQ CM was obtained by directly mixing DQ with OVX
CM to mimic the in vivo local administration condition. The optimal
concentration of DQ (D10 plus Q10) was dissolved in OVX CM to
generate DQ CM.

2.8. Cell culture

MSCs were isolated as previously described [1[1[] [36] [1[1[] from
1-mo old rats. Primary MSCs expanded to passage 3 in complete medium
consisting of o-MEM with 10% FBS and 1% penicillin-streptomycin
were used in all comparison experiments.

2.9. RNA sequencing and analysis

Total RNA from MSCs after treatment with SHAM, OVX, DQ and Old
CM for 3 days was extracted by TRIzol and purified with poly-T oligo-
attached magnetic beads. Then, sequencing libraries were established
with an MGIEasy RNA library kit (MGI, China), and samples were sub-
jected to DNBSEQ and mapped to the Rattus norvegicus reference
genome (GCF_000001895.5_Rnor 6.0, July 2014) using HISAT2 soft-
ware (v2.0.4). Bowtie2 (v2.2.5) and RSEM software (v1.2.8) were used
to identify differentially expressed genes based on the DEseq2 method.
All differentially expressed genes (DEGs) were defined with a false dis-
covery rate-adjusted p value less than 0.05 and |log fold change| >1.
Pathways enriched with DEGs were analyzed and visualized based on
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway [1[][] [37]
[1[1[1and Pathview [38] with a p value < 0.05. All aligned genes were
imported into GSEA software (MSigDB, v7.3), and the statistically sig-
nificant gene sets with [NES|>1, nominal p value < 0.05 and FDR <0.25
were examined [][]1[] [39] [1[1[]. The ten most active hub genes were
predicted by the MCC ranking method and based on the PPI network
downloaded from version 11.5 of the STRING database and visualized
with Cytoscape software (v3.10.0).

2.10. Senescence-associated-f-galactosidase assay
SA-p-gal activity was detected using a senescence p-galactosidase

staining kit (CST, 9860S) following the manufacturer’s instructions.
20,000 per well MSCs were seeded in 24-well culture plates and then
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transferred to SHAM, OVX or DQ CM for 3 days. Cells were washed twice
with PBS and fixed with 4% paraformaldehyde for 15 min. Then cells
were incubated with SA-p-gal staining solution at 37 °C overnight. The
SA-p-gal positive cells were observed by an optical microscopy and
quantified by Image J software (V.1.52a).

2.11. Quantitative reverse transcription-polymerase chain reaction
(RT-PCR)

20,000 per well MSCs were seeded in 24-well culture plates and then
transferred to SHAM, OVX or DQ CM. After incubation in CM for 3 days,
total RNA was extracted using TRIzol (TaKaRa, Japan), and the purity
and concentration were quantified by a NanoDrop 2000 (Invitrogen,
USA). Reverse transcriptase was performed using an iScript cDNA syn-
thesis kit (Bio—Rad, 1708891). PCRs were performed using iTaq Uni-
versal SYBR Green Supermix (Bio—Rad, 1725121) in a CFX96 Real-Time
System (Bio—-Rad, USA). All experiments were performed in triplicate.
The primer sequences used are listed in Table S2.

2.12. Cell cycle analysis

100,000 per well MSCs were seeded in 6-well culture plates and then
transferred to SHAM, OVX or DQ CM. After 24 h of culture, the cells
were washed with PBS and fixed with 70% ethanol for 2 h. Subse-
quently, the cells were stained with a PI/RNase staining kit (Dojindo,
C543) according to the manufacturers’ instructions and analyzed by
flow cytometry.

2.13. Colony-forming unit (CFU) assay

For the colony-forming unit assay, 100 MSCs in passage 3 from 1-
month-old rats were plated in 6-well plates and treated with SHAM,
OVX or DQ CM for 7 days. The cells were fixed with 70% ethanol and
stained with Giemsa staining solution (Beyotime, C0131). MSC colonies
were identified, and the number of colonies were counted in each well.

2.14. MSC proliferation

To evaluate the influence of microenvironment on proliferating
ability, normal MSCs were exposed to SHAM, OVX or DQ CM for 4 days.
Cell number was analyzed by Alamar Blue kit (Thermo Fisher Thermo
Fisher Scientific, USA) at the first and fourth day, and calculated from
the ratio of fluorescent intensity on the test day to that on the day before
treated.

2.15. Differentiation of MSCs

To investigate the systematical effect of DQ on MSC osteogenetic
differentiation, 20,000 MSCs per well were seeded in 24-well culture
plates and then transferred to SHAM, OVX or DQ CM. After 14 days of
culture, cells were stained with 500 pL Alizarin red S solution (Beyotime,
C0148S) and washed with water. The calcium nodules were observed by
optical camera, and were dissolved by 10% cetylpyridinium chloride
(500 pL/well in 24-well plates) for 2 h. The absorbance at 562 nm
represented the quantification of the ARS staining.

For differentiation experiments of local effects combined with BMP2,
MSCs were cultured with complete medium and then transferred to
SHAM, OVX or DQ CM with BMP2 (0.2 pg mL™!). While in the sequential
group, MSCs were first culture in the DQ CM without BMP2 for 7 days,
and then transferred to the DQ CM with the existence of BMP2 for
another 7 days. Cells were analyzed on the seventh day for pl6 (a se-
nescent marker), 6 h after BMP2 treatment for pSmad1/5/9 (necessary
for BMP2 pathway activation), and finally on the fourteenth day for col I
(osteogenesis) levels. At the end of the differentiation culture period,
cells were stained with ARS (Beyotime, C0148S) or Oil red O (Beyotime,
C0158S). To further verify that the synergistical effect of DQ and BMP2
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was related with pSmadl/5/9 pathway, 200 nM of LDN-193189
(Beyond, China), which inhibited the activation of pSmad1/5/9, was
added to DQ CM at the 7th day when BMP2 was added. After 6 h of
culture, cells were treated with 0.1% Triton X-100, and then incubated
with rabbit anti-phospho-Smadl (Ser463/465)/Smad5 (Ser463/465)/
Smad9 (Ser465/467) (D5B10) (Cell Signaling Technology, USA) and
mouse anti-RUNX2 (Abcam, USA) antibodies at 4 °C overnight. Then
cells were stained with Alexa Fluor 568-labeled donkey anti-mouse and
647-labeled goat anti-rabbit secondary antibodies (Jackson Immuno
Research, USA) for 90 min.

To define whether sequential treatment of DQ and BMP2 was
required, MSCs were directly cultured in the DQ CM with BMP2 for 7
days in the simultaneous group (Sim-DQ), or cultured in the DQ CM or 2
days followed by BMP2 addition for another 5 days in the sequential
group (DQ). And then total alkaline phosphatase (ALP) activity was
tested by an Alkaline Phosphatase Assay Kit (Beyotime, P0321S) ac-
cording to the manufacturers’ instructions. While for the DQ Total ALP
activity was quantified at OD405 nm.

2.16. H303-induced senescence

Normal MSCs from 1-mo old rats at passage 3 were induced to se-
nescent MSCs by 100 pM H0; for 2 h and then cultured in complete
medium, at a density of 20,000 cells/cm? Cells were immediately
collected for cell cycle assay to verified the senescence. To screen the
optimal concentration of dasatinib and quercetin, 5,000 cells were
seeded in 96-well culture plates and treated with HyOo, and cell viability
was evaluated by alamar blue kit and calculated from the ratio of fluo-
rescent intensity on day 3 to that on day 0. To investigate the long effect
of DQ on proliferation, cell viability of MSCs treated with DQ for 7 days
(DQ 7 d), or with DQ for 4 days and then without DQ for another 3 days
(DQ 4 d + 3 d), and cell viability was evaluated by alamar blue kit and
calculated from the ratio of fluorescent intensity on the test day to that
on day 0.

Cells were seeded SA-B-gal activity was then tested at the third day
and quantified by Image J software. To further verified the optimal
concentration of D10Q10 in the HyO,-induced senescence model,
senescence associated genes were analyzed by RT-PCR at the third day,
by a transwell co-culture assay. 5,000 MSCs were treated by HyO5 in the
upper layer to obtain senescent MSCs, and then 20,000 MSCs were
seeded in the lower layer of a 24-well transwell plate.

2.17. Invivo bone defect model and scaffold implantation

A rat femoral defect model was applied to investigate the effect of
local DQ treatment. After being anaesthetized, a 2.5 mm diameter
femoral defect was made at distal femur via a microbone drill. Imme-
diately after the bone was removed, the defect was rinsed with saline
solution, and scaffolds were implanted. The sequentially released scaf-
fold consisted of mesoporous bioglass (MBG) microspheres and an
injectable 10% GelMA hydrogel. The MBG microspheres were incubated
with 2 mg/mL BMP2 solution for 24 h, and then were mixed in gelMA
solution containing DQ after lyophilization. GelMA hydrogel (Control),
hydrogel with DQ (DQ), hydrogel with BMP2 (BMP2), and hydrogel
with both DQ and BMP2 (DQ + BMP2) were implanted into the defect
area. The encapsulated amount of D and Q were 685 pg mL ™! and 68.5
pg mL~%, respectively, and the loaded amount of BMP2 was 20 pg per
rat. For in in vitro releasing behavior evaluation, released quercetin was
quantified at an OD value of 376 nm, and BMP2 was detected with a
human BMP2 ELISA kit (ENZO-1, ASB-OKEH00025). To further verify
the sequential release in vivo, the same dose of calcein was used as a
model drug, considering the similar properties with quercetin, and the
same dose of BMP2 was modified by sulfo-cyanine7 (CY7-BMP2). The
releasing amount was evaluated by the fluorescence intensity and the
releasing sequence was determined by fluorophore location at the 1st,
3rd and 5th day. All the images were captured in vivo and the
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fluorescence intensity was quantified by VISQUE® InVivo ART 100
(Vieworks, Korea).

2.18. Statistical analysis

All data are presented as the means + standard deviation (SD). A
prospective power analysis was carried out prior to the animal study
using K means comparison and one-way ANOVA Pairwise [][][] [40] []
[1[]. Statistical analysis was assessed using GraphPad Prism 8.0 statis-
tical software. Quantification was determined with ImageJ software
(V.1.52a). One-way ANOVA and Tukey’s post hoc test analysis of vari-
ance was used to perform statistical analyses, and p <0.05 was
considered to be statistically significant; *p <0.05, **p < 0.01, ***p <
0.001, ****p < 0.0001, n.s., not significant.

3. Results

3.1. Systematic treatment with the senolytic drug DQ prevented bone loss
in middle-aged postmenopausal osteoporotic rats (PMO rats)

We first sought to determine whether the senolytic drug DQ, which
has been in clinical trials for many age-related diseases, could alleviate
PMO systematically [1[1[] [41,42] [1[]1[]. Considering that most post-
menopausal women are in middle age, we chose 12-month-old (mid-
dle-aged, M) female rats as the animal model to match the pathological
age to the maximum extent. The middle-aged rats were subjected to a
sham operation (M-SHAM), or ovariectomy with (M-DQ) or without
(M-OVX) DQ treatment afterwards, and the femurs were dissected at the
sixteenth month after surgery for analysis (Fig. 1A). Systematic DQ
treatment significantly increased the enrichment and density of
trabecular bone in the M-DQ group compared to that in the M-OVX
group (Fig. 1B). To investigate the trabecular bone microarchitecture,
areas in the distal femur were further analyzed. The 3D obtained
micro-computed tomography (pCT) images demonstrated that DQ
treatment substantially resulted in better femur trabecular bone
microarchitecture (Fig. 1C), with elevated bone volume fraction
(BV/TV, Fig. 1D) and trabecular number (Tb.N, Fig. 1E) by approxi-
mately two-fold, as well as the declined trabecular separation (Tb.Sp,
Fig. 1F) and structure model index (SMI, Fig. 1G). Consistent with these
results, increased trabecular number and growth plate amelioration
were also observed in the DQ-treated postmenopausal osteoporotic rats
(PMO rats) (Fig. 1H). In addition, the possible side effects of DQ on other
organs were examined (Fig. S1). Significant tissue damage or pharma-
cological toxicity was not observed in the kidney, lung, spleen, liver and
heart tissues, suggesting the combination of DQ could be a favorable
candidate for PMO treatment. In summary, these results demonstrated
that, for the first time to our knowledge, systematic treatment with the
senolytic drug DQ ameliorated PMO in middle-aged rats.

3.2. Accumulation of SnCs accelerated bone loss in middle-aged PMO rats

Although the combination of dasatinib and quercetin is proved to
clear senescent cells, both dasatinib and quercetin exhibit many other
effects in vivo. In order to define whether the DQ repurposing in PMO
was related to clearing senescent cells (SnCs) in bone tissues, we first
examined the SnC accumulation in PMO rats. Senescent cells, which
appear throughout the lifespan, are suspected to be cleared by the im-
mune system at a young age but accumulate rapidly in old age, probably
due to the decreased clearance capacity of the aged immune system [][]
[1 143,441 [1[1[]. Although a steep increasing number of senescent cells
in bone tissue was accounted in individuals of senile OP (type II) [22],
whether SnCs were accumulated during PMO (type I) was unclear. A
previous study has reported that SnCs were not remarkably accumulated
in the bone tissue of young OVX mice, and found that eliminating SnCs
did not rescue the bone loss [45]. However, our results showed a ther-
apeutic effect of DQ treatment in middle-aged rats, indicating a probably
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Fig. 1. Systematic treatment of senolytic drug DQ prevented bone loss in middle-aged postmenopausal osteoporotic rats (PMO rats). (A) Experimental design for
testing DQ treatment effect on PMO. (B) Representative micro-CT (uCT) 2D images of femur from middle-aged SHAM (M-SHAM), OVX (M-OVX) and DQ-treated (M-
DQ) groups, scale bar is 1 mm. (C) Representative pCT 3D images of areas in distal femur; scale bar is 1 mm. Quantification of pCT-derived (D) bone volume fraction
(BV/TV; %), (E) trabecular number (Tb.N; mm’l), (F) trabecular separation (Tb.Sp; mm), and (G) structure model index (SMI). (H) Representative hematoxylin-
eosin staining (H&E) staining images of femurs; n = 6, scale bar is 200 pm. Data are represented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, as deter-

mined by one-way ANOVA analyses with Tukey’s post-hoc test.

accelerated SnC accumulation in middle-aged PMO rats. Hence, to
thoroughly reveal whether the correlation between SnCs and PMO is
age-dependent, both 6-mo (young, Y) and 12-mo (middle-aged, M) rats
were subjected to a sham operation (Y-SHAM or M-SHAM) or ovariec-
tomy (Y-OVX or M-OVX), with 19-mo (old, O-SHAM) rats as naturally
aged control for comparison analysis (Fig. 2A). Deteriorated skeletal
architecture and remodeling were observed in the OVX groups
compared with SHAM groups at both young and middle age stages
(Fig. 2B)- including reduced BV/TV (Fig. 2C) and Tb.N (Fig. 2D), as well
as increased Tb.Sp (Fig. 2E) and SMI (Fig. 2F). Notably, the Tb.Sp of the
M-OVX rats was significantly higher (3-fold) than that of the Y-OVX rats,
but was equivalent to that of the O-SHAM rats (Fig. 2E), indicating the
deterioration of microenvironment in the M-OVX rats. Although the
BV/TV and Tb.N of the M-OVX rats and Y-OVX rats showed no signifi-
cant differences, consistent with observations reported in a previous
study [46], the more significant value reduction was observed in
middle-aged OVX rats (Fig. 2C-D). Furthermore, a more serious
destruction of trabecular bone structure was observed in hemoxylin and
eosin (H&E) stained images of both distal femur and the third lumbar
vertebrae (Fig. 2G, Fig. S2), simultaneously with a decreased number
and more structural disorders in trabecular bone, similar to O-SHAM
rats. These results showed that middle-aged PMO rats exhibited more
severe bone structure deterioration equivalent to that of naturally aged
rats.

To examine whether SnCs contribute to PMO, p16 (also known as
cyclin-dependent kinase inhibitor 2a and highly expressed in SnCs) and
p53 (another typical biomarker of SnCs) levels were measure to identify
SnCs in bone tissue. A remarkable accumulation of both p16 and p53
positive SnCs was observed in the M-OVX rats compared with that in the
Y-OVX rats and was equivalent to that in the O-SHAM rats (Fig. 2G-K).
In summary, we suggest that SnC accumulation accelerated bone loss in
middle-aged PMO rats but not young rats, and the pathogenesis of type I
and type II osteoporosis are potentially correlated.
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3.3. DQ eliminated SnCs in middle-aged PMO rats

Considering that SnCs accumulated in middle-aged PMO rats, we
next investigated the effect of DQ on SnCs in PMO rats at different age
stages. Both Y-OVX and M-OVX rats were administrated DQ orally for
two months (Y-DQ and M-DQ) and then the lumbar vertebrae were
dissected for analysis. Treatment with DQ reduced the SnC number in
the M-DQ rats compared with the M-OVX rats, with the decreased
expression of pl6 and p53 by approximately twofold. Although p53
expression was evaluated which was later downregulated by DQ treat-
ment (Fig. 3A, C), no significant difference of pl6 expression was
observed among young rats (Fig. 3A and B). Consistent with the lumbar
vertebrae results, DQ reduced the number of pl6-positive and p53-
positive SnCs in the femur, nearly a twofold reduction compared with
that in the M-OVX group (Fig. 3C-F). Our results showed that SnCs
accumulated in middle-aged PMO rats, as characterized by increased
expression of pl6 and p53, and DQ effectively eliminated SnCs, as
indicated by decreased p16 and p53 expression in middle-aged PMO
rats. Considering the results mentioned above, we repurposed the
senolytic drug DQ in PMO by clearance of SnCs.

3.4. MSCs exhibited senescence-associated characteristics in middle-aged
PMO rats

Stem cells, especially MSCs, are key contributors to bone formation
and regeneration due to their excellent self-renewal and osteogenic ca-
pacities. However, MSC senescence, characterized by exhaustion and
inappropriate adipogenesis, is induced by the pro-inflammatory micro-
environment during aging, and is considered the culprit of osteoporosis
and degeneration [][][] [21,47-49] [1[][]. To further probe the per-
formance of MSCs in middle-aged PMO rats, we first examined the fre-
quency and self-renewal capacity of the MSCs. Femurs and tibias from
middle-aged SHAM or OVX group rats were dissected, and cells were
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Fig. 2. Accumulation of SnCs accelerated bone loss in middle-aged PMO rats. (A) Experimental design for testing whether SnCs contributed to PMO; young and
middle-aged rats were SHAM (Y-SHAM or M-SHAM) or OVX (Y-OVX or M-OVX) operated, with old SHAM-operated (O-SHAM) rats as natural aging comparison. (B)
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trabecular separation (Tb.Sp; mm) and (F) structure model index (SMI). (G) Optical photographs for hematoxylin-eosin staining (H&E) staining in different groups; n
= 6, scale bar is 200 pm. (H, I) Immunofluorescent image and quantification of p16 expression. Sections were co-stained for p16 (green) and nuclei (blue). (J, K)
Immunofluorescent image and quantification of p53 expression. Sections were co-stained for p53 (green) and nuclei (blue), scale bar is 50 pm, n = 3. Data are

represented as mean + SD. *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant, as determined by one-way ANOVA analyses with Tukey’s post-
hoc test for all comparisons.
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ANOVA analyses with Tukey’s post-hoc test for all comparisons.

isolated for flow cytometry analysis and colony-forming unit (CFU)
assay (Fig. 4A). CD45-negative, CD44-positive and CD29-positive cells
were identified as MSCs. The frequency of MSCs in OVX group rats
decreased by 4.9% compared with that in the SHAM group rats
(Fig. 4B-D). Consistent with the flow cytometry results, the CFU assay
showed a decreased self-renewal capacity, by approximately fivefold, in
the OVX group (Fig. 4E). The exhaustion of MSCs strongly suggested
MSC senescence in middle-aged PMO rats.

Based on afore-mentioned findings, the relationship between MSC
exhaustion and senescence was further investigated through a tran-
scriptome analysis. We hypothesized that MSC behavior was regulated
by estrogen-deficiency-induced microenvironment. To mimic the
microenvironment in vitro, serum from experimental animal was usually
used in other studies [1[1[]1 [47] [1[][]. In our study, serum extracted
from OVX rats were mixed with cell culture medium to prepare the
conditioned medium (CM). Normal MSCs (isolated from one-month-old
rats) were exposed for 3 days to CM containing serum from M-SHAM
(SHAM CM), M-OVX (OVX CM) and O-SHAM (Old CM) rats for 3 days,
and the transcriptome of the different CM-treated MSCs was analyzed by
RNA sequencing. The transcriptomic profiles of each group clustered
distinctly, as demonstrated by principal component analysis (PCA,
Fig. S3A), and the differentially expressed genes (DEGs) between the
SHAM and OVX groups were defined with a cutoff of adjusted p value <
0.05 and |log fold change| >1 (Fig. S3B). The DEGs downregulated in the
OVX group were enriched in the cell cycle, DNA repair (homologous
recombination, Fanconi anemia pathway, mismatch repair and base
excision repair), and DNA replication pathways (Fig. 4F), which all have
been correlated with cellular senescence. Common DEGs identified in
both OVX vs. SHAM and Old vs. SHAM analyses accounted for 22.8% of
total DEGs identified and were hierarchically clustered following the
same trend in the OVX and Old groups compared with that in the SHAM
group (Fig. 4G and H), in which DEGs were also enriched in pathways

*p < 0.0001, as determined by one-way

similar to those identified in OVX vs. SHAM analysis (Fig. 4I). Gene-set
enrichment analysis (GSEA) showed similar regulatory effects between
MSCs in the OVX and Old groups, with downregulation of cell cycle
pathway and upregulation of steroid biosynthesis pathway (Fig. 4J). To
determine whether the features of MSC exhaustion in middle-aged PMO
rats were similar to those of senescent MSC exhaustion, we further
investigated the cell cycle pathway. MSCs in OVX group exhibited G1/S
downregulation which was also observed in senescent MSCs, with lower
levels of cyclin E (CycE), cyclin A (CycA), cell division cycle 6 (Cdc6),
cell division cycle 45 (Cdc45), and minichromosome maintenance
complex component 5 (MCM5) (Fig. 4K). These results demonstrated
that MSCs in the middle-aged PMO rats exhibited senescence-associated
hallmarks and presented transcriptomic profiles similar to that of se-
nescent MSCs in CM containing old rat serum.

3.5. DQ rescued MSC exhaustion and restored MSC function via
attenuating SASP and upregulating RAD51

To further investigate the effect of DQ treatment on the MSC fate, we
evaluated the cellular senescence, proliferation and osteogenesis capa-
bility of MSCs after treatment with CM composed of serum extracted
from 14-month-old M-SHAM (SHAM CM), M-OVX (OVX CM) and M-DQ
rats (DQ CM). First, MSC senescence was delayed by DQ as proven by
decreased senescence-associated p-galactosidase (SA-p-gal) positive cell
numbers (Fig. 5A) and lower gene expression of p16, p21 and p53 in the
DQ CM group (Fig. 5B). To account for possible cell cycle arrest, we
conducted the cell cycle test by performing flow cytometry, and the
results showed a decreased percentage of cells in the DQ CM group in the
G1 phase compared with that in the OVX CM group, suggesting rees-
tablished cell cycle progression after DQ treatment, not arrest in the G1
phase (Fig. 5C and D). Furthermore, the expression of SASP genes was
strikingly downregulated by DQ; in contrast, these genes were highly
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Fig. 4. MSCs exhibited senescence-associated characteristics in middle-aged PMO rats. (A) Experimental flowchart for identification and self-renewal capacity
evaluation of MSCs obtained from middle-aged SHAM and middle-aged OVX rats. The femur and tibia were dissected after 2 months of operation. (B, C) Flow
cytometry analysis with gating scheme for identification of MSCs based on the expression of CD45, CD44 and CD29. (D) Summary plot of MSC frequency from
cytometry, n = 4. (E) Colony-forming unit (CFU) assay of cells isolated from SHAM or OVX bone marrow, n = 3. (F) Representative KEGG pathways of down-
regulated genes from OVX vs. SHAM (p < 0.05, |log fold change| >1). (G) Venn diagrams showing differentially expressed genes (DEGs) of MSCs from OVX vs. SHAM
and Old vs. SHAM (OVX and Old; SHAM). (H) Heat map representing gene-expression values of the 95 genes in the intersection of OVX vs. SHAM and Old vs. SHAM.
(I) Representative KEGG pathways of DEGs from intersection of OVX vs. SHAM and Old vs. SHAM. (J) GSEA plots of MSCs from OVX vs. SHAM and Old vs. SHAM
(|NES|>1, Nominal p-value <0.05, FDR <0.25). (K) Schematic summarizing the DEGs from OVX vs. SHAM related to cell cycle regulation during G1 to S transition
Esing KEGG clustering pathway analysis.
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Fig. 5. DQ rescued MSC exhaustion and restored MSC function via attenuating SASP. (A) Senescence-associated-p-galactosidase (SA-f-gal) staining of MSCs cultured
in conditioned culture medium (CM) for 7 days which consisted of serum collected from different rats: M-SHAM (SHAM), M-OVX (OVX), and M-DQ rats treated (DQ);
the scale bar is 100 pm. (B) RT-qPCR analysis of mRNA expression changes of the senescence effectors, pl6Ink4a (p16), p21Cipl (p21), and p53 (p53), in MSCs
treated with different CM for 3 days, n = 3. (C) Summary plot of G1 cell cycle inhibited MSCs, n = 3. (D) Cell cycle analysis of MSCs as a typical character of
senescence. (E) RT-qPCR analysis of SASP factors in MSCs treated for 3 days indicating estrogen deficiency accelerated MSCs senescence and dysfunction via SASP, n
= 3. (F) CFU assay of MSCs treated with CM for 7 days, n = 3. (G) Quantification of CFU assay, n = 3. (H) Cell viability of MSCs treated with CM for 1 day and 4 days,
n = 3. (I) In vitro Alizarin red S (ARS) staining images in osteogenic differentiation conditioned medium for 14 days; scale bar is 200 pm. (J) Quantification of ARS at

OD562 nm, n = 3. Data are represented as mean + SD. *p <0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant, as determined by one-way ANOVA
analyses with Tukey’s post-hoc test for all comparisons.
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expressed in OVX CM group, indicating that DQ attenuated the devel-
opment of a pro-inflammatory microenvironment in the PMO context
(Fig. 5E, S4). MSC exhaustion was also rescued by DQ, demonstrated by
an increased number of colonies (Fig. 5F and G) and increased prolif-
erative ability (Fig. 5H). In addition, DQ improved MSC morphology,
showing diminished lipofuscin formation (Fig. S5). To further investi-
gate the effect of DQ on MSCs in PMO rats, Alizarin red S (ARS) staining
was performed. The results showed that the impaired osteogenesis
ability of the MSCs in OVX CM, characterized by decreased calcium
nodules, was significantly restored by DQ (Fig. 5I and J).

Transcriptomes of the MSCs in SHAM CM, OVX CM, or DQ CM for 3
days were compared by RNA sequencing to determine the regulation of
senescence-associated processes in the PMO context after treatment with
DQ. The transcriptomic profiles of the DQ group showed distinct clusters
(Fig. S3A), and the DEGs between the OVX and DQ groups were iden-
tified on the basis of a cutoff adjusted p value < 0.05 (Fig. S3C).
Compared with the effect on the MSCs in OVX CM, DQ upregulated
pathways related to DNA replication, DNA repair and cellular senes-
cence; the DEGs in these pathways were found to be significantly
downregulated in the OVX vs. SHAM group analysis (Fig. 6A). Common
DEGs identified in both the DQ vs. OVX and DQ vs. SHAM analyses
accounted for 31.5% of the total DEGs, showing the same trend in the
DQ and SHAM groups, and these DEGs were enriched in some of the
same pathways identified in the OVX vs. SHAM analysis (Fig. 6B-D). The
GSEA showed the upregulation of the cell cycle-related genes and
downregulation of steroid biosynthesis-related genes in DQ-treated
MSCs, in contrast to the findings in the Old or OVX MSCs (Fig. 6E). In
addition, DQ also upregulated homologous recombination and gluta-
thione metabolism pathways (Fig. S3E), which contribute to anti-
senescence effects. These results demonstrated shifted transcriptome
profiles of MSCs in OVX CM toward a profile similar to that of SHAM
MSCs after DQ treatment (Fig. 6B-E). The ten most active hub genes in
the MSCs in DQ vs. OVX analysis were predicted using Cytoscape soft-
ware (Fig. 6F, Table S1). Interestingly, these genes all intersected in the
OVX vs. SHAM, Old vs. SHAM and DQ vs. OVX analysis (Fig. 6G) and
were all downregulated in the OVX and Old groups but upregulated in
the DQ group (Fig. 6H), indicating that DQ mainly regulated senescence-
associated processes in PMO.

The decreased DNA repair capacity is regarded as an essential
attribution to increased DNA damage during aging [1[][]1 [50,517 [1[1[1,
which is proved to be not only an inducer but also consequence of
senescence [52-54]. Since almost all the ten hub genes were associated
with DNA repair during DNA replication process, we attempted to figure
out the whether DQ prevent MSC senescence by regulating DNA repair
capacity. RAD51 family proteins are central to homologous recombi-
nation (HR) repair, which is one of the typical types of DNA repair
pathways [1[1[] [55] [1[1[1, by forming right-handed helical filaments
on ssDNA to direct their own and interacting protein activities [56].
Interestingly, consistent with the RNA sequencing analysis, RAD51
protein expression decreased to approximately 60% in the OVX CM
compared to that in the SHAM CM (Fig. 61 and J). After DQ treatment,
RADS51 expression was elevated by 18% compared with that in OVX CM.
The DNA damage was also evaluated by analyzing the expression level
of gamma H2A histone family member X (yH2AX) and p53. Compared to
MSCs in SHAM CM, MSCs exhibited strikingly higher yH2AX (by
approximately 45%) and p53 (by about 35%) expression, while DQ
treated MSCs showed decreased DNA damage related protein expres-
sion, by 27% of yH2AX and by 20% of p53, respectively (Fig. 61 and J).
Furthermore, blocking the HR repair pathway with RI-2, which was a
specific inhibitor of RAD51, upregulated p53 expression in the DQ CM.
While enhancement of the HR repair with RS1, which was a
RAD51-stimulatory compound, downregulated p53 expression in the
OVX CM even without DQ (Fig. S6). In summary, DQ regulated a tran-
scriptome shift toward the SHAM phenotype, rescued MSC exhaustion
and restored MSC function by attenuating the SASP and upregulating
RADS51 expression to restore DNA repair capacity.
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3.6. Local implantation of DQ-encapsulated and BMP2-fixed hydrogel
rejuvenated bone regeneration

The afore-mentioned findings demonstrated that DQ effectively
ameliorated PMO in a systematic way., But as we known, PMO leads to
many complications with serious consequences in clinic. Among them,
local osteoporotic fracture is a typical complication, and the risk in
women is as high as 40%, making it a major cause of death, disability,
and worldwide healthcare costs [57]. Hence, we investigated the po-
tential effect of DQ on bone regeneration in a PMO defect model through
the combination and local administration of DQ and human recombi-
nant bone morphogenetic protein 2 (BMP2), a commonly used
osteo-inductive agent. To improve the microenvironment for local bone
defect regeneration, DQ was expected to be released prior to BMP2,
resulting in a negatable influence of the SASP. For bone defect regen-
eration, nanoscale materials and hydrogels were most commonly used
due to their design flexibility and excellent therapeutic efficacy [58,59].
Therefore, we fabricated a DQ-encapsulated and BMP2-fixed injectable
hydrogel for implantation (DQ + BMP2) (Fig. 7A). To realize sequential
administration of DQ and BMP2 locally both in vitro and in vivo, bioglass
microspheres with mesopores (MBG) of 8 nm, which was compatible
with the BMP2 size (7.5 nm), were fabricated as previously described for
sustained release of BMP2 [60] (Figs. S7A and B). BMP2 of a diameter at
8 nm was fixed in the mesopores of MBG microspheres. DQ was directly
mixed into the gelatinous methacryloyl (GelMA) hydrogel and was
released earlier than BMP2 (Fig. S7C). The encapsulated amount of D
and Q were 685 pg mL ™' and 68.5 pg mL™!, respectively. To further
verify the sequential releasing in vivo, we also fabricated a
calcein-encapsulated and CY7-BMP2-fixed hydrogel for in vivo fluores-
cence imaging. The results showed that calcein was also released in prior
to CY7-BMP2 at the 1st day, and CY7-BMP2 was not released until the
3rd day. At the 5th day, both calcein and CY7-BMP2 were almost
released (Figs. S7D and E). The micro-CT analysis demonstrated that
local treatment with DQ had a synergistic effect with BMP2 on bone
regeneration, as proven by significantly increased newly formed bone,
especially cortical bone, in the DQ + BMP2 group (Fig. 7B). Compared
with the effect of BMP2 released separately, DQ elevated the BV/TV
(Fig. 7C), Tb.Th (Fig. 7D) and Tb.N (Fig. 7E) by approximately twofold
and decreased the Tb.Sp ((Fig. 7F) in the DQ + BMP2 group. Consistent
with these results, the H&E—images of DQ + BMP2 group showed larger
trabecular number, higher trabecular density, and higher orderly ar-
ranged trabecular (Fig. S8).

Next, we investigated the mechanism creating of BMP2 and DQ
synergism in bone regeneration by dissolving DQ into OVX CM. The
concentration of DQ for inducing MSC senescence was tested using an
oxidative stress-induced senescence model (Fig. S9A). The optimal
concentrations of DQ in combination with quercetin (Q10) was 10 pM,
and it was 10 nM with dasatinib (D10) (Figs. S9B-E). Senescent MSCs
(Sen) were selectively eliminated, while proliferating non-senescent
MSCs (Pro) survived. After 3 days of DQ-treatment, MSCs (DQ) exhibi-
ted decreased proliferation by approximately 27% compared to Sen
MSCs due to the clearance. However, when DQ was removed on the
fourth day, the MSCs restored the proliferation capability and increased
approximately 23% viability compared to that under the treatment of
DQ, throughout the following three days (Fig. SOE). In a Transwell
experiment, decreased p16, p21, p53 and SASP expression was found in
proliferating MSCs cocultured with DQ MSCs (Fig. S9G).

To investigate the synergistic effect of DQ and BMP2, MSCs were
sequentially treated with conditioned medium (SHAM, OVX, or DQ CM)
for 7 days and complete medium containing a low dose of BMP2 (SHAM
+ BMP2, OVX + BMP2, or DQ + BMP2) for another 7 days (Fig. 7G). p16
expression on the seventh day was downregulated by local administra-
tion of DQ, while both pSmadl/5/9 (a signal transduction molecule
involved in BMP2 pathway activation) and col I expression was upre-
gulated (Fig. 7H-K). Furthermore, inhibition of smad1l/5/9 activation
by LDN-193189 in the DQ + BMP2 CM downregulated Runt-related
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Fig. 6. DQ treatment attenuated transcriptomic regulation of senescence-associated pathways modulated in MSCs. (A) Representative KEGG pathways of upregu-
lated genes from DQ vs. OVX (p value < 0.05, [log fold change| >0.585). (B) Venn diagrams show DEGs in MSCs from SHAM vs. OVX and DQ vs. OVX. (C) Heat map
representing gene-expression values of the 73 genes in the intersection of SHAM vs. OVX and DQ vs. OVX. Hierarchical clustering of these genes reveals that MSCs
cultured in DQ CM cluster with that in SHAM CM. (D) Representative KEGG pathways of DEGs from intersection of SHAM vs. OVX and DQ vs. OVX. (E) GSEA plots
demonstrate that DQ treated MSCs correlate with gene sets for cell cycle steroid biosynthesis in a opposite way to OVX MSCs, but in a similar way to SHAM MSCs
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in the intersection of OVX vs. SHAM, Old vs. SHAM and DQ vs. OVX. (H) Gene expression in MSCs treated with four different CMs show the consistent expression
change of the top ten hub genes. (I) Expression of gamma H2A histone family member X (yH2AX) and p53 protein related to DNA damage, and RAD51 protein related
to DNA repair after MSCs being cultured in CM for 3 days. (J) Quantification of YH2AX, p53, and RAD51 expression, n = 3. Data are represented as mean + SD. *p
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Fig. 7. Local implantation of DQ-encapsulated and BMP2-fixed hydrogel rejuvenated bone regeneration. (A) Schematic fabrication of injectable gelatin methacryloyl
hydrogel (GelMA) and bioglass microsphere with mesoporous pores (MBG) to realize DQ and BMP2 release in a sequential way. (B) Mircro-CT reconstructions of
calluses at week 4 and week 8 after fracture; scale bar is 1 mm. Quantification of pCT-derived (C) bone volume fraction (BV/TV; %), (D) trabecular thickness (Tb.Th;
mm), (E) trabecular number (Tb.N; mm-1), (F) trabecular separation (Tb.Sp; mm). (G) Scheme of treatments and analysis at specific time points. (H) Expression of
p16 protein after being cultured in CM for 7 days. (I) Expression of pSmad1/5/9 protein after being cultured in CM for 7 days and administrated with BMP2 for
another 6 h. (J)Expression of Col I protein after being cultured in CM for 7 days and then BMP2 dissolved in different CM for another 7 days in chronological order.
(K) Quantification of normalized protein expression of p16, psmadl/5/9 and col I, n = 3. (L) ARS staining of MSCs at day 14; scale bar is 100 pm. (M) Oil red staining
of MSCs at day 14. (N) Immunofluorescent staining of Runt-Related Transcription Factor 2 (Runx2), p16, p53 and Matrix Metallopeptidase 9 protein, scale bar is 50
pm. (O) Quantification of Runx2 expression by immunofluorescent staining, n = 3. (P) Quantification of p16 expression by immunofluorescent staining, n = 3. (Q)
Quantification of p53 expression by immunofluorescent staining, n = 3. (R) Quantification of MMP9 expression by immunofluorescent staining, n = 3. Data are

represented as mean + SD. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, ns, not significant, as determined by one-way ANOVA.

transcription factor 2 (Runx2) expression after 6 h of BMP2 treatment
(Fig. S10). ARS and Oil red O staining on the fourteenth day revealed
that compared with MSCs in OVX + BMP2 CM, MSCs in DQ + BMP2 CM
showed restored osteogenic differentiation and decreased adipogenic
differentiation, which may have led to bone loss as reported elsewhere
[48,61] (Fig. 7L, M). However, when treated of DQ and BMP2 simul-
taneously (DQ/BMP2), senescent MSCs exhibited inferior osteogenesis
compared with that treated with BMP2 only (Fig. S11). Stem exhaustion
has been proved to be a major impedance of tissue regeneration [][][]
[52,62] [1[1[]. If BMP2 was directly released in a microenvironment
that is lack of stem cells, the total cells responding to osteo-inductive
signals would be inadequate. We proposed that the improved osteo-
genesis after sequential treatment with DQ and BMP2 (DQ + BMP2)
might be attributed to the improved microenvironment and recovered
proliferating ability, while the inferior total alkaline phosphatase (ALP)
activity after the simultaneous treatment of DQ and BMP2 (DQ/BMP2)
was ascribed to the decreased amount of MSCs (Fig. SOE). These results
solidified our design of the hydrogel with sequential releasing of DQ to
regulate the microenvironment and followed by BMP2 to induce higher
osteogenesis. The in vivo immunofluorescence staining analysis further
confirmed the increase in osteogenesis, by revealing higher expression
of Runx2 (Fig. 7N, O, S12A), decreased expression of pl6 and p53
(Fig. 7N, 7P-Q, S12B-C) and diminished matrix metallopeptidase 9
(MMP9, a typical protease in the SASP, Fig. 7N, R, S12D). Taken
together, local administration of DQ combined with BMP2 showed a
synergistic effect on bone regeneration by inhibiting cellular senescence
and promoting pSmadl/5/9 pathway activation.

4. Discussion

Inadequate pathogenesis investigation has been an intractable
problem in PMO therapy development. Up to date, although estrogen
deficiency is considered as a main contributor to PMO [4,5,63] and may
potentially be related to SnCs [26-28], the interaction and extent of
these three factors at different age stages have rarely been reported. In
this study, we found that exacerbation of bone loss equivalent to that of
naturally aging rats was induced by estrogen deficiency in middle-aged
rats but not in young rats (Fig. 2B, G), suggesting that middle-aged an-
imals may be the priority for PMO studies. Furthermore, our results, for
the first time, indicated that in the middle-aged rats, PMO was attributed
to the deterioration of the bone microenvironment, which manifested as
SnC accumulation, MSC senescence and increased secretion of SASP
factors (Figs. 5E and 7R). Consistent with bone loss, SnCs accumulated
in middle-aged aged rats but not in young rats (Fig. 2H, J). A previous
study [26] showed that SnCs did not accumulate in the bone tissue of
young OVX mice, but our findings proved that SnCs accumulated in an
age-dependent way as a complement. Additionally, gradual SnC accu-
mulation over 12 months and 18 months has been reported elsewhere
[22], but our results showed a steep increase in SnCs after 12 months in
PMO rats, demonstrating that estrogen deficiency accelerated SnC
accumulation in middle-aged rats. Although several studies have
established the relationship between estrogen deficiency and osteoblast
[1[101 [64] [1[1[] and/or osteocyte [65] senescence, MSCs, which serve
as the parental pool for osteoblasts and chondrocytes, are more critical
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than differentiated cells for bone remodeling. In this study, we found
that estrogen deficiency accelerated MSC senescence and thus caused
decreased bone formation in middle-aged rats (Fig. 8). RNA sequencing
revealed that the transcriptomic profiles of MSCs in PMO rats shifted
toward that of naturally senescent MSCs, which were mainly charac-
terized by the downregulation of cell cycle genes (Fig. 4B-E). In general,
PMO (type I) and senile (type II) osteoporosis are recognized as two
distinct categories of involutional osteoporosis [4]. While the early PMO
is considered to be caused by estrogen deficiency and excess bone
resorption, senile osteoporosis is attributed to aging process such as
cellular senescence and inadequate bone formation. Our results revealed
that regulation of SnCs and senescent MSCs might enhance PMO ther-
apies, and provided new insights into the discriminated pathogenesis of
PMO and senile osteoporosis [63].

Furthermore, for the first time, we found that systematic adminis-
tration of DQ showed excellent performance in treating PMO (Figs. 1
and 8). DQ diminished the number of SnCs in bone tissue and rescued
MSC senescence by attenuating the SASP (Fig. 5A), which led to rees-
tablished cell cycle progression (Fig. 5D) and recovered MSC prolifera-
tive ability (Fig. 5F). In particular, DQ promoted osteogenesis of MSCs in
PMO rats (Fig. 5I) and contributed to increased bone formation. Besides,
DQ attenuated the upregulation of age-associated pathways, predomi-
nantly through the 10 hub genes (Fig. 6F and G, Table S1) related to
DNA replication and led to a transcriptome profile shift that caused the
MSCs in PMO rats to resemble non-senescent MSCs (Fig. 6C-E). In
mechanism, DQ upregulated RAD51 protein to retore DNA repair ca-
pacity and alleviate DNA damage that would lead to cellular senescence
(Fig. 61 and J). Finally, we demonstrated that local administration of DQ
with a sequential combination of BMP2 had a synergistic effect on bone
regeneration (Figs. 7 and 8), providing insights into therapies for PMO-
related local bone fractures. Our research is one of few investigations
locally targeting SnCs only in specific tissues [1[1[] [21,66] [1[][]. Our in
vivo results showed that DQ eliminated SnCs locally in the defect area
(Fig. 7P, Q), and in vitro observations revealed that DQ promoted oste-
ogenic differentiation of MSCs by activating the pSmad1/5/9 pathway
(Fig. 71, K).

In conclusion, we proposed, for the first time, that the senolytic drug
DQ could ameliorate PMO and the related diseases, as proved by sys-
tematically preventing bone loss and locally rejuvenating bone regen-
eration, in synergy with BMP2. Mechanistically, DQ improved the bone
microenvironment, with decreased SnC accumulation, rescued MSC
exhaustion and recovered MSC function mainly by upregulating DNA-
repair related protein RAD51. However, while long-term treatment of
DQ significantly prevent bone loss, local administration of DQ alone did
not rejuvenate bone regeneration, which may attribute to the short-term
release of DQ from the implants. Further studies still need to be con-
ducted to figure out how the release period impacts on bone regenera-
tion in PMO rats. Our findings provide insights into the complex,
multifactorial mechanisms that underlie PMO and repurposed the senile
OP-indicated drug DQ as an attractive novel therapy for treating PMO
and related diseases.
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Fig. 8. Graphical abstract of DQ systematically ameliorated PMO and locally rejuvenated PMO-related bone regeneration. PMO and related diseases are relevant to
SnCs accumulation and MSC senescence in middle-aged rats. Senolytic drug DQ ameliorated PMO and related diseases, as proved by systematically preventing bone
loss and locally rejuvenating bone regeneration, in synergy with BMP2. Mechanistically, MSCs in PMO exhibited senescent-associated characters, including damaged
DNA repair which was characterized by declined RAD51 expression, G1 arrest, exhaustion and dysfunction. DQ diminished SnCs, rescued MSC exhaustion and

recovered MSC function by attenuating SASP secretion.

5. Conclusion

In conclusion, we for the first time proposed that senolytic drug DQ
ameliorated PMO and related diseases, systematically preventing bone
loss, and locally rejuvenating bone regeneration with a synergia of
BMP2. In mechanism, DQ improved the bone microenvironment
including decreased SnCs accumulation, rescued MSC exhaustion and
recovered MSC function by upregulating DNA repair related protein
RADS51. Our results provide insights into the complex, multifactorial
mechanisms that underlie PMO and repurposed DQ in PMO and related
diseases treatment.
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