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ABSTRACT

Systemic transplantation of mesenchymal stem cells (MSCs) and conditioned medium derived from
MSCs have been reported to recover bone loss in animal models of osteoporosis; however, the
underlying mechanisms remain unclear. We recently reported that extracellular vesicles released
from human mesenchymal stem cells (hMSCs) prevent senescence of stem cells in
bisphosphonate-related osteonecrosis of the jaw model. In this study, we aimed to compare the
effects of conditioned medium (hMSCs-CM) from early and late passage hMSCs on cellular
senescence and to verify the benefits of CM from early passage hMSCs in mitigating the
progression of osteoporosis through the prevention of cellular senescence. We investigated the
distinct endocrine effects of early (P5) and late (P17) passage hMSCs in vitro, as well as the
preventive benefits of early passage hMSCs-CM in osteoporosis model triggered by ovariectomy.
Our results indicate that long-term cultured hMSCs contributed to the progression of inflammatory
transcriptional programs in PS5 hMSCs, ultimately impairing their functionality and enhancing
senescence-related characteristics. Conversely, early passage hMSCs reversed these alterations.
Moreover, early passage hMSCs-CM infused intravenously in a postmenopausal osteoporosis
mouse model suppressed bone degeneration and prevented osteoporosis by reducing
ovariectomy-induced senescence in bone marrow MSCs and reducing the expression of
senescence-associated secretory phenotype-related cytokines. Our findings highlight the high
translational value of early passage hMSCs-CM in antiaging intervention and osteoporosis

prevention.
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1. Introduction

Osteoporosis tends to cause severe fractures in elderly patients. Investigation of the molecular
mechanisms that underlie osteoporosis and the development of efficacious preventative and
therapeutic approaches hold great significance for human health [1-3]. In this context, human
clinical trials and preclinical animal studies have been undertaken to explore novel treatments and
innovative prevention methods for osteoporosis [4, 5].Instudies focusing on preventation methods
for osteoporosis, mesenchymal stem cells (MSCs) transplantation has gained significant attention
due to its remarkable outcomes[6-8]. Furthermore, the conditioned medium of MSCs (MSCs-CM)
achieves a similar therapeutic effect, as does stem cell transplantation. Recent studies have also
shown that MSCs-CM affects tissue repair, such as in neural tissue regeneration [9], skin wound
healing [10], and bone defect [11], through stem cell signaling. In particular, evidence exists for the
cell signaling of MSCs in promoting bone regeneration through a variety of mechanisms, including
adjustment of the balance between osteogenesis and bone resorption [12,13], alteration in the
direction of MSCs differentiation toward osteogenesis rather than lipogenesis [14,15], and
attenuation of apoptosis [16]. The use of MSCs-CM circumvents the complications associated with
stem cell transplantation, including carcinogenesis, robust immune responses, and difficulties in
ensuring a consistent cell supply [17,18]. However, the precise mechanism behind restoring
recipient bone marrow MSCs function in the MSCs-CM therapy remains incompletely understood.

Cellular senescence, a basic aging mechanism, plays an important role in physiological growth
responses and pathological development of diseases [19, 20]. Inhibition of senescence-associated
secretory phenotype (SASP) or elimination of senescent cells has been shown to have preventative
and therapeutic effects on diseases by an increasing number of researchers [21-23]. Our group
previously demonstrated that in a mouse model of mandibular salivary gland injury generated using
X-ray radiation, stem cells inhibited cellular senescence in alveolar epithelial cells through stem cell
signaling mediated by extracellular vehicles (EVs) [24]. Moreover, in the bisphosphonate-related
osteonecrosis of the jaw model, extracellular vesicles prevented senescence of stem cells,
osteoblasts, and fibroblasts, reduced inflammation, and accelerated wound healing. This complex
mechanism prevented by suppressing cellular senescence in drug-induced osteonecrosis of the jaw
via stem cell-mediated signaling [25]. In addition, cellular senescence is closely associated with the
development of bone and osteoarticular diseases. The clearance of senescent cells benefits cartilage
regeneration and can reduce age-related bone loss [26, 27]. Recent studies highlight that the
application of MSCs and MSCs-based (cell and cell-free) therapies effectively prevents stem cells
from aging and exhaustion, which has become a novel strategy against age-related disorders [28].
However, few studies have focused on examining the effect of MSCs-CM on cellular senescence in
a model of postmenopausal osteoporosis.

We hypothesized that a CM of human bone marrow-derived MSCs (hMSCs-CM) would
prevent postmenopausal osteoporosis development by inhibiting stem cells from entering a
senescence state through endocrine effects. To test this hypothesis, we performed an in vitro study in



which early (P5) and late (P17) passage hMSCs were treated with CM of P17 and P5 hMSCs,
respectively. We also generated a postmenopausal osteoporosis mouse model and treated it with
hMSCs-CM. The different effects of CMs from early and late passage hMSCs on cellular
senescence were determined in vitro. We also examined the changes in bone microstructure and the

production of biochemical markers of senescence following hMSCs-CM treatment.

2. Materials and methods
2.1. Cell culture and conditioned medium (CM) generation

hMSCs were purchased from Lonza (PT-2501) and cultured in Dulbecco’s modified Eagle
medium (DMEM; Sigma-Aldrich, USA) supplemented with 10% fetal bovine serum (GE
Healthcare Bioscience, Little Chalfont, UK) ), and 1% antibiotic-antimycotic (Invitrogen, Carlsbad,
CA) at 37°C in a 5% COzincubator. The culture medium was changed every 3 days. We obtained
comparably senescent (passage 17, P17) cells through serial passage. We used the earlier passaged
(passage 5, P5) and P17 cells for the experiments. To collect P5 and P17 CM, P5 and P17 cells were
cultured until they were 80% confluent, after which the culture medium was replaced with
serum-free DMEM. Cells were incubated for an additional 48 h, and CM was harvested as described
previously [29].

2.2. Measurement of cell proliferation

hMSCs (5 x 10° cells per well) were plated in 96-well plates and incubated in complete
medium with DMEM, P5 CM, or P17 CM. The cells were cultured for 2 h in fresh complete
medium with CCK-8 reagent (Cell counting Kit-8, Dojindo, Japan) every 24 h for 7 days. The
optical density (OD) at 450 nm was measured using a microplate reader (Infinite 200 PRO, Tecan,
Japan). The CCK-8 solution was also added to four wells without cells, which served as the blank
group. A curve was plotted based on the OD values. The experiment was repeated three times for

each group.

2.3. Osteoblast differentiation and quantification

When the cells reached 90% confluence after 96 h of treatment with DMEM, P5 CM, or P17
CM, the culture medium was changed with an osteogenic induction medium. Osteoblast
differentiation was induced using an osteogenic induction medium that consisted of DMEM
(Sigma-Aldrich) supplemented with 10% FBS, 100 IU/mL penicillin, 100 mg/mL streptomycin, 50
UM ascorbate-2-phosphate (Sigma-Aldrich), 10 mM B-glycerophosphate (Sigma-Aldrich), and 0.1
UM dexamethasone. The medium was changed every 3 days. After 21 days of cultivation, the cells
were fixed with ethanol (EtOH) for 15 min and stained with Alizarin red S (40 mM, pH 4.2,
Sigma-Aldrich). The staining intensity was quantified as described previously [30].

2.4. Quantification of senescent cells

hMSCs (2.5 x 10* cells per well) were cultured on 8-well chamber slides (Thermo Fisher
Scientific) after treatment with DMEM, P5 CM, or P17 CM for 96 h. The cells were fixed with 4%
paraformaldehyde for 20 min at RT (20°C-22°C) and then incubated overnight with the SA-B-Gal
(SPiDER-B-Gal, Dojindo, Japan) staining solution (pH = 6.0) to evaluate the senescence-associated
B-galactosidase (SA-B-Gal) activity. Thereafter, nuclei were stained with DAPI (NucBlue™,
Thermo Fisher) and images (n = 12 per group) were acquired at a 20-fold magnification with a



fluorescence microscope, BZ-X800 (Keyence, Japan). To detect the SA-B-Gal activity in the bone
tissue, 4 um coronal sections were prepared using the Kawamoto method [31]. The sections were
stained according to the manufacturer’s instructions and mounted with a mounting medium
containing DAPI (VECTASHIELD Hard, Vector Laboratories). A confocal laser scanning
microscope (A1Rsi, Nikon, Japan) was used to observe the samples at a 100-fold magnification (n =
10 per group). Cells exhibiting green signal in the cytosol were counted as positive. The proportion
of SA-B-Gal-positive cells was calculated using the QuPath software.

2.5. Quantitative real-time polymerase chain reaction (RT-qPCR)

hMSCs (5 x 10° cells per well) were cultured in 100 mm dishes (Thermo Fisher Scientific),
after treatment with DMEM, P5 CM, or P17 CM for 96 h. RNA was extracted from the cells with
TRIzol reagent (Thermo Fisher Scientific) according to the manufacturer’s protocol. For in vivo
analysis, the distal epiphysis of the femur was flash-frozen in liquid nitrogen, crushed with a
disposable homogenizer (BioMasher II, Nippi, Japan), and then used for the extraction of total RNA
with TRIzol. A spectrophotometer was used to quantify total RNA levels. The RNA integrity was
checked on a 1% agarose gel. Reverse transcription was performed with Superscript IV reverse
transcriptase (Thermo Fisher Scientific) using 0.5 pg total RNA in a 20 pL reaction volume.
RT-qPCR was performed using THUNDERBIRD SYBR gqPCR Mix (Toyobo, Osaka, Japan) on a
real-time PCR system (Agilent Technologies, Tokyo, Japan). The specific primers were designed
using Primer 3 (Supplementary Table 1, 2). Results for the SASP (including IL-6, MMP2, IL-1,
PAI-1, MCP-1, and TNF-0)) and genes related to cell cycle arrest in senescence (p16™5*, p21, and
p53) were normalized against glyceraldehyde 3-phosphate dehydrogenase (GAPDH). The results of
relative telomere length were normalized against cyclin-dependent kinase 4 inhibitor b (36B4),
based on the Cawthon method [32]. Changes in the gene expression were calculated relative to the

control.

2.6. Osteoporosis models and CM treatments

All animal experiments were approved by the Institutional Animal Care and Use Committee of
Nagoya University (Approval Number: M210759-002, M210183-001, and M220136-001).
Sixty-four female C57BL/6J mice (9-week-old) were purchased from CLEA Japan, Inc. (Tokyo,
Japan). The postmenopausal osteoporotic mouse model was generated by bilateral ovariectomy
(OVX) [33]. These mice were randomly divided into four groups (n = 10 per group): (1) Control:
without any surgeries or injections; (2) Sham: bilateral ovaries exposure without any damage to the
ovary tissue; (3) OVX + DMEM: OVX mice were injected with 500 pL of DMEM via the tail vein
once a week starting the week of surgery; and (4) OVX + CM: 500 pL of PS5 CM was injected
intravenously at the same timing as above. The body weight of mice was recorded every two weeks.
Four months after the establishment of the OVX model, the mice were anesthetized, and micro-CT
scans of their right femur and lumbar spines (L5) were taken for further analysis. After the mice
were euthanized, RNA from their right femur was extracted and subjected to RT-qPCR analysis.
The left femur was separated and used for SA-B-Gal and immunofluorescence assays. The uterus of

mice was extracted, weighed, and stored in a 4% paraformaldehyde solution.

2.7. uCT Imaging
Representative images of the lumbar spine (L5) and distal femoral metaphysis were generated with



a 3D reconstruction software program (NRecon and CTVox, Bruker). Quantitative analyses of the
distal femoral and lumbar spine (L5) metaphyses were performed using an 1176 micro-computed
tomography (LCT) system (Skyscan, Bruker, Billerica, MA) with the following parameters: 50 kV,
500 mA, high resolution, Al 0.5 mm, and 9 um voxel size.

For both the vertebral trabecular region and femoral trabecular region, we evaluated
100 transverse pCT slices between the 50" slice located underneath the growth plate and
caudal end plate. For femoral cortical regions, we evaluated 100 transverse uCT slices
between the 400™ slice located underneath the growth plate and caudal end plate. 3D structural
parameters included trabecular bone volume fraction (Tb.BV/TV; %), trabecular number (Tb.N;
1/mm), trabecular thickness (Tb.Th; mm), trabecular separation (Tb.Sp; mm), bone mineral
density (BMD; mg/cm3), and cortical thickness (Ct.Th; um). Density values were calibrated
using hydroxyapatite phantoms with BMD values of 0.25 and 0.75 g/cm® (Skyscan). The imaging
settings and thresholds of pCT were maintained consistent throughout all analyses. Two blinded
investigators performed all measurements.

2.8. Immunofluorescence staining

Immunofluorescence staining was conducted following the manufacturer’s instructions.
Tissue sections (4 pm coronal sections, Kawamoto) were fixed for 2 min with 4%
paraformaldehyde and then dehydrated for 2 min with 100% ethanol. The sections were
subsequently permeabilized with 0.1% Triton X-100 for 10 min and blocked with 3% bovine serum
albumin for 1 h. They were then incubated overnight with a primary antibody, anti-Nestin
(ab134017, Abcam) or phospho-histone H2A.X antibody (2577, Cell Signaling Technology,
Danvers, MA, USA). After washing, the sections were incubated with a secondary antibody, goat
anti-chicken Alexa Fluor 594 (abl1613906, Abcam) or donkey anti-rabbit Alexa Fluor 488
(ab1608521, Abcam), for 2 h at room temperature. After a second round of washing, the slices were
mounted with a mounting medium containing DAPI. The sections were observed using a confocal
laser scanning microscope (A 1Rsi, Nikon, Japan) at 100-fold magnification (n = 10 per group). The
cells exhibiting a green signal in the nuclei were counted as pH2A.X-positive whereas those
exhibiting green signals in the nuclei and red signals in the cytosol were counted as pH2A.X- and
Nestin-positive cells. The proportions of pH2A.X-positive cells and the ratio of pH2A.X- and
Nestin-positive cells were calculated using the QuPath software.

2.9. Statistical analyses

All data are presented as mean + standard deviation of values from at least three independent
experiments. Statistical analysis was performed using GraphPad Prism 9 version 9.0.0.
Student’s #-test was used to determine the p-value. Multiple comparison post-tests were combined
with one-way analysis of variance to determine differences between groups. Differences were
considered statistically significant at p < 0.05.

3. Results
3.1. Senescent hMSCs impair cell function, whereas young hMSCs partially improve cell function,
via endocrine effects

After long-term in vitro culture, hMSCs in passage 17 (P17 hMSCs) showed signs of aging
[34], which included decreased cell proliferation and osteogenic differentiation capacity compared



with those of passage 5 hMSCs (P5 hMSCs) from the same donors. The markers of cellular
senescence in P17 hMSCs, including the SA-B-Gal activity and expression levels of genes related to
cell cycle arrest in senescence and SASP genes, exhibited an increase. Similarly, the relative length
of telomere in P17 hMSCs was shortened compared with that in PS hMSCs. These results indicate
that, after a long-term in vitro cell culture, P17 hMSCs are in a more aged state compared with P5
hMSCs. (Fig. STA-E) In subsequent experiments, we considered P5 cells as young stem cells and
P17 cells as senescent stem cells, and CM from P5 cells as young CM and that from P17 cells as
senescent CM. After culture with DMEM or P17 CM for 96 h, P5 hMSCs treated with senescent
CM exhibited a lower cell proliferation capacity than P5 hMSCs treated with DMEM (Fig. 1B).
However, treatment with P5 CM for 96 h did not have any noteworthy effect on the proliferation
ability of P17 hMSCs (Fig. 1C). Alizarin red S staining and quantification of the staining intensity
showed a statistically significant reduction in calcium deposits in P17 CM-treated P5 hMSCs over a
3-week culture in osteogenic-induction medium. There was a significant increase in the levels of
calcium deposits in P17 hMSCs treated with P5 CM after 3 weeks of culture (Fig. 1D, E).
Collectively, these findings indicate that senescent hMSCs have the potential to negatively affect
cellular function via endocrine effects whereas young hMSCs possess the ability to restore cellular
function partially through endocrine effects.
3.2. Senescent hMSCs facilitate, whereas young hMSCs prevent, cellular senescence through
endocrine effects

To examine the impact of the endocrine effects of P5 and P17 hMSCs on cellular senescence,
we performed SA-B-Gal staining and RT-qPCR analysis to evaluate the expression of genes related
to cellular senescence in P5 cells following treatment with P17 CM, as well as in P17 cells
following treatment with P5 CM. P5 cells exhibited a notable increase in the SA-B-Gal activity in
the P17 CM-treated group, compared with that in the DMEM-treated group. In contrast, P17 cells
treated with PS5 CM showed a reduction in the SA-B-Gal activity compared with P17 cells treated
with DMEM (Fig. 2A, B). The RT-qPCR results indicated a modest increase in the expression levels
of several SASP factors (IL6 and MCP-1) in P5 cells treated with P17 CM compared with the levels
in P5 cells treated with DMEM. Furthermore, no changes in the expression of genes related to cell
cycle arrest in senescence (p16™%42 p21, and p53) were noted between the two groups, and the P17
CM treatment did not have any obvious effect on the telomere length (Fig. 2C, D). On the contrary,
P5 CM-treated P17 cells exhibited a reduction in the expression levels of SASP factors (IL8 and
PAI-1) and a slight reduction in the expression of the cell cycle inhibitory kinase gene (p53).
Besides, treatment with P5 CM resulted in a slight elongation in the telomere length (Fig. 2E, F).
These findings suggest that treatment with P17 CM leads to the manifestation of senescent
characteristics in young hMSCs, whereas PS5 CM alleviates certain senescence-related phenotypes
in senescent hMSCs.
3.3. hMSCs-CM prevented bone loss in osteoporosis

To explore the effects of early passage hMSCs-CM on primary osteoporosis, we established an
animal model of OVX-induced postmenopausal osteoporosis [33]. CM, or an equal volume of
vehicle (DMEM), was intravenously administrated to osteoporotic mice. A sham surgery group
(Sham) was included to rule out the effect of OVX on the experimental findings. After OVX, a
notable rise in total body weight was detected in OVX mice when compared to the Control and
Sham mice. The size and weight of the uterus in OVX mice were significantly decreased compared
with those in Control and Sham mice (Fig. S2A, B), indicating the success of OVX. Micro-CT 3D



imaging analyses was conducted on the distal femur and L5 for Control, Sham, OVX + DMEM, and
OVX + CM mice. CT scanning of the femur revealed that DMEM-treated OVX mice had decreased
trabecular bone mass in the femur compared with Control and Sham mice, whereas intravenous
administration of CM to OVX mice for 4 months prevented bone loss (Fig. 3B). Quantification of
bone parameters showed that Tb.BV/TV, Tb.Th, Tb.N, and BMD values in DMEM-treated OVX
mice were significantly lower than those in the Control and Sham groups, whereas all four
down-regulated parameters induced by OVX were restored after CM treatment (Fig. 3C-F).
Trabecular separation in OVX mice was increased compared with that in Control and Sham mice,
and this reduction was reversed by CM treatment (Fig. 3G). CT analyses of L5 demonstrated similar
improvements with CM administration in the trabecular bone at the vertebra. Compared with
DMEM-treated mice, CM-treated mice exhibited a better spine trabecular bone microarchitecture
(Fig. 3H). The levels of Tb.BV/TV, Tb.Th, Tb.N, and BMD in the OVX + DMEM group were
significantly lower than those in Control and Sham groups. However, all four of these
OVX-induced changes were ameliorated by CM treatment (Fig. 31-L). Similarly, treatment with
CM decreased the enhanced trabecular separation observed in OVX mice compared with that in
Control and Sham mice (Fig. 3M). All these results suggest that CM can prevent the loss of bone
mass in postmenopausal osteoporotic mice.
3.4. hMSCs-CM reduces cellular senescence in the bone microenvironment by preventing bone
marrow MSCs from entering a senescent state

The number of X-Gal-positive cells was increased close to the growth plate (Fig. S4A, B). We
conducted a more detailed examination of the bone microenvironment around the growth plate and
performed immunofluorescence staining of the distal femur. A notable increase in the percentage of
SA-B-Gal-positive cells was observed after ovariectomy compared with that in the Control and
Sham mice. The administration of CM for four months effectively mitigated the increase in the
percentage of SA-B-Gal-positive cells, consistent with the results of X-Gal staining (Fig. 4A, C).
pH2A.X is a representative protein that is highly expressed during the DNA damage response and
Nestin is a protein that labels MSCs. Based on the results of double staining for Nestin with pH2A. X,
bone marrow MSCs in the bone microarchitecture from the OVX + DMEM mice exhibited DNA
damage phenotypes, which affected the cellular senescence of the surrounding non-stem cells,
increasing the rate of pH2A.X-positive cells. In contrast, systemic injection of CM prevented the
DNA damage in bone marrow MSCs and the increase in the percentage of pH2A.X-positive cells in
the femur (Fig. 4B, D, E). Furthermore, the expression levels of aging-related genes in the distal
femur of mice were evaluated. The expression of SASP factors (IL-6, MMP2, IL-18, PAI-1, MCP-1,
and TNF-a) and genes related to cell cycle arrest in senescence (pl6INK4a, p21, and p53) were
elevated in the OVX + DMEM group. The injection of CM significantly reduced the expression of
senescence and inflammatory cytokines genes (Fig. 4F). Similarly, the changes in telomere length
showed that CM injection rescued telomere length shortage caused by ovariectomy (Fig. 4G).
4. Discussion

In the present study, we show that hMSC-CM prevented the bone loss in osteoporosis by
inhibiting the cellular senescence of bone marrow MSCs. Specifically, in vitro, senescent CM (P17
CM)-treated P5 cells exhibited decreased proliferation capacity, reduced osteogenic differentiation
capacity, increased SA-B-Gal activity, and increased SASP expression levels, and exhibited typical
features of an early stage of cellular senescence. In contrast, P17 cells treated with young CM (P5
CM, subsequently used in vivo) exhibited the opposite changes. In vivo, htMSCs-CM administration



effectively interrupted cellular senescence and prevented osteoporosis-related bone loss.

This study unravels a connection between the endocrine effects of stem cells and cellular
senescence. Previous research has shown that h(MSCs-CM can effectively function as a novel and
reliable preventative medication for osteoporosis. However, the mechanism behind this effect is not
yet completely understood [17]. According to our results, after 96 h of cultivation with P17 CM, the
proliferative ability of P5 cells was partially reduced rather than completely suppressed. Besides,
the SA-B-Gal activity and the expression levels of IL6 and MCP-1 were increased. No significant
changes were observed in the expression levels of cell cycle kinases (p16™%4 p21, and p53) and
relative length of telomere. These findings suggest that h(MSCs in the senescence state can induce
nearby cells to enter a presenescent state by creating an inflammatory environment [34]. On the
contrary, the proliferation ability of P17 cells was not improved after 96 h of culture with PS5 CM,
which suggests that ultimately proliferation arrest of P17 hMSCs could not be repaired with PS5 CM
treatment [35]. In addition, P5 CM effectively suppressed the SA-B-Gal activity, attenuating SASP
(IL8 and PAI-1) expression, causing a slight downregulation of p53 expression (no significant
changes were observed for p16™*® and p21), and resulting in a modest increase in the telomere
length in P17 cells. This reduction in senescence characteristics by short-term P5 CM treatment was
probably through the suppression of p53 activation. Long-term PS5 CM treatment may rescue the
chronic inflammatory environment created by senescent cells. As a result, these lasting beneficial
effects of P5 CM may prevent the accumulation of cellular senescence in an in vivo environment
which is identical to the results observed in our vivo qPCR analysis. However, all the above
interpretations are based on in vitro results obtained via culture with CMs for 96 h. Future analysis
will focus on long-term experiments. Moreover, experiments to search specific effectors of PS5 CM
and the possible signal pathway are needed in the future.

Postmenopausal osteoporosis is classified as primary osteoporosis and is characterized by
marked bone reduction via hyperactivated osteoclast activity, which subsequently increases the
susceptibility to fragility fractures. However, the detailed mechanisms underlying the
estrogen-deficient condition are not fully understood [36]. Previous studies have shown that
estrogen deficiency increases DNA methylation and downregulates telomerase activity in
postmenopausal women and ovariectomized animals [37, 38]. Senescence is related to DNA
demethylation and reduction in the telomerase activity [39, 40]. Here, we demonstrate cellular
senescence by OVX in the postmenopausal osteoporosis model for the first time. We observed that
estrogen deficiency triggered the senescence of bone marrow MSCs and surrounding cells in the
stem cell niche. However, the direct inducement for double DNA strand breaks caused by estrogen
deficiency is still unclear. Furthermore, despite choosing the stem cell niches adjacent to the growth
plate [41], where MSCs are likely to be concentrated, the results revealed a limited number of
Nestin-positive cells within the observed regions. This small number may be related to the
extremely low percentage of MSCs in the bone marrow environment, which is approximately 0.01%
[42]. We also confirmed the accumulation of IL-6, MMP2, IL-1p, PAI-1, MCP-1, and TNF-a in
SASP after OVX, which suggests that there was a chronic inflammation environment in
OVX-induced osteoporosis. It is reasonable to believe that persistent inflammatory stimuli could
increase oxidative stress within the bone microenvironment, leading to DNA damage [43]. A deeper
examination of this assumption will be undertaken in future research.

As for our osteoporotic mice, we also found that estrogen reduction did not severely affect the
femoral cortical bone (there was a slight decrease in cortical bone thickness but no significant



change in BMD, and CM treatment had no specific effect on the uninjured cortical bone (Fig.
S3A-C)). The time point of CT for animal studies was 4 months after the OVX, which corresponds
to the early stage of osteoporosis development in clinical postmenopausal osteoporosis patients [44],
where estrogen deficiency has not yet fully affected the cortical bone of the thigh bone diaphysis.

Our results confirm that the early pathogenic mechanism in OVX-induced postmenopausal
osteoporosis is related to cellular senescence. This study also offers a new strategy to prevent
postmenopausal osteoporosis by administration of CM to protect bone marrow MSCs from entering
a stage of senescence.
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Fig. 1. Endocrine effects of young and senescent human mesenchymal stem cells (hMSCs) on
essential cellular functions. (A) Schematic representation of experiments with exchange CM from
young (P5) and aged (P17) hMSCs. Upon 96 h of CM culture, P5 and P17 hMSCs were analyzed for
proliferation, osteogenic differentiation, senescence-associated (SA)-B-galactosidase (SA-B-Gal)
staining, and gene expression. (B, C) After culturing with DMEM or senescent/young CM for 96 h,
growth of hMSCs was determined using the Cell Counting Kit-8. (B) Cell proliferation was
decreased over time in P5 cells treated with P17 CM (n =12, * p <0.05 vs. DMEM-treated P5 group
at 1-7 days for absorbance of WST-8 at 450 nm). (C) No significant difference was noted in the
growth of DMEM-treated P17 cells and PS5 CM-treated P17 cells (n =12, " p <0.05 vs.
DMEM-treated P17 group at 1-7 days for absorbance of WST-8 at 450 nm). (D) hMSCs were
stained with Alizarin red S after 3 weeks of cultivation. Scale bar: 500 um. (E) The staining
intensity was quantified using the graph (n =9, * p < 0.05).
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Fig. 2. Endocrine effects of young and senescent hMSCs on cellular senescence.

(A) Representative images of senescent hMSCs, as detected using SA-B-Gal staining. Scale bar:
100 um. (B) Quantification of senescent hMSCs (n = 12, * p < 0.05). (C) Expression of
senescence-associated genes in P5 cells analyzed 96 h after DMEM or P17 CM treatment. (D)
Relative telomere lengths in DMEM- and P17 CM-treated P5 cells were determined using
RT-qPCR. Data are normalized against the values for the DMEM-treated group. Data are presented
as means = SD (n =4, " p < 0.05). (E) Expression of senescence-associated genes in P17 cells
analyzed 96 h after DMEM or P5 CM treatment. (F) Relative telomere lengths in DMEM- and P17
CM-treated P5 cells were determined using RT-qPCR. Data are normalized against the values for
the DMEM-treated group. Data are presented as means = SD (n =4, *p < 0.05).
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Fig. 3. Conditioned medium of hMSCs (hMSCs-CM) alleviates the symptoms of osteoporosis
in mice. (A) Timeline of the vivo experiment. Nine-week-old C57BL/6 mice were randomly
divided into four groups: Control, Sham, OVX treated with DMEM (OVX + DMEM), and OVX
treated with CM (OVX + CM), and then sacrificed 4 months post-injection. (B) Representative uCT
images of the femur from Control, Sham, OVX treated with DMEM, and OVX treated with CM
mice. Scale bar: 1 mm. (C-G) Quantification of the femoral trabecular bone microarchitecture (n =
10, *p < 0.05). Tb.BV/TV: trabecular bone fraction; Tb.Th: trabecular thickness; Tb.N: trabecular
number; BMD: bone mineral density; Tb.Sp: trabecular separation. (H) Representative pCT images
of L5. Scale bar: 1 mm. (I-M) Quantification of the lumbar trabecular bone microarchitecture. (I)
Tb.BV/TV. (J) Tb.Th. (K) Tb.N. (L) BMD. (M) Tb.Sp (n =10, " p < 0.05).
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Fig. 4. hMSCs-CM protects mesenchymal stem cells during cellular senescence. (A) Cellular
senescence of the distal femur was assessed using immunofluorescence of SA-B-gal-positive cells
(green) and DAPI (blue). Scale bar: 25 um. (B) The expression of Nestin (red) in mesenchymal stem
cells and the expression of pH2A.X (green) was confirmed by double staining. White arrow, bone
marrow MSCs that are not positive to Nestin, yellow arrow, senescent cells that are positive to
pH2A.X. Scale bar: 25 pm. (C) Percentage of SA-B-Gal-positive cells in the bone
microenvironment of the distal femur. (D) Percentage of pH2A.X-positive cells in the bone
microenvironment of the distal femur. (E) Percentage of pH2A.X and Nestin double-positive cells
(n =10, p <0.05). All data are presented as mean * standard deviation and were analyzed by two
independent examiners blinded to the study. (F) Expression of genes in the distal femur following a
4-month treatment with CM. Expression levels of IL-6, MMP2, IL-15, PAI-1, MCP-1, and TGF-o.,
which are senescence-associated secretory phenotype (SASP) secreted by senescent cells, as well as
of p16NK4a
+ DMEM group but downregulated in the OVX + CM group. (G) Relative telomere length was
analyzed according to Cawthon’s method (n =4, “p < 0.05).

,p21, and p53, which are associated in cellular senescence, were upregulated in the OVX



Highlights

® Paracrine effects of young and senescent hMSCs exerted opposing effects on cellular
senescence.

® Postmenopausal osteoporotic mice showed senescent phenotypes represented by increased
expression of SASP after ovariectomy.

® hMSCs-derived CM protected BMMSC from entering a senescent state.
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