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Abstract: Bone marrow mesenchymal stem cells (BMSCs) are multipotential stem cells. Osteoporosis is an age-
related disorder characterized by increased marrow fat accumulation and declined bone formation. Aging is an
important initial factor of bone mass loss. So, manipulating the senescence of BMSCs is a considerable therapeutic
target for osteoporosis treatment. To investigate the role of senolytics on regulating the differential fate of senescent
BMSCs. Rat BMSCs were isolated and identified by immunofluorescence and multilineage differentiation assay.
Quercetin was used to clean senescent BMSCs. Cell counting kit-8 (CCK-8) and colony formation assay was used
to evaluate the cellular proliferation. While the cellular migration was detected by the scratch wound healing assay
and transwell assay. And the osteogenesis assay and adipogenesis assay were used to determine the differential
fate of BMSCs. BMSCs exhibited stemness. Eliminating senescent BMSCs improved the proliferation of BMSCs. But
the quercetin treatment made no difference in cellular migration. And the osteogenic potential was increased while
the adipogenic potential was decreased when the senescent BMSCs were cleaned by quercetin treatment. Our
results demonstrate that cleaning senescent BMSCs improves the proliferation and osteogenesis of BMSCs as well
as inhibits the adipogenesis of BMSCs, which provides a novel therapeutic target for the treatment of osteoporosis.
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Introduction

As is known to all, bone marrow mesenchymal
stem cells (BMSCs) are the multipotential stem
cells with the capacity to differentiate into
osteoblasts, adipocytes, and chondrocytes [1,
2]. Osteoporosis is an age-related disorder ch-
aracterized by increased marrow fat accumula-
tion and declined bone formation [3-6]. It has
been reported that the BMSCs collected from
the elderly patients present decreased poten-
tial to differentiate into osteoblasts as well as
the increased potential to differentiate into adi-
pocytes [4, 6]. There are some studies aimed to
manipulate the differential fate of senescent
BMSCs to deal with this problem [7-9]. But the
previous studies have majorly focused on the
molecular mechanisms of signaling transduc-
tion in the BMSCs. Many studies have demon-
strated that the accumulation of DNA damage
and other cellular stressors [10-13] would ca-
use various cells, including proliferating cells
[14, 15], terminally differentiated cells, to un-

dergo senescence [16-19], which was charac-
terized by secretome changes and profound
chromatin. It has been reported that the low
abundance of senescent cells is sufficient to
lead tissue dysfunction [20]. Farr et al [16] have
reported that various cell types in the bone
marrow microenvironment undergo senescen-
ce with aging. And it has been demonstrated
that the expression of a well-known senescent
marker, P16, was increased significantly in the
osteocytes isolated from the old mice, accom-
panied by the accelerated age-relative bone
loss [21, 22]. Eliminating senescent cells by the
senolytics administration has been demon-
strated to be an effective approach to extend
health pan, delay the development of various
age-related morbidities in multiple age mice
model, including normal, chronologically and
progeroid aged mice [23-26]. Especially, Farr et
al [24] used the combination of dasatinib and
quercetin to locally clean senescent cells in the
bone marrow to attenuate age-related bone
loss by suppressing the activity of bone resorp-
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tion by osteoclasts. So the senescence-based
therapeutic strategy would be a promising app-
roach for osteoporosis treatment. But the dif-
ferential fate of BMSCs was not investigated in
the study of Farr et al [24]. The balance between
bone resorption and bone formation is neces-
sary to maintain bone mass. More and more
evidence has demonstrated that the interac-
tion between BMSCs-osteoblasts and mono-
cyte-macrophage-osteoclasts plays an impor-
tant role in the development of osteoporosis.
And senescent cells can synthesize and secret
the senescence-associated secretory pheno-
type (SASP) into the bone marrow microenvi-
ronment. The SASP would inhibit osteogenesis
and promote adipogenesis of BMSCs, which
has been considered as an important cause of
bone loss in osteoporosis. According to the
above findings, we propose a hypothesis that
eliminating senescent BMSCs change the dif-
ferential fate of BMSCs that upregulating the
osteogenesis as well as downregulating the adi-
pogenesis. Herein, we isolated and identified
rat BMSCs, and used quercetin to clean senes-
cent MSCs. Osteogenesis assay and adipogen-
esis assay were performed to evaluate the
osteogenic and adipogenic potential of BMSCs
to verified our hypothesis.

Materials and methods
Animals

All animal procedures were subject to appro-
val by the animal ethics committee of Nanjing
Medical University. A set of 3-week-old (50-60
g) male Sprague-Dawley rats was provided by
the Animal Experiment Center of Peking Uni-
versity. This study was approved by the Animal
Ethics Committee of Peking University Animal
Center.

MSCs isolation

The 3-week-old rats were sacrificed humanely
by overdose anesthesia. The bone marrow of
the tibia and the femur were harvested by flush-
ing using the 0.01 M phosphate-buffered saline
(KGB5001, Keygen Biotech, Nanjing, China).
Then the cells were transferred to the 50 mL
tube and centrifuged at 450 g for 5 min. Then
the pellets were resuspended in 10 mL dul-
becco’s modified eagle medium/F12 (DMEM/
F12) + medium (KGM12500S-500, Keygen Bio-
tech, Nanjing, China) containing 10% fetal calf
serum (HyClone, South Logan, UT, USA). The
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cells were seeded in the dished and the culture
medium was not changed until the nucleated
cells adhered. Subsequently, the culture medi-
um was changed every 3 days and the cells
were passaged by trypsin before colonies be-
come multilayered. The primary, passage 1
(P1), and passage 15 BMSCs were utilized for
further experiments. The passage 15 CPCs
were randomly divided into three groups: Con-
trol group (P15), vehicle group (Veh), and quer-
cetin treatment group (Q).

Immunofluorescence staining

The BMSCs cultured in the 24-well plates were
fixed with 4% paraformaldehyde for 20 min-
utes. The simples were blocked. Subsequently,
the BMSCs were incubated with the primary
antibodies against OCT4 (1:100, ab18976,
abcam, Cambridge, MA, USA), Sry related HMG
box (SOX) 2 (ab79351, 1:200, abcam, Cam-
bridge, MA, USA), Nanog (1:200, ab106465,
abcam, Cambridge, MA, USA) at 4°C overnight
followed by incubation with Alexa Fluor488-
preadsorbed goat anti-rabbit 1gG (ab150077,
Abcam, 1:500, Cambridge, MA, USA) for 2
hours at room temperature. Finally, we used
the 4',6-diamidino-2-phenylindole (DAPI) Fluo-
romount-G (0100-20, SouthernBiotech, Bir-
mingham, AL, USA) to mount the sections for 1
h at 4°C. The staining BMSCs were inspected
with the inverted fluorescence microscope
(MF53-HG, Mshot, Guangzhou, China).

Quercetin treatment

To generate the stock solution, we dissolved
33.8 mg quercetin per milliliter of dimethyl sulf-
oxide (DMSO). Then 1 pL stock solution was
diluted in 1 ml medium to get the final concen-
tration. The BMSCs in the P15+Q group were
incubated with quercetin for 24 h. And the
BMSCs in the Veh group were treated with an
equal volume of DMSO.

Multilineage differentiation assay

Chondrogenesis assay was performed by using
the chondrogenic induction medium (RASMX-
90041, Cyagen, Guangzhou, China) according
to the manufacturer’s instructions. In brief, 3~4
x 10% BMSCs were transferred into a 15 mL EP
tube. The BMSCs were centrifuged at 150 g for
10 min to form cell pellets and then the BMSCs
were cultured in the chondrogenic induction
medium. The cell pellets were harvested after a
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Table 1. Primer sequences for qRT-PCR

Gene Primer sequence
GAPDH  F: 5-GTCGGTGTGAACGGATTTG-3’
R: 5’-ACAAACATGGGGGCATCAG-3’

Osterix  F: 5-GGGTAGTCATTTGCATAGCCAGA-3’
R: 5’-TCTCAAGCACCAATGGACTCCT-3’
RUNX2  F: 5"-TGTCCTTGTGGATTAAAAGGACTT-3’
R: 5-TTTAGGGCGCATTCCTCATC-3’
Pparg F: 5’-GGAAAAAACCCTTGCATCCTTC-3’
R: 5’-TTCAAACTCCCTCATGGCCA-3’
Fabp4 F: 5-GCGTGGAATTCGATGAAATCA-3’
R: 5’-CCCGCCATCTAGGGTTATGA-3’

3-weeks culture. Adipogenesis and osteogene-
sis assay were performed by using the adipo-
genic induction medium (RASMX-90031, Cya-
gen, Guangzhou, China) and osteogenic induc-
tion medium (RASMX-90021, Cyagen, Guang-
zhou, China) according to the manufacturer’s
instructions, respectively.

Safranin-0 (Saf-0) staining

The cell pellets were fixed, dehydrated and em-
bedded into the paraffin. Then the sections of 7
um thick were cut serially. The sections were
stained with Safranin-O (Saf-O) (G1053, Ser-
vicebio, Wuhan, China) for 30 s.

B-galactosidase (B-gal) staining

The MCSs cultured in the 24-well plates were
fixed with 4% paraformaldehyde for 20 min-
utes. Then the BMSCs were stained for B-gal
using the senescence [-galactosidase staining
kit (C0602, Beyotime, Shanghai, China) accord-
ing to the manufacturer’s instructions.

Cell counting kit 8 (CCK8) assay

Cellular proliferation was evaluated using the
CCK-8 (C0038, Dojindo, Japan) according to
the manufacturer’s instructions. In brief, 2000
BMSCs were seeded into the 96-well plates.
Then the BMSCs were incubated with 10 pL
CCK8 solution for 2 h at 37°C. A microplate
reader was used to determine the absorbance.
CCK8 assay was performed at the day 7 after
BMSCs seeding.

Scratch wound healing assay
BMSCs were seeded in the culture-inserts

(80209, Ibidi, Grafelfing, Germany) follow by
cultured to nearly 100% confluence. Then the

3080

culture-insert was removed. The distance of
the gaps was measured at the time points of 24
h after the inserts removing.

Transwell assay

The Boyden chamber (3422, Costar, Coppell,
TX, USA) was used to perform transwell assay.
30000 BMSCs were seeded in upper cham-
bers while the lower wells were filled with medi-
um follow by incubated at 37°C for 24 hours.
Then the BMSCs migrated to the lower surface
were fixed and stained by using crystal violet
staining solution (KGA229, Keygen Biotech,
Nanjing, China).

Colony-forming unit assay

The cells were trypsinized as single cells in
6-well plates at a low density of 200 cells/well.
After cultured in DMEM+/F12 medium for 15
days, cultures were fixed in 4% paraformalde-
hyde and stained with crystal violet staining
solution (KGA229, Keygen Biotech, Nanjing,
China), then the crystal violet positive area was
quantified.

Quantitative real-time polymerase chain reac-
tion (QRT-PCR)

We used the TRIzol reagent to isolate total RNA.
Then the RNA was reverse-transcribed by using
the complementary deoxyribose nucleic acid
(cDNA) Synthesis Kit (WG441-K1622, Thermo,
Waltham, MA, USA) according to the manufac-
turer’'s recommendations. The relative expres-
sion level of glyceraldehyde 3-phosphate dehy-
drogenase (GAPDH) was used as an internal
reference. We performed qRT-PCR by using a 1
ML cDNA sample of each group in the 7500
Real-Time PCR System with an SYBR Green
PCR Core Kit (KGA1339-1, Keygen Biotech,
Nanjing, China). The qRT-PCR was performed in
triplicate. The primer sequences were listed in
Table 1. Relative quantitative analysis was per-
formed using the 222t method. The results
were presented as the fold changes compared
with the control.

Statistical analysis

We used the statistical software package Sta-
tistical Product and Service Solutions (SPSS)
24.0 (IBM, Armonk, NY, USA) to perform all sta-
tistical analyses. Shapiro-Wilk test and Bar-
tlett’s test were performed. A comparison be-
tween multiple groups was done using a one-
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Figure 1. Identification of isolated BMSCs. A. Representative immunofluorescence staining of Nanog (green, top),
Oct4 (green, middle), SOX2 (green, bottom) and DAPI (blue) of the primary BMSCs (maghnification: 200x%). B. Repre-
sentative microscopic images of the alizarin staining for osteogenic differentiation assay (left), oil red staining for
adipogenic differentiation assay (middle), Saf-O staining for chondrogenic differentiation assay (right) of the primary

BMSCs (maghnification: 100x).

way ANOVA test followed by Post Hoc Test
(Least Significant Difference). Data were pre-
sented as mean + SD and values of P<0.05
were considered significant. GraphPad Prism 7
(Graph Software, San Diego, CA, USA) was used
to generate the statistic graphs.

Results

Quercetin cleaned senescent BMSCs improv-
ing the proliferation of BMSCs

We identified the stemness of BMSCs by the
immunofluorescence staining and multiline-
age differentiation assay. First, we found that
the BMSCs were positive for both Nanog, OCT4
and SOX2, the three well-known cell-renew
markers (Figure 1A). Second, calcium nodules
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formation with strong alizarin red staining was
observed in the osteogenesis assay (Figure
1B). And the isolated BMSCs were able to dif-
ferentiate to adipocytes and chondrocytes as
shown in the adipogenic and chondrogenic dif-
ferential assay (Figure 1B). Subsequently, we
used the quercetin to induce senescent BMSCs
toward apoptosis. As shown in the (-gal stain-
ing, there were more [-gal positive BMSCs in
the P15 group compared with the P1 group.
And the number of B-gal positive MCSs was
decreased significantly after quercetin treat-
ment compared with the P15 group while the
vehicle treatment made no differences (Fi-
gure 2A). Quantitative analysis of -gal positive
BMSCs also revealed the same result. Un-
expectedly, the number of B-gal positive BMSCs
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Figure 2. Quercetin cleaned senescent BMSCs improving the proliferation of BMSCs. A. Representative microscopic
images of the B-gal staining of the BMSCs in the P1 group, P15 group, P15+Vel group, and P15+Q group (magnifica-
tion: 400x). B. Quantitative analysis of the percentage of B-gal positive BMSCs in the P1 group, P15 group, P15+Vel
group, and P15+Q group. Values are shown as mean + SD. NS, no significance, ****P<0.0001, one-way ANOVA
with Tukey’s multiple comparisons test. C. CCK8 assay of the BMSCs in the P1 group, P15 group, P15+Vel group,
and P15+Q group. Values are shown as mean + SD. NS, no significance, ***P<0.001, one-way ANOVA with Tukey’s
multiple comparisons test. D. Representative macroscopic photos of colony formation assay of the P1 group, P15
group, P15+Vel group, and P15+Q group (magnification: 10x). E. Quantitative analysis of colony formation assay of
the P41 group, P15 group, P15+Vel group, and P15+Q group. Values are shown as mean * SD. NS, no significance,
**P<0.01, one-way ANOVA with Tukey’s multiple comparisons test.

was higher than that of the P1 group (Figure statistic difference in the number of prolifera-
2B). Next, the cellular proliferation was detect- tive BMSCs between the P1 group and the
ed by CCK8 assay. We found that the prolifera- P15+Q group (Figure 2C). Similar results were
tive BMSCs in the P15 group were decreased observed in the colony formation assay. Quer-
significantly compared to the P1 group. Que- cetin treatment increased the potential of colo-
rcetin treatment partially restored the prolifera- ny formation of BMSCs (Figure 2D). Quan-
tion of P15 BMSCs. However, there was still a titative analysis showed that the intensity of
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Figure 3. Eliminating senescent BMSCs did not regulate the migratory potential of BMSCs. A. Representative mi-
croscopic images of scratch wound healing of the P1 group, P15 group, P15+Vel group, and P15+Q group (mag-
nification: 100%). B. Quantitative analysis of scratch wound healing of the P1 group, P15 group, P15+Vel group,
and P15+Q group. Values are shown as mean * SD. NS, no significance, one-way ANOVA with Tukey’'s multiple
comparisons test. C. Representative crystal violet staining of transwell assay of the P1 group, P15 group, P15+Vel
group, and P15+Q group (magnification: 400x%). D. Quantitative analysis of transwell assay of the P1 group, P15
group, P15+Vel group, and P15+Q group. Values are shown as mean * SD. NS, no significance, one-way ANOVA with

Tukey’s multiple comparisons test.

crystal violet was increased significantly in the
P15+Q group compared with the P15 group
and the P15+Veh group (Figure 2E).

Quercetin treatment did not regulate the mi-
gratory potential of senescent BMSCs

We found that the percentage of wound healing
did not increase or decrease in the P15+Q
group compared with the P15 group or the
P15+Veh group (Figure 3A, 3B). And the tran-
swell assay showed the same results (Figure
3C, 3D).

Eliminating senescent BMSCs improved the
osteogenic potential of BMSCs

We used the osteogenic differentiation assay
and gRT-PCR of the well-known osteogenic
markers, Osterix and RUNX2 to evaluated the
osteogenic potential of BMSCs. As expected,
there were obvious calcium nodules formations
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in the P15+Q group, while there were only poor
calcium nodules formations in the P15 group
and the P15+Vel group (Figure 4A).

Quantitative analysis of the staining intensity
of the alizarin red revealed that the highest
alizarin red intensity was received in the P15+
Q group (Figure 4B). Similarly, the results of
gRT-PCR showed that the expression of Osterix
and RUNX2 was increased in the P15 BMSCs
after quercetin treatment compared with the
P15 group, while the expression of these two
osteogenic markers was not increased in the
P15+Vel group (Figure 4C, 4D).

Eliminating senescent BMSCs suppressed the
adipogenic potential of BMSCs

Firstly, the adipogenesis assay showed that
there were abundant lipid droplets in the P15
group and the P15+Vel group. And the querce-

Am J Transl Res 2020;12(6):3078-3088
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Figure 4. Eliminating senescent BMSCs changed the differential fate of BMSCs. A. Representative microscopic
images of the alizarin red staining for the osteogenesis assay of the BMSCs in the P1 group, P15 group, P15+Vel
group, and P15+Q group (magnification: 100x). B. Quantitative analysis of the intensity of the alizarin red staining
for the osteogenesis assay of the BMSCs in the P1 group, P15 group, P15+Vel group, and P15+Q group. Values are
shown as mean + SD. NS, no significance, ****P<0.0001, one-way ANOVA with Tukey’s multiple comparisons test.
C. Analysis of the expression level of Osterix of the BMSCs in the P1 group, P15 group, P15+Vel group, and P15+Q
group after osteogenic induction. Values are shown as mean + SD. NS, no significance, *P<0.05, one-way ANOVA
with Tukey’s multiple comparisons test. D. Analysis of the expression level of RUNX2 of the BMSCs in the P1 group,
P15 group, P15+Vel group, and P15+Q group after osteogenic induction. Values are shown as mean + SD. NS, no
significance, *P<0.05, one-way ANOVA with Tukey’s multiple comparisons test. E. Representative microscopic im-
ages of the oil red staining for the adipogenesis assay of the BMSCs in the P1 group, P15 group, P15+Vel group,
and P15+Q group (magnification: 100x%). F. Quantitative analysis of the intensity of the alizarin red staining for the
adipogenesis assay of the BMSCs in the P1 group, P15 group, P15+Vel group, and P15+Q group. Values are shown
as mean + SD. NS, no significance, ****P<0.0001, one-way ANOVA with Tukey’s multiple comparisons test. G.
Analysis of the expression level of Pparg of the BMSCs in the P1 group, P15 group, P15+Vel group, and P15+Q
group after adipogenic induction. Values are shown as mean £ SD. NS, no significance, **P<0.001, one-way ANOVA
with Tukey’s multiple comparisons test. H. Analysis of the expression level of Fabp4 of the BMSCs in the P1 group,
P15 group, P15+Vel group, and P15+Q group after adipogenic induction. Values are shown as mean + SD. NS, no

significance, *P<0.05, one-way ANOVA with Tukey’s multiple comparisons test.

tin treatment effectively downregulated the li-
pid droplets formation (Figure 4E). Secondly,
quantitative analysis showed that the intensity
of oil red staining was decreased significantly in
the P15+Q group compared with the P15 group
and the P15+Veh group (Figure 4F). Finally, we
found that the expression of Pparg and Fabp4
was also inhibited by quercetin treatment in the
gRT-PCR assay. And vehicle treatment did not
decrease the expression of Pparg and Fabp4
(Figure 4G, 4H).

Discussion

BMSCs, a rare cell population, exhibit excellent
stem cell potentials of multipotency and self-
renewal [27]. The BMSCs have the potential of
differentiation into the three mesodermal lin-
eage cells, such as the adipocytes, the chon-
drocytes and the osteocytes [1, 28, 29]. We
also found that the primary BMSCs expression
the well-known self-renew markers (Nanog,
0CT4, and SOX2) and be able to undergo osteo-
genesis, adipogenesis, and chondrogenesis.
So the BMSCs are important in maintaining the
grown skeleton and the repair of bone damage.
But it has been reported that senescence
impairs the activity of BMSCs that BMSCs lose
their osteoblast differentiation capacity with
aging [24].

Though the fate determination of BMSCs is
controlled by various intrinsic and extrinsic fac-
tors, including epigenetic modification [30-32],
signaling pathway [33], growth factors, mechan-
ical induction [34, 35], and small molecules
[36], which can deliver signal cues as well as
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activate downstream lineage-special signaling
pathway and guide the differential fate commit-
ment of BMSCs. Aging is an important initial
factor of bone mass loss. So, manipulating the
senescence of BMSCs is a considerable thera-
peutic target for osteoporosis treatment. Farr
et al [24] have reported that senolytics treat-
ment prevented age-related bone loss in aging
mice through inhibiting the activity of osteo-
clasts by eliminating senescent cells. However,
as described above, Farr et al [24] majorly
focused on bone resorption. And in the present
study, we investigate the role of senolytics on
regulating the differential fate of senescent
BMSCs. Though Farr et al [24] used the combi-
nation of dasatinib and quercetin to clean
senescent cells in the bone tissue and received
an ideal outcome, it has been reported that
dasatinib selectively cleaned senescent preadi-
pocytes, and quercetin selectively cleaned
senescent endothelial cells and BMSCs. The
combination of dasatinib and quercetin effec-
tively eliminated senescent embryonic fibro-
blasts [37]. So we chose the quercetin as the
senolytic in the present study to eliminate
senescent rat BMSCs in vitro.

Quercetin  treatment effectively eliminated
senescent BMSCs in vitro as presenting in the
B-gal staining, which was consistent with the
findings of Farr et al [24] that the combination
of dasatinib and quercetin could effectively
clean P16 positive and B-gal positive cells in
vitro and in vivo in the bone tissue. And we
found that the proliferative potential of senes-
cent BMSCs was increased significantly after
quercetin treatment. It is consistent with the
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fact that the proliferative potential of BMSCs is
decreased with passaging [38]. And many stud-
ies have demonstrated that the decreased pro-
liferation in senescent BMSCs is due to the loss
of telomere length with population doubling
[39, 40]. And the upregulation of proliferation
of senescent BMSCs by quercetin treatment
may due to the decreased secretion of SASP in
the microenvironment of cell cultures [24].
Surprisingly, quercetin treatment made no dif-
ference in the migratory potential of senescent
BMSCs, which was different from the results of
Duscher et al [41] that hypoxia-induced migra-
tion of adipose-derived MSCs.

It has been reported that there is an imbal-
anced ratio of osteoblasts and adipocytes in
the bone marrow in various pathological condi-
tions, including osteoporosis and aging [33].
There are some studies aim to manipulate the
differential fate of senescent BMSCs. On the
one hand, Li et al [8] and Xu et al [7] rescued
the osteogenic differential potential of senes-
cent MSCs by manipulating the microRNA. On
the other hand, Bolamperti et al [42] and Chen
et al [43] rescued the osteogenesis of senes-
cent MSCs by manipulating the signaling path-
way. And we found that cleaning senescent
BMSCs upregulated the osteogenesis as well
as downregulated the adipogenesis of BMSCs,
which may improve the bone mass formation.
Compared with the microRNA-based therapeu-
tic strategies and small-molecules-based ther-
apeutic strategies, quercetin has been used
clinically for a long time as the anti-cancer drug,
which may be safer to be applied in the patients
for osteoporosis treatment.

There are still several limitations to the present
study. Firstly, we only verified the effect of seno-
lytic on promoting bone formation in vitro.
Secondly, the underlying mechanism by which
cleaning senescent BMSCs regulates the differ-
ential fate of BMSCs needs to be explored in
further studies.

Conclusion

In conclusion, our results demonstrate that
cleaning senescent BMSCs by quercetin treat-
ment improves the proliferation and osteogen-
esis of BMSCs as well as inhibits the adipogen-
esis of BMSCs. Our study may provide a novel
therapeutic target for the treatment of osteopo-
rosis, especially in elderly patients.
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