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ABSTRACT
Articular cartilage defects are common in the clinic but difficult to treat. Exploring the chondrogenic molecular
mechanisms of mesenchymal stem cells (MSCs) is of great theoretical interest and industrial significance. Bone
morphogenetic protein 2 (BMP2) is a key factor that induces cartilage differentiation and can induce stem cell
chondrogenic differentiation. However, the oxidative stress in the microenvironment during cartilage injury
and degeneration inhibits cartilage regeneration and homeostasis. Silent mating type information regulator 2
homolog-1 (SIRT1) is an important histone deacetylase that regulates proliferation, differentiation, aging, and
inflammation processes; moreover, it is an essential factor for chondrogenesis. The specific mechanism of SIRT1
in cartilage differentiation and homeostasis is still unclear. First, we investigated whether SIRT1 could
coordinate BMP2-induced chondrogenic differentiation. Second, we investigated the protective effect of SIRT1
on BMP2-induced MSCs under oxidative stress. The results showed that SIRT1 could promote BMP2-induced
chondrogenic differentiation of MSCs, and reduce the apoptosis and decomposition of extracellular matrix
under oxidative stress. In summary, these results suggested that SIRT1 plays an important coordination role in
BMP2-induced chondrogenic differentiation of stem cells and cartilage maintenance under oxidative stress,
establishing the experimental basis for exploring the use of SIRT1 in cartilage defect repair.

INTRODUCTION

plantation and/or gene-enhanced cartilage tissue may
become potential methods for cartilage repair [9].

There are many causes of cartilage injury, such as
inflammation, aging, and oxidative stress [1, 2].
However, articular cartilage is a highly differentiated
tissue that lacks a blood supply, lymph, and nerves,
resulting in poor self-healing ability [3–5]. Currently, the
main methods for treating cartilage defects are merely
focused on relieving pain symptoms and delaying
degeneration, and it is difficult to achieve successful
healing [6]. Mesenchymal stem cells (MSCs), one type of
mesoderm stem cell with self-replication and multiple
differentiation potential, can differentiate into bone,
cartilage, or fat cells [7, 8]. Therefore, stem cell trans-
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Bone morphogenetic proteins (BMPs) are growth and
differentiation factors that belong to the transforming
growth factor-β superfamily [10]. Bone morphogenetic
protein 2 (BMP2), one of about 30 distinct BMPs [11],
plays an important role in inducing osteogenesis and
chondrogenesis of stem cells [12–14]. BMP2 has been
proven to induce chondrogenic differentiation of human
synovial MSCs in a dose-dependent manner and to be more
capable of inducing chondrogenic differentiation than
many other growth factors, such as transforming growth
factor-β and insulin-like growth factor-1 (IGF-1) [15].
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Oxidative stress has been widely proven to contribute
to degeneration and injury [16]. The reactive oxygen
species and free radicals produced in the process of
oxidative stress can cause oxidative stress damage and
cell death [17]. Cartilage repair techniques must take into
account the ongoing inflammatory microenvironment
that occurs during the course of osteoarthritis and injury.
Therefore, it is of great significance to explore the
molecular mechanisms and synergistic effects involved in
chondrogenic differentiation of stem cells and blocking
the oxidative stress microenvironment in order to create a
more suitable microenvironment for the chondrogenesis
of MSCs during cartilage repair.
Silent mating type information regulator 2 homolog-1
(SIRT1), an NAD-dependent class III histone deacetylase, deacetylated histone and non-histone proteins
play important roles in the coordination of cellular
functions, such as cell differentiation, proliferation,
aging, apoptosis, and oxidative stress [18–20]. Studies
have reported that the protein levels and activity of
SIRT1 are reduced significantly during the development
of osteoarthritis [21, 22]. The expression of SIRT1 is also
significantly reduced in cartilage endplates in
intervertebral disc degeneration [19, 23]. SIRT1 has also
been proven to modify Sox9 by deacetylation, which can
promote the chondrogenic differentiation of stem cells
[24, 25]. In addition, SIRT1 can affect deacetylation and
nuclear translocation of nuclear factor-kappa B (NF-κB)
subunit Rel/p65, thereby reducing the apoptosis rate and
improving antioxidant activity of cells in inflammation
and aging [26, 27]. However, the role of SIRT1 in
chondrogenic differentiation and cartilage maintenance in
MSCs is poorly understood. Thus, we conducted the
present study to detect whether SIRT1 could coordinate
BMP2-induced chondrogenic differentiation, reducing
apoptosis and the decomposition of extracellular matrix
under oxidative stress.

RESULTS

expressed BMP2 and SIRT1, but this did not occur in
cells infected with Ad-GFP (Figure 1D, 1E). These data
indicated that we successfully constructed recombinant
adenoviruses of Ad-BMP2, Ad-SIRT1, and Ad-GFP
and effectively infected the C3H10T1/2 cells.
SIRT1 potentiated BMP2-induced chondrogenic
differentiation of the C3H10T1/2 cells in vitro
Sox9, a key regulator of early chondrogenic
differentiation expression, was detected by western
blotting on the 5th, 7th, and 9th day after the C3H10T1/2
cells were infected with Ad-GFP, Ad-SIRT1, AdBMP2, or Ad-SIRT1+Ad-BMP2. We found that the
expression of Sox9 in the Ad-SIRT1+Ad-BMP2 group
was significantly higher than that in the Ad-BMP2
group, and the expression levels were significantly
higher in both groups compared with that in the control
group (Figure 2, P < 0.05). We also detected the Sox9
downstream regulatory genes type II collagen (Col2a1)
and aggrecan using the western blotting method. The
results showed that SIRT1 could significantly promote
the expression of Col2a1 and aggrecan in BMP2induced chondrogenic differentiation of the C3H10T1/2
cells (Figure 2, P < 0.05). At the same time, we
examined the levels of Sox9 and Col2a1 mRNA on the
5th (Figure 3A, 3E, p < 0.05), 7th (Figure 3B, 3F, p <
0.05), and 9th (Figure 3C, 3G, p < 0.05) day using realtime PCR. PCR analysis showed that the expression of
cartilage markers (Sox9 and Col2a1) in both the AdSIRT1+Ad-BMP2 group and Ad-BMP2 group was
significantly higher than that in the control group, and
the expression of cartilage makers in the AdSIRT1+Ad-BMP2 group was significantly higher than
that in the Ad-BMP2 group. In addition, Alcian blue
staining was used to observe the secretion of
extracellular matrix after the 5th (Figure 3D) and 7th
(Figure 3H) day of adenovirus infection. The results
showed that cells in the Ad-BMP2+Ad-SIRT1 group
secreted more extracellular matrix than those in the
BMP2 group.

The C3H10T1/2 cells infected with Ad-BMP2, AdSIRT1, or Ad-GFP exogenously expressed BMP2
and SIRT1

SIRT1 potentiated BMP2-chondrogenic
differentiation of C3H10T1/2 cells in vivo

In order to obtain high levels of transgene expression,
we constructed recombinant adenoviruses expressing
Ad-BMP2, Ad-SIRT1, and Ad-GFP. After 24 h of virus
infection, the morphology of the C3H10T1/2 cells was
observed under a fluorescence microscope, and the
intensity of fluorescence infection showed that the
C3H10T1/2 cells were successfully infected with
adenovirus (Figure 1A). The results of real-time
fluorescence quantitative PCR (Figure 1B, 1C) and
western blotting showed that C3H10T1/2 cells
transfected with the Ad-BMP2 and Ad-SIRT1 highly

In order to verify the effect of SIRT1 on BMP2-induced
chondrogenic differentiation of stem cells, we also
carried out stem cell transplantation experiments. After
2 and 4 weeks of injection with C3H10T1/2 cells, the
animals were euthanized, and the bony mass was
removed. The C3H10T1/2 cells infected with either AdSIRT1 or Ad-GFP alone did not yield any detectable
masses (Figure 4A). We measured the bone tissue size
of the Ad-BMP2 and Ad-BMP2+Ad-SIRT1 group, and
there was no significant difference between them
(Figure 4B). Hematoxylin and eosin, Alcian blue, and
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Masson trichrome staining were performed on the
extracted bony mass (Figure 4C). The staining showed
that the cartilage morphology including chondrocytes
and chondrocyte lacunae in the Ad-SIRT1+Ad-BMP2
group was more obvious than that in the Ad-BMP2
group after 2 weeks of injection. At the fourth week, the
cartilage lacuna and differentiation of bone tissue were
more obvious compared in two weeks. Simultaneously,
in the Ad-SIRT1+Ad-BMP2, the bone tissue was more
mature and differentiated into osteoblasts compared
with group infected with BMP2 in four weeks.
SIRT1 alleviated the apoptosis of BMP2-induced
chondrogenic differentiation stem cells under
oxidative stress
CCK8 was used to detect apoptotic cells treated with
different concentrations (0, 50, 100, 200, and 400 µM)
of H2O2 (Figure 5A). With the increase in H2O2

concentration, the decrease of cell absorbance at 450 nm
indicated an increase in cell apoptosis. We selected the
appropriate concentration (200 µM) according to the
results of the CCK8 assay for subsequent experiments.
We used flow cytometry to detect apoptosis of
Ad-BMP2, Ad-BMP2+H2O2, and Ad-BMP2+AdSIRT1+H2O2 cells (Figure 5B). The results showed that
H2O2 could promote cell apoptosis, but the apoptotic
rate of the Ad-BMP2+Ad-SIRT1+H2O2 group was
significantly lower than that of the Ad-BMP2+H2O2
group. In addition, we detected apoptosis-related
proteins (Bcl-2, Bax, Cleaved-PARP-1, CleavedCaspase3) using the western blotting method (Figure
5C, 5D). The results showed that the expression of Bax,
Cleaved-PARP-1, and Cleaved-Caspase3 proteins
increased and the expression of Bcl-2 protein decreased
in the Ad-BMP2+H2O2 group compared with the
Ad-BMP2 group, and the Ad-BMP2+Ad-SIRT1+H2O2
group exhibited opposite results.

Figure 1. The successful infection of the C3H10T1/2 cells with Ad-SIRT1, Ad-BMP2, and Ad-GFP. (A) C3H10T1/2 cells were
infected with Ad-SIRT1, Ad-BMP2, or Ad-GFP in plate cultures. Bright light and fluorescence microscopy (100X) examination showed the
efficiency of recombinant adenoviruses after 24 h of virus infection. (B, C) Total RNA was isolated 24 h after infection, and the mRNA
expression of SIRT1 and BMP2 was measured using real-time PCR. (D, E) The SIRT1 and BMP2 protein levels were measured after 48 h of
infection using the western blotting method. The data are denoted as the mean ± SD.*: p < 0.05 vs. Ad-GFP.
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Figure 2. SIRT1 potentiated the BMP2-induced expression of chondrogenic differentiation makers. (A) The Sox9, Col2a1, and
aggrecan protein levels in C3H10T1/2 cells infected with Ad-GFP, Ad-SIRT1, Ad-BMP2, or Ad-BMP2+Ad-SIRT1 for 5 days. (B) The Sox9, Col2a1,
and aggrecan protein levels in C3H10T1/2 cells infected with Ad-GFP, Ad-SIRT1, Ad-BMP2, or Ad-BMP2+Ad-SIRT1 for 7 days. (C) The Sox9,
Col2a1, and aggrecan protein levels in C3H10T1/2 cells infected with Ad-GFP, Ad-SIRT1, Ad-BMP2, or Ad-BMP2+Ad-SIRT1 for 9 days. All of the
relative protein expression level results were compared to those of GAPDH using Quantity one. The data are denoted as the mean ± SD.*:p <
0.05 vs. Ad-GFP; #:p < 0.05, Ad-BMP2 group vs. Ad-BMP2+Ad-SIRT1 group.
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Figure 3. The C3H10T1/2 cells were cultured in 6-well plates after being infected with Ad-GFP, Ad-SIRT1, Ad-BMP2, or AdBMP2+Ad-SIRT1. (A–C) The Sox9 mRNA levels of C3H10T1/2 cells were measured after 5, 7 and 9 days using real-time PCR. (E–G) The
Col2a1 mRNA levels of C3H10T1/2 cells were measured after 5, 7 and 9 days using real-time PCR. (D, H) Alcian blue staining was used to
observe the secretion of extracellular matrix after the 5 and 7 days of Ad-GFP, Ad-SIRT1, Ad-BMP2, and Ad-BMP2+Ad-SIRT1 infection. The
dyed 12-well plates were photographed by a camera attached to a light microscope (100X). All of the relative mRNA expression level results
were compared to those of GAPDH using Quantity one. The data are denoted as the mean ± SD.*:p < 0.05 vs. Ad-GFP; #:p < 0.05, Ad-BMP2
vs. Ad-BMP2+Ad-SIRT1.
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Figure 4. SIRT1 potentiated BMP2-induced chondrogenesis in vivo. (A) Macrographic images of the ectopic bone mass. The ectopic
osseous masses were retrieved after 2 and 4 weeks. (B) The bone mass volumes were evaluated. (C) The bone masses retrieved from the AdBMP2 and Ad-BMP2+Ad-SIRT1 group were fixed and decalcified, and hematoxylin and eosin, Alcian blue, and Masson trichrome staining was
performed on the extracted bony mass (200X). NS: p > 0.05.
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Figure 5. SIRT1 alleviated the apoptosis of BMP2-induced chondrogenic differentiation stem cells under oxidative stress. (A)
Cell Counting Kit-8 assay to detect cell proliferation under different concentrations (0, 50, 100, 200, or 400 µM) of H2O2. (B) The cell apoptotic
rates were measured using a flow cytometry assay under 200 µM of H2O2. (C, D) H2O2 increased the expression of Cleaved-Caspase3, Bax, and
Cleaved-PARP-1 and reduce the expression of Bcl-2 compare to the control group. The Ad-BMP2+Ad-SIRT1+H2O2 group exhibited opposite
results. The data are denoted as the mean ± SD.*: p < 0.05 Ad-BMP2+H2O2 vs. Ad-BMP2; #: p < 0.05, Ad-BMP2 + H2O2 vs. Ad-BMP2+AdSIRT1+H2O2.
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SIRT1 inhibited the decomposition of extracellular
matrix in BMP2-induced-C3H10T1/2 cells under
oxidative stress

which is a key regulator of chondrogenic differentiation
of stem cells, and also increase the expression of
downstream genes including Col2a1 and aggrecan.

We detected the secretion of extracellular matrix
(Col2a1, aggrecan) in BMP2-induced C3H10T1/2 cells
treated with 200 µM of H2O2 by an immunofluorescence
assay (Figure 6A, 6B). The results showed that there
were less Col2a1 and aggrecan proteins in the AdBMP2+H2O2 group than in the Ad-BMP2 group, while
there were more proteins expressed in the AdSIRT1+Ad-BMP2+H2O2 group than in the AdBMP2+H2O2 group. At the same time, we detected the
synthesis and decomposition of extracellular matrix
proteins (Sox9, Col2a1, aggrecan, MMP2) by the
western blotting method (Figure 6C, 6D). The results
showed that the expression of Sox9, Col2a1, and
aggrecan proteins decreased and the expression of
MMP2 increased in the Ad-BMP2+H2O2 group
compared with the Ad-BMP2 group, and AdBMP2+Ad-SIRT1+H2O2 group showed opposite
results. We also detected the acetylation level of p65
(Figure 6E, 6F) and found that the acetylation level of
p65 increased after adding H2O2 stimulation, while the
acetylation level of p65 in the Ad-SIRT1+BMP2+H2O2
group was significantly lower than that of the AdBMP2+H2O2 group. These results suggested that SIRT1
not only alleviated apoptosis but also inhibited the
decomposition of extracellular matrix in BMP2-induced
chondrogenesis in C3H10T1/2 cells under oxidative
stress.

However, inflammation and oxidative stress
significantly inhibit chondrogenic differentiation of
stem cells, and NF-κB is the key transcription factor
that mediates inflammatory and oxidative stress
responses [20]. IL-1β, TNF-α, and oxidative stress can
also directly inhibit stem cell chondrogenic
differentiation through the NF-κB signaling pathway
[34, 35]. Inflammation and oxidative stress are involved
in tissue degeneration and injury [16]. Cartilage repair
approaches must address the ongoing inflammatory
microenvironment that occurs during the course of
osteoarthritis and injury. So, it is of great significance to
explore the molecular mechanism and synergistic
effects of chondrogenic differentiation of stem cells and
blocking the oxidative stress microenvironment in order
to create a more suitable microenvironment for the
chondrogenesis of MSCs during cartilage repair. In this
study, we explored the effect of SIRT1 on BMP2induced chondrogenic differentiation of stem cells and
the effect of SIRT1 on the homeostasis of BMP2induced chondrogenic differentiation of stem cells in
the oxidative stress microenvironment.

DISCUSSION
Cartilage injury is a common joint disease in the clinic,
and cartilage tissue engineering provides a new treatment
option for cartilage injury repair [30]. MSCs have been
used as seed cells because of their wide range of sources,
easiness to obtain and expand in vitro, and ability to be
used for autotransplantion because of their low
immunogenicity [7, 8]. MSCs can differentiate into
chondrocytes under certain conditions, which could
provide numerous raw materials for the treatment of
cartilage injury diseases, and tissue engineering promotes
joint repair by introducing seed cells, biomaterials, and
growth factors into damaged joint tissues [8, 31].
BMP2, a member of the TGF-β super-family, plays an
essential role in the regulation of chondrocyte
proliferation and maturation during endochondral bone
development [32]. It has been proven to be more capable
of inducing osteochondrogenic development and MSC
chondrogenic differentiation than other growth factors,
such as BMP4, BMP6, BMP7, TGF-βs, and IGF-1 [15,
33]. In our previously study [12] and this study, we
confirmed that BMP2 can up-regulate Sox9 expression,
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We found that SIRT1 could significantly increase the
expression of Sox9, Col2a1, and aggrecan in BMP2induced stem cell differentiation. This is in accordance
with the result that SIRT1 can deacetylate Sox9 and
enhance transcriptional activity of Sox9, promoting
chondrogenic differentiation of stem cells [24]. We also
confirmed that SIRT1 can significantly promote BMP2induced chondrogenic differentiation of stem cells and
the formation of the cartilage structure through stem cell
transplantation experiments in vivo. The reactive oxygen
species in oxidative stress can cause oxidative stress
damage and cell death. We found that SIRT1 could
significantly decrease the apoptosis rate during BMP2induced chondrogenic differentiation under oxidative
stress. In addition, SIRT1 could significantly decrease the
expression extracellular matrix enzymes (MMP2) and
reverse the decrease of Sox9, Col2a1, and aggrecan
expression in oxidative stress. Therefore, SIRT1 may be
an important synergistic factor in BMP2-induced
chondrogenesis of stem cells and plays an important role
in blocking the oxidative stress microenvironment
to create a more suitable microenvironment for the
chondrogenesis of MSCs.
Protein deacetylation modification regulates multiple
functions [36], and there are few studies regarding its
role in stem cell chondrogenic differentiation. Our study
innovatively explored the regulatory role of deacetylation-modifying enzyme SIRT1 in BMP2-induced
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Figure 6. SIRT1 inhibited the decomposition of extracellular matrix in BMP2-induced-C3H10T1/2 cells under oxidative
stress. (A, B) Immunofluorescence analysis of the expression of Col2a1 and aggrecan among the Ad-BMP2, Ad-BMP2+H2O2, and AdBMP2+Ad-SIRT1+H2O2 groups (200X). The Col2a1 and aggrecan proteins were labeled in red, and the nuclei were labeled in blue by DAPI
staining. (C, D) The expression of Sox9, Col2a1, and aggrecan proteins decreased in the Ad-BMP2+H2O2 group compared with the AdBMP2 group, while the expression of Sox9, Col2a1, and aggrecan proteins increased in the Ad-SIRT1+Ad-BMP2+H2O2 group compared
with that of the Ad-BMP2+H2O2 group. The expression of MMP2 increased in the Ad-BMP2+H2O2 group compared with that in the AdBMP2 group, while the expression of MMP2 in the SIRT1+BMP2+H2O2 group was significantly lower than that of the Ad-BMP2 group. (E,
F) The expression of Ac-p65 and p65 among Ad-BMP2, Ad-BMP2+H2O2, and Ad-BMP2+Ad-SIRT1+H2O2 groups. The data are denoted as
the mean ± SD. *: p < 0.05, Ad-BMP2+H2O2 vs. Ad-BMP2; #: p < 0.05, Ad-BMP2+Ad-SIRT1+H2O2 vs. Ad-BMP2+H2O2.
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chondrogenic differentiation of stem cells, which may
help to further reveal the mechanism of BMP2-induced
chondrogenic differentiation of stem cells, and the new
synergistic factors for BMP2-induced stem cell
chondrogenic differentiation. Moreover, an oxidative
stress environment is an inhibitory factor in cartilage
repair. Therefore, this study innovatively explored the
role of SIRT1 in the maintenance of cartilage
homeostasis in BMP2-induced stem cell chondrogenic
differentiation under oxidative stress, which provided
new methods to overcome the negative effects of
oxidative stress in cartilage repair.

Alcian blue staining

In conclusion, our study revealed that SIRT1 can
promote BMP2-induced chondrogenic differentiation of
stem cells and reduce the cell apoptosis and the
decomposition of extracellular matrix due to NF-κB/p65
deacetylation under oxidative stress, maintaining the
cartilage phenotype. SIRT1 may be a new candidate to
promote chondrogenesis and overcome the negative
effects of oxidative stress during cartilage repair.

Cell proliferation assay

The C3H10T1/2 cells were seeded in a 12-well plate;
infected with Ad-GFP, Ad-SIRT1, Ad-BMP2, or AdBMP2+Ad-SIRT1; and subsequently were stained with
Alcian blue on the 5th and 7th day to detect the
secretion of extracellular matrix. The plates were
washed with phosphate buffered saline (PBS), fixed in
4% paraformaldehyde for 30 min, and washed again
with PBS. The cells were stained with Alcian blue
solution (Solarbio, China) according to the instructions
and then photographed.

MATERIALS AND METHODS

The cell counting kit-8 assay (CCK8, MedChemexpress,
USA) was used to investigate cell proliferation. The
C3H10T1/2 cells were seeded in 96-well plates at a
density of 2000 cells/well, following treatment with H2O2
(0, 50, 100, 200, 400 µM). CCK8 reagent was added into
wells, and cell proliferation was detected at 0, 24, 48, and
72 h by measuring the absorbance at 450 nm with a
microplate reader.

HEK-293 cells and the C3H10T1/2 cell line culture

Apoptosis assay

The HEK-293 cells and mesenchymal stem cell line
(C3H10T1/2) used in this study were purchased from
the American Type Culture Collection (ATCC; USA).
They were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Hyclone, USA) supplemented with
10% fetal bovine serum (FBS, Biological Industries,
Israel), 100 U/mL streptomycin, and 1% penicillin
(Beyotime, China). The cells were incubated in an
atmosphere containing 5% CO2 at 37°C.

Flow cytometry was used to detect cell apoptosis. Cells
were processed in 6-well plates for 48 h. Cells were
digested with 0.25% EDTA-free trypsin, washed twice
with PBS, and collected in 1.5 ml EP tubes. Annexin V
APC-A (Threebond, China)/DAPI (Beyotime, China)
was added according to the instructions, and the
apoptosis was examined by a flow cytometer. The stained
cells were subjected to flow cytometry to identify live
cells (Annexin V APC-A-/DAPI PB 450-A-), early
apoptotic cells (Annexin V APC-A+/DAPI PB 450-A-),
late apoptotic or secondary apoptotic cells (Annexin V
APC-A+/DAPI PB 450-A+), and necrotic cells (Annexin
V APC-A-/DAPI PB 450-A+).

Recombinant adenoviruses expressing GFP, BMP2,
and SIRT1 and cell transfection
The human SIRT1 was polymerase-chain-reaction
(PCR)-amplified, cloned into an adenoviral shuttle
vector, and subsequently used to generate recombinant
adenoviruses in the HEK-293 cells. The primers used to
amplify the coding regions included SIRT1 F:5’ACAATTTAAATATGATTGGCACAGATCCTC-3’and
R:5’-ATTAGCGGCCGCTGAT TTGTTTGATGGA-3’.
SwaI and NotI enzymes were used to clone the BMP2
coding regions into the shuttle vector. The resulting
adenoviruses were denoted as Ad-SIRT1 and Ad-GFP.
The green fluorescent protein (GFP) was used to monitor
infection efficiency via fluorescence microscopy (Nikon
TE200-U, Japan). Ad-SIRT1, which expressed the
SIRT1 protein, also expressed GFP. Ad-GFP, which only
expressed GFP, was used as the control. The Ad-BMP2
was denoted by TC He, and it has been used in many
studies [12, 14, 28].

www.aging-us.com

9009

Immunofluorescence assay
The C3H10T1/2 cells were seeded in a 6-well plate
with glass coverslips and infected with Ad-BMP2, AdBMP2+H 2O2, or Ad-BMP2+Ad-SIRT1+H 2O2 for 3
days. The cells were washed with PBS, fixed with 4%
paraformaldehyde for 30 min at room temperature, and
again washed with PBS. The cells were permeabilized
with 0.1% Triton X-100 (Beyotime, China) at room
temperature for 20 min, blocked with 1% bovine
serum albumin (Beyotime, China) for 1 h, and
incubated with primary antibody (anti-Col2a1, 1:200;
anti-Aggrecan, 1:50) at 4°C overnight. Subsequently,
the cells were incubated with Alexa Fluor®594conjugated secondary antibody for 1 h in the dark
at 37°C and washed with PBS. Finally, the nuclei
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were stained with DAPI (Beyotime, China) for 5 min
in the dark.
Subcutaneous stem cell implantation
The C3H10T1/2 cells were infected with Ad-GFP, AdSIRT1, Ad-BMP2, or Ad-BMP2+Ad-SIRT1 at a
density of 70%. Twenty four hours after infection, the
cells were digested, collected, and resuspended with
PBS to 5 × 107 cells/ml. Each athymic nude mouse
(groups of 4 to 6 week-old males, Beijing HFK
Bioscience Corporation, China) was injected with 100
μl PBS (about 5 × 106 cells), subcutaneously. After two
or four weeks of subcutaneous implantation, nude mice
were euthanized, and bone mass was removed. All of
the experiments involving animals were performed
according to institutional animal guidelines (Ethics
Committee of Chongqing Medical University).
Hematoxylin and eosin, alcian blue, and Masson
trichrome staining
The retrieved tissues were fixed in 4% paraformaldehyde,
decalcified, and embedded in paraffin. Hematoxylin and
eosin, Alcian blue, and Masson’s trichrome staining were
performed as described [29].
Real-time PCR
Total RNA was extracted with TRIzol® reagent (Takara,
China), following the manufacturer's protocols. Then, the
total RNA was reverse transcribed into cDNA using the
PrimeScript™ RT reagent kit (Takara, China). Finally,
the cDNA was amplified using SYBR Green Super
Mixture, and PCR was conducted with a CFX-Connect
Real-Time PCR system (Bio-Rad). The amplification
conditions were as follows: 95°C for 30 sec, followed by
40 cycles of 95°C for 5 sec and 60°C for 1 min, and the
melt curve at 60°C to 95°C, with an increment of 0.5°C
for 5 sec. The primer sequences were as follows:
Sirt1-F: 5’-TGATTGGCACCGATCCTCG-3’, Sirt1-R:
5’-CCACAGCGTCATATCATCCAG-3’; BMP2-F: 5’GGGACCCGCTGTCTTCTAGT-3’, BMP2-R: 5’-TCA
ACTCAAATTCGCTGAGGAC-3’; Col2A1-F: 5’-GGG
TCACAGAGGTTACCCAG-3’, Col2A1-R: 5’-ACCAG
GGGAACCACTCTCAC-3’; Sox9-F: 5’-AGTACCCGC
ATCTGCACAAC-3’, Sox9-R: 5’-ACGAAGGGTCTCT
TCTCGCT-3’; GAPDH-F: 5’-AGGTCGGTGTGAACG
GATTTG-3’, GAPDH-R: 5’-GGGGTCGTTGATGGCA
ACA-3’.

bicinchoninic acid kit (Beyotime, China) was used to
detect the protein concentration. Total cell proteins were
separated by SDS-PAGE (Beyotime, China) and
transferred to a polyvinylidene fluoride membrane. The
membranes were blocked in 5% skimmed milk for 1 h
at room temperature and incubated in specific
antibodies at 4°C overnight. The blots were washed
three times with TBST and incubated in secondary
antibodies for 1 h at room temperature. The Immobilon
Western Chemiluminescent Kit (NCM Biotech, China)
was used to detect protein levels. The primary
antibodies used included: anti-aggrecan (Santa Cruz
Biotechnology, USA; 1:500), anti-Sox9 (Abcam, USA;
1:1000), anti-Bcl-2 (Abcam, USA; 1:2000), anti-Bax
(Abcam, USA; 1:2000), anti-SIRT1 (Abcam, USA;
1:1000), anti-GAPDH (Abcam, USA;1:10000), antiNF-κB p65 (Abcam, USA; 1:1000), anti-Acetyl-NFκBp65 (Lys310) (Affinity Biosciences, USA; 1:500),
anti-BMP2 (Immunoway, USA; 1:500), anti-Col2a1
(Immunoway, USA; 1:500), anti-MMP2 (Immunoway,
USA; 1:500), anti-Cleaved-Caspase3 (Immunoway,
USA; 1:1000), and anti-Cleaved-PARP-1 (Immunoway,
USA; 1:500).
Statistical analysis
Experiments were repeated three times, and the data are
expressed as the mean ± standard deviation (SD). Any
statistically significant differences between groups were
evaluated using a one-way variance analysis (SPSS
cooperation, SPSS 17.0). P < 0.05 was considered to
indicate a statistically significant difference.

AUTHOR CONTRIBUTIONS
Y.L., N.Z., and Z.M.H. carried out the study design;
Y.L. drafted the manuscript; Y.L, and L.Z. carried out
the experiments; Y.L., L.J.W., S.H., and H.L.R analyzed
and interpreted the data. L.Z. and N.Z. were involved in
the revision of the manuscript.

ACKNOWLEDGMENTS
The authors would like to thank the Chongqing Key
Laboratory of Molecular Oncology and Epigenetics
(Chongqing, China) for technical guidance.

CONFLICTS OF INTEREST
The authors declare no conflicts of interest.

FUNDING
Western blotting analysis
Proteins were extracted with lysis buffer and
phenylmethanesulfonyl fluoride (Beyotime, China). A

www.aging-us.com

9010

This research was supported by General program of
Chongqing Natural Science Foundation (cstc2019jcyjmsxmX0832).

AGING

REFERENCES
1.

2.

Choi MC, Jo J, Park J, Kang HK, Park Y. NF-κB signaling
pathways in osteoarthritic cartilage destruction. Cells.
2019; 8:734.
https://doi.org/10.3390/cells8070734
PMID:31319599
Kovács B, Vajda E, Nagy EE. Regulatory effects and
interactions of the Wnt and OPG-RANKL-RANK
signaling at the bone-cartilage interface in
osteoarthritis. Int J Mol Sci. 2019; 20:4653.
https://doi.org/10.3390/ijms20184653
PMID:31546898

3.

Duarte Campos DF, Drescher W, Rath B, Tingart M,
Fischer H. Supporting biomaterials for articular
cartilage repair. Cartilage. 2012; 3:205–21.
https://doi.org/10.1177/1947603512444722
PMID:26069634

4.

Wang T, Xie W, Ye W, He C. Effects of electromagnetic
fields on osteoarthritis. Biomed Pharmacother. 2019;
118:109282.
https://doi.org/10.1016/j.biopha.2019.109282
PMID:31387007

5.

Cross M, Smith E, Hoy D, Nolte S, Ackerman I, Fransen
M, Bridgett L, Williams S, Guillemin F, Hill CL, Laslett
LL, Jones G, Cicuttini F, et al. The global burden of hip
and knee osteoarthritis: estimates from the global
burden of disease 2010 study. Ann Rheum Dis. 2014;
73:1323–30.
https://doi.org/10.1136/annrheumdis-2013-204763
PMID:24553908

6.

7.

8.

9.

Murphy C, Mobasheri A, Táncos Z, Kobolák J, Dinnyés
A. The potency of induced pluripotent stem cells in
cartilage regeneration and osteoarthritis treatment.
Adv Exp Med Biol. 2018; 1079:55–68.
https://doi.org/10.1007/5584_2017_141
PMID:29270885
Fahy N, Alini M, Stoddart MJ. Mechanical stimulation
of mesenchymal stem cells: implications for cartilage
tissue engineering. J Orthop Res. 2018; 36:52–63.
https://doi.org/10.1002/jor.23670 PMID:28763118
Tan AR, Hung CT. Concise review: mesenchymal stem
cells for functional cartilage tissue engineering: taking
cues from chondrocyte-based constructs. Stem Cells
Transl Med. 2017; 6:1295–303.
https://doi.org/10.1002/sctm.16-0271
PMID:28177194
Bhardwaj N, Devi D, Mandal BB. Tissue-engineered
cartilage: the crossroads of biomaterials, cells and
stimulating factors. Macromol Biosci. 2015; 15:153–82.
https://doi.org/10.1002/mabi.201400335
PMID:25283763

www.aging-us.com

9011

10. Bragdon B, Moseychuk O, Saldanha S, King D, Julian J,
Nohe A. Bone morphogenetic proteins: a critical
review. Cell Signal. 2011; 23:609–20.
https://doi.org/10.1016/j.cellsig.2010.10.003
PMID:20959140
11. Goumans MJ, Zwijsen A, Ten Dijke P, Bailly S. Bone
morphogenetic proteins in vascular homeostasis and
disease. Cold Spring Harb Perspect Biol. 2018;
10:a031989.
https://doi.org/10.1101/cshperspect.a031989
PMID:28348038
12. Zhou N, Li Q, Lin X, Hu N, Liao JY, Lin LB, Zhao C,
Hu ZM, Liang X, Xu W, Chen H, Huang W. BMP2
induces chondrogenic differentiation, osteogenic
differentiation and endochondral ossification in stem
cells. Cell Tissue Res. 2016; 366:101–11.
https://doi.org/10.1007/s00441-016-2403-0
PMID:27083447
13. Tamamura Y, Katsube K, Mera H, Itokazu M, Wakitani
S. Irx3 and Bmp2 Regulate Mouse Mesenchymal Cell
Chondrogenic Differentiation in Both a Sox9dependent and -Independent Manner. J Cell Physiol.
2017; 232:3317–36.
https://doi.org/10.1002/jcp.25776 PMID:28059449
14. Zhao C, Jiang W, Zhou N, Liao J, Yang M, Hu N, Liang X,
Xu W, Chen H, Liu W, Shi LL, Oliveira L, Wolf JM, et al.
Sox9
augments
BMP2-induced
chondrogenic
differentiation by downregulating Smad7 in
mesenchymal stem cells (MSCs). Genes Dis. 2017;
4:229–39.
https://doi.org/10.1016/j.gendis.2017.10.004
PMID:29503843
15. Kurth T, Hedbom E, Shintani N, Sugimoto M, Chen FH,
Haspl M, Martinovic S, Hunziker EB. Chondrogenic
potential of human synovial mesenchymal stem cells in
alginate. Osteoarthritis Cartilage. 2007; 15:1178–89.
https://doi.org/10.1016/j.joca.2007.03.015
PMID:17502159
16. Pomatto LC, Davies KJ. Adaptive homeostasis and the
free radical theory of ageing. Free Radic Biol Med.
2018; 124:420–30.
https://doi.org/10.1016/j.freeradbiomed.2018.06.016
PMID:29960100
17. Jones DP. Radical-free biology of oxidative stress. Am J
Physiol Cell Physiol. 2008; 295:C849–68.
https://doi.org/10.1152/ajpcell.00283.2008
PMID:18684987
18. Man AW, Li H, Xia N. The role of Sirtuin1 in regulating
endothelial function, arterial remodeling and vascular
aging. Front Physiol. 2019; 10:1173.
https://doi.org/10.3389/fphys.2019.01173
PMID:31572218

AGING

19. Wang D, Hu Z, Hao J, He B, Gan Q, Zhong X, Zhang X,
Shen J, Fang J, Jiang W. SIRT1 inhibits apoptosis of
degenerative human disc nucleus pulposus cells
through activation of akt pathway. Age (Dordr). 2013;
35:1741–53.
https://doi.org/10.1007/s11357-012-9474-y
PMID:22990594
20. Ma K, Lu N, Zou F, Meng FZ. Sirtuins as novel targets in
the pathogenesis of airway inflammation in bronchial
asthma. Eur J Pharmacol. 2019; 865:172670.
https://doi.org/10.1016/j.ejphar.2019.172670
PMID:31542484
21. Dvir-Ginzberg M, Mobasheri A, Kumar A. The role of
sirtuins in cartilage homeostasis and osteoarthritis.
Curr Rheumatol Rep. 2016; 18:43.
https://doi.org/10.1007/s11926-016-0591-y
PMID:27289467
22. Peytremann-Bridevaux I, Faeh D, Santos-Eggimann B.
Prevalence of overweight and obesity in rural and
urban settings of 10 european countries. Prev Med.
2007; 44:442–46.
https://doi.org/10.1016/j.ypmed.2006.11.011
PMID:17258803
23. Ji ML, Jiang H, Zhang XJ, Shi PL, Li C, Wu H, Wu XT,
Wang YT, Wang C, Lu J. Preclinical development of a
microRNA-based therapy for intervertebral disc
degeneration. Nat Commun. 2018; 9:5051.
https://doi.org/10.1038/s41467-018-07360-1
PMID:30487517
24. Buhrmann C, Busch F, Shayan P, Shakibaei M. Sirtuin-1
(SIRT1) is required for promoting chondrogenic
differentiation of mesenchymal stem cells. J Biol Chem.
2014; 289:22048–62.
https://doi.org/10.1074/jbc.M114.568790
PMID:24962570
25. Qu P, Wang L, Min Y, McKennett L, Keller JR, Lin PC.
Vav1 regulates mesenchymal stem cell differentiation
decision between adipocyte and chondrocyte via Sirt1.
Stem Cells. 2016; 34:1934–46.
https://doi.org/10.1002/stem.2365
PMID:26990002
26. Peng XP, Li XH, Li Y, Huang XT, Luo ZQ. The protective
effect of oleanolic acid on NMDA-induced MLE-12
cells apoptosis and lung injury in mice by activating
SIRT1 and reducing NF-κB acetylation. Int
Immunopharmacol. 2019; 70:520–29.
https://doi.org/10.1016/j.intimp.2019.03.018
PMID:30901738
27. Chen X, Chen C, Fan S, Wu S, Yang F, Fang Z, Fu H, Li Y.
Omega-3 polyunsaturated fatty acid attenuates the
inflammatory response by modulating microglia
polarization through SIRT1-mediated deacetylation of

www.aging-us.com

9012

the HMGB1/NF-κB pathway following experimental
traumatic brain injury. J Neuroinflammation. 2018;
15:116.
https://doi.org/10.1186/s12974-018-1151-3
PMID:29678169
28. Zhou N, Hu N, Liao JY, Lin LB, Zhao C, Si WK, Yang Z, Yi
SX, Fan TX, Bao W, Liang X, Wei X, Chen H, et al. HIF-1α
as a regulator of BMP2-induced chondrogenic
differentiation, osteogenic differentiation, and
endochondral ossification in stem cells. Cell Physiol
Biochem. 2015; 36:44–60.
https://doi.org/10.1159/000374052
PMID:25924688
29. Chen L, Jiang W, Huang J, He BC, Zuo GW, Zhang W,
Luo Q, Shi Q, Zhang BQ, Wagner ER, Luo J, Tang M,
Wietholt C, et al. Insulin-like growth factor 2
(IGF-2) potentiates BMP-9-induced osteogenic
differentiation and bone formation. J Bone Miner
Res. 2010; 25:2447–59.
https://doi.org/10.1002/jbmr.133
PMID:20499340
30. Hsu MN, Chang YH, Truong VA, Lai PL, Nguyen TK, Hu
YC. CRISPR technologies for stem cell engineering and
regenerative medicine. Biotechnol Adv. 2019;
37:107447.
https://doi.org/10.1016/j.biotechadv.2019.107447
PMID:31513841
31. Long F, Ornitz DM. Development of the endochondral
skeleton. Cold Spring Harb Perspect Biol. 2013;
5:a008334.
https://doi.org/10.1101/cshperspect.a008334
PMID:23284041
32. Shu B, Zhang M, Xie R, Wang M, Jin H, Hou W, Tang D,
Harris SE, Mishina Y, O'Keefe RJ, Hilton MJ, Wang Y,
Chen D. BMP2, but not BMP4, is crucial for
chondrocyte proliferation and maturation during
endochondral bone development. J Cell Sci. 2011;
124:3428–40.
https://doi.org/10.1242/jcs.083659 PMID:21984813
33. Sekiya I, Larson BL, Vuoristo JT, Reger RL, Prockop
DJ. Comparison of effect of BMP-2, -4, and -6 on in
vitro cartilage formation of human adult stem cells
from bone marrow stroma. Cell Tissue Res. 2005;
320:269–76.
https://doi.org/10.1007/s00441-004-1075-3
PMID:15778851
34. Jeong JW, Lee HH, Lee KW, Kim KY, Kim SG, Hong SH,
Kim GY, Park C, Kim HK, Choi YW, Choi YH. Mori folium
inhibits interleukin-1β-induced expression of matrix
metalloproteinases and inflammatory mediators by
suppressing the activation of NF-κB and p38 MAPK in
SW1353 human chondrocytes. Int J Mol Med. 2016;
37:452–60.

AGING

https://doi.org/10.3892/ijmm.2015.2443
PMID:26707272

https://doi.org/10.1002/art.24352
PMID:19248089

35. Wehling N, Palmer GD, Pilapil C, Liu F, Wells JW,
Müller PE, Evans CH, Porter RM. Interleukin-1beta
and tumor necrosis factor alpha inhibit
chondrogenesis by human mesenchymal stem cells
through NF-kappaB-dependent pathways. Arthritis
Rheum. 2009; 60:801–12.

www.aging-us.com

9013

36. VanDrisse CM, Escalante-Semerena JC. Protein
acetylation in bacteria. Annu Rev Microbiol. 2019;
73:111–32.
https://doi.org/10.1146/annurev-micro-020518115526 PMID:31091420

AGING

