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Abstract
Osteogenic differentiation is crucial for the maintenance of bone homeostasis. Sirtuin 3 (SIRT3), a
member of sirtuins family, functions as a critical deacetylase that regulates many key proteins. In
the current study, we aimed to clarify the role of SIRT3 in osteogenic differentiation and the
possible mechanisms, using mouse pre-osteoblastic MC3T3-E1 cells. Expression of SIRT3 was
substantially increased in differentiated MC3T3-E1 cells. Knock down of SIRT3 significantly
decreased alkaline phosphatase (ALP) staining, and mRNA expression of runt-related transcription
factor 2 (Runx2) and collagen type I ɑ 1 (Col1ɑ1), and osteocalcin in differentiated MC3T3-E1
cells. Overexpression of wild type but not mutant SIRT3 could reverse SIRT3 knockdown-resulted
decrease of ALP staining. Complex I, II, III, IV, and V activities, oxygen consumption and
mitochondrial membrane potential were significantly decreased by SIRT3 knockdown. Moreover,
SIRT3 knockdown reduced mitochondrial density, increased mitochondrial size and decreased the
expression of NRF1 and TFAM. Knock down of SIRT3 decreased mRNA and protein expression of
SOD2 and increased ROS level. Overexpression of SOD2 significantly suppressed SIRT3
knockdown-induced decrease of mitochondrial function and osteogenic differentiation. SIRT3
knockdown resulted in a significant decrease of PGC-1ɑ protein expression but not mRNA
expression. Overexpression of wild type but not mutant SIRT3 could reverse SIRT3
knockdown-resulted decrease of PGC-1ɑ protein expression. Moreover, we detected a direct
interaction between SIRT3 and PGC-1ɑ and SIRT3 knockdown reduced SIRT3 and PGC-1ɑ
interaction, resulting in a reduction of PGC-1ɑ protein stability and PGC-1ɑ-binding in the
promoters of SOD2. Overexpression of PGC-1ɑ blocked SIRT3 knockdown-induced decrease of
SOD2 expression, increase of ROS level, and decrease of mitochondrial function and biogenesis,
leading to improvement of osteogenesis. Overall, the data provide a better understanding of the
role of SIRT3 in osteogenic differentiation.
Key words: sirtuin 3; osteogenic differentiation; peroxisome proliferator-activated receptor-γ co-activator-1ɑ;
superoxide dismutase 2; mitochondrial function

Introduction
Osteoporosis is characterized by bone metabolic
disorder, including decrease of bone mineral density,
increase of bone loss and higher risk of fractures,
which is believed to affect nearly 50 %
post-menopausal women over the age of 50 [1]. In
general, bone structure and function is controlled by

the balance between bone resorption and formation.
Thus,
the
dynamic
interaction
between
osteoblast-induced
bone
formation
and
osteoclast-induced bone resorption is critical for
homeostasis of bone metabolism. In response to
various genetic or environmental factors, bone
http://www.ijbs.com
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resorption could be activated and bone formation
could be inhibited, leading to bone metabolic disorder
such as osteoporosis [2, 3]. Therefore, osteogenic
differentiation, a key process of osteoblast-induced
bone formation, is crucial for the maintenance of bone
function and regulation of osteogenic differentiation
is an effective method for treating diseases
characterized by reduction of bone formation,
including osteoporosis [4].
The sirtuins (SIRTs) family, which are the
mammalian homologues of the Sir2α in yeast, is a
group
of
evolutionarily
highly-conserved
nicotinamide
adenine
dinucleotide
(NAD+)dependent protein deacetylases that regulate a battery
of cellular events including growth, DNA duplication
and repair, mitochondrial biogenesis, oxidative stress,
apoptosis, and autophagy, and are indeed involved in
various pathological conditions, including metabolic
disorder, cancer, neurodegeneration, and aging, etc.
[5-9]. To date, it is known that SIRTs contains 7
members, named SIRT1-7. Among them, SIRT3-5 play
important roles in maintanence of mitochondrial
function through regulating a variety of proteins that
are responsible for mitochondrial metabolism [10].
We paid attention to SIRT3, which has been reported
to deacetylate many key proteins regulating
mitochondrial biogenesis, reactive oxygen species
(ROS) generation, elimination and metabolism in
mitochondria [11-13]. Moreover, it is found that SIRT3
could affect mitochondrial respiratory chain and thus
regulate ATP-production [14, 15]. Recently, Huh et al.
found that SIRT3 played a role in maintaining bone
homeostasis [16]. They found that osteoclast
differentiation was increased by silence of SIRT3, and
that bone mass was decreased due to an increased
number of osteoclasts in SIRT3-defficient mice [16].
However, the role of SIRT3 in osteogenic
differentiation is not known.
The current study was designed to investigate
the role of SIRT3 in osteogenic differentiation and
explore the possible mechanisms, using mouse
pre-osteoblastic MC3T3-E1 cells. We found that knock
down of SIRT3 inhibited osteogenic differentiation via
decreasing
the
stability
of
peroxisome
proliferator-activated
receptor-γ
co-activator-1ɑ
(PGC-1ɑ) and downregulation of superoxide
dismutase 2 (SOD2) expression, and subsequently
increasing ROS level and decreasing mitochondrial
biogenesis and mitochondrial function.

Materials and methods
Cell culture
Mouse MC3T3-E1 cells were obtained from
ATCC (Manassas, USA). Cells were cultured in

ɑ-MEM (Hyclone, USA) supplemented with 10% fetal
bovine serum (FBS, Hyclone) at 37°C in an incubator
containing 5% CO2 atmosphere. For the induction of
osteogenic differentiation, MC3T3-E1 cells were
cultured
in
osteogenic
medium
(a-MEM
supplemented
with
10%
FBS,
20
mM
β-glycerophosphate, 100 mg/mL ascorbic acid, and 10
nM dexamethasone (Sigma-Aldrich, USA)) for 12
days. The efficiency of differentiation was evaluated
by staining with alkaline phosphatase (ALP).

Lentivirus and plasmid transfection
MC3T3-E1 cells were transfected with lentivirus
carrying shSIRT3 (GeneChem, China) and purified
with puromycin to establish cell lines in which SIRT3
expression was stably downregulated. For SOD2 or
PGC-1ɑ overexpression, SOD2 or PGC-1ɑ was
purified and amplified from mouse genomic DNA,
and then cloned into a pCMV vector (Beyotime,
China). For the transient overexpression of SIRT3, the
pcDNA3.1-hSIRT3-WT-Flag plasmid (wild type
SIRT3, Addgene) and pcDNA3.1-hSIRT3-H248Y-HA
plasmid (SIRT3 HY, SIRT3 loss of deacetylase activity,
Addgene) were obtained. pcDNA3.1-hSIRT3-WT-Flag
(500 ng), pcDNA3.1-hSIRT3-H248Y-HA (500 ng),
pCMV-SOD2 (500 ng) or pCMV-PGC-1ɑ (500 ng)
plasmids and their empty vectors were transfected
into cells using Lipofectamine 2000 (4 μl) (Invitrogen,
USA) according to the manufacturer’s instructions.
Transfection of plasmids was conducted 2 days before
the induction of osteogenic differentiation.

Real-time PCR
Total RNA was extracted from cells using a RNA
isolation kit (TaKaRa, China). cDNA was synthesized
using 500ng mRNA by a PrimeScriptTM RT reagent
Kit (TaKaRa, China). qPCR was performed in a 20 μl
reaction system using SYBR® Premix Ex Taq
(TaKaRa, China). The Bio-Rad CFX96 Real-time PCR
system (Bio-Rad, USA) was used to record and
analyze the signal. The expression of target genes was
normalized to β-actin, a house-keeping gene. The PCR
reaction conditions were as follows: initial
denaturation at 95 °C for 10 min followed by 30 cycles
at 95 °C for 1 min, annealing at 53 °C for 1 min,
extension at 72 °C for 1 min, and final extension at 72
°C for 5 min. The comparative cycle threshold (CT)
(2−ΔΔCT) method was used to quantify the relative
amount of RNA. The primers used in the study were
shown in Table 1.

Western blot
We use RIPA buffer (Thermo Scientific, USA) to
extract protein from cells according to the
manufacture’s protocols. After determination of
protein concentration using BCA assay (Thermo
http://www.ijbs.com
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Scientific, USA), the supernatants were mixed with
loading buffer. In brief, the mixture containing 20 μg
protein were used for separation on 10% SDS-PAGE,
and then electro-transferred onto NC membranes
(Millipore, USA). The membranes were then blocked
in 5% non-fat milk for 1 h at room temperature and
then incubated with primary antibodies (β-actin
(Santa Cruz): 1: 500; SOD2 (Cell Signaling
Technology): 1: 1000; SIRT3 (Cell Signaling
Technology): 1: 1000; PGC-1ɑ (Abcam): 1:1000)
overnight at 4 °C. After that, the membranes were
incubated with HRP-conjugated goat anti-rabbit
secondary antibody (1:5000. Thermo Scientific, USA)
for 30 min at 37 °C. The bands were detected using an
enhanced chemiluminescence reagent kit (Thermo
Scientific, USA).

Evaluation of mitochondrial function
Transmission electron microscopy (TEM) was
used to observe mitochondrial ultrastructure as
previously described [17]. Cells were analyzed
stereologically and mitochondrial density and size
were calculated. Complex I, II, III, IV, and V activities
were determined using the methods reported by
Elschami et al [17]. Oxygen consumption activity was
evaluated by the determination of complex II driven
respiration as previously described [17]. For the
determination of mitochondrial membrane potential,
cells were incubated with rhodamine 123 (Rho123,
10μM) for 20 min at 37 °C. Subsequently, images were
captured under confocal microscope (Olympus,
Japan).

ROS determination
ROS level was detected by dihydroethidium
(DHE), a superoxide sensitive probe. In brief, cells
were incubated with 10 μM DHE at 37℃ for 30 min in
dark environment. Subsequently, images were
captured under confocal microscope (Olympus,
Japan).

PGC-1ɑ in the regulation of SOD2 using commercial
kit (Thermo Scientific, USA). Cells were cross-linked
using formaldehyde (1%) for 10 min, harvested, lysed
in SDS lysis buffer, and then sheared by sonication.
Sonicated cell lysate was immunoprecipitated using
anti-PGC-1ɑ antibody (Cell Signaling Technology,
USA) or normal mouse IgG (Abcam). DNA was
extracted and used as templates for real-time PCR to
detect the content of SOD2 promoters and the results
were normalized to the respective input signals and
expressed as folds of control.

Co-immunoprecipitation
Protein/protein interaction was evaluated by
co-immunoprecipitation
(Co-IP)
according
to
manufacturer’s protocols (Thermo Scientific, USA).
Briefly, cells were lysed, centrifuged and used for
immunoprecipitation. A small fraction of the
supernatants was used for Input analysis, and the
remainder were incubated with rabbit anti-SIRT3
antibody to couple the complex. After that, the
extracts (immunoprecipitates) were then subjected to
10% SDS-PAGE. Western blot was then performed to
detect
SIRT3
and
PGC-1ɑ
expression
in
immunoprecipitates.

Statistical analysis
Data were obtained from at least three
independent experiments and expressed as mean ±
SEM. Results were analyzed using Graph Pad Prism.
Statistical analysis was performed by one-way
analysis of variance followed by a SNK-q test for
multiple comparisons. Student’s t-test was performed
for comparison between two groups. P < 0.05 was
considered to be statistically significant.

Results
SIRT3 is required for the osteogenic
differentiation in MC3T3-E1 cells.

In
the
current
study,
using
mouse
pre-osteoblastic MC3T3-E1 cells, we investigated the
role of SIRT3 in osteogenic differentiation. Compared
Chromatin Immunoprecipitations (CHIP) was
with undifferentiated MC3T3-E1 cells, both mRNA
conducted to evaluate the transcriptional activity of
and protein expression of SIRT3 was
significantly increased in differentiated
MC3T3-E1 cells (Fig. 1A and B), indicating a
Table 1. Primers sequences
possible role of SIRT3 in osteogenic
Gene
Forward
Reverse
differentiation. MC3T3-E1 were transfected
β-actin
5' AGGCCAACCGTGAAAAGATG 3'
5' TGGCGTGAGGGAGAGCATAG 3'
with
lentivirus carrying shSIRT3 to stably
SOD2
5' CTCAGGTCGCTCTTCAGC 3'
5' AGCCTCCAGCAACTCTCC 3'
NRF-1
5' TCCATCTATCCGAAAGAG 3'
5' GCCAAACACCTTGAAGAC 3'
knock down the expression of SIRT3. We
PGC-1α 5' AACAATGAGCCTGCGAAC 3'
5' CCTCGTTGTCAGTGGTCA 3'
showed that mRNA and protein expression of
Runx2
5' TTCTCCAACCCACGAATGCAC 3'
5' CAGGTACGTGTGGTAGTGAGT 3'
SIRT3 was significantly inhibited by knock
OCN
5' CTGACAAAGCCTTCATGTCCAA 3' 5' GCGCCGGAGTCTGTTCACTA 3'
Col1a1
5' GGGGCAAGACAGTCATCGAA 3'
5' GAGGGAACCAGATTGGGGTG 3'
down of SIRT3 (Fig. 1C and D). The results
SIRT3
5' TTTCTTTCACAACCCCAAGC 3'
5' AGGGATCCCAGATGCTCTCT 3'
showed that knock down of SIRT3
significantly
inhibited
the
osteogenic

Chromatin Immunoprecipitations
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differentiation, as shown as decreased alkaline
phosphatase (ALP) staining (Fig. 1E). Re-expression
of SIRT3 in shSIRT3-transfected cells significantly
reversed the decrease of ALP staining (Fig. 1E).
However, Re-expression of SIRT3 loss of deacetylase
activity could not alter the ALP staining (Fig. 1E),
indicating that deacetylase activity of SIRT3 was
required for SIRT3-exhibited regulation of osteogenic
differentiation. Moreover, mRNA expression of key
regulators of osteogenic differentiation, including
runt-related transcription factor 2 (Runx2) and
collagen type I ɑ 1 (Col1ɑ1), and osteocalcin (OCN),
were markedly suppressed by SIRT3 knockdown,
compared with control cells (Fig. 1E, F and G). The
results indicated that SIRT3 expression and its
deacetylase activity are required for osteogenic
differentiation in MC3T3-E1 cells.

Knock down of SIRT3 decreased
mitochondrial function and biogenesis in
differentiated MC3T3-E1 cells.
To explore the possible mechanism underlying
the role of SIRT3 in the regulation of osteogenic
differentiation, mitochondrial function and biogenesis
was evaluated. As shown in Fig. 2A-E, Complex I, II,
III, IV, and V activities were significantly decreased
by SIRT3 knockdown, compared with that of control.
In addition, knock down of SIRT3 notably inhibited
oxygen consumption rate in differentiated MC3T3-E1
cells (Fig. 2F). Moreover, downregulation of SIRT3
markedly reduced Rho123 staining in differentiated
MC3T3-E1 cells, indicating the reduction of
mitochondrial membrane potential (Fig. 2G and H).
The results indicated that downregulation of SIRT3
significantly decreased mitochondrial function.

Fig. 1 Effect of knockdown of SIRT3 on osteogenic differentiation. MC3T3-E1 cells were induced to osteogenic differentiation, and SIRT3 expression was determined
in pre-osteogenic MC3T3-E1 cells and differentiated MC3T3-E1 cells using real-time PCR (A) and western blot (B). MC3T3-E1 cells were transfected with lentivirus carrying
shSIRT3 and SIRT3 expression was stably knocked down. mRNA (C) and protein (D) expression of SIRT3 was measured using real-time PCR and western blot, respectively.
LV-Ctrl and LV-shSIRT3 MC3T3-E1 cells were transfected with SIRT3 or SIRT3HY plasmids and then induced to osteogenic differentiation. Osteogenic differentiation was
measured using ALP staining (E). mRNA expression of Runx2 (F), Col1α1 (G), and OCN (H) in differentiated MC3T3-E1 cells transfected with LV-Ctrl and LV-shSIRT3 were
determined by real-time PCR. #P<0.05, compared with control.
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Fig. 2 Effect of knockdown of SIRT3 on mitochondrial function. LV-Ctrl and LV-shSIRT3 MC3T3-E1 cells were induced to osteogenic differentiation, and Complex I (A),
II (B), III (C), IV (D), and V (E) activities were determined and results were shown as folds of control. Oxygen consumption activity was evaluated by the determination of complex
II driven respiration and results were expressed as µmol/l/min (F). Mitochondrial membrane potential was measured using Rho123 staining (G and H). Representative images
were shown (G). Relative Rho123 fluorescence was calculated (H). #P<0.05, compared with control.

TEM was used to observe mitochondrial
ultrastructure. In Fig. 3A, we found swollen
mitochondria and broken mitochondrial cristae in
MC3T3-E1 cells with knock down of SIRT3. The
results also showed that downregulation of SIRT3
markedly reduced mitochondrial density and
increased mitochondrial size (Fig. 3B and C).

Moreover, the mRNA expression of key regulators of
mitochondrial biogenesis, transcription factor nuclear
respiratory factor 1 (NRF1) and mitochondrial
transcription factor A (TFAM), was determined. The
results showed that downregulation of SIRT3
markedly reduced the mRNA expression of both
NRF1 and TFAM (Fig. 3D and E). The results
http://www.ijbs.com
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indicated that downregulation of SIRT3 significantly
decreased mitochondrial biogenesis. The results
demonstrated that reduction of mitochondrial
function and biogenesis may be involved in SIRT3
knockdown-mediated inhibition of osteogenic
differentiation.

Downregulaton of SOD2 was involved in
SIRT3 knockdown-mediated inhibition of
osteogenic differentiation.
ROS homeostasis is closely associated with
mitochondrial function and biogenesis. In the next
step, we further examined the effect of knock down of
SIRT3 on the expression of SOD2, an important
mitochondrial antioxidant. In Fig. 4A and B, we
showed that compared with undifferentiated
MC3T3-E1 cells, both mRNA and protein expression
of SOD2 was significantly increased in differentiated
MC3T3-E1 cells, showing a similar changing pattern
with SIRT3. Downregulation of SIRT3 notably
reduced the mRNA and protein expression of SOD2
(Fig. 4C and D). Moreover, knock down of SIRT3
markedly increased DHE staining, indicating the
increase of ROS level (Fig. 4E and F). The data
indicated that knock down of SIRT3 disturbed ROS
homeostasis through downregulation of SOD2.
In order to evaluate whether downregulation of
SOD2 was involved in SIRT3 knockdown-induced
reduction of mitochondrial function and biogenesis
and inhibition of osteogenic differentiation, LV-Ctrl
and LV-SIRT3 MC3T3-E1 cells were transfected with
plasmids carrying SOD2 or empty plasmids. SOD2
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expression was significantly increased by plasmid
transfection (Fig. 5A and B). Overexpression of SOD2
notably suppressed SIRT3 knockdown-induced
reduction of oxygen consumption activity (Fig. 5C).
Furthermore, Overexpression of SOD2 significantly
blocked the reduction of ALP staining (Fig. 5D) and
mRNA expression of Runx2 (Fig. 5E), Col1ɑ1 (Fig. 5F),
and OCN (Fig. 5G), indicating that downregulation of
SOD2 was involved in SIRT3 knockdown-induced
reduction of mitochondrial function and biogenesis
and inhibition of osteogenic differentiation.

Reduction of PGC-1ɑ stability was involved in
SIRT3 knockdown-mediated disturbance of
ROS homeostasis.
In order to examine the mechanism of SIRT3
knockdown-induced reduction of SOD2 expression,
PGC-1ɑ expression was determined. As shown in Fig.
6A and B, compared with undifferentiated MC3T3-E1
cells, both mRNA and protein expression of PGC-1ɑ
was significantly increased in differentiated
MC3T3-E1 cells, showing a similar changing pattern
with SIRT3. LV-Ctrl and LV-shSIRT3 MC3T3-E1 cells
were transfected with SIRT3 or SIRT3HY plasmids
and then induced to osteogenic differentiation.
mRNA expression of PGC-1ɑ was not significantly
affected by knock down of SIRT3 and transfection of
wild type and mutant SIRT3 (Fig. 6C). However,
knock down of SIRT3 remarkably decreased the
protein level of PGC-1ɑ (Fig. 6D), indicating that
downregulation of SIRT3 affected the stability of
PGC-1ɑ. Transfection of wild type but not mutant

Fig. 3 Effect of knockdown of SIRT3 on mitochondrial ultrastructure and biogenesis. LV-Ctrl and LV-shSIRT3 MC3T3-E1 cells were induced to osteogenic
differentiation. TEM was used to observe mitochondrial ultrastructure (A). Mitochondrial density (B) and size (C) were calculated. mRNA expression of NRF-1 (D) and TFAM
(E) was examined using real-time PCR and results were shown as folds of control. #P<0.05, compared with control.
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SIRT3 could reverse the decrease of PGC-1ɑ protein
expression induced by LV-shSIRT3-mediated knock
down of SIRT3 (Fig. 6D), indicating that deacetylase
activity of SIRT3 is required for PGC-1ɑ protein
stability. Moreover, we showed that there was an
evident protein-protein interaction between SIRT3
and PGC-1ɑ in differentiated MC3T3-E1 cells (Fig.
6E). Downregulation of SIRT3 significantly inhibited
the interaction between SIRT3 and PGC-1ɑ (Fig. 6E),
which may result in the reduction of PGC-1ɑ in
differentiated MC3T3-E1 cells. Furthermore, we
detected direct binding of PGC-1ɑ in the promoters of
SOD2, which was markedly inhibited by
downregulation of SIRT3 (Fig. 6F). LV-Ctrl and
LV-shSIRT3 MC3T3-E1 cells were transfected with
PGC-1ɑ plasmids and the results confirmed the
transfection
efficiency
(Fig.
6G
and
H).
Overexpression
of
PGC-1ɑ
using
plasmids
suppressed SIRT3 knockdown-induced reduction of
SOD2 mRNA expression (Fig. 6I) and increase of ROS
level (Fig. 6J and K). The results indicated that
reduction of PGC-1ɑ stability was involved in SIRT3
knockdown-mediated
disturbance
of
ROS
homeostasis through downregulation of SOD2
expression.

Downregulation of PGC-1ɑ was involved in
SIRT3 knockdown-mediated reduction of
mitochondrial function and biogenesis and
osteogenic differentiation.
In the next step, we examined the role of
downregulation
of
PGC-1ɑ
in
SIRT3
knockdown-mediated reduction of mitochondrial
function
and
biogenesis
and
osteogenic
differentiation. Overexpression of PGC-1ɑ suppressed
SIRT3
knockdown-induced
reduction
of
mitochondrial density (Fig. 7A) and increase of
mitochondrial size (Fig. 7B). In addition, knock down
of SIRT3-mediated reduction of NRF1 and TFAM
expression was suppressed by overexpression of
PGC-1ɑ (Fig. 7C and D). Overexpression of PGC-1ɑ
suppressed SIRT3 knockdown-induced reduction of
mitochondrial membrane potential, as reflected by
increase of Rho123 fluorescence compared with that
LV-SIRT3 MC3T3-E1 cells (Fig. 7E and F).
Furthermore, overexpression of PGC-1ɑ markedly
suppressed SIRT3 knockdown-induced reduction of
ALP staining, indicating the improvement of
osteogenic differentiation (Fig. 7G). The results
indicated that downregulation of PGC-1ɑ was
involved in SIRT3 knockdown-mediated reduction of
mitochondrial function and biogenesis and osteogenic
differentiation.

Fig. 4 Effect of knockdown of SIRT3 on SOD2 expression and ROS level.
MC3T3-E1 cells were induced to osteogenic differentiation, and SOD2 expression
was determined in pre-osteogenic MC3T3-E1 cells and differentiated MC3T3-E1 cells
using real-time PCR (A) and western blot (B). LV-Ctrl and LV-shSIRT3 MC3T3-E1
cells were induced to osteogenic differentiation. mRNA (C) and protein (D)
expression of SOD2 was measured using real-time PCR and western blot,
respectively. ROS level was determined by DHE staining (E and F). Representative
images were shown (E). Relative DHE fluorescence was calculated (F). #P<0.05,
compared with control.

Discussion
Previous study has shown that SIRT3 plays an
important role in maintenance of bone homeostasis
through regulation of osteoclast differentiation [16].
However, whether SIRT3 affects osteogenic
differentiation is not known. In the current study, we
evaluated the role of SIRT3 in osteogenic
differentiation using MC3T3-E1 cells. We found that
knock down of SIRT3 decreased ALP staining and the
expression of key regulators, including Runx2,
Col1ɑ1, and osteocalcin, in differentiated MC3T3-E1
cells. Re-expression of wild type but not mutant SIRT3
http://www.ijbs.com
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in shSIRT3-transfected cells significantly reversed the
decrease of ALP staining. We concluded that SIRT3
and the deacetylase activity was required for
osteogenic differentiation in MC3T3-E1 cells.
Maintenance of normal mitochondrial function
and the homeostasis of biogenesis are critical for
osteogenic differentiation [18-21]. Mitochondrial
dysfunction is considered to be a fundamental
pathological processes in the dysregulation of
osteogenic differentiation [18, 19], and normal
mitochondrial function is essential for physiological
osteogenic differentiation [20]. Moreover, enhanced
mitochondrial biogenesis was observed during
osteogenesis and mitochondrial biogenesis is required
for osteogenic differentiation [21]. The important role
of SIRT3 functioning as a major mitochondrial
deacetylase has been well documented [14, 22, 23].
There is a significant decrease of Complex I activity
and reduction of oxygen consumption in Sirt3-/animals [14, 23]. Moreover, previous study has found
that SIRT3 functioned to regulate mitochondrial
function and thermogenesis in brown adipocytes [22].
Consistent with these results, our findings showed
that knock down of SIRT3 decreased Complex I-V
activities, oxygen consumption activity, and
mitochondrial membrane potential, induced changes
of ultrastructure of mitochondria, and reduced
mitochondrial density and biogenesis, indicating that
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SIRT3 was required for maintenance of mitochondrial
function
and
biogenesis
during
osteogenic
differentiation.
It is reported that SIRT3 could affect ROS
homeostasis [8, 23-25], which is pivotal for keeping
normal mitochondrial function and biogenesis [26-28].
Increased ROS generation in SIRT3 knockout mice
results in oxidative stress in skeletal muscle, activates
JNK and impairs insulin signaling [23]. The antitumor
sensitizing effect of SIRT3 silencing involves an
increment in ROS production [24]. SOD2 acts as an
important sensor that mediates the effects of SIRT3 on
ROS state [29, 30]. Previous finding have reported the
deacetylation of SOD2 by SIRT3 in capillary
endothelial cells [29] and hepatocytes [30]. In the
present study, we found that downregulation of
SIRT3 decreased both mRNA and protein expression
of SOD2 and increased ROS level. It suggested that
SIRT3 regulated SOD2 expression and acitivity in a
cell-dependent manner, either through deacetylation
or regulation of expression. Overexpression of SOD2
suppressed downregulation of SIRT3-mediated
mitochondrial
dysfunction
and
osteogenic
differentiation. The findings demonstrated that
downregulation of SOD2 was involved in SIRT3
knockdown-mediated reduction of mitochondrial
function, mitochondrial biogenesis, and osteogenic
differentiation.

Fig. 5 Role of downregulation of
SOD2 in the effect of SIRT3
knockdown
on
osteogenic
differentiation.
LV-Ctrl
and
LV-shSIRT3 MC3T3-E1 cells were
transfected with SOD2 or empty
plasmids and then induced to
osteogenic differentiation. mRNA (A)
and protein (B) expression of SOD2 in
cells transfected with empty vector and
SOD2 plasmid was measured using
real-time PCR and western blot,
respectively. Oxygen consumption
activity was evaluated by the
determination of complex II driven
respiration and results were expressed
as
µmol/l/min
(C).
Osteogenic
differentiation was measured using ALP
staining (D). mRNA expression of
Runx2 (E), Col1α1 (F), and OCN (G) in
differentiated cells were determined by
real-time PCR. #P<0.05, comparison
between the two groups.

http://www.ijbs.com
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Fig. 6 Role of PGC-1ɑ in the effect of SIRT3 knockdown on SOD2 expression and ROS level. MC3T3-E1 cells were induced to osteogenic differentiation, and SIRT3
expression was determined in pre-osteogenic MC3T3-E1 cells and differentiated MC3T3-E1 cells using real-time PCR (A) and western blot (B). LV-Ctrl and LV-shSIRT3
MC3T3-E1 cells were transfected with SIRT3 or SIRT3HY plasmids and then induced to osteogenic differentiation. mRNA (C) and protein (D) expression of PGC-1ɑ was
measured using real-time PCR and western blot, respectively. LV-Ctrl and LV-SIRT3 MC3T3-E1 cells were induced to osteogenic differentiation. Co-IP was conducted to
determine the interaction between PGC-1ɑ and SIRT3 (E). CHIP assay was conducted to the binding of PGC-1ɑ in the promoters of SOD2 (F). LV-Ctrl and LV-SIRT3 MC3T3-E1
cells were transfected with PGC-1ɑ or empty plasmids and then induced to osteogenic differentiation. mRNA expression of SOD2 (G) in differentiated cells were determined
by real-time PCR.ROS level was determined by DHE staining (H and I). Representative images were shown (H). Relative DHE fluorescence was calculated (I). #P<0.05,
comparison between the two groups.

Since the mRNA expression of SOD2 was
affected by SIRT3 knockdown, we explored the
mechanism of SIRT3-exhibited transcriptional
regulation of SOD2. It is known that PGC-1α plays a
role in the regulation of redox state, mitochondrial
function [31, 32] and the transcription of SOD2 [33]. It
has been reported that SIRT1-PGC-1α signaling
prevents lipotoxicity-related apoptosis and oxidative
stress in the kidney [34]. Moreover, SIRT3 could
stimulate CREB phosphorylation, which may activate
PGC-1α promoter directly [22]. These literatures
suggest a potential interaction between SIRT3 and
PGC-1α. In the current study, we found that knock

down of SIRT3 remarkably decreased the protein
level of PGC-1ɑ. Transfection of wild type but not
mutant SIRT3 could reverse the decrease of PGC-1ɑ
protein expression induced by knock down of SIRT3,
indicating that deacetylase activity of SIRT3 is
required for PGC-1ɑ protein stability. Overexpression
of PGC-1α suppressed SIRT3 knockdown-induced
reduction of SOD2 expression, increase of ROS level,
decrease of mitochondrial density, increase of
mitochondrial size, and reduction of mitochondrial
membrane potential, leading to improvement of final
osteogenic differentiation. The regulation of PGC-1α
by SIRT3 deacetylase attributed to a protein/protein
http://www.ijbs.com
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interactive regulation. Knock down of SIRT3
decreased PGC-1α protein stability, resulting in
reduction of SOD2, NRF1 and TFAM expression, and
increase of ROS level and decrease of mitochondrial
function and biogenesis, eading to abnormal
osteogenic differentiation.
In summary, in the current study, we found that
SIRT3 was required for osteogenic differentiation
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through regulation of mitochondrial function and
biogenesis via PGC-1α-SOD2 signaling. Further
research into the molecular mechanism of
SIRT3-PGC-1α
interaction
during
osteogenic
differentiation was needed. Overall, the data may
contribute to a better understanding of the role of
SIRT3 in osteogenic differentiation.

Fig. 7 Role of PGC-1ɑ in the effect of SIRT3 knockdown on osteogenic differentiation. LV-Ctrl and LV-SIRT3 MC3T3-E1 cells were transfected with PGC-1ɑ or
empty plasmids and then induced to osteogenic differentiation. Mitochondrial density (A) and size (B) were calculated. mRNA expression of NRF-1 (C) and TFAM (D) was
examined using real-time PCR and results were shown as folds of control. Mitochondrial membrane potential was measured using Rho123 staining (E and F). Representative
images were shown (E). Relative Rho123 fluorescence was calculated (F). Osteogenic differentiation was measured using ALP staining (G). #P<0.05, comparison between the two
groups.
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