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SIRT3/SOD2 maintains osteoblast differentiation and
bone formation by regulating mitochondrial stress

Jing Gao1,4, Zhihui Feng1,4, Xueqiang Wang1, Mengqi Zeng1, Jing Liu1, Shujun Han1, Jie Xu1, Lei Chen1, Ke Cao1, Jiangang Long1,
Zongfang Li2, Weili Shen*,3 and Jiankang Liu*,1,2

Recent studies have revealed robust metabolic changes during cell differentiation. Mitochondria, the organelles where many vital
metabolic reactions occur, may play an important role. Here, we report the involvement of SIRT3-regulated mitochondrial stress in
osteoblast differentiation and bone formation. In both the osteoblast cell line MC3T3-E1 and primary calvarial osteoblasts, robust
mitochondrial biogenesis and supercomplex formation were observed during differentiation, accompanied by increased ATP
production and decreased mitochondrial stress. Inhibition of mitochondrial activity or an increase in mitochondrial superoxide
production significantly suppressed osteoblast differentiation. During differentiation, SOD2 was specifically induced to eliminate
excess mitochondrial superoxide and protein oxidation, whereas SIRT3 expression was increased to enhance SOD2 activity
through deacetylation of K68. Both SOD2 and SIRT3 knockdown resulted in suppression of differentiation. Meanwhile, mice
deficient in SIRT3 exhibited obvious osteopenia accompanied by osteoblast dysfunction, whereas overexpression of SOD2 or
SIRT3 improved the differentiation capability of primary osteoblasts derived from SIRT3-deficient mice. These results suggest that
SIRT3/SOD2 is required for regulating mitochondrial stress and plays a vital role in osteoblast differentiation and bone formation.
Cell Death and Differentiation (2018) 25, 229–240; doi:10.1038/cdd.2017.144; published online 15 September 2017

Bone health is determined by the homeostasis of osteoblast-
mediated bone formation and osteoclast-mediated bone
resorption, and osteoblast dysfunction can block bone
formation and result in skeletal disorders such as
osteoporosis.1,2 Osteoblastic bone formation results from
differentiation of primitive skeletal stem cells into osteoblast
precursors that mature to become osteoblasts that will
undergo differentiation to form the bone matrix and start
mineralization.3 The differentiation process requires an
elevated energy supply to fulfill altered cellular function and
has been recognized to coordinate with energy production
frommitochondria.4 Previous studies have revealed the critical
roles of mitochondria in the differentiation of multiple cell
types, such as cardiomyocytes,5 myoblasts,6 neural stem
cells,7 dendritic cells,8 trophoblasts,9 and adipocytes;10 how-
ever, understanding of the precise involvement of mitochon-
dria in osteoblast differentiation remains limited.
A recent study has shown that oxidative stress in

osteoblasts plays a significant role in the pathogenesis of
osteoporosis.11 Elevated levels of reactive oxygen species
(ROS) have been shown to inhibit osteoblastic mineralization
of MC3T3-E1 cells, and regulation of antioxidant systems
affects bone formation.12 Because mitochondria are the major
source of ROS as well as ATP production, manganese

superoxide dismutase (SOD2) has naturally evolved to
specifically localize in mitochondria to catalyze the dismuta-
tion of superoxide radicals into oxygen and hydrogen
peroxide, thereby protecting cells against oxidative
damage.13 Mitochondrial deacetylase Sirtuin 3 (SIRT3), a
member of a conserved family of proteins that possess NAD-
dependent deacetylase activity,14 has been suggested to
coordinately deacetylate proteins involved in diverse path-
ways to regulate their activities in order to maintain mitochon-
drial function and metabolism under caloric restriction and
stress.15,16 Recent studies have revealed that SOD2 is a
specific target of SIRT3. Through deacetylation at lysines 53,
68, and 89, SIRT3 effectively promotes SOD2 activity.17,18

Increasing evidence has indicated that the SIRT3/SOD2 axis
plays a vital role in neuron protection,19 liver health,20 aging,
and carcinogenesis.21 Currently, studies of SIRT3/SOD2 in
bone formation and homeostasis are quite limited, and a
recent study showed that SIRT3 inhibited RANKL-mediated
osteoclastogenesis,22 indicating a potential regulatory role of
SIRT3 in bone health. However, the role of SIRT3 in
osteogenesis remains unexplored. Herein, we investigated
the involvement of SIRT3/SOD2 in osteoblast differentiation
and bone formation. Our study demonstrates that SOD2
overexpression is specifically induced to maintain lowmtROS,
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which coordinates robust mitochondrial biogenesis during
osteoblast differentiation, and SIRT3 is induced to promote
SOD2 activity. Loss of SIRT3 impaired mitochondrial home-
ostasis and function by increasing mtROS, thereby suppres-
sing osteogenesis both in vitro and in vivo, indicating that
SIRT3/SOD2 may be a potential target for promoting bone
health.

Results

Osteogenic induction is accompanied by robust oxygen
consumption. To initiate osteogenic induction, both MC3T3-
E1 cells and primary osteoblasts were supplemented with
conditioned medium for the indicated periods. Alizarin red S
(ARS) and alkaline phosphatase (ALP) staining showed the
capability of both cell types to differentiate and form
mineralizing matrix (Figure 1a). ALP, as the by-product of
osteoblast activity, was found to increase during the
differentiation process (Figure 1b). Further mRNA analysis
showed that the expression of osteogenic marker genes,
including runt-related transcription factor 2 (Runx2), Osterix,
ALP, bone sialoprotein (BSP), and osteocalcin (OCN), were
significantly increased after 48 h of medium induction
(Figure 1c). In addition, we observed that oxygen consump-
tion during the differentiation periods from day 2 to day 21
was highly increased in MC3T3-E1 cells (Figures 1d and e),
and a similar increase was also observed during the

differentiation of primary osteoblasts (Supplementary
Figure 1a), indicating that osteogenic differentiation is a
process that requires enhanced mitochondrial function and
energy supply.

Mitochondrial biogenesis is increased during osteogenic
differentiation. To further investigate the involvement of
mitochondria in osteogenic differentiation, we measured ATP
levels and mitochondrial complex activities and found that
ATP content was significantly increased during the differ-
entiation process (Figure 2a) and that complex I and II
activities were robustly enhanced (Figure 2b), suggesting
overall increased mitochondrial function. Further protein
analysis showed that peroxisome proliferator-activated recep-
tor γ coactivator-1α (PGC-1α) and mitochondrial transcription
factor (mtTFA), the key regulating factors for mitochondrial
biogenesis, were increased during differentiation (Figure 2c),
accompanied by increased expression of mitochondrial
complex subunits (Figure 2d). Consistently, differentiation of
primary osteoblasts also showed increased mitochondrial
biogenesis (Supplementary Figures 1b and c). Even though
we found all five complex subunit protein expression
increased in early differentiation (Figure 2d), it does not
correlate with the observation that only complex I and II
activities were increased (Figure 2b). Therefore, we further
analyzed formation of mitochondrial supercomplexes using
blue native polyacrylamide gel electrophoresis (BN-PAGE),
and found supercomplex I + III + IV was largely increased at

Figure 1 Increased mitochondrial oxygen consumption in osteoblast differentiation. MC3T3-E1 cells and calvaria-derived primary osteoblasts were induced to differentiate for
the indicated periods of time. (a) ARS and ALP staining of differentiated cells. (b) ALP activity of cell homogenates. (c) After differentiation for 48 h, the relative mRNA levels of
Runx2, Osterix, ALP, BSP, and OCN were determined by qRT-PCR. The oxygen consumption rate (OCR) of MC3T3-E1 cells at various time points was measured with an XF24
Extracellular Flux Analyzer (d) experiment program and (e) statistical analysis). Data are presented as the mean±S.E.M. from at least three independent experiments.
*Po0.05, **Po0.01 versus relative control
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differentiation 7 and 21 days, whereas supercomplex I + III
and III + IV showed no significant changes (Supplementary
Figure 2). Thereby, we conclude that both increased
mitochondrial biogenesis and mitochondrial supercomplex
formation would contribute to improved mitochondrial function
during the osteoblast differentiation. In addition, we used
specific inhibitors to inhibit the activities of mitochondrial
complexes I (rotenone) and II (TTFA) during differentiation,
and only rotenone significantly suppressed the process
(Figure 2e), whereas TTFA had no obvious effect
(Figure 2f), as assessed by ARS and ALP staining. These
data suggest that osteogenic differentiation is accompanied
by mitochondrial biogenesis and relies on enhanced mito-
chondrial activity, especially complex I activity.

Antioxidant capacity is elevated during osteogenic
differentiation. Mitochondria are the major source of endo-
genous ROS that can be molecular messengers as well as
oxidative damage inducers. Although enhanced mitochon-
drial biogenesis and aerobic metabolism were observed
during osteogenic differentiation, the level of its toxic by-
products, ROS, was found to be unexpectedly decreased
(Figure 3a). More interestingly, protein oxidation, especially
the mitochondrial protein oxidation level, was dramatically
decreased (Figure 3b). As expected, we observed increased
levels of total antioxidant capacity (T-AOC) and total SOD
activity (Figures 3c and d). Particularly, SOD2 activity was
significantly increased (Figure 3e), whereas SOD1 activity
was not affected (Figure 3f). Further analysis showed that
SOD2 mRNA and protein were specifically increased during

the differentiation process (Figures 3g and h). These data
indicate that SOD2 may play a vital role in maintaining
mitochondrial redox homeostasis during the differentiation
process.

SOD2 is vital to maintain osteogenic differentiation. To
confirm that the decrease of excessive ROS production is
essential to osteogenic differentiation, we treated cells with
sublethal doses of FCCP that can induce mitochondrial
dysfunction and overgeneration of intracellular ROS. After
osteogenic differentiation for 2 days, mRNA expression of
Runx2 and BSP were suppressed in the presence of FCCP
(Figure 4a). Meanwhile, the ALP and mineralization levels
were also significantly reduced (Figure 4b), suggesting a
principal role of maintaining redox homeostasis during
differentiation. To obtain more insight into the role of SOD2
during differentiation, we generated SOD2-knockdown cells
using specific shRNA constructs (Figure 4c) that induced
mitochondrial ROS accumulation as expected (Figure 4d). In
addition, mitochondrial complex subunits and the key
transcription factors PGC-1α and mtTFA were all found to
be downregulated in knockdown cells (Figure 4e), consistent
with observations in erythroid cells,23 suggesting that SOD2
deficiency has more profound effects than ROS accumula-
tion. Further osteogenic differentiation showed that SOD2
knockdown dramatically suppressed the process and low-
ered the osteoblast function, as evidenced by ARS and ALP
staining (Figure 4f). qPCR analysis also revealed decreased
osteoblast markers in knockdown cells subjected to induction
for 48 h (Figure 4g). Given the previous observation that

Figure 2 Mitochondrial biogenesis during osteogenic differentiation. MC3T3-E1 cells were induced to differentiate for 7, 14, and 21 days. (a) ATP content, (b) mitochondrial
complex activities, (c) protein levels of PGC-1α and mtTFA, and (d) mitochondrial complex subunits were tested. (e) Cells were induced to differentiate for 7 days with rotenone,
and ARS and ALP staining were performed to evaluate differentiation capacity. (f) Cells were induced to differentiate for 7 days with TTFA, and ARS and ALP staining were
performed. Data are presented as the mean± S.E.M. from at least three independent experiments. *Po0.05, **Po0.01 versus relative control
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oxidative stress could trigger mitochondrial dysfunction and
promote mitophagy,24 we propose that SOD2 deficiency
associated with osteogenic arrest may attribute to oxidative
stress-induced mitochondrial dysfunction.

SIRT3 deacetylates SOD2 to maintain mitochondrial
function and osteogenic differentiation. During osteo-
genic differentiation, mRNAs of the sirtuin family exhibited
varying expression patterns. SIRT3 mRNA was more
abundant than the other sirtuins after 2 days of differentiation
(Figure 5a), and its protein expression level also continuously
increased (Figure 5b), suggesting a significant activation of
SIRT3 during differentiation. As an important sirtuin that is
localized within mitochondria, SIRT3 has been noted to be an
important regulator of basal ATP and overall energy home-
ostasis, and it has also been shown to deacetylate and
activate SOD2,14,17 mainly through lysine 68 (K68). We
therefore assumed that SIRT3/SOD2 might regulate redox
homeostasis and mitochondria function during differentiation.
Immunoprecipitation analysis showed a significantly lower
overall SOD2 acetylation and specific K68 acetylation levels
after 7 days of induction, further supporting the observation of
activated SIRT3 during differentiation (Figure 5c). Consis-
tently, SOD2 immunoprecipitates collected after 7 days of
differentiation of primary osteoblasts from wild-type and

sirt3− /− mice showed that sirt3− /− osteoblasts had higher
SOD2 acetylation level compared with wild type, and wild-
type ostebolasts showed decreased SOD2 acetylation after
7 days of differentiation, whereas no difference was observed
in sirt3− /− osteoblasts during the differentiation (Figure 5d).
To further confirm whether deacetylation of SOD2 K68 by
SIRT3 is involved in osteoblast differentiation, we constructed
SOD2 K68 mutation. Both wild-type and K68 mutation SOD2
were overexpressed in stable SOD2-knockdown cells
(Supplementary Figure 3a), wild-type SOD2 could sufficiently
reduce overall ROS and mitochondrial superoxide levels
(Supplementary Figures 3b and c), whereas SOD2 with K68
mutation failed to show significant improvement. Following
overexpression of SOD2 constructs, cells were induced for
2 days of differentiation, and ALP activity was significantly
increased by wild-type SOD2, whereas K68 mutation
abolished the effect (Supplementary Figure 3d). Meanwhile,
mRNA analysis of osteogenic markers showed similar
changes as ALP activity (Supplementary Figure 3e). Above
data indicate that SIRT3 deacetylating SOD2 at K68
contributes to osteoblast differentiation. However, whether
K68 is the only target of SIRT3 on SOD2 during osteoblast
differentiation still requires further investigation. Through
specific shRNA constructs, we generated stable SIRT3-
knockdown cells (Supplementary Figures 4a and b) that all

Figure 3 Elevated antioxidative capacity during osteogenic differentiation. MC3T3-E1 cells were induced to differentiate for 7, 14, and 21 days, and cellular antioxidative
capacity was evaluated by testing (a) cellular ROS content, (b) total and mitochondrial carbonyl protein levels, (c) T-AOC, (d) total-SOD activity, (e) SOD2 activity, (f) SOD1 activity,
(g) mRNA levels of SOD1 and SOD2, and (h) protein levels of SOD1 and SOD2. Data are presented as the mean±S.E.M. from at least three independent experiments.
*Po0.05, **Po0.01 versus relative control
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showed significantly decreased SOD2 activity (Figures 5e)
as well as decreased T-AOC (Supplementary Figure 4c).
Fluorescence staining revealed robust mitochondrial super-
oxide accumulation, as expected (Figure 5f). Further ener-
getic analysis showed that SIRT3-knockdown cells had
reduced maximal respiration, ATP-linked respiration, and
reserve capacity, as well as increased proton leakage
(Figure 5g), suggesting significant mitochondrial dysfunction
in SIRT3-knockdown cells; however, basal respiration was
not affected. In addition, analysis of isolated mitochondria
showed decreased mitochondrial complex I and II activities in
knockdown cells (Supplementary Figure 4d). Mitochondrial
DNA copy numbers and certain mitochondrial complex
subunits were also found to be decreased, indicating
suppressed mitochondrial biogenesis following suppression
of SIRT3 (Supplementary Figures 4e and f). When subject to
differentiation medium, knockdown cells showed decreased
differentiation capability, as evidenced by decreased mRNA
expression of osteogenic marker genes and diminished
mineralization, (Figures 5h and i). In addition, to explore
whether simply attenuating superoxide could promote the
differentiation capability of SIRT3/SOD2-deficient cells, the
free radical scavenger N-acetyl L-cysteine (NAC) was
supplemented during differentiation. NAC could partially

improve the expression of osteogenic markers in SIRT3-
knockdown cells (Figure 5j), whereas no effects were
observed in SOD2-knockdown cells (Figure 5k), indicating
that the SIRT3/SOD2 axis is vital to maintaining mitochondrial
function and osteogenic capacity and that SOD2 deficiency
has more profound effects that could not be reversed by a
simple free radical scavenger.

SIRT3 knockout induces osteoporosis in mice. To further
confirm the vital roles of SIRT3 in osteoblast function and
bone formation in vivo, femur tissues from SIRT3-deficient
(Sirt3− /− ) mice were further analyzed. Microcomputed
tomography (μCT) analysis clearly showed decreased bone
volume per tissue volume (BV/TV; Figures 6a and b),
trabecular thickness (Tb.Th; Figure 6c), and trabecular
number (Tb.N; Figure 6d), as well as increased trabecular
separation (Tb.Sp; Figure 6e) and specific bond surface (BS/
BV; Figure 6f), indicating significant poor bone quality in
Sirt3− /− mice. Structure model index (SMI) analysis
revealed higher SMI values in Sirt3− /− mice compared
with WT mice (Figure 6g), suggesting a higher proportion of
rods to plates in trabecular bone and a potentially lower bone
mechanical competence;25 this finding was further supported
by the observation of decreased connectivity density in

Figure 4 SOD2 is required for osteogenic differentiation. (a) MC3T3-E1 cells were induced to differentiate for 48 h with or without 10 μM FCCP, and mRNA levels of Runx2
and BSP were tested. (b) Cells were induced to differentiate for 14 days with or without 10 μM FCCP, and ARS and ALP staining was performed. (c) SOD2 protein content from
cells that stably expressed SOD2 shRNA was tested by western blot. (d) Mitochondrial superoxide levels were visualized by fluorescence staining. (e) Mitochondrial biogenesis
regulators and mitochondrial complex subunits were analyzed by western blot. (f) ARS and ALP staining of SOD2-knockdown cells differentiated for 7 days. (g) mRNA levels of
Runx2, Osterix, ALP, and BSP from SOD2-knockdown cells differentiated for 2 days. Data are presented as the mean± S.E.M. from at least three independent experiments.
*Po0.05, **Po0.01 versus relative control
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Sirt3− /− mice (Figure 6h). In addition, bone mineral content
(BMC), the major feature of osteoporotic fractures, was also
found to be significantly lower in Sirt3− /− mice (Figure 6i).
Given these observations from the μCT analysis, we thus
proposed that SIRT3 deficiency could contribute to bone loss,
resulting in osteoporosis. To further explore the osteoblast
function in Sirt3− /− mice, we collected serum samples from
the mice. Bone alkaline phosphatase (BAP), the bone-
specific isoform of alkaline phosphatase and a by-product
of osteoblast activity, was found to be significantly decreased
in Sirt3− /− mice (Figure 7a), accompanied by decreased
osteocalcin (OC), a noncollagenous protein solely secreted
by osteoblasts (Figure 7b). As a serum biomarker correlated
with bone formation,26 procollagen type I N-terminal propep-
tide (PINP) was found to be dramatically decreased in
Sirt3− /− mice (Figure 7c). Meanwhile, serum parathyroid
hormone (PTH) (Figure 7d), calcium (Figure 7e), phosphate
(Figure 7f), and 25(OH)D3 (Figure 7g) were all found to be

decreased in Sirt3− /− mice. Moreover, Runx2, the leading
factor that regulates osteoblast differentiation, was found
dramatically decreased according to immunohistochemistry
(IHC) analysis of femur sections (Figure 7j). A similar
reduction in ALP expression (Figure 7j) was also observed.
Taken together, these observations indicate that Sirt3− /−
mice have dysregulated bone homeostasis that is partially
attributed to osteoblast dysfunction. In addition, the o
steoclast marker tartrate-resistant acid phosphatase 5b
(TRACP-5b) was found to be increased in the serum of
Sirt3− /− mice (Figure 7h), and a negative regulator of
osteoclasts, osteoprotegerin (OPG), was found to be
decreased (Figure 7i), suggesting that Sirt3− /− mice may
have increased osteoclast activity that contributes to exces-
sive bone resorption, consistent with recent findings showing
that SIRT3 inhibited osteoclast differentiation by interfering
with RANKL-induced expression of PGC-1β.22

Figure 5 SIRT3 deacetylates SOD2 to maintain mitochondrial function and osteogenic differentiation. (a) mRNA levels of sirtuin family members in MC3T3-E1 cells under
differentiation conditions for 48 h. (b) SIRT3 protein expression in cells under differentiation conditions for the indicated period. (c) SOD2 acetylation and specific K68 acetylation
after 7 days of differentiation was analyzed by immunoprecipitation. (d) SOD2 acetylation of primary osteoblasts from wild-type and Sirt3− /− mice after 7 days of differentiation
was analyzed by immunoprecipitation. (e) SOD2 activity of SIRT3-knockdown cells. (f) Mitochondrial superoxide levels were visualized by fluorescence staining. (g) OCR analysis
of SIRT3-knockdown cells. (h) mRNA levels of Runx2, Osterix, ALP, and BSP from SIRT3-knockdown cells that were differentiated for 2 days. (i) ARS and ALP staining of SIRT3-
knockdown cells that were differentiated for 7 days. (j) mRNA levels of osteogenic markers in SIRT3-knockdown cells after differentiation for 2 days with or without NAC. (k) mRNA
levels of osteogenic markers in SOD2-knockdown cells after differentiation for 2 days with or without NAC. Data are presented as the mean± S.E.M. from at least three
independent experiments. *Po0.05, **Po0.01 versus relative control
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Reestablishing the SIRT3/SOD2 axis promotes the
differentiation ability of primary Sirt3− /− osteoblasts.
Following observations of bone structure and serum measure-
ments, calvaria-derived primary osteoblasts from Sirt3− /−

mice were further isolated and cultured. SIRT3 protein
deficiency was confirmed in primary osteoblasts (Figure 8a).
Although SOD2 content was not affected (Figure 8a),
SOD2 activity was significantly decreased (Figure 8b),

Figure 6 Decreased bone mass in Sirt3− /− mice. (a) Micro-CT images of the femurs of wild-type (Sirt3+/+) and SIRT3-knockout (Sirt3− /− ) mice. In the analysis of the
trabecular bone and architecture, the following parameters were calculated: (b) bone volume per tissue volume (BV/TV); (c) trabecular thickness (Tb.Th); (d) trabecular number
(Tb.N); (e) trabecular spacing (Tb.Sp); (f) bone surface to bone volume (BS/BV); (g) structure model index (SMI); (h) connectivity density; and (i) bone mineral content (BMC).
Data are presented as the means±S.E.M.; n= 6 per group. *Po0.05, **Po0.01 versus relative control

Figure 7 Serum and histochemical analyses of osteoblast function in Sirt3− /− mice. Serum was collected from wild-type and Sirt3− /− mice, and the levels of the
following factors were analyzed: (a) bone alkaline phosphatase (BAP); (b) osteocalcin (OC); (c) procollagen type I N-terminal propeptide (P1NP); (d) parathyroid hormone (PTH);
(e) calcium; (f) phosphate; (g) 25(OH)D3; (h) tartrate-resistant acid phosphatase 5b (TRACP-5b); and (i) osteoprotegerin (OPG). (j) Femur sections were prepared from wild-type
and Sirt3− /− mice at 8 weeks and immunostained with an anti-Runx2 antibody and an ALP staining kit. Data are presented as the means±S.E.M.; n= 6 per group. **Po0.01
versus relative control
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accompanied by increased ROS content (Figure 8c). Con-
sistent with observations in MC3T3-E1 cells, impaired
mitochondrial biogenesis and mitochondrial oxygen con-
sumption capability were observed in the knockout osteo-
blasts (Supplementary Figures 5a and b). Meanwhile, ALP
activity was found to be decreased, as expected (Figure 8d),
and osteogenic markers were suppressed during differentia-
tion (Supplementary Figure 5c). By overexpressing SIRT3 in
knockout primary osteoblasts, we found that the protein
contents of mitochondrial complex subunits were increased,
indicating restored mitochondrial biogenesis (Figure 8e).
Decreased ROS content and increased ALP activity were
also observed following overexpression of SIRT3 in both wild-
type and Sirt3-knockout osteoblasts (Figures 8f and g). In
addition, similar improvements were observed by overexpres-
sing SOD2 (Figures 8h and i). Eventually, ARS staining of
osteoblast differentiation showed improved osteoblast func-
tion following either SIRT3 or SOD2 overexpression
(Figure 8j). These data further support the vital role of the
SIRT3/SOD2 axis in regulating osteoblast function and bone
formation.

Discussion

Osteoblasts are the chief bone-making cells, and they produce
a combination of extracellular proteins that constitute the
major components of bone. Revealing the detailed mechan-
isms that regulate osteoblast differentiation and function is of
great importance for clinical applications, such as the
treatment of osteoporosis, a common skeletal disease
associated with diminished osteoblast production and
function.1 Mitochondria, the leading source of both ATP and
ROS, have been indicated to participate in oxidative stress-
induced osteoblast damage and dysfunction.27,28 However,
the role of mitochondria in osteoblast differentiation remains
unexplored. In this study, we revealed the vital role of the
SIRT3/SOD2 axis in regulating mitochondria and osteoblast
function. Robust mitochondrial biogenesis and activity
enhancement were required to support osteoblast differentia-
tion, and the SIRT3/SOD2 axis was specifically activated to
maintain the redox status of mitochondria to support mito-
chondrial function and osteoblast differentiation. Consistent
with in vitro observations, Sirt3− /− mice exhibited reduced

Figure 8 Reestablishing the SIRT3/SOD2 axis improves primary Sirt3− /− osteoblast function. Calvaria-derived primary osteoblasts were isolated from neonatal wild-type
and Sirt3− /− mice, and the (a) protein contents of SIRT3 and SOD2, (b) SOD2 activity, and (c) ROS content were analyzed. (d) ALP activity of primary osteoblasts after
differentiation for 2 days. (e) SIRT3 adenovirus was applied to Sirt3− /− primary osteoblasts, and the protein contents of complexes I and III were analyzed by western blot. (f)
ROS content of primary osteoblasts infected with SIRT3 adenovirus. (g) ALP activity of primary osteoblasts infected with SIRT3 adenovirus and after differentiation for 2 days. (h)
ROS content of primary osteoblasts infected with SOD2 adenovirus. (i) ALP activity of primary osteoblasts infected with SOD2 adenovirus and after differentiation for 2 days. (j)
ARS staining of primary osteoblasts infected with SIRT3 and SOD2 adenovirus after 7 days of differentiation. Data are presented as the mean± S.E.M. from at least three
independent experiments. *Po0.05, **Po0.01 versus relative control
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bone mass and impaired osteoblast function that was
improved by reestablishing the SIRT3/SOD2 axis in vitro.
In addition to generating ATP, mitochondria are known to

produce ROS through the electron transport chain. The
popular ‘redox window’ hypothesis suggests that moderate
levels of ROS are required for signal transduction to fulfill
physiological cellular functions,29,30 whereas excessive ROS
levels can cause DNA damage andmitochondrial dysfunction,
contributing to various pathological conditions.27,31 In addition,
the interaction between mitochondria and ROS has been well
studied in the differentiation processes of various cell types,
with the exception of osteoblast differentiation.5,6,8 In this
study, we observed increased mitochondrial biogenesis and
oxygen consumption during osteoblast differentiation that may
naturally fulfill the energy need for producing a large amount of
extracellular proteins. We measured the cellular ATP level to
further support our conclusion. As directly measuring mito-
chondrial produced ATP is not feasible, the total cellular ATP
was tested, and therefore the data could not directly correlate
with mitochondrial activity. The increased ATP level at 7 days
of differentiation may attribute to increased mitochondrial
content and activity in early differentiation induction. Along the
differentiation, utilization of ATP for phosphorylation and
mineralization32,33 is largely increased as well as enhanced
ATP release from osteoblasts34 that may contribute to
normalized cellular ATP level at late-stage differentiation.
Meanwhile, instead of increased ROS production accompa-
nying the enhanced oxygen consumption, the ROS level was
dramatically decreased and remained low during differentia-
tion, consistent with a previous study that exposure to nontoxic
concentrations of hydrogen peroxide diminished osteoblast
mineralization.12 We further found that inhibiting mitochondrial
respiration with the complex I inhibitor rotenone or promoting
ROS production with the mitochondrial oxidative phosphor-
ylation uncoupler FCCP suppressed the osteoblast differen-
tiation capacity. These data suggest that maintaining both the
redox state and function of mitochondria is critical to preserve
osteoblast function.
SOD is the primary defense enzyme that eliminates

oxidative stress. We assumed that SOD was the major
contributor to the decreased ROS levels during osteoblast
differentiation. A previous study showed that coordinated
regulation of mitochondrial biogenesis and antioxidant
enzymes occurs synergistically during osteogenic differentia-
tion of human mesenchymal stem cells (hMSCs).35 Interest-
ingly, by investigating both SOD1 and SOD2, we found that
only the mitochondria-specific SOD2 protein was significantly
induced, accompanied by largely decreased mitochondrial
protein oxidation, suggesting a unique role of SOD2 in
osteogenic differentiation. Single-nucleotide polymorphism
(SNP) mapping has suggested a strong association between
SOD2 polymorphisms and osteoporosis in both Indian and
Chinese populations.36,37 Kobayashi et al. also reported that
osteocytes of aged mice have lower SOD2 activity that is the
cause of age-related bone loss.38 In addition, we further
showed that SOD2 deficiency-induced mitochondrial dysfunc-
tion is the primary cause for osteoblast dysfunction, support-
ing a vital role of SOD2 in healthy bone. In addition to the
expected elevated mitochondrial ROS levels and impaired
mitochondrial function, SOD2 knockdown also induced

significant loss of mitochondrial content, which could be a
result of impaired mitochondrial biogenesis,39 or enhanced
mitochondrial degradation by autophagy.40 These irreversibly
damaged mitochondria could not be rescued by simple
supplementation with the antioxidant NAC, providing the
reason to the fact that supplementing SOD2-knockdown cells
with NAC could not improve osteoblast differentiation.
Because of the vital role of SOD2 as an antioxidant in

mitochondria, regulation of SOD2 has been widely studied.
Multiple post-translational modifications of SOD2, including
phosphorylation, nitration, glutathionylation, and methylation,
have been identified.41 Recently, acetylation sites on SOD2
have been reported, and SIRT3 can specifically modify SOD2
to regulate its activity.17,18 We found that Sirt3 mRNA was
specifically induced during differentiation, followed by
increased SIRT3 protein in mitochondria and a decreased
SOD2 acetylation level. Although we showed that SIRT3
deacetylating SOD2 at K68 in osteoblasts, whether K68 is the
only target of SIRT3 on SOD2 during osteoblasts differentia-
tion still requires further investigation. In myoblasts, it has
been demonstrated that SIRT3 positively regulated differen-
tiation via its influence on the intracellular redox balance and
mitochondrial homeostasis, such as mitochondrial biogen-
esis, ROS production, and SOD2 activity.42 In the current
study, we found decreased SOD2 activity as well as increased
mitochondrial superoxide in both Sirt3-knockdown MC3T3-E1
cells and Sirt3− /− primary osteoblasts, and both cell types
showed impaired differentiation capability. Consistently, μCT
analysis ofSirt3− /− mice indicated significant bone loss, and
serum analysis showed that several osteoblast markers,
including BAP, OC, and P1NP were decreased, suggesting
that SIRT3 knockout induced significant osteoblast dysfunc-
tion that might be the major contributor to bone loss in mice.
We also noticed an increase in the osteoclast marker
TRACP-5b and a decrease in the osteoclast negative
regulator OPG in the serum, indicating activated osteoclasts
and bone resorption inSirt3− /− mice. Bonemass is known to
be maintained locally by the balance between osteoclastic
bone resorption and osteoblastic bone formation. Although
SIRT3 regulating SOD2 deacetylation and its activity has been
indicated playing pivotal role in several biological activities,
knowledge on the involvement of SIRT3/SOD2 in bone mass
remains limited. Very recent study on osteoclasts revealed that
SIRT3 could promote SOD2 activity to suppress osteoclasto-
gensis, whereas loss of SIRT3 would decrease SOD2 activity
and activate osteoclasts differentiation, leading to decreased
bone volume43 that would also contribute to the decreased
bone mass as we observed in Sirt3− /− mice. In the present
study, we showed the same positive regulatory effect of SIRT3
on SOD2 activity and osteoblasts differentiation leading to
decreased bone volume, and this is the same consequence as
SIRT3 loss in osteoclasts. Taken together, all the observations
indicate the key role of SIRT3/SOD2 in regulating bone mass
through both osteoblasts and osteoclasts. These results
suggest that systematically activating SIRT3 would be a
potential therapeutic strategy for treating aging and disease-
related osteoporosis.
In summary, this study reveals the indispensable role of

mitochondria during osteoblast differentiation and demon-
strates that SIRT3/SOD2 controls osteogenic differentiation
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and bone formation in regulating mitochondrial redox and
function both in vitro and in vivo. Although further efforts
should bemade to explore themechanisms underlying SIRT3/
SOD2 activation and to determine the molecular correlation
between osteoblasts and osteoclasts, manipulation of SIRT3/
SOD2, which is confirmed to be a central regulator of
mitochondrial adaptation in disease and aging, could provide
novel therapeutics for age-related bone diseases.

Materials and Methods
Reagents and antibodies. Cell culture medium, H2DCF-DA, MitoTracker
Green, and MitoSOX Red were purchased from Life Technologies (San Diego, CA,
USA). Assay kits for T-AOC, SOD, and ALP were purchased from Jiancheng
Biochemical Inc., Ltd (Nanjing, China). The BCIP/NBT alkaline phosphatase color
development kit was from Beyotime (Nanjing, China). Antibodies against SOD1,
SOD2, mtTFA, PGC-1α, SIRT3, and acetyl-lysine were purchased from Santa Cruz
Biotechnology (Santa Cruz, CA, USA). Antibodies against mitochondrial complexes
I, II, III, IV, and V were purchased from Life Technologies. Antibodies against acetyl
SOD2 K68 and Runx2 were purchased from Abcam (Cambridge, UK). Other
reagents used in this study were purchased from Sigma (St. Louis, MO, USA).

Animals. Sirt3− /− mice in 129SV background (stock number 027975) were
purchased from the Jackson Laboratory (Bar Harbor, ME, USA), and mice were
backcrossed onto the C57BL/6 background for 10 generations. Wild-type C57BL/6
mice (Sirt3+/+) served as control. All animals were housed in a temperature (25–
28 °C)- and humidity (60%)-controlled animal room and maintained on a 12 h light/
12 h dark cycle with food and water provided during the experiments. Animal
procedures were approved by Xi’an Jiaotong University Animal Care and Use
Committee. All the methods were performed in accordance with approved
guidelines, and all efforts were made to minimize the suffering and the number of
animals used in this study.

Cell culture and in vitro differentiation. The clonal murine osteoblastic
MC3T3-E1 cell line was cultured in α-minimum essential medium (MEM)
supplemented with 10% (v/v) fetal bovine serum (FBS), 0.22% sodium bicarbonate,
100 U/ml penicillin, and 100 μg/ml streptomycin. Primary osteoblasts were obtained
by enzyme digestion of calvaria from 2-day-old mice following a published protocol
with minor modifications.44 Briefly, calvarial bones were isolated from the heads of
killed neonatal mice and washed with phosphate-buffered saline (PBS). After
removing the soft tissues, the calvaria were cut into pieces and incubated in 4 ml of
digestion solution (0.25% trypsin with 0.02% EDTA) at 37 °C for 40 min with gentle
shaking every 5 min. After digestion, the calvaria were cut into small pieces and
suspended in complete cell culture medium. At 4 h after plating, the culture medium
was supplemented to 8 ml, followed by static culture for 4 days. Primary osteoblasts
growing out of the bone chips were trypsinized and transferred into a new dish for
further experiments. All cells were maintained at 37 °C in a humidified atmosphere
of 95% air and 5% CO2. For in vitro differentiation, when cells reached confluence,
differentiation was initiated with 50 μg/ml ascorbic acid and 10 mM β-glyceropho-
sphate in complete cell culture medium for the indicated periods, and differentiation
medium was replaced every 3 days.

RNA isolation and real-time PCR. Total RNA was extracted using TRIzol
(Invitrogen, Carlsbad, CA, USA) following the manufacturer’s protocol. Reverse
transcription was performed using a PrimeScript RT-PCR Kit (Otsu, Shiga, Japan)
followed by semiquantitative real-time PCR using specific primers. Data were
normalized to the mRNA levels of actin that was used as a housekeeping gene, and
were analyzed by the 2-ΔΔCT method. The final results are presented as a percentage
of the control. Detailed primer sequences are provided in Supplementary Table 1.

Mineralization assay. Cells were cultured with α-MEM containing ascorbic
acid and β-glycerophosphate in 12-well plates, and matrix mineralization was
determined by the deposition of crystalline hydroxyapatite and visualized by ARS
staining. After osteogenic differentiation, the cells were gently washed twice with
PBS and fixed with ice-cold 70% ethanol for 30 min at 4 °C. Then, cells were
stained with 5% ARS for 30 min at 37 °C. Cells were then washed with deionized
water to remove excess dye, and the stained matrix was photographed.

ALP staining and activity assay. Cells were seeded into 12-well culture
plates followed by differentiation for 2, 4, 7, 14, and 21 days. Cells were washed with
PBS and fixed with 70% ethanol for 30 min at 4 °C. Then, ALP staining was
performed with a BCIP/NBTalkaline phosphatase color development kit (Beyotime).
For the ALP activity assay, the medium was removed, and the cells were washed
and homogenized in ice-cold PBS. After centrifugation at 1000 × g for 10 min at 4 °
C, the clear supernatant was used for measurement of the ALP activity and protein
concentration. The ALP activity assay was performed with commercial kits following
the manufacturer’s protocol (Jiancheng Biochemical).

Intracellular ROS determination. Intracellular generation of ROS was
determined by the formation of fluorescent 2’,7’-dichlorofluorescein (DCF) upon
oxidation of the non-fluorescent, reduced DCFH.45 After incubation with DCF for
30 min at 37 °C, the fluorescence intensity was observed with a fluorescence
microscope and measured with a fluorescence spectrometer (FlexStation 3,
Molecular Devices, Sunnyvale, CA, USA) at 485 nm excitation and 538 nm
emission. Cellular oxidant levels were expressed as the relative DCF fluorescence
per microgram of protein (BCA method). For observation of mitochondrial ROS,
MitoSOX Red, a highly selective fluorescent probe, was used for the detection of
superoxide generated within mitochondria. Cells were plated on glass coverslips in
12-well plates and stained with 2.5 μM MitoSOX Red diluted in serum-free culture
medium for 20 min at 37 °C, accompanied by MitoTracker Green and nuclear
staining. Then, coverslips were washed three times with PBS and mounted on the
slides. The fluorescence images of mitochondria were visualized with confocal
microscopy (Zeiss, Oberkochen, Germany).

Mitochondrial complex activity determination. Mitochondria in
cultured cells were isolated as previously described.46 Briefly, cells were collected
and resuspended in 1.0 ml of hypotonic buffer (10 mmol/l NaCl, 2.5 mmol/l MgCl2,
10 mmol/l Tris base, pH 7.5) and homogenized on ice with a glass homogenizer
(Fisher Scientific, Pittsburgh, PA, USA). The homogenates were then centrifuged at
1300 × g for 5 min at 4 °C. The supernatant was centrifuged at 17 000 × g for 15 min
at 4 °C, and the mitochondria pellet was resuspended in 100 μl of isotonic buffer
(210 mmol/l mannitol, 70 mmol/l sucrose, 5 mmol/l Tris base, 1 mmol/l EDTA·2Na,
pH 7.5). Assays for reduced nicotinamide adenine dinucleotide (NADH)-ubiquinone
reductase (complex I), succinate-CoQ oxidoreductase (complex II), ubiquinol
cytochrome c reductase (complex III), cytochrome c oxidase (complex IV), and
Mg2+-ATPase (complex V) activities were performed according to methods
previously described.47

Immunoblotting and immunoprecipitation. Cells were lysed with
western and immunoprecipitation (IP) lysis buffers (Beyotime). The lysates were
centrifuged at 13 000 × g for 6 min at 4 °C. The supernatants were collected and
protein concentrations were determined with a BCA Protein Assay kit (Pierce,
Rockford, IL, USA). Equal aliquots of protein samples were loaded onto 10% SDS-
PAGE gels and transferred to nitrocellulose membranes. After blocking with 5% non-
fat milk for 1 h, the membranes were incubated with primary antibodies at 4 °C
overnight, after which they were incubated with horseradish peroxidase-conjugated
secondary antibodies for 1 h at room temperature. Western blots were developed
using an enhanced chemiluminescence (ECL) western blotting detection kit (Pierce)
and quantified by scanning densitometry. To analyze protein interactions, cell lysates
were incubated with Protein A/G agarose beads to perform a preclearing step to
reduce nonspecific binding, followed by incubation with primary SOD2 antibody
overnight at 4 °C, and the immune complexes were pulled down with fresh protein
A/G agarose beads (Santa Cruz Biotechnology). The bound proteins were eluted in
denaturing SDS sample buffer and analyzed by western blotting.

Protein carbonylation assay. Protein carbonyls in soluble proteins were
assayed using an Oxyblot protein oxidation detection kit (Millipore, Temecula, CA,
USA). Protein carbonyls were labeled with 2,4-dinitrophenylhydrazine and detected
by western blot. As a loading control, equal amounts of the samples were subjected
to 10% SDS-PAGE and stained with Coomassie brilliant blue. For determination of
mitochondrial protein carbonyls, soluble mitochondrial proteins were isolated using
the above method and analyzed.

Biochemical analysis. T-AOC and the activities of SOD1 and SOD2 were
analyzed using Jiancheng Biochemical detection kits according to the correspond-
ing kit protocols. ATP content was detected using an ATP bioluminescence assay kit
(Sigma) as previously described.48
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Oxygen consumption. MC3T3-E1 cells were seeded in XF 24-well
microplates. After differentiation, oxygen consumption was measured with an
XF24 Extracellular Flux Analyzer (Seahorse Bioscience, Billerica, MA, USA). In
addition, 10 μM antimycin A, 6 μM FCCP, and 10 μM oligomycin were used as
inhibitors, and the basal, maximal, ATP-linked, and non-mitochondrial respiration, as
well as the reserve capacity and proton leakage, were determined and adjusted by
protein concentration.49

Plasmids and lentivirus production. shRNAs containing a hairpin loop
were synthesized and inserted into the pLKO.1-puro vector. The targeting
sequences for SOD2 were 5′-GCTTACTACCTTCAGTATAAA-3′ and 5′-
GCCACACATTAACGCGCAGAT-3′, and those for SIRT3 were 5′-
GCCCAATGTCACTCACTACTT-3′ and 5′-AGACAGCTCCAACACGTTTAC-3′. Len-
tivirus was produced by transfecting 293T cells with the indicated expression
plasmids, pCMV-VSV-G and pCMV-dR8.2. Viral supernatant was harvested 48 h
after transfection. For viral infection, cells were incubated in medium containing
virus and 8 μg/ml polybrene for 16 h. Cells were allowed to recover for 24 h before
puromycin selection, and surviving pools were used for downstream analysis.

μCT-based analysis of bone structure. To determine the bone mineral
density (BMD) and microarchitecture of femur trabeculae in mice, the left femur was
scanned using a micro-CT scanner (GE eXplore Locus SP Micro-CT, GE
Healthcare, Barrington, IL, USA). BMC, BS/BV, BV/TV, Tb.Th, Tb.N, Tb.Sp, SMI,
and connectivity density were calculated from the region of interest (ROI). For
cortical bone analysis, data, including total area (Tt.Ar), marrow area (Ma.Ar), and
cortical area fraction (Ct.Ar/Tt.Ar), were taken from a 2-mm-long round region of the
mid-diaphysis femur. All of the micro-CT data were calculated using MicroView
v2.1.1 software and Advanced Bone Analysis application (GE Healthcare, IL, USA).

Immunohistochemistry. Femur tissues dissected from wild-type (Sirt3+/+)
and Sirt3− /− mice were fixed using 10% formalin for 48 h and decalcified in 14%
EDTA (pH 7.4) for 21 days at room temperature. After being frozen, sagittal-oriented
sections were prepared for histological analysis, and ALP staining was performed
with a TRAP/ALP Stain Kit (Wako, Osaka, Japan) according to the manufacturer’s
protocol. A primary antibody that recognized mouse Runx2 (Abcam, 1 : 500,
ab192256) was used for the IHC analysis.

Serum assay. Blood samples were allowed to clot undisturbed for 30 min at
room temperature. Serum was separated through centrifugation at 3000 r.p.m. for
10 min. Serum calcium and phosphate levels were measured using an automated
HITACHI 7600 clinical analyzer (HITACHI, Ltd, Tokyo, Japan). The serum levels of
25(OH)D3, PTH, P1NP, BAP, OC, OPG, and TRAP-5b were measured using ELISA
assay kits following the manufacturer’s instructions.

Adenoviral infection. The cDNAs of mouse SOD2 and SIRT3 were cloned
into pAd/CMV/V5-DEST expression vectors (Invitrogen) and transfected into the
packaging cell line 293A, with an empty vector as a negative control. After
amplification and titering, high-titer adenoviral stocks were collected. Then, calvaria-
derived primary osteoblasts from Sirt3+/+ and Sirt3− /− mice were transfected
with SOD2, SIRT3, or control adenoviral constructs. After 48 h, cell differentiation
was induced for the indicated time periods, and cells were harvested for analysis.

Statistical analysis. Data are presented as the mean±S.E.M. from at least
three independent experiments and were analyzed using GraphPad Prism-5
software (San Diego, CA, USA). Statistical significance was evaluated using one-
way analysis of variance (ANOVA) followed by post hoc comparisons with Tukey’s
HSD test. Differences between two groups were analyzed using Student’s t-test,
and the level of significance was set at a value of Po0.05.
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