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Abstract
Age-related jawbone loss directly impact the function of oral cavity resulted from tooth loss, implant failure, and jaw fracture. 
Numerous evidences show that age-related senescence of bone marrow stromal cells (BMSCs) play a critical role in bone 
loss, but little attention has been paid to jawbone. Here, we delineated the critical role of sirtuin family protein 6 (SIRT6) in 
senescence, autophagy, and osteogenesis of BMSCs from jawbones. Radiography analysis showed less jawbone quality in 
elderly than young people. We also showed that SIRT6 expression decreased in bone tissue and BMSCs from the elderly by 
immunochemical staining. BMSCs from the elderly exhibited decreased osteogenic differentiation and inclined senescence 
which these phenotypes could be simulated by SIRT6 knockdown. Furthermore, accompanied with the inhibition of SIRT6, 
the autophagy level and ostogenesis of BMSCs was also decreased. However, using rapamycin, an autophagy activator, 
could rescue these adverse effects of BMSCs caused by SIRT6 inhibition. Mechanistically, SIRT6 regulated the autophagy 
and osteogenesis of BMSCs by activating AKT-mTOR pathway, at least in part. Finally, a decreased jawbone quality was 
shown in SIRT6 haploinsufficiency mice by Wnt1 specific tissue knockdown (Wnt1-Cre;SIRT6fl/+) model. Taken together, 
our data revealed that SIRT6 adjusted senescence and osteogenesis of BMSCs via altering autophagy level, and associated 
with age-related bone loss. SIRT6 could be as a promising therapeutic target for age-related osteoporosis of jawbone.
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Introduction

Jawbone quantity loss includes periodontitis induced alveo-
lar bone absorption, residual alveolar bone absorption and 
maxillofacial osteoporosis, which are related to systemic 
osteoporosis and occur in the process of chronic bone loss 
or bone absorption in the elderly. The loss of jawbones can 
cause alveolar bone absorption and jaw atrophy, which 
makes it difficult for clinical prosthodontics. Therefore, it 
is meaningful to determine the cause of jawbone loss and 

guide the treatment (Bodic et al. 2005). Bone remodeling 
is maintained by the coordinated activity of bone cells 
including bone marrow stromal cells (BMSCs), which are 
multipotent stromal cells as defined by their self-renewal 
ability and the capability of multilineage mesenchymal 
differentiation (osteoblasts, chondrocytes and adipocytes) 
(Bianco et al. 2008). Decreased bone formation caused by 
retarded osteogenic differentiation of BMSCs could be one 
of the reasons for osteoporosis (McClung et al. 2017). Max-
illofacial bones derive from migrating cranial neural crest 
cells (NCCs), which is distinct from the appendicular bones 
deriving from mesoderm (Chai et al. 2000). These differ-
ences imply that site-specific BMSCs from different origins 
may present phenotypic and functional differences.

The sirtuin family proteins (SIRT1-7) are nicotinamide 
adenine dinucleotide dependent deacetylase enzymes, which 
are classified into the Class III HDACs family (Gertler et al. 
2013). Among these seven mammalian sirtuins, of inter-
est, SIRT6 has been found to involve in various biologi-
cal processes such as metabolism, inflammation and aging 
by targeting specific sites on histone H3 lysine deacetylase 
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(Mostoslavsky et al. 2006; Mu et al. 2018). SIRT6 defi-
ciency leads to the degenerative aging-like phenotype in 
mice and cynomolgus monkeys (Mostoslavsky et al. 2006; 
Zhang et al. 2018). Some studies have identified the rela-
tionship between the SIRT6 gene and bone remodeling, and 
found that SIRT6 is involved in the BMSCs differentiation 
by modulating nuclear factor-kB (NF-kB) transcriptional 
activity and bone morphogenetic protein (BMP) signaling 
(Sun et al. 2014; Zhang et al. 2017). Mechanistically, SIRT6 
interacts with Runx2 and osterix and deacetylates histone 
H3 at Lysine 9 (H3K9) at their promoters (Sugatani et al. 
2015). These findings suggest a crucial role of SIRT6 in the 
osteogenesis of BMSCs with aging. However, the underlying 
mechanisms behind jawbone aging remain largely undefined.

Autophagy is a self-degrading process in which 
autophagosomes separate organelles or parts of the cyto-
plasm and fuse with lysosomes or vacuoles for decomposi-
tion by resident hydrolases (García-Prat et al. 2016; He et al. 
2009). Defective autophagy in aged cells leads to dimin-
ished autophagosome formation and insufficient clearance 
of autophagosomes to some extent (Cuervo et al. 2005). 
Regulation of autophagy has an impact on the functions of 
BMSCs, which includes differentiation and immunoregu-
latory capacities (Song et al. 2014). Our previous results 
revealed that simvastatin can increase osteoblastic differen-
tiation, which is via enhanced autophagy (Xu et al. 2018). 
Autophagy plays a vital role in the aging of BMSCs and 
autophagy activation could partially reserve this aging (Ma 
et al. 2018). However, the relationship between aging, osteo-
genesis and autophagy is still unclear.

In this study, we aimed to explore the age-dependent role 
of SIRT6 in jawbone. Our findings showed that the defi-
ciency of SIRT6 in BMSCs with the jawbone aging inhibited 
their osteogenesis and autophagy, which AKT-mTOR path-
way participates in the process. Wnt1-Cre;SIRT6fl/+ mice 
model, craniomaxillofacial bone-specific SIRT6 haploin-
sufficiency also showed a key of SIRT6 in jawbone aging. 
SIRT6 could be as a promising therapeutic target for age-
related jawbone loss.

Materials and methods

Patients and CBCT measurements

Twenty young (20- to 30-year-old) and twenty old (60- 
to 70-year-old) men were enrolled as the subjects in this 
study. The exclusion criteria are pathological damages to 
the mandible, such as tumor, cyst, inflammation, etc. or 
periodontitis, periapical disease in the lower anterior teeth 
area and systemic and metabolic diseases. Informed con-
sent was obtained before. CBCT images were obtained using 
the CBCT device (Planmeca Pro Max 3D, Planmeca OY 

Company, Finland) at 90 kV, 14 mA, 13.779 s, and the pixel 
size was 0.2 mm. Two experienced maxillofacial radiolo-
gist performed the measurements using the software Mim-
ics Research 19.0. The terms “CTI(S)”, “CTI(I)”, “CTMI” 
were used in our present study (Koh et al. 2011). CTI(S): 
computed tomography mandibular index (superior). CTI(I): 
computed tomography mandibular index (inferior). CTMI: 
computed tomography mental index. As is shown in Fig. 1a, 
on the coronal image of the mental foramen, the lowest point 
D of the lower edge of the mandible directly below the men-
tal foramen was tangent a, while the perpendicular B of the 
tangent line was tangent D. The parallel lines of tangent a 
and perpendicular b intersect at C, B and A along the low-
est point of the upper edge of the cortical bone of the lower 
margin of the mandible and the upper and lower margin of 
mental foramen respectively. CTI(S) = CD/AD, CTI(I) = CD/
BD, CTMI = CD.

Isolation and culture of BMSCs

Under a protocol approved by the Ethics and Research 
Committee of Nanjing Medical University, jaw bones was 
obtained from two groups (20- to 30-year-old and 60-to 
70-year-old) of donors when they underwent impacted tooth 
extraction or dental implantation at our hospital. Informed 
consent was obtained before volunteers were enrolled in his 
study. BMSCs were harvested as we previously described 
in an earlier study (Zhou et al. 2016). Primary BMSCs were 
cultured in 25 cm2 plastic flasks with medium consisting of 
DMEM (Gibco, Grand Island, NY, USA), 100 μg/ml strep-
tomycin, 100 U/ml penicillin, and 10% fetal bovine serum 
(ScienCell, Carlsbad, CA, USA) at 37 °C maintained in 5% 
CO2. Once BMSCs reached 85–95% confluence, they were 
harvested and passaged routinely. Cells that had under-
gone 3–6 population doublings were used in subsequent 
experiments.

RNA interference

Interference small interfering RNA (siRNA) targeting SIRT6 
and scrambled siRNA were purchased from GenePharma 
Co.Ltd (Shanghai, China). Two sequences of siRNAs target-
ing human SIRT6 were listed as follows: siRNA1, 5′-UCA​
UGA​CCC​GGC​UCA​UGA​AdTdT-3′, 3′-dTdTAG​UAC​
UGG​GCC​GAG​UAC​UU-5′; siRNA2, 5′-GGA​AGA​AUG​
UGC​CAA​GUG​UdTdT-3′, 3′-dTdT CCU​UCU​UAC​ACG​
GUU​CAC​A-5′. The final concentration of all these siRNA 
duplexes was 50 nM, which were transfected into BMSCs 
using Lipofectamine2000 (Invitrogen, San Diego, CA, USA) 
according to the manufacturer’s instructions. Cells were har-
vested 48 h later, and the knockdown efficiency was deter-
mined via real-time quantitative-PCR analysis and Western 
blot analysis.
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Protein extraction and immunoblotting

As we described before (Fu et  al. 2014), total protein 
lysates were obtained from harvested cells in protein 
RIPA lysis buffer (Beyotime, Shanghai, China) contain-
ing 10 mM phenylmethylsulphonyl fluoride as a protease 
inhibitor (PMSF; Beyotime) on ice for 30 min. Coomassie 
blue staining was used to measure the concentrations of 
total proteins. The total proteins were separated on 10% 
SDS-PAGE gels and transferred to 0.45 μm Immobilon-P 
Transfer Membranes (Millipore Corpora-tion, Billerica, 
MA, USA). The membranes were blocked in 5% skim milk 
dissolved in Tris-buffered saline containing Tween and 
then immunoblotted with primary antibodies.

Real‑time quantitative‑PCR analysis

RNA was extracted from BMSCs using a RNA isolation 
kit (Takara, Dalian, China) according to the manufactur-
er’s instructions. A quantitative RT-PCR analysis was per-
formed using the SYBR Green PCR Master Mix (Takara 
Bio). The primer sequences included: GAPDH 5′-GGA​
GAT​TAC​TGC​CCT​GGC​TCCTA-3′ (forward) and 5′-GAC​
TCA​TCG​TAC​TCC​TGC​TTG​CTG​-3′ (reverse); SIRT6 
5′-CCA​TCC​TAG​ACT​GGG​AGG​ACT-3′ (forward) and 
5′-GGA​TCT​GCA​GCG​ATG​TAC​CC -3′ (reverse).

Alizarin Red staining and cell senescence‑associated 
β‑galactosidase staining

As we described previously (Xu et al. 2016), after osteogenic 
induction for 14 days in vitro, cells were stained using aliza-
rin red at room temperature for 10 min then rinsed with PBS. 
The deposition of calcium was identified under light micro-
scope. Calcified nodules were eluted with 10% cetylpyri-
dinium chloride (CPC) and the absorbance at 562  nm 
was compared to calcium standards. Senescent cells were 
identified according to their cellular senescence-associated 
β-galactosidase activity (SA-β-gal) by the β-Gal Staining 
Kit (GenMed Scientifics Inc., Shanghai, China), which was 
described before (Zhou et al. 2016). The ImageJ software 
was used to quantify the senescent cells.

Immunofluorescence

Immunocytochemical analysis of SIRT6 and LC3B were 
performed using a standard protocol as we described pre-
viously (Fu et al. 2014). Briefly, BMSCs were fixed with 
4% paraformalde-hyde and permeabilized with 0.2% Tri-
ton X-100 (Sigma) for 15 min, followed by incubation with 
primary antibodies against SIRT6 (Ab191385; Abcam, 
Cambridge, MA, USA) (1:200) and LC3B (Ab51520; 
Abcam, Cambridge, MA, USA) (1:200) at 4  °C over-
night. Cells were then incubated with anti-mouse CY3 

Fig. 1   Loss of mineralization 
and less SIRT6 expression in 
the jaw bones of the elderly. 
a Representive coronal view 
images of the young and old 
groups’ mandibles by CBCT. b 
Quantitative analysis of CTI(S), 
CTI(I), CTMI, n = 20. c, d 
SIRT6-expressing cells deter-
mined by anti-SIRT6 immuno-
histochemistry of the man-
dibular bones, n = 3. Scale bar 
100 μm. *P < 0.05, **P < 0.01, 
***P < 0.001. All data are 
presented as mean ± SD
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tagged secondary antibody (Bioworld; Louis Park, MN, 
USA) (1:50) for 60 min at 37 °C. Nuclei were stained 
with DAPI (Beyotime). Immunofluorescent images were 
captured using a fluorescencemicroscope (Leica Microsys-
tems, Mannheim, Germany).

Immunohistochemistry

The paraffin-embedded sections were deparaffinized, and 
sodium citrate buffer solution was used for tissue antigen 
retrieval. Endogenous peroxidase activity of each sections 
were blocked using 3% H2O2 for 20 min and incubation of 
sections were conducted in serum block for 60 min (10% 
normal goat serum, Solarbio), followed by incubating with 
SIRT6 primary antibody overnight at 4 °C. Next, the sec-
tions were incubated with appropriate secondary antibody 
and diaminobenzidine (DAB) was performed according 
to the manufacturer’s instructions to visualize the SIRT6-
expressing cells. The percentage of positive cells com-
pared to the total BMSCs or osteoblasts at the bone bound-
ary in each sample were counted with Image-Pro Plus 5.0 
software (Media Cybernetics, MD, USA) (Yu et al. 2012).

Experimental animals

Wnt1-cre and SIRT6fl/fl mice have been described some-
where else (Xiao et  al. 2012). To specifically knock-
down SIRT6 in NCCs-derived BMSCs, Wnt1-Cre males 
were crossed with SIRT6fl/fl females (C57BL/6). We used 
SIRT6fl/+ mice and Wnt1-Cre mice as controls and Wnt1-
Cre;SIRT6fl/+ as mutants. All experiments were performed 
with the approval of the Ethics Committee of the School 
of Stomatology of Nanjing Medical University. All pro-
cedures were carried out in compliance with the guide-
lines of the Animal Care Committee of Nanjing Medical 
University.

Micro computed tomography (micro‑CT) analysis

The micro-CT analysis was performed as we described pre-
viously (Zhu et al. 2019). Briefly, the bones were scanned 
at high resolution (18 μm) and with an energy of 50 kV 
and 456 μA. We used NRecon v1.6 and CTAn v1.13.8.1 
software for constructing and analyzing the 3D images of 
the bones. The region of interest was defined to focus on 
the mandibular bones and the femora of the mice. The fol-
lowing four parameters were calculated to analyze the bone 
structures: bone volume ratio (BV/TV), trabecular thickness 
(Tb.Th.), trabecular number (Tb.N.) and trabecular separa-
tion (Tb.Sp.).

Statistical analysis

All experiments were repeated independently at least three 
times. Data in our study were expressed as the means ± SD. 
Student’s t-test or ANOVA analysis was used to assess the sta-
tistical significance as indicated. P-value < 0.05 was considered 
statistically significant.

Results

Jawbone loss and decreased SIRT6 expression 
with aging

As is known to all, the loss of bone mass is related with 
age-related changes (Shih et al. 1993). Twenty young and 
twenty old male patients were enrolled in our study as we 
described before. Representative coronal image of mandi-
bles was shown (Fig. 1a). As is shown in Fig. 1b, there were 
significant differences between the young and old groups 
in the CTI(S), CTI(I) and CTMI (P < 0.05), which means 
reduced bone mass in the old group. The loss of SIRT6 has 
been reported to be related to some aging-associated degen-
erative processes (Mostoslavsky et al. 2006). Jaw bones 
obtained from 2 groups of donators (young and old) were 
prepared into tissue specimens. We examined the expression 
patterns of SIRT6 in the jaw bones from the two different 
groups using immunohistochemistry, and found that SIRT6 
positive staining was showed in BMSCs and osteoblast in 
jaw bones from young group. As anticipated, SIRT6 expres-
sion in jaw bones from the old group presented a drastic 
decrease (Fig. 1c, d).

Age‑related properties of BMSCs from jawbones 
of the old group

To investigate the properties of BMSCs from the two groups 
(young and old) mentioned above, we successfully iso-
lated and cultured human BMSCs from jaw bones of the 
two groups in vitro. Our data revealed that more SA-β-gal 
positive cells were gained in the old group (Fig. 2a, b). In 
addition, Western blot manifested reduced SIRT6 protein 
expression in the old group, which was also confirmed by 
our immunofluorescence results (Fig. 2c–e). Together, these 
results demonstrated that as individuals get older, BMSCs 
from jaw bones get more senescent and the expression of 
SIRT6 in the BMSCs may reduce, implying the critical role 
of SIRT6 in the regulation of BMSCs differention.

SIRT6 deficiency affects osteogenic differentiation 
of BMSCs and promotes senescence

To figure out whether SIRT6 is involved in the osteogenic 
differentiation of BMSCs, the osteogenic differentiation 
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of BMSCs following SIRT6 knockdown using small inter-
fering RNA was determined (siSIRT6-1 and siSIRT6-2). 
The knockdown efficiency was confirmed by qRT-PCR and 
Western blot. The efficiency of siSIRT6-2 was approxi-
mately 80 percent reduction of SIRT6 mRNA (Fig. 3a), 
and significant reduction of SIRT6 protein was also 
showed in siSIRT6-2 group (Fig. 3b). Our data revealed 
that SIRT6 knockdown reduces the expression of some 
osteogenesis-related protein such as RUNX2 and OPN 
(Fig. 3c). In addition, the BMSCs transfected with si-
SIRT6 exhibited markedly decreased density of calcium 
nodes compared to the non-transfected BMSCs after 
14 days of osteogenic induction (Fig. 3d, e). Furthermore, 
more SA-β-gal positive cells were obtained after transfect-
ing with si-SIRT6 in BMSCs (Fig. 3f, g). Taken together, 
these results indicated that the ability of BMSCs osteo-
genic differentiation can be damaged after inhibiting the 
expression of SIRT6, which may also promote the senes-
cence of BMSCs.

SITR6 inhibition impairs autophagy 
through the AKT‑mTOR signaling pathway in BMSCs

The involvement of SIRT6 in the autophagy has been dem-
onstrated in recent works (Huang et al. 2017; Lu et al. 2016; 
He et al. 2017; Wang et al. 2018). Here we investigated the 
effect of SIRT6 inhibition on the autophagy of BMSCs. 
As was shown in Fig. 4a, b, the protein level of two well-
known effectors of autophagosome formation, LC3BII 
and Beclin1, were downregulated in the presence of small 
interfering RNA of SIRT6. Also the protein level of P62, 
was increased after the knockdown of SIRT6, which is a 
selective receptor of autophagy substrates. This trend was 
also demonstrated in our immunofluorescence staining data 
(Fig. 4c). The formation of LC3B punctate structure was 
inhibited after we silenced the expression of SIRT6, indica-
tive of loss of autophagosome accumulation. Autophagy 
is regulated by some different signaling pathways includ-
ing PI3K-AKT-mTOR. To investigate whether SIRT6 is 

Fig. 2   Age-related properties 
of BMSCs from jaw bones of 
the old group. a, b SA-β-gal 
staining showed more senescent 
cells in the Old group. Scale 
bar 100 μm. c, d Western blot 
results revealed declined SIRT6 
expression in BMSCs from 
the old group. e Immunofluo-
rescence of BMSCs exhibited 
similar results. Scale bar 
100 μm. **P < 0.01. All data are 
presented as mean ± SD, n = 3



72	 Journal of Molecular Histology (2020) 51:67–76

1 3

involved in the AKT-mTOR signaling, we detected rela-
tive protein level in the BMSCs after inhibiting the expres-
sion of SIRT6. The expression of phosphorylated AKT and 
phosphorylated mTOR were markedly increased in the si 
SIRT6 group (Fig. 4d, e). To further explore the relationship 
between SIRT6 and autophagy, we used rapamycin (RA), 
an autophagy inducer which is a lipophilic macrolide anti-
biotic after the inhibition of SIRT6 in BMSCs. The levels 
of osteogenic proteins and autophagy-related proteins in the 
SI + RA group were obviously enhanced compared to the SI 
group (Fig. 4f, g). In summary, autophagy of BMSCs was 
damaged after the inhibition of SIRT6 via, at least in part, 
the AKT-mTOR signaling pathway.

Wnt1‑Cre;SIRT6fl/+ mice exhibit maxillofacial rather 
than femoral bone defects

To explore whether the role of SIRT6 in the development 
of bones is of importance in vivo, we knocked down SIRT6 
specially in NCCs and NCCs-derived cells and tissues such 
as BMSCs and most craniomaxillofacial bones by crossing 
Wnt1-Cre males with SIRT6fl/fl females (C57BL/6). As is 
shown in Fig. 5a, b, micro-CT scanning showed that the 

3-week-old Wnt1-Cre;SIRT6fl/+ (Mutant) mice present a 
conspicuous decrease in mineralization of the mandibular 
and alveolar bones relative to their SIRT6fl/+ (Ctrl) litter-
mates. However, there were no radiographic differences in 
femoral bone mass in Wnt1-Cre;SIRT6fl/+ mice compared to 
their SIRT6fl/+ littermates (Fig. 5c, d). The Masson trichrome 
staining demonstrated similar results (Fig. 5e, f). As a result, 
we have reasons to believe that the absence of SIRT6 in 
BMSCs influence the development and mineralization of 
bones.

Discussion

In this study, we analyzed CBCT data of the elderly and 
found age-related jawbone loss. Then we characterized 
age-related properties of jawbone tissues and BMSCs from 
human jaws, diminished SIRT6 expression with aging was 
identified to be crucially involved in fates determination of 
jawbone-derived BMSCs. Furthermore, our data indicated 
that SIRT6 regulated autophagy and osteogenesis of BMSCs 
by activating AKT-mTOR pathway. Wnt1-Cre;SIRT6fl/+ 

Fig. 3   Effects of SIRT6 
inhibition on the osteogenic 
differentiation and senescence 
of BMSCs. a The mRNA 
expression levels of SIRT6 
were analyzed by qRT-PCR. b 
The protein expression levels 
of SIRT6 were analyzed by 
Western blot. c The patterns 
of RUNX2, OPN expression 
levels following the osteogenic 
culture of BMSCs treated 
with si-SIRT6 for 7 days were 
analyzed by Western blot. d, e 
Alizarin red staining revealed 
a reduced amount of calcium 
nodules in BMSCs treated with 
si-SIRT6. Scale bar 100 μm. f, 
g SA-β-gal staining showed an 
increased senescence trend after 
knockdown of SIRT6. Scale bar 
100 μm. *P < 0.05, **P < 0.01, 
****P < 0.0001. All data are 
presented as mean ± SD, n = 3
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mice model was established and we found impaired bone 
quality in their jawbones.

The lineage differention and fate decision of BMSCs is 
essential for bone formation, which is an orchestrated bio-
logical process with many protein molecules involved in it 
(Ono et al. 2017; Schlundt et al. 2018). Many osteogenic 
genes have been explored in vitro and in vivo. However, we 
are still far from a thorough understanding of osteogenesis 
process. The silencing information regulator 2 (Sir2) fam-
ily was discovered to regulate aging genomic stability in 
budding yeast as a chromatin silencer (Gertler et al. 2013). 
Sirtuins are members of it in mammals which includes 
SIRT1-7. Among them SIRT6 is located in the nucleus and 
is best characterized as a NAD+-dependent deacetylase 
of H3K9 and H3K56 (Michishita et al. 2008; Yang et al. 
2009). SIRT6−/− mice can present skeletal defects (Zhang 
et al. 2018; Fan et al. 2019). These results indicate SIRT6 
may play a critical role in the prevention of age-related 

jawbone loss. Distinct from peripheral bones, jawbones 
derive from migrating cranial neural crest cells (Chai et al. 
2000). In our study, because of the high fatality rate in the 
NCC-specific knockout mice Wnt1-Cre;SIRT6fl/fl, SIRT6 
haploinsufficiency mice Wnt1-Cre;SIRT6fl/+ were used 
as an animal model to explore the role of SIRT6 in the 
osteogenesis of jawbones. We found that the mutant mice 
exhibit defects in the minerilization of mandibular bones. 
However, there was no significant difference in the bone 
quality of their femora compared with that of the control 
group. As is known to all, peripheral bones including the 
femur develop from mesoderm and are not derived from 
neural crest cells, which is consistent with our results. Our 
immunohistological analysis data indicated the expression 
of SIRT6 diminish in the elderly. Subsequently, similar 
results were found in BMSCs from jaw bones. After the 
inhibition of SIRT6 in BMSCs with related siRNA, we 
observed that the osteogenic differentiation of BMSCs was 

Fig. 4   The inhibition of SIRT6 
impairs autophagy in BMSCs. 
a, b The protein expression lev-
els of SIRT6, Beclin1, P62 and 
LC3B were detected by Western 
blot. c Representative Immu-
nofluorescence microscopic 
images of LC3B positive puncta 
transfected with si-SIRT6. Scale 
bar: 10 μm. d, e The protein 
expression levels of AKT, 
P-AKT, mTOR and P-mTOR 
in SIRT6-knockdown BMSCs 
were analyzed by Western 
blot. f, g The patterns of some 
osteogenesis and autophagy 
markers were analyzed by West-
ern blot in BMSCs treated with 
si-SIRT6 (SI) and rapamycin 
(RA) individually. *P < 0.05, 
**P < 0.01. All data are pre-
sented as mean ± SD, n = 3
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inhibited, which was consistent with some previous studies 
(Zhang et al. 2017; Sun et al. 2014).

Then we further explored the mechanism behind the 
phenomenon. Autophagy was reported to play a paramount 
role in cell homeostasis (Smith et al. 2017; Revuelta et al. 
2017). In general pathological conditions, the disturbance 
of balance between bone resorption and bone formation is 
the root of osteoporosis, while autophagy is associated with 
bone metabolism-related degeneration process of cells from 
the beginning to the end (Hocking et al. 2012). In recent 
years, more and more evidences showed that autophagy 
plays an important role in maintaining the balance of bone 
metabolism and the change of autophagy level is an impor-
tant cause of osteoporosis (Hocking et al. 2012; Qi et al. 
2017). We found that autophagy-related protein expres-
sion levels decreased when we silenced the expression of 

SIRT6 with siRNA. The accumulation of autophagosome 
was reduced and the AKT-mTOR signaling pathway was 
activated, which plays an important role in the regulation 
of autophagy (Heras-Sandoval et al. 2014; Xue et al. 2017). 
Our study also revealed that the autophagy inducer rapa-
mycin can rescue the decreased expression of osteogenesis-
related genes caused by SIRT6 deficiency. However, how 
SIRT6 regulates autophagy to play the role of osteogenesis 
has not been known. Further work is needed to explore the 
specific mechanism between SIRT6 and autophagy.

In summary, we have reasons to conclude that dimin-
ished SIRT6 expression of BMSCs is a promoter of jaw-
bone loss in the elderly, which may be affected by impaired 
autophagy. Our work presented a new perspective for 
understanding the causes of age-related jawbone loss. 
SIRT6-targeting agents such as pharmacological activation 

Fig. 5   Wnt1-Cre;SIRT6fl/+ mice exhibit mandibular and alveolar 
rather than femoral bone defects. a Representative micro-CT sagittal 
view images of mandibular and alveolar bones from SIRT6fl/+ (Ctrl) 
and Wnt1-Cre;SIRT6fl/+ (Mutant) mice. b Quantitative analysis of 
mandibles by micro-CT. c Representative micro-CT images of femora 
from the two groups of mice. d Quantitative analysis of the femora by 

micro-CT. e Representative Masson’s trichrome staining photographs 
of mandibles described above. Scale bar 500  μm. f Representative 
Masson’s trichrome staining photographs of the femora described 
above. Scale bar 500  μm. *P < 0.05, **P < 0.01. All data are pre-
sented as mean ± SD, n = 3
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of SIRT6 may be an effective therapeutic strategy for pre-
venting jawbone loss. Furthermore, detailed mechanisms 
underlying SIRT6 gene regulation should be elaborated 
to develop possible clinical treatments for osteoporosis or 
other bone-related diseases such as hyperostosis, osteoar-
thritis and osteonecrosis.
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