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Abstract
The silent information regulator T1 (SIRT1) is linked to longevity and is a crucial mediator of osteoblast function. We inves-
tigated the direct role of Sirt1 during bone modeling and remodeling stages in vivo using Tamoxifen-inducible osteoblast-
specific Sirt1 conditional knockout (cKO) mice. cKO mice exhibited lower trabecular and cortical bone mass in the distal 
femur. These phenotypes were coupled with lower bone formation and bone resorption. Metabolomics analysis revealed that 
the metabolites involved in glycolysis were significantly decreased in cKO mice. Further analysis of the quantitative acety-
lome revealed 11 proteins with upregulated acetylation levels in both the femur and calvaria of cKO mice. Cross-analysis 
identified four proteins with the same upregulated lysine acetylation site in both the femur and calvaria of cKO mice. A 
combined analysis of the metabolome and acetylome, as well as immunoprecipitation, gene knockout, and site-mutation 
experiments, revealed that Sirt1 deletion inhibited glycolysis by directly binding to and increasing the acetylation level of 
Glutamine oxaloacetic transaminase 1 (GOT1). In conclusion, our study suggested that Sirt1 played a crucial role in regulat-
ing osteoblast metabolism to maintain bone homeostasis through its deacetylase activity on GOT1. These findings provided 
a novel insight into the potential targeting of osteoblast metabolism for the treatment of bone-related diseases.
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Abbreviations
SIRT1  Silent information regulator T1
TM  Tamoxifen
cKO  Conditional knockout
GOT1  Glutamine oxaloacetic transaminase 1
BV/TV  Bone volume per tissue volume
Tb.N  Trabecular number
Tb.Th  Trabecular thickness
Tb.Sp  Trabecular separation
Ct.Th  Cortical thickness

Tt.Ar  Total cortical area
H&E  Hematoxylin–eosin
TRAP  Tartrate‐resistant acid phosphatase
ELISA  Enzyme-linked immunosorbent assay
RT-qPCR  Real-time quantitative PCR
ALP  Alkaline phosphatase
IP  Immunoprecipitation
AOA  Aminooxyacetic acid
PBM  Peak bone mass
Tb.Ar  Trabecular bone area
Tb.Ad  Average distribution of trabecular bone
Tb.N  Trabecular osteoblast number
MAR  Mineral apposition rate
BFR/BS  Bone formation rate per bone surface
PINP  Procollagen I N-terminal propeptide
Col1a1  Collagen1 α1
Alpl  Alkaline phosphatase
Bglap  Bone gamma carboxyglutamate protein
Nfatc1  Nuclear factor of activated T cells, cytoplas-

mic, calcineurin-dependent 1
Itgb3  Integrin beta 3
Ctsk  Cathepsin K
Dcst  DC-STAMP domain-containing 1
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ACP5  Acid phosphatase 5, tartrate resistant
CTX-1  C-terminal telopeptide of type-1 collagen
TCA   Tricarboxylic acid
G6P  Glucose-6-phosphate
F6P  Fructose-6-biphosphate
F-1,6-P  Fructose-1,6-biphosphate
2-PGA  2-Phosphoglycerate
PEP  Phosphoenolpyruvate
ATP  Adenosine triphosphate
G1P  Glucose-1-phosphate
DHAP  Dihydroxyacetone phosphate
R-1,5-P  Ribose 5-phosphate
6PG  6-Phosphogluconate
TPP  Thiamine pyrophosphate
AMP  Adenosine monophosphate
ADP  Adenosine diphosphate
GDP  Guanosine diphosphate
GTP  Guanosine triphosphate
PPP  Pentose phosphate pathway
Kac  Lysine acetylation
KSCP  Kac site-changed proteins

Introduction

Bone integrity and homeostasis are orchestrated by the 
dynamic process of bone remodeling, in which a continuous 
cycle of old bone is replaced by newly formed bone through-
out life [1, 2]. This process is regulated by two principal 
bone cells: osteoblasts and osteoclasts. Osteoblasts, which 
originate from the mesenchymal lineage, produce bone col-
lagen matrix and regulate its mineralization, are responsible 
for bone formation [3]. Osteoclasts, which arise from the 
hematopoietic lineage, are responsible for bone resorption 
[3]. Osteoblasts synthesize and mineralize new bone matrix 
to fill the osteoclast excavated prior to resorption pits, which 
makes the bone formation and the bone resorption coupled 
at the temporal, spatial, and quantitative levels to maintain 
a delicate balance of bone remodeling [3]. Dysfunction in 
those two main cell types leads to bone remodeling disrup-
tion, thus changing the bone microarchitecture, which is the 
pathological basis of bone-related disorders, such as osteo-
porosis, Paget’s disease, and osteolysis [4].

Sirtuin-1 (SIRT1), a unique nicotinamide adenine dinu-
cleotide  NAD+-dependent deacetylate, is one of the most 
conserved members of the seven mammalian sirtuin family 
members [5, 6]. SIRT1 regulates various physiological and 
pathological cellular processes, such as the DNA damage 
response, autophagy, metabolism, and aging [5, 6]. Based 
on these functions, SIRT1 has been implicated in activating 
survival pathways and extending lifespan, thus preventing 
and treating senescence and aging-related diseases, such as 
cancer, neurodegeneration, and cardiovascular diseases [7, 8]. 

Indeed, SIRT1 and its targeted drugs have emerged as thera-
peutics against bone-related diseases, especially osteoporosis 
[9, 10]. Using Prx1-Cre, Osx-Cre, or Col1a1-Cre mice, tar-
geted deletion of Sirt1 in the osteoblastic lineage and their 
descendants, beginning at the embryonic period, revealed 
that Sirt1 played essential roles in regulating bone homeo-
stasis [11–14]. Increasing evidence has suggested that SIRT1 
regulates transcription, translation, post-translation modifica-
tion, and protein stability by protein–protein interactions in 
the osteoblastic lineage [15–17]. However, the underlying 
mechanisms of how Sirt1 modulates the functions of osteo-
blasts to impact bone homeostasis remain unclear.

During bone remodeling, osteoblasts require sufficient 
energy to produce and secrete large amounts of extracel-
lular matrix to regulate bone formation [18–20]. Glycolysis 
is one main energy source for osteoblast differentiation and 
function regardless of oxygen conditions [18–22]. Although 
a few studies have reported the relationship between Sirt1 
and glycolysis [23–26], how Sirt1 controls glycolysis in oste-
oblasts is poorly studied. Glutamine oxaloacetic transami-
nase 1 (GOT1), a pyridoxal phosphate-dependent enzyme, is 
mainly localized in the cytoplasm [27]. It is multifunctional, 
reversely governs the Asp-malate shuttle and catalyzes the 
glutamate and α-ketoglutarate (α-KG) conversion, thereby 
playing vital roles in cell metabolic reprogramming in can-
cers [27]. Emerging evidence has reported that GOT1 is also 
an important glycolytic enzyme that regulate the glycolysis 
pathway [28–30]. However, in osteoblasts, whether GOT1 
drives glycolysis metabolic pathways and whether GOT1 is 
the substrate target of SIRT1 in regulating glycolysis needs 
to be further studied.

In this study, postnatally targeted deletion of Sirt1 by uti-
lizing Col1a-cre/ERT2 mice, we found that Sirt1 regulated 
glycolysis through deacetylation of GOT1 in osteoblasts to 
maintain bone homeostasis.

Materials and methods

Animal studies

Sirt1flox/flox mice were gifted by Prof. Gao Xiang of Nan-
jing University (Nanjing, China) [31]. B6.Cg-Tg (Col1a-
Cre/ERT2)1Crm/J mice (Stock No. 016241) were obtained 
from Jackson Laboratory (Bar Harbour, ME, USA) [32]. 
Rosa26-LSL-Tdtomato (Stock No. C001181) and Rosa26-
mTmG (Stock No. C001192) mice were purchased from 
Cyagen Biosciences Inc. (Guangzhou, China). All the 
mice used in our study were from a pure C57BL/6 back-
ground. Mice were maintained in the SPF animal labo-
ratory at Xi’an Jiaotong University. All mice had free 
access to food and water, and the cages and bedding were 
changed once a week.
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Mouse breeding and tamoxifen (TM) administration

For mouse breeding, the Sirt1flox/flox mice (F0 generation) 
and Col1a-Cre/ERT2 (F0 generation) mice were crossed to 
obtain the Col1a-Cre/ERT2; Sirt1flox/− mice (F1 generation), 
and then the Col1a-Cre/ERT2; Sirt1flox/− mice (F1 genera-
tion) were intercrossed with Sirt1flox/flox mice (F0 genera-
tion) to finally generate TM-inducible Col1a-Cre/ERT2; 
Sirt1flox/flox mice (F2 generation). The Col1a-Cre/ERT2; 
Sirt1flox/flox mice were viable and fertile without TM induc-
tion. TM (Sigma, T5648) was used to induce Sirt1 knockout. 
Briefly, TM (0.2 mg/mouse) was intraperitoneally injected 
into mice at postnatal days 5, 7, 9, and 11 until dissection 
at 8 weeks. For adult mice, TM (75 mg/kg) was intraperito-
neally injected daily for 5 consecutive days at 8 weeks mice 
until dissection at 16 weeks. For consistency, the Col1a-
Cre/ERT2; Sirt1flox/flox mice and littermate Sirt1flox/flox mice 
received identical amounts of TM. In our following study, 
the Col1a-Cre/ERT2; Sirt1−/− mice were designated cKO 
mice, and the Sirt1flox/flox mice were designated control mice.

Similarly, TM-inducible Col1a-Cre/ERT2; Sirt1flox/flox; 
Rosa26-LSL-Tdtomato mice and TM-inducible Col1a-Cre/
ERT2; Sirt1flox/flox; Rosa26-mTmG mice were generated by 
breeding Col1a-Cre/ERT2; Sirt1flox/flox mice with Rosa26-
LSL-Tdtomato mice or Rosa26-mTmG mice, respectively.

Mice genotyping

Genomic DNA from mouse tail snips was extracted using 
the Mouse Direct PCR Kit (Bimake, B40015 and B45012). 
Genomic DNA of other tissues (heart, liver, spleen, lung, 
kidney, skull, and femur) was extracted using a DNeasy 
blood and tissue kit (Qiagen, 9504). Genotyping was per-
formed by PCR using the primers shown in Supplementary 
Table 1. For the Sirt1 gene, 550 bp was detected in the WT 
mice, 750 bp was detected in the mutant mice, and both 
550 bp and 750 bp were detected in the heterozygous mice. 
For the Col1a1 gene, 500-bp was detected in the mutant 
mice, and 460 bp was detected in the WT mice. For the 
tomato gene, 196 bp was detected in the mutant mice, and 
297 bp was detected in the WT mice. For the mTmG gene, 
300 bp was detected in the mutant mice, and 428 bp was 
detected in the WT mice.

Micro‑CT

The collected femur samples were scanned under micro-CT 
(Aoying Testing Technology, AX2000) at 80 kV voltage, 60 
μA current, 5.9 μm resolution, and 500 ms exposure time. 
For the femurs, the edge of the region of interest (ROI) was 
chosen to be approximately 1–1.5 mm thick underneath the 
growth plate. The scanned images were analyzed by VG 
Studio MAX 3.4 software. Quantification of trabecular and 

cortical bone was performed, including bone volume frac-
tion (BV/TV), trabecular thickness (Tb.Th), trabecular num-
ber (Tb.N), trabecular separation (Tb.Sp), cortical thickness 
(Ct.Th), and total cortical area (Tt.Ar).

Calcein green staining

The control and cKO mice were intraperitoneally injected 
with 20 mg/kg calcein green (Sigma, C0875) 10 days and 
7 days before euthanization. The femurs were isolated from 
mice after euthanasia, fixed in 4% paraformaldehyde for 
48 h, and then decalcified according to the rapid decalci-
fier operational manual (Shanghai Lushen Co., Ltd., Vcare 
DC-6505) for 1 week. Afterwards, the decalcified femurs 
were embedded in paraffin and cut into 4 μm sections. The 
sections were then photographed by an inverted fluorescence 
microscope (Nikon Ti-S, Tokyo, Japan). The bone forma-
tion rate (BFR/BS) and mineral apposition rate (MAR) of 
the trabecular and cortical bone in the pictured images were 
analyzed by ImageJ software (1.52a, Inc., MD, USA).

Histochemistry staining

The collected femurs were fixed in 4% paraformaldehyde 
for 48 h, decalcified in EDTA for 14 days, embedded in 
paraffin and cut into 4 μm thick sections for hematoxy-
lin–eosin (H&E) (Beyotime, C01055) and tartrate‐resist-
ant acid phosphatase (TRAP) (Solarbio, G1492) staining. 
The images were captured by the BA210 digital camera, 
and three images in each section were analyzed by Motic 
Images Advanced 3.2 software.

Immunofluorescence staining

Paraffin sections were dewaxed to water, and then antigen 
retrieval was performed using citric acid buffer (pH 6.0). 
After being blocked with goat serum, the tissues were incu-
bated with appropriate primary and secondary antibodies, 
and stained with DAPI. Finally, the sections were sealed 
with an anti-fluorescence quencher. The primary antibodies 
were SIRT1 (Abcam, ab110304) (1:100), BGLAP (Santa 
Cruz, sc-376726) (1:100), and ACP5 (Abcam, ab191406) 
(1:100). The secondary antibodies were CY3 (Service-
bio, GB21301) (1:100) and FITC (Servicebio, GB22303) 
(1:100). The images were captured at 600x, and three fields 
of view of each section were acquired. Images were captured 
using CaseViewer 2.4 software (3DHISTECH, Hungarg) 
and OlyVIA software (OLYMPUS, Japan). The positively 
stained areas were analyzed using a Halo 101-WL-HALO-1 
system (Indica labs, U.S.A) and ImageJ software (1.52a, 
Inc., MD, USA).
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Enzyme‑linked immunosorbent assay (ELISA)

ELISA was performed in accordance with the instructions 
of several mouse ELISA kits: PINP (MEIMIAN, MM-
43891M2), CTX-1 (MEIMIAN, MM-43891M2), G6P 
(Shanghai Yuanxin Biotech, Co., Ltd., YX-W-6PG), F6P 
(Shanghai Yuanxin Biotech, Co., Ltd., YX-060616M), 
F-1,6-P (Shanghai Yuanxin Biotech, Co., Ltd., YX-C-
B207), 2-PGA (COIBO BIO, Co., Ltd., cb15574-Mu), PEP 
(Shanghai Yuanxin Biotech, Co., Ltd., YX-160516M), ATP 
(Shanghai Yuanxin Biotech, Co., Ltd., YX-W-A702), Asp 
(Shanghai Yuanxin Biotech, Co., Ltd., YX-E29642), Malate 
(Shanghai Yuanxin Biotech, Co., Ltd., YX-130109M), 
and GOT1 (Shanghai Yuanxin Biotech, Co., Ltd., YX-
071521M), Complex I (Shanghai Yuanxin Biotech, Co., Ltd., 
YX-090000M), Complex III (Shanghai Yuanxin Biotech, 
Co., Ltd., YX-090909M), Complex IV (Shanghai Yuanxin 
Biotech, Co., Ltd., YX-092200M), Complex V (Shanghai 
Yuanxin Biotech, Co., Ltd., YX-220000M), ROS (Shanghai 
Yuanxin Biotech, Co., Ltd., YX-181519M), SOD (Shanghai 
Yuanxin Biotech, Co., Ltd., YX-191504M).

Real‑time quantitative PCR (RT‑qPCR)

Total RNA was extracted from bone tissues and osteoblasts 
using TRIzol (Ambion, 15596026). Reverse transcription 
(RT-PCR) was carried out using Evo M-MLV RT Premix 
for qPCR (Accurate Biology, AG11706). RT-qPCR was per-
formed using the SYBR Green Pro Taq HS qPCR kit (Accu-
rate Biology, AG11701) according to the instruction manual. 
The reaction conditions were as follows: 95 °C for 2 min, 
95 °C for 5 s for 25–30 cycles, and 60 °C for 30 s, with the 
collection of the fluorescence signal at the end of each cycle. 
A dissociation curve analysis was conducted for each RT-
qPCR to confirm specific amplification products. The RT-
qPCR primer sequences used are shown in Supplementary 
Table 2. All experiments were performed in duplicate and 
repeated three times. The relative target gene expression was 
normalized to β-actin using the  2−ΔΔCT method.

Untargeted metabolomics

The procedures were performed by Shanghai Bioprofile 
Technology Company Ltd. (Shanghai, China). All the pro-
cedures included sample collection, metabolite extraction, 
LC–MS detection, mass spectrometry data preprocessing, 
multivariate statistical analysis, differential metabolite iden-
tification and screening, and bioinformatics analysis. The 
metabolite was analyzed by HILIC in Agilent 1290 Infinity 
LC ultrahigh-performance liquid chromatography (UHPLC). 
Mass spectrometry analysis was performed on a Triple-
TOF 5600 mass spectrometer (AB SCIEX). The raw MS 
data were processed using MS-DIAL for peak alignment, 

retention time correction, peak area extraction, and then 
compared with databases, which include public MS/MS 
libraries, such as MassBank, NIST14, ReSpect, and HMDB. 
The volcano plot was based on the standard of fold change 
(FC) > 1.5 or (FC) < 1/1.5 with a P value < 0.05. The sig-
nificant differential metabolites were screened by (variable 
importance for the project) VIP > 1 with a P value < 0.05, 
clustered by hierarchical clustering, and then analyzed by 
the KEGG pathway using the KEGG database (http:// www. 
kegg. jp). Enriched KEGG pathways were nominally statisti-
cally significant at the P < 0.05 level.

Targeted metabolomics

Targeted analyses of 200 metabolites and energy metabolites 
(including approximately 40 kinds of metabolites involved 
in the TCA cycle, glycolysis, oxidative phosphorylation, and 
pentose phosphate pathway) were performed by Shanghai 
Bioprofile Technology Company Ltd. (Shanghai, China).

Each bone sample was homogenized by a tissue crush-
ing instrument, vortexed, ultrasonicated, and centrifuged 
to obtain the supernatant. Then, the supernatant was dried 
in a high-speed vacuum enrichment centrifuge. For mass 
spectrometry sampling analysis, the sample was redissolved 
in a 50% methanol solution and centrifuged at 20,000 g 
for 20 min at 4 °C, and the supernatant was obtained for 
analysis. The samples were separated by Shimadzu Nex-
era X2 LC-30AD high-performance liquid chromatogra-
phy (HPLC). Mass spectrometry was performed using a 
QTRAP5500 Mass Spectrometer (AB SCIEX) in positive/
negative ion mode. The original raw data of 200 metabo-
lites, or energy metabolites, were processed by peak find-
ing, alignment, and filtering using MultiQuant software. 
Metabolites with a fold change > 1.5 or fold change < 1/1.5 
and P < 0.05 were considered significant.

Quantitative acetylome analysis

The procedures were performed by Shanghai Bioprofile 
Technology Company Ltd. (Shanghai, China). The samples 
were ground in liquid nitrogen and extracted with approxi-
mately 200 μl of SDT lysate. The extracted protein con-
centration was quantified with a BCA Protein Assay Kit 
(Nanjing Jiancheng Bioengineering Institute, W041-1-1). 
The quantified and analyzed proteins were enzymatically 
digested by trypsin into peptides. The peptides were sub-
jected to acetylation enrichment by the  PTMScan® Acetyl-
Lysine Motif (Ac-K) Kit (Cell Signaling Technology, 
13416). The peptides were then processed for LC–MS/MS 
analysis. Chromatographic separation was achieved on an 
EASY-nLC 1200 (Thermo Scientific). Mass spectrometric 
analysis was performed on a Q-Exactive HF-X mass spec-
trometer (Thermo Scientific). The mass spectrometric data 

http://www.kegg.jp
http://www.kegg.jp
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were analyzed by MaxQuant 1.6.0.1.6 software against the 
protein database of UniProt-Mus musculus (mouse) [10090]-
88108-210624. Carbamidomethylation on Cys was specified 
as a fixed modification, and oxidation on Met, acetylation on 
Lys, and acetylation on the protein N-terminus were speci-
fied as variable modifications. False discovery rate (FDR) 
thresholds for proteins, peptides, and modification sites were 
specified at 1%. The proteins whose acetylation sites sig-
nificantly changed were identified as having a fold change 
(FC) > 1.5 or < 0.667 with a P value < 0.05. The modified 

sites’ localization probability ≥ 0.75 was identified as high 
confidence.

Primary osteoblast and 3T3 E1 cells culture 
and treatment

Primary osteoblasts were extracted from neonatal calvariae 
with type II collagenase as previously described [33]. Osteo-
blastic 3T3E1 cells were purchased from Zhejiang Meisen 
Technology Co. Ltd. (Zhejiang, China). Calvaria cells of 
control and Col1a-Cre/ERT2; Sirt1flox/flox mice and 3T3E1 

Fig. 1  Sirt1 osteoblastic deletion inhibited bone mass. A Represent-
ative micro-CT images of femurs from control and cKO mice aged 
8 weeks. B Quantification of the BV/TV, Tb.N, Tb.Th, Tb.Sp, Cort.
Th, and Tt.Ar from the distal femur in control and cKO female mice 
aged 8  weeks (n = 10/group). BV/TV: bone volume fraction; Tb.N: 

trabecular number; Tb.Th: trabecular thickness; Tb.Sp: trabecular 
separation; Cort.Th: cortical bone thickness; Tt.Ar: total cortical bone 
area. Data are presented as the mean ± SD, Student’s t test; *P < 0.05, 
**P < 0.01, ***P < 0.001
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Fig. 2  Bone formation was decreased in cKO mice. A H&E stain-
ing of the bone structure in the distal femur sections of control 
and cKO mice aged 8  weeks. Bar = 50  μm. Right: quantification of 
Tb.Ar, Tb.Ad, and Ob.N in the distal femur sections of each group 
(n = 4/group). B Representative images of calcein double labeling 
in the distal femur sections of control and cKO mice aged 8 weeks. 
Bar = 100  μm. Right: quantification of Tb.MAR and Tb.BFR/BS in 
the distal femur sections of each group (n = 9/group). C Representa-
tive images of calcein double labeling in the distal femur sections of 
control and cKO mice aged 8 weeks. Bar = 100 μm. Right: quantifica-
tion of Ec.MAR and Ec.BFR/BS in the distal femur sections of each 
group (n = 9/group). D ELISA analysis of serum PINP of control and 
cKO mice aged 8 weeks (n = 10/group). E Relative mRNA expression 
of Runx2, Col1a1, and Alpl in the femurs of control and cKO mice 
aged 8 weeks (n = 6/group). F Representative images of immunofluo-

rescence staining of BGLAP (red) in distal femoral trabecular bone 
sections of control and cKO mice aged 8  weeks. The nucleus was 
stained blue. Bar = 20  μm. Right: quantification of BGLAP expres-
sion in distal femur sections of each group (n = 4/group). G Repre-
sentative images of ALP staining of control and Sirt1KO osteoblasts. 
H Representative images of Alizarin Red S staining of control and 
Sirt1KO osteoblasts. Bar = 100  μm. I Quantification of Caspase-3 
activity in control and Sirt1KO osteoblasts (n = 6/group). Tb.Ar: tra-
becular bone area, Tb.Ad: average distribution of trabecular bone, 
Ob.N: osteoblast number, Tb.MAR: trabecular bone mineraliza-
tion apposition rate, Tb.BFR/BS: trabecular bone formation rate per 
bone surface, Ec.MAR: Endocortical bone mineralization apposition 
rate, Ec.BFR/BS: Endocortical bone formation rate per bone sur-
face. Data are presented as the mean ± SD, Student’s t test; *P < 0.05, 
**P < 0.01, ***P < 0.001
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cells were cultured in α-modified modification medium 
(HyClone, SH30265.01) containing 1% penicillin/strepto-
mycin (Gibco, 15140–122) and 10% foetal bovine serum 
(Gibco, 10270106). Osteoblast differentiation was induced 
with 50 µg/ml ascorbic acid (Solarbio, A8100), 10 mM 
β-glycerophosphate (Sigma, G5422), and 10 nM dexameth-
asone (Beyotime, ST1254). To induce Sirt1 knockout, pri-
mary osteoblasts were treated with 1 μM 4-OH TM (Sigma, 
T176) for 7 days. Afterwards, 4-OH TM-treated primary 
osteoblasts isolated from Col1a-Cre/ERT2; Sirt1flox/flox mice 
were designated Sirt1KO osteoblasts. For SIRT1 activ-
ity inhibition or activation, cells were treated with 10 μM 
EX-527 (Selleck, S1541) or 10 μM SRT2104 (Selleck, 
S7792) for 48 h.

Coculture of osteoclasts and primary osteoblasts

Murine bone marrow-derived macrophage cells were 
extracted and seeded in the transwell upper chamber, and 
differentiation was induced with α-modified modification 
medium containing 30 ng/ml M-CSF (Beyotime, P6015) 
and 100 ng/ml RANKL (MCE, HY-P73388) for 6–8 days 
to obtain osteoclasts as previously described [34]. Then, the 
osteoclast-seeded upper chamber was translocated to the 
receiver plate, where primary osteoblasts had been cultured 
in advance.

Osteoblast mineralization and apoptosis detection

Osteoblast mineralization detection was performed accord-
ing to the procedures in the BCIP/NBT Alkaline Phos-
phatase (ALP) Color Development Kit (Beyotime, C3206) 
and the Alizarin Red S Staining Kit for Osteogenesis (Beyo-
time, C0148S). Osteoblast apoptosis analysis was performed 
according to the protocols in the Caspase 3 Activity Assay 
Kit (Beyotime, C1115).

Immunofluorescence staining and colocalization 
analysis

Primary osteoblasts at approximately 30–40% confluence 
were stained with anti-SIRT1 (1:50, Santa Cruz, sc-74465) 
and anti-GOT1 (1:50, Proteintech, 14886–1-AP) primary 
antibodies overnight at 4 °C, and then treated with second-
ary antibodies (1:200) at 37 °C for 1 h. The nuclei were 
stained with DAPI for 15 min. Colocalization analysis was 
performed using laser confocal microscopy (Leica, SP5 II).

Lentiviral plasmid information and transfection

Construction of the plasmids or lentiviruses was based on 
the gene Sirt1 (Gene ID:93759) and Got1 (Gene ID:14718). 
The wild-type SIRT1-HA, mutant SIRT1-H355A-HA, 

wild-type GOT1-Flag, and mutant GOT1-K318R-Flag plas-
mids and lentiviruses were constructed by Genecarer Tech-
nology Company Ltd. (Shaanxi, China). CRISPR/Cas9 was 
applied to construct the recombinant vectors knocking out 
Sirt1 and Got1 gene (Genecarer, China). The Sirt1 knock-
out and Sirt1 overexpressing plasmids and lentiviruses were 
constructed by Shanghai Jikai Gene Chemical Technology 
Co. Ltd. The primers sequences used for plasmids construc-
tion were shown in Supplementary Table 3. The 3T3E1 cells 
were seeded in the 12-well plates and transfected with plas-
mids or infected with lentiviruses at 80% confluence. After 
72 h, cells were treated with appropriate concentrations of 
puromycin. The puromycin-resistant cell pools were col-
lected and identified by RT-qPCR or Western blotting.

Immunoprecipitation (IP) and western blotting

The cytoplasmic lysate was extracted according to the pro-
cedures using a Nuclear and Cytoplasmic Protein Extraction 
Kit (Beyotime, P0027). The extracted cytoplasmic lysate 
was incubated with the corresponding antibodies cou-
pled to Protein A/G PLUS-Agarose (Santa Cruz, sc-2003) 
according to the manufacturer’s instructions. The protein 
samples were extracted with RIPA lysis buffer (Beyotime, 
P0013B), separated by sodium dodecyl sulfate–polyacryla-
mide gel electrophoresis (SDS-PAGE) and transferred to 
polyvinylidene fluoride (PVDF) membranes. The PVDF 
membranes were then blocked with 5% milk and incubated 
with the primary antibody at 4 °C overnight. The next day, 
after incubation with the secondary antibody at 37 °C for 
1 h, the specific protein bands were detected using an ECL 
detection substrate (Millipore, WBKLS0100). The follow-
ing antibodies were used: acetyllysine (PTM BIO, PTM-
105RM) (1:1000), crotonyllysine (PTM BIO, PTM-501) 
(1:1000), succinyllysine (PTM BIO, PTM-1419) (1:1000), 
SIRT1 (Abcam, ab189494) (1:1000), SIRT1 (FineTest, 
Fnab07877) (1:1000), GOT1(Proteintech, 12886-1-AP) 
(1:1000), GOT1 (Thermo Fisher, 14886-1-AP), β-actin (Pro-
teintech, 66009-1-lg) (1:50,000), Flag (Proteintech, 66008-
4-Ig), HA (Proteintech, 51064-2-AP), goat anti-rabbit IgG 
(Thermo, 31460) (1:10,000), goat anti-mouse IgG (Thermo, 
31430) (1:10,000), goat anti-rabbit IgG (ZHUANGZHI, 
EK010) (1:10,000), and goat anti-mouse IgG (ZHUANG-
ZHI, EK010) (1:10,000).

GOT1 activity inhibition

To inhibit the activity of GOT1, mice aged 8 weeks were 
treated with vehicle (saline) and/or 10 mg/kg aminooxy-
acetic acid (AOA) (MedChemExpress, HY-107994) every 
other day until dissection at 16 weeks, and osteoblasts were 
treated with vehicle or 100 μM AOA for 48 h.
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Statistics

Statistical analyses were performed using GraphPad Prism 
9.0. For two groups, the normality of the data was tested 

using the D’Agostino-Pearson test, and the homogeneity of 
variance was tested using the F test. If the data were nor-
mally distributed with equal variance, they were analyzed 
using an unpaired two-tailed Student’s t test; otherwise, they 
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were analyzed using an unpaired two-tailed Student’s t test 
with Welch’s correction or a Mann–Whitney test. For more 
than two groups, significance was assessed using one-way 
ANOVA followed by Turkey Test. Differences were con-
sidered significant when the P value was < 0.05. Data are 
expressed as the mean ± SD.

Study approval

All procedures were performed in accordance with the rec-
ommendations in the NIH Guide for the Care and Use of 
Laboratory Animals. The Institutional Animal Ethics Com-
mittee of Xi’an Jiaotong University reviewed and approved 
the protocol.

Results

SIRT1 expression levels decreased with age 
in the bone tissue of mice

As SIRT1 expression levels have been reported to decrease 
with age [35], we thus tried to identify how SIRT1 expres-
sion changes with age in bone tissue. The bone mass 
throughout the lifespan in humans can be described 
as reaching the peak bone mass (PBM) in adulthood 
(~ 30 years old), and followed by a gradual decrease with 
aging in both genders [2]. We thus chose 24- and 48-week-
old mice, which equally represent adult humans (~ 30 years 
old) that acquire peak bone mass and middle-aged mice 
(~ 45  years old) in which bone volume decreases, to 
observe the change in SIRT1 expression in mouse bone 
during aging. By double immunofluorescence staining of 
SIRT1 with COL1A1 in the distal femur, we found that 
SIRT1 protein expression levels in trabecular osteoblasts 
decreased in 48-week mice versus 24-week mice (Supple-
mentary Fig. 1), indicating a pattern of decline in SIRT1 
protein expression levels in osteoblasts with age.

Sirt1 osteoblastic deficiency inhibited trabecular 
and cortical bone mass

To precisely address the role of SIRT1 in osteoblastic line-
age cells, we used TM-inducible Sirt1 conditional knock-
out (cKO) mice (Supplementary Fig. 2A). Cre recombi-
nase enzyme was activated in the osteoblasts upon TM 
incubation, as demonstrated by Col1a-Cre/ERT2; Sirt1−/−; 
Rosa26-LSL-Tdtomato mice, which expressed tomato in 
the osteoblastic lineage cells (Supplementary Fig. 2B), and 
Col1a-Cre/ERT2; Sirt1−/−; ROSA26-mTmG mice, which 
expressed EGFP, replaced tomato in the cell membrane 
of the osteoblastic lineage cells (Supplementary Fig. 2C). 
Sirt1 was specifically deleted in the calvaria and femur 
of cKO mice but not in other tissues (heart, liver, spleen, 
lung, kidney) (Supplementary Fig. 2D). Sirt1 mRNA lev-
els were decreased by 60% in the femurs of cKO mice, 
as demonstrated by RT-qPCR (Supplementary Fig. 2E). 
Accordingly, SIRT1 protein expression was downregulated 
in the femurs of cKO mice, as detected by western blot-
ting and immunohistochemistry (Supplementary Fig. 2F, 
G). Collectively, these results demonstrate that Sirt1 is 
specifically deleted in osteoblasts by using Col1a-Cre/
ERT2 mice.

Micro-CT analysis of the femurs revealed that Sirt1 
osteoblastic knockdown led to a decrease in both trabecu-
lar and cortical bone mass (Fig. 1). Eight-week-old female 
cKO mice femurs showed a decrease in bone volume per 
tissue volume (BV/TV), trabecular number (Tb.N), and 
trabecular thickness (Tb.Th), and an increase in trabecu-
lar separation (Tb.Sp) (Fig. 1B). Meanwhile, the cortical 
thickness (Ct.Th) and total cortical area (Tt.Ar) signifi-
cantly decreased in the femurs of cKO mice aged 8 weeks 
(Fig. 1A, B). The 16-week-old female cKO mice had sim-
ilar phenotypes (Supplementary Fig. 3). All the results 
indicate that Sirt1 osteoblastic knockdown inhibited bone 
mass.

Sirt1 deficiency inhibited bone formation

Consistent with the lower bone mass analyzed by micro-CT, 
H&E staining analysis results indicated that the cKO mice 
had lower trabecular bone area (Tb.Ar), average distribution 
of trabecular bone (Tb.Ad), and trabecular osteoblast number 
(Tb.N) of the distal femur (Fig. 2A). Calcein green double 
staining analysis also confirmed that the mineral apposition 
rate (MAR) and bone formation rate per bone surface (BFR/
BS) were decreased in both the trabecular and cortical bone 
of cKO mice (Fig. 2B, C). The serum levels of procollagen 
I N-terminal propeptide (PINP), a biomarker of bone forma-
tion, were reduced in cKO mice (Fig. 2D). The mRNA and 
protein levels of osteoblast differentiation markers, includ-
ing Runx2, collagen1 α1(Col1a1), alkaline phosphatase 

Fig. 3  Bone resorption was decreased in cKO mice. A Representative 
images of TRAP staining of osteoclasts (red arrows) in distal femur 
sections of control and cKO mice aged 8  weeks. Bar = 100  μm and 
50 μm. Right: quantification of the number of osteoclasts in the dis-
tal femur sections of each group (n = 4/group). B Relative mRNA 
expression of Opg, Rankl, and Rankl/ Opg in control and cKO mice 
aged 8 weeks (n = 6/group). C Relative mRNA expression of Nfatc1, 
Itgb3, Ctsk, and Dcst in control and cKO mice aged 8 weeks (n = 6/
group). D Representative images of immunofluorescence stain-
ing of ACP5 (green) in distal femoral trabecular bone sections of 
control and cKO mice aged 8 weeks. The nucleus was stained blue. 
Bar = 100  μm. Right: quantification of ACP5 expression in distal 
femur sections of each group (n = 3/group). E ELISA analysis of 
serum CTX-1 in control and cKO mice aged 8 weeks (n = 10/group). 
Data are presented as the mean ± SD, Student’s t test; *P < 0.05, 
**P < 0.01, ***P < 0.001

◂
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(Alpl), and bone gamma carboxyglutamate protein (Bglap), 
were decreased in the femurs of cKO mice (Fig. 2E, F). The 
effects of Sirt1 deletion on osteoblasts were examined. The 
gene expression levels of osteoblast differentiation markers 
were also decreased in Sirt1KO osteoblasts (Supplementary 
Fig. 4A, B). The mineralization was inhibited in Sirt1KO 
osteoblasts, as demonstrated by ALP and Alizarin Red S 
staining (Fig. 2G, H). Furthermore, the apoptosis of osteo-
blasts was increased in Sirt1KO osteoblasts (Fig. 2I). All the 
above results indicate that Sirt1 deficiency inhibited osteo-
blast differentiation and mineralization, increased osteoblast 
apoptosis, and as a result, inhibited bone formation.

Sirt1 deficiency inhibited bone resorption

As bone homeostasis is regulated by both bone formation 
and bone resorption, we further investigated bone resorption 
upon Sirt1 knockdown. TRAP staining analysis indicated 

that osteoclast numbers decreased in the femur trabecu-
lar bone of cKO mice (Fig. 3A). Gene expression levels 
of Rankl, Opg, and Rankl/Opg, released by osteoblasts to 
regulate the activity of osteoclasts, were downregulated in 
cKO mice and Sirt1KO osteoblasts (Fig. 3B and Supplemen-
tary Fig. 4C). The gene expression levels of nuclear factor 
of activated T cells, cytoplasmic, calcineurin-dependent 1 
(Nfatc1), integrin beta 3 (Itgb3), cathepsin K (Ctsk), and 
DC-STAMP domain-containing 1 (Dcst) were downregu-
lated in the femurs of cKO mice, as well as in osteoclasts 
that were cocultured in transwell chambers with Sirt1KO 
osteoblasts (Fig. 3C and Supplementary Fig. 4D). The pro-
tein expression level of acid phosphatase 5, tartrate resistant 
(ACP5) was also decreased in the femur cancellous bone of 
cKO mice (Fig. 3D). Moreover, serum level of C-terminal 
telopeptide of type-1 collagen (CTX-1), a biomarker of bone 
resorption, was decreased in cKO mice (Fig. 3E). Thus, the 
inhibited bone resorption in cKO mice was a causable effect 

Fig. 4  Sirt1 deletion affected bone metabolism in cKO mice. A 
Heatmap of the metabolism in the femurs between control and cKO 
mice aged 8 weeks by targeted energy metabolism. B Summary dia-
gram of changes in energy metabolites in cKO group versus control 
group. Blue background indicates the downregulated metabolite, pink 

background indicates the upregulated metabolite. C–H Quantita-
tive concentrations of the metabolites involved in core glycolysis of 
femurs between control and cKO groups by ELISA kits (n = 8/group). 
Data are presented as the mean ± SD, Student’s t test; *P < 0.05, 
**P < 0.01, ***P < 0.001
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of inhibited bone formation. Altogether, the lower bone mass 
in cKO mice was a balance of inhibited bone formation and 
bone resorption.

Sirt1 knockdown inhibited glycolysis of osteoblasts

SIRT1 has been reported to regulate metabolism. As such, 
we next investigated how SIRT1 regulates osteoblastic 
metabolism by using targeted energy metabolomics to detect 
40 kinds of common energy metabolites. Hierarchical clus-
tering showed the relationship of the metabolites between 
the femurs of the two groups (Fig. 4A). Metabolite enrich-
ment analysis indicated that SIRT1 deletion significantly 
changed the levels of metabolites involved in glycolysis, 
purine metabolism, and the Tricarboxylic acid (TCA) cycle 
(Fig. 4A, B). The levels of metabolites involved in glyco-
lysis were decreased in the cKO mice, including glucose-
6-phosphate (G6P), fructose-6-biphosphate (F6P), fructose-
1,6-biphosphate (F-1,6-P), 2-phosphoglycerate (2-PGA), 
phosphoenolpyruvate (PEP), adenosine triphosphate (ATP), 
glucose-1-phosphate (G1P), dihydroxyacetone phosphate 
(DHAP), 6-phosphogluconate (6PG), ribose 5-phosphate 
(R-1,5-P), and thiamine pyrophosphate (TPP) (Fig. 4A, 
B). In purine metabolism, the levels of metabolites were 
decreased in the cKO mice, including adenosine monophos-
phate (AMP), adenosine diphosphate (ADP), guanosine 
diphosphate (GDP), and guanosine triphosphate (GTP) 
(Fig. 4A, B). In the TCA cycle metabolites, the levels of 
citrate decreased, whereas the levels of malate and fumarate 
increased in the cKO group (Fig. 4A, B). Overall, the above 
results indicated that Sirt1 deletion changed the relative lev-
els of intermediates in the core glycolysis pathway (G6P, 
F6P, F-1,6-P, 2-PGA, PEP, and ATP), its side pathway (G1P 
and DHAP), another side pathway of the pentose phosphate 
pathway (PPP) (6PG, R-1,5-P, and TPP), and PPP-derived 
purine metabolism (AMP, ADP, GDP, and GTP), as well as 
downstream of the TCA cycle (citrate, fumarate, and malate) 
(Fig. 4A, B). Glycolysis is a main energy source for osteo-
blasts [18, 20, 21, 36, 37], and SIRT1 has been reported 
to regulate glycolysis [23–25, 38]. Thus, it is reasonable to 
assume that the changes in all metabolites upon Sirt1 knock-
down resulted from changes in the core glycolysis pathway. 
Therefore, we aimed to verify the levels of metabolites in the 
core glycolysis pathway in control and cKO mice. Indeed, 
the levels of G6P, F6P, F-1,6-P, 2-PGA, PEP, and ATP were 
decreased in cKO mice, as demonstrated by ELISA kits 
(Fig. 4C–H). These results indicated that glycolysis was 
decreased in osteoblasts of cKO mice.

Based on the above results, we further tried to detect 
whether Sirt1 inhibition regulates other metabolic pathways 
using untargeted metabolism and targeted metabolomics, 
P200 (200 kinds of metabolites) (Supplementary Figs. 5, 
6). Differential analysis indicated that Sirt1 loss significantly 

changed the abundance of intermediates in purine and 
pyrimidine metabolism, consistent with the results in energy 
metabolism (Supplementary Figs. 5, 6). Purine and pyrimi-
dine metabolism were all derived from PPP, the side path-
way of core glycolysis. Therefore, these results further con-
firmed that Sirt1 knockdown inhibited glycolysis in bone.

Sirt1 knockdown affected protein lysine acetylation 
levels in bone

SIRT1 has been reported to function by regulating acylation 
[39]. Thus, to investigate the acylation levels of proteins 
under Sirt1 osteoblastic knockdown, three types of lysine 
acetylation were detected by Western blotting in femur 
lysates of control and cKO mice (Fig. 5A). SIRT1 mainly 
functioned through deacetylation of the protein lysine resi-
dues in osteoblasts, as demonstrated by a marked elevation 
in lysine acetylation; however, there was little elevation in 
lysine crotonylation and succinylation in the cKO group 
versus the control group (Fig. 5A). Then we tested which 
protein was the potential deacetylation target of SIRT1 in 
osteoblasts. We performed a quantitative acetylome analysis 
and identified a total of 10,233 lysine acetylation (Kac) sites 
(918 in the control group and 945 in the cKO group) and 512 
proteins (487 in the control group and 494 in the cKO group) 
in the femurs of both groups (Fig. 5B, C). Among the iden-
tified proteins, 71 proteins exhibited significant changes in 
Kac sites, 39 proteins were upregulated in Kac sites, and 37 
proteins were downregulated in Kac sites of the cKO group 
versus the control group, as some proteins themselves have 
different Kac sites (Fig. 5C and Supplementary Fig. 7A). All 
the identified Kac site-changed proteins (KSCP) in the cKO 
group versus the control group were mainly localized in the 
cytoplasm, membrane, and mitochondrion (Supplementary 
Fig. 7B). Hierarchical analysis of the KSCP demonstrated a 
moderate distinction between the two groups (Fig. 5D). To 
further detect the functions of these KSCP, GO annotation 
and KEGG pathway enrichment analyses were performed 
(Supplementary Fig. 7C–F). Interestingly, consistent with 
the KEGG pathway analysis, the Wiki pathway analysis also 
indicated that KSCP were enriched in energy metabolism, 
including the glycolysis and gluconeogenesis, oxidative 
phosphorylation, and TCA cycle (Fig. 5E).

As the femur is formed by endochondral ossification, in 
addition to osteoblasts, it includes various kinds of cells, 
such as osteoclasts, chondrocytes, and adipocytes. The cal-
varia are formed by intramembranous bone formation, i.e., 
the cells directly differentiated into osteoblasts, and hence it 
consisted of most osteoblastic lineages. As such, to exclude 
the potential impacts of other kinds of cells on osteoblasts in 
the femur, we also conducted quantitative acetylome analysis 
of the calvaria (Fig. 5F–I and Supplementary Fig. 8). A total 
of 665 acetylation sites (546 in the control group and 633 in 
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the cKO group) and 903 proteins (894 in the control group 
and 710 in the cKO group) were identified in both groups 
(Fig. 5F, G). Among the identified proteins, 156 proteins had 
reliable Kac sites, 31 proteins exhibited significant changes 
in Kac sites, 26 proteins were upregulated in Kac sites, and 
7 proteins were downregulated in Kac sites of the cKO group 

versus the control group, as some proteins themselves had 
different Kac sites (Fig. 5G and Supplementary Fig. 8A). 
All the KSCP were also mainly localized in the cytoplasm, 
membrane, and mitochondrion (Supplementary Fig. 8B). 
Hierarchical analysis of the KSCP demonstrated a moderate 
distinction between the two groups (Fig. 5H). GO annotation 
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enrichment analyses were performed to detect the functions 
of these KSCP (Supplementary Fig. 8C–E). Interestingly, the 
KEGG pathway and Wiki pathway analyses also indicated 
that KSCP were enriched in energy metabolism, including 
the glycolysis and gluconeogenesis, oxidative phosphoryla-
tion, and TCA cycle (Fig. 5I and Supplementary Fig. 8F).

To identify the direct target proteins of SIRT1 deacetyla-
tion, we cross-analyzed the KSCP in both femurs and cal-
varia. Analysis indicated that 11 kinds of proteins whose 
Kac site levels were upregulated were coexpressed, which 
further confirmed the reliability of the quantitative acety-
lome analysis results (Fig. 5J, K). Protein–protein network 
analysis also indicated that these proteins were closely asso-
ciated (Fig. 5L). We further cross-analyzed the proteins with 
the same Kac site upregulation in both the femurs and cal-
varia of the cKO mice versus the control mice. Analysis 
indicated that 5 proteins with the same Kac site upregulation 
in the cKO mice versus the control mice were coexpressed 
in both the femurs and calvaria, including Got1, Mdh2, 
Atp5o, Atp5b, and Yeast4 (Fig. 5J, K). Among the 5 pro-
teins, the K124 site in Atp5b, K162 site in Atp5o, K318 site 
in Got1, K185 site in Mdh2, and K131 site in Yeats4 were 
significantly upregulated in the cKO group versus the con-
trol group, both in the femur and calvaria (Fig. 5J, K). Pro-
tein–protein network analysis indicated that 4 (Got1, Mdh2, 
Atp5o, and Atp5b) of the 5 proteins were closely related 
and coinvolved in metabolic pathways (Fig. 5M). Thus, we 
focused on the 4 proteins with acetylation site upregulation 
as potential SIRT1 direct target proteins in osteoblasts.

SIRT1 inhibited GOT1 enzyme activity by catalyzing 
its lysine deacetylation

SIRT1 was found to be mainly localized in the nucleus and 
cytoplasm. Among the above identified 4 kinds of Kac site 
upregulated proteins (Got1, Mdh2, Atp5o, and Atp5b), 
Mdh2, Atp5o, and Atp5b were found to be mainly localized 
in mitochondria, and only Got1 was subcellularly localized 
in the cytoplasm. Our study demonstrated that Sirt1 deletion 
inhibits glycolysis, and GOT1 is also a glycolytic protein 
[40, 41]. Therefore, GOT1 may be the potential substrate 
that directly interacts with SIRT1 to regulate glycolysis 
in osteoblasts. GOT1 has been reported to play vital roles 
in the Asp-malate shuttle [27]. Interestingly, the inhibited 
Asp level and increased malate level in femur of cKO mice 
reflect that GOT1 activity was activated upon Sirt1 knock-
down (Fig. 6A, B). In addition, ELISA analysis showed that 
GOT1 enzyme activity was higher in the femurs of cKO 
mice (Fig. 6C). These results suggest that Sirt1 knockdown 
activated GOT1 enzyme activity. As such, we hypothesized 
that SIRT1 may physiologically interact with GOT1 and dea-
cetylate GOT1, thus regulating GOT1 activity in osteoblasts.

Indeed, immunofluorescence staining indicated that 
SIRT1 and GOT1 colocalized in osteoblasts (Fig.  6D). 
GOT1 had Kac sites, and upon Sirt1 knockout or overex-
pression, the protein level of GOT1 showed no change, but 
the Kac level of GOT1 was upregulated or downregulated 
(Fig. 6E). Furthermore, the upregulated Kac level of GOT1 
upon Sirt1 knockout was rescued by Sirt1 overexpression 
(Fig. 6F). These results imply that SIRT1 interacts with 
GOT1 to regulate the Kac level of GOT1 in osteoblasts. To 
verify whether SIRT1 regulates GOT1 by its deacetylation 
function, we further used SRT2104 (a SIRT1 activity acti-
vator) or EX-527 (a SIRT1 activity inhibitor) to treat osteo-
blastic 3T3E1 cells and found that the protein level of GOT1 
had no change, but the Kac level of GOT1 was decreased or 
increased accordingly (Fig. 6G). Moreover, the catalytically 
inactive mutant deacetylase-inactive SIRT1-H355A failed 
to induce the deacetylation of GOT1 compared with wild-
type SIRT1 (Fig. 6H). Collectively, these results indicated 
that SIRT1 interacted with GOT1 and deacetylated GOT1 
in osteoblasts.

As screened by quantitative acetylome analysis, Kac site 
318 in GOT1 was higher upon Sirt1 knockdown (Fig. 5J, K). 
To verify whether the K318 site was deacetylated by SIRT1, 
we performed site-directed mutagenesis. One mutant GOT1 
was generated, in which the lysine (K) 318 residues were 
substituted with arginine (R). The wild-type GOT1 plasmids 
and K318R mutant plasmids were transfected into control 
and Sirt1 knockout osteoblastic 3T3E1 cells. As a result, 
the K318R mutation leads to a decrease in the acetylation of 
GOT1 (Fig. 6I). Furthermore, Sirt1 knockout significantly 
increased the acetylation level of wild-type GOT1 but not 

Fig. 5  Sirt1 deletion affected the acetylation sites of the proteins in 
both the femur and calvaria of mice aged 8 weeks. A Western blot-
ting analysis of femurs from control and cKO mice by acetyllsine, 
crotonyllsine, and succinyllsine antibodies. B Venn diagram of the 
acetylation sites detected from the femurs between control and cKO 
mice. C Volcano plot of the distribution of the total reliable proteins 
in Kac sites in the femurs between control and cKO mice. D Hier-
archical clustering of differentially expressed proteins in Kac sites in 
the femurs between control and cKO mice. E Wiki pathway analysis 
of differentially expressed proteins in Kac sites in the femurs between 
control and cKO mice. F Venn diagram of the acetylation sites 
detected from the calvaria between control and cKO mice. G Volcano 
plot of the distribution of the total reliable proteins in Kac sites in 
the calvaria between control and cKO mice. H Hierarchical cluster-
ing of differentially expressed proteins in Kac sites in the calvaria 
between control and cKO mice. I Wiki pathway analysis of differen-
tially expressed proteins in Kac sites in the calvaria between control 
and cKO mice. J Heatmap of proteins in which the acetylation sites 
upregulated in the femurs of the cKO mice versus the control mice. 
K Heatmap of proteins in which the acetylation sites upregulated in 
the calvaria of the cKO mice versus the control mice. L Protein–pro-
tein interaction network of the same proteins with the acetylation sites 
upregulation in both the femurs and calvaria of the cKO mice ver-
sus the control mice. M Protein–protein interaction network of the 
same proteins with the same acetylation sites upregulation in both the 
femurs and calvaria of the cKO mice versus the control mice

◂
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that of the GOT1-K318R mutant (Fig. 6I). These data sug-
gest that lysine 318 in GOT1 proteins is the primary deacety-
lation target of SIRT1.

To further identify the function of GOT1-318R acety-
lation under Sirt1 deletion, Got1-/Sirt1-double knockout 
cells were generated by CRISPR/Cas9 technique. The above 
cells were then transfected with wild-type GOT1 or GOT1-
K318R mutant plasmids (Fig. 6J). Got1 knockout abolished 
Sirt1-knockout-mediated increase of GOT1 enzymatic activ-
ity, while re-expression of wild-type GOT1 but not GOT1-
K318R restored this activity (Fig. 6J). Thus, K318R deacety-
lation by SIRT1 is primarily responsible for SIRT1-mediated 
abrogation of GOT1 activity in osteoblasts. Got1 knockout 
inhibited the effects of Sirt1-knockout on the levels of F6P 
and PEP in glycolysis, while re-expression of wild-type 
GOT1 rescued them (Fig. 6K, L). However, re-expression 
of GOT1-K318R failed to restore these metabolite levels in 
Got1-/Sirt1-double knockout osteoblasts (Fig. 6K, L). We 
also found that re-expression of wild-type Got1 could rescue 
the osteoblastic mineralization in Got1-/Sirt1-double knock-
out osteoblasts, whereas re-expression of GOT1-K318R was 
unable to rescue these functions (Fig. 6M). These results 
indicate that SIRT1 inhibits GOT1 enzymatic activity by 
deacetylating GOT1 at lysine 318, which leads to the effect 
on glycolysis and osteoblast function.

SIRT1 regulated osteoblast glycolysis via GOT1

We further inhibited the function of GOT1 by GOT1 inhib-
itor aminooxyacetate (AOA) treatment in cKO mice, to 
observe whether GOT1 inhibition had an effect on glyco-
lysis (Fig. 7A). The ELISA results, the higher Asp expres-
sion level, and the lower malate expression level indicate 
that GOT1 activity was inhibited in AOA-treated cKO mice 
(Fig. 7B–D). Upon AOA treatment, the femoral bone mass 
was significantly reversed in cKO mice, including the BV/
TV, Tb.N, and Tb.Sp (Fig. 7E, F). Interestingly, the metabo-
lism levels in the glycolysis pathway, including G6P, F6P, 
F-1,6-P, 2-PGA, PEP, and ATP, were significantly increased 
upon AOA treatment in cKO mice (Fig. 7G). These results 
indicate that GOT1 regulates glycolysis upon Sirt1 knock-
down in osteoblasts. We also analyzed osteoblast function 
and found that AOA treatment reversed the differentiation, 
mineralization, and apoptosis of osteoblasts (Fig. 7H–K). 
Altogether, these results indicate that SIRT1 deacetylates 
GOT1 to regulate glycolysis, thus affecting the function of 
osteoblasts and bone mass (Fig. 8).

Discussion

In this study, we demonstrated the role of Sirt1 during bone 
modeling and remodeling and found the followings: (1) 
Physiologically, the protein expression levels of SIRT1 in 
osteoblasts of femural bone decreased with aging. (2) Post-
natal loss of Sirt1 in osteoblasts decreased trabecular and 
cortical bone mass. (3) SIRT1 regulated bone metabolism 
by intervening in osteoblast glycolysis through deacetyla-
tion of GOT1.

Emerging studies have demonstrated that SIRT1 has 
antiaging protective roles [5], and its expression at the tran-
scription and protein levels decreased with aging in mam-
malian tissues, such as brain, liver, skeletal muscle, and 
white adipose tissues [35, 42, 43]. Recently, conflicting 
data have been reported regarding the expression of SIRT1 
in bone tissues. One study showed that the mRNA expres-
sion of SIRT1 was significantly downregulated in mice aged 
16 months compared with young mice aged 2 months [12]. 
In contrast, other studies indicated that the mRNA expres-
sion of SIRT1 was not different between 3-month-old mice, 
12-month-old mice, and 24-month-old mice [14, 44]. These 
contrary results may be accounted for by the different bone 
tissues (calvaria versus. long bone) isolated from the mice. 
In addition, the internal reference genes used for relative 
quantification of Sirt1 expression were different, among 
which Gapdh gene expression was reported to downregu-
late with age [45]. To clarify the pattern of SIRT1 expres-
sion in bone tissues, we used in situ fluorescence labeling to 
localize the expression of SIRT1. We found that the SIRT1 

Fig. 6  SIRT1 inhibited GOT1 enzyme activity by catalyzing its lysine 
deacetylation. A The concentration of Asp in the femurs of the con-
trol and cKO mice aged 8 weeks measured by an ELISA Kit (n = 8/
group). B The concentration of malate in the femurs of the control 
and cKO mice aged 8  weeks measured by an ELISA Kit (n = 8/
group). C The activity of GOT1 in the femurs of the control and 
cKO mice aged 8 weeks measured by an ELISA Kit (n = 8/group). D 
The subcellular localization of SIRT1 and GOT1 in primary osteo-
blasts. E The protein level and Kac level of GOT1 upon Sirt1 dele-
tion or overexpression in 3T3E1 cells. F The Kac level of GOT1 in 
Sirt1 knockout 3T3E1 cells upon Sirt1 overexpression. G The Kac 
level of GOT1 in 3T3E1 cells treated with SRT2104 or EX-527. H 
The Kac level of GOT1 protein immunoprecipitated from 3T3E1 
cells transfected with SIRT1 plasmids or mutant SIRT1-H355A plas-
mids. I Control and Sirt1 knockout 3T3E1 cells were transfected with 
Wild-type GOT1 or GOT1-K318R mutant plasmids. The Kac level 
of GOT1 protein immunoprecipitated from the above cells. J Sirt1-
knockout/Got1- knockout 3T3E1 cells were transfected with Wild-
type GOT1 or GOT1-K318R mutant plasmids. The GOT1 activity 
was measured in the above cells. K Sirt1-knockout/Got1- knockout 
3T3E1 cells were transfected with Wild-type GOT1 or GOT1-K318R 
mutant plasmids. The levels of F6P in glycolysis were measured in 
the above cells. L Sirt1-knockout/Got1- knockout 3T3E1 cells were 
transfected with Wild-type GOT1 or GOT1-K318R mutant plasmids. 
The levels of PEP in glycolysis were measured in the above cells. M 
Sirt1-knockout/Got1- knockout 3T3E1 cells were infected with Wild-
type GOT1 or GOT1-K318R mutant virus. The ALP staining of oste-
oblast mineralization was conducted in the above cells. Data are pre-
sented as the mean ± SD, Student’s t test (a, b, c); one-way ANOVA 
with Tukey’s test (j, k, l), *P < 0.05, **P < 0.01, ***P < 0.001
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protein was expressed in osteoblasts of trabecular bone, and 
its expression level decreased with aging, implicating the 
involvement of Sirt1 in skeletal homeostasis throughout life.

The bone mass phenotypes of Col1a-cre/ERT2; 
Sirt1−/− mice in our present study were similar to those of 
other osteoblastic lineage-specific Sirt1-knocdown mice, 

including Prdx1-Cre; Sirt1−/−, Osx-Cre; Sirt1−/−, and 
Col1a1-Cre; Sirt1−/− transgenic mice [11–14].

The lower bone mass is caused by either decreased bone 
formation or increased bone resorption (osteoporosis) 
[4]. In the transgenic mice of Prdx1-Cre; Sirt1−/−, Osx-
Cre; Sirt1−/−, and Col1a1-Cre; Sirt1−/−, where the Sirt1 
was specifically deleted at different differentiation stages 
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of osteoblastic lineage, the lower bone mass was mainly 
caused by decreased bone formation [11–14]. However, in 
our study of Col1a-cre/ERT2; Sirt1−/− mice, the reduced 
overall bone mass was balanced by inhibited bone formation 
and bone resorption, with the former exceeding the latter to 
some extent. The Col1a-cre/ERT2; Sirt1−/− mice exhibited 
a decrease in trabecular and cortical bone mass, including 
BV/TV, Tb.N, Tb.Th, Tb.Sp, Cort.Th, and Tt.Ar. Remark-
ably, the decrease in both trabecular and cortical bone mass 
was consistent with the decreases in the Tb.MAR, Tb.BFR/
BS, Ec.MAR, Ec.BFR/BS, Tb.Ar, and Tb.Ad of cKO mice. 
Furthermore, osteoblast functions were inhibited upon Sirt1 
knockdown, as determined by the decreased osteoblast 
number and activity. The decrease in osteoblast activity 
was reflected by the decrease in osteoblast differentiation 
and mineralization and the increase in osteoblast apoptosis. 
Therefore, overall bone formation decreased dramatically, 
as indicated by the decreased serum PINP level. In addi-
tion, the expression level of Rankl/Opg, a signal released by 
osteoblasts to regulate the activity of osteoclasts, was sig-
nificantly reduced. And the osteoclast number and enzyme 
activity decreased. Moreover, the expression level of CTX-
1, a serum bone resorption marker, significantly decreased. 
These results led to the inhibition of bone resorption in our 
study. Recently, the induced abundance of H-type vessels, 
which supply osteoblast and osteoclast with oxygen and 
nutrient to activate their activities, have been demonstrated 
to inhibit bone loss of osteoporosis [46, 47]. As the result 
of Sirt1-osteoblastic ablation, less abundant H-type vessels 
were observed in our cKO mice (data not shown), which has 
further confirmed the inhibited osteoblastic and osteoclastic 
function. In conclusion, the lower bone mass in our present 

study was mainly due to the decreased bone formation upon 
Sirt1-deletion, companied with inhibited bone resorption.

Although the bone mass phenotypes of Col1a-cre/ERT2; 
Sirt1−/− mice in our study were consistent with the other 
two studies of Col1a1-Cre; Sirt1−/− mice [12, 14], the Sirt1 
knockdown window was different, utilizing two different 
Cre recombination transgenic mice (i.e., Col1a-cre/ERT2 
versus Col1a1-Cre). The Col1a1 gene is expressed early 
in the embryo when osteoblasts begin to differentiate [48, 
49]. Therefore, Sirt1 inactivation occurred in the embryonic 
stage upon the expression of the Col1a1 gene, thus impact-
ing bone growth, modeling, and remodeling in Col1a1-Cre; 
Sirt1−/− mice [12, 14]. Consequently, the lower bone mass 
was a result of the cumulative effect, starting from embryo-
genesis and continuing to adulthood, in the adult 16-week 
Col1a1-Cre; Sirt1−/−mice [12, 14]. This observation can 
also explain why the decreased bone mass was age depend-
ent, only observed in 16-week Col1a1-Cre; Sirt1−/− mice, 
instead of 4-week Col1a1-Cre; Sirt1−/− mice [12, 14]. In 
contrast, Sirt1 was deleted after birth in Col1a-cre/ERT2; 
Sirt1−/− mice in our study, when embryonic development 
was completed, upon inducible Cre recombinase activation 
after intraperitoneal TM administration [32]. Adolescence 
is the key period throughout the life cycle for the accrual of 
PBM [2]. Therefore, using Col1a-cre/ERT2 transgenic mice 
allows us to study the function of Sirt1 deletion on bone 
mass postnatally, which accumulates from birth to adoles-
cence and is then sustained into adulthood, excluding the 
embryonic stages.

Glycolysis was inactive upon Sirt1 knockdown in our 
study. With the development of technology, various omics 
technologies have been applied to explore the pathogenesis 
of bone-related diseases [49]. However, none of these tech-
nologies alone could fully elucidate the disease’s pathologi-
cal features and therefore cannot comprehensively dissect 
the underlying molecular and signaling mechanisms in vivo 
[50]. Metabolomics is one kind of omics technology that can 
amplify smaller changes at the protein level which cannot be 
detected by other omics technologies [50]. In present study, 
untargeted and targeted metabolomics approaches were 
used to detect the levels of metabolites upon Sirt1 knock-
down. Glycolysis is the main metabolic pathway to meet 
ATP demand during osteoblast differentiation for osteoblast-
mediated bone formation [18, 19, 51]. Although SIRT1 
has been reported to be a regulator of glycolysis [23–26], 
whether SIRT1 regulates glycolysis in osteoblasts was still 
unclear. In present study, upon Sirt1 knockdown, the levels 
of metabolism in glycolysis, including G6P, F6P, F-1,6-P, 
2-PGA, PEP, and ATP, were significantly decreased, as 
detected by targeted metabolomics and further verified by 
the corresponding ELISA kits.

Fig. 7  SIRT1 affected the acetylation level of GOT1 and glycolysis to 
regulate bone mass. A Schematic of experimental design. The 8-week 
cKO mice treated with vehicle or AOA until dissection at 16 weeks. 
B GOT1 activity of 16-week cKO mice treated with vehicle or AOA 
(n = 8/group). C The concentration of Asp in 16-week cKO mice 
treated with vehicle or AOA (n = 8/group). D The concentration of 
malate in 16-week cKO mice treated with vehicle or AOA (n = 8/
group). E Representative micro-CT images of the femurs in 16-week 
cKO mice treated with vehicle or AOA. F Quantification of the BV/
TV, Tb.N, Tb.Th, and Tb.Sp from the distal femurs in 16-week cKO 
mice treated with vehicle or AOA (n = 7/group). G Quantification of 
the metabolites in glycolysis after AOA treatment in 16-week cKO 
mice (n = 8/group). H Relative mRNA expression of Runx2, Col1a1, 
Alpl, and Bglap in Sirt1KO osteoblasts treated with vehicle or AOA 
(n = 6/group). I Representative images of ALP staining of Sirt1KO 
osteoblasts treated with vehicle or AOA. J Representative images of 
Alizarin Red S staining of Sirt1KO osteoblasts treated with vehicle 
or AOA. K Quantification of caspase-3 activity in Sirt1KO osteo-
blasts treated with vehicle or AOA (n = 6/group). BV/TV: bone vol-
ume fraction; Tb.Th: trabecular thickness; Tb.N: trabecular number; 
Tb.Sp: trabecular separation; Cort.Th: cortical bone thickness; Tt.Ar: 
total cortical bone area. Data are presented as the mean ± SD, Stu-
dent’s t test; *P < 0.05, **P < 0.01, ***P < 0.001
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Current study identified GOT1 as a deacetylation target 
of SIRT1 in osteoblasts that regulates bone mass. SIRT1 
has been reported to function by regulating the acetyla-
tion [39] and crotonylation [52] levels of protein lysine 
residues. Lysine acetylation/deacetylation, one of the most 
extensively studied protein posttranslational modifications 
(PTMs), is involved in key cellular processes relevant to 
physiology and disease, such as protein stability, protein 
subcellular localization, enzyme activity, and protein–pro-
tein interactions [39]. In this study, SIRT1 was shown to 
mainly function as a deacetylase in osteoblasts. Emerging 
evidence from Sirt1 osteoblastic knockout animal models 
reported that SIRT1 affected the activity of the transcription 
factors (FOXOs and NF-KB) and transcription co-factors 
(β-catenin, in the Wnt-pathway), the very targets of SIRT1 
deacetylase function in osteoblasts, thus protecting bone 
mass [11–14]. However, the mechanism by which SIRT1 
deacetylates in osteoblasts to regulate bone homeostasis is 
not fully understood. GOT1, a cytosolic enzyme, reversely 

catalyzes the Asp-malate shuttle [27]. GOT1 also plays vital 
roles in glutamine metabolism, and hence, it has become 
a new therapeutic target for the development of anticancer 
agents [27]. A very recent study demonstrated that target-
ing glutamine metabolism may improve skeletal stem cells 
in aging and enhance osteoblast differentiation, as well as 
its activity to increase bone mass [53]. This report implies 
that GOT1 may have an impact on osteoblasts. In pancre-
atic ductal adenocarcinoma, lysine 369 of GOT1 was dea-
cetylated by SIRT5, another family member of sirtuins, to 
enhance glutathione metabolism, indicating that the acety-
lation level of GOT1 played vital roles in cell metabolic 
processes [54]. Remarkably, our present study showed that 
Sirt1 knockdown increased the acetylation level of GOT1 in 
osteoblasts, as screened by quantitative acetylome analysis 
in both the femur and calvaria. Furthermore, we found that 
GOT1 activity was activated in cKO mice, as demonstrated 
by the lower Asp level and higher malate level, as well as the 
ELISA results. Moreover, IP and site-mutation experiments 

Fig. 8  Schematic diagram of SIRT1 deacetylating GOT1 to regu-
late glycolysis in osteoblasts. SIRT1 deletion induced acetylation of 
GOT1, thereby inhibited the process of glycolysis to decrease bone 

formation by osteoblasts. The decreased bone formation then inhib-
ited bone resorption. Thus, bone mass decreased
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demonstrated that lysine 318 of GOT1 was deacetylated 
by SIRT1 in osteoblasts. Upon treatment with the GOT1 
inhibitor AOA, bone mass was significantly rescued in cKO 
mice, further verifying the interaction of SIRT1 and GOT1 
in osteoblasts in regulating bone mass.

We discovered that GOT1 inhibited glycolysis upon 
Sirt1 deletion to regulate bone mass. In addition to its 
role in the Asp-malate shuttle and glutamate and α-KG 
conversion, GOT1 has also been reported to be associated 
with glycolysis in various cancers and other diseases [28, 
30, 40, 41, 55]. Oncomine cancer database analysis found 
GOT1 to be one of the 11 key glycolytic proteins that were 
upregulated in breast cancer patients with a poor prognosis 
[55]. GOT1 expression level was upregulated in pancre-
atic cancer tissues and cell lines [56], and Got1 inhibition 
uniquely disrupted the glycolysis pathway [41] in pancre-
atic ductal adenocarcinoma cells. Inhibition of Got1 also 
induced glucose consumption and lactate secretion rates 
in the cancer cell lines 143B and A549 [40]. Moreover, 
in oesophageal squamous cancer cells, Got1 inhibition 
induced cell proliferation, migration, aerobic glycolysis, 
and glycolysis-mediated cisplatin resistance [30]. In addi-
tion to its role in cancer cells, GOT1 regulation of glyco-
lysis also played vital roles in other diseases and cellular 
processes. In aging and diabetes, Got1 knockout increased 
glycolysis, disordered beta-cell function, and impaired cel-
lular identity [28]. Another recent study also indicated that 
GOT1 promoted the glycolytic programming of cytotoxic 
T lymphocytes [29]. These results suggested that GOT1 
regulated glycolysis. In our study of cKO mice, GOT1 
activity was activated; however, glycolysis was inhibited, 
implying that GOT1 activity was negatively correlated 
with glycolysis. Furthermore, upon Got1 inhibition, the 
reduced glycolysis level was partially rescued in cKO 
mice, as evidenced by the glycolysis metabolites, includ-
ing G6P, F6P, F-1,6-P, 2-PGA, PEP, and ATP. Meanwhile, 
bone mass and osteoblast functions were rescued. These 
rescued results suggested that Sirt1 regulates glycolysis, 
at least in part, through GOT1 in osteoblasts.

SIRT1 is a well-known metabolic sensor that plays a 
vital role in metabolism, including glucose metabolism. Our 
study revealed that SIRT1 deacetylates GOT1 to regulate 
glycolysis and affect the homeostasis of mitochondrial func-
tion in osteoblast. The latter was demonstrated by decreases 
in respiratory chain complex activity and SOD concentra-
tion, and an increase in ROS concentration upon Sirt1 dele-
tion (Supplementary Fig. 9). Consistent with our findings, 
the study by Somemura S. et al. reported that an increase in 
glucose uptake of osteoblasts, induced by mechanic loading, 
weakened SIRT1 activity, and eventually interfered with cel-
lular energy metabolism [57].

Altogether, we conclude that removal of Sirt1 in osteo-
blast caused bone loss by disruption of bone formation 

coupled with inhibition of bone resorption, which resulted 
from inhibition of osteoblast glycolysis through inducing 
the lysine acetylation of GOT1 in osteoblasts.

Supplementary Information The online version contains supplemen-
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