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A B S T R A C T

Background: Objective: Vitamin D insufficiency is a major contributor to osteoporosis. This study aimed to 
elucidate the mechanisms by which the vitamin D-Sirt1/PGC1α axis regulates bone metabolism and counteracts 
osteoporosis induced by active vitamin D insufficiency.
Methods: Mouse models including Sirt1 transgenic (Sirt1Tg), Cyp27b1+/− (active vitamin D deficient), and 
compound Sirt1TgCyp27b1+/− mice were utilized. Bone parameters were assessed by radiography, micro-CT, 
histology, and immunohistochemistry. In vitro studies used bone marrow-derived mesenchymal stem cells 
(BM-MSCs). Gene and protein expression were analyzed by RT-PCR and Western blotting. Chromatin immu
noprecipitation and luciferase assays investigated transcriptional regulation. Effects of resveratrol supplemen
tation were examined.
Results: 1,25-dihydroxyvitamin D (1,25(OH)2D) insufficiency caused downregulation of Sirt1 expression, leading 
to accelerated bone loss. Overexpression of Sirt1 in mesenchymal stem cells corrected bone loss by inhibiting 
oxidative stress, DNA damage, osteocyte senescence and senescence-associated secretory phenotype, promoting 
osteoblastic bone formation, and reducing osteoclastic bone resorption. 1,25(OH)2D3 transcriptionally upregu
lated Sirt1 expression in BM-MSCs through vitamin D receptor binding to the Sirt1 gene promoter. Resveratrol, a 
Sirt1 agonist, attenuated osteoporosis induced by 1,25(OH)2D insufficiency by modulating the Sirt1/PGC1α axis. 
Sirt1 interacted with and deacetylated PGC1α, a transcriptional coactivator involved in mitochondrial biogenesis 
and energy metabolism. Deacetylated PGC1α mediated the effects of Sirt1 on osteogenesis, oxidative stress, and 
cellular senescence in BM-MSCs.
Conclusion: This study elucidated the critical role of the vitamin D-Sirt1/PGC1α axis in regulating bone meta
bolism and counteracting osteoporosis induced by active vitamin D insufficiency. The findings highlight the 
potential of this axis as a therapeutic target for the prevention and treatment of osteoporosis.

The Translational Potential of this Article: This research provides 
insights into the molecular mechanisms underlying vitamin D 
insufficiency-induced osteoporosis and identifies the vitamin D-Sirt1/ 
PGC1α axis as a promising therapeutic target. The study demonstrates 
the potential of Sirt1 agonists, such as resveratrol, in preventing and 
treating osteoporosis associated with vitamin D insufficiency. These 
findings may lead to the development of novel therapeutic strategies 
targeting the Sirt1/PGC1α axis for osteoporosis management, address
ing a significant unmet medical need. Furthermore, the elucidation of 

the interplay between vitamin D signaling, Sirt1, and PGC1α in bone 
metabolism could inform future clinical studies and personalized 
treatment approaches for patients with vitamin D insufficiency-related 
bone disorders.”

1. Introduction

Osteoporosis, a progressive skeletal disorder characterized by low 
bone mass and microarchitectural deterioration of bone tissue, is a 
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significant global health concern affecting millions of individuals 
worldwide [1]. One of the key contributing factors to the development 
of osteoporosis is vitamin D insufficiency, particularly the insufficiency 
of the biologically active form, 1,25-dihydroxyvitamin D (1,25(OH)2D) 
[2–5]. We previously reported that in wild-type mice, bone mineral 
density, bone volume, and expression levels of the enzyme generating 1, 
25(OH)2D, i.e. 25-hyroxyvitamin D-1-alpha-hydroxylase (1α-hydroxy
lase) (encoded by Cyp27b1), decreased with age [3]. This was accom
panied by declining osteoblastic bone formation and increasing 
osteoclastic bone resorption. Nevertheless, these age-related skeletal 
alterations were more severe in mice heterozygous for Cyp27b1 gene 
deletion (1α(OH)ase+/− mice), which, although not totally deficient in 
1,25(OH)2D, had significantly lower serum 1,25(OH)2D levels and tissue 
1α(OH)ase levels than wild-type mice [3]. Consequently, these studies 
demonstrated that active vitamin D insufficiency accelerates the 

Table 1 
Primers used in this study for real time RT-PCR.

Name Sence sequence Anti-Sence sequence

Sirt1 GCTGACGACTTCGACGACG TCGGTCAACAGGAGGTTGTCT
RANKL CAGCATCGCTCTGTTCCTGTA CTGCGTTTTCATGGAGTCTCA
OPG ACCCAGAAACTGGTCATCAGC CTGCAATACACACACTCATCACT
ALP CCAACTCTTTTGTGCCAGAGA GGCTACATTGGTGTTGAGCTTTT
Osterix CCCTTCTCAAGCACCAATGG AAGGGTGGGTAGTCATTTGCATA
OCN GCTGCCCTAAAGCCAAACTCT AGAGGACAGGGAGGATCAAGTC
P16 CGCAGGTTCTTGGTCACTGT TGTTCACGAAAGCCAGAGCG
P21 CCTGGTGATGTCCGACCTG CCATGAGCGCATCGCAATC
P53 GCGTAAACGCTTCGAGATGTT TTTTTATGGCGGGAAGTAGACTG
Runx2 GTGACACCGTGTCAGCAAAG GGAGCACAGGAAGTTGGGAC
GAPDH AGGTCGGTGTGAACGGATTTG TGGATTTGGACGCATTGGTC

Fig. 1. 1,25(OH)2D3 upregulates the transcriptional expression of Sirt1 in BM-MSCs through the VDR (A) Bar graph of the relative expression levels of Sirt1 mRNA in 
the thoracic vertebrae tissue of 8-month-old WT and Cyp27b1+/− mice; (B) Western blot detection chart and statistical chart of the relative expression levels of Sirt1 
protein in the thoracic vertebrae tissue of 8-month-old WT and Cyp27b1+/− mice; (C) Bar graph of the relative expression levels of Sirt1 mRNA in human BM-MSCs 
treated with increasing concentrations of 1,25(OH)2D3 for 12 h; (D) The VDR-like element (-TAAGTTTA-) motif in the Sirt1 promoter was detected by bioinformatics 
analysis; (E) Gel electrophoresis image of the PCR amplification products of ChIP experiment; (F) Schematic diagram of the structure of the pGL3-Sirt1 promoter 
reporter plasmid and the mutant pGL3-Sirt1 promoter reporter plasmid; (G) Bar graph of the experimental results of the dual luciferase reporter gene assay. **: P <
0.01; ***: P < 0.001 compared to the control group. NS: no significant difference.
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progression of osteoporosis by disrupting the delicate balance between 
bone formation and bone resorption [6].

Extensive research efforts have been devoted to understanding the 
mechanisms underlying the detrimental effects of vitamin D insuffi
ciency on bone health and exploring potential therapeutic strategies to 
prevent and treat osteoporosis induced by this insufficiency. One critical 
pathway that has gained significant attention is the role of Sirtuin 1 
(Sirt1), a nicotinamide adenine dinucleotide (NAD+)-dependent 
deacetylase involved in various cellular processes, including bone 
metabolism [7,8].

Previous studies have revealed that Sirt1 can integrate multiple up
stream signals to regulate various downstream targets, resulting in 
inhibitory effects on osteoclastogenesis and promotion of osteoblasto
genesis [9]. Notably, emerging evidence suggests that Sirt1 may act as a 
downstream target of the 1,25(OH)2D3/vitamin D receptor (VDR) 
signaling pathway, playing a crucial role in mediating the effects of 
active vitamin D on bone homeostasis [10–12]. However, the precise 
mechanisms underlying the interplay between Sirt1 and 1,25 
(OH)2D3/VDR in the context of osteoporosis induced by 1,25(OH)2D 
insufficiency remain to be fully elucidated.

In addition to exploring the regulatory role of Sirt1, researchers have 
been investigating the potential therapeutic benefits of Sirt1 agonists, 
such as resveratrol, in preventing and treating osteoporosis [13,14]. 
Resveratrol, a natural polyphenolic compound found in various plant 
sources, has been shown to exhibit bone-protective effects by modu
lating Sirt1 activity and subsequently influencing bone metabolism [15,
16]. However, the specific mechanisms by which resveratrol and Sirt1 
interaction contribute to the prevention and treatment of osteoporosis 
induced by 1,25(OH)2D insufficiency warrant further investigation.

Another key player in the regulation of bone metabolism is the 
peroxisome proliferator-activated receptor gamma coactivator 1-alpha 
(PGC1α), a transcriptional coactivator that plays a pivotal role in 
mitochondrial biogenesis and energy metabolism [17]. Emerging evi
dence suggests that PGC1α may mediate the actions of Sirt1 in regu
lating bone metabolism [18], potentially through its deacetylation and 
subsequent activation by Sirt1 [19,20]. However, the interplay between 
Sirt1, PGC1α, and vitamin D signaling in the context of osteoporosis 
induced by 1,25(OH)2D insufficiency remains largely unexplored.

The present research aims to elucidate the intricate mechanisms 
underlying the regulation of bone metabolism by the 1,25(OH)2D3/ 
VDR/Sirt1/PGC1α axis and its potential therapeutic implications for 
preventing and treating osteoporosis induced by 1,25(OH)2D insuffi
ciency. By investigating the transcriptional regulation of Sirt1 by 1,25 
(OH)2D3/VDR, the role of Sirt1 overexpression in mesenchymal stem 
cells (MSCs) in correcting bone loss caused by 1,25(OH)2D insufficiency, 
and the potential therapeutic effects of resveratrol supplementation, this 
study seeks to provide valuable insights into the complex interplay be
tween these signaling pathways and their impact on bone homeostasis.

Furthermore, by exploring the involvement of PGC1α in mediating 
the actions of Sirt1 on bone metabolism, this research endeavors to 
unravel the mechanistic underpinnings of how Sirt1 and its downstream 
effectors modulate osteogenesis, oxidative stress, and cellular 

senescence in the context of 1,25(OH)2D insufficiency-induced osteo
porosis. Ultimately, the findings from this comprehensive study hold the 
potential to inform the development of novel therapeutic strategies 
targeting the Sirt1/PGC1α axis for the prevention and treatment of 
osteoporosis associated with 1,25(OH)2D insufficiency, addressing a 
significant unmet medical need.

2. Materials and methods

2.1. Animal experiments

Three types of mutant mouse models were utilized in this study. 
Firstly, Sirt1Tg mice were employed. These are transgenic mice that 
express significantly elevated levels of Sirt1 under the control of the 2.4 
kb Prx1 promoter which directs overexpression of Sirt1 in mesenchymal 
stem cells (MSCs) [21].The generation and genotyping of these mice 
were conducted in our laboratory and have been previously described 
[21]. Secondly, Cyp27b1+/− mice were used. These mice were gener
ated through the breeding of heterozygous mice and were genotyped as 
previously reported [3]. Lastly, Sirt1TgCyp27b1+/− mice were produced 
by crossing Sirt1Tg and Cyp27b1+/− mice. All three strains of mice were 
maintained on a C57BL/6J background. The mice were housed in a 
pathogen-free facility, subjected to a 12-h light/dark cycle, and provided 
with ad libitum access to food and water. To investigate the effects of 
resveratrol supplementation, post-weaning wild-type (WT) and 
Cyp27b1+/− mice were allocated to either a normal diet or a diet sup
plemented with 0.2 % w/w resveratrol until they reached 8 months of 
age [22]. Eight-month-old male WT, Sirt1Tg, Cyp27b1+/− , and 
Sirt1TgCyp27b1+/− littermates were included in this study. The use of all 
mice was approved by the Institutional Animal Care and Use Committee 
of Nanjing Medical University (approval number: IACUC-1802007), and 
they were maintained in the SPF Laboratory Animal Center of Nanjing 
Medical University.

2.2. Radiography and micro-computed tomography

Radiographic images of tibiae and lumbar vertebrae were obtained 
using a Faxitron X-ray system (Faxitron X-Ray Corp., Wheeling, IL, USA) 
at 25 kV for 10 s with X-OMAT TL film (Eastman Kodak Co., Rochester, 
NY, USA). Micro-computed tomography (μCT) analysis was performed 
using a Skyscan 1172 scanner (Bruker, Kontich, Belgium). Femurs were 
scanned at 70 kVp and 114 μA with a 0.5 mm aluminum filter, 10.5 μm 
voxel size, 0.4-degree rotation step, frame averaging of 3, and 300 ms 
integration time over a 360-degree rotation. Image reconstruction was 
performed using NRecon software (version 1.7.3.1, Bruker) with 30 % 
beam hardening correction and ring artifact correction set to 6. 
Trabecular bone was analyzed in a region of interest (ROI) 1 mm below 
the growth plate, extending 2 mm distally in the distal femur. Seg
mentation used global thresholding with a visually determined, fixed 
threshold for all samples. Quantitative analyses were performed using 
CTAn software (version 1.18.8.0, Bruker), evaluating parameters 
including bone volume fraction (BV/TV), trabecular thickness (Tb.Th), 

Fig. 2. Role of MSCs overexpressing Sirt1 in correcting bone loss caused by 1,25(OH)2D insufficiency 
(A) X-ray images of the 1st-2nd lumbar vertebrae of 8-month-old WT, Sirt1Tg, Cyp27b1+/− , and Sirt1TgCyp27b1+/− mice, and (B) 3D reconstruction images of the 
2nd lumbar vertebrae using Micro-CT. Quantitative analysis of bone formation parameters including (C) BMD (mg/cm3), (D) BV/TV (%), (E) Tb.Th (μm), (F) Tb.N 
(mm− 1), and (G) Tb.SP (μm); (H) Representative micrographs of T-COL immunohistochemical staining of vertebral slices, (I) Quantitative analysis of T-COL positive 
area (%); (J) Representative micrographs of H&E staining; (K) Number of osteoblasts (N.Ob/B.Pm., #/mm); (L) Representative micrographs of calcein green 
fluorescent double labeling, (M) MAR (μm/day); (N) Representative micrographs of ALP histochemical staining, (O) Quantitative analysis of ALP positive area (%); 
(P) Representative micrographs of TRAP histochemical staining; (Q) Quantitative analysis of osteoclast surface/bone surface; (R) Bar graphs and statistical analysis of 
the mRNA expression ratio of RANKL to OPG; (S) ALP/methylene blue cytochemical co-staining image of BM-MSCs derived from 8-month-old WT, Sirt1Tg, 
Cyp27b1+/− , and Sirt1TgCyp27b1+/− mice, (T) Ratio of ALP positive cell area to methylene blue positive cell area; (U) T-Col cytochemical staining image; (V) Bar 
graphs and statistical analysis of the T-Col positive area; (W) Alizarin red cytochemical staining image; (×) Bar graphs and statistical analysis of the Alizarin red 
positive area; (Y) Bar graphs and statistical analysis of the relative mRNA expression levels of Alp, Osteris, and Ocn. Each bar graph represents the mean of 6 
replicates. **: p < 0.01; ***: p < 0.001, compared with WT mice. ##: p < 0.01; ###: p < 0.001, compared with Cyp27b1+/− mice. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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number (Tb.N), and separation (Tb.Sp) for trabecular bone. Density 
calibration used hydroxyapatite phantoms (0.25 and 0.75 g/cm³) 
scanned under identical conditions, and all analyses followed guidelines 
by Bouxsein et al. [23] for assessing rodent bone microstructure using 
μCT.

2.3. Histology and histochemistry

Vertebral samples were isolated and histologically processed as 
previously described [5]. Paraffin sections were stained for hematoxylin 
and eosin (H&E), and for total collagen, histochemically for ALP and 
TRAP as previously described [5,24].

2.4. Immunohistochemical staining

Immunohistochemical staining was conducted using the avidin- 
biotin-peroxidase complex technique, as previously described [5]. The 
sections of paraffin-embedded tissues were first dewaxed and rehy
drated. To block the endogenous peroxidase activity, the sections were 
then incubated with 6 % hydrogen peroxide, followed by a wash with 
PBS (pH 7.6). Subsequently, the slides were incubated overnight at 4 ◦C 
with primary antibodies against SOD2 (NB100-1992, Novus Biologicals, 
Colorado, USA), γ-H2A.X (Ser139) (#80312S, Cell Signaling Technol
ogy, Beverly, MA, USA), β-gal (ab616, Abcam), IL-1β (ab9722, Abcam), 
and TNF-α (sc-52746, Santa Cruz Biotechnology Inc., Dallas, USA). After 

Fig. 3. Overexpression of Sirt1 in MSCs Inhibits Oxidative Stress and DNA Damage Caused by 1,25(OH)2D Insufficiency 
(A) Bar graph showing the level of ROS in bone marrow cells of 8-month-old WT, Sirt1Tg, Cyp27b1+/− , and Sirt1TgCyp27b1+/− mice; (B) Bar graph showing the level 
of serum MDA; (C) Bar graph showing the level of serum T-SOD; (D) Representative micrographs of SOD2 immunohistochemical staining in vertebral slices; (E) 
Representative micrographs of γ-H2A.X immunohistochemical staining; (F) Bar graph showing the percentage of SOD2-positive cells; (G) Bar graph showing the 
percentage of γ-H2A.X-positive cells; (H) Representative Western blot images of SOD2 and γ-H2A.X protein in thoracic vertebrae; (I) Bar graph showing the relative 
expression levels of SOD2 and γ-H2A.X protein. Each bar shows the mean of 6 replicates. *: P < 0.05; **: P < 0.01; ***: P < 0.001, compared with WT mice. #: P <
0.05; ###: P < 0.001, compared with Cyp27b1+/− mice.
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a 15-min rinse with PBS, the tissues were incubated with secondary 
antibodies (biotinylated goat anti-rabbit IgG and goat anti-mouse IgG, 
Sigma). Following another wash, the sections were incubated with the 
Vectastain Elite ABC reagent (Vector Laboratories) for 30 min. Staining 
was achieved using 3,3-diaminobenzidine (2.5 mg/ml) and counter
staining was performed with Mayer’s hematoxylin.

2.5. Cell cultures

Bone marrow mesenchymal stem cells (BM-MSCs) were isolated 
from mouse femurs and tibias and cultured as previously described [25]. 
After obtaining detailed informed consent, primary human BM-MSCs 
were isolated from bone marrow aspirates during hip replacement sur
gery for hip osteoarthritis treatment according to procedures approved 

by the Human Subjects Institutional Review Board of Nanjing Medical 
University. BM-MSCs were cultured in α-modified Eagle’s MEM (Life 
Technologies) supplemented with 10 % FBS (Excell) and 1 % pen
icillin/streptomycin (Life Technologies) at a cell density of 10 × 106/ml. 
On day 3, nonadherent cells were removed using medium change and 
fresh medium was replaced twice per week. For osteogenic differentia
tion, cells were maintained in osteogenic medium (supplemented with 
100 nM dexamethasone, 10 mM β-glycerophosphate, and 50 μg/ml 
ascorbic acid) for 21 days. Staining for alkaline phosphatase (Alp)-
positive colonies (CFU-f) and Alizarin red (for mineralized nodule for
mation) was performed at 7 and 21 days of cultures, respectively. 
MitoTracker™ Staining for Mitochondria Labeling was performed as 
previously described [26]. SA-β-gal staining and EdU assay were per
formed as previously described [27]. ImageJ software was used to 

Fig. 4. Overexpression of Sirt1 in MSCs Inhibits Cellular Senescence and SASP Caused by 1,25(OH)2D Insufficiency 
(A) Representative micrographs of β-Gal immunohistochemical staining of vertebral slices from 8-month-old WT, Sirt1Tg, Cyp27b1+/− , and Sirt1TgCyp27b1+/− mice, 
(B) Representative micrographs of IL-1β immunohistochemical staining, (C) Representative micrographs of TNF-α immunohistochemical staining. (D) Percentage of 
β-Gal-positive cells. (E) Percentage of IL-1β-positive cells. (F) Percentage of TNF-α-positive cells. (G) Representative Western blot images of p16, p21, and p53 protein 
expression in thoracic vertebrae. (H) Relative expression levels of p16, p21, and p53 proteins. Each bar shows the mean of 6 replicates. *: P < 0.05; **: P < 0.01; ***: 
P < 0.001, compared with WT mice. ##: P < 0.01; ###: P < 0.001, compared with Cyp27b1+/− mice.
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determine areas of staining.

2.6. Real-time RT-PCR

Total RNA was extracted from the cultured BM-MSCs and vertebrae 
using Trizol reagent (Invitrogen) according to the manufacturer’s in
structions. Complementary DNA (cDNA) was synthesized using Syn
thesis SuperMix (Invitrogen). Real-time RT-PCR was carried out using 
an Agilent Real-time System. Gapdh was amplified at the same time to 
normalize gene expression. Each experiment was repeated three times to 
determine relative gene expression differences. The sequence-specific 
primers of human and mice are displayed in Table 1.

2.7. Western blotting

Western blotting was performed in this study to analyze protein 
expression levels of various target molecules. Whole cell lysates were 
prepared using RIPA buffer. The protein samples were then separated by 
SDS-PAGE and transferred onto PVDF membranes. Subsequently, the 
membranes were probed with specific primary antibodies against the 
following proteins: Sirt1 (Cell Signaling Technology), SOD2 (NB100- 
1992, Novus Biologicals), γ-H2A.X (#80312S, Cell Signaling Technol
ogy), p16 (Santa Cruz), p21 (Santa Cruz), p53 (Cell Signaling Technol
ogy), Runx2 (Santa Cruz), Osterix (Santa Cruz), osteocalcin (Santa 
Cruz), and β-actin (Cell Signaling Technology). Immunoblotting was 
performed using HRP-conjugated secondary antibodies. The immuno
reactive bands were detected using enhanced chemiluminescence (ECL) 
(Bio-Rad) and subsequently analyzed using ImageJ software.

2.8. Immunoprecipitation

Whole-cell lysates were prepared from human BM-MSCs. Immuno
precipitation experiments were conducted using the Pierce™ Crosslink 
Magnetic IP Kit (Thermo Scientific, Waltham, MA, USA). The immu
noprecipitation assay followed the manufacturer’s recommendations. 
Proteins extracted from 2 × 106 human BM-MSCs were mixed with 1 μg 
of antibody and prewashed Protein A/G. The mixture was then incu
bated overnight. The bound antigens were eluted from the beads by 
boiling the samples for 10 min. Eluted samples were obtained from SDS- 
PAGE. Immunoblotting was performed as previously described [7]. 
Primary antibodies against Sirt1, PGC1α, acetylated-lysine, and β-actin 
(Cell Signaling Technology, Danvers, MA, USA) were used. The immu
noreactive bands were visualized by ECL chemiluminescence 
(Amersham).

2.9. Chromatin immunoprecipitation

Human BM-MSCs were cultured to perform chromatin immunopre
cipitation (ChIP) analyses of VDR recruitment by using an anti-VDR 
antibody (Abcam) and SimpleChIP® Enzymatic Chromatin IP Kit (Cell 
Signaling Technology, Danvers, MA, USA). ChIP analyses were per
formed as recommended by the supplier to identify the VDR recruit
ment. The primers used to amplify the 193bp fragment of the human 

Sirt1 promoter sequence using Sirt1 sense 5′- TATGGAGTCA
CAGTGTGCCAG-3′ and antisense 5′-GCGTGAGCTATCTAGCCGT-3′ 
primers. The PCR products were electrophoresed on 2 % agarose gels, 
and visualized by ethidium bromide staining.

2.10. Construction of promoter-reporter plasmids and dual-luciferase 
transient expression assay

To construct the effector vector, the full coding sequence of VDR was 
amplified and inserted into the pCDNA3.1 vector. The promoters of the 
Sirt1 gene were cloned into the GV238-LUC reporter vector. Addition
ally, two types of plasmids were created: the pGL3-Sirt1, containing the 
-TAAGTTTA- sequence in the promoter region of the human Sirt1 gene 
linked to the promoterless firefly luciferase gene, and the pGL3-Sirt1- 
mut, in which - TAAGTTTA - was modified to -AAAAAAAA-. Human 
BM-MSCs cells were seeded at a density of 100,000 cells per well in 24- 
well Falcon plates, with α-MEM supplemented with 10 % FBS, 24 h 
before the transient transfection. Plasmids were individually transfected 
into the wells using Opti-MEM and liposome, as per the manufacturer’s 
protocol. Each well received pcDNA3.0-VDR and either pGL3-Sirt1 or 
pGL3-Sirt1-mut (with or without 10− 8 M 1,25(OH)2D3), along with 40 
ng of Renilla reniformis luciferase. The R. reniformis luciferase plasmid 
served as a control to monitor the transfection efficiency, providing 
constitutive, low-level expression. After 48 h of transfection, the cells 
were lysed in 1 × passive lysis buffer (Promega, Madison, WI), and the 
collected lysates were sequentially analyzed for Firefly and Renilla 
luciferase activity using the Dual-Luciferase Assay Kit (Promega Corp., 
Madison, WI). The experimental procedures were carried out in accor
dance with the instructions provided by the kit manufacturer. The 
Firefly/Renilla ratio was calculated for each experimental treatment 
group based on the mean of 6 biological replicates (wells).

2.11. RNA interference and plasmid transfection

Human small interfering RNAs (siRNAs) for PGC1α and the control 
siRNAs (si-NC) were designed and synthesized by Invitrogen (Grand 
Island, NY, USA). The PGC1α plasmid and its negative control vectors 
were purchased from GeneChem (Shanghai, China). Lipofectamine 3000 
(L3000015, Invitrogen) were used for transfection according to the 
manufacturer’s instructions.

2.12. Intracellular ROS analysis

To analyze the intracellular ROS levels, bone marrow cells of eight- 
month-old WT, Sirt1Tg, Cyp27b1+/− and Sirt1TgCyp27b1+/− mice were 
flushed out from femurs and labeled with 5 mM DCFDA (diacetyldi
chlorofluorescein) in the dark for 30 min in a water bath at 37 ◦C, then 
detected with the FACS caliber flow cytometer (Becton Dickinson, Hei
delberg, Germany).

2.13. Statistics

Data are presented as mean ± SEM from at least three independent 

Fig. 5. The role of Sirt1 activator resveratrol supplementation in correcting osteoporosis caused by 1,25(OH)2D insufficiency. 
(A) X-ray images of the first and second lumbar vertebrae and (B) Micro-CT 3D reconstruction images of the second lumbar vertebrae in 8-month-old WT mice fed a 
normal diet and Cyp27b1+/− mice fed a normal or resveratrol-containing diet. Quantitative analysis results of (C) bone mineral density (BMD, mg/cm3), (D) bone 
volume fraction (BV/TV, %), (E) trabecular thickness (Tb.Th, μm), and (F) trabecular separation (Tb.Sp, μm). Representative micrographs of T-COL staining on 
vertebral slices (G) and quantitative analysis of T-COL positive area (%) (H). Representative micrographs of H&E staining (I). Quantitative analysis of osteoblasts (N. 
Ob/B.Pm, #/mm) (J). Representative micrographs of ALP staining (K) and quantitative analysis of ALP positive area (%) (L). Representative micrographs of TRAP 
staining (M) and quantitative analysis of osteoclast surface/bone surface. (N). (O)Statistical analysis of relative expression levels of RANKL and OPG mRNA. Isolation 
and culture of BM-MSCs derived from the three groups of mice, showing (P) representative images of methylene blue staining and (Q) statistical analysis of CFU-f 
positive area. (R) Representative images of ALP cell staining and (S) statistical analysis of ALP positive area. (T) Statistical analysis of relative expression levels of Alp, 
Osteris, and Ocn mRNA. (U) Representative Western blot images of Sirt1, Runx2, Osterix, and OCN proteins and (V) statistical analysis of relative expression levels of 
Sirt1, Runx2, Osterix, and OCN proteins. Each bar shows the mean of 6 replicates. ***, P < 0.001 compared to WT mice. ##, P < 0.01; ###, P < 0.001 compared to 
Cyp27b1+/− mice. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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experiments. Differences between two groups were analyzed by two- 
tailed Student’s t-test, and multiple groups by one-way ANOVA with 
post-hoc tests using GraphPad Prism 8. P < 0.05 was considered sta
tistically significant.

3. Results

3.1. 1,25(OH)2D3 upregulates the transcriptional expression of Sirt1 in 
human BM-MSCs through the vitamin D receptor (VDR)

Sirt1 mRNA and protein expression levels were significantly 
decreased in the vertebrae of Cyp27b1+/− mice compared to WT mice 
(p < 0.001, Fig. 1A and B). 1,25(OH)2D3 upregulated the expression of 
the Sirt1 gene in a dose-dependent manner in human BM-MSCs, with the 
highest level of expression observed at the physiological concentration 
of 10− 8 M (p < 0.01–0.001, Fig. 1C). A VDRE-like sequence was iden
tified at position − 872 in the promoter sequence of the Sirt1 gene 
(Fig. 1D). ChIP experiments confirmed that VDR physically binds to the 
Sirt1 gene promoter region (Fig. 1E). Dual-luciferase reporter gene as
says showed a significant increase in luciferase activity in BM-MSCs co- 
transfected with pCDNA3.1-VDR and pGL3-Sirt1 plasmids (p < 0.001), 
which was further enhanced by 1,25(OH)2D3 treatment (p < 0.001). 
This effect was not observed with the pGL3-SIRT1-mut plasmid 
(Fig. 1G). These findings suggest that 1,25(OH)2D3 transcriptionally 
upregulates the expression of the SIRT1 gene in BM-MSCs through the 
VDR by binding to the VDRE-like sequence in the SIRT1 gene promoter 
region.

3.2. Role of MSCs overexpressing Sirt1 in correcting bone loss caused by 
1,25(OH)2D insufficiency

We next investigated whether the overexpression of the Sirt1 gene in 
mesenchymal stem cells (MSCs) can rectify bone loss caused by 1,25 
(OH)2D insufficiency. For this purpose, we established a mouse model 
with MSCs that overexpressed Sirt1 in the Cyp27b1+/− background 
(Sirt1TgCyp27b1+/− ). We conducted a comparison of phenotypic dif
ferences in the proximal tibiae and lumbar vertebrae of 8-month-old 
male mice. The results showed that Sirt1Tg mice exhibited increased 
bone mineral density, bone volume, trabecular number, and trabecular 
thickness in both proximal tibiae and lumbar vertebrae compared to WT 
mice (p < 0.001 for all parameters), while trabecular separation was 
reduced (p < 0.001, Fig. 2A–G; p < 0.01–0.001, Supplementary 
Figs. 1A–F). Cyp27b1+/− mice showed opposite effects (p < 0.001 for all 
parameters). Sirt1TgCyp27b1+/− mice demonstrated significant im
provements in these parameters compared to Cyp27b1+/− mice (p <
0.001 for all parameters). Given that trabecular bone is less in the 
proximal metaphysis of the tibia of 8-month-old mice and more in the 
lumbar vertebrae of 8-month-old mice, the following analysis used the 
lumbar vertebrae. Sirt1Tg mice showed increased total collagen staining 
positive area, osteoblast numbers, mineral apposition rate (MAR), and 
ALP-positive area ratio (p < 0.001 for all parameters), while Cyp27b1+/ 

− mice exhibited decreases in these indicators (p < 0.001). 
Sirt1TgCyp27b1+/− mice showed significant improvements compared to 
Cyp27b1+/− mice (p < 0.001,Fig. 2H–O). TRAP-positive osteoclast 
numbers and RANKL/OPG mRNA ratio decreased in Sirt1Tg mice (p <
0.001) but increased in Cyp27b1+/− mice (p < 0.001). 

Sirt1TgCyp27b1+/− mice showed significant reductions in these in
dicators compared to Cyp27b1+/− mice (p < 0.001, Fig. 2P–R). Corre
lation analysis showed a positive correlation between changes in 
osteoclast count and changes in RANKL/OPG mRNA ratio. BM-MSCs 
from Sirt1Tg mice showed increased ALP and methylene blue-positive 
area, total collagen and alizarin red-positive cell area, and mRNA 
expression of osteogenic markers (p < 0.001 for all parameters). These 
parameters were decreased in Cyp27b1+/− mice but significantly 
improved in Sirt1TgCyp27b1+/− mice (p < 0.001, Fig. 2S–Y). These 
findings suggest that the overexpression of Sirt1 in MSCs plays a crucial 
role in correcting the reduced osteoblastic bone formation caused by 
1,25(OH)2D insufficiency by enhancing the proliferation and differen
tiation potential of BM-MSCs.

3.3. Overexpression of Sirt1 in MSCs Inhibits Oxidative Stress and DNA 
Damage Caused by 1,25(OH)2D insufficiency

Sirt1Tg mice showed reduced levels of ROS in bone marrow cells, 
serum MDA, γ-H2A.X-positive osteocytes, and DNA damage-related 
proteins (p < 0.01–0.001 for all parameters). These parameters were 
increased in Cyp27b1+/− mice (p < 0.001) but significantly improved in 
Sirt1TgCyp27b1+/− mice (p < 0.001). Conversely, SOD2-related pa
rameters were increased in Sirt1Tg mice (p < 0.001), decreased in 
Cyp27b1+/− mice (p < 0.001), and improved in Sirt1TgCyp27b1+/−

mice (p < 0.001, Fig. 3A–I). These findings suggest that the over
expression of Sirt1 in MSCs can effectively suppress oxidative stress and 
DNA damage, potentially contributing to melioration of the osteoporosis 
induced by 1,25(OH)2D insufficiency.

3.4. Overexpression of Sirt1 in MSCs Inhibits Cellular Senescence and 
SASP caused by 1,25(OH)2D insufficiency

Sirt1Tg mice exhibited decreased β-gal, IL-1β, and TNF-α positive 
osteocytes, as well as reduced expression of p16, p21, and p53 proteins 
(p < 0.05–0.001 for all parameters). These parameters were increased in 
Cyp27b1+/− mice (p < 0.001) but significantly improved in 
Sirt1TgCyp27b1+/− mice (p < 0.001, Fig. 4A–H). These findings suggest 
that MSCs overexpressing Sirt1 can effectively correct osteoporosis 
induced by 1,25(OH)2D insufficiency by inhibiting cellular senescence 
and the SASP.

3.5. The role of Sirt1 agonist resveratrol supplementation in correcting 
osteoporosis caused by 1,25(OH)2D insufficiency

Cyp27b1+/− + Res mice showed significant improvements in bone 
density, bone volume, trabecular parameters, and total collagen staining 
area compared to Cyp27b1+/− mice (p < 0.001 for all parameters, 
Fig. 5A–H). Cyp27b1+/− + Res mice exhibited increased osteoblast 
numbers, ALP-positive area, and expression of osteoblast-related genes 
and proteins (p < 0.001 for all parameters). They also showed decreased 
TRAP-positive osteoclast numbers and RANKL/OPG mRNA ratio (p <
0.001, Fig. 5I–O). Correlation analysis showed a positive correlation 
between changes in osteoclast count and changes in RANKL/OPG mRNA 
ratio. BM-MSCs from Cyp27b1+/− + Res mice demonstrated increased 
CFU-f area, ALP-positive CFU-f area, and expression of osteogenic 
markers compared to Cyp27b1+/− mice (p < 0.001 for all parameters, 

Fig. 6. Activation of the Sirt1/PGC1α pathway mediated by resveratrol promotes osteogenesis of BM-MSCs 
(A) Representative image of PGC1α immunoprecipitation; (B) Efficiency of si-PGC1α plasmid transfection-mediated knockdown of PGC1α expression detected by 
Western blotting in human BM-MSCs; (C) Representative micrograph of mitochondria labeled with MitoTracker™ dye; (D) Statistical analysis of relative fluorescence 
intensity of mitochondria; (E) Representative micrograph of EdU-immunofluorescence staining in cells; (F) Percentage of EdU-positive cells; (G) Representative 
micrograph of double staining with methylene blue/ALP; (H) Percentage of ALP-positive cells; (I) Representative micrograph of SA-β-gal staining in cells; (J) 
Percentage of SA-β-gal-positive cells; (K) Statistical analysis of relative mRNA expression levels of Runx2 and Osterix; (L) Statistical analysis of relative mRNA 
expression levels of p16, p21, and p53; (M) Statistical analysis of ROS levels in hBM-MSCs; (N) Statistical analysis of relative mRNA expression levels of Sod-2. Each 
bar shows the mean of 6 replicates. **: P < 0.01, ***: P < 0.001, compared to NC; #: P < 0.05; ##: P < 0.01, ###: P < 0.001, compared to si-PGC1α. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 5P–V). These findings indicate that resveratrol, acting as a Sirt1 
agonist, can promote the proliferation and osteogenic differentiation of 
BM-MSCs in mice with 1,25(OH)2D insufficiency and correct osteo
genesis disorders caused by this insufficiency.

3.6. Resveratrol-mediated activation of the Sirt1/PGC1α pathway 
promotes osteogenesis of BM-MSCs

Resveratrol treatment enhanced the interaction between Sirt1 and 
PGC1α, increased their expression levels, reduced acetyl-PGC1α level, 
and promoted their nuclear localization in human BM-MSCs (Fig. 6A, 
Supplementary Fig. 2). Western blot analysis confirmed the successful 
knockdown of PGC1α in human BM-MSCs (p < 0.001, Fig. 6B). In 1,25 
(OH)₂D₃-treated or resveratrol-treated cells, we observed increased 
mitochondrial fluorescence intensity, EdU-positive cells, ALP-positive 
cells, and expression of osteogenic genes (Runx2 and Osterix) (p <
0.001 for all parameters,Fig. 6C–H & K). Simultaneously, these treat
ments decreased SA-β-gal-positive cells, expression of aging-related 
genes (p16, p21, and p53) (p < 0.01–0.001, Fig. 6I, J & L), and ROS 
levels (p < 0.001,Fig. 6M), while increasing SOD2 expression (p <
0.001,Fig. 6N). PGC1α knockdown reversed these effects, leading to 
decreased mitochondrial biogenesis, suppressed osteogenesis, height
ened oxidative stress, and increased cellular senescence (p < 0.001 for 
all parameters). However, treatment with 1,25(OH)₂D₃ or resveratrol 
partially restored these effects in PGC1α-knockdown cells (p < 0.001, 
Fig. 6C–N). These findings suggest that the Sirt1/PGC1α pathway plays a 
crucial role in mediating the effects of 1,25(OH)₂D₃ and resveratrol on 
BM-MSC proliferation, osteogenic differentiation, and senescence.

4. Discussion

This study elucidates the critical role of the vitamin D-Sirt1/PGC1α 
axis in regulating bone metabolism and counteracting osteoporosis 
induced by active vitamin D insufficiency. Our findings demonstrate 
that 1,25(OH)2D insufficiency leads to downregulation of Sirt1 expres
sion, resulting in accelerated bone loss. Importantly, we show that 
overexpression of Sirt1 in mesenchymal stem cells can correct this bone 
loss through multiple mechanisms, including inhibition of oxidative 
stress, DNA damage, osteocyte senescence, and senescence-associated 
secretory phenotype, while promoting osteoblastic bone formation and 
reducing osteoclastic bone resorption.

A key finding of our study is the transcriptional upregulation of Sirt1 
expression by 1,25(OH)2D3 in bone marrow-derived mesenchymal stem 
cells (BM-MSCs) through vitamin D receptor (VDR) binding to the Sirt1 
gene promoter. This establishes a direct link between vitamin D 
signaling and Sirt1 expression in the context of bone metabolism. Pre
vious studies have suggested a relationship between vitamin D and Sirt1 
in other tissues [28,29], but our work provides the first clear evidence of 
this regulatory mechanism in BM-MSCs and its relevance to bone 
homeostasis.

The protective effects of Sirt1 overexpression against 1,25(OH)2D 
insufficiency-induced osteoporosis highlight the potential of Sirt1 as a 
therapeutic target. Our findings are consistent with previous studies 
demonstrating the bone-protective effects of Sirt1 in other contexts [30,
31]. However, our work extends these findings by specifically address
ing the role of Sirt1 in the context of vitamin D insufficiency, a common 
clinical scenario associated with osteoporosis.

Importantly, we demonstrate that resveratrol, a Sirt1 agonist, can 
attenuate osteoporosis induced by 1,25(OH)2D insufficiency by modu
lating the Sirt1/PGC1α axis. This finding has significant translational 
potential, as resveratrol is a naturally occurring compound with a 
favorable safety profile [32]. Our results suggest that resveratrol sup
plementation could be a promising therapeutic strategy for preventing 
and treating osteoporosis in individuals with vitamin D insufficiency. 
Future clinical trials are warranted to evaluate the efficacy and optimal 
dosing of resveratrol in this context.

The elucidation of the interaction between Sirt1 and PGC1α in 
mediating the effects on osteogenesis, oxidative stress, and cellular 
senescence in BM-MSCs provides valuable insights into the molecular 
mechanisms underlying the bone-protective effects of Sirt1. Our finding 
that Sirt1 deacetylates PGC1α, leading to its activation, is consistent 
with previous studies in other tissues [20,33]. However, our work is the 
first to demonstrate the importance of this interaction in the context of 
bone metabolism and osteoporosis induced by vitamin D insufficiency.

The translational potential of our findings extends beyond the use of 
resveratrol. The identification of the vitamin D-Sirt1/PGC1α axis as a 
key regulator of bone metabolism opens up new avenues for therapeutic 
interventions. For instance, the development of more specific and potent 
Sirt1 activators could provide enhanced benefits compared to resvera
trol. Several such compounds are currently in preclinical development 
[34], and our findings provide a strong rationale for evaluating their 
efficacy in osteoporosis models.

Moreover, our results suggest that combination therapies targeting 
both vitamin D supplementation and Sirt1 activation could have syn
ergistic effects in preventing and treating osteoporosis. This approach 
could be particularly beneficial for individuals with vitamin D insuffi
ciency who may not respond adequately to vitamin D supplementation 
alone. Future clinical studies should explore the potential of such com
bination therapies.

The role of PGC1α in mediating the effects of Sirt1 on bone meta
bolism also presents opportunities for therapeutic targeting. PGC1α is 
known to regulate mitochondrial biogenesis and energy metabolism 
[35], and our findings suggest that these functions may be important in 
maintaining bone health. Developing interventions that specifically 
enhance PGC1α activity in bone tissue could provide another avenue for 
osteoporosis treatment.

Our study also has implications for personalized medicine ap
proaches to osteoporosis management. The variability in individual re
sponses to vitamin D supplementation is well-documented [2], and our 
findings suggest that differences in Sirt1 expression or activity could 
contribute to this variability. Future studies should investigate whether 
Sirt1 genetic variants or expression levels could serve as biomarkers to 
predict response to vitamin D supplementation or guide treatment 
decisions.

The identification of the vitamin D-Sirt1/PGC1α axis as a regulator of 
cellular senescence and the senescence-associated secretory phenotype 
(SASP) in bone tissue is another important finding with translational 
potential. Cellular senescence has emerged as a key contributor to age- 
related diseases, including osteoporosis [36]. Our results suggest that 
targeting this axis could have senolytic effects, potentially addressing 
multiple aspects of age-related bone loss.

In conclusion, our study provides compelling evidence for the critical 
role of the vitamin D-Sirt1/PGC1α axis in regulating bone metabolism 
and counteracting osteoporosis induced by active vitamin D insuffi
ciency. The elucidation of this regulatory mechanism opens up new 
avenues for therapeutic interventions, including the use of Sirt1 agonists 
like resveratrol, the development of more specific Sirt1 or PGC1α acti
vators, and combination therapies with vitamin D supplementation. 
Future clinical studies should build on these findings to develop and 
evaluate novel treatment strategies for osteoporosis, particularly in the 
context of vitamin D insufficiency. Additionally, further investigation of 
the role of this axis in cellular senescence and the SASP could lead to 
interventions that address multiple aspects of age-related bone loss. 
Ultimately, this research contributes to our understanding of the com
plex interplay between vitamin D signaling, cellular metabolism, and 
bone homeostasis, paving the way for more effective and personalized 
approaches to osteoporosis prevention and treatment.
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