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A B S T R A C T

Background: It has been demonstrated that vitamin D deficiency is associated with an increased risk of patients
developing lumbar disc herniation. However, intervertebral disc degeneration caused by active vitamin D defi-
ciency has not been reported. Thus, the purpose of this study was to e investigate the role and mechanism of 1,25-
dihydroxyvitamin D (1,25(OH)2D) insufficiency in promoting intervertebral disc degeneration.
Methods: The phenotypes of intervertebral discs were compared in wild-type mice and mice with heterozygous
deletion of 1α-hydroxylase [1α(OH)aseþ/�] at 8 mouths of age using iconography, histology and molecular
biology. A mouse model that overexpressed Sirt1 in mesenchymal stem cells on a 1α(OH)aseþ/� background
(Sirt1Tg/1α(OH)aseþ/�) was generated by crossing Prx1-Sirt1 transgenic mice with 1α(OH)aseþ/� mice and
comparing their intervertebral disc phenotypes with those of Sirt1Tg, 1α(OH)aseþ/� and wild-type littermates at 8
months of age. A vitamin D receptor (VDR)-deficient cellular model was generated by knock-down of endogenous
VDR using Ad-siVDR transfection into nucleus pulposus cells; VDR-deficient nucleus pulposus cells were then
treated with or without resveratrol. The interactions between Sirt1 and acetylated p65, and p65 nuclear locali-
zation, were examined using co-immunoprecipitation, Western blots and immunofluorescence staining. VDR-
deficient nucleus pulposus cells were also treated with 1,25(OH)2D3, or resveratrol or 1,25(OH)2D3 plus Ex527
(an inhibitor of Sirt1). Effects on Sirt1 expression, cell proliferation, cell senescence, extracellular matrix protein
synthesis and degradation, nuclear factor-κB (NF-κB), and expression of inflammatory molecules, were examined,
using immunofluorescence staining, Western blots and real-time RT-PCR.
Results: 1,25(OH)2D insufficiency accelerated intervertebral disc degeneration by reducing extracellular matrix
protein synthesis and enhancing extracellular matrix protein degradation with reduced Sirt1 expression in nucleus
pulposus tissues. Overexpression of Sirt1 in MSCs protected against 1,25(OH)2D deficiency-induced intervertebral
disc degeneration by decreasing acetylation and phosphorylation of p65 and inhibiting the NF-κB inflammatory
pathway. VDR or resveratrol activated Sirt1 to deacetylate p65 and inhibit its nuclear translocation into nucleus
pulposus cells. Knockdown of VDR decreased VDR expression and significantly reduced the proliferation and
extracellular matrix protein synthesis of nucleus pulposus cells, significantly increased the senescence of nucleus
pulposus cells and significantly downregulated Sirt1 expression, and upregulated matrix metallopeptidase 13
(MMP13), tumor necrosis factor-α (TNF-α) and interleukin 1β (IL-1β) expression; the ratios of acetylated and
phosphorylated p65/p65 in nucleus pulposus cells were also increased. Treatment of nucleus pulposus cells with
VDR reduction using 1,25(OH)2D3 or resveratrol partially rescued the degeneration phenotypes, by up-regulating
Sirt1 expression and inhibiting NF-κB inflammatory pathway; these effects in nucleus pulposus cells were blocked
by inhibition of Sirt1.
Conclusion: Results from this study indicate that the 1,25(OH)2D/VDR pathway can prevent the degeneration of
nucleus pulposus cells by inhibiting the NF-κB inflammatory pathway mediated by Sirt1.
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The Translational Potential of This Article: This study provides new insights into the use of 1,25(OH)2D3 to prevent
and treat intervertebral disc degeneration caused by vitamin D deficiency.
1. Introduction

Intervertebral disc degeneration (IVDD) can be affected by a variety
of risk factors, which interact with each other and lead to the reduction of
the number of intervertebral disc cells, phenotypic transformation,
metabolic disorder, decrease of extracellular matrix and imbalance of the
microenvironment through different mechanisms [1]. Thereafter, the
structural integrity of the intervertebral disc is lost and intervertebral disc
degeneration is further accelerated. However, a research gap remains in
understanding the pathogenesis and etiology of IVDD.

It has been reported that vitamin D is closely associated with rickets
[2], osteoarthritis [3], osteoporosis [4] and lumbar disc herniation [5,6].
The vitamin D receptor (VDR) is widely expressed in intervertebral disc
cells, and in various studies, genetic polymorphisms, such as TaqI
(rs731236), FokI (rs2228570), and ApaI (rs7975232), have been impli-
cated in the pathogenesis of IVDD [7,8]. The association between vitamin
D and degenerative disc disease is strong, as it has been demonstrated in
large groups with diverse ethnic backgrounds, including Australian,
British, Chinese, Japanese and Finnish populations [9]. Previous studies
have shown that vitamin D regulates proliferation of nucleus pulposus
(NP) and annulus fibrosus cells, the expression of extracellular matrix
genes, synthesis of structural proteins, cytokines, and growth factors [10,
11]. To date, however, no studies have been reported on intervertebral
disc degeneration caused by vitamin D deficiency. We previously estab-
lished a 1,25-dihydroxyvitamin D (1,25(OH)2D)-deficient mousemodel by
knocking out the Cyp27b1 (1α(OH)ase) [1α(OH)aseþ/�] gene [12] as well
as other genetically modified models. Phenotypic analysis of these models
demonstrated the role and mechanism of 1,25(OH)2D in delaying aging
and associated diseases [13–22]. However, it is unknown whether 1,
25(OH)2D deficiency can induce intervertebral disc degeneration in vivo.

Sirt1 is a nicotinamide adenine dinucleotide (NADþ)-dependent
deacetylase and is considered as a longevity gene [23]. Recent study
indicate that Sirt1 is a protective mediator in IVDD and the expression of
Sirt1 decreases in degenerative disc [24]. The Sirt1 activator resveratrol
protects against intervertebral disc injury by regulating cellular senes-
cence and promoting regeneration, whereas Sirt1 deficiency worsens
intervertebral disc degeneration after needle puncture [25]. To investi-
gate the role in osteogenesis of Sirt1 inMSCs, we constructed a transgenic
mouse model by overexpressing Sirt1 in MSCs using Prx1 as a promoter
(Sirt1Tg) [26,27]. The transcription factor Prx1, a marker of MSCs, is
widely used for mesenchymal lineage-specific knockdown or over-
expression of target genes, and MSCs can differentiate into NP-like cells
[28]. Results from our studies showed that overexpression of Sirt1 in
MSCs protected against bone loss induced by Bmi1 or 1,25(OH)2D defi-
ciency in long bone or mandibles [26,27,29]. However, it is unclear
whether overexpression of Sirt1 in MSCs protects against IVDD induced
by 1,25(OH)2D deficiency.

In this study, we compared the phenotypes of intervertebral discs
between wild-type and 1α(OH)aseþ/� mice at 8 mouths of age to deter-
mine whether 1,25(OH)2D insufficiency plays a role in promoting
intervertebral disc degeneration in vivo. Then we used Prx1-driven Sirt1
transgenic mice (Sirt1Tg) and generated a mouse model that overex-
pressed Sirt1 in MSCs on a 1α(OH)aseþ/� background (Sirt1Tg1α(OH)
aseþ/�) and compared their intervertebral disc phenotypes with those of
Sirt1Tg, 1α(OH)aseþ/� and wild-type littermates at 8 months of age.
Furthermore, we generated a NP cell model with reduced VDR expression
and then treated this model with 1,25(OH)2D3, or resveratrol or
1,25(OH)2D3 plus Ex527 (an inhibitor of Sirt1), and examined their ef-
fects. The results of this study provide novel insight into potential
treatments to prevent IVDD caused by 1,25(OH)2D/VDR deficiency.
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2. Materials and methods

2.1. Experimental animals

In this study we used three types of mouse models: (1) Sirt1Tg mice,
which were originally generated in our laboratory, and overexpress Sirt1
in mesenchymal lineage cells, driven by the 2.4 kb Prx1 promoter. (2)
1α(OH)aseþ/� mice on a BALB/c background which were backcrossed
with wild-type mice on a C57BL/6J background for 12 generations to
obtain 1α(OH)aseþ/� mice with C57BL/6J background. (3) Sirt1Tg/
1α(OH) aseþ/�mice, which were generated bymating the 1α(OH) aseþ/�

mice and Sirt1Tg mice on a C57BL/6J background to produce offspring
heterozygous at both loci, which were then mated to generate double
heterozygous mice. Eight-month-old male wild-type (WT), Sirt1Tg,
1α(OH)aseþ/�, and Sirt1Tg/1α(OH)aseþ/� littermates were used. All
animal experiments were approved by the Institutional Animal Care and
Use Committee of Nanjing Medical University.
2.2. Micro-computed tomography (micro-CT)

The vertebral columns of each mouse from L1 to L4 were isolated
from the spine and soft-tissue was removed to reduce muscles and liga-
ment interference. A micro-CT scanner (Skyscan, 1176) was used to
evaluate the spine samples. The scans were performed using the
following scanner settings: voltage 45 kV, current 500 μA and a 780 ms
integration time. The resolution of the computed image is 2672 � 4000
and the slice thickness is 9 μm. The cross-sectional images were recon-
structed to three-dimensional diagrams and analyzed using a CT-
Analyzer (SkyScan-10) analysis program. The invisible area between
the distal endplate of L1 and the proximal endplate of L2 was defined as
the region of interest (ROI) of intervertebral disc analysis. The height of
intervertebral disc was the mean at the ventral, midline and dorsal areas
along the midsagittal plane. The intervertebral disc volume was quanti-
tatively analyzed by three-dimensional reconstruction using 5 consecu-
tive ROI coronal plane images.
2.3. Immunohistochemistry and histopathologic analyses

The disc specimens were fixed with formaldehyde, embedded in
paraffin, and then cut serially into 5-μm sections. The sections were
deparaffinized, rehydrated, and subjected to stain with HE and Safranin-
O and immunohistochemically. The images were then captured by a
microscope and evaluated by histology researchers in a blinded manner.
For immunohistochemistry, 0.01M sodium citrate was used for antigen
retrieval and sections were then incubated with methanol: hydrogen
peroxide (1:10) to block endogenous peroxidase activity and then
washed in Tris-buffered saline, blocked with 5% normal goat serum. The
slides were then incubated at 4 �C overnight with the primary antibodies
against aggrecan (1:100 dilution; Wanleibio, China), type 2 collagen
(COL2,1:100 dilution; Wanleibio, China), MMP13(1:100 dilution; Pro-
teintech, USA), TNF-α (1:100 dilution; Proteintech, USA), IL-1β (1:100
dilution; Wanleibio, China), p65 (1:100 dilution; Abmart, China), and
Sirt1(1:100 dilution; Proteintech, USA). Then, the sections were incu-
bated with secondary antibodies. Sections were then washed and incu-
bated with the Vectastain Elite ABC reagent (Vector Laboratories) for 30
min. Staining was done using 3,3-diaminobenzidine (2.5 mg/mL) fol-
lowed by counterstaining with Mayer's hematoxylin. The images were
quantified using IMAGE J software to determine the percentages of
positive cells in the samples.
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2.4. Western blotting

Intervertebral disc tissue or NP cells were lysed by using RIPA lysis
buffer (Beyotime, China) with 1% PI on ice. The protein concentration
was determined by using a bicinchoninic acid (BCA) assay (Beyotime,
China). 30 μg proteins of each sample were electrophoresed by per-
forming sodium dodecylsulphate polyacrylamide gel electrophoresis
(SDS-PAGE) on 10% gels. The separated proteins were transferred onto a
PVDF membrane and blocked with 5% bovine serum albumin (BSA,
gibco, USA). Then the membranes were incubated overnight at 4 �C with
primary antibodies against aggrecan (1:1000 dilution; Wanleibio,
China), COL2 (1:1000 dilution; Wanleibio, China), MMP13 (1:1000
dilution; Proteintech, USA), TNF-α (1:1000 dilution; Proteintech, USA),
IL-1β (1:1000 dilution; Wanleibio, China), p65 (1:1000 dilution; Abmart,
China), p-p65 (Ser536) (1:1000 dilution; Abcam, UK), acetyl-p65
(Lys310) (1:1000 dilution; Abcam, UK), Sirt1 (1:1000 dilution; Pro-
teintech, USA), Prx-1(1:1000 dilution; Proteintech, USA) and β-actin
(1:10000 dilution; Proteintech, USA). Finally, the membranes were
washed and incubated with HRP-conjugated secondary antibody (1:5000
dilution; Beyotime, China) at room temperature for 2 h. Immunoreactive
bands were visualized with ECL chemiluminescence (ChemiDoc XRSþ,
Bio-Rad, USA) and analyzed by Image lab.
2.5. Real-time reverse transcription polymerase chain reaction (RT-PCR)

Total RNA was extracted from IVD or NP cells by using RNAiso Plus
(Beyotime, China) according to the manufacturer's instructions. The
cDNA was synthesized using Synthesis SuperMix (Vazyme, China). Then
the cDNA samples were amplified by performing real-time RT-PCR in
Agilent Real-time System by using SYBR® Green Real-Time PCR Master
Mix (Vazyme, China). The PCR reaction protocol was as follows: 95 �C for
30s, followed by 40 cycles at 95 �C for 5s, 60 �C for 30s then annealing
and extension at 95 �C for 15s, 60 �C for 60s and 95 �C for 15s. All relative
mRNA expression levels were calculated by normalized endogenous
GAPDH, according to the 2-ΔΔCt method. The primer sequences used for
the real-time PCR are displayed in Table 1.
2.6. Isolation and culture of mouse nucleus pulposus cells

NP cells were isolated from lumbar discs of 5 mice on a C57BL/6J
background as described previously [30]. Briefly, the spinal columns of
mice (8 weeks old) were removed whole under aseptic conditions and
Table 1
Primers used in this study for real time RT-PCR.

Gene Primer Sequence Species

GAPDH Forward: 50- GCACCGTCAAGGCTGAGAAC-30

Reverse:50- TGGTGAAGACGCCAGTGGA-30
mouse

MMP3 Forward: 50- GTCCCTCTATGGAACTCCCAC-30

Reverse:50- AGTCCTGAGAGATTTGCGCC-30
mouse

MMP13 Forward: 50- TGTTTGCAGAGCACTACTTGAA-30

Reverse:50- CAGTCACCTCTAAGCCAAAGAAA-30
mouse

Col-2 Forward: 50- GGGAATGTCCTCTGCGATGAC-30

Reverse:50- GAAGGGGATCTCGGGGTTG-30
mouse

Aggrecan Forward: 50- CTACCAGTGGATCGGCCTGAA-30

Reverse:50- CGTGCCAGATCATCACCACA-30
mouse

Sirt1 Forward: 50- GCTGACGACTTCGACGACG-30

Reverse:50- TCGGTCAACAGGAGGTTGTCT-30
mouse

Prx-1 Forward: 50- AATGCAAAAATTGGGTATCCTGC-30

Reverse:50- CGTGGGACACACAAAAGTAAAGT-30
mouse

TNF-α Forward: 50- TCTACTGAACTTCGGGGTGATCG-30

Reverse:50- AGATGATCTGAGTGTGAGGGTCTGG-30
mouse

IL-1β Forward: 50- GCTGAAAGCTCTCCACCTCAATG-30

Reverse:50- TGTCGTTGCTTGGTTCTCCTTG-30
mouse

p65 Forward: 50- AGGCTTCTGGGCCTTATGTG-30

Reverse:50- TGCTTCTCTCGCCAGGAATAC-30
mouse

VDR Forward: 50- ACCCTGGTGACTTTGACCG-30

Reverse:50- GGCAATCTCCATTGAAGGGG-30
mouse
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lumbar intervertebral discs were collected. The gel-like NP was isolated
from the anulus fibrosus under a microscope and treated with 0.1% type
II collagenase (Beyotime, China) and 2 U/mL hyaluronidase (Beyotime,
China) for 2 h at 37 �C to digest the tissue completely. After centrifu-
gation at 1500 rpm for 5 min, the precipitates were resuspended and
placed in high glucose DMEM/F-12 (Beyotime, China) medium con-
taining 10% FBS and 1% penicillin/streptomycin antibiotics in an incu-
bator maintained with 5% CO2 at 37 �C. The complete medium was
replaced every other day. When confluent, the NP cells were harvested
using trypsin–EDTA (1 mM, gibco, USA) solution and subcultured into
suitable petri dish for later use.
2.7. Ad-siVDR transfection

The adenovirus (RNA interference) containing siRNA against VDR
(Ad-siVDR) was synthesized and a GV161 plasmid was generated using
the AdMax system (Genechem Co., Ltd, China) according to the manu-
facturer's protocols. A scrambled sequence (200 μL; Genechem Co., Ltd,
China) was used as the negative control (NC). NP cells were seeded and
incubated at 37�Cfor 24 h in a medium dish. When NP cells reached 50%
confluency, they were incubated with Ad-siVDR or Ad-NC at a multi-
plicity of infection (MOI) of 1000 at 37 �C with 5% CO2. At 12 h post-
inoculation, the medium containing adenovirus was removed and
replaced with complete medium. 48 h later, the cells were observed using
phase contrast fluorescence microscope (Leica DM4000BLED, Germany).
The transfection efficiency of Ad-siVDR was assessed by Real-time PCR
(RT-PCR) to evaluate the gene expression level and Western blotting to
examine the protein expression level.
2.8. Cell treatment

Six groups of NP cells were designated: 1) Control: NP cells incubated
in complete medium; 2) NC: Scrambled negative control adenovirus
transfected NP cells incubated in complete medium; 3) Ad-siVDR: The
adenovirus (RNA interference) containing siRNA against VDR trans-
fected NP cells incubated in complete medium; 4) Ad-siVDR þ VD: Cells
were transfected with Ad-siVDR for 12 h before the addition of 10�8 M
1,25(OH)2D3; 5) Ad-siVDR þ VD þ Ex527: Cells were transfected with
Ad-siVDR for 12 h before the addition of 10�8 M 1,25(OH)2D3 and 10 μM
Sirt1 inhibitor Ex527; 6) Ad-siVDR þ RES: Cells were transfected with
Ad-siVDR for 12 h before the addition of 100 μM resveratrol.
2.9. Immunofluorescence (IF) staining

The treated NP cells were fixed with 4% paraformaldehyde for 30 min
and permeabilized with 0.5% Triton-X for 20min. Then, the cells were
blocked with 5% bovine serum albumin (BSA) for the preparation of IF
staining. Following, the cells were incubated with primary antibody
against Sirt1 (1:100 dilution; Proteintech, USA), p16 (1:1000 dilution;
Abcam, UK), aggrecan (1:100 dilution; Wanleibio, China), COL2 (1:100
dilution; Wanleibio, China), MMP13 (1:100 dilution; Proteintech, USA),
tumor necrosis factor-α (TNF-α) (1:100 dilution; Proteintech, USA),
interleukin 1β (IL-1β) (1:100 dilution; Wanleibio, China), p65 (1:100
dilution; Abmart, China) overnight at 4 �C. The next day after washing,
NP cells were incubated with Alexa Fluor488 secondary antibody (Invi-
trogen, Carlsbad, CA, USA) at room temperature for 1 h, followed by
staining nucleus with 40,6-diamidino-2- phenylindole (DAPI) for 5min.
Each step was followed by washing with PBS. The staining intensity of
the fluorescence was represented the expression of proteins. For 5-
ethynyl-20 -deoxyuridine (EdU) assay to evaluate cell proliferation,
cultured NP cells were incubated with EdU for 2 h, after which EdU
staining was performed using Apollo567 Stain Kit (RiboBio) according to
the manufacturer's instructions. Immunofluorescence double staining for
p16 and p65 were also performed in the paraffin sections of interverte-
bral disc tissue.
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2.10. SA-β-gal cytochemical and p16 immunocytochemical double staining

For senescence-associated β-galactosidase (SA-β-Gal) stain, cells were
fixed with 2% formaldehyde combined with 0.25 glutaraldehyde for 5
min, followed by the introduction of 1 mL SA-β-Gal dye (Beyotime,
China) for 2 h at 37 �C, blue precipitation was observed, subsequently,
immunocytechemical staining for p16 was performed.
2.11. Co-immunoprecipitation assay

The interaction between Sirt1 and NFκB was detected by protein A/G
magnetic beads immunoprecipitation assay (Thermo Fisher Scientific
Inc, USA), according to the manufacturer's instructions. Firstly, anti-Sirt1
antibody was added to 50 μg of the protein sample and incubated at 37 �C
16
for 1 h. Then the protein-A/G beads were mixed with the sample and
incubated overnight in a shaker at 4 �C. The next day, the beads were
resuspended in lysis buffer and the bound antigens were eluted from the
beads with sodium dodecyl sulfate sample buffer. The proteins were then
analyzed by performing Western blotting with anti-p65 antibody.

Whole cell and nuclear extracts were prepared for Western blot
analysis. NP cells were collected in 1.5 mL tube. Pelleted cells were
resuspended in 150 μL ice-cold buffer A with 2 μL protease inhibitors and
2 μL phosphatase inhibitors (BestBio, China) for 30 min on ice and vor-
texed for 10 s every 10 min. After centrifugation (7000 rpm 3 min 4 �C)
the supernatant was collected and stored at �20 �C (cytoplasmic protein
fraction). Then 150 μL of extracting solution B with 1 μL protease in-
hibitors and 1 μL phosphatase inhibitors (BestBio, China) and 5 μL
extracting solution C were added to the pellet for 30 min on ice and
Figure 1. 1,25(OH)2D3 deficiency accelerated inter-
vertebral disc degeneration (A) Representative radio-
graphs and (B) images of micro-CT-scanned sagittal
plane and coronal plane of L1/2 segment from 8-
month-old wild-type (WT) and 1α(OH)aseþ/� mice
(C) Disc height of L1/2 in wild-type (WT), 1α(OH)
aseþ/� mice. Representative micrographs of decal-
cified paraffin-embedded sections through the inter-
vertebral disc from 8-month-old WT, and 1α(OH)ase
� mice were stained with (D) hematoxylin and eosin
(HE) (E) Safranin O-Fast Green (S–O) and (H)
immunohistochemically for Sirt1 (F) Intervertebral
disc volume of L1/2 in WT and 1α(OH)aseþ/� mice
(G) Real-time RT–PCR of tissue extracts of interver-
tebral discs for expression of Col-2, aggrecan and
MMP13. Messenger RNA expression assessed by real-
time RT-PCR is calculated as a ratio relative to
GAPDH, and expressed relative to WT mice (I) The
percentages of Sirt1 positive area (J) Western blots of
intervertebral disc extracts were carried out for the
expression of Col-2, aggrecan and MMP13 (K) Protein
levels relative to β-actin were assessed by densito-
metric analysis, and expressed relative to WT mice.
Values are mean � S.E.M. of 5 determinations per
group. The differences between the two groups were
analyzed by using the Student's t-test. *: P < 0.05 **:
P < 0.01, ***: P < 0.001. (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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vortexed for 10 s every 10 min. After centrifugation (7000 rpm, 3 min, 4
�C) the supernatant was collected and stored at �20 �C (nuclear protein
fraction). The proteins were then analyzed by performing Western blot-
ting with anti-p65 (1:1000 dilution; Abmart, China) and anti-ace p65
antibody (1:1000 dilution; Abcam, UK).
2.12. Statistical analysis

Data analysis was performed using SPSS 22.0 (IBM Corp. Armonk,
N.Y.), and the results which were normally distributed were presented as
mean� S.E.M. The differences between the two groups were analyzed by
using the Student's t-test. A comparison between multiple groups was
assessed by using one-way ANOVA test followed by Post-Hoc Test (Least
Significant Difference). P< 0.05 was considered a statistically significant
difference between groups.

3. Results

3.1. 1,25(OH)2D insufficiency accelerated intervertebral disc degeneration

To investigate whether 1,25(OH)2D insufficiency plays a role in
promoting intervertebral disc degeneration in vivo, the phenotypes of
intervertebral discs were compared between wild-type and 1α(OH)aseþ/

� mice at 8 mouths of age using iconography, histology, and molecular
biology. The results showed that the intervertebral disc height and vol-
ume, the expression of type II collagen and aggrecan at both mRNA and
protein levels were significantly decreased, whereas the expression of
MMP13 at both mRNA and protein levels was dramatically up-regulated
in intervertebral disc regions of interest of 1α(OH)aseþ/� mice compared
with those of wild-type littermates (Fig. 1A–G, J &K). We also examined
Sirt1 expression in intervertebral discs using immunostaining and found
that Sirt1 positive product was detected in NP tissues and the percentage
of Sirt1 positive area was significantly decreased in 1α(OH)aseþ/� mice
compared with WT mice (Fig. 1H and I). These results demonstrated that
1,25(OH)2D insufficiency accelerated intervertebral disc degeneration by
reducing extracellular matrix protein synthesis and enhancing extracel-
lular matrix protein degradation with reduced Sirt1 expression in NP
tissues.
3.2. Overexpression of Sirt1 in MSCs prevents 1,25(OH)2D insufficiency-
induced intervertebral disc degeneration

To determine whether 1,25(OH)2D3 prevents intervertebral disc
degeneration via Sirt1 in vivo, we used Prx1-driven Sirt1 transgenic mice
(Sirt1Tg) and generated a mouse model that overexpressed Sirt1 in MSCs
on a 1α(OH)aseþ/� background (Sirt1Tg/1α(OH)aseþ/�). We then
compared their intervertebral disc phenotypes with those of Sirt1Tg,
1α(OH)aseþ/� and wild-type littermates at 8 months of age using ico-
nography, histology and molecular biology. The results showed that the
intervertebral disc height and volume, the percentages of Sirt1, type II
collagen and aggrecan positive areas, the expression of Prx1, Sirt1, type II
collagen and aggrecan at both mRNA and protein levels were signifi-
cantly increased in Sirt1Tg mice, and significantly decreased in 1α(OH)
aseþ/� mice relative to wild-type mice; these parameters were signifi-
cantly increased in Sirt1Tg/1α(OH)aseþ/� mice relative to 1α(OH)aseþ/�

mice (Fig. 2A-M, P & Q). In contrast, the percentages of MMP13 positive
areas and the expression of Mmp3 and 13 at both mRNA and protein
levels were insignificantly decreased in Sirt1Tg mice, but dramatically
increased in 1α(OH)aseþ/� mice relative to wild-type mice; these pa-
rameters were significantly increased in Sirt1Tg/1α(OH)aseþ/� mice
relative to 1α(OH)aseþ/� mice (Fig. 1N-Q). These results demonstrated
that overexpression of Sirt1 in MSCs protected against 1,25(OH)2D
insufficiency-induced intervertebral disc degeneration.
17
3.3. Overexpression of Sirt1 in MSCs prevents 1,25(OH)2D insufficiency-
induced intervertebral disc degeneration by inhibiting the NFκB
inflammatory pathway

To determine whether the 1,25(OH)2D insufficiency-induced inter-
vertebral disc degeneration prevented by overexpression of Sirt1 in MSCs
was associated with inhibiting the nuclear factor kappa-B (NF-κB) in-
flammatory pathway, we examined the expression levels of NF-κB in-
flammatory pathway related molecules in NP tissue using
immunofluorescence for p16/p65 double staining, immunohistochem-
ical staining for TNF-α and IL-1β, Western blots and real-time RT-PCR.
The results showed that the percentages of p16 and p65 single positive
cells, and p16/p65 double positive cells, and the percentages of TNF-α
and IL-1β positive areas, the protein expression levels of ace-p65 and p-
p65 and total p65, ratios of ace-p65/p-p65 and p-p65/p65, and the
protein and mRNA expression levels of TNF-α and IL-1β were all signif-
icantly increased in 1α(OH) aseþ/� mice relative to wild-type littermates,
whereas all above parameters were significantly decreased in Sirt1Tg/
1α(OH) aseþ/� mice relative to 1α(OH) aseþ/� littermates (Fig. 3A–K).
These results indicate that 1,25(OH)2D insufficiency induced interver-
tebral disc degeneration by increasing acetylation and phosphorylation
of p65 and activating the NF-κB inflammatory pathway; in contrast,
overexpression of Sirt1 in MSCs prevented 1,25(OH)2D insufficiency-
induced intervertebral disc degeneration by decreasing acetylation and
phosphorylation of p65 and inhibiting the NF-κB inflammatory pathway.
3.4. VDR or resveratrol activates Sirt1 to deacetylate p65 and inhibit its
activity in nucleus pulposus cells

Our previous study demonstrated that 1,25(OH)2D3 upregulated Sirt1
expression via VDR-mediated transcription and resveratrol also upregu-
lated Sirt1 expression (Chen Haiyun, 2020). To determine whether VDR
or resveratrol activates Sirt1 to deacetylate p65 and inhibit its activity in
NP cells, we generated a VDR-deficient cellular model by knocking down
endogenous VDR using Ad-siVDR transfection into NP cells; in these cells,
mRNA and protein expression levels of VDR were markedly decreased in
Ad-siVDR transfected NP cells relative to control cells (Fig. 4A–C).
Nevertheless, about 30% of the original VDR was still expressed in NP
cells after VDR knock-down (Fig. 4A–C). Then, VDR-deficient NP cells
were treated with or without resveratrol, and the interactions between
Sirt1 and acetylated p65 level and p65 nuclear localization were exam-
ined using co-immunoprecipitation, Western blots and immunofluores-
cence staining. The results showed that total Sirt1 level was down-
regulated and total p65 level was up-regulated and the ratio of acety-
lated p65/p65 bound to Sirt1 was significantly higher in VDR knocked
down NP cells relative to the control cells, whereas these alterations were
largely rescued in resveratrol-treated VDR knocked down NP cells
(Fig. 4D and E). Sirt1 levels in the nucleus were downregulated, p65
levels in the nucleus and p65 nuclear localization were increased in VDR
knocked down NP cells relative to the control cells, whereas these al-
terations were largely rescued in resveratrol-treated VDR knocked down
NP cells (Fig. 4F and G). These results indicate that VDR or resveratrol
activates Sirt1 to deacetylate p65 and inhibit its nuclear translocation in
NP cells.
3.5. 1,25(OH)2D3/VDR mediated via Sirt1 stimulates the proliferation
and inhibits senescence of nucleus pulposus cells

To determine whether 1,25(OH)2D3/VDR mediated via Sirt1 stimu-
lates the proliferation and inhibits senescence of NP cells, VDR-deficient
NP cells were treated with 1,25(OH)2D3, or resveratrol or 1,25(OH)2D3
plus Ex527 (an inhibitor of Sirt1); we then examined the alterations of
Sirt1 mRNA and protein expression, EdU and p16 positive cells and p16/



Figure 2. Overexpression of Sirt1 in NP tissues prevents 1,25(OH)2D3 deficiency-induced intervertebral disc degeneration (A) Representative radiographs and (B)
images of micro-CT-scanned sagittal plane and coronal plane of L1/2 segment from 8-month-old WT, Sirt1Tg, 1α(OH)aseþ/� and Sirt1Tg/1α(OH)aseþ/� mice (C) Disc
height of L1/2 in WT, Sirt1Tg, 1α(OH)aseþ/� and Sirt1Tg/1α(OH)aseþ/� mice. Representative micrographs of decalcified paraffin-embedded sections through the
intervertebral disc from 8-month-old mice were stained with (D) hematoxylin and eosin (HE) (E) Safranin O-Fast Green (S–O) and immunohistochemically for (H)
Sirt1 (J) Col-2 (L) aggrecan and (N) MMP13 (F) Intervertebral disc volume of L1/2 in above 4 genotype mice (G) Real-time RT–PCR of tissue extracts of intervertebral
discs for expression of Prx-1, Sirt1, Col-2, aggrecan, MMP3 and MMP13. Messenger RNA expression assessed by real-time RT-PCR is calculated as a ratio relative to
GAPDH, and expressed relative to WT mice. The percentages of (I) Sirt1 positive area (K) Col-2 positive area (M) aggrecan positive area and (O) MMP13 positive area
(P)Western blots of intervertebral disc extracts were carried out for expression of Prx-1, Sirt1, Col-2, aggrecan, MMP3 and MMP13 (Q) Protein levels relative to β-actin
were assessed by densitometric analysis. Values are mean � S.E.M. of 5 determinations per group. A comparison between multiple groups was assessed by using one-
way ANOVA test followed by Post-Hoc Test (Least Significant Difference). *: P < 0.05 **: P < 0.01, ***: P < 0.001. (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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Figure 3. Sirt1 prevents 1,25(OH)2D3 deficiency-induced intervertebral disc degeneration by inhibiting inflammation mediated by the NF-κB pathway. Representative
micrographs of decalcified paraffin-embedded sections through the intervertebral discs from 8-month-old WT, Sirt1Tg, 1α(OH)aseþ/� and Sirt1Tg/1α(OH)aseþ/� mice
were stained with double immunofluorescence for (A) p16 and p65, and immunohistochemically for (C) TNF-α and (E) IL-1β. The percentages of (B) p16 and p65
single positive cells and p16/p65 double positive cells (D) TNF-α positive area and (F) IL-1β positive area (G) Western blots of intervertebral disc extracts were carried
out for expression of Ace-p65, p-p65, p65, TNF-α, and IL-1β (H) Protein levels relative to β-actin were assessed by densitometric analysis. Protein levels of (I) Ace-p65
and (J) p-p65 relative to p65 were assessed by densitometric analysis (K) Real-time RT–PCR of tissue extracts of intervertebral discs for expression of p65, TNF-α, and
IL-1β. Messenger RNA expression assessed by real-time RT-PCR is calculated as a ratio relative to GAPDH, and expressed relative to WT mice. Values are mean � S.E.M.
of 5 determinations per group. A comparison between multiple groups was assessed by using one-way ANOVA test followed by Post-Hoc Test (Least Significant
Difference). *: P < 0.05 **: P < 0.01, ***: P < 0.001.
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SA-β-gal double positive cells in NP cells using immunofluorescence
staining, SA-β-Gal cytochemical and p16 immunocytochemical double
staining, Western blots and real-time RT-PCR. The results showed that
the intensity of immunofluorescence staining, mRNA and protein
expression levels of Sirt1 and the percentage of EdU positive cells were
19
significantly reduced in VDR-deficient NP cells relative to control cells.
Nevertheless, sufficient VDR was present so that they were partially
rescued by the treatment of 1,25(OH)2D3 or resveratrol; nevertheless, the
partial rescue role with 1,25(OH)2D3 was blocked by addition of Sirt1
inhibitor Ex527 (Fig. 5A–D, I & K). Additionally, the percentage of p16



Figure 4. VDR or resveratrol activates Sirt1 to
deacetylate p65 and inhibit its activity in nucleus
pulposus cells. The knockdown efficiency of VDR by
adenovirus vectors transfection with siVDR was
detected by (A) real-time RT-PCR for the mRNA level
(B) Western blots and (C) immunofluorescence stain-
ing for VDR protein expression level. NP cells isolated
from intervertebral discs of mice were cultured in
blank medium (Control), Ad-siVDR medium and Ad-
siVDR with resveratrol (RES) medium (D) Whole cell
lysates (WCL) of NP cells were treated with anti-Sirt1
antibody and hybridized with anti-p65 or acetylated
p65 antibody. The proteins were then analyzed by
performing Western blotting (E) Ace-p65 relative to
p65 were assessed by densitometric analysis (F)
Whole cell lysates (WCL) and nuclear lysates were
blotted with anti-Sirt1 or anti-p65 antibody (G)
Representative micrographs of immunofluorescence
staining for p65 (green), DAPI (blue) and merge.
Values are mean � S.E.M. of 5 determinations per
group. The differences between the two groups were
analyzed by using the Student's t-test. A comparison
between multiple groups was assessed by using one-
way ANOVA test followed by Post-Hoc Test (Least
Significant Difference). **: P < 0.01, ***: P < 0.001.
(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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positive and p16/SA-β-gal double positive cells were significantly
increased in VDR-deficient NP cells relative to control cells, but were
partially rescued by treatment with 1,25(OH)2D3 or resveratrol; they
were significantly increased in VDR-deficient NP cells treated with
1,25(OH)2D3 plus Ex527 compared with those treated with 1,25(OH)2D3
alone (Fig. 5E–H). These results indicate that 1,25(OH)2D3 acting on
residual VDR and mediated via Sirt1 stimulates the proliferation and
inhibits senescence of NP cells.
20
3.6. 1,25(OH)2D3/VDR mediated via Sirt1 inhibits nucleus pulposus cell
degeneration

To determine whether 1,25(OH)2D3/VDR mediated via Sirt1 protects
against NP cell degeneration, VDR-deficient NP cells were treated as
Fig. 5, the alterations of aggrecan and MMP13 mRNA and protein
expression were examined in NP cells using real-time RT-PCR, immu-
nofluorescence staining and Western blots. The results showed that the



Figure 5. 1,25(OH)2D3/VDR mediated via Sirt1 stimulates the proliferation and inhibits senescence of nucleus pulposus cells. NP cells isolated from intervertebral
discs of mice were cultured in the absence (Control) or presence of transfected with Ad-NC or Ad-siVDR or Ad-siVDR treated with 10�8 M 1,25(OH)2D3 (VD) or Ad-
siVDR treated with 10�8 M 1,25(OH)2D3 and 10 μM Sirt1 inhibitor Ex527 or Ad-siVDR treated with 100 μM resveratrol (Res). Representative micrographs of
immunofluorescence staining for (A) Sirt1 (green) (C) EdU (red) (E) p16 (green), DAPI (blue) and merge. The percentages of (B) Sirt1 (D) EdU and (F) p16 positive
cells (G) Representative micrographs of cells from SA-β-gal cytochemical and p16 immunocytochemical double staining (H) The percentage of p16, SA-β-gal single
positive cells and p16 and SA-β-gal double positive cells (I) Whole cell lysates were blotted with anti-Sirt1 antibody (J) Protein levels relative to β-actin were assessed
by densitometric analysis (K) Real-time RT–PCR of NP cell extracts for expression of Sirt1. Messenger RNA expression assessed by real-time RT-PCR is calculated as a
ratio relative to GAPDH, and expressed relative to control. Values are mean � S.E.M. of 5 determinations per group. A comparison between multiple groups was
assessed by using one-way ANOVA test followed by Post-Hoc Test (Least Significant Difference). *: P < 0.05 **: P < 0.01, ***: P < 0.001. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web version of this article.)

P. Wang et al. Journal of Orthopaedic Translation 40 (2023) 13–26
intensity of immunofluorescence staining, mRNA and protein expression
levels of aggrecan were significantly reduced in VDR-deficient NP cells
21
relative to control cells, they were partially rescued by the treatment of
1,25(OH)2D3 or resveratrol, but the partial rescue role of 1,25(OH)2D3
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was blocked by addition of Sirt1 inhibitor Ex527, whereas the intensity of
immunofluorescence staining, mRNA and protein expression levels of
MMP13 were significantly increased in VDR-deficient NP cells relative to
control cells, they were partially rescued by the treatment of
1,25(OH)2D3 or resveratrol, but they were more dramatically increased
in VDR-deficient NP cells treated with 1,25(OH)2D3 plus Ex527
(Fig. 6A–G). These results indicate that 1,25(OH)2D, binding to residual
VDR, and mediated via Sirt1 protects against NP cell degeneration by
stimulating extracellular matrix protein synthesis and inhibiting their
degradation.
3.7. 1,25(OH)2D3/VDR mediated via Sirt1 inhibits NF-κB inflammatory
pathway in nucleus pulposus cells

To determine whether 1,25(OH)2D3/VDR mediated via Sirt1 inhibits
the NF-κB inflammatory pathway, VDR-deficient NP cells were treated as
in Fig. 5, and the alterations of the acetylation and phosphorylation levels
Figure 6. 1,25(OH)2D3/VDR mediated via Sirt1 inhibits nucleus pulposus cell dege
treated as Fig. 5. Representative micrographs of immunofluorescence staining for (A)
(B) aggrecan and (D) MMP13 intensity to area (E) Whole cell lysates were blotted with
β-actin were assessed by densitometric analysis (G) Real-time RT–PCR of NP cell ex
assessed by real-time RT-PCR is calculated as a ratio relative to GAPDH, and expresse
comparison between multiple groups was assessed by using one-way ANOVA test fol
***: P < 0.001. (For interpretation of the references to colour in this figure legend,
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of p65, p65, TNF-α and IL-1β protein and mRNA expression were
examined in NP cells using immunofluorescence staining, Western blots
and real-time RT-PCR. The results showed that the ratio of acetylated and
phosphorylated p65/p65, the intensity of immunofluorescence staining,
protein and mRNA expression levels of p65, TNF-α and IL-1β were
significantly increased in VDR-deficient NP cells relative to control cells,
they were partially rescued by the treatment of 1,25(OH)2D3 or resver-
atrol, but the partial rescue role of 1,25(OH)2D3 was blocked by addition
of Sirt1 inhibitor Ex527 (Fig. 7A–I). These results indicate that
1,25(OH)2D3, acting on residual VDR, and mediated via Sirt1 inhibits the
NF-κB inflammatory pathway in NP cells.

4. Discussion

It has been demonstrated that vitamin D deficiency is associated with
an increased risk of patients developing lumbar disc herniation [5,6].
However, there have not been reports of intervertebral disc degeneration
neration. NP cells isolated from intervertebral discs of mice were cultured and
aggrecan (green) (C) MMP13 (green), DAPI (blue) and merge. The percentages of
anti-Sirt1 or anti-aggrecan or anti-MMP13 antibody (F) Protein levels relative to

tracts for expression of Sirt1, aggrecan and MMP13. Messenger RNA expression
d relative to control. Values are mean � S.E.M. of 5 determinations per group. A
lowed by Post-Hoc Test (Least Significant Difference). *: P < 0.05 **: P < 0.01,
the reader is referred to the Web version of this article.)
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Figure 7. 1,25(OH)2D3/VDR mediated via Sirt1 inhibits NF-κB inflammatory pathway in nucleus pulposus cells. NP cells isolated from intervertebral discs of mice
were cultured and treated as Fig. 5. Representative micrographs of immunofluorescence staining for (A) TNF-α (green) (C) IL-1β (green), DAPI (blue) and merge (B)
The percentages of (B) TNF-α and (D) IL-1β intensity to area (E) Whole cell lysates were blotted with anti-Ace-p65, anti-p-p65, anti-p65, anti-TNF-α or anti-IL-1β
antibody. Protein levels of (F) Ace-p65 and (G) p-p65 relative to p65 were assessed by densitometric analysis (H) Protein levels relative to β-actin were assessed by
densitometric analysis (I) Real-time RT–PCR of NP cell extracts for expression of p65, TNF-α and IL-1β. Messenger RNA expression assessed by real-time RT-PCR is
calculated as a ratio relative to GAPDH, and expressed relative to control group. Values are mean � S.E.M. of 5 determinations per group. A comparison between
multiple groups was assessed by using one-way ANOVA test followed by Post-Hoc Test (Least Significant Difference). *: P < 0.05 **: P < 0.01, ***: P < 0.001. (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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caused by vitamin D deficiency. In this study, we compared the pheno-
types of intervertebral discs between wild-type and 1α(OH)aseþ/� mice
at 8 mouths of age using iconography, histology and molecular biology.
Our results demonstrated, for the first time, that 1,25(OH)2D insuffi-
ciency accelerated intervertebral disc degeneration by reducing extra-
cellular matrix protein synthesis and enhancing extracellular matrix
protein degradation with reduced Sirt1 expression in NP tissues. Evi-
dence from in vitro and in vivo studies in animals, and from human
studies support the concept that IVDD is a common degenerative disease
of the musculoskeletal system that develops with age [31]. Our previous
studies have shown several age-related diseases in mice with insufficient
or deficient 1,25(OH)2D, the active form of vitamin D, which indicates
that 1,25(OH)2D insufficiency or deficiency accelerates aging [13] and
age-related diseases [14,15,20,22]. Our current findings suggest that
intervertebral disc degeneration induced by 1,25(OH)2D insufficiency is
associated with aging accelerated by 1,25(OH)2D insufficiency.

In this study, we found that expression levels of Prx1 and Sirt1 were
not only down-regulated in NP tissues from 1,25(OH)2D insufficient
mice, but also up-regulated in NP tissues from Prx1-Sirt1 transgenic
(Sirt1Tg) mice. These results provided sufficient rational for generating a
mouse model that overexpressed Sirt1 in MSCs on a 1α(OH)aseþ/�

background in order to investigate whether overexpression of Sirt1 in
MSCs protects against IVDD induced by 1,25(OH)2D insufficiency. By
phenotypic analyses, we found that overexpression of Sirt1 in MSCs
protected against 1,25(OH)2D insufficiency-induced IVDD by up-
regulating Sirt1 expression in NP tissues. A previous study has reported
that the degenerative grade was negatively correlated with Sirt1
expression in IVDD [24]. The Sirt1 deficiency worsens IVDD, whereas the
Sirt1 activator resveratrol protects against intervertebral disc injury by
regulating cellular senescence and promoting regeneration [25]. Our
recent study showed that 1,25(OH)2D3 up-regulated Sirt1 expression via
VDR-mediated transcription, and overexpression of Sirt1 in MSCs pro-
tected against mandibular bone loss induced by 1,25(OH)2D deficiency
[29]. The results from our current study suggest that the 1,25(OH)2D/-
Sirt1 axis may play an essential role in the pathogenesis of IVDD and
might serve as a target in IVDD.

Sirt1 is an NAD þ -dependent deacetylase with a wide range of sub-
strates, such as p53, FOXO, NF-κB, and PGC-1α. Our previous studies
demonstrated that Sirt1/FOXO3a axis plays an important role in the
prevention of osteoporosis induced by Bmi1 or 1,25(OH)2D deficiency in
long bone or mandibles [26,27,29]. Another study has suggested that the
Sirt1/p53 axis may play an essential role in diabetic intervertebral disc
degeneration pathogenesis and therapeutics [32]. It has been reported
that vitamin D retards IVDD through inactivation of the NF-κB pathway
in mice [33]. However, it is unclear whether the NF-κB pathway inacti-
vated by vitamin D is mediated via Sirt1. Under physiological and
pathological conditions, NF-κB must undergo a variety of
post-translational modifications, including phosphorylation and acety-
lation [34]. Acetylation (along with phosphorylation) plays a prominent
role in regulating the nuclear action of NF-κB [35]. In this study, we
found that 1,25(OH)2D deficiency-induced IVDD by increasing acetyla-
tion and phosphorylation of p65 and activating the NF-κB inflammatory
pathway, while overexpression of Sirt1 in MSCs prevented 1,25(OH)2D
deficiency-induced IVDD by decreasing acetylation and phosphorylation
of p65 and inhibiting the NF-κB inflammatory pathway. To further
determine whether the VDR or resveratrol activates Sirt1 to deacetylate
p65 and inhibit its activity in NP cells, the VDR was knocked down in NP
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cells and they were treated with or without resveratrol; the interactions
between Sirt1 and acetylated p65 level and p65 nuclear localization were
then examined using co-immunoprecipitation, Western blot, and immu-
nofluorescence staining. Our results demonstrated that VDR knockdown
reduced Sirt1 expression level, especially in the nucleus, significantly
increased acetylated p65 levels and nuclear translocation in NP cells; in
contrast, these effects were corrected in resveratrol treated VDR knock-
down NP cells, suggesting that the VDR or resveratrol can activate Sirt1,
reduce acetylated p65 levels and inactivate the NF-κB inflammatory
pathway.

Current understanding of the mechanism of action of vitamin D
involve binding of the active form, 1,25(OH)2D, to the VDR, which for its
genomic actions then binds to discrete regions of its target genes called
vitamin D response elements. However, chromatin immunoprecipitation-
sequencing studies have observed that the VDR can bind to many sites in
the genome without its ligand [36]. VDR has a positive effect on inhib-
iting NF-κB-mediated inflammation, however, the underlying molecular
mechanisms remain unclear. This study investigated whether 1,
25(OH)2D3/VDR mediated via Sirt1 protects against NP cell degenera-
tion by inhibiting the NF-κB inflammatory pathway. Thus, VDR-deficient
NP cells were treated with 1,25(OH)2D3, or resveratrol or 1,25(OH)2D3
plus Ex527 (an inhibitor of Sirt1), and the alterations of cell proliferation
and extracellular matrix proteins, Sirt1, TNF-α and IL-1β mRNA and
protein expression, and the acetylation and phosphorylation levels of p65
were examined in NP cells using EdU assay, real-time RT-PCR, immu-
nofluorescence staining andWestern blots. Our results demonstrated that
knockdown of VDR significantly reduced the proliferation and extracel-
lular matrix protein synthesis of NP cells, significantly increased the
senescence of NP cells with significantly downregulation of Sirt1
expression, upregulation of MMP13, TNF-α and IL-1β expression and
increased the ratios of acetylated and phosphorylated p65/p65 in NP
cells. The treatment of 1,25(OH)2D3 or resveratrol after VDR silencing
partially rescued degeneration phenotypes of NP cells by up-regulating
Sirt1 expression and inhibiting the NF-κB inflammatory pathway; these
effects in NP cells were blocked by the inhibitor of Sirt1. Previous study
has shown that the knockdown of VDR by using siRNA and dsRNA of
VDR in vitro and in vivo led to more intense response of NF-κB signaling
to lipopolysaccharide and higher level of apoptosis and autophagy,
whereas 1,25(OH)2D3 stimulation after VDR silencing could partially
alleviate apoptosis and induce autophagy [37]. Studies have revealed
that IL-1β and TNF-α are inflammatory mediators that play a major role
in the process of intervertebral disc degeneration, which can accelerate
the apoptosis of intervertebral disc cells and induce the increase of MMPs
in the NP [38]. The nature of the relationship between Sirt1 and NF-κB is
antagonistic and, importantly, a direct association between Sirt1 and
NF-κB has been established, in which Sirt1 is able to deacetylate the p65
subunit of NF-κB, triggering the transport of NF-κB from nucleus to
cytoplasm and, therefore, suppressing its transcriptional activity [39].
Interestingly, some authors have established a possible association be-
tween the antagonistic relationship of Sirt1 and NF-κB in the hypothal-
amus, a central regulator in maintaining the metabolic energy balance in
the body, and the generation of metabolic dysregulations in peripheral
body tissues as potential sources of metabolic diseases [40]. Results from
our study indicate that 1,25(OH)2D/VDR mediated via Sirt1 protects
against NP cell degeneration by inhibiting the NF-κB inflammatory
pathway.

The role of regulated cell death (RCD) in IVDD has recently been
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highlighted [41] as has the importance of N6-methyladenosine (m6A)
modification in IVDD [42]. The role of the 1,25(OH)2D/VDR system in
regulating these mechanisms needs therefore to be identified as well as
its action in concert with other modulators.

In summary, the results of this study for the first time demonstrated
that 1,25(OH)2D insufficiency accelerated intervertebral disc degenera-
tion by reducing extracellular matrix protein synthesis and enhancing
extracellular matrix protein degradation with reduced Sirt1 expression in
NP tissues, whereas overexpression of Sirt1 in MSCs protected against
1,25(OH)2D deficiency-induced intervertebral disc degeneration by
decreasing acetylation and phosphorylation of p65 and inhibiting the NF-
κB inflammatory pathway. In mechanistic studies, we demonstrated that
knockdown of VDR significantly reduced the proliferation and extracel-
lular matrix protein synthesis of NP cells, significantly increased the
senescence of NP cells with significant downregulation of Sirt1 expres-
sion, upregulation of MMP13, TNF-α and IL-1β expression and increase in
the ratios of acetylated and phosphorylated p65/p65 in NP cells. The
treatment of 1,25(OH)2D3 or resveratrol after VDR silencing partially
rescued degeneration phenotypes of NP cells by up-regulating Sirt1
expression and inhibiting NF-κB inflammatory pathway; these effects in
NP cells were blocked by inhibitor of Sirt1. Results from this study
indicate that 1,25(OH)2D/VDR. mediated via Sirt1 protects against NP
cell degeneration by inhibiting the NF-κB inflammatory pathway. This
study provides new insights into the use of 1,25(OH)2D3 and Sirt1 ago-
nists to prevent and treat intervertebral disc degeneration caused by
vitamin D deficiency.
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