
Heliyon 9 (2023) e13215

Available online 24 January 2023
2405-8440/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).

Research article 

Vitamin D ameliorates insulin resistance-induced osteopenia by 
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A B S T R A C T   

Objective: Osteoporosis (OP) can be considered a chronic complication of type 2 diabetes mellitus 
(T2DM). Aberrant activation of the nucleotide-binding oligomerization domain-like receptor 
protein 3 (NLRP3) inflammasome is associated with the pathogenesis of various inflammation- 
related diseases, e.g., T2DM and OP. Vitamin D affects the inflammatory pathway and inhibits 
an excessive inflammatory response. The current study investigated the inter-relationship be
tween vitamin D and inflammasome activation in T2DM. 
Method: Hepatocellular carcinoma (HepG2) cells and bone marrow stromal cells (BMSCs) were 
treated with Conditioned Medium of bone marrow mesenchymal stem cells after VitD treatment 
(CM-VitD), as well as phosphoinositide 3-kinase (PI3K) specific agonist, 740Y-P, or the PI3K 
specific inhibitor, LY294002, respectively, or both. 40 Eight-week-old female Sprague Dawley 
rats were selected and established as a DM model. The rats were injected with CM-VitD, as well as 
the 740Y-P specific agonist, or the LY294002 inhibitor, respectively, or both. A quantitative 
reverse transcription polymerase chain reaction and western blotting were conducted to evaluate 
the expression of messenger ribonucleic acid and protein in the RUX2 gene, alkaline phosphatase 
(ALP), OsteoPontiN (OPN), peroxisome proliferator-activated receptor gamma (PPARγ), fatty 
acid-binding protein 4 (FABP4), protein kinase B (AKT), PI3K, NLRP3, apoptosis-associated 
speck-like protein containing a caspase recruitment domain (ASC), caspase-1, interleukin (IL)-1 
beta (β), IL-18, and tumor necrosis factor alpha (TNF-α) in the BMSCs and liver tissue of rats. 
Enzyme-linked immunosorbent assay was used to detect the concentration of inflammatory fac
tors in the cell supernatant and serum of rats. 
Results: An isolated co-culture of HepG2/insulin-resistance cells and BMSCs promoted the adi
pogenic transformation of the latter and inhibited the transformation of BMSCs into osteogenesis. 
The PI3K specific agonist, 740Y-P, significantly increased the expression of PI3K, AKT, NLRP3, 
ASC and Caspase-1 while the PI3K specific inhibitor, LY294002, does the opposite. Additionally, 
CM-VitD reduced the expression of NLRP3, ASC, caspase-1, IL-1β, and IL-18 in BMSCs and rat 
liver via the PI3K/AKT pathway. 
Conclusion: Vitamin D can inhibit the inflammatory response induced by T2DM and promote the 
osteogenesis of BMSCs, which may play a key role in the treatment of type 2 diabetes patients 
with OP.  
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1. Introduction 

Type 2 diabetes mellitus (T2DM) and osteoporosis (OP) are two chronic diseases that are more likely to present with age; the former 
has affected more than 451 million individuals worldwide, and its prevalence is rising due to lifestyle changes [1]. Both of these 
conditions have become very common worldwide. The prevalence of OP in patients with T2DM was found to be approximately 37.8% 
[2]. 

Osteoporosis can be a debilitating disease that is characterized by low bone-mineral density and bone structure destruction, thereby 
seriously affecting the health of the elderly. Additionally, OP-related fractures increase morbidity and mortality [3,4]. The bone 
fracture risk of patients with T2DM is higher compared to those without T2DM; this is due to hyperglycemia as well as the excretion of 
and changes in insulin levels [5]. Furthermore, fracture risk (including spine and femoral fractures) will rise in cases where T2DM has 
been present long-term [6]. It is thus urgent that a satisfactory and effective treatment for T2DM combined with OP be formulated. 

In part, T2DM is a chronic inflammatory disease with a persistently low inflammatory response throughout its progression [7]. 
Inflammatory cells produce a variety of inflammatory factors via autocrine action, thereby inducing insulin resistance (IR) [8]. IR and 
chronic inflammation are mutually reinforcing processes. Hyperglycemia and insulin resistance can cause liver damage, causing the 
liver to overexpress and secrete inflammatory cytokines. Pro-inflammatory cytokines can inhibit the bone regeneration capacity [9]. 
Existing studies posited the liver, fat, and muscle as the classic organs that play a role in IR; however, bone as a target organ that also 
serves a purpose in this context has to date not received sufficient attention [10ndash;12]. The specific relationship and mechanism 
between the activation of inflammatory reactions, IR, and bone loss remain unclear. A better understanding in this regard thus holds 
great significance for the prevention and treatment of T2DM combined with OP. 

The nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3) inflammasome is a cytosolic multiprotein complex 
that comprises an innate immune receptor protein (NLRP3), apoptosis-associated speck-like protein containing a caspase recruitment 
domain (ASC), and inflammatory protease caspase-1, which reacts to sign stimuli. The assembled NLRP3 inflammasome activate 
protease caspase-1 to facilitate the release of interleukin (IL)-1 beta (β) and IL-18 [13].However, aberrant activation of the NLRP3 
inflammasome is associated with the pathogenesis of various inflammation-related diseases, e.g., T2DM [14]. The blockade of IL-1β 
activation improves glycemic control in T2DM [15], which suggests that autoinflammatory mechanisms may contribute to pancreatic 
injury. Interleukin-1β is a key factor in inflammation and subsequent IR [16]; however, its mechanism in the development of IR re
quires further research and exploration. 

Vitamin D is a type of hormone that promotes the formation of new bone; growing research suggests that it also regulates in
flammatory reactions [17]. Vitamin D affects the inflammatory pathway and inhibits excessive downstream inflammatory response; it 
was also reported to ameliorate hepatic inflammation, steatosis, and IR in mice [18]. However, the effects of vitamin D on the in
flammatory response of bone marrow mesenchymal stem cells (BMSCs) in T2DM and its mechanism remain unclear. 

In non-infectious inflammatory diseases, such as atherosclerosis and T2DM, the NLRP3 inflammasome plays an important pro- 
inflammatory role [19,20]. The local macrophages in T2DM produce an excessive inflammatory response and release 
pro-inflammatory factors in an ongoing manner [21]. With decreased NLRP3 expression in cells, the level of IL-1β and IL-18 is also 
reduced, and the expression of other effector molecules such as IL-6 is also down-regulated [22]. These results suggest that suppression 
of the NLRP3 inflammasome in BMSCs may improve an excessive inflammatory response in cases of T2DM. 

Bone marrow mesenchymal stem cells overexpress NLRP3, IL-1β, IL-6, and other inflammation-related proteins in high glucose 
states [23]. Accordingly, the present study used hepatocellular carcinoma (HepG2)/IR cells, a BMSC isolated co-culture cell model, and 
T2DM rats to observe the effects of a vitamin D-induced BMSC- conditioned medium on the NLRP3 inflammasome, insulin sensitivity, 
and bone mass to clarify the pathogenesis of IR and bone mass loss in the presence of hyperglycemia. 

2. Materials and methods 

2.1. Cell culture 

The HepG2 cells and BMSCs used in this study were purchased from the China Center for Type Culture Collection. The cells were 
incubated at 37 ◦C, with 5% carbon dioxide. The medium was changed every two days. This experiment used cells in the logarithmic 
growth phase. 

2.2. Isolation, culture, proliferation, and the differentiation of bone marrow mesenchymal stem cells 

First, the authors sacrificed four-week-old Sprague Dawley (SD) rats by anesthesia and sterilized a local skin area. Then, the 
bilateral femur and tibia of the rats were removed under sterile conditions. Following sterilization of the removed bones, the bone 
marrow cavity was exposed and repeatedly washed. Bone marrow fluid was collected and placed in a 50 mL sterile centrifuge tube 
containing Dulbecco’s modified eagle medium (DMEM), and the bone marrow fluid was pumped and dispersed to make cell sus
pensions. An individual cell suspension was centrifuged for 20 min, a single cell layer was absorbed, rinsed twice with phosphate- 
buffered saline (PBS), and centrifuged for 10 min. The supernatant was discarded, leaving behind the cell precipitate. The DMEM 
medium was added to the cell sediment, blown and inoculated into a 25 cm2 cell culture flask, and cultured in a thermostatic cell 
incubator. 

Cell subcultures were created promptly. The third-generation BMSCs were inoculated into six-well plates and differentiated into 
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chondrocytes using a directed differentiation medium (transforming growth factor beta 1, 20 μg/L; dexamethasone, 10 μmol/L; 
vitamin C, 10 mmol/L). The BMSCs were isolated and purified by monolayer culture. 

2.3. Preparation and concentration of conditioned medium of bone marrow mesenchymal stem cells after vitamin D treatment 

The BMSCs were isolated and purified by an adherent culture. After culturing the third-generation BMSCs for 24 h, the culture 
medium was discarded, the cells were washed twice with PBS, and DMEM was supplemented with 1 × 10− 8 mmol/L 1,25-dihydrox
yvitamin D3(1,25(OH)2D3). After 48 h, the supernatant was collected (the fusion degree reached 70%–80%). The authors then 
collected the cell supernatant and centrifuged it at 4 ◦C (1000 r/min) for 5 min to remove cell debris. The supernatant (with cell debris 
removed) was then placed in a clean dialysis bag (molecular weight, 3000) and immersed in polyethylene glycol (PEG 20000) to 
undergo concentration. Meanwhile, urea, uric acid, and other metabolic wastes could be removed from the supernatant via dialysis at a 
concentration ratio of 1:10. 

2.4. Animal treatments 

Eight-week-old female SD rats were bought from an animal center and maintained on a standard laboratory diet. All animal ex
periments were approved by the Animal Care and Use Committee of the Affiliated Hospital of Zunyi Medical University (Zunyi, China). 
Induction of the DM rats proceeded as follows. 

The experimental DM rats were induced by a single intraperitoneal injection of 30 mg/kg freshly prepared streptozotocin (STZ) 
(Sigma-Aldrich, ST. Louis, MO, USA) in a 0.1 mol/L citrate buffer (pH 4.5) [24]; 72 h following the STZ injection, the DM model was 
verified by estimation of the rats’ fasting blood glucose levels from the animals’ tail vein using the Accu-Chek® Compact Plus glucose 
meter system (Roche Diagnostics, Meylan, France) [25]. Animals with a glucose level >13.9 mmol/L were considered to have DM; 24 h 
after successful modeling, NC group and DM group did not intervene. DM rats in the DM + CM-VitD group were injected with CM-VitD 
(1 × 109/L, 2 mL) via the tail vein. Rats in the DM + CM-VitD +740Y-P group were injected with the phosphoinositide 3-kinase (PI3K) 
specific agonist, 740Y-P (1.0 ng/mL/kg), via the tail vein; following on, the rats were injected with CM-VitD (1 × 109/L, 2 mL). Rats in 
the DM + CM-VitD + LY294002 group were injected with the PI3K specific inhibitor, LY294002 (2.0 ng/mL/kg), via the tail vein and 
were subsequently injected with CM-VitD (1 × 109/L, 2 mL). 

2.5. Experiment with cells 

Insulin resistance of HepG2 cells was induced by insulin (0, 0.1, 0.5, 1.0, and 2.0 μmol/L) and 30 mmol/L glucose to establish the 
HepG2/IR model. 

Table 1 
Primer sequences of target genes.  

Target gene Primer sequence (5′-3′) 

Actin FW:ACATGCCGCCTGGAGAAA 
RV:GCCCAGGATGCCCTTTAG 

RUX2 FW:GTGCTCTTGAGATCTCTGG 
RV:CATCGATCTTCAGAAGTCTC 

ALP FW:ACACCTTGACTGTGGTTACTGCTGA 
RV:CCTTGTAGCCAGGCCCGTTA 

OPN FW:GAAACTGATGACAACAAACA 
RV:TGGCGTGAGTTCTTTGGAAA 

PPARγ FW:GTTTGGACCCGCCAGAGGTGA 
RV:CTTGGTGGGGCTCAGGAGGG 

FABP4 FW:AAACTGGTGGTGGAATGCGT 
RV:CGCTGGTACTCTCCTCGACT 

AKT FW:GGAATTCATGAGCGACGTGGCTATTGTGAAGG 
RV:GCTCTAGAGGCCGTGCCGCTGGCCGAGTAGGAG 

PI3K FW:CGAGGTTTTGCTGTTCGGTG 
RV:CAGGCCAAACCTCTGGCTAA 

NLRP3 FW:TGTTCACTGTTCCTAATC 
RV:CTGAAACACTGGCTTAAA 

ASC FW:ACAGAAGTGGACGGAGTGCT 
RV:TCATCTTGTCTTGGCTGGTG 

Caspase-1 FW:TGCCCAGAGCACAAGACTTC 
RV:TCCTTGTTTCTCTCCACGGC 

IL-1β FW:AGGCACAAGGCACAACAGGCTG 
RV:GTCCTGGAAGGAGCACTTCATCTGT 

IL-18 FW:AGGAATAAAGATGGCTGCTGAAC 
RV:GCTCACCACAACCTCTACCTCC 

TNF-α FW:TCTTCTCATTCCTGCTCGTGG 
RV:TGAGATCCATGCCATTGGC  
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HepG2/IR cells and BMSCs were isolated and co-cultured, and 1 × 105 HepG2/IR cells were added to the upper chamber and 1 ×
105 BMSCs to the lower chamber of Transwell. The volume of upper and lower chamber was increased to 300 μL by adding serum-free 
medium. The isolate co-culture cells were treated with CM-VitD (0 mmol/L, 10− 9 mmol/L, 10− 8 mmol/L, and 10− 7 mmol/L) for 
different duration (0,3,6,9,12 h). 

HepG2/IR + BMSCs group was not treated. HepG2/IR + BMSCs + CM-VitD group added CM-VitD (10− 8 mmol/L, 1000 μL); 
HepG2/IR + BMSCs + CM-VitD+740Y-P group added PI3K specific agonist 740Y-P (20 μmol/L, 200 μL) and CM-VitD (10− 8 mmol/L, 
1000 μL); HepG2/IR + BMSCs + CM-VitD + LY294002 group added PI3K specific inhibitor LY294002 (10 μmol/L, 200 μL) and CM- 
VitD (10− 8 mmol/L, 1000 μL). 

2.6. Quantitative real-time reverse transcription-polymerase chain reaction 

The total ribonucleic acid (RNA) in BMSCs and liver tissue was isolated using a TRIzol™ reagent kit (Invitrogen, Beijing, China) 
according to the manufacturer’s instructions, with minor alterations. The total RNA concentration was measured using a GeneQuant™ 
ProRNA/DNA Calculator (Amersham Pharmacia Biotec, UK). The PrimeScript RT Reagent Kit (TakaRa, Dalian, China) was used to 
reverse transcribe mRNA in BMSCs and liver tissue into complementary deoxyribonucleic acid (cDNA). The 2 SYBR Premix Ex Taq™ II 
(TakaRa, Dalian, China) reagent was employed to assemble the quantitative reverse transcription polymerase chain reaction (qRT- 
PCR) system, which was carried out in the Bio-Rad CFX-96 (Bio-Rad, CA, USA) system. 

The PCR amplification was performed using 20 μl of reaction system (2 μl of cDNA, 10 μl of the qPCR mix, 1 μl forwarding (FW) 
primer, 1 μl of reverse (RV) primer, and 6 μl of double-distilled water) at 95 ◦C for 2 min, 94 ◦C for 20 s, 60 ◦C for 20 s, and 72 ◦C for 30 s 
(a total of 40 cycles). The PCR primer sequences (FW and RV), and GenBank codes for gene transcripts, were used to assess the mRNA 
abundance of RUX2, alkaline phosphatase (ALP), OsteoPontiN (OPN), peroxisome proliferator-activated receptor gamma (PPARγ), 
fatty acid-binding protein 4 (FABP4), protein kinase B (AKT), PI3K, NLRP3, ASC, caspase-1, IL-1β, IL-18, and tumor necrosis factor 
alpha (TNF-α) in the BMSCs and liver tissue of rats. Amplicon sizes were expressed as the number of base pairs (bp) (Table 1). 

2.7. Western blotting 

Proteins were isolated from HepG2 cells using a radioimmunoprecipitation assay lysis buffer (Beyotime Institute of Biotechnology, 
Shanghai, China) according to the manufacturer’s instructions. The tissue stored in the ultra-low temperature refrigerator was added 
to the (strong) lysis buffer proportionally, incubated at − 20 ◦C for 20 min, ground, and centrifuged at 2000×g for 10 min at 4 ◦C. The 
supernatant was collected and the protein concentration was measured using the standard curves. 

Next, western blotting was performed. Protein (50 μg) was added to the buffer to prepare the protein specimens, subjected to a 
water bath for 8 min, and centrifuged at 1000×g for 5 min at 4 ◦C. The protein was then loaded for electrophoresis, transferred onto a 
membrane, sealed, incubated with the primary antibody overnight, and again incubated with the secondary antibody for 2 h. Finally, 
the protein band was scanned and quantified using a protein scanner (Bio-Rad Laboratories). 

2.8. Statistical analysis 

All of the scientific experiments were repeated at least three times. Homogeneity of variance and normality test were performed 
before data analysis. Measurement data conforming to normal distribution were represented by mean ± standard deviation, and data 
with non-normal distribution were analyzed after logarithmic conversion. Comparison between the two groups was performed by t- 
test. All statistical analyses were conducted using the SPSS Statistics (v.23) (IBM) software program. The images created for this paper 
were devised using GraphPad Prism 5 (GraphPad Software Inc., La Jolla, CA, United States); P < 0.05 was considered statistically 
significant. 

3. Results 

3.1. Establishing the hepatocellular carcinoma/insulin resistance model 

Insulin resistance in HepG2 cells primarily caused a decrease in glucose uptake, which served as a major contributor to hyper
glycemia and insulin intervention. The treatment of HepG2 cells with high levels of glucose and a variety of insulin concentrations 
triggered a significant reduction in insulin receptors [26]. To establish an in vitro IR model of HepG2 cells and evaluate the effects of 
insulin concentration on glucose metabolism and insulin receptors in the cell model, HepG2 cells were incubated with 30 mmol/L 
glucose and different concentrations (0, 0.1, 0.5, 1.0, and 2.0 μmol/L) of insulin for 24 h. Glucose consumption and the insulin receptor 
expression of HepG2 cells were detected to determine whether the HepG2/IR model had been established successfully. 

The results showed that the consumption of glucose in the medium-term decreased with an increase in insulin concentration. 
Glucose consumption in the insulin intervention group was 5.88% (the 0.1 μmol/L group), 17.65% (the 0.5 μmol/L group), 26.47% 
(the 1.0 μmol/L group), and 27.94% (the 2.0 μmol/L group), respectively. Glucose consumption under insulin stimulation was 
significantly decreased from the 1.0 μmol/L concentration of insulin, and there was no significant difference between the 1.0 and 2.0 
μmol/L groups (Fig. 1(A)). Compared with the control group, protein expression of the insulin receptor in HepG2 cells in the insulin 
intervention group decreased significantly with an increase in the co-cultured insulin concentration (Fig. 1(B)). 
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3.2. The co-culture of hepatocellular carcinoma/insulin resistance cells and bone marrow stromal cells promoted the adipogenic 
transformation of the latter and inhibited their osteogenic transformation 

Based on measurements using qRT-PCR and western blotting, the expression of genes related to adipogenic and osteogenic 
transformation gradually increased and decreased, respectively, during the co-culturing of HepG2/IR and BMSCs. To clarify the effect 
of HepG2/IR on osteoblastic differentiation, BMSCs were gathered at the beginning of the experiment, during the first and second 
weeks, respectively. The RUX2 gene, ALP, and OPN were used as osteoblast differentiation markers; these were significantly decreased 
after two weeks of co-culturing HepG2/IR and BMSCs. Peroxisome proliferator-activated receptor gamma and the FABP4 gene were 
used as adipogenic differentiation markers; these were significantly increased after the co-culture of HepG2/IR and BMSCs for two 
weeks [Fig. 2(A–C)]. These results indicated that the co-culture of HepG2/IR cells and BMSCs promoted the transformation of the latter 
into an adipogenic state and inhibited their transformation into an osteogenic state. 

3.3. The optimal treatment concentration of conditioned medium of bone marrow mesenchymal stem cells after VitD treatment intervention 
for 9 h was 10− 8 mmol/L 

The mRNA and protein expression of NLRP3, ASC, and caspase-1 in BMSCs decreased with an increased concentration of CM-VitD 
(0 mmol/L, 10− 9 mmol/L, 10− 8 mmol/L, and 10− 7 mmol/L). When the concentration of CM-VitD was 10− 8 mmol/L, no statistical 
difference in mRNA and protein expression was observed compared with the 10− 7 mmol/L group. The mRNA and protein expression of 
NLRP3, ASC, and caspase-1 in BMSCs decreased with an increased CM-VitD intervention time, indicating a time-dependent trend. 
When the CM-VitD intervention time was 9 h, there was no statistical significance compared with the 12 h group [Fig. 3(A–D)]. This 
suggested that the optimal intervention concentration of CM-VitD was 10− 8 mmol/L, and the optimal intervention time was 9 h; this 
was followed in follow-on experiments. 

3.4. Overexpression and phosphoinositide 3-kinase knock-down increased and reduced the expression of phosphoinositide 3-kinase, protein 
kinase B, nucleotide-binding oligomerization domain-like receptor protein 3, apoptosis-associated speck-like protein, and caspase-1 

To verify the effects of the PI3K specific agonist and inhibitor, respectively, the authors detected the expression of PI3K, AKT, 
NLRP3, ASC, and caspase-1 after the co-culture of HepG2/IR and BMSCs. The expression of PI3K, AKT, NLRP3, ASC, and caspase-1 in 
BMSCs was significantly increased after HepG2/IR and BMSCs were co-cultured with 740Y-P (20 μmol/L, 200 μL). After treatment 
with LY294002 (10 μmol/L, 200 μL), the expression of PI3K, AKT, NLRP3, ASC, and caspase-1 in BMSCs was significantly decreased, 
which confirmed the effects of the PI3K activator/inhibitor, as well as the upstream and downstream relationships between PI3K and 
AKT, NLRP3, ASC, and caspase-1 [Fig. 4(A and B)]. 

3.5. Conditioned medium of bone marrow mesenchymal stem cells after VitD treatment targeted the phosphoinositide 3-kinase/protein 
kinase B pathway to regulate nucleotide-binding oligomerization domain-like receptor protein 3 activation 

The PI3K/AKT signaling pathway is the backbone of multiple cellular signaling pathways and has particular cross-linking with the 
mitogen-activated protein kinase signaling pathway [27]. When compared with the HepG2/IR + BMSCs group, the expression of PI3K, 
AKT, NLRP3, ASC, and caspase-1 in the CM-VitD intervention group was significantly decreased. When 740Y-P was added and 
co-cultured, the inhibition of PI3K, AKT, NLRP3, ASC, and caspase-1 attributes by CM-VitD was reversed. When LY294002 was added 
and co-cultured, the mRNA and protein expression of PI3K, AKT, NLRP3, ASC, and caspase-1 was significantly decreased. The levels of 
inflammatory factors in the CM-VitD intervention group were significantly reduced when compared with the HepG2/IR + BMSCs 
group. When the 740Y-P was added to the co-culture system, the level of inflammatory factors was increased. When LY294002 was 

Fig. 1. The hepatocellular carcinoma (HepG2)/insulin resistance model. (A) The glucose consumption of HepG2 cells was decreased they were 
treated with different concentrations of insulin (0 μmol/L, 0.1 μmol/L, 0.5 μmol/L, 1.0 μmol/L, and 2.0 μmol/L) for 24 h; *P < 0.05. (B) Protein 
expression of the insulin receptors was determined by western blotting. The expression of insulin receptors decreased with a gradual increase in the 
intervention concentration of insulin. 
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Fig. 2. Co-culture of hepatocellular carcinoma/insulin-resistance (HepG2/IR) cells and bone marrow stromal cells (BMSCs) promoted the trans
formation of BMSCs into an adipogenic state and inhibited their transformation to an osteogenic state. (A, B) The messenger ribonucleic (mRNA) 
expression of the RUX2 gene, alkaline phosphatase (ALP), and OsteoPontiN (OPN) was significantly decreased; the mRNA expression of peroxisome 
proliferator-activated receptor gamma (PPARγ) and fatty acid-binding protein 4 (FABP4) was significantly increased after two weeks’ co-culture of 
HepG2/IR and BMSCs; *P < 0.05 vs. 0-weeks group; &P < 0.05 vs. 1-week group. (B) Protein expression of the RUX2 gene, ALP, and OPN was 
significantly decreased; the protein expression of PPARγ and FABP4 was significantly increased after two weeks’ co-culture of HepG2/IR 
and BMSCs. 

Fig. 3. The optimal treatment concentration and time of Conditioned Medium of bone marrow mesenchymal stem cells after VitD treatment (CM- 
VitD) are 10− 8 mmol/L and 9 h, respectively. (A, B) The messenger ribonucleic acid (mRNA) and the protein expression of nucleotide-binding 
oligomerization domain-like receptor protein 3 (NLRP3), apoptosis-associated speck-like protein containing a caspase recruitment domain (ASC), 
and caspase-1 in bone marrow stromal cells (BMSCs) was decreased with the increased intervention concentration of CM-VitD; *P < 0.05 vs. the 
10–9 mmol/L group; &P < 0.05 vs. the 10− 8 mmol/L group. (C, D) When 10–8 mmol/L CM-VitD was used to interfere with the BMSCs and he
patocellular carcinoma/insulin-resistance co-culture system, the mRNA and protein expression of NLRP3, ASC, and caspase-1 in BMSCs decreased 
with an increase in CM-VitD intervention time; *P < 0.05 vs. the 0-h group; &P < 0.05 vs. the 3-h group; #P < 0.05 vs. the 6-h group. @P < 0.05 vs. 
the 9-h group. 
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added to the co-culture system, the level of inflammatory factors was further reduced [Fig. 5(A–C)]. This suggested that CM-VitD could 
regulate the expression and activation of NLRP3 and inflammatory factors via the PI3K/AKT pathway. 

3.6. Conditioned medium of bone marrow mesenchymal stem cells after VitD treatment reduced the expression of nucleotide-binding 
oligomerization domain-like receptor protein 3, apoptosis-associated speck-like protein, caspase-1, interleukin-1 beta, and interleukin-18 in 
rat liver 

Compared with the negative control (NC) group, the expressions of PI3K, AKT, NLRP3, ASC, and caspase-1 in the DM group were 
significantly increased; concurrently, Homeostasis model assessment-insulin resistance (HOMA-IR) and the expression of IL-1β, IL-18, 
and TNF-α were also significantly increased, indicating that IR in DM activated the PI3K/AKT pathway and led to the increased 
expression of NLRP3, ASC, caspase-1, and inflammatory cytokines downstream. Compared with the DM model group, the expression of 
PI3K, AKT, NLRP3, ASC, and caspase-1 in the DM + CM-VitD group was significantly decreased, indicating that CM-VitD improved the 
inflammatory status caused by IR in the DM group. Following the addition of LY294002, the expression of PI3K, AKT, NLRP3, ASC, 
caspase-1, and inflammatory factors was further decreased [Fig. 6(A–C)]. These results confirmed that CM-VitD reduced IR and 
inhibited the occurrence of an inflammatory reaction via the PI3K/AKT pathway. 

4. Discussion 

Type 2 DM and OP are two major healthcare problems worldwide. The former is also considered a risk factor for OP. The high 
fracture risk among T2DM patients can be induced by hyperglycemia, which plays a vital role in impaired bone metabolism in T2DM 
patients, leading to reduced bone strength [28]. The growing prevalence among patients with T2DM simultaneously suffering from OP 
underscores the importance of discussing the pathogenetic mechanisms of both diseases, as well as the need for investigating 
correlative agents with which to treat them [29]. 

Vitamin D deficiency is a widespread condition that affects more than a third of the population worldwide. Many individuals have 
difficulty meeting their daily vitamin D requirements through food intake and being outside in the sun. It is thus important to highlight 
the need for vitamin D supplementation [30]. Several studies have reported a link between vitamin D deficiency and an increased risk 
of acquiring several types of inflammatory diseases. In lung inflammation, vitamin D pretreatment decreased TNF-α-induced 
inflammation via the reduction of mitochondrial fission and mitophagy in A549 cells [31]. Vitamin D supplementation in obese 
women with mild to moderate depressive symptoms also indicated beneficial impacts on mood and inflammation [32]. 

The role of vitamin D in bone health and the prevention of OP has been well-documented [33]. Type 2 diabetes is also considered an 
inflammatory disease, and IR may be affected by regulating inflammation [34]. Research reports Vitamin D is effective in reducing 
insulin resistance in patients with type 2 diabetes [35], and lower vitamin D is strongly associated with worse diabetic regulation in 
T2DM subjects [36]. However, in the case of diabetes combined with OP, the mechanism through which vitamin D increases bone 
mineral density and reduces IR is unclear. In recent years, NLRP3 inflammasome has attracted significant attention for its important 
role in the pathogenesis of type 2 diabetes; however, its specific mechanism in the development of IR and OP requires further research 

Fig. 4. The effects of the 740Y-P specific agonist and the LY294002 specific inhibitor. (A, B) The messenger ribonucleic acid (mRNA) and protein 
expression of phosphoinositide 3-kinase, protein kinase B, nucleotide-binding oligomerization domain-like receptor protein 3, apoptosis-associated 
speck-like protein containing a caspase recruitment domain, and caspase-1 in bone marrow stromal cells (BMSCs) was increased and decreased 
when intervened with the 740Y-P specific agonist (20 μmol/L, 200 μL) and the LY294002 specific inhibitor (10 μmol/L, 200 μL), respectively; *P <
0.05 vs. the HepG2/IR + BMSCs group; &P < 0.05 vs. the HepG2/IR + BMSCs +740Y-P group. 
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and exploration. 
Phosphoinositide 3-kinase regulates the activation of NLRP3 inflammasome through the AKT pathway [19,48]. Accordingly, the 

present study conducted experiments to observe whether vitamin D could improve IR and OP in DM by inhibiting the 
PI3K/AKT/NLRP3 pathways in vitro and in vivo. 

The skeletal system undergoes constant lifelong remodeling through functional changes in osteocytes, osteoclasts, and osteoblasts 
[37]. Once the balance of bone metabolism is disrupted, a variety of bone disorders can develop. Bone marrow stromal cells are derived 
from bone marrow and possess multiplex potential differentiation abilities [38]. Moreover, bone formation plays a unique and 
important role in the body after birth, which ultimately increases the expression of bone matrix proteins, primarily by activating 
important bone-derived transcription factors, e.g., RUX2 [39]. 

Mesenchymal stem cells can differentiate into different cell lineages upon stimulation. This ability is closely related to achieving a 
perfect balance between the pluripotency-related genes (which control stem cell proliferation) and genes that can orchestrate the 
appearance of a specific phenotype [40]. In this regard, adipogenesis and osteoblastogenesis (adipo–osteoblastogenesis) are closely 
related processes [41]. 

A HepG2 cell model of insulin resistance induced by hyperinsulinemia was established based on the model in an existing study [42]. 
The isolated co-culture of HepG2/IR cells and BMSCs promoted the transformation of the latter into an adipogenic state and inhibited 
their osteogenic transformation. This transformation may have been related to changes in the inflammatory state of the microenvi
ronment following the co-culture with HepG2/IR cells. 

Inflammation is a major contributing factor of diabetes and OP [43]. Numerous studies have shown that the NLRP3 inflammasome 
is formed by the recruitment of the ASC adaptor and caspase-1, resulting in the release of an abundance of inflammatory factors, 
including IL-1β and IL-18, thereby inducing inflammatory injury [44]. The PI3K/AKT signaling pathway was reported as a vital up
stream factor involved in the activation of the NLRP3 inflammasome [45]. This was confirmed by the detection of NLRP3 inflammation 

Fig. 5. Conditioned Medium of bone marrow mesenchymal stem cells after VitD treatment reduced the messenger ribonucleic acid (mRNA) and 
protein expression of nucleotide-binding oligomerization domain-like receptor protein 3 (NLRP3), apoptosis-associated speck-like protein con
taining a caspase recruitment domain (ASC), caspase-1, interleukin (IL)-1 beta (β) and IL-18 through the phosphoinositide 3-kinase/protein kinase B 
(PI3K/AKT) pathway. (A, B) Compared with the hepatocellular carcinoma/insulin-resistance (HepG2/IR) + bone marrow stromal cells (BMSCs) 
group, the expression of PI3K, AKT, NLRP3, ASC, caspase-1, IL-1β, IL-18, and tumor necrosis factor alpha in the HepG2/IR + BMSCs + CM-VitD 
group was significantly decreased. The addition of the 740Y-P specific agonist reversed the inhibition impact of CM-VitD on the PI3K/AKT pathway, 
and the mRNA and protein expression of these genes was increased. The addition of the LY294002 specific inhibitor significantly decreased the 
mRNA and protein expression of these genes, compared with the group with the 740Y-P. (C) Compared with the HepG2/IR + BMSCs group, the level 
of inflammatory factors in the HepG2/IR + BMSCs + CM-VitD group was significantly decreased. Following the 740Y-P intervention, the level of 
inflammatory factors was increased due to activation of the PI3K/AKT pathway. The addition of LY294002 significantly reduced the level of in
flammatory factors; *P < 0.05 vs. the HepG2/IR + BMSCs group; &P < 0.05 vs. the HepG2/IR + BMSCs + CM-VitD group; #P < 0.05 vs. the HepG2/ 
IR + BMSCs + CM-VitD +740Y-P group. 
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mRNA and protein in BMSCs after the intervention of PI3K agonists and inhibitors in the current research. Existing findings also 
indicated that vitamin D could promote mesenchymal stem cells’ differentiation in vitro [46]. 

In the present study, the authors successfully isolated BMSCs and identified that CM-VitD reversed the inflammatory state induced 
by co-cultured HepG2/IR cell models and BMSCs. At the cellular level, as well as after the application of CM-VitD in a diabetic rat 
model, the inflammatory state of liver tissue and IR were decreased. This trend was more obvious after the intervention of the PI3K 
agonist; contrastingly, the intervention of the PI3K inhibitor was weakened. Vitamin D has been reported to be inversely and inde
pendently associated with IR, based on a vitamin D deficiency in both type 2 diabetes and healthy populations worldwide [47]. 

Altogether, the findings of the present study suggest the possible application of vitamin D for controlling the osteogenic trans
formation and inhibiting lipogenic transformation of cells by inactivating NLRP3 and downstream inflammatory cytokines. The ability 
of vitamin D to control transformation and inflammation may represent a novel target for the regulation of osteogenic cell trans
formation and the treatment of OP. At present, the expression of related factors in the liver tissue of rats has been studied in animal 
experiments, but the changes in bone mass and bone mineral density of rats have not been detected. Moreover, the mechanism of 
hyperglycemia causing inflammation, insulin resistance and bone loss has not been thoroughly studied, and more studies are needed to 
prove it. 
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AKT/PKB Protein Kinase B 
ALP alkaline phosphatase 
ASC apoptosis-associated speck-like protein containing a CARD 
BMSCs bone marrow mesenchymal stem cells 
CM-VitD Conditioned Medium of bone marrow mesenchymal stem cells after VitD treatment 
CO2 carbon dioxide 
DM diabetes mellitus 
DMEM Dulbecco’s Modified Eagle Medium 
ELISA enzyme-linked immuno sorbent assay 
FABP4 Recombinant Fatty Acid Binding Protein 4 
FW forward 
HepG2 human hepatoma cell 2 
HOMA-IR Homeostasis model assessment-insulin resistance 
IL-18 interleukin-18 
IL-1β interleukin-1beta 
IR insulin resistance 
MAPK mitogen-activated protein kinase 
NC Negative control 
NLRP3 nucleotide binding oligomerization domain like receptor protein 3 
OP osteoporosis 
OPN OsteoPontiN 
PBS Phosphate Buffered Saline 
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PEG20000 Polyethylene glycol 20000 
PI3K Phosphatidylinositol 3-kinase 
PPARγ peroxisome proliferator-activated receptor gamma 
qRT-PCR Quantitative real-time reverse transcription-polymerase chain reaction 
RIPA radioimmunoprecipitation assay 
RUX2 Runt-related transcription factor 2 
RV reverse 
SD Sprague Dawley 
STZ streptozotocin 
T2DM Type 2 diabetes mellitus 
TGF-β1 Transforming growth factor-beta 1 
TNF-α tumor necrosis factor-alpha 
VitD Vitamin D 
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