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Abstract
Background  Bone marrow mesenchymal stem cells (BMSCs) have been widely recognized as a highly promising option for 
cell-based tissue engineering therapy targeting osteoporosis. However, the osteogenic differentiation of BMSCs is impeded 
by the limited viability and diminished capacity for bone formation within the osteoporotic microenvironment.
Methods  In this study, the COL6A3 gene was confirmed through an extensive analysis of the preceding single-cell sequencing 
database. The generation of an inflammatory microenvironment resembling osteoporotic cell transplantation was achieved 
by employing lipopolysaccharide (LPS). A lentivirus targeting the COL6A3 gene was constructed, and a Western blotting 
assay was used to measure the marker proteins of osteogenesis, adipogenesis, and mitophagy. Immunofluorescence was 
utilized to observe the colocalization of mitochondria and lysosomes. The apoptosis rate of each group was evaluated using 
the TUNEL assay, and the mitochondrial membrane potential was assessed using JC-1 staining.
Results  This investigation discovered that the impaired differentiation capacity and decreased viability of BMSCs within the 
inflammatory microenvironment were markedly ameliorated upon overexpression of the specific COL6A3 gene. Moreover, the 
administration of COL6A3 gene overexpression successfully mitigated the inhibitory impacts of LPS on mitophagy and the 
expression of inflammatory mediators, specifically inducible nitric oxide synthase (iNOS) and cyclooxygenase-2 (COX-2), 
in BMSCs. To clarify the underlying mechanism, the role of mitophagy during the differentiation of COL6A3 gene-modified 
BMSCs in the inflammatory microenvironment was evaluated using the mitophagy inhibitor Mdivi-1.
Conclusions  In the context of lipopolysaccharide (LPS) stimulation, COL6A3 enhances the differentiation of BMSCs into 
osteogenic and adipogenic lineages through the promotion of mitophagy and the maintenance of mitochondrial health. Our 
findings may provide a novel therapeutic approach utilizing stem cells in the treatment of osteoporosis.
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Introduction

Osteoporosis, a worldwide age-related disease, is commonly 
linked to estrogen deficiency following menopause [1, 2]. 
Currently, the main method employed for the treatment of 

osteoporosis is systemic anti-osteoporosis drug therapy; 
however, this approach is associated with certain limitations 
[3–5]. Previous studies have provided evidence supporting 
the appropriateness of employing bone marrow mesenchy-
mal stem cells (BMSCs) in cell therapy as a viable approach 
for the treatment of osteoporosis [6–10].

The development of osteoporosis is closely associated 
with the proliferation and differentiation of BMSCs, which 
exhibit the capacity for self-renewal and differentiation into 
various cell types [11]. During the inflammatory phase of 
bone restoration, the survival rate and osteogenic differentia-
tion of BMSCs are compromised due to the combined effects 
of various damaging factors, including hypoxia and oxida-
tive stress [12, 13]. While inflammation has traditionally 
been linked to osteoclast differentiation and subsequent bone 
loss, recent research has elucidated a crucial connection 
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between inflammation and bone formation [14]. Therefore, 
it is crucial to undertake further investigation to analyze the 
methodologies utilized by BMSCs that demonstrate anti-
injury, anti-apoptosis, and high viability rates within the 
framework of bone defects. As evidenced by previous stud-
ies [15], the process of mitophagy is of utmost importance in 
the differentiation of stem cells and the preservation of their 
stemness. Mitophagy, a distinctive form of autophagy, elimi-
nates damaged mitochondria, thereby facilitating the pres-
ervation of normal energy metabolism and cellular function 
[16]. However, impaired mitochondrial metabolism could 
lead to mitochondrial dysfunction and the accumulation 
of compromised mitochondria, ultimately resulting in cell 
death through pro-apoptotic factors. This finding highlights 
the significance of mitophagy in stem cells, particularly in 
the context of preserving their functionality.

In this study, extensive analysis of the preceding single-
cell sequencing database was undertaken, revealing a signifi-
cant upregulation of the COL6A3 gene in BMSCs exhibiting 
robust osteogenic differentiation potential [17]. Simultane-
ously, our findings indicate that the COL6A3 gene sustains 
the stem cell characteristics of BMSCs and enhances the 
process of osteogenesis via the mechanism of mitophagy. 
This study provides new insights into the molecular mecha-
nisms underlying BMSC differentiation and their role in 
bone formation and regeneration. The identification of key 
genes and pathways involved in cellular processes could lead 
to the development of more effective treatments for osteopo-
rosis. Additionally, the identification of crucial clusters of 
BMSCs could help to identify potential therapeutic targets 
for osteoporosis and contribute to the development of more 
effective treatments for this disease.

Materials and methods

sc‑RNA‑seq data analysis

The single-cell dataset GSE147287 contains one scRNA-
seq dataset from an osteoporosis patient. The scRNA-seq 
data underwent the following processing steps: the data were 
transformed into Seurat objects using the R software pack-
age called ‘Seurat’; cells with low-quality counts of mito-
chondrial or ribosomal genes were excluded; genes present 
in at least 10 cells were selected; principal component analy-
sis (PCA) and unified flow approximation and projection 
(Uniform Manifold Approximation and Projection (UMAP)) 
were used for downsizing and cluster identification based on 
the selected genes; significant marker genes within different 
clusters were identified using the ‘Find All Markers’ func-
tion, with a log2FC threshold of 0.3 and a minimum value of 
0.25. The analysis of cluster annotation was performed using 
the R software package ‘SingleR’, resulting in a percentage 

of 0.25. Subsequently, Fisher precision examinations were 
conducted to detect potentially noteworthy cell categories. 
The FC values were computed for the identified cell types 
that had FC values greater than 4 or less than 0.25, and 
cell types with a p value less than 0.05 were considered 
significant.

Main reagents

We obtained DMEM/F12 medium (cat #KGM12500-500) 
from KeyGEN BioTECH (Nanjing, China) and fetal bovine 
serum (cat #CM1002L) from CELL COOK (Guangzhou, 
China). Cell Signaling Technology (Massachusetts, USA) 
was the source of anti-COL6A3 antibody (cat #4912S), 
anti-RUNX2 antibody (cat #12556S), anti-COL1A1 anti-
body (cat #72026S), anti-LC3B antibody (cat #3868S), 
anti-TOMM20 antibody (cat #42406S), anti-FABP4 anti-
body (cat #50699S), and anti-PPARγ antibody (cat #2435S). 
The anti-COX-2 antibody (cat #27308-1-AP) and anti-iNOS 
antibody (cat #22226-1-AP) were purchased from Protein-
tech (Chicago, USA). Abcam (Cambridge, England) pro-
vided the following antibodies: anti-cytochrome C anti-
body (ab133504), anti-LAMP1 antibody (ab24170), and 
anti-SQSTM1/p62 antibody (ab109012). We purchased 
lipopolysaccharide (LPS) (cat #S1732-25 mg) from Beyo-
time Biotechnology (Shanghai, China). It was obtained from 
Servivebio in Nanjing, China, and 4′,6-diamidino-2-phe-
nylindole dihydrochloride (DAPI) was used. The induction 
medium for osteogenic and adipogenic differentiation of rat 
BMSCs was obtained from Procell Life Science & Technol-
ogy (Wuhan, China).

Cell isolation and culture

As reported in previous studies [18], the successful isola-
tion of BMSCs obtained from the femurs and tibia of male 
Sprague‒Dawley rats (4 weeks old, 100–150 g, n = 10) and 
expansion of the cells was successful between passages 2 
and 8. Briefly, the epiphysis was cut, and the bone marrow 
cavity was repeatedly flushed with a 5 ml syringe containing 
DMEM/F12 complete medium containing 15% fetal bovine 
serum (FBS) and 1% penicillin/streptomycin. A 70-mm 
stainless steel mesh was used to filter the suspension to elim-
inate clots and cell clumps before BMSCs were cultured in a 
humidified incubator (5% CO2, 37 °C). The unattached cells 
were removed after 3 h by replacing the complete medium 
with fresh complete medium. This was repeated every 8 h 
for up to 2 days. BMSCs were then trypsinized and expanded 
at 80 to 90% confluence. BMSCs treated with LPS (200 µg/
ml) were used as a model to identify the role of COL6A3 in 
the inflammation associated with osteoporosis. The expres-
sion of marker proteins for osteogenesis and adipogenesis 
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of BMSCs was detected after LPS (200 µg/ml) treatment 
for 48 h.

Flow cytometry for BMSC characteristics

To assess the expression of surface markers, we detached 
BMSCs from passage 3 and subjected them to staining fol-
lowing the protocol outlined in the Rat BMSC Analysis Kit 
(Cat No. RAXMX-09011). The resulting flow cytometry 
data were then analyzed using FlowJo V10 software, utiliz-
ing a FACSAriaII instrument (BD, USA).

Cell viability assay

We tested cell viability using the Cell Counting Kit-8 (CCK-
8). We cultivated BMSCs at 2000 cells per 96-well plate. 
Then, CCK-8 reagent was added to each well and incubated 
for 4 h at 37 °C and 5% CO2 in an incubator. The absorb-
ance value of each well at 450 nm was determined using a 
microplate reader to calculate cell viability.

Osteogenic differentiation of BMSCs

Various substances were used to treat BMSCs, which were 
then placed into 6-well plates at a cell density of 2 × 104 cells 
per well. After the cell confluence reached 90%, the medium 
was substituted with the osteogenic induction differentia-
tion medium of rat BMSCs, and the new culture medium 
was replaced every 3 d for 15 d. Subsequently, alizarin red 
staining was performed to observe calcium nodule formation 
under the microscope, and pictures were captured.

Adipogenic differentiation of BMSCs

BMSCs (2 × 104) were seeded into 6-well plates and treated 
with different compounds in each well. Unlike osteogenic 
induction, adipogenic differentiation induction is more com-
plex. After the cell confluence reached 100%, adipogenic dif-
ferentiation of rat bone marrow mesenchymal stem cells was 
induced by ADP1 complete medium for 3 d. Then, ADP2 
complete medium was used to induce adipogenic differen-
tiation of rat bone marrow mesenchymal stem cells for 1 d. 
The above procedure was repeated four times, and finally, 
the ADP2 medium was continued for 3–6 d. A microscope 
was used to capture images of the formation of lipid droplets 
stained with Oil Red O.

Western blot analysis

The Total Protein Extraction Kit (KeyGen, China) was used 
to extract protein from each group of BMSCs. Samples were 
separated on a 10% or 12% sodium dodecyl sulfate‒poly-
acrylamide gel and transferred to a polyvinylidene fluoride 

(PVDF) membranes. Then, the membranes were incubated 
with diluted primary antibody overnight at 4 °C. The next 
day, the secondary antibody was added to the membranes at 
the appropriate concentration for 1 h at room temperature. 
Finally, the detection and quantification of protein signals 
from immunoreactive bands were performed using ImageJ 
software v1.8.0 in conjunction with an ultrasensitive chemi-
luminescence (ECL) system (Minichemi; Beijing, China).

Transfection

GemmaPharma (Shanghai, China) provided lentiviruses that 
overexpressed the COL6A3 gene as well as a negative con-
trol lentivirus. The second generation cells were placed in a 
6-well dish and allowed to grow for 24 h at a moderate con-
centration (1 × 106) before transfection. The following day, 
lentivirus transfection of BMSCs was performed according 
to the product instructions. An 88% transfection rate was 
confirmed 48 h after adding lentivirus and HiTransG A to 
BMSCs (viral titer: 1 × 108 TU/ml). Lentivirus was trans-
fected for 24 h at an MOI = 15. The stably expressed cells 
were filtered using puromycin (5 mg/ml).

TUNEL assay

Apoptosis in each experimental group was detected using 
the One Step TUNEL Apoptosis Assay Kit (Beyotime; 
Shanghai, China) following the guidelines provided by 
the manufacturer. Different compounds were used to treat 
BMSCs, which were seeded at a density of 2 × 104 cells per 
well in 6-well plates. TUNEL test solution was prepared, 
and 100 µl TUNEL test solution was added to each well. The 
mixture was then incubated at 37 °C for 60 min. Samples 
were observed under a fluorescence microscope after being 
sealed with the anti-fluorescence quenching sealing solution.

Colocalization of LAMP1 and TOMM20

BMSCs were subjected to treatment in 12-well plates at a 
density of 1 × 104 cells per well. Following the application 
of LPS to the cells, they were subsequently treated with 4% 
paraformaldehyde for 20 min and then permeabilized using 
0.5% Triton X-100 for 10 min. Afterward, the cells were 
cultured with the anti-LAMP1 antibody and anti-TOMM20 
antibody overnight at a temperature of 4°C, followed by 
incubation with the goat anti-rabbit IgG Cy3/488 antibody 
(1:200; Servicebio) for 1 h at room temperature. DAPI was 
used to counterstain the nuclei, and a fluorescence micro-
scope (Olympus; Japan) was utilized to observe the localiza-
tion of LAMP1 and TOMM20.
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Mitochondrial membrane potential measurement

A Mitochondrial Membrane Potential Assay Kit with JC-1 
(Beyotime; China) was used according to the manufacturer’s 
instructions. Normal mitochondria emit red fluorescence due 
to the aggregation of JC-1. Within impaired mitochondria, 
JC-1, on the other hand, penetrates the cytoplasm to generate 
individual units that produce a green glow. In short, BMSCs 
were cultured in six-well dishes and exposed to LPS. After-
ward, 1 ml of JC-1 solution was introduced into each well 
and the plate was placed in an incubator (37 °C, 5% CO2) 
for 15 min. Then, the staining was examined under a fluores-
cence microscope after washing with JC-1 staining buffer. 
The v1.8.0 version of ImageJ was used to determine and 
quantify the green fluorescence intensity.

Statistical analysis

All data were obtained from three independent replicates. 
The statistical analysis was conducted using SPSS 25.0 soft-
ware (IBM, USA). The quantitative data of the study are 
presented as the mean ± standard deviation ( 

−

x ±s ). T tests 
were employed to compare differences between two groups, 
while ANOVAs were utilized to compare differences among 
multiple groups followed by Tukey’s post hoc test. Statistics 
were considered significant if p < 0.05.

Results

Cell clustering and annotation of scRNA‑Seq 
for BMSCs in osteoporosis

First, the single-cell data went through preprocessing, 
where the scaledata function was used to scale the selected 
highly variable genes. Afterward, the anchor points were 
determined using PCA downsizing. Following this, the 
data pertaining to the top 10 principal components (PCs) 
were selected for downscaling (Fig. 1a). Afterward, we 
employed BMSC markers (LEPR, NGFR, CD44, ENG, 
NT5E, and THY1) to ascertain the presence of BM-MSCs 

in individuals with osteoporosis (Fig. 1b). We annotated the 
cellular samples using SingleR and visualized them through 
t-distributed stochastic neighbor embedding (tSNE) and 
uniform manifold approximation and projection (UMAP) 
downscaling techniques. Ultimately, we identified distinct 
clusters comprising a total of 6 cells, and the spatial arrange-
ment of BMSCs in patients was visualized (Fig. 1c). To con-
duct a more comprehensive examination of the attributes 
of each BMSC in the context of osteoporosis, an analysis 
of the marker genes within each subgroup was performed 
(Fig. 1d). The findings revealed that Cluster 3 exhibited a 
notable enrichment in terms of osteogenic differentiation, 
with the COL6A3 gene displaying the highest expression 
levels (Fig.S1).

COL6A3 is associated with osteogenic 
differentiation and viability of BMSCs

We analyzed the typical surface markers of BMSCs through 
flow cytometry (Fig. 2a). BMSCs strongly express typical 
surface antigens (CD73, CD90, CD105); moreover, they are 
negative for specific surface antigens (CD45, CD34). A posi-
tive correlation was observed between the osteogenic differ-
entiation ability and cell viability of BMSCs. The findings 
from the cell viability assay indicated that the 3rd-generation 
(p3) BMSCs exhibited significantly higher cell viability than 
the 8th-generation (p8) BMSCs (Fig. 2b). Concurrently, 
the calcium nodule composition in p3 BMSCs exhibited 
a marked increase in comparison to that in p8 BMSCs 
(Fig. 2c). Correspondingly, COL6A3 expression was sig-
nificantly lower in p8 BMSCs than in p3 BMSCs (Fig. 2d). 
These findings indicate that the proliferation activity and 
osteogenic differentiation of BMSCs may be correlated with 
the function of the COL6A3 gene.

COL6A3 alleviated the inhibitory effect of LPS 
on the osteogenic and adipogenic differentiation 
of BMSCs

Given the detrimental role of inflammation in osteoporotic 
bone repair, LPS was employed to mimic the inflammatory 
microenvironment of osteoporosis to further investigate 
the biological function of COL6A3 on the differentiation 
capacity of BMSCs. Lentivirus targeting overexpression 
of the COL6A3 gene was transfected into BMSCs. The 
expression of the COL6A3 protein was detected by West-
ern blotting(Fig.S1). In comparison to the control group, the 
LPS group exhibited a notable decrease in the development 
of calcium nodules, while the LPS + COL6A3-ov group dis-
played more calcium nodules than the LPS group (Fig. 3a). 
Then, the expression of marker proteins for osteogenesis 
(COL1A1, RUNX2) in each group was detected by Western 
blotting. The protein expression of COL1A1 and RUNX2 

Fig. 1   Identification and characterization of BMSCs in osteoporosis 
patients. a PCA downscaling was employed to identify anchor points, 
and the top 10 principal PCs were selected for subsequent analysis. 
b Visualization of BMSC distribution in patients using tSNE and 
UMAP downscaling techniques, showing the expression levels of the 
identified markers. c Distinct clusters of BMSCs were identified in 
individuals with osteoporosis using BMSC markers, resulting in the 
identification of a total of six cell clusters. d Analysis of marker gene 
expression within each BMSC cell cluster in the context of osteopo-
rosis. BMSCs: Bone Marrow Mesenchymal Stem Cells; PCA: Prin-
cipal Component Analysis; PCs: principal components; tSNE: t-dis-
tributed Stochastic Neighbor Embedding; UMAP: Uniform Manifold 
Approximation and Projection

◂
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Fig. 2   Reduced expression of COL6A3 was associated with osteo-
genic differentiation of BMSCs. a Fluorescence-activated cell sorting 
analysis of BMSCs revealed strong expression of typical surface anti-
gens of stem cells, including CD90, CD105, and CD73; in contrast, 
the cells were negative for surface antigens not contained in stem 
cells (CD45, CD34). b The proliferative activity of p3- and p8-gener-

ation BMSCs was detected by CCK-8 assay. c Osteogenic differentia-
tion of BMSCs in the p3 and p8 generations was induced. d: The pro-
tein expression of COL6A3 in the p3 and p8 generations of BMSCs 
was detected by Western blotting and quantified. *: p < 0.05; OS: 
osteogenic stimulation; BMSC: bone marrow mesenchymal stem cell
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in the COL6A3-ov group was significantly increased com-
pared to that in the LPS group. (Fig. 3b). Next, the effect of 
COL6A3 on the adipogenic differentiation of BMSCs was 
further evaluated. Compared with the control group, the 
formation of lipid droplets in the LPS group was reduced, 
but COL6A3 overexpression reversed the effect of LPS on 
adipogenic differentiation (Fig. 3c). The expression of signa-
ture proteins (PPAR-γ, FABP4) of adipogenesis was reduced 
in the LPS group compared to the control group. Overex-
pression of COL6A3 enhanced the adipogenic capacity of 
BMSCs in the LPS microenvironment (Fig. 3d).

COL6A3 ameliorates apoptosis and inflammation 
of BMSCs induced by LPS

Limited anti-inflammatory potential and decreased cell 
viability have posed a challenge for BMSCs in the con-
text of osteogenesis bone repair. Consequently, additional 
investigations were conducted to evaluate the viability 
of BMSCs overexpressing COL6A3 in the inflammatory 
microenvironment. In line with this speculation, the levels 

of apoptosis-associated proteins (Bax and cleaved cas-
pase-3) were decreased in the LPS + COL6A3-ov group 
compared to the LPS group (Fig. 4a). The LPS + COL6A3 
group exhibited a significantly reduced apoptosis rate of 
BMSCs compared to the LPS group (Fig. 4b). Moreover, the 
LPS + COL6A3-ov group exhibited a decrease in the levels 
of inflammatory mediators (iNOS and COX-2) compared to 
the LPS group (Fig. 4c). At the same time, COL6A3 effec-
tively limits the release of cytochrome C (Cyt-c) from the 
mitochondria to the cytoplasm, which is induced by LPS 
(Fig. 4d). The decrease in ΔΨm is a landmark event in the 
early stage of apoptosis. The reduction in ΔΨm was obvious 
in the LPS group compared to the control group; however, 
the ΔΨm of COL6A3-ov BMSCs treated with LPS was not 
significantly reduced (Fig. 4e).

COL6A3 attenuates the LPS‑induced inhibition 
of mitophagy in BMSCs

Mitophagy, which is the selective separation and degrada-
tion of defective mitochondria, is the key to the quality 

Fig. 3   Overexpression of the COL6A3 gene maintained the osteo-
genic capability and adipogenic capability of BMSCs in the LPS 
microenvironment. a Representative Alizarin red staining of BMSCs 
in different groups. b The expression and quantification of COL1A1 
and RUNX2 in BMSCs were determined by Western blotting. c Rep-

resentative oil red O staining of BMSCs in each group. d The protein 
expression and quantification of PPAR-γ and FABP4 in BMSCs were 
detected by Western blotting. *: p < 0.05; OS: osteogenic stimulation; 
AS: adipogenic stimulation; LPS: lipopolysaccharide; ov: overexpres-
sion; NC: transfection control
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control of mitochondria in the cell [19]. The potential of 
COL6A3 to induce mitophagy was tested with a com-
parative analysis between each group. The COL6A3-ov 
group exhibited significantly reduced protein accumula-
tion of p62 and upregulation of LC3B II (Fig. 5a). The 
results of immunofluorescence localization of mitochon-
dria (TOMM20) and lysosomes (LAMP1) revealed that 
the mitochondria and lysosomes of COL6A3-ov BMSCs 
showed substantial overlap compared to normal cells 
(Fig. 5b). Compared with the control group, the expres-
sion of LC3B II was decreased and the expression of p62 
was increased in the LPS group. In contrast, the COL6A3-
ov group exhibited an elevation in the expression of LC3B 
II and a reduction in the expression of p62 compared to 
the LPS group (Fig. 5c). The results of colocalized mito-
chondria (TOMM20) and lysosomes (LAMP1) suggested 
that the aggregation of mitochondria and lysosomes in the 
LPS + COL6A3-ov group was higher than that in the LPS 
group (Fig. 5d). Collectively, these findings demonstrate 
a significant enhancement in the level of mitophagy in 
COL6A3-ov BMSCs.

COL6A3 enhances osteogenic and adipogenic 
differentiation of BMSCs in the LPS 
microenvironment by promoting mitophagy

To confirm whether the effect of COL6A3 on osteogenesis 
and adipogenesis of BMSCs in the inflammatory microenvi-
ronment was related to mitophagy, the mitophagy inhibitor 
Mdivi-1 (25 µM) was used to block mitophagy. As expected, 
the formation of calcium nodules and lipid droplets was sig-
nificantly reduced in the LPS + COL6A3-ov + Mdivi-1 group 
compared with the LPS + COL6A3-ov group in the LPS-
inflammatory microenvironment (Fig. 6a and c). Compared 
with that in the LPS + COL6A3-ov group, the protein expres-
sion of osteogenesis markers (COL1A1 and RUNX2) and 
adipogenesis markers (PPAR-γ and FABP4) was decreased 
in the LPS + COL6A3-ov + Mdivi-1 group (Fig. 6b and d). 
To further determine the role of COL6A3 in the differentia-
tion of BMSCs in the inflammatory microenvironment, we 
targeted the COL6A3 gene of p8 BMSCs to further observe 
their osteogenesis and adipogenesis capacities. Calcium 
nodule and lipid droplet formation was increased in the 

Fig. 4   Overexpression of COL6A3 alleviates LPS-induced apoptosis, 
inflammation, and mitochondrial damage in BMSCs. a  The protein 
expression of cleaved caspase-3 and Bax was detected by Western 
blotting and densitometry analysis. b  The apoptosis rate of BMSCs 
in different experimental groups was detected by the TUNEL method 
and quantified. c  The protein expression of COX-2 and iNOS was 
detected by Western blotting and quantified. d: In each group, West-

ern blots were used to measure cytochrome C levels in BMSC cyto-
plasm and mitochondria. e  The mitochondrial membrane potential 
of each group was measured by acquiring the results of JC1 staining 
by fluorescence microscopy and then quantified. *: p < 0.05; LPS: 
lipopolysaccharide; ov: overexpression; NC: transfection control; 
CON: untreated group; cyt-c: cytochrome c; cytosol: cytoplasmic 
lysate; mito: mitochondrial lysate
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LPS + COL6A3-ov group compared with the LPS group 
(Fig. Figure 6e and g). Simultaneously, the protein expres-
sion of osteogenesis markers (COL1A1 and RUNX2) and 
adipogenesis markers (PPAR-γ and FABP4) was decreased 
in the LPS + COL6A3-ov group (Fig. 6f and h).

Discussion

Osteoporosis is characterized by low osteoblast activity and 
activation of osteoclasts, increased bone fragility, a high 
risk of fracture, and difficulty in repairing bone defects [20]. 
Studies on BMSCs have demonstrated a correlation between 
osteoporosis and the proliferation of BMSCs, as well as the 
degeneration of osteogenic differentiation capacity [21]. 
Animal and in vitro studies indicated that heightened levels 
of inflammatory cytokines facilitate bone resorption through 
various mechanisms, such as the differentiation, activation, 
and survival of osteoclasts, as well as the hindrance of osteo-
blast survival [22]. Due to insufficient oxygen supply and 
excessive activation of the inflammatory response, osteo-
blasts are insufficient, and the osteogenic differentiation of 
BMSCs is deficient [16]. In this study, it was found that 
COL6A3-ov BMSCs exhibited enhanced resilience within 

the osteoporosis microenvironment, thereby offering a novel 
therapeutic approach for addressing osteoporosis.

The gene COL6A3 encodes the collagen VIα3 chain, a 
crucial component involved in the process of osteogenesis. 
Collagen VI, a fibrous protein predominantly present in 
connective tissues such as bones, cartilage, and skin, plays 
a significant role in preserving the structural integrity and 
stability of these tissues [23, 24]. Specifically, during oste-
ogenesis, the assembly of collagen VIα3 chains and col-
lagen VIα1 chains results in the formation of collagen VI 
fibers, which establish a network-like structure within bone 
tissue. This network structure provides essential support 
and anchoring for bone cells, ultimately contributing to the 
maintenance of bone strength and stability. Consequently, 
the close association between COL6A3 and osteogenesis is 
evident [25].

Mitochondria facilitate bone cell differentiation and mes-
enchymal stem cell tolerance to environmental factors in 
bone marrow [16]. The quantity and integrity of mitochon-
dria are essential for maintaining the physiological function 
of cells [26]. Mitochondrial dysfunction was manifested by 
the depolarization of ΔΨm, increasing ROS, the release 
of the proapoptotic molecule cytochrome c, and increased 
mitophagy. It is involved in various bone metabolic diseases, 

Fig. 5   Overexpression of the COL6A3 gene relieved the inhibition 
of mitochondrial autophagy in BMSCs by LPS. a  The expression 
levels of p62, LC3B (LC3B I/LC3B II) and COL6A3 in COL6A3-
overexpressing BMSCs were analyzed by Western blotting and quan-
tified. b  Colocalization of mitochondria (TOMM20) and lysosomes 
(LAMP1) in normal and COL6A3-overexpressing BMSCs was 

assessed by immunofluorescence. c The expression levels of p62 and 
LC3B (LC3B I/LC3B II) in each group were analyzed by Western 
blotting and quantified. d Colocalization of mitochondria (TOMM20) 
and lysosomes (LAMP1) in each group was observed by immunoflu-
orescence. *: p < 0.05; LPS: lipopolysaccharide; ov: overexpression; 
NC: transfection control; CON: untreated group
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such as osteoporosis and OA [27–30]. Fan demonstrated that 
mitophagy mediated by PINK1-PARKIN inhibits the senes-
cence of BMSCs in the oxidative stress microenvironment 
and enhances the survival rate of BMSCs in intervertebral 
discs treated by BMSC transplantation [31]. Guo found that 
Sirt3 prevents AGE-induced senescence of BMSCs and 
senile osteoporosis by mediating mitophagy [32]. Therefore, 
it is necessary to improve the level of mitophagy to clear 

dysfunctional mitochondria to maintain the normal physi-
ological function of BMSCs. Gratifyingly, the present study 
reveals that the level of mitophagy in COL6A3-ov BMSCs 
was upregulated, which mitigates the inhibitory effects of 
LPS on mitophagy and ameliorates mitochondrial damage.

To investigate the potential impact of COL6A3 on the 
osteogenic and adipogenic differentiation of BMSCs in an 

Fig. 6   Inhibition of mitophagy decreased the osteogenesis and adi-
pogenesis capacities of COL6A3-overexpressing BMSCs in the LPS 
microenvironment. a Representative alizarin red staining of the LPS 
group, LPS + COL6A3-ov group, and LPS + COL6A3-ov + Mdivi-1 
group was obtained. b  The protein expression of COL1A1 and 
RUNX2 was detected by Western blotting and quantified. c  Rep-
resentative oil red O staining of the LPS group, LPS + COL6A3-ov 
group, and LPS + COL6A3-ov + Mdivi-1 group. d The protein expres-
sion of PPAR-γ and FABP4 in BMSCs was detected by Western blot-

ting and quantified. Representative alizarin red staining of p8 BMSCs 
in the LPS group and LPS + COL6A3-ov group. f The protein expres-
sion of COL1A1 and RUNX2 was detected by Western blotting and 
quantified. g  Representative oil red O staining of p8 BMSCs in the 
LPS group and LPS + COL6A3-ov group. h  The protein expression 
of PPAR-γ and FABP4 in BMSCs was measured by Western blotting 
and quantified. *: p < 0.05; LPS: lipopolysaccharide; ov: overexpres-
sion; NC: transfection control; OS: osteogenic stimulation; AS: adi-
pogenic stimulation; LPS: lipopolysaccharide
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inflammatory microenvironment via mitophagy, Mdivi-1 
was employed to inhibit COL6A3-induced mitophagy to 
assess BMSC differentiation. The experimental induction 
of BMSC differentiation revealed that the overexpression 
of COL6A3 augmented the formation of calcium nodules 
and lipid droplets in BMSCs within the LPS microenvi-
ronment. Simultaneously, the expression of osteogenesis 
and adipogenesis marker proteins detected in all experi-
mental groups further demonstrated that COL6A3 could 
enhance the differentiation of BMSCs. Concurrently, 
the capacity for osteogenic and lipogenic differentiation 
in p8 BMSCs was notably augmented after overexpres-
sion of the COL6A3 gene. However, the application of 
mitophagy inhibition by Mdivi-1 demonstrated that inhibi-
tion of mitophagy attenuated the role of COL6A3 in ame-
liorating the differentiation capacity of BMSCs induced 
by LPS. Excitingly, the apoptosis rate and the expression 
of inflammatory mediators in COL6A3-ov BMSCs were 
reduced in the LPS microenvironment. The decrease in 
ΔΨm is a hallmark event of early apoptosis and mitochon-
drial damage. The overexpression of COL6A3 significantly 
prevented the LPS-induced reduction in ΔΨm in BMSCs. 
Overall, the above results demonstrate that COL6A3 pro-
motes mitophagy and prevents BMSCs from losing their 
differentiation potential, which is associated with LPS. 
The enhanced environmental resilience and differentiation 
capacity exhibited by COL6A3-ov BMSCs present a novel 
therapeutic approach for addressing osteoporosis. (Fig. 7).
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