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A B S T R A C T   

Stem cell transplantation has been proved a promising therapeutic instrument in intervertebral disc degeneration 
(IVDD). However, the elevation of oxidative stress in the degenerated region impairs the efficiency of mesen
chymal stem cells (BMSCs) transplantation treatment via exaggeration of mitochondrial ROS and promotion of 
BMSCs apoptosis. Herein, we applied an emulsion-confined assembly method to encapsulate Coenzyme Q10 (Co- 
Q10), a promising hydrophobic antioxidant which targets mitochondria ROS, into the lecithin micelles, which 
renders the insoluble Co-Q10 dispersible in water as stable colloids. These micelles are injectable, which dis
played efficient ability to facilitate Co-Q10 to get into BMSCs in vitro, and exhibited prolonged release of Co-Q10 
in intervertebral disc tissue of animal models. Compared to mere use of Co-Q10, the Co-Q10 loaded micelle 
possessed better bioactivities, which elevated the viability, restored mitochondrial structure as well as function, 
and enhanced production of ECM components in rat BMSCs. Moreover, it is demonstrated that the injection of 
this micelle with BMSCs retained disc height and alleviated IVDD in a rat needle puncture model. Therefore, 
these Co-Q10 loaded micelles play a protective role in cell survival and differentiation through antagonizing 
mitochondrial ROS, and might be a potential therapeutic agent for IVDD.   

1. Introduction 

Intervertebral disc degeneration (IVDD) is the predominant cause of 
lower back pain, which can create high medical expenses [1,2]. The 
nucleus pulposus (NP), annulus fibrosus, and endplate are the basic 
components in intervertebral disc (IVD) [3]. Among all the components, 
the NP is a gelatinous, fiber reinforced, isotropic and water-rich core, 
which constructs the main structure of IVD. It contributes to resistance 

against compression, and provides a center for rotation movement [4,5]. 
Various pathological factors, including genetics, aging, trauma or other 
exogenous stimuli result in IVDD [6]. Meanwhile, IVDD is featured by 
several structural and histological changes as well as an altered 
expression of extracellular matrix (ECM) and inflammatory markers [7]. 

To date, supplementation of exogenous stem cells has displayed 
therapeutic functions on IVDD in both basic research and preclinical 
studies [6,8,9]. First, the NP tissue is recognized as an immune 
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privileged region. This feature of NP area limits immune responses to 
exogenous stem cell transplantation [10]. Transplantation of several 
types of stem cells can improve the number of functional cells and ECM, 
thus maintaining normal functions IVD [11,12]. Therefore, exogenous 
stem cell transplantation is a potential treatment target for IVDD repair 
[9]. However, the survival rate of transplanted stem cells and efficiency 
of cell differentiation in IVD are tough challenges. After stem cell 
transplantation, a large part of injected cells rapidly become undetect
able, implying that the viability as well as functionality of these cells 
might be markedly damaged [6,8,13]. One predominant explanation for 
this is the harsh microenvironment at the lesion site, which is mainly 
caused by excessive reactive oxygen species (ROS) and nonspecific 
inflammation [14]. Enhanced ROS level in the degenerated NP area 
reduces the efficiency of IVDD treatment through inhibiting prolifera
tion and increasing apoptosis of stem cells. Oxidative stress also leads to 
protein carbonylation, hyper-peroxidation and DNA damage to the 
transplanted stem cells [15,16]. Therefore, it is necessary to figure out 
the instruments to diminish ROS levels in the degenerated disc micro
environment, which can facilitate the viability and functionality of 
transplanted cells. 

Coenzyme Q10 (Co-Q10) or ubiquinone (2,3-dimethoxy-5-methyl-6- 
polyprenyl-1,4-benzoquinone) is a lipophilic molecule, which plays a 
critical role in various conditions. To date, Co-Q10 is detected in the 
phospholipid bilayer of cellular membranes and is concentrated in the 
mitochondrial inner membrane. Co-Q10 is identified as a key anti- 
oxidant molecule, which is closely associated with cell function and 
cell viability. Recently, it was reported that Co-Q10 plays a pivotal role 
in regulation of ferroptosis. Mechanically, Co-Q10 is a mitochondrial 
electron transport chain component which can make mitochondrial 
mass, improve mitochondrial function, and inhibit ROS generation 
[17–19]. It has been revealed that Co-Q10 supplementation can atten
uate DNA double strand damage and improve the life cycle of peripheral 
blood monocytes [20–22]. Moreover, Co-Q10 could suppress cell aging 
[23–25] and protect several stem cells against hypoxia, oxidative stress 
and other harsh environments by enhancing survival signals [26,27]. 
However, coenzyme Q10, as a lipid-soluble molecule, is only soluble in 
DMSO, which imposes limitations on its use and drug release, therefore, 
a more suitable drug delivery system is essential. 

In this study, we applied an emulsion-template based method to 

render the hydrophobic Co-Q10 dispersible in water as stable micelles. 
After the preparation, these Co-Q10 molecules were coated with a layer 
of phospholipid molecules (lecithin), termed as Co-Q10@lipid micelles 
(LM@Co-Q10). These micelles were delivered locally into IVDD model 
together with mesenchymal stem cells (BMSCs), which protects rat 
BMSCs from oxidative stress and promotes BMSCs to differentiate into 
an NP-like phenotype (see Scheme 1). 

2. Materials and methods 

2.1. Materials 

All chemicals were used as received without any further purification: 
chloroform (Adamas, 99.8%), ethanol (≥99%), coenzyme Q10 (Co-Q10, 
Bidepharm, 97%), lecithin (Adamas, 99%), uranyl acetate (Acmec, 
99%). H2O2 was purchased from Sigma-Aldrich, USA. The fluorescent 
probes DiI, DiO and DAPI were purchased from Beyotime (Haimen, 
China). DyLight 488 goat anti-rabbit IgG and DyLight 594 goat anti- 
rabbit were purchased from Proteintech Company (Wuhan, China). 

2.2. Emulsion confined assembly of lecithin and Co-Q10 

Lecithin and Co-Q10 were dissolved in 1 mL of CHCl3 solution with a 
respective concentration of 10.0 g L− 1 and 0.2 g L− 12 mL of deionized 
water was then added and an oil-in-water (O/W) emulsion was formed 
after vortex mixing (1000 rpm) for 1 min. After that, the emulsion was 
stirred at 60 ◦C for 30 min to evaporate the internal organic phase. Then 
2 ml of ethanol was added, the supernatant was removed by centrifu
gation, and the resulting assemblies were dispersed in deionized water 
for morphological characterization. 

2.3. Sample preparation for morphological characterization 

The samples were stained with uranyl acetate as the dye solution. 
First, one drop of ~5 μL of sample was cast onto the carbon-supported 
membrane copper mesh, and the excess sample was blotted off with 
filter paper after 2 min. Then one drop of ~5 μL of 1.5% uranyl acetate 
ethanol solution was dropped, and the excess solution was blotted off 
with filter paper after 30 s. Finally, the copper mesh loaded with the 

Scheme 1. General schematic of synthesis of injectable Co-Q10-loaded micelle(LM@Co-Q10) as stem cell therapy for intervertebral disc degeneration.  
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Fig. 1. Preparation and characterization of the LM@Co-Q10. (A) Molecular structure of lipid and Co-Q10. (B) Scheme for the preparation procedure. (C) DLS plot of 
the LM@Co-Q10. (D–E) TEM images of the LM@Co-Q10 negatively stained by uranyl acetate. (Scale bar = 200 nm, 100 nm). 

Fig. 2. Morphology of BMSCs and intracellular up
take and distribution of lipid micelles. (A) The 
morphology of BMSCs with different algebra. (Scale 
bar = 200 μm). (B) The β-Galactosidase stain of 
BMSCs. (Scale bar = 200 μm) (C) Intracellular uptake 
of ELM and LM@Co-Q10. The ELM and LM@Co-Q10 
labeled with DiI appeared red dots, and the cells 
transfected with GFP lentivirus were green. (Scale 
bar = 60 μm) (D) The colocalization of LM@Co-Q10 
and mitochondrion. The LM@Co-Q10 labeled with 
DiO appeared green dots, and mitochondria stained 
red by Mitotraker. (Scale bar = 60 μm).   
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sample was placed in a desiccator overnight. 

2.4. Structural characterizations 

The size of the emulsion droplets was measured using a laser particle 
size and zeta potential analyzer (Malvern). Transmission electron mi
croscopy (TEM) characterization was performed on a Hitachi HT7700 
microscope operating at 100 kV. 

2.5. Isolation and characterization of mesenchymal stem cells from rat 
bone marrow 

Isolation of bone mesenchymal stem cells (BMSCs) was carried out as 
previously depicted [28] with some changes. Four-week-old male 
Sprague-Dawley rats (Beijing Vital River Laboratory Animal Technology 
Co., Ltd.) were sacrificed and their femurs and tibiae were put in 75% 
alcohol by volume for sterilization. The ends of the tibia and femur were 
cut by scissors. A 27-gauge needle were inserted and flushed with Dul
becco’s Modified Eagle’s Medium/Nutrient Mixture F-12 (DMEM/F12). 
The cell suspension was filtered through a 70-μm filter mesh. The cells 
were cultured in DMEM/F12 + 10% FBS+1% antibiotic-antimycotic 
solution and incubated at 37 ◦C with 5% CO2. The medium was 
replaced for the first time after 24 h and was replaced every 3 days af
terward. Passage 3–5 (P3–P5) cells were used for subsequent 
experiments. 

For phenotype characterization, BMSCs were incubated with rabbit 
anti-rat polyclonal antibodies CD29, CD31, CD90, and CD45 (Biolegend, 
USA) and analyzed by flow cytometry (Beckman Cytoflex™, USA). In 
addition, to determine the multipotential differentiation capabilities of 
rat BMSCs, including osteogenic and adipogenic differentiation, BMSCs 
were cultured in the following medium types: (1) HyCyte™ F344 Rat 
Bone Marrow Mesenchymal Stem Cell Osteogenic Differentiation Me
dium. (2) HyCyte™F344 Rat Bone Marrow Mesenchymal Stem Cell 
Adipogenic Differentiation Medium. The induction medium was 
changed every 3 days. At day 14, cells were fixed and stained with 

Alizarin Red S for osteo-cytes, and Oil Red O for adipocytes (Cas9X™, 
China). 

2.6. Senescence-associated β-galactosidase staining 

β-Galactosidase staining was done with a senescence-associated 
β-Galactosidase Staining Kit (Beyotime, China). BMSCs were washed 
three times with PBS and fixed for 15 min at room temperature. Next, 
the cells were incubated overnight at 37 ◦C in darkness with the working 
solution containing 0.05 mg/ml 5-bromo-4-chloro-3-indolyl-β-D-gal
actopyranoside (X-gal)). The cells were observed with a bright-field 
microscope (Axio Vert.A1, Zeiss, Germany). 

2.7. Intracellular uptake of LM@Co-Q10 

DiI was utilized as a fluorescence probe to investigate the cellular 
uptake ability of ELM and LM@Co-Q10, with BMSCs transfected by GFP 
lentivirus. The solution was ultracentrifuged to remove free Dil after a 
small amount of Dil added. BMSCs separately cultured in culture plates 
(5 × 104 cells/well) were incubated with the culture medium containing 
Dil-labeled ELM and LM@Co-Q10 for 1, 2, 4 and 8 h. Confocal micro
scope (Andor, UK) was used to observe the fluorescence. 

To visualize the colocalization of LM@Co-Q10 and mitochondrion, 
DiO was utilized as a fluorescence probe. BMSCs separately cultured in 
culture plates (5 × 104 cells/well) were incubated with the culture 
medium containing DiO-labeled LM@Co-Q10 for 1, 2, 4 and 8 h. The 
cells were washed and stained with Mitotracker (Ex/Em: 579/599 nm) 
for 30 min. Confocal microscope (Andor, UK) was used to observe the 
fluorescence. 

2.8. Biodistribution and retention of LM@Co-Q10 in vivo 

DiI-labeled ELM, DiI-labeled ELM and BMSCs, DiI-labeled LM@Co- 
Q10, DiI-labeled LM@Co-Q10 and BMSCs dissolved in PBS (2 μL) 
separately were injected into rats’ intervertebral space. All rats were 

Fig. 3. In vivo distribution of lipid micelles. (A) Biodistribution of Different groups. The intervertebral fluorescence signal of rats was shown by IVIS. (B–E) The 
fluorescence signal intensity for different groups at different time. 
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placed in a darkroom (IVIS Spectrum, PerkinElmer, USA) to detect DiI 
fluorescence (Ex/Em: 549/565 nm) at different time points (1, 3, 7 and 
14 d). At day 14, the rats were sacrificed to harvest adjacent vertebrae 
and major organs for ex vivo imaging. 

2.9. Cell treatments and groups 

The BMSCs were randomly divided into 5 groups: Control group 
(incubated with normal medium), H2O2 group (incubated with medium 
containing H2O2), H2O2+Free Co-Q10 group (incubated with medium 

containing H2O2 and Free Co-Q10), H2O2+ ELM group (incubated with 
medium containing H2O2 and ELM), and H2O2+LM@Co-Q10 group 
(incubated with medium containing H2O2 and LM@Co-Q10). 

2.10. Intracellular ROS detection 

The BMSCs were cultured in 24-well plates (2 × 104/well) and then 
treated with different groups. After 24 h, the BMSCs were incubated 
with dichloro-dihydro-fluorescein diacetate (DCFH-DA) (Beyotime, 
China) at 37 ◦C for 30 min. Then the BMSCs were washed three times 
with PBS. The ROS level was measured by fluorescence microscope 
(Zeiss, Germany). 

2.11. Mitochondria-protection of LM@Co-Q10 

The BMSCs were incubated in 24-well plates (2 × 104/well) over
night. Then the cells were exposed to various treatments for 24 h. The 
cells were washed and stained with Mitotracker (Ex/Em: 579/599 nm) 
for 30 min. Then, the cells were washed and observed by confocal mi
croscopy. Besides, the mitochondrial membrane potential detection kit 
(JC-1) was also applied to determine the protective effect of LM@Co- 
Q10 in mitochondria. In brief, the BMSCs were stained with JC-1 solu
tion for 30 min. The BMSCs were observed by confocal microscope 
(Andor, UK). 

2.12. Cell viability evaluation 

BMSCs in the exponential growth phase were seeded in 96-well 
plates at a density of 2 × 103 cells/well. After the treatments, the 
BMSCs were incubated for 24 h. CCK-8 kit (Sigma-Aldrich, USA) was 
used to test the cytotoxicity. A microplate reader was used to measure 
the absorbance of each well at 450 nm. The live/dead assay kit (Beyo
time, China) was used to conduct live/dead assays. The images were 
taken using confocal fluorescence microscope (Andor, UK). 

2.13. qRT-PCR assessment 

Total mRNA was extracted from BMSCs using RNA fast 200 (Fasta
gen, Shanghai). Purified RNA was reverse transcribed into cDNA using 
qPCR-RT Master Mix (Toyobo, Japan). Finally, a real-time quantitative 
analysis of genes was performed with SYBR Green Realtime PCR Master 
Mix (Toyobo, Japan). Relative mRNA expression levels were normalized 
to an internal control and calculated according to the 2-ΔΔCT method. 
GAPDH was used as the internal control. 

2.14. Western blot assessment 

RIPA lysis buffer including protease inhibitors (Sigma-Aldrich, USA) 
was used to lyse the BMSCs. Then, the solution was centrifuged at 
12,000 rpm at 4 ◦C for 15 min. SDS-PAGE was used to separate proteins 
at 80 V. Then proteins were transferred onto 0.22 μm polyvinylidene 
fluoride membranes (Millipore, USA) at 260 mA. QuickBlock™ blocking 
buffer (Beyotime, China) was used to block the membranes at room 
temperature for 20 min. Then the membranes were treated with the 
following primary antibodies at 4 ◦C overnight: ACAN (1:1000, Abcam), 
COL2 (1:1000; Abcam), SOX9 (1:1000, Abcam), KRT19 (1:1000, Cell 
Signaling Technology), COX2 (1:1000, Abcam), MMP-13 (1:1000, 
Abcam), iNOS (1:1000, Proteintech), Adamts-5 (1:1000, Affnity), TNF-α 
(1:1000, Abcam), BAX (1:1000, Abcam), Bcl2 (1:1000, Abcam), 
Caspase-3 (1:1000, Cell Signaling Technology), P65 (1:1000, Cell 
Signaling Technology), NF-κB (1:1000, Cell Signaling Technology), IKB 
α (1:1000, Proteintech), β-Actin and GAPDH (1:1000, Santa Cruz). 
Finally, the membranes were incubated with secondary antibodies 
(1:2000, Proteintech) at room temperature for 1 h. An enhanced 
chemiluminescence kit (Millipore, USA) was applied to detect the 
membranes. Protein contents were quantified by Image J software. 

Fig. 4. LM@Co-Q10 suppressed H2O2-induced mitochondrial ROS and oxida
tive stress in BMSCs. (A) Intracellular ROS detection by DCFH-DA. (Scale bar =
200 μm) (B) Mitochondrial membrane potential of BMSCs assessed through JC- 
1 assay. JC-1 monomer was stained green, and JC-1 aggregates was stained red. 
(Scale bar = 100 μm) (C) Mitochondrial function of BMSCs evaluated by 
Mitotracker. (Scale bar = 100 μm) (D) TEM images of BMSCs in control group, 
H2O2 group and H2O2+LM@Co-Q10 group. (Scale bar = 2 μm and 500 nm) (E) 
Relative quantification of JC-1 fluorescence. (F) Quantification of relative ROS 
level. (G) Relative quantification of Mitotracker fluorescence. The data dis
cussed above were presented as mean ± SD. ns (no statistical significance), *p 
< 0.05, **p < 0.01 and ***p < 0.001 vs the control group; ns (no statistical 
significance), #p < 0.05, ##p < 0.01 and ###p < 0.001 vs the LM@Co-Q10 
group. n = 3. 
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2.15. Immunofluorescence staining 

BMSCs were cultured in 24-well plates at a density of 2 × 104 cells 
per well. After incubated with various treatments, the cells were fixed 
and incubated with the primary antibodies MMP13 (1:100), P65 
(1:100), Col2 (1:100), SOX9 (1:100) overnight at 4 ◦C. Afterward, the 
cells were incubated with secondary antibodies for 1 h. After stained 
with DAPI for 5 min, the images were acquired using confocal 

microscope (Andor, UK). The mean fluorescence intensity was calcu
lated based on Image J software. 

2.16. RNA-seq analysis 

Total RNA was extracted from the tissue using TRIzol® reagent ac
cording to the manufacturer’s protocol (Invitrogen, USA) and genomic 
DNA was removed using DNase I (TaKara, Japan). Then RNA quality 

Fig. 5. Attenuation of H2O2-induced inflammatory 
responses and metabolic disorders in BMSCs by 
LM@Co-Q10. (A) Expression level of inflammatory 
response-related proteins on BMSCs with different 
treatments. (B–G) Quantification of inflammatory 
response-related proteins was calculated from A by 
Image J. (H) Immunofluorescence images of MMP13 
(green) in different groups of BMSCs. (Scale bar = 60 
μm) (I) Quantification of green areas from H using 
Image J. (J–L) The semi-quantitative analysis of IL-1, 
IL-6 and TNF-α mRNA expressions. The data were 
presented as mean ± SD. ns (no statistical signifi
cance), *p < 0.05, **p < 0.01 and ***p < 0.001 vs the 
control group. n = 3.   

Fig. 6. LM@Co-Q10 antagonized the activation of 
the NF-κB signaling pathway. (A) Immunofluores
cence images of P65 (red) in different groups of 
BMSCs. (Scale bar = 60 μm) (B) Quantification of red 
areas from A using Image J. (C) Expression level of 
NF-κB pathway-related proteins on BMSCs with 
different treatments. (D–F) Quantification of NF-κB 
pathway-related proteins was calculated from C by 
Image J. The data were presented as mean ± SD. ns 
(no statistical significance), *p < 0.05, **p < 0.01 and 
***p < 0.001 vs the control group. n = 3.   
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was determined using 2100 Bioanalyser (Agilent, USA) and quantified 
using an ND-2000 spectrophotometer (NanoDrop Thermo Scientific, 
USA). Only high-quality RNA samples (OD260/280 = 1.8–2.2, OD260/ 
230 ≥ 2.0, RIN≥6.5, 28S:18S ≥ 1.0, and >1 μg) were used to construct 
sequencing library. Sequencing was performed with the Illumina plat
form. The raw paired end reads were trimmed and quality controlled by 
FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/) and 
Cutadapt (http://cutadapt.readthedocs.org/) with default parameters. 
Then clean reads were separately aligned to reference genome with 
orientation mode using HISAT2 (version:2.1.0) and SAMtools software 
(version: 1.3.1). The mapped reads from each sample were assembled by 
StringTie using a reference-based approach. A correlation heatmap and 
principal component analysis (PCA) were performed with DESeq2 based 
on the gene expression data. The expression level of each transcript was 
calculated using the transcripts per million reads (TPM) method to 
identify DEGs (differential expression genes) between two different 
samples. Significantly differentially expressed genes (DEGs) (logfold 
change ≥1, p-adjusted < 0.05) between BMSCs control group and 
LM@Co-Q10 were assessed using DESeq2. In addition, functional- 
enrichment analysis including Gene Ontology (GO) and Kyoto Ency
clopedia of Genes and Genomes (KEGG) were performed to identify GO 
terms and metabolic pathways in which DEGs were significantly 

enriched in at a Bonferroni-corrected p value ≤ 0.05 compared with the 
whole-transcriptome background. 

2.17. Animal surgery 

Briefly, the SD rats were anesthetized with isoflurane. The inter
vertebral discs of caudal spine were identified by palpation. Then, we 
inserted a 17-gauge sterile needle with a manual stopper into the middle 
of the disc at a depth of 5 mm, rotated it 360◦, and held it for 60 sec. 30 
male rats with a mean weight of 270 g were randomly divided into 6 
groups: The control group (without needle puncture); The puncture 
group (with needle puncture and PBS injection); The BMSCs group (with 
needle puncture and rat BMSCs injection); The Free Co-Q10 with rat 
BMSCs group (with needle puncture, free Co-Q10 and rat BMSCs in
jection). The ELM with rat BMSCs group (with needle puncture, ELM 
and rat BMSCs injection). The LM@Co-Q10 with rat BMSCs group (with 
needle puncture, LM@Co-Q10 and rat BMSCs injection). 2 μl of material 
was injected into the nucleus pulposus (NP) by a 31-gauge needle. The 
rats were executed after 4 weeks, independent IVDs of different groups 
were obtained for futher experiments. 

Fig. 7. LM@Co-Q10 reduced H2O2 induced-apoptosis 
of BMSCs. (A) Calcein-AM (green)/PI (red) staining of 
BMSCs after incubation with various treatments. 
(Scale bar = 300 μm) (B) Semiquantitative analysis of 
dead cells stained with PI (red) from A. (C) Expression 
level of apoptosis-related proteins on BMSCs with 
different treatments. (D) Cell viability of BMSCs after 
different treatments. (E–G) Quantification of 
apoptosis-related proteins was calculated from C by 
Image J. The data were presented as mean ± SD. ns 
(no statistical significance), *p < 0.05, **p < 0.01 and 
***p < 0.001 vs the control group. n = 3.   

Fig. 8. The differentiation efficiency of BMSCs in the 
NP with LM@Co-Q10. (A) Representative fluores
cence images of SOX9 (red) and Col2 (green) in the 
NPs under different treatments. (Scale bar = 40 μm, 
60 μm) (B,C) Semiquantitative analysis of SOX9 and 
Col2 from A. (D) Expression level of differentiation- 
related proteins on BMSCs with different treatments. 
(E–H) Quantification of differentiation-related pro
teins was calculated from D by Image J. The data 
were presented as mean ± SD. ns (no statistical sig
nificance), *p < 0.05, **p < 0.01 and ***p < 0.001 vs 
the control group; #p < 0.05, ##p < 0.01 and ###p 
< 0.001 vs the LM@Co-Q10 group. n = 3.   
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2.18. X-ray evaluation 

X-ray (GE XR650, USA) was applied to assess disc height of the in
dependent IVDs. Digital images were obtained using the radiographic 
plate system included with the instrument. The disc height index (DHI) 
was measured by Image J. 

2.19. Magnetic resonance imaging (MRI) evaluation 

A 3.0 T MRI scanner (GE Signa HDX, USA) was used to obtain the rat 
tail. The structure of NP was evaluated by T2-weighted sequence in the 
coronal plane. We placed the rats in the supine position and straightened 
their tails. The parameters of the MRI scanner were set as follows: spin 
echo repetition time, 2275 m s; echo time, 80 m s; number of excitations, 
8; field of view, 5 cm; slice thickness, 1.5 mm; no phase wrap. MRI 
images were analyzed by Image J. 

2.20. Histological evaluation 

The intervertebral discs were fixed in 4% paraformaldehyde fol
lowed by paraffin embedding. Tissue sections were mounted on glass 

slides using a microtome (Leica, Germany). Hematoxylin-eosin (H&E) 
and safranin O-fast green (S–O) were performed according to standard 
protocols. Photographs were obtained with a panoramic digital slice 
scanning microscope (Olympus, Japan). Major organs were also ac
quired. H&E staining of major organs (heart, liver, spleen, lungs and 
kidneys) was also carried out. 

2.21. TUNEL apoptosis assay 

The sections were stained using the TUNEL apoptosis detection kit 
(Servicebio, China) according to the standard protocols, and apoptotic 
cells exhibited red fluorescence. The nuclei of the cells were stained with 
DAPI. Finally, the fluorescent images were taken by microscope. The 
quantitative results were presented as the percentage of TUNEL-positive 
cells relative to the total cells in the area. 

2.22. Immunofluorescence staining in vivo 

For immunofluorescence staining, sections were deparaffinized and 
hydrated as the protocol in immunohistochemical staining, endogenous 
peroxidase was blocked with 5% hydrogen peroxide for 15 min and 

Fig. 9. Biobehavioral differences produced by 
LM@Co-Q10 treatment of BMSCs. (A) KEGG enrich
ment analysis of up-regulated pathways in BMSCs in 
the control and LM@Co-Q10 groups. (B) KEGG bub
ble plots of the pathways up-regulated in BMSCs in 
the control and LM@Co-Q10 groups. (C) Heat map of 
differentially expressed genes in BMSCs in the control 
group and LM@Co-Q10 group. (D) Volcano plot of 
differentially expressed genes in BMSCs in the control 
group and LM@Co-Q10 group. (E) Correlation heat 
map of gene expression of BMSCs in the control 
group, H2O2 group and LM@Co-Q10 group. (F) Re
sults of GO enrichment analysis for the top 10 
directed acyclic plots. (G) Different gene-gene inter
action networks in the control group and LM@Co- 
Q10 groups. n = 3.   
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nonspecific binding was blocked with 5% BSA for 30 min, respectively. 
Primaries were applied for NF-κB (1:200) and IKB-α (1:200) diluted in 
PBS overnight at 4 ◦C. The secondary antibodies were added followed by 
nuclear staining with DAPI for 5 min. Finally, the fluorescent images 
were taken by microscope. 

2.23. Immunohistochemistry evaluation 

For immunohistochemical evaluation, the sections were deparaffi
nized and incubated in 3% H2O2, then immersing in sodium citrate 
buffer at 95 ◦C. The slices were incubated with primary antibodies (anti- 
type II collagen (1:100), anti-MMP-13 (1:100), anti–NF–κB (1:100)) 
overnight at 4 ◦C, followed by incubating with secondary antibodies. 
After rinsing with PBST, the slices were incubated with DAB (3,3′-dia
minobenzidine) kit (ZSGB-BIO, China) for visualization. Then the slices 
were washed in tap water, counterstained with hematoxylin, dehy
drated, and coversliped with neutral resin. Images were taken by a 
panoramic digital slice scanning microscope (Olympus). Immunoposi
tivity within the fields was calculated using Image-Pro Plus software. 

2.24. Statistical analysis 

The data were presented as mean ± SD. Statistical analysis was 
performed with the t-test and one-way ANOVA analysis (SPSS software, 
version 26.0, SPSS Inc). p < 0.05 was considered as statistically 
significant. 

3. Results 

3.1. Preparation and characterization of the Co-Q10@lipid micelles 
(LM@Co-Q10) 

The LM@Co-Q10 was prepared through an emulsion based confined 
assembly method (Fig. 1A–B). After synthesis, these micelles could be 
well dispersed in water. Dynamic light scattering (DLS) measurement 
was carried out to determine the hydrodynamic diameter of these 
LM@Co-Q10, which is roughly 302 nm (Fig. 1C). TEM measurement was 
conducted to characterize the morphology and the size of the LM@Co- 
Q10. The sample was negatively stained with uranyl acetate, which 
was used to enhance the contrast of the TEM imaging. TEM images 
showed that spherical particles of ~200–300 nm in diameter were 
produced, which was consistent with the DLS measurement (Fig. 1D–E). 
We noted that these colloidal particles were quite stable under ambient 
conditions, which could be used for biological purposes. 

3.2. Cell culture and co-localization of BMSCs and lipid micelles 

To confirm that rBMSCs has the ability to proliferate, we obtained 
representative photomicrographs (Fig. 2A) and β-galactosidase stain 
(Fig. 2B) of rBMSCs. The cellular interaction behavior of ELM and 
LM@Co-Q10 was investigated using confocal microscopy. The ELM and 
LM@Co-Q10 was pre-labeled with DiI dye. The ELM and LM@Co-Q10 
labeled with DiI appeared as red dots, while the cells transfected with 
GFP lentivirus were green. As shown in Fig. 2C, ELM and LM@Co-Q10 
aggregated and accumulated to the BMSCs in a time-dependent 
manner. To visualize the colocalization of LM@Co-Q10 and mitochon
drion, DiO was utilized as a fluorescence probe. As shown in Fig. 2D, The 
LM@Co-Q10 labeled with DiO appeared as green dots, while the 

Fig. 10. Radiological evaluation in vivo. (A) Sche
matic illustration of the puncture-induced IVDD 
model and LM@Co-Q10 injection for the treatment. 
(B) X-ray and MRI images of the caudal vertebrae of 
rats at 4 weeks after different treatments. (C) The 
measurement schematic and formulas of disc height 
index. (D) Changes in disc height at 4 weeks after 
different treatments on X-ray. (E) Changes in discs at 
4 weeks after different treatments on MRI. The data 
were presented as mean ± SD. ns (no statistical sig
nificance), *p < 0.05, **p < 0.01 and ***p < 0.001 vs 
the puncture group; #p < 0.05, ##p < 0.01 and 
###p < 0.001 vs the BMSCs + LM@Co-Q10 group. n 
= 3.   
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mitochondria stained red by Mitotracker. LM@Co-Q10 similarly accu
mulates in mitochondria in a time-dependent manner. 

3.3. In vivo distribution of lipid micelles 

The in vivo biodistribution of LM@Co-Q10 was further evaluated. 
After injecting ELM and LM@Co-Q10 which tagged by DiI into the 
intervertebral discs of SD rats, the fluorescence signals were detected at 
1, 3, 7 and 14 days, respectively. There was obvious fluorescence signal 
in the intervertebral discs, which could still be observed even after 14 
days (Fig. 3A).Meanwhile, except for LM@Co-Q10 + BMSC group, all 
the remaining groups had drug leakage from the intervertebral space, 
indicating that LM@Co-Q10 + BMSC group could produce the best 
therapeutic effect. The fluorescent signals of adjacent vertebrae and 
major organs were shown in Fig. S1. The signal intensity was much less 
than that of NP tissue in vivo, indicating that the LM@Co-Q10 did not 
accumulate in the aforementioned tissues. 

3.4. Biodistribution and biosafety of LM@Co-Q10 

To investigate the biological effects of LM@Co-Q10 in vitro, we 
cultured BMSCs with media containing different concentrations of 
LM@Co-Q10 to assess its possible cytotoxicity. The results showed that 
the number of cells did not decrease after 1, 7 and 14 days of incubation 
with different concentrations of LM@Co-Q10. In addition, H&E staining 
of the major organs showed no significant pathological changes in any 
group, indicating that LM@Co-Q10 had good biocompatibility in vivo 
(Fig. S2). 

3.5. LM@Co-Q10 suppressed H2O2-induced mitochondrial ROS and 
oxidative stress in BMSCs 

The antioxidant activity of LM@Co-Q10 was measured by the 
following methods. First, intracellular ROS level was assessed using 
DCFH-DA probe (Fig. 4A and F), demonstrating that H2O2 generally 
induced an increase in intracellular ROS in BMSCs, while the treatment 
with LM@Co-Q10 attenuated the ROS level. These results revealed that 
LM@Co-Q10 could promote BMSCs to resist oxidative stress. Moreover, 
the mitochondrial membrane potential of BMSCs was assessed through 
JC-1 assay, which indicated that H2O2 disturbed mitochondrial function, 
while additional treatment with LM@Co-Q10 almost reversed this trend 
under H2O2 stimulation (Fig. 4B and E). Furthermore, it was confirmed 
by Mitotracker staining that LM@Co-Q10 greatly improved the function 
of mitochondria in the presence of H2O2 (Fig. 4C and G). Finally, as 
observed by TEM, mitochondria was disrupted in the presence of H2O2, 
mainly in the form of mitochondrial fracture and swelling, and the 
administration of LM@Co-Q10 greatly attenuated this alteration 
(Fig. 4D). 

3.6. Attenuation of H2O2-induced inflammatory responses and metabolic 
disorders in BMSCs by LM@Co-Q10 

Exaggerated inflammatory microenvironment was commonly 
detected in the pathogenesis of IVDD. In this study, BMSCs were stim
ulated with H2O2 in the presence of PBS, ELM, Co-Q10 or LM@Co-Q10. 
Then, inflammatory biomarkers were detected by real-time PCR 
(Fig. 5J–L), western blot (Fig. 5A–G) and immunofluorescence (Fig. 5H 
and I). As a result, gene expression level and protein level of pro- 
inflammatory factors, including IL-1, IL-6, TNF-α, TNF-β1, COX2 and 
iNOS were enhanced by H2O2, while the inflammatory response was 
greatly alleviated with LM@Co-Q10. Disorders of metabolism was a 

Fig. 11. Histological images in vivo. (A) H&E and 
Safranin O-fast green staining of NP in different 
groups. (Scale bar = 2 mm) (B) Tunel staining of NP 
in different groups (TUNEL positive: red). (Scale bar 
= 2 mm, 800 μm) (C) In vivo immunofluorescence 
images of NF-κB and IKB-α in the NP in different 
groups. (Scale bar = 2 mm) (D) Quantification of red 
areas from B. (E, F) Mean fluorescence intensity of 
NF-κB and IKB-α. The data were presented as mean ±
SD. ns (no statistical significance), *p < 0.05, **p <
0.01 and ***p < 0.001 vs the puncture group; ns (no 
statistical significance), #p < 0.05, ##p < 0.01 and 
###p < 0.001 vs the BMSCs + LM@Co-Q10 group. n 
= 3.   
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critical feature during the aging process. To date, catabolic factors, 
including MMP13, had been reported as the major factors in the meta
bolic disorders of cartilage structures. To demonstrate ECM degradation 
in IVDD, we used western blot (Fig. 5A and E) and immunofluorescence 
(Fig. 5H and I) to evaluate the expression of MMP13 in various treat
ments. As a result, H2O2 stimulation elevated the levels of the mentioned 
biomarkers, but this increase was greatly reduced by LM@Co-Q10. In 
short, LM@Co-Q10 showed the strongest ability to resist oxidative 
stress-induced ECM degradation. These results indicated that H2O2- 
induced inflammation and disorder of metabolism in BMSCs were 
dramatically suppressed by LM@Co-Q10. 

3.7. LM@Co-Q10 antagonized the activation of the NF-κB signaling 
pathway 

Activation of the NF-κB signaling pathway was well known to play an 
important role in the development of IVDD. After the above treatment of 
BMSCs, we extracted the total proteins of the cells for analysis to explore 
whether LM@Co-Q10 protected against IVDD by inhibiting the NF-κB 
signaling pathway. Notably, IKb-α and P65 were important indicators 

used to measure the activation of the NF-κB signaling pathway. As 
shown in Fig. 6C–E, relative to the H2O2 group, the protein level of NF- 
κB and P65 expression decreased after LM@Co-Q10 treatment. In 
Fig. 6F, the protein level of IκBα increased after treatment with LM@Co- 
Q10 compared with the H2O2 group. In addition, immunofluorescence 
of P65 showed that H2O2 elevated the expression of P65 as well as 
enhanced nuclear translocation, while LM@Co-Q10 decreased the 
expression of P65 and reduced nuclear translocation (Fig. 6A and B). 

3.8. LM@Co-Q10 reduced H2O2 induced-apoptosis of BMSCs 

The viability of rat BMSCs was assessed by cell counting kit-8 (CCK- 
8) assay and live/dead staining. As seen in Fig. 7A, B and 7D, the mor
tality rate of H2O2-induced BMSCs decreased dramatically after treat
ment with LM@Co-Q10. To verify the intrinsic mechanism of apoptosis, 
western blotting was used in this experiment. The expression of proteins 
such as BAX and Caspase 3 (17kD) decreased under LM@Co-Q10 
treatment, while the expression of proteins such as Bcl2 increased 
under LM@Co-Q10 treatment (Fig. 7C, E, F and G). 

Fig. 12. Immunohistochemistry images in vivo. (A) IHC analysis of MMP13, P65 and Col2 in the NP in different groups (IHC positive: brown). (Scale bar = 2 mm, 
800 μm) (B–D) Quantitative analysis of MMP13, P65 and Col2 in various treatments. The data were presented as mean ± SD. ns (no statistical significance), *p <
0.05, **p < 0.01 and ***p < 0.001 vs the puncture group; ns (no statistical significance), #p < 0.05, ##p < 0.01 and ###p < 0.001 vs the BMSCs + LM@Co-Q10 
group. n = 3. 
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3.9. The differentiation efficiency of BMSCs in the NP with LM@Co-Q10 

The matrix-synthesis ability of BMSCs was determined by the gene 
expression and protein levels of ACAN and Col2, all of which were 
higher in the H2O2+LM@Co-Q10 group than the control, H2O2, 
H2O2+ELM, and H2O2+Co-Q10 groups on day 21 (Fig. 8D-F). Previous 
studies detected the positive correlation between the expression of the 
transcription factor SOX9 and the maintenance of healthy ECM [36]. 
The LM@Co-Q10 group also showed the highest expression level of 
SOX9 (Fig. 8D and H). KRT19 exhibited a high percentage of expression 
in the NP-like tissues, making it an ideal marker for NP cells [37]. In this 
study, BMSCs cultured with LM@Co-Q10 showed higher levels of KRT19 
compared to the ELM or Co-Q10 groups (Fig. 8D and G). Immunofluo
rescence of Col2 and SOX9 indicated that LM@Co-Q10 greatly induced 
the differentiation of BMSCs to the NP-like phenotype (Fig. 8A-C). All 
these data demonstrated that LM@Co-Q10 displayed a strong potential 
to inhibit the degradation of ECM and to mediate the myeloid differ
entiation of BMSCs under oxidative stress. 

3.10. Biobehavioral differences induced by LM@Co-Q10 treatment of 
BMSCs 

Based on the distinct biological behaviours, we further compared 
differences in the transcriptome of control group, H2O2 group and 
LM@Co-Q10 group by RNA-seq analysis to explore the possible mech
anisms. BMSCs were harvested after 14 days of in vitro culture for total 
RNA extraction, RNA-seq transcriptome library construction, DEG 
(differentially expressed gene) identification and functional enrichment 
analysis (GO and KEGG). The statistics of up-regulated and down- 
regulated genes in the LM@Co-Q10 group compared to the control 
group were shown in the heat map (Fig. 9C). Notably, according to the 
KEGG analysis, the up-regulated DEGs in the LM@Co-Q10 group were 
enriched in biological processes related to the regulation of collagen 
fibril organization, which may explain why the BMSCS in the LM@Co- 
Q10 group had more potential for functional ECM synthesis than the 
control group (Fig. 9A and B). Furthermore, KEGG enrichment analysis 
revealed that several pathways highly relevant to ECM metabolism and 
oxidative phosphorylation were activated in the LM@Co-Q10 group. 
Also, the interactions of differential genes in different treatment groups 
were represented by directed acyclic plots and gene - gene interaction 
networks, which also explained the above mentioned changes in gene 
expression levels (Fig. 9F and G). 

3.11. LM@Co-Q10 improves therapeutic efficiency of transplanted 
BMSCs in rat coccygeal IVD D model 

To further investigate the function of LM@Co-Q10 in vivo, rat 
coccygeal IVDD model was established, and 2 × 105 BMSCs treated with 
PBS, Co-Q10, ELM and LM@Co-Q10 were injected into the NP tissue 
(Fig. 10A). After 4 weeks, the height of the IVD was evaluated by X-ray 
to assess the treatment effect of LM@Co-Q10 in vivo (Fig. 10B). The disc 
height index (DHI%) values were significantly lower in the puncture 
group compared to the control group. The DHI% values were elevated in 
the BMSCs, BMSCs+Co-Q10, BMSCs+ELM and BMSCs+LM@Co-Q10 
compared to the puncture group, with the highest DHI% values in the 
BMSCs + LM@Co-Q10 group (p < 0.01) (Fig. 10D). In addition, MRI was 
a valid assessment method to evaluate the water content and composi
tion of IVD (Fig. 10B). Based on the signal assessment system [28], the 
BMSCs+LM@Co-Q10 group greatly attenuated the signal loss induced 
by IVD (p < 0.001) (Fig. 9E). 

To investigate the therapeutic effect in more detail, immunohisto
chemistry and immunofluorescence were performed. According to HE 
staining, the control group showed intact disc structure. However, 
intervertebral disc structure in the puncture group was disrupted and 
showed reduced disc contents with disorganized hypocellular fibro
cartilage tissue. Although the punctured discs in the BMSCs+LM@Co- 

Q10 group were still degraded to some extent, the BMSCs+LM@Co-Q10 
group displayed more intact disc morphology than the BMSCs, 
BMSCs+Co-Q10 and BMSCs+ELM groups (Fig. 11A). Safranin-O stain
ing demonstrated a decrease in proteoglycans in the puncture and 
BMSCs groups (Fig. 11A). The BMSCs+Co-Q10 and BMSCs+ELM groups 
showed evidence of partial damage repair, but the BMSCs+LM@Co-Q10 
group showed marked improvement. In addition, intervertebral disc 
structure in the control group showed no marked cell apoptosis, while 
substantial apoptosis occurred in the puncture, BMSCs, BMSCs+Co-Q10, 
BMSCs+ELM groups (Fig. 11B and D). However, it was noteworthy that 
the apoptosis could be reversed in BMSCs+LM@Co-Q10 group. 

NF-κB and IKB-α, played a pivotal role in NF-κB signaling pathway. 
As shown in Fig. 11C, NF-κB drastically reduced in BMSCs+LM@Co-Q10 
group. In contrast, The expression of IKB-α after treatment with 
BMSCs+LM@Co-Q10 was higher than that of other post-puncture 
treatment groups. 

The IHC images also suggested that the BMSCs+LM@Co-Q10 group 
suppressed the Col2 expression and enhanced the MMP13 and P65 
expression in the punctured discs extensively (Fig. 12A). The data 
demonstrated that the combined treatment of BMSCs and LM@Co-Q10 
had a stronger restorative effect for IVDD. 

4. Discussion 

In the current study, we proposed a potential strategy for enhancing 
BMSCs transplantation treatment efficiency in IVDD. Both in vitro 
(BMSCs) and in vivo (a rat IVDD model) were performed to validate 
mechanism as well as effectiveness of the proposed therapy. As the core 
of our strategy for IVDD treatment, we prepared water-dispersible Co- 
Q10-based assemblies, and their surfaces were coated with a layer of 
lipid molecules, rendering these colloidal assemblies amphiphilic. Our 
work demonstrates that LM@Co-Q10 could protect MSCs from oxidative 
stress, and enhance differentiation of MSCs into an NP-like phenotype. 

As a promising strategy for IVDD treatment, stem cell transplantation 
therapy attracts much attention [29,30]. BMSCs are multipotent cells 
featured by their ability to differentiate into several cell types [31–33]. 
Previous studies have investigated the beneficial function of BMSCs on 
intervertebral disc degeneration [34–36]. Nevertheless, there are still 
tough problems to be elucidated between the microenvironment and 
transplanted cells. Although physical production of ROS serves as 
signaling molecule in cells, excessive oxidative and inflammation pro
duction is detrimental and has been commonly detected in development 
of IVDD [37,38]. ROS stimulation as well as nonspecific inflammation 
are leading cause of transplanted stem cells generated during the IVDD. 
Cellular damage and dysfunction are closely associated with high ROS 
levels [39,40]. Therefore, Attenuation of ROS-induced cell apoptosis 
and promotion of cell differentiation were essential for getting greater 
clinical success in cell transplantation therapy [41]. In the current study, 
LM@Co-Q10 largely abolished the detrimental role of H2O2 in oxidative 
stress of BMSCs and protected against production of ROS. 

It is known that mitochondrial function plays a critical role in 
viability of stem cells. In this study, H2O2 administration imitated a 
harsh environment for transplantation of MSCs and led to mitochondrial 
dysfunction and enhanced apoptosis of BMSCs, which is in consistence 
with previous reports [42]. Nevertheless, LM@Co-Q10 exhibited great 
effect to protect against this alteration, suggesting the therapeutic effi
ciency of Co-Q10 is markedly enhanced through liquid micelle delivery 
pattern. 

The anti-aging and anti-apoptotic capability of Co-Q10 has been 
reported on several conditions. Our present study confirmed that Co- 
Q10 stimulated the proliferation and survival rate of BMSCs on IVDD. 
Secondly, micelles established by lipid have been proved to be safe and 
efficient for local and systemic delivery of drugs, and this drug delivery 
strategy has been shown to enhance proliferation and cell differentiation 
of BMSCs [43]. Although previous studies have shown regenerative 
functions of stem cell transplantation in IVDD to a certain extent, 
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strategies are still required to fight against excessive oxidative stress in 
the local site, which leads to hyper-peroxidation, protein carbonylation 
as well as DNA damage to transplanted BMSCs. Intriguingly, we have 
herein determined that efficient delivery of antioxidant Co-Q10 through 
liquid micelles increases BMSCs viability through reducing inflamma
tion factors (COX2, iNOS) and catabolic biomarkers (MMP-13, 
ADAMTS-5), suppressing ROS production. In addition, Co-Q10 released 
from our micelles attenuates apoptosis through protecting against 
mitochondrial dysfunction. NF-κB signaling pathway is closely associ
ated with inflammation and aging process under oxidative stress, and 
results in upregulation of various genes which plays a detrimental role in 
IVDD. Previous studies demonstrated that Co-Q10 represses exaggerated 
activation of NF-κB signaling pathway to enhance the intracellular 
antioxidant properties of BMSCs. There might thus exist a potential 
relationship between LM@Co-Q10 and oxidative stress induced NF-κB 
signaling pathway to suppress ROS and disorder of inflammation as well 
as metabolism [44]. The relationship discussed above may explain the 
anti-oxidative ability of LM@Co-Q10. Furthermore, histological assess
ments confirm that LM@Co-Q10 delivery effectively elevated the pro
tective function of transplanted BMSCs in IVDD progression and nucleus 
pulposus degradation, and this is the main finding of our study to 
facilitate BMSCs to fight against oxidative stress. 

KRT19 is a specifically expressed biomarker in NP-like cells. More
over, Col2 and Aggrecan are commonly tested as anabolic factors in 
evaluating the extracellular matrix releasing ability of differentiated 
cells [45]. Totally, the differentiation and extracellular matrix produc
tion ability of BMSCs can be effectively assessed using these genes in this 
study. Strikingly, the levels of mentioned biomarkers in BMSCs were 
greatly retained following treatment of LM@Co-Q10 in stimulation of 
H2O2, suggesting the efficiency of micelle delivery strategy in facili
tating Co-Q10 into BMSCs, which consequently fight against oxidative 
stress. 

Our previous studies described a coccygeal disc degeneration model 
generated via needle puncture. This animal model facilitates injection of 
micelles into the injury area, and histologic as well as radiographic signs 
of degeneration in IVD can be consequently monitored [46]. IVDD is 
featured by loss of disc height, ECM, water content and NP cell number 
[47]. Our results show that injection of LM@Co-Q10 with BMSCs yields 
better results than in the degeneration, ELM and Co-Q10 groups. In the 
degeneration group, IVD structures were obviously destroyed. In our 
study, the morphology of the NP was evaluated by histological score. 
The histological score of the LM@Co-Q10 group was significantly lower 
than that of either ELM, Co-Q10 or the degeneration group. Although 
IVDD was indeed attenuated in the Co-Q10 group, its histological score 
was still higher than that in LM@Co-Q10 group. Furthermore, injection 
of ELM has no obvious activity on alleviating IVDD. This result may be 
due to the intracellular delivery efficiency of Co-Q10 on BMSCs, which 
leads to reduction of ROS and apoptotic cell, and maintenance of the 
differentiation and proliferation potential of BMSCs. 

5. Conclusions 

In our study, an injectable Co-Q10-loaded micelle, LM@Co-Q10 was 
developed to efficiently deliver Co-Q10 into BMSCs for treatment of 
IVDD. The results demonstrate the biosafety of LM@Co-Q10, and its 
ability to mediate differentiation of BMSCs and to protect cells by 
antagonizing oxidative stress. As a result, LM@Co-Q10 combined with 
BMSCs could attenuate IVDD in vivo, providing a potential strategy in 
developing biological therapies for IVDD. 
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