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A B S T R A C T   

Ossification of the ligamentum flavum (OLF) is the primary etiology of thoracic spinal stenosis. 
The functional properties of epidural fat (EF), an adipose tissue located in close proximity to 
ligamentum flavum (LF), have been scarcely investigated. The metabolic state of adipocytes 
significantly influences their functionality, and exosomes play a pivotal role in intercellular 
communication. This study aimed to investigate the role of EF-derived exosomes in OLF and 
characterize their protein profile by proteomics analysis. Our findings demonstrate that exosomes 
obtained from EF adjacent to OLF possess the ability to enhance osteogenesis of fibroblasts in 
vitro. Furthermore, proteomics analysis revealed metabolic dysfunction in EF adipocytes and 
identified lactate dehydrogenase A (LDHA) as a potential mediator involved in the development 
of OLF. This study provides new insights into the pathogenic mechanism underlying OLF and 
offers a theoretical basis for preventing and treating ligament ossification.   

1. Introduction 

The ligamentum flavum (LF), situated dorsally within the spinal canal, is a crucial connective tissue that plays an essential role in 
maintaining spinal stability. In addition to providing physical protection to the dural sac and spinal cord, it effectively restricts 
excessive flexion of the vertebrae under physiological conditions [1]. Ossification of the ligamentum flavum (OLF) typically occurs in 
the thoracic spine, resulting in spinal cord compression and subsequent manifestation of severe neurological dysfunction [2]. The 
etiology of OLF is postulated to involve a synergistic interplay among genetic factors, endocrine-metabolic abnormalities, mechanical 
stress, and other contributory elements; nevertheless, the precise pathogenic mechanisms remain elusive [3,4]. Our previous studies 
have revealed that advanced age and elevated body mass index (BMI) are established risk factors for thoracic ossification of the LF [5]. 
However, the underlying mechanism linking obesity or systemic metabolic dysfunction to the progression of OLF remains poorly 
elucidated. 

It is widely acknowledged that adipose tissue undergoes substantial metabolic modifications, which subsequently exert a pivotal 
impact on insulin sensitivity, lipid synthesis, and the inflammatory response. The epidural fat (EF) is a type of adipose tissue that is 
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distributed within the epidural space and is anatomically adjacent to the LF. It cushions the vibrations of the dural sac to protect the 
contents of the spinal canal from the impact of the mobile spine [6]. For a long period, EF was disregarded and even deemed 
dispensable by spine surgeons during extensive decompression surgeries. However, recent research has led to a shift in perspective and 
an updated perception of the EF [7,8]. The functional investigation of EF-derived mesenchymal stem cells (EF-MSCs) also elucidates a 
pivotal role within the local microenvironment [9]. The close proximity of EF to the LF within the anatomical space has prompted our 
speculation regarding the potential involvement of EF in the occurrence and progression of OLF. Recently, Liu’s group has made a 
novel discovery indicating that the EF adjacent to the ossified LF exhibits a fibrotic phenotype, enhanced vascularization and 
inflammation. This finding suggests an active involvement of EF in OLF through an inflammation-dependent paracrine mechanism 
[10]. However, the interaction pattern between EF and LF, as well as the underlying mechanisms involved, remain unclear. Addi-
tionally, exosomes have garnered significant attention in recent years as a novel endogenous carrier system facilitating cellular in-
teractions. The mounting evidence indicates that adipocyte-derived exosomes possess the ability to modulate diverse physiological 
functions including energy metabolism, inflammation, tumorigenesis, and insulin sensitivity [11,12]. The objective of this study was to 
investigate the involvement of EF in the progression of OLF through an exosome-dependent mechanism and analyze the proteomic 
characteristics of EF-derived exosomes, aiming to enhance our understanding of OLF pathogenesis and identify novel therapeutic 
targets for this disease. 

2. Results 

2.1. Morphological identification of EF in OLF and non-OLF patients 

The flow chart illustrating the global experimental procedures is presented Fig. 1. Based on the canal occupation rate of the OLF on 
CT axial plane, OLF is classified into moderate OLF (M-OLF) and severe OLF (S-OLF) (Fig. 2A–B). Macroscopically, the EF is closely 
attached to the surface of the ossified LF (Fig. 2C). Further morphological analysis of the EF among different groups reveals a sig-
nificant reduction in adipocyte size within the EF tissue adjacent to the ossified LF, as compared to normal tissue. However, no dif-
ference is observed between M-OLF and S-OLF groups (Fig. 2D). 

2.2. Characterization of the exosomes from EF 

Exosomes from EF with severe OLF (OLF-EFexo) and normal control EF (CON-EFexo) are extracted for further identification. By 
using transmission electron microscopy (TEM), distinct vesicle structures meeting the size criteria for exosomes were observed in 
visual fields of both groups (Fig. 3A). The vesicles’ size was evaluated using nanoparticle tracking analyzer (NTA), revealing that the 
diameter of vesicles in OLF-EF was slightly smaller compared to the control group (118.1 ± 8.3 vs 128.7 ± 5.5 nm); however, this 
difference did not reach statistical significance (Fig. 3B). The Western blot analysis reveals the presence of tumor susceptibility gene 
101 (TSG101) and CD9, which are established exosomal marker proteins, in the isolated extracellular vesicles (Fig. 3C). The above 

Fig. 1. Flowchart of the entire analysis. DEP, differentially expressed protein; EF, epidural fat; LF, ligamentum flavum; EF-exo, epidural fat-derived 
exosome; OLF, ossification of the ligamentum flavum; WB, Western blot; IHC, immunohistochemistry; GO, gene ontology; KEGG, Kyoto Encyclo-
pedia of Genes and Genomes; GSEA, Gene Set Enrichment Analysis; PPI, protein-protein interaction. 
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Fig. 2. EF morphology from the OLF patients. (A) Sagittal CT of typical OLF patients showed multiple ossified LF (arrow). (B) Typical manifes-
tations of moderate and severe OLF on axial CT plane. (C) Anatomical relationship of LF and EF in a surgical resection specimen. (D) Representative 
HE staining images of EF and statistical results of adipocyte size. *P < 0.05. 

Fig. 3. Identification of EF-derived exosome and its osteogenic potential. (A) The typical vesicle structure of the exosomes seen under TEM. (B) 
Schematic diagram of the diameter distribution of exosomes in two groups displayed by nanoparticle tracking technology (NTA). (C) The expression 
of exosomal proteins TSG101 and CD9 shown by Western blot. (D) Distribution of PKH67 labeled exosomes in fibroblasts cultured in vitro. (E) With 
osteogenic induction, the fibroblasts cultured in vitro were incubated with EF-derived exosomes from the control and OLF groups, respectively. The 
ALP staining and Alizarin Red staining were subsequently performed. 
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findings demonstrate the successful isolation of exosomes from OLF-EF and CON-EF, with no significant disparity observed in terms of 
particle size between the two groups. Subsequently, EF-derived exosomes were labeled with the green fluorescent dye PKH67 and co- 
incubated with primary fibroblasts derived from LF. After a 2-h incubation period, it was evident that the fibroblasts exhibited uniform 
green fluorescence staining, indicating successful uptake of EF-derived exosomes (Fig. 3D). Interestingly, fibroblasts incubated with 
OLF-EFexo demonstrate an augmented osteogenic capacity compared to cells incubated with CON-EFexo, as evidenced by stronger 
ALP staining following a 14-day osteogenic induction. Moreover, the Alizarin Red staining results reveal that calcification in the OLF- 
EFexo group is more pronounced than that in the CON-EFexo group after 21 days. 

2.3. Identification of differentially expressed proteins in OLF-EFexo and GO analysis 

To further investigate the potential regulatory. mechanism of OLF-EFexo on the fibroblast osteogenic differentiation, we performed 
a 4D label-free quantitative proteomic analysis. A total of 1909 proteins were identified in the CON-EFexo group, while 1758 proteins 
were identified in the OLF-EFexo group; among them, 1703 proteins were commonly identified in both groups (Sup Fig). Notably, we 
found a total of 84 significantly differentially expressed proteins (DEPs) between OLF-EFexo and CON-EFexo (log2[fold change] >1.5- 
fold and P < 0.05), including 18 up-regulated proteins and 66 down-regulated proteins (Fig. 4A–B, Supplementary Table). Gene 
ontology (GO) annotation and enrichment analysis are performed on these DEPs (Fig. 4C). For biological processes, DEPs are mainly 
enriched in isoleucine catabolic process, regulation of ATP biosynthesis, amino acid metabolism, and fatty acid oxidation (Fig. 4D). For 
cellular component (CC), DEPs are mainly enriched in mitochondria, including mitochondrial matrix, and mitochondrial inner 
membrane (Fig. 4E). For molecular function, DEPs are primarily enriched in adenylate kinase activity, as well as glucose transporter 
activity and protein kinase C (PKC) inhibitor activity. 

2.4. KEGG pathway enrichment and GSEA analysis 

According to KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway annotation, the DEPs predominantly aggregates in 
metabolic pathways, secondary metabolite synthesis, and thermogenesis. Enrichment analysis reveals that the DEPs are significantly 
enriched in propanoate metabolism, thermogenesis, fatty acid metabolism, amino acid degradation and other relevant pathways 
(Fig. 5A–B). While the KEGG analysis lacks detailed information regarding the positive or negative regulation of specific pathways, the 
GSEA (Gene Set Enrichment Analysis) further reveals that the positively correlated DEPs are enriched mainly in ribosomes, protea-
somes, and antigen presentation (Fig. 5C), while the negatively correlated DEPs were enriched in fatty acid metabolism pathway, 
tricarboxylic acid cycle (TCA) pathway, oxidative phosphorylation pathway, etc. (Fig. 5D). 

2.5. Prediction of subcellular localization, transcription factor, and protein-protein interaction 

The subcellular localization analysis of the DEPs reveals their predominant localization (over 45 %) at the mitochondria, followed 
by the cytosol and plasma membrane(Fig. 6A). The DEPs are subsequently annotated with the AnimalTFDB (Animal Transcription 
Factor Database) to determine their enriched transcription factor families. The top enriched transcription factor families identified are 
zing finger and BTB (ZBTB), signal transducer of activation (STAT) -bind, mad homology 1(MH1), and cold shock domain (CSD), 
respectively (Fig. 6B). Furthermore, ChEA3 (ChIP-X Enrichment Analysis 3) database was used to predict transcription factors 

Fig. 4. Exosome proteomic results and GO analysis. (A)Volcano plots. (B) Heat map for the DEPs. (C) GO enrichment analysis of DEPs. (D) GO 
enrichment analysis for biological processes. (E) Chordal plots showed the category of cellular components in which the DEPs enriched. 
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implicated in the regulation of the DEPs, with prolactin regulatory element-binding (PREB), zinc finger-511 (ZNF511), and thanatos 
associated protein-4 (THAP4) emerging as the top three candidates (Fig. 6C). The subsequent analysis of protein-protein interactions 
(PPI) revealed that among the top 10 potential hub proteins, nine exhibited downregulation in OLF-EFexo, while only one protein, 
lactate dehydrogenase A (LDHA), demonstrated upregulation (Fig. 6D). We further used the Venn diagram to find the potential key 
proteins that are most likely to regulate this process by intersecting hub proteins in PPI network, the DEPs in the top one enriched term 
of the GO analysis (mitochondrial matrix), the targeted proteins of PREB (the top one upstream transcription factor predicted by 
ChEA), and the DEPs included in the top enriched pathway in KEGG (propanoate metabolism). As the result, interestingly, LDHA 
emerged as the sole protein within this intersection (Fig. 6E). 

2.6. Validation of hub protein expression 

To verify the above bioinformatics results and provide supports for the subsequent experiments, we further measured the exosomal 
expression of two predicted hub proteins, LDHA and prohibitin-1 (PHB1) by Western blot analysis (Fig. 7A). The results demonstrate a 
significant increase in LDHA expression in OLF-EFexo, while PHB1 expression is significantly decreased, consistent with the proteomic 
findings. We further analyzed the expression of LDHA in ossified and normal LF tissues to investigate the potential involvement of 
LDHA in OLF. The photomicrographs of sections stained by hematoxylin-eosin (HE), masson’s trichrome staining (MT) and elastica van 
Gieson staining (EVG) all reveal an increasingly irregular structure and decomposition in OLF (Fig. 7B). In addition, we found that the 
level of LDHA was significantly increased in the OLF group by Western blot and immunohistochemistry (IHC) analysis (Fig. 7C–D). 

3. Discussion 

Traditionally, the EF is acknowledged as a physical cushion for the dural sac and neural structures, safeguarding them against 
external forces, while simultaneously facilitating the relative motion of the dural sac along the bony spine during flexion and extension 
[13]. Furthermore, EF has been regarded as a quiescent tissue with low metabolic activity and minimal response to both endogenous 

Fig. 5. KEGG and gene set enrichment analysis (GSEA). (A) Pathway chordal diagram of DEPs indicated by KEGG pathway annotation. (B) KEGG 
pathway enrichment analysis shown as bubble plot (top 10). (C) Results of GSEA analysis for positively correlated pathways (gene sets) in OLF- 
EFexo compared with CON-EFexo. (D) Results of GSEA analysis for negatively correlated pathways (gene sets) in OLF-EFexo compared with 
CON-EFexo. 
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and exogenous stimuli. Thereafter, the importance of EF was disregarded and even considered unnecessary by spine surgeons during 
extensive decompression surgeries. However, based on recent research findings, the perspective has undergone a transformation and 
the understanding of EF has been updated [8]. The functional investigation of EF and its derivatives has unveiled their pivotal roles in 
the local microenvironment and relevant disease models, encompassing spinal cord injury [14,15], dura injury/regeneration [16], disc 
degeneration [17], as well as ligament ossification [10]. 

Anatomically, the LF tissues, which attach to the posterior parts of the osseous spinal canal, is a close adjacent structure for the EF. 
Given the structural proximity, it is plausible that EF and LF tissues may exert direct functional influence on each other. A recent study 
conducted a comparison of the EF tissues adjacent to ossified or normal LF tissues [10]. The study suggests significant increase in 
fibrosis, vascularization, as well as infiltration of macrophages and B lymphocytes, in the histology of EF within the OLF group. This 
finding suggests potential dysfunction of adipocytes in EF tissue close to the ossified LF [18]. Additionally, the OLF group exhibits an 
augmented secretion of inflammatory factors and cytokines such as IL-6, TNF-α, and leptin by EF. Consistently, the level of phos-
phorylated STAT3 in the imminent ossified LF tissue is obviously up-regulated, indicating potential involvement of EF in the patho-
logical process of OLF through an undisclosed paracrine signaling pathway. This finding enhances our understanding of OLF and 
encourages further investigation. Nevertheless, the precise influence of EF on ligament ossification remains predominantly 

Fig. 6. Prediction of subcellular localization analysis, transcription factor analysis, and PPI. (A) Protein subcellular localization map; (B) Top 10 of 
transcription factors predicted by the AnimalTFDB3.0 database. (C) Top 10 of transcription factors predicted by the ChEA3 database. (D) PPI 
network diagram and the top 10 list (blue indicates downregulated proteins and red indicates upregulated proteins). (E) Venn diagram results. 
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unexplored. 
In recent years, exosomes have garnered significant attention as a novel endogenous carrier system facilitating cellular interactions. 

Mounting evidence has demonstrated the regulatory role of adipose tissue-derived exosomes in energy metabolism, inflammation, 
tumorigenesis, and insulin sensitivity [11,12]. In this study, we found that although with no obvious difference in size compared to 
normal controls, exosomes derived from EF adjacent to OLF tissues could promote osteogenesis in cultured LF-derived fibroblasts in 
vitro. This discovery represents the first elucidation on the role of EF tissue in OLF from an exosomal perspective, highlighting the 
potential translational applications for targeting EF in the prevention and treatment of OLF. 

Exosomes can safeguard the transported cargo against degradation and facilitate intercellular material transfer through autocrine, 
paracrine, and endocrine mechanisms. It is noteworthy that the contents encapsulated within exosomes exhibit remarkable hetero-
geneity, contingent upon the donor cell origin and underlying pathophysiological conditions. In this study, we present a compre-
hensive analysis of proteomic changes in EF-derived exosomes during OLF for the first time. Based on the previous research, EF in OLF 
manifests more obvious tissue fibrosis and vascularization compared to the control [10], which is similar to the manifestations of 
adipocytes with mitochondrial dysfunction, endocrine dysregulation, and extracellular remodeling in pathological obesity [19]. In 
conjunction with the findings from the integrated bioinformatic algorithms in this study, it is postulated that mitochondrial 
dysfunction within EF may potentially contribute to the pathogenesis of OLF. In addition, the systemic effects of adipocyte dysfunction 
may also contribute to this pathogenesis under pathological conditions such as obesity and metabolic abnormalities. Further metic-
ulously designed in vivo and in vitro experiments are warranted to substantiate the hypothesis. 

Transcription factors possess the capacity to initiate and regulate transcription of a wide range of genes essential for maintaining 
normal physiological functions. Consequently, disruption of these interactions may contribute to the development of tissue-specific 
pathological phenotypes [20]. In this study, we performed two bioinformatic methods for the prediction of transcription factors. 
The AnimalTFDB3.0 database was utilized for assessing the transcription factor families among the DEPs, while the ChEA3 database 
was employed to predict the upstream transcription factors of these DEPs. The results of AnimalTFDB revealed many transcription 
factors previously reported to be associated with heterotopic ossification. For example, JAK-STAT signaling pathway plays an 
important role in inflammation-mediated osteogenic transformation. The JAK/STAT signaling pathway exhibits a positive correlation 
with the thickness of the LF [21]. The IL-6 cytokine serves as the principal activator of the STAT pathway, which has been previously 
demonstrated to be implicated in thoracic OLF [22]. STAT3 signaling pathway also serves as the central mediator underlying the 
osteogenic effect of leptin in OLF cells [23]. In addition, the MH1 domain plays a crucial role in the functional regulation of the Smad 
family, which is extensively implicated in BMP2-mediated osteogenesis [24,25]. Moreover, Rel homology domain (RHD) highlights 
the potential involvement of NF-kB in this process. Thus, we postulated that the presence of proteins encapsulated within EFexo may 
exert influence on the process of OLF via these particular pathways. PREB was ranked the first transcription factor in the prediction 
analysis of upstream transcription factors that might regulate these DEPs. The hormone prolactin plays a crucial role in regulating 
glucose and lipid metabolism, maintaining endothelial function, contributing to obesity development, and potentially influencing 
cardiovascular mortality [26]. PREB protein has been identified as a factor that regulates insulin gene expression in the pancreas. 
Besides, PREB potentially contributes to the regulation of adiponectin gene transcription in adipocytes, in response to cAMP activation 
[27]. The involvement of PREB implies that EF may serve as a highly sensitive indicator of systemic metabolic status and exert in-
fluence on the occurrence and progression of OLF. 

Glucose glycolysis is the primary metabolic pathway utilized by osteoblasts and their progenitors for energy production. Even in the 
presence of adequate oxygen, a significant portion of glucose undergoes lactate metabolism during osteogenic differentiation, which is 
commonly referred to as aerobic glycolysis [28]. During OLF formation, the lack of blood vessels and hypoxic stimulation in the tissue 

Fig. 7. Validation results of protein expression. (A) Western blot images and statistical results of LDHA and PHB1 from EF-derived exosomes in the 
control and OLF groups. *P < 0.05. (B) Representative morphology images of LF sections. Bar = 100 μm. (C) Western blot results and statistical plot 
of LDHA expression in the non-ossified and ossified LF tissues. *P < 0.05. (D) Representative IHC images of LDHA expression in the non-ossified and 
ossified LF tissues. 
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environment, coupled with the high demand for constant production of collagen, glycosaminoglycans and other substrates, lead to 
massive ATP consumption. In addition, it has been found in OLF clinical specimens that degenerative ligaments are often accompanied 
by the hypertrophy of the whole LF. In comparison to fibroblasts derived from normal LF, OLF-derived fibroblasts exhibit enhanced in 
vitro proliferation [29]. The above evidence indicates that OLF formation requires a huge energy supply. Similar to osteoblasts and 
others, LF-derived fibroblasts have a highly glycolytic metabolic pattern [30]. Through metabolomics and transcriptome analysis, Li J 
et al. found that glycolysis/glycogen production pathway was significantly activated in OLF [31]. The enzyme LDHA plays a pivotal 
role as an oxidoreductase in the glycolytic pathway across various organisms, facilitating the conversion of pyruvate to lactate during 
the final step of anaerobic glycolysis. During the process of osteogenic differentiation, there was a gradual increase in LDHA 
expression, intracellular lactate levels, and histone lactylation levels. Knockdown of LDHA resulted in reduced formation of miner-
alized nodules and decreased ALP activity in osteoblasts [32]. However, the involvement of LDHA in OLF has not been previously 
documented. In this study, we firstly verified the expression of LDHA in LF tissues and found that the expression of LDHA in OLF was 
significantly higher than that in the control group. Accordingly, we hypothesize that LDHA-catalyzed reaction may serve as a pivotal 
regulator in the osteogenesis of LF fibroblasts. EFexo could potentially facilitate the intracellular delivery of LDHA to fibroblasts, 
thereby inducing energy metabolism disorders and consequently promoting the ossification process of the LF. Further experiments are 
required to substantiate the role of EF-derived exosomes in mediating glucose metabolism in LF cells, elucidate the precise mechanism 
underlying their regulation of LF homeostasis, and offer novel targets and strategies for disease treatment. 

In conclusion, we observe that EF-derived exosomes possess the ability to enhance osteogenic differentiation of LF fibroblasts, 
suggesting a potential role for EF-derived exosomes in mediating functional communication between EF and LF. Based on the pro-
teomics results and bioinformatics analysis, we hypothesize that LDHA may serve as a pivotal mediator in EF-mediated regulation of LF 
osteogenic differentiation, while dysfunction of EF could potentially act as an initiating factor for OLF development induced by 
metabolic disorders. The finding of this study not only facilitates the comprehension of OLF mechanisms but also holds promise for 
identifying novel therapeutic targets for OLF and other ectopic ossification disorders. 

4. Materials and methods 

4.1. Tissue collection 

LF and adjacent EF tissues were both obtained from OLF and control patients who underwent laminectomy and decompression 
surgery in the department of spinal surgery, the affiliated hospital of Qingdao university. Informed consents were routinely collected 
from all patients. OLF is diagnosed based on the combination of the clinical manifestations and imaging characteristics. According to 
the invasion rate of ossification in the spinal canal, OLF is divided into moderate OLF (occupancy rate <50 %) and severe OLF 
(occupation rate ≥50 %). The control samples were collected from patients with thoracic vertebral fracture, thoracic intervertebral 
disc herniation, or benign subdural tumor, with no imaging signs of OLF. The obtained LF and EF tissues were carefully separated for 
further experiments. 

4.2. Section staining and IHC 

The morphology of EF was assessed using HE staining. Adipocyte size was determined by calculating the average maximal diameter 
and mean area of adipocytes in all measured fields. MT and EVG were performed according to the manufacturer’s protocol. To 
investigate the LDHA expression level, paraffin sections of LF were incubated with a rabbit primary anti-LDHA antibody (#3582, CST, 
USA), followed by horseradish peroxidase-conjugated goat anti-rabbit IgG and 3,3-diaminobenzidine. All images were analyzed using 
ImageJ software. 

4.3. Extraction and identification of exosomes from EF 

The culture medium containing exosomes obtained from EF was transferred to 15 mL centrifuge tubes. Then it was centrifuged at 
2000 g/min for 30 min at 4 ◦C, and the supernatant was collected. The supernatant was subsequently centrifuged at 10,000 g/min for 
45 min at 4 ◦C to remove larger vesicles. The supernatant was collected and transferred to an ultra-centrifuge tube (30 mL tube), 
centrifuged at 110,000 g/min for 75 min and the supernatant was discarded. The precipitate was resuspended in precooled 1 mL 1 ×
PBS, diluted to 15 mL in 1 × PBS, filtered with 0.22 μm filter membrane, and transferred to an ultra-centrifuge tube. Then, it was 
centrifuged at 100,000 g/min for 75 min at 4 ◦C, and the supernatant was discarded. The exosome precipitate was resuspended in 200 
μL 1 × PBS, frozen stored at − 80 ◦C. 

Exosome identification was carried out using various methods. Exosome morphology was detected using TEM (FEI, Tecnai G2 Spirit 
BioTwin). Exosome diameter was measured by using a nanoparticle tracking analyzer (PARTICLE METRIX, ZetaVIEW S/N 17–310) 
according to the manufacturer’s protocol. Western blot was used to measure the expression of TSG101 and CD9 in the extracted 
samples. 

4.4. EF explants culture 

The surgically removed EF samples were thoroughly washed in a cold, sterile PBS solution to eliminate any visible connective tissue 
and blood clots. The EF samples were subsequently cut into small pieces and placed in DMEM for 1 h at 37 ◦C and 5 % CO2. After 1 h, 
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the EF samples were seeded to a 24-well culture plate (wet weight 10 mg/well). Explants were cultured in DMEM containing 100 U/mL 
penicillin G and 100 mg/mL streptomycin for 24 h, and the conditional medium was collected for exosome extraction, identification, 
and preservation until use. 

4.5. LF-derived primary fibroblasts culture 

The collected LF tissue was cut into pieces approximately 1 mm3 in size, placed in a 25 mm2 culture flask and then transferred into 
an incubator. After 2–3 h, DMEM medium containing 10 % FBS was slowly added into the flask. The cells were digested by 0.25 % 
trypsin and then passaged after approximately 80 % cellular confluence. The P2 and P3 cells were stored for further experiments. 
During osteogenic induction, the fibroblasts were cultured with an osteogenic medium (50 μM ascorbic acid, 10 nM β-glycer-
ophosphate, and 10 nM dexamethasone). When conducting exosome experiments, an exosome concentration of 10 μg/mL was selected 
for the experiments. Osteogenic inducing stimuli and exosomes were re-added every two days as the medium was changed. 

4.6. Protein extraction and western blot analysis 

Exosomes or cells were thawed at 37 ◦C and rapidly added into 5 × RIPA lysate, mixed, and lysed on ice for 30 min. Protein 
concentration was determined by the BCA method. The absorbance values were detected at OD562 nm on a microplate reader and was 
then recorded. The protein extracts were resolved using 12 % SDS-PAGE, followed by incubation of the membranes with primary 
antibody and HRP-conjugated secondary antibodies. The chemiluminiscence signal was detected using the Odyssey infrared imaging 
system (LI-COR Biosciences, Lincoln, Neb). 

4.7. Detection of exosome ingestion 

Exosomes were marked by PKH67 fluorescent labeling kit (MINI67, Millipore). 10 μL exosomes were incubated with 4 mL PKH67 
dye in diluent C for 4 min and an equal amount of FBS was added to terminate the experiment. PKH67-labeled exosomes were 
extracted using the isolation reagent and then incubated with LF-derived fibroblasts for 2 h, after which exosome intake was visualized 
using a confocal microscopy (Nicon, Japan). 

4.8. ALP staining 

After osteogenic induction of the fibroblasts for 14 days, the culture medium was discarded and the fibroblasts were washed three 
times with PBS, 4 % paraformaldehyde for fixation. Then the cells were washed 3 times again and subsequently incubated with ALP 
dye (modified Gomori Ca–CoS method) solution (Solarbio, China) in dark at 37 ◦C for 15 min. The positive result exhibited dark brown 
precipitates. 

4.9. Alizarin Red staining 

After osteogenic induction of the fibroblasts for three weeks, the culture medium was discarded and the fibroblasts were washed 
three times with PBS, fixed with 4 % paraformaldehyde for 10 min, and washed three times again with PBS. One milliliter of Alizarin 
Red solution (1 %) was added and incubated for 30 min. After discarding the solution, wash the cells with double distilled water to 
remove the floating color. Calcified nodules can be stained red under the light microscope. 

4.10. Exosome proteomics sample preparation 

The frozen EF tissue was grinded in liquid nitrogen and 1 mL SDT lysate (4 % SDS, 100 mM Tris-HCl, pH 7.6) was added to each 
sample. After boiled in water for 10 min, the lysate was centrifuged at 14,000 g/min for 15 min to obtain the protein supernatants. 
Protein concentration was measured by BCA assay, and 50 μg protein was taken for further proteomic study. DTT was added to form a 
solution with a final protein concentration of 100 mM, which was boiled for 5 min. Then the detergent, DTT and other low-molecular- 
weight components were removed using UA buffer (8 M Urea, 150 mM Tris-HCl, pH 8.5) by repeated ultrafiltration (Sartorius, 30 kD). 
Then 100 μL iodoacetamide (100 mM IAA in buffer) was added for alkylation and the samples were incubated for 30 min in darkness. 
The filters were washed with 100 μL buffer three times and then 100 μL 50 mM NH4HCO3 buffer twice. Finally, the protein suspensions 
were digested with 4 μg trypsin (Promega) in 40 μL 50 mM NH4HCO3 buffer overnight at 37 ◦C, and the resulting peptides were 
collected as a filtrate. The peptide segment was desalted by C18 column. The dried peptides were dissolved in 0.1 % formic acid and 
estimated by UV light spectral density at 280 nm using an extinctions coefficient of 1.1 that was calculated on the basis of the frequency 
of tryptophan and tyrosine in vertebrate proteins. 

4.11. Mass spectrometry analysis 

Samples were analyzed on a nanoElute (Bruker, Bremen, Germany) coupled to a timsTOF Pro (Bruker, Bremen, Germany) equipped 
with a CaptiveSpray source. Peptides were separated on a 25 cm × 75 μm analytical column, 1.6 μm C18 beads with a packed emitter 
tip (IonOpticks, Australia). The column temperature was maintained at 50 ◦C using an integrated column oven (Sonation GmbH, 
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Germany). The column was equilibrated using 4 column volumes before loading sample in 100 % buffer A (99.9 % MilliQ water, 0.1 % 
FA). Samples were separated at 300 nl/min using a linear gradient as follows: 1.5 h’ gradient, 2–22 % buffer B for 75 min, 22–37 % 
buffer B for 5 min, 37–80 % buffer B for 5 min, hold in 80 % buffer B for 5 min. The timsTOF Pro (Bruker, Bremen, Germany) was 
operated in PASEF mode. Mass Range 100–1700 m/z, 1/K0 Start 0.75 V s/cm2 End 1.4 V s/cm2, Ramp time 100 ms, Lock Duty Cycle to 
100 %, Capillary Voltage 1500 V, Dry Gas 3 L/min, Dry Temp 180 ◦C, PASEF settings: 10 MS/MS scans (total cycle time 1.16 s), charge 
range 0–5, active exclusion for 0.5 min, Scheduling Target intensity 10000, Intensity threshold 2500, CID collision energy 20–59 
eV.2.10.3 Data analysis. 

The MS data were analyzed using MaxQuant software version 1.6.17.0. MS data were searched against the UniProt database. An 
initial search was set at a precursor mass window of 10 ppm. The search followed an enzymatic cleavage rule of Trypsin/P and allowed 
maximal two missed cleavage sites and a mass tolerance of 40 ppm for fragment ions. Carbamidomethylation of cysteines was defined 
as fixed modification, while protein N-terminal acetylation and methionine oxidation were defined as variable modifications for 
database searching. The cutoff of global false discovery rate (FDR) for peptide and protein identification was set to 0.01. Protein 
abundance was calculated on the basis of the normalized spectral protein intensity (LFQ intensity). Proteins which fold change >1.5 
and P < 0.05 were considered to be differentially expressed proteins. 

5. Gene ontology (GO) annotation 

At first, all protein sequences were aligned to the UniProt database using NCBI BLAST+ (ncbi-blast-2.3.0+) on the Linux server, 
only the sequences in top 10 and E-value≤1e-3 were kept. Secondly, select the GO term (database version: go_20190701.obo) of the 
sequence with top Bit-Score by Blast2GO. Then, completed the annotation from GO terms to proteins by Blast2GO Command Line. 
After the elementary annotation, InterProScan were used to search EBI database by motif and then add the functional information of 
motif to proteins to improve annotation. Then further improvement of annotation and connection between GO terms were carried out 
by ANNEX. Fisher’s exact test were used to enrich GO terms by comparing the number of differentially expressed proteins and total 
proteins correlated to GO terms. 

5.1. KEGG pathway and GSEA 

Pathway analysis was performed using KEGG database (database version: KO_INFO_END.txt (2022.01.25)). Fisher’s exact test were 
used to identify the significantly enriched pathways by comparing the number of differentially expressed proteins and total proteins 
correlated to pathways. Subsequently, a GSEA was performed according to the well-established manufactures introduced by previous 
researches (http://software.broadinstitute.org/gsea/index.jsp) [33,34]. 

5.2. Protein-protein interaction (PPI) network analysis 

The target protein ID was used to find the direct or indirect interaction relationship network with the target protein in the STRING 
database (download link: string-db.org), and the AnyChart software (V8.11.0.1934) was used Generate the interaction network 
analysis results. The data acquired in STRING were then imported into Cytoscape (version 3.7.1), which is an open source software for 
visualizing PPI and combining PPI data with attributing data. Based on the frequency of occurrence in the twelve algorithms from 
Cytoscape, hub genes considering for the specific cell type were screened. Western blot was performed to preliminary validate the 
analysis results of concerned proteins. 

5.3. Analysis of the subcellular localization 

The commonly used prediction software WoLF PSORT (download link:wolfpsort.hgc.jp) was used to perform subcellular locali-
zation prediction on differential proteins. The software is based on sorting signals, amino acid composition, and functional motifs, to 
convert the protein sequences into digital localization features. The KNN (k-Nearest Neighbor) classifier was subsequently used to 
predict the subcellular localization of protein. 

5.4. Transcription factor analysis 

The AnimalTFDB database was used to perform transcription factor prediction analysis on identified total and differential proteins. 
Moreover, we applied ChEA3 transcription factor enrichment analysis tool to predict and rank upstream transcription factors related to 
differential protein gene sets. 

5.5. Statistical analysis 

All results are expressed as mean ± standard error of the mean (SEM). Statistical analyses involved use of GraphPad Prism 5.0 
(GraphPad Software Inc, La Jolla, CA). A P < 0.05 was considered statistically significant. 
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