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Introduction: The self-healing capacity of a damaged annulus fibrosus (AF) leads to intervertebral disk (IVD) degeneration. AF wound treatment is challenging. The combination of biomaterials and stem cell-derived exosomes is a promising wound treatment strategy with significant clinical value.
Methods: We isolate primary nucleus pulposus cells (NPCs) and primary annulus fibrosus cells (AFCs) from rats as the target cells of rat insulin-like growth factor 1(IGF1), and verify the proliferation and migration; constructed cartilage endplate stem cells (CESCs) engineered cells that release exosomes containing high concentrations of IGF1by lentiviral infection, and used the IGF1-CESCs combined with combined silk fibroin (SF) and a collagen-mixed hydrogel for the treatment of AF wounds in rat. 
Results: We found that both IGF1 and IGF1-rich exosomes (IGF1 Exo) promoted the proliferation and migration of AFCs. SF and collagen mixed hydrogels have excellent compressive mechanical properties and are suitable for use in IVD therapy. After the IGF1-CESCs@SF-collagen hydrogel was filled in the damaged area of the AF in rat, the wound healing was accelerated, nucleus pulposus overflow was inhibited, the IVD height was maintained, and degeneration was reduced. 
Discussion: The IGF1-CESCs@SF-collagen hydrogel can efficiently treat AF wounds and inhibit degeneration of IVD, and has potential for clinical treatment.
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1 INTRODUCTION
Lower back pain (LBP) seriously affects the life of patients, leads to a large loss of labor, and increases the medical burden on the society (Freemont, 2009). The annulus fibrosus (AF) and nucleus pulposus (NP) are important tissues that support the height of the intervertebral disk (IVD) and enable the spine to bend. Long-term failure to heal after damage induces IVD degeneration, eventually resulting in LBP. Particularly, rapid AF repair after damage is crucial for maintaining IVD homeostasis (Sloan et al., 2020). The timely supply of trophic factors is essential for the wound treatment of the damaged IVD. Insulin-like growth factor-1 (IGF1) is a cytokine closely related to bone growth (Zhang et al., 2020) and can regulate angiogenesis and bone regeneration. IGF1 inhibits the apoptosis of nucleus pulposus cells (NPCs) and activates the Akt pathway to release the extracellular matrix (ECM) such as aggrecan and collagen II (Xiao et al., 2021; Chen et al., 2020); it is also considered crucial in wound healing of the damaged AF (Elmasry et al., 2016).
Stem cells have been widely studied in regenerative medicine, but their senescence, tumorigenicity, and low efficiency in directed differentiation limit their clinical applications. Exosomes derived from stem cells not only retain the excellent characteristics of stem cells but also avoid the limitations of stem cells, and they have a wider range of clinical application prospects (Tan et al., 2024). Combinations of stem cells and exosomes are widely used for wound treatment (Rani and Ritter, 2016) and have attracted considerable attention for their use in repair after the damage of IVD (Luo et al., 2022). In contrast to exogenous stem cells (mesenchymal stem cells, skeletal stem cells, and adipose-derived stem cells), cartilage endplate stem cells (CESCs) are derived from the cartilage endplate (CEP) tissue of the IVD itself and have considerable potential for bone repair, IVD wound treatment, and other applications. We found that CESCs could release exosomes to induce NPC differentiation, thus repairing the NP (Luo et al., 2021a). We induced CESCs to stably express Sphk2 and release Sphk2 protein-rich exosomes and then combined them with the costal chondrocyte extracellular matrix and collagen hydrogel to form an injectable Sphk2-CESC-exosome hydrogel, which effectively attenuated IVD degeneration (Luo et al., 2022). Although loose collagen hydrogels are beneficial for the growth of CESCs, because of their low mechanical pressure-bearing capacity, they cannot resist pressure from the spine, which limits their potential for clinical application. Silk fibroin (SF) has advantages such as good biocompatibility, adjustable degradability, and low toxicity, and it has been widely used as a dressing and pharmaceutical ingredient in wound treatment research (Farokhi et al., 2018). SF is also considered the best natural biomaterial for treating and reconstructing AF wounds (Wang et al., 2022; Bhattacharjee et al., 2012). In recent years, biomaterials such as collagen I/II, glycosaminoglycans, and pentosan polysulfate combined with stem cells have been widely favored for treating IVD. SF is highly favored in the medical field owing to its low immunogenicity and good biocompatibility. However, relatively few studies have examined the combination of silk fibroin and CESCs as biomaterials for IVD diseases.
In this study, we re-examined the relationship between IGF1 in AF wound treatment and IVD degeneration and verified its effects on the proliferation and migration of NPCs and annulus fibrosus cells. We constructed CESCs that stably transcribed the rat igf1 gene, released exosomes rich in rIGF1 protein, and transformed them into a rIGF1-CESCs@SF-collagen hydrogel. This injectable hydrogel exhibited excellent mechanical properties and a strong ability to repair damaged AF, which can thus be an effective treatment strategy to attenuate IVD degeneration.
2 MATERIALS AND METHODS
2.1 Reagents and antibodies
Antibodies to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) (cat. 60004-1-Ig), Cytl1, HSP70, Alix, and cleaved caspase-3 were purchased from Proteintech (Wuhan, China). Antibodies to IGF1 and KRT19 were purchased from BOSTER. DAPI nucleic acid dye (cat. C1006) and crystal violet staining solution (cat. C0121) were purchased from Beyotime Biotechnology (Shanghai China). Anti-TSG101 was obtained from ABclonal (cat. no. A1692, Wuhan, China). Goat anti-rabbit IgG  (cat. ab150080, Alexa Fluor® 594) and Goat anti-rabbit IgG (cat. ab150077, Alexa Fluor® 488) were obtained from Abcam (Cambridge, MA, USA). The EdU Cell Proliferation Kit with Alexa Fluor 594 (cat. C0078S) was obtained from Beyotime Biotechnology (Shanghai, China). Type 2 (cat. A004174-0001) and type 4 collagenase (cat. A004186-0100) were purchased from Sangon Biotech (Shanghai, China).
2.2 Patient tissues and histological analysis
Clinical specimens were obtained from 15 patients undergoing surgery at the Department of Orthopedics of 903 Hospital of Joint Logistic Support Force of The People’s Liberation Army. The severity assessment of IVD degeneration follows the modified Pfirrmann magnetic resonance imaging (MRI) method. Those with grades 1 and 2 were classified as having mild degeneration, whereas those with grades above 2 were considered as having severe degeneration. They were divided into several parts. Some of the tissues were frozen in liquid nitrogen for immunofluorescence and RT-qPCR analysis; others were fixed in 4% formalin buffer, decalcified with 10% ethylenediaminetetraacetic acid, embedded in paraffin after dehydration, and then used to perform tissue sectioning. The tissue slices were soaked in citrate buffer (0.01 M) at 110°C for 15 min, in 3% hydrogen peroxide for 15 min, and in 5% bovine serum albumin (BSA) for 40 min. The tissue sections were incubated with the IGF1 primary antibody (1:200) for 6 h at 4°C, and they were incubated with the secondary antibody (horseradish peroxidase-conjugated) for 1 h at 37°C. They were detected via 3,3′diaminobenzidine tetrahydrochloride (DAB) staining. This study was approved by the Medical Ethics Committee of 903 Hospital of Joint Logistic Support Force of The People’s Liberation Army (NO. 20241229/49/01/003), and all included patients provided informed consent.
2.3 Immunofluorescence
Immunofluorescence detection follows the method we previously used (Luo et al., 2022), which is briefly described as follows: the tissue sections were incubated in 10% hydrogen peroxide/formaldehyde buffer for 35 min at 37°C. They were then treated with 0.2% Triton for 5 min, blocked with 5% (w/v) BSA, and incubated with the primary antibody (IGF1, 1:00; cleaved caspase 3, 1:50) for 6 h. They were then incubated with a fluorescent secondary antibody and stained with 4′,6-diamidino-2-phenylindole. Images were captured using a fluorescence microscope (Olympus, Tokyo, Japan).
2.4 Animal experiments
Twenty-four 1-month-old Sprague–Dawley rats were purchased from the Experimental Animal Center of the Army Military Medical University and divided into four experimental groups: a healthy control group (n = 6), acupuncture group (n = 6), rIGF1-CESCs@SF-collagen hydrogel group (n = 6), and CESCs@SF-collagen hydrogel treatment group (n = 6). The injury was induced, as described by Han et al. (2008). The rats were anesthetized with Delivector™ Avertin (10–20 μL/g). The AFs were damaged using a 21-gage needle. The needle was inserted into the AF, but no damage was caused to the NP tissue. After the induction of the injury was completed, in the rIGF1-CESCs@SF-collagen hydrogel group and the CESCs@SF-collagen hydrogel treatment group, 10 μL of rIGF1-CESCs@SF-collagen hydrogel and CESCs@SF-collagen hydrogel were injected into the damaged sites, respectively. The rats were sacrificed at weeks 1 and 6, respectively. IVD tissues were isolated for immunofluorescence and hematoxylin and eosin (HE) staining. Images were captured and analyzed (Olympus, Tokyo, Japan). The handling of rats complies with the requirements of the Guidelines for the Care and Use of Laboratory Animals of the National Institutes of Health, and the approval number from the Animal Ethics Committee of Army Medical University is AMUWEC20230455.
2.5 Separation of AFCs and NPCs
The cells were derived from the IVD of 2-week-old male rats. First, the isolated rat tail IVD was washed with 0.1 M sterile phosphate-buffered saline (PBS). NP and AF tissues were peeled off from the IVD tissue and cut into fragments by mechanical cutting. The tissues were digested with collagenase II (0.2%) for 3.5 h at 37°C. A filter was used to remove undigested clumps, and the clumps were washed with PBS. They were centrifuged at 1,000 rcf for 10 min. The isolated cells were cultured with the medium containing 10% fetal bovine serum and 1% penicillin–streptomycin in 5% CO2 at 37°C. The medium was changed every 2 days. Cells were passed to the second generation for subsequent experiments. CESCs come from our laboratory’s previous preservation (Luo et al., 2022).
2.6 Gene Ontology enrichment analysis
The analysis data are obtained from our previous research (Luo et al., 2021a). The overview is as follows: exosomes are extracted from CESCs cultured in vitro, and proteins are extracted from exosomes for protein mass spectrometry analysis. The top 200 proteins with the most abundant expression are selected, Gene Ontology (GO) enrichment analysis is performed by WeChat online (https://www.bioinformatics.com.cn/?keywords=pathway), and GO enrichment analysis graphs are created using GraphPad prism 10.3.
2.7 Wound healing and transwell assay
AFCs or NPCs (5 × 105/well) were inoculated into a 6-well plate. When the confluence reached 80%, a pipette tip was used to create a straight scratch. They were washed with PBS containing 10% fetal bovine serum. Scratches were photographed under an optical microscope at 0, 24, and 48 h. For the cell migration analysis, an appropriate amount of complete medium was added to a 24-well plate, the transwell chamber was placed in the 24-well plate, and the cell suspension was added. After 24 h, the chamber was removed and stained with crystal violet to determine the number of cells that passed through the membrane.
2.8 Lentivirus transfection
Lentiviruses to overexpress rIGF1 were obtained from Honglian (Chongqing, China). When the CESCs reached 60% confluence, the rIGF1-lentivirus was added to the culturing cell, referring to the method (Luo et al., 2023) we previously used for screening positive cells. We analyzed the transfection efficiency by RT-qPCR and Western blotting.
2.9 Quantitative reverse transcription polymerase chain reaction (RT-qPCR) analysis
Total RNA was extracted from tissue or cells using TRIzol and was reverse-transcribed into cDNA using an RT kit (Takara, Japan). Three independent qPCR detections were performed using a Bio-Rad CFX96 qPCR machine (Bio-Rad Laboratories, Hercules, CA, USA), with GAPDH as the control to assess the gene expression. The primer sequence is as follows: h(human)Igf1-F: 5′-TGA AGG GAG GTG GTG GGT AT-3′, R:5′-CTC TGA ATC TTG GCT GCT GG-3’; hGapdh-F: 5′-TGG AAG ATG GTG ATG GGA TT-3′, R:5′-CTC TGA TTT GGT CGT ATT GGG-3’; r(rat)Igf1-F: 5′-TAA GAA AGG GCA GGG CTA AT-3′, R:5′-TTT ATA GGT GGT TGA TGA ATG G-3’; rCytl1-F: 5′-TGT GAC AGG GTA CTG CCC AC-3′, R:5′-TCC CAT GAT GCA ATC GTT GA-3’; rCol1α1-F: 5′-GAT TGG GAT GGA GGG AGT TTA-3′, R:5′-TAC AGC ACG CTT GTG GAT GG-3’; rKrt19-F: 5′-AAG TCG CAC TGG TAG CAA GG-3′, R:5′-ATC AAG TCG AGG CTG GAG CA-3’; rSox9-F: 5′-CAA CAG ATG ACC ATA CCC TTT-3′, R:5′-TCA CCT GTA CCT CCC TGA ATA-3’; rGapdh-F: 5′-CGC CAG TAG ACT CCA CGA CAT-3′, R:5′-CGG CAA GTT CAA CGG CAC AG-3’.
2.10 Western blotting
Tissue or collected cells were lysed in RIPA buffer containing phenylmethylsulfonyl fluoride and extracted. The protein concentration of the supernatant was determined using a spectrophotometer (Beckman, Fullerton, CA, USA). Proteins were separated by polyacrylamide gel electrophoresis, and they were transferred to a polyvinylidene fluoride (PVDF) membrane by electroblotting. The PVDF membrane was placed in a closed solution containing 5% (w/v) skim milk for 1 h, incubated with antibodies (1:1000–2000) for 6 h at 4°C, and then washed thrice with PBS and incubated with secondary antibodies (horseradish peroxidase-conjugated) for 1 h at 37°C. The PVDF membrane was soaked in an ECL working solution (Millipore, MO, USA) for color development. Finally, the proteins were detected, and images were captured using the chemiluminescence system (Bio-Rad Laboratories).
2.11 Preparation of the SF–collagen hydrogel
Rats were anesthetized and sacrificed by cervical dislocation. The skin on the tail was incised, and the tail tendons were removed and washed with normal saline. The tail tendons were chopped and placed in 150-mL acetic acid solution (0.5%). They were then placed on a shaker and dissolved at 4°C for 48 h. Next, the mixture was centrifuged at 12,000 rcf for 15 min. The supernatant was aspirated and added to a 10% NaCl solution to precipitate the collagen. An appropriate amount of hydrochloric acid (0.2 mM) was added to dissolve the supernatant, and the collagen concentration was adjusted to 10 mg/mL. The collagen solution was stored at 4°C for later use.
Two grams of silkworm cocoons was weighed, placed into 1 L of a 0.5%–1% Na2CO3 solution, and boiled in water for 60 min to remove the sericin. The silk fibroin fibers were washed three times with 100 mL of double-distilled water, placed in an oven, and baked at 60°C for 30–50 min. A ternary solution was prepared by mixing 30.43 mL dd H2O, 19.57 mL ethanol, and 24 g calcium chloride. The silk fibroin was placed in the ternary solution and dissolved at 60°C for 1–2 h. Centrifugation was performed at 4,000 rcf for 15 min, and the supernatant with the silk fibroin was collected. The silk fibroin solution was then transferred into a dialysis bag with a molecular weight cutoff of 8,000–14,000 D for 48 h. Centrifugation was performed at 4,000 rcf for 10 min, and the supernatant was collected to detect the concentration of the SF solution. The SF solution was concentrated with 15% polyvinyl alcohol 20000 to obtain a protein concentration of 8%–15%. Finally, collagen and SF solution were mixed at a ratio of 4:1 (the higher concentration of SF is not conducive to cell survival) to prepare the hydrogel.
2.12 Transmission electron microscope (TEM)
Extracellular vesicles (Luo et al., 2022) were collected and fixed with glutaraldehyde (3%) for 10 h. Osmium acid (1%) was fixed for 1.5 h. Gradient dehydration, embedding, sectioning (70–90 nm), and staining were performed. The sample was observed by using a TEM (Philips, Amsterdam, Netherlands).
2.13 Scanning electron microscope (SEM)
SF and collagen were mixed into a hydrogel, cooled at 20°C for 30 min, installed on a fixed frame and cooled at −70°C for 2 h, and then placed in a freeze dryer for 12 h; after gold plating and slicing for detection, images were captured using the SU3500 SEM (Hitachi, Tokyo, Japan).
2.14 Statistical analysis
The results were presented as the mean ± standard deviation. GraphPad Prism 7.0 (GraphPad Software, Inc., CA, United States) was used for statistical analyses. One-way analysis of variance or Student's t-test was used to compare the means between groups. A p-value of less than 0.05 was statistically significant.
3 RESULTS
3.1 IGF1 expression in human and rat IVDs
We isolated CESC-derived exosomes from rats in previous research (Luo et al., 2021a). Through proteomic mass spectrometry detection and GO enrichment analysis, we found that the degree of activation of proteins related to the IGF pathway was abnormally high (Figure 1A). IGF is an important regulatory factor for bone growth and the main stimulatory factor for ECM synthesis. We speculate that CESCs release IGF-containing exosomes to maintain IVD homeostasis.
[image: Figure 1]FIGURE 1 | Expression of IGF1 in human and rat IVDs. (A) Enrichment analysis of CESCs-Exo carrier proteins in healthy rats using GO enrichment analysis (Luo et al., 2021a). (B) Immunohistochemistry was performed to detect IGF1 (green) expression in degenerated IVD tissues in patients. (C) Expression of IGF1 in patients degenerative IVD tissues was detected by immunofluorescence. (D) RT-qPCR was used to detect the expression of Igf1 in the NP and AF in patients degenerative IVD tissues (mild, n = 8; severe, n = 7). (E) Punctures induced degeneration in the rat tail IVD, and after 6 weeks, the protein expression and tissue localization of IGF1 (green) in the tail IVD of healthy and degenerated rat tissues were detected by tissue immunofluorescence. Data in (C–E) are presented as the mean ± SD,*p < 0.05, **p < 0.01, ns: not significant by two-tailed Student’s t-test.
We collected tissues from patients who underwent IVD removal and performed pathological examinations. Immunohistochemical analysis showed that IGF1 in IVD tissues with mild degeneration was significantly higher than that in tissues severe degeneration (Figure 1B). The immunofluorescence and qRT-PCR results were similar to those of immunohistochemistry (Figures 1C,D), and there are significant differences in the number of IGF1-positive cells between patient tissues with mild and severe degeneration (Figure C). We induced degeneration of the rat tail IVD using a puncture method. At the 6th week, we used tissue immunofluorescence to detect the expression and localization of IGF1 in the rat tail IVD and found that it mainly existed in the CEP and NP regions of healthy IVD. The healthy IVD group had a higher expression of IGF1 protein than the degenerated IVD group (Figure 1E). These results indicate that IGF1 is crucial for maintaining the homeostasis of IVD.
3.2 Isolation and identification of rat AFCs and NPCs
To verify the influence of IGF1 on the physiological activities of these cells within the IVD, we isolated NP and AF tissues from rat tail IVD (Figure 2A). The tissues were digested with collagenase to obtain single NPCs and AFCs and then cultured for in vitro cell experiments (Figure 2B). We identified differences in the expression of AF-specific markers (cytl1 and col1) (Fernandes et al., 2020; van den Akker et al., 2016) in rat AF tissues and AFCs using RT-qPCR and Western blotting (Figures 2C,D). The expression of NP-specific markers (krt19 (Rutges et al., 2010), sox9, and col2a1) in NP tissues and NPCs was determined in a similar manner (Figures 2E,F). These results showed that the characteristics of AFCs and NPCs isolated in vitro were highly similar to those of AF and NP tissues, respectively. The AFCs and NPCs that were separated can represent AF and NP tissues, respectively, for in vitro experiments.
[image: Figure 2]FIGURE 2 | Isolation and identification of rat AFCs and NPCs. (A) Morphological map of rat tail IVD using hematoxylin–eosin staining, AF: annulus fibrosus, NP: nucleus pulposus. (B) Annulus fibrosus cells (AFCs) and nucleus pulposus cells (NPCs) cultured after tissue dissociation and collagenase digestion, P1: the first generation, P3: the third generation. (C) Expressions of cytl1 and col1 genes in AF tissue and AFCs were detected by RT-qPCR. (D) Western blotting was used to detect the differences in the expressions of Cytl1 and Col1 in AF tissues and AFCs. (E) Expression levels of Sox9, krt19, and col2a1 genes in the NP and NPCs were detected by RT-qPCR. (F) Western blotting was used to detect the differences in the expression levels of Sox9 and KRT19 in the NP and NPCs. Data are presented as the mean ± SD in (D, F), *p < 0.05, ns: not significant by two-tailed Student’s t-test.
3.3 Effects of IGF1 on the proliferation and migration of AFCs and NPCs
IGF1 contributes to osteocyte proliferation and is involved in the homeostasis of bone tissues (Xian et al., 2012). IGF1 must bind to the IGF receptor (IGFR) of target cells to activate intracellular signaling pathways and perform its functions.
To determine the influence of IGF1 on the proliferation of AFCs and NPCs, we measured the expression of IGFR in rat AF and NP tissues. Immunohistochemistry was performed to detect IGFR in healthy rat tail IVD tissues and those with degeneration. We found that IGFR was expressed in both AF and NP tissues, and its expression showed no significant differences between healthy and degenerated tissues (Figure 3A). Western blotting showed that IGFR expression in AF tissues remained relatively stable, with no differences in IGFR expression between healthy and degenerated AF tissues (Figures 3B,C), aligning with results from previous studies (Le Maitre et al., 2005). There was also no significant difference in the expression of IGFR between healthy NP and degenerated NP (Figures 3B, C).
[image: Figure 3]FIGURE 3 | Effects of IGF1 on the proliferation and migration of NPCs and AFCs. (A) Immunohistochemical detection of IGFR expression in rat IVD tissue by staining with 3′- diaminobenzidine (NP, healthy; IVDD, degeneration). (B) Western blotting was used to detect the differences in the expression levels of IGFR in the AF/NP tissue between NP and IVDD. (C) Grayscale analysis of relative expression levels of IGFR protein. (D) Recombinant rat IGF1 was added to the AFC and NFC culture medium, and the cells were cultured in vitro for 4 days; the cell proliferation was detected by MTT. (E) Wound healing and transwell assay (F) were used to detect the migration of recombinant rIGF1 on AFCs and NPCs (crystal violet staining solution for cell nuclei). Data are presented as mean ± SD in (C, D), ***p < 0.001, ns: not significant by two-tailed Student’s t-test.
Recombinant rat IGF1 (rIGF1) (100 ng/mL) was added to the culture media of AFCs and NPCs, and the cells were continuously cultured for 4 days. Subsequently, the MTT assay was used to detect cell proliferation. The rIGF1 effectively promoted the proliferation of AFCs and NPCs (Figure 3D). Wound healing and transwell assays confirmed that IGF1 promoted the migration of AFCs and NPCs (Figures 3E, F). These results suggest that IGF1 can regulate physiological IVD homeostasis by exerting an influence on AF and NP.
3.4 Effects of rIGF1-CESC exosomes on NPCs
We aimed to develop a treatment strategy that could allow rapid healing after AF damage. Increasing the concentration of IGF1 in exosomes enhanced their ability to activate AFCs. We transfected the rat IGF1 gene into CESCs to construct CESCs-exosomes with a high expression of rIGF1 (IGF1-CESCs-Exo). The rigf1 gene was transfected into CESCs using a lentivirus. Identification by qRT-PCR and Western blotting showed that lenti-rIGF1-CESCs expressed higher levels of rigf1 mRNA (Figure 4A) and IGF1 protein (Figure 4B) than the controls. The exosomes were isolated, and their particle size was determined using TEM and particle size analyzer (Figure 4C). The expressions of exosome-specific markers and IGF1 (Figure 4D) were detected by Western blotting, and the results showed that rIGF1-CESCs-Exo was rich in rIGF1 protein.
[image: Figure 4]FIGURE 4 | Identification of the activity of lent-rIGF1-CESC exosomes on AFCs. (A) RT-qPCR was used to detect the level of rIgf1 mRNA in CESCs transfected with the lentiviral rIgf1 gene or empty vector (NC). (B) Western blotting was used to detect the differences in the expression of IGF1 protein. (C) Morphology of lent-rIGF1-CESCs-Exo was observed by TEM, and particle size was detected through a particle size analyzer. (D) Western blotting was used to detect the expressions of lent-rIGF1-CESCs-Exo-specific markers (HSP70 and TSG101) and rIGF1 protein. (E) Lent-I rIGF1-CESCs-Exo was added to the culture medium of AFCs, which were cultured in vitro for 4 days, and the cell proliferation was detected by MTT. (F) The AnnexinV/7-AAD kit was used to stain the cultured AFCs, and flow cytometry was used to detect apoptosis. (G) The migration of lent-rIGF1-CESCs-Exo to AFC cells was detected by wound healing and (H) transwell assays (crystal violet staining solution for cell nuclei). Data are presented as the mean ± SD in (B, D) by two-tailed Student’s t-test or in (E) by one-way ANOVA. *p < 0.05, ***p < 0.001.
Exosomes were extracted and added to the AFC culture medium. The MTT assay was used to detect cell proliferation, and rIGF1-CESCs-Exo could increase the growth rate of AFCs (Figure 4E). Flow cytometry was used to detect the apoptosis rate, and the results showed that the ability of rIGF1-CESCs-Exo to inhibit the apoptosis of AFCs was slightly improved compared with that of the control group (Figure 4F). Moreover, wound healing and transwell assays confirmed that rIGF1-CESCs-Exo significantly enhanced the migration ability of AFCs (Figures 4G,H).
These results indicate that promoting the activation and proliferation of AFCs by releasing rIGF1-rich exosomes from rIGF1-CESCs is a potential strategy for repairing damaged AF.
3.5 Preparation and identification of SF hydrogel biomaterials
To obtain exosomes of rIGF1-CESC engineered cells, we further prepared materials that could carry cells within the IVD to enable them to proliferate stably and continuously release exosomes containing the IGF1 protein, thereby enhancing the potential for wound treatment.
SF exhibits excellent biocompatibility and is used to treat damaged AF [10]. The SF solution was combined with a collagen hydrogel to form an SF–collagen hydrogel (with a silk fibroin concentration of 2.5 mg/mL and a collagen concentration of 10 mg/mL) (Figure 5A). SEM revealed that the pore size of the SF–collagen hydrogel was slightly smaller than that of the pure collagen hydrogel (Figure 5B). Moreover, both the storage modulus (G′) and the loss modulus (G″) of the SF–collagen hydrogel were higher than those of the pure collagen hydrogel, indicating that its mechanical strength was superior to that of the pure collagen hydrogel material (Figure 5C), which gave it an advantage in terms of the compressive capacity in the IVD.
[image: Figure 5]FIGURE 5 | SF hydrogel is beneficial for the proliferation of CESCs. (A) SF–collagen and collagen hydrogel preparation diagram. (B) SEM was used to observe the SF–collagen hydrogel (silk fibroin: 2.5 mg/mL, collagen: 10 mg/mL) and collagen hydrogel (collagen: 10 mg/mL). (C) Analysis of storage modulus and loss modulus of SF–collagen hydrogel and collagen hydrogel. (D) Hematoxylin/eosin and EdU staining (E) to detect the growth of CESCs with or without IGF1 expression in the SF–collagen hydrogel. CESCs are encapsulated in SF–collagen hydrogels and cultured in the medium containing 10% fetal bovine serum for 72 h. Data are presented as the mean ± SD in (E), *p < 0.05 by two-tailed Student’s t-test.
To examine the impact of the material on cell activity, we placed composites of CESCs and SF–collagen hydrogels in the culture medium for continuous culture. After 72 h, HE staining was performed, and microscopic observations showed that the number of rIGF1-CESC cells in the SF–collagen hydrogel was significantly greater than the number of CESC cells in SF–collagen hydrogel (Figure 5D). 5-Ethynyl-2′-deoxyuridine (EdU) staining also confirmed that rIGF1-CESC had also gained better proliferation and survival ability (Figure 5E), which enables it to continuously release a large amount of exosomes containing rIGF1, thereby promoting the proliferation of surrounding AFCs and accelerating AF repair.
3.6 rIGF1-CESCs@SF-collagen hydrogel attenuated IVD degeneration in rats
To verify the effects of the rIGF1–CESCs@SF–collagen hydrogel on the treatment of AF wounds, rats were divided into the following groups: the healthy control group, puncture group, the CESCs @SF-collagen hydrogel group, and the rIGF1-CESCs@SF-collagen hydrogel treatment group. A puncture was used to induce damage to the AF of the rat tail IVD. CESCs@ SF-collagen hydrogel or rIGF1-CESCs@SF-collagen hydrogel was then injected into the AF damage site. One week later, IVDs were isolated, and immunofluorescence was used to detect the protein expression and localization of cleaved caspase-3 and IGF1. After puncture, the expression of cleaved caspase-3 in the IVD tissues of each experimental group increased, and the concentration of IGF1 in the rIGF1-CESCs@SF-collagen hydrogel experimental group significantly increased (Figure 6). The elevation of IGF1 to some extent inhibits the expression of cleaved caspase-3. Six weeks later, MRI detection of tail IVD and acquisition of images (Figures 7A,B) and Safranin O-fast green staining of the isolated IVDs (Figure 7C) were carried out. The above results showed that the rIGF1–CESCs@SF–collagen hydrogel effectively repaired the damaged AF, maintained the integrity of the NP by preventing the loss and death of NPCs, maintained the height of the IVD, and significantly attenuated IVD degeneration.
[image: Figure 6]FIGURE 6 | rIGF1-CESCs@SF–collagen hydrogel releases IGF1 and inhibits apoptosis of cells within IVD. Design grouping: healthy control group, puncture group, the CESCs@SF-collagen hydrogel treatment group, and rIGF1-CESCs@SF-collagen hydrogel group. A puncture damage in AF tissue and injection of hydrogel for wound treatment; 1 week later, three rats in each group were taken, the tail IVDs of rats were separated, and the cleaved caspase-3 (red) and IGF1 (green) were detected by immunofluorescence. Data are presented as the mean ± SD; *p < 0.05, **p < 0.01, and ***p < 0.001. ns: not significant by one-way ANOVA.
[image: Figure 7]FIGURE 7 | rIGF1-CESCs@SF-collagen hydrogel attenuates the degeneration of IVD in rats. (A) Graphic description of treatment for AF wounds with rIGF1-CESCs@SF-collagen hydrogel. (B) In the sixth week after AF tissues were punctured, the IVD was detected using MRI, and then they were separated. Safranin O-fast green staining (C), microscopic observation, and imaging were performed. n = 3.
4 DISCUSSION
The CEP is a crucial hub connecting the IVD to the vertebrae and is an essential pathway for the nutrition and metabolism of the IVD. CESCs are derived from CEP tissues and play an important role in maintaining normal physiological functions of the entire IVD and CEP. Multiple studies have confirmed that CESCs secrete various factors (Shang et al., 2015) and extracellular vesicles (Luo et al., 2021a; Luo et al., 2021b) to regulate IVD function. In the treatment of IVD diseases using stem cells (such as mesenchymal stem cells and adipose-derived stem cells), the ECM is generated by inducing stem cell differentiation into NPCs or AFCs to induce repair in the IVD. CESCs are derived from the IVD and thus have higher compatibility than mesenchymal stem cells and adipose-derived stem cells. Based on our extensive research experience with CESCs (Luo et al., 2022; Luo et al., 2021a; Luo et al., 2021b) and SF (Luo et al., 2023; Wang et al., 2023), we performed IVD treatment experiments using these two materials.
Through proteomic mass spectrometry, we found that CESC-exosomes (CESC-Exos) were rich in rIGF1. IGF is crucial for the growth and development of bone tissues (McCarthy et al., 1989) and directly inhibits IVD degeneration (Liu et al., 2015). It has been speculated that CESCs could maintain the physiological balance of IVDs by releasing IGF1 via extracellular vesicles. Through mRNA and protein detection, we observed that IGF1 was abundantly present in mildly degenerated human CEP regions of IVD tissues, whereas it was expressed at low levels in severely degenerated tissues. The results of the rat experiments were similar to those in humans, with IGF1 being highly expressed in the CEP and NP regions of healthy rats. We isolated and cultured rat NPCs and AFCs in vitro and determined the effects of IGF1 on these two cell types. Because IGF1 needs to bind to the IGFR of target cells and activate multiple intracellular signaling pathways to perform its functions, we examined the expression of IGFR in these two cell types. Western blotting revealed IGFR expressions in both AF and NP tissues, with no significant differences in IGFR expression between healthy and degenerated tissues. Recombinant rIGF1 was added to AFCs and NPCs cultured in vitro. The MTT assay confirmed that rIGF1 effectively promoted the proliferation of AFCs and NPCs. Wound healing and transwell assays confirmed that IGF1 contributed to the migration of AFCs and NPCs. This indicates that the IGF1/IGFR pathway could activate AFCs within the IVD. Furthermore, rIGF1 was overexpressed in CESCs, and exosomes were extracted. When the latter was added to the culture medium of AFCs in vitro, AFC activity was enhanced. This confirms that CESCs promote the proliferation and migration of cells by activating the IGF1/IGFR signaling network of AFCs through the release of IGF1-exosomes. This provided an engineered cellular exosome that could rapidly repair damaged AF.
Furthermore, we searched for materials that could support the growth of CESCs within the IVD. SF has been widely used in studies on repair and degeneration after IVD damage (Lin et al., 2023). SF–collagen hydrogels were prepared using silk fibroin and collagen. SEM and strength tests confirmed that it had a loose and porous structure and relatively high compressive capacity, making it suitable for treating IVD tissues. EdU staining confirmed that it promotes CESC growth. To further verify the effect of the rIGF1-CESCs@SF-collagen hydrogel on the treatment of AF wounds, puncture was used to induce damage to the AF in rat IVD. Meanwhile, the rIGF1-CESCs@SF-collagen hydrogel was injected at the wound site. Immunofluorescence was used to detect the expressions of cleaved caspase-3 and IGF1. After puncture, the expression of cleaved caspase-3 in the IVD tissues of each experimental group increased, whereas the expression of IGF1 in the rIGF1-CESCs@SF-collagen hydrogel experimental group increased. The concentration of IGF1 is negatively correlated with the expression of cleaved caspase-3, and IGF1 inhibited the expression of cleaved caspase-3, suggesting that IGF1 may promote wound healing in AF tissue by inhibiting AFC cell apoptosis and promoting proliferation. MRI detection and Safranin O-fast green staining of the IVDs at 6 weeks showed that the rIGF1-CESCs@SF-collagen hydrogel significantly inhibited IVD degeneration, and it is effective for wound treatment of AF.
This indicates that the rIGF1-CESCs@SF-collagen hydrogel can accelerate the healing of AF wound tissues and prevent the loss of NP tissues. This is an ideal strategy for the treatment of IVD injury and degeneration and provides meaningful references for basic and clinical research in this field. There is a significant difference between real-world AF injury and induced injury in rat AF, which will bring unpredictable difficulties to wound treatment. However, many drawbacks of stem cells still exist, such as uncontrolled expansion and cell aging. In addition, the function of exosomes released by uncontrolled or aging stem cells is also affected, leading to uncontrollable consequences for treatment. Therefore, further exploration of CESCs to maintain the stability of their stem cells and sustain the release of functional exosomes in vivo is crucial (Meng et al., 2020). In addition, the immunologic responses to the activated SF–collagen hydrogel are still in the shadows. Although SF and hydrogel are generally considered medical materials with low immunogenicity, they can still induce inflammatory reaction to a certain extent, and the difference in the processing technology of SF will also have different effects on the resistance of the mammalian immune system (Majumder et al., 2024). Therefore, a large number of in vivo and in vitro experiments are still needed before the clinical application of the rIGF1-CESCs@SF-collagen hydrogel.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/supplementary material; further inquiries can be directed to the corresponding authors.
ETHICS STATEMENT
The studies involving humans were approved by the Medical Ethics Committee of 903 Hospital of Joint Logistic Support Force of The People’s Liberation Army. The studies were conducted in accordance with the local legislation and institutional requirements. The participants provided their written informed consent to participate in this study. The animal study was approved by the Animal Ethics Committee of Army Medical University. The study was conducted in accordance with the local legislation and institutional requirements.
AUTHOR CONTRIBUTIONS
ZT: conceptualization, data curation, investigation, and writing–original draft. ZS: data curation, investigation, and writing–review and editing. HC: funding acquisition and writing–review and editing. PZ: funding acquisition, supervision, validation, and writing–review and editing.
FUNDING
The author(s) declare that financial support was received for the research and/or publication of this article. The National Natural Science Foundation of China (No. 32172798) and the Medical and Health Science and Technology Program of Zhejiang (2025KY1192) provided support for this work.
ACKNOWLEDGMENTS
The authors would like to thank Editage (www.editage.cn) for English language editing.
GENERATIVE AI STATEMENT
The authors declare that no generative AI was used in the creation of this manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Bhattacharjee, M., Miot, S., Gorecka, A., Singha, K., Loparic, M., Dickinson, S., et al. (2012). Oriented lamellar silk fibrous scaffolds to drive cartilage matrix orientation: towards annulus fibrosus tissue engineering. Acta Biomater. 8 (9), 3313–3325. doi:10.1016/j.actbio.2012.05.023
 Chen, R. S., Zhang, X. B., Zhu, X. T., and Wang, C. S. (2020). The crosstalk between IGF-1R and ER-α in the proliferation and anti-inflammation of nucleus pulposus cells. Eur. Rev. Med. Pharmacol. Sci. 24 (11), 5886–5894. doi:10.26355/eurrev_202006_21481
 Elmasry, S., Asfour, S., de Rivero Vaccari, J. P., and Travascio, F. (2016). A computational model for investigating the effects of changes in bioavailability of insulin-like growth factor-1 on the homeostasis of the intervertebral disc. Comput. Biol. Med. 78, 126–137. doi:10.1016/j.compbiomed.2016.09.016
 Farokhi, M., Mottaghitalab, F., Fatahi, Y., Khademhosseini, A., and Kaplan, D. L. (2018). Overview of silk fibroin use in wound dressings. Trends Biotechnol. 36 (9), 907–922. doi:10.1016/j.tibtech.2018.04.004
 Fernandes, L. M., Khan, N. M., Trochez, C. M., Duan, M., Diaz-Hernandez, M. E., Presciutti, S. M., et al. (2020). Single-cell RNA-seq identifies unique transcriptional landscapes of human nucleus pulposus and annulus fibrosus cells. Sci. Rep. 10 (1), 15263. doi:10.1038/s41598-020-72261-7
 Freemont, A. J. (2009). The cellular pathobiology of the degenerate intervertebral disc and discogenic back pain. Rheumatol. Oxf. 48 (1), 5–10. doi:10.1093/rheumatology/ken396
 Le Maitre, C. L., Richardson, S. M., Baird, P., Freemont, A. J., and Hoyland, J. A. (2005). Expression of receptors for putative anabolic growth factors in human intervertebral disc: implications for repair and regeneration of the disc. J. Pathol. 207 (4), 445–452. doi:10.1002/path.1862
 Lin, M., Hu, Y., An, H., Guo, T., Gao, Y., Peng, K., et al. (2023). Silk fibroin-based biomaterials for disc tissue engineering. Biomater. Sci. 11 (3), 749–776. doi:10.1039/d2bm01343f
 Liu, Z., Zhou, K., Fu, W., and Zhang, H. (2015). Insulin-like growth factor 1 activates PI3k/akt signaling to antagonize lumbar disc degeneration. Cell. Physiol. Biochem. 37 (1), 225–232. doi:10.1159/000430347
 Luo, L., Gong, J., Wang, Z., Liu, Y., Cao, J., Qin, J., et al. (2022). Injectable cartilage matrix hydrogel loaded with cartilage endplate stem cells engineered to release exosomes for non-invasive treatment of intervertebral disc degeneration. Bioact. Mater 15, 29–43. doi:10.1016/j.bioactmat.2021.12.007
 Luo, L., Gong, J., Zhang, H., Qin, J., Li, C., Zhang, J., et al. (2021b). Cartilage endplate stem cells transdifferentiate into nucleus pulposus cells via autocrine exosomes. Front. Cell. Dev. Biol. 9, 648201. doi:10.3389/fcell.2021.648201
 Luo, L., Jian, X., Sun, H., Qin, J., Wang, Y., Zhang, J., et al. (2021a). Cartilage endplate stem cells inhibit intervertebral disc degeneration by releasing exosomes to nucleus pulposus cells to activate Akt/autophagy. Stem Cells 39 (4), 467–481. doi:10.1002/stem.3322
 Luo, L., Zhang, H., Zhang, S., Luo, C., Kan, X., Lv, J., et al. (2023). Extracellular vesicle-derived silk fibroin nanoparticles loaded with MFGE8 accelerate skin ulcer healing by targeting the vascular endothelial cells. J. Nanobiotechnology 21 (1), 455. doi:10.1186/s12951-023-02185-7
 Majumder, N., Bhattacharjee, M., Spagnoli, G. C., and Ghosh, S. (2024). Immune response profiles induced by silk-based biomaterials: a journey from 'immunogenicity' towards 'immuno-compatibility. J. Mater Chem. B 12 (38), 9508–9523. doi:10.1039/d4tb01231c
 McCarthy, T. L., Centrella, M., and Canalis, E. (1989). Insulin-like growth factor (IGF) and bone. Connect. Tissue Res. 20 (1-4), 277–282. doi:10.3109/03008208909023897
 Meng, Q. S., Liu, J., Wei, L., Fan, H. M., Zhou, X. H., and Liang, X. T. (2020). Senescent mesenchymal stem/stromal cells and restoring their cellular functions. World J. Stem Cells 12 (9), 966–985. doi:10.4252/wjsc.v12.i9.966
 Rani, S., and Ritter, T. (2016). The exosome - a naturally secreted nanoparticle and its application to wound healing. Adv. Mater 28 (27), 5542–5552. doi:10.1002/adma.201504009
 Rutges, J., Creemers, L. B., Dhert, W., Milz, S., Sakai, D., Mochida, J., et al. (2010). Variations in gene and protein expression in human nucleus pulposus in comparison with annulus fibrosus and cartilage cells: potential associations with aging and degeneration. Osteoarthr. Cartil. 18 (3), 416–423. doi:10.1016/j.joca.2009.09.009
 Shang, J., Fan, X., Shangguan, L., Liu, H., and Zhou, Y. (2015). Global gene expression profiling and alternative splicing events during the chondrogenic differentiation of human cartilage endplate-derived stem cells. Biomed. Res. Int , doi:10.1155/2015/604972
 Sloan, S. R., Wipplinger, C., Kirnaz, S., Navarro-Ramirez, R., Schmidt, F., McCloskey, D., et al. (2020). Combined nucleus pulposus augmentation and annulus fibrosus repair prevents acute intervertebral disc degeneration after discectomy. Sci. Transl. Med. 12 (534), eaay2380. doi:10.1126/scitranslmed.aay2380
 Tan, F., Xu, M. X., Li, X. R., Wang, Z., Li, J. J., and Shahzad, K. A. (2024). Biomaterial-facilitated local delivery of stem cell-derived small extracellular vesicles: perspectives in surgical therapy. Adv. Ther. 7 (4). doi:10.1002/adtp.202300387
 van den Akker, G. G., Surtel, D. A., Cremers, A., Richardson, S. M., Hoyland, J. A., van Rhijn, L. W., et al. (2016). Novel immortal cell lines support cellular heterogeneity in the human annulus fibrosus. PLoS One 11 (1), e0144497. doi:10.1371/journal.pone.0144497
 Wang, H., Wang, D., Luo, B., Wang, D., Jia, H., Peng, P., et al. (2022). Decoding the annulus fibrosus cell atlas by scRNA-seq to develop an inducible composite hydrogel: a novel strategy for disc reconstruction. Bioact. Mater 14, 350–363. doi:10.1016/j.bioactmat.2022.01.040
 Wang, R., Wang, Y., Song, J., Tian, C., Jing, X., Zhao, P., et al. (2023). A novel method for silkworm cocoons self-degumming and its effect on silk fibers. J. Adv. Res. 53, 87–98. doi:10.1016/j.jare.2022.12.005
 Xian, L., Wu, X., Pang, L., Lou, M., Rosen, C. J., Qiu, T., et al. (2012). Matrix IGF-1 maintains bone mass by activation of mTOR in mesenchymal stem cells. Nat. Med. 18 (7), 1095–1101. doi:10.1038/nm.2793
 Xiao, Q., Teng, Y., Xu, C., Pan, W., Yang, H., Zhao, J., et al. (2021). Role of PI3K/AKT signaling pathway in nucleus pulposus cells. Biomed. Res. Int. , doi:10.1155/2021/9941253
 Zhang, X., Xing, H., Qi, F., Liu, H., Gao, L., and Wang, X. (2020). Local delivery of insulin/IGF-1 for bone regeneration: carriers, strategies, and effects. Nanotheranostics 4 (4), 242–255. doi:10.7150/ntno.46408
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2025 Tian, Shen, Chen and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fphar-16-1552174-g005.gif
Fibroin

Colhydrogels

ol sFcol

ccpa)

Dapt werge






OPS/images/fphar-16-1552174-g006.gif
Puncture Puncture
cescs@s fIGF1.CESCH@SF-col

Relative Ml of
ed caspase 3
Relative MFI of 1GF1

00-






OPS/images/fphar-16-1552174-g003.gif





OPS/images/fphar-16-1552174-g004.gif
0

o 1]
LeniNC. LantGFL 1
230
i ERN
Eg Siae{d.nm) 1651 HSPIOTSG100
H
TR erticR
¢ e
: e Spoocescei™ wensrisscacin






OPS/images/fphar-16-1552174-g007.gif
N Puncture Puncture
cescs@scol
-

Puncture
cescs@S-col

"\

SR oo co SRR von1 coscsasrco
o

Puncture
HGFLCESCs@SF-col

')\

o

Puncture

AIGF1. CESCs@SF-col

Puncture

CESCs@SF-col

Puncture

Puncture

AGF1-CESCs@SE-col





OPS/xhtml/nav.xhtml
Contents

		Cover

		Silk fibroin–collagen hydrogel loaded with IGF1-CESCs attenuates intervertebral disk degeneration by accelerating annulus fibrosus healing in rats		1 Introduction

		2 Materials and methods		2.1 Reagents and antibodies

		2.2 Patient tissues and histological analysis

		2.3 Immunofluorescence

		2.4 Animal experiments

		2.5 Separation of AFCs and NPCs

		2.6 Gene Ontology enrichment analysis

		2.7 Wound healing and transwell assay

		2.8 Lentivirus transfection

		2.9 Quantitative reverse transcription polymerase chain reaction (RT-qPCR) analysis

		2.10 Western blotting

		2.11 Preparation of the SF–collagen hydrogel

		2.12 Transmission electron microscope (TEM)

		2.13 Scanning electron microscope (SEM)

		2.14 Statistical analysis





		3 Results		3.1 IGF1 expression in human and rat IVDs

		3.2 Isolation and identification of rat AFCs and NPCs

		3.3 Effects of IGF1 on the proliferation and migration of AFCs and NPCs

		3.4 Effects of rIGF1-CESC exosomes on NPCs

		3.5 Preparation and identification of SF hydrogel biomaterials

		3.6 rIGF1-CESCs@SF-collagen hydrogel attenuated IVD degeneration in rats





		4 Discussion

		Data availability statement

		Ethics statement

		Author contributions

		Funding

		Acknowledgments

		Generative AI statement

		Publisher’s note

		References









OPS/images/cover.jpg
’ frontiers | Frontiersin Pharmacology

Silk fibroin—collagen hydrogel
loaded with IGF1-CESCs
attenuates intervertebral disk
degeneration by accelerating
annulus fibrosus healing in rats





OPS/images/fphar-16-1552174-g001.gif
A B
g H
sttt o H :
-
P

 MFIof GF1

Milg severe

i
-
T

-

H
3

Relativ 1GF1 mANA level/GAPON

e woo





OPS/images/fphar-16-1552174-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
& frontiers | Frontiers in Pharmacology





